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Tip-induced artifacts in magnetic force microscopy images
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Useful sample information can be extracted from the dissipation in frequency modulation atomic
force microscopy due to its correlation to important material properties. It has been recently shown
that artifacts can often be observed in the dissipation channel, due to the spurious mechanical
resonances of the atomic force microscope instrument when the oscillation frequency of the force
sensor changes. In this paper, we present another source of instrumental artifacts specific to magnetic
force microscopy (MFM), which is attributed to a magnetization switching happening at the apex of
MFM tips. These artifacts can cause a misinterpretation of the domain structure in MFM images of
magnetic samples. © 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4776669]

In frequency modulation' non contact atomic force mi-
croscopy (FM-NC-AFM), the cantilever oscillation ampli-
tude is kept constant using an automatic gain controller,
while the cantilever oscillation frequency keeps track of its
resonance frequency. Variations in the energy required to
maintain this constant amplitude are attributed to an energy
transfer between tip and sample? and can be related to multi-
ple physical effects such as electron tunneling,* Joule heat-
ing,6 non-contact friction,” or atom rearrangements induced
by short range interactions between tip and sample.*'* De-
spite extensive studies, quantitative dissipation measure-
ments published generally show a large variation, in some
cases not even agreeing on the relative magnitude.'"'? It
was recently shown that the non-flat amplitude and fre-
quency response of piezoacoustic excitation systems that can
be found in any real microscope can lead to substantial quan-
titative variations in measured apparent dissipation.'**
These instrumentation artifacts can be taken into account
and corrected, allowing “true” tip-sample dissipation to be
measured. It has also been demonstrated, from atomistic'® to
molecular scale imaging,'” that the measured dissipation is
strongly tip dependent. This presents a problem as the sam-
ple specific dissipation is most often the quantity of interest.

Dissipation in magnetic force microscopy (MFM)'®!” has
been reported to arise from tip-induced magnetization changes
in a magnetic sample. If one assumes that the magnetic struc-
ture of the tip remains constant then the localized dissipation
signal can be attributed to magnetoelastic interactions, eddy
currents, or variations in pinning potentials. This phenomenon
has been used to distinguish between different domain walls
(such as Néel and Bloch walls)*'®'? and to study the depin-
ning of vortices in superconducting films.?® In this paper, we
demonstrate that the magnetization switching at a MFM tip
apex can give rise to artifacts in MFM images and might be
misinterpreted as part of the domain structure of the sample.

An array of permalloy dots, 20 nm thick and 1 ym in di-
ameter, were electron beam evaporated through a SiN stencil
(Protochips DTM-25232) on to a SiN membrane (Norcada
NTO025C). Images were obtained under an in-plane magnetic
field and high vacuum conditions, using a home built*!
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magnetic force microscope operating in FM mode.! The
MFM cantilever was oscillated in self-oscillation mode with
a phase shifter and a proportional-integral controller to main-
tain a constant oscillation amplitude. A phase locked loop fre-
quency detector (NanoSurf, easyPLL) was used to measure
the oscillation frequency of the cantilever. All measurements
presented here were carried out using the same tip (Smart Tip
SC-35-M, with spring constant k =2.8 N/m, resonance fre-
quency fo=67.5 kHz, and quality factor 10%), with a 35nm
thick CoNi coating deposited onto one of its sides. Unless
otherwise specified, the oscillation amplitude was 10 nm.

The ground state configuration of circular magnetic dots in
relatively low applied fields (few mT) is the single vortex state,
although different metastable configurations have been experi-
mentally observed.”>>* As seen in Figure 1(b), applying an in-
plane magnetic field insufficient to expel the vortex results in
the vortex being slightly displaced from the center. Notice that
the corresponding dissipation images* do not present any par-
ticular feature, apart from a faint contrast due to a slight tip-
induced movement of the vortex (Figures 1(a) and 1(b)).

