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Magnetic-relaxation experiments were performed on Bi,Sr,CaCu,0, single crystals with the direction
of the field parallel to the ab plane. Based on the relaxation data, we have obtained relationships be-
tween the activation energy U and the current density j by an approach we developed previously. We
found that the activation energy has a logarithmic dependence on j in a wide regime of driving force. It
has been reported that CuO, planes in high-T, superconductors can act as strong intrinsic pinning
centers and that the relation U ~ Uyln(j, /j) may describe such a pinning mechanism. Our experimental
results have shown good agreement with such a physical model of intrinsic flux pinning.

INTRODUCTION

In the presence of a magnetic field larger than the
lower critical field, H.;, the magnetic properties of a
type-II superconductor are determined by the static and
dynamic properties of vortices. These vortices are pinned
by various defects known as pinning centers, resulting in
a nonuniform vortex density. As the magnetic pressure is
balanced by the pinning force, the system enters a so-
called Bean critical state.! This critical state is metastable
and will relax to achieve a uniform density of vortices as
a result of thermal activation. This relaxation of magne-
tization, which is also known as flux creep, has been ob-
served in type-II superconductors.?”!° Most of the pre-
vious studies have focused on relaxation measurements
for H parallel to the ¢ axis, in which intrinsic pinning
may not dominate. Our study focused on the U-j rela-
tionship for layered superconductors with strong intrinsic
pinning as the field is applied parallel to the layers. In
particular we studied Bi,Sr,CaCu,O, single crystals.
Our motivation was twofold. First, as has been reported,
the coherence length for high-T, superconductors is very
small (£,~1-2 A); hence, the vortices formed for H
parallel to the ab plane will also be small (since the core
diameter is proportional to coherence length). These vor-
tices will then be easily trapped between the copper oxide
planes.!!™ 13 Second, according to the previously pro-
posed intrinsic pinning model,'"!? for H|ab plane,
Bi,Sr,CaCu,0, should have a strong intrinsic pinning
effect. This motivated us to study the magnetic relaxa-
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tion of Bi,Sr,CaCu,0, single crystal for H|lab plane. In
this paper we report the results of long-time (22 h) iso-
thermal magnetic relaxation in Bi,Sr,CaCu,O, single
crystals and discuss the U-j characteristics related to in-
trinsic pinning.

EXPERIMENTAL DETAILS

High-quality Bi,Sr,CaCu,O, single crystals were
grown using self-flux method. The crystals were charac-
terized using x-ray-diffraction, resistivity, and magnetiza-
tion measurements which have been previously report-
ed.!* Magnetic-relaxation measurements were performed
with a Quantum Design superconducting quantum in-
terference device (SQUID) magnetometer. The samples
were first zero-field cooled to a desired temperature below
T,.. The magnetic field was then applied, parallel to the
ab plane of the single crystal. The initial magnetization
was recorded 120 sec after stabilization of the field. The
travel length of the sample in each scan was 3 cm to
avoid any field inhomogeneity.

RESULTS AND DISCUSSION

Anderson and Kim first explained magnetic relaxation
by a thermally activated flux-creep model.!> They as-
sumed that the flux motion is thermally activated and
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that the rate with which these flux bundles jump over the
pinning barriers can be described by an Arrhenius-type
expression

v=vyexp{ —U(j)/kT} , (1)

where v is an attempt frequency and U (j) is the effective
activation energy.

One can extract U(j) from the relaxation of magneti-
zation using the relation developed by Maley et al.,'¢
which can be written as a

U(j)/k=—TIn|ldM /dt|+ T In(Bvw /7d) , (2)

where d is the thickness of the sample, M is the magneti-
zation, and o is the average distance that a flux bundle
can hop. In the approach of Maley et al., one first calcu-
lates T In|dM /dt| for various temperatures at a given
field. Then by adjusting the constant C = In(Bvw /7d),
one obtains the U vs j relationship. For obtaining the
best fit, one uses a scaling function g (¢), where t =T /T,
is the reduced temperature and T, is a temperature
characteristic of the system. !’

