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Abstract: In the search for improved permanent magnets, fueled by the geostrategic and environmen-
tal issues associated with rare-earth-based magnets, magnetically hard (high anisotropy)-soft (high
magnetization) composite magnets hold promise as alternative magnets that could replace modern
permanent magnets, such as rare-earth-based and ceramic magnets, in certain applications. However,
so far, the magnetic properties reported for hard-soft composites have been underwhelming. Here,
an attempt to further understand the correlation between magnetic and microstructural properties
in strontium ferrite-based composites, hard SrFe12O19 (SFO) ceramics with different contents of Fe
particles as soft phase, both in powder and in dense injection molded magnets, is presented. In addi-
tion, the influence of soft phase particle dimension, in the nano- and micron-sized regimes, on these
properties is studied. While Fe and SFO are not exchange-coupled in our magnets, a remanence that
is higher than expected is measured. In fact, in composite injection molded anisotropic (magnetically
oriented) magnets, remanence is improved by 2.4% with respect to a pure ferrite identical magnet.
The analysis of the experimental results in combination with micromagnetic simulations allows us
to establish that the type of interaction between hard and soft phases is of a dipolar nature, and
is responsible for the alignment of a fraction of the soft spins with the magnetization of the hard.
The mechanism unraveled in this work has implications for the development of novel hard-soft
permanent magnets.

Keywords: hard-soft composites; permanent magnets; ferrites; dipolar interactions

1. Introduction

The challenge of constantly improving the performance of permanent magnets has
been ongoing for decades. Lately, the geostrategic and environmental issues associated
with rare-earth elements (REE) as raw materials have brought forward the need to develop
alternative permanent magnets that could, at least partially, substitute them [1]. One of the
strategies to obtain REE-free substitutes is to fabricate composite magnets, based on a hard
magnetic phase with high coercivity and a soft phase with high magnetization, in which
the magnetic coupling between hard and soft phases leads to an increase in remanence and
energy product, which is one of the figures of merit of permanent magnets [2–6].

The most pursued strategy consists of exploiting the exchange-coupling between
hard and soft particles in order to gain remanence while avoiding a detrimental coercivity
loss [7,8]. According to the model, provided that the soft particles are below a given
size threshold [9] and that structural coherency at the interface exists, effective exchange
coupling should align at remanence the spins of the soft with the magnetization of the hard
at reasonable coercivity penalties. However, we recently demonstrated that not only is it
extremely challenging to meet the structural requirements associated with this approach,
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but in addition, robust exchange-coupling may lead to a collapse of the coercivity [10–12],
as a consequence of the lowered onset for domain wall propagation [13].

Focusing on systems based on hexaferrites, such as SrFe12O19, as the hard magnetic
phase, results so far have not met the expectations for exchange-coupled hard-soft com-
posite magnets [14]. In fact, more than 30 years after the pioneering work by Kneller and
Hawig [15], the effect is not being exploited by the industry. When using Fe as the soft
phase, works in the field have reported increases in magnetization without a significant
loss of coercivity [16–19] in exchange-coupled powders. Unfortunately, the samples stud-
ied were neither densified nor magnetically oriented, which does not enable extracting
conclusions on the real remanence of the composites. It is important to explain as well, that
although single-phase behavior in the demagnetization curves is usually associated with
effective exchange-coupling between hard-soft particles, experiments have shown that the
coercive field distribution associated with broad particle size distributions in the composite
may lead to single-phase curves in the absence of exchange-coupling [11,12].

More recently, the possibility of exploiting dipolar interactions within the composite
magnets to improve their remanence, instead of exchange-coupling, has been discussed [10].
In fact, composites consisting of SFO and FeCo nanowires (in which the dipolar interaction,
through shape anisotropy, plays a crucial role) have been reported to present a significant
increase in remanence and energy product [20].

Here, the microstructural and magnetic properties of magnetically oriented SFO/Fe
composite powders and the corresponding anisotropic dense magnets are studied as a
function of soft phase content and particle size. The magnetic orientation assures the
maximum remanence as required for magnets. Scanning Electron Microscopy (SEM) is
employed to reveal particle sizes and geometric distribution of hard and soft phases,
while demagnetization curves measured with Vibrating Sample Magnetometry (VSM)
and Permagraph instruments detail the magnetic properties of the magnetically aligned
powders and magnets. Analyzed in combination with micromagnetic simulations, the
correlation between microstructure and magnetic properties will be established.

