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Highly-Packed Proximity-Coupled DC-Josephson Junction 
Arrays by a Direct-Write Approach
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Oleksandr V. Dobrovolskiy, and Michael Huth

Focused ion beam induced deposition (FIBID) is a direct-write technique 
enabling the growth of individual nanostructures of any shape and dimension 
with high lateral resolution. Moreover, the fast and reliable writing of periodically 
arranged nanostructures can be used to fabricate devices for the investigation 
of collective phenomena and to design novel functional metamaterials. Here, 
FIBID is employed to prepare dc-Josephson junction arrays (dc-JJA) consisting of 
superconducting NbC dots coupled through the proximity effect via a granular 
metal layer. The fabrication is straightforward and allows the preparation of 
dc-JJA within a few seconds. Microstructure and composition of the arrays 
are investigated by transmission electron microscopy and energy dispersive 
X-ray spectroscopy. The superconductor-to-metal transition of the prepared 
dc-JJA is studied in a direct way, by tuning the Josephson junction resistance 
in 70 nm-spaced superconducting NbC dots. The observed magnetoresist-
ance oscillations with a period determined by the flux quantum give evidence 
for the coherent charge transport by paired electrons. Moreover, the measured 
resistance minima correspond to two fundamental matching configurations 
of fluxons in the dc-JJA, caused by magnetic frustration. The robust properties 
of the prepared dc-JJA demonstrate the opportunities for a fast preparation of 
complex device configurations using direct-write approaches.
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1. Introduction

Currently, there is a great interest in 
the exploration of collective phenomena 
in nanosystems prepared by the direct-
writing techniques of focused elec-
tron and ion beam induced deposition 
(FEBID and FIBID).[1–7] Their versa-
tility regarding the substrate material, 
3D writing capability, and sub-20  nm 
lateral resolution make these one-step 
additive techniques ideal candidates for 
the fabrication of JJA.[8–10] This interest 
is further increased by the fact that the 
fabrication of Josephson devices has so 
far been a complex, time-consuming 
multi-step process. Very recently, direct-
write printing of single Josephson prox-
imity junctions was demonstrated by 
FEBID of tungsten carbide.[11] At the 
same time, the development of 3D 
superconducting sensor arrays and 
quantum networks requires the under-
standing of the physics of supercon-
ductor-to-metal transition (SMT) and 

charge transport regimes in closely-packed JJA with tunable 
coupling strength.

The implementation of JJA started about 40 years ago, when 
they were considered as candidates for a new superconducting 
computer technology.[12] From that time on, JJA have been 
employed in research to model homogeneous ultrathin films 
and granular superconductors and to study phenomena like 
phase transitions, magnetic frustration, and vortex dynamics.[13] 
In the last years, several investigations suggest the use of JJA 
in quantum information, for example, as superinductances,[14] 
topologically protected qubits[15] and platforms for studying 
Majorana fermions,[16] in quantum metrology, for example, as 
current and voltage standards,[17–19] and in quantum electrody-
namics.[20,21] JJA consist of superconducting units placed on 
a periodic lattice coupled via regions with suppressed super-
conductivity. A key aspect for the successful implementation 
of JJA is the ability to control precisely the energetics of the 
junctions, which governs the access to different electrical trans-
port regimes.[13,22] In superconductor-normal metal-supercon-
ductor (SNS) arrays the coupling between neighboring super-
conducting islands determines whether the device works in the 
classical superconducting regime or in the quantum regime. 
Although JJA are usually prepared in the superconducting 
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state,[23–25] various theoretical studies predict a quantum phase 
transition by tuning the Josephson coupling strength.[26] In 
particular, an SMT is expected for samples with large island 
spacings or with a low conductive 2D metal layer.[27–30] Indica-
tions of this transition were found in arrays of Nb islands cou-
pled via a thin Au layer, as the number of islands per unit area 
was reduced below a critical value.[25,26] On the other hand, an 
experimental realization of JJA with tunable 2D metal layer to 
study the SMT is considered to be very challenging.[31] There-
fore, up to now the SMT has been studied only indirectly on a 
Sn-graphene array system by gate-tuning the number of elec-
trons in the graphene layer, which serve to vary the effective 
Josephson coupling between the Sn discs.[31]

