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ABSTRACT

We introduce an alternative method for switching-magnetization magnetic force microscopy that utilizes planar tip-on-chip probes.
Unlike conventional needle-like tips, the planar probe technique incorporates a microdevice near the tip apex on a 1� 1 mm2 chip, which
allows for thin-film engineering and micro/nano-customization aimed at application-specific tip functionalization. In this study, we establish
a microscale current pathway near the tip end to manage the tip magnetization state. This planar probe was used to investigate the intricate
disordered magnetic domain structure of an epitaxial thin film of the transition metal oxide perovskite LaMnO3, a material previously dem-
onstrated to exhibit complex domains related to superparamagnetism, antiferromagnetism, and ferromagnetism. We successfully visualized
an inhomogeneous distribution of magnetic islands near the Curie temperature, with a resolution exceeding 10 nm.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0234117

I. INTRODUCTION

Magnetic force microscopy (MFM) is a widespread method in
fundamental surface studies and nanoscale technological applica-
tions with a high lateral resolution and pN force sensitivity.1,2 The
working principle of MFM relies on the force interaction between
the tip’s magnetic stray field and a samples’ spatially varying mag-
netic textures. By nanoscale utilization of this magnetic force inter-
action, MFM covers a wide operational range from characterization
to manipulation of magnetic objects.3–5

Despite its extensive use, a general MFM hits its capability
limits mainly in lateral resolution of imaging materials with weak
or time-varying magnetization. For instance, low coercive and weak
ferromagnetic (FM) or superparamagnetic (SP) structures generally
require an external magnetic field to saturate,6 and without this the

magnetic force to the tip is weak or may be undetectable.
Furthermore, nonmagnetic interactions such as those of electro-
static origin can mask the magnetic signal.7–9 To obtain the pure
magnetic signal of nanoscale weak FM or SP textures, such as
isolated islands, an MFM variant called switching magnetization
force microscopy (SM-FM)10,11 or controlled magnetization-MFM
(CM-MFM)8 stands out by extracting such signals out of the
detected force.9,11,12 Beyond traditional MFM, SM-FM measures a
relative force change due to controlled altering of the magnetic state
of the tip or the sample (or both). Only the magnetic field interac-
tion is sensitive to the relative magnetic polarities between the tip
and sample and hence can thus be detected. The need for a SM-FM
imaging technique with the capability of imaging weak FM or SP
islands with a resolution beyond 10 nm can be found in the study of
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epitaxial complex oxide perovskites such as LaMnO3 (LMO).
Wang et al.13 have shown that epitaxial LMO reveals an abrupt tran-
sition from an antiferromagnetic (AF) state to a FM state depending
on the thickness of the LMO thin film. The magnetic transition
occurred at a film of 5 atomic unit cell (u.c.) thickness. Furthermore,
Anahory et al.14 observed inhomogeneously distributed SP islands
besides the FM domains, with the former only detected following an
applied in-plane magnetic field of variable strength. Both groups
used a scanning SQUID microscope (SSM), albeit with different
lateral resolution, to image the LMO sample’s stray field distribution.
However, the SSM imaging performed by Anahory et al.14 could not
go beyond a resolution of 100 nm, which left the SP island size to be
only indirectly inferred between 10 and 20 nm.

To solve the problem of limited imaging resolution of tradi-
tional MFM and for use in imaging complex oxide thin films, we
designed a new type of SM-FM sensor. To this end, we design a
magnetic tip with a stray field of several hundred mT strong
enough to saturate the magnetic textures. The tip is realized by
forming an oriented, single-domain magnetic state near the tip
apex.15 Traditional needle-like MFM tips generally only generate
up to a few tens of mT of stray field.2,16 With this approach, the
LMO weak FM domains are simultaneously saturated and profiled
for imaging by the same tip. The tip’s stray field decays rapidly
from the tip, and hence, by changing the height of the tip with
respect to the sample surface the weak magnetic textures can be
actively saturated.

We show that our sensor can image the magnetic textures of
LMO with a resolution better than 10 nm. This advancement
improves the traditional cantilever-based MFM techniques.17,18

However, the imaging resolution also relies on the properties of the
sample and the operational parameters of the MFM sensor, such as
the amplitude of the oscillation and the spring constant of the
cantilever.

