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DOI: 10.1039/x0XX00000X A series of magnetically active ferrite nanoparticles (NPs) are prepared by using Mn oxide NPs as seeds.

Verwey transition is identified in Fe;O, NPs with an average diameter of 14.5 nm at 96 K, where a sharp
www.rsc.org/ drop of magnetic susceptibility occurs. In MnFe,O, NPs, spin glass-like state is observed with the
decrease of magnetization below the blocking temperature due to the disordered spins during the
freezing process. From these MnFe,O, NPs, MnFe204@Mn.Fe, O core-shell NPs are prepared by
seeded growth. The structure of core is cubic spinels (Fd-3m), and shell is composed of iron-manganese
oxide (MnyFe..,O) with a rock salt structure (Fm-3m). Moiré fringes appear perpendicular to <110>
directions on the cubic shape NPs through the plane-matched epitaxial growth. These fringes are due to
the difference in their lattice spacings between MnFe,O, and Mn,Fe,,O. Exchange bias is observed in

these MnFe204@Mn,Fe,.O core-shell NPs with an enhanced coercivity as well as the shift of hysteresis

along the field direction.

Introduction

Soft ferrites are appealing materials for their spontaneous
magnetization. Though as classical as other materials, they still
extend their applications with nanosize ferrites, for example as
more efficient contrast agents for magnetic imaging,' or as
hyperthermia materials.” Equally interesting and important as
this soft will be their
electrotechnical properties.>* Verwey transition is one of them

magnetic activity of ferrites
and it is firstly known as a metal-insulator transition of
magnetite (Fe;O,) at around 120 K, below which sudden
decrease of conductivity occurs.>® A common finding is that
when the size of magnetite is sufficiently small, the transition is
not well observed or it is lower than 120 K.” In general, metal-
insulator transition in case of magnetite is believed due to the
charge ordering below the transition temperature. In inverse
spinel, octahedral sites are randomly occupied with even
number of Fe?* and Fe', and tetrahedral sites with Fe*'. Over
the transition temperature, random arrangement of Fe’" and
Fe3+
possible, but below the transition temperature these ions are

in the octahedral sites makes the electron hopping

ordered without hopping.® This charge ordering is accompanied
by the unit cell change of ferrite from well-known cubic spinel
to monoclinic. All these electronic features reflect the diversity
and the dynamic nature of soft ferrites.

It is known that small amount of dopants affect Verwey
transition temperature, 120 K.

mostly lowering below
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Impurities include metal ions such as AL Mn,!'! and Zn.'? Not
only impurities, small cationic vacancy can also make the
transition lower or disappear, such as Fe;_sO, with 6 = 0.066.1
Also interesting is that Verwey transition is not limited to
magnetite. Similar charge ordering and the phase transition
were observed at around 285 K in cubic spinel LiMn,0,.1413
One of the popular mixed or doped ferrites is Mn ferrites.
Although it is described that Mn ferrites adopt inverse spinels
as Fe, Co, and Ni ferrites, experimental data indicate that it
exists more likely as normal spinel with 19% of Mn?'
occupying octahedral sites and 81% of Mn?' occupying
tetrahedral sites.'® In this study, we synthesized mixed ferrite
NPs between Fe and Mn and examined their magnetic
behaviors. Seeds of Mn oxide NPs are used for the preparation
of crystalline Fe;04 and MnFe,O, NPs. Verwey transition was
identified in 145 nm Fe;O, NPs. In addition,
MnFe,0,@Mn,Fe O core-shell NPs were synthesized in a
seed-mediated method from MnFe,O, NPs. Moiré fringes were
observed in the epitaxial plane-matching growth. Due to the
antiferromagnetic (AFM) Mn,Fe,_,O shell, there is an exchange
bias with a shift of hysteresis along the field direction both in
field-cooled (FC) and zero-field-cooled (ZFC) measurements.
Mn,Fe, O adopts a rock salt structure (Fm-3m) as MnO, FeO,
and other similar divalent metal oxides. Recently, there are
increasing efforts and interests in the study of Mn,Fe; ,O NPs
with various shapes.'”'® This attraction is ascribed to their
resistance to oxidation compared to MnO and FeO, which
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Fig. 1 (a) TEM image, (b) STEM image, (c) SAED pattern, and (d) EDX spectrum of Fe304 NPs synthesized from Mn oxide seeds. (e) TEM image, (f) STEM image, (g)
SAED pattern, and (h) EDX spectrum of MnFe,0, NPs synthesized from Mn oxide seeds. (i) TEM image, (j) STEM image, (k) SAED pattern, and (I) EDX spectrum of
MnFe,0,@Mn,Fe; O core-shell NPs synthesized from MnFe,04 NPs.

