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Abstract: Magnetic force microscopy (MFM) belongs to the methods that enable spatially resolved
magnetization measurements on common thin-film samples or magnetic nanostructures. The lateral
resolution can be much higher than in Kerr microscopy, another spatially resolved magnetization
imaging technique, but since MFM commonly necessitates positioning a cantilever tip typically
within a few nanometers from the surface, it is often more complicated than other techniques. Here,
we investigate the progresses in MFM on magnetic nanofibers that can be found in the literature
during the last years. While MFM measurements on magnetic nanodots or thin-film samples can
often be found in the scientific literature, reports on magnetic force microscopy on single nanofibers
or chaotic nanofiber mats are scarce. The aim of this review is to show which MFM investigations
can be conducted on magnetic nanofibers, where the recent borders are, and which ideas can be
transferred from MFM on other rough surfaces towards nanofiber mats.

Keywords: MFM; AFM; atomic force microscopy; electrospinning; nano-composite

1. Introduction

Magnetic force microscopy is a magnetic characterization method of samples usually
with a maximum of a few ten nanometers surface roughness, which has been established
more than 30 years ago and was developed further since [1–6]. It works by measuring an
atomic force microscopy (AFM) image of the surface topography of a sample, followed by
lifting the probe to avoid short-range van der Waals interactions between the tip and sample
and instead measuring the long-range magnetic interactions (Figure 1) [5]. In addition
to this simplest form of magnetic force microscopy (MFM), there are more sophisticated
ones, including frequency-modulated Kelvin probe force MFM, dynamic magneto-electric
force microscopy [5], phase-locked loop methods [7,8], and even measurements in different
environments, e.g., in liquids, that have been shown [9,10].

Figure 1. Standard MFM technique measuring the topography in the first pass (left) and the magne-
tization in the second pass after lifting the tip (right). Reprinted from [5] with permission from AIP
Publishing 2019.

Magnetochemistry 2021, 7, 143. https://doi.org/10.3390/magnetochemistry7110143 https://www.mdpi.com/journal/magnetochemistry

https://www.mdpi.com/journal/magnetochemistry
https://www.mdpi.com
https://orcid.org/0000-0003-0695-3905
https://orcid.org/0000-0002-6569-124X
https://doi.org/10.3390/magnetochemistry7110143
https://doi.org/10.3390/magnetochemistry7110143
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/magnetochemistry7110143
https://www.mdpi.com/journal/magnetochemistry
https://www.mdpi.com/article/10.3390/magnetochemistry7110143?type=check_update&version=1


Magnetochemistry 2021, 7, 143 2 of 15

MFM is usually applied to investigate magnetic domains in thin film samples or mag-
netic nanostructures. Hehn et al., e.g., demonstrated the reorientation of the magnetization
in epitaxially grown Co thin films for thicknesses between 10 nm and 50 nm, including
bubble transition mechanism for larger film thicknesses and stripe domains reached by a
special demagnetization process [11]. Strong variations of the magnetic domain structure
were found by MFM on Ni-C thin films annealed at different temperatures [12]. Other au-
thors investigated, e.g., Gd-Fe thin films [13] or ultrathin Cu/Ni/Cu/Si films [14] by MFM.
Barium ferrite single crystals were investigated from different sides, showing clear differ-
ences between the topography detected by AFM and the magnetic properties measured by
MFM [15].

In addition to these smooth surfaces, highly complex domain structures were found
in arrays of rectangular or elliptical permalloy nanodots by MFM [16]. Irregular plant-
leaf derived quantum dot clusters from graphene were investigated by MFM, showing
magnetic signals only for clusters of such quantum dots [17]. An antidot array of Dy13Fe87
showed different morphological domains in MFM examinations [18]. Even molecular
magnets have been investigated by MFM [19,20].

