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Iron oxide nanoflowers (IONF) are densely packed multi-core aggregates known for their high saturation
magnetization and initial susceptibility, as well as low remanence and coercive field. This study reports on
how the local magnetic texture originating at the crystalline correlations among the cores determines the
special magnetic properties of individual IONF over a wide size range from 40 to 400 nm. Regardless of
this significant size variation in the aggregates, all samples exhibit a consistent crystalline correlation that
extends well beyond the IONF cores. Furthermore, a nearly zero remnant magnetization, together with
the presence of a persistently blocked state, and almost temperature-independent field-cooled magneti-
zation, support the existence of a 3D magnetic texture throughout the IONF. This is confirmed by mag-
netic transmission X-ray microscopy images of tens of individual IONF, showing, in all cases, a nearly
demagnetized state caused by the vorticity of the magnetic texture. Micromagnetic simulations agree well
with these experimental findings, showing that the interplay between the inter-core direct exchange
coupling and the demagnetizing field is responsible for the highly vortex-like spin configuration that
stabilizes at low magnetic fields and appears to have partial topological protection. Overall, this compre-
hensive study provides valuable insights into the impact of crystalline texture on the magnetic properties
of IONF over a wide size range, offering a deeper understanding of their potential applications in fields

rsc.li/nanoscale

Introduction

Iron oxide nanoparticles (IONP) composed of either magnetite
(Fe;0,) or maghemite (y-Fe,03) have been the object of many
investigations, not only for the understanding of their funda-
mental properties but also due to their numerous
applications.”” Their relative ease of production, good mag-
netic performance, and good biocompatibility have led to their
use in a large variety of applications ranging from environ-
mental remediation to biomedical diagnosis and treatment.*™®
Recently, densely packed aggregates of iron-oxide cores
arranged as nanoflower-like (IONF) structures have drawn
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such as biomedicine and water remediation.

much attention due to the inherent benefit of combining the
advantages of nanocrystals and large single-crystals.”® The
most relevant feature of IONF is that, despite being relatively
large and, thus, having a high saturation magnetization, IONF
exhibit nearly zero remanence and coercivity, and conse-
quently no aggregation between the aggregates. Therefore,
although magnetic hysteresis resembles that of superpara-
magnetic (SPM) particles, the initial susceptibility is very large,
and the aggregates can be fully saturated under a moderate
magnetic field. This behaviour may be related to the existence
of some exchange coupling between the cores, leading to a
superferromagnetic state of the whole superstructure, ie.,
magnetic correlation extends beyond the individual nanocrys-
tals.” The interplay between the demagnetizing field and the
magnetic correlation among the cores could lead to high vorti-
city of the moment arrangement of the nanocrystals to mini-
mize self-magnetic energy and consequently to the nearly zero
remnant state. Interestingly, vortex-like states at zero magnetic
field were found in nanocrystalline Fe;O, particles'®™® and
other magnetic nanostructures.'*

The apparent SPM behaviour makes these IONF ideal mag-
netic platforms for both biomedicine and water remediation

This journal is © The Royal Society of Chemistry 2024
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purposes since the net magnetization of the IONF can be con-
trolled at will by the application of a weak external magnetic
field so that the particle agglomeration is effectively
reduced.’” "

Crucial to optimizing IONF designed for the above appli-
cations is probing the 3D magnetic texture associated with the
actual demagnetized state, an issue that is becoming more
cumbersome than expected. The reason is that there are
several aspects affecting the demagnetized state of the IONF
such as the distribution of sizes and magnetic anisotropy, and
the crystallographic texture of the inner cores within the IONF.
The interaction between cores can lead to the formation of
magnetic superstructures within a single IONF, potentially
leading to supramagnetic correlations over several groups of
IONF. Hence, a thorough understanding of both the internal
crystallographic and magnetic structures of single IONF is
essential.

While conventional structural and magnetic measurements
are the backbone for a precise understanding of the nano-
scopic properties of the IONF, the study of the specific features
within the individual IONF is essential to achieve ultimate
control over the functionality of the IONF arrangements. This
calls for a correlative study combining standard techniques
with advanced complementary techniques sensitive to local
magnetic texture, such as synchrotron-based Transmission
X-Ray Microscopy (TXM) combined with X-ray magnetic circu-
lar dichroism (XMCD),>*?* together with numerical calcu-
lations that reproduce the experimental results.

This work reports such a study of different-sized IONF syn-
thesized through polyol routes, ranging from 40 to 400 nm.
Despite the significant variation in the size of the aggregate,
these samples exhibit a consistent crystalline correlation that
extends beyond the individual cores yielding high values of
both the saturation magnetization and the initial suscepti-
bility, but with almost zero remnant magnetization and coer-
civity. Magnetic TXM imaging of tens of individual IONF
reveals a predominantly demagnetized state, with a seemingly
slight correlation between the agglomerate size and the par-
ticular magnetic texture. These experimental findings are sup-
ported by micromagnetic simulations, where the role of the
interplay between the demagnetizing field and the magnetic
interactions between neighbouring cores in stabilizing 3D
vortex-like spin configurations is unambiguously shown. These
results highlight that the manipulation of the crystalline
texture of IONF opens new opportunities for designing highly
efficient drug delivery carriers with enhanced properties, as
well as materials with excellent sorption capacity for environ-
mental remediation.

