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The superconducting current has been observed in mesa-heterostructures Nb/Sr;IrO,/YBa,Cu;O, with
a SrpIrOy4 interlayer having strong spin-orbit interaction. The superconducting critical current density jc &
0.3 A/cm? for d = 7 nm was registered at T = 4.2 K. Magnetic-field dependence of superconducting critical
current Ic(H) showed a sharp central peak and minor oscillating behavior for sidelobes indicated the absence of
pinholes. Integer and fractional Shapiro steps were observed at voltages V,, , = (m/n)(h/2e) f, under microwave
radiation at frequencies f, = 38 GHz and f, = 50 GHz. Fractional Shapiro steps (m/n = 1/2, 3/2) point on the
presence of the second harmonic in the superconducting current-phase relation. The zero-bias conductance peak
was observed hinting on existence of low-energy states at Sr,IrO,/YBa,Cu;0;, interface at temperatures higher

than the superconducting critical temperature of Nb.
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I. INTRODUCTION

In recent years development of Josephson junctions fea-
turing spin-dependent processes attracts increasing interest
[1,2]. Recently it was shown theoretically that spin-orbit
interaction (SOI) leads to generation of spin-triplet supercon-
ducting current [1-6]. Particularly, it was predicted that the
SOI in the ferromagnet F of a superconductor-ferromagnet-
superconductor (S-F-S) junction results in a pure spin-triplet
state without any singlet superconductivity, and this state per-
sists throughout the ferromagnetic interlayer [4—7]. In Ref. [8]
magnetoelectric effect and spin-triplet pairing were predicted
for the case when ferromagnetic interlayer F' was replaced by
the normal-metal N with SOI, and superconducting current
was analyzed. The S/N interface for the case of strong SOI in
N was analyzed in Ref. [9], and it has been shown that the
robust spin-triplet pairing due to proximity effect takes place,
and promotes the interference of superconducting wave func-
tion of superconductors (Josephson effect). However, most of
experimental investigations of impact of SOI on Josephson
effect were performed in structures with superconductors
linked by topological insulator (semiconductor) underlayer.
The unconventional proximity effect was observed in Nb su-
perconducting junction with a magnetically doped topological
insulator (Fe-Bi, Te,Se), and the splitting of zero-bias conduc-
tance peak and the conductance oscillations affected by mi-
crowaves have been reported [10]. One possibility to replace
the topological insulator with a semiconductor film with SOI
was suggested in Ref. [11], stimulating extensive theoreti-
cal and experimental studies. Superconductor-semiconductor-
superconductor Al/InAs/Al junction was experimental studied
in Ref. [12] and the asymmetry of interference pattern was
discussed under suggestion of impact of strong SOI. The
appearance of the 47 -periodic superconducting current-phase
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relation (CPR) was analyzed for a junction with semiconduc-
tor superconducting wire [13]. An unconventional CPR in
topological Josephson junctions was reported and analyzed
in Refs. [14,15], and for the case of a wire with SOI, in
which fractional 1/2 electron charge may form along with
8m-periodic CPR [16].

A promising choice of material with strong SOI for super-
conducting junction is the 5d transition-metal oxide SrpIrO4
[17-20]. This compound is known as a canted antiferromag-
netic insulator with the band splitting [21,22]. The intrinsic
crystal field ~0.4 eV [21] splits the degenerate states of 5d
electrons into e, and #,, bands, and the partially filled 7,, band
splits into Jegg = 3/2 and Jegr = 1/2 due to the strong SOI over
the iridium ions. Unconventional properties of Sr;IrO4, and
the interfaces with other oxides, particularly with the super-
conducting cuprate are discussed in Refs. [23-25]. Moreover,
SrpIrO4 [26-28] gives opportunities for spin manipulation
in a junction with the barrier material with weak magnetic
moment.

For experimental studies a sandwich-type structure seems
preferable due to the possibility to reduce the distance be-
tween superconductors down to a few nanometers thick that
is necessary for the interference of superconducting wave
functions in the junction. An inclusion of high-Z metallic
Pt into the ferromagnetic interlayer for experimental study
of impact of SOI on superconducting proximity effect was
reported [29].

