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We measured the ac susceptibility of sintered YBa>Cu3O7-; pellets as a function of tempera-

ture and ac magnetic-field amplitude and frequency. The imaginary part of the susceptibility y'

U

exhibits two peaks. A narrow peak is located at the critical temperature of the grains. A broad
peak at lower temperature is attributed to hysteresis losses at the grain boundaries. There is a
small shift in this coupling peak to higher temperature as the frequency increases from 10 to 1000
Hz. We explain the shift in terms of Anderson flux creep on a time scale of milliseconds. The
shift depends on the amplitude of the measuring field. The activation energy for flux creep ranges
from 11.9+1.0 eV in the zero-field limit [0.8 Am ™' (0.01 Oe)] to 1.2+0.3 eV at 800 Am ™'
(10 Oe). We extrapolate our data to find the value for an intergrain decoupling field of 1-2
kAm ™! (13-25 Oe), above which flux creep presumably becomes flux flow at the grain boun-

daries.

I. INTRODUCTION

In addition to electrical resistivity, ac susceptibilty has
been used to study the properties of high-critical-
temperature (high-7,) copper oxide superconductors. In
particular, the susceptibility method is useful in determin-
ing the characteristics of the coupling component
— variously referred to as weak links, Josephson junctions,
bad component, grain boundaries, or intergranular
component— in sintered, polycrystalline samples. '™

We have measured the ac susceptibility of sintered
YBa;Cu307—; pellets as a function of temperature and ac
magnetic-field amplitude and frequency. Below the criti-
cal temperature, the imaginary part of susceptibility ex-
hibits a broad peak that is attributed to hysteresis losses at
the grain boundaries. There is a shift in this coupling
peak to higher temperature with increasing frequency in
the 10-1000 Hz range. This shift is very small, especially
for fields of 80 Am ™! (1 Oe) and below. Most groups
measuring low-field ac susceptibility have reported no
significant shift with frequency.!™ But shifts have been
reported for relatively large ac fields, '° and in Y-Ba-Cu-O
and Bi-Sr-Ca-Cu-O single crystals when large dc fields
were superimposed upon small ac fields. !!~!3

The shift in the susceptibility curves may be interpreted
as arising from flux creep at the grain boundaries. Flux
creep was first predicted by Anderson, following the Abri-
kosov theory, in which the smallest possible breakdown of
superconductivity is the motion of a quantum of magnetic
flux. Anderson suggested that an energy barrier prevent-
ed the creep of flux lines.'*"!7 In the presence of a current
density J, the flux lines experience a Lorentz force per
unit volume JXxB, which moves them sideways. B is the
penetrated flux density. The flux motion is resisted by
viscous drag and by inhomogeneities in the lattice that pin
the flux. Once the Lorenz force exceeds the pinning force,
electrical resistance is introduced because of flux flow.
Even with pinning, the resistance is not exactly zero be-
cause thermally activated fluctuations can overcome pin-
ning. This process is known as flux creep.
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Flux creep is thought to be a small effect in convention-
al, hard superconductors, especially on a time scale of mil-
liseconds. However, at the considerably higher tempera-
tures of high-T, superconductors, thermally activated flux
creep can be a significant effect.!® In this paper, we calcu-
late the flux creep activation energies at the grain boun-
daries as a function of the applied magnetic field. The
calculations are based on the temperature shifts with fre-
quency of the coupling peak of susceptiblity.

II. EXPERIMENTAL DETAILS

The YBa,;Cu3O7-5 pellets were fabricated by mixing
and grinding powders of Y,03; BaCO; and CuO,
99.999% pure or better, calcining in flowing oxygen at
938°C for 10 h, and then at 450°C for 10 h. This was
followed by pressing the powder into pellets, 6.3 mm in di-
ameter and about 2 mm thick, at pressures of 100-1000
MPa. The pellets were annealed at 938 °C for 24 h and
then at 450°C for 10 h. Finally, the samples were cooled
to room temperature.

Volume susceptibility was measured with a calibrated
ac susceptometer. We used a dual-phase lock-in amplifier
to simultaneously measure the imaginary (¢") and real
(¥') parts of susceptibility. The phase angle of the lock-in
amplifier was adjusted for each measurement frequency to
null " for a small measuring field at 4 K. The phase ad-
justment was maintained for measurements at higher
fields. Otherwise, inconsistencies in phase adjustment
could give spurious frequency shifts in the susceptibility
curves. A sinusoidal ac current was applied to a primary
coil and an induced voltage was measured in the pick-up
coil. The pick-up coil was compensated so that zero volt-
age was detected when no sample was present, and thus
the induced voltage was proportional to susceptibility. !°

