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Abstract

®

CrossMark

We present a ‘top-down’ patterning technique based on ion milling performed at low-
temperature, for the realization of oxide two-dimensional electron system devices with
dimensions down to 160 nm. Using electrical transport and scanning Superconducting QUantum
Interference Device measurements we demonstrate that the low-temperature ion milling process
does not damage the 2DES properties nor creates oxygen vacancies-related conducting paths in
the STO substrate. As opposed to other procedures used to realize oxide 2DES devices, the one
we propose gives lateral access to the 2DES along the in-plane directions, finally opening the
way to coupling with other materials, including superconductors.

Keywords: oxide 2DES, nanodevices, oxide field effect devices

(Some figures may appear in colour only in the online journal)

1. Introduction

The wealth of properties shown by transition metal oxide
materials has stimulated in the latest years an intense research
into oxide heterostructures, where such properties can be
modulated via structural, chemical or electronic coupling [1].
Interfaces between different complex oxides, in particular,
give rise to extraordinary and unexpected phenomena. At the
LaAlO;3/SiTiO; (LAO/STO) interface, for example, a
superconducting, highly tunable two-dimensional electron
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system (2DES) develops [2]. This system can also be engi-
neered to obtain even more intriguing multi-functional het-
erostructures. Introducing a magnetic EuTiO5 layer between
LAO and STO, for instance, a spin-polarized, super-
conducting oxide 2DES can be realized [3, 4]. Using Ca-
doped STO substrates ferroelectricity can be added to the rich
phase diagram of LAO/STO [5, 6]. The relevance of oxide
2DES for possible electronic applications is also emerging
[7-9]. Experiments show that oxide 2DES can be used to
perform spin-to-charge conversion with high efficiency [10],
are suitable for transistor [11, 12], photonic and high fre-
quency applications [13, 14]. These are some of the reasons
for the recent interest in the realization of oxide based
nanodevices, which could give the unique opportunity of
investigating the physics of a 2D system in detail and

© 2021 The Author(s). Published by IOP Publishing Ltd Printed in the UK
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studying the interaction among several, in some cases anti-
thetical, electronic phases.

In the latest years, several techniques have been used to
realize nanodevices based on novel materials for advanced
electronic applications, from ultra-high resolution electron
beam lithography to direct writing using electron beams [15].
Specific device fabrication techniques were also developed
soon after the discovery of the LAO/STO system. Scanning a
voltage-biased metallic tip of an atomic force microscope
(AFM) over the surface of a 3 unit cell (u.c.) thick LAO film
enables to locally ‘write’ conducting channels at the interface,
with a lateral resolution down to 2nm [16-18]. A second
approach is based on the realization of a pre-patterned sub-
strate. Photo- or electron-beam lithography is used to define a
resist mask reproducing the desired devices layout, which is
then transferred to the STO substrate via deposition of an
amorphous oxide layer and lift-off. Subsequently, the LAO
film is deposited creating a conducting interface on the areas
not covered by the amorphous template [19, 20]. A third
patterning method is based on low-energy Ar ion beam irra-
diation of the LAO/STO interface [21]. The LAO/STO
sample is firstly covered with a resist mask, then Ar irradia-
tion eliminates the electrical conductivity at the interface in
the exposed areas, without physical removal of the LAO film.

Thanks to the techniques described above, great progress
has been made in the understanding of oxide interface phy-
sics. However, many issues are still open. The nature of the
superconducting ground state in the LAO/STO system, for
example, is still not completely understood. Several theor-
etical [22-25] and experimental [18, 26, 27] works indicate an
unconventional superconducting ground state for this 2DES,
but a final proof of the superconducting order parameter
symmetry is still lacking. A direct way to probe the order
parameter symmetry would be to couple the 2DES with a
conventional superconductor, as for example has been done to
study the order parameter symmetry of high temperature
superconductors (HTS) [28]. In the case of oxide interfaces
having intrinsic 2D nature, this coupling should take place in
the in-plane directions. The nanofabrication techniques cur-
rently available, on the other hand, result in devices where the
2DES patterned channels are encapsulated in a crystalline or
amorphous matrix, making it very difficult to perform such
lateral electrical transport experiments.

