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Direct imaging of the magnetic polarity and 

reversal mechanism in individual Fe3-xO4 
nanoparticles 

Moya Carlos,*‡a  Iglesias-Freire Óscar, ‡b,c  Pérez Nicolás,a  Batlle Xavier,a Labarta 
Amilcar a and Asenjo Agustinab 

This work reports on the experimental characterization of the magnetic domain configurations in cubic, 

isolated Fe3-xO4 nanoparticles with a lateral size of 25-30 nm. The magnetic polarity at remanence of 

single domain ferrimagnetic Fe3-xO4 nanoparticles deposited onto a carbon-silicon wafer is observed by 

magnetic force microscopy. The orientations of those domains provide a direct observation of the 

magneto-crystalline easy axes in each individual nanoparticle. Furthermore, the change in the domain 

orientation with an external magnetic field gives evidence of a particle magnetization reversal mediated 

by a coherent rotation process that is also theoretically predicted by micromagnetic calculations. 

 

 

 

 

Introduction 

Magnetic nanoparticles (NPs) have been actively researched in 
the last decades due to their applications in technology – such 
as magnetic recording,1 catalysis2 or environmental 
remediation3 – and in biomedicine4 – including biomolecule 
detection,5 magnetic hyperthermia6 or targeted drug delivery.7 

In particular, magnetite Fe3-xO4 NPs are one of the most 
commonly studied systems because of their ease to be produced 
and functionalized by chemical routes,8 low toxicity and 
magnetic properties.9 In addition, they are excellent model 
systems to study finite-size effects, yielding insight into new 
phenomena and enhanced properties of nanomaterials with 
respect to their bulk counterparts.10 Currently, the study of the 
composition and crystallinity of individual NPs on the sub-
nanometer scale can be performed by electron microscopy 
techniques, as previously reported.11 Moreover, the magnetic 
and the electronic properties of single NPs can be addressed by 
combining photoemission electron microscopy (PEEM) with 
synchrotron-based, polarization-dependent X-ray absorption 
spectroscopy (XAS).12 

Another remarkable technique that allows the direct imaging of 
magnetic nanostructures is magnetic force microscopy 
(MFM),13,14 a widespread technique that yields information 
about the distribution of magnetic charges within the surface 

region of ferrimagnetic samples. Its main advantages consist of 
a relatively high spatial resolution – allowing local 
measurements well below the microscopic scale – and 
versatility – enabling the possibility to apply external magnetic 
fields.15 The capability of resolving small nanostructures, such 
as single nanoparticles, is limited by the finite radius of the tip 
apex, as well as by the tip-sample distance at which the 
magnetostatic interactions become dominant (typically 15-50 
nm). The radius of the MFM tip can be decreased by using 
thinner magnetic coatings but the latter results in a lower 
magnetostatic coupling with the sample. Therefore, a balance 
must be met between resolution and sensitivity when aiming at 
characterizing magnetic nanostructures.16 Although partially 
successful attempts to characterize individual magnetic NPs 
have been made;17-26 the unambiguous correlation of the 
magnetic domain orientation to the crystalline structure is yet to 
be achieved. Within this framework, we present direct 
experimental observations of the magnetic domain 
configuration and magnetization reversal mechanism of 
individual Fe3-xO4 NPs. In addition, experimental analysis is 
further supported by micromagnetic calculations. 
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 Experimental details 

Samples were synthesized by high-temperature decomposition 
of Fe(III)–acetylacetonate in organic solvent with decanoic acid 
as capping ligand, as reported elsewhere.8 Particle size 
distribution was analyzed by measuring around 1500 particles 
and the resultant histogram was fitted to a log-normal 
distribution function. Nanocrystals were found to be cubic in 
shape (see Figure 1.a and S1, Supporting Information), with a 
mean diameter of 27.2 nm and a standard deviation of 16.5 nm 
(see Figure 1c). Figure 1d shows iron oxide NPs to possess high 
crystal quality with an inverse spinel structure and an average 
particle diameter DXRD = 27.0 ± 1.5 nm. 
The saturation magnetization MS was obtained by extrapolation 
of the high-field region of the magnetization curves M(H) to 
zero field, assuming that the high-field behavior is of the type 

MS+χH, where χ is a residual high-field susceptibility.27,28 MS 
values were normalized to the magnetic content by subtracting 
the organic fraction to the sample mass.  
 
