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Introduction of localized variations in thermal conductivity, heat dissipation, and thermal
expansion at the nanoscale. In TAFM, the AFM tip is either heated or cooled,
and the interaction between the temperature of the tip and the sample is
recorded. The temperature change that occurs due to this interaction is
monitored by a thermal sensor integrated into the AFM tip. By scanning the tip
across the surface, researchers can obtain high-resolution thermal property
maps that reveal details about the thermal conductivity, heat flow, and thermal
heterogeneity across the material’s surface.

  TAFM allows for the measurement of local variations in thermal conductivity,
which can be important for the development of new materials, particularly
those used in electronics, nanocomposites, and energy harvesting. The
technique can detect subtle temperature gradients within materials, which is
important for the study of heat transport in nanomaterials and devices. TAFM
can also probe thermally induced strain and phase transitions in materials,
revealing changes in mechanical properties as a result of temperature
changes. TAFM is highly effective in characterizing the thermal properties of
nanomaterials such as carbon nanotubes, graphene, and nanocomposite
materials. For instance, graphene’s exceptional thermal conductivity can be
studied in detail to understand its potential applications in thermal
management. TAFM provides critical insights into phase transitions in
materials used in phase-change memory (PCM) and thermoelectric devices,
where local temperature gradients play a key role in functionality. As
electronics continue to miniaturize, effective heat dissipation becomes a
critical challenge. TAFM is essential for characterizing the thermal properties
of nanoscale electronic components, enabling better thermal management
strategies. TAFM is used to study the thermal behavior of polymers and
biomaterials, where local thermal properties can influence their mechanical
performance and overall functionality.

    The AFM tip is sensitive to temperature fluctuations, which can lead to drift
during scanning. Careful environmental control is necessary to obtain
accurate data. The interaction between the thermal tip and the sample is
complex, and precise calibration is required to ensure that accurate thermal
measurements are obtained. The spatial resolution of TAFM is limited by the
size of the AFM tip, which may not be sufficient to resolve very fine structures
or heterogeneities at the nanoscale. Magnetic Force Microscopy (MFM) is a
specialized mode of AFM that enables the measurement of magnetic
interactions between a magnetic tip and the sample. MFM is based on the
principle that when a magnetized AFM tip is brought near a magnetic
material, the magnetic field of the material exerts a force on the tip. This force
causes a deflection of the AFM cantilever, which is detected and used to
generate high-resolution magnetic maps of the sample’s surface. MFM is
particularly useful for imaging the magnetic domain structure and
understanding the behavior of magnetic materials at the nanoscale. The
technique provides detailed information about local magnetic fields, magnetic
domain boundaries, and the effects of external magnetic fields on the
material.

   MFM is widely used to visualize the magnetic domain structures in
ferromagnetic and ferrimagnetic materials. The technique can map both the
surface and subsurface magnetic structures with high spatial resolution. MFM
is used to study the effects of surface and interface phenomena on 

   Atomic Force Microscopy (AFM) has become an indispensable tool for
nanoscale characterization, offering unprecedented insights into the
topographical and mechanical properties of materials. Recent advancements
in AFM techniques, particularly thermal and magnetic modes, have further
expanded the functional landscape of AFM, enabling the study of material
properties beyond traditional imaging capabilities. Thermal Atomic Force
Microscopy (TAFM) and Magnetic Force Microscopy (MFM) offer powerful
tools for probing nanoscale heat transport, magnetic domains, and spin
structures, providing complementary information to traditional AFM
measurements. This article explores the principles, applications, and future
directions of thermal and magnetic AFM modes, illustrating their significant
role in advancing the understanding of complex materials and systems.

