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Layer Engineering of La2−x

SrxCuO4—La2−xSrxZnO4

Heterostructures. Nanomaterials

2023, 13, 2207. https://doi.org/

10.3390/nano13152207

Academic Editors: Fabio Cavaliere

and Niccolò Traverso Ziani

Received: 6 July 2023

Revised: 26 July 2023

Accepted: 27 July 2023

Published: 29 July 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

nanomaterials

Article

Atomic-Layer Engineering of La2−xSrxCuO4—
La2−xSrxZnO4 Heterostructures
Xiaotao Xu 1,2 , Xi He 1,3,4, Anthony T. Bollinger 1 , Xiaoyan Shi 2 and Ivan Božović 1,3,4,*
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Abstract: The fabrication of trilayer superconductor-insulator-superconductor (SIS) Josephson junc-
tions with high-temperature superconductor (HTS) electrodes requires atomically perfect interfaces.
Therefore, despite great interest and efforts, this remained a challenge for over three decades. Here,
we report the discovery of a new family of metastable materials, La2−xSrxZnO4 (LSZO), synthesized
by atomic-layer-by-layer molecular beam epitaxy (ALL-MBE). We show that LSZO is insulating and
epitaxially compatible with an HTS compound, La2−xSrxCuO4 (LSCO). Since the “parent” compound
La2ZnO4 (LZO) is easier to grow, here we focus on this material as our insulating layer. Growing LZO
at very low temperatures to reduce cation interdiffusion makes LSCO/LZO interfaces atomically
sharp. We show that in LSCO/LZO/LSCO trilayers, the superconducting properties of the LSCO
electrodes remain undiminished, unlike in previous attempts with insulator barriers made of other
materials. This opens prospects to produce high-quality HTS tunnel junctions.

Keywords: nanoengineering; superconductivity; cuprates; oxide molecular beam epitaxy

1. Introduction

Josephson junctions (JJs) are indispensable for superconducting electronics applica-
tions, including ultralow magnetic field and electromagnetic radiation sensors, ultrafast
digital rapid single flux quantum circuits, and Josephson qubits, as well as for funda-
mental physics experiments, such as tunneling gap spectroscopy and study of quantum
fluctuations of the vacuum [1–8]. Over the long history of JJs, many designs have been
developed and explored [9–16], but in terms of device performance, reproducibility, and
on-chip uniformity, the leading one remains the trilayer or “sandwich” JJ geometry.

To increase the operating temperature and the frequency range, much effort was
invested in fabricating SIS trilayer junctions based on HTS cuprates [6–8,17–35]. A new
problem encountered here was that in cuprates, the coherence length is very short, approxi-
mately 1–2 nm in-plane, and another order of magnitude shorter out-of-plane. Over the
years, many different in-plane structures have been explored, such as grain boundary junc-
tions, weak-link junctions, ramp-edge junctions, bicrystal junctions, etc. [19,20,22–30,33].
Some of these rely on deliberately created and controlled defects to produce a ‘weak link’.
While one can obtain a decent JJ, or even make a good SQUID that way, the key hurdle on
the path to real-life applications of such JJs in large-area superconducting digital circuits
is that it is necessary but extremely difficult to achieve satisfactory on-chip uniformity,
reproducibility, and yield. From half-a-century experience with low-Tc superconductor
electronics, the best candidates are trilayer ‘sandwich’ junctions, provided one can control
the barrier thickness, properties, and integrity (i.e., ensure that there are no pinholes). In
the case of cuprates, nature may be helping us, given that cuprates are naturally layered,
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quasi-two-dimensional (2D) materials. For this reason, their growth rate is much higher in-
plane than out-of-plane, and they naturally form thin flakes; this fact favors c-axis-oriented
thin films and heterostructures. The downside is that this requires the fabrication of SIS
trilayers with ultrathin (less than 1 nm thick) insulator barriers, without pinholes, and with
S–I interfaces that are sharp and perfect on the atomic scale.

