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Abstract

Magnetic nanoparticles have been extensively investigated for use in various advanced
technologies. Among them, magnetite nanoparticles garner significant attention owing to their
biocompatibility and superior magnetic properties. However, their performance can be affected by
the presence of discrepancies from the ideal bulk structure. In this study, we carried out an
atomistic microscopy observation of magnetite nanoparticles by high-angle annular dark field
scanning transmission electron microscopy (HAADF-STEM), which demonstrates the formation
of vacancies in their structure reflected in changes in the atomic column contrast. In addition, the
HAADEF-STEM images, acquired along the [111] orientation, demonstrate the tendency of
symmetric ordering of the observed vacancies in opposite atomic columns around the central
brightest atomic columns. Atomic crystal structure optimization simulations confirm the lowest
energies for such ordering configurations, in a good agreement with the experimental observations.

Keywords: magnetite nanoparticles; vacancies; scanning transmission electron microscopy



1. Introduction

Iron oxide nanoparticles (NPs) have desirable properties for numerous applications, including
magnetic separation [1], magnetic hyperthermia [2], magnetic resonance imaging [3], use as
contrast agents [4, 5], controlled drug delivery [6], and in ferrofluids [7, 8]. Among them, magnetic
fluid hyperthermia has attracted particular attention as a very promising method for brain cancer
treatment owing to its localized nature compared to conventional methods [9]. For such
applications, NPs consisting of magnetite (Fe3O4) and maghemite (y —Fe>O3) structures have been
regarded as most suitable owing to their high saturation magnetization, high biocompatibility after
surfactant coating, high oxidation resistance, and moderate magnetic anisotropy [10]. Besides
these biomedical applications, magnetite has desirable characteristics for use in the form of thin
films in spin-electronic devices owing to its high Curie temperature of approximately 858 K,
predicted spin polarisation at the Fermi level of 100%, and high abundance of its constituent
elements (Fe and O) [11, 12]. However, the properties of these structures in both NP and thin-film
forms can significantly change with any alterations from the ideal bulk-like structures [11, 13].

For example, reduced magnetizations, relative to the bulk, have been attributed to surface spin
disorder [14, 15] and variations in crystallinity [16]. Spin canting across core/shell
Fe304/Mn,Fes;-,O4 NPs has also been identified as responsible for the observed reduction in
magnetization, and its origin has been explained through atomistic simulations [17]. In addition,
atomistic models of elongated magnetite nanocrystals with different shapes and surface faceting
have elucidated the role of shape anisotropy on the effective magnetic anisotropy energy [18].

Thus, structure control, particularly at the atomic level, is crucial for the provision of the desired
performance. However, the synthesis of NPs with a magnetization close to that of bulk magnetite
is still a challenging task due to difficulties in the precise control of their stoichiometry and
ubiquitous presence of structural defects [13]. For example, strong antiferromagnetic super-
exchange interactions across antiphase boundaries significantly decreased the magnetization of
magnetite NPs owing to the formation of multiple magnetic domains even in NPs with sizes below
15 nm [13].

In addition, magnetite NPs tend to transform toward the more stable maghemite form of iron oxide.
Although both maghemite and magnetite exhibit the same inverse spinel structure, magnetite
contains Fe** and Fe** cations, while, in maghemite, all iron cations are trivalent and charge
neutrality is achieved through cation vacancies. The magnetite unit cell can be expressed by
(Fe**)s[Fe**]16032, where () and [ ] denote tetrahedral and octahedral sites, respectively, while,
in the maghemite structure, there are eight octahedral Fe vacancies per three cubic unit cells of
magnetite [19].

The ordering of vacancies in maghemite has been investigated by both experimental [20] and
theoretical [21] approaches. A theoretical model of vacancy ordering in maghemite has been
proposed based on the lithium ferrite LiFesOs structure where the “Li” sites, corresponding to Fe,
have an occupancy of 1/3 [21]. In the constructed supercell for maghemite with the ¢ axis along
the [001] crystallographic direction, equivalent to three unit cells of magnetite stacked along the
c-axis, there are 12 layers of “Li* sites each with one “Li” site per supercell. 4 of these 12 sites are



populated with Fe, while 8 are vacancies. Calculations showed that the Fe atoms in these sites are
distributed such that, after each populated layer, there are two neighboring layers with vacant “Li”
sites. Such a distribution yielded the lowest energy among the considered configurations. This
atomic configuration exhibited a reduced magnetic moment per unit cell compared to the magnetite
counterpart, in agreement with experimental measurements. However, experimental studies
suggest [20] that the distribution of vacancies may be affected by the synthesis method including
the temperature and time.

