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1. Introduction

Development of Josephson junctions, where spin-
dependent processes play a major role, captures heightened
attention [1,2]. In particular, it was shown theoretically that
spin-orbit interaction (SOI) causes generation of spin-triplet
superconducting current [3-6]. Layers of Pt (metal with
high atomic weight) were included into a ferromagnetic
layer to study the SOI effect at the properties of Nb/Pt/Co-
Ru/Pt/Nb contacts.  Specific voltages of the produced
contacts were around 1nV [7].

Recently the contacts of oxide superconductor with
strontium iridates (SI) — materials of the Ruddlesden-
Popper series Sr,1Ir,03,41, having strong SOI [8] and
causing the formation of non-trivial surface states, are
drawing the heightened interest [9]. In the experiment it
manifests by the occurrence of the conductivity peak at
zero voltage [10], by the difference of the superconducting
current-phase dependence on the sinusoidal one [10,11].
In the composite Josephson contacts based on cuprate
superconductor YBa,Cu3O7_, with a layer of iridate and a
top superconducting layer from Nb, the role of strontium
iridate is critical, which at n =1 (SrpIrO4) is a canted
antiferromagnetic with magnetization of ~ 102 uB/atom Ir,
and at n=o0 (SrIrO3;) — a paramagnetic metal. As
a result of this the electrophysical characteristics of the
contacts with different SI layers turn out to be significantly
different. Current-voltage curves (CVCs) of the structures
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with the layers from dielectric SrpIrO4 demonstrated the
Fiske steps [12] and the tunnel feature of gap Nb [10],
which means the presence of the tunnel transport of Cooper
pairs therein. Contacts with layers of SrIrO; had much
lower resistivities RNA (Rn and A are the normal resistance
and the area of the junction correspondingly), which is
inherent in the Josephson contacts with the direct conduc-
tivity [13]. According to the data on resistivities of SrIrOs
and SrIrOy4 films [13,14], their use as layers in Josephson
junctions with the basic superconducting electrode from
cuprate superconductor YBa,;Cu3O7_, should show in the
differences of specific voltages IcRn (Ic — critical current).
In the experiment these voltages were IcRn ~ 50uV for
SryIrOy4 barriers, and IcRny ~ 0.5uV in the case of SrlrO;
layers. This paper will provide data on the electron transport
characteristics of the SI layers. Comparison of CVCs of
Josephson junctions with the layers from different iridates
and corresponding dependences of the critical current on
the magnetic field has not been previously discussed in the
literature and is mentioned in this report for the first time.

2. Experimental procedure

Thin SrIrO; films were applied by the methods of
laser ablation and pulse cathode sputtering onto diffe-
rent substrates from (001) (LaAlOj3)o3(SroTaAlOg)o7 —
(LSAT), (001) LaAlO; — (LAO) and (110) NdGaOs
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(NGO). The a-parameter of SrIrOs, which is the primary
one for epitaxy and is equal to 0.396nm, is higher
than the a-parameters of the substrates: 0.387nm LSAT,
0.385nm NGO, 0.379nm LAO. Therefore, the SrlrO;
lattice was exposed to compression, which increases the
resistivities of films [15]. In mesa-heterostructures (MHS)
the layer films were sputtered on the superconducting
cuprate YBa,Cu3zO; with a-parameter of 0.386nm. The
epitaxy conditions in sputtering of layers in MHS are
close to the conditions of sputtering onto NGO substrates.
Parameters of impulse cathode sputtering of SrIrO; on these
substrates were the following: temperature 7 = 770°C,
total pressure 0.25 mBar, ratio of flows of Ar and O, 1:3.5,
sputtering speed of 10nm per hour. For dielectric SrpIrO4
a-parameter is 0.55nm [16], which in epitaxy at 45 degrees
to the substrate lattice yields the effective parameter of
a/2Y? =0.389nm. Usually, to sputter iridates, SrTiO3
substrates are used with ag-parameter of 0.391 nm, which
provides the least mismatch of a-parameters. SrpIrO films
were sputtered both by an excimer laser at 7 = 780°C and
pressure of O, 0.5 mBar, and by impulse cathode sputtering
at T = 820°C, pressure of Ar 0.5 mBar.

After geometry formation [10] the critical temperature of
MHS was determined by Nb film and made T¢ = 8.4K,
which was much lower than the critical temperature of
YBa,Cu3zO;7_, Tc = 61K [11]. Electric transport measure-
ments of thin films are done using a four-point layout with
the upper limit of resistance measurement of around 5 G€2,
which at thicknesses of films of around 20nm yielded
maximum values of resistivities p ~ 10* Q cm or minimum
values of 0 = 1/p ~ 107%(Qcm)~!. CVC measurements
in MHS with layers of iridates were carried out in the
Set-up with the current noise of around 2uA, which
yielded the minimum value of the found critical current of
around 0.5 uA [10).

