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Focused Electron Beam Induced Deposition (FEBID) for magnetic tip fabrication is presented in 
this work as an alternative to conventional sputtering-based Magnetic Force Microscopy (MFM) 
tips. FEBID enables the growth of a high-aspect-ratio magnetic nanorod with customized 
geometry and composition to overcome key technical limitations of MFM probes currently in the 
market. The biggest asset of these tips, in comparison to the CoCr coated  pyramidal probes, lies 
on the capability of creating sharp ends, nearly 10 nm in diameter, which provides remarkable 
(topographic and magnetic) lateral resolution in samples with magnetic features close to the 
resolution limits of the MFM technique itself. The shape of the nanorods produces a very confined 
magnetic stray field, whose interaction with the sample is extremely localized and perpendicular to 
the surface, with negligible in-plane components. This effect can lead to a better analytical and 
numerical modelling of the MFM probes and to an increase of sensitivity without perturbing the 
magnetic configuration of soft samples. Besides, the high-aspect ratio achievable in FEBID 
nanorod tips makes them magnetically harder than the commercial ones, reaching coercive fields 
higher than 900 Oe. According to the results shown, tips based on magnetic nanorods grown by 
FEBID can be eventually used for quantitative analysis in MFM measurements. Moreover, the 
customized growth of Co or Fe based tips onto levers with different mechanical properties allows 
MFM studies that demand different measuring conditions. To showcase the versatility of this type 
of probes, as a last step, MFM is  performed in liquid environment, which still remains a challenge 
for the MFM community largely due to the lack of appropriate probes in the market. This opens up 
new possibilities in the investigation of magnetic biological samples. 
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Introduction 

Magnetic Force Microscopy (MFM) is a variant of the Atomic Force Microscopy (AFM) 
used to study magnetic structures at the nanoscale [1-3]. A magnetized tip at the end of a 
microcantilever scans a sample and detects the tip-sample magnetic interactions. MFM 
tips generally consist of standard AFM probes with a sputtered magnetic coating. Despite 
the many improvements achieved by the MFM community throughout the years, the 
intrinsic drawback of this approach is the increase of the final tip radius and a weak control 
of the magnetic coating influence over the sample magnetic state. Since the invention of 
Scanning Probe Microscopy (SPM) techniques, research groups [4-7], as well as 
commercial companies have offered different solutions to improve resolution and 
sensitivity and, in the particular case of the MFM, the magnetic stray field created by the 
tip, which determines the strength of the tip-sample magnetic interaction. The general 
trend is to deposit a large amount of magnetic material at the tip apex to improve the 
signal-to-noise ratio (SNR). However, the drawback of this approach is that the wider the 
magnetic probe the lower the lateral resolution and the higher its influence over the sample 
magnetic state. Another critical parameter to get high SNR is the cantilever geometry 
whose mechanical properties control the magnetic sensitivity. 
In the present work, we explore the optimization of MFM probes for different applications 
by means of the fabrication of Focused Electron Beam Induced Deposition (FEBID) 
magnetic nanorods on top of a non-magnetic AFM tip. 
FEBID growth of nanorods on tips has already been used for different applications such as 
photon scanning tunnelling microscopy (PSTM) [8], magnetic force sensing [9], 
ferromagnetic resonance force microscopy (FMRM) [10] and MFM applications [11-13]. In 
the latter case, previous work focused on the lateral resolution and the importance of the 
tilt angle of the magnetic tip with respect to the scanned sample were performed [14], but 
no systematic studies on the impact of the type of FEBID tip on the stray field and the 
sensitivity in MFM experiments were carried out. 
We demonstrate that tuning the geometry and the composition of the magnetic nanorod tip 
allows controlling the sensitivity, the lateral resolution and the stray field created by the 
probe. The FEBID technique is therefore an alternative nanofabrication method of MFM 
probes compared to the standard ones based on sputtering deposition (used by the 
companies) and to other sophisticated non-commercial probe fabrication methods [15-16]. 
The main advantage of magnetic FEBID tips [17] is the possibility to adapt the magnetic 
probe to the experimental needs at a competitive cost. 
In addition to the choice of the FEBID magnetic nanorod material, length and diameter, the 
MFM probe system can be tuned by choosing the cantilever on which the nanorod is 
grown to achieve the most favourable mechanical properties according to the environment 
and operating modes of the targeted experiment. In the present work, we demonstrate that 
the appropriate combination of magnetic nanorod-tip and cantilever leads to high-quality 
images in different environmental conditions, from vacuum to liquid media. In fact, our 
results highlight that the strategy of using MFM nanorod tips gives rise to outstanding 
performance in liquid environment, for which no commercial alternatives are available. 
These findings open up new avenues for investigating biological samples in a 
physiological medium, a key aspect for the development of new applications in 
nanobiology and nanomedicine. 
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Nanorod-tip fabrication 

