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ABSTRACT: Nanomagnet logic (NML) is a relatively new
computation technology that uses arrays of shape-controlled
nanomagnets to enable digital processing. Currently, conven-
tional resist-based lithographic processes limit the design of
NML circuitry to planar nanostructures with homogeneous
thicknesses. Here, we demonstrate the focused electron beam
induced deposition of Fe-based nanomaterial for magnetic in-
plane nanowires and out-of-plane nanopillars. Three-dimen-
sional (3D) NML was achieved based on the magnetic
coupling between nanowires and nanopillars in a 3D array.
Additionally, the same Fe-based nanomaterial was used to
produce tilt-corrected high-aspect-ratio probes for the accurate magnetic force microscopy (MFM) analysis of the fabricated 3D
NML gate arrays. The interpretation of the MFM measurements was supported by magnetic simulations using the Object
Oriented MicroMagnetic Framework. Introducing vertical out-of-plane nanopillars not only increases the packing density of 3D
NML but also introduces an extra magnetic degree of freedom, offering a new approach to input/output and processing
functionalities in nanomagnetic computing.

KEYWORDS: nanomagnet logic, electron beam induced deposition, iron, magnetic nanowires, nanomagnetism, MFM,
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■ INTRODUCTION

Nanomagnet logic (NML) is a promising future computational
technology combining data storage and processing using
magnetic phenomena.1 The advantages of NML, such as
nonvolatility, ultralow power dissipation, and CMOS compat-
ibility, are fundamental for modern logic devices.2,3 In NML,
magnetic nanowires (NWs) encode the Boolean values “0” and
“1” in their bistable magnetization directions, while digital
processing is based on magnetic coupling among adjacent
structures.4 This technology is under continuous development,
covering both device integration and nanostructure optimiza-
tion aspects. For the improvement of NML key-elements, many
efforts have been devoted to planar two-dimensional (2D)
designs by introducing slanted edges5,6 or sharp extremities7 or
by merging NWs in curved nanostructures8 for the magnetic
key-element improvement. In all these nanostructures, the
magnetization vector is confined to the substrate plane, and
only some works have reported on NML key-elements
magnetized out-of-plane (OP).9−12 This is due to the fact
that most of the nanofabrication techniques used until now are
based on multistep processes, which typically lead to in-plane
(IP) magnetic nanostructures with uniform height.4,13,14

In our previous work,8 we demonstrated how focused
electron beam induced deposition (FEBID) allows synthesis of
nanostructures of magnetic materials with tuned height
avoiding the use of masks, resists, and the consequent liftoff
process. FEBID is a chemical vapor deposition process
promoted by a focused electron beam that locally decomposes
a gas precursor, leading to nanometer-sized deposits.15

Moreover, this nanofabrication technique allows the deposition
of any nanostructure geometry from zero-dimensional (0D) to
three-dimensional (3D).16−18 FEBID deposits, particularly
those based on Fe and Co have been successfully used for
several applications in the field of nanomagnetism19,20 such as
magnetic nanoprobes21 and nano-Hall-22 and magnetologic
devices.8,23 For example, Franken et al. recently demonstrated
how OP-nanopillars (NP) can be used as pinning sites for
magnetic domain wall.24

In this work, we demonstrate the first ever deposition of
combined Fe-based IP-NW and OP-NP arrays for 3D-NML
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computing. In addition, a novel way of imaging the magnetic
properties of such arrays has been developed. Magnetic force
microscopy (MFM) imaging of nanostructures with very high
aspect ratios is not feasible with commercially available probes
due to the significant topographic artifacts, caused by the shape
of the tip. Therefore, conventional pyramidal AFM tips have
been modified by FEBID in order to obtain high-aspect-ratio,
tilt-compensated MFM probes. The FEBID-modified probes
developed here helped minimizing the influence of the sample
topography in the MFM measurements. Furthermore, the
magnetization states of isolated NPs and 3D-NML arrays have
been simulated using the Object Oriented MicroMagnetic
Framework (OOMMF) software.25 These simulations enabled
a more accurate interpretation of the MFM results and
supported the functionality of the 3D logic systems
theoretically. In the future, NML technology based on 3D
arrays facilitates increased packing density because the OP
elongated nanomagnets have a smaller footprint than that of IP
high-aspect-ratio structures. Furthermore, in 3D-NML a third
possible magnetization direction is introduced by the OP
geometry. Hence, 3D-NML exhibits an extra magnetic degree
of freedom, which could allow for separation of digital
processing from input/output functionality, for example.

