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FIB-fabrication of superconducting
devices based on Bi,Se, junctions

Rubén Gracia-Abad?, Soraya Sangiao'%3", Geetha Balakrishnan* & José Maria De Teresa’3"*
Recent advances in quantum technologies are highly influencing the current technological scenario.
Hybrid devices combining superconductors and topological insulators represent an excellent
opportunity to study the topological superconducting phase, which offers interesting features that
might have significant implications in the development of quantum sensing and quantum computing.
Furthermore, focused ion beam techniques, whose versatility enables to create sophisticated devices
with high degree of customization, can enhance the creation of complex devices. Here, we develop a
novel approach for creating single-crystal devices that is applied to the fabrication of superconducting
devices based on topological insulator Bi,Se, in a geometry characteristic of a superconducting
quantum interference device. Characterization of these devices reveals that superconductivity is
induced in our crystal and the supercurrent is modulated by applying an external magnetic field. These
results open the way to tailoring the response of hybrid devices that combine superconductors and
topological insulators by focused ion beam techniques.

Superconductor-based devices have settled the basis for the development of quantum technologies!™.
Specifically, the basic element of superconducting circuits is the Josephson Junction (JJ), which is found in most
of the applications involving quantum sensing and quantum computing. For instance, two JJs are placed in
parallel obtaining a Superconducting Quantum Interference Device (SQUID), a quantum sensor that represents
the most sensitive tool for magnetic flux detection?. On the other hand, in quantum computing JJs are seen
as non-linear inductors, which can be implemented for the fabrication of functional two-state qubits®. A new
scenario has emerged in this field thanks to the incorporation of Topological Insulators (TIs) in superconducting
devices. TIs are materials with an insulating bulk surrounded by topologically protected metallic surface states.
The coupling of the superconductivity to the surface states of a TI by proximity effect gives rise to a topological
superconducting phase®’, showing new exotic phenomena such as p-wave pairing, anomalous Josephson
effect or the appearance of topologically protected Majorana bound states, which are of central interest in the
development of fault-tolerant quantum computing, based on the braiding of these exotic excitations®®. For these
reasons, there is an ever-increasing interest in fabricating hybrid devices based on JJs that use a TI as a weak
link, where this kind of phenomena can be studied!©. Among TIs, Bi,Se, has attracted much attention due to its
simple surface band structure, its relatively large insulating gap of 0.3 eV, and its rather long phase-coherence
length [ '!. In this sense, Bi,Se, represents an excellent platform for studying these new effects.

So far, Electron Beam Lithography (EBL) has represented the most widely employed technique in the
fabrication of devices combining superconductors and TIs!>~!%. Nevertheless, the development of new and
sophisticated superconducting devices can be boosted by the advantages of using Focused Ion Beam (FIB)-
based techniques!®>~'. In contrast to other previously applied fabrication methods, FIB techniques avoid the
use of chemical resists, and they can be implemented in a single step, reaching routinely a resolution below 100
nm. Additionally, the versatility of FIB-based techniques can be applied in the fabrication of devices with more
complex geometries and unusual substrates. FIB relies on the acceleration and focusing of ions on a nanometric
spot over a target substrate, enabling on the one hand, to remove material in a selected area, what is known as
FIB patterning, and on the other hand, to deposit materials with a wide variety of properties, what is known as
Focused Ion Beam Induced Deposition (FIBID). Interestingly, FIBID deposited W-C has demonstrated to be a
type-II superconductor below Tp &~ 4.5 K8, being ideal for adding superconducting components during the
fabrication of devices by FIB techniques and showing a high H., of ~ 8 T".

FIB has already been successfully implemented in the fabrication of complex devices. For instance, Ga*-
FIB patterning of a thin Nb layer grown on a cantilever, has allowed the fabrication of a SQUID sensor on
its tip to image small magnetic signals with high resolution?**!. Ga*-FIB has also enabled the fabrication of
superconducting devices out of single crystals such as SmFeAs(O, F)*? or Sr,RuO,* allowing the investigation
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of their intrinsic properties, or the realization of planar JJs based on high-T . superconductors such as BSSCO**
or YBCO?>?%, Indeed, junctions with an extremely high resolution of 10 nm have been fabricated on YBCO with
He™-FIB using low doses?”-?%. Besides, Ga™-FIB has been used for the fabrication of much more complex systems
such as superconducting microwave resonators®*3?, useful in qubit control. In this case, Ne*-FIB has also been
applied, yielding better resolution®!.

