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The detailed characterization of core/shell iron-oxide/silica
nanoparticles reveals how these superparamagnetic systems are
actually composed of a Fe;0, inner core, y-Fe,0;, outer core, iron
orthosilicate interphase layer, and exterior silica shell. The
performance of a superparamagnetic inductor device is then
reported for the nanocomposite formed from the binder-free
consolidation of these core/shell nanoparticles.

Introduction

Many of today’s modern devices (ranging from cellular phone
chargers, to computers, to hybrid automobile powertrain systems)
rely on magnetic cores in their power electronic circuitry to control
and confine energy in magnetic fields. Due to core losses, a portion
of this energy is dissipated and does no work — the principle source
of inefficiency in motors, transformers, and inductors.” With over
4.5 million hybrid vehicles and an astounding 355 million computers
sold just in 2011, even a modest reduction in core loss, summed
globally, would represent huge amounts of energy and tremendous
savings across society as a whole.

Core losses are due to i) eddy currents that form from the cycling
magnetic flux producing its own current (following Faraday’s and
Lenz's Laws), with the skin effect introducing losses at higher
frequencies, combined with ii) magnetic hysteresis from the
magnetic material. By hindering the formation of eddy currents
and reducing the intrinsic magnetic hysteresis of the core material,
core loss can be reduced and efficiency improved. The traditional
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approach to limiting eddy currents has been to increase the
electrical resistivity of the core material.”? Silicon-impregnated
steel laminations are the classic magnetic core material that have
exemplified this methodology since the early 1900s; an approach
that is still used widely.4

A more difficult challenge has been reducing magnetic hysteresis
losses; state-of-the art techniques established during the heyday of
research into the ferrites™* during the 1960s use carefully designed
soft magnetic alloys formed into geometries that minimize
magnetic flux effects.” Nanostructured materials have risen to
prominence in the field of magnetism due to the opportunity they
offer towards tailoring properties based on constituent component
size and shape.l‘s‘7 In particular, superparamagnetic nanoparticles
with no magnetic hysteresis on the time-scale of the
superparamagnetic fluctuations, i.e. no measurable coercivity (H.),
have the potential to outperform conventional soft magnetic
materials for particular inductor and transformer applications.8

Most applications of superparamagnetic nanoparticles have been
biomedical, e.g. developing new drug delivery modalities and
contrast enhancement for magnetic resonance imaging.s'11
However, significantly less work has been done on applications with
nanoparticles for electronic and electrical devices.”*™?®  The
principal challenge when trying to use nanoparticles for these
applications has  been  maintaining the single-particle
superparamagnetic behaviour after the particles have been
consolidated into a macroscopic-sized device (so as not to lose the
singular magnetic properties of such nanoparticles).

We show here how silica-shell-coated iron-oxide nanoparticles can
be consolidated into a nanostructured nanocomposite, by sintering,
to form the magnetic core of an inductor, without an additional
binder that dilutes the system magnetically. We begin by tuning
the thicknesses of silica-shells coating the iron-oxide nanoparticle
cores to optimize the magnetism of the final nanocomposite for
inductor application. Modification of an iron-orthosilicate interface
layer, between the silica shell and iron oxide core, occurs in concert
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with control of these silica-shell thicknesses. We find that at the
device level, upon sintering, the nanoparticle-encapsulating silica
matrix constitutes a nanocomposite-structure that provides both
increased electrical resistivity and improved thermal stability; both
considered advantageous qualities in inductor core design. The
inductor fabricated from the superparamagnetic nanocomposite
measured for inductance and Q factor exhibited properties
consistent with the magnetism of the individual nanoparticles prior
to sintering, such that the single-domain character of the
nanoparticles has been conserved.