Results and discussion

Revealing the crystal texture of IONF within a wide range of
sizes

As a first step, we determined the crystalline structure of three
characteristic samples formed by densely packed multi-core

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

IONF within a wide range of sizes. Samples were prepared by
reacting at high temperatures iron chlorides with glycol sol-
vents in presence of organic surfactants following standard
methodologies reported elsewhere.>?%**"*” The IONF size was
modified by tuning reaction parameters in the reaction
mixture such as temperature, time, and/or reagent concen-
tration (see details in the Methods section). Fig. 1(a-c) displays
a gallery of low-magnification Transmission Electron
Microscopy (TEM) images of IONF ensembles. These tend to
self-assemble onto the C-coated Cu grid avoiding the for-
mation of large aggregates, probably due to the steric forces
associated with the surfactants attached to the IONF surface.
Fig. 1(d) depicts the size distributions obtained from the TEM
images in Fig. 1(a—c): we obtain values of the mean size of 38 +
10 nm (IONF40), 122 + 14 nm (IONF100), and 379 + 135 nm
(IONF400) and the relative standard deviation oggp, within
0.11 and 0.36. Fig. 1(e) shows core size distributions with
average sizes around 4-6 nm, regardless of the IONF size.
High-resolution TEM (HRTEM) images depicted in
Fig. 2(a), (d) and (g) and in Fig. S1-S3 in the ESI{ reveal
common trends in the three samples, regardless of IONF size.
For example, IONF are composed of multicore aggregates that
resemble petal-like nanostructures and interplanar distances
consistent with monophasic y-Fe,O;. Moreover, samples
exhibit the same family of planes through large areas of aggre-
gates, which suggests the existence of a crystal correlation
between the cores. For example, this is apparent in sample
IONF40, where the crystal plane (210) is homogenously distrib-
uted over the whole IONF (see Fig. 2(b)). Regarding the crystal-
line texture of the samples, one would expect Small Angle
Electron Diffraction (SAED) patterns for a single IONF to look
like those of polycrystalline particles, showing concentric ring-
like patterns due to the small size of the cores. However, Fast
Fourier transform (FFT) and SAED patterns shown in Fig. 2(c),
(f) and (i), corresponding to IONF40, IONF100, and IONF400,
respectively, contain a set of relatively ordered spots extending
along small arcs of the fully polycrystalline rings. The average
angle subtended by the arcs of the spots in the three samples
is within 7-14°. This fact indicates that the IONF are neither
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Fig. 1 Representative low-magnification TEM images of samples
IONF40 (a), IONF100 (b), and IONF400 (c). The size distributions of both
IONF aggregates and cores are shown in (d) and (e), respectively.
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Fig. 2 HRTEM characterization of samples IONF40 (a—c), IONF100 (d-
f), and IONF400 (g—i). The first column shows HRTEM images indicating
the coexistence of several y-Fe,Oz planes. The second column shows
the reconstructed images after performing the inverse FFT of FFT
images that were filtered to contain only features associated with plane
(210) for sample IONF40, and plane (311) for samples IONF100 and
IONF400. The third column shows the calculated FFT pattern (c)
obtained from (a) for IONF40, and SAED patterns of single IONF for
samples IONF100 (f) and IONF400 (i), respectively.

entirely polycrystalline nor single crystal but show a significant
crystalline texture among the cores within each IONF. As
expected, the lowest value of the subtended angle is found in
sample IONF40, which is made of fewer cores than the other
two particle types. Interestingly, although the sample IONF400
contains many more cores than the other two, the average
value of the subtended angle is still small, indicating the
prevalence of a strong preferential orientation of the cores
within the IONF, even in such large core aggregates. This trend
can also be visualized by indexing the spots of a SAED pattern
of a single IONF400 to the planes oriented in the [111] zone
axis of a simulated diffraction pattern of y-Fe,O; (see Fig. S4
and Table S1 in the ESIY).

The crystalline correlation among the cores was further
investigated by X-ray diffraction (XRD) (see Fig. 3). At first
glance, XRD data show the typical peaks associated with the
y-Fe,O; phase, ruling out the presence of other parasitic iron
oxides phases, such as wiistite (FeO) or hematite (a-Fe,03).>%*°
It is worth mentioning that although these patterns could also
be indexed to the Fe;O, phase, the actual fraction of this
phase in the samples, if present, should be very small due to
the oxidative acid treatment during the synthesis process (see
details in the Methods section). The values of the crystal size
determined by the Scherrer method for the three samples are
within a small range between 13 and 15 nm.>° Note that these
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Fig. 3 XRD patterns for the series of samples IONF40 (magenta),
IONF100 (blue), and IONF400 (orange). For each sample, the dots and
solid lines correspond to the experimental data and the fitted curves,
respectively. Vertical grey lines at the bottom represent the most intense
peaks of the ICSD y-Fe,O3 pattern: 00-039-1346.

values are more than twice the TEM core sizes, indicating a
crystalline order that extends well beyond individual cores.
Table 1 summarizes the structural parameters of the three
samples obtained from the overall structural characterization
techniques.