Apart from FIB patterning, the use of Ga*-FIBID has also been applied to fabricate other types of
superconducting devices, such as JJ arrays of NbC*? or W-C nanoSQUIDs with Dayem-bridge-type geometry*3,
with the potential of being grown on a cantilever for magnetic imaging. FIBID deposits have been frequently
employed in order to induce superconductivity in other materials, paving the way for the fabrication of
S-N-S junctions, i.e., a normal metal N as a weak link sandwiched between two superconducting contacts S.
This technique has been successfully applied to the combination of W-C deposited by FIBID with different
materials such as graphene®, Bi*>, Au* or even TIs such as Bi,Se,”. Indeed, this also demonstrates the utility
of this technique for investigating Majorana physics'>!*38. However, the application of S-TI-S junctions in the
fabrication of SQUIDs with a conventional geometry for quantum sensing has not been fully explored.

Here in, we put forward the combination of FIB patterning and FIBID for the fabrication of a superconducting
device with a conventional SQUID geometry containing JJs that use the TI Bi,Se, as a weak link. The use of FIB-
based techniques offers the ability to customize the size and shape of the different parts of the device and to
further modify the different elements, allowing us to explore the properties of the device. First, we introduce a
novel FIB-based fabrication procedure that starts with the fabrication of a Bi,Se, single-crystal device, on top of
which the superconducting W-C contacts will be grown. Second, we will show the electrical characterization of
two of our superconducting devices and how the superconductivity is induced on the Bi,Se, single crystal, giving
rise to a magnetic response explained by the formation of a coherent supercurrent in our devices.

Results

Fabrication of Bi,Se,-based superconducting devices

The complete fabrication process to prepare superconducting devices starting from a Bi,Se, single crystal can be
divided into two main steps: In the first one, a Bi,Se, device is fabricated out of the single crystal by following
a procedure consisting of an adaptation of a Transmission Electron Microscopy (TEM) lamella fabrication
process'>*, in which a micrometer-sized sample is extracted from a Bi,Se, single crystal and transferred onto a
prefabricated Si/SiO, chip with gold electric pads, this step is illustrated schematically in Fig. 1g. In the second
part, the device is provided with superconducting properties by growing a W-C deposit on top and further
modifying it.
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Fig. 1. SEM micrographs of the fabrication process of the single-crystal device: (a) Protective Pt deposit grown
by FIBID. (b) Pre-cut lamella attached to the Omniprobe. (c) TEM grid with the lamella after the cleaning
process. (d) Landing of the lamella in the region between the gold pads of the chips. Green rectangle represents
the pattern of the Pt deposit by FIBID. (e) First part of the Pt leads grown by FIBID at a = (0°. (f) Final
functional Bi,Se, single-crystal device. (g) 3D scheme of the fabrication process, from the starting point in
which we have a Bi,Se, single crystal (fig. a) to the lamella landed on the final substrate (fig. e).
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Fabrication of Bi,Se, single-crystal devices

The first step begins with the extraction of a coarse rectangular slab out of the single crystal. From now on, this
slab will be referred to as lamella. In order to protect the Bi,Se, material close to the surface, a Pt-C deposit is
grown by FIBID on the area where the lamella is extracted from (Fig. 1a). The FIB is used at o = 52° to create
trenches on both sides of the Pt-C deposit. The complete process is carried out in such a way that in the final
device the current is injected along the direction parallel to the c-axis, which is now parallel to the crystal slab.
Hence, the longitudinal dimension of the device will be determined by the depth of the trenches. After this, the
lamella is pre-cut with the FIB at a = 0° leaving it connected to the bulk crystal through just a small region on
one side (Fig. 1b).

To complete the extraction, an Omniprobe nanomanipulator is introduced in the process chamber and the
lamella is attached to it. The lamella is completely freed from the crystal by cutting the remaining region that
connects it to the crystal. Then, it is withdrawn and attached to the TEM sample grid (Fig. 1c). This grid acts
as an intermediary, as it will be shown later. While the lamella is resting in the grid, a cleaning process at low
ion beam current is applied on both faces in order to thin it down to the desired thickness and to remove the
material damaged during the coarse extraction process. A thickness about 1 ;2 m is chosen. Now, the lamella has
to be transferred onto the chip, but before this, a reorientation is required in order to lay its largest faces parallel
to the chip surface. That can be attained simply by opening the process chamber and laying flat the TEM grid
on which the lamella is held. After that, the nanomanipulator is used once again to transfer the lamella onto the
region between the electric contacts of the prefabricated chip is such a way that the c-axis is aligned parallel to
the longitudinal direction through which the current will travel (Fig. 1d).

