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Abstract

We fabricated hybrid Josephson junctions between a Ba0.5K0.5Fe2As2 (BKFA) single crystal and
the conventional superconductor Nb with normal metal Al as the barrier. An in situ process was
used to create clean BKFA/Al/Nb interfaces. Current transport is along the c-axis of BKFA.
The current–voltage characteristics are slightly hysteretic at low temperatures. Except for some
features indicative of resonant modes the shape of the current–voltage characteristics can be well
described by the resistively and capacitvely shunted junction (RCSJ) model, with a product of
the Josephson critical current and the normal state resistance of the junction exceeding 180 μV at
low temperatures. The temperature dependence of the Josephson current is linear for
temperatures down to 2 K. Under 40 GHz microwave irradiation integer Shapiro steps are
observed. The power dependence of the Shapiro step-height is in good agreement with RCSJ
simulations. Possible relations of our data with the symmetry of the superconducting order
parameter of BKFA are discussed.
Keywords: Josephson junctions, iron-based superconductors, pairing symmetry
(Some ﬁgures may appear in colour only in the online journal)
form s+id or the multiband order parameters s±, s++ [1, 4–8].
The latter two order parameters are the most discussed ones.
Here, the order parameter has s-wave symmetry on the different
Fermi sheets but, for the s± case, the signs of the order parameters are different on different sheets.
The order-parameter symmetries can be studied by various experimental techniques, including nuclear magnetic
resonance [9, 10], angle-resolved photoemission spectroscopy
[11], impurity doping experiments [12] or scanning tunneling
microscopy [13]. An interesting method is to make use of the
Josephson effect because of its phase-sensitivity [14–17],
allowing, e.g., to probe the sign change of an order parameter
with d x 2 - y 2 symmetry. Relevant in our context are c-axis
hybrid junctions between a cuprate and a conventional
superconductor. In this geometry contributions of the d-wave
order parameter to the Josephson current cancel, allowing to

1. Introduction
The iron-based superconductors are a new class of high-temperature superconductors following the cuprates, attracting great
interest both in terms of fundamental physics and in terms of
applications [1–3]. Of particular interest for superconducting
electronics and also for basic studies are Josephson junctions.
The fabrication of such devices from iron-based superconductors
and their detailed characterization is still in its infancy, motivating the present study. Apart from issues related to the quality
of interfaces between different materials there is also the question to what extent a potential unconventional order parameter
affects the junction properties. Different pairing symmetries have
been proposed, such as single-gap s- or d-wave, mixtures of the
3
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test the presence of s-wave components. Corresponding
experiments have been performed on YBCO [18–22] and
BSCCO [23], using Pb as the conventional superconductor.
Also for the case of iron-based superconductors one can
expect that for order parameters that exhibit sign changes the
contributions to the c-axis supercurrents will cancel at least
partially. For the case of the multiband order parameters s±
and s++ additional effects can occur. For example, depending
on parameters, the temperature dependence of the Josephson
critical current can differ strongly from conventional junctions [24–26]. In addition, under microwave irradiation an
unusual dependence on the Shapiro-step heights as a function
of microwave power and the appearence of fractional steps
has been predicted [27].
For Fe-based superconductors there are relatively few
reports on Josephson junctions; for reviews, see [8, 28].
Hybrid junctions with Pb, PbIn or Nb as counter electrodes
were patterned on NdFeAsO0.88F0.12 polycrystals [29],
BaFe1.8Co0.2As2 thin ﬁlms [30–33] or single crystals [34, 35],
Ba1−xKxFe2As2 (BKFA) [25, 36] or Ba1-xNaxFe2As2 [37, 38].
All-pnictide junctions were fabricated from BaFe2As2 [39] or
BaFe1.84Co0.16As2 [31, 33] thin ﬁlms and by interfacing
SrFe1.74Co0.26As2 and Ba0.23K0.77Fe2As2 single crystals [40].
Many of the hybrid junctions were designed as point contacts,
not allowing, e.g., for well-deﬁned temperature-dependent
measurements. For planar hybrid junctions between BKFA
and a conventional superconductor the only report known to
us is [36], where non-optimally doped BKFA crystals with
critical temperatures of 26 and 29 K were studied.
In the present work, we report on two planar hybrid
c-axis Nb/Al/Ba0.5K0.5Fe2As2 Josephson junctions, where
an in situ fabrication technique was used to minimize
interfacial oxidation or degradation. Transport experiments
were carried out for temperatures down to 2 K, in magnetic
ﬁelds of up to 100 G and in microwave ﬁelds of up to
40 GHz. For sample A (sample B) The critical temperature
of the BKFA crystal was Tc=39.2 K (38.2 K), which is
near optimal doping [41]. The onset of the superconducting
transition of the Nb electrode is 8.7 K for sample A and
7.3 K for sample B. Zero resistance is reached at 6.8 K for
sample A and at 6.5 K for sample B. For the Josephson
critical current density near 3 K we ﬁnd a value around
150 A cm−2 for sample A and 100 A cm−2 for sample B.
Such values are at not unusual for Josephson junctions. The
product IcR of the Josephson critical current and the normal
state resistance of sample A is 158 μV at 3.1 K while for
Sample B we ﬁnd a somewhat lower value of 134 μV at
3.0 K. These values for the IcR products are very high for
Josephson junctions involving iron-based superconductors,
although an order of magnitude lower than the IcR values of,
say, high-quality Nb tunnel junctions. Most of the properties
we see are not unusual for Josephson junctions, with the
exception of a strikingly linear temperature dependence of
the critical current down to the lowest bath temperatures.
This is in-line with other reports on iron-based Josephson
junctions but rarely, if at all, seen for other junctions.