2. Materials and Methods

The raw materials used in this study were commercial strontium ferrite (SrFe12O19,
99.99%) powders supplied by Max Baermann GmbH (Germany-China) (Bergisch Gladbach,
Germany) and various commercial Fe particles (99.99%) with different particle sizes ranging
from 50 nm to 11 µm. The hard-soft composite samples compositions were prepared by
incorporating 5, 10 and 15 vol% of soft phase to SrFe12O19 (SFO) powders, using different
sizes of Fe particles. All samples were studied both in the form of oriented powders and
in the form of injection molded magnets. The preparation of the magnetically oriented
powder samples for the magnetic characterization consisted of dispersing 30–50 mg of
powder in a bonding glass inside a capsule under an externally applied magnetic field
H = 0.3 T generated by a NdFeB N42 magnet. The particles, although in proximity, were
isolated from one another after this procedure. The injection molded oriented magnets
were fabricated at the company Max Baermann GmbH following their usual industrial
production method. The injection-molded pieces were squares of 2 cm in lateral size and
4 mm in height. In order for the demagnetizing boundary conditions to be comparable, all
magnet samples had the same sizes and shapes.

The mixing was carried out by means of a low-energy dry mixing method [21]. The
dry dispersion process consisted of shaking SrFe12O19/Fe particle mixtures in a 60 cm3

nylon container for 5 min at 50 rpm using a tubular-type mixer (Mixer/Mill, 8000D, SPEX
Sample Prep., Metujen, NJ, USA). The particle size and morphology of the powders were
evaluated using secondary electron images of field emission scanning electron microscopy,
FE-SEM (Hitachi S-4700, Hitachi, Tokyo, Japan). Structural analysis was performed by X-
ray diffraction (XRD) with a Bruker D8 diffractometer using Cu Kα radiation (λ = 1.5418 Å)
and a Lynxeye XE-T detector. Subsequent Rietveld analysis of the XRD data was performed
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by FullProf Suite [22]. Thermogravimetric analysis (TGA) in air was employed to deter-
mine the oxidation temperature of the Fe powders between RT and 900 ◦C, using a TA
Instruments Q50 system. The magnetic properties of the samples were measured using
the custom-made VSM described in reference [23], applying a maximum H-field of 1.4 T,
and a Permagraph Instrument (Permagraph C, Magnet-Physik, Cologne, Germany). The
measurements were carried out at room temperature, and the sensitivity of the instrument
was 0.1 Am2/kg and 0.025 mT, according to specifications.

For the micromagnetic simulations, we employed a micromagnetic algorithm initially
developed for the simulation of the magnetization distribution of magnetic nanocom-
posites [24,25]. The magnetization distribution in an isolated sphere of soft phase with
diameter D under the influence of an external magnetic field (produced by the hard phase)
is simulated by considering the four standard contributions to the total magnetic energy: ex-
ternal field, magnetic anisotropy, exchange and dipolar interaction. The following material
parameters (typical for Fe) were used for simulating the soft material: saturation magneti-
zation Ms = 220 Am2/kg, cubic magnetocrystalline anisotropy Kcub = 20 kJ/m3 with easy
axis along the <100> directions and the exchange stiffness constant Abulk = 21 pJ/m [10].
The particles under study had D = 15–50 nm and were discretized in the non-regular mesh
with the typical mesh element size of 3 nm. Open boundary conditions were applied in
all simulations.

3. Results and Discussion

3.1. Hard-Soft Composite Powders

Figure 1 shows the SEM micrographs corresponding to the starting SFO powder and
the Fe powders with three different particle sizes. The particle distribution in the SFO
powders is, as previously reported [26], of a bimodal nature, with larger particles in the
2–5 µm range surrounded by smaller particles in the 200–500 nm range. All SFO particles
have platelet shapes, as expected. The SEM characterization of the three Fe powders
reveals that the smaller-sized powder, Figure 1b, is formed by particles with an average
size of 50 nm that are arranged in contact with each other, presumably for electrostatic and
magnetostatic reasons. The powder depicted in Figure 1c again reveals a bimodal particle
size distribution, where 100–200 nm Fe particles coexist with larger 1–2 µm particles. For
simplicity, we refer to this powder in the following as 1 µm Fe powder. The larger-sized Fe
powder, shown in Figure 1d, presents an average particle size of 11 µm.

As the samples were fabricated and manipulated in air conditions, the XRD patterns
of the Fe powders were measured in order to study their oxidation state. Figure 2a shows
the pattern and refinement of the 50 nm Fe powders as a selected example. From the
refinement of the patterns for each Fe powder, we concluded that, for 50 nm Fe particles,
the powders were composed of 77 wt% Fe, 17 wt% FeO and 6 wt% Fe3O4. For 1 µm Fe
powders, the sample consisted of 79 wt% Fe, 15 wt% FeO and 6 wt% Fe3O4. For 11 µm
particles, the XRD refinement detected 100 wt% Fe. Figure 2b presents the TGA of the
50 nm Fe powders. It could be inferred that the onset for oxidation of the powders was
approximately 370 ◦C, which hinted at the effectiveness of the original oxide surface layer
in preventing further oxidation.

The saturation magnetization (Ms) values measured for the Fe powders reveal
Ms = 175 Am2/kg (50 nm), Ms = 186 Am2/kg (1 µm) and Ms = 187 Am2/kg (11 µm). These
values are consistent with the Fe wt% extracted from XRD given that the theoretical satura-
tion magnetization value for pure Fe is Ms = 220 Am2/kg [27], except for the value of the
11 µm powder, which suggests that it might be partially oxidized as well. We speculate
that the lower reactivity of the larger Fe particles leads to oxide layers that are amorphous,
and therefore, undetectable for XRD.
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Figure 1. SEM micrographs showing particle size and morphology of the starting (a) SFO and Fe 
powders with (b) 50 nm, (c) 1 µm and (d) 11 µm average particle sizes.

