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Interfacial exchange coupling is known to improve the permanent magnetic
performance (i.e., maximal energy product) in composites of magnetically hard
and soft particles. The prevailing strategy, employed in a plethora of compositions, consists in maximizing the coupling between the hard and soft phases
and optimizing material parameters such as particle size or phase composition. In CoFe2O4–FeCo nanocomposites, it is experimentally shown that
interparticle uncoupling in combination with the sizes of the soft phase grains
below the single-domain threshold leads to enhanced magnetic properties at
room temperature, while maximizing exchange coupling implies a collapse in
coercivity and hence in the maximal energy product. The results are corroborated by micromagnetic calculations and the origin of the exchange-induced
softening is discussed. It is emphasized that engineering interfaces in order to
optimize, rather than maximize, the degree of exchange coupling are a necessary requirement to improve the energy product in nanocomposite magnets
and to successfully develop advanced rare-earth-free permanent magnets.
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1. Introduction

The demand for permanent magnets,
a multibillion dollar global market, is
expected to steadily increase in the next
years. Hence, the challenge of improving
their performance, recently fueled by the
rare-earth crisis, remains an imperative
task.[1,2] Exchange coupling of a “hard”
magnetic material having large anisotropy
(coercivity, Hc) with a high-magnetization
“soft” magnetic species constitutes one
of the prevalent approaches toward this
goal. As long as the grain size of the magnetically soft phase remains below a certain threshold, exchange-coupled hard/
soft nanocomposites hold the promise
of increasing the energy stored in a permanent magnet.[3,4] According to early
models, soft contents up to 90% could lead
to enhanced energy products.[5] This has
been corroborated by experimental studies.[6] However, in some
cases, an increasing amount of soft phase leads to a fast decay
in coercivity that becomes the limiting factor.[7–11] Even though
considerable advances have been achieved, understanding the
coercivity mechanisms in exchange-spring magnets remains
a nontrivial endeavor, even in single-crystalline thin-film
systems.[7,12–15]
In view of their applicability in large scale applications, such
as wind turbines, the technological relevance of next generation permanent magnets relies on our ability to enhance the
energy product in polycrystalline nanostructured composites
whose production is potentially up-scalable. Unfortunately,
further complications arise when dealing with polycrystalline
nanocomposites.[16] Parameters such as grain shapes, grain
(crystallite)-size distribution, or relative orientations of crystallites, which are difficult to quantify and control, play a decisive
role.[10,17] In particular, the structural requirements associated
with the effective intergrain coupling, such as interfacial coherency and sizes of soft grains of the order of a few nanometers,
are often hard to meet in large scale production methods as it
is difficult to maintain control of the material structure on a
nanometric length scale.
The majority of the published reports on polycrystalline
samples share a common strategy. The exchange coupling at
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the hard/soft interface is sought to be maximized and the soft
phase content and microstructure is subsequently optimized.[2]
Nanocrystalline CoFe2O4-based spring magnets constitute a
representative example of the above mentioned strategy.[18–22]
This rare-earth-free system has attracted considerable attention
due to the fact that a partial reduction of cobalt ferrite leads to
FeCo (soft)-CoFe2O4 (hard) composites where crystallographic
coherence, mandatory for effective coupling, is more likely than
in systems fabricated using two dissimilar materials.[23]
Here, we present a joint experimental–theoretical study of
the magnetic performance of CoFe2O4–FeCo nanocomposites.
Randomly oriented polycrystalline nanopowders are investigated by means of powder X-ray diffraction (PXRD), transmission electron microscopy (TEM), and temperature dependent
magnetometric measurements. The maximum energy product,
which constitutes an improvement of an order of magnitude
with respect to the reference sample, is obtained for a predominantly decoupled sample. The experimentally observed collapse
in coercivity associated with perfect coupling is successfully
reproduced by micromagnetic simulations that allow the quantitative prediction of the optimal degree of exchange coupling.

