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ABSTRACT

Since it was first demonstratéd 1987, magneticforcemicroscopy (MFM) has become a truly widpread
and commonly used characterization technique that has been ajgphedariety of research and industrial
applications. Some of the main advantages of the métiohetesits high spatial resolutio50 nm) ability to
work in variable temperature arapplied magnetic field, versatility and simplicity in operatiorall without
almost any neetbr sample preparation. Howevdor most commercial systemihie techniquénas historically
provided only qualitative informatioandthenumber of available modegastypically limited thusnot reflecting
the experimental demand&dditionally, the range of samples under studgrel ar gel 'y restricted

ferromagnetic samples (typically, thin films or patterned nanostructures).

Throughoutthis Perspective articline recent progresanddevelopment of MFMs describedfollowed by
a summary ofhe current statef-the-art techniques and objects for study. Finatlye future of this fascinating
field is discussed in the context eimerginginstrunental and material developmentspects including
guantitative MFM, the accate interpretation of the MFM images, new instrumentation, peoigineering
alternatives, and applications of MFM to new (often interdisciplinary) areas of the material science, physics and

biology will be discussed.

We first describe the physical pripels of MFM, specifically paying attention to common artefacts
frequently occurring in MFM measurements; then we present a comprehensive review of the recent developments
in the MFM modes instrumentation and the main application areas; fintdiky,impotance of the technique is
speculated upon for emergingamticipated to emerdields including &yrmions, 2Dmaterials and topological

insulators
1. INTRODUCTION

First demonstrated in 1987 magneticforce microscopy(MFM) is a weltestablished and widelysed
technigue. Ovethe last three demdes the methodhas beerextensively used in a vast number of applications
where the knowledge of the local distribution of the magnetic properties of thin film materials and their

nanostructures is of paramount importanthis functional technique reBeon quantifying the lonrgange
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magnetostatic force between the magnetic sample and a magnetically coated probe positioned at a constant height
over the specimen surface. In its simplest form, the typical MFM procedure involves two linear scans heirstly, t
topography of the surface is obtained by using tapping mode atomic force microaEdpy({.e. exploiting van

der Waals interactions between the probe and sample). During the second scan, the probe is lifted away from the
sample [i.e. van der Waals émactions are negligible and the probe experiences onlyrimge magnetic (and

electrostatic) interactions] and the initial topography profile is repeated at the constant lift scan height (Fig. 1a).

The knowledge and expertise accumulated in the infieiod of MFM development established a
fundamental base for the modern commercial MFM systems. Howewigrecently unlike other functional
scanning probe microscop$fM) techniques, commercial MFM systeinave not demonstratka variety of
modes andavereused primarily ortheirown. At the same time, the use of MFM was somewhat limitéclassi®
ferromagnetiqFM) samples, although they were represented in a variety of forms. Recently, the rise of novel
materials often combining magnetic and othéunctional properties or demonstratimpmplex forms of
magnetism, such as multiferroics, topological insulators, magnetic semiconductors, etc., has stirhufated

the development aidvancedMFM modes.

A number of methods have been developenage magnetic structures with different sensitivities and on
many lateral scales. These methods can be roughly divided inte Aedrscanning probeased techniques. The
former involves a broad spectrum of physical principals of operation (i.e. poléighedx-rays, and electrons)
and includes both we#stablished and novel techniques such as magqmeioal microscopy based on Kerr and
Faraday effect, Lorentz force microsgm/®, scanning electron microscofl§EM) with polarization analysfs,
and photoemission electron microscbfyspecifically including xray magnetic linear and circular dicism

microscopy®.

The latter group comprises a variety of magnetically sens8dtbased techniques. One of the recent
exciting examples includes integration of nitrogen vacancy (NV) defect centetsighitp diamond mechanical
oscillators allowing realization of a quantum qubit system with the advantages of highly coherent electron spin
and narrow optical transitionaccompanied by nanometer scale resoldti&n Another example is magnetic
resonance force microscopy that succeededktacting single electrons and small nuclear spin ensethfles
Successful examples of mounting a magnetic sensor on asgagmobe include Hall probe microscépwand
superconducting quantum interference device (SQUID) micros€éhyll these methods have both advantages
and drawbacks, as well as a different degree of atjuit in research and industryhese techniques are

however,beyond the scope of this Perspectives article, which will entirely focus at on MFM.

MFM has beemost widely used for local characterization of magnetic nanostructures and imaging the
magnetic field distribution at the surface of magnetic matéfidlsDespite decades of advances in magnetic
imaging®, obtaining direct, uncoupled and quantitative information with high spatial resolution remains an

outstanding challenge

Among all methods for the observation of magnetic domairctstres, MFM is the most widely used, due to
its high spatial resolution-(10 nm¥?, sensitivity <10 pN)?, relativesimplicity in sample preparation, capability

to appy in situ magnetic fields to study magnetization proceSsasdcan operatén different environmené,



The MFM techniquéhas been proven as an excellent characterization tool in both fundamental research and

industrial applications. For comprehensive MFM reviews performed in the early days of MFW2s€e

The aim of this Brspective article is to anag recent progress in development of MFM, present the current
stateof-the-art, and outline the future and perspective of this fasoigpéield. Such emerging aspects@sbe
engineering alternatives, new instrumentation, quantitative measurementsyritbet énterpretation of the
resulting MFM images, the loss of energy analysis and applications of MFM to new emerging areas of the material

science, physics and biology, etc., are subjects of ongoing research that will be discussed in this work.

The article is organized as following: Chapt2rdescribes the physical principals of MEkind common
artefacts in MFM measuremeriiereview(Chapter3) describes the recent developments in instrumentation and

the main application areas; finally, therspectivgChapterd) presents the emerging trends in the field of MFM
2. PRINCIPLES AND ARTEFACTS IN MFM

The longrange force interactions (i.e. force gradients) between the magnetic probe and the magnetic sample
in MFM are recorded and correlated inthe secondfpas® m t he shi ft i n fA),erphasency ( ¥
( ® from the initial driven parameters (ixeo, Ao and ¢, respectively) of the oscillating cantilever. However, it
is not possible to directly quantify these-tigmple interactions without pri knowledge of the probe properties
and behavior. In the absence of anysmple interactions, the oscillating probe can be approximated as-a point
mass spring, thus can be defined by a classielinear, second order differential equation, i.e. from Nt on 6 s
second law of motio¥. From the possible recorded data channels alopvef the cantilever is #amost common
representation of magnetic contrast in the seqmss of MFM, hence it is useful to describe the relationship

between the phase in free spaeg énd the excitation frequency (without any externally acting forces’a%
n OAT ——— [1]

0 4 [2]

wherem, o, ® andk are the point mass, resonant angular frequencyityjtactor and the spring constant of the
cantilever, respectively. When the probe is oscillated atyo, equation 1 dictate&(y) is equal to—rad If we

introduce tipsample interactionsF(), this subtly changes the oscillation and subsefyehe instrument
response. Assuming small displacemen)sifth respect to the rest positiom)( of the cantilever, the force can

be described as follows after a Taylor expan$jon

0 —— o, 13]

thus the equation of motion is adapted to encompass the sunmfofdiderivatives acting on the cantileyer

OAT100 4¢ o —ad Q — & o . [4]
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Figure 1: Schematis for different MFM modes(a) Standard two-pass MFM: In the first pasgleft) the probe
raster scans the surface, mappihg topography of the sampley At appi ngd al omgantt he sur
frequency to); in the second pass (right) the probe lifts a set distance away from the dar)pderd maps the
long-range interactionwia the phase change of the oscillating cantileatea, constant probsample separation.
(b) Frequencymodulated Kelvin probe force microscopyMFM : In addition to acquiring the saie
topography in the firspass (left) thetechniques sensitive to thprobesamplecontact potential differend€PD)
by monitoring the magnitude of the sidebands ofithe o esohant peak induced fraamodulated AGvoltage
(Vmoa, fmod) @pplied to the probe; the effects thfe CPDare nullified in the seconpass (right) by applying a BC
voltage of magnitudsuch that the sidebands afectively reduced to zerdi.e. Voc = Vcpp). (€) Dynamic
magnetoeeéctric force microscopy The first pass (left) ithe same as in (ah the secongbass (right) the probe
is not mechanically oscillated, insteaccombined AC/DC bias is applied to the sample ledesetrodeand the
sample potetial is electrically modulated at the mechanical resonance of the canfileyel he resulting AC



magnetic field from the sample (from the linear magnetoelectric effect) induces resonant motion of the magnetic
probe.(d) Bimodal MFM: A single-pass technique where the probe is excited at @fvits resonanfrequencies
(¥1andyy), each of thee frequencieare sensitive tgpecificsample properties (e.g. shashd longrange probe

sample interactions

fi 08 utilized here is because a number of possible forces can be acting between the probe and the sample
simultaneously, inelding van der Waal, magnetostatic and electrostatic interactions. In order to isolate solely the

magnetic contrast, methods must be utilized to mitigate the parasitic signals (discussed in greater detail in the

review section). In equation #p describeghe amplitude of the driving force, are— represents the damping

factor. Equation 1 in the presencelidfecomes

ni OAl —— — | [5]

which, providing the probe is oscillatedwatand(l << k, equation 2 can be substituted into equation 5 arekgi

us the phase as a functioniof

ni OAT —. [6]

Combining equations 1 and 6 finally produces the approximate relation betwapnahdd, 2°

AN - OAT — -,. [7]

An understanding of how the cantilever resonant frequency shifts frois also desirable, as frequency

modulated modes in MFM and other scanning probe techniques are becoming more comnapn.ciihebe

detected by classical logh techniques and signal can be utilized for greater parameter control, e.g. more
controlled tipsample distance control (e.g. from capacitive coupling) Her e we 61 | seuaatonnct | y d

ofp¥ t somigquatién 4 it is possible to define the effective spring constant of the cantilgyeas? 3233

N ., as (8]

where goositive (attractive) or negative (repulsive) force gradient effectively leads to a softer or harder cantilever,

respectively”3% This modification hace causes a shift iyt 0 oimvelyjiation 2, thus

T — 1 p - 9]
Assuming once again that<< k, a Taylor expansion can be performed on equation @arid finally given by
A7 — [10]

Rel ating the calculated force gradients to quantitati
field of research, requiring an estimation of the MFN

the acquired MFM dataseA. further discussion of how this is achieved is outlined in section 3b.



Despite the advantages highlighted throughout this article, MFM is not without its limitations and errors. Just
like other SPM techniques, MFM is susceptible to artefacts, whiche@uarb the measured image and, without
careful handling, can lead to incorrect interpretation of the results. Many commorb&felll artefacts and
methods for reducing their effects are discussed elseth@able | summarizes MFMpecific artefacts and
solutions to minimize their effects on recorded images. A numbehesfe will be specifically discussed

throughout the present work.