■ DISCUSSION
Crystallinity and Composition of FEBID Fe-based

Nanopillars. FEBID of Fe-rich magnetic nanostructures was
performed with an Fe(CO)5 precursor. In Figure 1a, a sketch of

the FEBID process is shown together with SEM micrographs of
the main structures realized in this work, that is, the vertical
nanostructures deposited on AFM probes (Figure 1b) and on
bulk Si (Figure 1c). For clarity, from here on, we refer to the
structures deposited on the AFM probes as needles, and those
deposited on bulk Si as NPs. Figure 1b,c demonstrates the two
main advantages of the FEBID approach: (1) the capability of
fabricating nanostructures on an arbitrary substrate and (2) the
fabrication of structures of any geometry with excellent
thickness control. The height of the FEBID deposits has
been tuned varying the deposition time, where, for example,

longer electron beam exposure led to higher deposits. The
magnetic properties of both nanosystems are strongly
influenced by their chemical composition and crystallinity.
Therefore, an extensive study of these properties was required.
Here, the needles and NPs were assumed to have analogous
chemistry and crystallinity because they were deposited in the
same way, and hence the following considerations are assumed
to be valid for all OP structures obtained in this work.
Figure 2a shows a TEM micrograph of a needle deposited on

a commercial Si AFM probe with a 10 s exposure time. The

needle’s height is about 1200 nm and it has an approximate
width of 55 nm. Elemental mapping executed by energy filtered
TEM (EFTEM, Figure 2b), revealed that the needle consisted
of an inner iron core covered by a thin (∼5 nm) oxide shell. C
is homogeneously distributed throughout the whole needle,
whereas the small particle on the needle tip is assumed to be
incorporated during the sample handling. A thin Si layer was
present on one side of the needle due to redeposition during
the ion beam milling of the cantilever. In addition, the chemical
composition of the center region was investigated by electron

Figure 1. (a) Illustration of the focused electron beam induced
deposition of vertical Fe structures. The precursor is injected in
proximity of an electron beam that locally promotes the decom-
position of the precursor molecules. (b) SEM micrographs of an Fe
needle deposited on a commercial AFM tip. This demonstrates the
capability of FEBID to deposit on arbitrary substrates. (c) SEM
micrograph of a 3D-NML digital line transport array based on IP and
OP nanostructures.

Figure 2. TEM analyses of an Fe needle deposited on a commercial
AFM tip. (a) TEM micrographs displaying an overview of the Fe
needle along its height. (b) EFTEM elemental mapping of the needle
tip. The Fe core is covered by a thin oxide layer (∼5 nm), while C is
distributed throughout the whole structure. The presence of Si on the
side of the needle is due to redeposition from the FIB-milling during
the sample preparation. (c) Diffraction pattern of the needle, which
mainly shows α-Fe and bcc-FeO polycrystalline phases (white dashed
lines). Traces of fcc-Fe3O4 (blue dashed line) are also present. (d) HR-
TEM micrograph showing that the thin oxide layer mainly consists of
FeO.
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energy loss spectrometry (EELS), revealing a high Fe content
(∼75%), with smaller fractions of O (∼15%) and C (∼10%).
However, such analyses probed a cross section of the needle,
and therefore, the O content in the core is likely overestimated,
given the oxide shell layer observed covering the needle. This
implies that the Fe content in the needle core is higher than
75%. The high Fe content, in turn, gives rise to the
ferromagnetic properties of the needles and NPs.
The crystallinity of the needle was investigated by selected

area electron diffraction (SAED), performed at different
positions along the needle’s height (Supplementary Figure
S1, Supporting Information). A typical SAED pattern (Figure
3c) revealed α-Fe (ferrite) and bcc-FeO as the main phases,

with traces of fcc-Fe3O4. In particular, the high-resolution TEM
micrograph (Figure 2d) indicated that the oxide shell layer was
mainly composed of bcc-FeO. The results from the
composition and crystallinity studies presented here are in
good agreement with corresponding results obtained in
previous studies of IP NWs and 2D nanostructures.8,16 The
low crystallinity of the FEBID nanostructures can be assumed
to strongly affect their magnetic properties. In particular, the
magnetic anisotropy is likely dominated by shape anisotropy,
and the contribution from magneto-crystalline anisotropy can
be assumed to be very small due to the lack of texturing.26

