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Abstract: While the search for new high-temperature superconductors had been driven by the
empirical “trials and errors” method for decades, we now report the synthesis of Artificial High-Tc

Superlattices (AHTS) designed by quantum mechanics theory at the nanoscale. This discovery paves
the way for engineering a new class of high-temperature superconductors, following the predictions
of the Bianconi Perali Valletta (BPV) theory recently implemented in 2022 by Mazziotti et al. including
Rashba spin-orbit coupling to create nanoscale AHTS composed of quantum wells. The high-Tc

superconducting properties within these superlattices are controlled by a conformational parameter
of the superlattice geometry, specifically, the ratio L/d which represents the thickness of La2CuO4

layers (L) relative to the superlattice period (d). Using molecular beam epitaxy, we have successfully
grown numerous AHTS samples. These samples consist of initial layers of stoichiometric La2CuO4

units with a thickness L, doped by interface space charge, and intercalated with second layers of
non-superconducting metallic material, La1.55Sr0.45CuO4 with thickness denoted as W = d − L. This
configuration forms a quantum superlattice with periodicity d. The agreement observed between
the experimental dependence Tc (the superconducting transition temperature) versus L/d ratio and
the predictions of the BPV theory for AHTS in the form of the superconducting dome validates the
hypothesis that the superconducting dome arises from the Fano–Feshbach or shape resonance in
multigap superconductivity driven by quantum nanoscale confinement.

Keywords: artificial high Tc superlattices; Fano-Feshbach resonance; high Tc superondutivity;
quantum confinement; quantum materials design

1. Introduction

Properties of solids at nanoscale diverge significantly from their bulk counterparts.
Interface phenomena encompassing high mobility 2D electron gas (2DEG) [1], supercon-
ductivity [2], magnetism [3], and the quantum Hall effect [4] manifest at the interface
between LaAlO3 and SrTiO3. Quasi-two-dimensional (quasi-2D) high-temperature super-
conductivity (HTS) emerges at interface between metal/insulator (MI) bilayers. MI bilayers
composed of an overdoped La1.55 Sr0.45CuO4 (LSCO) layer, and an undoped La2CuO4
(LCO) layer show high Tc interface 2D superconductivity [5], where both individual layers
are not superconducting. Detailed investigations of the 2D interface superconductivity [6,7]
have focused on understanding superconductivity in two dimensions, giving important
information about the control of chemical Sr intermixing across the interface within about
one unit cell.

Condens. Matter 2023, 8, 78. https://doi.org/10.3390/condmat8030078 https://www.mdpi.com/journal/condensedmatter

https://doi.org/10.3390/condmat8030078
https://doi.org/10.3390/condmat8030078
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/condensedmatter
https://www.mdpi.com
https://orcid.org/0000-0001-9845-9394
https://orcid.org/0000-0002-3901-9230
https://orcid.org/0000-0001-9795-3913
https://doi.org/10.3390/condmat8030078
https://www.mdpi.com/journal/condensedmatter
https://www.mdpi.com/article/10.3390/condmat8030078?type=check_update&version=3


Condens. Matter 2023, 8, 78 2 of 9

The interface superconductivity was shown to arise from charge transfer at the het-
erojunction from the metal to the Mott insulator forming the nanoscale interface layer of
space charge (holes) within stoichiometric La2CuO4 [5]. Zn doping reveals that supercon-
ductivity is localized around the second CuO2 plane from the nominal interface, with the
superconducting layer being about two molecular layers (MLs) (two MLs are one unit cell
1.32 nm of the LSCO crystal structure) [8].

