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ABSTRACT: The properties of magnetic nanoparticles tend
to be depressed by the unavoidable presence of a magnetically
inactive surface layer. However, outstanding magnetic proper-
ties with a room-temperature magnetization near the bulk
value can be produced by high-temperature synthesis methods
involving capping with organic acid. The capping molecules
are not magnetic, so the origin of the enhanced magnetization
remains elusive. In this work, we present a real-space
characterization on the subnanometer scale of the magnetic,
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chemical, and structural properties of iron-oxide nanoparticles via aberration-corrected scanning transmission electron
microscopy. For the first time, electron magnetic chiral dichroism is used to map the magnetization of nanoparticles in real space
with subnanometer spatial resolution. We find that the surface of the nanoparticles is magnetically ordered. Combining the
results with density functional calculations, we establish how magnetization is restored in the surface layer. The bonding with the
acid’s O atoms results in O—Fe atomic configuration and distances close to bulk values. We conclude that the nature and number
of molecules in the capping layer is an essential ingredient in the fabrication of nanoparticles with optimal magnetic properties.
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Metal-oxide nanoparticles show complex magnetic behav-
iors including a significant reduction of the magnet-
ization at the surface layer, which makes them unfit for
applications such as magnetic-field-assisted drag and removal of
cancer cells, magnetically directed drug delivery, magnetic
heating or elimination of tumors.' ~® However, magnetite
(Fe;0,) nanoparticles prepared by high-temperature decom-
position of iron precursors in an organic medium with different
organic acids®™* exhibit an unusually high magnetization, near
the bulk value at room temperature. These properties may be
related to the fact that such high-temperature synthesis
conditions promote high crystallinity.”™"" It has also been
suggested that the iron—carboxylic group bonding plays a
determining role during synthesis.'*~'* The resulting bond
between the organic acid and the nanoparticles would prevent
further oxidation to Fe,O; which could be detrimental for
magnetization.'> Recently, in a related system, it has been
observed that atomic H bonds to surface O atoms in magnetite
thin films and affects the spin polarization at the Fermi
energy,'®'” but the mechanism underlying the unexpectedly
high magnetization of Fe;O, nanoparticles remains far from
understood.

In this Letter, we study the unusual magnetic properties of

high-quality Fe;O, nanoparticles by means of advanced
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electron microscopy techniques combined with theoretical
calculations. For the first time, we use electron magnetic chiral
dichroism in the aberration-corrected electron microscope to
produce real-space maps of magnetization with subnanometer
resolution. Our results show that not only the nanoparticle
volume but also the surface presents bulk-like magnetization at
room temperature. Combining these results with density
functional calculations, we establish the key role of the
nonmagnetic organic acid capping layer. The bonding with
the acid’s O atoms results in surface O—Fe atomic
configurations and distances close to bulk values. By promoting
a bulk-like environment, the nonmagnetic ligands restore
magnetism in the surface layer. Our results highlight the
importance of the optimization of nanoparticle properties by
improving synthesis processes and more flexible functionalizing
routes,”">"” which will pave the way to the next generation of
applications.”™®

Our magnetite nanoparticles, synthesized at high temper-
atures with oleic acid as a surfactant, show a room-temperature
saturation magnetization ~80% of that of the bulk."'' To
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Figure 1. Real-space magnetization characterization with nanometer resolution. (a) Aberration-corrected STEM bright-field image of a Fe;0,
nanoparticle. (b,c) High-resolution Z-contrast STEM images of two Fe;O, nanoparticles along the (111) and the (011) zone axes, respectively,
showing high crystal quality. Nominal particle sizes are 9 and S nm, respectively. The spherical shape of these very small particles is due to the greater
relative importance of the surface formation energy. (d) Color-coded L, ; ratio maps obtained from the spectrum image of the nanoparticle shown in
panel a acquired at symmetric positions in the diffraction pattern: I, (left) and at I, (right), respectively. (e) Averaged EELS spectra in the Fe L, ;
edges, after background subtraction, for the nanoparticle shown in panel a measured at I, and I_ and the resultant dichroic signal (in blue),
represented by the difference, which has been magnified by a factor of 5 in the Figure. The spectra were normalized to the background region
between the two edges. (f) Top: L, profile along the direction of the blue arrow in panel d (in red and in black for I, and I_ L,; ratio maps,
respectively). Bottom: difference between I, and I_ L, ; ratios along the nanoparticle. The scale bar represents S nm in all panels. Images in false

color.

clarify the origin of this unusually high magnetization, we
studied nanoparticles with sizes from 6 to 15 nm. Real-space
characterization of crystal structure, magnetism, and spectros-
copy was performed by aberration-corrected scanning trans-
mission electron microscopy (STEM). The Supporting
Information contains more details of the setup and the
procedure that leads to the spectra-derived maps. Figure la
shows a STEM bright field image of a nanoparticle 13 nm in
size, exhibiting an extremely high crystal quality. Even for the
smallest particle sizes they are monodomain, and the crystal
structure is maintained all the way to the surface. (See Figure
1b,c).

