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Static and dynamic mechanisms of the anomalous field dependence of magnetization
in Bi-Sr-Ca-Cu-O and Bi-Pb-Sr-Ca-Cu-O single crystals
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We have measured and analyzed both the static and dynamic contribution to the anomalous nonmonotonic
dependence of the irreversible magnetization, M(B), for underdoped Bi,Sr,CaCu,03,, and overdoped
(Biy ¢Pbg4)Sr,CaCu, 04, , single crystals. We extracted the “unrelaxed” magnetization M (B) and traced the
time evolution of M(B,t) from short to long time scales using combined magnetization and flux-creep
measurements. Despite their large differences in anisotropy, pinning force, and flux-creep rate
s(B)=d In M/dInt, both samples showed the anomaly over a wide range of T, the anomaly being most
pronounced in the “unrelaxed” state. This suggests that the primary cause of the anomaly lies in the flux-
pinning defect structure of the material. However, M(B,E) also essentially depends on the induced electric
field E in the sample, so the shape of the M (B) curve can strongly change with time due to the relaxation of

E(t) and the nonmonotonic dependence of s(B).

The nonmonotonic field dependence of the magnetization
M(B) (the so-called “fishtail” or “peak-effect’” anomaly) in
high-T. superconductors (HTS) has attracted much
attention.!”!® Several explanations have been proposed
within the framework of both static'® and dynamic’~®
mechanisms. Static interpretations tend to emphasize flux
pinning, ascribing the observed anomaly to the increase of
the bulk pinning force with B in a certain field region. This
could be due to inhomogeneities of T, so that the regions
with reduced T, become normal as B is increased.'”® Other
reasons for the anomaly might be the surface barrier,>’ or the
decomposition of line vortices into two-dimensional (2D)
pancake vortices above a decoupling field B,.* In the dy-
namic scenario, the experimentally observed M (B) is deter-
mined by fast flux creep from the “unrelaxed” M .(B) which
is assumed to decrease monotonically with B. In this case
the anomaly is due to the nonmonotonic dependence of the
flux-creep rate s(B)=d InM/d Int on B.®° Distinguishing un-
ambiguously between these possibilities is complex because
all these mechanisms seem to contribute to the anomalous
behavior of M(B) in HTS. For instance, the short coherence
length makes HTS sensitive to virtually any crystalline dis-
order, especially to oxygen defects which strongly affect
T, . In addition, the large anisotropy of HTS can give rise
to a dimensional crossover between 2D and 3D pinning re-
gimes, and the strong flux creep makes M(B) dependent
both on the shape of the current-voltage (/-V) characteristic
and on the electric field, E, in the sample.

The fact that s(7,B)<<1 below the irreversibility line im-
plies that the critical state model remains approximately
valid; however, s(7,B) in HTS is not small enough to ne-
glect the essential dependence of M on E. This brings about
features which this model does not take into account; in par-
ticular, the critical current densities J.(B) observed in resis-
tive and magnetization measurements can be quite different,
as they correspond to different electric field criteria E, and
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E,, . Here E_ is usually taken as 1 #V/cm, while E n~B.a is
proportional to the magnetic ramp rate B, and a sample size,
a, with E,, usually being smaller than E_ by several orders
of magnitude. If M is measured at the fixed B, the internal
electric field E,(¢,B)=(t,/t)' **E . is not only much smaller
than E ,, but it also decays with time ¢ due to flux creep and
becomes dependent on B and 7. Here ¢yo(B,T) is a macro-
scopic time constant, and E, was taken for the power-law
I-V curve, E=E (J/J.)", for which s=1/(n—1) (Ref. 11)
(see below). Therefore, M (B,E,(B,t)) obtained from flux-
creep measurements can also differ from M(B,E,) and
M(B,E), that is, the apparent field dependence of M(B)
can be strongly affected by the internal electric field. Due to
the time decay of E(¢) in the flux-creep regime, different £
correspond here to different time scales #(E)=to(E./
E)Y(*9) 5o that M(B,E) can be obtained from the ob-
served relaxation curves M (B,t) by replacing ¢ by t(E)."