Low-energy muon-spin rotation measurements of MI superlattices illustrate antiferro-
magnetic (AF) ordering in a few-unit-cell-thick La2CuO4 [9]. The impact of dopant ionic
radii on the interface high-temperature superconductivity and the distribution of Ca, Sr, and
Ba dopants within 2 nm are explored in diverse MI bilayers (La1.55Ca0.45CuO4/La2CuO4,
La1.55Sr0.45CuO4/La2CuO4 and La1.55Ba0.45CuO4/La2CuO4), employing scanning trans-
mission electron microscopy in combination with electron energy-loss spectroscopy (STEM-
EELS) [10]. The superconducting transition temperature ranges from 16 K for Ca-based
bilayers to 39 K for Ba-based bilayers. At the of LSCO-LCO interface, a Tc of 40 K is
observed across various doping levels in LSCO layers (0.2 to 0.5) in the Sr-rich layer [11].
This observation stimulated several theoretical studies delving into potential scenarios for
2D interface superconductivity [12,13].

The theoretical exploration entails computing charge profiles in LSCO/LCO bilay-
ers [12] grounded on the Poisson equation and doping dependence of the chemical po-
tential obtained by the angle-resolved photoemission spectroscopy in La2−xSrxCuO4 com-
pounds [14]. The microscopic model proposes that 2D interface superconductivity at the
natural interface between overdoped non-superconducting La2−xSrxCuO4 and undoped
LCO is pinned at the optimal Tc, irrespective of the carrier concentration in the metallic
layer [13].

The notation of “delta-doping” or “modulation” doping originating from semiconduc-
tor nanostructures to alter electrical and optical properties [15], has been adopted in cuprate
superlattices. Here, the single LaO layer in undoped LCO is replaced with CaO, SrO, BaO,
and isovalent DyO layers [16,17]. Layer-dependent superconductivity for divalent dopants
(Ca, Sr, and Ba), reaching a maximum Tc of 35 K with Sr doping, is witnessed.

High-resolution STEM-EELS reveals asymmetric dopant distribution around the Sr-
doped layer. The side facing the substrate exhibits distinct Sr-La intermixing (0.9–0.2 nm
wide) while the surface-facing side displays diffused intermixing (2.3 ± 0.4 nm), indicating
Sr segregation during the growth. Examination of the O-K edge X-ray absorption spec-
tra discloses the hole concentration profile, signifying a superconducting space-charge
accumulation layer of about 2.6 nm on the side of the chemically undoped La2CuO4 layer,
as expected in a p-n junction [16–18]. The interplay between high-Tc superconductivity
and antiferromagnetic order in these Sr-doped superlattices has been investigated via
low-energy muon spin rotation [19].

The 2DEG at the SrTiO3 interface shows a superconducting dome of Tc versus charge
density, which has been assigned [20] to a Fano–Feshbach resonance or shape resonance
between superconducting gaps near a Lifshitz transition for electronic topological trans-
formation of “opening a neck in the appearing Fermi surface” using the Bianconi Perali
Valletta (BPV) theory for superlattices of quantum wires [21–23], extended to superlattices
of quantum wells [24] as a case of multigap high-Tc superconductivity near the BCS-BEC
crossover [25–28] where the apex of the superconductivity dome is steered by quantum size
effects, pair exchange interaction between gaps and, more recently, it has been shown to be
amplified by the Rashba spin- orbit coupling (SOC) [29,30]. This coupling stems from the
internal electric field in nanoscale heterojunctions formed at the interfaces between different
materials, tied to the adjoining space charge layer. It has been shown that the multigap
superconductivity [20,28] at the interface is determined by the formation of subbands due
to quantum size effects determined by the nanoscale thickness of the 2DEG interface.

Here we provide novel artificial high-Tc superlattices (AHTS) using the advanced
BPV theory [30] to design superlattices of quantum wells tuned at the Fano-Feshbach
resonance [31] formed by using two different non-superconducting cuprate compounds;
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therefore, they can be considered as superconductors with artificially designed nanoscale
phase separation. Thus, this work provides evidence that the nanoscale chemical phase
separation observed in different types of multigap high-Tc superconductors, including
MgB2 doped by Sc or Al [32] or cuprates doped by oxygen interstitials [33,34] and iron
based superconductors [35], can tune superconducting properties via the Fano–Feshbach
resonances. Following our presented results many different AHTS made of heterogeneous
systems with artificial multiband interface charge layers can be grown by using modern
synthesis techniques [36]. By tuning the electronic properties of these layers and quantum
size effects, one can control the Fano–Feshbach resonances at nanoscale [21–29] and obtain
high temperature superconductivity in AHTS. This could open a new direction (era) of
search of superconducting quantum materials with Tc on demand driven by quantum
mechanics theory.