extend their utilities as stable magnetic probes. Divalent metal
oxides are known oxygen-rich and prone to be cation-vacancy.
Diverse magnetism, and diverse electrical properties can be
achieved by occupying those vacant sites with other dopants,
for example as seen in electrical band gap engineering of metal
oxides. Not only the unusual shell formation of Mn,Fe; ,O on
MnFe,0,4 cores, we observed rich magnetism from Verwey
transition, spin glass-like state, and to the exchange bias under
ZFC condition during the synthesis of these metal oxide NPs.

Results and discussion

The method of generating NPs in this study is based on a
colloidal wet chemistry, which is represented by nucleation and
growth mechanism for the NP growth. There are physical
methods such as electric explosion of wires,' or laser target
evaporation,”® which utilize instruments rather than being based
on the thermal decomposition solution method. Although useful
for massive scale production, some of these physical methods
suffer from the wide size distribution of particles compared to
the bottom-up chemical methods. The controlled synthesis is
required for the fundamental study of their physical meanings,
especially the size effect of magnetic NPs.

Mn oxide NPs (3.6 £ 0.6 nm, Electronic Supplementary
Information, Fig. S1) were used as seeds for the synthesis of
Fe;0,4 and MnFe,O4 NPs. XRD pattern of these seeds does not

2| J. Name., 2012, 00, 1-3

exhibit any prominent crystalline phases (Fig. S2, ESI). With
these seeds, single crystalline Fe;O, NPs with a volume-

o~

N

Fig. 2 (a), (c) HRTEM images of Fe3O4 NPs, and (b), (d) Fourier-transformed
images of (a) and (c) respectively. Two HRTEM images contain the same zone
axis of [-12-1].
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Fig. 3 HRTEM images of MnFe,0, NPs (a) Lattlce planes of {220) were |dent|f|ed in a single crystallme NP. (b)
Three different single crystal NPs were found with the zone axes of [111], [130], and [100] respectively.

averaged mean diameter of 14.5 (£ 1.8) nm were prepared by
high temperature decomposition method (Fig. la and 1b).”'
Selected area electron diffraction (SAED) pattern indicates
cubic spinel structure of Fe;O, (Fig. 1c). These Fe;04 NPs
maintain single crystalline structures (Fig. 2). For example, two
NPs contain the same zone axis of [-12-1] but with different
lattice planes of (111) (d = 4.833 A) and (20-2) (d = 2.960 A)

(Fig. 2a), and (222) (d = 2.416 A) and (20-2) (d = 2.960 A) (Fig.

2¢). Fourier-transformed images of these two NPs (Fig. 2b and
2d) prove the same zone axis of these two particles.

Similar to the synthesis of Fe;O,, MnFe,O, NPs were
synthesized in a seed-mediated method from Mn oxide NPs.
Average size of NPs is 13.2 (+ 2.7) nm (Fig. le). In the high
resolution transmission electron microscopy (HRTEM) image
of MnFe,04 NP in Fig. 3a, {220} planes were observed with
the zone axis of <I111>. In the face-centered cubic (fcc)
structure, (110) planes are difficult to find due to the systematic
absence rule. In cubic spinel structure, though, (220) planes are
observable. In another TEM image in Fig. 3b, single crystalline
NPs were found with three different zone axes of [111], [130]
and [100].