Figure 2. (a) XRD pattern and corresponding Rietveld refinement for the 50 nm Fe powder. † and * 
denote diffraction maxima from FeO and Fe3O4 respectively. (b) TGA of the 50 nm Fe powder per-
formed in air heating between RT and 900 °C.
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denote diffraction maxima from FeO and Fe3O4 respectively. (b) TGA of the 50 nm Fe powder per-
formed in air heating between RT and 900 °C.
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175 Am2/kg (50 nm), Ms = 186 Am2/kg (1 µm) and Ms = 187 Am2/kg (11 µm). These values 
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Figure 2. (a) XRD pattern and corresponding Rietveld refinement for the 50 nm Fe powder. † and
* denote diffraction maxima from FeO and Fe3O4 respectively. (b) TGA of the 50 nm Fe powder
performed in air heating between RT and 900 ◦C.

Figure 3 shows the magnetization curves of Fe/SFO-oriented composite powders
fabricated with 50 nm sized Fe particles with soft phase contents of 5 vol%, 10 vol% and
15 vol%, as well as the curves of the individual SFO and Fe (50 nm) phases. From the
individual SFO and Fe phases curves, we can see that the hard phase (SFO) presents a
coercive field of 324 kA/m, while the saturation magnetization (Ms) value is 69 Am2/kg.
The soft phase (Fe) shows coercivity at (HC) ~2 kA/m and Ms = 186 Am2/kg. This value
is lower than expected for Fe (~220 Am2/kg) [28], which is due to the fact that these Fe
nanoparticles are protected by a Fe3Si layer at their surface, as indicated by the supplier,
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which lowers Ms. The presence of this layer excludes the hypothesis of exchange-coupling
between Fe and SFO powders in the mixtures. Regarding the nanocomposites, for the
sample with 5 vol% Fe (red curve), Ms = 75 Am2/kg and HC = 312 kA/m. In the sample
with 10 vol% Fe (green curve), HC = 290 kA/m and Ms = 84 Am2/kg. Finally, the sample
with 15 vol% Fe (blue curve) presents HC = 264 kA/m and Ms = 91 Am2/kg. As expected, in
hard-soft composites, coercivity decreases, while Ms increases with increasing soft content.
Based on the steep drop in HC for 15 vol%, we consider 10 vol% Fe the sample that presents
the most competitive compromise in magnetic performance (based on HC and Ms).
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posites fabricated with 1 µm and 11 µm diameter Fe particles present similar trends (not 
shown). Table 1 summarizes the magnetic properties of the bonded magnets studied.

Figure 3. Magnetization vs. applied field curves of SFO/Fe composite powders using 50 nm Fe
particles and for different soft phase concentrations, including the curves of the individual SFO and
Fe phases.

It is important to note that the S shape observed in the second quadrant of the demag-
netization curve of the composites (more evident for the 15 vol% sample but displayed
by the other two as well), as detailed in the inset of Figure 3, strongly hints at an absence
of exchange-coupling between hard and soft magnetic phases [11,12,15,20]. Composites
fabricated with 1 µm and 11 µm diameter Fe particles present similar trends (not shown).
Table 1 summarizes the magnetic properties of the bonded magnets studied.

Table 1. Magnetic parameters for the oriented powder samples.

Sample Hc (kA/m) MR (Am2/kg) MS (Am2/kg) Type

SFO 323 65.1 68.7 Oriented Powder

SFO + 5 vol% Fe 50 nm 301 62.5 76.4 Oriented Powder

SFO + 10 vol% Fe 50 nm 287 63.5 86 Oriented Powder

SFO + 15 vol% Fe 50 nm 259 61.3 93.1 Oriented Powder

100% Fe 50 nm 3 3.7 174.6 Oriented Powder

Remanent magnetization (MR) presents an interesting behavior, as shown in Figure 4.
In a multiphase magnetic material, in the absence of coupling, remanence is an additive
property [28], the value of which can be calculated using the expression:

[Mr]exp = Mr, hard ∗ wt%hard + Mr, so f t ∗ wt%so f t (1)
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Figure 4. Remanence (MR) as a function of Fe content. The graph shows two groups of three curves, 
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phases, for both oriented and non-oriented powders.

Using the MR values for Fe and SFO measured in Figure 2, and given the assumption 
that no exchange-coupling occurs in these composite powders, Figure 3 shows the ex-
pected (calculated) MR values together with the values experimentally measured 

Figure 4. Remanence (MR) as a function of Fe content. The graph shows two groups of three curves,
corresponding to the measured values of the composites fabricated with 50 nm and 1 µm Fe powders
and the values calculated by the linear combination of the MR values of Fe and SFO individual phases,
for both oriented and non-oriented powders.