In the present work, FIBID is employed to fabricate dc-JJA 
consisting of superconducting NbC dots coupled through the 
proximity effect via a thin granular metal layer with controllable 
dc electrical properties, which forms in situ during dot printing. 
Transmission electron microscopy (TEM) and energy dispersive 
X-ray spectroscopy (EDS) measurements reveal the microstruc-
ture and the composition of the dots and of the granular metal 
layer. The SMT of the system is studied in a direct way, that 
is, upon varying the thickness of the dots and the dc conduct-
ance of the granular metal layer. Magneto-resistance measure-
ments indicate the emergence of metallic states and magnetic 
frustration visible by resistance oscillations. Thus, the investi-
gation presented here illustrates the potential of the direct-write 
approach to tailor dc-Josephson devices ready to work in a spe-
cific transport regime, for applications and research purposes.

2. Results and Discussion

2.1. Fabrication

The samples were prepared by focused (Ga+) ion-beam induced 
deposition (FIBID) using the precursor Nb(NMe2)3(N-t-Bu).[6,32] 
The dot structures were obtained by rastering the ion beam with 
30  kV acceleration voltage, 10  pA beam current, 70  nm pitch, 
and 10  μs dwell time, respectively. The microstructure was 
investigated on arrays of dots written on areas of 4 × 0.85 μm2. 
In order to protect the dots and enhance the contrast during 
TEM/EDS measurements, a cover layer of Co3Fe was depos-
ited by FEBID.[4] Transport measurements were carried out on 
arrays written on areas of 3.5 × ~0.49 μm2, see Figure 1. After 
growth, an insulating layer was grown by FEBID using the 
same precursor[6] to locally protect the samples from oxidation, 
as detailed in the “Experimental Section.” The deposition of 
each array took place within a few seconds.

2.2. Microstructure

The microstructure and chemical composition of the FIBID 
deposits were investigated by scanning/transmission electron 
microscopy (S/TEM). The investigation was carried out on three 
selected samples, labeled with t1, t2, and t3 of thickness 30, 50, 
and 90 nm. In Figure 2a is shown the high annular dark field 
(HAADF) TEM image of a lamella prepared from the dc-JJA 
array depicted as t2. The dots are slightly oblique, which can 

be attributed either to charging effects or to ion beam astigma-
tism. Simultaneously to the FIBID deposition, etching effects 
caused by impinging Ga ions lead to a partial embedding of 
the dots in the SiO2 substrate. The investigation of the micro-
structure shows that every dot is polycrystalline containing NbC 
nanocrystals with sizes up to 10–20 nm according to the bright 
field TEM image (Figure  S1a,b, Supporting Information). The 
cubic NbC crystal phase is found by micro-diffraction carried 
out on single nanocrystals using Si as reference (Figure S1c,d, 
Supporting Information), in analogy to recently investigated 
NbC 3D nanowires and planar nanostructures.[6]

