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Single crystalline complex oxide 
freestanding membranes represent a 
transformative platform for exploring novel 
physical phenomena and advancing next-
generation electronic device concepts. 
Among various fabrication approaches, the 
sacrificial layer method has emerged as a 
particularly straightforward and adaptable 
technique for membrane preparation. 
However, significant challenges persist in 
the precise synthesis and nanoengineering 
of diverse complex oxide compositions 
with various deposition methods. 

 
In this work we present an investigation 

of chemical synthesis methods for 
producing high-quality, ambient-stable Ca-
doped Sr3Al2O6 (SAO) sacrificial layers to 
fabricate freestanding complex oxide 
membranes [1], including La0.7Sr0.3MnO3 
(LSMO) and BiFeO3/La0.7Sr0.3MnO3 
(BFO/LSMO) bilayer systems. Our 
findings reveal that calcium incorporation 
in SAO plays a critical role in determining 
the sacrificial layer stability, influencing 
epitaxial growth dynamics and interface 
quality of the complex oxide layers [2]. 
Notably, direct BFO deposition on SAO 
produces nanocomposite arrangements, 
while SrCa2Al2O6 (SC2AO) maintains the 
distinct layered architecture of the 
heterostructure. Finally, we demonstrate 
that the electrical transport and 
piezoelectric properties of the BFO/LSMO 
membranes, are preserved when transferred 
on flat arbitrary substrates.  [3] 

 
These results establish an innovative and 

versatile chemical synthesis platform for 
creating complex oxide freestanding films 
and bilayers that can be integrated across 
diverse substrate materials, potentially 
enabling the discovery of enhanced 

properties for prospective technological 
applications. 

 

 
Fig. 1: The direct deposition of BFO/SAO 
multilayer with chemical methods results in 
a nanocomposite. Inserting an LSMO layer 
preserve the single-crystalline nature of the 
BFO but inhibits the membrane release. 
Finally, a more robust sacrificial layer 
composition, SC2AO, offers an ideal 
building block to obtain (001)-oriented 
BFO/LSMO bilayer membranes. 
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  Multiferroic materials, which 
exhibit both ferroelectric and ferromagnetic 
properties, hold promise for multifunctional 
memory devices. However, these two order 
parameters rarely coexist naturally. One 
notable exception is europium titanate 

 In its bulk form, ETO is an 
antiferromagnet, but both theoretical 
predictions and experimental studies have 
shown that epitaxial strain can induce 
strong ferromagnetic and ferroelectric 
behavior [1]. 
 

A major limitation of strain 
engineering is the coupling between the 
film and its substrate, which complicates 

properties. To address this, we investigate 
the use of single-crystal membranes, which 
enable large strain while decoupling the 
material from substrate-induced effects. 
 

We grow ETO thin films using 
pulsed laser deposition (PLD). To facilitate 
membrane release, we incorporate a 
sacrificial buffer layer, which is 
epitaxially compatible with ETO and 
dissolves readily in water. To prevent 
undesirable reactions between europium 
and the aqueous environment during the 
release process, we add two protective 

 capping layers. 
 

Using this approach, we 
successfully fabricated and released ETO-
based heterostructures. Reflection high-
energy electron diffraction (RHEED) 
patterns and intensity oscillations confirm 
coherent, layer-by-layer growth. 
Transmission electron microscopy (TEM) 
reveals a well-defined, epitaxially grown 
crystalline heterostructure, consistent with 
the intended design. We characterize the 

using a scanning superconducting quantum 
interference device (SQUID) microscope. 
 

This work represents a significant 
step toward realizing strain-tunable, single-
crystalline ETO membranes, opening new 
avenues for exploring multiferroic behavior 
in freestanding systems. . 
 

Fig 1: High-angle annular dark-field 
scanning transmission electron microscope 
images, power spectra calculated from the 
noted regions, and elemental maps obtained 
by energy-dispersive x-ray spectroscopy 
using net intensities of Sr L, Eu L, and Ti K 
characteristic x-ray photon energies, 
showing atomic-column resolution of the 
sample and the high quality of the synthesis 
process. 
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Ferroelectrics are usually inflexible oxides that undergo brittle deformation. We synthesized 

freestanding single crystalline ferroelectric BTO(BaTiO3), BFO(BiFeO3) and BTO/LSMO bi-layer 

membranes and with a damage-free lifting-off process. Our ferroelectric membranes can undergo a 

nearly 180° folding during in-situ bending test, demonstrating a super-elasticity and ultra-flexibility1. 