Using the MR values for Fe and SFO measured in Figure 2, and given the assumption
that no exchange-coupling occurs in these composite powders, Figure 3 shows the expected
(calculated) MR values together with the values experimentally measured (extracted from
Figure 3). By first analyzing the case of non-oriented powders, it can be observed that
the calculated and measured values practically coincide for 50 nm Fe particles, and slight
deviations are measured for the 1 µm Fe size. We attribute these fluctuations/deviations to
the random arrangement of non-oriented particles.

A very different scenario occurs for magnetically oriented powders. As can be ob-
served, for all Fe contents and 50 nm and 1 µm particle sizes, the measured remanence is
larger than the expected calculated value. This evidence excludes the hypothesis of total
decoupling between hard and soft phases and suggests a magnetizing-type coupling that is
only activated in the magnetically oriented state. The plausible reasons for this observation
will be discussed later in the manuscript.

3.2. Injection-Molded Hard-Soft Composite Magnets

In order to investigate the potential of these composite powders as dense magnets,
anisotropic (magnetically aligned) injection-molded permanent magnets were fabricated at
the Max Baermann GmbH pilot production line. Fe content of 10 vol% was selected, and
three different types of injection-molded permanent magnets were fabricated using the
three Fe powders presented above with different particle sizes.

Figure 5 shows the demagnetization curves, measured in a closed loop in a perma-
graph instrument, for the three Fe particle sizes and for a single soft phase content (10 vol%),
as well as a reference 100% ferrite sample. Figure 5a shows that coercivity decreases and
the squareness of the demagnetization curve is significantly affected. While squareness
is mainly lost, it is important to remark that, in contrast with the VSM curves measured
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in Figure 3 in powders, the smooth shapes of the demagnetization curves in Figure 4 are
indicative of a system behaving as a single magnetic phase, suggesting an interparticle
coupling between two phases.
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Figure 5. (a) Magnetic polarization J as a function of the applied magnetic field Heff of injection-
molded composite magnets with 10 vol% Fe content for three different Fe particle sizes. (b) Rema-
nence values for the four samples as a function of particle size.

In Figure 5b, we observe that for pure SFO (black line), remanent polarization JR = 0.248 T,
for the composite with 50 nm Fe particles, JR = 0.255 T, for 1 µm Fe particles JR = 0.255 T
and lastly for 11 µm, JR = 0.250 T. As for the powders, while a linear combination of hard
and soft remanences should lead to a ~10% decrease in remanence in the composite with
respect to the pure ferrite magnets, we measure a 2.4% increase in remanence, with respect
to the pure ferrite magnet, for 50 nm and 1 µm Fe particle sizes and for a 10 vol% soft
content; while a 0.8% increase is measured for 11 µm particles. Hence, we observe an
anomalous non-monotonous variation in MR and HC with the particle size increase.

Table 2 summarizes the magnetic properties of the bonded magnets studied.

Table 2. Magnetic parameters and porosity of the injection moulded magnets.

Sample HC (kA/m) J (T) Type Porosity (%)

SFO 219.6 0.248 ± 0.0025 Bonded Magnet 3.8

SFO + 10 vol% Fe 50 nm 144.8 0.255 ± 0.0025 Bonded Magnet 6.2

SFO + 10 vol% Fe 1 µm 143.6 0.255 ± 0.0025 Bonded Magnet 6.2

SFO + 10 vol% Fe 11 µm 184.7 0.25 ± 0.0025 Bonded Magnet 6

The porosity of the bonded magnets was calculated by measuring the density of the
samples and using the theoretical densities. The pure ferrite magnet presents the lowest
porosity 3.2%, while the composite magnets have porosities between 6–6.2%. Given that
volume magnetization M depends on porosity p according to the formula M = (1 − p)MS,
this entails that the increase in J observed cannot be explained by porosity changes.

It is also worth noting that the injection molding process is carried out at 250 ◦C, which
is below the temperature at which the Fe powders oxidize, according to Figure 2b, and
therefore, we expect no oxidation of the soft phase.

Figure 6 shows the SEM characterization of the surface of the injection-molded magnet
made with 10 vol% 11 µm Fe particles. The size and morphology of both phases in the
system SFO/Fe can be distinguished, where the smaller SFO particles embedded within
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the polymer form a percolated matrix that surrounds the larger Fe particles, which seem
to be isolated. Figure 6b in particular clearly shows the presence of a void around the Fe
particle in the center of the micrograph that prevents it from being in direct contact with the
surrounding SFO matrix. Although the reasons behind the formation of this microstructure
have not been investigated, we speculate that the fluid dynamics during the process of
polymer wetting may be affected by the presence of the significantly larger Fe particles.
A crucial consequence of this absence of direct contact is that we can again discard that
the increase in remanence is due to effective exchange-coupling at the interface [15]. This
observation emphasizes the surprising single-phase behavior of the demagnetization curve
of the composite magnets and the increase in remanence observed.

