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The development of high spatial resolution and element
sensitive magnetic characterization techniques to quan-
titatively measure magnetic parameters of individual
nanoparticles (NPs) is a hot topic in nanomagnetism to
deeply understand and tune their magnetic properties.
Magnetic force microscopy (MFM), thanks to its high lateral
resolution, appears as a promising method for the magnetic
characterization of single nano-sized materials although it
is still limited by some drawbacks, above all the presence of
electrostatic artifacts. Recently, these limitations have been
overcome by the development of a particular MFM based
technique, called controlled magnetization - MFM (CM-MFM)
allowing, in principle, a quantifiable correlation between
the measured magnetic signal and the magnetization of the
studied object. Now we propose an experimental procedure,
based on the use of CM-MFM technique, to measure the
magnetization curve of single magnetic nanoparticles,
individuating their saturation magnetization and magnetic
field, and their coercivity. We measured for the first time
the magnetization curves of individual Fe;O, nanoparticles
with diameters in the range of 21 — 32 nm by using a MFM
instrument. Results were in very good agreement with
the quantitative data obtained by SQUID analysis on a
macroscopic sample, showing the high potentiality of the
technique in the field of nanomagnetometry.

The development of techniques for the magnetic characteriza-
tion of nanoparticles (NPs) has become a fundamental need in
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nanomagnetism, because of the growing use of magnetic NPs
(MNPs) in different technology fields, ranging from electronics
(e.g., storage devices)! to environmental? and biomedicine ap-
plications3°. The design and the optimization of these systems
require a deep understanding of the mechanisms regulating the
magnetism at the nanoscale. For example, several efforts are ori-
ented to the individuation of precise relationships between the
magnetic properties and numerous influencing morpho-structural
and chemical parameters of NPs (e.g., the size, the shape, the
chemical composition, and the crystal structure) 7-?, as well as to
the comprehension of the influence of the mutual dipolar inter-
actions between individual NPs, which depend on the magnetiza-
tion state of the individual elements, the distance between them,
their spatial configuration, and which, at the same time, affect the
overall magnetic behavior of NPs based systems 1913, Ensemble
measurements, such as superconducting quantum interference
device (SQUID) 14, vibrating sample magnetometer (VSM) 15
and alternative gradient field magnetometer (AGFM) 16 are con-
ventional methods successfully used to investigate the magnetic
properties of NPs ensamble, such as patterns and ferrofluids, but,
because of their ‘macroscopic’ character, allow one to relate the
magnetic properties to other physical parameters only statisti-
cally. Therefore, an exhaustive understanding of the magnetic
behavior of NPs, which requires the disembroiling of the com-
plex interplay of the numerous influencing factors, appears to be
achievable only by the use of high spatial resolution and element
sensitive techniques, able to quantitatively measure the magnetic
parameters of individual NPs. For this reason several efforts are
focused on the research and development of new techniques with
more and more high resolution, able to study the magnetic be-
havior of single, smaller and smaller, isolated nano-objects. Sev-
eral techniques have been explored, but a standard method to
quantitatively measure the main magnetic parameters of isolated
nanomaterials has not been individuated yet.

The magnetization reversal of single micro and nanostructures
can be, for example, characterized by different techniques such
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as magnetoresistance techniques!”, spatially resolved Kerr effect
(MOKE) 18, or magneto-optical scanning near field optical mi-
croscopy1?, but greater attention is paid to techniques having
higher resolution and the capability of a more detailed study of
the magnetization reversal of nanometer-sized NPs, like trans-
mission electron microscopy (TEM) based techniques, such as
differential phase contrast mode (DPC)Z0 or off-axis electron
holography?!-22, X-ray based techniques, such as soft X-ray spec-
troscopies, like X-ray holography?3 and transmission X-ray mi-
croscopy 2426 ballistic Hall micro-magnetometry systemsZ27-28,
micro and nano-SQUID2%-32 and X-ray photoemission electron
microscopy (XPEEM) 33,34,