In this work we present oxide 2DES nanodevices realized
with a technique based on low-temperature ion milling, which
allows to expose the sides of the nanostructures. Ion milling is
commonly used for patterning of complex devices but, when
applied to oxide materials, it can promote thermally activated
oxygen desorption. In our case, this could lead to the for-
mation of conducting areas in the STO substrate and electrical
shorts between the devices [29]. We demonstrate that the
careful tuning of the milling parameters and the cooling of
the sample during the milling process (as sometimes done
for the preparation of samples for transmission electron micro-
scopy [30]) greatly limits the substrate damage. Our process
results in nanodevices down to 160 nm in width. The absence of
conducting paths in the substrate is clearly demonstrated by
the transport properties of the devices and using scanning

Superconducting QUantum Interference Device (SQUID) mea-
surements. Moreover, the STO areas exposed after the ion-mil-
ling show very ordered terrace structures, therefore they could
host the growth of complex materials laterally coupled to the
oxide 2DES.

2. Methods

In this work we present the properties of devices based on
LaAlO;/EuTiO3/SrTiO3; (LAO/ETO/STO) heterostructures
[4]. However, the fabrication procedure we describe is sui-
table also for LAO/STO and whatever type of oxide thin film
and interface. The process is illustrated in panels (a)-(c) of
figure 1. Initially, LAO(10 u.c)/ETO(2 u.c.) heterostructures
(panel (a)) are realized by pulsed laser deposition on
TiO,-terminated (001) STO substrates. A KrF excimer laser
(wavelength 248 nm, pulse rate 1 Hz) is focused on a sintered
Eu,Ti,O; or on a crystalline LAO target at a fluency of
1.3Jcm 2. During the deposition the substrate is kept at
630°C in oxygen partial pressure Po, of 1 X 10~* mbar. The
layer by layer thin films growth is monitored using reflection
high-energy electron diffraction (RHEED). Following
deposition, the sample is slowly cooled down to room
temperature in p, =1 x 10~ * mbar [3].

After depositibn of the heterostructures, a resist mask is
realized using photolitography or electron beam lithography
(figure 1(b)). In the latter case, we use a layer of negative tone
ma-N2403 electron beam resist from Micro Resist Technol-
ogy GmbH, with a thickess of 200 nm [31].

After resist development, the LAO/ETO areas not pro-
tected by the mask are etched with a low-intensity Ar ion
milling process. We use a beam current of 8 mA and a beam
voltage 400V for a 3 cm beam aperture. These parameters
result in a stable etching rate of 2nmmin~"' for the oxide
layers, and the LAO/ETO areas not protected by resist are
removed in 3 min of milling. The thickness of the resist mask
ensures that the areas covered by the resist are well protected
throughout this brief ion milling process. During the process
the sample is glued on a cold finger kept at low temperature
(—150 °C). This approach has been used in the past to realize
nanoscale biepitaxial HTS grain boundary junctions and
devices [32-34]. It was found that cooling the sample during
the ion milling is crucial to ensure minimal loss of oxygen
from the oxide HTS film, especially in the grain boundary
areas.

After transferring the resist geometry to the oxide layers,
the mask is finally washed away in an acetone bath
(figure 1(c)). After fabrication, all the devices are inspected by
atomic and lateral force microscopy using an AFM PARK
100 instrument in contact mode (force 15 nN, tip nanosensor
NC36 model).

The transport properties of the devices were tested down
to SK using a variable temperature cryostat. In order to
compare the electrical transport properties of devices with
different dimension and geometry, the sheet resistance value
Rgpeer =R +f (with f a shape factor related to the device
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Figure 1. Sketch of devices fabrication process and contact mode AFM topography images of some of the LAO/ETO/STO devices realized.
After the ETO/LAO bilayer is deposited (a), a resist mask is realized via photo or electron beam lithography and low temperature ion milling
is used to remove the exposed areas of the ETO/LAO bilayer (b). Finally, the resist is washed away in an acetone bath (c). In the lower part
of the figure we show the AFM images of a Dayem bridge (d), a side gate device with one pair of lateral electrodes (geometry 1S) (e) and a

side gate device with two pairs of lateral electrodes (geometry 2S) (f).

geometry) can be used as a reference. In order to calculate the
factor f for complex geometries, we perform finite element
simulations using COMSOL MULTIPHYSICS software, as
described in [12, 35]. Hall effect was tested applying a
perpendicular magnetic field in a Physical Properties Mea-
surement System (PPMS Quantum Design) and an Oxford
Instruments-MagLab magnetometer. Finally, the spatial dis-
tribution of the current flow was mapped using a scanning
SQUID microscope.