We found that the origin of the super-elasticity was from the dynamic evolution of ferroelectric 

nanodomains in BTO and phase change in BFO. High stresses modulate the energy landscape 

dramatically and allow the dipoles to rotate continuously. A continuous transition zone is formed to 

accommodate the variant strain and avoid high mismatch stress usually causing fracture. 

BTO/LSMO shows a self-assembled spring shape due to the lattice mismatch as free-standing in 

the air. Such spring can undergo up 50% of the length change upon a mechanic forced is loaded. 

The phenomenon should be possible in other ferroelectrics systems through domain engineering. 

The ultra-flexible epitaxial ferroelectric membranes could enable many magnetoelectric 

applications such as flexible sensors, memories and electronic skins. 

 

1. Dong, et al., Science 366, 475-479 (2019) 
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Structural distortions in oxide thin films can 
be engineered through epitaxial strain, 
typically applied in planar directions. 
However, generating controlled strain 
gradients often requires introducing film 
inhomogeneities such as compositional 
variations or strain relaxation and the 
films remain mechanically clamped to their 
substrates. Freestanding oxide membranes 
[1], by contrast, can be manipulated more 
freely: they can sustain larger strains [2], 
adopt three-dimensional morphologies with 
designed curvature, and thereby host built-
in strain gradients. This opens new 
pathways for structural and functional 
design in complex oxides. 
In this work, I present two examples 
illustrating how curvature can drive polar 
phenomena in oxide membranes: 

 Buckling-induced strain fields: 

ferroelectric-ferroelastic system, I 
demonstrate how mechanically induced 
wrinkling leads to a complex strain 
landscape. This landscape stabilizes a two-
tiered domain architecture: mesoscale a/c 
domain bundles aligned with wrinkle 

from local in-plane lattice misorientation 
[3]. 

 Rolling-induced polar metals: 
Controlled rolling of oxide membranes 
generates constant curvature, which can 
drive polar displacements even in non-

ferroelectric materials. I show how 
microscale helical structures fabricated 

a nominally 
centrosymmetric metal exhibit 
anisotropic Second Harmonic Generation 
signal, indicative of a broken 
centrosymmetry in the material, potentially 
realizing a new form of polar metal. 
I will discuss how such curvilinear 
architectures in oxide membranes can be 
harnessed to engineer novel functionalities, 
with potential applications in piezoelectric 
devices, flexible electronics, and spintronic 
systems. 
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The increasing interest in free-standing 
membranes (FSMs), coupled with the 
growing demand for miniaturized devices 
in energy storage and conversion, has led to 
the advancement of thin-film technologies. 
Indeed, FSMs are strategically important 
for the development of micro-
electrochemical devices such as micro-
Solid Oxide Fuel Cells (m-SOFCs), micro-
Solid Oxide Electrochemical Cells (m-
SOECs), and micro-Solid State Batteries 
(m-SSB). In this context, strontium 

significant attention as a sacrificial layer in 
the fabrication of free-standing thin-film 
membranes due to its solubility in water [1-
2]. For this reason, it can be used to improve 
the manufacturing of complex oxide thin 
films as free-standing membranes. One of 
the more attractive materials as free-
standing membranes is samarium-doped 
ceria (SDC) and gadolinium-doped ceria 
(GDC) for m-SOFCs and m-SOECs [2].  

Indeed, doped Ceria-based materials 
represent an emerging class of 
electrocatalysts for CO2 reduction in 
SOECs due to their high stability and 
efficiency in converting CO2 to CO with 
remarkable carbon tolerance. 

Lithium manganese oxide LixMn  
(LMO), with its spinel structure, and 
perovskite Li3xLa1/3-2xTiO3 (LLT) are good 
candidates as cathode and electrolyte, 
respectively, for next-generation Li-ion 
batteries due to their high Li-ion mobility, 

 
[3-4].   

In this work we report the growth 
mechanism, structural characterization, and 

transport properties of the SDC, LLT, and 
LMO onto the SAO sacrificial layer onto 
SrTiO3 and MgO substrates produced by 
Pulsed Laser Deposition (PLD) technique.  

Free-standing membranes of SDC, LLT, 
and LMO were successfully fabricated by 
etching the SAO layer in water. 