In this paper we present experimental results on ob-
servation of superconducting current and study of elec-
tron and microwave transport characteristics of hybrid su-
perconducting Nb/Au/Sr;IrO4/YBa,Cu30, sandwich-type
mesa-structures with nanometer thickness of the SryIrOy4
interlayer.
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FIG. 1. X-ray-diffraction patterns of Bragg reflections for 17-
nm-thick Sr,IrO4 (marked SIO, the upper curve), and for heterostruc-
ture Au/SrpIrO,/YBa,Cus;O, (lower curve) grown on NdGaO;
(marked NGO). The thicknesses of Au, Sr,IrO4, and YBa,Cu;0,
(marked YBCO) films were 10, 7, and 60 nm, correspondingly.
Symbol “*” points on response from sample holder.

II. EXPERIMENTAL SAMPLES

The thin bilayers of YBa,Cu3;O, (YBCO) and Sr;IrO4
with thickness 60-70 nm and 5-7 nm, correspondingly, were
grown epitaxially by pulsed-laser deposition (PLD) on (110)
NdGaOj3; (NGO) single-crystalline substrates. A KrF-excimer
laser with frequency 10 Hz and 1.6-J/cm? energy density was
used to ablate materials from YBCO and Sr,IrO4 stoichio-
metric targets. The bottom YBCO thin film was deposited at
830°C in an oxygen atmosphere of 0.5 mbar. The SrIrO4
thin film was deposited at 700 °C in an argon atmosphere with
pressure 0.5 mbar. Both YBCO and Sr,IrO; films were grown
with the ¢ axis perpendicular to the substrate plane [25].
Note, high-quality epitaxial Sr,IrOy4 thin films with thickness
up to 300 nm have been grown by PLD on SrTiO3 (001)
substrates [30]. A protective Au thin film with thickness about
10 nm was deposited in situ at 30 °C in the PLD chamber.
The superconducting Nb film with thickness about 200 nm
was deposited ex situ by magnetron sputtering in an argon
atmosphere at room temperature, followed after sputtering
of Au film [31]. The crystalline parameters of the Sr,IrO4
film and the bilayer Sr;IrO4/YBCO were determined using
the four-circle x-ray diffractometer, measuring 20 /w scans
and rocking curves. The x-ray diffraction (XRD) patterns
of Bragg reflections of the reference Sr;IrO4 film and for
heterostructure Au/Sr;IrO4/YBCO are given in Fig. 1. XRD
data show that the lattice parameter ¢ = 1.283 nm was ob-
tained for SrIrO4 with thickness d = 17 nm and ¢ = 11.66
nm for YBa,Cu;O, film.

Nb/Au/Sr,IrO4/ YBCO mesa-structures (MS) with square
shape and sizes from A = L? = 10 x 10 um? to 50 x 50 um?
(total five MS on a chip) were formed using optical lithog-
raphy, reactive ion-plasma etching, and ion-beam etching
at low ion accelerating voltages. Oxygen plasma treatments
were performed after each lithography process to remove
remains of the resist. The SiO, protective insulator layer was
deposited by rf sputtering provided the DC current to flow
in perpendicular direction to the MS layers. An additional
Nb (or NbN) film with a thickness of 200 nm was sputtered
providing superconducting current transport through the DC
wiring. Contact pads were made of gold films for four-point
I-V curve measurements (see Fig. 2).
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FIG. 2. Sketch of 3D view (on the left) and the top photo (on the
right) of the mesa-heterostructure Nb/Au/Sr,IrO,/YBCO. The in-
sulating SiO, layer separates top and bottom electrodes and provides
electrical transport along the ¢ axis. Four-probe current supply and
voltage measurement wires are shown schematically.

