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Abstract—We report on observation of superconducting current and AC Josephson effect in mesa-hetero-
structures with the interfaces comprised spin-singlet superconducting electrodes, coupled by a barrier made
from strontium iridate, a material with the strong spin-orbit interaction. The superconducting critical current
density was jC ≈ 0.3 A/cm2 at T = 4.2 K for mesa-heterostructures with d = 7 nm and jC ≈ 4 A/cm2 for d =
5 nm. The zero-bias conductance peak has been observed due to low energy states originated at
Sr2IrO4/YBa2Cu3Ox interface. Under influence of weak magnetic field the critical current IC(H) depen-
dences showed Fraunhofer-like pattern indicating absence of pinholes, supported also by oscillating with
microwave power Shapiro steps. Fiske resonance steps with voltage positions deviated from the ordinary ones
were registered for mesas with d = 5 nm.
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In recent years Josephson junctions featuring spin-
dependent processes attract increasing interest. Par-
ticularly, spin-orbit interaction (SOI) in ferromagnetic
(F) barrier material may lead to generation of spin-
triplet superconducting current [1–5]. Theoretically
magneto-electric effect and spin-triplet pairing were
predicted for the case when ferromagnetic interlayer F
was replaced by the normal-metal N with SOI [6, 7].
However, most of experimental investigations of
impact of SOI on Josephson effect were performed in
structures with superconductors linked by a topologi-
cal insulator. A possibility to replace the topological
insulator with a semiconductor film with SOI was sug-
gested in [8] stimulating extensive theoretical and
experimental studies [9, 10]. A promising choice of
material with strong SOI for superconducting junction
is the 5d transition-metal oxide Sr2IrO4 [11, 12]. This
compound is known as a canted antiferromagnetic
insulator with the band splitting, characterized by
energy 0.4 eV [13]. Unconventional properties of
Sr2IrO4 and the interfaces with other oxides, particu-
larly with the superconducting cuprate, are discussed
in refs. [14–16]. Moreover, Sr2IrO4 gives opportunities
[17, 18] for spin manipulation in a junction with the

barrier material with weak magnetic moment. For
experimental studies a sandwich-type structure seems
promising due to the possibility to reduce the distance
between superconductors down to a few nanometers
that is necessary for the interference of superconduct-
ing wave functions in the junction. An inclusion of
high-Z metallic Pt into the ferromagnetic interlayer
for experimental study of impact of SOI on supercon-
ducting proximity effect was reported in [19].

In this report we present experimental results on
observation of superconducting current and study of
electron and microwave transport characteristics of
hybrid superconducting Nb/Au/Sr2IrO4/YBa2Cu3Ox
sandwich-type mesa-structures with 5 and 7 nm
thickness of the Sr2IrO4 interlayer.

For sample fabrication the bilayer of YBa2Cu3Ox
(YBCO) and Sr2IrO4 (SIO) with thickness 60–70 nm
and 5–7 nm, correspondingly, were grown epitaxially
by pulsed-laser deposition (PLD) on (110) NdGaO3
(NGO) single-crystalline substrates, as it was
described in [16]. The superconducting Nb film with
thickness about 200 nm was deposited ex situ by mag-
netron sputtering in an argon atmosphere at room
temperature, followed after the sputtering of Au film
547
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Fig. 1. A sketch of the mesa-heterostructure
Nb/Au/SIO/YBCO on (110)NdGaO3 substrate. 

Fiske stepsI–

 Zero bias peak

V–

I+ V+

Nb + Au

Sr2IrO4

YBa2Cu3O7–δ

(110)NdGaO3

S'

AFISO

NSO

S
O2
[20]. XRD data show that the lattice parameter c =
1.283 nm was obtained for SIO films and c = 1.166 nm
for YBCO film. Nb/Au/SIO/YBCO mesa-structures
(MS) with square shape and sizes A = WL = 10 × 10 to
50 × 50 μm2 (total 5 MS on a chip) were formed using
optical lithography, reactive ion-plasma etching and
ion-beam etching at low ion accelerating voltages (see
Fig. 1).

After the structuring process the transition tem-
perature of the YBCO electrode in the MS has
reduced to TC_YBCO ≈ 61 K, which could be explained
JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHRO

Fig. 2. Family of conductivity dependen
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by the influence of ion-beam etching and oxygen
migration at SIO/YBCO interface. The normal state
resistivity of Nb/Au interface, studied earlier [20],
gave RNA = 10−6 μΩ cm2, corresponding to a transpar-
ency Γ ≈ 1. The averaged value of the normal resistivity
for four MS on first chip with SIO thickness d = 7 nm
was RNA ≈ 10–4 Ω cm2 and for second chip with d = 5 nm
the averaged normal resistivity was RNA ≈ 10–5 Ω cm2.
A model of tunnelling through a high resistive barrier
is more applicable to the experimental data than a
model of direct transport in the SIO interlayer. For the
direct transport model an Ohmic dependency RNA(d) =
ρd where ρ is resistivity of SIO should take place. The
SIO resistivity is higher than ρ = 104 Ω cm at 4.2 K that
is clear from supplementary material to [21]. Taking
ρ = 104 Ω cm the calculated value of resistivity by the
Ohmic dependency one obtains of 7 × 10–3 Ω cm2 for
MS with d = 7 nm and of 5 × 10–3 Ω cm2 for MS with
d = 5 nm. It is much large than experimental values.