In this paper we reconstruct M (B) for different E from
combined resistive, magnetization and flux-creep measure-
ments. This allows us to separate the static and dynamic
contributions to M(B); in particular, to extract the “unre-
laxed” M (B) and to trace the evolution of M(B,E) upon
changing B, and the experimental time window. To study the
effect of doping, flux pinning and anisotropy, we com-
pare a highly anisotropic, underdoped Bi,;Sr,CaCu,0s,,
(BSCCO) and a much less anisotropic, overdoped
(Biy 6Pbg 4)Sr,CaCu, 04, (BPSCCO) single crystals.

The samples were prepared by a standard flux-grown
technique; the underdoped, vacuum-annealed BSCCO crys-
tal had a size of 1X0.93X0.015 mm?, the onset T.=86 K,
the width of the resistive transition AT .(B=0)~2 K, and
the ratio of the out-of-plane to the in-plane resistivities,
pc/Pap=10° at T=T,. The BPSCCO crystal had dimen-
sions 1.6X1.6X0.04 mm?3, T.=74 K, AT.,~5 K, and
Pc / Pab™ 103-

Measurements of M(B) were performed with H directed
parallel to the ¢ axis in a Quantum Design superconducting
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FIG. 1. Magnetization curves for the Bi,Sr,CaCu,0s, crystal
measured at 10 and 20 K at times varying from 60 to 6000 s in both
increasing and decreasing fields. The outer curves correspond to the
initial measurements. Note the different field scales at different T.

quantum interference device (SQUID) magnetometer accord-
ing to two different protocols, so as to verify that the relax-
ation of M(B,,,t) was independent of the previous magneti-
zation state, M(B,_,t). In both cases, the crystals were
zero field cooled, and then the magnetic field was increased
to the nth data point B,, at a ramp rate B,=0.01 T/min. Then
B(t) was fixed and the relaxation of M(¢) was measured
within the time window ¢;<t<t;, where £;~60 s, and
t;=6000 s. After that, B was incremented to the next field
B, .., first in increasing and then in decreasing fields, and
the procedure repeated. In the second scheme, we decreased
B to zero after making each set of flux-creep measurements,
warmed the sample above 7', recooled the sample and then
ramped the field with the same rate B, to the next point
B=B, . The results were identical for both methods. We
excluded the region of incomplete flux penetration,
B<B,(T)~pugJ . d, where d is the sample thickness, and
B,(T) varies from 50 to 500 Oe.

Figures 1 and 2 show representative examples of M (B,t)
curves. For underdoped BSCCO, the anomaly in M(B,?)
was almost absent at the shortest measured times, but it
gradually developed with time. Similar behavior was re-
ported by Yeshurun et al.’ However for overdoped BPSCCO,
the short-time anomaly was much more pronounced, espe-
cially at 30 K, where a strong peak effect in M(B) was
observed within the entire time window. The relaxation of
M(t) was well described in all cases by the power-law
M x ¢t75(T:B) a5 also observed for Bi-based HTS.!?3 This
fact is important for further analysis, since it enables us to
reconstruct M (B,t) well outside the experimental time win-
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FIG. 2. Magnetization curves for the (Bi; ¢Pbg 4)Sr,CaCu,0g.4,
crystal measured at 15 and 30 K at times varying from 60 to 6000
s in both increasing and decreasing fields. The outer curves corre-
spond to the initial measurements. Note the different field scales at
different T and their larger magnitude as compared to the similar
curves in Fig. 1.

dow by extrapolating the steady-state relaxation curves
oM (T,B,t)=1aM .(T,B)—s(T,B)In(t/ty) 1)

to different time scales, as shown in Figs. 3(a) and 4(a). The
creep rate, s(7,B)=d InM/d In t is equal to the tangent of the
lines in Figs. 3(a) and 4(a) and is shown in the insets.