These studies show that the determination of vacancy formation and their potential ordering in the
magnetite structure is a challenging task that requires a sophisticated atomic-scale analysis. A
technique that can provide the required information on this length scale is scanning transmission
electron microscopy (STEM). This state-of-the-art measurement method can achieve sub-
Angstrom resolution and thus has been used in various studies for detailed investigations of atomic
structures [22-24].

In this study, we investigated small magnetite NPs by STEM. Based on the observations, we
developed atomistic models to explain the changes in contrast in the acquired images attributed to
the formation of vacancies, and carried out image simulations with the multislice approach to
evaluate the validity of the proposed models. We identified the lowest-energy atomic structure
through the crystal structure prediction code ChemDASH [25], and compared the obtained results
to the high-angle annular dark field (HAADF) STEM images. This approach enables the
development of realistic models of the magnetite NP atomic structure, and thus can be used to
explain the origin of the reduced performances of these NPs observed in numerous applications
and guide further studies for their optimization.

2. Methods

Samples were prepared by the Sun method using the Schlenk line techniques, with inert
atmosphere decomposition in high-boiling-point organic solvents, with Fe acetyl acetonate as a
precursor and combination of oleic acid and oleyl amine surfactants in benzyl ether, as described
in further details elsewhere [26].

HAADF STEM imaging was performed using a Nion UltraSTEM100, operated at 100 kV, with a
convergence angle of 30 mrad and probe size of 0.9A. The HAADF inner and outer collection
angles were 76 and 200 mrad, respectively. The obtained atomic-resolution images are sums of
stacks of rapidly acquired frames, at a frame rate of 5.1 us/pix. The images were subsequently
aligned for drift and scanning distortions using rigid and nonrigid registration methods [27]. The
image in Figure 2 is a sum of 30 such frames. The average atomic column intensities were
computed within a circle (as illustrated below) with a fixed radius around each column of interest
using the ImageJ software. In total, 14 different central atomic columns were used to demonstrate
that opposing satellite atomic columns have most similar intensities. The results are presented as
mean + standard deviation for each pair of atomic columns.



HAADEF-STEM image simulations were performed using the QSTEM multislice code [28] on the
calculated cells with and without vacancies, respectively, for a qualitative comparison to the
experimental images. The simulated images covered an area of 2 nm x 2 nm and depth of 15 nm.
The simulated probe conditions were chosen to match those of the experiment: acceleration voltage
of 100 keV, convergence semiangle of 30 mrad, and collection semiangles in the range of 76200
mrad. Thermal diffuse scattering was included in the simulations with averaging over five frozen
phonons.

We performed multistage structure optimizations using the ChemDASH software [25, 29]. We
employed the same procedure as in [25], with a three-stage optimization process where only the
unit cell is optimized in the first stage (without moving atoms). Both atoms and unit cell are
optimized in the second stage. The first two stages use a conjugate gradient algorithm for
optimization, whereas the third stage switches to a quasi-Newton algorithm, with the BFGS update
method, to optimize the unit cell and atoms. Cell vectors and atomic positions were optimized until
the g-norm decreased below 0.075 eV A’'. Once relaxed, new structural arrangements in
ChemDASH were accepted or rejected according to the Metropolis criterion: Rand < exp(—AE/kT)
[25]. For each run of ChemDASH, we considered 1000 structures with k7' = 0.025 eV.

3. Results

Figure 1 presents HAADF STEM images as well as measured and simulated diffraction patterns
of the synthesized Fe3O4 NP sample. The overall view in Figure 1a shows that the NPs are uniform
in size. The agreement between the simulated and measured diffraction patterns in Figure 1b shows
that their structure is inverse spinel, as expected for magnetite. The higher-magnification HAADF
STEM image in Figure 1c shows that the NPs are well ordered with a single-crystal structure,
without structural domains and extended structural defects such as anti-phase domain boundaries
found extensively in both thin film and NP forms of magnetite [13, 30, 31].
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Figure 1. HAADF STEM images and diffraction patterns of the synthesized Fe3O4 NPs. a) Overall
view, b) (left panel) simulated (magnetite) and (right panel) measured selected-area diffraction
patterns (with indexed rings), showing the inverse spinel structure of the Fe3O4, ¢) atomic-
resolution HAADF-STEM image of a single Fe3O4 particle, and d) high-magnification HAADF
STEM image showing the intensity distribution due to the different Fe linear density per atomic
column along the [111] direction.

To investigate the atomic structure of the prepared NPs, we carried out an intensity analysis of
atomic-resolution HAADF-STEM images. Figure 1d shows an Fe3O4 NP oriented along the [111]
zone axis. In this orientation, the image shows the expected hexagonal symmetry pattern of the
atomic columns of the spinel structure corresponding to different occupations of Fe atoms per unit
length. The columns with higher intensities contain three Fe atoms per two O atoms, while those
with lower intensities have one Fe atom per two O atoms. For simplicity, the columns with lower
intensities are referred to as “satellite” columns, while those with higher intensities are referred to



as “central” columns. However, a more detailed analysis of the images reveals subtle differences
in the intensities of the satellite atomic columns, which are expected to be equal.