III. RESULTS AND DISCUSSION

A. DC transport characteristics

The normal resistance of the Nb/Au interface was in the
182 range and Rnp/auA ~ 1073 n2 cm?, which corresponds
to the Nb/Au interface transparency Snp/au ~ 1 [31,32].
The averaged value of the normal resistance for four MS
on one chip with SrpIrO4 thickness d =7 nm was RyA =~
100 u2 cm? at T = 4.2K (see Table I). The contribution of
resistivity from St IrO, film p x d =7 x 10° uQem? (d =
7 nm) should be much higher (see Supplemental Material
[32]). A tunneling through a high-resistive barrier can explain
the measured value of RyA and allows one to argue that
the transport through the YBCO/Sr;IrO4 and Sr,IrO4/Au
interfaces in the MS with a total transparency I = 3 x 107>
is the main mechanism for electrical transport [31]. Three MS
for d =7 nm and L = 50, 40, and 30 wm show relatively
good reproducibility of the IcRy product. The smaller one,
L = 20 um, had 3 times smaller critical current density jo =
Ic /A, but RyA differs not too much (Table I). The fifth MS on
the same chip with L = 10 um had much higher RyA and was
omitted. Parameters of two MS with d = 5 nm are also given
in Table I.

The critical current I was evaluated from the I-V curve
using also the plot of differential resistance Rp = dV/dI [see
Fig. 3(a)]. At temperatures near Tenp (critical temperature of
Nb film) the amplitudes of I» were small and its values were
determined from Rp(I) since the influence of fluctuations
resulted in “rounded” I-V curves. In this case an approach
described in Ref. [33] (see also Supplemental Material [32])
was used which takes into account the external low-frequency
fluctuations [33,34]. Temperature dependences of Io(7) and
the voltage of singularity on Rp (V') caused by the energy gap
of the Nb electrode VA(T) are given in Fig. 3(b) and BCS
dependence of Nb gap with Ten, = 8.4 K is also presented.
The singularity on conductivity G(V) caused by the energy
gap of the Nb electrode is clearly seenat T = 4.2K atV =V,
as shown in the inset to Fig. 3(b). The singularities of Rp(V')
corresponding to superconducting current at V = 0 are also
shown for temperatures 7 = 4.2K and T =~ Tenp = 8.4 K.
Obtained dependence of I-(T) is proportional to the Nb gap
as it follows for the junction of two superconductors with
different superconducting gaps [35]. Reducing the thickness
of SrpIrOy4 interlayer from 7 to 5 nm the RyA decreases,
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TABLE L DC parameters of the mesa-structures fabricated on the same substrate, T = 4.2 K. L is the planar size of the MS, square A = L2,
I¢ is critical current, Ry is normal resistance measured at V = 0.8 mV, jo = I¢/A is critical current density, and the characteristic resistance of
MS RyA, Ay = (li/2euod; jc)'/? is Josephson penetration depth at T = 4.2 K, H = 0.

L (pm) d (nm) Ic(pnA) Ry (2) RyA(Qcm?) Je(A/em?) Ic Ry (V) Ay (um)
50 7 6.5 5.0 125 0.26 32 725
40 7 6.0 7.1 114 0.38 43 600
30 7 3.0 10.4 94 0.33 31 645
20 7 0.5 20.7 83 0.12 10 1065
50 5 35 0.5 12.5 1.4 17.5 305
40 5 70 0.7 11.2 44 49 172

while the amount of j¢ increases, keeping the IcRy product
unchanged (see Table I).

The [-V curves were transformed as shown in
Fig. 3(c) when magnetic field was applied. Magnetic-field
dependence of superconducting critical current Io(H)
showed a sharp central peak and minor oscillating
behavior for sidelobes [see Fig. 3(d)]; the theoretical
Fraunhofer dependence I-(H) = Iylsin(rH)/mH| [35]
is also given in Fig. 3(c). The calculated magnetic-field
level which corresponds to the first minimum of the
Fraunhofer pattern is H; = ®¢/pod;L ~ 4 Oe, where d; =
d + Anpctanh(dny/2Ane) + Aycoctanh(dysco/2AyBco),
d =7nm 1is thickness of SrIrO4 barrier, L =50 um
is junction size, and Aygco = 150 nm, Anp =90 nm
are London penetration depths for YBCO and Nb at
4.2 K, correspondingly. From Fig. 3(d) it is seen that the
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experimental H; is smaller than the predicted one, and
the half-width at the half-height of the central peak is
narrower than that calculated for the case of a tunnel junction
[36] with the geometry and magnetic-field direction as
in our experiment. The observed dependence I-(H) with
well-defined zeros indicates the absence of pinholes in MS.
Although Sr,IrO4 has weak magnetic moment a minor shift
of maximum Ic(H) does not exceed uncertainty of applied
magnetic field, which could be caused by the influence of
weak residual magnetic field of multiturn mu-metal foil.
An enhanced sensitivity of the superconducting current to
magnetic field has been observed earlier for the junctions
with the antiferromagnetic Cag 5Srg sCuO, interlayer [37,38].

