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We investigated the depairing current density of Ba0.5K0.5Fe1.95Co0.05As2 microbridges with width of 2 lm
and thickness of 150 nm. The current vs. voltage characteristics of the microbridges show a Josephson-
like behavior with the obvious hysteresis. The critical current density was observed as Jc = 7.9 MA/cm2

at temperature 21 K, which is consistent with the Ginzburg–Landau depairing limit. However, the depair-
ing current density is less than that of impurity-free crystal, although the Co ions provide additional pin-
ning centers within the superconducting Fe2As2 layers. The Co impurity also enhances the anisotropic
factor of the critical current density by 1.3 (1 T) or 1.7 (3 T).

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Recently, the high-Tc Fe-based superconductors attracted
increasingly more attentions for the possible applications, owing
to high superconducting transition temperature (Tc), high upper
critical fields (Hc2), low anisotropic factor, and high critical current
density (Jc) [1–3]. Compared with the layered cuprates family,
although Fe-based superconductors have relatively lower Tc, they
demonstrate nearly isotropic behavior [2,3]. Previously, the highest
Jc of Fe-based superconductors was reported as less than 10 MA/
cm2 at 4.2 K [4–8], based on the data obtained from transport prop-
erties of thin film micro-device and magnetization hysteresis loop
(MHL) measured on bulk single crystals. For the former, although
the thin films were fabricated successfully for several systems,
such as Fe(Se, Te) [4], Ba(Fe, Co)2As2 [5–7], and LaFeAsO1�xFx [8],
one can hardly obtain an ideal single-crystalline film due to the
appearance of additional grain boundaries resulting from the
island-like growth process [9,10]. The Jc may be enhanced by the
existence of grain boundaries, while the critical current exhibits
exponential decay in the weak-link regime which is a critical issue
for practical applications. Consequently, it is rather difficult to elu-
cidate the intrinsic physical properties of the superconductors. The
latter method is to measure the Jc indirectly from magnetization
hysteresis loop (MHL) on single crystals, namely, evaluation from
the magnetic vortex penetration features into the crystal by using
the Bean model [11], where the vortex penetration is mainly deter-
mined by pining which depends on various parameters, such as the
presence of defects, grain boundaries, and geometry of the
materials.

We stress that both methods for the Jc evaluation are limited by
the vortex moving features under finite pining force, which is gen-
erally far away from the intrinsic transporting capability, namely,
the Ginzburg–Landau (GL) depairing current density (JGL). Previous
estimation from JGL

ab ¼ U0=3
ffiffiffi
3
p

pl0k
2
abnc [12] (where kab and nc are

the in-plane penetration depth and out-of-plane coherence length,
respectively) shows that JGL could be as high as 200 MA/cm2 at
absolute zero temperature for (Ba, K)Fe2As2 [12], thus indicating
about two orders of magnitude larger values than those derived
from previous experimental Jc. Generally, it is rather difficult to
reach the JGL, even for the conventional superconductors and the
cuprates [13]. JGL is extremely sensitive to crystal quality, while
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the Fe-based single crystals were often found to contain micro-
scopic and even intrinsic defects. In addition, to obtain the JGL

the size of the crystal should be adjusted below the Pearl length
K = 2k2/h (k and h are the London penetration depth and thickness
of the bridge, respectively [14–16]). Recently, we developed a
micro-patterned method using the Ba0.5K0.5Fe2As2 single crystals
[17]. The JGL is increased up to 10.8 MA/cm2 at 35 K and reaches
944.4 MA/cm2 by extrapolating Jc(T) to T = 0 once the thickness of
the microbridge (91 nm) is below to the Pearl length.

In the present work, we report on the observation of JGL in Co-
doped Ba0.5K0.5Fe2As2 superconductors. We found that the
150 nm thin microbridges demonstrate an individual jump from
superconducting (SC) to normal state directly with the absence
of flux-flow behavior in the current (I) and voltage (V) characteris-
tics (IVCs) curves, and the Jc is enhanced up to 7.9 MA/cm2 at 21 K,
which is quite close to the GL depairing limit. We have investigated
the temperature dependences and anisotropy of Jc.
2. Experimental

