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Exponential dependence of the vortex pinning potential
on current density in high-7', superconductors
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We investigated the dependence of the vortex pinning potential on current density U,(J) in
T1,Ba,CaCu,0,, Tl,Ba;Ca,Cu30,, and YBa,Cu30,, thin films and single crystals, measured by us and other
research groups. In all these cases U,/{(J) was calculated from the magnetic relaxation data using Maley’s
procedure [Phys. Rev. B 42, 2639 (1990)]. We explored the exponential dependence of U,AJ), first introduced
by Thompson et al. [Phys. Rev. B 44, 456 (1991).] to explain long-term nonlogarithmic magnetic relaxations
in high-temperature superconductors (HTSC), as an alternative to power-law and logarithmic forms of U,z/J).
The results revealed that for J larger than approximately 0.4/., the energy barrier can be expressed in the
following form: U, (J)=al,,(1-T/T")¥* exp(-bJ/J.,), where the constant b is the same for all samples
investigated. This result is independent of the anisotropy (the interplanar coupling). The experimental results
were analyzed taking into account the spatial dependence of the pinning potential, proposed by Qin et al. [J.
Appl. Phys. 77, 2618 (1995)]. We suggested that the exponential form of U,{J) could represent vortex
pinning and motion in the a-b planes due to a nanoscopic variation of the order parameter, in agreement with

the growing experimental evidence for the presence of nanostructures, stripes (filaments) in HTSC.
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I. INTRODUCTION

Because high-temperature superconductors (HTSC) are
characterized by a very short Ginzburg-Landau coherence
length, suppression of the superconducting order parameter
can occur locally at a single atomic site due to deviations
from stoichiometry caused, for example, by the presence of
an oxygen vacancy or an impurity atom. Oxygen vacancies
provide randomly distributed weak pinning centers. The ef-
fect of pinning of flux-line lattice by this type of randomly
distributed weak point defects was considered by the collec-
tive pinning model of Larkin and Ovchinnikov.! Weak local
pinning could be also produced by an intrinsic array of Jo-
sephson junctions. Studies of YBa,Cu;O, [YBCO(123)]
crystals with a high-resolution transmission electron micros-
copy (HRTEM) by Etheridge? followed by more recent stud-
ies of Bi,Sr,CaCu,0, [BSCCO(2212)] crystals with a sensi-
tive scanning tunneling spectroscopy (STM) by Pan et al.’
revealed the presence of a network of cells of size app-
roximately 2—3 nm in the CuO, planes of these compounds.
According to Etheridge, these cells have a ferroelastic origin,
i.e., they are formed in the CuO, planes in a struggle
to relieve internal stresses. Related STM work by Lang
et al.* on BSCCO(2212) crystals suggested that the cells (the
nanograins) could be coupled by Josephson tunnel (proxim-
ity) junctions forming a Josephson junction array in the a-b
planes. Bearing this in mind, such an array could act as a
source of periodically distributed weak pinning sites.

Extended crystal growth defects such as twin boundaries,
grain boundaries, stacking faults, screw dislocations, and an-
tiphase boundaries are expected to provide strong pinning
sites for vortices in HTSC. Extended defects in
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c-axis-oriented epitaxial thin films of YBCO, like screw dis-
locations and antiphase boundaries along the ¢ axis, are eas-
ily introduced during thin film growth on a single crystal
substrate because of the crystal lattice mismatch between the
substrate and the film, and also because of the surface rough-
ness of the substrate.>® Therefore one should not expect the
presence of a large density of such defects in bulk YBCO
single crystals, for example. Screw dislocations along the ¢
axis are also less likely to be formed in BSCCO(2212) or
Tl,Ba,CaCu,0, [TBCCO(2212)] compounds.” This is be-
cause the large c-axis anisotropy of these materials results in
the layer-by-layer growth of CuO, weakly coupled planes
that occurs with a much faster rate in the a and b directions
than along the ¢ axis. Twin boundaries are absent in tetrag-
onal compounds of BSCCO and TBCCO, however, they are
present in orthorhombic YBCO(123), where they act as very
efficient pinning centers.'?

Therefore, one could anticipate that measurements of
magnetic relaxation (i.e., a time decay of magnetization) in
epitaxial thin films or in single crystals of YBCO, as a func-
tion of temperature, applied magnetic field, or applied trans-
port current, would produce results dramatically different
from those obtained on TBCCO (BSCCO) thin films or crys-
tals, for example. Magnetic properties of optimally doped
TBCCO compounds (of composition either 2212 or 2223)
are thought to be determined, not only by the crystal growth
defects, discussed previously, but also by a two-dimensional
(2D) character of TBCCO, i.e., its high anisotropy. High an-
isotropy leads to a weak coupling between CuO, planes and
consequently to a formation of weakly pinned and weakly
coupled “2D-pancake” vortices.!! Motion of these vortices is
considered to be responsible for the observed high magnetic
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FIG. 1. Time dependence of the persistent current decaying
from the critical level measured for waiting times up to 3 X 10*s in
YBCO and TBCCO thin films at various temperatures between 10
and 75 K. These films have high critical current densities at 10 K of
1.5X 107 A/cm? and 8.4X 10° A/cm?, respectively. Note similar
decay rates of the current //1. for YBCO and TBCCO at tempera-
tures below approximately 60 K.

relaxation rates and low values of the critical current density
J.. This is in contrast to an optimally doped YBCO, where
lower relaxation rates and higher J,. are expected to result
from much lower (3D-like) anisotropy.

Contrary to these ideas, TBCCO(2212) c-axis-oriented
epitaxial thin films deposited on MgO substrates have
higher than expected critical current densities around
2X10° A/cm? at 77 K, which is close to those found in
epitaxial YBCO thin films at the same temperature.'? Figure
1 presents magnetic relaxation curves measured by us at dif-
ferent temperatures in TBCCO and YBCO films of similar
high critical current densities. In fact, these data represent
decay of a transport current from its critical value in the
remanent state. They show similar decay rates of the trans-
port current J at temperatures below 60 K, suggesting that
magnetic relaxation processes could be governed by similar
pinning potential barriers in both TBCCO and YBCO. How-
ever, the data do not provide a definite answer to the question
of what type of defect could be responsible for the observed
magnetic relaxations.