EDS was carried out in STEM acquisition mode to image the 
spatial elemental distribution. EDS maps of the corresponding 
HAADF image associated to sample t2 is illustrated in Figure 2 
showing the localization of Nb, Ga, and the Fe signal of the 
FEBID-Co3Fe protection layer. Nb, see Figure  2b, is localized 
in the entire dots and in the region between them, forming a 
Nb-based thin layer close to the surface, as a consequence of 
the simultaneous electron-beam deposition as a secondary 
effect during ion irradiation. Note that during the raster move-
ment the ion beam is not blanked, which causes additional 
deposition of material in the inter-dot region. Moreover, the 
local distribution of Ga, depicted in Figure  2d, illustrates the 
incorporation in the dots as well as its extension into the SiO2 
substrate material due to implantation effects. EDS line-scans 
of the inter-dot region and on a dot toward the substrate mate-
rial are plotted in Figure  2c. According to this analysis, the 
dots contain Nb and C, as well as Ga, with the highest Ga 
concentration located underneath the NbC dots, which is also 
represented as bright spots in the dark region of the HAADF 
image associated with the SiO2 substrate material in Figure 2a 
due to Z-contrast. Note that the fractional value of C might be 
affected by hydrocarbon contamination, which was however 
minimized by plasma cleaning the lamellae prior investigation. 
The line scan in the inter-dot region shows similar elemental 
distribution as expected for a thin Nb-based layer and an addi-
tional Ga implantation depth of 30–40  nm in the initial SiO2 
substrate. Since both, the implanted Ga as well as the Nb-based 

Figure 1. SEM image of a dc-Josephson junction array grown by FIBID 
using the Nb(NMe2)3(N-t-Bu) precursor. The array is 3.5  μm long and 
490 nm wide. The center-to-center distance between neighboring dots is 
70 nm. The array is connected to gold electrodes for magnetotransport 
measurements.
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layer is located between the NbC dots, the electrical coupling 
of neighboring NbC dots could be facilitated either by the  
Nb-based layer, the Ga implantation layer or a combination 
thereof. A similar analysis has been carried out for samples t1 
and t3, see Figures S2 and S3, Supporting Information. A com-
parison of the three HAADF micrographs reveals a widening of 
the dots with the number of passes used for their fabrication. 
As a consequence, the edge-to-edge inter-dot spacing is reduced 
with the dot thickness, promoting coupling of neighboring 
dots. EDS reveals a similar composition of the Nb-based inter-
dot layer for all three samples examined but different thick-
nesses, as visible by comparing the line-scans in the inter-dot 
regions, with the evolvement of a crystalline NbC layer as illus-
trated for sample t3 for samples with higher number of passes 
in the fabrication step, see Figure S3a, Supporting Information. 
In addition, the material between individual dots always con-
tains a 30–40 nm thick Ga-SiO2 layer formed by implantation.

2.3. Magnetotransport Properties

Transport measurements were carried out on a series of five 
samples, labeled with s3, s4, s7, s10, and s12, respectively, 
which reflects the number of beam passes used during the 
growth, namely, 3000, 4000,.. etc. According to the calibration 
carried out by atomic force microscopy (AFM), see Figure S8, 
Supporting Information, the thicknesses of these samples 
are between 15 and 45  nm. Figure  3 presents the tempera-
ture dependence of the normalized resistance R(T)/R285 K in 
the range 20–285  K. The R(T) curves of all samples exhibit a 
monotonic behavior with negative temperature coefficient  
α = dR/dT < 0, which is typical for granular metals in the quasi-
metallic regime.[33] At low temperatures, proximity-coupled JJA 
are expected to be superconducting.[23] In order to illustrate the 
behavior of the NbC dot arrays, in Figure 4a we plot exemplary 
the enlarged low-temperature part of the R(T) curve of sample s7.  

Figure 2. a) STEM-HAADF image of a dot-array with inter-dot distance equal to 70 nm. The array is protected with a Co3Fe/PtC double-layer. b,d) 2D 
STEM-EDS compositional analysis of the dot region. The images show the spatial distribution of Nb, Fe, and Ga, respectively. c) Line-scans of the 
inter-dot and on-dot regions.
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In the range 20–7  K, the resistance increases following the 
behavior observed at higher temperatures. At the temperature 
T1  =  6.9  K a first resistance drop occurs, where local phase 
coherence sets in within the NbC dots,[23] as illustrated in 
Figure 5. At lower temperatures, superconducting correlations 
are induced in the co-deposit layer due to the proximity effect 
as both, the coherence length ξN of the normal-metal layer and 
the interdot Josephson coupling increase. At T2, when ξN is 
comparable with the interdot spacing, global phase coherence 
in the entire system emerges.[25,34] The establishment of global 
phase coherence at 1.4  K, the lowest temperature reached in 
the experiment, is robust since 2ξN(1.4 K) ≈30  nm is equal to 
the edge-to-edge distance between the islands in the JJA. This 

can be estimated by considering the electron diffusivity coeffi-
cient D  ≈ 0.5  cm2 s−1 for superconducting NbC deposits[7] so 
that ξN  = (ℏD/(kBT))1/2  ≈ 15  nm for the proximity length in a 
normal-metal layer.