Figure 1. (a) Sketch of the junction geometry. The inset shows a

scanning electron microscopy image of the overlap region between
BKFA and Nb. (b) Temperature dependence of the junction
resistance of sample A measured in a four-probe conﬁguration.

2. Sample fabrication
We discuss data for two junctions, sample A and sample B.
Both junctions have the same geometry, which is sketched
in ﬁgure 1(a). A 10×10 μm2 quadratic junction is formed in
the overlap region between Nb and BKFA. The inset in
ﬁgure 1(a) displays a SEM image of the overlap region. In our
fabrication process, cleaved BKFA crystals with a thickness
of 200 nm (sample A) and 150 nm (sample B) are glued to
sapphire substrates with epoxy. After 5 s of Ar ion etching to
clean the surface of the crystal, an 8 nm thick Al layer is
evaporated in situ on the crystals by electron beam evaporation, and then a 200 nm thick Nb layer is deposited using
in situ magnetron sputtering deposition. Next, a right-angle
corner is patterned into the BKFA/Al/Nb sandwich via ion
beam milling and a 250 nm thick layer of SiO is evaporated
preventing electrical shorts between the bottom electrode
(BKFA) and the to-be-deposited Nb top electrode. During this
process the BKFA/Al/Nb sandwich is covered by photoresist
to allow a lift-off of the SiO layer in the junction area. After
2
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Figure 2. (a) IVC of sample A, as measured at a bath temperature of

3.1 K (solid circles). The line is a ﬁt using the RCSJ model with a
Stewart-McCumber parameter βc=1. I0 is the noise-free critical
current used in the simulations. The inset shows the magnetic ﬁeld
dependence of the critical current for sample A (solid circles) and
sample B (open circles), for ﬁelds applied parallel to the in-plane
junction edges. The line is the Fraunhofer pattern expected for a
junction with homogeneous critical current density. The pattern has
been shifted by 2.5 G to account for residual ﬁelds in the
measurement setup.

lift-off a second Nb is deposited, with a thickness of 200 nm.
The structure is ﬁnally etched down using reactive ion etching
to form the junction and the contacting electrodes.
Figure 1(a) shows the resistance versus temperature
curve of sample A for temperatures between 50 and 2 K. For
decreasing temperature there is a ﬁrst drop in resistance at
39.2 K which is the critical temperature of the BKFA crystal.
The resistance strongly decreases below 8.7 K and reaches
zero at 6.8 K. As we will see below the actual junction
resistance is about 1 Ω, thus the resistive transition below
8.7 K and particularly the foot structure between 8 and 6.8 K
reﬂects the resistive transitions of the two Nb layers. The Nb
layer interfacing the Al is presumably the one having a
slightly reduced Tc-onset of about 8 K.