Particularly for highly structured surfaces, the tip-sample separation is an important
point which has to be taken into account. For magnetite lamella, e.g., Frandsen et al.
demonstrated the influence of different separations between 100 nm and 1600 nm and not
only clearly demonstrated the superposition of magnetic and topographic information for
smaller separations but also the loss of magnetic information for the largest separation [21].
Similarly, Al-Khafaji et al. showed the impact of tip type and separation on Nd-Fe-B
crystallites [22]. Obara et al. went one step further and suggested estimating the real MFM
image using observations from multiple distances [23].

These first remarks may already indicate that measuring MFM on nanostructures with
a high aspect ratio, e.g., high nanodots or nanofibers, is possibly not straightforward. In
a previous study, our group showed that MFM measurements on electrospun magnetic
nanofiber mats with randomly arranged nanofibers in different heights are highly challeng-
ing, despite the option to follow the contour of the surface with the tip, due to the strong
differences between fibers and the “empty” spaces between them, where the next fibers
are positioned more than a fiber diameter below [24]. Distinguishing between magnetic
and topographic signals is here even more complicated than in case of the aforementioned
crystals and grains.

This is why this review investigates the recent state of MFM measurements on
nanofibers in different situations and produced by different techniques, ranging from
nanowire arrays to randomly distributed nanofibers as they are typically created by elec-
trospinning.

Generally, it should be mentioned that while MFM measurements are often performed
at ambient conditions [25–27], there are also measurements in vacuum and at low temper-
atures reported to reduce environmental noise [28–30]. In addition to these differences,
measurements are sometimes performed in an external magnetic field, necessitating high-
coercivity probes to avoid switching the magnetization of the cantilever in high external
magnetic fields [31,32], while others magnetize the sample after removing the cantilever
out of the strongest part of the magnetic field and start measuring after switching off the
magnetic field again [33,34].

The manuscript is structured as follows: Starting from magnetic nanowire arrays with
usually smooth surface, measurements of single nanofibers or nanowires are described
before the few studies on magnetic nanofiber mats available in the literature are presented.
Finally, the possibility to transfer experience from other rough surfaces to the special case
of electrospun nanofiber mats or other irregular nanofiber networks is discussed.

2. MFM on Magnetic Nanowire Arrays

Nanowire arrays can be produced, e.g., by e-beam lithography of a photo-resist
template, followed by filling the produced channels with a magnetic material by elec-
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trodeposition. Such samples can be used for magnetic recording with high density [35,36]
or magnetic energy storage [37–39]. Nanowire arrays produced in this manner usually
have similar heights of all nanowires throughout the array, rendering MFM investigations
slightly easier than on systems with larger height deviations along the surface.

Several MFM investigations can, thus, be found in the literature, which are performed
on magnetic nanowire arrays. In the following text, measurements were performed un-
der ambient conditions or environmental conditions were not mentioned in the papers.
Whether they were performed in an external magnetic field or at remanence is mentioned
where it is specified in the literature.

Qin et al., e.g., used a porous anodic aluminum oxide (PAO) template to prepare
Fe0.3Co0.7 nanowires of diameters around 50 nm in an array [40]. They used MFM images
with an undefined lift height of the very smooth surface, polished to a roughness below ±10
nm, to show that each nanowire end is single-domain in the demagnetized state and can,
thus, be used to represent a single bit. While the common PAO template resulted in arbitrary
positioning of the nanowires, the same group also used a highly ordered anodic alumina
oxide (AAO) membrane with similar diameters to grow Co nanowires and used MFM on
the polished composite surface to investigate the magnetic states of the single nanowires
at saturation and at remanence [41]. Similarly, Ni nanowires in a hexagonal arrangement
were investigated by MFM in order to study the role of magnetostatic interaction in the
array, here investigating the sample at different remanent states after in situ application of
magnetic fields up to 500 Oe [42]. This fact was also taken into account by Yuan et al. who
calculated the reversal field distribution with and without the correction of magnetostatic
fields according to a set of MFM images, taken at different external magnetic fields, in
comparison with isothermal remanent magnetization and DC demagnetized magnetization
curves [43].