Electron energy loss spectroscopy (EELS) in the electron
microscope can be used to probe the local magnetization at
room temperature. Similarly to X-ray magnetic circular
dichroism (XMCD), electron magnetic chiral dichroism
(EMCD) utilizes the L, EELS absorption edges of transition
metals obtained from either wide specimen areas™ or regions
of a few nanometers in size.”">> Here we show for the first time
how an EMCD signal can also be obtained with an electron
beam ~1 nm in diameter, operating in nanodiffraction mode.
(See the Supporting Information.)

The difference in the room-temperature iron L,; edges
(Figure le) coming from conjugated spots in the nano-
diffraction diagram (equivalent to the two beam polarizations
used in XMCD measurements™’) is proportional to the local
magnetic moment. Figure 1d shows two L,; ratio maps
obtained from a spectrum image of the nanoparticle in Figure
la. The difference in L, ratio profiles in Figure 1f indicates
that the magnetic moment within 1 nm of the particle surface is
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at most 30% smaller than the magnetization of the core, even at
room temperature. To our knowledge, no real-space nanoscale
resolution magnetization density map has been previously
reported. This finding is in sharp contrast with results from
nanoparticles prepared through other methods," which show a
disordered spin structure at the particle surface. In our case, the
highly magnetic surface is strongly contributing to the high
saturation magnetization of these high crystal quality nano-
particles near room temperature.'”> The question to be
addressed then is how this unexpectedly high surface
magnetization is stabilized.

Aberration-corrected STEM-EELS provides further unique
insight into this issue. Figure 2a shows significant variations of
O and Fe concentration. The centers of the nanoparticles show
an O atomic ratio of 57%, which is consistent with a Fe;O,
magnetite structure. (See Figure 2b.) However, a clear increase
in the oxygen atomic ratio at the surface is observed. The extra
oxygen comes from the carboxylic group of the oleic acid used
in the synthesis, which is attached to the surface. This picture is
confirmed by EELS fine-structure analysis and theoretical
calculations. In bulk iron oxides, it has been demonstrated that
the intensity of the prepeak in the O K edge (normalized to the
main peak) and the intensity ratio of the Fe L, and L, white
lines increases with the iron oxidation state.”> However, despite
a richer oxygen content, both the prepeak intensity and the L,;
ratio (Figure 3ab) clearly decrease at the surface. Both
observations indicate a more reduced Fe,>> which is the
opposite of what would be expected from the observed higher
O concentration.
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Figure 2. Chemical composition maps. (a) Low-magnification Z-
contrast image. The inset shows the region where a spectrum image
was acquired, along with the relative composition maps corresponding
to the O K (left) and Fe L, ; (right) edges, in false color. The scale bar
represents S nm. (b) O relative composition profile (in atomic
percent) along the direction of the yellow arrow in panel a. The O
atomic ratio of 57% at the center of the nanoparticles is consistent with
a Fe;0, magnetite structure (dashed line). The observed increase in
the oxygen atomic ratio at the surface is well above the expected O
atomic ratio of 60% for a y-Fe,O; structure, and it is attributed to the
oleic acid attached to the surface.

We turn to theory to better interpret the variations of the
EELS fine structure. Density functional theory (DFT)**
reproduces the measured O K-edge fine structure of magnetite
quite accurately (Supporting Information). To keep the
computational cost affordable, we performed calculations of a
deprotonated short-chain organic acid, butyric acid, adsorbed
over the octahedral iron—oxygen terminated 100 surface of
magnetite. Figure 3c illustrates the most stable configuration
found after several simulated structural relaxations, starting
from different initial configurations. We find a double-bonded
configuration where the two oxygen atoms of the carboxylic
group bond to two different Fe ions at the surface.

The calculated K-edge spectra from different oxygen ions in
the DFT-predicted configuration are shown in Figure 3d. (All
prepeaks are aligned at 1.5 eV, and the spectra vertically shifted
for clarity.) The intensity of the prepeak feature coming from
the oxygen atoms in the carboxylic group (black line) is indeed
notably smaller, relative to the main peak, as compared with the
surface (red line) and deeper bulk (green and blue lines)
oxygen. Also, there is a shift of spectral weight so that the
distance in energy between the prepeak and the main peak of
the spectra from the carboxylic-group’s oxygen is slightly
reduced, as observed in the experiment. We deduce that the
measured prepeak and AE reductions near the surface do not
arise from the different environment of the oxygen atoms
within the nanoparticle, but they are a fingerprint of the surface
capping oleic acid.