Nevertheless, all these techniques present some limitations, such
as: the complex sample preparation procedures, typical of trans-
mission electron techniques but also affecting nano-SQUID and
ballistic Hall micro-magnetometry techniques, where the capa-
bility of measuring a single nano-object is related to the capa-
bility of placing that object in a determined area of the sensor,
and, therefore, need additional instrumentation, such as nano-
manipulators or atomic force microscopy (AFM) setups; the lim-
ited kind of analyzable materials as in the case of conventional
X-ray microscopies, where only samples transparent to X-ray can
be measured; the necessity of complex, expensive and not eas-
ily accessible instrumentation such as synchrotron facilities in
XPEEM technique. For this reason research efforts are still ad-
dressed to the individuation of simple, user-friendly experimental
setups which do not require complicated sample preparation, able
to allow the study of any kind of magnetic nanomaterials and to
furnish quantitative information about the magnetic parameters
of the selected element.

Magnetic force microscopy (MFM) is a scanning probe mi-
croscopy technique, able to simultaneously acquire the morphol-
ogy of a surface and map the magnetic interaction forces between
the tip and the sample with nanometer spatial resolution. These
capabilities, together with the possibility of equipping commercial
MFM instruments with systems (electromagnets) able to produce
adjustable magnetic fields both perpendicular (out-of-plane) and
parallel (in-plane) to the sample surface, make MFM an effective
and widely used tool for the qualitative study of the magnetic
characteristics of single nanoparticles3>-3%, also in response to
the application of external magnetic fields*?. Nevertheless, the
potentialities of MFM in the measurement of quantitative mag-
netic parameters (such as the saturation magnetization M, the
saturation magnetic field Hy, the coercivity H. and the magne-
tization reversal curve) of single objects at the nanometer scale
have still not been completely exploited and only few results are
available. Indeed, nowadays, the only commonly used quantita-
tive MFM procedure is the local statistical measurement of the
switching field distribution and the remanent or ‘in field’ hystere-
sis curves of bit-patterned recording media, consisting in arrays

41-43 nanoislands*4, nanowires and nanotubes4>46,

of nanodots
which is generally performed by applying controlled out-of-plane
magnetic fields to the sample and counting the number of mag-
netically reversed entities. Concerning the quantitative measure-
ments of magnetic properties of single nanomaterials, the hystere-

sis loop of individual nanowires both under parallel and perpen-
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dicular magnetic fields has been measured by MFM#7. Indeed, in
the case of bistable magnetic nanomaterials with high magnetic
moment (such as nanowires), the magnetization state of the sam-
ple can be easily visualized on MFM images as an alternation of
‘bright’ and ‘dark’ contrast (i.e., repulsive and attractive tip-NP
interaction). Therefore, the magnetization curve (and the defini-
tion of quantitative magnetic parameters) of a single element can
be obtained acquiring several images with different external mag-
netic fields47 or by recording only one MFM image continuously
varying the applied magnetic field during the scan*® and then
plotting the contrast between two points (dark/bright contrast)
in a selected line or region as a function of the applied magnetic
field. Similarly, the magnetization curve of single nanodots in
response to out-of-plane and in-plane magnetic fields has been
measured using MFM by plotting the nanodot average phase (or
frequency/amplitude) shift as a function of the applied magnetic
field*® or by acquiring the MFM contrast in a single scan line
while continuously varying the applied field>°. These methods
have been successfully applied to dots having size ranging from
200 nm to 20 um. Nevertheless, in the case of superparamag-
netic nanoparticles having size less than 100 nm, the magnetiza-
tion reversal behavior of single NPs has been studied only quali-
tatively*°. Only Sievers et al. > and Schreiber et al. 3° succeeded
in retrieving the magnetic moment of nanoparticles from stan-
dard MFM images describing the tip-NP interaction as the force
occurring between two magnetic dipoles, while other authors did
not find any correlation between the experimental MFM data and
the proposed ‘dipole’ model 36:>2%:53 As already highlighted in the
literature 3>, these incongruities can be ascribed to several fac-
tors, which make magnetic nanoparticles with size lower than
100 nm a challenging sample to be quantitatively analyzed by
MFM. These factors can be summarized as: i) the low magnetic
moment, which produces a low magnetic tip-sample interaction,
close to the sensitivity limit of the technique; ii) the presence,
in MFM images, of an additional signal due to electrostatic tip-
sample interactions (i.e., van der Waals, electric charge, capaci-
tance coupling), which has been demonstrated to be of the same
order of magnitude in respect to the magnetic one 3°; iii) the lack
of an unambiguous theoretical model describing the tip-sample
(NP) interaction consistently with experimental data and the con-
sequent difficulty in converting the detected MFM signal to the
quantitative value of a physical parameter, such as the magnetic
moment of a single nanoparticle. Some methods to remove the
electrostatic effects in MFM images have been proposed, such as
the combined use of Kelvin probe force microscopy and MFM,
proposed by Jaafar et al. >*, or the switching probe magnetization
MFM and the differential MFM, proposed by Cambpel et al. and
Wang et al., respectively>>~57,

