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In most anisotropic compounds such as bismuth-based layered cuprate perovskites, the supercurrent across the blocking
layer is of Josephson type, and a single crystal forms a natural stack of Josephson junctions. Here, we report on the
evidence of Josephson-like transport in an artificial cuprate superlattice composed of 10 LaSrCuO-LaCuO repeats,
creating a superlattice of junctions, where LCO is a superconducting Mott insulator and LSCO an overdoped metal,
respectively. The superlattice has been designed with a long period d = L+ W = 5.28 nm, with L and W the thickness
of LCO and LSCO units, respectively, and is in the underdoped regime with an average doping level < 6 >=0.11.
Quantum-size effects and Rashba spin-orbit coupling are controlled by L/d = 0.75, with a quasi-2D superconducting
transition temperature of 41 K and a c-axis coherence length of about 1.5 nm. Measurements at very low temperatures
show evidence of Josephson phase dynamics consistent with very low Josephson coupling and a phase diffusion regime,
thus explaining why Josephson coupling in LSCO superlattices has been so elusive. The tuning of LSCO superlattices
in the Josephson regime enriches the phase diagram of HTS.

I. INTRODUCTION

Current research on quantum materials for quantum tech-
nology focuses on quantum Nanostructured Materials (NsM)
with novel functionalities!, which can be tuned by controlling
the quantum size effects of their nano-objects, offering unique
opportunities to bridge quantum science from the micro to the
macro world. In this context, high-T¢ cuprate superconduc-
tors are a special class and can now be engineered using the
quantum design of nanoscale artificial high-Tc superlattices
(AHTS) of quantum wells?>™, capturing key features of nat-
urally chemically doped cuprates®®. Josephson coupling in
AHTS is believed to provide unique benchmarks for advances
in the understanding of their physics!®.

We studied three-dimensional AHTS heterostructures
composed of superconductor layers (S) of stoichiometric
modulation-doped Mott insulator La; CuO4 (LCO) with thick-
ness L, intercalated with potential barriers of normal metal
(N) units made of chemically overdoped non-superconducting
Laj 5550.45CuO4 (LSCO). These structures have ten repeats
of period d = 5.28 nm. The N units act as charge reservoirs,
transferring interface space charge into the superconducting
Mott insulator units, forming a 3D superlattice of a 2D Mott
insulator-metal interface (MIMI) with period d. A schematic
of our 3D superlattice is illustrated in Figure 1.

Using a four-point van der Pauw configuration, we mea-
sured the in-plane conductivity for samples with L/d ratios
from O to 1 and periods d from 2.97 to 5.28 nm>. The results
show the superconducting dome predicted by the BPV theory,
where the critical temperature, T, is a function of the geomet-
rical parameter L/d, peaking at the magic ratio L/d = 2/3.
At this ratio, the theory predicts that the Fano-Feshbach res-
onance enhances the superconducting critical temperature’.

This work demonstrates that AHTS can be designed such as to
exhibit Josephson coupling along the c-axis, but so far never
been observed.

Since the discovery of high-T¢ superconductors (HTS), nu-
merous theoretical analyses and experimental attempts have
been made regarding High-7¢- superconducting Josephson
Junctions (HTS JJs)!%17. The unconventional and contro-
versial properties of HTS JJs have made it a rich topic of
study over three decades, highlighting it as a relevant chal-
lenge in condensed matter physics and quantum materials sci-
ence. Josephson coupling has been measured in various HTS
J1s'8. Due to the difficulty in growing high-quality artificial
barriers, most of the successful HTS JJs have employed the
weak coupling between HTS grains'®!°, i.e. grain bound-
ary JJs (GBJJ), which mostly consist of bicrystal’®?!, step-
edge?®? and biepitaxial JJs>**27. The natural stack of Joseph-
son junctions in anisotropic cuprates is another distinctive
class of Josephson devices, where the Josephson effect is used
to probe the layered superconductor “from inside”?®. Both
GBs and c-axis coupling in intrinsic JJs are peculiar to HTS.
However, there is no generally accepted understanding of the
high-T¢ Josephson effect, and a high-quality device based on
high-T¢ JJ of stacked SNS or SIS type has not been realized.
This is due to challenges such as controlling the heteroge-
neous nanoscale structure, the nanoscale coherence length in
the c-axis direction, and the difficulty in selecting and growing
suitable barriers!%12-2-32 On the other hand, such JJ geom-
etry would benefit superconducting electronics applications,
including digital and quantum superconducting circuit fabri-
cation, which require significant multi-layer integrated tech-
nology?3.

Recently, LSCO heterostructures and superlattices have
been synthesized to study HTS c-axis JJs and interfacial su-
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perconductivity. LSCO-LCO-LSCO trilayer junctions, where
the LCO barrier was annealed to form SIS, SNS, and SS’°S
types of junctions, have not yet resolved the open ques-
tions’*3. In this study, we report on the evidence of
Josephson—like transport JJ in an artificial HTS superlattice
composed of 10 LSCO-LCO repeats, forming a superlattice of
junctions. The nanoscale S units are stoichiometric LayCuOy4
layers, modulation-doped by interface space charge with a c-
axis coherence length of approximately 1.5 nm, while the N
units are metallic overdoped La; 55Sr( 45CuQy thin layers.