The ALL-MBE technique has been producing the highest-quality cuprate thin films,
complex heterostructures, and superlattices, with precisely engineered interfaces [7,8,36–43].
Using ALL-MBE, we can precisely control the layer thickness to one monolayer (ML) and
have demonstrated that ultrathin barriers can be fabricated without any pinholes [7,8,34].
Just from the barrier height and thickness, one should expect a tunneling supercurrent in
such c-axis JJ, without any defects. Nevertheless, the fabrication of SIS trilayer junctions
has remained a formidable challenge [44–49]. A big part of the problem has been finding
the perfect ‘I’ layer. The interfaces between cuprates and insulating oxides, commonly used
as substrates such as SrTiO3, CaTiO3, BaTiO3, LaAlO3, etc., tend to be imperfect because
these materials are electrostatically mismatched to cuprates. In SrTiO3, the atomic (SrO)
and (TiO2) monolayers are charge-neutral; in contrast, LSCO has a layered-perovskite
K2NiF4 or “214” structure in which (CuO2)2- layers alternate with two (LaO)+1 layers. This
causes a “polarization catastrophe” and the consequent structural reconstruction near the
interface [44,48].

For this reason, the ideal insulating barrier material should have the same layered 214
structure, with a small divalent cation replacing Cu2+. The best results so far were achieved
using the undoped La2CuO4 (LCO), the Mott-insulator parent compound, as the barrier
material [7,8,34,36]. Growing LCO atop LSCO, or vice versa, is quasi-homoepitaxy, so the
interface can be made atomically sharp, insofar that Sr interdiffusion can be suppressed.
Using ALL-MBE, we synthesized and studied LSCO/LCO bilayers and LSCO/LCO/LSCO
tunnel junctions extensively, and it was demonstrated that all LSCO layers remain su-
perconducting. However, experiments showed that something prohibits the coherent
supercurrent in LSCO/LCO/LSCO junctions. This has been known for two decades [34]
and was reaffirmed in a more recent series of experiments [7,8]. Some theorists speculated
that this may be due to the static or fluctuating antiferromagnetic order in the insulating
LCO barrier, but a definitive microscopic understanding of this phenomenon is lacking.
In any case, this is why we decided to search for different insulating barrier materials and
specifically those that are not Mott insulators and prone to antiferromagnetic ordering.

Given that LaSrAlO4 (LSAO) is the preferred substrate for the growth of the highest-
quality LSCO films, we experimented with LSAO barriers [49]. The problem we stumbled
upon was the deterioration of superconducting properties of the LSCO electrodes, and the
formation of “dead” LSCO layers near the interface. Even though we deposit only a 1 ML
thick LSAO layer, the effective barrier is 5 ML thick [49], and indeed, in LSCO/LSAO/LSCO
tunnel junctions, we observed no supercurrent either.

In this paper, we present two innovations, one in the synthesis protocol and another
in the choice of the insulating barrier material, altogether significantly improving the
heterostructure quality. First, studying the LSCO/LSAO/LSCO heterostructures, we de-
veloped a low-temperature growth technique to minimize the interdiffusion across the
LSCO/LSAO interfaces. Next, we synthesized a new, metastable compound family, LSZO,
verified that it is a good insulator, and demonstrated excellent heteroepitaxy with LSCO.
Then we applied the low-temperature synthesis technique to grow LSCO/LZO/LSCO
heterostructures by choosing LZO as the barrier (x = 0) and showed that the superconduct-
ing properties of LSCO remained undiminished. This opens the path to the fabrication of
greatly improved HTS JJs soon.

2. Experiment: Discovery of Novel SIS
2.1. Growth of the Insulating LSAO Barrier at Low Temperature

One possible cause of the formation of dead LSCO layers near the LSAO–LSCO
interface is the cation interdiffusion, predominantly Al to Cu intersite substitution. To



Nanomaterials 2023, 13, 2207 3 of 12

address this issue, we introduced a growth protocol in which the substrate temperature
(Ts) is varied drastically for the superconducting (LSCO) and insulating (LSAO) layers.
Generally, the higher Ts is, the higher the surface mobility of deposited atoms, resulting
in better film crystallinity and structural perfection. However, with increasing Ts, bulk
mobility increases as well, leading to enhanced cation intermixing across the interface in
heterostructures. Therefore, we explored a path toward optimizing the tunnel junction
properties, trying to strike a balance between these competing requirements. As illustrated
next, the idea was to utilize, alternately, a higher Ts to ensure excellent film crystallinity
and a lower Ts to improve interface sharpness.