The investigation of the satellite atomic columns reveals a tendency of symmetric changes in their
intensity. To clarify the observed behavior, we denote the six satellite atomic columns as 1-6, as
shown in the inset of Figure 2a. In the measured image, we randomly selected 14 central atomic
columns and measured the intensities of their satellite atomic columns. For the analysis of each
atomic column, we considered the average intensity within a circle centered at that atomic column,
as shown in Figure 2a. To understand the changes in the intensity, for each satellite column, we
calculated its difference in terms of intensity with respect to the other five atomic columns. For
example, the first panel in Figure 2b shows the obtained results for Column 1. This diagram shows
that the smallest difference in intensity is obtained with respect to Column 4 (indicated by the red
bar). This implies that Column 1 has most similar intensity to Column 4. The other five panels
show such analyses for Columns 2—6. Notably, besides the pair 1-4, we also observe similarities
for the pairs 2-5 and 3—6. These results demonstrate symmetric changes in intensity around the
central atomic columns.

To rule out potential effects of beam exposure on the NP, we divided the image frame dataset
containing 30 frames into three subsets, each with 10 frames, shown in Figure Sla—c, which are
cumulative images over frames 1-10, 11-20, and 21-30, respectively. The results presented in
Supplementary Figure S1 show that opposing satellite columns have most similar intensities in all
three stages. This further shows that the observed intensity variation pattern is inherent for the NP,
not beam-induced.

Before we address the likely origin of the variation in the satellite atomic column intensities, we
note that, in the bulk magnetite structure, the intensity difference between the central and satellite
columns is due to the different Fe/O occupations per unit length between those two types of
columns, which represent the structure along the [111] direction, as discussed above. Accordingly,
in the ideal structure, intensity variations among the satellite atomic columns should not appear.

The significant intensity variations of the satellite columns indicates the presence of Fe vacancies,
which can be expected as magnetite NPs tend to transform toward the more stable maghemite
structure, with the vacancy content increasing with the progress of the transformation saturating
with eight Fe vacancies per three unit cells of magnetite for full transformation to maghemite,
gamma-Fe>O3. We note that the O sublattice in both maghemite and magnetite has the same
characteristic face-centered cubic type of structure. For reference, the bulk atomic structures of
magnetite and maghemite are presented and briefly explained in Supplementary Material (Figure
S2).
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Figure 2. a) Experimental HAADF STEM image of a magnetite NP. The satellite atomic columns
around the central column are numbered, from 1 to 6, in the inset for the plots in the right panel.
(b) Intensity differences between satellite columns. For example, the plot for Column 1 shows the
difference in intensity between Column 1 and other five satellite columns (e.g., 6-1 denotes the
difference between the intensity of column 6 and that of column 1, /s - I1). The red bars indicate
column pairs with most similar intensities. The yellow circle in (a) was employed to obtain the
average intensity for each of the columns. 14 central columns were used in the analysis.

Further, we illustrate the atomic structure of Fe3Os in Figures 3a, b along the [100] and [111]
crystallographic directions, respectively. Figure 3¢ shows a simulated HAADF STEM image along
the [111] crystallographic direction, with the expected hexagonal symmetry of atomic columns
and contrast variation between the two distinct types of columns. The brighter intensities
correspond to the central atomic columns, while the positions with weaker intensities correspond
to the satellite atomic columns, as a result of the relative occupancy of Fe atoms in these columns,
as discussed above.




Figure 3. Views of the magnetite structure along the (a) [100] and (b) [111] crystallographic
directions. The atoms represented by the large balls are Fe, while those represented by small balls
are O atoms. (c) Simulated HAADF STEM image of the fully stoichiometric magnetite structure
along the [111] crystallographic direction.

To understand the vacancy formation and their spatial distribution within the “bulk’ region of the
NPs, we performed a crystal structure prediction analysis. The main goal of these calculations is
to identify structural sites of magnetite that are most likely to form thermodynamically stable
vacancies. As the maghemite unit cell is basically a three times scaled magnetite along the ¢ axis,
fora 1 x 1 x 3 supercell of magnetite, we constructed structures containing one or two vacancies.
The first vacancy formation can be considered as spatially random within the unit cell, while the
second vacancy position is correlated with respect to the first vacancy position to minimize the
overall energy of the system. For the two-vacancy case, we used the Site—Occupation Disorder
(SOD) package [32] to determine inequivalent configurations of vacancy placements within the
magnetite structure. The vast number of combinations of Fe?* and Fe** ions for each of these
configurations renders an exhaustive search impractical. Instead, we use the crystal structure
prediction code ChemDASH to randomly swap Fe?* and Fe** ions amongst the octahedral sites,
considering 1000 arrangements of the ions for each vacancy combination. ChemDASH has
previously been used to find ground states of structures after doping in atomic species [33, 34]. In
this study, we apply the code for vacancy doping. Each of these arrangements of the Fe ions was
relaxed to its energetic minimum using atomic force fields in GULP [35]. We employed a force
field based on partial charges [36], with parameters presented in Table 1. For the optimization,
Buckingham potentials are employed with a cut-off of 10 A.