Recently, we proposed a new MFM technique, called controlled
magnetization-MFM (CM-MFM), with the aim of depurating the
MFM signal from the electrostatic artifacts and detecting the sig-
nal due to the sole magnetic tip-NPs interactions®8. The analysis
of superparamagnetic nanoparticles through the use of CM-MFM
showed that, once the electrostatic artifacts are removed from the
MFM data and the ‘pure magnetic signal’ is detected, the tip-NP
interaction can be simply described by the magnetic interactions

This journal is © The Royal Society of Chemistry [year]



80 —0—0—0—0

40t
20}

20 |
-40 |
60 |
809 —90—0—0—

M (emu/g)

-50 -40 -30 -20 -10 0 10 20 30 40 50
H (kOe)

Fig. 1 Magnetization curve obtained on magnetite NPs by SQUID.

between two single-point magnetic dipoles placed close to the ge-
ometrical center of the tip apex and the NP, respectively>8. This
result has confirmed the possibility of extrapolating quantitative
information about the magnetic properties of nanoparticles from
MFM measurements, providing that electrostatic effects are elim-
inated, which is an essential step of the method.

In this work we propose a MFM based, which is based on CM-
MFM previously described 8 but takes advantage of the applica-
tion of an additional smaller magnetic field during the experi-
ment, to quantitatively retrieve the magnetization curve of single
magnetic nanoparticles by in-field CM-MFM measurements. The
procedure has been tested on Fe;04 NPs and the obtained results
have been compared with standard magnetometry to assess the
effectiveness of the proposed technique.

1 Materials and methods

1.1 Controlled magnetization magnetic force microscopy
As previously described >, CM-MFM consists in the acquisition of
two MFM images with two different magnetization state of the
probe. Each MFM image is acquired using the standard MFM ‘lift
height mode’, consisting in a double scan of the sample area: the
first scan is performed in tapping mode in order to acquire and
record the topography profile of the sample; the second scan is
performed in dynamic non-contact mode with the tip following a
trajectory corresponding to the previously recorded sample pro-
file, with the aim of recording the phase (or frequency) shift map
due to the tip-sample long-range interaction forces F experienced
in each point of the scanned area. In particular, the phase shift
Ag is given by the relation
Q. JF;

M M
where Q. and k. are the quality factor of the cantilever first res-
onance in air and the cantilever spring constant, respectively,
and JF;/dz is the gradient along the z direction perpendicular
to the surface plane of the component along z of the long-range
interaction force F,. In CM-MFM, a first standard MFM image
(AQpragntip) is acquired with the probe magnetized in its satu-
ration magnetization state (M, ;,). This image is given by the
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superimposition of the signals due to both magnetic (A@yagn)
and electrostatic (Ag,;) tip-sample interaction forces®®. Then,
the tip can be demagnetized through the application (and the
switching off) of its coercive remanent field —H,.;,, previously
determined by a probe calibration procedure, and a second im-
age is acquired with zero probe magnetization and with the
same scanning parameters (A@pemagntip), in order to detect only
the electrostatic contribution (A¢,;). Therefore the MFM signal
due to only magnetostatic tip-sample interactions is obtained by
subtracting the second image to the first one, being AQuuen =
A(PMagnTip - A(PDemagnTip-