3. Results

Figures 1(d)—(f) show representative AFM images of devices
realized using e-beam lithography: a constriction (Dayem
bridge) with width w =200 nm and length L = 160 nm (d), a
side gate device with one pair of lateral electrodes (geometry
1S) with a central channel 250 x 1000 nm (e) and a side gate
device with two pairs of lateral electrodes (geometry 2S) and
a central channel 350 x 4000 nm (f). Well defined patterns
with sharp edges are clearly visible, as well as the terraces on
the LAO/ETO bilayer replicating those on the underlying
substrate. In order to characterize the surface of etched
devices we show in figure 2 contact mode AFM and lateral
force microscopy images acquired in smaller regions of one
of the Dayem bridge devices. Panel (a) shows that, remark-
ably, the terraces structure is preserved in the ion-milled areas
of the substrate, as it can be seen also from the steps in the
line profile of panels (c) and (f). The step height of each
terrace is 3.9 A (panel (f)). Panels (b) and (e) show that the
lateral force signal is the same on each consecutive terrace,
suggesting single atomic termination. Small inhomogeneities
in the topographic and lateral force microscopy (2-5 nm wide,

less than one unit cell high) on a single terrace are related to
native defects present on the STO single crystal surface before
the deposition (imperfect TiO, termination) [36] or in the
LAO surface, common also to LAO/STO samples [37]. The
data shown in figures 1 and 2 demonstrate that the ion milling
process causes minimal structural damage to the exposed
STO surfaces.

All the devices show a metallic behavior, as for example
reported for a Dayem bridge in figure 3(a). In the inset we
show the R,.., as a function of devices dimensions. We
include data from a large sample (500 x 500 pum) realized
resorting to photolithography followed by low-temperature
ion milling. Its properties are comparable to those of pristine
(no patterned) heterostructures.

In [38] LAO/STO nanochannels were realized using a
BCl;-based reactive ion-etching process. The authors find that
the Rj., increases with decreasing width and infer a sidewall
depletion of 20 =3 nm on each side of the structures. From
the inset of figure 3(a) it can be seen that, in our case, R, 1S
approximately constant with the device width, and similar to
that of a larger scale device (data point at w = 500 um). This
demonstrates that a depletion layer, if present, is very small
and does not influence substantially the properties of
the 2DES.

The devices realized in this work are tunable using electric
field effect. Red diamonds in figure 3(a) show the Ry, versus
gate voltage V, behavior for a Dayem bridge. The gate voltage
V, was applied to an electrode placed on the back of the STO
substrate (back gate configuration). After a first sweep of the
gate voltage to positive values (the so called “forming’ process
—mnot shown [39-41]), the Ry, versus V, curve is perfectly
reproducible. A change of more than 2 orders of magnitude in
the Ry, can be obtained with a change of V, of 40V, similar
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Figure 2. Upper panels: topography (a) and lateral force (b) across an etched Dayem bridge device. The images were acquired in contact
mode. Panel (c) shows the profile along the white line depicted in the topography image (a). Bottom panels: topography (d) and lateral force
(e) images on a small area of the ion-milled STO substrate showing two terraces with step height of one unit cell, as reported in panel (f).
Lateral force shows that consecutive terraces have the same surface termination, as no contrast in the image is observed. Small changes in the

lateral force signal are due to localized defects on the surface.
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Figure 3. (a) Temperature (black data) and back gate voltage V, (red data) dependence of Ry, for a Dayem bridge with w = 200 nm and
L =160 nm. The Ry, versus V, data were obtained at 4.2 K. In the inset, we show the Ry, at 4.2 K of devices of different width, ranging
from 0.2 to 0.45 pm. The length of these devices ranges from 0.16 to 4 um. We report also data from a 500 x 500 ym Hall bar device
realized via photolithography and low temperature ion milling. (b) Ry, of a side gate device 2S as a function of gate voltages applied
independently to the two pairs of gate electrodes (see sketch in the inset) measured at 4.2 K. In black we show the V,; » = V3 4 line as a guide

to the eye.

