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SWITCHING MAGNETIZATION MAGNETIC
FORCE MICROSCOPY ––– AN ALTERNATIVE
TO CONVENTIONAL LIFT–MODE MFM
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In the paper we present an overview of the latest progress in the conventional lift-mode magnetic force microscopy (MFM)
technique, achieved by advanced MFM tips and by lowering the lift height. Although smaller lift height oﬀers improved spatial
resolution, we show that lowered tip-sample distance mixes magnetic, atomic and electric forces. We describe an alternative
to the lift-mode procedure - Switching Magnetization Magnetic Force Microscopy [SM-MFM], which is based on two-pass
scanning in tapping mode AFM with reversed tip magnetization between the scans. We propose design and calculate the
magnetic properties of such SM-MFM tips. For best performance the tips must exhibit low magnetic moment, low switching
ﬁeld, and single-domain state at remanence. The switching ﬁeld of such tips is calculated for Permalloy hexagons.
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1 INTRODUCTION

Scanning probe magnetic force microscopy (MFM)
[2, 3] is the state-of-the-art tool used to explore submicron
magnetic domain structures and written bit patterns in
recording media [4, 5], for imaging of currents in internal
conductors [6], etc. MFM is popular for its high spatial
resolution (∼ 50 nm), high sensitivity in large variety of
environmental conditions, and for simple sample preparation.
MFM uses various procedures for diﬀerent samples:
constant height mode, constant frequency shift mode [7]
or combined tapping/lift mode [8]. For atomically ﬂat
samples the constant height mode can be used the tip
scans across the surface at a predetermined height while
the cantilever frequency shift is monitored. In the constant frequency shift mode a feedback adjusts the tipsample distance in order to keep the cantilever frequency
constant. The last method is a two-pass one, developed to
distinguish the magnetic and non-magnetic interactions.
Within the ﬁrst pass the tip scans the sample topology
in the tapping mode. Magnetic forces are mapped in the
second pass during which inﬂuences of atomic forces are
suppressed by lifting the tip oﬀ the surface to the constant
oﬀset (lift) distance over it.
The spatial resolution is dominantly deﬁned by the tip
radius and the tip-sample separation [4]. For good magnetic-and-nonmagnetic forces separation the lift height
∼ 30–50 nm is commonly selected.
Recently, a large number of nanomagnetic devices have
been developed — spin electronic devices, perpendicular magnetic storage media, and magnetic random access memories [9–11]. In such memories the minimal bit

length is expected to be well below 20 nm [12], so improved spatial resolution in MFM technique below 10 nm
is clearly needed. Moreover, MFM response is often suﬃciently sensitive for qualitative characterization of the micromagnetic properties of a sample, such as hard or soft
magnetic properties [13, 14], but quantitative interpretation of MFM signal is remains a diﬃcult task. In some
cases it can be determined theoretically from the convolution of the sample magnetization and the tip stray ﬁeld
[15]. In that case the knowledge of precise tip stray ﬁeld
can be used to determine the sample magnetization [16–
18]. The experiments have shown that the tip calibration
is diﬃcult to obtain, and the tip moment is impossible to
maintain during scanning.
Several attempts have been done to increase the MFM
space resolution using specially fabricated MFM tips.
N. Yoshida et al [19] and H. Kuramochi et al [20] evaporated ferromagnetic material directly onto the carbonnanotube (CNT) tips and presented improved spatial resolution and lower invasiveness of such probes. M.R. Koblishka et al [21] and S. Huang et al [22] milled standard
MFM tips and prepared high-aspect-ratio tips using focused ion beam (FIB). L. Folks et al [23] applied the FIB
milling to increase the MFM lateral resolution and magnetic sensitivity. Recently, F. Wolny [24] fabricated MFM
tip by ﬁlling CNT with ferromagnetic iron.
Such MFM tips show two negative features: ﬁrst, the
fabrication is diﬃcult and needs separate micromachining of each individual tip. Therefore, the magnetic properties of each tip diﬀer, their mass production is diﬃcult
to achieve, and their ﬁnal price is very high. Second, to
increase the spatial resolution, the tips operate at a distance at which the force mixing is signiﬁcant and then
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Fig. 1. Conventional MFM scanning method — two pass technique.
Within the ﬁrst pass van der Waals forces are scanned, then is
the tip lifted to the lift distance, in which the magnetic forces are
scanned

Fig. 2. Invasiveness of MFM scanning. Left ﬁgure shows singledomain Py ellipse switched by the MFM tip to the opposite polarity
while scanning the upper part of it; right ﬁgure shows magnetic
domain pattern switched to a more stable state while scanning the
central part of the Py sample.