Figure 1. a) Histogram showing the phase composition in weight per
centage for each sample. b) Crystallite size for each of the three phases
present in the samples. In both figures, the xaxis corresponds to the
reduction stage.
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2. Results and Discussion
One-step reduction experiments led to CoFe2O4-based nanocomposites at three different stages of the reduction process
(samples CFO1, CFO2, and CFO3—numbered according to an
increasing reduction degree). The phase evolution of the initial
CoFe2O4 nanoparticles throughout the reduction process has
been assessed by the Rietveld analysis of PXRD patterns (see
Figure S1 in the Supporting Information). The weight fractions
obtained are displayed in Figure 1a. For the as-synthesized nanopowders (sample CFO), CoFe2O4 particles with mean crystallite
size of 9 nm are observed along with residual formation of 5%
of α-Fe2O3 (hematite). During the reduction process, the initial CoFe2O4 spinel structure transforms to a metallic FeCo bcc
phase through the formation of an intermediate monoxide fcc
structure (in the following abbreviated as MeO, with Me = Fe,
Co or any combination of the two).[24] More specifically, after
the first step of the reduction process (sample CFO1, treated
with 1 mbar 10% H2/N2 at 300 °C), a 15% of MeO is detected,
which leads to a two-phase (MeO and CoFe2O4) material. After a
second step (CFO2, treated with 20 mbar 10% H2/N2 at 300 °C),
the formation of metallic Fe1−xCox (from now on FeCo, with x
typically between 0.6 and 0.4) is observed, yielding three phase
coexistence: CoFe2O4–FeCo–MeO. Finally, at 400 °C (CFO3,
20 mbar at 400 °C) as the reduction further progresses, no MeO
is detected and an increasing amount of metallic phase develops
producing a CoFe2O4–FeCo two-phase system. Figure 1b depicts
the size evolution of crystallites for the three phases in all samples. CoFe2O4 shows a monotonic increase of the crystallite
size reaching a maximum value of 19 nm for sample CFO3.
In addition, FeCo shows larger crystallite sizes in the range of
18–58 nm for CFO2 and CFO3, respectively. An extra bcc phase
with a slightly larger unit cell was clearly discernable from
the PXRD data recorded for CFO3. It was modeled as an Ferich phase (CoFe2) with a mean crystallite size of 25 nm. The
increase of the crystallite size as the process evolves can be correlated to a systematic growth of initial CoFe2O4 nanoparticles due
to sintering. Given that the phase composition is measured after
exposing the samples to air (following the reduction annealing),
it should be noted that a certain degree of reoxidation upon air
exposure, especially of smaller particles, cannot be discarded.
In order to further elucidate the morphology and the local
composition of the system, TEM, electron energy loss spectroscopy (EELS), and energy dispersive X-ray (EDX) analysis
have been performed in the series of samples. The histogram
obtained from the TEM images of the as-prepared nanoparticles (see Figure S2 in the Supporting Information) shows
a unimodal distribution of sizes that is in agreement with the
crystallite sizes observed by PXRD. In addition, EDX analysis
confirms an Fe:Co 2:1 ratio consistent with the CoFe2O4 stoichiometric composition. At the initial stages of reduction, when
only MeO and CoFe2O4 coexist (sample CFO1), the particle sizes
remain nearly monodisperse maintaining spherical shapes with
a mean size in the range of 10–15 nm (see Figure 2a,d,g,j), in
agreement with the crystallite sizes obtained from PXRD. EDX
(not shown) confirms an overall Fe:Co ratio of 2:1 in the CFO1
sample (point 1 in Figure 2g).
In the CFO2 sample (Figure 2b,e,h) shapes are less well
defined and evolve toward more elongated features resembling
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a MeO structure (see Figure S3b in the Supporting Information). In addition, it can be observed that particles with MeO
stoichiometry present a mixed iron and cobalt composition
(i.e., Fe0.9Co0.1O). Therefore, we conclude that the CFO2 sample
is composed of three types of particles: core–shell Fe50Co50–
CoFe2O4 structures, which coexist with smaller nanoparticles
composed by either CoFe2O4 or MeO (i.e., Fe0.9Co0.1O).
Sample CFO3 presents a trimodal size distribution where,
in turn, the larger metallic core–shell particles show a bimodal
distribution with average sizes of 120 and 31 nm, and with
seemingly cubic shapes. They coexist with smaller metallic
oxide particles of about 20 nm (Figure 2c,l). PXRD data do not
show the presence of MeO and, therefore, smaller particles are
assumed to be composed of CoFe2O4. As in the case of CFO2,
the metallic particles are contained within the CoFe2O4 shell
discussed above. The Fe:Co ratios are identical to the ones
measured for the CFO2 sample (points 4 and 5 in Figure 2i).
Thus, CFO3 contains about a 60% of Fe50Co50–CoFe2O4 core–
shell structures coexisting with smaller CoFe2O4 particles.
Figure 3a depicts hysteresis loops recorded at the room temperature (RT). As-synthesized CoFe2O4 particles show a clear
hysteresis with a coercive field Hc = 47.7 kA m−1 and saturation magnetization (Ms) and reduced remanent magnetization, (mr = Mr/Ms, where Mr is the remanent magnetization) of
Ms = 299 kA m−1 and mr = 0.18, respectively. At the first stage
of reduction (CFO1), while saturation magnetization Ms is not