In Sec. II, we will report on the methods for the synthesis
of the AHTS analyzed in this work. Then, in Sec. III we will
focus on the experimental transport investigation down to lig-
uid helium temperature of in-plane superconductivity, and on
the study of Josephson transport along the c-axis direction of
AHTS through a systematic characterization of the current-
voltage (I-V) characteristics and conductance spectra down to
dilution temperatures.

Il. METHODS

With the final goal of investigating the out-of-plane con-
ductivity along the c-axis of AHTS superlattices, we have se-
lected a sample fabricated by using a Molecular Beam Epitaxy
(MBE) synthesis. We have chosen to focus on a sample with a
very long period, d = 5.28 nm, to hinder out-of-plane conduc-
tivity. It is known that maximum T¢ occurs at L/d = 2/3 >
where the average doping is 0.15 as in natural HTS cuprates.
The chosen sample has L/d ratio of 0.75 and an average dop-
ing 0.11 in the underdoped regime. While in natural cuprates
the superconducting temperature at this doping level is lower
than the maximum 7Ty because of competition with Charge
Density Waves (CDW)?6, in our AHTS the superconducting
dome becomes larger and the superconducting temperature is
close to the maximum 7¢, indicating that the competition with
CDW is quenched.

The MBE synthesis of AHTS is based on the growth of
superlattices made of nanoscale non superconducting normal
metal La; 55Srg45Cu04 (LSCO) layers intercalated by super-
conducting space-charge La,CuO4 Mott insulator (LCO) lay-
ers. The oxide heterostructures at atomic limit were syn-
thesized using an ozone-assisted MBE method (DCA Instru-
ments Oy, Turku, Finland) on LaSrAlO4 (001) substrates with
a small +1.4% compressive strain for La,CuQO,4 on LaSrAlO4.
The superlattice atomic growth was monitored in-situ by re-
flection high-energy electron diffraction (RHEED). The se-
quential deposition of single atomic layers was performed us-
ing impinging atoms of minimal kinetic energy of approxi-
mately 100 meV. The substrate temperature (7;), measured
by a radiation pyrometer, was 650 °C, and the chamber pres-
sure was approximately 1.5 x 107> Torr, consisting of mixed
ozone, atomic, and molecular oxygen. After the synthesis at
high temperature, the samples were cooled down to low tem-
perature avoiding trapping of oxygen interstitials in stoichio-
metric LayCuO4 Mott insulator.

d=528mnm Ld=0.75
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FIG. 1: Pictorial view of the nanoscale artificial high 7¢
superlattice (AHTS) of quantum wells made of four
monolayers ML (L = 3.96 nm) of stoichiometric La;CuQO4
(LCO), electronically doped by the interface space charge,
and intercalated by normal metal units (LSCO) made of two
monolayers ML (W = 1.32 nm) of La, 5557 45CuO4 forming
a superlattice with a period of d = L4+ W = 5.28 nm and with
conformational parameter L/d = 0.75.

I1l. RESULTS AND DISCUSSION
A. In-plane superconductivity

The temperature dependence of the sheet resistance in the
ab planes of AHTS was measured using a four-point van
der Pauw configuration’” with alternating DC currents of
+10 A, over a temperature range from room temperature to
liquid helium. We have used a motorized custom-made dip-
stick in a transport helium dewar maintaining a temperature
rate of less than 0.1 K/s. The measured sheet resistance cor-
responds to the red line in Figure 2 (a). According to recent
work>, the modeling curve (blue line) has been obtained by
the generalized Kondo equation for Mott Insulator—-Metal In-
terfaces (MIMI)3®* . The experimental R(T) curve is mod-
eled by combining Planckian T-linear resistance and the uni-
versal resistance function for the Kondo proximity effect at
Mott-Insulator-Metal interfaces. The formula used is:

R(T)  _ T 2 5 R
RT=1508) — "0+ 150 TAT"+ BT +[°K )

T

This model applies to experimental R(T) values measured at
temperatures above 50 K, in the normal phase. The Kondo
temperature Tk is the characteristic temperature below which
the localized spin is screened by conduction electrons. Rog
represents the amplitude of the Kondo-like contribution, while
ro is the residual contribution at T = 0, indicating the baseline
resistivity without Kondo physics. The terms AT? and BT?
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FIG. 2: (a) Sheet resistance (red line) in R;(150 K) units; the
linear regime is represented by the black dashed line. The
blue line represents the modeled line through Eq. 1. In the
inset is reported the sheet resistance measured at 150 K in

several samples with different L/d values (dashed blue line).