In this work, CM-MFM has been performed using a standard MFM
instrumental apparatus (Icon, Bruker Inc.) equipped with a stan-
dard CoCr coated silicon cantilever (MESP, Bruker Inc.). From
the analysis of the first free mode of the cantilever in air, the res-
onance quality factor Q. = 190 and the cantilever spring constant
ke = 1.0 N/m were determined. The MFM setup was equipped
with an electromagnet placed under the sample. This configura-
tion allows the tuning of the magnetization state of the probe,
through the application and the switching off of opportune out-
of-plane magnetic fields as previously described >8, i.e., the imple-
mentation of CM-MFM technique, and the tuning of the ‘in field’
(out-of-plane) magnetization state of the sample through the ap-
plication of controllable out-of-plane magnetic fields during the
scan (and, therefore, the study of the magnetization state of the
sample in response to an external magnetic field). The range of
possible magnetic fields applicable with the used instrumentation
is -480 Oe < H < +480 Oe, which has been demonstrated to be
appropriate to saturate and nullify the magnetization of standard
commercially available MFM probes>8. The in situ demagnetiza-
tion of the probe, necessary to perform CM-MFM, has to be ob-
tained by applying to the magnetized tip its previously measured
remanent coercive field H,.;,. Therefore, a preliminary calibra-
tion phase has been necessary. Using a floppy disk as a reference
sample, the remanent magnetization curve of the probe has been
measured (and thus the saturation magnetic field H,;;, and the
coercive field H,. ;;, have been determined) by plotting, as a func-
tion of the magnetic field, the phase contrast measured between
two adjacent domains after applying and switching off magnetic
fields with different intensities. The detailed ‘probe calibration’
procedure has been previously reported °8. All the measurements
reported in this work have been carried with the same probe for
which the values of H,; ;, =440 Oe and H, ;, = 230 Oe have been
found. In-field measurements have been performed by applying
an out-of-plane external magnetic H,,, field in the range -10 Oe
< H,yy < +65 Oe and at Az = 100 nm.

1.2 Materials and ancillary techniques

In order to validate the proposed measurement procedure, a sam-
ple of commercially available magnetite NPs (Sigma Aldrich) with
nominal average diameter of 30 nm have been studied. The sam-
ple was diluted in distilled water and a drop of the resulting dis-
persion was placed on a silicon single crystal substrate. Measure-
ments were performed after complete evaporation of the water.

The global magnetic characteristics of the sample were studied
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Fig. 2 Standard MFM images (a, d, g), electrostatic images (b, ¢, h) and CM-MFM images (c, f, i) at lift height Az of 20 nm (a, b, c), 50 nm (d, e, f) and
80 nm (g, h, i) of a NP of 31 nm diameter.
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interaction.
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using SQUID. Macroscopic DC magnetization measurements were
performed using a SQUID magnetometer equipped with a super-
conducting coil (H,,,x = £5 T). To avoid any movement of the NPs
during the measurements, the samples, in the form of powders,
were immobilized in epoxy resin. The obtained magnetization
curve is reported in Fig. 1, from which the saturation magnetiza-
tion My = 78 emu/g is calculated, reached at a saturation field of
about 103 Oe.

2 CM-MFM procedure for the measurement
of single NPs magnetization curves

The CM-MFM procedure we propose to measure the magneti-
zation curves of single magnetic nanoparticles consists in two
phases: i) the acquisition of the magnetic phase signal as a func-
tion of the tip-sample distance (i.e., the lift height) on different
NPs, in order to calibrate the magnetic parameters of the tip; ii)
acquisition of the magnetic phase signal as a function of the ap-
plied magnetic field of isolated NPs and conversion of obtained
curves into magnetization curves of each NP.