We introduce an approach that combines planar chip-like
probes19–21 with highly sensitive tuning fork force sensors, which
we refer to as the switching-magnetization planar probe (SM-PP).
Figure 1(a) illustrates this sensor, highlighting specific channels for
tip signaling and force measurement using the self-sensing tuning
fork. The proposed method involves an on-chip reorientable tip
magnetization that functions as a switchable magnetic force sensor
without needing an external magnetic field. Moreover, the flat
geometry of the planar probe tip facilitates the integration of future
devices, aligning with that of MFM, and enables the use of additional
scanning probe methods, such as SQUIDS-on-tip,22 thermal detec-
tion and imaging,23 as well as nitrogen-vacancy magnetometry.24

II. RESULTS AND DISCUSSION

A. Sensor design

The working principle of the SM-PP relies on switching from a
multi-domain state of the tip to a poled single domain via an inter-
nally generated Ørsted field (Hp) within a planar chip-like probe, as
illustrated in Figs. 1(a), 1(b), and 1(d). Initially, the magnetic layer
on the tip is in a multi-domain state with a closed flux loop,
Fig. 1(d). The direction of this flux may be irregular and hence
inappropriate for controlled perturbing of weak FM or SP islands.
The planar probe design used in this study has a bi-metallic

structure of thin-film components: the current-carrying layer and
the ferromagnetic layer, as depicted in Figs. 1(b) and 1(c).
By sending an electrical pulse (I p) through the current-carrying
layer in a designated electrical pathway (called the bridge) near
the tip apex, we generate an Ørsted field of controlled magnitude
and well defined direction which magnetizes the ferromagnetic
layer. This action leads to a singular domain state of the tip apex,
with a preferable orientation depending on the pulse direction.

The planar probe is formed by cleaving a silicon wafer into a
small 1 mm2 square piece with a 90� tip apex.19,25 Near the tip apex,
i.e., the cleaved corner increases the flux density, increasing the tip
stray field compared to a needle-like MFM tip. This magnetic field
strength and distribution are discussed later on. The single domain
state of the tip can be used to probe weak FM domains with
SM-MFM. To this end, we used a 30 nm Pt film for the current-
carrying layer and a 15 nm Co film for the ferromagnetic layer,
placed on top of the planar probe. Detailed fabrication procedures of
the film and planar probe are given in supplementary material S1.

Contrary to the traditional passive needle-like MFM tips, we
can orient the SM-PP multi-domains into a singular domain by
only a single current pulse as often as needed to combat transient
tip demagnetization, a known issue in MFM. The resulting numeri-
cally calculated tip magnetization structure after sending a current
pulse Ip is illustrated in Fig. 1(d). As a result, we can obtain consis-
tently oriented tip domains, resulting in a predictable stray field in
the vicinity of the tip, as indicated by ~B in Fig. 1(e). Figure 1(e)
illustrates the side view of the SM-PP with the tip stray field distri-
bution predominately out-of-plane from the sample’s perspective.
In supplementary material S4, Figs. S6–S8, and in the next section,
we discuss in-depth the tip stray field distribution derived from a
numerical study. Finally, Fig. 1(f) shows a Kerr microscopy image of
the SM-PP, after having sent a current pulse Ip of sufficient magnitude.
A single domain, poled tip is formed as observed with the dark con-
trast near the apex, highlighted within the dashed circle in the figure.

We attached this functionalized planar probe to a quartz
tuning fork (QTF) force sensor25 with integrated electrical access to
the probe for the current pulse I p, as schematically illustrated in
Fig. 1(a). We used mass-retuning,25 which entails the removal of
mass of the QTF prong, that equates to the added mass of the
probe. QTF’s have been successfully used before for MFM26 and
are easily integrated in an ultrahigh vacuum (UHV) scanning
probe microscope. The mass-retuning approach for tuning fork sig-
nificantly improves the mass-carrying load capacity of the QTF.25