The red full circle refers to the sheet resistance measured at
150 K in the sample studied in this work. (b) Real and
Imaginary Components of Resistivity Measurement.

account for electron-electron and phonon scattering, respec-
tively, and are non-Kondo contributions. The exponent s is
a material-dependent parameter depending on the Metal-Mott
Insulator Interfaces and here is found to be around 0.12. This
distinctive contribution to resistance can fit experimental R(7T")
down to about 7. When further lowering the temperature, in
absence of the superconducting transition, this term would de-
termine an increase of the resistance. A least squares fit algo-

rithm was used to extract parameters A, B, Rox and Tx. The
Kondo temperature, obtained from the fitting, is 7x = 15.9 K,
smaller than T¢ but larger than the Tx = 4.5+ 1 K at opti-
mum superconductivity achieved at L = 2/3. In sheet resis-
tance measurements at 150 K in several samples with differ-
ent values of L/ dj an exponential increase was observed for
L/d >2/3, indicating a metal-insulator transition triggered by
the geometric conformational parameter, as shown in the inset
of Figure 2 (a). Here the red full circle represents the sample
studied in this work. In this sample the long period and the
low doping level are expected to increase the sheet resistance
at 150 K in the normal phase. The sample shows a super-
conducting transition of 7o =41 K and at 39 K by measuring
mutual inductance (Figure 2 (b)).

B. Out-of-plane low temperature transport

Transport experiments along the c-axis have been run at di-
Iution temperatures using an Oxford Instruments Triton400
dry dilution fridge, anchoring the sample to a copper holder
mounted at its coldest stage, i. e. the mixing chamber (MXC)
plate (nominal base temperature of ~ 10 mK). The cryogenic
system is equipped with filtered current and voltage cryogenic
DC lines, specially engineered to run low-noise transport ex-
periments on Josephson-based devices. This allows us to
measure the voltage response of current-biased devices down
to the nanoampere regime***!. Details on the experimental
setup can be found in the Supplementary Material in Ref.*!
and Ref.*2.

The device has been connected to the cryogenic and room-
temperature electronics, in such a way that the current bias,
provided by an arbitrary waveform generator at room temper-
ature, flows along its c-axis. The voltage across the device has
been first amplified at room temperature by a differential low-
noise amplifier, and then readout with an oscilloscope®>. An
example of the current-voltage I-V characteristic at base tem-
perature in a large range of current bias is reported in Figure 3
(a).

The intrinsic complexity of HTS JJs requires great accu-
racy when establishing general features and self-consistency
of the measured set of parameters. This strengthens the need
for complementary types of measurements'® and motivates
the parallel study of conductance spectra experimental curves,
i.e. dI/dV characteristics, both at base temperature and as
a function of temperature. In the measurement of the dI/dV
characteristics, we current-bias the device with a sum of two
current ramp signals: one triangular current ramp at low fre-
quency (1.123 mH?z) provided by the arbitrary waveform gen-
erator, and the other sinusoidal at high frequency (31.123 Hz)
and with a peak-to-peak amplitude of the order of 5/1000 of
the low-frequency signal, generated by a lock-in amplifier*.
The latter has been used also to read out the voltage response
dV of the device to this excitation d/. In Figure 3 (b) we pro-
vide the AHTS dI/dV characteristic at base temperature in
a similar range of current bias as in panel (a). In Fig. 3, we
observe a remarkable asymmetric behavior, especially at high
voltages, in the non-linear asymmetric current-voltage (AIV)
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FIG. 3: (a) Current-voltage characteristic I-V at 12 mK in
the presence of a quasi-dc triangular current bias (i.e., for a
current ramp frequency of 1.123 Hz), with a peak-to-peak
bias current of 1.2 uA). The current and voltage errors are
maximum errors of 1 and 2%, respectively. In (b),
conductance spectrum dI/dV at 12 mK, for a polarization
current composed of a sinusoidal current excitation at
31.123 Hz, superimposed to a quasi-dc low-frequency
triangular ramp of 1.123 mHz. The peak-to-peak amplitude
of the low-frequency current polarization is the same as in a),
while the high-frequency component is of the order of
5/1000 of the low-frequency signal amplitude. The error on
dI/dV is of the order of 7%.

curve with respect to inversion of voltage. A similar asym-
metric behavior was observed in the dV /dI characteristics of
the very first cuprate-based JJs, which has been generically re-
lated to an overall Schottky nature of the barrier?®. Therefore,
the observed AIV curve could be assigned to the different top
and bottom layer of the AHTS superlattice and to the asymme-
try of the interface potential barrier between the doped Mott
insulator LCO (S) and the normal metal LSCO (N). This is re-
lated to the contact electric field controlling the Rashba Spin
Orbit Coupling (SOC) at the interface between metal oxide
layers*+, which is a key ingredient in the material quantum
design of the oxide superlattices.

Both I-V and dI/dV characteristics have been measured at
different temperatures in a shorter current-bias range, to focus
on the superconducting branch and the superconducting to the
resistive state switching of the device (Figure 4). As reported
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FIG. 4: (a) Current-voltage characteristic I-V as a function
of the temperature in the presence of a quasi-dc triangular
current bias (i.e., for a current ramp frequency of 1.123 Hz,
with a peak-to-peak bias current of 84.6 nA). The current and
voltage errors are maximum errors of 1 and 2%, respectively.
In (b), conductance spectrum dI/dV as a function of the
temperature. The experimental conditions and errors are the
same as the experimental data reported in Fig. 3.

in the data below, a weak Josephson coupling along c-axis
appears at very low temperatures. As opposed to previous at-
tempts on similar LaSCO-based systems!, where no Joseph-
son coupling was measured, in the present experiment it was
crucial to reach very low temperatures and to apply very low
bias currents. The critical current /., defined here as the point
in which the I-V changes its derivative as a function of the bias
current, is in fact of the order of 20 nA at the lowest investi-
gated temperature, and consistent with a low critical current
density.  Switching from the superconducting to the resis-
tive state does not occur abruptly as in more standard Joseph-
son devices, showing a pronounced rounding of the I-V at the
switching between the resistive to the superconducting state.
The I-V characteristics of the device show a finite slope Ry in
the superconducting branch. The finite resistance measured in
the superconducting branch also emerges in dI/dV spectra as
a peak corresponding to zero voltage, or Zero-Voltage-Peak
(ZVP).