This allows to conclude that a tunnelling through
high-resistive barrier takes place. This explains the
measured value of RNA and allows to argue that the
tunnelling is the main mechanism of electrical trans-
port through the SIO/Au interfaces in the MS with a
total transparency Γ = 3 × 10−5. Existence of zero-bias
conductance peak (ZBCP), shown in Fig. 2, demon-
strates that the SIO/YBCO interface also is transpar-
ent enough and low-energy states occurred. According
to experimental data [22] even a minor change in the
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ces G(V) at temperatures T = 4.2–50 K.
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Fig. 3. I–V curve (solid black line), and RD(V) (grey line
with dots) plotted at H = –2.7 Oe (a). Arrows point on
Fiske resonance voltage positions for k = 1. The normal-
ized by k the LVk product vs. size L. Circles correspond to
Fiske number k = 1, squares – to k = 2 (b).
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oxygen content in SIO leads to a drastic change in the

conductivity type at low temperature from activation

to metallic. So, the interface SIO/YBCO could be

considered as NSO/S, where NSO is a normal metal

with SOI, and S is a singlet superconductor. Taking

into account the rise of conductance G(V) at V > 10 mV

at low temperatures which is inherent to tunnelling

and could be caused by an existence of insulating bar-

rier I between SIO and Au/Nb superconducting S'

bilayer, the whole MS could be modelled as

S'/I/NSO/S (see Fig. 1).

In [21] it was shown, that the critical current of our

mesa-structures increased with decreasing tempera-

ture similarly as the voltage of the energy gap singularity

of Nb film. Under influence of magnetic field the critical

current IC(H) dependences showed Fraunhofer-like pat-

tern [21] indicating absence of pinholes, supported also

by oscillating with microwave power Shapiro steps.

Under electromagnetic radiation at millimetre wave fre-

quency band, the Shapiro steps including the fractional

ones were observed for mesas with d = 7 nm, indicating
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the deviation of the current-phase relation from the sinu-
soidal and the presence of the second harmonic, which
could not be explained solely by impact of d-wave sym-
metry of c-oriented YBCO electrode.

At voltages up to 200 μV (full range not shown in
Fig. 3a) differential resistance RD(V) demonstrates

oscillations which could be explain by Fiske reso-

nances at Vk = k(h/2e)c'/2L, c' = c(d/ε dJ)
1/2 is Swihart

velocity, dJ = d + λNbctanh(dNb/2λNb) + λYBCOctanh

(dYBCO/2λYBCO)λYBCO =150 nm and λNb = 90 nm –

London penetration depths for YBCO and Nb at
4.2 K. Changing the MS size the voltage positions of
Fiske resonances changed as shown in Fig. 3b. Minor
variation of expected VkL products with changing L is

seen, showed for the 1st and 2nd Fiske steps. At the
same time the difference in V+1 and V–1 marked by

arrows is seen well on RD(V) in Fig. 3a. An asymmetry

has been observed also for higher k, as shown in
Fig. 3b. Theoretical prediction of an asymmetry and
deviation from ordinary Fiske resonance voltage posi-
tions were made in [22, 23] for the case of ferromag-
netic insulator (IF, or IFI barriers) were mutual inter-
action of spin waves and plasma waves occurs. Spin
waves in antiferromagnetic insulators are less studied,
however their existence were examined in antiferro-
magnetic thin films [24], and antiferromagnetic spin
dynamics in SIO was reported in ref. [25]. Fiske reso-
nances were reported for Josephson junctions with
metallic ferromagnets in IF barrier [26] without any
deviation in Vk positions from ordinary theory [27]. A

minor shift was noticed in ref. [28], which, however,
could be explained by an influence of electromagnetic
surrounding [29]. In our experimental case deviations
are rather more pronounced. Furthermore, estimated
from Fiske resonance position V1 the plasma fre-

quency fP ~ 25 GHz gives high value of dielectric con-

stant ε ~ 40–45, which does not contradict to values
experimentally measured for SIO crystals [30] at
somewhat higher temperatures than in our experiment
and were explained by existence Mott band and strong
SOI properties [31] in Sr2IrO4.

In conclusion, Nb/Au/Sr2IrO4/YBa2Cu3Ox mesa-

structures with epitaxial bilayer of Sr2IrO4 and YBa2-

Cu3Ox films have been fabricated. The superconduct-

ing current for the thickness d = 5 and 7 nm of Sr2IrO4

interlayer has been registered. The zero-bias conduc-
tance peak has been observed and interpreted. Fiske
resonances were registered for samples with d = 5 nm.
From Fiske resonance positions dielectric constant ε ~
40–45 was calculated.
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