The ionic and electronic conductivity of 
the membranes was successfully 
characterized by Electrochemical 
Impedance Spectroscopy (EIS). Thus, our 
work demonstrates the potential of the 
sacrificial layer method for integrating 
high-quality oxide thin films into advanced 
device architectures. 
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known 
for its sensitive piezoelectric, optical, and 
photocatalytic responses. At room 
temperature, NNO remains indecisive 
between ferroelectric and antiferroelectric 
states, differing only slightly in energy. In 

below 1%, can shift this subtle balance, 
altering its functional behavior. Recent 
studies suggest that membranes thinner 
than 40 nm prefer ferroelectric order, while 

switchable states.
This delicate equilibrium can be finely 

tuned by selective doping. We introduced 
-site, probably 

stabilizing reversible electric-field-driven 
-site to 

lower the optical bandgap and enhance 
visible-light absorption. Such co-doped 

can be particularly promising for optical 
devices, sensitive piezoelectric sensors, and 
perhaps for improved photocatalytic water 
splitting.

these NNO properties, we propose studying 
them in freestanding membrane form. 

sensitivity, we precisely tuned the lattice 
-based sacrificial 

layer to match NNO. Partial substitution of 
Sr by Ca finely reduces the lattice parameter 
from ~16 Å to about 15.8 Å, ideally 
ma –

significantly speed water dissolution, while 
bilize the sacrificial 

layer during membrane growth under 
optimal conditions for NNO deposition.
Such gentle, lattice-matched membrane 
release might allow precise control over 
piezoelectric, photocatalytic, and optical 
responses, perhaps opening pathways 

-

Fig. 1 XRD study for NNO 100 nm films 
deposited at 
mbar over the 20 nm sacrificial Ca-doped 

released freestanding membrane.

capacitors, nonlinear optics, and piezo-
photocatalytic systems.
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Two-dimensional (2D) heterostructures [1-2] 
are among the most interesting classes of van 
der Waals (vdW) materials due to their 
intrinsically tunable properties emerging 
thanks to a wide range of fundamental degrees 
of freedom such has stacking, stoichiometry, 
twisting, and so on.  
  Materials exhibiting strong spin–orbit 
coupling (SOC) are highly sought after for the 
development of next-generation spintronic 
devices, where electron spin can be 
manipulated without the need for external 
magnetic fields. 
   Spin control in spin-textured band materials 

[3,8] or Rashba effect [9] arising in materials 
where SOC is accompanied with the lack of 
spatial inversion symmetry are fundamental 
phenomena that are being widely explored in 
the context of 2D vdW heterostructures.   
  The interplay between the interlayer 
interaction (driven by vdW forces), SOC [10-

11], twisting between different layers, in-plane 
or out-of-plane strain [3-7] give rise to a large 
number of exotic behaviors. 
  Promising candidates in this context are 2D 
Bismuth-based ternary compounds in which 
the presence of the heavy Bi atom plays a 
central role in enhancing SOC and have 
attracted considerable attention due to their 
large Rashba spin splitting [2] which allows 
their use in spintronic applications. [10-11] 
  This family of materials belongs to a class 
known as “Janus” materials, characterized by 
an intrinsic asymmetry between the top and 
bottom peripheral layers and this breaking of 
spatial symmetry can enhance or induce the 
Rashba effect.[8-9,12]     
  Furthermore, the intrinsic asymmetry of the 
“Janus” structure generates a built-in electric 
field within each monolayer and drives charge 
separation along the stacking direction, 
condition that can enable the emergence of 
new kind of phenomena. 
 
 
 

In this work, we explore by first principles 
calculations (within Density Functional 
Theory framework, even with hybrid 
exchange-correlation functionals) the 
electronic properties of vdW bilayers of 
bismuth chalcogen halides: BiXY (X = S, Se, 
Te and Y = Cl, Br, I), with the main focus on 
the band gap and Rashba coefficients 
tunability. Spin texture patterns tunability by 
considering all different combinations of 
chalcogens and halogens and different kinds 
of stacking of the two layers, will also be 
discussed. 
  Finally, we will also discuss the effects of an 
applied external electric field along the 
stacking direction and/or the presence of “in 
plane” / “out of plane” (hydrostatic) uniaxial 
and biaxial strain applied on the BiXY 
bilayers and the effect of the relative twisting 
between the layers in order to obtain some 
hints about the existence of possible "magic 
angles" that enables the emergence of new 
quantum phases and phenomena.   
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Ultrafast electron diffraction (UED) 
allows studying dynamical processes with 
femtosecond time resolution at the atomic 
scale [1]. Due to their strong interaction 
with matter, electrons are particularly suited 
for the investigation of very thin samples. 
For such UED experiments DESY in 
Hamburg has built and is operating the 
REGAE facility  

REGAE is based on a RF-operated 
linear accelerator which generates short 
electron pulses with energies of 2 MeV  5 
MeV and a duration of less than 20 fs.  