Figure 2. HRTEM images of CFO1, CFO2, and CFO3 samples. Magnification increases from left to right so that scale bars in (a)–(c) correspond to 50 nm,
in (d)–(f) correspond to 10 nm, and in (g)–(i) correspond to 5 nm. On the right, particle size histograms for samples j) CFO1, k) CFO2, and l) CFO3.
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sintering necks. Mainly two different types of particles are
observed, as evidenced by the bimodal distribution of the associated histogram (see Figure 2k). Larger darker particles with
average sizes of 32 nm are seen to coexist, within large aggregates, in close contact with smaller brighter particles of about
20 nm. The contrast observed for larger nanoparticles can be
ascribed to the presence of larger electron density typical for
FeCo species while the brightness of smaller particles is likely
a consequence of the low electron density of metal oxides (i.e.,
MeO and CoFe2O4). High resolution TEM (HR-TEM) images of
the larger metallic particles reveal a core–shell structure with a
3–5 nm oxide shell (Figure 2h). We suggest that the formation
of these shells is the consequence of a reoxidation process that
occurs upon exposure to air, whose origin and dynamics will be
object of further studies. Fast Fourier transform (FFT) HR-TEM
analysis allows indexing the core and shell regions as a metallic
bcc FeCo and cubic CoFe2O4, respectively (see Figure S3a, Supporting Information). EDX confirms that the oxide particles
and the shell of the core–shell structures have an Fe:Co ratio
of 2:1 (point 2 in Figure 2h), while the metallic core exhibits a
larger fraction of Co (point 3 in Figure 2h). We confirmed in
a recent work that as the reduction progresses, the Fe:Co ratio
in the metallic alloy evolves from 1:1 to 2:1.[23] Indeed, EELS
analysis has revealed that some of the particles have a stoichiometry close to the expected for a CoFe2O4 structure while for
others the metal-to-oxygen ratio resembles the expected for
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Figure 3. Magnetization (M) versus applied field (H) hysteresis loops at
a) RT and b) 10 K. Inset shows the region near H = 0 to better visualize
the behavior of Mr and Hc.

appearing to be affected, Hc and mr increase with respect to asprepared particles. Such hardening and remanence increase of
the material could be ascribed to the increase of the crystallite
size, confirmed by PXRD analysis, and to a crystal rearrangement (i.e., increased crystallinity and/or variation in Co2+–Fe2+
inversion degree).[25] Moreover, the presence of the MeO phase,
which is paramagnetic at RT, could also play a role acting as a
nonmagnetic phase.[26,27] As the amount of soft phase increases
with progressing reduction, Ms reaches 599 and 987 kA m−1
for the CFO2 and CFO3 samples, respectively. The large Ms
enhancement in CFO3 is nonetheless accompanied by a prominent decay in mr and Hc.[28] In fact, the highest mr and Mr
values correspond to CFO2 (see Table 1).
It is worth noting that the Hc observed is at least a factor 4
below the highest values reported for CoFe2O4, which entails
Table 1. Summary of magnetic properties at RT.
Hc (kA m−1)

Ms (kA m−1)

Mr (kA m−1)