Correlating the crystal structure with the magnetic properties
of the IONF

The crystalline texture of the IONF has a large impact on the
magnetic behaviour of the samples. For instance, this is appar-
ent from the hysteresis loops at 298 K (see Fig. 4). Despite the
large size of the IONF and their high saturation magnetization
Ms close to the bulk value (see Table 2), samples show almost
zero values of both the remnant magnetization M, and the
coercive field H.. In addition, the hysteresis loops shown in
Fig. 4 for the three samples are quite similar, even though the
mean volume of the IONF in samples IONF40 and IONF400
differ by approximately three orders of magnitude. It is worth
stressing that, although hysteresis increases as the temperature
lowers from room temperature to 5 K, both M, and H. remain
consistently small (see Fig. S5 in the ESIT). Therefore, the mag-
netic behaviour of the IONF resembles that of a superpara-
magnetic NP between room temperature and 5 K, even though
IONF are too large to be single domain. So, one could refer to
this behaviour as an effective superparamagnetism, since the

Table 1 Structural parameters obtained from the analysis of HRTEM
and XRD for samples IONF40, IONF100, IONF200, and IONF400

Sample Dionr (M) 0gsp (%) Deore (NM)  0rsp (%)  Dxrp (NM)
IONF40 38 +10 26 7+1 31 13+4
IONF100 122+ 14 11 5+1 20 15+3
IONF200 186 +28 15 20+ 4 20 20+£3
IONF400 379+15 36 4+1 23 13+3

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Hysteresis loops at 298 K of samples in powder recorded within

H = 450 kOe. The inset shows the detail corresponding to a small range
of the magnetic fields around the origin. Symbols are as follows:
IONF40 (magenta solid spheres), IONF100 (blue solid squares), and
IONF400 (orange solid triangles).

macroscopic hysteresis loops of our IONF mimic to some
extent the salient features of a real superparamagnetic behav-
iour because of the small values of the remnant magnetiza-
tion, coercive field, and irreversibility. However, in contrast
with actual superparamagnetic behaviour and due to exchange
coupling between the cores, IONF may exhibit an ‘effective
superferromagnetic state’ with magnetic correlations extend-
ing beyond individual nanocrystals that make IONF easily mag-
netizable under moderate magnetic fields. This exotic phe-
nomenology was further investigated by fitting the magnetiza-
tion curves at RT to a Langevin function (see Fig. S6 in the
ESIT), which is the expected behaviour for a superpara-
magnetic particle. As shown in Fig. S6,7 Langevin functions do
not properly follow the abrupt squareness of the curves, and
large deviations between the fitting and the experimental data
are obtained at the knee of the curves. Note that the magneti-
zation of a superparamagnetic NP typically increases monoto-
nously with the magnetic field, in such a way that saturation
cannot be fully reached at any temperature or magnetic field,
and the magnetization curves can be scaled onto a single one
as a function of the reduced quantity H/T, since they are self-
similar.>*> Therefore, the low values of M, and H, in the hys-
teresis loops of the IONF cannot be attributed to any standard
superparamagnetic behaviour. This effective superparamagnet-
ism of the IONF may result from the strong crystalline texture
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that the cores show in relation to each other, so that magnetic
correlations could extend beyond the cores. In fact, previous
studies already proposed the existence of some magnetic coup-
ling between the cores, leading to a superferromagnetic state
of the whole aggregate, in which magnetic ordering would
extend throughout the entire particle.””® Magnetic TXM data
and micromagnetic simulations discussed below provide a
more complete picture of the actual arrangement of the mag-
netic moments within the individual IONF.

Mzrc/Mrc curves as a function of temperature were recorded
under H = 50 Oe (see Fig. S7 in the ESIt). They did not show
any hint of a blocking temperature, and the onset of irreversi-
bility between the FC and ZFC branches was just at the temp-
erature at which the cooling process started (RT). Additionally,
the FC curves exhibited very weak temperature dependence, if
any, and no Curie-like increase in magnetization was detected
at low temperatures. These results suggest an arrangement of
the magnetic moments with significant magnetic correlations
throughout the IONF but yielding an almost fully demagne-
tized state at zero field, similarly to that previously found for
nanocrystalline Fe;0, nanoparticles.*®

Imaging of the moment texture in individual IONF

In order to better understand the fully demagnetized state of
the IONF shown in Fig. 4, gaining insight into the apparently
complex internal magnetic texture of individual NF is required.
To this end, a real space characterization of the orientation of
the magnetic moments inside the IONF was performed using
TXM combined with XMCD as magnetic contrast mechanism'”
at the MISTRAL beamline of the ALBA synchrotron.’* All
measurements were performed at room temperature in a
remnant state following initial out-of-plane magnetic satur-
ation with a magnetic field of 0.3 T applied along the X-ray
polarization vector, & . Fe Lz-edge XMCD images were obtained
from the intensity asymmetry ratio of two images recorded
with right-(c") and left-handed (¢7) circular polarization, (I(c™)
— I(6")/(I(c7) + I(c")), at the resonant L; absorption edge
photon energy, which was providing the highest XMCD con-
trast. Flat field images from blank areas for both polarizations
were also recorded and used for normalization. This measure-
ment protocol was repeated for a sequence of XMCD images as
a function of the polar angle 6. Fig. 5(a) sketches the geometry
used to collect the TXM images. X-ray absorption spectra (XAS)
were also obtained in the TXM by collecting successive stacks
of images scanning the photon energy. This study was carried
out in an intermediate IONF sample, referred to as IONF200,

Table 2 Magnetic parameters of the hysteresis loops at 298 and 5 K for the samples IONF40, IONF100, IONF200, and IONF400