Below T2, the perpendicular magnetoresistance R(B) of 
samples s7 and s10 oscillates at low fields, see Figures  4b 
and 7b. The R(B) curves of samples s7 and s10 are symmetric 
under field polarity reversal, and the R(B) oscillations appear 
on a monotonically rising background. The appearance of 
R(B) oscillations in periodic superconducting systems relates 
to the commensurability of the vortex configuration with the 

Figure 3. Temperature dependence of the normalized resistance 
R(T)/R(285) in the range 20–285 K for the set of samples investigated 
in the present work. The thickness of the samples varies from 15  nm 
(s3, red curve) to 45 nm (s12, dark blue curve). Inset: Room-temperature 
resistance versus number of passes used to fabricate the sample, see 
also Supporting Information for the calibration of the thickness versus 
the number of passes.

Figure 4. a) Low temperature dependence of the resistance of sample s7.  
The sample exhibits a first transition at T1 = 6.9 ≈ K, where local phase 
coherence sets in the NbC dots. A second transition starts at T2 = 5.4 K, 
where global phase coherence develops in the entire dc-Josephson junc-
tion array, see also Figure 5. The non-zero resistance in the limit of zero 
temperature is due to an intervening metallic state. b) Magnetic field 
dependence of the resistance of sample s7 at 1.4 K. The resistance exhibits 
two dips at B = 0.38 T and B = 0.19 T, close to the theoretical predicted 
values for the frustration parameter f = 1 and f = 1/2, respectively. The 
corresponding vortex configuration are sketched in Figure 6c,d.

Figure 5. Different electric charge transport regimes upon cooling the dc-Josephson junction array. Above Tc the entire system is in the normal state 
(1). At T1, superconductivity sets in within individual grains (2) and reaches phase coherence within the dots (3). Arrows designate the phase of the 
wave function. At T2 superconducting correlations are induced in the co-deposit layer (4), leading to phase coherence in the entire dc-JJA (5).
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underlying sample periodicity.[24,35–37] In the following, the 
oscillations of the NbC arrays are discussed in the framework of 
the model for JJA. This choice is justified by preliminary meas-
urements of the Shapiro response in I–V-characteristics sub-
jected to a radio frequency (RF) excitation. A detailed account 
on the high-frequency behavior of the JJA is planned in a forth-
coming publication. In the classical regime, proximity-coupled 
arrays exhibit magnetic frustration, when a magnetic field is 

applied perpendicularly to the device.[24,36,38] In the applied 
magnetic field vortices form and, above the depinning current, 
they move causing a resistance, which grows linearly with the 
field,[13] see Figure 4b. The Hamiltonian of the JJA neglecting 
charging effects is given by H  =  −Ej∑ijcos(φi  −  φj  − Aij),[39,40] 
with Ej being the coupling energy, which is proportional to the 
order parameter amplitude on the islands, φi, j the phase in the 
dots i and j, and ∫π φ=Ai j