Results and Discussion

The as-prepared core/shell iron-oxide/silica nanoparticles were
isolated as loose, free-flowing powders. As detailed below, these
nanoparticles were devoid of additional material phases, any sort of
extraneous binder, or free silica not associated without an iron-
oxide nanoparticle core. Fig. 1a shows typical transmission electron
microscopy (TEM) images of the core/shell nanoparticles. Such
images identified a log-normal size distribution for the cores, with
an average diameter of 4 £ 2 nm, and silica shell thicknesses ranging
from 4 to 5 nm, depending on the amount of TEOS used in the
synthesis (see Supporting Information Table S1). Rietveld
refinements of the nanoparticle systems x-ray diffraction (XRD)
patterns established the presence of iron-oxide” (see Supporting
Information Fig. S1) with a spinel structure (Fd-3m). The lattice
constants of 0.837 nm is in keeping with nanoscale Fe;O, or
y-Fe,03, and amorphous silica (SiOz).22 Scherrer broadening effects
incorporated into the refinements described iron-oxide crystallite
sizes in agreement with the TEM results (Fig. 1a). The sintered
nanoparticle powders yielded a structurally robust, black
nanomaterial. Scanning electron microscopy (SEM) images (Fig. 1b)
shows that the process did not alter the nanoparticle structure,
with a total nanocomposite core/shell diameter of 10 + 3 nm
particle (in good agreement with the total core/shell sizes of the
constituent nanoparticles). The continuous silica matrix formed
was, on average, 4.1 + 1.1 nm thick between iron oxide crystallites.
This nanoparticle/silica matrix design effectively controlled the
growth of the iron-oxide nanoparticles, as further evidenced by the
magnetometry experiments described below. Samples that
underwent sintering using overly aggressive hot-press conditions
experienced extensive nanoparticle growth, and exhibited
unwanted magnetic hysteresis at room temperature.
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Fig. 1a. Transmission electron microscopy (TEM) image of the
iron-oxide nanoparticles encapsulated in silica shells.
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Fig. 1b. A: SEM image of a sintered nanocomposite. Dark areas are
the silica matrix and light areas are iron-oxide nanoparticles. B:
TEM image of same sample area where the dark areas are now
iron-oxide nanoparticles and light areas the silica matrix.
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Fig. 2. Coercivity (H.) as a function of temperature, and the loop
squareness factor (M,/M,) as a function of temperature for the
Fe-oxide/SiO, core/shell nanoparticles, and the nanocomposite
made from 4.6 nm diameter Fe oxide nanoparticles with 3.6 nm
thick silica shells (forming a contiguous silica matrix when sintered).
The inset shows the intermediate field-dependence of the 10 K
magnetization (M vs H) hysteresis loops from the + 50 kOe loops
that were 50 kOe field-cooled from 400 K. Magnetizations have
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been normalized to the total magnetic mass of the samples (see
text).

Fig. 2 displays the magnetism of those nanoparticles most relevant
for choosing the parent nanoparticles for the device's
nanocomposite. The coercivity, H., of a system determined from a
magnetization-vs-field hysteresis loop must be kept to a minimum
(ideally zero). The temperature dependence of H. (top panel of
Fig. 2) from 50 kOe field-cooled hysteresis loops (collected over
temperatures from 400 to 10 K) for the as-prepared powders
showed an increase in H,(T) with increasing SiO, shell thickness. No
measurable field shifts of the hysteresis loops were detected,
indicating no significant population of disordered Fe-spins or
additional magnetic phases.23 M,/M(T) (bottom panel of Fig. 2)
exhibited an increase with thicker SiO, shells. The increase in
M,/M,(T) with shell thickness could be accounted for by reductions
in the magnetic (dipolar) interparticle interactions from increasing
core spacing, resulting in single-domain Stoner-Wohlfarth® type
magnetism with M,/M, = 0.5. The overall behaviour of the as-
prepared nanoparticles should follow typical thermal fluctuation
(i.e. Néel-Brown model) driven magnetisma, so
Hc = (2K/M)(1-(T/Tg) "), where K is the overall magnetic anisotropy,
M the saturation magnetization of the nanoparticles, and Tg its
superparamagnetic blocking temperature. While H,(T) of the
iron-oxide nanoparticles clearly increased with the SiO, shell
thickness, there was no measurable differences in Tz = 100 + 5 K
between the systems determined from low field DC susceptibility
frequency dependent and AC susceptibility measurements (Fig. 3).
The intrinsic magnetism of the particle systems, described by Mg
and K, must therefore be altered by the SiO, shells; an unexpected
result. Reducing H, (and the concomitant magnetic dissipation that
can be characterized by the out-of-phase AC frequency response of
the magnetization) at all useful frequencies is a prerequisite to a
power device application; further insight into M, and K, and their
impact on the magnetization dynamics, is required.

