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Magnetic relaxation and critical current in an YBaCuO crystal

Y. Yeshurun,® A. P. Malozemoff, and F. Hoitzberg
IBM Thomas J. Watson Research Center, Yorktown Heights, New York 10598

We have measured the temperature dependence of magnetic relaxation and critical current in
an YBaCuQ single crystal. Unusually strong time-logarithmic magnetic relaxation is observed.
The relaxation rate increases initially with temperature, peaks at =235 K and siows down at
higher temperatures. The results, interpreted with a thermally activated flux model, yield a
low-temperature pinning energy U, =0.02 ¢V. This low pinning energy results in an unusually
rapid decrease of the critical current as temperature is increased.

Many studies’ of the new high-temperature 7, ceramic
superconductors have reported metastability of the zero-
field-cooled (zfc) susceptibility and of the remanent magne-
tization. In most of these studies the decay of the magnetiza-
tion is found to be linear with the logarithm of the time.
Recently we reported® on the first extensive study of magnet-
ic relaxation in an YBaCuO crystal. We observed strong,
anisotropic magnetic relazation of the field-cooled and the
zero-field-cooled relaxations along the principal axes of the
crystals. The interpretation of the results is based on classic
modeis of thermal activated flux creep processes,” and
takes into account the unusually strong (“giant” ) relaxation
and the low pinning energy which characterize the YBaCuO
system. This model offers a natural explanation for a variety
of phenomena cbserved in high-7, materials: The irreversi-
bility line,” the field dependence of the Meissner fraction,”
the frequency dependence of the ac susceptibility,® and the
size of the remanent magnetization.” (For a recent review of
this topic see Ref. 10},

In the present article we show new relaxation data for
another crystal.'! In addition we present critical current
data for the same new crystal. We focus here on relaxation of
the zfc magnetization for H parallel to the orthorhombic ¢
axis. In most of the temperature regime the relaxation is
linear with the logarithm of time. In Ref. 2 we used standard
formulas for the temperature dependence of the relaxation
rate. Here we extend our analysis to include low-tempera-
tare field corrections. The temperature dependence of the
relaxation data confirms our previous conclusion® of the un-
usual low pinning energy in these materials. This low pin-
ning energy leads to a natural explanation for the observed
strong drop of the critical current as temperature is in-
creased.

Figure 1 exhibits typical time dependencies of several
magnetic isotherms, after applying a field A = 0.6 kOe par-
allel to ¢. The measured magnetic values 84 are normalized
to | M|, the first measured data point. (This point is taken at
t, = 200 s after field application.) This figure demonstrates
that flux is slowly penetrating the sample even at the lowest
temperature and that the normalized flux penetration rate
increases monotonically with temperature. Note the relative

*) Permanent address: Department of Physics, Bar-Ilan University, Ramat-
Gan, Israel.
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size of the effect, e.g., at 70K we observe = 30% change in A
during the first hour.

Figure 2 summarizes the 0.6-kOe zfc decays by display-
ing the absolute relaxation rate dM /d In ¢ as a function of
temperature. Qualitatively, the rise and fall of the relaxation
rates resemble the behavior reported previously® though the
maximum in this crystal is found at somewhat lower tem-
perature. The low-temperature field dependence of di/
d In ¢ for the same crystal is presented in Ref. 12

Figure 3 displays the critical current J, for zero field,
extracted from hysteresis loops at various temperatures and
based on the Bean model of the critical state.® In this model
simpie relations can be derived between the measured criti-
cal current and the magnetic remanence M, at zero field
obtained in a hysteresis loop. For a cylinder of radius R, one
has

J, = 30M,/R. (1)

{In Eg. (1) and throughout this paper we use practical
units, i.e., Oe, cm, and A/cm®. |

To interpret the experimental results we use a classical
flux creep model.*® This model considers a type II super-
conductor with a conventional Abrikosov vortex or flux line
lattice. Inhomogeneities in the material cause pinning of
these vortices in potential valleys of height U,,. Such pinning
prevents motion of vortices in the presence of current thus
controlling the critical current density .. However, thermal
activation of fiux lines over the potential barrier induces
magnetic relaxation and reduction of critical cuorrent. The
reduction of the measured critical current is given by”
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FIG. i. Decay of the normalized magnetization as a function of time for an
YBaCuQ crystal. The field H = 0.6 kOe, parallel to ¢, is applied afier cool-
ing the sample in zero field.
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FIG. 2. Relaxtion rate of the zero-field-cooled magnetization as a function
of temperature for field paratlel to the orthorhombic ¢ axis of an YBaCuQ
crystal. Solid lines are fits to Egs. (2) with m = 6; broken line is a fit with
m = 4. See text.

J.=J [ — (KT /UIn(t /)1, {2)

where J, is the critical current in the absence of thermal
fluctuations, 1/¢, is a characteristic attempt frequency of or-
der 10° Hz (Ref. 8), and 7 is a characteristic time window of
the experiments, estimated to be 10°~10% s in a typical mag-
netic hysteresis measurement.