Dependence of the pinning potential barrier on the current
density J allows one to determine the shape of the po-
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tential well generated by a defect or a local change in
the superconducting order parameter. For example, a vor-
tex pinning potential shape described by the function
U(x)=U, cos(mx/x,) (where x is the position, and U, and x,
are the height and the width of the actual potential barrier)
was considered by Beasley et al.'® in studies of type II con-
ventional superconductors. This U(x) gives rise to the depen-
dence of the effective barrier on the current density J in the
presence of a Lorentz force in the following form: U,AJ)
=cU,(1-J1J.)** (where c is a constant), which approaches a
linear Anderson dependence on current density'* for J very
close to J.. In fact, a sawtooth potential shape leads to the
linear U,;A(J). Note that tilted-washboard cosine potential
of the Josephson junction, of the form similar to that dis-
cussed above, yields also U,AJ)=U,(1-J/J,)** to a good
approximation.'

Extensive experimental studies of vortex dynamics in
HTSC have allowed one to determine the empirical depen-
dence of the vortex pinning potential on current density
U,.AJ). The most productive and unique method to find the
current dependence of U,z was developed by Maley ef al. 16
This method allows one to analyze the relaxation data with-
out any assumptions of the current and field dependence of
U, 1t has been applied to calculate U, over a wide range
of J. Measurement of the time decay of J from its critical
value J, at a fixed temperature in YBCO, for example (over
an experimentally feasible time range between 1 and 10° s)
leads to a decrease of J by not more than 15%-20% of J..
Maley extended the range of J by recording the decay of a
magnetization from its critical value M =/, for various tem-
peratures below 7,. This ensured a continuous change of J
from high values at low temperatures (J=~J.) down to zero
close to T, and permitted the calculation of U,.(J) over a
wide range of J. Maley’s procedure uses the master rate
equation to calculate U,z(J,T) in the form

U,y(J,T) = — KT{In(dM/di) - In(Bwal 7L)]
= — kT{In(dM/dr) - C], (1)

where C=In(Bwa/wL) is the temperature-independent con-
stant, B is the magnetic induction, w is the microscopic at-
tempt frequency, a is the hop distance, and L is the sample
dimension. The magnetization decay rate dM/dt as a func-
tion of J can be determined from magnetic relaxation mea-
surements taken at various temperatures between 4 K and 7.,
for example. As a result, a curve of U,(J,T) vs J is pro-
duced, typically not smooth, which consists of multiple seg-
ments. Each segment represents the time decay of magneti-
zation from its critical value, measured at a specific
temperature 7. In order to eliminate the temperature de-
pendence in U,;(J,T), this function is usually divided by a
thermal factor g(7) that contains the temperature dependence
of superconducting parameters,'” i.e. UyfJ,T) can be writ-
ten as U, {J,T)=g(T)U,AJ), where U,AJ) is temperature
independent. The constant C in the master equation,
Uof(J,T)==kT{In(dM/dt)~C], can be adjusted, so that
U./(J,T)/g(T) is a continuous function of J [i.., all the
segments of U,(J,T)/g(T) form a single smooth curve].
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Maley’s procedure was applied very often to obtain U,/(J)
from the magnetic relaxation data for various HTSC com-
pounds.

Review of the available experimental data shows that so
far the following three different forms of U,(J) have been
suggested.

(a) The power-law dependence, ie., U, J)
=U,[(J./J)*~1]. According to the collective pinning
theory,'® the barrier against vortex motion for J<J, is
U dJ)=U,(J./J)*, which gives rise to the time dependence
of the current density J in the form J(¢)
=J[(kT/U,)In(t/t5)]""*. The interpolation formula that
connects this power-law expression U, (/) to a linear Ander-
son dependence on J, ie., U, {J)=U,(1-J/J,) for J.—J
<J., was suggested in the form shown previously. It corre-
sponds to J(r)=J[1+(ukT/U,)In(1 +1/ty) 7V U, fJ)
=U,[(J./J)*~1] therefore covers a wide range of current
densities'? (including those very close to J,.) and ensures that
U, =0 at J.. U,AJ) diverges, however, as J approaches
zero, thus U, AJ=0) # U,,. The coefficient w in this formula
is a function of both temperature and magnetic field. It also
depends on the dimensionality of the problem and on a par-
ticular regime of vortex motion. The power-law dependence
was applied by experimentalists most often in an attempt to
determine the effect of the driving force (i.e., the Lorentz
force) on the height of the effective barrier against motion of
a vortex. The values of the exponent w over a given tempera-
ture or magnetic field range were usually determined from a
In[U,4(J)] vs In(J) graph. There are, however, some prob-
lems with this form of U,AJ). First of all, a very broad range
of values for u has been reported in the literature, showing a
strong sample dependence of this coefficient. Very often they
do not agree with those derived from models of various re-
gimes of vortex pinning and motion.?’

(b) The logarithmic ~dependence, i.e., U, J)
=U, In(J./J). This empirical dependence was derived from
experimental voltage-current characteristics (0 —J character-
istics) measured in YBCO thin films close to 7,.>! Simi-
larly to the power-law U,;AJ), the logarithmic U,AJ) also
diverges as J—0. The logarithmic dependence can be ob-
tained from the power-law dependence by assuming a single-
vortex pinning regime, i.e., a large exponent 1/u. In this
case J(t) =J [1+(ukT/U,)In(1+1t/15)]"""* could be approxi-
mated by J(1)=J.(1+1/1))"Y with a logarithmic U,AJ)
=U, In(J./J) barrier.”> The shape of pinning potential that
produces this type of U, (J) was suggested.?! It is described
by a linear function in the core of the potential well, i.e., by
U(x)=ax/x, for 0=<x=<x, (where a and x, are the energy
and the position scaling factors). The linear dependence is
converted into the logarithmic one outside the core, i.e.,
U(x)=a[In(x/xy)+1] for x=x,. There is some confusion in
the literature regarding when and where the logarithmic
U,(J) should be applied. Very often both the logarithmic
and the power-law dependence of U, on J are applied in-
terchangeably in different temperature regions in the analysis
of vortex dynamics of HTSC.