Magnetic nanorods of different materials can be fabricated through FEBID [18,19] with 
remarkable control over the nanorod position on the cantilever, geometrical parameters 
[20] and material features in terms of composition and crystallinity [21]. Three-dimensional 
(3D) Co- and Fe-based FEBID nanorods have been grown onto SPM probes, as shown in  
Figure 1. Four different kinds of cantilevers were used: Nanoworld-Arrow EFM, Budget Sensors, 
Bruker Rocky Mountain and Olympus BioLever mini (see Table 1). No charge effect due to the 
electron-beam was found during the FEBID growth, except for the Olympus BioLever mini 
cantilever. In order to avoid it, a C adhesive tape was used underneath and over few areas of the 
cantilever to achieve more efficient charge dissipation. 

 

Table 1: Main characteristics of the commercial cantilevers used for the growth of the 
nanorods. 

 

 

 

 

Brand 
Tip side 

coating 

Resonance 

frequency (kHz) 

Force 

Constant 

(N/m) 

Length 

(µm) 
Width (µm) 

Nanoworld-

Arrow EFM 
PtIr 75 2.8 240 35 

Budget Sensors 

ElectriMulti75-G 
CrPt 75 3 225 28 

Bruker Rocky 

Mountain 

Solid 
Pt 

10 8 400 100 

Olympus 

BioLever mini 
Si 

110 (in air) 

25 (in water) 
0.09 38 16 
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Figure 1. (a) Diagram of the FEBID process. SEM images of magnetic nanorods grown on 
various commercial cantilevers: (b) Nanoworld-Arrow EFM, (c) Budget Sensors 
ElectriMulti75 and (d) Olympus Biolever mini AFM probes, with their corresponding (b, c) 
Co- and (d) Fe-based nanorods. 

 

 

Experimental Results 

We firstly analysed Fe- and Co-based magnetic FEBID tips grown on non-magnetic 
cantilevers (Nanoworld Arrow EFM) of similar properties, i.e., resonance frequency and 
spring constant of 75 kHz and 3 N/m, respectively. The performance of the nanorods has 
been compared to that of standard tips using a high-density hard disk as a reference 
sample. Although some works used magnetic nanoparticles [22] to model the probe–
sample interaction, this reference sample is the most frequently used in the literature for 
the calibration of MFM probes [5]. Figure 2 shows the topographic and magnetic images 
obtained with these probes. It is noteworthy that in both cases, Fe- and Co-based FEBID 
tips exhibit similar behaviour to that of a commercial tip with a 50-nm-thick CoCr coating 
(Budget Sensors MagneticMulti75-G) but with less amount of magnetic material and 
therefore with a weaker influence on the magnetic state of the sample. The MFM signal is 
presented in units of hertz (Hz) corresponding to the frequency shift due to the 
magnetostatic interaction between the tip and the sample. The positive MFM contrast 
represents a repulsive interaction, while the negative signal is due to an attractive 
interaction.  
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Figure 2. Images of (a) Commercial Budget Sensors MFM tip with 50 nm of CoCr coating, 
(b) Co-based FEBID tip and (c) Fe-based FEBID tip grown on Nanoworld Arrow EFM 
cantilevers. (d,e,f) Topographic images of a hard disk reference sample obtained by the 
selected MFM probes and (g,h,i) their corresponding magnetic images and profiles (j,k,l) 
respectively. Z lift is was 30 nm in all cases. 