Even for highly polished surfaces, MFM may become difficult due to insufficient lateral
resolution. Asenjo et al. discussed the possibility of evaluating remanent magnetization of
a nanowire array from MFM images, taken after in situ application of a magnetic field [44].
They prepared Ni polycrystalline wires with diameters around 35 nm and length 1000
nm by electrodeposition into the nanopores of an alumina membrane template. For MFM
investigations, they used a standard MFM tip with 50 nm Co coating, i.e., broader than
the wire diameter. By simulations, they showed the influence of the MFM tip diameter,
as depicted in Figure 2, which has to be taken into account in case of quantitative MFM
measurements performed with thicker tips.

Figure 2. (a) MFM image of a Ni nanowire array at remanence measured with the aforementioned
tip diameter; (b) simulated MFM image of the same MFM data for an assumed tip with a magnetic
domain size of 140 nm. Image size: 2.8 µm × 2.8 µm. Reprinted from [44], with permission from AIP.
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Using a similar nickel nanowire array with hexagonal symmetry, Nielsch et al. investi-
gated the possibility of fully magnetizing an area of the previously demagnetized sample
by a strongly magnetized MFM tip in addition to the external magnetic field [45]. They
found that both fields taken together were sufficient to overcome the average switching
field of the nanowires so that 93% of the nickel nanowires were magnetized in the desired
direction in the magnetized region of the sample.

During the last years, more special magnetic nanowire arrays were prepared and
investigated by MFM, such as spin-ice structures or other lithographically produced ones.
May et al. managed to produce a 3D nanowire lattice with magnetic frustration [46]. The
permalloy nanowires in this system had diameters of 160 nm and showed magnetization
reversal by domain wall nucleation and propagation. Large spaces can be found between
them, as in the aforementioned electrospun nanofiber mats, with the difference that the
latter are not regularly arranged. The authors used commercial low-moment MFM tips,
magnetized parallel or antiparallel to the tip axis by a 0.5 T permanent magnet, and a
lift height of 100 nm after careful optimization of the feedback setting with respect to
the sample’s topography. During sample magnetization with an electromagnet in situ,
the MFM tip was raised by several millimeters in order to avoid modifications of the tip
magnetization. Two MFM images gained with the tip magnetized in opposite directions
are depicted in Figure 3. Despite the aforementioned difference between the here measured
3D lattice-like sample and a nanofiber mat with randomly oriented fibers in different
heights, the order of magnitude of the tip height may be suitable for MFM measurements
on nanofiber mats too, as the nanofibers themselves are in a similar diameter range as the
nanowires investigated here. However, it must be mentioned that the understanding of the
magnetic structure is, in the case of a regular lattice, supported by the morphology, which
is not the case in an irregular structure.

Figure 3. (a,b) MFM images of Py nanostructured lattice with opposite tip magnetizations. Scale bars
are 2 µm long. Reprinted from [46] and originally published under a CC-BY license.

In a more recent paper, the authors mention measuring three uppermost lattice layers,
made possible by careful optimization of the feedback settings, again by lifting the MFM tip
several millimeters above scanning height during the application of an external magnetic
field to the sample [47]. Here, they also point out that the MFM phase measures the stray
field gradient d2Hz/dz2 and is, thus, ideal for visualizing magnetization transport across
the surface [48].

Other wire-based structures are again 2D structures, which will—together with single
nanowires—be described in the next section.

3. MFM on Single Magnetic Nanowires and Nanofibers

The aforementioned spin-ice structures belong to the often examined 2D structures
consisting of in-plane oriented nanowires or, more often, nano-lines typically attained
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from lithographic processes. These structures are often investigated by MFM since the
spatially resolved magnetization is of high interest [49–53]. However, they are in most cases
two-dimensional and, thus, not within the scope of this paper, which aims at discussing
possibilities for investigating three-dimensional nanofibrous structures.