CFO

47.7

299

54

0.18

CFO1

119.4

297

107

0.36

mr

CFO2

87.6

599

233

0.39

CFO3

23.9

987

88

0.09
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moderate energy products.[25] Strategies for enhancing coercivity, and thus (BH)max, include increasing the average particle size and optimizing the narrowness of its distribution,
adjusting the Fe:Co ratio,[29] and perform high-energy ball
milling for short times.[30]
In order to better understand the magnetic properties after
the reduction process, hysteresis loops at low temperature (LT),
T = 10 K (LT), were measured after a field cooling process at
3980 kA m−1. The CFO1 sample presents a remarkable increase
in Hc, reaching 1648 kA m−1, and a horizontal shift of the
loop (i.e., the exchange bias Hexch) of 87.6 kA m−1 suggesting
the presence of the exchange coupling between ferromagnetic
CoFe2O4 and antiferromagnetic MeO phases.[28] Moreover, hysteresis loops measured at increasing temperatures show that
Hexch decreases monotonously with temperature vanishing
at roughly 200 K (see Figure S4a in the Supporting Information), in agreement with the Néel temperature (TN) of an Ferich antiferromagnetic FeCoO specie.[27] On the other hand, the
presence of two different switching fields can be observed in
CFO2 hysteresis loop (i.e., at 183 kA m−1 and 1592 kA m−1),
what we attribute to two weakly coupled magnetic phases.
Interestingly, as seen from the dM/dH curve (Figure S4b, Supporting Information), the larger switching field shows maxima
at slightly different fields (i.e., −1576 and +1488 kA m−1).
The difference between both branches is found to be close to
87.6 kA m−1, suggesting again the presence of exchange bias
for the large switching field due to the formation of CoFe2O4–
MeO exchange-coupled structures, analogously to the CFO1
sample. On the other hand, the switching at 183 kA m−1 for
the CFO2 sample lies between corresponding values for pure
CoFe2O4 and FeCo phases.[28] Finally, the CFO3 sample has an
LT loop with single switching behavior, large Ms and reduced
coercivity. However, in this case, a pronounced softening of the
composite is observed, reducing the coercive field down to a
value close to the expected for a pure FeCo phase.[31]
The single step reversal of CFO3 at 10 K is a strong indication of the large interphase coupling, whereas the two-step
reversal of the CFO2 sample shows that the hard and soft
phases in this system are coupled only weakly. It is worth
pointing out that decoupling at low temperature may occur in
effectively coupled systems at RT.[32] As temperature is lowered,
the anisotropy of the hard phase increases and thus the critical size for effective exchange coupling decreases. As a consequence, soft particles with a size close to the threshold value
and that are exchange coupled at RT might decouple as temperature decreases. However, if the intrinsic parameters of the
system (exchange stiffness, anisotropy) were favoring such a
low temperature decoupling effect, it would be even more pronounced in CFO3 than in CFO2 (the average size of the soft
particles is larger in CFO3). As we do not observe such an effect
in CFO3, reversal at low temperature occurs as a single phase,
we assume that in CFO2 hard–soft phases are
predominantly decoupled both at low T and
(BH)max (kJ m−3)
RT. The fact that independent switching of
hard and soft phases is revealed only at low
0.5
temperatures in predominantly uncoupled
2.5
composites has been reported before[23] and
4.6
is the consequence of a size distribution
0.5
that entails a relatively broad distribution of
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we consider that CFO2 (CFO3) has been experimentally established to be almost fully decoupled (coupled) systems, are in
agreement with the experiments (87.6 and 23.9 kA m−1 for
CFO2 and CFO3, respectively). The micromagnetic calculations thus confirm that the optimal magnetic performance is
achieved for a mostly decoupled sample with a 30% content of
the soft phase and that coercivity collapses as we approach the
perfect coupling value of κ = 1.
To explain the origin of these results, we will address
coercivity first, which is observed to decay as the reduction
advances. Let us consider the phenomenological description of
coercivity derived by Kronmüller et al. from the Brown–Aharoni model[34–37]
Hc = α H A − N eff Ms