Both the rounding of the I-V characteristics at the super-
conducting to resistive switching and the presence of a finite
slope in the superconducting branch, as well as its thermal
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FIG. 5: (a) The dependence of the zero-voltage-peak (ZV P)
derived from Fig. 4 (b) as a function of the temperature T in
a logarithmic scale. In (b), the dependence of the resistance
in the superconducting branch, Ry, as a function of 7 in a
logarithmic scale, derived from the I-V characteristics in
Fig.4 (a). The error on the resistance in panel (b) is given by

propagation of voltages and current maximum errors and is
4%.

dependence, are clear markers and a direct confirm of the oc-
currence of phase-diffusive phenomena, rigorously controlled
by the intrinsic features of the junction and its low critical cur-
rent density*®#”. Phase-diffusion is an electrodynamical pro-
cess for which the phase-particle of the JJ randomly escapes
and retraps in the minima of the washboard potential energy
landscape of the JJ, specifically when the Josephson energy
Ej =hl./2e is < kgT, or in the case of the competition be-
tween E; and the charging energy E, of the JJ**°  and can
be accounted for by modeling the ATHS JJ as an RLC par-
allel circuit with the introduction of electronic random Gaus-
sian noise in the frame of an extended version of the RCSJ
(Resistively and Capacitively Shunted Junction) model*’. In
the frame of HTS JJs, phase-diffusion phenomena have been
already demonstrated to occur in different regimes of energy
scales and electrodynamics parameters "3, Just because the
measured /. for the AHTS devices analyzed in this work are
of the order of a few tens of nanoamperes at dilution tempera-
tures, the ratio E; /kgT is already consistent with the presence
of phase-diffusion phenomena.

As the temperature increases, Ej is outruled by the ther-

mal energy kpT, further lowering the resolution of the I-V
characteristics. We discuss the behavior as a function of tem-
perature of the transport by looking at the ZV P and the Ry
in Figure 5 (a) and (b), respectively. The ZV P follows an
exponential decrease when increasing the temperature: this
indicates that superconducting transport is suppressed when
thermal energy becomes dominant. Moreover, no hysteresis
has been observed in the I-V characteristics when applying
a triangular current bias on the device. These two pieces of
evidence are the fingerprints of typical overdamped JJs>*.

We also point out here that the ZV P has been identified as
the maximum peak in Figure 3 (b). However, one can notice
that within the resolution of our experiment, two distinguish-
able peaks emerge in the dI/dV characteristics, which tend
to broaden when increasing the temperature, and eventually
merge at around 0.8 K. At very low temperatures, one can no-
tice also additional less-resolved minor peaks. The presence
of multiple peaks in the dI/dV may be related to multiple
switching in the I-V characteristics. The latter effect remark-
ably reminds us of the superconducting transport in intrinsic
stacked HTS JJs¥-%, where each of the planes along the c-
axis plays the role of a JJ in series, and multiple switchings
relate to the transition of each plane of the device. This not
only is consistent with the periodic structure of the AHTS, but
is also a starting point for further discussion on the Ry thermal
behavior.

In principle, if each plane of the superlattice along the c-
axis shows the Josephson effect, one should see as many peaks
as many layers the device has. Nevertheless, the ATHS crit-
ical current value related to the maximum ZVP is three to
six orders of magnitudes lower than the one typically mea-
sured in long weak links'>* or similar stacked HTc intrinsic
JJ$335758  thug making hard to resolve other critical current
steps 1., of the n-th layer. As a consequence, when current-
biasing the device with I > I, , of the n-th layer, a finite resis-
tance sums up in a series-like fashion. Since we can not ex-
clude that other resistive contributions occur due to spurious
ohmic contacts in the device, only a qualitative description can
be given at this stage by looking at the thermal behavior of Ry.
In figure 5 (b), while at base temperature a finite resistance is
measured, by increasing the temperature the superconducting
branch slope increases compared to this starting value, up to
the point we just observe a linear trend of the I-V characteris-
ticat 10 K.