In the non-mass perturbed state of the QTF, the quality factor
(Q-factor) can easily exceed 104–105. As widespread AFM and
MFM applications using a QTF have previously experienced, once
the probe mass already exceeds several tens of μg, which is far
below the mass of a chip-like probe in this work, the QTF’s
Q-factor value drops to only several hundred.27 This reduction in
Q-factor results in a large loss in force sensing capabilities.25,28 For
degraded Q-factor sensors, we would be unable to use the planar
probe to image the magnetic stray fields of the LMO. To this end,
the mass-retuned tuning fork approach compensates for the mass
unbalancing from planar probe attachment and recovers sensitivity.
As a result, we are able to restore the Q-factor to greater than
2� 104 at room temperature in UHV.20,25 In supplementary
material S3, we discuss further the need for a high Q further.
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The degradation of the Q-factor can similarly occur due to
extra wiring needed to connect the current control signal for
pulse transmission to the planar probe tip apex for controlled
magnetization. This is also true for combined AFM and STM
qPlus, as well as the necessity to read-out the tunnel current,
leading to the integration of dedicated electrical contacts on the
tuning fork itself.29 We restructure the electrodes as described in
Ref. 25 by means of separation of the existing electrode layout.
To conclude, we solve the mass imbalance introduced by the large
mass of the planar probe by mass re-tuning28 the QTF as
described in our previous work25 and using readily available

electrodes on the tuning fork to prevent the need for additional
external wiring for control of on-tip devices.

B. Numerical simulations of tip functioning

To extract the magnetic signal from weak ferromagnetic
islands, the SM-PP must transition from a multi-domain state to a
fully oriented single domain at the tip apex. We utilized finite
element modeling (FEM) using COMSOL Multiphysics to simulate
the Ørsted field generated within the bridge to determine the
necessary I p magnitude for controlling tip magnetization.

FIG. 1. Planar probe with switchable tip magnetization (SM-PP). (a) Illustration of the SM-PP sensor, with electrical contacts for force sensing and sending current pulses
I p to the tip apex. The tip is formed by a tip-on-chip called the planar probe (PP). (b) SEM image of the PP with a sharp tip apex formed by cleaving a Si wafer. Sending
a current pulse generates an Ørsted field (~H p) within the metallic film to orient the tip magnetization into a singular domain state. The current pathway is created by the for-
mation of a FIB milled bridge. (c) The metallic film with two main layers: the current-carrying Pt layer and the ferromagnetic Co layer. The polarity of I p determines the
direction of the Ørsted field (~H p) which alters (reverse) the direction of magnetization of the Co film. (d) Multi-domain state can be poled into an oriented single domain by
a controlled current pulse. (e) Schematic side view of the SM-PP shows the mass retuned tuning fork prong and a lateral view of the surrounding tip stray field ~B. The
planar probe is placed under a 45� angle to the prong. (f ) Kerr microscopy image showing a single domain magnetic tip state after sending a single I p. The dark contrast
at the bottom of the tip demonstrates the singular domain with magnetization ~Mtip. The white scale bar equals 5 μm.
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Additionally, we can investigate the thermal response of the tip by
Joule heating.

Figure 2 presents the numerical and experimental validation
of the magnetic switch of SM-PP tip. The simulations cover

various bridge widths d in the range from 50 nm to 7 μm and dif-
ferent I p values from 10 to 200 mA. The pulse duration is 500 ns.
See supplementary material S4 for details on the simulations. First,
Fig. 2(a) shows the calculated spatial field components of ~Hp(~r) of

FIG. 2. Numerical and experimental validation of the magnetic switch of the SM-PP tip. (a) Numerical calculations of the generated Ørsted field ~H p(~r ) magnetic field com-
ponents Bz and Bx , By from a 150 mA current pulse Ip. The simulated bridge structure is 5 μm wide. The distance between the two white lines near the tip apex is equal
to 1 μm and indicates low current density areas. For single domain nucleation and orientation, this area must also be controlled. (b) MuMax3 calculation of the phase
diagram of the switching of domains at the tip apex under increased current values Ip. The bridge width d, from the tip apex to the FIB milled trench, are varied from
50 nm to 7 μm, presented in the phase diagram. The colors indicate a switch between two oppositely poled single domain state (green), domain fluctuations (orange), or
no switch (red). (c) and (f ) Simulated single domain formation of the tip for reversing I p polarity. (d)–(h) Kerr microscopy images show domain orientation switching after
inverting I p polarity. These images are taken from experiments. (d) and (g) The vertical component of the Co in-plane magnetization is observed to switch, indicated in
blue and yellow false coloring, of the Kerr microscopy gray level signal, visible near the tip end (e) and (h) The horizontal component of the Co in-plane magnetization,
false colored pink and green, is mainly located near the tip end.
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a 5 μm bridge under application of I p ¼150 mA. The in-plane field
components Bx and By of ~H p(~r) follow the bridge structure. This
indicates that both symmetric sides of the tip have opposing mag-
netic direction, as is evident from the current flow pathway. Near
the tip apex, Bx and By are relatively small since the current density
is lowest [between the white lines of Fig. 2(a)]. A strong
out-of-plane component Bz [Fig. 2(a)] is only observed at the
boundary of the tip and bridge, but is of little importance with
respect to the in-plane magnetization of the Co film. At just 1 μm
away from the tip apex, above the upper white line, the in-plane
magnetic field is larger than 10 mT which implies the nucleation of
oriented in-plane Co domains. In supplementary material S1 the
magnetization response of the Co film is given.