2. Results and Discussion

The central objective of this study was to experimentally validate the quantitative
predictions of the superconducting dome in AHTS [29,30]. These predictions are based on
the deliberate design of nanoscale LSCO/LCO superlattices, wherein the superconducting
layers (S) consist of a 2D electron gas (2DEG) formed by the interface space charge. The
2DEG has a thickness denoted as L and is confined in LCO layers, while being sandwiched
by metallic LSCO layers in the LSCO/LCO superlattices. The overall superlattice structure
has a periodicity represented as d in Figure 1. The primary approach taken was to compute
the high-Tc superconducting dome utilizing the BPV theory for a superlattice of quantum
wells, which mimics the structure of the LSCO/LCO superlattice.
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with maximum periods, d, ranging up ∼5 nm. Figure 1 provides an illustrative depiction 
of a typical LSCO/LCO superlattice with a period of d = 5.28 nm. In this configuration, the 

Figure 1. Pictorial view of an AHTS superconductor showing a practical realization of the nanoscale
AHTS of the type called three dimensional (3D) superlattice of quantum wells made of five ML
(L = 3.3 nm) of undoped LCO, electronically doped by the interface space charge, which are interca-
lated by normal metal units made of three ML (W = 1.98 nm) of LSCO forming a superlattice with
a period of d = L + W = 5.28 nm and with conformational parameter L/d = 5/8 = 0.625 giving the
optimum critical temperature appearing in the range 0.6 < L/d < 0.7.

The theoretical critical temperature, Tc, has been plotted as a function of the L/d
conformational parameter, which characterizes the geometry of the superlattice, thereby yielding
the superconducting dome Tc(L/d). In parallel, the experimental critical temperature dome,
Tc(L/d), was determined through measurements on LSCO/LCO superlattices fabricated
using molecular beam epitaxy (MBE). Our focus has been directed to superlattices with
maximum periods, d, ranging up ~5 nm. Figure 1 provides an illustrative depiction of a
typical LSCO/LCO superlattice with a period of d = 5.28 nm. In this configuration, the
LCO layer has a thickness of five molecular layers (ML), denoted as L = 3.3 nm, and the
LSCO layer has a thickness of three ML, indicated as W = 1.98 nm.

Our experimental approach was based on the idea of manipulation of the 2DEG
interface space charge layer, which spread within a 2.6 nm thickness in the LCO layer,
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from the LSCO/LCO interface. The quantum confinement of this layer between two LSCO
potential barriers, V, in the superlattice creates two artificial subbands due to quantum size
effects and modulates either their energy splitting or the potential barrier transparency by
tuning thickness ratio, L/d.

2.1. Quantum Design of AHTS

The quantum material design of AHTS shown in Figure 1 has been carried out by first-
principle quantum mechanics numerical calculations of electronic and superconducting
properties shown in Figure 2 using the BPV theory [21–23,29,30] .
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Figure 2. (a) The periodic electronic band structure in the LSCO/LCO artificial superlattice. The
potential barrier of 500 meV is developed in LSCO layers, while in the superconducting LCO space
charge layer for the ratio L/d between 0.25 and 0.9 the quantum confinement in the potential well
L gives two electronic subbands with band edges at E1 and E2. (b) The density of states (DOS)
of the LCO quantum wells in LCO/LSCO superlattices with different conformational parameters
L/d for L/d = 0.67 in red corresponds to the case with maximum Tc, for L/d = 0.87 in green and
for L/d = 0.33 in blue, correspond to cases with reduced Tc. The DOS calculations with same L/d
parameter with SOC, α = 0.5 are shown with solid lines and with no SOC, α = 0 is shown as dashed
line with the same color. (c) Energy values of the energies E1 and E2 of the Lifshitz transition for
appearing of a new Fermi surface and for opening a neck in the Fermi surface in the lower E1 and
upper E2 electronic subbands without SOC, α = 0 (dashed lines), and with SOC, α = 0.5 (solid lines).
(d) The superconductivity dome of the critical temperature Tc predicted by the BPV theory at a
Fano–Feshbach resonance for the superlattice of quantum wells as a function of L/d in the range of
0.25 < L/d < 0.9.