In MS the s-wave Nb/Au superconducting electrode
contacts via the SrpIrO4 interlayer with the YBCO su-
perconductor whose order parameter is described as a
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FIG. 3. (a) I-V curve and differential resistance Rp = dV/dI versus current I. The critical current is determined by the local maxima of
dVldl. (b) Temperature dependences of the normalized critical current /- and gap voltage V. A solid line is the BCS dependence of the
energy gap versus temperature. Inset shows singularities on dV/dl (V) caused by the energy gap of the Nb electrode at 7 = 4.2 and 8.4 K.
(c) Family of I-V curves at T = 4.2 K and magnetic field varied in the range 0-1.1 Oe for MS with L = 50 um and d = 7 nm. (d) Critical
current versus the magnetic field (black squares). The calculated Fraunhofer pattern (shown by dashed-dotted line) Ic(H) = Iy|sin(7H )/ H|,
where H = ®/pod; for the sandwich-type junction with L = 50 um and d = 7 nm.
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superposition of d-wave (A,) and s-wave (Ay) components:
A(B) = Aycos20 + A, where 6 is the angle between the
quasiparticle momentum and the a axis of the YBCO [39—41].
In the case of Nb/Au/YBCO junction the superconducting
current-phase relation may differ from the sinusoidal one,
particularly for the transport along the c¢ direction Dgg;
[39-41]:

I(¢) = I.1sing + I2sin2g, (nH

where I;; and I, are amplitudes of the critical current for the
first and the second harmonics, and the ratio g = I.» /I is
used as a characteristic parameter for the second harmonic in
the CPR. The d-wave component of the YBCO superconduct-
ing order parameter (A,) promotes the unconventional super-
conducting CPR of the junction with the second-harmonic
amplitude [31]. We can see from Ref. [31] that at small
g < 0.5 the difference between I and I is less than 20% but
it increases for ¢ > 0.5 [42]. The first harmonic I originates
from the minor s-wave component of the superconducting
order parameter in YBCO(A;) and in the case A; > A, Anp
it looks like [39]

IeiRy = AsAnp/(eAp*), @)

where e is electron charge, Apx = wA4[2In(3.56A,/
ksTanp)]~', and kg is Boltzmann constant. For MS with
Va(4.2K) =~ 0.8 mV the parameters Axp/e = A,/e are also
0.8 mV and taking typical value A;/e =~ 20 mV for YBCO
we get I, Ry =~ 60 uV calculated by Eq. (2). It is twice larger
than the experimentally obtained values of IRy (see Table 1),
and close to S/Dgp; junctions without interlayer [31]. Thus,
inserting the Sr;IrO4 interlayer between YBCO and Au/Nb
results just in reduction of the I.; Ry product.

Note, superconducting current was absent in mesas with
the interlayer made of any of ferromagnetic manganites
Lag 7Srg3MnO3, Lag7Cap3MnO3, or LaMnOs3 (3d material)
even at reduced temperatures below T < 4.2 K [43]. Thus,
specific properties of SryIrO4, which is 5d material with
strong SOI, should be taken into account [44].