Following, ~H p(~r) is used as an input parameter within
Mumax3 to calculate the magnetization response (switch vs no
switch) of the Co film at the tip apex, as a function of the bridge
width d and I p. Details of the Mumax3 calculations are given in
supplementary material S4. In Fig. 2(b) the color scale represents
three different states of the tip magnetization after applying I p.
Green means that the tip end domain shows a 180� reversal, so a
full switch. Yellow represents an observed modification or a limited
rotation by less than 180� in the tip domain. Red implies that the
magnetization remained identical to the pre-pulse orientation. The
results show a few tens of mA increase in critical current level for
the bridge gap width values from 50 nm until 1 μm, as given in
Fig. 2(a). For bridge gap widths greater than 1 μm, the critical
current shows a larger increase, but saturates for increasingly larger
widths. The simulations indicate that it is possible to fully nucleate
a single-domain state following a sufficient current magnitude with
a design freedom in bridge width sizes.

The magnetic field near the extremity is pivotal in saturating
the weakly ferromagnetic domains of the sample under examination.
We employed numerical simulations to illustrate the spatial distribu-
tion of the magnetic field B from the tip and its lateral propagation
over the sample’s surface, as depicted in supplementary material S4,
Figs. S6–S8. The Bx and By components are most evident directly
under the tip, showing localized magnetic fields reaching up to
350mT. Achieving perfect symmetry in the tip’s geometry within a
constructed planar probe is challenging, and asymmetries can occur in
both the bridge shape and its position at the tip’s apex. Consequently,
during experiments, one can anticipate higher in-plane field values
beneath the tip. For LMO measurements, utilizing both in-plane and
out-of-plane fields is advantageous: the in-plane field aids in magne-
tizing weak ferromagnetic or superparamagnetic regions, while the Bz
component is used to measure the stray field force signal.

Although a nanometer scale of the bridge can potentially be
achieved with various techniques and types of lithography, in our
experiments, we used focused ion beam (FIB) milling. This resulted
in bridges on the micrometer scale and, as the simulation results
show of Fig. 2(b), we require a current magnitude in the order of
102 mA for domain inversion. Supplementary material S1 discusses
the FIB fabrication in further detail. Using MuMax3, we simulate a
current pulse Ip with 130 mA amplitude and 500 ns duration for a
bridge of 5 μm, the tip magnetization inverses completely accord-
ing to the pulse polarity, as shown in Figs. 2(c) and 2(f ). The
notion of tip switch at values below 130 mA is important,

especially for micrometer-scale bridges, because it significantly
limits Joule heating, as we discuss later.

C. Kerr microscopy

Following the simulation results, a Kerr microscopy experi-
ment was conducted to confirm the magnetic switch. Details of the
Kerr microscopy experiment can be found in supplementary
material S2, which presents experimental evidence of the effect of
the bridge shape on creating stable domain formation near the tip
apex. For this work, we studied more than 10 devices with small
variations in the bridge width, but all on the micro-scale using
FIB processing. We note that the shape of the bridge influences
the domain stability as discussed in supplementary material S2.
The gray and black shades in Figs. 2(d), 2(e), 2(g), and 2(h) show
the Co domains that maintain their initial orientations before the
pulse upon the application of a current pulse. Areas with false
colors display the reaction of the Co domains to I p. Figures 2(c)
and 2(f ) illustrate the orientation in the vertical direction using a
blue-to-yellow color scale. Figures 2(d) and 2(g) depict the
domain orientation in the horizontal direction, represented by a
pink-to-green color scale. The domain is primarily confined to
the bridge region, as only here is the current density high enough
to cause Co domain reversal. Along the FIB bridge’s length, the
domains are inverted (pink and green), closely matching the
numerical simulations in Figs. 2(c) and 2(f ), supporting the reali-
zation of tip magnetization control, solely by a current pulse.

