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Nonlinear logarithmic time decay of magnetization has been observed over a long measuring time
period (¢ =22 h) for a single crystal of Bi,Sr,CaCu,0,. At relatively low temperatures (7"=12 K) linear
In(z) decay of the magnetization is observed for field (=1 kG) parallel to the ¢ axis, which can be de-
scribed well by the Anderson-Kim model. However, at high temperatures (7" > 26 K) the magnetization
exhibits nonlinear logarithmic time near the irreversibility line. Possible connectons between the experi-

mental data and current theories are discussed.

Time dependence of magnetization has been observed
in both conventional and high-7, superconductors. Ac-
cording to the Anderson-Kim flux-creep model,"? the
time decay of magnetization is logarithmic for conven-
tional superconductors. Recent studies have shown that
some nonlinear logarithmic time decay of magnetization
occurs in certain temperature and field regions for a short
measuring time ( < 3h).>* This behavior reflects the com-
plexity of the magnetic properties and is closely related to
the so-called irreversibility line observed in high-T,. su-
perconductors.’ Because of the existence of the irreversi-
bility line in high-T, superconductors, the magnetic re-
laxation and flux dynamics could be fundamentally
different from those of conventional superconductors.®

Feigel’'man et al.”® proposed a collective-creep model
that predicts the nonlinear logarithmic decay of current
density. The model is developed based on a concept of
collective pinning.” The long-range translational order of
the flux-line lattice may be destroyed by crystal defects.
But the short-range order still remains in a correlation
volume V.. The entire vortex system can still be strongly
pinned, although the individual flux pinning is relatively
weak. Therefore the volume V, may be considered as one
large pinning center (i.e., the flux lines can be effectively
pinned by an ensemble of weak pins). The collective pin-
ning behavior has been observed in some conventional su-
perconducting systems such as amorphous Nb,Ge films.!©
However, no convincing experimental evidence has indi-
cated such a pinning effect in high-T, superconducting
oxides.

In this paper, we present magnetization (M) versus
time (¢) data for a single crystal of Bi,Sr,CaCu,0,. We
have clearly observed nonlinear logarithmic time decay
of magnetization over a long measuring time period
(=22 h) and wide temperature region (12-40 K). We
discuss the nonlinear behavior of the magnetic relaxation
based on collective-creep and Anderson-Kim flux-creep
models.

The single crystal of Bi,Sr,CaCu,0, was grown by us-
ing a so-called flux method reported previously.!! The
crystal was 2X1.5X0.1 mm®. The sample quality was
examined by x-ray diffraction and magnetization mea-
surements on a commercial Quantum Design SQUID
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magnetometer. The x-ray data showed that the crystal
possessed a single phase and high purity. The zero-field-
cooled SQUID measurements at 20 G also showed that
the single crystal exhibited a sharp transition at 86 K.

Measurements of magnetization versus time (M versus
1) were performed in the following sequence. The sample
was cooled to a temperature below T, in a zero magnetic
field. An external field of 1 kG was then applied to the
crystal. According to our previous measurements,'? at 1
kG, the sample was fully penetrated above 10 K. Our
magnetization measurements in this study took place
above 12 K, to ensure the full penetration of the field into
the sample. The first magnetization data point was taken
2 min after the application of the field. Subsequent mag-
netization data were taken every 6.3 min for a total of 22
h. After the measurements were completed at a given
temperature, the temperature of the sample was raised to
120 K for the purpose of completely removing the
trapped flux lines inside the sample. The scan length was
set at 30 mm. The field was monitored by a calibrated
Hall probe and directly read by the computer. The tem-
perature and applied field control accuracy was =0.007 K
and less than +0.001 G over the 22-h time period.

In Fig. 1 we show M versus ¢ data at 12, 20, 26, 30, 34,
and 40 K for the direction of the field parallel to the ¢
axis of the crystal (H||c). As shown in Fig. 1(a), at a rela-
tively low temperature (7"=12 K) the magnetization ex-
hibits linear logarithmic time decay, particularly at the
initial stage of relaxation. However, a small curvature
develops as the temperature is increased to 20 K [Fig.
1(b)]. The magnetic relaxation exhibits nonlinear loga-
rithmic decay at even higher temperatures; at 26 K [Fig.
1(c)], 30 K [Fig. 1(d)], 34 K [Fig. 1(e)], and 40 K [Fig.
1(D]. It should be pointed out that, according to the pre-
viously reported results,” the irreversible temperature
T*(H) is near 30 K at 1 kG (see Fig. 2). This fact indi-
cates that the nonlinear behavior is connected with the ir-
reversible nature of the Bi-Sr-Ca-Cu-O superconducting
system.