3. Results of electrical measurements
of thin films

Resistances of SrIrO; films were measured from room
temperature to 4K at direct current. Temperature depen-
dences of resistivities 0 = 1/(R - t), where R — resistance,
and r — film thickness, are shown in Figure 1.

The general feature of these dependences is that o
increases as the temperature increases from 20 to 200 K.
Samples sputtered onto LSAT and LAO substrates had
resistivities in the room of 0.5mQcm and 1.3mS2cm
accordingly, and the film sputtered onto NGO — around
3mQcm. Maximum resistance of metal — Mott-Regel
limit at electron-electron interaction therein is around
p ~10mQcm [17], which is higher than in the studied
samples. In the model of the metal with the electron-
electron interaction the diffuse correction to the conductivity
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Figure 1. Temperature dependences of conductivities of epitaxial
SrlrO; films on substrates: LSAT at thickness of + = 90nm, at
LAO — at t = 90nm, at NGO — at r = 35nm are shown with
points. Approximations of type & ~ T'/? — are solid lines.

is growing together with temperature [18]:

s (f n 1.5,15) (z)d/H ~TY2, (1)

41202 \d D
where size is d =3 for the case of 3D conductivity,
D — carrier diffusion constant, 1, — carrier sputtering

amplitude. Approximations of temperature dependences of
conductivities using formula (1) are shown in Figure 1.
SrIrOy4 films were applied by three methods: sputtering
at direct current (DC), impulse voltage (PULSE), laser
ablation (PLD) onto the NGO substrate [14]. Figure 2,a.
shows dependences o (T') of the SryIrO4 films we produced.
The prevalent mechanisms of SryIrO4conductivity depend
on the thickness of films ¢ and temperature 7. The following
was observed: i) 3D hopping conductivity with the variable
range hopping (VRH) and charge carrier localization radii
a ~ 0.3nm, ii) thermal activation of charge carriers with
the activation energy AE ~ 0.1eV [19]. Figure 2,b shows
approximations in the VRH model using formulas [19]:

To\ /4] B
O-(T) = 0p €Xp |:_(?) :|7 TO = (‘U)CYS’ (2)
where Ty — constant determined from the experiment,

g(u) — density of states at Fermi level, @ — localization
radius, B — coefficient, k — Boltzmann’s constant.

The VRH mechanism prevails at temperatures 7 > Tyry,
at the hop radius of less than thickness r < ¢. The radius
drops with the temperature growth as r ~ a(Ty/T)V4. We
assessed the radii of charge carrier localization with the ratio
of @ ~ t(Tyru/To)"/*. The parameters of the films Sr,IrO,
that we obtained are shown in table.

Note that we used NGO substrates coated with the film
of YBa;Cu30O7 superconductor and then with the strontium
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Figure 2. Dependences o (T) for SrpIrO4 films on NGO substrates produced by laser ablation — PLD, sputtering at direct current —
DC, voltage pulses — PULSE: a — dependences of the reciprocal temperature 1/7 and b — on the reciprocal temperature to the degree

of 1/TY*, where arrows — are temperatures Tyrp.

Parameters of epitaxial SryIrO4 films in model VHR

Thickness 1, Density Radius «a,
Samples of states g(u),
nm 1 _3 nm
eV~ cm

PLD 35 1-10" 1-15
DC 15 3-10" 1-15
PULSE] 40 3.10Y7 9-12
Dependence Rn 5-7 — 1.2—-1.7
on thicknesses
of barriers, [13]

iridate layer to make the superconducting heterostructures.
The PLD sputtering method was used.

4. Electrophysical properties
of mesa-heterostructures

Figure 3 shows the layer-by-layer image of a supercon-
ducting mesa-heterostructure (MHS) with strontium iridate
layers.

The superconducting Au/Nb bilayer had critical tem-
perature 7c = 8.4K, which defines the temperature of
transition to the superconducting state of the entire
MHS. MHS of two types Nb/Au/Sr;IrO4/YBa,CuzO7 and
Nb/Au/SrIrO3/YBa,;Cu3;O; were made and studied. A chip
5 x 5mm was used to make 5MHSs with planar dimen-
sions from 10 x 10um? to 50 x 50 um?. Supercurrent was
observed in both types of MHS. Temperature dependence of
critical current /¢ (T) followed the temperature dependence
of Nb gap [10].

Figure 4,a shows the magnetic-field dependence of
critical current Ic(H) and CVC for MHS with SI layer

15 Physics of the Solid State, 2025, Vol. 67, No. 7

s
5
SRS

55 s
”%%%%%%]\\I I
B s
RS Rsssssss s
s R
B S S S S S5 555555555 K
B R R SRR
S S S S RS

B RIS
B R K
B K B SR
B KL "WWWMMMWMW
(j a %

2 :

RIS

RIS

Figure 3. Image of the superconducting heterostructure with SI
and electrical leads to measure CVC. Thickness of YBa;Cu3;O7_s
tysco = 60—70nm, Nb 7y, = 200 nm, thin layer of Au under Nb
taw = 10—20nm (more than 5Stimes less than the free path length
in gold) in layer SrIrO; r = 14 nm, for Sr;IrO4 t = Snm.