 

 
MFM tips with high coercive field are required to avoid artefacts coming from the switching 
of the magnetization of the probes when scanning the magnetic sample to perform stable 
MFM measurements. Local hysteresis loops of the FEBID probes have been measured 
using a non-conventional advanced MFM-based method previously reported [4,23] (see 
Supporting Information SI1 for more details). The coercive field measured by applying the 
magnetic field parallel to the nanorod long axis is about 550-600 Oe for the case of Co-
based nanorods, similar to the one shown in Figure 2b, and higher than 900 Oe for Fe-
based nanorod tips like the one in Figure 2c. In comparison, the commercial tips display 
much lower coercivity values, typically around 200 Oe (MFM Team Nanotec) and 350 Oe 
(Budget Sensors MagneticMulti75-G). We believe that the high aspect ratio achievable in 
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FEBID tips makes them magnetically harder than the commercial ones. This is especially 
useful to achieve reliable results when applying in-situ magnetic fields or when measuring 
samples with a very high stray field [24], as it will allow measurements up to higher fields 
without artefacts due to modifications of the tip magnetic state. 
In addition, different MFM experiments were carried out to explore the customization of the 
tip stray field by accurately controlling the nanorod-tip dimensions. Standard MFM imaging 
only provides qualitative information about the magnetic configuration of the sample. In 
fact, the MFM signal is proportional to the second-order derivative of the interaction 
between the magnetic stray field of the tip and the sample. To gain quantitative information 
from the MFM signal, the tip stray field can be calibrated [25] by measuring the frequency 
shift experimented by the oscillating cantilever when the tip approaches the surface of a 
reference sample. The frequency shift is proportional to the magnetic moment of the tip [3]. 
A comparison between Fe-based FEBID tips with different apex radius and a standard 
commercial tip (Budget Sensors MagneticMulti75-G) has been performed using a FePd 
multilayer [26] displaying perpendicular maze domains as a reference sample (see Figure 
3). To optimize the signal of the probes, 1-µm-long Fe-based nanorods with different tip 
apexes were prepared. As shown in Figure 3a, the image obtained with a commercial tip 
presents a maximum MFM contrast of around 55 Hz (this value can be used to estimate its 
stray field); the jumps or spikes in the image (Figure 3b) are due to the tip influence on the 
sample configuration [27]. The nanorod tip with 50 nm in diameter and blunt shape gives a 
frequency shift of ~40 Hz, whereas a narrower nanorod (32 nm in diameter) with sharper 
apex (final tip diameter about 7 nm) gives ~15 Hz of contrast. It is noticeable that there are 
no irreversible changes in the magnetic configuration of the sample when the sharper apex 
tip is used (Figure 3d). Moreover, the lateral resolution is also improved (see 
Supplementary Information SI2 where the finest nanorod has been used to image a soft 
magnetic nanodot whose interaction with the probe is very critical). In brief, the sharp 
geometry is useful to perform very high resolution MFM imaging as well as to obtain a low 
tip-sample interaction, minimizing the influence of the tip on the magnetic state of the 
sample [28]. 
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Figure 3. (a) Measurement of the MFM contrast, related to the tip stray field, for the three tips 
investigated, represented as a function of the magnetic tip section. The corresponding MFM 
images and profiles, performed with (b)-(e) a standard commercial MFM probe (red), (c)-(f) a tip 
fabricated with an Fe-based FEBID nanowire with a blunt tip end of 50 nm (green) and (d)-(g) a 
narrower nanorod (32 nm in diameter and a sharp tip end of 7 nm (purple), are shown. The 
sample is a FePd multilayer with perpendicular maze domains and the magnetic images were 
acquired at a 10nm Z lift distance. 