D. Numerical calculation of the thermal response and
experimental validation of device stability

After applying I p, the temperature increase should be minimal
because it would hamper the operation in UHV and degrade the
metallic layers of the tip. Examples and solution by metallic layer
composition to prevent tip degradation are discussed in
supplementary material S1. Hence, we modeled the (transient) tem-
perature response of the tip for I p ¼150 mA for an upper limit of
the thermal increase. Figure 3(a) compares the simulated spatial
current density across the bridge for a I p of 160 ns, with the thermal
profile. As expected, the current density is highest near the shortest
width of the metallic film and is on the order of 1011 Am�2.
However, the maximum temperature increase is observed to be only
50 K, which means that operation in UHV is possible and would
minimize Joule heating damage to the metallic films. We experimen-
tally pulsed several tips for tens of times, and no degradation was
observed. The transient heating response was also simulated, with
the results given in Fig. 3(b). Here, a 160 ns asymmetric double sig-
moidal pulse is simulated; see supplementary material S4 for pulse
details. The temperature decreases rapidly within a microsecond as a
result of efficient thermal dissipation of the Si substrate.

We examined how the substrate capping material, specifically
a Si wafer with either a SiO2 or MgO coating, influences thermal
dissipation. These findings are further elaborated in supplementary
material S1 and S4. It was discovered that MgO greatly improves
thermal dissipation, thereby inhibiting thermal decomposition of
the film from excessive joule heating, a problem noted in devices
with SiO2 layers. The stability of the tip was tested by applying
many pules (.25 per device) of current amplitude larger than
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150 mA. No notable degradation of tip bridge structure was noted.
Furthermore, the enhanced stability could be leveraged to apply
alternating current signals to the tip. The details are discussed in
supplementary material S8. We employed a 1 Hz waveform where
the duration of elevated current densities over the bridge consider-
ably exceeded the nanoscale single pulses. As a result, these devices
experienced significantly increased heat production over extended
periods. Nonetheless, no notable degradation effects were observed.
We conducted this experiment using SM-PP devices with bridge
widths ranging from 4.5 to 6:7 μm. It was possible to observe the
tip’s magnetization responding to the AC current without any
visible degradation. This method enables the alternating magnetiza-
tion of the tip, offering potential advantages for a lock-in approach
to monitor the MFM signal.

In summary of the initial segment of this study, the design
and fabrication of the SM-PP leads to a force sensor with a high
Q-factor, using planar probe tips. Alongside tip magnetization con-
trolled by current, it facilitates the examination of magnetic surface
textures of LMO.13,14 In the subsequent part of our research, we
utilize the SM-PP sensor to saturate and visualize the weak FM
nanometer-scale islands present in an epitaxial ultrathin film of
LMO on SrTiO3 (STO).

E. MFM with the SM-PP sensor

We studied a 6 u.c. LMO on STO sample fabricated by the
procedure of Ref. 13 and their characterization according to their
supplementary material. The magnetic texture of a 6 u.c. LMO on
STO sample was imaged with our MFM operating both below
(T ¼ 100 K) and above (T ¼ 30 K) of LMO’s Tc ¼ 115 K.13

The first aim was to identify the AF and weak-FM texture distribu-
tion across the surface. Second, we investigated whether the SM-PP
was able to magnetize magnetic islands by the tip’s oriented stray

field exceeding 300 mT, see supplementary material S4, and this
should lead to the observation of the magnetic islands with a lateral
scale between 10 and 20 nm14 or even smaller. The same SM-PP
sensor was used for all imaging, with frequency modulation (FM)
feedback. The scanning parameters are kept constant throughout
all the measurements; see supplementary material S5 for methods
and experimental details.

