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We have investigated the magnetization behavior of Bii.6P10.4Sri.6Ca2Cu2. 80„(Bi2:2:2:3) and
YBa2Cu307- (Y-Ba-Cu-0) as a function of Geld, temperature, and time. We Gnd a logarithmic
time decay in both zero-field-cooled magnetization and remanent magnetization, consistent with
the Anderson-Kim flux-creep model with activation energies of Uo/k 700 K (0.06 eV) for Bi
2:2:2:3 and Uo/k 1700 K (0.15 eV) for Y-Ba-Cu-0 in an applied Geld of 1 kOe. Measured ac-
tivation energies remain essentially temperature independent for T/T, less than 0.6 while J,(T)
decays rapidly as a result of the relatively small Uo.

The study of the magnetic behavior of superconductors
has traditionally played a central role in understanding
superconductivity. Such studies also have important im-
plications for technical applications of superconductivity
such as superconducting magnets. All high-T, oxide su-
perconductors show strong metastability well below T, in
their magnetic behavior. Although there remains a con-
siderable degree of controversy concerning the role of
"frustration" caused by weak incoherent coupling among
superconducting components in the case of polycrystalline
samples and single crystals with defects, ' the highly
metastable magnetic behavior of high-T, oxide supercon-
ductors may be understood in terms of a classical critical-
state theory and flux-creep model. Yeshurun and
Malozemoff showed in their study of a single crystal of
Y-Ba-Cu-0 (Ref. 2) that the irreversible magnetization,
slow decay of the zero-field-cooled magnetization MzFc,
and H-T irreversibility line can all be explained by the
Anderson-Kim flux-creep model. They reported an
anisotropic pinning energy of the order of 0.1 eV. Similar
measurements are now being made on some other impor-
tant oxide superconductors, namely, Bao 6Kc 4BiOi,
T12CaqBa2Cu30, and Bi2Sr~ 6Ca~Cu20 . A basic un-
derstanding of the origin and nature of this magnetic de-
cay has important implications upon critical current den-
sity and resistive dissipation in the mixed state. '

We have prepared polycrystalline samples of single-
phase (T, 115 K) Bii sPb04Sri 6CazCu2. sO». ' ' To ex-
plore the underlying factors affecting J„we studied the
characteristics of magnetic decay for our material as well
as Y-Ba-Cu-0 for comparison.

Samples of Y-Ba-Cu-Q were prepared by solid-state re-
action of pressed pellets of oxides and carbonates follow-
ing conventional techniques. 's Samples of the Pb-doped
Bi 2:2:2:3 were prepared in a manner similar to Endo,
Koyama, and Kawai'6 by reacting reagent grades of
Bi203, PbCO3, SrCO3, and CaCO&, and high-purity CuO
in the ratio of 1.6:0.4:1.6:2.0:2.8, respectively. All sam-
ples studied were 1.5&3X8 mm bars having about 50%
theoretical density.

Time-dependent magnetization measurements were
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FIG. 1. Field-cooled magnetization MFc of ail.qPb0.4SrI.6-

Ca2Cu2. 80 as a function of temperature.

made using a modified Princeton Applied Research
vibrating-sample magnetometer with a custom-built
power supply which could be ramped to —1 kOe in ap-
proximately 10 sec. To acquire magnetic relaxation data,
the sample was first heated above T,. It was then cooled
in zero field to the desired temperature. After thermal
equilibration, the field was ramped up to its desired hold-
ing point to begin taking MzFC data. To measure
remanent magnetization M„, the field was ramped back
to zero. The origin of time is taken to be the end of the
10-sec field ramp. The first data point was taken at t 10
sec. To find the bulk current density from the magnetic
measureinents, one needs to subtract the effect of surface
currents which give rise to the uniform diamagnetism M,q
in the equilibrium state. To estimate this effect, we mea-
sured the magnetization MFC(H, T) of the sample at the
temperature T cooled slowly in a constant field H.