1/2

Changes in K values of the different core/shell nanoparticles is
provided most simply by analysis of the frequency dependence of
the maximum magnetization response (in phase signal of the AC
susceptibility, see Fig. 3) that identifies Tg. Interestingly, the typical
Néel-Brown prescription could not be used to ascertain physically
reasonable K values; the interparticle interactions needed to be
accounted for using a Vogel-Fulcher analysis,
Vi/Vo = exp[-KV/kg(Tg — To)], where v,, and v, are the measuring and
attempt frequencies of the magnetization reversal, V the
nanoparticle's volume, kg is Boltzmann's constant, and T, a
'temperature' that describes the interparticle interaction strength.25
Fits (see Supporting Information Table S2) showed that the K values
track with increasing SiO, shell thickness, which correspond to the
higher H. values for the nanoparticle systems. Additionally,
increasing SiO, shell thickness leads to weaker interparticle
interactions. These increasing average core-to-core distances are
reflected in decreasing T, values.

The out-of-phase signal (x"ac) is @ measure of the energy dissipated
into the sample during the measurement (see Fig. 3). Note that the
nanocomposite presented no clear frequency dependent x'ac(T) and
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a factor of 100 decrease in x''ac (T) compared to the as-prepared
powders, signalling that system’s superior device properties —
hysteretic losses will be reduced significantly. Packing of the
nanoparticles into the nanocomposite is substantially increasing the
strength of interactions between the nanoparticles, elevating the
correlation lengths (and resulting interaction distances) into the
strong interaction regime.24
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Fig. 3. Temperature dependence of the AC susceptibility collected
with a 2.5 Oe drive field at frequencies between 10 and 1000 Hz for
nanomaterials of the following dimensions: spectrum A)
nanoparticles with 4.6 nm diameter Fe-oxide core and 3.6 nm thick
SiO, shell; spectrum B) nanoparticles with 4.9 nm diameter Fe-oxide
core and 4.6 nm thick SiO, shell; spectrum C) nanoparticles with
4.3 nm diameter Fe-oxide core and 5.4 nm thick SiO, shell;
spectrum D) nanocomposite with 4.6 nm diameter Fe-oxide
nanoparticles and 3.6 nm thick SiO, matrix. The frequency
dependence of the in-phase signal (x'ac) presents the dynamical
freezing effects of the magnetization associated with
superparamagnetic blocking, with Tz demarked by the maximum in
X'ac(T)-

The question that remains to be addressed to design the optimal
nanoparticle for a power device is: Where do the differences in K
come from so that H, and higher frequency hysteretic losses in a
nanocomposite can be eliminated? The origin of intrinsic
nanoparticle magnetism requires atomic-level information about
the magnetism. *’Fe  Méssbauer spectroscopy provides the
necessary information, and the spectra at 10 K (well below any
temperature where spin dynamics of the nanoparticles would alter
the spectral line shapes) identify the source of the variations in K
between the nanoparticles, shown in Fig. 4. The spectra were fitted
initially assuming either stoichiometric Fe;0, or y-Fe,0;5 (the only
phases consistent with the XRD refinements). Indeed, the only way
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to describe consistently the spectra over the range of systems was
with a one-to-one mixture of Fe;0, and y-Fe,0; and a significant
fraction of a Fe’*"-based oxide, which could be ascribed to
formation of an iron-orthosilicate (e.i. SiZFeZ,SOH).Ze'28 The y-Fe,03
spectral components indicated that the Fe-ions experienced an
electric field gradient (e.g. a quadrupole splitting) from broken or
distorted coordination, due to surface Fe spins on the nanoparticles
(not observed in bulk iron-oxideszg). Based on these Mossbauer
spectra and TEM data, we conjecture that the center of the
nanoparticles are made of Fe;0,, followed by a layer of y-Fe,03,
with a per-nanoparticle amount of orthosilicate between the
iron-oxide strata and silica shell, completed with an outer shell of
Si02.27 The hyperfine parameters ascertained from the fits are
described in Supporting Information Table S3, with the central
finding being ~15%, ~30%, and ~40% of the iron sites were
associated with the orthosilicate for nanoparticles with 3.6, 4.9, and
5.4 nm thick silica shells, respectively. The orthosilicate phase
provides an overall larger K values for the nanoparticles.

With the compositional information gleaned from the Mdssbauer
spectra, the iron-bearing phases of the samples can be ascertained,
and the magnetometry samples correctly mass normalized. A
progressive decrease of the M, with increasing SiO, shell thickness
(Fig. 5), from 70 emu/g to 58 emu/g was measured. Using the Bloch
T2 law® to describe M,(T), the Bloch constant indicated that the
Fe-O-Fe superexchange was weakest for the core/shell nanoparticle
with the thinnest silica shell (3.5 nm), indicating a decreased
magnetic ordering temperature (T¢).