Arguably the most important factor for accurately representing stray magnetic fields emanating from the
measurand is careful consideration of the probe and its own magnetic and physgiealiggaelative to the
sampl e. The resolution and sensitivity of MFM probes
properties. However, as an MFM image is a convolutior
it is imperatve to also consider theducedeffects of the probe and sample's stii@id on each other, as this can
result in imaging artefagtsuch asltering the moment afither the sample or the prébé& For example, Figure
2 shows the magnetic state of a low coercivity Ni digk lea perturbed by the MFM proléth higher magnetic
moment(standard moment, SMjuring data acquisitignrcompared to the low moment (LM) prokie, and b,

respectively)
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Figure 2: Imaging artefacts in MFM. MFM images of a nickel disk (diameter 800 nm ahitkness 25 nm)

measured witlstandardnoment (SM)andlow moment(LM) probes The di skds magnewyi zati on
the strong magnetic moment of the SM pr¢de but not by the LM probéb). The line profiles (green and blue

lines) were obtained with LMleft vertical scaleand SM(right vertical scaletommercial probes, respectively

(c). Black solid lines show thgeometrical size of the Ni disk and red dashed lines mark the outline of the vortex

core measured by the LM probeeproduced with permission from Wrenal, Ultramicroscopy179, 41 (2017).

Copyright 2017 Elsevier.

Another commorartefact in MFM datacquisitionis the effects of botinduced electrostatic interactions

between the probe and the sample] magnetic contamination. There are a few examples of misinterpreted MFM



images in literature due to these parasitic artefacts, including proposedtindughly ordered pyrolytic graphite
(HOPG}’ (demonstratethat observed contrast was duelectrostaticsi.e. not a magnetic origitby Martinez
Martin et al3®) and room temperature ferromagnetism i @lymers®4°(shown to be R contaminatioft+2

and later retracted by (most) of the original autfRrd hus, for magnetic contamination, it is vital to carefully
monitor the magnetic history and exclude expesf magnetic materials and tools (e.g. catalysts, tweezers, etc.)
to the sample in fabrication/handling processes prior to the measurémitietcase of parasitic electrostatids, i

is crucial to be able to identify and nullify the adverse artef&otsthis, it is primarily important to consider the
electrical grounding during the measurement, with alternative astiv@assivenethods for nullifying the effects

discussed later iBection 3

Table I: Common limitations and errors in magnetic force microscopy

Limitation Description Result on MFM image Method of compensating  Rel.
limitation refs

Coupled estatic  e-static, frictional and Image containsontribution ofall 3  Kelvin probe- MFM (KPFM- adiar
& magnetic magnetic forces all signals MFM)
signals influence changes in probe Switching magnetization MFM

oscillation (SM-MFM)

Variablefield MFM (VF-MFM)

Sensitivity to MFM (and SPM generally) Noise andartefactsiue to external Image pocessingvacuum 3248
acoustic noise, aresensitive to externally  influences operation vibration isolation tables
air flow & driven vibrations etc.
vibrations
Magnetic The probe is sensitive to  Falsepositives Careful sample preparation, 4950
impurities artefactswhich may present handing and measurement

on/in the sample. procedures.
Pr olsteap s The exact magnetic Errors inextractng meaningful Modelling probéd magnetization 552
field distribution distributionof individual guantitative values Probe calibraon
unknown probesis not known
Resolution / The active magnetic volum: Images from small force gradients Resolution Deconwlution 5355
sensitivity is proportional to sensitivity will have lower resolution. processes; ultraharp probes.
balance and inversely proportional Sensitivityrequires a measurable  Sensitivity suitable pobe selection;

to resolution interaction force, which is in vacuummeasuremenbptimized

proportional to the interaction ext. variablesT, Bex)
volume

z- distance At largerz-separations, Lower resolving pwer leads to Modelling for tip-sample distance. 5657
effects interaction volume ioreases errors in laterasizes.Calibration Controllable tipsample distance

and signal strength values vary as a function of tip between calibration and test gales

decreases sample distance.

3. REVIEW

Here we describ¢he recent developments in instrumentation, quantitative MFM modelling and modern
application areas of MFM. Specifically, we address such areas of instrumentational developgméatdaand
low/high temperature MFM, discuss compensation of electrostatic signals and energy dissipation in MFM. We
also briefly present different types of MFM, i.e. dynamic magwmétatric force microscopy, bimodal MFM and
magnetic scanning gate microscopy, as welldavelopment of custodesigned MFM probes. The modern
objects of MFM studies discussed here include @ttran films with perpendicular magnetic anisotropy, artificial
spin ice as an example of patterned structures, magnetic topological structutéesroial materials and

materials for Life Science applications.



a. ADVANCED MODES AND INSTRUMENTATION

Only a few years after the initial development of MFM, different groups explored the power of MFM
imagingwith in situ applied magnetic fields. Initiall)gustombuilt approaches (typically consisting of a system
of coils or permanent magnets) were implemented in commercial MFM equipment spleman (IP) or oubf-
plane (OOP) fieldor maximumamplitudes rangingrom 300500 mT. At that time, hot topiascludedthe
evaluation of switching fields of sulicron magnetipatterng and the study of the magnetization reversal both
in thin films with perpendiculamagneticanisotropy(PMA)>®¢%and in magnetic nanowir¢lWs)?1:62(with OOP
and IP fields, respectively. As the available range of magnetic fields progressed (up to 1000 mT), it became
possible to study the magnetization process in nadserouted for magnetic recording medi#t Specialized
customMFM systems withn field capabilities operating under extreme conditions (7 T OOP at 7.5 K and UHV)
were reported, e.dappenbergeet al®, and usedurrentlyfor probing novel nanomagnetisra.g. exchange

bias multilayer®:¢”. Moreover, the application of vector magnetic fields in MFM vezently demonstratétl

In addition to the standard MFM images recorded at fixed magnetic fields, two different groups
developedn situ MFM imaging in variable field, where the probe scans alorgyspatial dimension, while the
slow axis of the scan corresponds to a gradual change of the magnettédiditis variale field MFM mode

allows for evaluation of the critical fields in individual magnetic elements or the coercive field of the MFM probes.

The infield MFM technique provides a reliable understanding of the internal spin structure and its
magnetization reveas processes and has been recently applied to studies of both the domain configuration and
domain wall (DW) properties in various magnetic thin films and raject§% X, For example, ifield MFM
has been used to characterize the novel spifigtoation and the magnetization mechanism in cylindrical
magneticNWs, which are exempt of the Walker breakdown limit tlestrictsthe DWvelocity’?”3 The infield
MFM technique is also paramount for sesliof the topologically protected magnetic states characterized by the
Dzyaloshinskii Moriya interaction (DMI), e.g. magnetic skyrmions, since this technique is being intensively used

to analyze their stability, nucleation and propagdfiéh

The combination of nanomagnetism and biomedical applications has also been a hot topic in recent years, e.g.
in application to studies of hyperthermia effect for cancer treatment. The study of individual magnetic
nanoparticleMNPs) by infield MFM allows for determination of the easy axis off@ MNPs® and the

vortex state formation and annihilation in individual 25 nm MNPs

Variable temperature MFM is another important topic for MFM developnient-temperature MFM has
been utilized to study superconducting flux vortices in Type Il superconductors, where detailed information on
the temperature ancefd dependenétof their properties can be obtained with the high spatial resolution of the
MFM. Understanding phenomena such as flux creep and pfimitidne nanoscale is important for technological
applications such as high critical temperature (fighsuperconducting ceramicwhere creep can cause a
reduction in the critical current and fiefd8> Low-temperature MFM measurements in the range of B6 K
have been used to image flux vortices in ¥Ba&O-.x (YBCO) single crystal film%. In these experiments, the
authors emplogdthe use of a bath cryostat with a variable temperature insert and a superconducting magnet. This

system allowdor measurements with a temperature range -04®0 K, ultrahigh vacuum and gghied fields of



7 T. The same authors also demonstrated how vortex bundles can be manipulated and nucleated using the stray

field from the magnet probe

While piezo excitation is the most common way to excite AFM cantilevers, it is not specifically
advantageous in low temperature systems, where instabilities originate from the thermal contraction of mechanical
parts pressing the cantilevén. the past, the photothermal excitation of the cantilevers using two laser sources
was accepted to be the best alternative method. In this one of the beams was focused at the end of the cantilever

for deflectionmeasurement, and the second beaar thebase of the cantilever for excitatf§’.

Recently a novel radiation pressure based cantilever excitation method for imaging in dynaiic AF
mode was presented kpelik et al® In order to simplify the optical design in cryogenic AFM/MFM, the authors
explored the use of a single laser beam, and fiber optic interferometry; bbdkie fexcitation and detection of
cantilever deflection in AFM imaging. The high performance of the radiation pressure excitation in AFM/MFM
was demonstrated by magnetic domains ifP€multilayers and an Abrikosov vortex lattice in BSCCO(2212)

single crygtal at 4 K&,

In addition to lowtemperature measurements, it is also possible to image magnetic phenomena and transitions
that occur at higher temperatures. Typically these measurementsrémenpd using Peltier orfor higher
temperaturegesistive heatersvhich can providen situ measurement environments frooom temperature to
520K. It has been demonstrated that the temperature dependence of the domain structure of FePtdaim films
be imagedThis is highly pertinent for future magnetic recording technologies such as heat assisted magnetic
recording (HAMRY® where the energy required for magnetization reversal is reduced througfefteéaser

heating.

FeRh undergoes a first order metamagnetic phase trangiim an antiferromagnet to a ferromagnet above
a critical temperature of approximately 370K, which is also accompanied by an expansion of the crystal lattice
and a sharp drop in the electrical resistRfityt has been shown that control of the electrical resistivity in FeRh
canbe achieved via strain modulation of a (001) PMN piezoelectric substrate This strain modifies the
relativecontributions to the total electrical resistivity by modifying the relative volume of the antiferromagnetic
and FM regions through the strain induced phase transition. In this work, MFM was used to investigate the first
order metamagnetic phase transitigri-eRh, at temperatures above and below the phase transition. It was found
that the relative size of the FM domains expands rapidly through the phase transition and then reduce in size upon
cooling, highlighting the effectiveness of MFM to gain insightit® magnetic landscape of complex systems on

micrometric length scales.