After the landing, the sample is electrically connected to the gold pads by FIBID-deposited Pt leads. These
leads are grown in two steps. A first deposit is grown at a@ = 0° in order to overcome the height (thickness) of
the crystal (see Fig. 1e). With this value of «, the face of the lamella where the deposit has to be grown is directly
exposed to the ion beam. The lead is then finished by growing a second deposit at o = 52° going from the first
deposit up to the gold pad. The same process is applied for the remaining leads, rotating the stage after each one
to obtain the right orientation between the sample and the ion beam.

Once the leads are completed, a functional Bi,Se, device is achieved (Fig. 1f).

Fabrication of the superconducting devices

In the second step of the process, the Bi,Se, single-crystal device will be turned into a superconducting device
for which an 80-nm thick W-C deposit is grown on top by FIBID (Fig. 2a). The shape of the deposit consists of a
central longitudinal strip and two transverse pads that cover the entire width of the crystal up to the Pt transverse
voltage leads in such a way that the voltage drop along the W-C deposit can be measured.

Next, a wide junction is fabricated by cutting the center of the device along the entire width of the W-C
deposit in order to remove the W-C deposit but not the single-crystal underneath in such a way that the Bi,Se,
beneath acts as a weak link between the two sides of the W-C deposit (Fig. 2b). This step requires soft working
conditions so that the milling of the Bi,Se, underneath is minimized.

Finally, a hole is fabricated in the center of the junction by FIB milling, providing the device with its final
SQUID-like geometry (Fig. 2c). The material in the hole is removed down to the Si/SiO, substrate, so undesired
shunt resistors are avoided. For the same reason, the remaining Bi,Se, single crystal on the sides of the W-C
deposit are removed by FIB milling. After this, a functional superconducting device is obtained (Fig. 2d).

Electrical characterization of the devices

The electrical characterization of the devices was carried out at two different stages of the process. A first electrical
characterization of each device was performed after completing the manufacturing process of the Bi,Se, single-
crystal device. Then, once the complete fabrication of the superconducting device is finished, a second electrical
characterization step was carried out.

Electrical characterization of Bi,Se, single-crystal devices
Figure 3 shows the results for samples laielled as A, B and C. The longitudinal resistivity versus temperature

curves presents a metallic behaviour (dp / dr > 0) for all of them (Fig. 3a), which indicates the presence of

a bulk Fermi surface contributing to the transport. This bulk contribution is dominated by a single channel
formed by electrons, as indicated by the linear dependence with negative slope in Hall resistivity p ,, versus
magnetic field curve (Fig. 3c). The n-type doping is commonly found in Bi,Se, and is attributed to the natural
formation of Se vacancies that populate the bulk conduction band with electrons*’, hindering the identification
of the topological surface states. The Hall measurements enable to determine the carrier density that is in the
order of 10! ¢m™3 and the mobility that ranges between 100 and 300 cm?V ~!s~L. Finally, the longitudinal
magnetoresistance p ., increases with magnetic field due to the contribution of the Lorentz Force, presenting a
classical behaviour (Fig. 3b).

Electrical characterization of the superconducting devices
Samples B and C were further turned into superconducting devices by following the procedure described in
the previous section. In sample B (Fig. 4a), the Bi,Se, material on the sides of the W-C deposit are still present,
whereas it was removed by FIB milling in sample C (Fig. 4b).

Figure 5a and b show the temperature dependence of the resistance and the I -V characteristic at 0.8 K
of both samples, respectively. The drop to zero in the temperature dependence of the resistance indicates a
superconducting transition induced by proximity effect in the Bi,Se, crystal. Sample B presents a single well-
defined transition with critical parameters T = 4.2 K and I = 42.5 4 A, whereas sample C presents a double
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Fig. 2. SEM micrographs of the fabrication process of the superconducting device: (a) W-C superconducting
deposit by FIBID placed on the central region of the single-crystal device. (b) Fabrication of a wide junction by

cutting the W-C deposit along its entire width by FIB patterning. (c) Fabrication of a hole by FIB in the center
of the junction by FIB milling. (d) Final device with SQUID-like geometry.
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Fig. 3. Electrical characterization of three different Bi,Se, single-crystal devices: (a) Longitudinal resistivity

versus temperature. (b) Longitudinal magnetoresistance measured at 2 K. (c) Magnetic field dependence of the
Hall resistivity measured at 2 K.

transition with parameters Ty = 3.4 Kand T(» = 4.6 K intemperatureand /oy = 6.8 4 Aand [ =425 A
in current. The critical parameters with higher values are attributed to the W-C deposits, whereas the parameters
with lower values are attributed to the Bi,Se, junction whose superconducting properties are expected to be
weaker than those of the deposit.