to that obtained for LAO/STO Dayem bridges realized with the
amorphous template technique [26]. In the case of side gate
devices the gate voltage can be applied also using the lateral
electrodes. In figure 3(b) we show a contour map of the Ry, of
a device with geometry 2S (width w=450nm and length
L =4 pum). The width of the side gate electrodes (distance % in
figure 1(e)) is 1.2 um, their distance from the center of the
channel (¢) is 0.75 pum and the distance between the two side
gates in the point closer to the channel (d) is 1 um. To realize
this plot, different values of gate voltages were applied inde-
pendently to the two pairs of electrodes 1-2 and 3—4 (see inset

in the same panel) in order to tune half of the channel length at a
time. From the symmetry of the plot we can conclude that the
two sections of the channel can be tuned independently and that
the channel is remarkably uniform and homogeneous along its
4 pum length. During these measurements, the leakage current
was stable below 2nA, ensuring that the side electrodes are
properly insulated from the central channel and that the STO
substrate kept its insulating nature after the ion-milling process.

In figure 4(a) we show the carrier concentration measured
on a Hall bar device (500 x 500 pm?) realized with photo-
lithography and low temperature ion milling. At 7=5K we
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Figure 4. (a) Carrier concentration measured as a function of the temperature at V, = 0. (b) Transverse resistance R,, measured at
Vy=—50V (brown line) and V, = +50 V (blue line) at T = 5 K in perpendicular magnetic field. The red dashed lines are fit around H =5 T,
highlighting the presence of a low field curvature at high gate voltage. The data in both panels were measured on large scale Hall bars

realized using low temperature ion-milling.
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Figure 5. (a) Schematic of scanning SQUID pickup loop capturing field lines near the surface of a current carrying device. In this picture, the
device area is shown in yellow color, while the substrate areas are shown in white. Dashed line marks the physical edge of the device. (b)
Simulation of the magnetic flux pattern in a homogeneous conductor with the same geometry as the measured LAO/ETO/STO device. (c)
Scanning SQUID data over a patterned LAO/ETO/STO device taken at 4 K. Dipole-shaped distortions to the image indicate regions with

reduced conductivity.

measure 1,5 = 2.3 x 10> cm ™2, in excellent agreement with
data reported in literature for pristine LAO/STO and LAO/
ETO/STO samples [2, 42, 43]. Panel (b) shows the transverse
resistance R,, measured at 7= 5 K for different values of the
gate voltage. We observe that at high gate voltage, the data
show a nonlinear behavior at low field (H ~2 T). It can be
attributed to anomalous Hall effect taking place in ferro-
magnetic systems characterized by an intermediate /low car-
rier density and a non-negligible spin—orbit coupling, as
previously reported for LAO/ETO/STO heterostructures
[4, 43]. This result demonstrates that ferromagnetic properties
are retained in patterned structures, with the same character-
istics found in pristine samples.

Finally, we used a scanning SQUID microscopy to map the
spatial distribution of current flow in patterned LAO/ETO/
STO devices. The SQUID pickup loop captures the magnetic
field lines generated by the current driven through the sample,

as a function of location [44] (figure 5(a)). The current produces
circulating magnetic fields around the sample. In a homo-
geneous sample the map shows positive (red) and negative
(blue) field lines at the edges of the pattern, and a smooth flux
profile inside the current carrying areas, as shown in the
simulation of figure 5(b). Local distortions in the map of
magnetic flux, for example dipoles or line features, point to the
presence of defects, which could be localized regions, some-
times resolution limited, or elongated features [45]. These
defects (regions with reduced or enhanced conductivity) distort
the flow of current and therefore the distribution of magnetic
field lines. Localized regions of reduced conductivity appear as
a dipole-shaped signal in the raw data, reflecting the size of the
defect, the shape of the sensor and the scan height. The data in
figure 5(c) demonstrate that the patterned LAO/ETO/STO
device presents homogeneous flow interrupted only by a few
regions with reduced conductivity (likely related to defects in
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the thin films), while the exposed STO areas show no indication
of current carrying paths.