SrIrO; for the case of f=14nm and the size of
50 x 50um.  You can see that the experimental de-
pendence Ic(H) has a more pronounced central maxi-
mum and zero minima, which is typical for Fraunhofer
dependencelc(H) ~ abs[sin(mHA)/(wHA)], for the con-
centrated Josephson junctions [20]. Figure 4,5 shows
4 CVCs of MHS with SI layer with thickness of + = 14 nm.
Due to a small difference between the superconducting
critical current jc of MHS in the unpairing current density
js for the supplying superconducting electrodes, CVCs
demonstrated bends at 7 > 300uA (Figure 4, b), therefore
the value Ry was defined by inclination of the resistive
area. From Figure 4,b you can see that CVCs [ and 2 at
I = 0 cross the V = 0 and practically overlap at / > 300 uA
due to pair breaking of the superconducting electrodes.
For MHs with SrIrO; layers the average current density
jc = 5—10A/cm?, resistance RyA = (3—5) - 1078 Q em?.
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Figure 4. a — dependence Ic(H) at T = 4.2K for heterostruc-
ture with layer of SrIrO3 ¢ =14nm, L=50um. b — CVC
series, the numbers comply with the following: 7 — H =0, 2 —
H=100e,3 — H =2.50¢,4 — H = 14.50¢. Curves 3 and 4
are displaced along the x axis relative to V = 0.

Let us discuss the experimental CVCs of MHS
Nb/Au/SrpIrO4/YBayCuzO,  with thickness of SI layer
Sr2IrO4 ¢ = Snm and size of L = 40 x 40 um. Figure 5,a
shows the magnetic-field dependence of the critical current
Ic(H), obtained from CVC family, some of them are shown
in Figure 5,b. CVCs were plotted in the mode of current
setting using 4-point measurement layout. The magnetic
field parallel to the substrate plane was set by the solenoid
located inside the hollow screen made of multi-layer
amorphous permalloy that reduces the geomagnetic field by
an order. The calculated value using Fraunhofer dependence
Ic(H) yields the first minimum value H; = ®y/AL ~ 2 Oe
at 1,1 = 150 nm for YBa,CuzO, and A;5, = 90nm for Nb,
even thought the shape of the experimental dependence
Ic(H) in Figure 5, a differs from the Fraunhofer’s one. There
was asymmetry of CVC shape that manifested itself both in
the difference of ,positive“ and ,negative® amplitudes of
critical current relative to 7 = 0, and in the occurrence of

wave-like features seen well in the curves /—3 in Figure 5, b.
At H # 0, following the analogy with the tunnel SIS
(superconductor-isolator-superconductor) junctions, wave-
like features are explained by Fiske resonant cavities [21,22],
and at H =0 by the impact of ,internal® magnetic field
due to SOI layer SrpIrO4 [11,12]. Fiske steps at a SIS
junction arise at voltages V,, = n®c /2L, where n-number of
the step, @y — magnetic flux quantum) ¢ = c(t/eA)/? —
Swihart speed [23], ¢ — speed of light in vacuum, L —
junction width, # — thickness of isolator layer with dielectric
permeability €, A — depth of magnetic field penetration.
In case of SIgS tunnel junction with magnetic iso-
lator Ir, the depth of magnetic field penetration is
A = ut + Ay cth(dy/2211) + Ao cth(da/241), where u —
magnetic permeability, di, and A;;, — thicknesses of
superconducting films and their London depths of magnetic
field penetration accordingly. = Based on the absence

I, uA
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Figure 5. a — dependence Ic(H) for a heterostructure with

SryIrO4 layer t = 5nm, L = 40 um. b — CVC series, for magnetic
field I —H=0,2 —H=+4270e¢, 3 — H=-250e¢, 4 —
H = —9.60e. The change in the sign of the magnetic field
corresponds to the change of current direction in the coil. Curves
are displaced along the x axis.
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of deviated characteristics 1(V) by linear dependence at
V > 2mV for all CVCs (Figure 5, b), first — no excessive
current flowing through the structure, second — exposure
to electromagnetic irradiation led to Shapiro steps oscillating
with the irradiation capacity [12]. These two features of
CVCs indicate the absence of short-circuiting jumpers in
the structures.

5. Conclusion

The experimental data on temperature characteristics led
to establishment of the current carrier transport mechanisms
in thin films of strontium iridate with strong spin-orbit
interaction produced by three technological methods: by
sputtering at direct current, using a pulse source of
voltage and laser ablation. The superconducting mesa-
heterostructures were made and studied with the two types
of the layer of strontium iridate — with the conducting
SrIrO; and dielectric antiferromagnetic SrpIrO4. Both types
of heterostructures demonstrated the Josephson effect.
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