With MnFe,0, NPs as seeds, further growth was performed
using Fe(acac); (acac: acetylacetonate) and Mn(acac), as the
organometallic sources. Cubic shapes were found, and Moiré
fringes were observed extensively on these cubic shape NPs.
Moiré fringes occur in hetero core-shell structures which are
prepared by the plane-matching epitaxial growth.”>?* Since the
deviation from equilibrium is greater in nanosize, it is easier to
prepare epitaxially grown core-shell nanostructures at lower
temperature. In epitaxially grown bulk films, high temperature
deposition method is mostly used, while in nanosize the epitaxy
growth can be achieved at room temperature. The most
prominent examples are noble metal NPs, such as Pd/Pt** and
Au/Pd. %

In MnFe,O,@Mn,Fe; O NPs, lattice mismatch between the
lattice parameter of Mn,Fe, O (Fd-3m, a = 4.372 A) and half
of the lattice parameter of MnFe,O, (Fm-3m, a = 8.412 A) is
3.8%. When there is no misorientation between the lattice

This journal is © The Royal Society of Chemistry 2012
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planes of core and shell, spacing of
Moir¢é fringe is related with these cell
parameters and d-spacings as D =
dd,/(d, - d,), where D is the distance
of Moir¢ fringes, and d; and d, are d-
spacings of the specific lattice planes
of core and shell materials.*> In our
example, two types of Moiré fringes
are observed (Fig. 4). Distances of
Moiré fringes (D) in Fig. 4a and 4b
are 4.0 nm, and these are close to the
calculated value of 3.96 nm which is
derived from (220) plane of Mn,Fe,.
WO (d; = 1.545 A) and (440) plane of
MnFe,0, (d, = 1.487 A). Distance of
Moir¢ fringe in Fig. 4c is 2.0 nm, and
this distance is close to the value of
1.98 nm which is derived from the
(440) plane of Mn,Fe; O (d; = 0.773 A) and (880) plane of
MnFe,0, (d,= 0.744 A). Most NPs that are examined contain
Moiré fringes with D values of 3.95 - 4.10 nm and are similar
to the NPs shown in Fig. 4a and 4b. In addition, these fringes
stem from {h40} planes of core and shell materials, Detailed
analysis by HRTEM images indicates that they lie in the same
{hh0} planes of Mn,Fe; O shells (Fig. 4d, 4e, and 4f). In
addition, the fast Fourier-transformed (FFT) patterns imply that
the particles are composed of {400} planes (zone axis <100>,
Fig. 4g and 4k) with the Moir¢ fringes residing on the diagonals
of these
perpendicular to <110> direction in cubes was also identified in
Pd@Ag,*® Au@Pd,** and MnZn ferrite core-shell nanocubes.”’
It is also known that cubic shapes are easier to be made as core-

cubes. Similar formation of Moiré fringes

shell structures by epitaxial growth.*?

In some noble metal nanomaterials, intrinsic twins or the
dislocations in the cores govern those in outer shells, and
produce Moiré fringes with twin boundaries, such as Ag shell
on Cu cores,”® Ni@Au core-shell NPs,? and Au@Ni core-shell
nanoplates.®® During the deformation, twins in the cores
accompany on the shell in the epitaxial growth. In metal oxides,
twins are found in nanomaterials with severe deviation from
equilibrium such as nanowires.”' Twins compensate for this
deviation and provide shape stability to 1D nanostructures, as
was demonstrated in the recent theoretical study.*” In spherical
metal oxide NPs, twins are hardly observed, and the Moiré
in MnFe,0s@Mn,Fe; O NPs the

difference of lattice spacings between core and shell during the

fringes derive from
epitaxial growth. Reconstructed images after filtering the (110)
planes in the respective FFT patterns reveal the highlighted
fringes (Fig. 4h, 4j, and 41). The slight distorted fringes stem
from the deformation of core-shell structure during the epitaxial
growth. The origin of this deformation can be the load exerted
by the shell on the cores, or can be the strain in the shell which
is induced during the core-shell formation. In particular, the
strain existing in the shell due to the lattice mismatch between
core and shell (3.8 %) is thought to play the major roles in the
formation of distorted Moiré fringes.