Figure 3. (a) IVCs of sample A in 40 GHz microwave ﬁelds at three

different power levels, indicated in dBm, at a bath temperature of
2.7 K. Lines are ﬁts using the RCSJ model. The ac current,
normalized to I0, is indicated. (b) Color plot of the differential
resistance dV/dI in the IVCs under 40 GHz microwave irradiation as
a function of microwave amplitude P1/2 and voltage V across the
stack.

excess current. In the simulations we included also thermal
noise, leading to a critical current Ic, which is slightly lower
than I0. Comparing simulations and measurement one ﬁnds
I0=155 μA, R=1.02 Ω and I0R=158 μV. This value is
actually about a factor of 20 larger than I0R reported for the
planar junction in [36] for the same bath temperature, and e.g.
about by a factor of 50 larger than the I0R values reported in
[38]. The I0R product we observe is however in the range of
values obtained with point contacts [36], although below the
value reported in [35] for a SIS-type junction. We further ﬁnd
for the product of resistance and junction area a value around
RA=10−6 Ω cm2 which is three orders of magnitude lower
than typical RA products of tunnel junctions. The RA value we
observe is relatively high for good SNS junctions but comparable to the corresponding values obtained e.g. in [36]. From
βc=1 we further ﬁnd a junction capacitance of about 2 pF,
which might arise from stray ﬁelds between the Nb electrode
and the substrate. We further note that the observed βc value
around 1 seems to be much higher and consequently the
damping of our junction much lower than that of most other

3. Results
Figure 2 shows by solid circles the IVC of sample A, as
measured at a bath temperature of 3.1 K. At the critical current
Ic=152 μA the voltage jumps to a value of about 98 μV and
then increases continuously with increasing current. Near Ic
there is in fact a tiny hysteresis which increases when going to
lower temperatures, see ﬁgure 3. The solid line in ﬁgure 2 is a
numerical simulation based on the resistively and capacitively
shunted junction (RCSJ) model [42, 43], where we used a
Stewart–McCumber parameter bc = 2pI0 R2C F0 =1. Here,
I0 is the Josephson critical current in the absence of thermal
ﬂuctuations, R is the junction resistance, C is the junction
capacitance and Φ0 is the ﬂux quantum. Note that the good
agreement between the measured and the simulated IVCs at
large currents imply that there is no or at least no signiﬁcant
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hybrid Fe-based junctions we are aware of, with the exception
of the junctions reported in [33, 35]. The reduced damping may
help in detecting dynamic effects such as internal resonances.
The Stewart-McCumber parameter can also be written as
bc = ( fc fpl )2 where fc = I0 R F0 is the characteristic frequency and fpl is the Josephson plasma frequency. We ﬁnd a
value of about 76 GHz for both frequencies.
Comparing the experimental and the simulated curves in
ﬁgure 2 one observes a bump in the experimental IVC. The
difference between the experimental and the theoretical curve
is largest for a voltage near 150 μV, corresponding to a
Josephson frequency of about 72 GHz. To explain the bump
a ﬁrst option is that it arises from a cavity resonance, i.e. a
standing wave in the junction barrier. The frequency of the
lowest cavity mode (one half wave along one side, no halfwave along the other) is fcav=cs/2W with the junction length
W and the Swihart velocity cs=2π fplλJ. λJ is the Josephson
length. Using the expressions in [44] and the parameters of
our junction we estimate cs to be about 107 m s−1 and λJ to be
about 20 μm. This results in a cavity resonance frequency of
500 GHz which seems to be too high to explain the bump.
Further, when increasing the magnetic ﬁeld from zero the
bump decreases in amplitude and disappears for ﬁeld around
20 G. With increasing ﬁeld its maximum slightly shifts, from
about 150 μV and μ0H=0 to roughly 100 μV for μ0H=
20 G. By contrast, for a cavity resonance one would have
expected that the hump increases with increasing ﬁeld,
reaching its maximum for a ﬁeld near the ﬁrst zero of the
Fraunhofer pattern. As we will see below the voltage position
of the bump decreases with increasing temperature and it
further gets suppressed in microwave ﬁelds. The temperature
shift of the bump voltage, as well as its shift in magnetic ﬁelds
speaks against parasitic resonances somewhere on the substrate as its origin, because those resonances should be in
essence temperature independent. An option which we cannot
fully rule out is that the bump is caused by some Andreevtype processes. However, these processes typically lead to a
ﬁnite excess current in the IVCs which seems to be absent in
the IVCs of our samples. An intriguing speculation would be
to consider the bump to arise from an out-of-phase Josephson
plasma mode which can occur within a s-wave/s± wave
hybrid junction [45]. Depending on parameters the frequency
of this mode can be smaller or larger than the standard
Josephson plasma frequency and can even become zero
(Leggett mode). However, we have not enough information to
substantiate this speculation. We ﬁnally note that a similar
bump seems to be present in the IVCs presented in [35] for a
SIS-type PbIn/TiO2/BaFe1.94Co0.06As2 hybrid junction.
The inset of ﬁgure 2 shows the magnetic ﬁeld dependence of the critical current for two junctions (sample A, solid
circles and sample B, open symbols). In fact, both samples
got destroyed before completing the measurements for
negative ﬁelds. If the Josephson critical current density were
homogeneous one would expect a Fraunhofer pattern for Ic
versus H, as indicated by the solid line in the ﬁgure. As one
can see the experimental curve show some modulations, but
the side maxima are not developed very well. This indicates