Measurements were made with the magnetic field ei-
ther parallel or perpendicular to the axes of the cylindrical
pellets. The susceptibilities were corrected for a demag-
netization factor. A high-permeability shield around the
Dewar reduced the Earth’s field to less than 0.4 Am ™!
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(0.005 Oe) in the measurement axis. The sample was
cooled to about 10 K with the primary coil shorted. Mea-
surements were made with temperature increasing at a
rate of 1 K/min or less in a range of fields from 0.8 Am ™!
(0.01 Oe) to 4.8 kAm ~! (60 Oe) for frequencies from 10
to 1000 Hz. All fields are reported as rms values. No dc
bias field was applied. After we confirmed the frequency
shift for all our pellets, we focused our measurements on a
single pellet pressed at 250 MPa. The field was applied
parallel to its axis. The pellet’s density was 3.0 gcm ~3,

about 47% of the ideal x-ray density of 6.4 gcm ~3.

III. RESULTS

In our measurements of ac susceptibility of sintered
copper oxide superconductors we distinguish between the
coupling (grain boundaries) and intrinsic (grain) com-
ponents.'”® In the imaginary part (x") we observe two
peaks that reflect energy dissipation [Fig. 1(a)l. As tem-
perature increases towards 7. from below, flux lines and
bulk shielding currents penetrate the material when the
measuring field exceeds the lower critical field.! This
creates losses that are primarily hysteretic in character.
When the flux lines and shielding currents fully penetrate
the material, the losses reach a maximum.®>?° As temper-
ature increases beyond T, the losses drop to zero. These
same processes occur around 7T, of the grains (intrinsic)
or of the grain boundaries (coupling).
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FIG. 1. Real (¥') and imaginary (y") parts of susceptibility
for an applied magnetic field of 800 Am ~! (10 Oe) at 1000 Hz.
Shown are (a) the coupling and intrinsic peaks in x" (the intrin-
sic peak considerably smaller in size), and (b) the intrinsic
(steep) and coupling components of x'.

M. NIKOLO AND R. B. GOLDFARB 39

The coupling peak is distinct for fields as low as 0.8
Am ™' (0.01 Oe). At that field, the peak is positioned in
temperature at about the intrinsic 7, of the grains. As the
field amplitude is increased, the peak is shifted to lower
temperatures and broadens. For temperatures above the
peak, for a given measuring field, the grains are decou-
pled. Below the peak, the grains are coupled, which per-
mits the real part (y') of the susceptibility to reach —1
(SD) in small fields. For a field of 1.6 kAm ~! (20 Oe), 1"
peaks at 4 K. We call this the measured decoupling field
for this sample.

The intrinsic peak is barely visible until the applied field
reaches about 800 Am ~! (10 Oe). Its height is several
times smaller than that of the coupling peak [Fig. 1(a)l.
Its position shifts very little in temperature as the field is
increased from 0.8 Am ™' (0.01 Oe) to 4.8 kAm ™' (60
Oe).

The real part of susceptibility (x') shows a drop from 0
to as low as — 1, depending on temperature and the field
amplitude [Fig. 1(b)]. The drop has an inflection point.
The intrinsic component corresponds to the steep drop at
90 K. The coupling component is the second segment that
decreases less steeply in temperature. It is particularly
distinct at fields of 80 Am ~! (1 Oe) and above.

The intrinsic component of x' is nearly insensitive to the
applied magnetic field. There is no shift in temperature as
the field increases from 0.8 Am ™' (0.01 Oe) to 1.6
kAm ! (20 Oe). The coupling component, on the other
hand, significantly shifts to lower temperature as the field
is increased in this range.

As frequency was increased, the coupling components
of ¥’ and x" showed slight shifts to higher temperature.
As our reference point for specifying the temp :rature
shift, we used the temperature of the peak in x". Since the
measurements were made in increments of about 0.2 K,
we fitted the three points near the maximum of y" with a
parabola to get an improved value for the peak tempera-
ture. We estimate that the peak temperature determina-
tions were precise within 0.1 K. The peak shift in temper-
ature as the frequency increased from 10 to 1000 Hz
ranged from 0.25 K at 0.8 Am ~! (0.01 Oe) to 1.4 K at
800 Am ~! (10 Oe).