J. Name., 2012, 00, 1-3 | 3
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Fig. 4 TEM images of MnFe,0,@Mn,Fe;,0O core-shell NPs (a), (b) with a Moiré fringe distance of 4.0 nm and (c) with a Moiré fringe distance of 2.0 nm. (d),
(e), (f) HRTEM images corresponding to TEM images of (a), (b), (c), respectively. (g) Fourier-transformed diffraction pattern and (h) reconstructed image
after filtering FFT pattern of (d). (i) Fourier-transformed diffraction pattern and (j) reconstructed image after filtering FFT pattern of (e). (k) Fourier-
transformed diffraction pattern and (l) reconstructed image after filtering FFT pattern of (f),

In XRD patterns, Fe;O, is refined as cubic spinel with a
space group of Fd-3m and with a cell parameter of a = 8.372 A
(top, Fig. 5a), which is slightly larger than in normally observed
Fe;04 NPs (~ 8.356 A),>** but smaller than in bulk magnetite
(8.394 A, JCPDS # 79-0417). The structure of MnFe,O, was
also determined by Rietveld refinement with a cell parameter of
a = 8.426 A (middle, Fig. 5a). In addition, the phase exists as
Fe-rich MngssFe,,40, based on the refinement, which is
agreeable with a recent study about the variation of cell
parameters of spinel ferrites depending on the compositional
ratio between Mn and Fe.>* XRD pattern of MnFe,O,@Mn,Fe,.
<O core-shell NPs comprises two phases of spinel ferrite (Fd-
3m) and rock salt (Fm-3m) structures (bottom, Fig. 5a). Peak
deconvolution with pseudo-Voigt curve fitting indicates that the
cell parameter of MnFe,O,4 in MnFe,O,@Mn,Fe; O core-shell
NPs is 8.412 A, and that of Mn,Fe, O is 4.372 A (Fig. 5b).
After Rietveld refinement, slight Fe-rich Mng445Fe(5,,0 with
cation vacancy was identified. Both MnO and FeO are known
as a rock salt structure with a cell parameter of a = 4.447 A for

4| J. Name., 2012, 00, 1-3

MnO,* and a = 4.326 A for FeO.’® Bulk MnO has a Neel
temperature (7Ty) of 118 K.***7 FeO shows rather high Ty of 195
K.® It exists non-stoichiometric with hardly being FeO due to
its vulnerable nature to the oxidation. Stoichiometry also plays
roles in the appearance of Ty, as lower Ty is observed in more
off-stoichiometric FeO.*®

Scherrer equation (/=0.91/fcosf), where ¢ is the domain
thickness, 4 is the wavelength of X-ray source (CuKa, 1.54056
A), p is the full width at the half maximum intensity as radian,
and 6 is the Bragg angle) is a useful method for identifying
domain size of the analysed materials. From the XRD pattern of
Fe;04 (a = 8.372 A), domain thickness of ¢ = 15.2 nm was
calculated at (311) plane (26 = 35.534). This is an important
indication of the overall size of NPs examined in this study, and
the value (15.2 nm) is slightly larger than the size obtained in
the TEM image (14.5 £ 1.8 nm). As the size of ferrite
decreases, the Verwey temperature is known to decrease and
the transition is smooth.*® For example, Verwey transition was