In multigap superconductivity [24–29] the configuration interaction between gaps in
flat and steep bands or between different Fermi surfaces via the Fano–Feshbach resonance
could tune superconducting properties. The Tc superconducting dome as a function of
doping or pressure in unconventional high-Tc superconductors is considered the hallmark
of a mysterious strange metal phase giving high temperature superconductivity.

The quantum numerical calculations of the Fano–Feshbach resonance [29,30], includ-
ing SOC, have been carried out for a superlattice of quantum wells of period d = 3 nm
and variable potential well thickness 0.75 < L < 2.7 nm of the superconductor layer, with a
conformational ratio of 0.25 < L/d < 0.9.

The superconducting layer has been assumed to be confined within the potential
barrier of 500 meV, at the interface between LCO and LSCO oxide layers [14,37], as in
a recent work [30]. We studied AHTS made of the superlattice of quantum wells with
d = 3 nm for variable 0.24 < L/d < 0.9 [29,30], giving the two subbands generating the two
gap superconductivity, which shows a superconducting dome of the critical temperature
Tc as a function of both charge density and pairing strength g with maximum Tc = 40 K.
We used a weak g = 0.3 pairing strength in the small Fermi surface in the second upper
subband, and weak pair exchange non-diagonal terms in the coupling tensor, which have
been shown to give 40 K superconductivity [29,30].
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The results of our calculations of the critical temperature as a function of L/d ratio
with a fixed potential barrier of quantum wells 500 meV and the intraband pairing coupling
g = 0.3 including SOC constant α = 0.5 are shown in panel (d) of Figure 2 [30].

The superconducting dome has been assigned to a variety of possible quantum critical
points object of controversy between different authors.

In our BPV theory, the Tc dome, is determined by the Fano–Feshbach resonance con-
trolled by the superlattice geometry, charge density, pairing strength and Rashba spinorbit
coupling [29,30].

According to these calculations (Figure 2), the two-gap superconductivity regime
is present only in the range of 0.25 < L/d < 0.9 in nanoscale AHTS. For L/d < 0.25, the
second subband is pushed up in the continuum because of a narrow L width, and the finite
potential barrier V of the superlattice entering in a single gap regime. On the other side of
the dome, for L/d > 0.9, the width of the metallic LSCO layer W becomes very thin and
transparent; therefore, the two wide subbands merge in a single band.

2.2. MBE Synthesis of Artificial High-Tc Superlattices

AHTS based on normal metal LSCO and superconducting space charge layer formed
in LCO thin layers have been synthesized via an ozone-assisted MBE method (DCA In-
struments Oy) on LaSrAlO4 (001) substrates (compressive strain for La2CuO4 on LaSrAlO4
is +1.4%).

The superlattice growth was controlled by the in situ reflection high-energy electron
diffraction (RHEED). This method is characterized by the sequence of deposition of single
atomic layers and minimal kinetic energy of impinging atoms (about 0.1 eV). The substrate
temperature Ts according to radiation pyrometer reading was 650 ◦C, and the chamber
pressure p ≈ 1.5 × 10−5 Torr of mixed ozone, atomic and molecular oxygen.