 

 
One Fe-based nanorod with sharp tip end was selected to perform on it comprehensive 
local chemical and magnetic analyses. As reported in Figure 4a, using Scanning 
Transmission Electron Microscopy (STEM) imaging and Electron Energy Loss 
Spectroscopy (EELS) we can plot the STEM-EELS compositional profile along the length 
of the nanorod as a function of the distance to the tip apex reveals that the Fe content is 
decreasing close to the tip apex. The Fe content decreases from 70% in the central region 
of the nanorod to about 20% at 3.5 nm from the tip apex where a 3 nm thick oxidation 
layer is observed. A STEM-EELS chemical map is depicted in Figure 4a (top inset) for an 
easier comparison with the results extracted from TEM imaging and Electron Holography 
(EH) experiments. 
As illustrated in Figure 4, the local magnetic characterization by EH allows mapping and 
quantifying not only the magnetic induction inside of the specimen (~0.7 T in the central 
region) but also the magnetic stray field as a function of the distance to the apex. The pure 
magnetic component of the phase shift has been recovered using the time reversal 
method [29]. This is particularly useful for the development of quantitative MFM 
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measurements. The magnetic flux lines (Figure 4b) indicate that the magnetization is 
homogeneous and maximum within the central part of the nanorod and runs parallel to it 
(as expected due to the shape anisotropy) and decreases close to the tip, giving rise to 
smaller stray fields. Therefore, the tip shape has a significant impact on the magnetic stray 
fields generated in the surroundings of the nanorod-tip as deduced from the comparative 
study of 5 different nanorods presented in Figure S3 of the Supplementary Information 
SI3. The EH measurements show that the stray field at the apex is determined by the 
shape of its very end, while the stray field at the MFM typical working distance is related to 
the section of the nanorod. To overcome the signal integration that is made in TEM we 
used the cylindrical symmetry of the wire and the Abel transform (see ref. [30] for details) 
to obtain a quantitative value of the field (Figure 4c) at the apex only. As one might see, 
the values that are obtained with conventional measurement on the phase (dashed lines) 
are overestimating such magnetic stray field (as well as underestimating the magnetization 
in the nanorod). The magnetic field at the apex of the tip is as high as 800 Oe and drops to 
350 Oe after 50 nm (typical distance for the MFM measurement). 
It has to be emphasized that thanks to the cylindrical geometry of the nanorods, the van 
der Waals (vdW) interaction between the tip and the sample surface is lower than for wider 
probes (see Supporting Information SI4). The low vdW probe-sample interaction presents 
two main advantages. It first allows measuring the magnetic properties of the sample 
much closer to its surface and therefore permits the measurement of lower magnetic 
induction, which cannot be detected with conventional magnetic probes scanning at a 
larger distance from the surface. Second, the mapping of the stray field emanating from 
the sample is better localized since the cylindrical geometry and the high aspect ratio of 
the nanorods maximize the Out-Of-Plane (OOP) vs. In-Plane (IP) stray field ratio (as 
shown in Supporting Information SI5). Such nanorod specificities are particularly essential 
to avoid the alteration of domain structures in soft in plane magnetic materials and for 
future quantitative studies.  
Finally, it is worth stressing the versatility of this nanoprobe preparation procedure. In the 
experiments shown above we focused on the properties of the nanorods and their weak 
influence on the tip-sample interaction. However, the SNR measurement depends both on 
the environment and the cantilever properties, thus we explored the possibility of growing 
nanorods on different kinds of cantilevers. The lever force constant constitutes another 
degree of freedom when choosing a probe for an AFM/MFM measurement. Mechanically 
soft samples require low force constant microcantilevers to avoid structural damage, while 
harder cantilevers provide better stability during the measurement, but at the expense of a 
stronger interaction (a detailed description of the enhancement of the SNR can be found in 
Supporting Information SI6). Additionally, several works are aimed to pave the way to the 
applicability of MFM for the study of magnetic nanostructures in liquid environments 
[31,32,33]. In the most recent studies, reasonable lateral resolution as well as enough 
SNR were achieved by working in DAM-AFM (Drive-Amplitude Modulation mode [34]). In 
terms of the acquisition of magnetic interactions, DAM-AFM is the same as Frequency 
Modulation FM-AFM, but since in DAM-AFM there are no frequency shift contributions to 
the topography, it has the advantage of no magnetic cross-talk in the first pass topography 
acquisition. 
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Figure 4. (a) STEM-EELS chemical profile of a Fe-based nanorod grown on top of an AFM probe. 
The vertical short dash-dot line represents the nanorod apex edge. The top inset is a chemical 
map showing the relative composition of Fe, C and O contents in green, blue and red, 
respectively. The bottom inset is the corresponding TEM image. (b) Cosine Color map: composite 
image displaying the magnetic field in and outside the tip using a colour scale for the direction and 
intensity of the integrated magnetic induction composed with the phase signal (black lines) 
displayed with a cosine for highlighting the magnetic flux. (c) Quantitative decay of the magnetic 
induction component parallel to the nanorod axis as a function of the distance from the apex 
determined directly from the magnetic phase image in (b) (dashed blue line), and using the Abel 
transform (bold red line). 
 