We first synthesized 18 ML of LSCO at our typical growth temperature Ts = 630 ◦C to
serve as the bottom LSCO electrode. Then we cooled the film down and synthesized the
1 ML thick LSAO barrier layer at a very low temperature, Ts = 200 ◦C. After that step was
completed, we raised the temperature back up to 630 ◦C and verified that the reflection
high-energy electron diffraction (RHEED) pattern recovered to that of the crystalline LSAO,
proving that the constituent atoms of the LSAO layer recrystallized. Still, in this way,
the intermixing between the LSAO layer and the LSCO layers underneath is significantly
reduced, because now it largely relies on bulk interdiffusion. Then we grew another
20 ML thick LSCO slab to serve as the top superconducting electrode. During the entire
growth process, the RHEED patterns of the sample surface (Figure 1a–d) showed no signs
of secondary phase precipitation.
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The mutual inductance (MI) measurement [50] on this SIS sample (Figure 2a) shows 
a gradual drop in the real part of emf (ReVp) and a broad peak in the imaginary part (ImVp), 
indicating a wide superconducting transition that starts at 33 K and ends at 20 K. In con-
trast, the MI plot of a typical single-phase, optimally doped LSCO film (Figure 2b) shows 
an extremely narrow superconducting transition in ImVp(T), with half-width-at-half-max-
imum (HWHM) of less than 0.5 K, indicating remarkable film quality and uniformity. The 
question is what causes this dramatic discrepancy. 

Figure 1. RHEED patterns of the sample surface during the growth of a
[18 × LSCO + 1 × LSAO + 20 × LSCO] film. (a) RHEED image of the LSCO layer taken
just before the growth of LSAO. The four sidebands between the main streaks are the prominent
feature of an optimally doped LSCO film. (b) RHEED image taken after the LSAO layer was
deposited at a low temperature, Ts = 200 ◦C. (c) RHEED image of the same LSAO layer after it
was heated up to Ts = 630 ◦C. (d) RHEED image of the final LSCO layer grown on top of the
LSAO layer.

The mutual inductance (MI) measurement [50] on this SIS sample (Figure 2a) shows
a gradual drop in the real part of emf (ReVp) and a broad peak in the imaginary part
(ImVp), indicating a wide superconducting transition that starts at 33 K and ends at 20 K.
In contrast, the MI plot of a typical single-phase, optimally doped LSCO film (Figure 2b)
shows an extremely narrow superconducting transition in ImVp(T), with half-width-at-half-
maximum (HWHM) of less than 0.5 K, indicating remarkable film quality and uniformity.
The question is what causes this dramatic discrepancy.

During the synthesis of the LSCO/LSAO/LSCO trilayers, we did not detect, by
RHEED, the formation of any precipitates of unwanted phases, nor any indication of 3D
growth [51]. Still, one could suspect that the wide superconducting transitions in such
trilayers may originate in the top LSCO layer, e.g., because its crystallinity could be affected
by the imperfect epitaxy atop the LSAO barrier layer grown at a low temperature. To test
this hypothesis, we studied two [18 × LSCO + 1 × LSAO] heterostructures where LSCO was
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synthesized at Ts = 630 ◦C and the LSAO layer at Ts = 200 ◦C. The corresponding RHEED
patterns and MI plots are shown in Figure 3. Neither of these films contains the top LSCO
electrode layer, and yet both show broad superconducting transitions with multiple peaks
resolved in ImVp(T) plots (Figure 3b,d). Since, in both heterostructures, the LSAO layer was
grown at a low temperature and the film was not heated up subsequently, we can also rule
out massive interdiffusion of Al and Cu atoms. The most plausible explanation is that due
to the presence of Al atoms nearby, the underlying LSCO layers may lose some structural
oxygen atoms, and thus the transition broadening originates from an inhomogeneous
distribution of these oxygen vacancies. This is supported by our observation of gradual
deterioration and the eventual disappearance of superconductivity in optimally doped
LSCO films covered with Al, at room temperature. We observed the same effect with other
metals that are reactive and prone to oxidation, such as Ca or Sr, as well.
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Figure 3. RHEED patterns and MI data of two [18 × LSCO + 1 × LSAO] films. (a,c) The RHEED
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patterns indicate that LSCO films underneath the LSAO layer are both atomically flat without defects.
(b,d) Corresponding MI plots of two films after growth.
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For this reason, we turned to the exploration of new barrier layer materials.