First, we scanned at a temperature of 100 K and imaged a
plateau of the LMO/STO3 stepped surface. The 90� 90 nm topog-
raphy images are given in Fig. 4(a) and demonstrates a LMO film
RMS roughness Sq of 32 pm. Although the surface of LMO can
show several u.c. surface height corrugations, which is a known
surface feature for manganites.30,31 The lateral resolution in topog-
raphy is influenced by the relatively large amplitude of 10 nm used
to detect the long-range magnetic force. Although other factors
such as tip radius, the high Q-factor and the short tip-sample dis-
tance also influences the resolution. Ideally, a small amplitude
would be used for high-resolution topography and a large ampli-
tude for lifting-mode magnetic imaging.26 We leave this for future
work, as currently this approach of consecutively switching of the
amplitude introduced a large drift in our setup.

After obtaining the local topography, we switched to MFM.
The MFM signal was first acquired with a multi-domain, closed
flux tip, where negligible out-of-plane oriented stray field should
interact with the sample magnetic domains. Indeed, Fig. 4(b)
shows that no MFM signal could be measured below the noise level
of 1:5 mHz. The lack of topography cross talk in the lift mode
image also demonstrates that the lateral variation of the electrostatic
force is negligible.

Subsequently, the tip was pulsed by a 160 mA current pulse
for 205 ns, which aligned the tip domain in the downward position,
as indicated schematically in Fig. 4(c) and confirmed with Kerr
microscopy prior. For safety, the tip was retracted by 0:5μm from

FIG. 3. Numerical study of the thermal response. (a) On the right, the calculated current density across the bridge for a current pulse of 150 mA. The current density
increases up to 6� 1011 Am�2 at the smallest section of the bridge. On the left, the corresponding temperature profile. (b) The current pulse I p has to form an asymmetric
double sigmoidal function plotted as the black curve. With a FWHM of 160 ns and a peak value of 150 mA. The transient temperature response, red curve, shows a rapid
decay of the temperature, highlighting the efficient thermal dissipation of the bridge and ensuring mechanical stability.
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the surface during the pulse, which can lead to a lateral drift of
around 10 nm in our SPM at these temperatures. With the magnet-
ically oriented tip, we continue MFM imaging at 100 K and
observed a complex landscape of magnetic textures throughout the
scanned area, as given in Fig. 4(c). The smallest magnetic objects
are highlighted with red circles in Fig. 4(c), which also correspond
to the strongest attractive magnetic forces. These features have on
average a diameter of 10 nm. We attribute these area’s as tip stray
field induced magnetized domains. Observing the nominal size, it
is very likely that these correspond to the weak FM textures,14 even
at 100 K. Performing force-distance (F-z) spectroscopy on the red
islands of Fig. 4(d) showed complex behavior and provides more
evidence for weak FM properties. The tip was retracted up to
20 nm above the surface and then lowered until a notable repulsive
fore was observed. The frequency shift df was measured during
spectroscopy. Evidence of the surface magnetization induced by the
tip stray field is given in Fig. 4(d). We observe four distinct
regimes; first, we note long-range attractive forces between 20 and

8 nm. This can be assigned to long range electrostatic forces, which
do not change laterally. Around 7:5 nm, a sudden negative change
in df is observed as indicated with a blue arrow in the figure.
We attribute this to the significant increase of the magnetic field
the sample experiences as the SM-PP tip approaches the weak FM
domain and hence saturating it. At 3:4nm, indicated with an
orange arrow, the attractive van der Waals force region is noted. At
very small tip-sample distances, df becomes positive evidence of
repulsive forces.

We also measured damping, a sign of energy loss via the local
magnetization change of weak FM islands.7 In Fig. 4(d), the red
curve shows a sudden increase in damping, as indicated by the red
arrow in the figure. Likely, at this distance the weak FM islands are
magnetized periodically as the tip oscillates up and down, which
requires constant input of energy supplied by the tip oscillation
feedback system. For comparison, Fig. 4(e) shows the same F-z
spectroscopy experiment performed on the blue areas of Fig. 4(c).
Less perturbation of the attractive force df is observed, and no

FIG. 4. MFM with the SM-PP sensor on 6 u.c. LMO/STO. (a) Topographic images of LMO. (b) Multi-domain tip state MFM measurement at 100 K showing no magnetic
contrast.(c) The SM-PP tip is magnetized into a single domain. MFM imaging reveals spatially inhomogeneous magnetic contrast at 100 K. (d) Typical force-distance (F-z)
spectroscopy and damping (voltage) signal taken at red areas of c. F-z spectroscopy shows a sudden kink in the attractive regime as highlighted with the blue arrow. The
orange arrow indicated short range vdW forces. The damping signal (red line) is simultaneously taken, showing a sudden change in dissipation as indicated with the red
arrow, (e) F-z spectroscopy and damping signal taken at a blue spot of c, showing significant reduction in sudden dissipation and force changes at the blue and red arrow,
compared to d. ( f ) and (g) Magnetic features observed with a poled tip. The tip’s stray field induces local magnetic domain perturbation (streaks) as indicated with the
black circles and arrows. The forward and backward scan are compared. In all images, the black scale bar is equal to 30 nm.
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measurable change in dissipation is observed, as highlighted with
the colored arrows. We conjecture that those blue-colored areas are
the antiferromagnetic domains.