T=298 K T=5K
Sample Mg (emugy,pezo_:l) M, (emu gy,Fezo_:l) Hc (Oe) Mg (emu gy,Fezo_x’l) M, (emu gy,Fezos’l) H¢ (Oe)
IONF40 78 +4 1.4 +0.3 4+1 87 +5 14.1 £ 0.5 95+3
IONF100 70+ 3 0.7+£0.2 4+1 88+4 13.4+0.4 104+ 3
IONF200 77 £5 4.6 £ 0.5 31+1 84 +1 21.5+1.5 227 £2
IONF400 72 +4 0.7+£0.2 2+1 88 +12 10.9 £ 0.5 106 + 3

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 (a) Sketch of the full-field magnetic soft X-ray transmission
microscope setup at MISTRAL, depicting the incident X-ray beam/
sample geometry with the polar rotation angle 6. (b) Average trans-
mission image recorded for left-circularly polarized X-rays, displaying
charge contrast for the particles (dark areas). (c) XMCD image at 6 = 0°,
where the grey scale level represents the magnetic contrast given by the
projection of the magnetic moment along the X-ray beam direction.
Bright/dark contrast corresponds to local magnetic moment parallel/
antiparallel to the X-ray beam. Yellow circles in (b) and (c) highlight
three of the 53 particles analyzed, coined as A, B, and C according to
the moment textures found and described in the main text. The scale
bar corresponds to 500 nm.

with a Dyg of 186 + 28 nm and a Do Of 20 + 4 nm (Fig. S8 in
the ESIT). It is worth noting that the distinctive structural fea-
tures of these agglomerates, characterized by intermediate size
and large cores, enable the investigation of the magnetic
texture by TXM, with enough spatial resolution within the
agglomerate, of 7.7 nm given by the pixel size, while keeping
reasonable computing times of the corresponding micromag-
netic simulations shown hereafter. The qualitative comparison
of the local spectra of individual IONF with those of reference
y-Fe,O; NP from the literature confirms the maghemite phase
across the whole volume of the IONF (Fig. S9 in the ESI{).>> A
typical measurement sequence consisted of an average of 60
individual TXM images with an acquisition time of 4 s each.
Each image stack obtained from a sequence was then normal-
ized by the flat field image, corrected for sample drifts, and
averaged. The results from opposite polarizations were sub-
tracted pixel-by-pixel to yield XMCD contrast images such as
the one shown in Fig. 5. Since the dichroic contrast stems only
from the magnetization component along the beam propa-
gation direction, a series of XMCD images (Fig. 5(c)) were
recorded for selected polar angles, § = —7.5°, —5°, 0°, 5° and
7.5°. A collection of 53 particles from the selected area shown
in Fig. 5(b) and (c) were analyzed. XMCD reflects the projection
of the local magnetization M on the photon propagation
vector ¢ and thus, dissimilar grey levels in Fig. 5(c) correspond
to different orientation of the magnetic moments within each
individual IONF. The XMCD contrast is proportional to the
cosine of the polar angle § between M and &. Thus, the direc-
tion of M can be extracted from the evaluation of the XMCD
intensity in grey scale as a function of 6. Such grey scale was
then converted into a scale of moment orientations with
respect to the incoming photon beam direction (brightest/
darkest contrast corresponding to local magnetic moment par-
allel/antiparallel to the X-ray beam, 0° and 180°, respectively).
The XMCD contrast of single IONF were obtained by extracting

1946 | Nanoscale, 2024, 16, 1942-1951
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the image intensity from square 2 x 2 pixel areas normalized
to the corresponding isotropic signal from Fig. 5(b). Following
this procedure, we estimated 2D maps of the magnetic
moment orientation, each arrow extracted from a 2 x 2 pixel
region, that is commensurate with the average core size within
the IONF (see Table 1). Note that the XMCD contrast at a fixed
0 is insensitive to the change of sign (cosé = cos (—6)) and,
therefore, projections of the local magnetization vector on the
upper (0-180°) or lower semicircle (180-360°) appear with the
same grey scale in the XMCD images. In our case, 2D magneti-
zation maps were computed by a linear transformation of the
image contrast into cos @ considering that all the moments lie
in the upper semicircle. This process is repeated for the
sequence of XMCD images taken at the other polar angles (6 =
—7.5°, =59, 5° and 7.5°). The XMCD intensity at each pixel dis-
plays the expected cosine-like variation with respect to 6 (not
shown) which serves as consistency check for the obtained
local magnetization vectors. Representative 2D maps corres-
ponding to three different single IONF (highlighted with
circles in Fig. 5(b) and (c)) are shown in Fig. 6.