In MFM experimentsuch as those already discusse important taconsider the electrostatic influences to
the MFM signal. Here we discuss further the instrumental developmahtsxamples relevant to separation and
compensation of electrostatic signals in MFM. typical prob& sample working distances, the magnetic and
electrostatic interactions can have comparable valepending orithe electric and magnetic properties of the
system. An electrostatic contribution is present whenthesprobeand sample exhibit different work functions,
which results in a contact potential difference (CPD). Such electrostatic interaction can mask other long or short

range interactiort$°2 In a homogeneous sample, the CPD can be compensated by applying an appropriate bias



voltage between therobeand the sample. However, if the surface is composed of more than one material, this
simple m¢hod is not applicabfé, sincethe CPD values vary all over the surface. When a heterogeneous sample
(e.g. nanostructures on a substrate) is studied, and especially in the case of low magneticmaterials, it is

necessary to consider this problem in order to prevent incorrect image interpfétation

The first method for separating both long range imésa was proposed by Jaafat al*®. There, a
combination between KelviRrobe Force Microscopy and MFM (KPFM/MFM) was used to distinguish between
electrostatic and magneticontributions (Fig. 1b) The methodrecords both the CPD map and the real
compensated MFM image, as it cancels the electrostatic interaction betwpeobthend sample at every point

of the image, thus obtaining a pure magnetic signal.

Angeloni et al** havealso demonstrated the effect of electrostatiestimple interactions in MFM, which
limited the accuracy of magnetic measurements at the nanometer scale. They developed an alternative MFM
basel approach, in which the two subsequent images of the sameemreeollected, one with the proleeing
magnetized an@dnother with aquasidemagnetizegprobe The MFM map of the true signal is achieved by
subtractingthe images. Prior to measurement,istnecessary to determine both the remanent saturation and
coercivity of the probe by imaging a reference sample with periodically patterned magnetic domains. The authors

demonstratethe effectiveness of this technique by characterizing the magnetizatieas of individual MNP,

Theability to distinguishmagnetic and electrostatic signalsi#l open fordiscussion. Recentlyt has been
proposedo performelectrostatic force microscopiEM) prior to MFM measuremente compardhe respective
images®. Alternatively, modifying the magnetic state of the sample with an external magnetisvésldisedo
determine whether the origin of the signal is magnetic. However, only by compensating the electrostatic

interaction in ach point, a true MFM image (and in addition the CPD information) can be obtained in réal time

Recently, a number of MFMelated techniques have appeared, each of them designed to address a specific
scientific problem, thus having a somewhat narrower application scope than standard MFM. Gpeaatibed
MFM-related technique is magnetelectric force microscopy (MeFM). In this mode, the probe is not
mechanically driven in the secopdss as in MFM. Instead, a combined AC/DC bias is applied to the sample
whilst the sample potential is electrically modulated at thehagical resonance of the cantilever. The resulting
AC magpnetic field from the sample induces resonant motion of the magnetiéy$f¢big. 1c). In addition, the
probe is electrically isolated and kept at a large constasatigple distance during imagifigThis method is of
particular importance for materials exhibiting a strong coupling and interdependence of electrical and magnetic
properties and can be employed to detect the electrieifidltced magnetization.

MeFM hasbeen used previously to: decouple magnetic and electrical effects in complex samples (e.g. 2D
electronic liquid®); visualize the magnetoelectric (ME) response from domaatterns in hexagonal
manganite¥-*¢andantiferromagntic 180 domaing’; and estimate the upper limit of the linear ME coefficient of
h-LuFeG;®. Additionally, many controlled experiments have been undertaken, e.g. a study of MeFM performance
in dependence on the modulation frequéfoyhich showed that lower modulation frequency produces a better
signatto-noise ratio (SNR). However, lower modulation frequency requires longer averaging time to obtain the

intrinsic ME response.



Superior aspectand limitations of MeFM were recently summarized3mhoenheret al®’. The advantages
include: i) high lateral olution with standard/specially formed probes; ii) ability to resolve and define the DW
inclination; iii) low sensitivity to material inhomogeneities and thus reduced dependence on the associated
scattering effect. The current restrictions of MeFM areelatively small output response and low SNR.
Nevertheless, the limited signal can be improved by: increasing the electric field, resulting in a larger induced
magnetic field; optimizing the temperature to maximize the ME effect response; optimizingdinedsls; use of
probes with higher magnetic moments, leading to a stronger force between the probe and the magnetoelectrically
induced magnetic field. The SNR can also be improved by increasing the averaging time per data point or multiple
measurements dhe same area. It was thus compellingly demonstrated that this advanced technique provides
direct visualization of the ME domains and DWs to open up a new paradigm of explorations of emergent
mesoscopic phenomena in materials with multiple coupled ordevas proposed that the method is of utmost
importance for exploring emergent phenomena at the mesoscopic scale such as ME coupling in multiferroic

domains and DWs, multiferroic skyrmions or magnetic topological insulators.

Bimodal MFM belongs to the failg of multi-frequency SPM. One of the advantages of SPM is the
simultaneous detection of a variety of interactions at different psabple separations. Muftiequency SPM is
a novel concept that has been developed in the last fewYyedrese modes are based on the congideraf
the microcantilevebased probe as a mechanical system characterized by multiple resonances and harmonics.
Each of those frequenciese sensitive tepecific information on the sample properti@ppropriatelyexcited
and decoded, those frequerxigill provide complete information on the electronic and mechanical properties
(Fig. 1d)

For the particular case of MFM, the mtfitequency techniques have become an active area of research. In
2009, Liet al presented the bimodal AFM as a technigoesimultaneously separate shoahd longrange
(topographic and magnetic, respectivelgices in ferromagnetic sampté% In this work, the cantilever was
driven at two flexuratesonantodes. Following this idea, Die&t al employed the bimodal AFM to measure a
nanomechanical effect that enables the detection of ferritin molecules withldtigial resolution and
sensitivity°%. More recently, a negontact bimodal MFM technique operating in vacuum/Uiisdeveloped?

In this work, the highestiffness second mode is used to map the topography and the magnetic force is measured
at first oscillation mode, which isharacterized by higher sensitivity. The torsional resonance mode of cantilever
oscillation was employed to performed magnetic imaging without topogtaghémed interference and to improve

the lateral resolutidf.

Another alternative is to combine a mechanic&iibde) and electrical excitation"fZnode) to drive a cantilever.

This approach has been explored in the literature to separate etgictrand magnetic interactiod*°or as a

tool to control the prolissample distanéé®4 In a similar wayin the secondary resonance MFM ¢(SRM) the
excitation of the probe is bimodal: the information from the first eigenmode (mechanically excited) is used to
obtain the topography but the higher eigenmode is excited by an external magnetic field instegdieab. The
long-range magnetic forces are separated from shode allowing a singlpass imaging of topography and
magnetic images with high sensitivity, which makes this bimodal MFM technique a useful tool for the

characterization of samples witteak magnetic properti€s.



Another poweful tool for probing physical phenomena in an MiE#ated technique is théusly energy
dissipation. In SPM, the dissipation of energy is evaluated by measuring variations in the cantilever d8tillation
For MFM, the pioneering wotR’ uses these dissipative maps to distinguish between Néel and Bloch DWs
or identify pinning sites. It has since been demomsttéghat soméstrumental artefacts can affect the measured

values®

Classical magnetic dissipation forcécnoscopy(MDFM) studiesprobeinducedmagnetizatiorthanges
in the samplebutrecently the oppositeeffects has also been studiélte strongprobd& sample interaction where
the stray fieldrom the sample induszhanges ithe magnetic state of tipeobe(Fig 39). Iglesias Freireet al®®
demonstrated that the magmetivitching atthe apex ofn MFM probecanproduceartdacts in MFM images
andcouldbe misinterpretedsatrue signal Theauthorsused this efct to obtain 8D map of the sample stray
field (Fig. 3). More recently, Jaafeet al''® discusseda counterintuitivebehaviorof energydissipationwith
probé sample distance fatomains with magnetic momesgarallel to thep r o maghetizationThusfor a large
range of distanceshe probesampleseparationis directly proportional to th@ r o b e 6 s exsitation | at or vy
energy. The recordeddissipation valueg~fW) were in good agreement with micromagnetic calculatjons
correspondingo the power losses caused by relatively small regions of spiitchingtheir magnetizationA
high spatial resolutio(c8 hwasachieved in th&DFM imagesthus MDFM has beemlemonstrated to be
promising techniquéor MNP characterizatiot?®:*11
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Figure 3: Magnetic dissipative force microscopy.(a) Sketch of the dissipation process associated to the
variation of the stray field from the sample due toittteraction with the probgb) Magnetic dissipation image
corresponding to a Py dot undemilane appliefield of 60 mT.Reproduced with permission from Iglestfaseire

et al, Appl. Phys.Lett., 102 022417(2013). Copyright 2017 AIP Publishing.

As MDFM requires a strong profsample interaction, which can be a limitation when measuringgin hi
vacuum, Zhaet al3! developed a frequenayodulated capacitivdistance control method, which is valid even
in the presence of energy disdiga processes. Another proposed approach for mapping energy dissipation is
using drive amplitude modulation AFM (DAMFM)!'2 The method uses the monotonicity of the dissgm
force between the probe and the sample to obtain stable images in all environments (e.g. vacuum or liquid
suspensiort}. In DAM-AFM, the topography map is obtained by using the dissipation of energy as the feedback
parameter while the frequency shift, contrdllby the phaséocked loop, provides information about the

conservative interactions.

Magnetic scanning gate microscopy (MSGM), &sown asmagnetoresistive sensitivity mapping, modifies
the electrical properties of a device under applied voliageroximity of the scanning MFM probdue to

magnetoresistive effec(Big. 4). From the applied potential difference acrossiizice electrostatic interactions



between the probe and the sample heavily influenceat¢heired dataThus, mSGM is often combinedith
KPFM similar tothe KPFM/MFM technique

The modulated potential differendeduced by magnetoresistive effects from the prsd@ple interactign
can be mapped by lockingtot he frequency of the MFM pwthadd&n osci l
amplifier. Hence, the noise generated by fitegjuencies of the sideban@rom bias modulationon the probgor

the scan rate of the probe across the sample can be removed, allowing for fastequiathon and greater SNR.

In the past, mMSGM ha®bn used to characterize giant magnetoresistance (GMR) sensors and obtain sensitivity
maps to external magnetic fields. In particular, it has been applied extensively to characterize hard disk drive
reading head$®*!'4 Recently, it has been used forachcterization of kshapepermalloy Py) deviced™>6and
measure the probe stray field using graphene Hall séi%8fs For the former example, devices with pinned
DWs were scanned using namgnetic probes modified with a magnetic Béady monitoring the resistance
across the device, it is possible to estimate its sensing volume towards a specific magnetic deadtfeer
nanostructure on the probe). This approach enables testing many devices with the same magnetic bead and thus
allows correlating results for optimization of the sensing elements. Other recent developmentsusiigtiee
probeds emanipuate DWsmeaduringelectrical signals originating from the anomalous Nernst and
Hall effects as a way of sensing the position of the DW inside of the nanosttéictth@nd writing magnetic

landscapes with thermal assistance for magnonic dé%ices
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Figure 4: Schematics ofmagnetic scanninggate microscopy An electrically connectedurrentbiaseddevice,

is scanned by magnetically coated probe, and the transverse voltage response at the resonant frequency of the
probe is recorded apssitien Typicatlycthisiteahiqueadsf contbines wifh IFNKPF& das

the applied current gives rise to electrostatic artefacts.