i

j
(2 / ) ·, 0 AA ddll  with A the magnetic vector 

potential. The Hamiltonian has a period f  = 1, where a min-
imum in the resistance is expected. The frustration parameter 
f  =  ∑cellAij/2π  = BS/φ0 is the magnetic flux BS threading the 
unit cell of the array, with area S, divided by the flux quantum 
φ0. In a square array with lattice constant a = 70 nm, the min-
imum is expected at B = 0.42 T, see Figure 6c, which is close 
to the B = 0.38 T observed in our experiment, see Figure  4b. 
In JJA several ground state vortex configurations are pos-
sible, which are stable against the bias current, thus leading 
to dips in the electrical resistance,[13,39] as the one measured 
for f = ±1/2, corresponding to 0.19 T, see also Figure 6d. The 
appearance of the charge 2e in the period of quantum oscil-
lations, which is φ0  = h/2e, indicates an electrical transport 
due to paired electrons, as shown recently in nanopatterned 
YBCO thin films around the SIT.[38] The magnetoresistance 
oscillations originate from Cooper pair quantum interference 
effects in the multiply connected geometry imposed by the JJA 
structure. These effects enter through the Josephson coupling 
energy between nodes of the JJA, requiring the line integral 
of the phase around a closed loop be a multiple of 2π. In the 
investigated regime, the magnetoresistance oscillates because 
Ej acts as a barrier to thermally-activated and current-driven 
vortex motion.
Figure  7 illustrates the superconductor-to-metal transition 

of the system. We divide the samples in two groups: those 
with normal state resistance RN < RQ, being RQ the quantum 

Figure 6. a) SEM image of a NbC dc-Josephson junction array grown by 
FIBID. b) Details of the array structure. The dot diameter is about 35 nm; 
the center-to-center distance between neighboring dots is 70  nm. The 
superconducting NbC dots are coupled to each other via a thin granular 
metal layer (co-deposit) through the proximity effect (e). Configurations 
of vortices (designated by white circles) at 0.42  T (c) and 0.21  T (d), 
respectively, see text for details. Dashed lines encage regions containing 
four elementary cells.

Figure 7. a) Low temperature dependence of the normalized resistance R(T)/R(20) in the range 1.7–20 K for the set of samples investigated. Un-paired 
electrons dominate the transport in thinner samples, such as s3, characterized by a normal resistance RN > RQ, being RQ the quantum resistance. 
Paired electrons dominate the transport in thicker samples, such as s12, with RN < RQ. See also Figure S5, Supporting Information. Inset: Dependence 
of the transition temperatures T1 and T2 on the number of passes used to fabricate the sample. b) Magnetoresistance measured at 1.4 K for the set of 
samples investigated. Samples s7 and s10 exhibit frustration with oscillations at 0.38 and 0.19 T. The other samples do not show frustration for different 
reasons, such as the absence of paired electrons (s3), the non-coherent transport of paired electrons (s4), and the thickness of the co-deposit, which 
does not behave as weak link (s12). Note that in the figure the curve of sample s12 is scaled by a factor 2/3.
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resistance h/(2e)2  = 6.4  kΩ, that is, s10 and s12, which are 
expected to become superconducting at low temperatures, 
and those with RN > RQ, that is, s3, s4, and s7, see Figure S5, 
Supporting Information. In Figure  7a we depict the low tem-
perature behavior of the resistance in the range 1.8–20 K. The 
transition temperatures T1 and T2 decrease monotonically with 
the dot thickness. For T1 this behavior can be attributed to an 
increased number of defects in thinner dots with lower degree 
of structural order as well as crystal and grain size, which is 
known to reduce Tc, for instance in Nb thin films.[41–43] For T2 
the decrease is due to the reduction of the coupling strength 
as a consequence of the decrease of the diameter of the dots, 
as shown by comparing the three HAADF micrographs in 
Figure  2 and Figures  S2 and S3, Supporting Information. 
The resistance of samples s10 and s12 is constant in the range 
20–7  K. At lower temperature the resistance flattens out to a 
constant value. For these sample thicknesses, the existence of 
a residual resistance is a consequence of the two-probe con-
figuration chosen for the measurement. By using a four-probe 
configuration the residual resistance disappears. A comparison 
between two-probe and four-probe measurements is reported 
in Figure  S6, Supporting Information. For thinner samples 
we observe an increase of the residual resistance, which is 
explained by the corresponding reduction of the co-deposit 
thickness, as visible from the inter-dot scans in Figure  2 and 
Figures S2 and S3, Supporting Information. Furthermore, 
compositional inhomogeneities either around the dots, due to 
the raster pattern, or in the co-deposit thickness, as found in 
other systems prepared by FIBID,[44] might play a role.