This journal is © The Royal Society of Chemistry 2012
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Fig. 5 (a) XRD patterns with Rietveld refinements of (top) Fe;0,, (middle) MnFe,0,, and (bottom) MnFe,0,@Mn,Fe; O core-shell NPs. (b) Peak deconvolution
with pseudo-Voigt curve fitting of (311) planes of ferrites (Fd-3m) and (111) plane of Mn,Fe; 4O (Fm-3m).

observed as first-order transition around at 90 K in 9 nm ferrite
NPs.*

Magnetism of NPs the pattern of soft
ferromagnetism (FM) with a large spontaneous magnetization.
Although there is a dipolar interaction, the saturation
magnetization of 14.5 nm Fe;O,4 NPs reaches 168 emu/g at 5 K,
and 152 emu/g at 300 K in field-dependent (M-H) measurement
(Fig. 6b). In 13.2 nm MnFe,04 NPs, saturation magnetization
reaches 136 emu/g at 5 K (Fig. 6d). Slight decrease of
magnetization was observed in MnFe,O,@Mn,Fe, O core-
shell NPs with 118 emu/g at 5 K, and 96 emu/g at 300 K (Fig.
6f).

There are

follows

some anomalies in temperature-dependent
magnetization (M-T). In Fe;04 NPs, Verwey transition with a
sharp drop of magnetization was observed at around 96 K (Fig.
6a). This sharp drop is related with the high crystallinity of
particles, or with the presence of interparticle interaction. With
the decrease of particle size, charge ordering is known not as
efficient and not as fast as in the bulk magnetite, which makes a
smooth decrease of magnetic susceptibility around the
transition.>**° Also noteworthy in M-T curve of Fe;O4 NPs is
the small broad mound centered at 35 K in ZFC measurement.
In Fe;04NPs with a sharp decrease of magnetization such as in
our study, this broad mound is regularly observed.*’ One reason
would be the glass-like transition with a sharp decrease of
magnetization, which is caused by electrical low temperature
tunnelling.*' The other assumption is that there is a partial
surface oxidation in Fe;O,. Single crystalline plate shape y-
Fe,O3; NPs with sizes of 9-10 nm contain spin-disordered
surface with 0.6 nm thickness.*? Fe;0, is more vulnerable to the
oxidation, and it is thought that disordered surface spins in
partially oxidized shell interact with magnetically ordered FM
core spins during the freezing process and cause the decrease of
susceptibility with a broad transition at 35 K.

In M-T curve of MnFe,O, NPs, the magnetic behaviour
follows spin glass-like state (Fig. 6¢). Below around 110 K,

This journal is © The Royal Society of Chemistry 2012

sharp decrease of magnetization in ZFC measurement is
observed from 34.3 emu/g at 116 K to 4.3 emu/g at 5 K. This
decrease of susceptibility is due to the dominant disordered
spins during the freezing process. Spin glass is well observed in
two phase systems, popularly in AFM-FM hybrid materials.*’
Inhomogeneous phases in Fe-rich Mn,Fe; O, NPs are
presumed to cause such spin glass transitions. Broad blocking
temperature (7g) is also found with no irreversibility at 300 K
between ZFC and FC measurements (inset, Fig. 6¢). Broad Ty
in more general terms is associated with the large size
distribution of NPs, owing to its well-known correlation with
the volume of particles. In our example, this broad transition is
presumed due to the competition between two different
magnetizations. There is a sudden decrease of susceptibility
below 110 K, and this decrease is caused by the collapse of this
competition and by the random spin orientation under ZFC
measurement. In ZFC condition, there are zero applied fields
and it is not able to hold spin orientation during the cooling
process. Frustration of spins is also illustrated in FC
measurement, in which broad mound appears with the slight
increase of susceptibility. In FC condition, spins are locked
oriented by cooling, and the susceptibility tends to increase at
lower temperature because thermal energy is not enough to
disturb spin orientation. Slight increase of magnetization in FC
means that there is an intraparticle interaction, which becomes
larger with the increase of temperature. The magnetization that
contributes to this intraparticle interaction is not necessarily
AFM-FM, as materials with strong soft FM exhibit the spin
glass-like properties.** M-T curve of FC measurement generates
power law fit with M(T) = My(1 — T/T,)’, which indicates the
Curie temperature (7;,) of 363 K (inset, Fig. 6¢). There is also
no irreversibility between ZFC and FC measurements, and this
is in the more general terms thought due to the existence of
short range ordering.* This ordering contributes differently to
the total magnetization under ZFC and FC, thus provides non-