2.1 Calibration of the magnetic parameters of the tip

Different CM-MFM images of NPs, resulting from the subtrac-
tion of the images obtained with the demagnetized probe to the
corresponding standard MFM images, are acquired in correspon-
dence of different lift heights (i.e., the distance between the probe
and the sample). In Figure 2, an example of standard MFM im-
ages, the electrostatic images and CM-MFM (magnetic) images of
a Fe304 NP having diameter, evaluated from the corresponding
AFM topography (image not shown), of 31 nm acquired at dif-
ferent lift height values are shown. The value of the diameter, in
good agreement with the specifications supplied by the producer,
indicate the analyzed NP is isolated and not an agglomerate of
smaller NPs, and it is representative of the NPs population. As
expected and already observed in previous works>8:5%
trostatic phase images, NPs exhibit positive phase contrast (in re-
spect to the substrate), the intensity of which decreases with the
increase of the tip-sample distance, pointing out the presence of
detectable non-magnetic tip-NP interactions. The standard MFM
images also show a positive contrast in correspondence of NPs,
but lower than the corresponding electrostatic signal highlight-
ing the presence of a magnetic effect (which, in the absence of
an external magnetic field and in the case of superparamagnetic
NPs, should give rise to a negative phase contrast contribution
due to the attractive tip-NP interaction), which is ‘hidden’ by the
predominant electrostatic signal and become visible only after its
subtraction in CM-MFM images. Indeed, CM-MFM images exhibit
negative contrast in correspondence of NPs, which decreases with
the increase of the tip-sample distance. By measuring, for each
tip-sample distance, the CM-MFM phase shift difference between
the apex of the magnetic NP and the substrate and by plotting
the obtained values as a function of the tip-sample distance (lift
height), the magnetic phase-distance curve for each measured NP
is obtained, an example of which is reported in Fig. 3a. In absence
of electrostatic artifacts, the tip-NP interaction can be described
using the two-dipole model as sketched in Fig. 3b, where both

, in elec-
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the tip and the NP are described as two single point magnetic
dipoles®8. The magnetic phase shift can be obtained as
Qe a

2)
ke (Az+cs+d/2+Agp+8up)°

AQ = uomyipMnp

where: L is the permeability of free space; Q. and k. are the
quality factor and the spring constant of the used cantilever, re-
spectively, which can be evaluated from the cantilever first free
resonance in air; Ay, and Az are the amplitude set point and the
lift height selected for the specific measurement (and, therefore,
are known); d is the NP diameter, measured as the NP height in
topography images; ¢ the thickness of the possible non-magnetic
coating of the NP (which is O in the case of this work); Myp is
the magnetization of the NP; &, is the position, in respect to the
tip apex, of the equivalent magnetic dipole of the probe having
momentum my,. The tip momentum m;;, and its equivalent po-
sition &, are not known a priori and have to be determined. By
fitting the A¢@ versus Az experimental curves using Equation 2,
e.g., symbold and solid line in Fig. 3a, respectively, &, can be
evaluated. We repeated this procedure on 6 different NPs with
different diameters, obtaining &;;, + A, = 104424 nm.