By adding up all the local magnetization vectors within
each individual IONF, the net normalized magnetization value,
m,, in a scale of —1 to 1 has been obtained. As an example, the
IONF in Fig. 6(a) shows a net magnetization of —0.0056, that
is, very close to zero corresponding to a demagnetized state. By
repeating this process for each of the 53 IONF analyzed, we
find that m, as a function of 6 for this subset is +0.02 (—7.5°),
—0.0057 (0°), +0.034 (5°), and +0.019 (7.5°). Within our stat-
istics, one can conclude that a nearly demagnetized state is
thus generally found in IONF, in good agreement with the very
low remanence found by macroscopic magnetic characteriz-
ation of the samples (see Fig. 4, and Fig. S1-S8 in the ESIf),
and the micromagnetic simulations that will be shown further
below. In addition, as displayed in Fig. S10 in the ESI,} there
is no apparent correlation between the IONF size (estimated in
pixel units from the TXM images) and m,, which is less than
0.12 in all the cases studied. Note that a precise estimation of
the particle size cannot be determined from the TXM images
since the spatial resolution is about two orders of magnitude

Fig. 6 Illustrative examples of magnetic TXM images recorded at polar
angle 0 = 0° that are representative of the three main categories of
moment textures found within the 53 analyzed IONF, labelled as A (a), B
(b), and C (c). These particles correspond to those highlighted in
Fig. 5(a), and (b). Note that magnetic moments are pointing inwards and
outwards the plane for 0 angles below and above 90°, respectively, and
that the length and direction of the arrow indicate the magnitude and
direction of the normalized magnetization vector.

This journal is © The Royal Society of Chemistry 2024
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worse than that of the HRTEM images shown in Fig. 2 (0.1 nm
spatial resolution from HRTEM vs. 7.7 nm pixel size in TXM).

The analysis performed on the orientation of the local mag-
netic moments seem to indicate the existence of different
types of magnetic textures within individual IONF. Within our
subset of 53 particles, three types of spin arrangements within
individual IONF have been identified. About 50% of the IONF
show a vortex-like configuration with a central tube of magneti-
zation pointing out of the image plane (see Fig. 6(a)), hereafter
denoted as type A. About 20% of them, labelled as type B, are
compatible with two relatively large black and white regions of
somewhat homogeneous magnetization (Fig. 6(b)), resembling
magnetic domains. The remaining 30% of IONF fall into an
intermediate category, labelled as type C, of black, grey, and
white regions of comparable sizes (Fig. 6(c)). Within our error
bars, a slight tendency towards more homogeneous textures
(such as type B) is observed in IONF with smaller sizes. In con-
trast, a tendency for more complex twisted moment textures
with higher vorticity (such as type A) tends to be found in
larger IONF which could be related to increasingly complex
correlations between the magnetic moments of the cores
associated with their progressively larger number in the
aggregate.

OOMMF simulations of a single IONF

To get a deeper understanding into the internal magnetic
structure of the IONF yielding the effective superparamagnet-
ism and the magnetic texture found by magnetic TXM experi-
ments, micromagnetic simulations of a model for a single
IONF200 were carried out by using OOMMF.*® An approxi-
mation to the complex structure of the sample IONF200 was
done by building a spheroidal system of 160 nm in diameter
made up of nanocubes (NC) of 16 nm in edge length that rep-
resent the petals (cores) of the IONF (see Fig. 7). We used a
mesh size of 4 nm for the calculations of the unitary moment
m per cell that allowed to get enough detail in the spatial
arrangement inside each core and assign different exchange
constants to the cells at the surface of the cores than to those
in the interior.

Spheroid with a diameter of 160 nm Cubic core of 4 x 4 x 4 cells

Cell of a core of 4 x4 x 4 nm

Fig. 7 System set up formed building a spheroid of 160 nm in diameter
with cubic cores of 16 nm in edge length made up of cells of 4 x 4 x
4 nm.

This journal is © The Royal Society of Chemistry 2024
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Both the local arrangement of the moments throughout the
IONF and the z-component of the net magnetization of the
IONF were studied when a magnetic field was applied along
the z-axis following discrete time steps and various conver-
gence criteria to decide when to initiate the next step (see
details in the Methods section). In addition, simulations were
carried out varying the exchange constant 4; between neigh-
bouring cells in different cores to find out the effect of the
inter-core exchange constant on the magnetic configuration of
the IONF. As a general trend, the hysteresis loops became
more square-like and had higher remnant magnetization and
coercivity as 4; increased. Interestingly, the hysteresis loop (see
Fig. 8(a)) best resembling that of the real systems was found
for A; = 0.14,, (4, being the exchange constant between cells
belonging to the same core) thus, this value was selected as a
set parameter in the following calculations.

One should mention that the same distribution of anisotro-
pies was used in all the simulations shown in this work, and
hence, the results were dependent on this realization of the
system. Thus, for instance, the detail in the non-reversible part
in the hysteresis loop (small jumps and other anomalies) in
Fig. 8(a) was related to this configuration of anisotropies.
Nevertheless, we checked that other anisotropy distributions
gave similar overall behaviour, and only non-significant small
differences were found among the results of those simulations.
In fact, the system was large enough as to get a kind of self-
averaging of the anisotropy disorder.

Regarding the moment arrangements as a function of the
applied magnetic field, four stages of the moment configur-
ation following a hysteresis loop are shown in the snapshots in
Fig. S11 in the ESI,T corresponding to an equatorial plane per-
pendicular to the z-axis. At low magnetic field including the
remnant states, moment arrangements with high vorticity are
found (see Fig. S11(a) and (d) in the ESI} and Fig. 8(b) for
remnant states after saturation in opposite directions of the
magnetic field). This is because of the combined effects of the
demagnetizing field acting in the whole IONF and the weak
magnetic interaction between neighbouring cores that causes
a certain magnetic correlation among them extending through-
out the IONF. This type of complex structure is what gives the

(a)

z
1 | —— Topological numper
— Vortty

-1 0 1
H, (kOe)