To clarify the meaning of M and ¢, in Eq. (1), we con-
sider two characteristic flux-creep time scales ¢, and 7 deter-
mined by nonlinear flux diffusion.'’ For the power-law V-/
characteristic, E « J”", the values of ¢, and 7 are given by

apoM. s E. Us+1)
to= AE, T—ﬁto(a—é:) , 2

where M . corresponds to the electric field E., and A and a
are the area and the size of the sample side perpendicular to
the magnetic field, respectively, and the numerical coeffi-
cients a~1 and S8~1 depend on the sample geometry. Here
7 determines the initial transient stage of flux creep needed
for a diffusive redistribution of magnetic flux over the
sample cross section at the given induced field
E(0)~aB,, while the extrapolation of the steady state
InM(Inf) back to ¢t= 7 yields the initial magnetic moment
M(O,B,g).11 Next, we define an electric field E., above
which the power approximation of the /-V curve is no longer
valid, because there is a crossover between the flux-creep
and flux-flow regimes. This critical field £, determines the
time constant ¢, which corresponds to the maximum ramp
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FIG. 3. Examples of the power-law relaxation of M(t) in
Bi,Sr,CaCu,04 ., and the linear extrapolation of InM (Inf) beyond
the experimental time window (a). Measured points are shown to-
gether with the extrapolated lines outside the experimental time
window. The curve labeled by 1 uV/cm corresponds to M (B) as
calculated from Eq. (3).

rate B,~E . /a for which the superconductor still remains in
the flux-creep regime. The extrapolation of InM(Inf) back to
t=t, gives the quantity M =M (B,E_), which is indepen-
dent of B, and which corresponds to the electric field E,
above which the whole vortex structure gets depinned.
Therefore, M, can be regarded as the “unrelaxed” magnetic
moment which is principally determined by static flux pin-
ning. For BSCCO, the power-law E(J) was observed in a
wide region of E, from 1075-107° to 0.1 ,u,V/cm,B thus
showing that the crossover occurs at higher E. At the same
time, our transport measurements of E£(J) on the BSCCO
crystal shown in Fig. S indicate the beginning of flux flow
above E~20-50 uV/cm. Thus, the crossover region occu-
pies about 2-3 decades in E, so for further qualitative analy-
sis we assume the conventional criterion E.=1 uV/cm for
J., recognizing that the results are not very sensitive to the
particular value of E . and the details of the crossover region,
as shown below.

For B,=0.01 T/min, a=1 mm, A=1 mm?, s=0.1, and
E,=1 uV/cm, we find that 0.1 ms<¢3<0.1 s and 0.1
<7<100 s if M ranges from 10~ to 0.1 emu (see Figs. 1
and 2). Since ¢, is much smaller than 7, the lines InM (Inf)
should be extrapolated back to t=t, from #;,~60 s by 2-3
decades to obtain M (B). Substituting =¢; in Eq. (1) and
using Eq. (2) for ¢y, we obtain M, in the form

(AtiEcM}/s)S/(1+s)
C= - .
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FIG. 4. Examples of the power-law relaxation of M(t) in
(Bi; ¢Pbg 4)Sr,CaCu,0g, and the linear extrapolation of InM (Inf)
beyond the experimental time window (a). Measured points are
shown together with the extrapolated lines outside the experimental
time window. The curve labeled by 1 uV/cm corresponds to
M (B) as calculated from Eq. (3).

For s(B)<1, a superconductor is almost in the critical state,
so M is not very sensitive to the exact values of a and E.
(for instance, at s=0.1, the change of E./a by 10 times
causes the change of M, by 23%), and instead of M; and
t; one can take any other data point (M, ,¢,).