According to the calculations, the adsorption energy is 2.4
eV, implying a strong covalent bond between the organic acid
and the nanoparticle surface. Such a bond also contributes to
chemical passivation of the surface, preventing further oxidation
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Figure 3. Experimental and theoretically spatially resolved EELS fine
structure. (a) Z-contrast images of Fe;O, nanoparticles. The inset
shows the region where a spectrum image was acquired, along with the
prepeak and the L, ; intensity ratio maps, in false color. The scale bar is
S nm. (b) Normalized prepeak intensity and L, ; ratio profiles along
the direction of the yellow arrow in panel a. (c) Minimal energy
configuration of the iron oxide organic acid bond. (Only one surface
unit cell is shown.) The oxygen of the carboxylic group completes the
octahedral environment of the bonding iron ions, making their first
coordination shell similar to bulk Fe;O,. (d) Simulated O K edge
spectra for the configuration in panel ¢ within the Z approximation. O
prepeaks are aligned in energy for clarity. The prepeak intensity of the
carboxylic oxygen (black) is smaller than that of the oxygen at the
surface (red) and deeper within the bulk (green and blue as we move
away from the surface); the prepeak reduction in panels a and b is then
a signature of the organic acid—nanoparticle bond. Spectra have been
displaced vertically for clarity.

and the concomitant reduction of the magnetization. It might
also favor, together with the high-temperature synthesis, the
high crystal quality of the nanoparticle (Figure 1b,c) that is
essential to obtain the high magnetization nanoparticles,'* but
the organic acid, however, affects the magnetic state of the
nanoparticle in a more direct and unexpected way: by making
the crystal environment and the occupancies of d orbitals in
certain surface iron sites close to bulk Fe;O,. In bulk Fe;O,, the
magnetization arises mainly from the majority electrons
occupying d orbitals in octahedrally coordinated iron. Some
of these d orbitals hybridize strongly with the oxygen p orbitals
forming bonding and antibonding bands, which are all occupied
in the bulk (Figure 4a). However, occupancies change at the
bare surface,” as some of the spin majority states are pushed
over the Fermi energy and become unoccupied (Figure 4b);
the occupation of other d orbitals (not shown) also changes,
and the magnetization density at the surface is greatly reduced.

The effect of the organic acid can now be understood. Figure
3¢ shows how, of the four Fe ions at the surface unit cell, two
bond to the organic acid whereas the other two remain
unbonded. Fe ions bonded to the organic acid oxygens have six
O nearest neighbors at an average distance of 2.05 A, close to
the six neighbors at 2.10 A in the bulk. As a result, their density
of states and occupancies are similar to those of bulk Fe (Figure
4a,c, respectively). For the half of the surface Fe ions that do
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Figure 4. Density of states (DOS) projected over the majority spin d orbitals in the octahedral iron sites within different crystal environments. (a)
Bulk Fe;0, projected DOS. The degenerate e, orbitals (red and magenta) point toward the neighboring oxygens and strongly hybridize with their p
orbitals, giving rise to the bonding (around E = —5 eV) and antibonding (around E = —1 eV) density of states. The t,, states (black, green, and blue,
also degenerated by symmetry) hybridize less; almost all of their weight is in the band around 3 eV under Eg. The filling of the minority orbitals (not
shown) is small, and the octahedral iron is highly polarized. (b) Bare (100) surface, projected DOS corresponding to octahedral iron at the surface.
The structural surface reconstruction brings the in-plane oxygen ions closer to the iron ion, increasing the hybridization of the dxz,y2 orbital (red).
This orbital gets partially empty as it is pushed past the Fermi energy, resulting in a reduced magnetization. (c) Organic acid bonded to magnetite
surface. DOS projected over octahedral iron bonded to the organic acid. Because of the influence of the oxygen ions in the carboxylic group,
occupancies are very similar to the bulk case, and the reduction of magnetization at the surface is partially lifted. (d) Organic acid bonded to
magnetite surface. DOS projected over the octahedral iron not bonded to the organic acid. Occupancies are very similar to the bare surface case (b).

not bond, the number of O nearest neighbors is five, as in the spintronics”>* and others where surface magnetic dead layers
bare surface, and the average Fe—O distance is 1.92 A, on?} 0.04 are undesirable will also benefit from materials optimization
25,2

A smaller than what we find at the bare surface. This guided by the understanding of this mechanism.

similarity is reflected again in the d orbital occupations,
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