IV. CONCLUSION

In this work we present compelling evidence for intrinsic
overdamped JJs in an artificial high-T¢ superlattice composed
of 10 LCO/LSCO repeats with a 5.28 nm period, forming a
superlattice of junctions. The nanoscale S units are stoichio-
metric La;CuO, layers, 3.9 nm thick. The superconducting c-
axis coherence length is expected to be approximately 1.5 nm,
similar to the thickness of the N units. The metallic overdoped
LaSrCuO thin layers, acting as potential barriers, consist of
a single LayCuO; unit cell of 1.32 nm. This very first evi-
dence of the Josephson effect in lanthanum-based cuprates,
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occurring at very low temperatures, is consistent with phase
diffusion dynamics, and with very low Josephson coupling.
We can speculate that the variation of the diffusion regime
along the c-axis at 7 < 10 K could be related to the Kondo
temperature found in the sheet resistance of the normal phase.
These findings open new perspectives for extending the ap-
plications of intrinsic Josephson junction stacks observed in
BiySr,CaCu,0g (BSCCO or Bi2212) crystals®® 52 and in arti-
ficial devices using Josephson junctions made of twisted ultra-
thin Bi;Sr,CaCuy0g +y flakes®3-%0, to the synthesis of novel
quantum devices using superconducting nanoscale units, and
the Josephson effect in Lanthanum-based cuprates superlat-
tices. The overdamped nature of the devices analyzed here
favors applications in SQUID technology. Further advanced
engineering of the superlattice in terms of the junction geom-
etry and parameters can better define the application domain
for these devices.

ACKNOWLEDGMENTS

The work was supported by Superstripes onlus, the
Pathfinder EIC 2023 project "FERROMON:-Ferrotransmons
and Ferrogatemons for Scalable Superconducting Quantum
Computers" (Grant Agreement ID: 101115548), the PNRR
MUR project PEO000023-NQSTI and the PNRR MUR
project CN 00000013-ICSC. H.G.A., D.M. and ET. thank
SUPERQUMAP project (COST Action CA21144) and Dr.
Nicola Poccia for his invaluable insights on the work.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

CONFLICT OF INTEREST STATEMENT

The authors have no conflicts to disclose.

L. Manna, “The bright and enlightening science of quantum dots,” Nano
Letters 23, 9673-9676 (2023).

2G. Logvenov, N. Bonmassar, G. Christiani, G. Campi, A. Valletta, and
A. Bianconi, “The superconducting dome in artificial High-Tc superlattices
tuned at the Fano-Feshbach resonance by quantum design,” Condensed
Matter 8, 78 (2023).

3A. Valletta, A. Bianconi, A. Perali, G. Logvenov, and G. Campi, “High-
Tc superconducting dome in artificial heterostructures made of nanoscale
quantum building blocks,” Physical Review B 110, 184510 (2024).

4M. V. Mazziotti, A. Bianconi, R. Raimondi, G. Campi, and A. Valletta,
“Spin—orbit coupling controlling the superconducting dome of artificial su-
perlattices of quantum wells,” Journal of Applied Physics 132 (2022).

5G. Campi, G. Logvenov, S. Caprara, A. Valletta, and A. Bianconi, “Kondo
versus Fano in superconducting artificial high-Tc heterostructures,” Con-
densed Matter 9, 43 (2024).

®M. Fratini, N. Poccia, A. Ricci, G. Campi, M. Burghammer, G. Aeppli,
and A. Bianconi, “Scale-free structural organization of oxygen interstitials
in La2CuO4+y,” Nature 466, 841-844 (2010).

7G. Campi and A. Bianconi, “Functional nanoscale phase separation and
intertwined order in quantum complex materials,” Condensed Matter 6, 40
(2021).

8G. Campi, A. Bianconi, N. Poccia, G. Bianconi, L. Barba, G. Arrighetti,
D. Innocenti, J. Karpinski, N. D. Zhigadlo, S. M. Kazakov, et al., “Inhomo-
geneity of charge-density-wave order and quenched disorder in a high-Tc
superconductor,” Nature 525, 359-362 (2015).

9G. Campi, A. Ricci, N. Poccia, L. Barba, G. Arrighetti, M. Burghammer,
A.S. Caporale, and A. Bianconi, “Scanning micro-x-ray diffraction unveils
the distribution of oxygen chain nanoscale puddles in YBa2Cu306.33,”
Physical Review B—Condensed Matter and Materials Physics 87, 014517
(2013).

1o, Bozovic, G. Logvenov, M. Verhoeven, P. Caputo, E. Goldobin, and
T. Geballe, “No mixing of superconductivity and antiferromagnetism in a
high-temperature superconductor,” Nature 422, 873-875 (2003).

7. R. Schrieffer and S. B. James, Handbook of High-Temperature Supercon-
ductivity (Springer, 2008).

121, Bozovic, G. Logvenov, M. Verhoeven, P. Caputo, E. Goldobin, and
M. Beasley, “Giant proximity effect in cuprate superconductors,” Physical
review letters 93, 157002 (2004).

BF. Tafuri, Fundamentals and frontiers of the Josephson effect, Vol. 286
(Springer Nature, 2019).

147 A. Golubov, M. Y. Kupriyanov, and E. II'Ichev, “The current-phase re-
lation in Josephson junctions,” Reviews of modern physics 76, 411 (2004).

1503, Fischer, M. Kugler, 1. Maggio-Aprile, C. Berthod, and C. Renner,
“Scanning tunneling spectroscopy of high-temperature superconductors,”
Reviews of Modern Physics 79, 353-419 (2007).

16T, Yokoyama, S. Kawabata, T. Kato, and Y. Tanaka, “Theory of macro-
scopic quantum tunneling in high-Tc c-axis Josephson junctions,” Physical
Review B—Condensed Matter and Materials Physics 76, 134501 (2007).

17N. Bergeal, X. Grison, J. Lesueur, G. Faini, M. Aprili, and J. Contour,
“High-quality planar high-Tc Josephson junctions,” Applied physics letters
87 (2005).