For single magnetic nanowires or nanofibers, placed on a sample holder and, thus,
investigated along their entire length (instead of from top, as in the previously mentioned
nanowires arrays), it must be firstly mentioned that due to the MFM being sensitive to field
gradients, the interpretation of MFM images is sometimes not straightforward. Berganza
et al., e.g., explained MFM images of multisegmented nanowires from CoNi and Ni by a
periodic multivortex structure with opposite vortex chiralities or a single vortex configura-
tion, as depicted in Figure 4 [54]. The group used an amplitude modulation mode with
phase-locked loop enabled and home-made Co MFM probes as well as MagneticMulti75-G
(Budget Sensors) with CoCr coating [54]. The same setup was reported by Bran et al. who
reported an oscillation amplitude of the cantilever of 10–15 nm and a typical lift height
of 40 nm for investigations of metastable transverse and vortex domains in cylindrical
nanowires, measured at remanence or under in situ applied magnetic fields [55].

Figure 4. (a) Topography, (b) geometry sketch, and (c,d) MFM images of different nanowires. In
(c), the segment in the red square shows a uniform magnetization, while in (d) a multidomain
structure is displayed. Figures (e,f) schematically show the expected magnetization configurations
corresponding to (c,d) MFM images, respectively. Reprinted from [54] and originally published
under a CC-BY license.

A more complicated image series taken by Askey et al. working with Ni nanowires
produced by two-photon lithography [56]. During magnetization reversal from remanence,
they found complex spin structures including vortex and antivortex pairs and generally a
spiraling domain along the external magnetic field direction. They reported using a lift
height of 80 nm and a low moment (5 × 10−14 emu) tip, measuring in an applied field
between 0 mT and 10 mT.

Another important effect that has to be taken into account in the interpretation of MFM
measurements is the stray field of the tip [57]. Nasirpouri et al. investigated tri-segmented
nickel nanowires with alternating thicker and thinner sections of different lengths by
MFM with a commercial CoCr standard tip and found strong contrast due to accumulated
magnetic charges at the ends of the nanowires, as typical for axial magnetization, as well as
at the points where the nanowire diameter was modulated [58]. They used micromagnetic
simulations to prove that magnetization reversal began with domain wall nucleation in
a thick segment and propagation towards this diameter modulation point and that the
interpretation of their MFM images was not misled by possible stray fields of the tip.

Core-León et al. investigated in detail the effect of tip shape and orientation of the
magnetic field when magnetizing the tip on the residual magnetization and, thus, the
stray fields around the tip and revealed a doubled MFM phase contrast for special V-
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shaped samples [59]. Moreover, they showed that the strong shape anisotropy in their
custom-made tips was suitable for measuring MFM at large fields up to 80 mT without the
danger of switching the magnetization of the tip. Finally, both in-plane and out-of-plane
magnetization could be measured with their tips, as depicted in Figure 5 [59].

Figure 5. Numerically simulated magnetization and stray fields of suggested MFM probe. (a) Stray field created by the
V-shaped magnetic nanostructure when magnetization is either in head-to-head state (top row) or curl state (bottom row).
Corresponding images for (b) magnetization, (c) magnetic charge distribution, and (d) the direction of the stray field during
MFM measurements. Reprinted from [59] and originally published under a CC-BY-NC license.

Generally, thin magnetic nanowires often show magnetization orientation along the
nanowire axis so that only a magnetic contrast is visible in MFM at the end, as measured
in remanence after applying an external magnetic field pulse during which the tip was
lifted away from the field by 12 µm [60]. This magnetization, however, can be measured by
a laterally magnetized MFM tip [61], as also suggested in [59]. On the other hand, there
are other diverse reports of more interesting magnetic structures, either in the form of
domain walls during magnetization reversal, measured at different magnetic fields [62], or
as multi-domain structure at remanence [63–65].