Table 2 summarizes the magnetic properties of the bonded magnets studied.

Table 2. Magnetic parameters and porosity of the injection moulded magnets.
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Figure 6. SEM images taken on the surface of the magnet at (a) ×1000 and (b) ×6000 magnifications
showing the microstructure of injection-molded magnets with 10 vol% Fe particles of 11 µm.

3.3. Micromagnetic Simulations

A micromagnetic study of magnetization reversal in SFO/Fe samples was performed
using an approach specifically developed for modeling the magnetization distribution
in nanocomposites. The details of this simulation technique can be found in [24,25]. In
all presented simulations, a cubical modeling volume with sides measuring 200 nm was
discretized into 400,000 mesh elements, each sized about 3 nm. This high-performance
calculation not only allows us to recover the details of magnetization distribution inside
the crystallites, but also enables us to study a significant number of different crystallites,
which is important for investigating magnetic interactions between them. All modeled
samples have 20 vol% porosity. Four standard contributions to the total micromagnetic
energy are taken into account: external magnetic field, anisotropy, exchange coupling and
magnetodipolar interaction energies. Periodic boundary conditions are used.

We performed simulations changing the particle diameter between 15 to 60 nm and
for three soft phase concentrations: 5%, 10% and 15% (volume fractions of magnetic
material). The exchange coupling between crystallites was set to zero and anisotropy
axes were oriented in the initial direction of the magnetic field. For every parameter
set, the magnetization reversal of the composite was modeled and the corresponding
demagnetization curves were calculated. In this manner, remanence was extracted from
every curve and is presented in Figure 7 as a function of the soft phase concentration for
each crystallite size. In all cases, the calculated remanence decreases with both increasing
soft content and increasing particle size, as expected in hard soft composites [3,4,29,30].
The larger the soft particle size, the steeper the decrease in remanence.
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sults are shown in Figure 8. It can be observed that Fe particles only behave as magneti-
cally single-domain for diameter D = 15 nm. For larger diameters, such as the particles 
used in the composites fabricated here, a vortex configuration forms, with the external 
spins (those closer to the surface of the particle) forming a closed circular loop while the 
central spins are aligned, as if an aligned magnetic rod was located at the center of the Fe 
particles. Figure 8b portrays this by showing an augmented section of the spins inside a 
50 nm Fe particle. These calculations only qualitatively agree with the theoretical thresh-
old between single and multidomain regimes defined by the coherent size (around 24 nm) 
but also by the domain wall length (around 65 nm) [25] and they illustrate the magnetic 
vortex/multidomain structure of Fe particles even in the nanodomains.

Figure 7. Micromagnetically calculated values of remanence in SFO/Fe composites as a function of
Fe content and for different Fe particle sizes.

As stated above, our micromagnetic approach allows us to present the evolution
of the magnetization distribution of individual iron crystallites in the sample. The spin
configuration of Fe nanoparticles of diameters between 15–50 nm was simulated and
the results are shown in Figure 8. It can be observed that Fe particles only behave as
magnetically single-domain for diameter D = 15 nm. For larger diameters, such as the
particles used in the composites fabricated here, a vortex configuration forms, with the
external spins (those closer to the surface of the particle) forming a closed circular loop
while the central spins are aligned, as if an aligned magnetic rod was located at the center
of the Fe particles. Figure 8b portrays this by showing an augmented section of the spins
inside a 50 nm Fe particle. These calculations only qualitatively agree with the theoretical
threshold between single and multidomain regimes defined by the coherent size (around
24 nm) but also by the domain wall length (around 65 nm) [25] and they illustrate the
magnetic vortex/multidomain structure of Fe particles even in the nanodomains.

It has been demonstrated, by the shape of the demagnetization curves of the powders
and the micrographs of the magnets showing voids around Fe, that no exchange-coupling
takes place between SFO and Fe particles. Under this circumstance, the increase in rema-
nence experimentally measured for the composite samples (in both powder and injection
molded magnet forms) can only be explained by a certain degree of alignment of the spins
of the soft phase with the magnetization of the hard, which happens even if Fe particles are
in a multidomain state.

Based on the difference between measured and calculated (using expression 1) rema-
nence in the oriented powders (~10% on average) and the MR of Fe and SFO, it can be
inferred that the fraction of Fe spins that actually aligned with the hard phase at remanence,
and thus contribute to the overall increase in the remanence of the magnet, is approximately
4%. Looking at the spin configuration in Figure 7, we suggest that a plausible explanation
is that the internal spins of the vortex structure are aligned with the internal field created by
the hard SFO phase; i.e., due to the dipolar interaction between the hard and soft phase. The
self-demagnetizing field in the Fe particles, proportional to the Ms of Fe, easily overcomes
the internal field created by SFO, especially near the particle surface due to the minimiza-
tion of the magnetostatic energy, which makes the spins of the Fe particle circularly curl to
minimize the stray fields. However, the internal spins in the vortex structure are subjected
to far inferior self-demagnetizing fields and they are, therefore, more likely to align with the
hard particles. This alignment will be parallel or antiparallel depending on the geometric
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distribution of the field lines inside the magnet, which in turn depends on the distance and
geometric arrangement of SFO and Fe particles. It is nevertheless safe to assume that, given
the parallel alignment of the magnetization of all SFO particles inside the magnetically
oriented bonded magnet, the internal magnetic fields will lead to a net alignment of the
soft spins in the direction parallel to the magnetization of the hard. This mechanism is
consistent with the small (~4%) fraction of Fe spins that are estimated to be aligned in the
magnet and the fact that the remanence increase, with respect to the theoretically expected,
is observed irrespective of the Fe particle size.