4. Conclusions

In this work we presented a fabrication technique based on
low-temperature ion-milling for the realization of oxide 2DES
complex nanodevices. This ‘top down’ approach involves a
lithography step followed by an ion milling process where the
sample is kept at low temperature, close to that of liquid
nitrogen. The devices realized are stable over time and mul-
tiple thermal cycling between room and cryogenic tempera-
tures. By a careful selection of the e-beam resist type and
thickness, we realized nanodevices with dimensions down to
160 nm and properties comparable to that of pristine films.
The strong tunability of the resistance of side gate devices
demonstrates that no current paths are present in the etched
STO areas between the nanochannels and the lateral electro-
des, therefore the STO substrate keeps its insulating proper-
ties after the ion-milling process. The carrier concentration in
the devices realized is comparable to that typically found in
LAO/STO and LAO/ETO/STO 2DES. Scanning SQUID
images confirm that no current flow outside the patterned
areas, supporting the above conclusions.

The technique we present can be applied to all types of
oxide heterostructures. In the present configuration, we esti-
mate that an oxide thickness of maximum 10nm can be
etched before damaging the resist nanopattern. However, by
resorting to a more robust e-beam resist this limit could
probably be raised. Being a ‘top down’ approach, this tech-
nique does not involve manipulation of the substrate before
thin films deposition, therefore it is particularly useful for the
patterning of interfacial systems where termination and
cleanliness of the substrate are of great importance. The for-
mation of a LAO/ETO/STO 2DES is one of these cases:
even a small amount of contaminants on the substrate could
hamper the 2 u.c. ETO layer formation, resulting in an insu-
lating LAO/ETO/STO interface. Furthermore, the technique
we describe can be applied to a pre-tested heterostructure,
increasing the yield of the nanofabrication procedure.

An important innovation our technique brings is also to
expose the lateral sides of the devices, with little or no damage
to the lateral areas of the system, giving the possibility to access
the oxide 2DES from the side. This opens the way to the rea-
lization of hybrid normal/superconductor structures or even to
superconductor/superconductor structures, where the 2DES
could be proximized by another superconducting material.
Adding the ferromagnetic properties of our LAO/ETO/STO
heterostructures, many other exciting perspectives for a new
class of hybrid devices can be envisaged.

Acknowledgments

We thank E Di Gennaro and A D Caviglia for fruitful dis-
cussions. This work was supported by the ERA-NET
QUANTERA European Union’s Horizon H2020 project

QUANTOX under Grant Agreement No. 731473, by the
MIUR PRIN project TOP-SPIN (Grant No. PRIN
20 177SL7HC) and by the European Cooperation in Science
and Technology COST Action CA16218 (NANOCOHY-
BRI). AK acknowledges support from the Swedish infra-
structure for micro- and nanofabrication—MyFab. SWS and
BK were supported by European Research Council Grant No.
ERC-2019-COG-866236. SW and BK by the Israeli Science
Foundation grant no. ISF-1281/17.

Data availability statement

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

ORCID iDs

M D’Antuono @ https: //orcid.org/0000-0001-7520-1243
A Kalaboukhov @ https: //orcid.org /0000-0003-2939-6187
R Caruso @ https: //orcid.org /0000-0002-9934-836X

