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We report on the magnetization and flux creep in untwinned YBa2Cu3O72x in a function of field up to 20
T and temperature between 0.4 and 4.2 K. We observe a field-dependent magnetization down to 0.4 K,
exhibiting a hump at intermediate fields. The normalized relaxation rate decreases with field before going
through a minimum at intermediate fields. Extrapolation to zero temperature indicates the existence of a
nonzero relaxation at all magnetic fields. We compare our data to relaxation measurements on an organic
superconductor. The data analyses within the framework of the collective pinning theory fail. We suggest the
existence of an additional pinning mechanism in the sample.

INTRODUCTION

It is by now well established that in high-temperature su-
perconductors~HTSC’s! relaxation of the magnetization per-
sists down to the lowest temperatures at low fields. This
phenomenon has been attributed to quantum tunneling of
vortices.1 Relaxation measurements at high fields and very
low temperatures are rare.2 Seidleret al.’s report3 is the only
one claiming to observe the vanishing of the relaxation of the
magnetization above a temperature-dependent threshold
field.

The collective pinning theory4,5 ~CPT! has revived inter-
est with the advent of HTSC’s where small point defects are
thought to cause pinning. The temperature dependence of the
activation energy for flux creep and that of the critical cur-
rent can be understood within this theory. However, the
field dependence of the above two quantities is much less
studied. In what follows we present the field dependence
of the critical currentJc and the normalized relaxation rate
s of untwinned Y-Ba-Cu-O below 4.2 K. The field depen-
dence of these quantities is compared to those measured in
the organic superconductork-~BEDT-TTF! 2Cu@N~CN! 2#Br
([ET/~NCN!Br!.6 Although the general features of the re-
laxation rate are similar in both compounds, the behavior of
the critical current is totally different. This strongly contra-
dicts the predictions of the collective pinning theory where
s andJc are linked. Furthermore, the field dependence of the
relaxation rate cannot be interpreted within the collective
pinning theory assuming only point-defect pinning. The criti-
cal current and relaxation rate show similar field depen-
dences as that observed at higher temperatures.7

EXPERIMENTAL DETAILS

Data were collected on a small~0.530.530.1 mm3! un-
twinned YBa2Cu3O72x with a sharp transition atT592 K.
The sample was mounted onto a high-sensitivity torque mag-
netometer placed into a3He cryostat. Three temperatures
were selected for the investigations: 4.2, 1.3, and 0.4 K
where heat regulation was not necessary. The sample was
submerged into liquid3He, allowing for good thermal con-
tact. The sample was oriented with itsc axis being at;10°
away from the field direction. Measurements were taken in a

23-T resistive magnet. The field sweeps in all measurements
were set to 330 Oe/s, which induced negligible heating of the
sample. The magnetization and relaxation curves were taken
in the same run. Torque was recorded during the field sweep.
Relaxation measurements started immediately after the field
stopped. Approximately 900 points were taken during the
600 s acquisition time, and then the field sweep was re-
started. The steps between two relaxation experiments were
larger than 1 T in order to induce sufficient change in the
magnetic field to rebuild the steady state. As shown in Fig. 1,
the relaxation is logarithmic and 10 min recording is suffi-
cient to determine the normalized relaxation rate
s5M0

21dM/dlnt. The magnet being a resistive coil we did
not have to worry about the current decay. There was no
observable overshoot. The inconvenience of the resistive
magnets is the fluctuation of the magnetic field. The visible
fluctuations are;10 Oe, but larger variations are possible at
very short time scales. These fluctuations may be responsible
for the jumps observed in some measurements.

Hysteresis curves of the magnetization for the three tem-
peratures are shown in Fig. 2. Figure 2 is obtained from the
raw torque after dividing it with the magnetic field
(M5G/H). This procedure is not completely justified as

FIG. 1. Typical relaxation of the torque atT50.4 K and
H515.5 T.
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there is a non-negligible contribution to the torque coming
from the magnetization along theab planes. In the presence
of twin planes, the torque is indeed not identical with the
magnetization.8 But in the absence of linear and planar de-
fects, we argue that the scaling procedure proposed by Blat-
teret al.9 is valid. The magnetizations perpendicular and par-
allel to the planes are linked via the anisotropy parameter
and the torque is proportional to the magnetization. The
jumps in the curves correspond to the restart of the magnet.
After ;600 s waiting time, the magnetization is reduced due
to creep. The steady state is again achieved after a change in
the field of;0.1 T. Note that the magnetization is directly
proportional to the critical current within the limits of the
Bean model,10 that is, for field changes larger than the Bean
penetration fieldH* . In our samplem0H*'0.4 T was esti-
mated from the field change necessary to reach the steady-
state magnetization after reversing the field.