 

Figure 8. (a) Micromagnetically simulated images of the spin configuration of isolated Fe particles 
of different diameters between 15–50 nm. (b) Detail of the spin configuration of a 50 nm diameter 
Fe particle.
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Figure 8. (a) Micromagnetically simulated images of the spin configuration of isolated Fe particles
of different diameters between 15–50 nm. (b) Detail of the spin configuration of a 50 nm diameter
Fe particle.

4. Conclusions

The magnetic properties and the microstructure of SrFe12O19/Fe hard-soft composites,
in powders and injection-molded magnet form, have been studied as a function of soft phase
content -between 5–15 vol%- and soft particle size -between 50 nm–11 µm. While coercivity
decreases with soft phase concentration, as expected in hard-soft composites, a remanence
that is larger than expected is measured in both oriented powders and oriented-bonded
magnets. In fact, the hard-soft composite injection-molded magnets present a 2.4% increase
in remanence with respect to identically prepared pure ferrite magnets, for all particle sizes
explored. The lack of exchange-coupling between hard and soft phases, evidenced by the
absence of direct contact between SFO and Fe particles seen in the microstructure of the
magnets and the shape of the demagnetization curves, points at dipolar interactions as the
cause for the remanence increase observed. The micromagnetic simulations performed
reveal that a vortex spin configuration can form in spherical Fe soft particles with diameters
above 15 nm. We suggest that the spins at the core of the vortex align with the hard phase,
explaining the observation and the fact that it occurs for all particle sizes studied and only
when the particles are magnetically oriented. These results open pathways to improving the
remanence in hard-soft ferrite-based composites in the absence of exchange-coupling, which
would be of great interest as the strict requirements associated with effective exchange-
coupled would not have to be met, which in turn enhances the applicability of the method at
an industrial level. This has ramifications as well in the ultimate development of hard-soft
permanent magnets with enhanced performance, of any composition.

Author Contributions: Conceptualization, A.Q., C.d.J.F. and J.F.F.; methodology, J.C.G.-M., C.G.-M.,
P.K. and T.S.; software, D.B. and S.E.; formal analysis, C.G.-M. and J.C.G.-M.; experiments, C.G.-M.,
P.K., T.S. and J.C.G.-M.; simulations, D.B. and S.E.; writing—original draft preparation, A.Q.;
writing—review and editing, all authors; visualization, C.G.-M. and A.Q.; supervision, A.Q., C.d.J.F.
and J.F.F.; funding acquisition, A.Q., C.d.J.F. and J.F.F. All authors have read and agreed to the
published version of the manuscript.



Nanomaterials 2023, 13, 2097 11 of 12

Funding: This work was supported by the European Commission through Project H2020 No. 720853
(AMPHIBIAN). It is also supported by the Spanish Ministry of Science and Innovation through
Grants RTI2018-095303-BC51, RTI2018-095303-A-C52, PID2021-124585NB-C33, TED2021-130957B-
C51 funded by MCIN/AEI/10.13039/501100011033, by “ERDF A way of making Europe” and by the
“European Union NextGenerationEU/PRTR”. Financed by the European Union—NextGenerationEU
(National Sustainable Mobility Center CN00000023, Italian Ministry of University and Research
Decree n. 1033—17/06/2022, Spoke 11—Innovative Materials and Lightweighting). C.G.-M. acknowl-
edges financial support from grant RYC2021-031181-I funded by MCIN/AEI/10.13039/501100011033
and by the “European Union NextGenerationEU/PRTR”. A.Q. acknowledges financial support from
MICINN through the Ramón y Cajal Program (RYC-2017-23320). The opinions expressed are those
of the authors only and should not be considered as representative of the European Union or the
European Commission’s official position. Neither the European Union nor the European Commission
can be held responsible for them.

Data Availability Statement: The data is available on reasonable request from the corres-
ponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Coey, J.M.D. Permanent Magnets: Plugging the Gap. Scr. Mater. 2012, 67, 524–529. [CrossRef]
2. Casoli, F.; Nasi, L.; Albertini, F.; Lupo, P. Exchange-Coupled Composite Media. In Ultrahigh-Density Magnetic Recording—Storage

Materials and Media Designs; Gaspare Varvaro, F.C., Ed.; Pan Standford: Stanford, CA, USA, 2016; p. 48.
3. López-Ortega, A.; Estrader, M.; Salazar-Alvarez, G.; Roca, A.G.; Nogués, J. Applications of Exchange Coupled Bi-Magnetic

Hard/Soft and Soft/Hard Magnetic Core/Shell Nanoparticles. Phys. Rep. 2015, 553, 1–32. [CrossRef]
4. Fullerton, E.E.; Jiang, J.S.; Bader, S.D. Hard/Soft Magnetic Heterostructures: Model Exchange-Spring Magnets. J. Magn. Magn.