I-V characteristics measured at 0.8 K for samples B and C at different magnetic fields applied perpendicular
to the plane of the devices are shown in Fig. 6a and b, respectively. A very clear modulation of the measured I-V
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Fig. 4. SEM micrographs of the superconducting devices based on Bi,Se, single crystals corresponding

to samples B (a) and C (b) previously discussed. The W-C deposit in sample B is indicated by the green
shaded region, whereas in sample C, the deposit covers the entire width. Insets show a magnified view of the
corresponding holes with the precise determination of their dimensions.
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Fig. 5. Resistance versus temperature curves measured at I=0.2 yA. (b) I-V characteristics measured at T=0.8
K.

characteristics is observed as a function of the applied magnetic field in both samples. This modulation is further
manifested in the magnetic field dependence of the voltage measured at fixed current for current values close to
the critical one (Fig. 6c and d), where it is superimposed to a background in both cases. The curves were measured
at a current at which the modulation observed in the voltage is the highest. The presence of the background is
likely due to magnetoresistance effects in the crystal and to the system exiting the superconducting state as
the magnetic field is increased reaching its critical value. The modulation in sample B shows a conventional
behaviour that is difficult to fit to a SQUID model due to the presence of the background and to the low number
of oscillations that exist within the range of field where the voltage modulates. However, the few minima can be
located (see blue arrows in Fig. 6b) and a periodicity of (71 £ 2) Oe is found, corresponding to an effective area
of 0.28 y m?, well in agreement with the geometrical area ( 0.245 ;2 m?, as can be observed in Fig. 4a).

On the other hand, sample C presents an unconventional behaviour with several interesting features. First,
the modulation of the voltage survives up to relatively high magnetic fields of nearly 1 T, presenting high values
in the low-field region reaching nearly 100% at ~ 0.07 T (see Fig. 6e). This large modulation is an interesting
characteristic for sensing applications. Second, the behaviour cannot be explained through a single oscillatory
component, but the complex pattern seems to be produced by at least two of them: A quicker one with a shorter
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Fig. 6. I-V characteristics at different magnetic fields for sample B (a) and C (b). (c) Magnetic field dependence
of the voltage at 0.8 K and 23.75 i A for sample B. Blue arrows indicate the position of the voltage minima.
(d) Magnetic field dependence of the voltage at 0.8 /& and 5.20 p A for sample C. (e) Zoom into the dashed
region indicated in (d).

Fig. 7. (a) Magnetic field dependence of the critical current I at 7' = 0.8 K for sample C. (b) Magnetic field
dependence of the voltage and the critical current in the low magnetic field region at 7' = 0.8 K.

period that dominates in the low field region and is slowly suppressed as the field is increased and a slower one
with a large period that survives up to higher magnetic field values.

Figure 7a shows the magnetic field modulation of the critical current I, which presents the same behaviour
as the voltage, with its minima and maxima corresponding to maxima and minima in the voltage, respectively,
and reproducing the same features (Fig. 7b). This confirms the consistency of the measurements.

As explained above, a single SQUID component is not able to describe our results. As a first hypothesis, a
parallel contribution of the SQUID loop together with the two individual junctions was considered. This has
been observed in several previous works when the dimensions of the loop and the dimensions of the junctions
are comparable and their corresponding periods are present in the modulation'®. In order to test this, one of
the junctions was removed by the FIB and the device was measured again, the SEM micrograph of sample
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Fig. 8. (a) SEM micrograph of sample C after removing one of the junctions by FIB. (b) I-V characteristics
before (Loop) and after (Single junction) the removal of one of the junctions measured at 7' = 0.8 K. (¢)
Magnetic field dependence of I at T = 0.8 K before (Loop) and after (Single junction) the removal of one of
the junctions.
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Fig. 9. SEM micrograph of sample C after fabricating a hole in the center of the remaining junction. (b)
Magnetic field dependence of the critical current measured at 7' = 0.8 K in the magnetic field range from
—2T to 2T. (b) Magnetic field dependence of the critical current measured at 7' = (.8 K plotted from from
—0.9 T to -0.6 T with fitting to model described by Eq. 1.