(1)

where HA is the anisotropy field, α is a microstructural parameter defined—among other factors—by grain sizes, particle
arrangements, and defects, and Neff is the effective demagnetization factor. First of all, a larger amount of a soft phase
obviously leads to the increase of Ms and decrease of Hc. In
addition, an increase of the grain size, which occurs as the
reduction progresses (see Figure 1b), is known to decrease
the coercivity as particles magnetization state deviates from the
single-domain one.[25,28] The degree of intergrain coupling also
affects coercivity. Perfect exchange coupling between randomly
oriented particles is known to decrease the effective anisotropy
(the value of HA).[38] Moreover, perfect exchange coupling favors
the domain wall propagation, which facilitates magnetization
reversal.[39] Even if the soft particles are below the critical size
and contain no domain walls inside them, the grain boundaries
between exchange-coupled particles with randomly oriented
easy axis may promote the formation of domain walls which
can propagate into the hard phase.[9,40] On the other hand,
the decoupling of grains prevents the decrease of the effective anisotropy and increases the pinning of domain walls at
grain boundaries, hindering the domain wall
propagation and preventing the collapse of
coercivity.[41]
Next we discuss the remanence, which
is observed to increase at the first stages of
reduction and then prominently decays for
the CFO3 sample. First, it is worth recalling
that, depending on the exact Fe:Co ratio,
the single-domain threshold for FeCo nanoparticles has been experimentally established
to be between 14 and 50 nm.[42,43] As a consequence, the particle size histograms in
Figure 2 allow assuming that for CFO2 the
majority of metallic core–shell particles are
in a single-domain state, while for CFO3 a
considerable fraction is in multidomain configurations. As shown in Figure 4b, singledomain particles consisting of a soft core and
Figure 4. a) Scheme of the particle distribution used in the simulation. Warm (cold) colors a magnetic shell will retain a maximal total
depict soft (hard) particles, respectively. b) Schematic representation of the domain configura
magnetization after application and removal
tion expected in core–shell particles of CFO2 and CFO3 samples after applying and removing
of an external field, even if their magnethe external field H. The field lines of CFO2 particles represent the magnetodipolar field associ
tocrystalline anisotropy is rather weak; in this
ated to singledomain structures. c) Simulated Hc values as a function of degree of exchange
state they produce a large magnetodipolar
coupling κ for samples CFO2 and CFO3 using RT parameter values.
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switching fields for both phases. These distributions may even
overlap at RT and become sufficiently separated—as to reveal
the two-phase behavior—only at low temperature.
Thus, it can be concluded that the best magnetic performance corresponds to a mainly uncoupled soft–hard composite
and that full coupling leads to a collapse of Hc and the energy
product. These results demonstrate the importance of assessing
the influence of the exchange-coupling degree on the coercivity
in spring magnets. While astute strategies, like the inclusion
of a spacer layer of controlled thickness, have been employed
in thin films;[33] unfortunately, it is hardly possible to accurately quantify this parameter experimentally in polycrystalline
powder systems. For this reason, micromagnetic calculations
were performed to address this issue.
The details of the methodology can be found in the micromagnetics section. The weakening of the exchange coupling is
simulated by the multiplication of the exchange energy between
two mesh elements corresponding to different crystallites by a
factor κ (0 < κ < 1), where κ = 1 means perfectly exchange-coupled crystallites and completely decoupled if κ = 0. Magnetization reversal as a function of κ can thus be simulated.
Figure 4a presents a typical system used in our micromagnetic study, whose structure is analogous to that of the CFO2
sample. Every mesh element is represented by a sphere which
center coincides with the volume center of the corresponding
polyhedron. Cold (warm) colors are used to display hard (soft)
phase mesh elements; paramagnetic phase is represented by
gray spheres. The size of crystallites of the hard phase is 14 nm
and soft phase is 17 nm, which corresponds to the experimental
data for CFO2. The same approach was used for modeling a
system representing the CFO3 sample, where the crystallite
sizes for hard and soft phases are 18 and 25 nm, correspondingly. In Figure 4b, the dependence of coercivity on κ is plotted
for both simulated systems. The maximum of coercivity occurs
for κ ≈ 0.05 in both cases, which corresponds to predominantly
uncoupled nanocomposite grains. The calculated Hc values, if
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field. As it can be seen from Figure 4b, this field supports the
magnetization of the particle shell in the direction of the initially applied field, thus also increasing the remanence. On
the other hand, multidomain arrangements as in CFO3 obviously lead to a lower net magnetization at zero external field,
thus decreasing the remanent magnetization of the core itself
and leading to much smaller supporting magnetodipolar field
induced by such a core on the particle shell. Both features
lead to the decrease of the remanence observed for the CFO3
sample. In addition, uncoupled hard–soft interfaces act as pinning centers, which are known to enhance mr as they hamper
the domain wall motion that demagnetizes the system.[41,44,45]
In contrast, domain wall motion is favored between perfectly
coupled magnetic particles.
In this framework, we suggest that pinning and effective
anisotropy are stronger for the CFO2 sample, which, in combination with an average particle size below the single-domain
threshold, leads to an improvement of the magnetic performance even if hard and soft phases are mainly decoupled. The
presence of monoxides, that are experimentally proven to be
exchange coupled to the CoFe2O4 particles and act as nonmagnetic interparticle spacers at RT (and thus as pinning centers),
and the higher degree of disorder of the sample are a likely
cause for the low degree of coupling (κ factor) in the CFO2
system. For the CFO3 sample, the higher temperature and the
absence of nonmagnetic phases leads to well-defined interfaces
between the soft core–shell and the hard CoFe2O4 particles
where strong exchange coupling is present and wall propagation is promoted. In addition, the increase in particle size in
CFO3 leads to the presence of multidomain arrangements and
smaller magnetodipolar fields. Thus, a collapse of Hc and mr
is observed. As a consequence, the maximum energy product
is observed for the composite CFO2, which shows an improvement of an order of magnitude with respect to the initial ferrite
(see Table 1). Conversely, and in contrast with most published
reports on the subject, the perfectly coupled composite (CFO3)
presents the lowest energy product. It is worth noting that these
results correspond to randomly oriented isotropic systems;
thus, further efforts are required in terms of alignment and
compaction in order to realize high energy-product permanent
magnets.

