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nanoparticles may show superparamagnetic behavior, larger
agglomerations will rather tend to showing ferromagnetic
properties. Investigations of the magnetic properties of a sample
with high spatial resolution are mostly performed by magnetic
force microscopy (MFM). This technique, however, is usually
applied on very flat surfaces of thin-film or nanostructured
samples. Here, we report for the first time on MFM measurements
on magnetic nanofiber mats, proving in principle that this
technique can be used to investigate magnetic nanofiber mats,
while the highly uneven nanofiber structure still causes large
problems which have to be solved in the future.
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1 Introduction

Nanofiber mats are typically produced by electrospinning, i.e. by creating fibers with diameters of some
ten to some hundred nanometers in a strong electric field from a polymer solution or melt [1-3]. Such
nanofiber mats can be used for diverse applications in which their large surface-to-volume ratio is
important, such as wound dressings [4], tissue engineering [5,6], catalyzers [7], or filters [8-10]. Besides
man-made polymers [11,12] and biopolymers [13,14], polymers blended with non-solvable materials can
also be used for electrospinning [15,16].
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In this way, it is also possible to prepare magnetic nanofiber mats for diverse applications [17-19]. Such
magnetic nanofibers are also highly interesting for basic research and future applications in spintronics
or neuromorphic computing [20-24].

For both basic and applied research, however, it is necessary to characterize the distribution of magnetic
nanoparticles inside the fibers. It was shown experimentally and in simulations that modifications of
average distances between the nanoparticles, either due to fiber shrinkage during carbonization [25] or
due to agglomerations [26], significantly modify the magnetic properties of such nanofibers.

While transmission electron microscopy (TEM) offers the possibility to “look inside” nanofibers and to
investigate the nanoparticle distribution in nanofiber mats [26], this method is highly time-consuming,
complicated and necessitates expensive equipment which is not available in each university of research
institute. It would be ideal to directly map the magnetic properties of such nanofiber mats with sufficient
spatial resolution.

A technique which can indeed be used for this purpose is magnetic force microscopy (MFM). Opposite to
atomic force microscopy (AFM) which uses a cantilever to detect a sample’s topography and possibly
some additional mechanical properties of the surface, the MFM uses a magnetized cantilever tip and can
thus be applied in a special software mode, allowing for measuring magnetic properties in addition to the
sample’s topography [27]. There are even a few reports in the literature showing MFM measurements on
single magnetic nanofibers or nanowires attached to flat substrates [28-32]. To the best of our
knowledge, however, no report was published before on MFM measurements on completely uneven,
irregular magnetic nanofiber mats.

Here we report on first results of such MFM measurements on different electrospun magnetic nanofiber
mats, prepared with magnetite or nickel-ferrite. We show that MFM can in principle be used to
investigate magnetic properties of magnetic nanofiber mats, but further research is necessary to gain
clearer images of the spatially resolved magnetic properties.

2 Experimental

Nanofiber mats were electrospun using the wire-based system “Nanospider Lab” (Elmarco, Liberec,
Czech Republic) with the following spinning parameters: voltage 80 kV, nozzle diameter 0.9 mm,
carriage speed 150 mm/s, distance between lower electrode and substrate 240 mm, distance between
substrate and upper electrode 50 mm, relative humidity in the chamber 32 %, temperature 22 °C.

Spinning solutions were prepared from 14 % polyacrylonitrile (PAN) (X-PAN, Dralon, Dormagen,
Germany) dissolved in dimethyl sulfoxide (DMSO) (min 99.9%, purchased from S3 chemicals, Bad
Oeynhausen, Germany). Fe3O4 (magnetite) nanoparticles (50-10 nm diameter, Merck KGaA, Darmstadt,
Germany) were either applied by dip-coating from an aqueous solution after electrospinning, or added to
the spinning solution in a weight ratio polymer:nanoparticles of 1:1.8, which was the largest nanoparticle
concentration found spinnable in an earlier investigation [24,25]. Directly before electrospinning, the
dispersion was ultrasonically stirred for 40 min at 35 °C with a frequency of 37 kHz to avoid
agglomerations mostly. It should be mentioned that the distribution of the nanoparticles in the fibers is
not homogeneous [26], thus no perfect magnetic signals along the whole nanofiber mat can be
expected, but parts with strong signals due to agglomerations and completely nonmagnetic parts.

As a reference of a perfectly flat magnetic sample, a cobalt (Co) layer (25 nm thickness) on a silicon (Si)
wafer was used. In Co thin films, former investigations found circular and elliptical magnetic bubbles at
the remanent state (i.e. without external magnetic field) after saturation [33], so that some magnetic
pattern can be expected to be visible here.

AFM images were taken by a FlexAFM Axiom (Nanosurf, Liestal, Switzerland), equipped with a
cantilever MagneticMulti75-G (NanoAndMore GmbH, Wetzlar, Germany) and post-processed with
Gwyddion 2.51.