Fig. 8 Insights of the OOMF simulations performed for a single IONF.
(a) The panel shows normalized magnetization, vorticity, and topological
number as a function of the magnetic field for A; = 0.1A,. (b) and (c)
panels show corresponding snapshots of the moment configuration at
remanence for z = 0 and x = 0 planes, respectively. The cell colour rep-
resents the sign of the m,/m, component, and the arrow colour stands
for the opposite colour map for the sake of an optimum contrast.
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system its low remanence and coercivity values, and it vanishes
as the system tends to saturation along the field direction. It is
also worth stressing that the moments around the central axis
of the IONF (along the z-axis) have a significant out-of-plane
component (see Fig. 8(c)) of the magnetization, even at rema-
nence. In fact, these central moments form a kind of axial
magnetization tube, conferring a certain polarity to the
moment vortex that coincides with the direction of the last
applied magnetic field (see Fig. 8(c)). In addition, the direction
of rotation of the vortex is reversed in the two snapshots at
—1.269 kOe in Fig. S11(b) and (c) in the ESL{ since they were
simulated while the magnetic field was decreasing and
increasing, respectively, before and after saturation along the
negative direction of the field axis. It must be pointed out that
the moment configurations at remanence (shown in Fig. 8(b)
and S8(b) in the ESIf) are in qualitative agreement with the
experimental 2D magnetic TXM maps of single IONF labelled
as categories A and C (see Fig. 6(a) and (c)). Furthermore, both
the vorticity of the moment configuration and the central tube
of out-of-plane magnetization are common features found in
the OOMMF simulations at remanence and the magnetic TXM
data of IONF falling into the categories A and C (Fig. 6(a) and
(©)- i}

Further insight into the vorticity ¥ = V x m of the magneti-
zation can be gained by studying ¥ as a function of the mag-
netic field. Since 7 is a discrete field, a discrete approximation
must be taken when calculating the vorticity. Thus, Fig. 8(a)
shows the average z-component of the vorticity as the particle
follows the hysteresis loop. Notice that abrupt jumps in the
magnetization are highly correlated with corresponding
changes in the vorticity, as these jumps are the result of recon-
figurations of the moment arrangement. In addition, the chir-
ality of the vortex is reversed when the system is saturated and
then de-saturated as shown by the snapshots in Fig. S8 in the
ESL.t When the applied field is reduced from saturation, the
vortex starts to form in the chirality that lowers the energy
according to the anisotropy distribution present in the system,
which is in opposite directions whether the applied field is
increasing or decreasing. At low magnetic fields, vorticity
decreases since anisotropies have a more dominant effect in
the system, and thus, 7 does not align with a perfect vortex.

Topology enables classifying these types of vortex struc-
tures. Each m can be viewed as a point on the sphere S
Therefore, one can map a 2D cross section of the 72 configur-
ation to the sphere via the stereographic projection, and clas-
sify the mapping from the sphere to the sphere according to
how many times it enfolds around itself and computing the
topological number W:

1., (Oom_ om
W—Eﬂm-<%x@)dxdy (1)

Fig. 8(a) shows W following the hysteresis loop for the equa-
torial plane shown in Fig. 8(b). Note that there is only non-zero
values of W in the non-reversible part of the hysteresis loop.
Moreover, W can be viewed as the product of two numbers,
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which are associated with the net axial polarization of the
magnetization and the winding of the moment arrangement.
Thus, the abrupt jumps between negative and positive values
of Win Fig. 8(a) at H, = £0.55 kOe are due to the reversal of the
central tube of magnetization along the z-axis, while keeping
the direction of the vorticity. Interestingly, a maximum value
of W= 0.5 is attained for 4; = 0.14,,, suggesting that the most
stable magnetic structure from the topological point of view
takes place for this small value of the inter-core exchange.
Thus, although the moment configuration does not attain a
complete topologically protected structure at any field, W= 0.5
is remarkably high for a magnetic structure mainly originating
from demagnetizing effects and the relatively weak exchange
interactions among the cores.

Conclusions

This work shows the effect of the high crystalline texture
exhibited by the cores of IONF on the magnetic behaviour of
four samples within a wide range of sizes, namely, 40, 100,
200, and 400 nm. Despite the large difference in the IONF
sizes, all the samples showed the particularity of having
similar crystalline textures among the cores, extending further
than twice the core size. This structural correlation was further
supported by the relatively small arcs shown by the diffraction
patterns of single IONF. As a result of this crystalline texture,
there is a certain direct exchange coupling among the
moments of neighbouring cores. The combined effect of the
magnetic correlation among the cores and the demagnetizing
field acting over the whole aggregate causes an effective super-
paramagnetic behaviour of the IONF. Thus, hysteresis loops
showed very small remnant magnetizations and nearly vanish-
ing coercivities while still preserving high values of the satur-
ation magnetization. However, neither the temperature depen-
dence of the magnetization curves followed typical superpara-
magnetic behaviour nor ZFC magnetization curves showed any
hint of a blocking process, suggesting that the system was
essentially blocked up to room temperature. Magnetic TXM
images of single IONF shed some light on this phenomenol-
ogy, showing a very small remnant magnetization of the aggre-
gates regardless of their size. In addition, several 3D moment
arrangements inside the IONF were observed, ranging from
magnetic textures with high vorticity in more than half of the
cases to configurations with two seemingly large domains with
opposite magnetization. Micromagnetic simulations suggested
that there were significant magnetic correlations among the
core moments, giving rise to an internal 3D magnetic structure
of the IONF with high vorticity that causes an almost fully
demagnetized state, in good agreement with the magnetic
TXM images. All these results highlight the relevance of IONF
as key nanostructured magnetic materials for several bio-
medical and environmental applications where it is crucial to
have magnetic nanocarriers with high values of the magnetiza-
tion that can be turned on/off by applying/removing an exter-
nal magnetic field. In particular, the ability to manipulate the

