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Germany
2)ct.qmat: Dresden-Würzburg Cluster of Excellence—EXC 2147, TU Dresden, 01062 Dresden,
Germanya)

(Dated: August 21, 2023)

Magnetic force microscopy (MFM) is long established as a powerful tool for probing the local manifestation
of magnetic nanostructures across a range of temperatures and applied stimuli. A major drawback of the
technique, however, is that the detection of stray fields emanating from a samples surface rely on a uniaxial
vertical cantilever oscillation, and thus are only sensitive to vertically oriented stray field components. The
last two decades have shown an ever-increasing literature fascination for exotic topological windings where
particular attention to in-plane magnetic moment rotation is highly valuable when identifying and under-
standing such systems. Here we present a new method of detecting in-plane magnetic stray field components,
by utilizing a home made split-electrode excitation piezo that allows the simultaneous excitation of a can-
tilever at its fundamental flexural and torsional modes. This allows for the joint acquisition of traditional
vertical mode (V-MFM) images and a lateral MFM (L-MFM) where the tip-cantilever system is only sensitive
to stray fields acting perpendicular to the torsional axis of the cantilever.

I. INTRODUCTION

Non-contact Scanning Force Microscopy (nc-SFM)
typically utilizes a purely flexural cantilever excitation
in order to attain real space resolved information about
a samples surface. Functionalization of an SFM tip, such
as the addition of a magnetic coating, allows for the de-
tection of magnetic structures on the samples surface
as well. Traditional, vertically excited magnetic force
microscopy (V-MFM) is sensitive to out-of-plane com-
ponents of the magnetic stray field above a sample1,2.
The lack of in-plane resolution, however, means that V-
MFM provides only a limited visualization of the mag-
netic structures present. Frequently more relevant in re-
cent years, with the advent of exotic chiral spin wind-
ings such as skyrmions3–6, antiskyrmions7,8, and more9,
access to sensitivity of more than one stray field vec-
torial direction could vastly increase the nanoscale un-
derstanding and eventual control of these functionalized
materials10.

In the past, attempts at multiple in-plane component
sensitive measurements have been made to achieve this
by performing V-MFM with a strongly tilted tip11 or
by exciting an in-plane motion of a magnetic monopole
tip by using a specially designed cantilever, oscillating at
its second flexural mode12. Alternatively, changing the
magnetization direction of the V-MFM tip to be aligned
parallel to the sample surface has also been used13. The
latter method requires specially designed tips14, as nor-
mal V-MFM tips do not reliably retain an in-plane mag-
netization due to the strong shape anisotropy introduced
by the shape of the tip itself. Another draw back of these
collected attempts were that whilst successful in changing
the direction of stray field sensitivity, they were unable
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to also maintain standard V-MFM sensitivity simultane-
ously.
An alternative approach is pursued in this work, by

instead changing the tip oscillation direction to be not
purely out-of-plane (with flexural mode excitations) as
in traditional non-contact SFM, but instead a torsional,
in-plane mode, parallel to the surface of the sample. This
is achieved by exciting the torsional resonant mode of a
conventional V-MFM cantilever, providing a lateral mag-
netic force microscopy signal (L-MFM). Such torsional
methods have been previously performed to for exam-
ple measure frictional properties15,16 or when studying
ferroelectrics17. In-plane tip excitations have also been
used to improve topographic imaging of samples that
have more challenging structures18. This work will first
outline the method and validity of torsional cantilever
excitation before demonstrating theoretical and experi-
mental insights into the sensitivity to in-plane magnetic
stray field contributions.

II. EXPERIMENTAL METHODS

In order to excite both the flexural and the torsional
mode of the cantilever simultaneously, a custom tip
holder was developed. The tip holder consists of two
parallel driving piezos that can be controlled individu-
ally, sharing a common ground electrode, as sketched
in Fig. 1(a). Topography and normal V-MFM was
recorded using a commercial amplitude modulation
AFM (NX10 from Park Systems). Tips used in this
study for magnetic imaging were commercially available
PPP-MFMR cantilevers from Nanosensors. On one
piezos the usual output of the AFM controller was con-
nected, and consequently resonated at the first flexural
resonant frequency (∼ 70 kHz). The other piezo was
connected to the output of an external lock-in amplifier
(Zurich Instruments UHF) and driven at the first tor-
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Figure 1. (a) shows a sketch of the custom cantilever holder with two separate driving electrodes. The flexural and torsional
resonant frequencies were measured for different AFM cantilevers and are plotted in (b), each normalized to the first flexural
resonant frequency. (c) is a topography scan of the hard disk while (d) shows a conventional V-MFM image of the same
area. Along the red line, linescans were performed, the reconstructed magnetization structure in that region is sketched in (e),
together with the simulated stray field.

