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Two-dimensional (2D) magnetic materials, such as transition metal dichalcogenides (TMDs) and van der Waals magnets, present
unique quantum magnetic behaviors distinct from their bulk counterparts. These atomically thin systems have opened exciting avenues
for developing spin-based technologies and topological magnetism. Magnetic force microscopy (MFM) has emerged as a pivotal tool
for characterizing such materials at the nanoscale. This review explores the principles, operational modes, and advanced analytical
approaches of MFM, emphasizing recent progress in imaging magnetic domains, skyrmions, and spin textures in 2D systems. We
further highlight quantitative modeling strategies, artifact mitigation, and the integration of MFM with external stimuli. Finally, we
offer perspectives on the challenges and future potential of MFM in spintronics, nanomagnetism, and quantum material research.
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Fig. 1. (Color online) Principle of MFM operation. (a) In the first scan using tapping mode, the tip oscillates at a height %, to measure the surface
topography of the sample. In the second scan, the tip is lifted by a distance /4, and a total scanning height of 7, = 1, + hy is maintained along the
surface. This configuration suppresses short-range van der Waals forces, enabling measurement of magnetic interactions between the tip and
sample. (b) The tip senses long-range magnetic forces originating from magnetized regions of the sample.
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Fig. 2. (Color online) Magnetic structure analysis of two-dimensional magnetic materials using MFM. (a) MFM signals of a Crl; flake under
varying external magnetic fields. (b) Schematic illustration of the spin alignment and stacking sequence in the surface and inner layers of a Crl;
flake. (c¢) MFM imaging of domain formation and evolution under different magnetic fields in a Crl; flake with a thickness of approximately
200 nm. Figures reproduced from Ref. [6]. (d) Anomalous Hall resistance hysteresis curve measured at 4 K for a CGT/Pt heterostructure. (¢) MFM
frequency shift images of the CGT/Pt sample at low temperature, corresponding to specific magnetic field values indicated in (d), revealing
magnetization transition characteristics. Figures reproduced from Ref. [12].
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Fig. 3. (Color online) Manipulation of individual skyrmions using MFM and demonstration of stray field-based controllability. Skyrmion motion
was observed through a sequence of MFM images obtained under a perpendicular magnetic field (4. = 71 mT) applied to a Py/CoFeB/MgO
multilayer structure. (b), (d), (f), and (h) show skyrmion images acquired in I-pass mode with a lift height of Az = 145 nm; the corresponding
topography was measured separately at H, = 50mT. (c), (e), and (g) display traces of skyrmion motion along the tip scan path induced by the tip’s
stray field in II-pass mode. Scanning was performed along the slow scan axis with a line spacing of approximately 20 nm. (a) presents a schematic
of the experimental conditions. In all images, the magnetization direction of the tip is aligned with the external magnetic field and opposite to that

of the skyrmion core. Figures reproduced from Ref. [17].
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Fig. 4. (Color online) Workflow for quantitative MFM measurements
using the tip transfer function (TTF). The MFM image is first
binarized, and experimental parameters—such as domain wall width,
cantilever tilt, and saturation magnetization—are used to generate a
surface charge pattern. Both the MFM image and the surface charge
pattern are then deconvoluted in Fourier space using Wiener filtering,
yielding the tip transfer function (TTF). The TTF represents a unique
characteristic of the probe, independent of both the model and
experimental conditions. Through this process, a quantitatively
calibrated MFM image is obtained, with the influence of the probe
effectively removed. Figures reproduced from Ref. [14].
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