2.2. La2−xSrxZnO4 Single-Crystal Films

As we pointed out above, to avoid the “polarization catastrophe”, the ideal barrier
material should have the 214 structure, with a small divalent cation replacing Cu. Our
earlier experiments with nickelates did not bring fruit, although epitaxy was reasonably
good, so we looked elsewhere. It has been known in the HTS literature that the supercon-
ductivity in LSCO can be strongly suppressed by substituting a small amount (say 3%)
of Cu with Zn. This led us to speculate that La2−xSrxZnO4 (LSZO), where 100% Cu is
substituted with Zn, may turn out to be a good choice for insulating barriers in LSCO-based
SIS tunnel junctions. However, LSZO has not been synthesized so far; it does not seem to
be thermodynamically stable. Nevertheless, we tried to grow it as a metastable ‘artificial’
compound, using ALL-MBE and leveraging epitaxial stabilization and low-temperature,
kinetically controlled synthesis.

Since LSZO is not a naturally occurring crystal, there is no reported information about
its crystal structure and physical properties. Therefore, before growing the LSCO/LSZO
heterostructures, we first studied the growth of single-crystal LSZO films. We performed
synthesis experiments on a series of LSZO films with doping levels from x = 0 to x = 1.2 on
LSAO substrates. The surface and structure of the films were monitored in real-time by
RHEED and the surface morphology was characterized ex situ by atomic force microscopy
(AFM). During the growth, the substrate temperature was maintained at Ts = 650 ◦C. The
LSZO films were synthesized in a layer-by-layer growth manner. To grow one LSZO
monolayer, we begin by depositing two (La, Sr)O planes with a predetermined ratio of La
and Sr atoms. After closing the La and Sr shutters, we open the Zn shutters and deposit
one ZnO2 layer.

Figure 4a,d show RHEED images of two LSZO films. The bright specular spot and
long streaks indicate that the film crystallinity is high, and the surface is atomically flat.
The five main streaks correspond to (0, −2), (0, −1), (0, 0), (0, 1), and (0, 2) Bragg diffraction
rods. The separation of these streaks is the same as in the LSAO substrate, and since this
distance is proportional to the inverse of the in-plane lattice constant, it indicates that these
films are pseudomorphic with the substrate. A feature that is present in RHEED patterns
of all LSZO films and absent in LSAO substrates is the multiple sidebands in between the
main streaks.

The AFM images of the film surfaces (Figure 4b,e) show that the LSZO film follows
the stepped terraces in the substrate. The RMS surface roughness in these two films is only
0.16 nm and 0.25 nm, respectively, indicating that the surfaces are atomically flat.

Thus, we have demonstrated that atomically smooth LSZO films can be epitaxially
grown on the LSAO substrate using ALL-MBE, introducing LSZO as a new material family.
The MI and transport measurements on LSZO films indicate that they are all insulating.
In conclusion, LSZO emerged as a promising candidate material for insulating barriers in
LSCO-based SIS tunnel junctions. In the rest of this paper, we focus on the x = 0 (“parent”)
compound, La2ZnO4 (LZO), since it provided the best heteroepitaxy with LSCO.
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Figure 4. Characterization of the surface of LSZO films. (a) RHEED pattern of an LSZO (x = 0.3)
film. Five main streaks originate from the (0, −2), (0, −1), (0, 0), (0, 1), and (0, 2) Bragg diffraction
rods. (b) An AFM image of the surface of the same film as in (a). The field of view is 3 × 3 µm2.
The RMS surface roughness is 0.16 nm. (c) The height profile along the blue line in (b) shows an
atomically flat step-terrace structure. The height of one step corresponds to the height of one full unit
cell of LSZO. (d) RHEED pattern of a LSZO (x = 0.2) film. (e) An AFM image of the film in (d). The
RMS roughness is 0.25 nm. (f) The height profile along the blue line in (e) shows an atomically flat
step-terrace structure.