C after this modification being displayed in Fig. 8a. The critical parameters barely change (Fig. 8b) and the
complex pattern in the magnetic field modulation is still present (Fig. 8¢), indicating that no significant changes
have been produced after the modification. According to this, the supercurrent in the previous experiments
was travelling mainly across the remaining junction, and the removed junction was not playing any significant
role. Both results, the unchanged magnetic field modulation after removal of one junction compared to the full
loop and the intricate single junction pattern we have obtained, indicate that the critical current density is not
homogeneous along the junction.

As a last modification step, a hole was made by FIB in the center of the remaining junction, creating a new
SQUID geometry, as shown in Fig. 9. The electrical properties of the resulting device were then investigated.
The behaviour was now drastically changed, and the complex behaviour observed before was replaced by a
conventional behaviour with much lower critical current modulation, which indicated a high screening
parameter in the device. Particularly, a modulation depth of A I/I; of ~ 0.04 is found in the range between
0.5T and 1T. This data could be fitted by a standard SQUID model. Specifically, a model for high screening
parameter 3 ; was applied*!, with I as a function of the magnetic flux ® given by:

2| —nd
@ —nbo| |

Io (@) =2 — ——

Ad (1)

With n — % < g—’o < n+ % ® ) is the magnetic flux quantum, L is the inductance of the SQUID, I is the
critical current of the individual junctions, and A® is a linear term added to account for the linear background.
This model enabled to determine the periodicity of the oscillation as (196.0 = 0.1) Oe, which provides an
effective area of (0.1020 &= 0.0001) p m?. This area is 56% larger that the geometrical area of 0.065 2 m?2, which
is likely due to flux-focusing effect in the W-C contacts*?. On the other hand, an [j of (3.20 + 0.01) y Aand an
L of (8.8+ 0.3) nH are obtained. This provides a value of § ; of 28.1 + 1.0 in good agreement with the low
critical current modulation depth found in these last measurements.
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Fig. 10. (a) SEM micrograph of the resulting Bi,Se, device indicating the regions from which the lamella
was extracted with the zones corresponding to micrographs (b) and (c). TEM micrographs of the left side (b)
and top side (c) of the transverse area of the resulting Bi Se, device. Dashed lines in (b) and (c) indicate the
boundaries between the amorphous and crystalline phases of the Bi,Se, crystal.

Discussion

The results observed in the previous section in sample C before the last modification step cannot be described
by a standard model for SQUID:s or JJs, in which the magnetic field produces a modulation of the voltage and
critical current described by a single oscillatory component with a well-defined period. This evidences the
necessity to look for new contributions in the coherent transport across the junctions that could explain the
complex behaviour in this device. At this point the role of topologically protected states existing in the Bi,Se,
crystal is considered. Once the superconducting W-C contact has been grown on top, the current is expected
to be confined mainly in the region right beneath the deposit, at a distance over which the superconductivity is
induced when the system is in the superconducting state, as well as, during the transition. This leads to a more
significant role of the surface of the Bi,Se, crystal in the overall transport than before the deposition of the
superconducting contact.

The structural characterization of one of the fabricated devices right before the deposition of the W-C contact
on top shows the formation of an amorphous shell that surrounds the crystalline Bi Se, structure, which extends
over a distance between 10 nm and 30 nm depending on the region of the lamella (as can be observed in TEM
micrographs shown in Fig. 10). This amorphous region has been created due to the ion irradiation applied
during the fabrication process in the lamella extraction, and it is later enhanced in the fabrication of the junction.
Despite the damage created on the surface and potential Ga doping®’, a well-defined amorphous/crystalline
(A/C) interface appears where topological states can emerge, as discussed hereafter.

The appearance of topological states at an A/C boundary created by the irradiation through Ga*-FIB has been
recently demonstrated in the TI szTe344. Above a certain irradiation dose, the amorphized material becomes
topologically trivial, which produces an interface with the crystalline material at which the topology changes,
inducing the appearance of topological states at that interface. Sb,Te, and Bi,Se, belong to the same family of
tetradymite chalcogenide TIs and are expected to undergo similar consequences after ion irradiation in terms
of structural damage.

