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PACS. 74.78.-w — Superconducting films and low-dimensional structures.

Abstract. — We have investigated the dissipative behaviour of MgB2 textured thin films
at different perpendicular magnetic fields H and bias currents J, to study activation energy
dependencies U(J) and U(H). For J < J*, where J* is a magnetic-field-dependent crossover
current, activation energies are weakly current dependent, U(J) & const, while, for J > J*,
U(J)~—InJ. At J < J*, the magnetic-energy dependencies are logarithmic, U(H) ~ —In H,
while for J > J*, U(H) ~ H™', up to uoH ~ 5T. The J*(H) curve separates two zones with
different vortex dynamics. We discuss the J*(H) curve in terms of a current-driven transition
from a thermally activated flux flow to a flux creep regime. For pronounced disorder, the data
suggest the influence of the activation energy distribution on the U(J) and U(H) dependencies.

MgBs, the binary compound recently discovered to be superconducting, has attracted
a lot of research activity to investigate its basic physical properties [1]. The large amount
of studies on the superconducting gaps of the two bands [2-4], the superconducting phase
diagram [5] and the anisotropy of the system [6-8] has well established many fundamental
superconducting parameters.

Many research works have been also dedicated, in view of practical applications, to the
study of the current capability and the nature of the pinning in this compound [9-11]. In
spite of the low value of the Ginzburg number Gi = 10~°, which measures the importance
of the thermal fluctuactions against the condensation energy, flux creep (FC) effects have
been found to strongly influence the dissipative behaviour, especially with increasing exter-
nal magnetic fields [12]. So far, the dynamic states of the vortices in MgBy have been less
investigated, especially in the case of in situ grown thin films, essential for many electronic
applications, which, due to their particular microstructures, can present dissipative properties
quite different from the bulk.

In this work, we report the observation of a current-driven pronounced crossover in the
vortex dynamics of in situ sputtered MgBs thin films. At a magnetic-field-dependent crossover
current density J*, both the current, U(J), and the magnetic field, U(H), dependencies of
the activation energy show a sudden change which we relate to a transition from a thermally
activated flux flow (TAFF) regime to a FC behaviour. The experimental data give also
information about the distribution of the pinning activation energies, which seems to be
influenced by the disorder present in the samples.

(*) Permanent address: Belarus State University of Informatics and RadioElectronics - P. Brovka str., 6
Minsk 220013, Belarus.
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Fig. 1 — The activation energy Ur(T") dependencies, as obtained from the resistive transitions in the
inset, using eq. (2), for different J values at puoH = 2T. The solid lines show the linear dependencies
of the Ur(T) curves. Inset: resistive transitions at poH = 2T and different bias current densities for
an in situ sputtered MgBs thin film.

High-textured MgBs films were prepared on R-cut sapphire substrates using a magnetron
sputtering technique with subsequent in situ annealing in the presence of saturated Mg vapour.
Details of the fabrication procedure can be found elsewhere [13]. The critical temperatures
of the optimised films were higher than 30K with the width of the transition (90%-10%)
less than 0.5 K. The critical current densities were higher than 1019 A/m? at 15K with an
externally applied magnetic field poH = 2T [11], confirming the presence of high intergranular
current [14] and comparable to the best results for films [15,16]. The resistivity p of the films
had a metallic signature (i.e. p decreases linearly with decreasing temperature), indicating
no influence of the dielectric grain boundaries. Transport measurements were carried out by
a standard d.c. four-probe method. A microbridge geometry was obtained on the films by a
usual scribing method [17] using a diamond knife. The final dimensions of the microbridges
were typically about 50 pm x 350 um. The above procedure did not deteriorate the film
superconducting properties. The magnetic field, up to 9T, was applied perpendicularly to
the film surface. The resistivity values of the investigated MgBs, p ~ 2mQ cm at 40 K, were
higher than those observed for bulk samples [18] and wires [19] probably due to the disorder
present in the in situ annealed films. On the other hand, the pronounced surface roughness
places a large uncertainty in the actual thickness of the samples, which we took, as an upper
limit, to be 1 pm. Consequently, the calculated values for the sample current density represent
a lower limit of the actual current flowing in the samples.