The Importance of Using High-Aspect-Ratio, Tilt-
Corrected MFM Probes. Among all experimental techniques
available for investigating small magnetic nanostructures, MFM
stands out due to its noninvasive and high-resolution
performance. However, OP high-aspect-ratio structures are
particularly challenging to investigate using conventional MFM
probes. The typical geometry of commercially available AFM
probes is pyramidal (Figure 3a). Along the front edge of the tip,
the half angle is nominally 25°, while at the back edge of the tip,
the half angle is approximately 10°. Considering that the
cantilever is mounted with a 10° tilt with respect to the
substrate, the actual front and back edge half angles will be 35°
and 0°, respectively. Moreover, additional topography artifacts
in the AFM image will arise due to the lateral sides of the
pyramid, which are characterized by identical half cone angles
of about 17°. To reduce the artifacts caused by the commercial
tip geometry and to properly image the OP structures of this
work, we modified commercial AFM probes by FEBID. Figure
3b shows an SEM micrograph of such a modified FEBID
needle, with a height and width of ∼1280 and ∼50 nm,
respectively. Similar MFM probes made of Co have already
been demonstrated in previous works.21,27 However, novel to
the work presented here was compensating the tilt of the
FEBID needle, to accommodate the 10° tilt of the mounted
cantilever, thus minimizing the artifacts on all sides of the
imaged nanostructures. To achieve this, we performed the
FEBID synthesis after tilting the sample stage and,
consequently, the cantilever by 10°. Here too, the exposure

Figure 3. Responses of different AFM probes for investigation of OP
high-aspect-ratio structures. (a−c) Different probe geometries used for
AFM analyses of free-standing NPs. The SEM micrograph (scale bar =
300 nm) in panel a shows the geometry at the apex of the probe.
Furthermore, below each sketch, the AFM height images of 550 nm
high NPs obtained using the different probes are shown. (d) AFM
cross section of the NPs using the (red) commercial, (green) FEBID
modified, and (blue) FEBID modified tilt-corrected probe.

Figure 4. (a) Height and (b) phase shift MFM images of an array of six NPs deposited by FEBID. The 1 μm spacing between neighboring NPs
excluded any magnetic interactions. (c) Cross-sectional OOMMF simulation of a single NP showing the (blue arrows) magnetic stray field, (black
dashed line) the track of a virtual MFM probe in lift mode, and (inset) the corresponding MFM phase shift image obtained from OOMMF
simulations. (d) 3D MFM height image of a NP and (e) the model used for the OOMMF simulations.
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time was 10 s, making the needle ∼1350 nm long and ∼55 nm
wide (Figure 3b).
Figure 3d shows three AFM profiles of ∼520 nm high NPs

deposited for 3 s each obtained with a commercial, FEBID-
modified, tilt-compensated probe. The results clearly demon-
strate that it is only possible to obtain proper AFM and,
consequently, MFM images of 3D-NML key-elements by using
the new magnetic, high-aspect ratio and tilt-corrected probes.
The geometry of the FEBID deposits is characterized by a main
structure surrounded by a thin layer called a “halo”. This unique
geometry is caused by the different electron-solid interactions
of the primary electron beam with the substrate. The inelastic
scattering of the primary electrons (PEs) with the substrate’s
atoms produces the so-called secondary electrons 1 (SE1s).
SE1s typically have energies in the 5−50 eV range and are
responsible for the deposition of the main structure.15,28 Elastic
scattering of the PEs in the substrate lead to so-called back
scattered electrons (BSEs). The BSEs are reflected back to the
surface from a wider area than the beam diameter with
comparable energy to the PEs. These BSEs are themselves
producing secondary electrons 2 (SE2s) by inelastic collisions,
which are responsible for the formation of the halo layer.29