(c) The exponential dependence, i.e., U,y(J)
~U,exp(-J/J,). Tt was first introduced by Thompson et
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al.?® after measuring long-term magnetic relaxations in
YBCO crystals. They found that the time decay of magneti-
zation is well described by an empirical double-logarithmic
relation of the form M(t)=My+a(T)In[In(¢/1,4)], where M,
a(T), and t,. are the fitting parameters. The exponential
U,AJ) was obtained under the assumption that the deviation
from a logarithmic decay is due to the dependence of U, on
J. Their experiments show that when J is close to J., U, is
exponentially dependent on J. The exponential dependence
of the form U,(J) <exp(-J/J.,) was utilized by Zhu ez al.**
in order to explain the electrical transport and magnetic prop-
erties of epitaxial YBCO thin films studied at temperatures
close to T,. The exponential U,.(J) was also obtained from
magnetic relaxation measurements in zone-melted YBCO
and Tl-based superconductors.”>** The exponential U, (J)
approaches a final value at J=0. The problem is, however,
that while U, (/) decreases quickly with an increasing J, it
does not vanish at J...

In spite of the initial interest in the exponential depen-
dence of Ueff(J) on J, this form has not been explored to the
same extent as the power-law and the logarithmic dependen-
cies. Our early investigations of vortex dynamics in YBCO
thin films revealed that for current densities larger than ap-
proximately 0.4J,, U,{J) can be expressed in the form
Uef(.l)=a(1—T/T*)3/2 exp(-bJ/J.,), where a and b are
constants.”” 7" is the temperature above which the tempera-
ture dependence of the critical current density J.(T) deviates
from a Ginzburg-Landau-like dependence of the form J.(7T)
=J,,(1=T/T")3? that is observed in YBCO films at tempera-
tures below 0.4—0.67,. The constant b in the exponential
function exp(-bJ/J,,) is very close to 4.7(=37/2) for all
nine YBCO films studied. It was found to be independent of
thin film growth conditions, film thickness, substrates, and
the magnitude of J,. and T..

Our purpose in this paper is to illustrate that the exponen-
tial U,;{(J) could be used as the general dependence of the
pinning potential in HTSC on current density J at high cur-
rents, i.e., for J=0.4J,. This is based on (a) our studies of
magnetic relaxations in six different TBCCO films and an
analysis of the corresponding U,{(J); (b) the examination of
U,;(J) obtained by two other independent research groups
from magnetic relaxations measured in TBCCO and YBCO
single crystals,?®2° and (c) previous studies of magnetic re-
laxations in YBCO films.?’” We discussed the pinning poten-
tial shape and the associated defects that could give rise to
the exponential U, pAJ).

II. EXPERIMENTAL PROCEDURE
A. Sample characterization

The magnetic relaxation experiments were performed on
six TBCCO thin films with different superconducting transi-
tion temperatures and critical current densities. Four of these
films were close to the optimum doping. The remaining two
were underdoped. All the films were c-axis oriented and de-
posited on either a LaAlO; or MgO substrate using the
pulsed laser deposition followed by an annealing. TBCCO
films numbered 1-3 were deposited by CTF, and those with

064522-3



YAN et al.

PHYSICAL REVIEW B 72, 064522 (2005)

TABLE I. Parameters that describe TBCCO thin films No. 1-6, TBCCO crystal (Ref. 28), and an irradiated YBCO crystal (Ref. 29),
which were used in the analysis of magnetic relaxations. The YBCO crystal was irradiated to have field-equivalent defect densities (matching
field) B4=24 kG. Note that the values of J, for the irradiated YBCO crystal are listed for an applied field of 5 kG.

J.(Al/em?)  J(Al/cm?)

Sample Composition  T.(K)  Thickness (10 K) (77 K) Substrate Reference
TBCCO (film) No.1 (2212) 99 500 nm 8.8 107 4.0% 10* LaAlO; This work
TBCCO (film) No.2 (2212) 89 480 nm 1.2x10° 4.0%10° LaAlO5 This work
TBCCO (film) No.3 (2223) 101 500 nm 2.4%10° 2.4%10° LaAlO5 This work
TBCCO (film) No.4 (2212) 104 650 nm 8.4x10° 1.1x10° MgO This work
TBCCO (film) No.5 (2212) 103 650 nm 8.4%10° 9.5%10° MgO This work
TBCCO (film) No.6 (2212) 105 650 nm 6.8 X 10° 8.7X10° MgO This work

TBCCO (crystal) (2212) 105 150 um 3.0Xx10° — — Chowdhury et al. (Ref. 28)
YBCO (irrad. cryst.) (123) 92 20 wm 8.0 10° 2.0%10° — Thompson et al. (Ref. 29)

numbers 4-6 by STI (Superconductor Technologies Inc.).
The parameters that characterize these films, i.e., T.(K),
thickness, J.(A/cm?) at 10 and 77 K, and a substrate on
which they were deposited, are listed in Table L.

B. Measurement technique

A standard technique to measure critical current is the
four-probe technique that allows one to measure a resistive
voltage if an applied current (generated by a constant current
source) exceeds a critical current value. A disadvantage of
this technique is that the magnitude of /.. is determined arbi-
trarily by the value of the resistive voltage (“voltage crite-
rion”) chosen by an experimentalist.

Our experimental technique was designed to avoid these
types of problems. We patterned the films (which were ini-
tially square shaped) using photolithography techniques into
rings, with the ring’s axis pointing along the ¢ axis of the
film. The inner and outer diameters of these rings were 5.0
and 8.5 mm, respectively. A ring-shaped sample was used to
generate a resistanceless (persistent) circulating current at the
critical level in a film. The critical current measurement pro-
cedure using persistent-mode rings is as follows. We induce
a persistent current in a ring by applying an external mag-
netic field B,,, and subsequently reducing it to zero with a
rate dB,,/dt. The magnetic field at the ring’s center drops
then to a value corresponding to the persistent current’s self-
field. The current is inferred from the self-field by using the
Biot-Savart law. In order to produce the persistent current at
the critical level, consecutively higher and higher rates of
dB,,/dt are applied, which result in higher and higher per-
sistent currents. When dB,,,/dt exceeds a certain value
(which could be called a “threshold” value), one cannot in-
crease the persistent current anymore, and the critical level of
the current is reached. This “threshold” value separates two
regimes: If dB,,,/dt <(dB,./dt) presnois» PETSIStENt Currents of
the magnitudes less than /. are generated. For dB,,/dt
> (dB o,/ A1) preshoia»  PETSistent currents of the magnitude
equal to /. are always produced. Since the electric field E is
proportional to dB,,,/dt [i.e., E=(dB,/dt)(r/2), where r is
the ring’s radius], we estimated that £=0.18 wV/cm would
roughly correspond to the “threshold” value of dB,,,/dt

=102 T/s for high J,. samples at 10 K. This “threshold”
value is sample dependent and cannot be changed in our
experiment. One cannot generate a critical current when
dB,,/dt is less than the “threshold” value. For example, ap-
plying a smaller dB,,/dt that -corresponds to E
=0.018 uV/cm would always lead to persistent currents of
magnitude less than /.. Immediately after the external field
drops to zero, the electric field is reduced approximately to
the 1075-107* wV/cm level. These values are determined by
the magnetic flux motion in a sample and temperature. The
measurements are normally repeated for several higher ex-
ternal magnetic fields in order to ensure that the self-field
and the current reached their maximum critical level. The
magnitude of the persistent current is determined from its
magnetic self-field, since the self-field at any point in space
around the ring is directly proportional to the current accord-
ing to the Biot-Savart law. The self-field of the persistent
current and its time-decay due to the motion of magnetic
vortices in a superconductor are monitored with an axial Hall
sensor. A more detailed description of this technique was
reported by us before in Ref. 27.