Custommade MFM probes have been developed to improve the lateral resolution and sensitivity beyond the
limit of commercial MFM probes and also to facilitate ctitative MFM (gMFM) studies, e.g. by
increasing/reducing the coercive field, or modifying the stray field distribution and intéfigityp). Three trends
can be primarily identified: (i) customizedagnetic coatingswhere the magnetic properties of thaterial are
varied; (ii) probes with magnetiadhered structuressuch as Féilled carbon nanotubefCNTSs) or magnetic

beadsand (iii) MFM probes witHfabricatednanostructures

Among these three approachegdifying themagnetic coatingsef an MFM prdoe isthe mostcommon as it

does not requirextensivenanofabrication capabilitié¥12312? Sich probes are characterized tye enhancement



of the lateral resolution both in the topography and in the phase/frequency shift signal. This has been achieved,

for instance, by partially coating MFM proB3&%25, or depositing multiple layers of magnetic material to be able

to control high/low moment states and if necessary limit the eminentfstrag | d t o t H%@* The obeds
other advantagef customized magneticoating isa possibilityto match the magnetic properties of the probe to

that of the sample. For example, reducing the stray field produced by the probe reduces its interaction with soft

samples, or conversely increasing the coercitthe probenelpsto image samples with strong stray fields.

A different approach is tadhere magnetic structurés the apex of a nemagnetic probe, which was in many
cases used in attempt to create a difiaée 11612712% or monopoldike probé3. CNTs filled or coated with
magnetic material have been attached to the apex of standard AFM/MFM Btét3es improve the lateral
resolution of the MFMFig. 58). However, this approach is usually at the cost of the sensitivity, due to the small
amount of magnetic material interacting with the samftather alternative is attachingicroscopic pieces of
hard magnetic materidf or magnetic bead¥127129.13413%Fig, 5b and c, respectivelt) the probe apexn both
cases, the typical gi2~1 O m) is far larger than a probebés apex di

lateral resolution.

The ability tofabricate nanostructuresn the probe apex opens the possibility for engineering the magnetic
propeties by selecting the coating material, but also to use shape anisotropy as a way of governing magnetization.
The most common approach consists of using electrical current to induce chemical deposition and hence achieve
a sharp apeg®37 However, the sharpness of the apex may vary from probe to probe. Another approach uses
focused ion beam (FIB) milling to sharpen probes into a needle with magoating only at the very end of the
needl&*38(Fig. 5d). This approach has the advantage of producing sharp probes with high lateral resolution, but
with small magnetic moment. The lasttypeofcustomd e pr obes consists of nanostr
apex touse shape anisotropy to constrain the magnetization and produce a strong stray field just. For example, a
V-shaped magnetic nanostructure fabricated on one face ofraagmetic probe was recently demonstrated (Fig.
5e). Such probes combine a low momedth high coercivity to reduce magnetic switching in the presence of
strong stray field$. A very recent work® combines all three strategies by first developing a hard magnetic thin
film architecture most suitable for MFM on an appropriate flat substrate (i), creating a nanostructure (slim
triangular needle) from the substrate film compoun&IB (iii) and adhering this nanostructure to a+magnetic
cantilever (ii). In the above work a high resolution MFM probe with unrivaled coercivity and thus stability against

large magnetic fields has been fabricated from a StfilBogrown epitaxiallyon MgO.

MFM probe characterization is a fundamental part of the MFM experiments and particularly relevant for
gMFM andin-field MFM. When assessing the suitability of an MFM probe for an application, it is recommended
to consider: its geometry (e.g. ISEM)!19121149 jts coercive field (e.g. fromin-field MFM)3%14t and its
magretization profile (e.gby dectronholography*®121140 measurement of a reference matétiaf142 or Hall

Sensor§8,119,143145) .



Figure 5: Examples of eistom MFM probes. a) Probe with a carbon nanotube filled with magnetic material.
Reproduced with permission from Wolayal, J. Appl. Phys.108 1 (2010). Copyright 2010 AIP Publishirt).
Prolke with a magnetic disk on top of a FIB milled cylindReproduced with permission from Amesal, J.
Appl. Phys.105 07D526 (2009). Copyright 2009 AIP Publishir®.Probe with a magnetic bead attached.
Reproduced with permission from Cottednet al, J. Magn. Magn. Materl00, 225 229 (2016). Copyright
2016 Elsevierd) FIB sharpened probe. Reproduced with permission from Belbah, Rev. Sci. Instrum33,
93711 (2012). Copyright 2012 AIP PublishimyProbe with a lithographically pattern®dshaped nanostructure
on one of the sideReproduced with permission from Puttatlal, IEEE Trans. Magrb3, 1i 5 (2017).Copyright
2017IEEE

b. QUANTITATIVE MFM MODELLING

Different approaches to gqMFM have been developed in the past two decades, which provide a quantitative
description of the magnetic probehdy range from simple point probe approximations (PPi)geometrical
probe descriptiodé® and finally to parametefree tip transfer function (TTF) methd@82 All approaches start
from the correct magnetostati c ni natnedr atchtei osna nbpeltewbese ns ttrh

various degrees of simplification. For a linear oscillation regime and a negligible cantilever ttmnghgeneral

description Y%is calculated without any restrictions on the magnetization strugt@idewithin the probe as:

Y% — —a 0PIPJ®Pb iPQ [11]



Geometrical models often assume a simplified magnetization structure for the prob®,i®g. 0 5, but

attempt a realistic expression for its shape and volume. Eqiiafipthus reduces to:
Y 0 ra —J0; b 1BQke [12]

In the PPA models, the magnetization is assumed to be conedrntratne point within the magnetic probe.

In case of the point dipole approximation, equafiti#] thus further simplifies to:
> . hoP
Y% & O——m—r [13]

Here)Pdescribes the position within the tip, where the dipotanentm;, is supposed to be located.

This disregards an important aspect of the magnetostatic interaction: the interaction volume of a realistic 3D
probe with the stray field of the samj{@ will depend on the size and morphology of the measuredhdts.
Thus, PPA models should be applied only to samples with regular stray field patterns. Recent works report on the
moment quantification in laterally confined objects such as MNPS“S, chains of magnetosonmiébor patches
of single molecular magnets (SMM) In most cases, thgpb s  powlemparameters were freely adjusted to
allow a selfconsistent data description, but not determined fronmdependent sample. On the other hand,
guantifying the signal of an individual nanoscale object is not easily done with other methodst Blfigmade
use of the point probe character of an MNP by picking up such a particle withraagmetiqorobe By preparing
such an MFM probe the PPA el description is more justified than for volume probes.
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Figure 6: Schematics for image-processing stepso acquire the real-spacetip-transfer function (RS- TTF).

Thef r eMFM dnage (top left) is used to generateeffectivesurface charge patterbdttom left) by binarizing

the image and adding in magnetic or experimental parameters (i.evib¥\/ levercanting, ands). The two

images are deconvolved in Fourier space by means of Wiener filtering to produce tfielstidgrivative of the

probe (top right). This can subsequently be used to produce calibrated/quantitative MFM measurements, as it can
be deconvolved from the MFM image of a sample with unknown magnetic parameters.

The TTF approach by Hugt al?® calculates the force on an MFM probe exertedhaystray field of a
sample with perpendicular magnetization in Fourier siize 6). By means of a calibration measurement of a

suitable reference sample, one derives a miodiglpendent and paramefer ee descr i pti on of t he

properties.Considering that even nominally identical probes (from the same manufacturer/batch) can result in



large variance of the MFM contrast on an identical sample, this experimentally more elappratehis thus
judged to be of great importance. The reseaschave successfully applied this approach to experimental means,
e.g. for the quantification of necompensated moments in exchaiigs systeni§2 Neuet al have followed

this qMFM approach for, e.g., identifying the vortex state in a magnetic naftvaatibrating custoanmade
probed®, or quantifying the stray field in the corner of aisthaped Py structui® A recent application of qgMFM
guantifies artificially patterned stray field landscapes in CoFe/Mnir exchange bias layer $¥staltough
successful, this study also reveals the difficulties that arise with the quantification of a compitecafeudomain
pattern. Reference samples and measurements need to cover a large range of spatial frequencies to correctly
calibrate the probe for all relevant length scales. Due to the even larger complexity arstahellGharacter of
magnetic domainsrpsent in modern permanent magtétgIMFM measurements have not yet been performed
on this important set of materials, although it is expected that highblvieg and quantitative MFM

measurements can lead to a large improvement of their understanding.
c. MODERN OBJECTS OF MFM STUDIES

In this part we discus applications of MFM anthe relevant daughter techniques to modern areas of the
physics and the materistience. It is noteworthy that such applications are very often quite challedealigg
with extremely low magnetic signadgdrequires the abilityo distinguish the magnetic response from the other

components (i.e. electrostatic contributipmagnéic contaminations, etc.).

We start this part of the Review from considering applications of MFM to thin films with PINhA&.
interpretation of MFM images imost straightforwardor samples with anagnetizatiororientation perpendicular
to the imaged sur&e. Here, the stray fields produce a qualitative MFM continasbsely resemble the underlying
domain structure. Henca wealth of MFM studiefocus onthe imaging and interpretation of films with A
quantified by the (perpendicular) uniaxial anispira@onstank,. In the case of large PMA (ideall, >> Kqy =
YoMs?), these band domains can be approximated as being homogenswmgpigtizedalong the z-axis
(colloquially up or down)forming a domain morphology that depends among others on fieldyhistoface
corrugation and coercivity. Domain theory of such high PMA films is well established and the knowlé&dige of
Ky and the DW profile allows a correct quantitative reconstruction tbé magnetic domain pattern (or,
equivalenty, the effective maggtic surface charge pattern) from a qualitativage. Thus, such films are well

suited as reference samples for probkbration (see section 3b)

Recent MFM work on films with PMA can be rougtgggregatedhto the followingfour groups The first
dealswith films with large PMA ,wherethe equilibrium domain width can be used to judge the balance between
the various energy terms. For thin film systems Wil , such comparisons between domain theory and observed

domain widthgyathered great important@conclude on the less accessibd/ energy®®.

The second grouponsiderdilms with smaller PMA (.e. K, < Kg), wherethe dominating shape anisotropy
pulls themagnetizatiorvector into the film plane, but still the presence of PMA can lead to a modulation of the
magnetizationvector perpendidar the surface. Thesdripe domains are again observable by MFM but the
magnetizatiorpossesssa complex depth dependent structusbich can only be approximated by analytical

theoryand otherwise requires micromagnetic calculations. A recent work citratas the influence of the weak



PMA on the domain structure in soft magnetic Nel€lons with antidot structuré®®. Evaluating stripe domain
patterns in a quantitative way has so far not been accomplished to satisfactiondukisathe lack of qMFM

studies and the difficulties in theoretically désitrg the magnetization pattern.