Generally, the weak FM features (colored red) are embedded in
magnetic labyrinth-like domains colored yellow/green in Fig. 4(c).
These domains are continuous and spread across the surface.
Furthermore, they have a smaller attractive force than the weak
FM areas. The areas depicted in blue are observed in two distinct
regimes. First, we note distributed areas highlighted with the
dashed white line. Second, blue circular like textures are noted as
highlighted with the blue circle. These textures show very little
attractive frequency shift. Hence, excluding electrostatic forces, as
these are constant across the surface, these domains form an anti-
ferromagnetic texture, corroborating the SSM observations of
Wang et al.13 and Anahory et al.14

Furthermore, we note that the tip-stray field can induce local
magnetic perturbations in the real-space imaging. By comparing
the forward and the backward scan, Figs. 4(f ) and 4(g), the areas
highlighted in the black circle show a clear distinction between the
two images. We conjecture that the field from the tip perturbed the
local weak FM domains. This would also be in agreement with the
observation of streaklines as indicated with the arrows.

We demonstrated a sharp contrast between the MFM imaging
capabilities of the magnetic tip’s multidomain and single-domain
states. As expected from a weak and unknown oriented tip mag-
netic stray field, we initially could not detect an MFM signal above
the noise floor at either 300 K or 100 K, as shown in supplementary
material S6. Following the switch from tip magnetization to a
single-domain state, we finally obtained an MFM map with a
lateral resolution better than 10 nm, as seen from a line trace in
supplementary material S7.

III. CONCLUSION AND OUTLOOK

In conclusion, the results offer strong indications of the
imaging capabilities of the magnetically controllable SM-PP sensor
for weak FM islands with a resolution higher than 10 nm. First, we
achieved repeatable control over the magnetization at the SM-PP
tip with a single domain state at the tip apex by integrating micro-
scale current pathway. This tip-on-chip design is enabled by using
planar probe like tips placed on a quartz tuning fork for integration
in ultra-high vacuum. Following, we demonstrated imaging of a
complex magnetic texture of epitaxial LaMnO3 with nanometer
scale identification of weak FM islands using the SM-PP sensor,
confirming the existence of sub 10 nm weak FM islands embed-
ded in a non-magnetic matrix near the Curie temperature.
The tip-on-chip approach offers a viable pathway for future
tip-integrated applications. Such, the SM-PP can be combined
with scanning tunneling microscopy functionality because of
the tip metallic layers and electrode accessibility of the tuning
fork. In this way, we can combine ultra-high lateral resolution
imaging of conductive metal-oxide perovskites and measure the
long range MFM forces without the need to switch to different
setups. This possibility opens up an approach to disentangle the
atomic-scale structure and long-range magnetic ordering rela-
tions of transition-metal oxides for application in spintronic
and catalytic devices. Considering its enhanced sensitivity, the

widened scope of tip-on-chip design can convert the MFM/AFM
from a surface analysis tool with passive probes to a more sophisti-
cated device with active complex probes for characterization, e.g.,
on-chip nitrogen-vacancy centers diamond tips as quantum sensors
for detecting ultra-small magnetic fields32,33 or currents.24

SUPPLEMENTARY MATERIAL

See the supplementary material for the fabrication procedure
of the planar probe with characterization of the film roughness,
film engineering to prevent Joule heating, Kerr Microscopy experi-
ment to image the single domain state near the tip apex after a
current pulse of a SM-PP sensor, discussion of the QTF function of
MFM, numerical calculations of the thermal and magnetic proper-
ties of the sensor, detailed experimental procedure for MFM
imaging in UHV, MFM imaging below and above Tc and analysis
of the obtainable lateral magnetic imaging resolution.
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