We have previously developed an alternative and
equivalent way of extracting U(j) from magnetic-
relaxation experiments.!®!® In this approach one starts
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with the standard rate equation
dj/dt = A exp{ —U(j)/kT} . (3)

The effective activation energy U(j) can be expanded
about some current density, j,, at time ¢, as

U(j)=U(j,)+[dU/3j1y(j —Jjo)
+3[02U /92100 —jo)*+ - -
~U(jo)+alj —jo)+(B/2)j—jy)* . 4)

Substituting Eq. (4) in Eq. (3) and assuming that the
preexponential factor A is constant in the range of tem-
perature considered, one obtains

jO)=jo+ (kT /a)In(t /ty)—(k2T*B/2a®) InXt /ty) . (5)

Equation (5) can be rewritten using Bean’s model as
M(t)=My+aln(t/ty)+bInXt/t,) . (6)

One can determine the constants @ and b from relaxation
experiments and use them to calculate a and . Since
M—M,, <jand M., (M, is the equilibrium magnetiza-
tion) is observed negligibly small compared with M, we
have studied U vs M instead of U vs j (which are
equivalent).
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FIG. 1. Magnetization vs Int at a field of 0.1 T applied parallel to the ab plane of a Bi,Sr,CaCu,0, single crystal: (a) T =26 K, (b)
T=30K, (c) T=34K, and (d) T =40 K. The curved lines are the fits to a In(z /to)+b In’(t /1,).
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It has been reported that when the vortex motion is
controlled by the intrinsic pinning in a layered supercon-
ducting system with the field parallel to the layers, the
effective activation barrier grows logarithmically with de-
creasing current

U(j)=UyIn(j./j), (7

where Uy=—kT /(d InM /d Int) gives the proper scaling
to the pinning energy. %

Figure 1 shows the decay of magnetization for a
Bi,Sr,CaCu,0, single crystal with H ||ab plane at temper-
atures 26, 30, 34, and 40 K. As the temperature increases
the nonlinearity of magnetization becomes more pro-
nounced, particularly near the irreversibility line. These
magnetization curves are well fitted with Eq. (6) as shown
in Fig. 1, indicating the physical relevance of the non-
linear relationship between U and j [Eq. (4)].

According to Eq. (4), we can define the change in ac-
tivation energy as magnetization has decayed from M, to
M. Thus, we have

AU=UM)—U(M,)
=a(j—jo)+(B/2)j—jo)* . (8)

Figure 2 shows AU vs M at various temperatures. One
can see that for the temperatures 26, 30, 34, and 40 K,
AU varies logarithmically, a result that is in good agree-
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ment with Eq. (7). However, the relationships shown in
Fig. 2 are all obtained at a given temperature where the
variation of j is small. We studied the U-j relationship in
a much wider current range and determined the validity
of Eq. (7) as j has significantly decayed from M
=—0.001 74 emu to M = —0.000 359 emu at T =26 K.

In previous studies, j. was generally defined as the
current density in the absence of flux creep. Ideally, to
obtain a complete U-j curve at constant temperature and
field, one has to study long-time relaxation. Since the re-
laxation is approximately logarithmic, one would require
years to get a considerable portion of the U-j curve. Al-
ternatively, we can construct a considerable portion of
the U-j curve by studying the isothermal magnetic relax-
ation at a constant field for various temperatures or,
equivalently, by studying the magnetic relaxation at con-
stant temperature for various fields. In these cases we
change the critical current density j,. We now construct
the U-j curve for the highest j, (T'=26 K). Then we cal-
culate the change in U, due to the change in j, achieved
by varying temperature. Next we add a constant to the
AU values for the lower j,. Mathematically one can
write

U(j/jo)=U/j)+Clegrier) » )
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FIG. 2. AU vs magnetization M plots for (a) T =26 K, (b) T=30K, (c) T =34 K, and (d) 7 =40 K. The lines are fit to In(j).
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where C is a constant depending on j., and j.;. As we
have shown previously,?! Eq. (9) can be used if and only
if AU varies linearly with Inj. As we have already shown
in Fig. 2, AU varies linearly with Inj, and hence one can
use Eq. (9) to construct the U-j curve for T =26 K.

In Fig. 3 we have plotted U vs M for T =26 K using
Eq. (9). Again a logarithmic dependence of U on M ( ~ j)
was also observed in this plot, indicating the validity of
Eq. (7) in a wide current-density regime. As can be seen
in Fig. 3, the U value obtained by this approach is 0.05
eV at 26 K and 0.1 T at the lowest driving force. This
value is comparable with what has been previously re-
ported by Inui, Littlewood, and Coppersmith?’ and
Harshman et al.?3 using the resistivity and muon-spin-
relaxation methods, respectively.