The synthesis process of Ba0.5K0.5Fe1.95Co0.05As2 single crystals
was described elsewhere [18]. However, we improved the high-
pressure synthesis technique for high quality single crystals
recently, i.e., the samples were kept at 1300 �C for 4 h, and then
slowly cooled down to 1100 �C for 2 h before quenched to room
temperature. In the first process, the Co ions can be homogenously
distributed within the superconducting Fe2As2 layers to reduce the
effect of disorder. For the fabrication of microbridges we utilized
the same method as introduced in a recent work [17]. The crystal
was firstly cleaved into pieces of 0.5–1 lm in thickness along the
c-axis and pasted on a Si substrate using a thin layer of epoxy glue.
The as-prepared crystal was removed a layer of 10 nm using the
low energy argon ion beam and then a 100 nm layer of Au was
deposited on the sample surface immediately. The sample was
annealed at 300 �C for 24 h under nitrogen atmosphere to reduce
the interface contact resistance between gold and crystal, and as
a result, the contact resistance was decreased to 0.5 X at room
temperature. The micro-bridge patterns were fabricated on the
as-prepared single crystals using the photolithography technique,
where the geometry of microbridges is with width (W) of 2 lm
and length (L) of 10 lm. Then, the photoresist was removed using
acetone and the electrodes were connected using silver epoxy.
Finally, the whole device was milled into a certain thickness. We
determined the thickness based on the ion-milling rate and room
temperature resistance in the same way as described in our previ-
ous work [17]. The transport properties, including the temperature
Fig. 1. Temperature dependence of the in-plane magnetoresistivity qab(T) for microbridg
the fields are applied within the ab-plane for (a) and along c-axis for (b).
and magnetic field dependence of in-plane resistivity (qab) and
IVCs, were measured in the Physical Properties Measurement Sys-
tem – 9 T, Quantum Design.
3. Results and discussions

Fig. 1 shows qab(T) curves for the microbridge with thicknesses
(h) of 150 nm. The values of qab are about one order magnitude less
than the bulk crystals. This reduction can be attributed to improve-
ment of the crystal synthesis technique and measurement setup. In
the traditional four-probe measurement, a high current bias was
often necessary to enhance the measurement resolution, owing
to the big sample size and strongly metallic behavior of the crys-
tals. In this case, the heating effects can be quite substantial, partic-
ularly at the interface between silver paste and crystal [17]. For the
present measurement setup, however, the resistance of micro-
bridge is relatively large, for instance, 29.5 X at room temperature,
thus one can apply current as low as 10 lA. Moreover, the interface
contact resistance is less than 0.5 X at room temperature, which
will be even less at low temperatures and therefore can be omitted.
Particularly, the electrodes are SC as well [17]. Consequently, we
can reduce the heating effects.

The Tc-onset for the microbridge with thickness of 150 nm is
�28 K, slightly less than our previously reported value, suggesting
more homogenous distribution of the impurity ions and decrease
of disorder. Indeed, we measured the bulk-like microbridges with
thickness up to 1 lm, and the Tc-onset is in accordance with the
present result. However, the SC transition width DTc of the sample
with thickness of 150 nm is surprisingly large, about 5 K, while in
the bulk crystal DTc is normally �0.2 K (not shown here). In addi-
tion, the qab(T) curves demonstrate several platform-like steps
within the transition region, after the initial drop at the Tc-onset.
Such platform-like steps in the qab(T) curves were widely found
in low-Tc nanowires [19–21] and high-Tc YBaCu3O7�d micro-
bridges [22], which were explained as thermally activated phase-
slip (PS) centers or lines which can induce resistance. On the other
hand, the steps are weakened by applying magnetic field, and such
phenomenon is more obvious for the case of the H//ab-plane field
orientation than for the H//c-axis. As field increases, the Tc is grad-
ually suppressed regardless the direction of the field, while transi-
tion regions are observed as almost constant for H//ab-plane but
slightly broadened for H//c-axis, due to layered crystal structure.

Fig. 2 shows the IVCs at various temperatures from 21 to 26 K.
At relatively low temperature of 21 K, the voltage state is switched
from SC to normal state directly with the absence of flux-flow pro-
cess, and the Jc reveals high value of 7.9 MA/cm2. According to our
e with thickness of 150 nm. The applied current is 10 lA for all measurements, and



Fig. 2. Current–voltage characteristics for the microbridges at temperatures from 21 to 26 K.

Fig. 3. Temperature and current densities dependent differential resistances for the
microbridges. Here, we focus on the current sweep-up branches. The color contours
represent the differential resistance dV/dI. The blue square points demonstrate the
Jc for each voltage shunt, and the other points are consistent with the Jc of phase-slip
centers. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

J. Li et al. / Physica C 503 (2014) 101–104 103
previous study on the Ba0.5K0.5Fe2As2 single-crystalline micro-
bridges [17], such voltage state behavior is in accordance with
the transition of the GL depairing current density. On the other
hand, when the current is swept down, the voltage returns from
the normal to the SC state, followed by a pronounced hysteretic
resistance state. As temperature increasing only 1 K, the Jc however
declines to more than half (3.2 MA/cm2), indicating that the Jc is
quite sensitive to temperatures. Indeed, such behavior was also
found for the JGL of Ba0.5K0.5Fe2As2. Note that there are two steps
on the return branch. The pronounced hysteresis of IVCs exhibits
the kinetics of the Joule heating processes, which dominate the
instantaneous dissipations in the mesoscopic system and then
influence the PS kinetics. The thermally activated PS often happens
at temperatures slightly below the Tc, for which the spatiotemporal
fluctuations of order parameter are intensive. Once at finite low
temperatures, the thermal energy kBT becomes too low to provide
the enough energy for the occurrence of PS, current switch may
then depend on the limit of the JGL

c . Alternatively the quantum
tunneling through the energy barrier can also result in a directly
SC-normal state switching [19–21]. However, in that case the sam-
ple should be in a one-dimensional or quasi-one-dimensional
geometry with characteristic size comparable to n. From this point
of view we can hardly observe a quantum phenomenon in the
present microbridge due to the extremely small n (�1.5 nm at
0 K), which is close to the size of a unit cell of the crystal. As the
temperature increase to 23 K, an obvious flux-flow phenomenon
is observed before the first jump to the normal state and the PS
steps on the return branches are pronounced as well. For the tem-
peratures above 23 K, the flux-flow contribution becomes quite
large, owing to the thermal activation near the Tc.

