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Switching magnetization magnetic force microscopy (SM-MFM) is based on two-pass magnetic force mi-
croscopy with opposite orientation of tip magnetization between two scans. The sum of the scanned data with
reversed tip magnetization depicts local van der Waals forces, and their di�erence maps the local magnetic forces.
Tip magnetization can be easily reversed in external magnetic �eld during the scanning. The separation of the
forces mapped enables scanning in close proximity of the sample (∼ 5 nm). Therefore, extremely high spatial
resolution (10 nm) is achievable by the SM-MFM. Image phase resolution of the MFM method depends on various
geometric parameters of the tip, such as tip length, its apex radius and taper angle. The parameters are determined
by the evaporation process, within which the standard atomic force microscopy tips are coated with magnetic layer.
In this work we show that the thickness of the coated layer is important for the SM-MFM spatial resolution.
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1. Introduction

Novel magnetic memories require higher integration bit
density. Bit pattern media (BPM) with a bit size close
to 10 nm have been achieved and are a leading topic of
the developed new magnetic storage media [1]. Magnetic
force microscopy (MFM) is a famous method for inves-
tigation of domains in magnetic samples for a sample-
surface preparation and relatively high spatial resolution
(∼ 30 nm). However, the resolution is not satisfactory
for developed magnetic memories.
MFM is a two-pass technique, therefore in the �rst step

topography is measured in contact or semicontact mode.
In the second pass the tip is lifted to a constant height
(more than 20 nm) to eliminate van der Waals forces and
to evaluate a phase shift which corresponds to a magnetic
tip-sample interaction [2].
Several groups try to improve the MFM spatial reso-

lution by developing sharp and high aspect-ratio tips, or
by special deposition conditions that use seed layers to
achieve a perpendicular magnetic anisotropy [3�5]. But,
MFM spatial resolution is limited by the principle of the
two pass technique, for which the tip-sample separation
has to be more than 20 nm to guarantee that magnetic
forces dominate the van der Waals forces.
In the two-pass method developed, the so-called

switching magnetization MFM (SM-MFM), we use low
momentum magnetic tips and evaluate phase shift at
the tip-sample distance of 5 nm. Two phase images are
taken, the second with reversed magnetization of the tip
(Fig. 1). Then, the sum of the two signals gives van
der Waals and electrostatic forces, and from their di�er-
ence we get clear magnetic forces. Tip magnetization is
switched by external magnetic �eld applied in parallel
with the sample surface [6�8]. The method we propose
eliminates drawbacks of standard MFM method and is
a favourable technique for improving the MFM spatial
resolution below 10 nm.
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2. Experimental results and discussion

We have prepared magnetic tips in a magnetic single
domain state for the SM-MFM technique. The state can
be reversed by external magnetic �eld oriented in parallel
with the sample. One of the most important parameters
that in�uence the MFM spatial resolution is the thick-
ness of the magnetic layer located on the tip. In our
case, Permalloy (Ni81Fe19; Py) was evaporated onto one
of the tip's sidewalls (tip NSG01 [9]) under the speci�c
angle to create Py triangle in a single domain state. We
use 5 nm Au as a seed layer for a better adhesion and
elimination of the stress between Py layer and the tip.
Py was deposited by e-beam evaporation at a base vac-
uum of 5 × 10−8 Torr, and the grow rate was �xed at
1 Å/s for 5 di�erent thicknesses (6, 12, 18, 24, 30 nm).
The SM-MFM resolution was evaluated in the scanning
system NTegra (produced by NT-MDT co.) which has
implemented in-plane magnetic �eld used to reverse the
tip magnetization.

Fig. 1. Principle of SM-MFM technique with reversal
tip magnetization (arrow close to the tip) at low lift
distance (below 5 nm) provided by external magnetic
�eld Bext between two scans.

In order to evaluate spatial resolution we use the
fast Fourier transform (FFT) analysis [10]. According
Ref. 10, the spatial resolution corresponds to the infor-
mation limit - a frequency, for which the signal domi-
nates white noise, which is represented by the knee of
the FFT signal. Spatial resolution of the SM-MFM tips
was demonstrated on a perpendicular magnetic recording
media (PMR) with a bit density of 625 Gbit/inch2. Fig-
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ure 2a shows a typical topography (roughness ∼ 1 nm)
and Fig. 2b�2f show phase images of PMR media taken
by tips that di�er in a Py layer thickness (6, 12, 18, 24
and 30 nm, respectively). FFT (Fig. 3) shows the spatial
resolution of the phase image from Fig. 2. SM-MFM tips
with Py layer thickness of 12 nm (c) and 18 nm (d) show
the best spatial resolution of 10 nm and 11 nm, respec-
tively (arrows inside indicate information limit knee), cal-
culated as one half of λknee. Spatial resolution is worse
(13, 14, 16 nm) for Py thicknesses 6, 24, 30 nm, respec-
tively. The low-frequency signal (Fig. 3), as well as magn.
moment of SM-MFM tips, increase with increasing Py
thickness.

Fig. 2. Topography (a) and MFM phase images (b, c,
d, e, f) a PMR medium (625Gbit/inch2) written at a
5 nm tip-sample separation. Thicknesses of the Py lay-
ers are 6 nm (b), 12 nm (c), 18 nm (d), 24 nm (e), and
30 nm (f).

Fig. 3. FFT of the bit track from Fig. 2 for di�erent
Py layers. Spatial resolution is calculated as a half of λ
and it is shown with arrows. Curves were shifted along
y-axis by multiplying y-range for better illustration.

When the lift height is below 20 nm, van der Waals
forces start to dominate over magnetic forces.In the SM-
MFM method two scans in a lift height of 5 nm were

taken with positive (Fig. 4a) and negative (Fig. 4b) mag-
netization of the tip, then the di�erence gives clear mag-
netic forces (4c) and their sum gives van der Waals forces
at the height of 5 nm (4d).

Fig. 4. Phase image from perpendicular magnetic me-
dia are taken with positive (a) and negative (b) magne-
tization of SM-MFM tip at lift height of 5 nm. Magnetic
forces (c)=(a)−(b) and van der Waals forces (topogra-
phy) (d)=(a)+(b) are calculated.

3. Conclusions

In this work we have optimized a magnetic layer thick-
ness for the SM-MFM tips. For Py layer thickness 12 nm,
a spatial resolution of 10 nm was achieved. Moreover, the
SM-MFM technique separates van der Waals forces, elec-
trostatic forces and magnetic forces and allows magnetic
�eld mapping in close proximity to the sample.
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