2.3. Growth of the Insulating LZO Barrier at Low Temperature

Encouraged by this success, we explored the possibility of synthesizing LSCO/LZO
heterostructures. We started by growing 18 ML of optimally doped LSCO on an LSAO
substrate, at Ts = 630 ◦C. Then we cooled the sample down to Ts = 200 ◦C to deposit 1 ML
of LZO, stopped the growth, and cooled the sample down to room temperature. The MI
data of this [18 × LSCO + 1 × LZO] film (Figure 5) reveal a single narrow peak in ImVp(T),
indicating a very sharp superconducting transition in this heterostructure. This is in stark
contrast to the results obtained with [18 × LSCO + 1 × LSAO] films shown in Figure 2b,d,
indicating that the LZO barrier grown at a low temperature has no detectable detrimental
effect on the superconducting properties of the underlying LSCO film.
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In the next set of experiments, we utilized the low-temperature growth technique to
synthesize LSCO/LZO/LSCO trilayer films. In Figure 6, we illustrate the evolution of the
RHEED patterns during the process of synthesis of a [16 × LSCO + 1 × LZO + 10 × LSCO]
film. The pattern in Figure 6a was taken at the end of the growth of the bottom LSCO layers. In
this image, a prominent feature is the presence of four sidebands, which implies a 5 × 1 or 5 × 5
surface reconstruction, which is characteristic of all LSCO films [42,43]. Figure 6b was taken after
the sample was cooled down to Ts = 200 ◦C and 1 ML of LZO was deposited at that temperature.
The RHEED pattern nearly disappeared because this low surface temperature is insufficient for
LZO crystallization. After that, we slowly increased the temperature back to Ts = 630 ◦C, and
the crystalline RHEED pattern reappeared (Figure 6c), indicating that the surface LZO layer
underwent recrystallization. The RHEED features consist of long and sharp streaks and a bright
specular spot, indicating epitaxial 2D growth without any 3D defects [51]. In contrast to the
RHEED pattern of LSCO which features four sidebands, the LZO layer exhibits three sidebands.
Although an atomistic understanding of the surface reconstruction is still missing when writing
this paper, a different RHEED pattern indicates that the material is distinct from the underlying
LSCO. When Ts reached 630 ◦C, we started to grow the top LSCO layers. A transition from
three sidebands to four sidebands occurred very fast, during the growth of the very first ML of
LSCO on top of LZO. The abrupt transition between two different surface reconstructions once
again implies that the LZO/LSCO interface is quite sharp. Subsequently, the same characteristic
LSCO RHEED pattern persisted until the end of the growth process (Figure 6d), indicating
excellent heteroepitaxy.

The results of MI measurements on this LSCO/LZO/LSCO trilayer film are shown in
Figure 7. The HWHM of the superconducting transition peak is less than 1 K. While we can
see some small secondary peaks, this can still be considered as a sharp superconducting
transition, indicating that the film is nearly homogeneous over the whole 10 × 10 mm2

area. The insertion of the LZO layer has no significant impact on the superconducting
properties of the upper and lower LSCO layers. The SIS trilayers with LSCO electrodes and
1 ML LZO barriers thus present a significant improvement over previous ones with LSAO
barriers, in terms of sharpness of the superconducting transition and homogeneity of the
superfluid density.
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[16 × LSCO + 1 × LZO + 10 × LSCO] film. (a) RHEED image of the LSCO layer taken
just before the growth of LZO. The four sidebands between the main streaks are the prominent
feature of an optimally doped LSCO film. (b) RHEED image taken after the LZO layer was
deposited at a low temperature, Ts = 200 ◦C. (c) RHEED image of the same LZO layer after it
was heated up to Ts = 630 ◦C. (d) RHEED image of the final LSCO layer grown on top of the
LZO layer.
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3. Methods

The films reported here were grown in an ALL-MBE system that is specially designed
for the growth of complex oxide superconducting materials [41,42]. It is equipped with
16 Knudsen effusion cells to provide stable atomic beam flux of multiple constituent ele-
ments and an ozone distillation system to supply pure ozone gas as the oxidizer. Several sur-
face analytical tools, including a double-deflection RHEED and time-of-flight ion-scattering-
and-recoil spectroscopy (TOF-ISARS), are integrated in situ to enable real-time monitoring
of the morphology, crystal structure, and chemical composition of the surface during
the growth.