B Kalisky @ https: //orcid.org/0000-0002-1270-2670

G Ausanio @ https: //orcid.org/0000-0003-3126-8504

M Salluzzo ® https: //orcid.org/0000-0001-8372-6963

D Stornaiuolo @ https: //orcid.org/0000-0003-2654-9504

References

—

[1] Zubko P, Gariglio S, Gabay M, Ghosez P and Triscone J] M
2011 Annu. Rev. Condens. Matter Phys. 2 141-65
[2] Ohtomo A and Hwang H 2004 Nature 427 423-6
[3] De Luca G et al 2014 Phys. Rev. B 89 224413
[4] Stornaiuolo D er al 2016 Nat. Mater. 15 278-83
[5] Tuvia G, Frenkel Y, Rout P K, Silber I, Kalisky B and
Dagan Y 2020 Adv. Mater. 32 2000216
[6] Bréhin J er al 2020 Phys. Rev. Mater. 4 041002
[7] Mannhart J and Schlom D G 2010 Science 327 1607-11
[8] Coll M et al 2019 Appl. Surf. Sci. 482 1-93
[9] Barthelemy A et al 2021 Europhys. Lett. 133 17001
[10] Noél P et al 2020 Nature 580 483-6
[11] Kornblum L 2019 Adv. Mater. Interfaces 6 1900480
[12] Massarotti D, Miano A, Tafuri F and Stornaiuolo D 2020
Supercond. Sci. Technol. 33 034007
Chen L, Sutton E, Lee H, Lee J W, Li J, Eom C B, Irvin P and
Levy J 2019 Light: Sci. Appl. 8 1-7
Dai W, Liang Y, Yang M, Schrecongost D, Gajurel P, Lee H,
Lee J W, Chen J, Eom C B and Cen C 2019 Nano Lett. 19
7149-54
Zhang W, Zhang Q, Zhao M Q and Kuhn L T 2013
Nanotechnology 24 275301
Cen C, Thiel S, Mannhart J and Levy J 2009 Science 323
1026-30
Boselli M, Scheerer G, Filippone M, Luo W, Waelchli A,
Kuzmenko A B, Gariglio S, Giamarchi T and Triscone ] M
2021 Phys. Rev. B 103 075431
Briggeman M et al 2020 Science 367 769-72
Schneider C W, Thiel S, Hammerl G, Richter C and
Mannhart J 2006 Appl. Phys. Lett. 89 122101
Stornaiuolo D, Gariglio S, Couto N, Féte A, Caviglia A,
Seyfarth G, Jaccard D, Morpurgo A and Triscone ] M 2012
Appl. Phys. Lett. 101 222601

[13]

[14]

[15]
[16]
[17]
(18]
[19]

[20]