Fig. 4. SM-MFM principle. Both scans are done in the tapping
mode, but the tip magnetization (vertical arrow in the tip) is reversed between them. The addition of the signals gives atomic and
electric forces, their diﬀerence are clear magnetic forces

We compare the standard MFM technique with the
new one, called Switching Magnetization MFM (SMMFM) [1]. The technique is based on two passes in the
tapping mode with the tip magnetization reversed between them. The sum of the collected traces obtained
with opposite tip magnetization represents the mixture
of atomic and electrostatic forces. On the other hand, the
trace diﬀerence corresponds to clear magnetic forces.

2 RESULTS AND DISCUSSIONS

2.1 Tapping/lift-mode MFM — invasive and
force-mixing method

Fig. 3. Permalloy object placed on the top of the Hall probe,
(a) topography, (b) MFM scan of magnetic domains for zero bias
current in the probe, (c) MFM scan gives a mixture of magnetic,
electrostatic and atomic forces if current is ﬂowing in the probe
from bottom to the top

the separation of the signal into magnetic, electric and
atomic forces is impossible.

Figure 1 shows the tapping/lift MFM method. Within
the ﬁrst pass the tip scans the sample surface in the
tapping mode. In the second pass the tip is lifted oﬀ the
surface to the lift distance, and the magnetic forces are
scanned via the evaluation of the frequency or phase shift
of the cantilever. The lift distance (and the resolution) of
the method is typically 50 nm. The distance separates
eﬀectively the magnetic forces from the van der Waals
ones.
The eﬀects of tip invasiveness and force mixing are
reported in Fig. 2, in which two examples are shown. Left
part shows single domain Permalloy (Py) ellipse switched
by the tip to the opposite polarity while scanning the
upper part of it. Right part shows the magnetic domain
pattern that consists of diamond and cross-tie structures
switched to a more stable state while the tip was scanning
the ellipse central part. Lift distance in both cases was
50 nm. Recently, also opposite eﬀect was observed —
the sample’s magnetization have changed the magnetic
moment of the metal-coated tip [25, 26].
Reduced scanning distance leads to collection of the
force signal that is a mixture of magnetic, atomic, and
electric forces. Figure 3 shows a Py object placed on a
Hall probe and scanned by the MFM tapping/lift method
at the lift distance of 50 nm. Figure 3(a) depicts the sample’s topography obtained within the ﬁrst pass (tapping
mode). Figures 3(b) and 3(c) are the MFM scans of the
object within the lift mode for a zero and non-zero bias
currents in the Hall probe, respectively. In the case (b)
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Fig. 5. Side view on a GaAs pyramidal tip (SEM). The magnetic
element sketched is placed on the tip sidewall close to its apex. The
angle created by sidewalls planes is 72 degrees at the pyramid top.
External magnetic ﬁeld in the horizontal direction (black arrow)
can reverse the magnetic moment of the element

the magnetic signal is clearly separated from the topography depicted in Fig. 3 (a). If the bias current ﬂows
through the Hall probe, electrostatic forces act onto the
MFM tip (case (c)), which causes that atomic forces are
not anymore separated from the magnetic and electric
forces in the MFM scans. Therefore, the topography defects (holes) seen in Fig. 3 (a) are fully compensated in the
MFM image without bias current ﬂowing in the probe (b),
but they are clearly visible for non-zero bias current (c), ie
when electric forces are switched on. Figure 3 (c) then represents a mixture of magnetic, electric and atomic forces.
To summarize this part, the resolution of standard
MFM cannot be easily improved by lowering the scanning
distance due to increased force mixing in the resulting
signal.

tips are deﬁned only roughly and they depend on the coating technique, material and its thickness, etc. Proposed
SM-MFM tips must show special magnetic properties:
– The magnetic moment of the tip has to be low and
non-invasive within the tapping mode,
– The direction of the magnetic moment has to be reversed easily during scanning,
– The tip must show single-domain state at remanence
to keep large stray magnetic ﬁeld.
Magnetic properties of the SM-MFM tips can be tuned
by the shape of the magnetic element located close to the
tip apex to achieve high spatial resolution of the SMMFM technique.
Any magnetic-tip technology and measurement crucially depend on the ability to manufacture a tip with
suitable magnetic properties. Our micromagnetic calculations deﬁne the optimal shape of a magnetic object that is
to be placed on the tip. We show that to lower the switching ﬁeld of the tip to ∼ 3 mT, the magnetic object must
be as large as 10 µm. The technology of the tips suitable for such magnetic objects is based on sharp GaAs
pyramids prepared by wet chemical etching [27]. By this
procedure, 10 µm-high pyramids can be fabricated quite
easily and reproducibly. We select pyramids with base
angle 45 degrees. After etching, epitaxial overgrowth can
create atomically ﬂat pyramidal sidewalls that correspond
to crystallographic planes of the 110 type [27, 28]. Within
the next step, the Py elements of precise shape have to be
formed on the tip sidewalls close to their apex using the
non-planar lithography [28]. Then a Py layer should be
evaporated or sputtered onto the tip and a lift-oﬀ technique should be used to ﬁnish the Py element on the tip
sidewall [29].
Figure 5 shows SEM of the GaAs pyramid (tip) with a
sketch of magnetic element, located close to the tip apex.
Black lines show pyramid edges, they create a 72 degree
angle at the top in the sidewall plane. The black arrow
shows the orientation of the external magnetic ﬁeld that
can reverse the tip magnetization.