The MFc versus temperature curves shown in Fig. 1 al-
low for the determination of T, 115 K in our Bi 2:2:2:3
sample. In a field of 20 6, we find a transition width of-5 K which is similar to that found for the Tl 2:2:2:3
compound. ' MFc is shown in Fig. 2 as a function of field.
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FIG. 2. MFg as a function of applied field.
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Although alternative explanations such as a supercon-
ducting glass model or wide distribution of activation en-
ergies may be invoked for the logarithmic Aux decay, we
find the conventional Aux-creep model to be satisfactory.

In the Anderson-Kim Aux-creep model, the ther-18, 19

mally activated Aux-creep rate may be conveniently ex-
pressed in terms of the magnetization. For a cylindrical
sample of radius r carrying a current density J,(8, T) in

20the critical state, Beasley, Labusch, and Webb found

It clearly shows a strong deviation from equilibrium at
lower temperatures. Therefore, the values derived from
these curves for M, q must be taken as overestimates at
lower temperatures although this correction to MzFg is
less than 30% for T (40 K.

Figure 3 shows typical zero-field-cooled magnetic relax-
ation at various temperatures for the Pb-doped Bi 2:2:2:3
sample upon application of a 1-kOe field. The relaxation
is found to be logarithmic in time after an initial steep
nonlogarithmic decay. Similar results were obtained for
M„, . In the logarithmic region, magnetization is de-
scribed by

—(M, M.,) =—(J,r/3c) . (3)

M, q is subtracted from Mp to account for the surface
current.

Combining Eqs. (2) and (3) gives the following expres-
sion for S:

S dM/d ln(t) = (Mo Meq) (kT/Uo) . (4)

Thus, using Eqs. (3) and (4), we may obtain the critical
current density J,(H, T) and the pinning energy Up(H, T)
from our measurements of Mp(H, T) Mzq(H T) and
S(H, T).

In Fig. 5, the activation energies U0 of Y-Ba-Cu-0 and
Pb-doped Bi 2:2:2:3are plotted against temperature. The
value obtained for our polycrystalline Y-Ba-Cu-0 sample
is very close to values reported in single-crystal measure-
ments as discussed below. It is remarkable that these ac-
tivation energies remain essentially temperature indepen-
dent for T/T, less than 0.6 for Bi 2:2:2:3and 0.9 for Y-
Ba-Cu-0 while J,(T) decays rapidly (see Fig. 6 and Refs.
12, 22, and 23). The drop in Up in Bi 2:2:2:3well below
T, may be related with Aux lattice melting well below T,

where Up is the Aux pinning energy and c is the speed of
light. A correction term which arises from the field
dependence of Up and J, may be neglected in our case.
Since 4' is significantly smaller than 8, the variation of
8 in the material is not significant compared with the ap-
plied field.

The low-temperature dependence of S observed in Fig.
4 may be easily understood from the explicit temperature
dependence in Eq. (2). The decrease in S at higher tem-
peratures apparently reflects the rapid drop in J,. Rather
small absolute values of S in our experiments may be tak-
en to be primarily the result of the small grain size in our
polycrystalline specimens estimated to be —10 pm,

In order to relate the measured magnetization with crit-
ical current, one has for a cylinder of radius r, in the
framework of the critical state model, 21
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FIG. 3. Typical logarithmic decay of MzFc in Bi&.6Pb0.4-

Sr).6Ca2Cu2. 80 .
FIG. 4. Temperature dependence of relaxation parameter S

for YBa2Cu307 —z and Bii.6Pb0.4Sr~.6Ca2Cu2, 80z.
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FIG. 5. Temperature dependence of the pinning energies Up

for YBaqCu307 —~ and Bi~.6&bp.4Sr~.6Ca2Cu2. 80&. Lines are
shown to guide the eye.

FIG. 6. Temperature dependence of the critical current den-

sity J, for YBa2Cu307 —z and Bi~.6Pbp. 4Srl.6Ca2Cu2. 80 . Lines
represent the linear relationship given in Eq. (5).

found for the related T, 85 K superconductor Bi22-
SrqCaosCu20s (Bi 2:2:1:2). Insofar as Uo(T) reflects
the barrier to flux motion, the Uo(T) plots may be taken
to be consistent with Aux melting for T & 0.9 T, in Y-Ba-
Cu-0 and suggest such behavior may be possible for
T & 0.7 T, in Bi 2:2:2:3.