The time decay of the persistent current from its maxi-
mum level was recorded over waiting times between 1 and
30 000 seconds at different temperatures ranging from 10 K
up to 7,.

C. Data analysis

Measurements of the time decay of the persistent current
from its maximum (critical) level as a function of tempera-
ture allowed us to determine (a) the temperature dependence
of the critical current density J.(T), and (b) the dependence
of the effective vortex pinning potential barrier on current
density U, pAJ).

The latter was calculated using Maley’s technique.'® The
outline of this technique is presented in the Introduction. We
used a modified version of Maley’s master equation for
U,(J,T), which describes relaxation of the persistent cur-
rent [decay of the persistent current’s self-field (local mag-
netic induction)] in a superconducting ring (see Ref. 27). In
this case the effective barrier can be written in the following
form:
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B dJ(t) J(1) woa)
Uqff[J(t),T] =—kT ln< o ) +kT ln(—R , (2)

i

where R; is the inner radius of the ring, w, the attempt fre-
quency, and a the hop distance. In this equation U,{J(t),T]
is governed mostly by the decay rate dJ(r)/dr. This rate can
be replaced with the fractional decay rate of the current, i.e.,
dJ(t)/dt/J(t). Then U, {J(t),T] has the form

U, (). = - kT[ln( dil ® /J(t)) - c*] NG

t

where C*=In(wya/R;) is the constant that is independent of a
magnetic field or a current.

Measurements of dJ(t)/dt/J(t) as a function of an in-
creasing temperature, starting at 10 K, allowed us to calcu-
late U,(J,T)=g(T)U,;{J) as a function of a decreasing J. In
order to obtain the pure dependence of U,z on J one should
separate a temperature-dependent factor g(7) in U, A(J,T)
from U,;(J) that depends only on the current density J. Sev-
eral functional forms of g(7) have been explored using heu-
ristic arguments. Power laws (1-T/T,)" or (1-T/T;,)" with
n=15-18, and 1 -(T/T,)? or 1 -(T/T,,)* (where T, is the
field-dependent irreversibility line temperature), containing
temperature dependence of superconducting parameters,
have been often used to fit flux creep data at low and high
temperatures.”*?>30 The contribution of two forms of g(7),
ie., 1-(T/T,)* and (1-T/T,)** to scaling of U,AJ) at low
temperatures was investigated by McHenry et al®® They
found that the scaling of U,(J) using g(T)=(1-T/T.)** is
better than that, which uses g(7)=1-(T/T,)?, since the
former allows for the smooth variation of U,.(J) with the
same constant C for all magnetic fields. However, they con-
cluded that it is more reasonable to assume a temperature
dependence that flattens out at low temperatures. The prob-
lem is that many researchers assume that the superconduct-
ing properties of HTSC perovskites can be described using
only a single superconducting component with g(7)=1
—(T/T,)? or similar (see Thompson et al.,”® for example),
which is characterized by a flat temperature dependence at
low temperatures.

Our experimental data have shown (see the figures in the
Yan et al. paper’!) that the superconducting properties of
HTSC samples (films and crystals) are governed by two su-
perconducting components, each with a different form of
g(T). Two forms of g(T) are displayed directly by I1.(T). 1.(T)
is the sum of two universal components that are sample in-
dependent. They are governed by different temperature de-
pendence of superconducting parameters: (a) the first one
with g, (T)=1-(T/T.)?>, which has a temperature-
independent region at low temperatures, and the (I
—T/T,)** Ginzburg-Landau (GL) tail close to T.. This g(7)
is similar to that originally suggested by Tinkham.’? (b) The
second one with g,(T)=(1-T/T")¥?, which dominates at
low temperatures. This form of g(7) is a GL extension to low
temperatures, which is expected to occur for quasi-1D super-
conducting filaments (or stripelike features) with a reduced
order parameter.®® The ratio of g,(7) and g,(T) in I.(T), and
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FIG. 2. Dependence of the critical current on temperature plot-
ted as [I.(T)/1.(10 K)]*3 vs T/T, in (a), (c), and (e) on the left,
compared with the dependence of U, /I, on the current 1/1,(0 K)
=J/J,,, shown in (b), (d), and (f) on the right, for low J, TBCCO
thin films No. 1-3. Note that (U,s)/I, approaches an exponential
dependence on 1/1.(0 K)=J/J,, for currents larger than approxi-
mately 0.37.(0 K). This happens in the low-temperature regime
where I(T) reaches I.(T)=const(T"—T)¥2. See the text for more
details.

T in g,(T), are sample dependent. Temperature depend-
ence of these two components contributes separately into
scaling of U,A(J)=U,(J,T)/g(T). Therefore in this two-
component superconducting system, one should use scaling
Uy fJ,T)/g>(T) at high currents (low temperature) and
U,fJ,T)/g(T) at low currents (high temperature) in order
to determine U,AJ).

The experimental procedure applied by us to obtain
U,(J) involved first the calculation of U,{J,T) as a func-
tion of J from Eq. (3) using the magnetic relaxation data J(¢)
that were taken over a time interval from 1 up to
30 000 seconds at different temperatures between 10 K and
T.. This was followed by plotting U,AJ,T)/g(T) vs J/J,,
where J, is the critical current density at 7=0 K. The form
of g(T) was determined from the temperature dependence of
the critical current, as shown previously. A continuous
UAJ,T)/g(T) vs J1J,, curve was produced by adjusting the
value of the constant C”.