    Atomic Force Microscopy (AFM) has long been a cornerstone in the toolkit
for nanoscale imaging, providing high-resolution data about the surface
topography and mechanical properties of materials. However, with the rapid
advancement of nanotechnology, the need for tools that can provide insights
into the thermal and magnetic properties of materials at the nanoscale has
become crucial. Traditional AFM provides detailed topographical information
but does not directly address the thermal behavior or magnetic properties of the
surface. To fill this gap, AFM-based thermal and magnetic modes have been
developed, each offering unique capabilities that extend the functional range of
AFM. Thermal AFM (TAFM) and Magnetic Force Microscopy (MFM) are two
innovative modes that allow researchers to probe the thermal conductivity, local
temperature changes, magnetic domain structure, and spin configurations of
materials at the nanoscale. These techniques are becoming increasingly
important in the characterization of emerging materials, including magnetic
nanostructures, 2D materials, and nanocomposites, which often exhibit unique
thermal and magnetic properties.

   In this article, we provide an in-depth overview of the principles behind
thermal and magnetic AFM modes, their key applications, and the challenges
involved in utilizing these techniques. We also discuss the integration of these
modes with other AFM techniques, highlighting their potential for advancing
materials science, nanotechnology, and quantum research. Thermal AFM, or
TAFM, combines AFM’s high spatial resolution with the ability to map local
thermal properties of materials. In TAFM, a temperature-sensitive probe is used
to measure the thermal response of a sample by monitoring the heat transfer
between the AFM tip and the material surface. This enables the measurement 
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Conclusion
Thermal and magnetic AFM modes are powerful extensions of the traditional
AFM toolkit that provide valuable insights into the thermal and magnetic
properties of materials at the nanoscale. These techniques offer
unprecedented spatial resolution for studying phenomena such as heat 

magnetism, which are particularly important in thin films and nanostructures.
MFM can also detect defects in magnetic materials and track changes in spin
configuration under varying external conditions such as temperature or
magnetic field. MFM is pivotal in the development of next-generation magnetic
storage technologies, such as high-density hard disk drives and Magnetic
Random Access Memory (MRAM). It allows for the characterization of
magnetic domain structures at the nanoscale, which are critical for data
storage applications. MFM is a powerful tool for the characterization of
materials used in spintronic devices, where the manipulation of electron spin
is used to create faster and more energy-efficient electronic devices. The
mapping of spin configurations in materials such as topological insulators and
magnetic semiconductors is essential for the development of spintronic
technologies. MFM is increasingly being used to study magnetic
nanostructures, including magnetic nanoparticles, nanowires, and thin films. It
provides insights into the interactions between nanomagnetic elements, which
are crucial for developing new materials with tailored magnetic properties.

   MFM is also employed in the study of multiferroic materials, which exhibit
coupled magnetic and electric properties. The ability to map both magnetic
and electric fields at the nanoscale is essential for understanding the interplay
between these properties in multiferroic systems. The magnetic tip can
interact with the sample in a way that influences the accuracy of the magnetic
maps, particularly when studying complex or inhomogeneous magnetic
materials. MFM measurements can be affected by external magnetic fields,
including stray fields from the AFM system itself, which can reduce sensitivity
and accuracy. Achieving high spatial resolution in MFM requires careful
optimization of the AFM tip and the magnetic properties of the probe. The
combination of thermal and magnetic AFM with other AFM-based techniques,
such as Peak Force Quantitative Nanomechanics (QNM) for mechanical
property mapping, Conductive AFM (C-AFM) for electrical measurements, and
Raman Spectroscopy, offers a comprehensive characterization of material
properties. This multimodal approach enables the simultaneous measurement
of topographical, thermal, magnetic, and mechanical properties, providing a
more complete understanding of complex nanomaterials. By integrating these
modes into a single scan, researchers can gain a holistic view of the material’s
properties, including how thermal, magnetic, and mechanical behaviors
correlate with one another at the nanoscale. Advanced AFM systems that
allow for in situ measurements of magnetic and thermal properties under
varying conditions (e.g., external magnetic fields, temperature changes, or
mechanical stress) offer new opportunities for studying dynamic processes
and materials under real-world operating conditions [1-5].

transport, magnetic domain structure, and spin behavior, which are critical for
the development of advanced nanomaterials, spintronic devices, and quantum
technologies. As these techniques continue to evolve, their integration with
other AFM modes and the development of new probe designs will further
expand the functional landscape of AFM, enabling new breakthroughs in
material science, nanotechnology, and device engineering.
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