 

However, the quality of the images was still far from those obtained in air conditions, 
mainly due to the low oscillation quality factor of the cantilevers in liquid environments, an 
intrinsic limitation of the technique. To enhance the SNR, the development of suitable 
MFM probes would be necessary. 
Companies commercialize specific cantilevers for AFM liquid experiments, which are 
typically characterized by a very short and narrow lever. For example, the Biolever mini 
(length ~38 µm, width ~16 µm) gives rise to a low force constant of ~0.1 N/m and 110 kHz 
resonance frequency in air.  
Coating this kind of cantilevers by conventional sputtering deposition to perform MFM 
experiments can be problematic, as, even if they provided enhanced performance in air 
measurements [35], the mechanical stability of the coating is not so strong under liquid 
conditions. As reported in Figure 5, a significant enhancement of the magnetic signal is 
obtained in liquid with a FEBID nanorod grown onto a Biolever mini in comparison with 
MFM data taken with commercial probes. The FEBID nanorod yields an improvement of 
the SNR by a factor of ~4 for these probes, in good agreement with our previous 
estimation of MFM noise (see [32] for more details). It is worth noting that the quality of the 
MFM images acquired in liquid with the FEBID nanorod is close to those acquired in air 
ambient conditions. As explained in Supporting Information SI4, imaging under water 
allows to performing the retrace closer to the surface without topographic crosstalk, which 
leads to higher magnetic signal values. In both experiments MFM imaging was performed 
in the dynamic mode DAM-AFM. Furthermore, we performed control experiments after the 
measurements in water to corroborate that the magnetic signal is not impaired by the 
effect of oxidation. Nevertheless, in some experiments it could be necessary to protect the 
magnetic nanorod. In that case, it is possible to grow a core-shell structure that can protect 
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the ferromagnetic nanorod with a Pt-C coating [18] with the aim of minimizing the 
degradation of the magnetic properties due to the surface oxidation (see Supporting 
Information SI7).  
FEBID nanorods grown on cantilevers with low force constants are therefore a promising 
option for measuring fragile biomagnetic samples in liquid, as they can be helpful to 
enhance the SNR of low interacting samples. The achievement of high-quality probes for 
MFM measurements in liquid is of uttermost importance to strengthen the experimental 
capabilities of biomagnetism. So far, studies related to the performance of magnetic 
nanoparticles for hyperthermia [36] are performed macroscopically. Recent developments 
on microfluidics allow controllably inserting nanoparticles in a single cell [37]. This would 
allow studying, for example, the functionality of nanoparticles in vitro, tracking the changes 
in a single cell, which should be carried out in a liquid environment. 

