Flux creep in Bi,Sr,CaCu,0; epitaxial films
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We incorporate the experimentally deduced flux line potential well structure into the flux
creep model. Application of this approach to the resistive transition in Bi,51,CaCu,(y
epitaxial films explains the power law voltage-current characteristics and the nonlinear current
dependence of the activation energy. The results cannot be accounted for by a transition into a

superconducting vortex-glass phase.

The power law voltage-current ( F-J) characteristics in
the high 7. superconductors have been reported extensive-
Iy.'=> Most of this body of work’ investigates the resistive
transition in the absence of or in the presence of very low
magnetic fields, and the results are analyzed within the
framework of the Kosterlitz—Thouless phase transition.*
Two recent studies show the existence of power law charac-
teristics in Y Ba,Cu,0; epitaxial films in: the presence of high
magnetic fields.™ Koch er al.? ascribe this behavior to the
transition intc a superconducting vortex-glass phase,’
whereas Zeldov er @/, attribute it to the shape of the flux line
potential well. In this letier we present the results for
Bi,8r,CaCu, 0, epitaxial films. We find that the resistive
transition and the V-7 characteristics are consistent with the
existence of a logarithmically shaped flux line potential well,
and cannot be explained by the vortex-glass picture.

The Bi,Sr,CaCu,0, films were laser ablated onio the
(100) SrTiO, substrate at 760 °C in the presence of 500 m
Torr oxygen pressure.® The films were predominantly ori-
ented with ¢ axis normal to the interface and had critical
currents in excess of 10° A/cm? at 20 K. The resistive data
were obtained using a dc four-probe technique on micro-
bridge, 18 um wide, 195 ym long, and 0.6 pm thick, which
was patterned by an excimer laser microscope system.® A
variable magnetic field of up to 6 T was applied parallel to
the ¢ axis and special care was taken to assure the absence of
any heating effects in the relevant experimental regions.

Figure 1 shows the Arrhenius plot of the resistive transi-
tion of the Bi,Sr,CaCu, O, ilm in the presence of a magnetic
field of 5 T parallel to the ¢ axis. The resistivity is thermally
activated over a wide temperature range and the activation
energy is seen to be significantly current depenrdent at cur-
rent densities above 3 X 10° A/cm”. We analyze the results
within the framework of the Anderson—-Kim flux creep mod-
el.” The dissipation process is governed by thermally assisted
hopping of the flux lines which may be pinned due to some
local defects. At low driving forces, the hopping rate is con-
trolled by the seight of the potential barrier, regardless cf the
detailed shape of the potential. In the presence of strong
Lorentz force, however, the amount of deformation of the
potential well, and hence the resulting barrier height, are
determined by the shape of the potential well. We use this
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effect as a spectroscopic tool to deduce the shape of the po-
tential well in high 7, materials.

One of the features of Fig. 1 that necessitates early clari-
fication is the gradual upward bending of the curves, as if the
activation energy, U(T), p(T) = p, exp] — U(T)/kT} de-
creases with decreasing the temperature. The observed
slopes of the Arrhenius curves, — Ad{(lnp)/d(1/7), how-
ever, are not the activation energy U( 7}, but rather U

= U{F) — FdU /dT. Infact, the shape of the curves is con-
sistent with the temperature dependence proposed by Tink-
ham,® U(7) = J0)Y(1 —22)(1 —t*)V?, analogous to the
behavior of YBa,Cu, O, reported in Ref. 3 (¢ = T/7,). The
theoretical U/(¢) gradually increases with decreasing the
temperature, reflecting the increase in the condensation en-
ergy. Yet, the corresponding U, has & maximum value of
1.64U(0) at t = 0.8 {where U(#) isonly 0.28U(0) ] and then
gradually decreases with decreasing the temperature, in
gualitative agreement with the experimental curvesin Fig. 1.

The main feature of Fig. 1, however, is the nonlinear
current dependence of the activation energy. Below 3 X 187
A/cm?, Uis rather constant and drops logarithmically with
current at higher current densities in a manner similar to the
results obtained from YBa,Cu,0, epitaxial films.>® In the
latter case, however, U{0) was on the orderof 1 eV at 6 T,
whereas in Bi,Sr,CaCu,O, film itis only 2bout 40 meV at 5T
rising to about 120 meV at 0.5 T. Such a large difference in
the activation energies of YBa,Cu,0; and Bi,Sr,CaCu, Oy is
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FIG. 1. Arrhenius plot of the resistivity of Bi,Sr.CaCu,O, cpitaxial ilm at
H = 5T and various current densities. For J < 3 kA/cm’ the messured p
is current independent.
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consistent with the single-crystal magnetic relaxation'® and
transport measurements. '’

Figure 2 shows the p-J characteristics of the sample at 3
T. Similar behavior is observed at various field intensities,
resembling the results for Y Ba,Cu,0; films.” In the transi-
tion region, p is governed by fluctuations and flux flow, with
p being current independent (linear ¥-F characteristics)
down to about 2% of the normal-state resistivity [as com-
pared to 10-15% in YBa,Cu,0, {Refs. 3, 9, 12}]. At still
lower temperatures, flux creep enters as a dominant dissipa-
tion mechanism vielding a current independent p at low cur-
rents and a nonlinear p-J characteristic at high J values.
However, according to the basic fiux creep model,” at elevat-
ed driving forces, the activation energy is assumed to drop
linearly with current and the ¥-J characteristics are predict-
ed to be exponential. Instead, we observe a logarithmic U(J)
dependence, and a power law behavior of ¥ vs 1. We at-
tribute these results as due to the shape of the flux line poten-
tial well.