The temperature dependence of the critical current den-
sity J, is given by the following expression:

J„Jp[l (kT/Up) ln(vp/v)], (5)

where J,o is the critical current density in the absence of
thermal activation given by

J,p =Up/BVx . (6)

In Eqs. (5) and (6), x is the effective size of the pinning
site, V is the effective volume of the flux bundle which can
creep, and v and vo are the creep velocities in the presence
and absence of pinning, respectively. From the lower-
temperature data in Fig. 6, one obtains In(uo/v) 21 for
Bi, and 26 for Y-Ba-Cu-0 using our values for Uo ob-
tained above. One might estimate this logarithmic term
as follows. The creep velocity v can be given approxi-
rnately by

u (d/Mp)dM/dr (kT/Uo) (d/r),

where d is the distance that the Aux travels leaving the
sample. One may take d to be the grain size under the as-
sumption that the grains are decoupled. Taking kT/Uo

10 and r 10 sec as the other representative values
in our experiments yields u 10 cm/sec. If we. take uo
to be 1-10 cm/sec (Ref. 25) we have ln(uo/u) 18-32.
This is in surprisingly good agreement with the experi-
mental data. Although the above estimation is crude,
there do not seem to be any physically reasonable choices
for v and uo leading to ln(vo/u) outside this range.

From Eqs. (5) and (6), we note that increasing pinning
site density (V ) is effective only to increase J,o. To
avoid excessive decay of J, due to thermal activation,
Uo/k must be at least 2 orders of magnitude higher than
the temperature at which the superconductor is used.
While this does not pose any severe problem for conven-

tional superconductors whose T, is generally much small-
er than Uo/k, this could seriously limit the useful tempera-
ture range of the high-T, superconductors.

Moreover, in the presence of external fields, Aux creep
gives rise to resistive dissipation for type-II superconduc-
tors in the mixed state, even for current densities less than
J,. ' '' Palstra er al. '' studied this dissipative effect in Bi
2:2:1:2finding the following relationship for the resistivi-
ty:

p pp exp( —Uo/k T), (8)

with activation energies Uo/k =3000 K for H(J c) =1
kOe and Uo/k 900 K for H(llc) = 1 kOe. Rather
surprisingly, they found that po is a constant independent
of temperature and field. The very good fit they obtained
implies that the distribution of activation energies is quite
narrow, perhaps within a few percent.

It is interesting that the pinning energy Uo 0.15 eV we
obtained for polycrystalline Y-Ba-Cu-O agrees fairly well
with the single-crystal values (0.1-0.6 eV)..2 This sug-
gests that the energy barrier in both cases has the same
general physical origin. Phe nomen ologically, Up—(H, /8z)g, bg, 0.15 eV for Y-Ba-Cu-0 (Ref. 2) in
close agreement with observed values. Thus, the relatively
small value of Uo for high-T, superconductors may be
reflecting the very short coherence lengths. In fact, mea-
surements reported in the literature indicate Uo 0.08 eV
for Bap 6Ko 4Bi03 (Ref. 7) and Uo 0.33 eV for
T12Ca2Ba2Cu30„. Recently, direct observation of the
vortex lattice in Y-Ba-Cu-0 (Ref. 26) has suggested that
pinning may be associated with both twin boundaries and
some higher density pinning sites, spaced no more than
100 nm apart, whose origin is undetermined, but which
appear to dominate the pinning.

In conclusion, we have found that the Aux decay in
polycrystalline Bi 2:2:2:3 and Y-Ba-Cu-0 is consistent
with a conventional flux-creep model. However, the rela-
tively small pinning energies in these materials cause a
dramatic decay of their critical current densities, especial-
ly for Bi 2:2:2:3 whose pinning energy is only 0.06 eV.
Pinning in these materials may be limited by the short
coherence lengths.
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