In Figure  7b we plot the magnetic field dependence of the 
resistance of the samples in the range −0.6  T  ≤ B ≤  0.6  T. 
Sample s12 exhibits a linear increase of the resistance at low 
fields, but no frustration effects. The absence of oscillations 
indicates that the co-deposit does not function as a weak link 
in the SNS junction. This is likely due to the diameter of the 
NbC-dots which have coalesced, as in sample t3, forming a 
continuous superconducting layer. For sample s10 frustration 
starts to emerge since separated NbC-dots are coupled through 
the granular metal layer. Samples s4 and s7 show a drop of 
the resistance below 6  K indicating the formation of Cooper 
pairs. However, oscillations are present only in s7. Therefore, 
we deduce that paired electrons move coherently in s7 and 
non-coherently in s4, though here the absence of oscillations 
might be due to our instrumental resolution limits. Finally, s3 
does not show any resistance drop at low temperature, indi-
cating a transport exclusively due to unpaired electrons. To 
gather more information about the character of the states, we 
investigate the temperature dependence of the oscillations for 
samples s7 and s10, see Figure 8a,b. In particular, the oscilla-
tion amplitude of the conductance Gosc has been analyzed. 
This allows the calculation of the phase coherence length ξφ by 

the expression 
ξ
π

π
ξ

= 





−






φ

φ
G

e

h r

r4
exposc

2 1.5

,[38,45] where r is half 

the center-to-center distance between neighboring dots, that 
is, r =  35 nm. Figure 8c,d shows the normalized conductance 
oscillation amplitude Gosc/Gq, with Gq = 2e2/h the conductance 
quantum, and the phase coherence length ξφ, respectively. Gosc 
is presented after subtraction of the rising background, see 

Figure 8. Dependence of the resistance on the perpendicular magnetic field for different temperatures for samples s7 (panel a) and s10 (panel b). A 
bias current of 20 μA was used for the measurements. c) Temperature dependence of the conductance oscillations Gosc, normalized to the conductance 
quantum Gq. The oscillations are extracted from the conductance after subtraction of the background; see also Figure S10, Supporting Information. 
d) Phase coherence length ξφ versus temperature for samples s7 and s10. In general, at low temperatures ξφ is expected to be constant in metallic 
systems and to diverge in superconductors.

Adv. Funct. Mater. 2022, 32, 2203889

 16163028, 2022, 36, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202203889 by U
niversity M

odena, W
iley O

nline L
ibrary on [31/01/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.afm-journal.dewww.advancedsciencenews.com

2203889 (7 of 8) © 2022 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

Figure S10, Supporting Information. In general, ξφ is expected 
to quench abruptly across the SIT in fermionic systems, while 
it gradually decreases in bosonic ones.[46] In the latter case, at 
low temperatures ξφ diverges for superconductors, it is constant 
for metals and it tends to zero for insulators.[38] The analysis of 
sample s7 shows at the lowest temperature a value of ξφ equal to 
39 nm which is very close to the edge-to-edge distance between 
two neighboring dots, see SEM image in Figure  6. Therefore 
paired electrons are delocalized and free to move in the sample. 
This is confirmed by the saturation of ξφ at low temperatures, 
which characterizes the system as a metal. The behavior of 
sample s10 is analogous. However, both the larger value of ξφ 
and its slightly increasing value at low temperatures indicate in 
this case a metallic sample close to becoming superconducting.