The magnetization relaxation of a cylinder of radius R is
derived by substituting Eq. {2) into the original Bean’s equa-
tions® which assume J,. independent of H. We find to lowest
order in kT /U, and ignoring H:

iﬁfﬁl:(ﬁ_“><i:ifi)<ﬂ>, H<H',  (a)

dint HI\ 35 \U,
d4nM) _ ({g_‘_)(ﬁ) HoH" (3b)
dint s Ny, 7T

where 1" = 4w, R /10 is the field for which fux first pene-
trates entirely through the sample.” {In Ref. 12, Egs. (3a)
and (3b) are generalized to include the onset of irreversibili-
ty at H_, and the field dependence of J,. Taking this more
realistic approach, we find that dM /d In ¢ increases as H °,
faster than the present prediction. This affects our conclu-
sions only slightly; see the discussion below.] Note that H°
decreases with temperature due to the implicit dropofiof J 4
to zero at the critical temperature.
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FIG. 3. Critical current densities at zero field deduced from magnetic re-
manence and the Bean model, as a function of temperature for an YBaCuO
single crystal. Solid line is a fit to Eq. (3) in the low-temperature regime.
The broken line which describes J, = 3.3% 10° (1 — £)® serves here as a
guide to the eye.
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Equations (3a) and {3b) describe the gualitative trends
of Fig. 2 very well. At low temperature with H<H ", the
relaxation rate increases initially linearly with ¥ as predicted
by Eq. (22). However, as T increases, the term (i — 2H/
3H ) becomes more significant and dM /d In ¢ rises more
maoderately towards a maximun at a temperature 7. As
temperature increases further # = H 7 and the temperature
dependence of dM /d In £ crosses over to the behavior pre-
dicted by Eq. (2b), namely that the drop in J, (or, equiv-
alently, in H ") dominates the fall of ddf /d Int. (U, also
drops with temperature but usually more weakly.”)

For a more guantitative analysis of the data we appar-
ently need some knowledge of the critical current densities
for this crystal. In conventional superconductors the critical
current is usually described by J, = J,(0) (1 — #)” where
4. (0} is the critical current at zero temperature, ¢ is the re-
duced temperature, and # ranges from 1 to 2.5. This is appar-
ently not the case for our crystal (Fig. 3) for which J, drops
very rapidly as temperature is increased, consistent with pre-
vious reports.'? The strong reduction of the measured cur-
rent densities suggests that the thermal activation term in
Eg. (2) 1s bigger than usual. In conventional superconduc-
tors U/, = 1-2eV;s0 k7. /U, 1s of order 1077 and the reduc-
tion term in Eq. (2) is a negligible 2%. Clearly, for the high-
T, sample this term is gquite important. In part, this is due to
higher temperatures. However, an important factor in the
magnitude of the reduction term is ¥/,. To get an initial esti-
mate of U, we take the measured J, at the lowest tempera-
ture {5 K} as a good approximation for J , and substitute in
Eq. (3a) R =0.024 cm (half the platelet dimension} and
H = 8500 Oe (the low-temperature value for the field, cor-
rected for demagnetization). This yields U, ~0.02 ¢V which
is an order of magnitude smaller than our earlier estimates®
using Eq. (3b) instead of the more appropriate Eq. (3a).
Thus, for YBaCuO (KT, /U n(¢ /t,) is of order unity al-
ready at T= 10 K. In other words, the effect of thermal acti-
vated processes is so big that Eq. {2) may serve as a good
approximation only at the low-temperature limit. In this
limit we may take the initial linear slope of J_ (T (solid line
in Fig. 3) and with the help of BEq. (2) we find J (O
= 3.3 X 10° A/cm? and U, = 0.03 ¢V in agreement with the
value derived from the relaxation data. We are not able,
however, to deduce reliable J, ( 7 datafor Eq. (2). Instead,
we suggest a phenomenological model®: J,, /Uy« (1 — £)™.
Substituting this expression into Eq. (3a) yields a maximum
at T =25 K for m = 6. (The maximum is pushed to high-
er temperatures if we choose a 1 — ¢ ? dependence for J.)
Taking R = 0.024 ¢ and H = 8500 Ge as above, gives the
solid line in the low-temperature part of Fig. 2 with
Uy =~0.022 eV at zero temperature. The same parameters,
substituted in Eg. (3b), give the solid Iine in the high-tem-
perature regime of Fig. 2. The predicted maximum rate is
larger by a factor =~ 1.7 than the observed one. A better de-
scription of the high-temperature regime is obizined for
m = 4 and U;==0.07 eV (see the broken line in Fig. 2). Note
however that the derivation of Eq. {(3b) was based on the
assumption that k¥ /U, < I—an assumption which is appar-
ently invalid for high-7, materials at high temperatures.
Corrections to Eq. (3b), based on the predicted crossover™
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in the behavior of J,, will be considered elsewhere. For the
purpose of this paper we take the low-temperature data as
the basis for our determination of U, As mentioned above, a
more realistic model should consider the field dependence of
J, and the onset of irreversibility at /. These corrections
vield a cubic rise of 43 /d In ¢ with field"? but do not alter the
value of U; by more than a factor of 2. Considering the sim-
plicity of the present approach the fit in Fig. 2 seems satisfac-
tory.

While a different reported temperature dependence of
J. may reflect different pinning mechanisms and different
values of U, the values appear to remain within an order of
magnitude of the small value we report here. This result can
be understood™"” as a direct consequence of the small coher-
ence length in the pew high-7. materials. Anderson and
Kim® have suggested that U, should scale as H£°%/87,
where H_ is the thermodynamic critical field and £ is the
superconducting coherence length. For conventional type I
materials this usually comes out to several eV, in agreement
with eariier measurements®’ of U, The value Uy=0.02 eV
for YBaCuQ is also consistent with this formula, taking
£? = £2, £, and considering the range of parameters quoted
in kiterature.'
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