Mater. 1999, 200, 392–404. [CrossRef]
5. Jiang, J.S.; Bader, S.D. Rational Design of the Exchange-Spring Permanent Magnet. J. Phys. Condens. Matter 2014, 26, 064211.

[CrossRef]
6. Lee, J.; Dymerska, B.; Fidler, J.; Alexandrakis, V.; Speliotis, T.; Niarchos, D.; Pongratz, P.; Suess, D. Fabrication and High-Resolution

Electron Microscopy Study of FePt L1 0/A1 Graded Exchange Spring Media. Phys. Status Solidi Appl. Mater. Sci. 2013, 210,
1305–1310. [CrossRef]

7. Hawig, R.; Kneller, E.F. The Exchange-Spring Magnet. IEEE Trans. Magn. 1991, 27, 3588–3600.
8. Jiang, J.S.; Pearson, J.E.; Liu, Z.Y.; Kabius, B.; Trasobares, S.; Miller, D.J.; Bader, S.D.; Lee, D.R.; Haskel, D.; Srajer, G.; et al.

Improving Exchange-Spring Nanocomposite Permanent Magnets. Appl. Phys. Lett. 2004, 85, 5293. [CrossRef]
9. Volodchenkov, A.D.; Kodera, Y.; Garay, J.E. Nanoscale Integration of Oxides and Metals in Bulk 3D Composites: Leveraging

SrFe12O19/Co Interfaces for Magnetic Exchange Coupling. J. Mater. Sci. 2019, 54, 8276–8288. [CrossRef]
10. Quesada, A.; Granados-Miralles, C.; López-Ortega, A.; Erokhin, S.; Lottini, E.; Pedrosa, J.; Bollero, A.; Aragón, A.M.;

Rubio-Marcos, F.; Stingaciu, M.; et al. Energy Product Enhancement in Imperfectly Exchange-Coupled Nanocomposite Magnets.
Adv. Electron. Mater. 2016, 2, 1500365. [CrossRef]

11. Quesada, A.; Rubio-Marcos, F.; Marco, J.F.; Mompean, F.J.; García-Hernández, M.; Fernández, J.F. On the Origin of Remanence
Enhancement in Exchange-Uncoupled CoFe2O4-Based Composites. Appl. Phys. Lett. 2014, 105, 202405. [CrossRef]

12. Quesada, A.; Delgado, G.; Pascual, L.; Aragón, A.M.; Marín, P.; Granados-Miralles, C.; Foerster, M.; Aballe, L.; Prieto, J.E.;
De La Figuera, J.; et al. Exchange-Spring Behavior below the Exchange Length in Hard-Soft Bilayers in Multidomain Configura-
tions. Phys. Rev. B 2018, 98, 214435. [CrossRef]

13. Hernando, A.; González, J.M. Soft and Hard Nanostructured Magnetic Materials. Hyperfine Interact. 2000, 130, 221–240. [CrossRef]
14. de Julián Fernández, C.; Sangregorio, C.; de la Figuera, J.; Belec, B.; Makovec, D.; Quesada, A. Progress and Prospects of Hard

Hexaferrites for Permanent Magnet Applications. J. Phys. D. Appl. Phys. 2021, 54, 153001. [CrossRef]
15. Kneller, E.F.; Hawig, R. The Exchange-Spring Magnet: A New Material Principle for Permanent Magnets. IEEE Trans. Magn. 1991,

27, 3560–3588. [CrossRef]
16. Xu, X.; Park, J.; Hong, Y.K.; Lane, A.M. Magnetically Self-Assembled SrFe12O19/Fe-Co Core/Shell Particles. Mater. Chem. Phys.

2015, 152, 9–12. [CrossRef]
17. Xu, X.; Hong, Y.K.; Park, J.; Lee, W.; Lane, A.M. Exchange Coupled SrFe12O19/Fe-Co Core/Shell Particles with Different Shell

Thickness. Electron. Mater. Lett. 2015, 11, 1021–1027. [CrossRef]
18. Zhang, H. Magnetic Properties and Thermal Stability of SrFe12O19/γ-Fe4N Composites with Effective Magnetic Exchange

Coupling. Ceram. Int. 2020, 46, 9972–9977. [CrossRef]
19. Xu, X.; Hong, Y.K.; Park, J.; Lee, W.; Lane, A.M. Ex Situ Synthesis of Magnetically Exchange Coupled SrFe12O19/Fe-Co Composites.