sional resonant frequency of the cantilever (1V driving
voltage). The motion of the tip therefore can be thought
of as a superposition of both of these two modes, one
flexural, and one torsional. As a quadrant photo-diode,
the built-in photo-detector of the AFM does not only
output the vertical deflection, corresponding to the
flexural bending mode normally used for AFM, but also
a torsional deflection. In addition to the usual V-MFM
phase, the phase between the torsional deflection of the
cantilever and the torsional driving signal was measured
on the external lock-in and exported as the lateral
V-MFM (L-MFM) phase, corresponding to the in-plane
magnetic stray field and us used for imaging (pink color
scale). Vertical tip oscillations of 25 nm were used, and
scanning performed in a dual-pass regime, lift height 15
nm.

The V-MFM cantilevers used have a corresponding
spring constant of 2.8 N/m. To explore the relative
positions between the torsional and flexural resonant
frequencies for other AFM cantilevers, a variety of Rocky
Mountain cantilevers were chosen with spring constants
approximately between 0.8 and 18 N/m, to confirm
the reliable operation of the dual frequency tip holder.
The values are summarized in Fig. 1(b), where the
resonant frequencies of each cantilever are normalized
with respect to the first flexural resonant frequency ωFR1.

As seen, the torsional frequencies are found to lie
always within the second and third flexural resonance
mode. To confirm the expected position of the first tor-
sional mode, the theoretical torsional resonant frequency
was calculated19 and is in good agreement with the ex-
periment for the PPPMFM cantilever. The theoretical
torsional frequency could not be calculated for the other
tips due to insufficient information about the cantilever

geometry.
The sample investigated in this work was a magnetic

hard disk, with an array of positive and negative out-
of-plane (normal to the surface) magnetizations, a con-
ventional V-MFM image of which is shown in Fig. 1(d).
Regions of up and down magnetization are used to en-
code the data bits. An area consisting of long stripe
domains was chosen for imaging, as their simple struc-
ture [a schematic of which can be found in Fig. 1(e)],
makes it possible to easily model the expected V-MFM
and L-MFM response, and interpret the results.
Simulations of the expected V-MFM and L-MFM

response for the hard-disk sample were performed in
Python using the Magpylib20 library. The library pro-
vides the analytical solution for the magnetic stray field
of a cuboid, multiple of which can be pieced together to
model the hard disk.

III. THEORETICAL CONSIDERATIONS

The theoretical interaction between tip and stray field
in conventional V-MFM is well established, however here
it will be extended for considerations of an in-plane os-
cillation as well. In the simplest model for the V-MFM
response, the tip is modeled as a magnetic point dipole,
with its magnetic moment m⃗ = me⃗z oriented along the
symmetry axis of the tip (the z-direction). The force

acting on such a dipole from the samples stray field H⃗ is
then given by

F⃗ = µ0m
∂

∂z
H⃗, (1)

where µ0 is the vacuum permeability. For the case of con-
ventional V-MFM, where the tip is oscillating along the
z-direction, the difference in phase from free resonance
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Figure 2. V-MFM and L-MFM linescans for two different in-plane oscillation directions, in (a-d) the in-plane oscillation of
the tip is orthogonal to the long stripe domains, in (e-g) it is parallel. (a) shows the V-MFM image, (b) the L-MFM image,
an averaged linescan over the same stripe domains is plotted in (c). (d) shows the simulated V-MFM and L-MFM response
for this situation. (e) and (f) show V-MFM and L-MFM images respectively, with the in-plane oscillation of the tip parallel to
the stripe domains, averaged linescans are shown in (g) and modeled V-MFM and L-MFM response in (h).

and when a (magnetic) force is present is then commonly
approximated by21:

∆ϕV-MFM ≈ Q

k

∂Fz

∂z
= µ0m

Q

k

∂2

∂z2
Hz, (2)

where Q and k are the quality factor and spring constant
of the flexural oscillation, respectively. When repeating
the calculation from21 for a tip oscillating along the x-
direction (with the y-direction being the long axis of the
cantilever), the expected change in phase is then:

∆ϕL-MFM ≈ Q

k

∂Fx

∂x
= µ0m

Q

k

∂2

∂x∂z
Hx

= µ0m
Q

k

∂2

∂x2
Hz.