Table 1. Buckingham force-field parameters used for the partial charge potential obtained from
the literature [36].

Interaction (i—j)  gi (e) Ay (eV) i (A) Cy (eV A
0> -0* -1.2 1844.0 3436 192.58
Fe>*- O* 1.2 11777.0 0.2071 21.642
Fe’*- O* 1.8 19952.0 0.1825 4.6583

For the doping of a single vacancy into a structure consisting of three unit cells of Fe3O4, we ran
ChemDASH ten times while swapping Fe** and Fe** ions, and additional ten times where we
swapped the position of the vacancy alongside the Fe** and Fe** ions (twenty runs in total). For
the cases with two vacancies doped into the structure, we found 15 inequivalent configurations of
the two vacancies with SOD. We performed one run of ChemDASH for each of these
configurations while swapping Fe** and Fe** ions, and further run where we allowed the vacancies
to swap as well. We performed each of these runs using the partial potential force field.

For ten lowest-energy structures in each of the two-vacancy runs, we used the multislice code
QSTEM [28] to simulate a STEM image along the [111] direction of the structure using parameters
mirroring the experimental conditions.

Intensity (a.u.)
o

1 2 3 4 5 6
Atomic column

Figure 4. a) Simulated HAADF-STEM image of the optimized NP structure. The vacancy
positions are indicated by the white dashed empty circles. b) Average intensities of the six satellite
atomic columns. c) Illustration of the optimized atomic model for the region defined by the
rectangle in (a). The vacancies are shown in blue, the large balls represent Fe atoms, while the
small red balls are oxygen atoms.

Further, we examined the simulated images to evaluate whether the lowest-energy structures found
by ChemDASH exhibited the pattern of vacancies observed in the measured STEM images. As
shown in Figure 4, the optimization yielded a configuration where the vacancies are symmetrically
distributed around the central brightest atomic column, which is further demonstrated by the
average intensity analysis of the satellite atomic columns in Figure 4b, showing that the opposite
columns 2 and 5 have reduced intensities compared to the other satellite columns. This is consistent
with the distribution obtained from the measured STEM image.



Although the calculations are simplified by considering only two vacancies per supercell, the
results are in line with the observations. These models represent the initial stage of transformation
from magnetite to maghemite. In this study, we consider only compositions close to the magnetite
structure as it provides a larger magnetization per unit volume compared to the maghemite
structure. The behavior of the distribution at an increased content of vacancies, closer to that of
maghemite, could be a subject of further studies.

With the gradual transformation of the magnetite NPs toward maghemite, we expect a gradual
reduction in magnetization [20, 21]. Therefore, these subtle differences, in addition to the dominant
role of antiphase domain boundaries, could be one of the factors responsible for the lower
measured performances of such particles than those expected from ideal magnetite.

The intensity pattern analysis in this study was limited to a single particle. A statistical analysis
involving numerous particles is challenging as the initial vacancies can be randomly distributed
because the transformation from magnetite toward maghemite is mostly kinetically driven, rather
than thermodynamically. This also occurs for the bulk maghemite, exhibiting not only structures
with ordered vacancies, but also structures with random vacancy distributions [20, 37]. In addition,
the intensity variation pattern along other zone axes may not be as pronounced as that along the
[111] zone axis, as demonstrated in Supplementary Figure S3 for the same vacancy distribution
along the [1-10] zone axis. Despite these limitations, the acquired data combined with the
theoretical modelling provide an evidence on the tendency of the initial stage of vacancy ordering,
and pave the way for further more detailed studies involving hundreds of particles and theoretical
models with a larger number of vacancies.

4. Conclusion

In this study, we performed electron microscopy observations to evaluate the atomic structure of
small magnetite NPs. The intensity analysis of the measured images demonstrates the formation
of vacancies in their structure reflected in changes in the atomic column contrast. Notably, the
results reveal a tendency of symmetric ordering of the vacancies in satellite atomic columns around
the central brightest atomic columns. Atomic crystal structure optimizations show lowest energies
for such ordering configurations. The vacancies in the ideal magnetite structure could explain the
lower performances in application scenarios than those expected for ideal bulk-like structures.
These findings can be valuable in the development of novel methods for structure and property
optimization of such NPs, and can guide further studies to broaden their applications.
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