2.2 Switching magnetization MFM method
SM-MFM overcomes existing problems of the standard
MFM methods (Fig. 4). The tip scans a sample in two
passes in the tapping mode with tip magnetization orientation (arrow in the tip) reversed between them. The
two traces obtained with opposite tip moments are in one
case added and in the second case subtracted. The former then represents atomic forces and the latter the clear
magnetic forces only.
The spatial resolution of SM-MFM is increased and
the force mixing lowered as compared to the standard
MFM techniques. If special tips with very low magnetization are used, the method should be also less invasive
than standard one. Such tips have yet to be developed
for the SM-MFM technique. In conventional applications
MFM tips are prepared by the evaporation or sputtering of magnetic materials onto the standard atomic force
microscopy (AFM) tips. The magnetic properties of such

2.3 Magnetic properties of SM-MFM tips —
micromagnetic calculations
Recently, several groups have studied the magnetic
properties of Py elements by the micromagnetic calculations and experimentally as well. Most of the studies
deal with elliptic and rectangular elements. J. M. Garcı́a
et al [30] studied the magnetization process of squareshaped micron-sized Py elements submitted to in-plane
magnetic ﬁelds, in which high remanence domain structures as well as ﬂux closure conﬁgurations were observed.
M. Schneider et al [31] studied the magnetization reversal
of thin submicron Py ellipses and showed strong correlation of the switching ﬁeld, vortex evolution and annihilation ﬁelds with the element shape. Also collective effects in arrays of submicron Py ellipses [32] and Py rings
[33] were studied by MFM and modeled by micromagnetic simulations. Serious impact of the edge roughness
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(a)

(b)

Fig. 6. The diﬀerence between single domain state (a) and diamond
structure (b) measured on the Py ellipses by MFM. Only single
domain state is suitable for probing external magnetic ﬁeld

above have investigated ellipses, rings and rectangles only.
We have continued the work with other, sharp objects to
understand the role of the element dimensions and its aspect ratio on its magnetic properties. We calculated magnetization reversal of the Py elements using micromagnetic simulations, and received switching ﬁeld HS versus
the element dimensions and shape. The simulations were
performed using the software package object oriented micromagnetic framework (OOMMF) [36], which solves the
micromagnetic problem using the Landau-Lifshiz-Gilbert
(LLG) equation. We used 10 nm × 10 nm × 10 nm cells
(or 5 nm × 5 nm × 5 nm for smaller elements) for calculations of magnetic state in the elements of the length
of L = 250 nm – 5 µm, the width of w = 10 nm –
2 µm, thickness of t = 20–50 nm, and for various object
shapes. The parameters used for Py are listed below: saturation magnetization = 8.6 × 105 (A/m), exchange stiﬀness = 1.3 × 105 (J/m), crystalline anisotropy constant
= 0 (J/m3 ), and damping coeﬃcient = 0.5 . Throughout
the paper the magnetic ﬁeld is applied along the long axis
of the magnetic element simulated.
2.4 Results of the micromagnetic calculations
and experiments

Fig. 7. Hysteresis loop of a single-domain Permalloy element. The
simulation shown is for hexagon of length L = 5000 nm, width
w = 1500 nm, and thickness t = 20 nm

Fig. 8. Comparison of the calculations and experiment for the
hexagons ( L = 10 µm , t = 20 , 40 nm). Stars are for experimental
results

on magnetization switching in Py nanostructures (long
stripes) was found and described [34]. The inﬂuence of
the length-to width ratio and ﬁlm thickness on switching
properties of micrometer-sized elliptical Py elements were
studied by Chang et al [35].
Based on these calculations and experiments, it can be
concluded that the switching ﬁelds, vortex evolution and
annihilation ﬁelds strongly depend on the dimensions and
the shape of the Py element explored. Papers mentioned