I8F. Tafuri and J. R. Kirtley, “Weak links in high critical temperature super-
conductors,” Reports on Progress in Physics 68, 2573 (2005).

19H. Hilgenkamp and J. Mannhart, “Grain boundaries in high-7, supercon-
ductors,” Rev. Mod. Phys. 74, 485-549 (2002).

20p. Chaudhari, J. Mannhart, D. Dimos, C. C. Tsuei, J. Chi, M. M. Oprysko,
and M. Scheuermann, “Direct measurement of the superconducting prop-
erties of single grain boundaries in Y1Ba2Cu307,” Phys. Rev. Lett. 60,
1653-1656 (1988).

21D, Dimos, P. Chaudhari, and J. Mannhart, “Superconducting transport
properties of grain boundaries in YBa2Cu3O7 bicrystals,” Phys. Rev. B 41,
4038-4049 (1990).

223, Luine, J. Bulman, J. Burch, K. Daly, A. Lee, C. Pettiette-
Hall, S. Schwarzbek, and D. Miller, “Characteristics of high
performance YBa2Cu3O7 step-edge junctions,” Applied Physics
Letters 61, 1128-1130 (1992), https://pubs.aip.org/aip/apl/article-
pdf/61/9/1128/18490924/1128_1_online.pdf.

23H. R. Yi, D. Winkler, and T. Claeson, “Junction parameters of YBa2Cu307
step edge junctions on LaAlO3 substrates from fiske resonances,” Applied
Physics Letters 66, 1677-1679 (1995), https://pubs.aip.org/aip/apl/article-
pdf/66/13/1677/18510363/1677_1_online.pdf.

24K, Char, M. S. Colclough, L. P. Lee, and G. Zaharchuk, “Extension of
the bi-epitaxial Josephson junction process to various substrates,” Applied
Physics Letters 59, 2177-2179 (1991), https://pubs.aip.org/aip/apl/article-
pdf/59/17/2177/18485201/2177_1_online.pdf.

BE Tafuri, F. Miletto Granozio, F. Carillo, A. Di Chiara, K. Verbist, and
G. Van Tendeloo, “Microstructure and Josephson phenomenology in 45°
tilt and twist YBa2Cu307-4 artificial grain boundaries,” Phys. Rev. B 59,
11523-11531 (1999).

20F, Lombardi, F. Tafuri, F. Ricci, F. M. Granozio, A. Barone, G. Testa,
E. . Sarnelli, J. R. Kirtley, and C. C. Tsuei, “Intrinsic d-wave effects in
YBa;Cuz07_g grain boundary Josephson junctions,” Phys. Rev. Lett. 89,
207001 (2002).

27T. Bauch, F. Lombardi, F. Tafuri, A. Barone, G. Rotoli, P. Delsing, and
T. Claeson, “Macroscopic quantum tunneling in d-wave YBa2Cu307-6
Josephson junctions,” Phys. Rev. Lett. 94, 087003 (2005).

28R. Kleiner and H. Wang, “Intrinsic Josephson junctions in high temper-
ature superconductors,” in Fundamentals and Frontiers of the Josephson
Effect, edited by F. Tafuri (Springer International Publishing, Cham, 2019)
pp. 367-454.



Josephson coupling in Lanthanum-based cuprates superlattices

29X. Shi, G. Logvenov, A. Bollinger, I. BoZovi¢, C. Panagopoulos, and
D. Popovi¢, “Emergence of superconductivity from the dynamically het-
erogeneous insulating state in La2-xSrxCuO4,” Nature materials 12, 47-51
(2013).

30A. Bollinger, J. Eckstein, G. Dubuis, D. Pavuna, and L. BoZovi¢, “Atomic-
layer engineering of oxide superconductors,” in Oxide-based Materials and
Devices I1I, Vol. 8263 (SPIE, 2012) pp. 279-297.

31D, Stornaiuolo and F. Tafuri, “High critical temperature superconductor
Josephson junctions and other exotic structures,” Fundamentals and Fron-
tiers of the Josephson Effect , 275-337 (2019).

32p. Zhou, L. Chen, Y. Liu, L. Sochnikov, A. T. Bollinger, M.-G. Han, Y. Zhu,
X. He, I. Bozovi¢, and D. Natelson, “Electron pairing in the pseudogap
state revealed by shot noise in copper oxide junctions,” Nature 572, 493—
496 (2019).

33R. W. Simon, I. F. Burch, K. P. Daly, W. D. Dozier, R. Hu, A. E. Lee,
J. A. Luine, H. M. Manasevit, C. E. Platt, S. M. Schwarzbek, D. S. John,
M. S. Wire, and M. J. Zani, “Progress towards a YBCO circuit process,”
in Science and Technology of Thin Film Superconductors 2, edited by R. D.
McConnell and R. Noufi (Springer US, Boston, MA, 1990) pp. 549-559.

34X. Xu,X. He, A. T. Bollinger, X. Shi, and I. Bozovi¢, “Atomic-layer engi-
neering of la2- xsrxcuo4—Ia2- xsrxzno4 heterostructures,” Nanomaterials
13, 2207 (2023).