In each of these synthesis experiments, RHEED was used in real-time, all the time. It
has been well established that as long as any secondary-phase precipitates are nucleated
on the surface, even if these are just a few tens of nanometers wide, they can be observed
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by RHEED. An atomically smooth surface generates a RHEED image that only contains
streaks, similar to what is shown in Figure 1a–d, Figure 3a,c and Figure 6a,c,d. The better
the film crystallinity, the longer and sharper the streaks are. Another positive sign is the
appearance of the diagonal (“Kikuchi lines”) streaks that come from inelastic scattering.
These features are also apparent in Figure 4a,d. In contrast, if secondary-phase precipitates
are present on the surface, one also observes spots, originating from transmission through
the precipitates. These spots are very broad and fuzzy if the precipitates are small (for
example, 10–20 nm wide) and become sharper as the precipitates grow bigger. Since these
phases (La2O3, SrO, and CuO) have different lattice constants from LSCO, they typically
appear at different positions in the inverse space (i.e., in between the streaks).

Bragg diffraction spots can also be seen if there are no secondary-phase precipitates,
but the surface of the single-phase (e.g., LSCO) film is rough, due to some island growth.
The difference is that in this case, the extra spots sit right on the streaks that originate from
the flat parts (since the lattice constant is the same in the islands and in the flat matrix under
them). Again, no such modulation is seen in Figure 4a,d, so we are confident that no such
islands exist on these surfaces.

After growth, every film is studied by AFM to provide further information about
the film surface morphology. The above has been amply confirmed, with statistics in the
thousands, by a posteriori AFM study of the films. When the RHEED images are of high
quality such as in Figure 4a,d, the AFM images typically show RMS roughness less than
0.5 nm, which is less than the c-axis lattice constant (1.3 nm). Indeed, the AFM images in
Figure 4b,e show RMS roughness of 0.16 and 0.25 nm, so these films are essentially flat
without any detectable 3D defects or outgrowths.

Ex situ MI measurements are used to study the superconducting properties by de-
tecting the temperature dependence of the diamagnetic response in films. The MI setup
temperature is controlled with sub-millikelvin precision from room temperature down to
T = 4 K. During the measurements, the drive coil operates at a fixed kHz frequency and
creates a time-varying magnetic field that penetrates the thin film sample and induces
alternating current (AC) in the pick-up coil at the other side, which is measured by a lock-in
amplifier. When the film undergoes the superconducting transition, one would notice
a drop in ReVp(T) in the pick-up coil showing the diamagnetic screening. At the same
temperature, a peak arises in ImVp(T), which corresponds to the change in AC conductivity.
The Tc of the film can be read from the onset of the drop in ReVp(T) or the corresponding
onset of the rise in ImVp(T). Moreover, because the whole setup is manufactured and
calibrated to a high precision, given the geometry of coils and films, one can calculate the
real number of the penetration depth λ and AC conductivity from the complex impedance
by numerical inversion [50].

The MI technique is indeed very sensitive to the different superconducting transitions
present in the measurement region. For example, if the film contains two regions with
different critical temperatures, say Tc1 > Tc2, upon cooling down, a superconducting
transition occurs in the region with the higher Tc1, and this triggers a change in the signal of
the pick-up coil. The visually most apparent feature is a peak in the imaginary (dissipative)
part ImVp(T), with the onset at Tc1. As the temperature is lowered further to cause the
other region to become superconducting, another separate peak in ImVp(T) will occur near
Tc2. This situation is illustrated well in Figures 2a and 3b,d; some small secondary peaks
are also seen in Figure 7. If inhomogeneity is not described by two or more discrete values
of Tc but rather by some distribution, the peaks in ImVp(T) will broaden, or even merge
into a single broad peak.

As for the real (reactive) part, when a film becomes superconducting, it causes the
value of the ReVp(T) to decrease because the magnetic field is screened. If there are regions
with different transition temperatures, ReVp(T) will start dropping at Tc1 with some slope,
and then at Tc2, the slope will increase (i.e., there will be a kink).