We are searching for conditions when Py element is in
single-domain magnetic state at remanence. Based on the
experiments, the state is achieved for ellipses of length-towidth ratio L/w > 4 [34, 37]. The micrometer-scale elongated single-domain magnets are strongly bistable, unlike
the two-domain or vortex conﬁgurations. Their remanent
magnetization always points along the long axis, and if
external ﬁeld of general direction is applied and switched
oﬀ, it always relaxes into one of two remanent states. Figure 6 shows MFM pictures of two Py ellipses (thickness
20 nm) with ratio L/w ∼ 2 (left) and L/w ∼ 8 (right)
and at virgin state (without magnetic ﬁeld applied to
the structures before the scans). Our experiments clearly
support our calculations as well as calculations and experiments of other groups presented above. The narrower
ellipse shows single domain state with magnetization oriented along the long axis.
The wider ellipse shows vortex structure without preferred magnetization orientation, with diamond state created. The magnetic moment of such object is only weakly
sensitive to the external magnetic ﬁeld. Such a diamond
state is a stable state of two coupled vortices of opposite
orientation. The diamond state increases switching ﬁeld,
and lowers its stray ﬁeld drastically, which makes such element non-sensitive to external magnetic ﬁelds, which is
not suitable for SM-MFM tips. We have to avoid such
states, and deal with the elements with single-domain
states only.
The calculations have shown that the Py objects of
hexagonal shape are very perspective for SM-MFM technique because they show single domain state from L/w
ratio equal 3 [1]. The typical calculated magnetization
loop for the Py hexagon of aspect ratio 3.3 (L = 5 µm,
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w = 1500 nm, t = 20 nm) is shown in Fig. 7. In this case,
the magnetic ﬂux lines close outside of the sharp apex of
the hexagon for each ﬁeld applied and create strong magnetic stray ﬁeld that can interact with magnetic samples
located close to them, which is needed for SM-MFM tips.
Therefore, further calculations were done for hexagons
with the apex angle ﬁxed to 72 degrees (corresponding to
the AFM pyramid apex).
Calculations of the switching-ﬁeld HS of the hexagon
on the L/w ratio together with experimental results are
shown in Fig. 8. The switching ﬁeld of the hexagon object
is shown as a function of its L/w ratio. All aspect ratios
for Py thickness t = 40 nm result into higher HS than
for those of thickness t = 20 nm, ie two branches of the
dependence are evident. These two branches are probably connected with the dimensionality of the magnetic
system represented by the element. If the element is twodimensional (2D, t = 20 nm), Nel walls are created during switching, and they move easily inside the hexagon.
This leads to lower switching ﬁeld than for thicker elements. If the system is three-dimensional (t = 40 nm and
more), Bloch walls are created which are better pinned
in the system. HS is increased in comparison with the
2D system and almost equal for all 3D systems at ﬁxed
aspect ratio. For wider hexagons the Py thickness does
not inﬂuence the critical aspect ratio (L/w = 3.3 ), for
which the single-domain state is still created. Lowest HS
calculated for hexagon of L = 10 µm, w = 3 µm and
t = 20 nm reads HS = 3 mT, which is suﬃciently low
value, acceptable for the SM-MFM tips.
We have veriﬁed the calculated dependence experimentally. For this purpose, we have prepared magnetic
Py hexagons using sputtering system AJA ATC-ORION8E (L = 10 µm, w are from 1 m to 3 µm) using electron
beam lithography directly on GaAs semi-insulating substrate. Then we provided MFM scanning experiments in
external magnetic ﬁeld applied in parallel with the long
axis of the elements in NTegra SPM system (NT-MDT)
with integrated external magnetic ﬁeld. The experimental
results and their comparison with calculations is shown
in Fig. 8. The stars represent experimental values for
hexagon (L = 10 µm, t = 20 nm). The ﬁgure shows the
agreement between the calculations and the experiments.
For the hexagons, two branches of the curve are evident,
and for wide hexagons a kind of saturation of the switching ﬁeld is observed in both, calculated and measured
data.

3 SUMMARY AND CONCLUSIONS

In this paper we compare the standard MFM technique with the Switching Magnetization Magnetic Force
Microscopy (SM-MFM), based on two-pass scanning in
tapping mode with reversed tip magnetization between
the scans. We show that the second one should increase
the MFM resolution and should resolve clear magnetic
forces, which is a diﬃcult task due to force mixing and tip
invasiveness. For the novel method new MFM tips with

easily reversed magnetic moment have to be developed.
We have proposed, calculate and experimentally veriﬁed the magnetic properties of magnetic hexagons that
show low magnetic moment, low switching ﬁeld (3 mT),
and single-domain state at remanence. Tips with such
hexagons are suitable for SM-MFM technique and will
be realized in the future directly on the tilted sides of
pyramidal tips.
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nology and Properties of a Vector Hall Sensor, Microelectronics
[14] MAMIN, H. J.—RUGAR, D.—STERN, J. E.—FONTANA, R.
J. 37 (2006), 1543–1546.
E.—KASIRAJ, P. : Magnetic Force Microscopy of Thin Permalloy Films, Appl. Phys. Lett. 55 (1989), 318–320.
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