overlapping curves. The intraparticle interaction is also

J. Name., 2012, 00, 1-3 | 5
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witnessed in the slight asymmetric loop shift of M-H curve
under ZFC condition at 5 K (471 Oe, -563 Oe, inset, Fig. 6d).
Mn oxide seed NPs and Fe-rich MnFe,O, phase are believed to
cause these irregular magnetic behaviours.

In a study of magnetite NPs which were synthesized by
biomineralization, Verwey transition was observed at 105 K
and the chain-like arrangement of NPs makes the transition
sharp.” Chainlike proximity and collective particle correlation
cause spontaneous charge ordering between Fe’" and Fe**, and
this fast sharp decrease of
magnetization occurs. Another study reported that the applied

during charge ordering,
field (0.25 tesla) during the synthesis causes partial oxidation of
Fe’" ions and removes the chance of electron hopping and
charge ordering of Fe** and Fe**, so that no transition was
observed.® There is a controversy whether spontaneous charge
ordering of Fe*" and Fe** causes lattice distortion and unit cell
change, or unit cell change from cubic to lower symmetry
causes charge ordering.*® In fact, unlike the unit cell change
which can be identified with various x-ray techniques, charge
ordering is controversial for its existence due to the
experimental limitations.*’

In M-T curve of MnFe,Os@Mn,Fe; O core-shell NPs,

there are two transitions at 163 K and 45 K (Fig. 6e). The

magnetic moment is 18.2 emu/g in ZFC, and 30.3 emu/g in FC
measurements at 5 K (H.= 100 Oe), and these moments are
large considering AFM Mn,Fe;_,O shell. This is not simply due
to the presence of FM MnFe,O,, and more likely due to FM-
AFM interaction between MnFe,04 and Mn,Fe;,O. As seen in
the exchange bias in Fig. 7, AFM-FM interaction causes large
number of interface spins of AFM Mn,Fe; O shell to align
ferromagnetically with core spins of MnFe,O,. At the transition
around 163 K, there is a sharp increase of magnetization in ZFC
measurement. This is typical of AFM-PM transition, as linear
pattern conforming to the Curie-Weiss law is observed over
163 K in the curve of 1/M vs T with FC data (inset, Fig. 6¢).
This sharp transition at 163 K is reminiscent of AFM FeO, as
seen in several examples of FeO,*** Mn,Fe,0,"® and
FeO/Fe;0,4 core-shell NPs.’! The content of Mn affects the
decrease of transition temperature compared to 7y (195 K) of
FeO, for example 173 K in Mng,9Fey;;0 NPs,’! and 157 K in
Mn, soFeq 500 NPs.”? However, soft FM at 300 K in M-H curve
(Fig. 6f) and high magnetization (26.5 emu/g, H. = 100 Oe) in
M-T curve at 300 K (Fig. 6e) imply that MnFe,O,@Mn,Fe, O
core-shell NPs do not simply exist as PM at 300 K. The
irreversibility between ZFC and FC is another factor to
consider as FM at 300 K. This magnetization is believed a sum
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Fig. 7 Field-dependent magnetization of MnFe,0,@Mn,Fe;,O core-shell NPs.
The measurement was conducted at 5 K with zero-field-cooled (ZFC) first,
followed by field-cooled (FC) measurement.