So far, we were depicting a situation where the superconductivity in the film is
inhomogeneous in the horizontal (in-plane, parallel to the substrate) direction. Similar
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effects can be observed if the sample is inhomogeneous vertically, i.e., if Tc varies from
layer to layer. If the film is thick enough, the field transmission through the layers with a
higher Tc may be very low, thus (almost) completely screening the signal from layers with
a lower Tc. However, this is not the case for films reported here, since they are all very thin.

To summarize this, although the coils are indeed macroscopic, any inhomogeneity
in the Tc distribution across the films can be detected by the MI measurements at high
sensitivity. The multiple peaks in ImVp(T) are clear evidence of the inhomogeneity of
the film. When only one peak is present, the HWHM of the peak is a good measure of
the uniformity of the superfluid density. Qualitatively, a wider peak indicates that the
variation in Tc is larger, and homogeneity is worse. Quantitatively, if there are two peaks, at
Tc1 > Tc2, we can resolve them if Tc1–Tc2 is larger than HWHM.

4. Discussion and Conclusions

Using ALL-MBE, we have synthesized a new family of compounds, LSZO, with
x = 0 to x = 1.2. We demonstrated that LSZO is epitaxially quite compatible with LSAO and
LSCO. We synthesized single-phase, atomically smooth LSZO films on LSAO substrates, as
well as equally perfect LSCO/LZO bilayers and LSCO/LZO/LSCO trilayers. To reduce
cation interdiffusion across the LSCO/LZO interfaces, we introduced a new ALL-MBE
synthesis strategy—we deposited LSCO at a high temperature to ensure good crystallinity
and sharp superconducting transition, then cooled the sample down to deposit LZO at a
low temperature, preventing cation interdiffusion, ramped the temperature up gradually to
recrystallize LZO, then grew the top LSCO electrode layer at a high temperature. In these
heterostructures, LSCO maintains excellent superconducting properties equal to those of
single-phase LSCO films.

Compared with a sharp transition of single-phase LSCO film in Figure 2b, the wide
and multiple peaks seen in Figures 2a and 3b,d imply that LSCO/LSAO/LSCO and
LSCO/LSAO heterostructures have quite ‘bad’ transitions. Since these heterostructures
are atomically flat, without obvious defects apparent in RHEED or AFM, we infer that the
LSCO layers near the interface deteriorated due to the proximity to the LSAO layer, likely
because of the electron charge transfer but perhaps also from some ionic displacements.

In stark contrast, the two different films in Figures 5 and 7 show very sharp transi-
tions. This implies that in LSCO/LZO (Figure 5), the LSCO layers underneath the LZO are
quite homogeneous. Similarly, the MI data in Figure 7 indicate that in LSCO/LZO/LSCO
heterostructures, the superconducting transitions of all LSCO layers, above and under-
neath the LZO, are very uniform. If in the top LSCO layers superconductivity were
rendered bad by poor epitaxy with LZO, one would expect the MI plots to resemble those
of LSCO/LSAO/LSCO and LSCO/LSAO heterostructures (Figures 2a and 3b,d).

The MI data of Figures 5 and 7 are taken from two different samples, and the values
of Tc differ by approximately 4 K. This is likely due to the lack of control during low-
temperature growth; this is below the cut-off region of our current pyrometer, so we rely
on keeping the heater power constant rather than using the PID control to stabilize the
temperature. We are working on further hardware upgrades to improve this. Moreover,
a remedy may exist in developing adequate post-growth annealing procedures that are
different from those we optimized for the synthesis of single-crystal thin films that are
grown at high and constant temperatures. However, note that these sample-to-sample Tc
variations are not critical to our objective in this paper, which is the discovery of a new
metastable compound (LZO) that shows superior performance as an insulator barrier in
LSCO-based SIS heterostructures layers. Notably, LZO does not cause deterioration of
superconducting properties of the nearest LSCO layers, so in this way, we have solved the
most critical and long-standing problem in the fabrication of HTS tunnel junctions.

In summary, we have shown that LZO is a very promising candidate for the insulator
barrier material in HTS heterostructures, including SIS tunnel junctions, which we plan to
fabricate and study in the near future.
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