https://orcid.org/0000-0001-7520-1243
https://orcid.org/0000-0001-7520-1243
https://orcid.org/0000-0001-7520-1243
https://orcid.org/0000-0001-7520-1243
https://orcid.org/0000-0003-2939-6187
https://orcid.org/0000-0003-2939-6187
https://orcid.org/0000-0003-2939-6187
https://orcid.org/0000-0003-2939-6187
https://orcid.org/0000-0002-9934-836X
https://orcid.org/0000-0002-9934-836X
https://orcid.org/0000-0002-9934-836X
https://orcid.org/0000-0002-9934-836X
https://orcid.org/0000-0002-1270-2670
https://orcid.org/0000-0002-1270-2670
https://orcid.org/0000-0002-1270-2670
https://orcid.org/0000-0002-1270-2670
https://orcid.org/0000-0003-3126-8504 
https://orcid.org/0000-0003-3126-8504 
https://orcid.org/0000-0003-3126-8504 
https://orcid.org/0000-0003-3126-8504 
https://orcid.org/0000-0001-8372-6963 
https://orcid.org/0000-0001-8372-6963 
https://orcid.org/0000-0001-8372-6963 
https://orcid.org/0000-0001-8372-6963 
https://orcid.org/0000-0003-2654-9504
https://orcid.org/0000-0003-2654-9504
https://orcid.org/0000-0003-2654-9504
https://orcid.org/0000-0003-2654-9504
https://doi.org/10.1146/annurev-conmatphys-062910-140445
https://doi.org/10.1146/annurev-conmatphys-062910-140445
https://doi.org/10.1146/annurev-conmatphys-062910-140445
https://doi.org/10.1038/nature02308
https://doi.org/10.1038/nature02308
https://doi.org/10.1038/nature02308
https://doi.org/10.1103/PhysRevB.89.224413
https://doi.org/10.1038/nmat4491
https://doi.org/10.1038/nmat4491
https://doi.org/10.1038/nmat4491
https://doi.org/10.1002/adma.202000216
https://doi.org/10.1103/PhysRevMaterials.4.041002
https://doi.org/10.1126/science.1181862
https://doi.org/10.1126/science.1181862
https://doi.org/10.1126/science.1181862
https://doi.org/10.1016/j.apsusc.2019.03.312
https://doi.org/10.1016/j.apsusc.2019.03.312
https://doi.org/10.1016/j.apsusc.2019.03.312
https://doi.org/10.1209/0295-5075/133/17001
https://doi.org/10.1038/s41586-020-2197-9
https://doi.org/10.1038/s41586-020-2197-9
https://doi.org/10.1038/s41586-020-2197-9
https://doi.org/10.1002/admi.201900480
https://doi.org/10.1088/1361-6668/ab669c
https://doi.org/10.1038/s41377-018-0109-7
https://doi.org/10.1038/s41377-018-0109-7
https://doi.org/10.1038/s41377-018-0109-7
https://doi.org/10.1021/acs.nanolett.9b02712
https://doi.org/10.1021/acs.nanolett.9b02712
https://doi.org/10.1021/acs.nanolett.9b02712
https://doi.org/10.1021/acs.nanolett.9b02712
https://doi.org/10.1088/0957-4484/24/27/275301
https://doi.org/10.1126/science.1168294
https://doi.org/10.1126/science.1168294
https://doi.org/10.1126/science.1168294
https://doi.org/10.1126/science.1168294
https://doi.org/10.1103/PhysRevB.103.075431
https://doi.org/10.1126/science.aat6467
https://doi.org/10.1126/science.aat6467
https://doi.org/10.1126/science.aat6467
https://doi.org/10.1063/1.2354422
https://doi.org/10.1063/1.4768936

Nanotechnology 33 (2022) 085301

M D’Antuono et al

(21]

[22]
(23]
[24]
[25]

[26]

[27]
(28]
[29]
[30]
[31]

[32]

(33]

Paolo Aurino P, Kalabukhov A, Tuzla N, Olsson E,
Claeson T and Winkler D 2013 Appl. Phys. Lett. 102
201610

Scheurer M S and Schmalian J 2015 Nat. Commun. 6 1-10

Loder F, Kampf A P and Kopp T 2015 Sci. Rep. 5 1-10

Fukaya Y, Tamura S, Yada K, Tanaka Y, Gentile P and
Cuoco M 2018 Phys. Rev. B 97 174522

Perroni C, Cataudella V, Salluzzo M, Cuoco M and Citro R
2019 Phys. Rev. B 100 094526

Stornaiuolo D, Massarotti D, Di Capua R, Lucignano P,
Pepe G, Salluzzo M and Tafuri F 2017 Phys. Rev. B 95
140502

Kuerten L, Richter C, Mohanta N, Kopp T, Kampf A,
Mannhart J and Boschker H 2017 Phys. Rev. B 96 014513

Wollman D, Van Harlingen D, Giapintzakis J and Ginsberg D
1995 Phys. Rev. Lett. 74 797

Kan D et al 2005 Nat. Mater. 4 816-9

McCaffrey J, Phaneuf M and Madsen L 2001 Ultramicroscopy
87 97-104

Singh G, Lesne E, Winkler D, Claeson T, Bauch T,
Lombardi F, Caviglia A D and Kalaboukhov A 2021
Nanomaterials 11 398

Stornaiuolo D, Rotoli G, Massarotti D, Carillo F,
Longobardi L, Beltram F and Tafuri F 2013 Phys. Rev. B 87
134517

Stornaiuolo D, Rotoli G, Cedergren K, Born D, Bauch T,
Lombardi F and Tafuri F 2010 J. Appl. Phys. 107 113901

[34]

[35]

[36]

[37]

[38]
[39]

[40]

[41]

[42]

[43]
[44]
[45]

Papari G, Glatz A, Carillo F, Stornaiuolo D, Massarotti D,
Rouco V, Longobardi L, Beltram F, Vinokur V and Tafuri F
2016 Sci. Rep. 6 1-8