The third goupincludessamplesin which a layer with PMA is exchangmupled to a softlyer with irplane
magnetizationwhich are a subject of recergtudiesto obtain a microscopic view of how exchargmipling
occurs in layers with orthogonal anisotropissee.g. anexampleon the [Co/Pd]/Py system in Ré¥’. The final
group includedaseri nduced mani pul ati on of, whichcaa bepirhagedl svithiighg net i z ¢
resolution by MFM and may givimsightinto the origin of loss and sometimes alseerd/ance of magnetic

orders8

Beyond thinfilms, another higly researched topic of study is patterned magnetic media. Pattéiiing
materials intcnovelshapesand structureare of particular interes applications such as logic devicesnowel
magnetic recording® As methods for patterning materials on the nanoscale improve, as they have been
consistently, ways to characterize the new syith#gesignsare required to measutbe exotic and useful
propertiesthey possessMFM previously has been highlighted as enportanttool for understanding the
magnetism withirsuchstructuresranging frommemory devices (e.g. bitatterned medi&)° to magnetic strips
andnanodotand antidot array¥%'%%. Oneof manymodernexampla of magneticpatterned structusethat are
popularly researchedre artificial spin ice (ASI) which exhibit geometricfrustration, ordering of effective

magnetic charges, and a variety of collective dynalfié®.

ASI consists of lithographically patterned arrays of nanoisldiWs/of different designs composed of in
plane FM material, which are magnetically frustrated due to the intrinsic geometric ordering to createatfiwo out
plane Isingspins for each nanoislalfd 1¢°. ASI have received attention as the frated arrays can be controllably
pinned into multiple stable/mettable states, priming them for magnetic recording, logic devices and
experimental hebeds for understanding magnetic frustration in more comgysiems In their grounestate
some of themost popularstructures in literaturge.g. squareand honeycomblattices (Figure 7 4 and ed,
respectively)pbey the icaule'®”, but can be excited into higher energy states by extstinalli (e.g. by applied
field). Wanget al'’°demonstrated reading, writing and erasing of individual bits by applyiptaire field below
the nanoislad saturatiorfield and individually switching nanoislands with an MFM probe, demonstrating great
precision for single bit writing. Gartsidg al 1"* similarly introduced topological defedriven magnet writing
on ASI using the MFM

Another extremely interesting example of recent objects of MFM studies are magnetic topological structures.
Topological solitons, or defects, in magnetic materials haseigied, and continue to provide, a rich plethora of
phenomena to be studied for fundamental res&at@i’4 and future magnetic based technolotfiesvhich rely
on various novel magnetic configurations and architectures. Typically, these defects in magnetdsnaageri
manifested as magnetic domaimlls'’®177 vorticed73 183 skyrmiong®485r magnetic bubblé¥. Here, we focus
solely on the use of MFM in observing and quantifying physical phenomena occurring iaridWarticesMFM

studies of skyrmionwill be discussed in the Perspective sectgetfion 4y.
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Figure 7: Artificial spin ice. lllustrations of the nanomagnet configurations used to create artificial square (a)
and kagome (c) spin ice, and their corresponding MFM images (&, aagpectively). The black and white spots
correspond to the magnetic poles of the islands. The arro(@ &md (c) correspond to the magnetic moments
revealed by the corresponding MFM imaga#ndicates the lattice constaieproduced with permissiadfrom
Zhanget al, Nature Letters500 553 (2013). Copyright 2013pringer Nature

Magnetic domains anithe walls that divide them are determined by the subtle balance of the following main
contributions of micromagnetic energy: exchange interaction, magnetostatic and magnetocrystalliné’énergies
UnderstandinddW motion and dynamics under the influence of an applied stisnslich as magnetic field or
spin polarized current pulses can elucidate to the complex underlying magnetization reversal mpddsses
DWs can be manipulated for use in modern technolobiese, MFM excels as a tool to investigate phenomena
such ashe domain structure in magnetic ngpatterned elements following the application of an external
stimulus in secalled quasstatic measurements. This is of high importance for technological applications
DWSs'#” suchas that of the racetrack memory (Rf*) RM offers a significant gain over conventional magnetic
storage devices and potential silicon based logic circinittigrms of performané€. Here, pin polarized currents
areused to generate spin torque transfer (3¥1°such thaDWs in the racetrack can be moved along a track,
which extends into the third dimensidhn'®‘increasing the effective bit density. Recent developments have moved
to more exotic phenomenaddve domairwall motion where sphorbit torque (SOT) effects, such as the Rashba

effect®2193and the spin Hall effet*1%

MFM is often also used to investigate cdexpdomain type structures where the geometry, hence the

magnetostatic energy, of the material system starts to play a dominatt®#dfe This alters the equilibrium



configuration such that it becomes more complex than in the typical cases of Bloch or Né2\\ye thin

films. Examples of these wall types inclutie transverse/asymmetric transveDsis!%-197.19%nd singleas well

as multiple vortex wall§%:197.200 Understanding the internal structure of such DW configurations is important
not only for scientific interest but also for applications as the internal structure strongly dictai@gVthe
dynamic!’% Recently, Nguyert al have demonstrated that ity nanostripsvith in plane magnetization a-so
called Landau DW exist¥. This novel DW configuration is described as a flux closure pattern that resembles a
Landau pattern, however, it is elongated and encircles a Bloch type nvitislwork, MFM was integral in
confirming the predicted domain configurations obtained by employing finite difference methods to solve the
Landaudi Lifshitzi Gilbert equatioff™,

Of particular interest is the case of cylindrical wire and FM nanotube type geometries. Arrays of such wires
have potential in many advance technological areas, including datgestoma information, energy, Life Science
and environmental sectd?$ Furthermore, numerical simulations have predicted that the Walker breakdown limit
in such 1D nanostructures is topologically forbidd&nmaking them extremely attraedi for technological
applications requiring DW displacement. In these geometries, a number of topological defects can be identified:
transverse DWSs; asymmetric transverse DWs; and Bloch point walls, which are similar in nature to vortex walls
found in FM ranotube®“. Due to its high spatial resolution and sensitivity MFM has been widely used to study
the domain configurations of such wires. For example, it has been shown thatliw<2d dimensions 45 nm in
diameter and 1@m in length an alternating pattern of vortex states is energetically favorable, offering an
interesting route towards novel spintronic memory dettéeSimilarly, the spin configuration has also been
investigated in Cdhamboelike NWs with diameter modulatidii2. Using MFM it was demonstrated that, due to
the competition between the magnetocrystalline and shape anisotropy energiespntaxtistructures with
alternating chirality form. Intestingly, as it was evidenced by MFM data, DW pinning in the modulated

diameters wires was avoided, in contrast to other materials (FeCuCo) investigated in the same study.

In addition to DWs in thin films and nanowire type topographies, confinement io-gized patterned
elements can lead to stabilization of vortex cbfeShese are of particular interest due to the potential they hold
for future microwave sources magnetic sensors and logic as well aswoladite memory applicatiod¥. Vortex
cores exist as a thmally stable flux domain pattern that can be typically characterized by in plane winding of the
magnetization around a perpendicularly magnetized"ohéortex coreswhichcan beas small ad0 nnt8tin
size, possess polaritgp with respect the otdf-theplane axis and a given chirality. MFhas proved an
invaluable tool for the investigation of vortex cores and indeed was used in the first observations of vortex cores
in patterned disks of P{. Additionally, MFM has been utilized to explore the switching of vortex cores using
current driven vortex excitation via spin torque trari€fgraving the way for electrical control of magnetization

in logic devices.

Multiferroics is another modern class of materials where MFM and MeFM are used, often in conjunction with
piezo force micrscopy (PFM) studieshe coupling between the magnetic and electric dipoles in multiferroic
holdsa vast promise for conceptually novel electronic deviceshaseermwidely explored in the last decade.

The ME phenomendnave a profound and broad impach diverse areas of materials science from multiferroic

materials to topological insulators, where direct visadilon of ME domains andWs is of both fundamental



and practical importanc&pecifically, MFM has been proven as an essential techniqueudiest of multiferroic

(in particular,ME) materials that exploits botiM and ferroelectri¢FE) properties.

MFEM is typically used to reveal the microstructure of both shpflased multiferroics and multiferroic
compositessuch agletecion of the stroig magnetic contrast, visualization of thegnetic structure of grain
boundariesand reviewing theappearance of nemagnetic poredbetween the phases in nanostructukéd
material8””. MFM imaging was used to reveal the presence of magnetic domains being extended over several
adjacent ferrite grains in BaTiMNio.sZno s)Fe0, multiferroicg®® and in BiFe@ NWs?®. In many casest was

advantageou® use extended modes of MFMe. in-field MFM or under the action of electrical poling.

Additionally, MFM was used to establish the nature and overall contribution of the material properties
originating from magnetic and multiferroic defects. In the relaxor FE sipblese (BiFesC.1 O3)oa i (Bi
12K12Ti03)0.6, COFeO4 magnetic clusters with sizes05. 5 e m wer e i d &% Suchfinclesdbnsusi ng |
exhibit only a magnetic dipolar response, indicating magnetization along-gheni@ orientation. On the other
hand, a combination of MFM and PFM showed that multiferroic clusters (unspecified in nature) exhibit both FE
and strong magnetic properties. It is expected that these findings will lead to new research in this novel class of
non-ergodic relaxor multiferroics, especially as the material ir&band consists only of abundant elentdfts

The overall concept is ideal for an electrically controlled magnetic nanodot storagedevice
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Figure 8: MeFM images and themagnetic field dependence of the MeFM signal(ai f) The representative
MeFM images taken at 2.8K in various magnetic fields. All of the imagesn the same color scalg) Field
dependence of the MeFM signal at 2.8, 4.0, 5.2 and 10 K, respecEeelgletails, see R&f. Reproduced with
permission from Gengt al., Nature Materialsl3, 2 (2013). Copyright 2013 Springer Nature.

Local MFM studies were used to directly demonstrate magnetization reversal under purely lebectiioa
in another BaTi@Ni system,which isthe outstanding goal in magnetoelecffiésThe authorgrimarily used
MFM to study a commercially manufactured multilayer capacitor that displays-steadiated coupling between
magnetostrictivNi electrales and piezoelectric BaTiased dielectric layer3.he authors evidenced that the
anisotropy field responsible for the perpendicular magnetizatiald repeatedipereversed by the electrically
driven magnetic switching. Demonstration of aarlatile magnetic switching via volatilEE switching was used

to inspire the design of fatigtfeee devices for electriwrite magnetieread data storage.