For electron diffraction experiments 
from solid samples REGAE is equipped 
with a high-precision crystallography 
goniometer. Diffraction patterns are 
recorded with a Jungfrau 1M detector, 
capable of direct electron detection and 
single shot experiments [2].  

In a first demonstration experiment we 
were able to solve and refine the structure 
of the layer silicate muscovite and the in-
commensurate structure of the quantum 
material tantalum disulfide (TaS2) at great 
level of detail and with high quality [2]. 

For time resolved diffraction experi-
ments REGAE is equipped with a pump 
laser system providing wavelengths of 800 
nm and 400 nm. The system is currently 
upgraded with a NOPA to provide a larger 
pump wavelengths range and a cryo-cooler 
for diffraction experiments at temperatures 
down to 10 K. 

 
Diffraction pattern of a 30 nm thick TaS2 

sample recorded with 3.5 MeV electrons 
at REGAE.  

More recently we have conducted 
diffraction experiments of LiMnO4 oxide 
membranes grown by PLD [3]. The results 
highlight the great potential of UED for 
dynamical and operando studies of Li-ion 
battery electrodes and their charging 
dynamics in presence of light excitation. 
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The discovery of the water-soluble Sr₃Al₂O₆ 

sacrificial layer, a simpler alternative to HF-

removable oxides, has represented a major 

breakthrough in the field of freestanding oxide 

membranes. This advancement opened 

unprecedented opportunities for exploring 

complex phase diagrams and accessing 

otherwise unreachable states of matter, as 

freestanding oxide membranes exhibit 

flexibility and structural tunability far superior 

to that of bulk materials and conventional 

epitaxial films. 

As an alternative to this approach, a novel 

fabrication method has been developed at 

CNR-SPIN Naples, based on strain 

engineering in PLD-grown samples. This 

technique enables the realization of 

freestanding epitaxial bilayer membranes by 

spalling part of the underlying single-crystal 

substrate along with the grown film. The 

resulting membranes retain high-quality 

epitaxial film/substrate interfaces and are 

obtained in large numbers (∼10⁵ per PLD 

growth), with lateral sizes of a few microns 

[1,2,3]. 

Here, we describe the fabrication method, 

highlighting the role of PLD parameters in 

governing membrane formation. We 

demonstrate its application to SrTiO₃-based bi- 

and trilayer membranes (as 

LaAlO₃/LaSrMnO₃/SrTiO₃, shown in Figure) 

as well as to oxide films on ruthenate 

substrates. 

 

 

 

Optical image of an as-grown spalled LaAlO₃/LaSrMnO₃/SrTiO₃ sample, showing square-shaped membranes of 

approximately 3 µm in size (iridescent area) and the exposed SrTiO₃ substrate following membrane detachment 

(dark green area). 

Furthermore, we illustrate their relatively 

straightforward integration on Si via van der 

Waals stacking, focusing on the case of 

LaAlO₃/SrTiO₃ freestanding spalled 

membranes. 
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Oxide heterostructures provide a versatile 
and promising platform for exploring novel 
electronic phases and developing 
groundbreaking device architectures. By 
employing a method rooted in pure strain 
engineering and leveraging Pulsed Laser 
Deposition (PLD) assisted by Reflection 
High-Energy Electron Diffraction 
(RHEED), we have demonstrated the 

(LAO/STO) micro-membranes. These 
membranes exhibit electronic properties 
that closely mirror those of their bulk 
heterostructure counterparts, confirming 
the viability of our approach. 

Building on this advancement, we extended 
the same fabrication technique to create 

hetero-membranes, to probe strain-
dependent superconductivity in SRO. In 
this configuration, the LAO layer is 
deposited via RHEED-assisted PLD, while 
the substrate consists of a SRO single-
crystal grown using the floating zone 
method. To characterize the structural and 
morphological features of these 
membranes, we carried out detailed 
analyses using optical microscopy and 
scanning electron microscopy (SEM), 
focusing on membrane formation, chemical 
composition, and crystallographic 
orientation. 