35A. T. Bollinger, X. He, R. Caruso, X. Xu, X. Shi, and L. Bozovié, “Meth-
ods to create novel 1a2- x sr x cuo4 devices with multiple atomically sharp
interfaces,” Condensed Matter 8, 14 (2023).

36y, Miao, G. Fabbris, R. J. Koch, D. G. Mazzone, C. S. Nelson, R. Acevedo-
Esteves, G. D. Gu, Y. Li, T. Yilimaz, K. Kaznatcheev, E. Vescovo, M. Oda,
T. Kurosawa, N. Momono, T. Assefa, I. K. Robinson, E. S. Bozin, J. M.
Tranquada, P. D. Johnson, and M. P. M. Dean, “Charge density waves in
cuprate superconductors beyond the critical doping,” npj Quantum Materi-
als 6, 31 (2021).

37L. Pauw, “A method of measuring specific resistivity and hall effect of discs
of arbitrary shape,” Philips Research Reports 13, 1-9 (1958).

38T, Costi, A. Hewson, and V. Zlatic, “Transport coefficients of the Ander-
son model via the numerical renormalization group,” Journal of Physics:
Condensed Matter 6, 2519 (1994).

3R. Helmes, T. Costi, and A. Rosch, “Kondo proximity effect: How does a
metal penetrate into a Mott insulator?”” Physical review letters 101, 066802
(2008).

“0A. Vettoliere, R. Satariano, R. Ferraiuolo, L. Di Palma, H. G. Ah-
mad, G. Ausanio, G. P. Pepe, F. Tafuri, D. Massarotti, D. Monte-
murro, C. Granata, and L. Parlato, “High-quality ferromagnetic Joseph-
son junctions based on aluminum electrodes,” Nanomaterials 12 (2022),
10.3390/nano12234155.

4'H. G. Ahmad, R. Satariano, R. Ferraiuolo, A. Vettoliere,
C. Granata, D. Montemurro, G. Ausanio, L. Parlato, G. P.
Pepe, F. Tafuri, and D. Massarotti, “Phase dynamics of tun-
nel Al-based ferromagnetic Josephson junctions,” Applied Physics
Letters 124, 232601 (2024), https://pubs.aip.org/aip/apl/article-
pdf/doi/10.1063/5.0211006/19978492/232601_1_5.0211006.pdf.

42R. Satariano, A. F. Volkov, H. G. Ahmad, L. Di Palma, R. Ferraiuolo,
A. Vettoliere, C. Granata, D. Montemurro, L. Parlato, G. P. Pepe, F. Tafuri,
G. Ausanio, and D. Massarotti, “Nanoscale spin ordering and spin screen-
ing effects in tunnel ferromagnetic Josephson junctions,” Communications
Materials 5, 67 (2024).

“3H. G. Ahmad, L. Di Palma, D. Massarotti, M. Arzeo, G. P. Pepe, F. Tafuri,
O. A. Mukhanov, and I. P. Nevirkovets, “Characterization of lateral junc-
tions and micro-squids involving magnetic multilayers,” IEEE Transactions
on Applied Superconductivity 33, 1-5 (2023).

44S. Gariglio, A. D. Caviglia, J.-M. Triscone, and M. Gabay, “A spin—orbit
playground: surfaces and interfaces of transition metal oxides,” Reports on
Progress in Physics 82, 012501 (2018).

45S. Chen, Y. Ning, C. S. Tang, L. Dai, S. Zeng, K. Han,
J. Zhou, M. Yang, Y. Guo, C. Cai, A. Ariando, A. T. S.
Wee, and X. Yin, “LaAlO3/SrTiO3 heterointerface: 20 years
and beyond,” Advanced Electronic Materials 10, 2300730,
https://onlinelibrary.wiley.com/doi/pdf/10.1002/aelm.202300730.

46M. Iansiti, A. T. Johnson, W. E. Smith, H. Rogalla, C. J. Lobb, and M. Tin-
kham, “Charging energy and phase delocalization in single very small
Josephson tunnel junctions,” Phys. Rev. Lett. 59, 489—492 (1987).

47R. L. Kautz and J. M. Martinis, “Noise-affected I-V curves in small hys-
teretic Josephson junctions,” Phys. Rev. B 42, 9903-9937 (1990).

48], M. Martinis and R. L. Kautz, “Classical phase diffusion in small hys-
teretic Josephson junctions,” Phys. Rev. Lett. 63, 1507-1510 (1989).

49D. Vion, M. Gotz, P. Joyez, D. Esteve, and M. H. Devoret, “Thermal activa-
tion above a dissipation barrier: Switching of a small Josephson junction,”
Phys. Rev. Lett. 77, 3435-3438 (1996).

S0P, A. Warburton, A. R. Kuzhakhmetov, O. S. Chana, G. Burnell, M. G.
Blamire, H. Schneidewind, Y. Koval, A. Franz, P. Miiller, D. M. C. Hyland,
D. Dew-Hughes, H. Wu, and C. R. M. Grovenor, “Josephson fluxon flow
and phase diffusion in thin-film intrinsic Josephson junctions,” Journal of
Applied Physics 95, 4941-4948 (2004), https://pubs.aip.org/aip/jap/article-
pdf/95/9/4941/18709210/4941_1_online.pdf.