In the inset to fig. 1, the resistive transitions of a MgBs, thin film are shown at 2T for
different bias current densities in the range from 5.3 x 10° A/m? to 4.8 x 10" A/m?. The
broadening of the curves is evident. The influence of thermal effects on this broadening can
be ruled out because of the low values of the used bias current densities with respect to the
critical current density J. measured on the samples (around 1019 A /m? at 2 T for temperatures
in the range from 20 to 26 K), because of its presence only in the low-temperature part of
the transition curves (while the onset is not changed) and finally, because I-V measurements,
taken with increasing and decreasing voltages in the range of the used bias currents, did
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Fig. 2 — The linearly extrapolated zero-temperature activation energy Ugo(J)-dependence at poH =
2T, obtained from the data in fig. 1. The solid lines are guides to the eyes. The arrow indicates the
position of the crossover current density J*. Inset: Ugro(J) dependencies at different magnetic fields.
The lines are guides to the eyes.

not show any sign of hysteresis. Similar broadening, generally observed in the dissipative
properties of MgBy samples, has been related to the presence of flux creep effects [12,20-22].
In this case, the resistive curves can be expressed as [23]

(1)

T
R(T,H,J) = Ryexp [_ M}

KgT

where Ry is a coefficient associated to the normal resistance just above the transition Ry,
kg is the Boltzmann constant and Uy is the effective activation energy as obtained from the
transport measurements. In order to study the H and J dependencies of Ug it is worth
rewriting eq. (1) as

UR(T,H,J):KBTIn{ Hy } (2)

R(T, H,J)

The R(T) data in the inset to fig. 1, according to eq. (2), are used to calculate Ug, and
are shown in fig. 1. The curves of the Ugr values taken at current densities smaller than
1 x 107 A/m? are very close to each other, while those related to current bias densitites higher
than 1x107 A /m? are well separated. Nevertheless, in agreement with previous results [22], for
all the curves in fig. 1, there is some temperature range, where the Ug(T")-dependence is linear,
indicating the presence of a well-defined activation energy influencing the vortex dynamics of
our samples. To better emphasize the current-dependent behaviour of the Ug values, we have
decided to use, as a suitable phenomenological parameter, Ugg, the linear extrapolation of
the activation energy in the zero-temperature limit. We underline that here Ugq is only a
useful parameter to compare the different current behaviours observed in fig. 1, without any
particular physical meaning. In fig. 2, the obtained Ugo(J)-dependence at 2T is shown using
a semilogarithmic scale. The data indicate the presence of a crossover current density J*,
separating two different Ugg(J) behaviours. For J < J*, Ugp is almost constant, changing
slightly between 7400 K and 6900 K (i.e. less than 7%), while J is changed over three decades.
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Fig. 3 — The activation energy magnetic-field dependence Uro(H) at J = 5.3 x 10* A/m? (left vertical
axis). The dashed line is the logarithmic law, Uro(H) ~ —In H. The Uro(H)-dependence at J =
2.1 x 107 A/m? (right vertical axis). The solid line is the hyperbolic law, Uro(H) ~ H™'. Inset: the
magnetic-field crossover current density J*(H)-dependence as obtained from the Ugro(J) curves at
different magnetic fields. The solid line is the best-fit curve to the data according to the law J* ~ H“
with a = —1.1.

For J > J*, the Ugg value drops down to 3000 K when the current density is varied within only
one decade and the Ugg(J)-dependence shows a logarithmic behaviour. Notwithstanding the
small number of experimental points in this region, this logarithmic dependence has been con-
firmed also at different magnetic fields, as shown in the inset to fig. 2 for fields from 0.5 to 3.3 T.
From the data in the inset, it is also clear that the crossover current J* depends on the actual
external magnetic-field value, and it is therefore possible to identify a curve in the J(H) plane,
which separates two different U(J) behaviours. The change in the U(J)-dependence could be
related to a current-driven transition in the flux dynamics of our MgBs thin films. If so, this
change in the vortex dynamics should also be reflected in the magnetic-field dependence of the
activation energy. In fig. 3, we show the Ugo(H)-dependence at J = 5.3 x 10° A/m? (J < J*),
in a semilogarithmic scale (left axis), to point out the logarithmic behaviour of the Ugo(H),
along with the Ugo(H)-dependence at J = 2.1 x 107 A/m? (J > J*), presented in a double
logarithmic plot (right axis). The solid line corresponds to a hyperbolic law, Ugg ~ H ™!,
which well describes the data up to 5T. The curve in the J(H) plane, therefore, separates
two regions with different vortex dynamics, one resulting in almost constant U(J) behaviours
and logarithmic U(H) dependencies (J < J*), the other (J > J*) with logarithmic U(J)
curves and hyperbolic U(H) behaviours. At high temperatures, the logarithmic dependence
in U(J) (U(J) ~ —InJ) and the hyperbolic behaviour of U(H) (U(H) ~ H~!) have been
already observed in MgBs samples, as well as the linear temperature dependence of U [22].
Here the focus is on the presence of the J*(H) curve which clearly marks a transition in the
vortex dynamics of the system. The J*(H) curve is shown in the inset to fig. 3.