3. Conclusions

In this work, the direct fabrication of highly-packed proximity-
coupled dc-Josephson junction arrays by focused-ion-beam 
induced deposition has been demonstrated. The analysis of the 
microstructure reveals that the dc-JJA consist of NbC dots cou-
pled via a thin granular metal layer composed of C, Nb, and Ga. 
The tunability of the coupling, which is controlled by the con-
ductance of the granular metal layer, allows for the study of the 
superconductor-to-metal transition, moving from the classical 
superconducting regime into the quantum regime. In particular, 
low-temperature transport measurements suggest that in the clas-
sical regime, charge transport is dominated by paired electrons 
with evidence of magnetoresistance oscillations due to magnetic 
frustration. By moving from the classical to the quantum regime, 
charge transport by paired electrons first becomes incoherent and 
then disappears for very thin samples, where unpaired electrons 
dominate the transport. In conclusion, the fabrication of highly 
packed proximity-coupled NbC dc-Josephson-junction arrays with 
tunable coupling strength is an essential step toward the develop-
ment of Josephson devices ready to work in a specific transport 
regime, for applications, for example, in metrology and quantum 
computing and research purposes, enabling investigations of 
phase transitions, magnetic frustration, and vortex dynamics.

4. Experimental Section
Fabrication: The samples were fabricated by FIBID in a dual beam FIB/

SEM microscope (FEI, Nova NanoLab 600) equipped with a Schottky 
electron emitter. In FIBID (FEBID) the adsorbed molecules of a precursor 
gas injected inside a microscope dissociate by interaction with the ion 
(electron) beam, forming the sample during the rastering process. 
Furthermore, during the FIBID fabrication process scattered Ga+ ions 
(electrons) dissociate precursor molecules around the dots, forming a 
granular layer around the written structure.[47,48] The precursor employed, 
Nb(NMe2)3(N-t-Bu), was synthesized as described in literature.[6,32] The 
precursor was introduced in the reaction chamber using a standard FEI 
gas-injection system equipped with a capillary of about 0.5  mm inner 
diameter. The precursor was maintained at a temperature of 35  °C to 
ensure sufficient volatility. The distance capillary-substrate was about 
100  μm. The angle between capillary and ion (electron) beam was 35° 
(55°). The base pressure of the microscope was about 5 × 10−7  mbar. 
The pressure during deposition was about 2 × 10−6 mbar. The samples 
were fabricated by FIBID with the parameters reported in the main text. 
For transport measurements, a protecting layer was deposited by FEBID 

using the same precursor with the following electron beam parameters: 
5  keV acceleration voltage, 0.4  nA beam current, 20  nm pitch, 1  μs 
dwell time, and 5  nC μm−2 electron dose, respectively.[6] For TEM/
EDS measurements, a cover layer of Co3Fe was deposited by FEBID 
using the HFeCo3(CO)12 precursor and as electron beam parameters 
5 keV acceleration voltage, 1.6 nA beam current, 20 nm pitch, and 1 μs 
dwell, respectively.[4] The samples were prepared on Si(p-doped)/SiO2 
(200 nm) substrates and connected to NbC bridge-electrodes, prepared 
by FIBID with 30 keV acceleration voltage, 10 pA beam current, 30 nm 
pitch, and 200  ns dwell time, respectively. The NbC bridge-electrodes 
were attached to 50  nm thick Au/Cr electrodes prepared by standard 
lithography for two-probe electrical transport measurements.

Sample Characterization: Lamellae for the investigation of the 
microstructure were prepared by focused ion beam lift-out with a dual beam 
FEI Strata 235 M. Before milling, the samples were protected by PtC overlayer 
grown by FIBID. The S/TEM and EDS investigations were carried out on a 
Talos F200S G2 S/TEM equipped with a Schottky field emitter and fast EDS 
mapping. Electrical transport measurements were carried out in the range 
1.4–285  K using a variable-temperature insert in a 4He cryostat equipped 
with a 12  T superconducting solenoid employing a Keithley Sourcemeter 
2635B and an Agilent 34420A nanovoltmeter. The thickness of the samples 
was measured by AFM in non-contact mode (nanosurf, easyscan2).
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Supporting Information is available from the Wiley Online Library or 
from the author.
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