The linear dependence of InM on In¢ in Figs. 3(a) and
4(a) permits us to extrapolate M (Inf) to long times as well,
and thereby to obtain M (B) even beyond the “human” time
window. Although the applicability limits of the power-law
I-V curve, E « J", at small J are generally unknown, the
good fit within the experimental time window in Figs. 3(a)
and 4(a) suggests that it is reasonable to assume the power-
law relaxation M « ¢™° to remain valid at least within the
next 1-2 decades. There are both theoretical'*!® and
experimental'>!? evidences for the power-law E(J) for
highly anisotropic Bi-based HTS, although, at small J, plas-
tic effects due to edge dislocations in the vortex structure can
markedly affect E(J).!® Therefore, the linear extrapolation
of InM(Inf) gives M(B,t) for all flux-creep time scales
t.<t<tpax, Where tp.~ moa*J S/E i corresponds to the
electric field, E ;,, below which the plastic effects modify
the power dependence E(J). Thus this scheme enables re-
construction of a significant portion of the whole M(B,¢)
surface from the small portion accessible in the experimental
time window.

Figures 3(b) and 4(b) show the time evolution of M (B)
from below to beyond the experimental time window. De-
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FIG. 5. V-I curves of Bi,Sr,CaCu,0g., at 40 and 70 K which
clearly show the increase of J. with B. Insets show characteristic
thresholds of the flux-flow regimes.

spite the large difference in anisotropy, pinning force, and
creep rate for the two crystals, they exhibit remarkably simi-
lar qualitative behavior. In both cases, the “fishtail”” anomaly
is most pronounced in the “unrelaxed” M (B) determined
by static flux pinning. Subsequent relaxation smoothes out
the nonmonotonic dependence M (B) until it almost disap-
pears at a certain time (¢=¢,~10 s for both samples), after
which, the anomaly appears again due to the minimum in
s(B). Such a dependence of s on B was attributed by
Krusin-Elbaum et al.® to a crossover from single-vortex to
collective flux-creep regimes. The fields B, and B, at
which M(B) passes through minimum and maximum, re-
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spectively, decrease with time. For underdoped BSCCO,
both B;, and B,,, weakly depend on 7T, but for overdoped
BPSCCO those dependencies are much stronger.

For t>t;, the curves M(B,t) shown in Figs. 3(b) and 4(b)
are similar to those which have previously been observed for
HTS, though our interpretation differs from that of Refs. 8
and 9. Indeed, the fact that the “fishtail” anomaly becomes
least pronounced for shorter times, was interpreted in Ref. 9
as evidence of its absence at <<¢;, the anomaly thus being a
consequence of flux creep at 0<¢t<{t;. In this case the ini-
tially measured value M (B,t;) was regarded as M, but, as
shown here, M (B) can significantly differ from the value
M (B,t;) which depends on ¢; and B, . Meanwhile, the above
extrapolation of the steady-state (t=> 1) curves InM(Inf) to
different time scales enables us to extract M .(B,T) and to
show that the fishtail anomaly in M(B) for both over- and
underdoped crystals is present at any ¢ (or E). This was also
confirmed by direct transport measurements of the I-V
curves of the BSCCO crystal. Figure 5 shows that these have
a nonmonotonic dependence J.(B) at E>50 uV/cm at 40
and 70 K. The anomaly in both transport and magnetization
data has also been reported by Gordeev etal'® for
YBa,Cu;0,. Thus, the evolution of M(B,t) results from a
complex interplay of static and dynamic effects, where flux
pinning determines the initial nonmonotonic dependence of
M . on B, while the subsequent flux creep can strongly affect
the shape of M(B) due to the large values of s(B). We
believe that the static anomaly in M (B) can be due to re-
gions of varying O content, similar to those in YBa,Cu30,
(Refs. 1 and 16) and La,_,Sr,CuQ,, .17 At the same time,
the qualitatively analogous behavior of M(B,¢) for under-
doped BSCCO and overdoped BPSCCO having very differ-
ent anisotropy seems to indicate that the anisotropy is a con-
tributory, rather than the primary mechanism of the “fishtail”
anomaly.
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