Examples of membrane manipulation and 
transfer onto marked Si substrates using 
micromanipulators in the field-emission 
scanning electron microscope are 
presented. Additionally, preliminary 
electrical transport measurements at room 
temperature are discussed. 

These findings open new possibilities for 
integrating oxide functionality into 
semiconductor electronics. 
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We have computed the spin-Hall 
conductance in a multiband model 
describing the two-dimensional electron 
gas formed at a LaAlO3/SrTiO3 interface 
in the presence of a finite concentration of 
impurities [1]. Combining linear response 
theory with a systematic calculation of the 
impurity contributions to the self-energy, as 
well as to the vertex corrections of the 
relevant diagrams, we recover the full spin-
Hall vs sheet-conductance dependence 
of LaAlO3/SrTiO3 as reported in 
Trier et al. [Nano Lett. 20, 395 (2020)], 
finding a very good agreement with the 
experimental data below and above the 
Lifshitz transition. In particular, we 
demonstrate that the multiband electronic 
structure leads to only a partial, instead of a 
complete, screening of the spin-Hall 
conductance, which decreases with 
increasing the carrier density. Our method 
can be generalized to other two-
dimensional systems characterized by a 
broken inversion symmetry and multiband 
physics. 
 
We have analyzed  a single and a double 
quantum dot coupled to two fermionic 
leads, a representative model for describing 
transport in nanostructures, applicable to 
systems with strong local electron-electron 
interactions. We solved the Lindblad 
equation to analyze the system's steady state 
and dynamics. Subsequently, we have used 
numerical techniques based on matrix 
product states to simulate the entire system, 
including the fermionic leads, avoiding 
Markovian and weak coupling 
approximations. inadequate in some 
regimes of small bias and strong electronic 
correlations, incorrectly predicting the 
absence of current. Moreover, we have 
introduced  a magnetic field to explore joint 

effects with those due to spin-orbit 
coupling, 
 
We have studied  the superconducting 
properties of multiband two-dimensional 
transition metal oxide superconductors by 
analyzing not only the role played by 
conventional singlet pairings, but also by 
the triplet order parameters, favored by the 
spin-orbit couplings present in these 
materials [3]. In particular, we have focused 
on the two-dimensional electron gas at the 
(001) interface between  band insulators 
LaAlO3 and SrTiO3,  where the low 
electron densities and the sizable spin-orbit 
couplings affect the superconducting 
features. 
 
Finally, we have extended the calculation of 
the charge and spin transport properties of 
single and double quantum dots to the case 
of superconducting leads.  
.

References 
 
[1] Spin-Hall current and nonlocal 
transport in ferromagnet-free multiband 
models for SrTiO3-based nanodevices in 
the presence of impurities , D. Giuliano, A. 
Nava, C. A. Perroni, M.  Bibes, F. Trier, and 
M. Salluzzo, Physical Review B 108, 
075418 (2023). 
[2] L. Esposito Theoretical Study of Spin 
Transport Through a Double Quantum 
Dot
Federico II, supervisors Prof. Carmine 
Antonio Perroni, Prof. Gulio De Filippis, 
PhD Grazia Di Bello (2025). 
[3] Interplay between singlet and triplet 
pairings in multiband two-dimensional 
oxide superconductors , L. Lepori, D. 
Giuliano, A. Nava, C. A. Perroni, Physical 
Review B 104 (13), 134509 (2021). 



 

Quantum Transport and Devices based on LAO/STO 
freestanding micro-membranes 

Thomas Sand Jespersen,  
Technical University of Denmark, 2800 Kgs Lyngby, Denmark 