Oxygen migration at SrpIrO4/YBCO interface could play
the decisive role for appearance of superconducting current
in MS through the thick Sr;IrOy4 interlayer (in comparison
with the coherence length). According to experimental data
[44] even a minor change in the oxygen content in SrpIrO4
leads to a drastic change in the conductivity type of Sr,IrOy4 at
low temperature from activation to metallic. Figure 4 shows
evolution of conductivity G(V) with temperature, demonstrat-
ing zero-bias conductance peak (ZBCP) up to T = 48 K for
MS with d = 7 nm, L = 40um. Existence of ZBCP in exper-
imental data shows that the Sr,IrO4/YBCO interface is quite
transparent and low-energy states occurred, and the interface
Sr1rO4/YBCO could be considered as Ngo /S, where Ngo is a
normal metal with SOI, § is a singlet superconductor. Taking
into account the rise of conductance G(V) at V> 10 mV and
low temperatures (see Fig. 4) which is inherent to an existence
of barrier I between Sr;IrO4 and Au/Nb superconducting
() bilayer, the whole MS could be modeled as S’/I/Nso/S.
Appearance of Andreev states at interface of spin-singlet
superconductor and a conductor with Rashba-type spin-orbit
interaction may lead to removed spin degeneracy without the
help of magnetic field [45], and predicted effects [1-9] for a
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FIG. 4. Voltage dependence of conductivity G(V) for mesa-
structure with d =7 nm, L = 40 um at temperatures 7 = 4.2 —
50 K.

junction of spin-singlet superconductor YBCO and Sr,IrO4
with strong SOI [28] could be relevant. When SOI is taken
into account at the Sr;IrO4/YBCO interface [46] a spin-triplet
component of superconducting current may occur along with
the long range proximity effect. Particularly, theoretical mod-
els [8,9] for singlet-triplet conversion could be considered.
Recently in Ref. [47] was shown that with an increase of
SOI the decay length of superconducting correlations can be
significantly increased even in the absence of exchange field.
In accordance to Ref. [9] in the case of large energy of spin-
orbit interaction, comparable with Fermi energy Eso ~ EF,
the decay length of pairing amplitudes & for the case of
spin-triplet component becomes of order Isp, the spin-orbit
length. At the same time, theory [9] predicts enhancement for
both spin-singlet and spin-triplet components with increase of
SOI strength, and if Esog = O the triplet component is absent,
but the singlet exists. Comparing critical current densities j¢
for d with 5 and 7 nm, and assuming an exponential decay
for characteristic length of superconducting current in MS, it
becomes of order of £ ~ 1 nm. However, a question of which
components, singlet, triplet, or both survive over 7-nm-thick
Sr,IrOy in 8’ /1 /Nso /S-type mesas remains unanswered yet.

One should note that in a superconducting junction with
antiferromagnetic barrier, modeled by thin (much smaller than
the coherence length) separated from each other ferromag-
netic layers with opposite magnetization and placed in perpen-
dicular relative to superconducting electrodes, the long-range
superconducting proximity effect with spin-singlet pairing
also takes place [37,48,49]. However, the model [49] hardly
could explain our experimental data as it differs by geometry
of antiferromagnetic barrier in which the exchange interaction
of ferromagnetic layers should be of few meV—considerably
smaller than the energy of SOI in Sr;IrO4 ~ 0.4eV.

B. Microwave measurements

The information on CPR in MS could be obtained from
the dynamics of Shapiro steps by varying the power of mi-
crowave irradiation at high-frequency limit f, > f¢ [31,50].
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FIG. 5. (a) Voltage dependence of the differential resistance
Rp = dV/dI for the MS with d =7 nm, L =40um, T =4.2K
under influence of microwave radiation with frequency f, = 50 GHz.
The arrows and numbers indicate the position of integer (n = m =
1) and fractional Shapiro steps (n = 1, m = 2) at voltages V., =
(n/m)hf,/2e. The number “0” corresponds to the critical current.
(b) Normalized amplitudes of the first i; = I,(a)/I-(0) Shapiro step.
Theoretical curves were calculated taking a = Iyw/Ic as a fitting
parameter for ratios ¢ = I,/I.; =0, 0.3, 0.5, 1 and McCumber
parameter B¢ = 1. Error bar is indicated by +Ai. (c) Normalized
amplitudes of half-integer Shapiro steps i, = I;2(a)/Ic(0). Error
bar is indicated by +Ai;,. Theoretical curves were calculated for
q=0.2,0.3,0.5, 1, and c = 1. Open and closed symbols corre-
spond to positive and negative voltage biasing.