Direct visualization oME domains in multiferroics was demonstictesing low temperaturi@ situ MeFM
fromlock-in detection of electricalynducedmagnetizationThe authors directly demonstrated the local intrinsic
ME response of multiferroic domains in hexagoBaVin0s:°® and YbMnQ?®®, distinguishing contribution of six
degenerate states of the st/ lattice, which are locked to bddt and magneti©®WSs. Resultsverein excellent
agreement with the symmetry analysimda giant enhancement of tME response was observed in proximity
of the critical temperature. Thisuggest that critical fluctuations of competing orders may be harnessed for
colossal electricalynduced magnetic responséBig. 8). The use of yogenic in-field MFM was also
demonstrated by Wareg al®8. Labyrinthlike domainsg(D1 . 8) ireammh-LuFeQ; thin film were observed after
zerofield cooling below the Néel temperatufié,a 1 4 7 K, Fhhoederavithva €aanted moment exists.
At 6 K, MFM images of the magnetization reversal process reveal a typical doetaaviorof a pinning
dominated hard magnet. The temperature dependence of the domain contrast demonstrates that MFM is able to

detect the domain contrast of magnets wiihisculemagnetic moment$0.002>g/f.u.).

Moving away from traditional applications in phgsiand material science, MFM has lately gained a
momentum for studies of magnetic nanomaterials for Life Science applicalibase is a broad range of
applications usingnagnetic beads andNPs, including cell separation, bfensingjn vivoimaging magnete
thermal therapyetc?'3214Alternaively, the use of elongated nanostructures such as magnetic cylimtiitsib
of a growing interest in different bimagnetics applications due to theiglh aspect ratio, anisotropghysical
properties and the possibility to work with different lengthleg*®.

A direct characteézration of the magnetic properties of individimdads andINPs on nanoscale is possible
by microscopybased techniques such as MFM. For example, MFM has recently been used to detect
superparamagnetic and leswercivity'®80148216217\|NPs. Also, MFM has been successfully employed to
characterize MNPs inside biological ssis as vesicles (niosom#&8) virus-capsids!® or cell$?°, where MFM

images were used to evaluate the amount of magnetic material inside the different entities.

In addition, MFM has been used to investigate the magnetic properties of individuéd'idwb/ortex-state
dotg%3for biomedical applications. Molecules, such as ferritin, have also beeactdrared by liquieMFM?22223,
However, it is crucial toemembethat MFM is sensitive to nemagnetige.g. electrostaticignals (se&ection
3a*, especially in the case of biological systems, wherestiength of the produced stray fielcteaear the

sensitivity limit of the technique.

In the case of biological systems it is essential to perform sample characterization in relevant environmental
conditions, e.g. physiological environment. For that reasonsstamdard methodsuch ashimodd!®, energy
dissipatiod* or AC-field modulated MFM?4225have been explored in recent years. Another approach is the use
of custom magnetic pbes specifically designed for biological applicati3h$?® However, since MFM has
historically been applied to the study of inorganic materials, the pdteftMFM for biological/biomedical
applications is still under developméiit The recent studiehavedemonstrate@ssential MFM capabilities (i.e.
high enough lateral resolution and sensitivity) for studies of individual MNRsliquid environmenit. This

development opens new possibilities of studying magnetic systems in biologically relevant conditions.



4. PERSPECTIVE OUTLOOK FOR MFM

The Perspective part of the paper presents the emerging trends in the field of MFM concerning further
development of instrumentation (e.g. in combination with other SPM modes and radiation techniques), the wider
applications ogMFM measurements, and application of MFM and its sister modes to studies of advanced and

emerging materials.
a. NOVEL AND MULTIFUNCTIONAL INSTRUMENTATION

The MFM community incorporates a variety of usdrem beginners that demand a friendly and reliable
interface to the highly specialized researchers that customize or even build their own system. It should not be
forgotten that the majority of the commercial MFM users are interested in pushirgsthation and sensitivity
limits of the techniqueWhile commercial, & -the-shelf systems still remain a valid indispensable tool for a
routine inspection of magnetic properties of samples, modern challenges in both research and industry demand
development of new advanced MFM modes. fulfil this need the currg research is targeted in different
directions, including development of a new MFM instrumentatiod flexible softwarenovel types of MFM
probes(a key point still under developmengnd combination of MFM with other technigueasgeting complex
mateial properties which is a general trend to make the MFM compatible with the simultaneous transport,
thermal or optical characterization. Finaliiyere are severgroupsthatpush the MFM technique to the limits of

high speed scanning, fast signal pre@eg and recording than allow exploring high frequency processes.

Often therealisticexperimentaheeds require measurements in a specific, precisely defined environment, e.g.
temperature (i.e. low, highgr variable), pressure, humidity, specific gas @sphere vector magnetic field
Typically all these options are not available commercially but rather cudev@loped as a research t¢8ke
section 3a)Another rapidly filling niche ishedevelopment of custoimade magnetic probea/hile commercial
suppliers usually offer magnetic probes dhreemain types (i.e. standardwe/high-moment) the customized
options provide a significantly larger variety of probes with properties targeted to a specific (sometimes very
narrow) applicationThe examples itlude the probes functionalized with magnetic nanoparticles and microsized
beads, Fdilled CNTs, oneside coated switchable probes, lithaginically modified probeée.g., figureb), etc.
Another important option isreability to separate magnetic and atestaticsignals and successfully eliminate
the latter. This is an imperative option for samples with low conductivity or electrically biased HéWcd4>228
One of the most promising trends is developmemevt multifunctional systemsllowing combined magng
of magnetic and additional functional properties (e.g., KRR, MF-PFM, MFSEM, etc.), or measurements
of magneticproperties by different means.§j.in tandem MFM and magnetuptical Kerr effect microscopy
(MFM-MOKE)]. All these combined modes azarrently available only as custedeveloped optionoftendue
to a limited size of the specialized market). However, it might be expected that they will soon find their way to

commercial options.

For the latter examplehe combination of MOKE microsmpe and MFM provides an interesting and
powerful tool to study novel magnetic materi&lsnot only at different length or time scales, dictated by the two
methods, but also allows for flexibility in terms of the magnetic sample to be investigatéulgimyaefficient

manner. For example, by utilizing the MOKE one can tune the domain pattern or magnetization state of the sample



and image within the, diffraction limited, resolution of the microscope. Then subsequent MFM investigations can
follow which would allow for higher spatially resolved images to be taken. This combination has been utilized to
image the domain structure of NbFeB crygfldn this work two data analysis technigues weised to further

gain insight to the magnetic structunecluding surfacechargepatternandlocal susceptibility This is achieved

by taking the difference and sum images, respelgt of two subsequent scans with oppositely magnetized
probes. This allows the general domain structure through charge contrast images and also the variation in the
sample permeability through the susceptibility contrast images to be obtained. Dpthtsedtsitivity of the two
techniques complimentary information of the surface as well as the general magnetization structure within the
domain can be investigated. Such functionality has significant merits for topics that are currently investigated and
featured inthis Perspectives sectiofor instancesystems hosting skyrmions or bubble domains could be studied
using this combined approach. Due to the different skyrmion sizes possiblessover between the two
techniques would be defined: Kerr efféor a general overview and location of optically resolvable features and
MFM, which would be used as more local probe to investigate the stray field signatures of the skyrmions. This
particularly interesting in terms of the field protocol used to nuelaatl annihilate skyrmions as it would allow

for a broad understanding of the regions of most interest in a timely fashion rather than searching within the field
of-view of the SPMAIthough the original combination of MFM and MOKE was published relatilaig time

agd?’, there is now a clear industrial interest from the companies in resuming this type of instrumentation on a

commercial scale.

Multi-functional microscopesyith the abilityto combine data from different sources into a single in&ge
well ascontrollably and reproduciblynodify thesampl® state are becoming more and more ubiquitous. For
instance, quite recently, it has become possible to ugd-Ehinside of the SEM chamber to combine the two

imaging techniqué&g-2%2or to perform nanofabri¢i@an with thefocusedion beam (FIB3®,

The new instrument, calle@AF-SEM), works in vacuum conditions aadlows forlargescanning areasnd
positioning the probe in waythat are typically non accessible to normal MFM. This is of intendsn
considenng the possible shift from 2D fabrication towards 3D magnetic nanostructures, si8EMwill enable

navigating complex samples and perform MFM on different faces of a 3D stfleture

Another interesting syste, in particular for idiquid MFM?34 is a combination ofSPM andoptical
microscope where théatter includes suchfunctionalities as confocalor fluorescence microscopy. The
combination of MFM withthesetechniqueswill further enable a range dfife Science studies(e.g.related to
MNPs applicationsor combined magnetic araptical labelling)**°. Forexample in a typical experiment where
the cells are sensitive to light, proteins marketh with MNPs and fluorescenmarkersareintroducedto the
extracellular medium. Usingither fluorescent or confocahicroscopy it is possible to study the large scale
distribution and see if th%INPs are internalized by the cells, while using the MFM it is possible to detect
individual MNPs and characterize their distribution at the nanosklel inside of the cell without having to

expo® the cell to high intensity Ig?3>2%¢

Apart from combining different imaging techniques, the possibility of performing manipulation or
modifications on the samples under stutlyingimaging is a growing trend that has seen big developments in

thelast couple of years. Fexample someSPMsystems now include a lithography mode where the probe ®llow



a custordefined pathwhile deflectionor biasvoltagearebeing applied to the prob@171:237 Such experiments

have beenperformedto move/capture magnetic beads, to induce defects/nucleation sites in magnetic films, and
more recentlytfo print 3D nanostructureslThe possibility of inducing defects/nucleation sites in magnetic films
and nanostructures has a wide range of applications, giecéthography mode allows direct introduction of
desirable magnetic sites, whM=M enables imging the magnetizatiogistribution and its consequestolution.
Additionally, the possibilityto manipulate magnetic beadsing MFM enables single magnetic bead studies
Finally, the 3Dprinter AFM, which operates itiquid and uses a hollow probe tegbsit materiafS® is a system

that hasso far demonstrated rapid nanofabrication capabilities, without the need of arolmanor ebeam
lithography, which are expensive facilities that limit the access to nanofabricatiierisan excellent system to

be combined with MFM, since the 3D printer enables building magnetic nanostructures, and the MFM allows

imaging them to check if the magnetic nanostructure behaves as expected.

The ability to perform reaime MFM is a desiredunction for researchers in micfoanomagnetics as it
would combine operational simplicity and availability of an SPM system irspenialized environment with the
powerto mapredlquast)d y nami ¢ ef f ect sf,r amd héee.r 3 hamoulddiansdoetheeme n t
study of effects such as domain wall propagation/creep or magnetization relaxation in MNPs with relative ease
and high resolution. Higepeed AFM (HSAFM) is not a new concept, with commercial systems capable to map
topographywith stb-100ms timeresolutionratherthan minutes in standard AFPf4, but speeds required to study
a multitude of dynamic magnetic effects (potentialbyresolutiorand below appears to be unlikely within the

current scope adevelopmentgas of time of writing) for MFM.