A strong intrinsic pinning mechanism has been previ-
ously reported by Tachiki and Takahashi.!! Considering
the layered crystal structure and superconducting charac-
teristics of high-T, oxides, they proposed that the vor-
tices can be strongly pinned by the CuO, layers. As the
order parameter varies considerably from the CuO, con-
ducting planes to the CuO chains, a modulation of the or-
der parameter must exist in all two-dimensional high-T,
systems. If one assumes that the CuO, planes are princi-
pally responsible for the occurrence of superconductivity,
the order parameter is the highest where the carrier den-
sity is also high. The order parameter gradually de-
creases to a minimum as it approaches the center be-
tween the CuO, planes. As the flux lines enter the super-
conductor with the direction of the field parallel to the ab
plane, the regions where the order parameter is low (i.e.,
between the superconducting CuO, planes) will be
penetrated by the external field. In this situation, the
vortices are highly stabilized between the layers, and thus
are strongly pinned by the CuO, planes. This physical
picture is illustrated in Fig. 4(a). Assuming that the x
and y axes parallel to the a and b axes in CuO, plane and
z axis is parallel to the ¢ axis, one can write the periodic
spatial variation of the order parameter as!!

Yy(z)=W¥,+V¥,cos[27z/a,], (10)
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FIG. 3. Effective activation energy U vs magnetization M
plots for a Bi,Sr,CaCu,0, single crystal with the H||ab plane at
T=26Kand H=0.1T.
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FIG. 4. Schematic diagram showing (a) vortices trapped be-
tween the CuO, layers where the superconducting parameter is
suppressed, and (b) the “breakdown of the FLL lattice.”

where V¥, and ¥, are positive parameters and V¥, is larger
than ¥,. Here a, is the period of the modulation of order
parameter. In the presence of a vortex whose axis is
parallel to the y axis passing through the point x =y =0
and z =z, the spatial variation of the order parameter
can be written as'!

W(r)=Wy(z) tanh{(x /&, )2+ [(z —z,)/E. 12} 172 . (11)
The elementary pinning force f,, can be estimated as
fp=(He,/8m){2ma (§s /6 MY
where 7 is a nondimensional quantity defined by
n=(4¥,/¥,a?) [ dx dz{1+(¥,/¥,) cos[2m(z +2) /a, ]}
X sin[2m(z +2z()/a,. ]
X sech?[{(x2+y?)/2} /E.] .

This is the pinning force that acts on one vortex at the
boundary between weak and strong superconducting re-
gions. The total pinning force can now be obtained by
direct summation, that is,

F,=nf,, (12)
where # is the vortex density. Therefore
F, =(H?/8ma NEq /E.M{(B/By)[1—B/H,,]} , (13)

where B,=®,/2ma’.

Recently Kes et al.?* reported that for layered super-
conductors such as Bi,Sr,CaCu,O,, the concept of a
flux-line lattice (FLL) breaks down when the field is
parallel to the superconducting CuO, planes. This situa-
tion is schematically shown in Fig. 4(b). In that case, a
description in terms of superconducting layers coupled
by a two-dimensional (2D) Josephson junction is more
appropriate than an anisotropic 3D Ginzburg-Landau
model. In the 2D model, the order parameter is large in
the CuO, planes and is nearly uniformly zero between the
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layers. However, the situation is different in the intrinsic
pinning picture where the CuO, planes are not complete-
ly decoupled by the field. According to the Ginzburg-
Landau theory for anisotropic superconductors, for the
H||ab plane, the field penetrates in the form of a flux lat-
tice consisting of isosceles triangles.?’ Farell et al.?® have
estimated the FLL unit cell to be 6.3 nm in the ¢ direc-
tion and 300 nm in the direction perpendicular to ¢ for
B =1T. We have used a field of 0.1 T in our experiment.
In this low field, the distance between the FLL planes is
19.9 nm. This distance is significantly larger than the
separation between CuO, planes. This suggests that the
Abrikosov lattice can still exist and hence the planes can
act as intrinsic pinning centers. It should be pointed out
that similar results have been reported earlier by Harsh-
man et al.?* By using muon-spin relaxation they have
shown that at low fields (0.3 T and 0.4 T) the CuO, planes
are still coupled and the Abrikosov lattice exists. Howev-
er, at higher fields (~ 1.5 T), the intervortex interaction
begins to dominate and leads to breakdown of a 3D lat-
tice.

CONCLUSION

We have conducted long-time relaxation studies of
Bi,Sr,CaCu,0, single crystals for the H||ab plane. We

have shown that Eq. (7) is valid in the range (26—40 K) of
temperature considered. Our results indicate that the
pinning in Bi,Sr,CaCu,O, single crystals for the H|ab
plane is intrinsic to the system and that the CuO, planes
can act as strong pinning centers. The decoupling of the
CuO, plane may not occur at such low magnetic fields
(0.1 T). Our findings are also in agreement with the pre-
viously reported results indicating CuQO, layers are strong
intrinsic pinning centers.
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FIG. 4. Schematic diagram showing (a) vortices trapped be-
tween the CuQ, layers where the superconducting parameter is
suppressed, and (b} the “breakdown of the FLL lattice.”