This journal is © The Royal Society of Chemistry 2024
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crystalline texture of IONF opens new lines for the design of
highly efficient drug delivery systems with enhanced pro-
perties, such as improved stability, controlled release kinetics,
and enhanced targeting capabilities for more effective disease
treatment or remote activation of cellular functions. Moreover,
precise control over the crystal structure enables the develop-
ment of IONF-based materials with high sorption capacity,
excellent selectivity, and rapid pollutant removal properties,
contributing to the purification and remediation of polluted
environments.

Methods
Synthesis of IONF

IONF samples selected for this work were prepared by the
polyol method following wet chemistry routes described by
M. P. Morales et.al.>****"*” IONF40 was prepared following the
procedure described elsewhere,”® by dissolving 0.3184 g of
iron(u) chloride tetrahydrate and 0.8656 g of iron(m) chloride
hexahydrate in 64 g of N-methyldiethanolamine and diethyl-
ene glycol (50/50 w/w) for 1 h. Afterwards, the pH solution was
basified with 0.512 g of sodium hydroxide previously dissolved
in 32 g of the solvent mixture. The reaction mixture was left at
190 °C for 8 h in a Teflon lined stainless steel autoclave. The
resultant black solution was then washed by magnetic separ-
ation several times using an ethyl acetate/ethanol mixture 50/
50 v/v, and the precipitate was subjected to an acidic treatment
with HNO; (10%) for 15 min and a thermal treatment with
iron(m) nitrate nonahydrate at 80 °C for 45 min to ensure full
oxidation of the iron(u) content from Fe;0, to y-Fe,O3. Sample
IONF100 was prepared by the procedure described in this
work.”” For this purpose, 1.3 g of iron(m) chloride hexahydrate,
2.4 g of sodium acetate, and 0.4 g of trisodium citrate were
mixed in 40 mL of ethylene glycol under magnetic stirring.
Then, the mixture was sealed in a Teflon-lined autoclave and
kept at 200 °C for 10 h. After that, the reaction mixture was
cooled down to room temperature, washed, and oxidized in a
similar manner to sample IONF40. Samples IONF200 and
IONF400 were prepared following the procedure described
elsewhere with slight modifications.>® Briefly, 0.454 g of iron
(m) chloride hexahydrate was dissolved 87 mL in ethylene
glycol at 100 °C for 1 h together with 1.38 g of sodium acetate
and 6.5 or 3.2 g of PVP20, respectively. The reaction mixture
was then transferred to a Teflon-lined autoclave and main-
tained at 200 °C for 16 h. After cooling down to room tempera-
ture, the reaction mixture was washed and oxidized following
the above-mentioned conditions.

Characterization

TEM samples were prepared by placing a drop of a dilute sus-
pension of IONF in water on a carbon-coated Cu grid and
drying for 10 min at 90 °C. TEM measurements were carried
out using a JEOL 1010 microscope operating at 100 kV.
Histograms of the IONF and the cores were determined by
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counting at least 300 IONF with Image] software and fitted to
log-normal distributions following eqn (2).2%3”

1w (D%>/<2s2> 2)
Sv/2nD

where P(D) is the probability distribution of diameters D, and
D, and S stand for the most probable value of the diameter
and the log-normal standard deviation of the logarithm of the
reduced diameter D/D,, respectively. D, and S were determined
by fitting experimental histograms obtained from TEM data
to eqn (2).

The mean particle size Drgy and the standard deviation o
were computed from eqn (3) and (4), respectively, as follows.

P(D) =

Dygm = Doesz/2 (3)
6 =Doe"?VeS — 1 (4)

Finally, the diameter dispersion was compared among
samples by using the variation coefficient orsp = 6/Drgpm-

The crystal structure of IONF was determined by combining
the analysis of HRTEM and SAED patterns obtained with a
JEOL 2100 microscope. Interplanar distances (dj;) were calcu-
lated using Gatan Microscopy Suite® software and compared
to X’Pert High Score Plus patterns for bulk y-Fe,0; (Inorganic
Crystal Structure Database, ICSD: 00-039-1346). The interpla-
nar distances of SAED were calculated by measuring the dis-
tance between the central spot and the diffraction spots using
Image] software in at least three different IONF for each
sample. The reflections were indexed to the (hkl) planes using
the above crystal structure pattern. The representation of the
reciprocal lattice at the [111] zone axis was carried out by using
CaRlIne Crystallography software, version 3.1, and fitting the
crystal lattice to the measured SAED area.?®

A PANalytical X’Pert PRO MPD diffractometer with Cu Ka
radiation (1 = 1.5418 A) was used to collect XRD spectra within
10° and 70° with a step size of 0.040° of 26. The peak positions
were compared to a reference spectrum of y-Fe,O; (ICSD:
00-039-1346), which was also used to determine the crystal size
Dxrp by Rietveld analysis of the full spectra using the FullProf
Suite software.>®

Fe concentration in the colloidal suspensions was deter-
mined by Inductively Coupled Plasma Optical Emission
Spectroscopy (ICP-OES) with a PerkinElmer OPTIMA 2100 DV
by digesting and diluting controlled volumes of samples.