Another contribution to the growth of the halo layer originates
from electrons produced by scattering of PEs on the freshly
grown main structure, the so-called forward scattered electrons
(FSEs).30,31

Figure 4 shows an MFM image of FEBID Fe NPs, deposited
for 1 s. In MFM, the magnetization of the tip is directed
perpendicular to the sample surface, and the regions having
magnetization components OP lead to a change in contrast in
the phase shift image. In Figure 4 the average NP height
estimated from AFM was ∼180 nm, while the average diameter
was estimated to be ∼70 nm using SEM (Supplementary
Figure S2, Supporting Information). Such structures can be
assumed to exhibit strong shape anisotropy, where the major
(easy) and minor (hard) axes are oriented OP and IP,
respectively. Hence, the NPs are expected to exhibit a single
domain magnetic configuration, where the magnetization
vector points either inward or outward with respect to the
substrate surface.32,33 The specimen was premagnetized in a
magnetic field of ∼1.80 kOe applied IP, that is, along the NPs’
hard axis. Consequently, after field removal, it is expected that
the magnetization direction in an isolated NP can point either
up or down with the same probability. Each NP in the MFM
image is characterized by a ∼50 nm wide area slightly shifted to
the left side of the NP and enclosed in a large circular region
with opposite contrast extending over 250 nm around the main
structure (Figure 4b). The contrast in the small inner region
indicates the magnetization orientation of the NP with respect
to that of the tip, that is, bright and dark contrasts correspond
to repulsive and attractive interactions, respectively. In our case,
the tip magnetization is known, and dark and bright contrasts
correspond to magnetization directions pointing outward and
inward, respectively. In addition, the MFM phase shift shows a
circular region with opposite contrast surrounding the center of
the NPs.
To give a correct description of the circular region, we

performed OOMMF simulations, considering the peculiar
geometry of the NPs. The same simulation settings as those
used in our previous work16 were employed, except for the
magneto-crystalline anisotropy, which was set to zero, assuming
the grain size of the deposits to be smaller than the dimensions
of a typical domain wall.26 A 3D AFM image and the 3D model

used for the OOMMF simulations are shown in Figure 4,
panels d and e, respectively. The OOMMF simulation in Figure
4c shows the magnetic stray field emitted from a NP.
Furthermore, the dashed black line indicates a simulated
track of a virtual MFM probe scanned at a constant lift height
of 20 nm from the NP (Figure 4c). The calculated MFM
response from this scan revealed a phase shift image analogous
to the experimental ones, in which a central zone is surrounded
by a circular region with opposite contrast. According to the
simulations, such a change in contrast indicates a change in
orientation of the magnetic stray field surrounding the NP.
However, in the measured MFM phase shift, the central
contrast is shifted to the left side of the NP. This shift is most
likely due to the uncertainty on the tilt compensation of the
probe. Furthermore, to investigate the influence of the halo
layer on these observations, we varied the MS of the halo
between 0 and 1700 kA/m in the simulations. It was found that
the halo did not influence the magnetization of the NP but did
have a smoothing effect on the contrast in the simulated MFM
image. However, if such an effect exists in the MFM
measurements as well, is not possible to verify from the
present investigations. The material analysis of the TEM
investigation suggests that the halo consists mainly of FeO with
traces of Fe3O4, assuming it has similar properties as the oxide
shell observed covering the NPs. Hence, the halo should only
have a limited effect on the magnetization of the NPs. Still,
Serrano-Ramoń et al.34 have shown that even an oxidized halo
can influence the magnetic properties. To further understand
the influence of the halo layer, Nikulina et al.35 and De Teresa
et al.36 proposed its removal via ion milling. However, such an
investigation goes beyond the scope of this study, in which it is
presently not experimentally possible to isolate the influence of
the halo on the magnetic properties of the NPs from other
effects. Hence, a detailed investigation of the effect of the halo
on high aspect ratio NPs deposited by FEBID is left to future
work. However, it is important to point out that the simulations
suggested that the halo should only have a limited effect on the
NPs and should not be strong enough to affect the orientation
of their magnetization.