However, when performing constant-height MFM imag-
ing with the same tip under higher in-plane magnetic fields,
an unusual feature appears both in the oscillation frequency
and dissipation channels (Figures 1(c) and 1(d)). Typical
imaging contrast observed for single-domain samples®®
(white-black areas corresponding to the regions with concen-
tration of magnetic poles), is here superimposed on a rela-
tively bright, homogeneous background observed only over
the magnetic dot. This is due to a partial canting of the tip
magnetization away from the vertical direction and the sub-
sequent sensitivity to both in and out of plane components of
the magnetic stray field emerging from the sample, i.e.,
Aw = Aw(&B. /02, 9*B./19z%) (notation in Fig. 2). In addi-
tion, a ring appears at the right side of the dot, surrounding
the area of attractive magnetic poles.

As shown in Figures 1(c) and 1(d), although there is a
change in both the shape and size of the ring with increasing
tip-sample distance, the feature remains present. This behav-
ior was reproducible for all the dots explored. To explain
this phenomenon, we assume that the MFM tip has two
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FIG. 1. Frequency shift (upper row) and
dissipation (lower row) images of a
permalloy dot acquired under different
magnetic fields using the same MFM
probe at a scanning height of (a)—(c)
60nm and (d) 190nm. Size of the
images: (1.2 x 1.2) um”. Frequency shift
values have been zeroed over the sub-
strate. The intrinsic dissipation associ-
ated to the cantilever oscillation has
been subtracted from the values shown,
given in eV/cycle.
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FIG. 2. Sketch of the proposed behavior of the MFM tip under an in-plane
magnetic field (black arrow). (a) The softer domain at the apex is mainly ori-
ented parallel to the external field direction. (b) In certain regions, the influ-
ence of the sample stray field can switch its magnetization. (c¢) Local
direction of the external magnetic field (B), stray field from the sample
(Bsampie™) and effective field due to the magnetic coating on the tip side wall
(Byip), in those situations presented in (a) and (b).

different regions in the magnetic coating (Fig. 2): the thin
film deposited on one of the side walls of the pyramid and a
magnetically softer region at the tip apex. The region at the
apex switches its magnetization due to the influence of the
local magnetic field. This magnetization switching in the tip
gives rise to a sudden change in the magnetostatic interaction
between tip and sample, causing the changes in the cantile-
ver dissipation as well as frequency shift which is deter-
mined by the force gradient (Aw = wo/2 k x OF/0z).

In our description, three different components contribute
to the field at the tip apex: the external field (created by an
external magnet and labeled as B in Fig. 2), the effective
field (accounting for exchange and magnetostatic couplings)
created by the thin film deposited on the side wall (B, in
Fig. 2), and the field emerging from the magnetic sample

(B*). Note that only the last contribution depends on the rel-
ative tip-sample position.

In the following, we present the simulated MFM con-
trast based on this simple tip model. Micromagnetic simula-
tions using OOMMEF Oxsii®” software were carried out for
a permalloy dot with 1 um in diameter and 20 nm in thick-
ness and the stray field emerging from this dot was calcu-
lated in the volume above the dot. Standard permalloy
parameters (saturation magnetization Mg =860kA/m, ex-
change stiffness A =13 x 107'% J/m, magnetocrystalline
anisotropy k; =01J/m?) and a cubic cell of side 5nm were
used. Figure 3(a) shows the simulated equilibrium magnet-
ization under an external field of B=60mT along the hori-
zontal direction, analogous to the experimental case. The
magnetic field created by the sample under these conditions
was evaluated and constant B,* surfaces (or iso-surfaces)
were analyzed. These iso-surfaces show qualitatively simi-
lar behaviors for different values of B,*. Figure 3(b) dis-
plays one of them, corresponding to the points in which the
z component of the stray field is B,* =(—14.0 = 0.3) mT.

These iso-surfaces look like paraboloids, whose maxima
lie above the region of the sample with a highest density of
negative magnetic poles. By taking slices at different
heights, we can compare their shape to the rings observed in
the experimental images, as shown in Figure 4. Both experi-
mental data and simulations show that the ring shape
becomes rounder and smaller and its wall widen, as the sepa-
ration distance approaches the ceiling of the iso-surface cor-
responding to a tip sample separation of 250 nm. The
bounding value B,* =(—14.0 = 0.3) mT was chosen trying
to get the best fit to the experimental data.