After finishing, the growth samples were cooled down to Ts = 200 ◦C. The delivery
of ozone was stopped at this temperature and, thereafter, samples were cooled down in
vacuum to remove the interstitial oxygen in La2CuO4 layers and to make these layers
undoped. The high-quality crystal superlattice structure of the AHTS was confirmed by
X-ray diffraction and reflectivity measured by using Bruker D8 Cuα,1 = 1.5406 Å shown in
Figure 3.
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Figure 3. (a) X-ray diffraction (XRD), (b) X-ray Reflectivity (XRR) of AHTS. Black circles, red squares,
turquoise triangles and green deltoids correspond to XRD and XRR for different superlattices with a
constant period d = 8 ML, and different L/d ratios. AHTS are classified as mLSCO + nLCO, where m
and n are integer numbers of ML of LSCO and LCO, correspondingly.

2.3. The Superconducting Dome of AHTS

Temperature dependence of resistance were performed in a four-point van der Pauw
configuration with alternative DC current ± 10 µA in a temperature range from room
temperature to 4.2 K (liquid helium). Simultaneously, the mutual inductance of real and
imaginary part of AC magnetic susceptibility was measured in a two-coil configuration
with alternative current in driving coil of 50 µA and frequency 1000 Hz. Both temperature
dependent resistance and mutual inductance were measured simultaneously by using
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a motorized custom-made dipstick in a transport helium dewar with temperature rate
<0.1 K/s.

Figure 4a depicts the normalized sheet resistance as a function of temperature of differ-
ent AHTS consisting of electronic doped LCO quantum wells between metallic LSCO layers
with fixed period d = 5.28 nm and various L/d ratios. AHTS exhibiting a maximum Tc with
L/d = 0.625–0.75 ratios show linear temperature dependences, as shown by the dashed line
in Figure 4a. The linear temperature dependence of resistance (T-linear regime) indicates
that the scattering rate hits the Planckian limit, [38,39] given by h̄/τ = KBT that is expected
to occur at the unconventional extended van Hove singularity for a Lifshitz transition of
the opening a neck type, while it was considered the hallmark of the strange metal phase
in HTS cuprates. In our AHTS, the T-linear regime appears where the critical temperature
is at its maximum value. Figure 4b shows the experimental critical temperature Tc versus
L/d data, giving a superconducting dome for a fixed superlattice period d = 5.28 nm that is
quantitatively agreeing with our theoretical curve (dashed line) presented in Figure 2c. The
universal superconducting dome of Tc versus L/d ratios for all LSCO/LCO superlattices
studied in this work with slightly different periods in the range of 1.98 < d < 5.28 nm is
presented in Figure 4c. These results provide compelling evidence for the high-Tc quantum
amplification mechanism driven by a Fano–Feshbach or shape resonance in multi-gap su-
perconductors [31] with the key role of quantum geometry control of the superconducting
transition temperatures in AHTS.
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Figure 4. (a) The normalized sheet resistance as a function of temperature of LSCO/LCO superlattices
with a constant period d = 5.28 nm and different L/d. (R300 is the resistance measured at 300 K). L/d
= 0.25 (violet color), corresponds to the overdoped regime and L/d = 0.875 (red color) corresponds to
the underdoped regime of the HTS phase diagram of cuprates, both with reduced Tc. The maximum
Tc ≈ 43 K observed at L/d = 0.625–0.75 corresponds to a critical temperature in the optimum doped
LSCO. (b) The critical temperature determined as maximum of a derivative of the sheet resistance
(blue dots) and maximum of imaginary part of the mutual inductance (red dots). (c) Tc versus L/d
for all LSCO/LCO superlattices with a different period in the range from 1.98 nm to 5.28 nm. The
dashed curve in panels (b,c) are the theory predictions using the BPV theory including a SOC as
shown in Figure 2.

3. Conclusions

In conclusion, this work offers compelling experimental validation for the quantum
material design and predictions pertaining to nanoscale AHTS based on the BPV theory.
These predictions, rooted in calculations of the resonant quantum tunneling within superlat-
tices of quantum wells in LCO layers hosting the interface space charge, have been realized
through a growth process involving alternating layers of metallic LSCO and undoped LCO
layers. Many AHTS with varying periods within the range of 1.98 < d < 5.28 nm have been
synthesized using ozone-assisted MBE.