Magnetic features were evaluated in powder samples by
measuring hysteresis loops M(H) recorded within +5T at 5 and
298 K employing a Vibrating Sample Magnetometer (Oxford
Instrument Model MLVSM MagLab 9 T). Magnetization values
were normalized to the ICP-OES results assuming y-Fe,O3
phase. Saturation magnetization Mg was obtained by extrapol-
ation of the high-field region of M(H) to zero field, assuming
the high-field behaviour: M(H) = Mg + y,H, where Mg and y,
correspond to the saturation magnetization and the residual
susceptibility due to parasitic paramagnetic species and/or
non collinear spin alignments, respectively. Coercive field H,
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was computed as H. = (|H.'| + |H.|)/2, where H." and H.”
were the intercepts of the hysteresis loop branches with the
H-axis. Hysteresis loops at 298 K were fitted to a Langevin func-
tion (see eqn (5)).*%*!

M=M, {coth(x) - ﬂ (5)

where x = uH/298kg, being u and kg the effective IONF mag-
netic moment and the Boltzmann constant, respectively. The
temperature dependence of the magnetizations Mzgc/Myc Were
recorded after zero-field cooling/field cooling the samples
under a magnetic field of 50 Oe from 5 to 298 K.

Imaging of the M-TXM in individual IONF was carried out
at MISTRAL beamline of the ALBA light source equipped with
a full field TXM and a high-precision rotary stage,** in samples
deposited by drop casting onto C-coated marked TEM grids.
The two components of the magnetization in the plane per-
pendicular to the rotation axis were studied in a tomographic
series of images using polar angles 6 of —7.5°, —5°, 0°, 5°, and
7.5°. To eliminate systematic positioning errors of the goni-
ometer of the microscope, images with both polarizations were
acquired sequentially at each angle.

The 2D magnetization maps at given polar angles were
studied in 53 IONF using image processing and analysis rou-
tines based on Image] and homemade python codes.?” All the
particles were probed simultaneously, thus, systematic errors
arising from either the measurements (e.g., due to an inhomo-
geneous illumination across the TXM images) or the analysis
procedure (mainly caused by image drift correction) were com-
parable for all the analysed particles. To distinguish the per-
imeter of each IONF in the XMCD stack, an overlay tool of
Image] was used as a mask using XAS stacking as reference.
Selection of the 53 IONF particles analysed was done after
background subtraction of the XMCD image, by cutting each
IONF out as a square section with the Image] Region of
Interest (ROI) tool. The contrast level of each IONF was
measured from the mean grey value inside square boxes of 2 x
2 pixels. To visualize the orientation of the magnetic moments
inside a selected single IONF in a 2D map of magnetic
moments a homemade python program was used to convert
the grey scale of the XMCD contrast measurements to a distri-
bution of colour arrows scaling between 0° (red, m, = +1) and
180° (blue, m, = —1).

Numerical calculations (OOMMF code 37) were performed
to simulate the internal arrangement of the core moments
within a single IONF.*® The real system was approximated by
building a 160nm-IONF with small cubes formed by cells of 4
x 4 x 4 nm that mimicked the dimensions of a petal. The
exchange constant between cells belonging to the same core
was set to A, = 7 x 107> ] m™!, which is the value corres-
ponding to bulk maghemite,*> while the exchange constant 4;
between neighbouring cells in different cores was set to a per-
centage of A, within 5% and 50% in order to account for the
inter-core interactions. Therefore, considering that the satur-
ation magnetization for maghemite is Mg = 4.8 x 10> A m™*,*?
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the chosen cell length of 4 nm is larger or, at most, the same
order of magnitude than the magnetostatic correlation length
v/24/uyMs? < 7nm, supporting the validity of the micromag-
netic simulations. There is a significant variability in the
shape of the cores in an IONF, so a uniaxial anisotropy axis
accounting for the shape and surface anisotropy of each core
was chosen randomly, and an average anisotropy constant was
set to K, = =5 x 10° J m~>, which is a reasonably value for
y-Fe,Oj3 particles of about tens of nm in size. For the cubic an-
isotropy, intrinsic to y-Fe,O3, two unit-vectors were generated
for each core, one having a normal distribution around the
z-axis with standard deviation of 5°, and the other one perpen-
dicular to it with a uniform distribution of orientations. This
was done to account for the important crystalline texture
among the cores shown by the IONF. The value of the cubic
anisotropy constant was set to K, = —1.3 x 10* ] m™>.*> A white
noise that simulated the effect of a temperature of T = 10 K
was introduced by a specific routine to reduce the possibility
of the system to get stuck in some local minima. When adding
a non-zero temperature, criteria based on the convergence of
the time derivative of the cell moment were discarded as the
fluctuations in the magnetization were greater than any
reasonable upper bound. Hence, time criteria were used for
the stabilization of the magnetization after any field variation.
Given that the path of a hysteresis loop follows metastable
states, the results depend on the observation time and the
steps taken when varying the applied field. Thus, different
stopping times were used for a total number of 320 field steps.
The longer the stopping time, the more detail shown in the
hysteresis loop, but also the longer total simulation run time.
Hence, a stopping time of 5 x 10”° s was set as a reasonable
compromise between both aspects.
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