2.2 Magnetization curves measurement

After selecting an opportune lift height, different ‘in-field’ MFM
images (using the magnetized probe) of an isolated NP are ac-
quired in correspondence of different intensities of out-of-plane
magnetic fields (H,y) applied during the scan. At the same lift
height, the pure electrostatic image corresponding to each NP is
acquired with the demagnetized probe at H,,; = 0 and subtracted
to the corresponding MFM image, allowing the measurement of
the ‘pure’ magnetic phase signal (corresponding to the apex of
the NP) as a function of the applied magnetic field. As an ex-
ample, in Fig. 4 a series of images obtained on a Fe304 NP of
31 nm diameter applying the described procedure, at lift height
of 100 nm, is shown, and in particular: the topography (a), the
electrostatic image at H,, = 0 (b), the series of standard MFM
images for different intensities of the applied magnetic field (c,
e, g) and the series of corresponding CM-MFM images (d, f, h).
The corresponding MFM and CM-MFM phase versus the applied
magnetic field curves are reported in Fig. 5a and b, respec-
tively. As visible in MFM images and in the MFM phase versus
H,y curves, in standard MFM images NPs exhibit a positive con-
trast, which is constant in correspondence of high magnetic fields
(higher than 600e), decreasing with the decrease of the applied
magnetic field, and reaches a constant value (close to zero) at
about 20 Oe and lower magnetic fields intensities. Similar be-
havior has been observed inverting the direction of the applied
magnetic fields. The reaching of a constant (saturation) value
in correspondence of the highest and lowest magnetic fields val-
ues and the decrease/increase of the phase contrast with the de-
crease/increase of the applied magnetic field in the intermediate
range indicates a relationship of the phase contrast trend with the
magnetization reversal behavior, which can be also recognized
observing the curve of the measured MFM phase contrast as a
function of the applied field, reported, as an example, in Fig. 5a.
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Nevertheless, an inversion of the contrast (i.e., an inversion of the
magnetization) should occur in correspondence of the reversal of
the applied magnetic field. This is not observable in standard
MFM images, which, indeed, give rise to a MFM phase versus
applied magnetic field curve completely asymmetric in respect of
both the two axes by reason of two phenomena. The first one,
responsible for the fact that an inversion of the phase contrast is
not visible at all in standard MFM images, is the presence of elec-
trostatic artifacts, the effect of which is visible when comparing
the MFM images with the correspondent electrostatic one. In-
deed, the positive contrast detected in standard MFM images is
higher than the electrostatic contrast in correspondence of high
magnetic fields and lower than the electrostatic contrast in corre-
spondence of low magnetic fields. After subtracting the electro-
static effects to MFM images (which corresponds to the subtrac-
tion of a phase shift bias from the MFM phase contrast data in Fig.
5a), an inversion of the contrast in correspondence of a value of
magnetic field approximately intermediate between the two ‘satu-
ration’ magnetic field values is clearly visible in CM-MFM images,
where the NP phase contrast is positive in correspondence of high
magnetic fields and negative in images acquired at low magnetic
fields. This confirms, not only the actual correspondence between
the in-field CM-MFM data with the magnetization reversal curve
of a NP, but also the accuracy of the measured electrostatic signal,
indicated by the symmetry, in respect to the y-axis, of the curve
obtained after the subtraction of the non-magnetic contribution,
as shown in the curve reported in Fig. 5b. Nevertheless, as visible
in both CM-MFM images and in the curve of the CM-MFM phase
as a function of the applied magnetic field, the contrast inversion
occurs in correspondence of magnetic field values very different
from zero. This is due to the fact that the external magnetic field
we apply is not the only one affecting the magnetization state of
the sample, but also the magnetic stray field of the probe Hj;),
is present and produces an additional contribution to H,y. This
additional contribution can be, therefore, evaluated as the H,,,
value corresponding to the center of the measured curve. From
the value of Hj;;,, which we found as high as 3342 Oe, the value
of myj;, can be obtained from the relation

1 Myip

tip = 5 (3
2T (Az+c+d/2+Agp+ 6,51,)3

which gives myi, = (1.74£0.4) x 107!3 emu, in very good agree-
ment with the (approximated) value of 1 x 1073 emu supplied
by the producer. The single NP magnetization curve can be thus
obtained converting the measured magnetic phase contrast in
the corresponding magnetization values (Myp) using Equation
2, which actually corresponds to multiplying the CM-MFM phase
contrast data in Fig. 5b by a constant value. As an example, Fig.
5c shows the calculated magnetization curve obtained from the
CM-MFM phase versus H,y curve reported in Fig. 5b.