RESULTS

The overall features of the hysteresis curves are well
known. The magnetization rapidly decays with fields up to
3–5 T and is field independent above.11 The low-field mag-
netization is attributed to self-field effects due to curvature in
the flux lines.12 We observe a continuous increase of the
magnetization ([critical current! with decreasing tempera-
ture, showing that thermal activation is present at least down
to 1.3 K. This is in agreement with results in the literature for
Y-Ba-Cu-O where the crossover to the quantum limit that is
the saturation of the magnetization occurs at;1 K.3,13 Fig-
ure 3 is an enlargement of the 4.2-K magnetization curve.
Here we distinguish the features of the high-temperature hys-
teresis curves, but with characteristic fields shifted to higher
values. A minimum occurs atm0Hmin54 T followed by a
fishtail with a maximum atm0Hmax512.5 T. The same fea-
tures are observed on the two other curves withHmin and
Hmax shifted to higher fields with decreasing temperature. In
the interpretation given in Ref. 7, the minimum corresponds
to a transition from single-vortex pinning to the collective-

creep regime. The critical current inferred from magnetiza-
tion data is affected by the decay of the magnetization during
the field sweep and during the data acquisition. At the phase
boundary, creep slows down, which results in an increased
apparent current density. Within this interpretation, the in-
crease in the critical current~or magnetization! with field
corresponds to a dip in the relaxation rate.

The normalized relaxation rates is shown in Fig. 4.M0 is
the value obtained from the hysteresis curve. For all three
temperaturess decreases rapidly with the applied field and
reaches a minimum at 8–10 T. At 4.2 K, where thermal
activation is still important, the relaxation rate increases with
field after reaching its minimum value. AsT decreases,s
tends to saturate with field ats'1.2%.

DISCUSSION

The collective pinning theory predicts the following field
dependences of the critical current and the relaxation rate. At
low fields in the single-vortex pinning limit, bothJc and the
quantum creep are expected to be field independent. Above
the crossover fieldHSV in the small bundle pinning regime,
both quantities are expected to decrease exponentially.14

These predictions are not verified by our measurements. In

FIG. 2. Upward field sweep for 0.4, 1.3, and 4.2 K. The plot is
obtained by dividing the torque with the field. At these temperatures
the reversible magnetization is negligible and thus the magnetiza-
tion is proportional to the critical current. Squares are a fit to Eq.~3!
with a50.15, b53.35, andm0H irr547 T.

FIG. 3. Enlarged view of the hysteresis curve at 4.2 K.

FIG. 4. Field dependence of the normalized relaxation rates in
YBa2Cu3O72x at different temperatures. The lines are fits to Eq.
~1!. The parameters are given in the text.
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Fig. 4, s extrapolated to zero temperature becomes field in-
dependent only above 10 T, while below that field it strongly
decreases. This result contradicts the collective pinning
theory from which one expects the opposite behavior. A
simple application of the CPT is again impossible when we
compare our data to the organic superconductor ET/
~NCN!Br. As shown in Ref. 6 in ET/~NCN!Br, the critical
current decreases asH21/2, while the relaxation rate has the
same qualitative features ass in Y-Ba-Cu-O~see Figs. 4 and
5!. The minimum of the relaxation is reached in the organic
compound atm0H'0.5 T, which is roughly 20 times smaller
than in Y-Ba-Cu-O. Within the CPT it is impossible to have
the sames(H) for differentJc(H) becauses is proportional
to Jc

21/2.
We can get an empirical field dependence by noticing that

the low-field behavior is exponential while in the limit of
zero temperatures tends towards a constant value. As ther-
mal activation becomes important, the relaxation rate, in-
stead of saturating, increases with field. This behavior can be
described by a linear field dependence. The empirical law is
then given by

s5A~T!exp@2~H/H0!
m#1B~T!H1s0, ~1!

whereA(T) andB(T) are temperature-dependent constants.
We stress that Eq.~1! is purely empirical and may be ap-
proximate, but it contains an essential feature: It shows that
the relaxation rate is the product of different types of pin-
ning. Below we set some of the parameters of Eq.~1! to
correspond to existing pinning mechanisms.

Herem is set tom53/2 so that the first term of Eq.~1!
corresponds to the relaxation rate for small vortex bundles.
The second term is chosen such that it describes thermal
activation. The relaxation rate is thens5kBT/U(H,T)
whereU(H,T) is an effective potential. At low temperatures
U depends only upon the fieldH. Further, we suppose that
1/U(H) can be expanded in the function ofH. This is the
case for strong pinning centers where the pinning energy
decreases with increasing field. The first term of the expan-
sion gives a relaxation rate proportional to the field. Thus for
the second term of Eq. ~1! we end up with
B(T)H'B0TH, with B0 being field and temperature inde-

pendent. Finallys0 can be interpreted as the contribution of
quantum relaxation. Equation~1! then describes relaxation in
the presence of different types of pinning centers.