3D NML Computing. The system discussed so far was
based on isolated NPs (>1 μm spacing) like those shown in
Figure 4a. However, in order to achieve 3D-NML, IP-NWs and
OP-NPs have been deposited very close to each other, enabling
the magnetic coupling between neighboring structures to
process the digital information. The MFM analysis in Figure 5a,
demonstrates the functionality of digital line transport, where
horizontal “input” (i-NW) and vertical “output” (o-NW) NWs
were separated by three NPs deposited along a line. Both NWs
were 440 nm long and 40 nm wide, while the three NPs were
180 nm high and 70 nm wide (Supplementary Figure S2,
Supporting Information). The sample was premagnetized using
an electromagnet with a magnetic field strength of ∼1.80 kOe
applied in the direction shown by the white arrow in Figure 5a.
Such a magnetic field, called a “clocking field” (Hclock), induced
the NPs and o-NW in an intermediate magnetic state where
their magnetization pointed along their hard axes. The
magnetization state of the i-NW, on the other hand, was set
along its easy axis. Subsequently, after Hclock removal, the i-NW
magnetic fringe fields determined the ground-state config-
uration of the whole array. The alternating contrast in the phase
shift MFM image (Figure 5a) demonstrates an antiferromag-
netic coupling between NPs. Finally, the magnetization state of
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the o-NW was determined by the magnetic fringing field of the
closest NP.
The FEBID process allowed separating the input/output and

processing nanoelements of 3D-logic arrays in two different
planes. However, proper functionality of the 3D digital line gate
was heavily dependent on strength and, more importantly, the
alignment of Hclock with respect to the FEBID array, which was
limited to ±3° of accuracy in our experimental setup. This issue
was also observed in the OOMMF simulations, which indicated
that a misalignment of Hclock of only a few degrees (∼2−3°)
was enough to switch the magnetization in the o-NW in the
direction of the misalignment. Hence, a small misalignment of
Hclock had a stronger effect on the magnetization of the o-NW
than did the fringe field of the NP array. Consequently, a
stronger magnetic coupling between NPs and NWs was
required to achieve a reliable 3D-logic array.
As a successful solution to this problem, we propose to unify

IP and OP nanomagnets in one single nanostructure (NS), by
FEBID of a NP directly on top of the end of a NW. Here, this
strategy was used in a new design of a 3D-NML majority gate
array, composed of three novel NSs and two NPs
(Supplementary Figure S3, Supporting Information). In the
new array, the three NSs are used as inputs (i-NS), where their
NPs are introduced in an array with two additional NPs
without NWs. The five NPs are oriented in a cross geometry,
where the NPs of the NSs enclose a central NP (c-NP) on
three sides.
A fifth output NP (o-NP) is positioned on the forth arm of

the cross (Figure 6). An MFM investigation of this new
majority gate design is shown in Figure 6a, where the
magnetostatic coupling of the three i-NS determined the
orientation of the magnetization vector of the c-NP. The c-NP
is, in turn, magnetically coupled to the o-NP, determining its
magnetic configuration. The MFM measurements on this new
gate design correlated well with the OOMMF simulations, in
which similar pillar orientation was observed, as can be seen in
Figure 6, where the AFM, MFM, and OOMMF investigations
of such a gate are shown. The orientation of the magnetization
of the NPs was independent of the MS of the halo, and
remained the same if the halo was completely removed.
However, the magnetization orientation in the simulations was

sensitive to small (∼5%) changes in the geometrical and
magnetic properties of the array, for example, NP diameter and
MS. This indicates that the precision and reproducibility of the
FEBID deposition process is fundamental for the reliability of
NML arrays. Similar observations were made in the MFM
investigation, in which the yield of the majority gate deposition
was about 63% (Supplementary Figure S4, Supporting
Information).