(3)

The last equality holds since ∇⃗ × H⃗ = 0. Note that
Q and k now refer to the torsional oscillation. The
L-MFM signal is therefore expected to be sensitive to
changes of the magnetic stray field along the direction
of the in-plane tip oscillation, i.e. stray fields acting
perpendicular to both the torsional axis and flexural
oscillation direction.

IV. RESULTS AND DISCUSSION

1. V-MFM, L-MFM and rotation of the torsional axis

As established in the “theoretical considerations” sec-
tion, a phase shift in the L-MFM signal should only
be expected whenever there is a stray field component
along the torsional oscillation direction. In the case of
the stripe domains from the hard disk sample, the stray
field is symmetric along the stripes, meaning no signal
is expected, however, when crossing a domain wall, a
significant in-plane field component arises, as sketched
in Fig. 1(e). Whilst in this experimental set up, the tor-
sional axis is fixed by the AFM itself, the relative position
of the torsional axis with respect to the sample can be
rotated by rotating the sample relative to the cantilever.
As such, Fig. 2 is split into two halves, with the relative
cantilever (and thus the torsional axis) indicated above
(a-d) and (e-h), respectively.

Fig. 2(a) and (b) show V-MFM and L-MFM images,
respectively, of the stripe domains on the magnetic hard
disk sample. Stripes can be seen from both vertical and
lateral signals, with the upwards and downwards direc-
tions being clearly visible in the V-MFM. Different be-
tween the V-MFM and L-MFM, however, is that both
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the sign and magnitude of the phase shift is opposite be-
tween the images. Below each image, in Fig. 2(c) are
averaged linescans of the same area along the long stripe
axis, to form horizontal line scans through Fig. 2(a) and
(b), where this opposite phase shift sign is again appar-
ent, with peaks in the V-MFM corresponding to valleys
in the L-MFM and vice versa.

To first address the reason for this opposite phase shift,
one can in the case of long stripe domains assume without
loss of generality that all field lines are lying in the x-z-
plane, i.e. Hy = 0. Consequently

∂Hy

∂z
= 0 and

∂Hy

∂x
= 0. (4)

And if one considers that ∇⃗ × H⃗ = 0, it follows that

∂Hz

∂y
= 0. (5)

From Maxwell’s equations it follows that for every com-
ponent Hi of the stray field above the sample:

∆Hi =

(
∂2

∂x2
+

∂2

∂y2
+

∂2

∂z2

)
Hi = 0. (6)

Qualitatively summing the V-MFM and L-MFM phase
shifts and neglecting their different proportionality con-
stants, one finds then:

(∆ϕV-MFM +∆ϕL-MFM) =
∂2

∂z2
Hz +

∂2

∂x2
Hz

= − ∂2

∂y2
Hz = 0,

(7)

which qualitatively explains why the phase shift between
V-MFM and L-MFM is opposite in this case.

It is worth noting that the maximum difference in
phase is much greater for the V-MFM signal than
the L-MFM. The V-MFM and L-MFM response was
then qualitatively calculated by numerically com-
puting the derivatives discussed in the “theoretical
considerations” section. In Fig. 2(d), the qualitative
numerical V-MFM and L-MFM response is plotted,
showing good agreement with the experimental data.
Namely, the different peak heights between narrow
and wide domains are accurately reproduced, as well
as the indent in the wide peaks and the inverted contrast.

90°-rotation of the sample (which effectively can be
thought of as a rotation of the cantilever and torsional
axis with respect to the sample’s stripes) can be seen
in Fig. 2(e-h). Whereas before, the long axis of the
cantilever is oriented parallel to the domains, now the
cantilever is oriented orthogonal to the domain walls,
with the lateral motion of the tip acting across, not along
stray field lines. The V-MFM signal still retains similar
phase shifts as acquired before, as seen in Fig. 2(e).
The L-MFM signal in Fig. 2(f), however, now loses

Figure 3. (a) shows the topography and (b) the V-MFM phase
image of the hard disk. (c) shows the L-MFM phase image,
with the in-plane oscillation direction oriented horizontally.
For the L-MFM image in (d), the in-plane oscillation direction
has been switched to be vertical.

all its contrast, as also seen in the averaged linescan
plot in Fig. 2(g). Intuitively, this can be understood
by considering Eq. 3. In the case of the long stripes
with the assumption that the domains are magnetized
entirely out-of-plane, and neglecting magnetic moment
rotation within domain walls, the field lines are expected
to lie in a plane orthogonal to the surface and orthogonal
to the domains [see Fig. 1(e)]. Moreover, due to the
symmetry of the stripes, the field lines are expected
not to change along the direction of the domains, and
therefore, the derivative of any field component along
this direction is expected to vanish. Since the L-MFM
signal is sensitive to exactly this derivative, this explains
the loss of contrast in this case. The numerical results in
Fig. 2(h) also show the loss of contrast for the L-MFM
signal. The difference between the experimental and
numerical V-MFM signal can be explained by the tilt
of the tip, which is not included in the model, but can
influence the V-MFM signal22.