During the last years, the focus of MFM investigations of single magnetic nanowires
shifted to nanowires with modulated diameters, as already mentioned before [66]. Bochmann
et al. reported domain walls in multi-segment nickel-cobalt nanowires along the segment
borders as well as close to them without providing further information about experimental
conditions [67]. In a previous investigation, the group prepared NiCo/Cu nanowires of
diameter 40 nm and could nicely demonstrate small single-domain bits separated by the
nonmagnetic Cu segments by MFM at remanence, as depicted in Figure 6 [68]. Here, MESP
tips (Bruker, Billerica, USA) with cobalt chromium coating were used.
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Figure 6. MFM images of an isolated Ni60Co40/Cu wire of diameter 40 nm (top); scheme of how the
pattern observed in MFM originates from the alternation of magnetized and non-magnetic segments
(bottom). Reprinted from [68] and originally published under a CC-BY license.

A more complex T-shaped magnetic structure was most recently suggested as possible
magnetic storage element with experimental evidence of four stable magnetic states [69]
and earlier by micromagnetic simulations [70]. In the experimental study [69], MFM images
were used to depict the four different possible states visible by dark and bright contrast
at the ends of the wires as well as in the crossing point. Here again, MESP tips with
CoCr coating and a coercivity of 65 mT (Bruker) were used with a double-pass scanning
method in tapping mode and a lift height of 60 nm with contour following option and
measuring at remanence after the ex situ application of an external magnetic field. The
authors mentioned that in their samples, prepared from Co with high magnetic moment,
the electrostatic interaction between tip and sample can be neglected, which is not the
case for samples with low magnetic moment, e.g., magnetic oxide nanowires. In order to
solve this problem in case of magnetic oxide nanowires, Jaafar et al. suggested additional
Kelvin probe force microscopy to enable distinguishing between magnetic and electrostatic
interaction [71]. In their experiments, they used MFM probes with an in-plane coercive field
larger than the in situ applied external magnetic fields during measurements, performed at
lift heights of 25–30 nm.

In other studies of single magnetic nanowires, a single-pass mode was used instead of
a double-pass mode, using one of the aforementioned probes and typically also lift heights
of some ten nanometers, while an in situ magnetic field of up to ±16 mT was applied [72].
Generally, lift height, double-pass or single-pass mode, or even the cantilever are not always
provided in papers reporting MFM on magnetic nanowires; however, where reported,
there is a certain agreement on lift heights in the range of several ten to around hundred
nanometers, and MESP tips (with Co/Cr coating) and MagneticMulti75-G (identical with
Multi75M-G) are often applied in these studies [73]. It should be mentioned that the tip
height is essential in these measurements, as Dai et al. convincingly demonstrated in their
introduction of a new MFM system and as depicted in Figure 7 [74]. Here, it becomes
quite clear that the lift height must be as small as possible in order to reach a sufficient
phase contrast, while rough surfaces necessitate using larger lift heights. This renders
MFM investigations of rough surfaces, especially with respect to chaotic nanofiber mats
produced by electrospinning, quite complicated, as the next sections will show.
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Figure 7. (a) An MFM phase image measured in the MFMZ mode when the lift height H is changed from 50 nm to 300 nm;
(b) cross-sectional phase profiles measured at the lift height of 50 nm, 80 nm, and 130 nm, respectively; (c) the relationships
between the measured phase signal strength (black) and calculated signal strength (red) vs. lift height. Reprinted from [74]
and originally published under a CC-BY license.

4. MFM on Magnetic Nanofiber Mats

One study working on electrospun magnetic nanofibers was published by Choopani
et al. who prepared Y3Fe5O12@Na0.5K0.5NbO3 core-shell nanofibers by coaxial electrospin-
ning [75]. The paper, however, shows only MFM images of a single nanofiber taken out of
the complete nanofiber mat and taken under conditions that are not further defined.