Since the characteristic frequency for MS fe- = (IcRy)2e/h
(h is Planck’s constant) is in GHz range the measurements
were carried out at high enough frequencies at f, = 38 GHz,
or f, =50 GHz. The voltage dependence of dV/dl of MS

at f, =50 GHz demonstrated both integer and fractional
Shapiro steps arising due to synchronization between Joseph-
son oscillations and the external microwaves at voltages
Vom = n/m)hf,/2e [see Fig. 5(a)]. The fractional Shapiro
steps may indicate the presence of the second harmonic in
CPR I, # 0. Figures 5(b) and 5(c) show dependences of
the first iy = I;/Ic(n = m = 1), and the fractional (half in-
teger) ijp = I12/Ic(n = 1, m = 2) Shapiro steps from nor-
malized microwave current a = Iyw /Ic(0) at f, = 50 GHz,
correspondingly. The dependences of ij(a) and i;/;(a) calcu-
lated for different values of g = I.,/1,; using the modified
resistively shunted junction model [31,50] are also shown.
Experimental data demonstrated well-defined local max for
i1(a) at a ~ 20 and a minor one at a =~ 80. Note, for g > 0
the minima of theoretical function i;(a) do not reach i; = 0,
but the i1,,(a) does. Deviation of experimental i;(a) depen-
dence from theoretical could be attributed to the presence of
higher harmonics in CPR, as well by the impact of enhanced
strong nonstationary processes which are not considered in the
model [31,50]. Taking the maximal amplitude of experimental
dependence ij2(a) ~ 0.3, the best fit for half-integer Shapiro
step corresponds to the theoretical function for ¢ = 0.3.

The d-wave component of the YBCO superconducting
order parameter (A,) promotes the unconventional super-
conducting CPR of the junction with the second-harmonic
amplitude [31]

IoRy ~ JAnp/e. 3

The contribution of the second harmonic caused by the d-
wave symmetry for S/Dgy; junction with the same electri-
cal parameters as the discussed MS with L = 40 um gives
I, ~20nA for I =2 x 107*, Anp/e =0.8mV, and Ry =
7.1Q at T =4.2K. Using the theoretical dependence for
ratio I, /Ic versus g [31,42] and the estimated “d-wave”
contribution of I, it gives negligibly small ¢ ~ 3 x 1073.

The deviation of CPR from sinusoidal may originate due
to appearance at the SrpIrO4/YBCO interface of the low-
energy states, related to the coherent Andreev reflections
[9,27,28,51,52]. Indeed, the MS demonstrated the zero-bias
conductivity peak at temperatures 7 = 4.2 K as well at tem-
peratures T > Teny, Which could be associated with low-
energy states. At the same time a tunneling-type conductivity
is seen at higher voltages V > 10 mV at low temperatures
along with asymmetry of G(V) dependence. Note, the the-
oretical simulation [28] shows that the interface of cuprate
superconductor with the SrIrO4 could exhibit both helical
Majorana fermions and zero-energy flat edge states. However,
the origin of the ZBCP and the asymmetry of G(V) in the MS
require additional studies.

IV. SUMMARY

In conclusion, Nb/Au/Sr;IrO4/YBa,Cu30O, mesa-
structures with epitaxial bilayer of Sr,IrO4 and YBa,Cu;0,
films have been fabricated. The superconducting current for
the thickness 5 and 7 nm of SrIrO4 interlayer has been
observed. The critical current of the mesa-structure increased
with decreasing temperature similarly as the voltage of
the gap singularity of Nb film. Under weak magnetic field
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the Ic(H) dependence showed a sharp central peak and
minor oscillating behavior for sidelobes as in the case of the
absence of pinholes in the interlayer. Under the influence
of electromagnetic radiation at millimeter-frequency band,
the Shapiro steps at both multiple and fractional quantities
(n/m)hf,/2e of voltages were observed, indicating the
deviation of the current-phase relation from the sinusoidal
and the presence of the second harmonic, which could not be
explained solely by impact of d-wave symmetry of c-oriented
YBCO electrode.
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