Similar time dependence of magnetization has been ob-
served when the direction of the field is parallel to the ab
plane of the crystal (H||ab), except that the temperature
at which the magnetic relaxation becomes nonlinear in-
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creases to 34 K. As shown in Figs. 3(a) through 3(d),
magnetic relaxation is almost linear at 26 and 30 K, while
nonlinear behavior is observed at 34 and 40 K. These re-
sults clearly indicate that the irreversibility line for H||ab
has shifted to a much higher temperature and field re-
gion, consistent with the anisotropy effect in a Bi-Sr-Ca-
Cu-O system.
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Feigel’'man et al. considered that the thermal activa-
tion energy, U, has a power-law dependence on the
current density: U(J)=Uy(J,./J)*, where U, is the
characteristic energy scale and u is a dimensionality and
current-related parameter.””8 If the process is thermally
activated, the hopping time of the flux lines
t=ty,exp(U /kT). Combining the two expressions for U
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FIG. 1. Magnetization vs time at a given field H= 1000 G for a Bi,Sr,CaCu,0, single crystal at various temperatures indicated.
The field, parallel to the c axis, is applied after cooling the sample in zero field. (a) T=12K, (b) T=20K, (c) T=26K, (d) T=30K,
(e) T=34 K, (f) T=40 K. The solid lines are a guide for the eye.
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FIG. 2. The irreversibility line for H||c (Ref. 5) in the Hvs T
phase diagram for the Bi-Sr-Ca-Cu-O system. The temperature
and field regions in which the magnetic relaxation experiments
were performed are indicated in the figure.

and ¢, we can write the time dependence of the current
density as

J()=J,[(T/Uy)In(t /ty)]"* . 1)

According to the Anderson-Kim flux-creep model,
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long-range order of the flux-line lattice is destroyed by
random pinning centers such as oxygen vacancies in
high-T, superconductors. According to this model, the
short-range order still exists and results in collective pin-
ning in a finite volume, V,.(=L.R?), where L, and R, are
the longitudinal and transverse pinning lengths, respec-
tively. The size of the pinning volume is closely related
to u, which will be discussed in detail later.

Since the time dependence of the current density de-
scribes a decay of the metastable state, the magnetization
time decay should follow the same law as the time decay
of the current density. Thus, Egs. (1), (2), and (3) can be
written as
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FIG. 3. Magnetization vs time at a given field H=1000 G for a Bi,Sr,CaCu,0, single crystal at various temperatures indicated.
The field, parallel to the ab plane of the crystal, is applied after cooling the sample in zero field. (a) T=26 K, (b) T=30K, (c) T=34

K, (d) T=40 K. The solid lines are a guide for the eye.
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M(t)=M,[(T/Uy)In(t /ty)]" 4)
M(t)=My[1—(T/U,)In(t /ty)] , (5
M(t)=My[1+(T/U,)In(t /ty)] " /", (6)

where M|, is the magnetization when there is no flux-
creep effect. It should be noted that, for conventional su-
perconductors, the activation energy U, is on the order
of 1 eV. If we assume T=10 K, then T/U.~10"3. For
measuring time of 10* sec, In(t/ty,)~30. This implies
that (T /U, )In(t /ty) <<1. Thus, Eq. (6) can be expanded
and written as Eq. (5), which is the expression for flux
creep in the Anderson-Kim model.

Equation (5) may hold true for high-7, superconduc-
tors in the low-temperature region as long as the condi-
tion (T /U,)In(t /ty) <<1 is satisfied. However, high-T,
superconductors have considerable lower U, values com-
pared to conventional ones, especially in a Bi-Sr-Ca-Cu-O
system. Indeed, previous (5) have shown that the U,
value in a single crystal of Bi,Sr,CaCu,O, is on the order
of 10 meV at 10 K, which gives (T/U)In(z/ty)=<1.
Here, we see that the magnetization time decay may not
be precisely described by Eq. (5). Obviously, the condi-
tion (T/U,)In(t/ty)<<1 becomes worse in the high-
temperature region as U, is severely reduced. Moreover,
the linear logarithmic decay [Eq. (5)] cannot hold for
large ¢.