Another interesting concepin MFM-instrumentationis the ability to perform volumetric magnetic
measurementdJntil recently, SPM wagraditionally performed irzero (e.g. noise measurementshe (e.g.
variably-field MFM), or most typicallytwo spatial dimensions in the sense thahange imphysical interaction
between the probe and the sample is quantified within a defined @artesirdinatabove the basal plane of the
surface More advanced SPM techniques have extended intthitliedimension by mapping chemical/physical
properties with respect to: physical matter interactions (e.g. vibrational modes in chemical bondsiifgcep/s
enhanced RaméifandscanninghancIR microscopy*?) orxyz(i.e. volumetric) datacquisition (e.g. AFM force
volume measrement%*::24), Volumetric MFM can be performezh commercial instrumenés it is largely based
on the force volume methodology; the fast axis in such measurements-ixisethughe probegenerateforce
curves at eachy-pixel coordinate mapping the phase change as a functiondiplacemen{Fig. 9). Despite
thss MFM has instead | argely stayed within a single spat

dat ao i n*dhelikely casses éontlsis shortfall thus far is large g#asand lengthy acquisition times.

3D-data for MFM does not exclusively refer to theeespatial dimensios, and there are many examples
where the B variable is an alternative controllable property such as temperature or applied field, which have been
discussed throughotiie Reviewsection A recen example of acquiring 3D mates of MFM data igrovided
by demonstrabn of thegeneralmode (GMode) SPM systef. This system samples the entire photodetector
response of an SPM with a MHz sampling rate, generatimgeadimensional datasets (after pssigmentation).
One interesting application for-Mode is the identificdion and separation of magnetic and electrostatic

interactions in MFM*.



Figure 9: 3D-MFM. Schematiaepresentatiomf volumetric MFM. The data is acquired axis orientated
force curves at eacty-coordinate pixelacross the sample surface.
However, volumetric MFM datasets remain uncommon, despite improved data acquisition (in part developed
from the popularity of functions such as foro@lume), and more available tools/softwarer f3D-data
visualization and analysf§24’. Volumetric MFM is largely an undeesearched area which, with further
development of dathandling practices, statistics, and with utilization of modern techniques such as machine
learning, interesting properties could be quantified on the nanoscaleutvipecialized/expensive equipment,
e.g. 3D calibrated characterization of MNP&s stray fi

or probe calibration/characterization.

The development of new MFM instrumentation goes karttend withthe development of new magnetic
probes built on demand (both customade and commercial). Customized probes are used to perform very specific
tasks and push the limits of commercial MFM systems, e.g. to achieve a higher resolution; reduce/increase probe
sample interaction; or to be able to combine different scanning modes. An example of the latter is the use of a
probethatis both magnetic and conductive simultaneously, enabling the instantaneous extraction of both magnetic

and electrical signas

Due to targeted specificity and high production costs, the marketi$toroized probes is often small, thus
many of the proposed modifications do not became available as commercial products. However, occasionally
some of the new designs become commercially valid due to a reduction in fabrication costs and growth of the
market for MFM (and other SPM techniqué®) The MFM probe with partial coatift is an example of this,
where only one side of the probebs tip is coated with
probe, achieving a higher spatial sensitivity. The magnetic coatitmisgirobe model is deposited in such a way
to prevent also coating the cantilever with magnetic material, reducing the cargd@vele interaction. Another
example of custom probes entering the market is the MFM probe where the magnetic elementinsiighor
at theend of a CNT attached totheop e 6 s ape x . These probes are suitable

apparent advantages (very low magnetic moment, high spatial resolution and extremely lowaprplee



interaction), which are becong more and more critical in such growing fields such asrdgnetism or magnetic

topological structures (e.g. skyrmions).

An emerging technology is the multifunctional nanoscale sensor, which is able to detect several types of
interaction simultaneouslyather than being used only for a single application. Examples of this include the use
of magnetic probes in nefield systems such as scanning rield microscop¥*®, or tip-enhanced Raman
spectroscopd®. This multifunctional approach would allow the production of probes to be moreftestive.
For example, the single application probe used in scanning thermal microscopy has very costly fabrication steps,
but theaddition of a magnetic coatintp ceate a multfunctional probewould add only a relatively small cost
to the total amountn addition to the economic advantage, multifunctional probes are able to significantly reduce
imaging time as they are able to simultaneously extract several different data types. It could be argued that the
data quality would also be increased as thleessty to locate the area of interest with a multiple probes would be

eliminated.

Despite the limitations faced in making customized probe models widely available, there are several examples
of new probe models being adopted by MFM probe suppliers. WHelgorobes with single functionality are
expected to continue to dominate the MFM market in the short term, the multifunctional approach is expected to
see greater success in the medium to long term, due to increaseffexigteness and added probe fimwalities

that advantage users.
b. CALIBRATED MFM

Typically macroscopic magnetic field measurements are traceable to nuclear magnetic resonance guantum
standards and traceability chains to industryadreadywell established. However, these calibratibaias only
relate to measurements of fields that are constant and homogeneous over macroscopic volumes or surface areas
down to themillimeter scale. At the same time, key international kigth industries such as magnetic sensor
manufacturing, precisioposition control and sensing in information technolagnsumable electronics and Life
Scienceas well asn R&D require traceable and reliable measurements of magnetic fields and flux densities on
the micre or nanometerscale e.g. for quantitative angdis and quality control. In order to address the gap
between the technological capabilities and the industrial needs, a collaborative European metrological project
(NanoMagd) has been established. The overall goal of this project is to develop and prowidinated and
sustainable European metrology capabilities that extend reliable and traceable measurements of spatially resolved
magnetic fields down to thmicrometerandnanometetength scale. Development of the standards for traceable
calibrationsfor MFM is one of theprimarily goals of this projeche prime outcome of the projeate related to
developnent, comparisoand validaibn of calibration procedures for traceable quantitative MFM measurements

as well aestablishing &igh level of metradgical MFM capabilities across Europe.

1 http://www.ptb.de/empir/nanomag.html|



http://www.ptb.de/empir/nanomag.html

Quantitative stray field measurements on theSibm length scaleyhich can besasily achieved by gMFM,
have a multitude of applications. Ookthe largesis the realization of position control devices, which tuthe
muchreduced length scale will find use in appliances, automotive and consumer electronics. Furthermore, tailored
magnetic stray field landscapes on the micrometer and nanometer lengtilesat®ntrollable magnetic micro
and/or nanoparticle mipulation and transpa@?5in future costefficient labon-a-chip devices for biological,
chemical, medical, and life science applicatioRmally, a multitude of scientific studies, which are already
tackled by MFM (se&ection3c) would benefit from a quantitative analysis. We just mention two large fields:
(a)isolated nanoscopic object, iwh size and magnetic nature are not fully known (e.g.-sbedl particlegsee
section 3bwith a nonmagnetic oxide shell, structured thin film elements with a magnetically dead layer) and
cannot satisfactorily be studied by global magnetomebuyt coud be quantified microscopically. (b)
Reconstructing the magnetization state from stray field data isposidld inversion problem in magnetostatics.
This is even more problematic, whatomogeneousnagnetization structures or magnetization texturescare
be resolved. While gMFM may not be able to unambiguously reconstruct such textures due to fundamental
limitations, it allows to decide between different hypothetical models. Thus, inhomogeneous magnetization states,
such as stripe domains in films witheak PMA (sections3c) or skyrmions(section4c) can be identified and

distinguished from band domains or bubble domains when MFM measuremestslgmedyuantitatively.

With increasing automation of botieasurement capabilities and analysis procednnemdern AFM/MFM
instrumentationgMFM based on the most versatile TTF approach will become accessible for routine MFM
experiments. The most important requirements are the availability of appropriate reference samples and of
dedicated analysis softwarEew groups do already have these capabffésand they arecurrently being
evaluated and developed furthier dissemination to the publim the current European metrology project
NanoMag, includinganalysis software tools in the scanning fode¢a analysis package GwyddithA second
requirement is the availability of artefacee, low noise and reproducible MFM data, which is aided by the

improved stabilityand eas®f-operation in moderBPMinstrumentation

Automation of measurement procedures (using scripting and batch processing) will allow repeated
measurements with unchanged parameters (for improved $@mnadise), repeated measurements with
systemdtally changing parameters (e.g. varying lift height for confirming the correct destegviorof stray
fields and thus excluding artefacts) and also alternating measurements between reference sample and the sample
of interest (to judge the stability or esreof theprobed snaging properties during repeated use). Automation of
analysis procedures will easily allow for e.g. drift corrections, averaging, or more complex mathematical
operations (filtering, deconvolution, etc.) of images, which finally regulisquantitative evaluation tdfie MFM

probe or the magnetic sample under study.

We further describe a required standard procedure for calibré®ioor to an automated quantitative
measurement of a sample under stdg. measurand)MFM probe, referece sample and measurement
procedure have to be properly selected to reveal the desired information. The main characteristic of a reference
sample issuchthat its domain or stray field pattern can be quantitatively constructed from the measured MFM
data wthout detailed knowledge of the yet to be calibrated probe. A reference sample can be a thin film with

knownPMA and saturation magnetization in a mutimain statésee 8), the stray field landscape of patterned



thin film elements ira single domaior the stray field of currentarrying wire structures. Most important for the

choice of reference sample is that it covers all spatial frequencies present in the studied sample.

A standard procedure for quantitative MFM is envisioned #ew diagram (Fig10). An alternative to the
final block (red) is to develop a hypothetical surface charge/stray field model of the sample and construct a
theoretical MFM pattern via convolution with the agreed TTF. The model should be modified until sufficient

agreement vth the experimental MFM pattern is achieved.