III. EXPERIMENTAL RESULTS

Temperature dependence of the critical current I.(T), to-
gether with the dependence of U,;AI,T) on the current /, are
presented in Figs. 2 and 3 for TBCCO thin films No. 1-6.
The segments seen in Figs. 2(b), 2(d), 2(f), 3(b), 3(d), and
3(f) represent the collection of data points obtained from the
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FIG. 3. Dependence of the critical current on temperature plot-
ted as [1.(T)/1.(10 K)]*3 vs T/T, in (a), (c), and (e) on the left,
compared with that of U,g/I. on the current 1/1,(0 K), shown in
(b), (d), and (f) on the right, for high-J. TBCCO thin films No. 4-6.
Note that U,s/l. approaches an exponential dependence on
1/1,(0 K)=J/J,, for currents larger than approximately 0.4/.(0 K).
This happens in the low-temperature regime, where I.(7) reaches
I(T)=const a(T"—T)3?. See the text for more details.

J(1) curves at temperatures between 10 K and T,. The tem-
perature difference between adjacent segments is 5 K. The
length of each segment indicates the decay in J. Figure 2 and
Fig. 3 show results for low-J. and high-J. TBCCO thin films,
respectively. The temperature dependence of 7, at low tem-
peratures is similar for all TBCCO samples and YBCO
samples,” i.e., 1.(T)=1,(1-T/T")*?. This could be ob-
served if one plots I(7T) as [I.(T)/1.(10 K)]*? vs T/T,,
which yields straight lines at low temperatures. In Figs. 2(b),
2(d), 2(f), 3(b), 3(d), and 3(f), we plotted U, /1. vs 1/1.(0 K)
(the value of I, at T=0 K was estimated by extrapolating
[1.(T)/1.(10 K)]** to a zero temperature). This dependence
was plotted for different constants C* [see Eq. (3)] until the
segments seen in Figs. 2 and 3 formed a continuous curve.
The best matching was achieved with C*=7. One could see
that for J larger than approximately 0.4/, the dependence
of U,y/I. on 1/1,(0 K)=J/J,, can be expressed by an expo-
nential function for all TBCCO films investigated. This hap-
pens in the regime where 1.(T)=1,,(1-T/T")*?, i.e., where it
exhibits a Ginzburg-Landau-like (GL-like) behavior. T*
could be interpreted as the temperature above which 1.(7T)
diverges from a GL-like form. The data in Figs. 2 and 3
allowed us to write an empirical equation for U,{J) in the
following form:

U, (J) = al, exp[- bI/1.(0 K)]
=al.(1 - TIT")” exp(- bJlJ,,), (4)

where a and b are constants, and 1, is the critical current at
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FIG. 4. Dependence of the critical current on temperature and
that of the effective pinning energy barrier on the current, replotted
for the TBCCO single crystal. The raw data were recorded by
Chowdhury et al. (Ref. 28). (a) and (b) show these data replotted as
[1.(T)/1.(10 K)I*”* vs T/T,, and as 1/1.(0 K) vs U,/I,. Note that
in (b), U,y/I. approaches an exponential dependence on
1/1.(0 K)=J/J,, for currents larger than approximately 0.37,(0 K).
See the text for more details.

T=0. This form of U,{J) is very similar to that found earlier
for YBCO(123) thin films.?’

In order to verify that the exponential U,;{(J) in the form
shown in Eq. (4) is not affected by any experimental condi-
tions (i.e., a local or a global measurement of magnetization),
we analyzed the magnetic relaxation data measured in TB-
CCO(2212) and YBCO(123) crystals, which were provided
to us by two independent research groups.

Magnetic relaxation studies of the TBCCO crystal were
originally performed by Chowdhury et al.?® They measured
the time decay of a bulk remanent magnetization M, using
a SQUID (superconducting quantum interference device)
magnetometer. The sample was first zero-field-cooled down
to a low temperature below 7., then a magnetic field was
applied along the ¢ axis of the crystal. The measurement of
magnetic relaxation commenced after the applied field was
removed. M,,,,(t) was recorded over a time period from 60 s
up to 3600 s at different temperatures between 5 and 60 K.
U,(J) was calculated using Eq. (1). We replotted the raw
data for I(T) and U,(I,T) obtained by Chowdhury er al.?®
in Figs. 4(a) and 4(b). At high currents (low temperature),
I.(T)=1,(1-T/T")*?, which is revealed by plotting
[1.(T)/1.(10 K)]** vs T/T, in Fig. 4(a). We plotted U,/1, in
Fig. 4(b) according to the procedure applied by us earlier for
TBCCO thin films. The best alignment of segments was
achieved by choosing a constant C~=0 in Eq. (1). U,y/I.
plotted versus 1/1.(0 K)=J/J,., implies that U,{J) ap-
proaches an exponential dependence on J shown in Eq. (4)
for J approximately larger than 0.3—-0.4J,. This corresponds
to the regime where 1.(T)=1,,(1-T/T")*>.
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FIG. 5. Dependence of the critical current on temperature and
that of the effective pinning energy barrier on the current, replotted
for an irradiated YBCO single crystal in the presence of external
magnetic fields of 5, 15, and 40 kG. The raw data were recorded by
Thompson er al. (Ref. 29). (a) and (b) show these data replotted as
[1.(T)/1.(10 K)]*3 vs T/T,, and as 1/1.(0 K) vs U,y/1.. Note that
in applied fields of 15 and 40 kG, U,z/I. approachés an exponen-
tial dependence on 1/1.(0 K)=J/J,, for currents larger than ap-
proximately 0.47.(0 K). See the text for more details.