 

 

 

 

 

 

 

 

 

 

 

Figure 1. Structural and magnetic characterization. (a) High 
resolution TEM image of a single Fe3-xO4 nanoparticle. (b) 
Hysteresis loops of 27 nm Fe3-xO4 NPs at 300 K and detail of 
the low field region (inset to figure 1.b). (c) Particle size 
distribution obtained by TEM. The solid line corresponds to the 
fitting of the histogram to a log-normal distribution function. 
(d) X-ray diffraction pattern together with the indexation of the 
Bragg peaks to an inverse spinel structure. 

 
The saturation magnetization obtained from the hysteresis loop 
at room temperature (RT) (MS = 80.9 ± 0.2 emu/g) was just 
slightly smaller than the bulk value,29 indicating an almost 
perfect ferrimagnetic order throughout the whole NP, as shown 
in Figure 1a and previously reported in samples with very high 
crystal quality synthesized by the thermal decomposition 
method.27,28 The squareness of the hysteresis loop and the 

existence of a finite value of the coercive field at RT (µ0·Hc = 
10.7 ±  2.0 mT) are associated with the blocking of the particle 
magnetization in a non-superparamagnetic state (see Figure 1b). 
In such highly crystalline samples, well defined magneto-
crystalline easy axes are expected to favor spins to point along 
the [111] directions, as has been demonstrated in macroscopic 
Fe3-xO4 crystals.30 However, one should keep in mind that the 
magnetization data result from averaging over an enormous 
number of NPs – many of them with different orientations and 
grouped into clusters – in such a way that no direct evidence 
can be provided for the behavior occurring in isolated NPs. For 
that purpose, extracting local information about the magnetic 
properties of single particles becomes necessary. 
 

Results and discussion 

Figure 2 shows the topography and corresponding MFM 
images of four isolated Fe3-xO4 NPs, measured at remanence 
after in-plane saturation along the horizontal direction of the 
images. It is worth noting that, in contrast to the high accuracy 
yielded by AFM-based techniques in measuring vertical 
distances, lateral dimensions of protruding nanostructures are 
unavoidably overestimated due to the convolution of tip-sample 
interactions over the tip apex volume. Furthermore, sharp 
corners are considerably smoothed, as the dimensions of NPs 
are comparable to the tip apex radius. As a consequence, NPs 
shown in Figure 2 appear to be 2-3 wider than their real size 
and their cubic geometry is smeared out so that they appear as 
rather semi-spherical objects 31 (upper row in Figure 2). On the 
contrary, vertical distances get rid of the convolution effect and 
yield heights (Figure 2e) in outstanding agreement with the size 
histogram shown in Figure 1c. 
The MFM images in Figure 2 show individual NPs at 
remanence to be single domain with well defined magnetic 
polarity, as expected for magnetite NPs of about 30 nm with 
high crystallinity. Furthermore, KPFM/MFM experiments were 
performed to discard electrostatic interactions and special 
attention was paid to the tip selection in order to get tip-particle 
interaction energy less than the anisotropy energy of a single 
particle so that the magnetization polarity remained unchanged 
while the image raster was completed. MFM images showing 
particles with distinct orientations of the magnetic polarity also 
rule out eventual influence of the stray field of the tip in the 
magnetic state of the particles or overlapping32,33 of 
electrostatic interactions.34,35 
 