In the collective-creep model, the pinning strength is
characterized by the length L, when R, is smaller than
the lattice constant, a. L.=u[¢s&2/(2m)*a?WA*]'/3,
where ¢, is the flux quanta, £ is the coherence length, W
is the mean square value of pinning force generated by
defects, and A is the penetration depth. In the case of
E<L,<a, and a relatively high current density
[J.>J>J,, where J,=J.(L./a)"’’], p is 0.14. For an
intermediate current density (L. =a andJ =J,), u=1.5,
which is on the same order of magnitude as obtained in
our experiments. For a relatively low current density re-
gion [J, >J >J,, where J,=J(a /A)?], u is predicted to
be 0.77. Thus, the nonlinearity of magnetic relaxation is
characterized by u, which depends solely on the magni-
tude of current decay.

It should be pointed out that the zero-field-cooled mag-
netization data can be strongly influenced by the experi-
mental procedures in the SQUID measurement. Since
the current decay occurs while the field is increasing, the
magnetic relaxation is affected by the field ramping rates
and by the field values at which the relaxation data are
taken. For example, the decay process at 34 K within a
few minutes can be in a current regime far away from
that at 12 K, in which the magnetic relaxation is much
slower. Thus, M, in Eq. (6) cannot be determined experi-
mentally and rapid change in the field ramping-
dependent current decay processes makes it difficult to
connect the measured magnetization directly with the as-
sumed current regime (J <<J,) in any flux-creep models.
Because of the above reasons, we have experienced
difficulties in fitting our magnetic relaxation data with
Eq. (6) and obtaining meaningful M, and ¢,.

According to Feige’'man et al.,® the linear decay of
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magnetization [Eq. (5)] occurs at the initial relaxation
stage when (J —J_) <<J,. Collective creep takes place as
the current density has significantly decayed from the
critical state, J.. This is schematically illustrated in Fig.
4. This phenomenon implies that the nonlinear behavior
of magnetic relaxation should be observed in a relatively
small current region. As shown in Fig. 1, the linear de-
cay of the magnetic relaxation occurs at low tempera-
tures (T'=12-20 K for Hj|c), indicating relatively large
current densities. At high temperatures (7> 26 K), how-
ever, the current density decays into the collective- creep
regime. Therefore, the entire M versus In (¢) curves ex-
hibit nonlinear behavior. We have found that the linear
decay portion of the magnetic relaxation varies consider-
able at different temperatures. As shown in Fig. 1(a), at
T=12 K, the magnetization time decay exhibits linear
logarithmic time decay at the initial relaxation stage. A
small curvature is developed at =120 min (Inz~4.8)
with lower decay rate. The time at which the curvature
begins becomes shorter (f ~45 min, Inf =~3.8) as the tem-
perature is increased to 20 K [Fig. 1(b)]. The magnetic
relaxation exhibits nonlinear logarithmic decay at tem-
peratures above 26 K. At relatively low temperatures
(T'=12 and 20 K), the current decay from the critical
state is slow. It was measured in a finite time interval
(At=6.3 min) by the SQUID magnetometer. At high
temperatures (7 >26 K), the current decay becomes
much faster, so that the linear relaxation part cannot be
observed. Therefore, the entire M versus Int curves ex-
hibit nonlinear decay.

We note that the measuring time scale is extremely im-
portant in observing the true magnetic relaxation behav-
ior. For example, at 12 K, the linear decay portion ex-
tends to 120 min, which is longer than measuring times
used in most of the reported studies. However, nonlinear
decay will become pronounced as the measuring time is
prolonged to a large scale (in this study, t =22 h) at this
temperature. It is also important to note that much
longer linear magnetization decay should be expected at
extremely low temperatures.

It should be noted that the collective-creep theory

Collective creep

Int

FIG. 4. Schematic expression for the time decay of current
density in high-T, superconductors. Notice that in the
collective- creep regime, p varies as a function of current. The
decay rate of current density is dependent on temperature.
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deals only with the situation when the field is parallel to
the ¢ axis of the single crystal. Completely different pin-
ning mechanisms may exist when the field is parallel to
the ab plane of the crystal (Fig. 3). New physical models
must be developed to interpret the magnetic relaxation
behavior for H||ab.

In summary, we have found a nonlinear logarithmic
decay of magnetization in a single crystal of
Bi,Sr,CaCu,0, over a long measuring time period
(¢ =22 h). The nonlinear magnetic relaxation may be
connected with the collective creep in the system. The
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different degree of nonlinearity in the M versus In(z)
curves may reflect the fact that pu varies in the different
current regimes as predicted by the collective-creep mod-
el: J(1)=J,[(T/Uy)In(t /ty)] /"
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