Stornaiuolo D, Gariglio S, Féte A, Gabay M, Li D,
Massarotti D and Triscone J M 2014 Phys. Rev. B 90
235426

Fragneto A, De Luca G, Di Capua R, Scotti di Uccio U,
Salluzzo M, Torrelles X, Lee T L and Zegenhagen J 2007
Appl. Phys. Lett. 91 101910

Salluzzo M, Gariglio S, Torrelles X, Ristic Z, Di Capua R,
Drnec J, Sala M M, Ghiringhelli G, Felici R and Brookes N
2013 Adv. Mater. 25 2333-8

Minhas M, Blaschek H, Heyroth F and Schmidt G 2016 AIP
Adv. 6 035002

Liu W, Gariglio S, Féte A, Li D, Boselli M, Stornaiuolo D and
Triscone J M 2015 APL Mater. 3 062805

Yin C, Smink A E, Leermakers I, Tang L M, Lebedev N,
Zeitler U, Van Der Wiel W G, Hilgenkamp H and Aarts J
2020 Phys. Rev. Lett. 124 017702

Pallecchi I, Lorenzini N, Safeen M A, Can M M,

Di Gennaro E, Granozio F M and Marré D 2021 Adv.
Electron. Mater. 7 2001120

Thiel S, Hammerl G, Schmehl A, Schneider C W and
Mannhart J 2006 Science 313 1942-5

Stornaiuolo D et al 2018 Phys. Rev. B 98 075409

Persky E and Kalisky B 2018 Adv. Mater. 30 1706653

Kalisky B er al 2013 Nat. Mater. 12 1091-5


https://doi.org/10.1063/1.4807785
https://doi.org/10.1063/1.4807785
https://doi.org/10.1038/ncomms7005
https://doi.org/10.1038/ncomms7005
https://doi.org/10.1038/ncomms7005
https://doi.org/10.1038/srep15302
https://doi.org/10.1038/srep15302
https://doi.org/10.1038/srep15302
https://doi.org/10.1103/PhysRevB.97.174522
https://doi.org/10.1103/PhysRevB.100.094526
https://doi.org/10.1103/PhysRevB.95.140502
https://doi.org/10.1103/PhysRevB.95.140502
https://doi.org/10.1103/PhysRevB.96.014513
https://doi.org/10.1103/PhysRevLett.74.797
https://doi.org/10.1038/nmat1498
https://doi.org/10.1038/nmat1498
https://doi.org/10.1038/nmat1498
https://doi.org/10.1016/S0304-3991(00)00096-6
https://doi.org/10.1016/S0304-3991(00)00096-6
https://doi.org/10.1016/S0304-3991(00)00096-6
https://doi.org/10.3390/nano11020398
https://doi.org/10.1103/PhysRevB.87.134517
https://doi.org/10.1103/PhysRevB.87.134517
https://doi.org/10.1063/1.3388035
https://doi.org/10.1038/srep38677
https://doi.org/10.1038/srep38677
https://doi.org/10.1038/srep38677
https://doi.org/10.1103/PhysRevB.90.235426
https://doi.org/10.1103/PhysRevB.90.235426
https://doi.org/10.1063/1.2779972
https://doi.org/10.1002/adma.201204555
https://doi.org/10.1002/adma.201204555
https://doi.org/10.1002/adma.201204555
https://doi.org/10.1063/1.4943401
https://doi.org/10.1063/1.4921068
https://doi.org/10.1103/PhysRevLett.124.017702
https://doi.org/10.1002/aelm.202001120
https://doi.org/10.1126/science.1131091
https://doi.org/10.1126/science.1131091
https://doi.org/10.1126/science.1131091
https://doi.org/10.1103/PhysRevB.98.075409
https://doi.org/10.1002/adma.201706653
https://doi.org/10.1038/nmat3753
https://doi.org/10.1038/nmat3753
https://doi.org/10.1038/nmat3753

	1. Introduction
	2. Methods
	3. Results
	4. Conclusions
	Acknowledgments
	Data availability statement
	References