Magnetic relaxation studies of an irradiated YBCO crystal
(characterized by a columnar defect-matching field B,
=24 kG) were carried out by Thompson et al.* using a
SQUID magnetometer in the presence of a magnetic field up
to 40 kG. After zero-field-cooling down to a temperature be-
low T,, a fully developed critical remanent state was estab-
lished in this crystal by first increasing a magnetic field (ap-
plied parallel to the columnar defects) to the maximum value
of 65 kG and then reducing it to the one of target values (i.e.,
5 kG, 15 kG or 40 kG). The time decay of magnetization
M(r) was recorded for waiting times from 60 s up to 7200 s
at different temperatures between 5 and 80 K. The time-
decay data were used to calculate U,(J) from Eq. (1). We
replotted the Thompson et al.?® raw data in Figs. 5(a) and
5(b). Figure 5(a) shows the temperature dependence of the
critical current I.(T) at low temperatures in the presence of
an applied magnetic field, which is proportional to the factor
(1=T/T")" with the exponent n=1.0—1.5. Figure 5(b) shows
U, /I, as a function of the current 1/1.(0 K)=J/J,. The best
alignment of segments was obtained in this case by readjust-
ing the constant C to 12 for applied fields of 5 and 15 kG,
and to 14 for 40 kG. The dependence of U, on the current /
(or the current density J) can be represented by the exponen-
tial function given by Eq. (4) for I larger than about 0.3
—0.41I., and for magnetic fields higher than 15 kG (the
matching field B, is 24 kG).
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FIG. 6. The values of the constant b in Eq. (5) obtained from the
dependence of U,/ on the current I/1.(0 K)=J/J,, for TBCCO
and YBCO films, a TBCCO single crystal, and an irradiated YBCO
crystal (in the presence of a magnetic field of 40 kG that is larger
than the matching field B,=24 kG). The data for YBCO films were
taken from Ref. 27. The values of b for a TBCCO crystal and an
irradiated YBCO crystal are based on the magnetization data of
Chowdhury et al. (Ref. 28) and Thompson et al. (Ref. 29).

IV. DISCUSSION

The experimental results for the dependence of the pin-
ning energy barrier on the current U,;(I) presented in the
previous section for TBCCO films, a TBCCO crystal,?® and
an irradiated YBCO crystal,” together with those published
before for YBCO thin films*’ suggest that U,(J) could be
characterized by the following equation in the regime of high
currents:

Ueff(-]v T) = aIco(l - T/T*)Slzexp(_ b‘]/‘]co) > (5)
where a and b are constants.
Ueff(J,Tz 0)=al,,

is the pinning potential barrier that depends only on the cur-
rent density J.
There are several related questions, however, that we tried
to answer in this section:
(a) Is the value of the constant b in Eq. (5) the same or
different for different HTSC compounds?
(b) What form of the local pinning potential U(x)
gives rise to the exponential U,A(J)?
(c) What is the physical significance of the prefactor
co in Eq (6)
(d) What is the physical origin of b?
(e) TIs b related to the spatial dependence of U(x)?
The calculation of the slope of the solid lines in Figs.
2(b), 2(d), 2(f), 3(b), 3(d), 3(f), 4(b), and 5(b) gives b
=4.7(=37/2) for all samples investigated. The values of b
for these samples are shown in Fig. 6. The spatial depen-
dence of the local pinning potential U(x) that gives rise to the
observed exponential dependence of the pinning barrier on

CXp(— bJ/Jco) (6)
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nential form of U,/(J) described by Eq. (6). The curve marked with
J=0 is an undisturbed pinning potential in the absence of a Lorentz
force. The curves labeled with the current densities Jy, J,, and J3
represent the pinning potential in the presence of an increasing cur-
rent (an increasing Lorentz force).

current density [Eq. (5)] was suggested by Qin et al.? It is
known that U(x) suggested by Anderson-Kim is proportional
to x for x<x,, however, U(x) is constant for x=x,. This
results in a linear dependence of U, on J. Since U, (/)
given by Eq. (6) is a nonlinear function, U(x) should contain
a nonlinear term. Qin et al. assumed that in this case U(x)
could be represented by the following function:

U(x) = U,{(x/xo)[1 = In(x/x) ]}, (7)

where U, is the maximum of the pinning potential at x=x,,
and x, is the range of the pinning potential.

The spatial dependence of U(x) in the absence of a driv-
ing (Lorentz) force is shown in Fig. 7 as the curve labeled
with J=0. In the presence of the driving force due to an
external current, the effective vortex pinning potential
U(x,J) can be written as

Ux,J)=U(x) = (JBVIc)x
= U {(x/xo)[1 = In(x/x) ]} = (JBVIc)x, (8)

where V is the flux volume. (JBV/c)x represents a decrease
in the height of the barrier due to applied forces.!> The
curves marked with Jy, J,, and J;5 in Fig. 7 show changes in
the pinning potential represented by Eq. (8) as a function of
an increasing current density (an increasing Lorentz force).
U(x,J) has a maximum at x=x,, given by the expression

X,y = Xg exp(= JBVxy/cU,). 9)

The dependence of U, on J equals that of U(x,J) on x,,
i.e.,

PHYSICAL REVIEW B 72, 064522 (2005)

U dJ) = U(x,,,J) = U, exp(=J/ ), (10)

where a=cU,/BVx,. Note that the width of the pinning po-
tential well in Fig. 7 decreases with an increasing current
density J and at high enough current density it should ap-
proach &, the Ginzburg-Landau coherence length. At this
point the pinning potential cannot be “seen” by a vortex and
the critical state is reached (i.e., J=J,). It is therefore the
width of the pinning potential well (approximately equal to
Xx,, at high J) that seems to determine the critical state, and
not the height of the energy barrier given by Eq. (10), which
does not vanish at J=J,.. Comparing Eq. (10) with Eq. (6)
gives U,=al,, and a=J,,/b or b=J.,/ a=J.,BVxy/cU,.

U,=al,, suggests that the maximum pinning potential U,
could be related to the variation in the Josephson coupling
energy E;=hl.,/2e within the CuO, planes (the intraplane
variation). There is growing experimental evidence of the
presence of nanoscopic variations of the order parameter in
the planes (nanostructures>#) or in the chain layers (charge
density waves***%) of HTSC. It was suggested before? that in
an optimally doped YBCO, a network of nanometer-sized
cells is formed in the CuO, planes in order to release the
lattice strain. Local oxygen redistribution could also relieve
this type of strain, so the network of cells should be less
likely to form locally in these cases and the superconductor
becomes a filamentary (percolative) system. This suggests
that the transport and magnetic properties of optimally doped
HTSC samples with local disorder could be governed by two
phases. Measurements performed by us on rings of optimally
doped and high-J, samples®' revealed that J.(T) is indeed the
sum of two different but universal components.

A temperature dependence of one is typical of the
strongly coupled Josephson network in a nanogranular super-
conductor, which can carry critical current density of the
order of 10°~107 A/cm? at 10 K. It shows the Ambegaokar-
Baratoff (AB) dependence at low temperatures with the
Ginzburg-Landau (GL) (1-T7/T,)*? tail close to T.. Accord-
ing to Clem’s model,”’ this type of behavior explains well
J(T) measured on strongly coupled nanogranular supercon-
ductors. The Ambegaokar-Baratoff temperature dependence
of J. was also found by Jooss et al.* in high-J, (of the order
of 10" A/cm? at 5-10 K) YBCO film grown on a vicinal
substrate.