Combining all of the above information, we find that the optimal
nanoparticle system is the Fe-oxide nanoparticle with the thinnest
silica shell (3.6 nm). It has the most bulk-like M, lowest T
(resulting in lower high frequency hysteresis at higher
temperatures), lowest H,, and lowest K, and the least amount of
orthosilicate intermixing. Indeed, hot press sintering this
nanoparticle system resulted in the best magnetic response shown
by the bulk-equivalent M, = 81.5 + 0.2 emu/g, no hysteresis at room
temperature, and a minimized M,/M; (Fig. 2).

To test the nanocomposite as an inductor, it was machined into a
nine millimetre diameter toroid and wrapped with nine windings of
enameled copper wire. Four point probe measurement of the
electrical resistivity found values on the order of 25 Qcm; and since
a higher electrical resistivity reduces inefficiencies from eddy
current formation, this is an approximately 200-times improvement
over a typical nanocrystalline, amorphous commercial material.’
Inductances of 0.670 uH at 1 KHz and 0.454 pH at 5 MHz were
measured for the iron oxide/silica nanocomposite device. The Q
factor was calculated to be 12 at 1 MHz (Fig. 6). The local increase
in Q factor (at 900 and 1000 kHz, see Fig. 6) is a reproducible
feature from lower measured resistance, for the inductor device.
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Fig. 4. Transmission Mdssbauer spectra collected at 10 K on the Fe-
oxide/SiO, core/shell nanoparticles with the following dimensions:
spectrum A) 4.6 nm diameter Fe-oxide core and 3.6 nm thick SiO,
shell; spectrum B) 4.9 nm diameter Fe-oxide core and 4.6 nm thick
SiO, shell; spectrum C) 4.3 nm diameter Fe-oxide core and 5.4 nm
thick SiO, shell. The solid lines are fits described in the text. An
example of the breakdown of spectral components is presented for
spectrum B, where red and blue lines are the A- and B-sites of
Fe3;0,4, pink and orange lines are the A- and B-sites of y-Fe,03, and
purple is the Si,Fe, 50;,.
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Fig. 5. Iron-oxide mass normalized saturation magnetization as a
function of temperature for the as-prepared nanoparticle systems
and the nanocomposite. The lines are fits to the T2 Bloch-law, as
described in the text. Bloch constant (that relates the Fe-O-Fe
superexchange) dropped from 2.993 + 0.007 x 10-5 K2 for the Fe-
oxide (4.6 nm)/SiO, (3.6 nm) nanoparticles, to 2.806 + 0.006 x 10-5
K2 for the Fe-oxide (4.6 nm)/SiO, (3.6 nm) nanoparticles, to 2.864
+ 0.002 x 10-5 K¥ for the Fe-oxide (4.3nm)/SiO, (5.4 nm)
nanoparticles. The sintered nanocomposite had a Bloch constant of
2.700 +0.005 x 10-5 K*/2,
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Fig. 6. Plot of Quality factor (Q factor) as it varies with frequency, at
room temperature, for the inductor made using a nanocomposite
of 4.6 nm diameter Fe-oxide nanoparticles and 3.6 nm thick SiO,
matrix.

Conclusions

In summary, iron-oxide/silica core/shell nanoparticles were
synthesized via a facile wet-process. The influence of a
previously unreported interfacial iron orthosilicate layer
between the iron-oxide core and silica shell was characterized,
giving the first full picture of the system, truly, as a quaternary
phase nanoparticle (an Fe;O, inner core, y-Fe,03 outer core,
Si,Fe, 504, iron orthosilicate interphase layer, and finally silica
outer-shell). While the nanoparticles were all found to exhibit
similar blocking temperatures independent of silica-shell
thickness, at 10 K their coercivities were increased and
magnetic saturations decreased with increasing iron-
orthosilicate content. The sintered nanocomposite was shown
to be as superparamagnetic as the constituent nanoparticles
were prior to consolidation. Testing an inductor fabricated
from the nanocomposite determined that its electrical
resistivity was quite high in comparison to current widely used
commercial ferrite materials, amorphous metals, and
nanocrystalline soft magnets. The inductance and Q factors, of
the as-fabricated device, were on-par with commercially
available inductor cores.
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