 

 

 

Figure 5. Comparison of the MFM images of a magnetic hard disk acquired in air and 
water environments with the commercial Nanosensors PPP-MFMR and Team Nanotec 
tips, and with the functionalized Olympus BioLever mini on which an Fe-based FEBID 
nanorod was grown. MFM signal profiles in the right panel are obtained from the green 
lines depicted for each tip case in the left panel. All the images were acquired in drive 
amplitude modulation mode, DAM-AFM. In the MFM images taken in ambient air 
conditions the Z lift was 20 nm whereas for the images taken in liquid the Z lift was 10 nm. 

 

 

Conclusions 

Summarizing, magnetic nanorods have been successfully grown onto different types of 
commercial AFM probe cantilevers in a reproducible way. Compared to conventional 
magnetic thin films sputtered onto pyramidal AFM tips, the magnetically active area is 
confined into the nanorod with a weaker radial stray field component. This makes these 
probes more reliable for quantitative MFM measurements and more suitable for the 



11 

interpretation of the sample magnetic configurations. Remarkably, the nanorods are 
magnetically harder than average commercial MFM tips, which is a highly desirable 
feature for MFM measurements under in-situ applied field experiments. 
The aspect ratio and sharp tip endings of the nanorods lead to improved topographical and 
magnetic lateral resolutions, required to measure strikingly soft or very small magnetic 
nanoparticles.  
The versatility of this method allows the user to customize a suitable tip for a specific 
experiment, choosing the desired probe features, such as the nanorod material or 
dimension. Moreover, the nanorods can be grown with outstanding adapted mechanical 
stability in cantilevers of different elastic constant, opening a showcase of possibilities for 
measuring from mechanically hard samples to biological fragile specimens containing 
magnetic material. A perfect illustration of one of the most notable achievements of these 
new MFM sensors has been displayed with the Fe-based tips with a 7 nm sharp apex 
which have proven to increase by a factor of 4 the SNR of commercially MFM tips in liquid 
environment. This paves the way to carry out relevant experiments for biomedicine, in a 
suitable environment for the specimens. 

 

 

Methods  

Structural studies of the tips were carried out by Transmission Electron Microscopy (TEM) 
using an FEI Titan Cube 60-300 operated at 300 kV, and equipped with a Field Emission 
Gun (FEG), a Cs corrector for the objective lens and a Gatan Ultrascan 2k x 2k CCD 
camera. Scanning Transmission Electron Microscopy (STEM) imaging and Electron 
Energy Loss Spectroscopy (EELS) chemical analyses were performed in a Titan Low 
Base 60-300 operated at 300 kV fitted with a high-brightness FEG, a Cs corrector for the 
probe and a Gatan Tridiem 866 ERS spectrometer. STEM-EELS experiments were 
performed with a probe convergence semi-angle of 25 mrad, an energy dispersion of 0.8 
eV, an energy resolution of ∼1.5 eV, a pixel time of 10-20 ms and an estimated beam 
current of ∼250 pA. The local magnetic characterization for quantitative measurements of 
the magnetic stray field [38] were performed by EH in a Hitachi I2TEM. 
The MFM measurements were performed at ambient conditions and under liquid using a 
scanning force microscope from Nanotec Electronica in the amplitude modulation mode 
and with a phase-locked loop (PLL) enabled to track the resonance frequency [39]. 
Different kinds of cantilevers have been used as mentioned along the text. In most of the 
experiments the Z lift is 30 nm. Two reference samples have been used to analyse the in-
Plane and outof-plane components of the MFM signal: a hard disk with in plane domains 
and an FePd sample with perpendicular anisotropy. 
The 3D nanorods have been fabricated in commercial Helios Nanolab 600 and 650 Dual 
Beam systems using Co2(CO)8 and Fe2(CO)9 precursor gases and using electron beam 
voltages in the range of 3 to 30 kV. The Co-based deposits were grown with an electron 
beam current varying between 50 and 100 pA and a chamber growth pressure of ~9 × 10-6 
mbar (base pressure of ~1.4 × 10-6 mbar). For the growth of Fe-based nanorods, the 
electron beam current was varied between 43 to 86 pA and the chamber growth pressure 
was of ~6 × 10-6 mbar. 
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