of two phases of FM MnFe,0, cores and AFM Mn,Fe, O
shells. The other transition at 45 K is due to AFM-FM
interaction, as was observed in Mn,Fe; ,O nanoplates with
significant MnFe,0,.°? This transition is more obvious under
ZFC condition, in which sample was cooled with zero applied
fields. Small applied field (100 Oe) is enough to align those
spins around AFM-FM interfaces due to the soft magnetic
nature of cores. Another characteristic of this transition at 45 K
is its broadness ranging from 25 K to 80 K. This broad
transition is believed from many different AFM-FM
interactions in MnFe,O,@Mn,Fe, O core-shell NPs. Different
interactions are caused by the broad size distribution or by the
variable stoichiometry of Mn,Fe,; O shell, as more off-
stoichiometry produces broader magnetic transitions.>® Large
average size (39.2 + 9.3 nm) with broad size distribution
reflects the inhomogeneity of MnFe,O4@Mn,Fe, O core-shell
NPs.

To further investigate the nature of FM-AFM interaction
of MnFe,O,@Mn,Fe, O core-shell NPs, M-H measurements at
5 K were performed (Fig. 7). In ZFC measurement, sample was
cooled from 300 K to 5 K under zero fields, followed by the
measurement in between + 20 kOe. In FC measurement, sample
was cooled from 300 K to 5 K under the applied magnetic field
of 20 kOe, followed by M-H measurement. In both FC and ZFC
measurements, hysteresis shifts and asymmetric lobes were
observed, but with a larger shift and enhanced coercivity under
FC condition (Fig. 7). Hysteresis shift in ZFC condition in Fig.
7 means that the FM/AFM interaction in demagnetized state or
under zero-field state is strong enough to exhibit anisotropy.**
Metallic cobalt core and its oxidized shell is a prominent
example for enhancing anisotropy by exchange bias.>® It has
been reported that some doped ferrites show extraordinary
magnetization especially when small amount of Mn**, Zn*",
and Cu®" are added. Since octahedral sites are occupied by even
number of Fe** and Fe®' in inverse spinel, those doped ions
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which were replaced with Fe?* undergo FM interaction with
other octahedral Fe**. This enhanced magnetic interaction leads
to the increase of spontaneous magnetization in doped ferrites.

Experimental

All chemicals and solvents were analytical grades and used
without further purification from commercial sources (Sigma-
Aldrich). Powder XRD measurements were performed with a
Philips Panalytical X'Pert Pro X-ray powder diffractometer (40
V, 40 mA, CuKa A = 1.54056 A) in a #—6 mode from 25 to 100
degrees (26). TEM images were obtained with either Tecnai G2
Spirit TWIN, 20-120 kV/LaB6 Transmission Electron
Microscope, or FEI Titan 80-300 kV S/TEM using field
emission gun operating at 300 kV. Scanning transmission
electron microscopy (STEM) imaging was carried out with FEI
Titan 80-300 kV S/TEM. The measurement was performed
with high-angle annular dark field (HAADF) detector by
adjusting the camera length to 190 mm and spot size to 6.
Sample was dispersed in 0.1 mL of hexane and was sonicated
for 30 seconds before dropcasting onto carbon-coated Cu grids.
Magnetic properties were measured with Superconducting
Quantum Interference Device (SQUID, Quantum Design, Inc.
San Diego, CA, USA). For the measurement of magnetic
susceptibility, sample was dried under vacuum for 1 h before
the measurement. Without using diamagnetic matrix for
dispersing particles, the dried sample with sufficiently large
mass (3.5 mg in case of Fe;O4 NPs) was measured.