AIP Adv. 2016, 6, 056026. [CrossRef]

https://doi.org/10.1016/j.scriptamat.2012.04.036
https://doi.org/10.1016/j.physrep.2014.09.007
https://doi.org/10.1016/S0304-8853(99)00376-5
https://doi.org/10.1088/0953-8984/26/6/064214
https://doi.org/10.1002/pssa.201228731
https://doi.org/10.1063/1.1828225
https://doi.org/10.1007/s10853-019-03323-z
https://doi.org/10.1002/aelm.201500365
https://doi.org/10.1063/1.4902351
https://doi.org/10.1103/PhysRevB.98.214435
https://doi.org/10.1023/A:1011096522429
https://doi.org/10.1088/1361-6463/abd272
https://doi.org/10.1109/20.102931
https://doi.org/10.1016/j.matchemphys.2014.11.061
https://doi.org/10.1007/s13391-015-5163-1
https://doi.org/10.1016/j.ceramint.2019.12.220
https://doi.org/10.1063/1.4944703


Nanomaterials 2023, 13, 2097 12 of 12

20. Guzmán-Mínguez, J.C.; Ruiz-Gómez, S.; Vicente-Arche, L.M.; Granados-Miralles, C.; Fernández-González, C.; Mompeán, F.;
García-Hernández, M.; Erohkin, S.; Berkov, D.; Mishra, D.; et al. FeCo Nanowire–Strontium Ferrite Powder Composites for
Permanent Magnets with High-Energy Products. ACS Appl. Nano Mater. 2020, 3, 9842–9851. [CrossRef]

21. Fernández, J.F.; Lorite, I.; Rubio-Marcos, F.; Romero, J.J.; García, M.A.; Quesada, A.; Martín-González, M.S.; Krämer, J.C. Method
for Dry Dispersion of Nanoparticles and Production of Hierarchical Structures and Coatings. WO2010010220–A1, 28 January 2010.

22. Rodríguez-Carvajal, J. Recent Advances in Magnetic Structure Determination by Neutron Powder Diffraction. Phys. B Condens.

Matter 1993, 192, 55–69. [CrossRef]
23. Lopez-Dominguez, V.; Quesada, A.; Guzmán-Mínguez, J.C.; Moreno, L.; Lere, M.; Spottorno, J.; Giacomone, F.; Fernández,

J.F.; Hernando, A.; García, M.A. A Simple Vibrating Sample Magnetometer for Macroscopic Samples. Rev. Sci. Instrum. 2018,
89, 034707. [CrossRef] [PubMed]

24. Erokhin, S.; Berkov, D.; Gorn, N.; Michels, A. Micromagnetic Modeling and Small-Angle Neutron Scattering Characterization of
Magnetic Nanocomposites. Phys. Rev. B 2012, 85, 024410. [CrossRef]

25. Michels, A.; Erokhin, S.; Berkov, D.; Gorn, N. Micromagnetic Simulation of Magnetic Small-Angle Neutron Scattering from
Two-Phase Nanocomposites. J. Magn. Magn. Mater. 2014, 350, 55–68. [CrossRef]

26. Guzmán-Mínguez, J.C.; Vicente-Arche, L.M.; Granados-Miralles, C.; Fernández, J.F.; Quesada, A. Improvement of the Magnetic
Properties of SrFe12O19 Ceramics by Tailored Sintering with SiO2 Addition. J. Alloys Compd. 2021, 860, 157890. [CrossRef]

27. Coey, J.M.D. Magnetism and Magnetic Materials; Cambridge University Press: Cambridge, UK, 2010; ISBN 9780521816144.
28. Cullity, B.D.; Graham, C.D. Ferromagnetism. In Introduction to Magnetic Materials; John Wiley & Sons, Inc.: Hoboken, NJ, USA,

2008; pp. 115–149. ISBN 9780470386323.
29. Asti, G.; Solzi, M.; Ghidini, M.; Neri, F.M. Micromagnetic Analysis of Exchange-Coupled Hard-Soft Planar Nanocomposites. Phys.

Rev. B—Condens. Matter Mater. Phys. 2004, 69, 174401. [CrossRef]
30. Ghidini, M.; Asti, G.; Pellicelli, R.; Pernechele, C.; Solzi, M. Hard-Soft Composite Magnets. J. Magn. Magn. Mater. 2007, 316,

159–165. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1021/acsanm.0c01905
https://doi.org/10.1016/0921-4526(93)90108-I
https://doi.org/10.1063/1.5017708
https://www.ncbi.nlm.nih.gov/pubmed/29604780
https://doi.org/10.1103/PhysRevB.85.024410
https://doi.org/10.1016/j.jmmm.2013.09.031
https://doi.org/10.1016/j.jallcom.2020.157890
https://doi.org/10.1103/PhysRevB.69.174401
https://doi.org/10.1016/j.jmmm.2007.02.040

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Hard-Soft Composite Powders 
	Injection-Molded Hard-Soft Composite Magnets 
	Micromagnetic Simulations 

	Conclusions 
	References