Measurement  Analysis

Identical parameters

Quantitative surface
charge or stray field
pattern for sample

Figure 10: Flowchart for the calibrated MFM process. Flow diagram of the standard measurement (left) and
analysis (right) procedure which should be adopted for calibrated/quantiteagurements by MFM.

c. NOVEL OBJECTS FOR MFM STUDIES

We further discussapplication of MFM to studies of advanced and emerging magnetic materials and

structures, namely antiferromagnets, spaforitronicmaterials, skyrmions, topological insulators, 2@temials



and van der Waals crystals as well as application of MFM to multidiscipliifar§cience and environmental

studies, which are often beyond a o6traditional 6 physi

The applicability of MFM to characterize the stray magnetic fields fnmagnetic recording (MR) and logic
devices is historically well established in literature. In earlier studies, Rugdf? reviewed the application of
MFM to longitudinal recording media, and ever since there has been numerous studies of MR by MFM along
with a host of other hniques. However, the bit capacity for modern MR (e.g., those based on perpendicular MR
devices) has accelerated to the point where they are almost beyond the limits of the spatial resolution for standard
MFEM. As a consequence, MFM is currently a confitong technique for characterizing stray fields in MR devices
industrially; used in tandem with other imaging methods. Further development in MR is certainly going to
continue at pace, potentially circumventing ghvacticality for MFM imagingdevices diretty as it will not be
able to fully resolve the structures. However, MF M6 s
be used to characterize MR devices directly as has been done historically, it may remain a popular tool for research
in this area in other ways, as we have seerhé&at or microwaveassisted magnetic recording (HAMR and
MAMR, respectivel§®252253 These are modern technologies set for commercial mafketsnples of some
creative studiemto these deviceBy MFM includes work byChenet al, who used MFM and MOKE to probe
the erasure of the precorded magnetic patterns as a function of laser getvand to experimentally study a
novel bilayered HAMR architecture that has one layer for conventional MR and a dedicated servomechanism in
the underlayéP®. More novel MR concepts, such as racetramory (see section 3c) shall remain a significant
research topic aBIFM offers the abiliy to image the domains in a quasinamic state, and quality test the

imperfections in NWs, which currently limit the DW velocities in devices

Antiferromagnetic materials are interesting for spintronic applications due tgrelagvariety of inherent
phenomena they poss&8%?5” These include absence of stray fields due to fully compensated magnetic moments,
resilience to externally applied fields and faster spin dynamics than those of FM materials due to higic magnet
resonance frequencies of the order of THz. These properties make them attractive for applications such as
antiferromagnetidbased memory. It has recently been demonstrated that current induced torques can be used to
shift the orientation of the Néel wec in CuMnAS%®, resulting in the all electrical reading and writing of
antiferromagnetic recording media. Indeed, thin films of0zhave been studied due to their ME effatich
can be significantly enhanced when the thickness dimensions are of the order of a few nafidiHerexsMeFM
has been extremely successful in ideimify the antiferromagnetic domains in 0Og. Furthermore, the
antiferromagnetic properties of £z combined with its ME effect can be used as an active exchange bias layer

that can be modified electrically which can manipulate the FM state of exchamjeccmagnetic layef&.

It is expected that both MFM and MeFM will be adopted on a broader scale in order to understand better the
local magnetic propées of antiferromagnetic materials. The intrinsic properties and hence the functionality of
such materials are extremely dependent on the local degree of disorder and defects. The information gained by
MFM and MeFM will be invaluable for the miniaturizati of current antiferromagnetic based spintronic,
multiferroic system®* and understanding of the role defects play in these materials. This is evident in recent
investigations of multiferroic hexagonal rare earth manganite where MeFM was used to observe MiE domai

a micrometer scale Here it was evidenced, by observing a divergence in the ME effect neardtitcal point



usng MeFM, that an enhancement of the ME effecthilerMnO; could be possible by utilizing critical
fluctuations. Combinations of MeFM and MFM at low temperatures are anticipated to play a crucial role in the
understanding and further development of muitdie and antiferromagnetic materials exhibitididE coupling

on the micro and nanoscale.

Further to the investigation of antiferromagneticerby MeFM>%7 applications of MFM are likely to be
employed for studies of defects in antiferromagnetic materials such as NiO. It has been shown that crystallographic
defects can exhibit significantly different magnetic behavior to that of the lattice, where MFM was used to
visualize dislocations at the individual lef%l Moreover, it was found that it was possible to arestich
dislocations in order to generate high stability and high coercivity FM elements embedded in an antiferromagnetic

environment, where the ferromagnetism arises due to thetafhiometry of the dislocations.

Here we discuss spin caloritroni¢gghlighting particularly interesting topgwithin the field and discuss
how MFM and other scanning probe techniques may elucidate to the underlying complex nature of the systems
involved in this developing research topic. Spin caloritrosicslieshe conbination of thermoelectric properties
and spintronics, i.e. heat currents and spin cu@nihis combination potentially offers benefits in efficiency
over traditional Seebeck effect basedides, such as thermoelectric power gener#ibi®for energy harvesting
applicationg®. A particularly interesting system that is highly studied in the field spin caloritronics is a thin film
of heavy metal exhibiting spiarbit interaction on top of a FMisulatof®’”. Pt/YIG bilayers are popular candidates
chosen @ investigate phenomena such as spin pumfidg where theFM YIG is used to drive a spin current
into the Pt, which is detéad via the inverse Spin Hall effect (ISHE), a manifestation of the-abin
interaction®+22'276. These systems are also used to observe the spin Seebeck effeét”SSE)where
temperature gradigs are used to generateharmally induced spin voltaga the heavy metal layer, related to
the magnetization dynamics of the magnet material in the thermal gradient. Again, the ISHE is used to as a spin
current detector to measure the magnitude ottmversion. Of particular interest is the interface between the
two layers where investigations have shown that magnetic proximity effects could exist, which have driven intense
discussio’¥282 Here, an induced moment in the nonmagnetic heavy metal layer could convolute the interpreted
signal with additional effects such as the anamalNernst effect. Further to this, recesrtay magnetic circular
dichroism (XMCD) experiments have led to the deffatf the size of such an induced moment of Pt in Pt/YIG
samples. Polarized neutron reflectivity (PNR) is an extremely sensitive technique which allows the layered
magnetic structure of a material to be probed which hasal®aled an induced magnetic moment at the Pt/YIG

interfac&®4in these types of bilayer samples.

Previously, there has been little in the way of loeedle analysis/observation of the SSE in Pt/YIG type
samples. Local laser heating experiments have been used to observe the effect with a resolution of approximately
5 em in Hall bar type devicé®. Therefore, it is highly expected that MFM and other relevant techniques (i.e.
MFM + MOKE, or MFM + SThM) will be used to shed light on the complexity of this type of materials and
reveal new insights. Here, high spatial resolutdord sensitivity to the perpendicular field gradients could

potentially elucidate the magnetic properties and domain structures close to the interface.

Skyrmions are chiral magnetic spin textures that aretrigial and topologically stabf€®287 Due to these

characteristics they have been shdwdemonstrate interesting phenomena such as the skyrmion Half &fféct



and the topological Hall effeé®f2°2 and therefore presean interesting platform for investigation of emergent
electromagnetism associated with skyrmions.. Biab shows example vector fields fddéel and Bloch
skyrmions of certain chirality respectively, the color scales depicts-tioenponent of the spiand the insets

show a crossectional dataset for each skyrmion highlighting the internal spin texture. Skyrmions are known to
exist in bulk noncentrosymmetric chiral cryst&f£°32°5 and also stabilized in highly engineered tfiims
comprising of FM/heavy metal interfa@&s which can host skyrmions above room temperéturBue to the
inherent or engineered inversion asymmetry found in these lattices or layered interfadéisisanduced®

which contributes to the overall magnetic ordering and tends to cant neighboring spins in favor of pure
parallel/antiparallel Heisenberg exchange interaction, thus generatingsgiirastructures. Due to their small
size,theorized taange from 1 nm to &m depending on the interplay of mechanisms that stabilize?¥hand

ability to be generated and manipulated by $&%:2°%301 it is expected that skyrmions will give rise to a range

of new skyrmionic based logic and sige elements for future computer technologies, which scale beyond
di mensions pr edi % tAnong dther invgimg rteehhigui@$LMEM has been used to image
skyrmions and estimate the DMI value, aslihak a relatively wide field of view and high resolution to determine
parameters such as the domain periodicity which can be used as an input parameter to numerically estimate the
average DMI valu®#?

Latest examples of gMFM have highlighted the possibility to attain a deeper understanding of the nanoscale
magnetic complexity of skyrmions. Recent developments in implementing quantitative approaches have
progressed the use of MFM in skyrmionic research from a simple imaging tool to an integral analysis procedure,
which is the key to understanding vital aspects ofntiagnetic characteristics of skyrmions. Yagfilal have
demonstrated that MFM can be used to study the stray field profile of skyrmions in sputtered Ir/Fe/Co/Pt
multilayers®. By employing a closed expression from a multipole expansion and a simulated stray field from the
MFM probe, it was demonstrated that fitting the experimental data could reveal insights into the topological
properties of the skyrmions. This approach alléevsthe determination ahe skyrmion textue and distinguish
between Bloch and Néel type skyrmions, demonstrating with reasonably certainty the prevailing nature of Néel
type skyrmions. Rather than usingimulated MFM probe as Yaggt al “® utilized an alternative approadhat
can be used to gain an insight into the magnetistmanometer length scale®.a | @tal have recently
demonstratedhrough qMFM®3%142 that it is possible to quantify the variation in DMI in sputtered Ir/Co/Pt
multilayers to nanoscale precisi8h These observations elucidate the need of the significantly higher current
densities required to initiate skyrmionic motion in multilayered systems¢A.b02)2°” compare to those in bulk
materials (~ 10A.m2)2%8. Here, the authors used the TTF method to calibrate the instruments response, which is
required when pushing the limits of the measurement towardgsbéution limit of the instrument. This takes
into account the physical characteristics of the cantilever, magnetic properties of the MFM probe and also
characteristics specific to the instrument such as the angle at which cantilever is mounted y#ietheThis
method allowed observations of significant inhomogeneity in the DMI values of multilayers, revealing that
variations up to 75% of the average value of the DMI can exist in spatial regions of ~50 nm. Thus, gMFM
represents a considerable improesin understanding of inhomogeneity at a nanoscale level of precision. The
authors estimated that this corresponds to variations in the Co layer thickness equal to +1.2 monolayers underlying

the high level of control required to make skyrmion based mgamut logic a reality.



It has recently been demonstrated that not only can MFM play a critical role in the determination of the
properties of skyrmions but also MFM can be used to manipulate the magnetismfilmthithat exhibit DMI
and generate skyiions. Zhanggt al 3% showed that it is possible to use the stray magnetic field from an MFM
probe to effectively slice the domain structure in a sample that had an initial starting point in the magnetostatic
ground state and displayadstripe-like domain pattern. By repeatedly scanning the surface it was possible to cut
the stripe domains into skyrmions in the absence of an applied magnetic field and at room temperature. The TTF
approach was used to calculate the stray field from the difféypes of probes used in the experiment to

understand the magnitude of theomponent of the magnetic at the sample surface where the interaction occurs.

These examples capture the powerful way in which MFM can be extended by incorporating quantitative
methods, such as the TTF approach, to extract information about a sample that is otherwise difficult to achieve. It
is expected that as quantitative methods become wider spread a proliferation in these types of insightful

experiments will shed light in emging areas of magnetism at the nanoscale.

Figure 11: Skyrmions. Vector fields for;a) Néel and b) Bloch skyrmionsoccurringin multilayer systems
exhibiting interfacial DMI and nogentrosymmetric crystalsith bulk DMI, respetively. The insetgtop left in
each panel)display crosssectional spin configurations through their skyrmion centers, highlighting the