The data in Figs. 4 and 5 are fitted to Eq.~1!. We have
four free parameters@A(T), H0 , B0 , ands0#. s0 is extracted
from theT50 limit, andH0 is kept the same for the different
temperatures. In this way we obtain, in the case of
Y-Ba-Cu-O, s051.19%, m0H054.17 T, andB050.031%
K21. A decreases with decreasing temperature and ap-
proachesA(T→0)53.4%. For the organic superconductor,
s052.27%,m0H050.345 T,A50.22%~it is temperature in-
dependent!, andB053% K21. These parameters can be set
independently and the accuracy is within 5%. The good qual-
ity of the fit suggests that as the field is swept different types
of barriers dominate the dynamics of flux creep.

The critical current is inferred from the hysteresis loop
using the Bean model, which supposes a uniform current
density inside the sample. It has been known for a long time
that this model is insufficient when surface pinning or strong
pinning is present.15 In HTSC’s surface pinning proved to be
important and we argue that bulk pinning may be better de-
scribed by strong pinning than collective pinning at low tem-
peratures. The large number of point defects necessary to
obtain high-energy barriers observed in the CPT description
is absent in HTSC’s, which have typical mean free paths of
100–700 Å. The fact that the low-temperature relaxation rate
in all layered superconductors lies in the range of 1–5 % is
again contrary to CPT predictions.1,6,16 The description of
pinning can be refined by supposing the presence of addi-
tional defects such as boundaries or strong pinning centers.
In this case, the Bean model is not necessarily valid as the
local field distribution is strongly inhomogenous.

To interpret Figs. 2 and 3, we suppose that the measured
magnetic moment is the sum of the contribution of surface
currents and bulk pinning due to strong pinning centers. This
model can account qualitatively for the observed magnetiza-
tion curves. In Ref. 15 the pinning force for various types of
defects has been calculated. It is shown that the general field
dependence of the critical current is

Jc5Cbm~12b!n, ~2!

whereC is a temperature-dependent constant andm andn
depend on the type of pinning. For Bean-Livingstons-type
barriers, one findsm521/2 andn51 and for core interac-
tion m51/2 andn51. In the presence of two distinct pin-
ning mechanisms separated in space, it is fair to assume that
the measured magnetic moment is the sum of the two con-
tributions proportionally weighted with their respective vol-
ume,

m5a@b20.5~12b!#1b@b10.5~12b!#. ~3!

a andb are the weighting factors, andb5H/H irr is the field
normalized with the irreversibility field. We plotted in Fig. 6
a series of curves for different valuesa andb. These curves
can describe qualitatively the field dependence of the critical
current. Taking a ratio of 1:20—the bulk pinning being the
dominant term—we reproduce the dip observed at fields
around 5 T and the decrease ofJc above 14 T. Equation~3!
can be quite well fitted to the high-field range where we get
H irr547–52 T for the different temperatures. TheH irr value

FIG. 5. Relaxation rate of ET/~NCN!Br from Ref. 6. The lines
are fits to Eq.~1!. The parameters are given in the text.
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is consistent with extrapolations from higher temperatures.7

Within this analysis the dominant pinning mechanism is that
of the bulk.

The relaxation measurements can be understood as well
within this picture. With two characteristic relaxation rates
s1 ands2 corresponding, respectively, to surface barriers and
bulk pinning, the deduced relaxation rate is

s5
as11bs2

a1b
. ~4!

The increase ins could be due to the increase ofs2 , while
the low-fields would be dominated by the surface barriers.
In the case of strong pinning, as the field is increased, the
number of pinning centers available decreases and thus the
barrier energy decreases (s2 increases!. The initial decrease
of s could be explained if the relaxation over surface barriers
was much stronger than the bulk relaxation. In this case, the
decrease of the surface barrier contribution to the magneti-
zation would lead to a decrease in the apparent relaxation
rate. Equating Eq. ~4! to Eq. ~1!, we get s1
}exp@2(H/H0)

m# ands2}B0TH1s0 .

CONCLUSION

We have studied the field dependence of the magnetiza-
tion and the relaxation rate at low temperatures in
YBa2Cu3O72x . We observe a peak effect near 12–15 T in
the magnetization and a complex field dependence in the
relaxation rate. The collective pinning theory does not de-
scribe our data. We suggest that the magnetic moment ob-
served is the result of more than one type of pinning mecha-
nism. Tentatively, we suppose that the combination of strong
pinning and pinning by surface barriers allows for a qualita-
tive description of both magnetization and relaxation data.
Further studies are necessary in order to separate contribu-
tions to the relaxation of the magnetization due to quantum
tunneling and due to thermal excitations.
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