3 Results and discussion

The described procedure has been applied to four Fe304 NPs. In
Table 1, the obtained values of saturation magnetization (M) and
coercive field (H,) of the measured four magnetite NPs, with di-
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Table 1 Parameters obtained from the magnetization curves of four
different NPs: for each NP with diameter d, the saturation magnetization
M, and the coercivity H, are reported.

d (nm) M, (emu/g) H. (Oe)
32 64+4 55+2.0
31 68+ 1 6.5+2.0
25 78 +23 0
21 13110 0

ameters in the range 21-32 nm, are reported. The values of M
and the corresponding uncertainties are calculated from the two
saturation magnetization values found for each curve, i.e., for
positive and negative values of H,y. All the values of M; mea-
sured for the four NPs are in satisfyingly good agreement with the
value of M; = 78 emu/g measured with SQUID, considering that
the latter is averaged on the whole population of NPs, and with
the values of saturation magnetization of magnetite NPs reported
in literature (55 —92 emu/g)%%-%*. Moreover, when calculating
the weighted average value of saturation magnetization (using
the mass of each NP as the weight in the average), 75+ 5 emu/g
is obtained which is in very good agreement with SQUID data.
Observing the values obtained in correspondence of the single
NPs and their uncertainties, it is possible to note that the NPs with
diameters around 30 nm (which is the nominal average diame-
ter of the analyzed NPs) exhibit saturation magnetization values
close to the literature values®%-%3 and to the value obtained by
SQUID. Furthermore, the small error indicates a high symmetry of
the obtained curves (as also observable in Fig. 5, where the curve
obtained for the NP with diameter of 31 nm is shown). These
results seem to show the good operation of the technique for par-
ticles having diameter higher than 30 nm. The 25 nm sized NP
shows a saturation magnetization in very good agreement with
the value measured with SQUID and with the values reported in
the literature. The high error indicates a significant asymmetry
of the curve, which demonstrates a not accurate evaluation of
the electrostatic signal in this case. A significantly higher value of
saturation magnetization has been observed in correspondence of
the smaller NP (21 nm). The significant and unexpected increas-
ing of the saturation magnetization with the decreasing of the NP
size could be due not to a real effect but to some limits of our
procedure which could become particularly critical when the NP
size decreases under a certain dimension. More specifically, in our
previous works, we estimated that, with the present settings and
equipment, our technique could be suitable for the study of NPs
with diameter not smaller than 10 nm, being 102 deg the min-
imum value of detectable phase®8. Nevertheless, also in corre-
spondence of slightly higher dimensions, the magnetic sensitivity
and the quantitative accuracy of the measurements are inevitably
reduced. Furthermore, the volume of the NPs has been calculated
considering the NPs having spherical size. This approximation,
especially for very small NPs could be not realistic.

Also, it is worth noting that from Fig. 5 the magnetic field Hy
required to saturate the magnetization of the NP is about 25 Oe.
An analogous result is obtained for all magnetization curves we
acquired. This result is somehow surprising if compared to the
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Fig. 5 (a) MFM phase versus applied magnetic field curve at Az =100 nm of a NP of diameter of 31 nm; (b) corresponding CM-MFM phase versus
applied magnetic field curve; (c) corresponding magnetization versus applied magnetic field curve.

values of saturation field obtained by SQUID and commonly re-
ported in literature, which are about 50 times bigger. Although
this result deserves further investigation, we believe that a first
attempt of rationalization can be done considering that NPs in
our sample are much more diluted than in samples usually char-
acterized with SQUID. Thus, the mutual interactions among NPs,
which lead to a reduction of the effective magnetic field expe-
rienced by each NP, are negligible in our case. Therefore, we
believe that saturation fields measured with ‘global’ techniques
are actually overestimated due to not negligible magnetic inter-
actions among magnetized NPs.