2. Topographic interference

Besides looking at only vertically aligned stripes, the
new method was also tested on a 2D area of both the
previously imaged stripes and the more complex chess-
board array of up and down domains, with the results
shown in Fig. 3. The stray field emanating from these
objects is naturally less uniaxial and thus no change in
contrast when rotating the torsional axis of the chess-
board domains is expected. A topography image ac-
quired simultaneously on the first of the two dual pass
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images can be seen in Fig. 3(a). In Fig. 3(b-c), the in-
plane oscillation direction is oriented horizontally, the
V-MFM image is shown in Fig. 3(b), the corresponding
L-MFM image, recorded during the same pass, is pic-
tured in Fig. 3(c). Besides the aforementioned inverted
contrast and lower signal amplitude, here the topogra-
phy crosstalk visible in the V-MFM image, seems to be
somewhat suppressed in the L-MFM image, particularly
in the chessboard area where topographic cross talk in
the V-MFM is not present in the L-MFM (see red cir-
cles). The likely cause of the lack of crosstalk is due to
the fact that the torsional mode in L-MFM has only lat-
eral contributions, unlike the inherently vertical motion
that contributes to the V-MFM signal. This presents it-
self a unique method to determine if phase shifts in the
V-MFM are caused by topographic interference or are
genuinely magnetic, if they do not appear in the L-MFM,
however it is by no means a universal method given the
dependency of L-MFM contrast on the torsional axis be-
ing perpendicular to any in-plane stray fields.

When again rotating the cantilever (i.e. the sample
by 90°), and therefore the in-plane oscillation direction
to be vertical now, and the L-MFM image in Fig. 3(d)
differs drastically from before. In areas where in the V-
MFM image vertically oriented domains in stripe shape
are visible (mostly to the right), the L-MFM image has no
contrast. Domain walls, that are oriented parallel to the
in-plane oscillation (i.e. vertical) are no longer visible,
as expected from the linescan results. This again nicely
demonstrates that the L-MFM signal is indeed sensitive
to in-plane components of the stray field.
The most likely reason why the V-MFM and L-MFM sig-
nal could be recorded during the same pass without for
example the in-plane motion affecting the spatial reso-
lution of the V-MFM signal, is the very small mechan-
ical amplitude of the in-plane oscillation relative to the
out-of-plane oscillation amplitude23. Measurements were
performed removing the V-MFM excitation at ∼ 70kHz
during the second pass with no change in the L-MFM
signal found.

V. CONCLUSIONS

A bespoke, home-made cantilever holder with split
electrodes was found to reliably excite both the flexu-
ral and torsional mode of an MFM cantilever simultane-
ously, resulting in a mixed in- and out-of-plane oscillation
of the tip. Theoretical considerations of the tip oscilla-
tion directions predicted a sensitivity of the lateral-MFM
to stray fields with in-plane components along the same
axis as the in-plane tip oscillation. When applied to a
uni-axially magnetized hard disk sample, the difference
in phase of the in-plane motion could be used to image
magnetic domains of a hard disk, when the torsional axis
of the cantilever was aligned such that the tip’s in-plane
oscillation direction lay along the same direction as the
in-plane components of the protruding magnetic stray

field. Similarly, when the cantilever and sample were ro-
tated by 90o with respect to each other, the traditional
V-MFM imaging provided an equivalent image of the do-
mains, however the L-MFM imaging yielded no contrast,
as the tip oscillation direction was then aligned with the
domain walls, and thus detected no stray field compo-
nents along it’s axis. Examination of V- and L-MFM im-
ages showed a lower topographic cross talk in the case of
L-MFM images, likely due to the lack of vertical compo-
nent in the lateral tip oscillation direction. No cross-talk
between V- and L-MFM imaging themselves was found,
allowing for the simultaneous imaging of both to acquire
a more complete understanding of the stray fields ema-
nating from a sample’s surface, more specifically the con-
firmation or absence of in-plane components within the
stray fields.
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12T. Mühl, J. Körner, S. Philippi, C. F. Reiche, A. Leonhardt,
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