The other component is underdoped and its temperature
dependence is a GL-like, i.e., J.(T)=J,,(1-T/T,)*?, which
is observed in films and crystals at low temperatures. From
the theoretical point of view, J.(T)=J.,(1-T/T.)*? is ex-
pected to characterize quasi-1D superconducting filaments
with a reduced order parameter.’ In fact, this component and
the AB component described above are related through the
microstructure. This was discovered by performing careful
annealing of YBCO films at 175 °C in argon, which causes
oxygen to redistribute and come out of the sample very
slowly.’® As T, and J(T) drop the amount of the GL-like
phase in J(7) “seen” by the persistent current grows at the
cost the AB phase. The process of change of J.(T) is revers-
ible, i.e., J.(T) observed before annealing at 175 °C can be
recovered by annealing an underdoped sample in oxygen at
500 °C.
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Persistent critical current flowing in a ring allowed us to
detect that the AB- and GL-like phases are intermixed. This
phase separation suggests a variation of the order parameter
and consequently percolative (filamentary) flow of the cur-
rent in the CuO, planes, i.e., more precisely, the presence of
a 2D array of quasi-1D superconducting filaments through
which the current flows. Our data?’! show that the ratio of
the GL-like component to the AB one in J.(T) depends on
the distribution of the AB- and GL-like phases in a sample,
i.e., is sample dependent.

In order to facilitate a mathematical description of vortex
pinning, the properties of an array of quasi-1D filaments
are modeled using Josephson junctions, since the behav-
ior of both can be described by a mechanical analog: a par-
ticle moving in a tilted washboard potential.*® In
the case of the Josephson array, the maximum pinn-
ing potential is U,=fE;, where f is a fraction of the maxi-
mum E; in the array." In the presence of a driving force on
a single vortex due to the current in the array, the
factor (JBV/c)x in Eq. (8) is equal to J¢y(d/c)x,
where ¢p=hc/2e is the flux quantum, and d is the
length of a vortex (or the array thickness).*’ Assuming
that the lattice spacing of the array or the average width
of a Josephson junction is a,, the current / through the junc-
tion is Jda,. Therefore the factor (JBV/c)x can be expressed
as (JBV/c)x=Jpy(d/c)x=(I/day)(hcl/2e)(d/c)x=(1/ay)
X (h/2e)x=(I/ay)2mE;/1,,)x=2m(E;/ag)(I/1,,)x, since
hi2e=2wE;/1,,. (JBV/c)x can be written in the final form as
27(E;/ay)(J1J,,)x. Equation (8) can then be modified to
handle the case of pinning in the array with U(x,J) of the
form

Ux,J) = U(x) = 27(E;lag)(J1 .,)x
= FE{(x/x0)[1 = In(x/x0) I} = 270(E fag) (I )X,
(11)

where U(x,J) has a maximum at x,,=x,exp[—2m(xy/fay)
X(J1J.,)]. This gives the following expression for the effec-
tive pinning energy bartier U,z (J):

Ueff(‘]) = U(xm"]) =ij exp[— zw(xo/fQO)(‘]/Jco)]' (12)

Comparing this equation with Eq. (6) yields 2m(xy/fa,)
X(J1J,,)=bJlJ,.,, and consequently the constant b
=2(xy/ fa,). According to this equation, b is governed by
the magnitude of f. The experimental data shown in Fig. 7
give, in general, b=4.7(=3m/2), therefore x,/fay=3/4. This
equation could be used to calculate the fraction f=(4/3)
X(xo/ap) of the coupling energy E;, which determines the
maximum pinning potential U,=fE; in Eq. (12). However, f
depends also on the relationship between the pinning poten-
tial range x,, and the cell’s size a; in an array. One could
therefore estimate f only for an assumed form of an array.
For example, for a regular square array of Josephson junc-
tions the barrier AE for cell-to-cell motion of the vortex
could be calculated as the difference between the total energy
of an array when a vortex is located between two supercon-
ducting islands (the saddle-point energy) and the energy (the
minimum energy) corresponding to a vortex position be-
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tween four islands*'*? at xy=ay/2. In this case, f=(4/3)
X(xg/ag)=2/3, which means that U,=(2/3)E;=0.67E;. For
an ideal square Josephson junction array, the pinning energy
was initially computed to be AE=0.2E,;'>** without taking
into account the magnetic self-field effects. Phillips et al.*?
took into account magnetic self-field effects that lead to a
reduction of the effective magnetic penetration depth \ | for
a 2D system* and to a much higher pinning energy in the
Josephson array (Their calculations apply to general Joseph-
son networks, not just square arrays). An increase of the
energy barrier from about 0.2E; (for A | =) up to 0.5E; (for
N =0.7-0.8a,) was calculated as a function of a decreasing
N\, (increasing self-field effects). This is a result of the in-
creased localization of the vortex by the self-field effects
(screening of the supercurrent of the vortex). The energy
barrier obtained from our data is 0.67E;. Extrapolating the
curve AE/E; vs \ | in Fig. 7 in the Phillips ez al. paper® to
larger AE/E; (smaller \ ) gives the corresponding A\
=0.5a7—0.6a,. Taking into account that the nanoscopic
variation of the order parameter in HTSC could occur over a
distance of 2—3 nm, A\ | =1.0—1.5 nm.

According to Tinkham,' a higher pinning energy in the
Josephson array does not carry over directly to higher critical
currents since the critical current is limited by the most
weakly pinned vortex in the array, while the thermal activa-
tion measures a thermally weighted average. This appears to
describe correctly the behavior of critical currents in HTSC
compounds presented here, where the same exponential form
of U,(J) characterizes samples of various magnitudes of the
critical current. Following our earlier assumption that the
intrinsic pinning in HTSC could be caused by the nanostruc-
ture array, one can understand the results obtained on irradi-
ated YBCO crystals. In an irradiated YBCO, vortex pinning
is dominated by columnar defects for an applied magnetic
field of the magnitude less or equal the vortex matching
field B =24 kG, and the associated U,{J) is not exponential
(see Fig. 5). For applied fields higher than B,, columnar
defects do not trap the magnetic flux entirely and the weaker
intrinsic pinning provided by nanostructures prevails, i.e.,
U,(J) approaches the exponential form of U,AJ)
=al,, exp(-bJ/J.,) with b=37/2.