This outstanding agreement supports the proposed
model. When the tip is far from the sample, spins in the
softer region at the apex orient themselves along the direc-
tion of a strong external field (Fig. 2(a)). Whenever a critical
value of B,* (i.e., the z component of the stray field emerg-
ing from a magnetic sample) is reached as the tip approaches
the sample, a switching of the magnetization in this softer
domain takes place (Fig. 2(b)). This switching causes the
ring feature to appear both in the frequency shift and
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FIG. 3. (a) Simulated magnetization distribution of a permalloy dot under an
external field of 60mT along the horizontal direction. (b) Magnetic field
emerging from the magnetization distribution shown in (a). In black, the
points in which B,* =(—14.0 = 0.3) mT. The orange region represents the
Py dot. Note: In the scale bars of (a), “x” stands for scalar product and not
for vector product.

dissipation images and thus it should not be interpreted as
part of the sample domain structure. In fact, the ring corre-
sponds to a contour line of the critical field B,*, suggesting
that the observed phenomenon could be used to map the
z-component of the sample stray field. As observed in Fig. 4,
the spatial resolution reached for these features is below
8 nm at a scanning distance of 100 nm. This resolution is lim-
ited by the pixel size (7.8 nm) in the presented experiments.
Further support for this tip-induced dissipation model
comes from the fact that these rings appear solely on one side
of the dot, i.e., the magnetization switching in the tip is de-
pendent on the direction of the stray field from the sample.
The tip magnetization is mainly oriented along the side wall of
the pyramidal tip, indicated as the green region in Figure 2(a).
The magnetization at the apex switches only when both the
z-components of By, (effective field due to the tip side coating)
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FIG. 4. Frequency shift (left column) and dissipation data (central column)
compared to the simulations (XY-cross sections from Figure 3(b)), at
increasing tip-sample distance. (Bottom) Profile along the black dashed line
in the dissipation image at 100 nm yields a FWHM of 7.6 nm. Size of the ex-
perimental images: (1.5 x 1.2) um>.

and B* (sample stray field) are parallel and add to each other
(Fig. 2(b)). On the other side of the sample, these two compo-
nents point to opposite directions and the resulting field is thus
insufficient to induce the switching. In the case when no exter-
nal field is applied (Figs. 1(a) and 1(b)), the magnetization at
the apex remains out of plane in every point and no switching
takes place, therefore, no ring is introduced in the images.

The proposed model predicts another measurable effect:
the width of the observed rings should depend on cantilever
oscillation amplitude. Larger oscillation amplitudes should
allow the tip to pass through the iso-surface for a wider range
of pixels (effectively thickening the imaging “plane” in the
z-direction) to produce wider rings. Successive measure-
ments were performed at a scanning lift height of 230 nm for
three different oscillation amplitudes. As expected, larger
cantilever oscillation amplitudes reveal thicker rings (Fig. 5).
At large enough amplitudes, the tip crosses the critical iso-
surface at every single point within the limits of the ring,
yielding a disk instead (Figs. 5(c) and 5(f)).

In this work, we showed that a side coated MFM tip can
be a source of artifacts that may lead to misinterpretation of
domain configurations in magnetic samples. We proposed a
tip-induced dissipation model which assumes a MFM tip
structure with two distinct domain regions: a hard single do-
main covering most of the tip side wall, and a small, softer
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FIG. 5. Dependence of the ring on the oscillation amplitude. (a)—(c) X-Z
cross sections from Figure 3(b) (only points for z> 180nm are shown).
(d)—(f) Frequency shift images showing this effect, at a constant mean tip-
sample distance of 230 nm.

domain at the tip apex whose magnetization can switch by
the magnetic field consisting of the external field and the
stray field from the sample. The model can describe the rings
observed in experimental MFM (frequency shift) and dissipa-
tion data. A simulation was performed to validate the proposed
model, which yielded excellent agreement with the experimen-
tal observation. We also suggest that this kind of tip can mea-
sure three dimensional maps of the z component of the
magnetic field emerging from the sample. A very high spatial
resolution below 8nm at tip-sample distances over 100 nm
was achieved and limited, in the case shown, by the pixel size.
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