In Ref. 3 it was shown that a potential well which gives
rise to the features described above has a logarithmic conical
shape. Here we present a more generalized form of this ap-
proach. We describe the energy ¥(x) of the flux line between
the two neighboring wells at locations x = 0 and x = L as
the superposition of their individual contributions. In the
presence of a Lorentz force F, ¥(x) is given by

.
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where @ and x, are the energy and the length scale factors
which determine the height and the width of the well. The
resulting potential is shown in Fig. 3. Such a potential well
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FIG. 2. Experimental p-J characteristics at various temperatures at /£ - 5
F. The high-temperature curves (35-80 K) are shown at 5 K intervals.
The dashed line in the upper right corner is the limit of 1 mW power dissi-
pation in the film, above which the measurements were limited by the self-
heating effects.
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FIG. 3. Shape of the logarithmic potential well of Eq. (1) in absence (sol-
id} and presence (dashed) of the driving force.

may arise from a localized defect that reduces the order pa-
rameter within a volume of a length scale on the order of the
coherence length £. Since in high 7. materials £ is only sever-
al angstroms, the well is expected to have a narrow conical
structure. On the other hand, since the penetration depth A is
much larger than £, the magnetic field of an isolated vortex
has a rather extended logarithmic decay which could ac-
count for the logarithmic broadening of the potential well.
The distance L between the wells is the average distance
between the defects in the case of an isolated vortex, or the
Abrikosov flux lattice spacing g, in the case of low defect
density and flux bundle hopping.

The flux creep induced resistivity is determined by the
net hopping rate in the direction of the driving force:

o= (voBL /Dy lexp{ — U7 /kT) —exp{ — U ~/KkT)},
(2)

where v, is the atterapt frequency and U/ " and ¥/~ are the

barrier heights in the positive and negative direction, respec-

tively. In the case of the logarithmic potential of Eq. (1) the
following analytical solution is obtained:

. L FO FU 2 /2
xt‘z—E—{F+1”[(?) +1} x0<x,n<L/2

X (L = X )
xod
U =U"+FL,

where x,, is the driving force dependent position of the maxi-
mum of the potential and £, = 2a/L.

The resulting theoretical p-J characteristics are shown
in Fig. 4. At very low driving forces, F€ Fyand FL < kT, x,,
isfixedat L /2,and U * = U, FL /2 with U, = a[In(L /
4x,) + 1}. This is the regime in which p is independent of
the Lorentz force F = JBV,, where V., is a correlation vol-
ume of the flux bundle:

p = (voB°L*V /kTyexp( — Uy/kT). (4)
On the other hand, for > F, (and FL > AT the potential

well is distorted and x,, = a/F {(x,, €L /2) shifts with £ so
that the activation energy drops logarithmically with the

7 zain( )+a~Fxm (3)
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FIG. 4. Theoretical p-J characteristics from Egs. (2} and (3) at various
temperatures. The parameters of the logarithmic potential well are
U, =50 meV and L /x, - 200. The dotted curve, for comparison, shows
the result of a sinusoidal potential well with the same U,

driving force, U * = a In{a/x, F). In this regime, the p-J
characteristics attain the following power law form:

p = (voBL /J)(xy F /a)¥*". (5)

Figure 4 is not an attempt to fit the data, but rather is a
graphic representation of the proposed model. In this plot
we used temperature-independent parameters, whereas the
height and the width of the well are expected to vary with
temperature and hence may cause a shift between the curves.
In addition, the details of the curvature of the potential
around £ /2 will dictate the broadening of the transition
between the regions of the constant p and the power law
behavior. The degree of the sharpness of the well (on the
order of £) at x = Q1is probed only at extremely high Fvalues
which are not accessible experimentally, and the particular
choicein Eq. (1) of the linear extrapolation to the origin for
X < X, was made to simplify the mathematical expressions.
The transition into a superconducting vortex-glass
phase’ was recently suggested to explain the power law V-7
characteristics in YBa,Cu, 0, epitaxial films.” [n this model,
in the vicinity of the glass transition temperature T, (H), the
p-J characteristics above T, are expected to show a transi-
tion from constant p ic a power law behavior, in qualitative
agreement with our data. At T, the theory predicts a straight
power iaw behavior Ve I”, with n~ 3, whereas at 7' < 7 )
negative curvature in the p-J dependence is expected. Figure
2 reveals that in the Bi,Sr,CaCu,Q, films the vortex-glass
transition, if indeed it exists, must occur at T, <8.7 K since
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all the curves at higher temperatures show a positive curva-
ture. However, at this temperature we obtain a value for nin
excess of 12, which is inconceivable within the vortex-glass
theory. In addition, the observation of the nonlinear behav-
ior at temperatures high above the glass transition, (7T
—7T.)/T,»1, is inconsistent with the model as well
This clearly indicates that the power law behavicr in
Bi,51,CaCu,0, films is not related to a vortex-glass transi-
tiorr. Therefore, this theory appears not to constitute a gen-
eral explanation for the power law V-J characteristics in high
7. superconductors.

In conclusion, we have shown that the power law p-J
characteristics in high T, epitaxial films, in the presence of
magnetic field, are consistent with the flux creep model once
the appropriate logarithmic flux line potential well structure
is taken into account.
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