U, (D) plotted on log-log and linear-log graphs supports
our point of view that U,{I) could be represented by the
exponential dependence on the current for currents larger
than 0.41.,. Figure 8 shows log[U,s/I.] plotted versus
log(1/1,,) for TBCCO films No. 1-6. For currents smaller
than 0.2/.,, the dependence of the pinning potential barrier
on the current can be represented by the power-law depen-
dence, i.e., U AI)=U,(I/1.,)7*, in agreement with the col-
lective pinning theory*>#¢ that is valid for /<I,,. The con-
stant ©=9/8 was calculated for all six thin film samples.
U {()=U,(I/1,,)"""® was predicted by the collective pinning
theory as the barrier against motion of vortices in the case of
a 2D collective creep in layered superconductors in magnetic
fields parallel to the ¢ axis. For currents larger than 0.21,,
where the collective pinning theory is not valid, the depen-
dence of the pinning potential barrier on the current is no
longer a power-law-like (i.e., the curves show no straight-
line segments). Consequently, U,AI) approaches the expo-
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FIG. 8. Dependence of the pinning potential barrier on the cur-
rent for TBCCO thin films No. 1-6, plotted as log[U,/I.] vs
log(1/1,,), where 1.,=1.(0 K). The straight-line sections of these
curves indicate that for J<<J, (i.e., for <0.21,,) the dependence of
the barrier on the current U, (/) can be described by the power-law
Uof)=U,(I11,,)™* with u=9/8, according to the 2D collective
pinning theory (Refs. 45 and 46). For currents larger than
0.21,,,,U,4/1,. approaches the exponential dependence on 1/7,(0 K)
(see Figs. 2 and 3).

nential dependence given by Eq. (6). Figure 9 shows the
corresponding data for a TBCCO crystal and an irradiated
YBCO crystal at 40 kG. These data indicate that U, (1) can-
not be represented by the power-law dependence for large
values of the current. In the case of an irradiated YBCO, for
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FIG. 9. Dependence of the pinning potential barrier on the cur-
rent for the TBCCO crystal and an irradiated YBCO crystal at
40 kG, plotted as log[ U, /1] vs log(I/1,,), where I.,,=1.(0 K). The
absence of straight-line sections on these curves implies that the
dependence of the calculated pinning barrier on the current cannot
be represented by the power-law dependence [ie., U,ull)
=U,(I/1,,)™, which was derived from the collective pinning theory
(Ref. 18)] for any large value of the current.
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FIG. 10. Dependence of the pinning potential barrier on the
current for TBCCO thin films No. 1-6, plotted as U/l vs
log(1/1,,), where I.,=1.(0 K). U,AI) curves bend smoothly with an
increasing current, suggesting that U, (/) cannot be described by
the logarithmic dependence on the current (Ref. 21) [i.e., Upll)
=-U,In(I/1,,)] for any value of I/1,.

currents smaller than about 0.06/.,,U,(I) seems to ap-
proach the power-law dependence U, (I)=U,(I/1.,)""",
which corresponds to the barrier against motion of large vor-
tex bundles.!® For the TBCCO crystal, on the other hand, for
currents smaller than 0.1/, the alignment of segments is
worse than that for the YBCO crystal. It seems that as the
current decreases U,y(I) approaches U,(I/1.,)™* with u
=3/2, which is in fact larger than that expected from the
collective pinning theory for a 2D collective flux creep.
The possibility that U,.{(I) could be represented by the
logarithmic dependence on the current was tested for TB-
CCO films No. 1-6 by plotting the data as Ug/l. Vs
log(1/1,,) in Fig. 10. The U,4(I) curves bend smoothly with
an increasing current, suggesting that U,AI) is not repre-
sented by the logarithmic barrier, i.e., U,z(I) is not equal to
-U, In(I/1,,). The same is true for an irradiated YBCO crys-
tal. We could not perform a similar analysis for the TBCCO
crystal. In this case the segments of U,/I. vs (I/1.,) show
very large misalignment when plotted on a linear-log graph.

V. SUMMARY AND CONCLUSIONS

We investigated the dependence of the pinning poten-
tial on current density U,;{(J) in HTSC crystals and films,
which was calculated from the magnetic (current) relaxation
data. We found that for the current density J=0.4J.,U, /)
can be expressed by the empirical formula U,AJ)
=al,, exp(-bJ/J,,), where b=4.7(=3/2) is the same for
all investigated samples of HTSC thin films and single crys-
tals. This result is independent of the interplanar coupling,
i.e., it is the same for both YBCO (characterized by a small
anisotropy and a strong interplanar coupling) and TBCCO
(characterized by a large anisotropy and a weak interplanar
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coupling). We suggested that the exponential form of U,AJ)
could be associated with the vortex pinning due to a nano-
scopic variation of the order parameter within the CuO,
planes, in agreement with the experimental evidence for the
presence of nanostructures (provided, for example, by high
resolution STM and TEM?>™#) or static stripes (provided by
neutron scattering data*’). Regarding stripes, it is still be-
lieved that the properties of HTSC compounds are character-
ized by dynamic stripes at high oxygen doping levels, and by
static stripes at low doping levels. Dynamic stripes do not act
as pinning centers for magnetic vortices. The analysis of the
neutron scattering data*’ for underdoped YBCO of T,
=50-60 K, for example, suggested the presence of static
stripes (which can pin magnetic vortices). Our earlier data’'
show that the transport properties of YBCO at low tempera-
tures are governed by two phases: an underdoped filamentary
phase of T, around 40-60 K, and an optimally doped bulk
phase. In the presence of nanostructures, stripes in the CuO,
planes, the current could flow through a 2D network of
quasi-1D superconducting filaments. A network of quasi-1D

PHYSICAL REVIEW B 72, 064522 (2005)

filaments behaves like a Josephson junction array, and its
properties could be described using a Josephson junction de-
scription. The constant b is inversely proportional to the fac-
tor f that represents the degree of variation in the Josephson
coupling energy fE;. For a square array of Josephson junc-
tions, for example, one should expect b=7/f and, conse-
quently, f=2/3, which gives the vortex pinning energy U,
=0.67E;. According to the model of Phillips et al.,** this
energy corresponds to the pinning energy of a vortex
strongly localized (due to self-field effects) in an array of
Josephson junctions (or an equivalent array of quasi-1D fila-
ments).
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