Figure 4. Critical current (upper graph) and the heights of the ﬁrst

and second Shapiro step (middle and lower graph) as a function of
microwave amplitude at a microwave frequency of 40 GHz.
Experimental data are displayed by solid (red) circles. The
microwave amplitude is shown on the top axis. Open circles
correspond to results from RCSJ simulation, the ac current,
normalized to I0 is shown on the bottom axis. The lines correspond
to Bessel functions Jn(x) with n=0 (top graph), n=1 (middle
graph) and n=2 (lower graph), with x=Vac/Φ0f, where Vac is the
applied ac voltage across the junction. x is chosen to match the RCSJ
dependencies at large ac power. Parameters not displayed in the
graph are the same as in ﬁgure 3.

that the homogeneity of the junctions is reasonable but not
perfect. The zeroes of the Fraunhofer pattern are determined
by the width of the junction and its effective thickness, which
depends on the London penetration depth and the electrode
thickness [44]. For our junctions we expect the zeroes to
occur at multiples of 15±2 G. In experiment we see that the
ﬁrst Ic minimum is at somewhat higher ﬁelds (26 G for
sample A and 18 G for sample B). This may indicate that the
actual width of our junctions is smaller than the nominal
value.
Figures 3 and 4 show microwave response for sample A,
measured at a frequency f=40 GHz and a bath temperature
of 2.7 K. In ﬁgure 3(a) we display three IVCs, taken at
4
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microwave powers of, respectively, −7 dBm (0.2 mW),
6 dBm (4 mW) and 15 dBm (31.6 mW). While the IVC at
0.2 mW is in essence indistinguishable from the curve without
microwaves (not shown), we see that for 4 mW three Shapiro
steps have developed at voltages V=nf0f, with n up to 3. At
31.6 mW one observes Shapiro steps with n up to 4. No
subharmonic steps appeared in either the 40 GHz measurements nor at measurements taken at lower frequencies. For
40 GHz this is displayed in more detail in ﬁgure 3(b), where
we plot as a color scale the differential resistance of the IVCs
for values below 0.4 Ω as a function of microwave amplitude
P1/2 and voltage V across the junction. The Shapiro steps
appear as the dark colored vertical lines at integer n. To
compare our data with theory we performed simulations witin
the RCSJ model, using βc=1.2 and I0R=185 μV,
corresponding to fc=91.4 GHz. In the RCSJ model the
microwave ﬁelds enter as an ac current, the amplitude of
which is indicated in ﬁgure 3 normalized to I0. The experimental IVCs and the simulated ones match reasonably well
for all microwave amplitudes. In ﬁgure 4 we display by solid
(red) symbols the critical current (n=0) and the height of the
ﬁrst and second Shapiro step at a function of the microwave
amplitude delivered from the microwave source (top axis).
The open circles in the graphs correspond to RCSJ simulations, with the normalized ac current indicated on the bottom
axis. We used the same proportionality factor between Iac/I0
as in ﬁgure 3, thus there is no additional free parameter for the
simulations shown in ﬁgure 4. As one can see, the experimental and simulated curves match reasonably, although not
perfect. Note that in the region Iac/I0 between 1 and 2 both the
simulated and the experimental step heights exhibit some
jumps. Indeed, in the simulations this is a chaotic regime, and
also in experiment we observe some instabilities in the IVCs
in this region. Thus our conclusion is that the current-phase
relation of our junction is close to sinusoidal, with peculiarities in the Shapiro step heights arising from chaotic phenomena. A similar conclusion has been drawn in [25] for a
point junction oriented in c direction. For reference we also
show by the solid lines the dependence of the step heights on
microwave amplitude, that would have been obtained for an
ac and dc voltage bias. In this case the height of the nth step is
given by the nth Bessel function Jn(x), where x=Vac/Φ0f.
The value of x is not explicitly shown in the plots; we have
chosen x so that the step heights match the RCSJ simulations
at high microwave amplitude. One notes that the step heights
for the voltage bias are far off from the RCSJ plots at low ac
amplitudes.
We ﬁnally discuss the temperature dependence of IVCs
and of the junction critical current, as measured for sample B.
The corresponding data are shown in ﬁgure 5. The main
graph displays Ic versus T by solid symbols. Ic values are
shown on the left axis. For comparison we also show by open
symbols (right axis) some Ic values for sample A for which
we do not have a systematic Ic versus T measurement. The
inset shows IVCs at 7 different temperatures between 2.4 and
6 K. Starting with the inset one observes that the IVCs,
measured with increasing bias current, exhibit a bump feature
below 60 μV which shifts to lower voltages with increasing