Our measurements have been performed above the irreversibility line, where the constant
U (J)-dependence, which corresponds to linear current-voltage characteristics, is generally
interpreted in terms of thermally activated flux flow (TAFF) [24]. Moreover, our deduction
of finite values of the activation energy in the J — 0 limit, is consistent with the picture of
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vortices undergoing, for J < J*, the TAFF regime [25], which makes the existence of finite
voltage possible also for small transport currents [24,26] (unlike, for example, the glass state
where U(T,H,J — 0) — oo [27]). The logarithmic U(H)-dependence, observed below the
J* line in the TAFF regime, can be related [28] to the predominant role of potential pinning
energies with an exponential distribution [29] in the limit of small current densities.

The logarithmic U(J) and the hyperbolic U(H) dependencies observed in the region above
the J*(H) line can be interpreted in terms of the FC regime [23]. The U(H) ~ H~! de-
pendence is typical for three-dimensional vortices [23] and usually has been observed, asso-
ciating it to flux creep effects, in low anisotropy materials, such as Laj ggSrg.14CuQOy4 [30],
YBayCuszO7_; [31], and bulk MgBs [22,32]. Moreover, the logarithmic U(J)-dependence has
been also related to the presence of vortex creep regime, where the pinning energy distribu-
tion has a strong influence on the vortex dynamics. Indeed, as was previously shown [29], the
U ~ —In J law can be obtained independently of the pinning spatial shape when the U energy
distribution has a large variance, i.e. the system is highly disordered. The slightly smaller Tt
value (35 K) measured on our thin-film sample, with respect to the bulk value (39 K), and the
high values of the resistivity p, can be related to structural disorder present in the system.

We propose, therefore, to interpret the J*(H) curve, shown in the inset to fig. 3, as the line
separating into two zones the vortex dynamics of MgBs, thin films, above the irreversibility
line. Below the J*(H) line, the vortex system is in the thermally activated flux flow regime,
while above the line vortices experience flux creep effects. The solid line in the inset to fig. 3
is the best fit to the data obtained with a J* ~ H~1! law. At least in the films investigated
in this work, the disorder seems to play a very important role in the dissipative properties,
in both the zones across the J*(H) line. The exact nature of this disorder and its detailed
influence on the dissipative properties of the system are presently under investigation and will
be the issue of future work. Finally, the fast decrease of the Ugy values, observed for fields
larger than 4 T in fig. 3, could be due to the increase of the vortex-vortex interaction at high
magnetic fields which naturally lowers the activation energy.

In conclusion, transport measurements on thin-film microbridges of MgBs have been car-
ried out in magnetic fields up to 9 T for various values of the bias current densities, obtaining
the current and the magnetic-field dependencies of the activation energy, U(J) and U(H). A
crossover current density curve J*(H) separates the J(H) plane into two regions with differ-
ent U(J) and U(H) behaviours. At J < J*, the U(J) & const and the U(H)-dependence
is logarithmic, while at J > J*, U(J) ~ —InJ and the U(H)-dependence is hyperbolic up
to about 5T, and then decreases very fast probably because of the increase in the vortex
interaction. The crossover current J* is associated with the TAFF-FC transition. In the
TAFF region, the U(H )-dependence seems to be influenced by the distribution of the vortices
among the strongest pins, which, in their turn, are distributed exponentially. In the FC region
the U(J)-dependence is logarithmic, which could be also associated with the distribution of
pinning energies in a disordered system.

* % X%

We thank Prof. R. VAGLIO for having provided the in situ grown MgBg thin films.
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