After the last fabrication step, the ion irradiation applied for the fabrication of the hole in the remaining
junction would destroy the coherent channels of the bulk and surface states, leaving behind a residual
conductance across the new junctions that produces the conventional behaviour observed next.

Conclusions and outlook

In this work we have developed a new approach based on the use of FIB related techniques, such as FIB
patterning and FIBID, to fabricate functional superconducting devices based on single-crystal Bi,Se, combined
with FIBID-grown W-C. The use of FIB has provided plenty of versatility in the design of the device, resulting in
the fabrication of functional TI devices with customized geometry and extra fabrication steps have allowed us to
explore the electrical properties of these devices in a geometry characteristic of a SQUID and of a J].

The electrical characterization has given evidence for superconductivity induced in the topological insulator
Bi,Se, by proximity effect in two different devices (samples B and C). This magnetic response has shown high
modulation depth both, in the critical current and the output voltage, that survives up to high magnetic fields
of 1 T for sample C.

Magnetic field modulation in sample C presented an unconventional behaviour manifested through intricate
patterns in the critical current and in the output voltage, with the contribution of different coherent channels
providing larger and shorter interference components that were difficult to isolate. As a feasible explanation, we
have considered the presence of both contributions, the individual JJs and the SQUID loop. This hypothesis has
been tested by removing one of the junctions and very similar behaviour was observed afterwards, indicating
that only the remaining junction was actually playing a relevant role in the superconducting transport. Finally,
the unconventional behaviour disappeared after the last fabrication step in which a loop was drilled by FIB in
the remaining junction. This final fabrication step led to a more conventional behaviour in which the magnetic
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response presented a lower modulation depth created by a single oscillatory component that could be analysed
through standard models of SQUID.

This study opens up the possibility for the design of future hybrid devices combining TIs and superconductors.
On the other hand, further research could combine Ga*-FIB with FIBs based on other ionic species such as
He*and Ne* for the fabrication of the JJs. He*-FIB would provide higher resolution and lower milling rates,
allowing even more precise control of the milling process that should be translated into a better ultimate
performance of the superconducting devices.

Methods

High quality Bi,Se, single crystals were synthesized by the modified Bridgman method*’, which involves a
static growth setup where the ampoule containing the polycrystalline version of the desired material is placed
vertically in a box furnace. The temperature of the furnace is slowly increased up to the melting temperature of
the material and kept long enough to allow complete melt and diffusion of all the components in the ampoule.
Finally, the furnace temperature is slowly reduced allowing crystallization of the melt to take place. The
crystallinity was ascertained by x-ray Laue diffraction, whereas the topological nature was validated by angle-
resolved photoemission spectroscopy. The only well-known crystallographic direction corresponds to the out-
of-plane c-axis that points in the direction normal to the plane of the crystal.

Electronic devices were prepared starting from a Bi,Se, single crystal. For this purpose, the capabilities of
a Dual Beam Helios Nanolab 650 from Thermofisher (Hillsboro, OR, USA) were exploited. This equipment
combines a vertical field emission electron column with a 52° -tilted Ga+-based FIB column, both with a
maximum acceleration voltage of 30 kV, which allows one to simultaneously fabricate and image the process.
Both beams intersect at the eucentric point, which is placed 4.15 nm below the pole of the electron column. The
sample is mounted in a stage that provides translational, rotational and tilting degrees of freedom enabling to
properly orientate the sample respect to the beams. The tilting angle, defined as the angle between the electron
column and the direction normal to the plane of the stage, is denoted as « and is set during the fabrication of
the devices to two main values: & = (° and a = 52°, with normal incidence of the electron beam and of the
ion beam, respectively.

The electrical characterization of the devices was carried out in a Physical Properties Measurement System
from Quantum Design (California, US), covering temperatures down to 0.8 K and perpendicular magnetic fields
upto9 T.

For structural characterization, some lamellas of the devices were observed in a Titan Cube 60-300 TEM
from Thermofisher (Hillsboro, OR, USA) with high-resolution TEM capabilities. This equipment allows the
irradiation of the samples with high-energy electrons up to 300 kel and incorporates a spherical aberration
corrector that improves the resolution down to 1 A.

Data availability
All data analyzed and presented in the current study are available from the corresponding authors on reasonable
request.
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