SIM.-H. Bae, M. Sahu, H.-J. Lee, and A. Bezryadin, “Multiple-retrapping
processes in the phase-diffusion regime of high-T7; intrinsic Josephson junc-
tions,” Phys. Rev. B 79, 104509 (2009).

52, Longobardi, D. Massarotti, D. Stornaiuolo, L. Galletti, G. Rotoli,
F. Lombardi, and F. Tafuri, “Direct transition from quantum escape to a
phase diffusion regime in YBaCuO biepitaxial Josephson junctions,” Phys.
Rev. Lett. 109, 050601 (2012).

53D, Stornaiuolo, G. Rotoli, D. Massarotti, F. Carillo, L. Longobardi, F. Bel-
tram, and F. Tafuri, “Resolving the effects of frequency-dependent damp-
ing and quantum phase diffusion in YBa2Cu307-x Josephson junctions,”
Phys. Rev. B 87, 134517 (2013).

54K. K. Likharev, “Superconducting weak links,” Rev. Mod. Phys. 51, 101-
159 (1979).

55R. Kleiner, F. Steinmeyer, G. Kunkel, and P. Miiller, “Intrinsic Josephson
effects in Bi2Sr2CaCu208 single crystals,” Phys. Rev. Lett. 68, 2394-2397
(1992).

56y, 1. Latyshev, T. Yamashita, L. N. Bulaevskii, M. J. Graf, A. V. Balatsky,
and M. P. Maley, “Interlayer transport of quasiparticles and cooper pairs
in Bi2Sr2CaCu208+6 superconductors,” Phys. Rev. Lett. 82, 5345-5348
(1999).

570. S. Chana, A. R. Kuzhakhmetov, P. A. Warburton, D. M. C.
Hyland, D. Dew-Hughes, C. R. M. Grovenor, R. J. Kinsey,
G. Burnell, W. E. Booij, M. G. Blamire, R. Kleiner, and
P. Miiller, “Alternating current Josephson effect in intrinsic Joseph-
son bridges in TI2Ba2CaCu208 thin films,” Applied Physics
Letters 76, 3603-3605 (2000), https://pubs.aip.org/aip/apl/article-
pdf/76/24/3603/18549921/3603_1_online.pdf.

S8A. A. Yurgens, “Intrinsic Josephson junctions: recent developments,” Su-
perconductor Science and Technology 13, R85 (2000).

59M. Itoh, S.-i. Karimoto, K. Namekawa, and M. Suzuki, “Current-voltage
characteristics of intrinsic Bi2Sr2CaCu208 Josephson junction stacks and
an unconventional temperature dependence of the magnitude of the order
parameter,” Physical Review B 55, R12001 (1997).

M. Ji, J. Yuan, B. Gross, F. Rudau, D. An, M. Li, X. Zhou, Y. Huang,
H. Sun, Q. Zhu, et al., “Bi2Sr2CaCu208 intrinsic Josephson junction stacks
with improved cooling: Coherent emission above 1 THz,” Applied Physics
Letters 105 (2014).

6'W. Lang, “Nanostructured superconductors,” arXiv  preprint
arXiv:2310.18232 (2023).

62T, Charikova, N. Shelushinina, V. Neverov, and M. Popov, “Tunneling ef-
fects in highly anisotropic layered superconductors,” Uspekhi Fizicheskikh
Nauk 194, 740-752 (2024).

63Y. Zhu, M. Liao, Q. Zhang, H.-Y. Xie, F. Meng, Y. Liu, Z. Bai, S. Ji,
J. Zhang, K. Jiang, et al., “Presence of s-wave pairing in Josephson junc-
tions made of twisted ultrathin Bi2Sr 2CaCu208+ x flakes,” Physical Re-
view X 11, 031011 (2021).

%4N. Poccia, S. Y. E. Zhao, H. Yoo, X. Huang, H. Yan, Y. S. Chu, R. Zhong,
G. Gu, C. Mazzoli, K. Watanabe, et al., “Spatially correlated incommen-
surate lattice modulations in an atomically thin high-temperature Bi2.1
Sr1.9CaCu2.008+y superconductor,” Physical Review Materials 4, 114007
(2020).

O5M. Martini, Y. Lee, T. Confalone, S. Shokri, C. N. Saggau, D. Wolf, G. Gu,
K. Watanabe, T. Taniguchi, D. Montemurro, et al., “Twisted cuprate van
der Waals heterostructures with controlled Josephson coupling,” Materials
Today 67, 106112 (2023).

66V, Brosco, G. Serpico, V. Vinokur, N. Poccia, and U. Vool, “Superconduct-
ing qubit based on twisted cuprate van der Waals heterostructures,” Physical



Josephson coupling in Lanthanum-based cuprates superlattices

Review Letters 132, 017003 (2024)

T¢T1G20°6/€90T°0T-10d SV J12ILHV SIHL AL10 3ISVATd
19s9dA) pue paypakdoa usag Sey )l 83U0 UOISIBA S} WOJ JUSIBLIP Q) ||IM PI0JBJ JO UOISISA aUIjuo ay) ‘JaAsmoH “1duasnuew pajdasae ‘pamalral Jaad s Joyine ay) si siyL

LdI¥OSNNVIN 03Ld3DIV WNUEND 1dv Busiang =7