Some misorientation of the magnetic polarity – expected from 
the rather stochastic processes governing the drying step– exists 
among NPs when comparing the relative orientation of the 
bright-dark regions in the MFM images of Figure 2. 
Interestingly enough, although two neighboring NPs seem to be 
present in the AFM image of Figure 2c, only one of them gives 
rise to contrast in the corresponding MFM map. This suggests 
the existence of organic residues from the synthesis process, 
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which might be misinterpreted as being Fe3-xO4 NPs in 
topographic images. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. The remnant state. (a)–(d) Topographic AFM (top 
row) and corresponding MFM images (bottom row) of four 
different Fe3-xO4 NPs measured at remanence after in-plane 
magnetic saturation along the horizontal direction of the 
images. (e) Height profiles of those NPs in (a)-(d). Colored 
profiles in (e) correspond to the respective dashed lines 
depicted in the (a)-(d) AFM images. 

 
 
The influence that an external field has over such domain 
configurations is described in Figure 3. Note that the area 
shown in Figure 3c corresponds to the zoomed NP in Figure 2c. 
If these Fe3-xO4 NPs were isotropic, the applied magnetic field 
would determine a preferential direction in terms of the 
energetic balance, so that, for field values large enough for 
spins to overcome eventual pinning potentials, domain 
polarizations would appear aligned with the external field in the 
MFM images. However, this is not the case in Figure 3, where 
the dipolar contrast clearly reflects the existence of other 
preferential directions for spins to point along. We attribute this 
to the magneto-crystalline easy axes along the [111] directions 
of the cubic NPs.  
Particularly relevant from these results becomes the fact that 
the orientations of the particle domains change when reversing 
the external field, in such a way that it is not a simple reversal 
of the dipolar polarity. This can be readily seen when 
comparing the MFM images shown in the left and right 
columns of Figure 3, corresponding to magnetic field values 
larger than the coercive field of the NPs (at RT) with opposite 
directions. In each NP, the domain polarization changes from 
an orientation roughly inclined towards the right (↗ for positive 
values of the field) to another one inclined towards the left (↖ 
for negative fields), as the magnetic field is reversed. Thus, 
particle spin configuration accommodates to the magneto-
crystalline easy axis that is closest to the direction of the 
external field. The similarity between the spin configurations 
observed in different NPs of the sample can be explained by the 

previous magnetic history followed by the system, in which 
magnetic fields close to the saturation field were applied. Most 
pronounced differences between the magnetic configurations of 
the NPs would be expected if the sample were in the virgin 
state.  
Besides revealing the polarity and orientation of the particle 
domains, these MFM images yield additional information. The 
recorded switch in the spin orientation from one easy axis (for 
positive fields) to another one (for negative fields) is an 
experimental fingerprint of the reversal process being carried 
out by a coherent rotation mechanism. In order to support this 
hypothesis, some numerical calculations were performed by 
means of the OOMMF code 37 to simulate the magnetization 
distribution in cubic Fe3-xO4 NPs. The 3D Oxsii mode was used 
with the following parameters: saturation magnetization, MS = 
4.66 kA/m, was obtained from the hysteresis loop (see Figure 
1b); exchange stiffness constant for magnetite38, A = 13.2·10-12 
J/m; magneto-crystalline anisotropy constant for bulk 
magnetite29, k1 = 12 kJ/m3 and a cubic cell size of (2x2x2) nm3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. The domain polarity. Topographic (center) and MFM 
images (left & right) of the same NPs in figure 2(a)-(d), in the 
presence of in-plane magnetic fields with opposite directions 
(see blue and red arrows on top of the figure). 

 