In Fig. 3 we give the differential resistances of microbridges at
various temperatures and applied current densities, where the data
points reveal each resistance shunt and correspond to the Jcs. The Jc

at temperature of T/Tc = 0.75 is 7.9 MA/cm2, which is visibly less
than that of impurity-free crystal around the Tc, for instance, Jc

= 10.8 MA/cm2 at even higher temperature of T/Tc = 0.89 [17]. The
Co ions are substituted into the Fe-sites and induce additional scat-
tering centers, which can be confirmed by the observation of the
increased residual resistivity (�20 lX cm by extrapolating to
T = 0). The impurity ions can work as pinning centers to restrict
the vortex motion. However, it seems like that the Co enhances
the vortex motion and consequently decreases the Jc. We can con-
clude that the present Jc is in accordance with the JGL, but not with
the vortex motion profile. On the other hand, the Jc is quite sensi-
tive to temperature, i.e., the slopes of dJc/dT are 5.13 MA/cm2 K for
the temperature below 22 K, which is comparable with the value
obtained on the impurity-free crystal (6.88 MA/cm2 K) [17].

We further studied the anisotropic factor of the Jc (cJ ¼ Jab
c =Jc

c) as
shown in Fig. 4. The cJ demonstrates weak magnetic field depen-
dence: (i) at the low field region below 0.2 T, the cJ sharply increases
with field from 1 to 1.5; (ii) at fields from 0.2 to 1.2 T, the cJ gradu-
ally decreases down to 1.3 with increasing field; and (iii) the cJ

increases again with respect of field above 1.2 T. Note that the cJ

is �1.7 for l0H = 3 T, indicating slightly larger anisotropy than that
of impurity-free crystal, for which the cJ is �1.26 for l0H = 5 T.
However, the present Jc anisotropy is substantially less than that
of Fe(Se, Te) (�10 under 6 T) [4], Ba(Fe, Co)2As2 (�2.6 under 4 T)
[7], and LaFeAsO1�xFx (�5 under 9 T) [8] thin films.



Fig. 5. Temperature dependence of the Hc
c2 and the nab. Here, the Hc

c2 is defined from
the resistivity transition points at 90% of qn (29 K) in Fig. 1, and the nab is calculated
from the Ginzburg–Landau formula for an anisotropic three-dimensional super-
conductor nabðTÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U0=2pHc

c2ðTÞ
q

. We also fit the nab(T) by the Ginzburg–Landau
theory nðTÞ ¼ n0ðTÞ=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1� T=TcÞ

p
as shown by green line in the figure. (For

interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 4. Jc anisotropy of microbridges at various magnetic fields. Here all the data are
obtained at 21 K and from the current sweep-up branches of IVCs.
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Considering the quasi-one-dimensional limit, we calculated the
temperature dependence of n(T) from the upper critical fields as

ncðTÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U0=2pHab

c2ðTÞ
q

as shown in Fig. 5. The as-estimated n(T)

was also fitted by employing the GL theory of nðTÞ ¼ n0ðTÞ=ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1� T=TcÞ

p
. Hence we can roughly evaluate nab = 3.10 nm at

T = 21 K and nab = 1.57 nm at T = 0 K. However, the estimated n
values are much smaller than sample sizes, for instance the thick-
ness. Therefore, the present sample can hardly be treated as quasi-
one-dimensional structure.

4. Conclusions

In conclusion, we studied transport properties of Ba0.5K0.5Fe1.95

Co0.05As2 microbridges with width of 2 lm and thickness of
150 nm. The temperature dependence of resistivity demonstrates
several steps and a broad superconducting transition with a width
of 5 K. The current density vs. voltage characteristics of the micro-
bridges showed a Josephson-like behavior with an obvious hyster-
esis. The critical current density at 21 K was found to be
Jc = 7.9 MA/cm2, which is consistent with the Ginzburg–Landau
depairing limit. The critical current density was found to be weakly
field dependent with anisotropy factor of 1.3 (1 T) and 1.7 (3 T).
Although the Co impurity ions increase the scattering rate within
the superconducting Fe2As2 layers, they also decrease the critical
current density compared with the pure crystal. The effect of Co
impurity on the critical current density is related to a different
mechanism of vortex pinning. We also found weak phase-slip
behavior in Co-doped Ba0.5K0.5Fe2As2 microbridges, although the
coherence length is far less than the sample size. However, such
phenomenon can only be observed at temperatures near the Tc

or in the return branch of the current density vs. voltage character-
istic where the Joule heating effect is pronounced.
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