The study reveals tunable high-Tc superconductivity with a universal dome-like
dependence of Tc on the superlattice period and layer thickness. Additionally, the un-
conventional linear temperature dependence of the normal state resistance is observed
for superlattices with the highest Tc, indicating the attainment of the Planckian scattering
rate limit.
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The engineered AHTS, composed of different non-superconducting cuprate com-
pounds, can be regarded as superconductors exhibiting artificial nanoscale phase separa-
tion. Therefore they shed light on the role of arrested nanoscale chemical (or extrinsic) phase
separation revealed in natural high Tc superconductors by local structural probes [32–35]
where only short range superstructure is observed but correlated disorder allows 3D perco-
lation of nanoscale puddles tuned at the Fano-Feshbach resonance [40]. Finally this work
demonstrates the potential of manipulating nanoscale chemical phase separation to tune su-
perconducting properties through the Fano–Feshbach resonance between superconducting
gaps, suggesting a new avenue for the exploration of superconducting quantum materials
with controllable Tc, guided by quantum mechanics theory.

Author Contributions: Conceptualization, A.B. and G.L.; methodology, G.L. and A.B.; software, A.V.,
G.C. (Gaetano Campi) and A.B.; validation, G.L. and A.B.; formal analysis, G.L., G.C. (Gaetano Campi),
A.B. and N.B.; investigation, G.L., N.B., G.C. (Georg Christiani), G.C. (Gaetano Campi), A.V. and
A.B.; sample synthesis, G.L., N.B. and G.C. (Georg Christiani); data curation, G.L., N.B., G.C.
(Georg Christiani), G.C. (Gaetano Campi) and A.B.; writing—original draft preparation A.B., G.L.,
N.B. and G.C. (Gaetano Campi); writing—review and editing, G.L., A.B., N.B., G.C. (Georg Christiani)
and G.C. (Gaetano Campi). All authors have read and agreed to the published version of the manuscript.

Funding: This research received funding from Superstripes onlus.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author (A.B.) upon reasonable request.

Acknowledgments: We thank Andrea Perali for useful discussions.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Ohtomo, A.; Hwang, H.Y. A high mobility electron gas at the LaAlO3/SrTiO3 heterointerface. Nature 2004, 427, 423–426.

[CrossRef] [PubMed]
2. Reyren, N.; Thiel, S.; Caviglia, A.D.; Kourkoutis, L.F.; Hammerl, G.; Richter, C.; Schneider, C.W.; Kopp, T.; Ruetschi, A.S.; Jaccard,

D.; et al. Superconducting interfaces between insulating oxides. Science 2007, 317, 1196–1199. [CrossRef] [PubMed]
3. Brinkman, A.; Huijben, M.; Van Zalk, M.; Huijben, J.; Zeitler, U.; Maan, J.C.; van der Wiel, W.G.; Rijnders, G.J.; Blank, D.H.;

Hilgenkamp, H. Magnetic effects at the interface between non-magnetic oxides. Nat. Mater. 2007, 6, 493–496. [CrossRef]
4. Tsukazaki, A.; Ohtomo, A.; Kita, T.; Ohno, Y.; Ohno, H.; Kawasaki, M. Quantum Hall Effect in Polar Oxide Heterostructures.

Science 2007, 315, 1388–1391. [CrossRef] [PubMed]
5. Gozar, A.; Logvenov, G.; Kourkoutis, L.F.; Bollinger, A.T.; Giannuzzi, L.A.; Muller, D.A.; Bozovic, I. High temperature interface

superconductivity between metallic and insulating copper oxides. Nature 2008, 455, 782–785. [CrossRef] [PubMed]
6. Pereiro, J.; Bollinger, A.T.; Logvenov, G.; Gozar, A.; Panagopoulos, C.; Božović, I. Insights from the study of high temperature
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