The simulated hysteresis loop of a single NP is displayed in 
Figure 4. This curve describes the reversal of the particle 
magnetization for the case of an in-plane field applied along the 
[100] direction (horizontal direction), similarly to the 
experimental situation. In the remnant state (µ0·H = 0), the NP 
is predicted to present a single domain configuration with its 
spins mainly aligned along the [111] axis. This causes the ratio 
of the remnant magnetization to the saturation magnetization to 
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be 0.58. The simulation predicts the reversal mechanism to 
follow a coherent rotation of the spins, as is displayed in Figure 
4b, with a coercive field of µ0·HC = 26 mT. Since the 
dimensions of these NPs are rather small, it would be 
energetically costly in terms of the exchange energy to generate 
any kind of domain wall to carry out the reversal process. Thus, 
the NPs behave as a macrospin, tending to accommodate 
anytime to the closest crystalline easy axis, giving rise to the 
change of orientations shown in Figures 4a and 4c as the 
magnetic field reverses its polarity. So, as the micromagnetic 
simulations suggest, the switching between easy axes during 
the magnetization reversal process observed in the MFM 
images (see Figure 3) can be associated with a coherent rotation 
mechanism rather than with nucleation and propagation of 
domain walls. 
 

 

Figure 4. Micromagnetic simulations. (Upper center) OOMMF 
simulated hysteresis loop for an individual NP with an in-plane 
field applied along the [100] direction (horizontal direction). 
Bottom (a), (b) and (c) images: Distribution of the 
magnetization for the three situations highlighted by black 
arrows in the previous hysteresis loop. The upper left and upper 
right images display the simulated MFM contrast for the 
configurations presented below in the bottom (a) and (c) 
images, respectively.  

Experimental Section  

Samples for transmission electron microscopy (MT80-Hitachi 

TEM) analysis were prepared by drying at room temperature 
(RT) one drop of a dilute suspension of NPs deposited onto a 
carbon-coated copper grid. In order to get a deeper insight into 
the crystal quality and stoichiometry of individual NPs, high 
resolution TEM images (HR-TEM) were obtained with a 
JEOL-2100F microscope. The organic fraction of the samples 
was evaluated by thermogravimetric analysis (TGA) using a 
TGA-SDTA 851e/SF/1100 (Mettler Toledo) set-up, at a heating 
rate of 10 K/min in nitrogen atmosphere from room 
temperature up to 1073 K (see Figure S2, Supporting 
Information). Hysteresis loops of powder sample of NPs were 
measured with a Quantum Design SQUID magnetometer under 

a maximum applied magnetic field of ± 5 T at 5 and 300 K.  
Samples for AFM-MFM observations were prepared by placing 
one drop of a dilute suspension of NPs onto a carbon-silicon 
wafer and drying it in an oven at 348 K for 1 hour in order to 
ensure all solvent traces were completely removed. We 
prepared several samples by varying the particle concentration, 
deposition conditions and the particle size in order to find 
regions where we were able to identify by AFM imaging 
isolated particles far apart enough (about a few times the 
apparent particle diameter) from other particles and aggregates 
so as to disregard dipolar interactions (see Figure S3,  
Supporting Information). 
MFM measurements were carried out at room temperature 
using a variable field MFM set-up  from Nanotec Electrónica.39 
All the experiments were done using the lift mode (lift height: 
40 nm), in which the topographic profile is retraced at a tip-
sample distance where magnetostatic interactions become 
dominant. MFM data arise from the change in the resonance 
frequency of the oscillating cantilever induced by such 
magnetostatic coupling between tip and sample; in all the 
experiments shown, a phase-locked loop (PLL) was used to 
keep a constant phase lag between the driving signal and the 
cantilever oscillation, so that MFM data have units of Hz. 
BudgetSensors Multi75-G tips, with nominal values of spring 
constant k≈3N/m and resonance frequency f0≈75 kHz, were 
used.  

Conclusions 

Summarizing, this work provides experimental characterization 
by variable field–magnetic force microscopy of the domain 
configurations in cubic, isolated Fe3-xO4 NPs with an average 
lateral size of 25-30 nm and high crystal quality. Single domain 
structures are reported, whose orientation and polarity are 
determined by both their magnetocrystalline easy axes and 
previous magnetic history. As the main result, we have been 
able to directly observe the orientation of the easy axes in 
individual ferrimagnetic nanoparticles. Furthermore, 
experimental evidence of a magnetization reversal mediated by 
coherent rotation of the particle spins has been obtained in these 
isolated NPs. These results have also been supported by 
micromagnetic simulations. 
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