tsaje@dtu.dk  

The development of methods for producing 
free-standing oxide membranes has opened 
new possibilities for controlling material 
properties, integrating oxides with other 
material platforms, and exploiting their 
functional properties in devices. In this 
presentation, I will focus on how free-
standing geometries expand the 
possibilities for mesoscopic quantum 
electronic devices, a field traditionally 
dominated by conventional semiconductor 
platforms such as silicon, germanium, or 
III–V heterostructures. 
The canonical oxide 2DEG at the 
LAO/STO interface exhibits unique 
properties, including strong spin–orbit 
interaction and an intrinsic, gate-tunable 
superconducting phase. I will discuss how 
free-standing geometries enable new 
approaches to realizing mesoscopic oxide 
devices. The focus will be on the platform 
of spalled LAO/STO micro-membranes [1], 
with an emphasis on their superconducting 
properties [2], offering new insights into the 
microscopic structure of the 
superconducting phase. Furthermore, we 
have achieved local electrostatic gate 
control of micro-membranes and quantum 
dot devices which exhibit evidence of 
effective attractive interactions at low 
temperatures. 
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The interplay between spin and charge 
degrees of freedom in low-dimensional 
systems is a cornerstone of modern 
spintronics, where achieving all-electrical 
control of spin currents is a major goal. 
Spin-orbit interactions provide a promising 
mechanism for such control, yet 
understanding how spin and charge 
transport emerge from microscopic 
principles remains a fundamental 
challenge. Here we develop a spin-
dependent scattering matrix approach to 
describe spin and charge transport in a 
multiterminal system in the presence of 
Rashba spin-orbit interaction. Our 
framework generalizes the Büttiker 
formalism [1] by offering explicit real-
space expressions for spin and charge 
current densities, along with the 
corresponding linear response function. It 
simultaneously captures the effects of 
quantum confinement, the response to 
external magnetic fields, and the intrinsic 
properties of the electronic bands, offering 
a comprehensive description of the spin-
charge interconversion mechanisms.  
We apply this approach both to a Hall bar 
geometry [2], finding agreement with 
experimental results at oxide interfaces [3], 
and to a quantum dot with Rashba spin
orbit coupling, where we uncover the 
interplay between spin currents and 
mesoscopic interference. 
 
Fig. 1: Results for the Hall bar geometry. (a) 
Nonlocal voltage, , as a function of the 
external magnetic field applied along , 

. The blue gradient corresponds to 
increasing lead spacings . (b) Vertical 
slices from panel (a) illustrating the 
exponential decay of ,  when the lead 
spacing is increased. (c) -polarized spin 
current, computed using Eqs. 2, 3 of Ref [2] 
for . The inset illustrates the 
generation of the -polarized spin current 
via the Edelstein effect. (d) Computed -
polarized spin current, also obtained from 

Eqs. 2, 3 of  Ref. [2] for . The inset 
illustrates the generation of the -polarized 
spin current via the spin-Hall effect. The 
source and drain leads are positioned at the 
center of the system, while the measuring 
probes are placed either to the left or right. 
The results in panel (a) and (b) reproduce 
qualitatively the experimental data of 
Ref. [3] 
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Iron selenide (FeSe) has emerged as one 
of the most fascinating quantum materials 
due to its simple crystal structure and rich 
phase diagram, which hosts nematicity, 
superconductivity and potentially 
topological states. Despite its relatively low 
superconducting transition temperature (Tc 

 
dramatically enhanced superconductivity 
when reduced to ultrathin dimensions and 
placed in specific interfacial environments. 
A striking example is the case of monolayer 
FeSe grown on SrTiO3 (STO), where the Tc 

exceeds , placing it among the highest- 
Tc systems outside of the cuprate family 
[1,2]. This enhancement is widely attributed 
to interface effects such as charge transfer, 
cross-interface electron phonon coupling, 
and epitaxial strain. Even more intriguingly, 
recent studies have shown that relatively 
thicker FeSe films can also exhibit 
significantly enhanced Tc under optimized 
growth conditions [3]. This suggests that 
growth engineering can induce robust high-
Tc superconductivity in FeSe over a broader 
range of thicknesses than initially believed. 

 
To enhance the superconducting Tc, 

thick FeSe thin films were grown on (STO) 
substrates using pulsed laser deposition 
(PLD), with particular attention paid to 
fine-tuning both the deposition and post-
annealing parameters. When these 
conditions were carefully optimized, 
superconducting tra
were achieved significantly higher than the 

 
 
Building on the standard film 

optimization, growth is now being extended 
to ring-shaped STO substrates. Unlike 
conventional geometries, the ring 
introduces a closed-loop topology that 
renders the superconducting phase 
inherently sensitive to magnetic flux 
threading the central aperture. This 

configuration enables the study of flux 
quantization, vortex dynamics, and phase 
coherence  

 
In parallel, FeSe films are also being 

grown on STO membranes [4], which serve 
as flexible, freestanding substrates. These 
membrane-based systems enable advanced 
sample shaping and mechanical 
manipulation, allowing for strain 
engineering, backside illumination, and 
transmission-based spectroscopies. Such 
designs are expected to significantly expand 
the experimental capabilities for 
investigating superconductivity in highly 
tunable environments. 

 

 

 
Fig. 1: FeSe thin films on STO substrates. 
Planar growth yields superconductivity up 

phase coherence studies. 
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