Another example of freestanding nanofibers is shown by Chearkasov et al., who grew
layered Ni/Cu nanowires in a highly three-dimensional structure [76]. However, only a
single nanofiber was investigated here again at remanence and in an external magnetic
field of 16 mT, placed flat on a substrate. Arias et al. used a very low scanning area
of 200 nm width so that they could even measure MFM completely on top of a single
ZnFe2O4/γ-Fe2O3 electrospun nanofiber [77].

Single nanofibers [78] and crossing points of two nanofibers [79] were investigated by
Prashanthi et al. in the MFM lift-mode with phase detection, and they used sol-gel based
electrospinning to prepare BiFeO3 nanofibers. Here, no further information about tip or lift
height was provided.

Baranowska-Korczyc et al. managed taking MFM images of an ensemble of electro-
spun Fe doped ZnO nanofibers on an even surface [80], as depicted in Figure 8. While it
can be assumed that most of the contrast between the fibers in Figure 8b and the substrate
result from morphological contrast, there are also structures visible on top of the nanofibers
that are stronger in the MFM images than in the AFM image (Figure 8a) and can, thus, be
attributed to magnetic contrast. The authors used an OTESPA 160 µm tip and a lift height
of 150 nm, i.e., larger than the diameter of the thickest fibers.

However, most other papers showing MFM images on electrospun nanofibers deal
with single nanofibers taken out of the mat and not with the full nanofiber mat [81–86].
Lift heights were, e.g., reported in the range of 50–100 nm [81], while hard-magnetic tips
(coercivity 300 Oe) [81] or silicon nitride tip [82,86] were used to detect signals from the
single fibers mounted e.g., by setting them in a polymer glue [81]. In an aforementioned
paper of our group demonstrating, to our knowledge, the first attempts to measure MFM
on complete nanofiber mats at remanence [24], the problems mentioned before regarding
the optimization of the lift height were also found, resulting in the problem that at too small
lift heights, the nanofiber morphology was still visible despite the use of contour following
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mode and double-pass mode, while at too large lift heights, the magnetic information could
not be properly visualized.

Figure 8. (a) AFM and (b) MFM images of Fe doped ZnO nanofibers. The scanned areas of both
images are 30 µm × 30 µm. Reprinted from [80] and originally published under a CC-BY-NC license.

Due to this lack of sufficient results regarding MFM measurements on electrospun
nanofiber mats and other chaotic nanofiber arrangements, the next section discusses
approaches reported in the literature for MFM measurements on other rough surfaces and
what can be learnt from them.

5. MFM on Rough Surfaces—What Can Be Transferred to Nanofiber Mats

Naturally, electrospun nanofiber mats are not the only samples with high surface
roughness. Saito et al. and Cao et al. reported MFM measurements on an Sr ferrite sintered
magnet with an extremely high roughness of approximately 1 µm [87–89]. This is a similar
order of magnitude that can be estimated in typical electrospun nanofiber mats in which
nanofibers, typically with diameters of some hundred nanometers, are positioned on top
of each other with large pores through which lower layers are accessible. Thus, they
suggested an advanced MFM technique using the frequency modulation of a cantilever
oscillation by applying an AC magnetic field to an oscillating MFM tip and showed that
the frequency-demodulated signals of the cantilever oscillation, more exactly the side-band
spectra appearing on both sides of the base-band spectrum of the cantilever oscillation,
could be used to calculate the amplitude and polarity of the AC magnetic field gradient. In
this case, the external AC magnetic field did not influence the topography measurement.
Their calculation showed that the second derivative of the out-of-plane stray field could
be measured by the side-band frequency without crosstalk with the signal due to surface
morphology. The difference between MFM images with this technique using an FeCo-
GdOx superparamagnetic tip, called A-MFM, and conventional MFM images, measured
by a FePt hard-magnetic tip, is depicted in Figure 9 [89]. Obviously, the topography, which
seems to have a large impact in the conventional MFM image (Figure 9f), does not play a
key role in the A-AFM images showing amplitude R and phase, respectively (Figure 9c,d).
This technique could, thus, be very supportive in imaging magnetic nanofiber mats.
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Figure 9. (a) A-MFM topographic image, (b) A-MFM in-phase X image (in-phase output of lock-in
amplifier), and (c) A-MFM amplitude R image (amplitude output of lock-in); (d) A-MFM phase image
of SrF measured by FeCo-GdOx superparamagnetic tip; (e) topographic image and (f) phase image
of the conventional MFM of the SrF measured by FePt hard-magnetic tip and their corresponding
line profiles (g–l). Reprinted from [89] and with permission from AIP Publishing 2018.