In Fig. 2 we plot Inf vs 1/T, for a field of 80 Am ™' (1
Oe). Here f is the driving frequency and T, is the tem-
perature of the y" coupling peak. We obtain an approxi-
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FIG. 2. Plot of 1/T, vs Inf at 80 Am ™! (1 Qe). T, is the
temperature of the coupling peak and fis the driving frequency.
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mately linear fit to the Arrhenius expression
f=f0 CXP( _Ea/kTp) ’

where E, is the thermal activation energy, k is Boltz-
mann’s constant, and fy is a characteristic frequency. E,
includes a barrier height and a field-dependent force
term. '>16

From our Arrhenius plots for several driving fields we
compute the activation energy as function of applied mag-
netic field. These are summarized in Fig. 3. We plot the
data on a logarithmic scale to expand the low-field values.
The energies vary from 11.9 eV at 0.8 Am ~! (0.01 Oe) to
1.2eV at 800 Am ~! (10 Oe). We estimate that the accu-
racy of the energies is within 1 eV at the lower fields and
within 0.3 eV at the higher fields. The energy barrier in
the zero-field limit is thus about 12 eV.

By extrapolation, E, =0 at 1-2 kAm ~' (13-25 Oe).
We call this the extrapolated decoupling field. It is com-
parable to our measured decoupling field of about 1.6
kAm ~! (20 Oe), where the data show the disappearance
of the coupling peak in 3". For fields below 80 Am ™! (1
Oe), E, is large and frequency shifts are minimal. This
could explain the frequency independence of the suscepti-
bility curves reported in other papers. '™

Finally, we examined the frequency dependence of the
intrinsic peak in x", corresponding to grains. There was
no detectable frequency dependence at fields of 2.4
kAm ™! (30 Oe) and below. It was not until a field as
large as 4.8 kAm ™! (60 Oe) was used that there was a
distinct shift in temperature of 0.47 K as the frequency in-
creased from 10 to 1000 Hz. That corresponds to an ac-
tivation energy of 6.2 eV. Our experimental apparatus
did not allow us to work with higher ac fields. We expect
the intrinsic activation energy to decrease as fields in-
crease beyond 4.8 kAm ~! (60 Oe).

Several determinations of flux-creep activation energies
have been reported for single crystals. Those measure-
ments were made with large dc bias fields!!"!> or by
studying relaxation of high-field magnetization on a time
scale of minutes.?' Our activation energies are not direct-
ly comparable for the following reasons: (1) We use a
simple Arrhenius expression to model thermal activation.
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FIG. 3. Plot of the thermal activation energy E, at the grain
boundaries vs the applied magnetic-field amplitude.

(2) Except for the intrinsic activation energy for the
grains mentioned above, our work refers to the grain
boundaries. (3) Our measurements are for small ac fields
with no dc bias field.

IV. DISCUSSION

In this paper, we explain the frequency shift of the x"
coupling peak in terms of flux creep. The effect is small
and depends on the magnitude of the measuring field.
Most of the losses seen in " are hysteretic and frequency
independent, originating from the viscous motion of flux
lines and the irreversible penetration of bulk shielding
currents over the field cycle. In addition to hysteresis loss,
there is thermally activated flux creep that is frequency
dependent. The frequency range 10-1000 Hz implies flux
creep on a time scale of milliseconds. At a given tempera-
ture near the coupling peak, higher frequencies allow less
time for flux to penetrate the intergranular component.
This tends to improve its shielding ability.

Flux creep at the grain boundaries was measured for
fields as small as 0.8 Am ~' (0.01 Oe). As the field in-
creases, the Lorentz force Jx B increases, the thermal ac-
tivation energy decreases, and more flux vortices get dep-
inned during the field cycle. When the field reaches a
decoupling value of 1-2 kAm ~! (13-25 Oe), the activa-
tion energy drops to zero, and flux creep presumably be-
comes flux flow at the grain boundaries.

At the grain boundaries, the YBa;Cu307—;5 may be de-
graded and have a different stoichiometry.?2"%*  This
would impair flux pinning and enhance flux creep in this
region compared to the interior of the grains. The intrin-
sic behavior of the grains is expected to follow the flux-
creep model as well, but at higher applied fields.

V. CONCLUSION

Flux creep at the grain boundaries should be considered
for sintered high-T, superconductors. The coupling com-
ponent of susceptibility has a small temperature shift with
frequency in the range 10-1000 Hz. In a field of 0.8
Am ™! (0.01 Oe), the shift was only 0.25 K. At 800
Am ™! (10 Oe), the shift was 1.4 K. We interpreted the
shift in terms of flux creep at the grain boundaries. De-
pending on the value of the applied magnetic field, the ac-
tivation energies ranged from 1.2 eV at 800 Am ™' (10
Oe) to 11.9 eV at 0.8 Am ~! (0.01 Oe).

Analysis of the thermal activation energies leads to the
concept of a grain decoupling field. As the magnetic field
is increased, flux creep becomes easier. When the mag-
netic field reaches a decoupling value of 1-2 kA/m
(13-25 Oe) the activation energy vanishes. In terms of
the susceptibility curves, the coupling peak in x" vanishes.
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