Finally, the analysis of coercive field (H.) of the measured NPs
highlighted the presence of a certain hysteresis and thus a cer-
tain coercivity, in correspondence of bigger NPs (31 and 32 nm
of diameter), while no coercivity has been detected in correspon-
dence of NPs having diameter lower than 25 nm, which there-
fore seem to exhibit a superparamagnetic behavior. Although ad-
ditional and more accurate experiments are required also con-
sidering the relatively high uncertainty in the results here pre-
sented, the observation of a ‘threshold effect’ seems to confirm
results already reported in literature, where an analogous effect
was observed using standard ‘global’ techniques for the coercivity
of magnetite NPs in the range between 25 and 15 nm®. Our
results demonstrate that CM-MFM is a powerful technique for
the magnetic characterization of single nanomaterials, allowing
one to obtain the actual magnetization curve of the investigated
nano-object. However, some issues still limiting the accuracy of
our technique have to be addressed. Indeed, in addition to the
limitation to the accuracy due to the experimental setup, e.g.,
the limited sensitivity of the power supply and the related possi-
bility of not complete demagnetization of the tip°8, the analytical
model used in the tip calibration should be improved, as the value
of &;, retrieved from the fitting procedure shows a relatively high
variation among different NPs. Conversely, the estimation of Hy;,
is very accurate as it does not sensibly vary among different NPs.
Nevertheless, the uncertainty in &, results in an increased un-
certainty in the values of m,;, estimated from Hj;, using Equation
3. In addition, the incorrect evaluation of electrostatic forces,
mainly due to a residual magnetization of the tip in its demagne-
tized state>8, may lead to asymmetric magnetization curves. This
effect seems more dramatic in case of small NPs. Finally, the cal-

8| Journal Name, [year], [vol.],1—9

culation of the magnetization is performed assuming a spherical
geometry for the NPs which may be not correct in case of small
NPs. This assumption may result in an incorrect calculation of
the NP volume and thus of the magnetization. While the spher-
ical assumption can be checked in case of bigger NPs from the
topographical images, in case of smaller NPs the true geometry is
difficult to assess due to the effect of tip convolution. Notwith-
standing these current limitations which have to be addressed,
however, CM-MFM has been proved a powerful technique for the
local nanomagnetic characterization of single nanomaterials.

4 Conclusions

An experimental procedure, consisting of a series of in-field CM-
MFM measurements aimed to the reconstruction of the magnetic
phase versus the tip-sample distance and versus the applied ex-
ternal magnetic field, and a data post-processing method for the
quantitative magnetic characterization of single NPs have been
proposed, described and discussed in this work. The use of CM-
MFM allowed us to obtain the signal originating from the sole
magnetic tip-NP interaction, after subtracting the contributions
due to any non-magnetic force. Consistently with previous re-
sults, the detected pure magnetic signal resulted well interpreted
by the theoretical model describing the magnetic tip-NP interac-
tion force as the interaction between two magnetic dipoles, con-
firming the correctness of the CM-MFM working principle. By
fitting the measured magnetic phase versus distance curves and
analyzing the information about the probe stray field retrieved
from the measured magnetic phase versus applied magnetic field
curves, we were able to calculate the unknown magnetic param-
eters of the used probe (i.e., the magnetic stray field H;, and
the magnetic momentum ;;,), which showed a good consistency
with the approximated values provided by the producer, demon-
strating the efficiency of the procedure. The capability of accu-
rately calibrating the magnetic behavior of the used probe al-
lowed us to convert the magnetic phase values measured in corre-
spondence of single NPs to the corresponding values of NP mag-
netization and to obtain the magnetization curves of single NPs
as a function of the applied magnetic field, which represented
one of the main open issues in the field of MFM-based charac-
terization techniques. The proposed measurement and data anal-
ysis procedure has been tested on four Fe;04 NPs having diam-
eters in the range 21 — 32 nm, the measured saturation magne-
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tization and coercivity values of which resulted in good agree-
ment with the corresponding values found in the literature and
with the values we measured, on the same NPs, through a SQUID
analysis. Reporting the results on only four nanoparticles cannot
be considered a full validation and further studies aimed at vali-
dating the method, e.g., evaluation of the limit of detection and
quantification (LoD and LoQ, respectively), accuracy, repeatabil-
ity, and lateral resolution, are currently ongoing. Nonetheless,
the results reported in this work represent an intrinsically remark-
able methodological outcome. Indeed, it is possible to conclude
that, despite further analysis are needed to better evaluate the
method, our CM-MFM technique has been demonstrated to be
effective to perform real quantitative magnetic characterization
at the nanometer scale and, in particular, on a challenging sam-
ple as single superparamagnetic nanoparticles, showing its high
potentiality as a simple, not expensive, user-friendly and widely
applicable nanomagnetometry tool.
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