■ CONCLUSIONS
In this work, FEBID was used as a direct write technique for the
synthesis of NML gates composed of IP- and OP-
nanostructures magnetically coupled with each other. The
magnetization configuration of the obtained 3D-NML arrays
was investigated by MFM. This investigation was made possible
by a novel FEBID-modified magnetic, high-aspect-ratio MFM
probe. Fe needles with a height-to-width aspect ratio of ∼25:1
were fabricated on commercial AFM tips. Furthermore, a 10°
tip tilt-correction was introduced to minimize tip artifacts in the
AFM/MFM images. Magnetic OOMMF simulations were
employed to correctly interpret the MFM phase shift images of
isolated NPs, giving the necessary insight into the magnetic
interactions between the NPs and the MFM probe. All
nanosystems realized in this work were fabricated by FEBID
in a single-step process in which nanostructures with different
heights were deposited within the same process step. This
exceptional capability of FEBID, combined with the absence of

Figure 5. (Top) Topographical and (bottom) phase shift images of a
FEBID line processing array. The white arrows in the topographical
image indicate the direction of the applied clock field. The
magnetization directions (M) at remanence are shown by the black
arrows for the IP-NW, and the symbols shown in the inset describe the
orientation of the OP-NPs.

Figure 6. 3D-NML majority gate prototype of merged IP and OP
nanostructures. (a) MFM investigation of the 3D array based on
merged IP-NWs and OP-NPs. On one end of three inputs IP-NWs, an
OP-NP has been deposited. The magnetic configuration of these three
OP nanostructures is governed by the magnetization of the IP-NWs.
The three input NPs are magnetically coupled to a central NP which,
in turn, is magnetically coupled to the output NP. The magnetic
resolution in the MFM phase shift image is limited by the relatively
high lift height (∼80 nm), chosen to minimize the topography-
induced artifacts. (b) The direction of the magnetization vectors in the
array. (c) OOMMF simulation after Hclock removal, illustrating the
orientation of the magnetization of the NPs in the 3D-NML majority
gate prototype. This configuration was independent of the MS of the
halo when varied between 0 and 1700 kA/m.
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masks or resists, make this deposition technique the perfect
candidate for rapid prototyping of 3D-NML technology.
Furthermore, we have demonstrated the functionality of digital
processing using IP and OP nanostructures. Particularly, the
transfer of digital information via magnetic coupling from IP to
OP nanostructures and vice versa was shown to be feasible. We
believe that 3D-NML concept not only increases the circuit
packing density due to the NPs small radius but also allows to
separate data processing and input/output units in two different
planes, increasing the control over these systems. Furthermore,
a new 3D-NML majority gate design comprising united IP-NW
and OP-NP was also realized. The simulated orientation of the
magnetizations of the NPs in the array correlated well with the
magnetic configuration revealed by MFM. We believe that this
new design will further increase the circuit packing density in
NML circuitry and reduce computational errors due to unstable
magnetic coupling.

■ METHODS
Iron-rich NWs and NPs have been synthesized at room temperature
by FEBID, using iron pentacarbonyl (Fe(CO)5) as gas precursor. The
support material Si(100) was precleaned via ultrasonication in acetone
and isopropanol. The deposition was performed in a Zeiss Leo1530VP
scanning electron microscope equipped with a self-built gas injection
system, originally described by Hochleitner et al.37 The instrument
base pressure was ∼2.0 × 10−6 mbar, and the pressure during the
precursor injection was ∼3.0 × 10−5 mbar. In order to obtain IP-NWs,
the electron beam was guided with high precision by a Raith ELPHY
Plus pattern generator; acceleration voltages and beam current were 3
kV and 1.0 nA. The point pitch was 5 nm with a dwell time of 204.8
μs. The total exposure time of each NW was ∼0.6 s. Pillar deposition
was executed by scanning a single spot with a dwell time of 500 ms.
The total exposure times for isolated NPs and the 3D-NML array were
3 and 1 s, respectively. FEBID magnetic and tilt-compensated needles
were synthesized on commercial PPP-NCHR AFM probes using the
LEO-32 V04.00.10 software in spot mode. The total spot exposure
time was 10 s. The tip angle compensation was achieved by tilting the
stage 10° (±2°). Morphological, structural, and compositional TEM
characterizations were performed using an FEI Tecnai F20-FEG
transmission electron microscope equipped with a GATAN Tridiem
energy filter. For the elemental maps in Figure 2b, the three-window
method was applied to the Fe−L, O−K, and C−K edge at 708, 532,
and 284 eV energy loss, respectively. The magnetic investigations of
NPs and NWs synthesized on Si(100) substrate were carried out on a
commercial Dimension 3100 atomic force microscope (Veeco/
Bruker) using the FEBID-modified probes.
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