Synthesis of Mn oxide NPs

MnCl,-4H,0 (1.0 g, 5.05 mmol), oleylamine (3.6 mL, 10.9
mmol), and oleic acid (3.6 mL, 11.4 mmol) were mixed with
octyl ether (8.0 mL). Under air condition, reaction mixture was
stirred at room temperature for 10 minutes before temperature
was increased to 200 °C. Stirring continued for 0.5 hours at 200
°C. Then, temperature was further increased to 280 °C, and
stirring continued for additional 1 hour. After the reaction
mixture was cooled down, hexane (5.0 mL) was added to
disperse the products. Particles were not precipitated with
excess EtOH, and these particles in hexane dispersion were
used as seeds without further purification.

Synthesis of 14.5 nm Fe;O4 NPs

Mixture of hexane-dispersed Mn oxide NPs (180 pL), Fe(acac);
(850 mg, 2.41 mmol), oleylamine (1.8 mL, 5.5 mmol), oleic
acid (1.8 mL, 5.7 mmol), 1,2-hexadecanediol (2.4 g, 9.28
mmol) was stirred in the presence of octyl ether (8.0 mL).
Under N, atmosphere, reaction temperature was increased to
200 °C and the mixture was stirred for 0.5 hours. Temperature
was increased to 285 °C and the mixture was stirred for 2 hours.
Then, reaction temperature was further increased to 325 °C and
stirring continued for 0.5 hours. After the reaction mixture was
cooled down, the precipitates were collected by adding 8 mL of
hexane and 20 mL of EtOH, followed by centrifugation at 4000
rpm for 5 minutes. Washing and precipitation steps were
repeated (x 2) to obtain Fe;O4 NPs.
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Synthesis of 13.2 nm MnFe,O4 NPs

Other conditions are the same as the synthesis of Fe;O4 NPs
except the molar ratio of reaction mixture, which was prepared
by mixing hexane-dispersed Mn oxide NPs (150 pL), Fe(acac),
(450 mg, 1.27 mmol), Mn(acac), (150 mg, 0.59 mmol)
oleylamine (1.0 mL, 3.04 mmol), oleic acid (1.0 mL, 3.17
mmol), and 1,2-hexadecanediol (1.8 g, 6.96 mmol).

Synthesis of 39.2 nm MnFe,O,@Mn,Fe; ,O core-shell NPs

Mixture of hexane-dispersed MnFe,O4 NPs (250 pL), Fe(acac);
(450 mg, 1.27 mmol), Mn(acac), (320 mg, 1.27 mmol)
oleylamine (1.8 mL, 5.5 mmol), oleic acid (1.8 mL, 5.7 mmol),
and 1,2-hexadecanediol (2.4 g, 9.28 mmol) was stirred with
octyl (8.0 mL). Under N,
temperature was increased to 200 °C and the mixture was

ether atmosphere, reaction
stirred for 2 hours. Temperature was further increased to 280
°C and stirring continued for 2.5 hours. Finally, temperature
was increased to 325 °C and stirring continued for 0.5 hours.
After the reaction mixture was cooled down, the precipitates
were collected by adding 8 mL of hexane and 20 mL of
ethanol, followed by centrifugation at 4000 rpm for 5 minutes.
Washing and precipitation steps were repeated (x 2) to obtain
MnFe,04,@Mn,Fe; O core-shell NPs.

Conclusions

New approach to the synthesis of Fe;0,4 and MnFe,O, NPs was
devised starting from Mn oxide seeds. Though they exhibit
singular structural characteristics on HRTEM, some unexpected
magnetic behaviours are observed. FesO, NPs with a diameter
of 14.5 nm display Verwey transition at 96 K with a sharp drop
of magnetization, and MnFe,O, NPs display spin glass-like
state at low temperature. Epitaxially grown MnFe,O,@Mn,Fe,.
<O core-shell NPs were synthesized from MnFe,O,4 NPs, and
there are Moiré fringes especially on the cubic shape NPs. This
approach will be another demonstration of synthetic method for
magnetically active, and magnetically diverse soft ferrite
nanomaterials.
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Rich magnetism was observed in a series of magnetic
nanoparticles prepared by the seeded growth from Mn oxide
nanoparticles.
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