Most papers describing MFM measurements on rough surfaces, however, have to con-
front much smaller roughness typically in the range of some ten nanometers up to slightly
above 100 nm [90–92], which is approximately one order of magnitude below the “rough-
ness” of typical electrospun nanofiber mats. Even for roughness in the range of 10 nm, Jena
et al. found only a very small magnetic contrast that could not be reliably separated from
topological signals [93]. For Ni films on self-assembled polystyrene beads with a roughness
of approximately 60 nm, measured with pyramidal silicon tips with Co/Cr coating, Sharma
et al. reported using a lift height of 120 nm, i.e., twice the roughness, in order to avoid
crosstalk with the topographic signal [94], which would be impossible for deviations in the
height of neighboring nanofibers in the range of several hundred nanometers as compared
with a study of Nenadovic et al. who observed maximum lift heights of 100 nm for Co and
Ni thin films for delivering a reliable image of the magnetization [95]. While few papers
report slightly larger lift heights for rough surfaces [80], apparently it is not possible to
increase this value much further, as already shown in Figure 7 [74]. On the other hand, it
must be mentioned that the 3D systems reported in [46–48], with an approximate distance
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between the upper two layer investigated by MFM of about 0.8–0.9 µm, was measured
with a lift height of only 100 nm [48].

In addition to using sophisticated methods such as the A-MFM described in [87–89],
this example shows that measuring MFM on surfaces with high roughness is possible even
with common equipment, suggesting transferring these approaches to nanofiber mats.
The next approach for investigating electrospun magnetic nanofiber mats should, thus, be
based on partially oriented nanofiber mats, as they can be produced by electrospinning on
fast rotating cylinders such as counter electrodes, they can be utilized to start parameter
optimization from such samples between ordered and chaotic structures, they can be used
for attaining deeper understanding, and finally for finding the optimum tip, lift height and
AFM parameters for measuring even more random nanofiber mats.

6. Conclusions

This paper discusses the possibility of investigating chaotically distributed magnetic
nanofibers, e.g., those produced by electrospinning, by magnetic force microscopy. While
MFM investigations of regular magnetic nanofiber arrays with surface heights differ-
ing only slightly can often be found in the literature and MFM measurements on single
nanofibers, positioned flat on a substrate, are also regularly performed, investigations
of many nanofibers in one MFM image or even an entire nanofiber mat are as scarce as
examinations of 3D lattice structures. However, both chaotic and regular wire-based 3D
structures were found. While one of the groups underlined the importance of carefully
optimizing the AFM parameters before measuring MFM, another group increased the tip
height to a level where topographic and magnetic signals were visible simultaneously, and
again another group invented new technology in order to fully cancel the topographic
signal and to allow for high magnetic contrast measurements even on a surface with
roughness in the range of 1 µm.

These examples show that measuring MFM on chaotic nanofiber mats must be possible
although it has not yet been reported. According to the literature, the easiest method to
approach this goal begins with investigations of partially oriented nanofiber mats, as they
can be produced, e.g., by electrospinning on a fast rotating cylinder, and extending this
first step further towards more chaotic and correspondingly rougher surfaces.
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