Figure 5. Temperature dependence of the critical current of sample B
(solid symbols, left axis) and sample A (open symbols, right axis).
The red line is a linear curve drawn to guide the eye. The inset shows
IVCs of sample B at different temperatures: 2.4, 2.8, 3.2, 3.8, 4.6,
5.6 and 6 K from top to bottom.

temperature. Well above the critical current the junction
resistance is about 1.17 Ω for temperatures below 5.6 K.
Above 5.6 K the resistance strongly increases, presumably as
a result of some parts of the Nb electrode getting resistive.
Further note that the IVCs shown here are traced out only to
voltages below 120 μV. The roughly linear part of the IVCs at
high voltages could be part of another bump, like for junction
A. We cannot decide this from our data. Returning to the
main graph one notes that Ic versus T is linear for temperatures down to about 0.3 Tc, as indicated by the red straight
line which is drawn as a guide to the eye. The linearity of Ic
versus T down to about 0.3 Tc is striking but is also observed
for other Fe-based Josephson junctions [28, 30–33, 36]. This
seems to be the main feature that distinguishes this type of
junctions from conventional SNS or SIS type junctions. In the
SNS case, one expects a quadratic temperature dependence
near Tc, while for SIS junctions Ic should start to saturate
below about 0.6 Tc. Nearly linear Ic versus T curves are in the
range of parameters of the formalisms presented in [26, 25].
The curves shown in [25] are for an (100) orientation but we
assume that similar dependencies can be produced also for
other directions of current ﬂow. Indeed, this theory has been
used in [38] to successfully ﬁt Ic versus T curves of c-axis
Nb/Ba1−xNaxFe2As2 junctions. In this case the Ic versus T
curves were not completely linear but exhibited a weak
negative curvature. The IcR product observed for sample B is
somewhat smaller than that of sample A, reaching a value of
about 140 μV at 2 K. Ideally, IcR could reach values of up to
(DNb + Dmax,BKFA ) e, which would be as large as 9 mV at
low temperatures [24]. Here, ΔNb is the niobium gap and
Dmax,BKFA is the maximum gap of BKFA. In the s± case the
contributions to Ic having different signs of the order parameter in BKFA would cancel, leading to a strong reduction of
IcR. However, one should note that also conventional SNStype Nb junctions [46], can have values of a few 10–100 μV,
so that it is hard to draw clear conclusions from the IcR
product.
5
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4. Summary
[7]

In summary we have fabricated planar c-axis Nb/Al/BKFA
hybrid Josephson junctions, patterned on optimally doped
BKFA single crystals. An in situ fabrication process was used
to create clean interfaces between Nb, Al and BKFA.
Transport experiments were carried out for temperatures
down to 2 K, in magnetic ﬁelds of up to 100 G and in
microwave ﬁelds of up to 40 GHz. Like for several other Febased Josephson junctions reported in the literature we ﬁnd a
remarkably linear temperature dependence of the Josephson
critical current down to about 0.3 Tc. Our junctions are
moderately underdamped at low temperature, allowing to
observe resonant features in the current–voltage characteristic. It is tempting to associate the bump-like features we see
to out-of-phase Josephson plasma modes predicted for an s±
order parameter. However, also more conventional explanations are possible. Thus a clear conclusion on the BKFA order
parameter cannot be given.
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