3 Results and discussion

Firstly, Fig. 1 shows an AFM topography image and the correlated magnetic MFM image of the flat
reference sample. While the topography (Fig. 1a) is nearly flat, besides some fine grains of dust, a clear
structure is visible in the MFM images (Fig. 1b) which can be attributed to the magnetic properties of the
thin-film sample. Such MFM images are often scaled in black-and-white to enhance the contrast;
however, here we decided to use a similar contrast as typical for the topography to allow for seeing all
features available in the sample on these relatively large scales.

Fig. 1 (a) AFM topography image of a magnetic thin-film sample; (b) MFM phase showing the magnetic properties
of the sample

Investigating nanofiber mats with MFM, however, is significantly more complicated since now topography
and magnetic properties mix and have to be separated carefully. Fig. 2a shows the topography of a
carbonized magnetic nanofiber mat, with some typical errors occurring when the tip touches the fibers,
as it happens often when measuring such non-continuous surfaces.

Fig. 2 (a) AFM topography image of a carbonized magnetic nanofiber mat; (b) MFM phase showing the magnetic
properties of the sample (tip lift height 30 nm)

The MFM phase depicted in Fig. 2b, however, mostly reflects this topography, although the “contour
following” mode should mostly suppress this problem.




MFM measurements are performed in a double-scan process, e.g. by measuring the lowest line in the
image from left to right to detect the topography, and then scanning the same path back with the
cantilever lifted by a certain distance (here 30 nm) to detect mostly the magnetic force. Alternatively, the
so-called “dual pass mode” can be used, meaning that two firstly the topography is scanned from left to
right and back, and afterwards the same line is scanned from left to right and back in MFM mode, i.e.
with lifted tip, making the image more accurate, but doubling the time for measuring. Generally, in MFM it
is necessary to find a compromise between smaller heights during the MFM scanning time, increasing
the influence of the topography and making the signals harder to interpret, and larger heights,
decreasing the resolution. This is especially important in case of strongly structured surfaces, such as
nanofiber mats. Here, apparently, the chosen height was not large enough so that no clear magnetic
signal can be observed.

Next, samples were investigated with larger distances. Fig. 3 shows an example of a measurement with
a tip lifting height of 170 nm during the MFM scanning time. Indeed, the topography becomes nearly
invisible here, now allowing for evaluating the magnetic information. While this would be acceptable for
large magnetic structures, as visible in Fig. 1b, it is not sufficient for the investigation of magnetic
nanoparticles embedded in (or coated on) nanofibers. Thus, the next step is an optimization of the tip
lifting height to enable sufficiently resolved magnetic scans of these challenging samples.

Fig. 3 (a) AFM topography image of a magnetically coated nanofiber mat; (b) MFM phase showing the magnetic
properties of the sample (tip lift height 170 nm)

As an example for the influence of the tip lifting height, Fig. 4 shows measurements on the coated
nanofiber mat, now again with a slightly reduced magnification, for lift heights of 300 nm (Fig. 4a) and
240 nm (Fig. 4b), respectively.

It is clearly visible that the magnetic structure becomes clearer for the lower tip lift height; but even for
the relatively large lift heights chosen here, the nanofibers start becoming visible again. This example
shows that while the magnetic features, here visible as large dark and bright areas, can indeed be
visualized by MFM, but underline also that in spite of using the “contour follow” mode which should
significantly reduce the influence of the topography, the latter cannot be ignored in magnetic
investigations of electrospun nanofiber mats.

It must also be mentioned that optimizing the tip lift height is only possible for a specific situation. Fig. 5
shows the same nanofiber mat as depicted in Fig. 4 after slightly shifting the measurement position,
measured with identical magnification and measurement parameters as well as with an intermediate tip
lift height of 280 nm. Here, however, the topography is much stronger visible than in Fig. 4. This shows
again that there is still a long way to go from this first proof-of-principle to a reliable technique which can
be used to detect magnetic nanoparticles inside magnetic nanofiber mats.




Fig. 4 MFM phases of a magnetically coated nanofiber mat with different tip lift heights: (a) 300 nm; (b) 240 nm.
The inset shows the AFM topography.

Fig. 5 (a) AFM topography image of a magnetically coated nanofiber mat; (b) MFM phase showing the magnetic
properties of the sample (tip lift height 280 nm)

Besides, several further questions, especially related to the possible dimensions of nanoparticle
agglomerations which are directly connected with their magnetic properties [26], must be investigated to
develop this technique further and to enable a reliable interpretation of MFM images of magnetic
nanofiber mats.

4 Conclusions

While magnetic force microscopy (MFM) is a typical tool for the evaluation of magnetic thin-film samples
or nanostructures on flat surfaces, no previous attempts were found in the literature to use MFM for the
investigation of magnetic nanofiber mats. Here we present first MFM measurements on such magnetic
nanofiber mats, showing the general suitability of this method to investigate magnetic nanofiber mats,
but also the challenges which have to be taken into account in these measurements.

Since no literature exists yet on measuring MFM on magnetic nanofiber mats, it is necessary to optimize
the measurements without drawing on previous experience of other groups. Thus, as the next step it is
planned to electrospin aligned magnetic nanofibers [34] to reduce the roughness und to optimize MFM




process parameters for this situation, before transferring this optimization back to isotropic (not oriented)
magnetic nanofiber mats.
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