3. Conclusions
CoFe2O4-based exchange-spring nanocomposites have been
synthesized by hydrothermal methods and subsequent partial reduction. The reduction happens through the formation
of antiferromagnetic Fe1−xCoxO, initially yielding three-phase
composites with disordered interfaces where partial exchange
decoupling of hard and soft phases is observed. As reduction
advances, more homogeneous two-phase CoFe2O4–FeCo composites are obtained that are predominantly exchange coupled.
The improved magnetic performance, that represents an
increase in energy product of a factor 10, is observed for the
predominantly uncoupled material, while perfect coupling
leads to magnetic softening. The observations are substantiated
by micromagnetic calculations that confirm that maximizing
exchange coupling damages coercivity and the energy product.
1500365 (6 of 8)
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The soft phase fraction and particle size are observed to strongly
affect magnetic properties of simulated systems, in agreement
with reported experiments. However, our results emphasize
the fact that, for any soft phase fraction and regardless of the
size and domain configuration of its grains, a higher degree of
coupling acts against coercivity. The exchange-coupling degree
should consequently be optimized—rather than maximized—
in order to meet a compromise between the gain in remanence
and the loss in coercivity it entails.
Up-scaling toward industrial scale production often implies
sacrificing control over the nanostructure, which increases the
probability of obtaining sizes of magnetically soft grains above
the critical value and interfaces that are not crystallographically coherent. Both effects act against effective exchange coupling. Our results bring forward an appealing alternative to the
approach that seeks to maximize the coupling in exchangespring oxide-based composite magnets, given the strict requirement that exchange coupling should be as strong as possible
does not necessarily need to be fulfilled anymore. This opens
opportunities in the development of next generation rare-earthfree permanent magnets for industrial applications.

4. Experimental Section
Sample Preparation: CoFe2O4 nanoparticles were hydrothermally
synthesized using a supercritical flow reactor previously reported.[46]
Optimal synthesis conditions to achieve an average crystallite diameter
of about 10 nm were extracted from a prior in situ synchrotron PXRD
study on the synthesis process.[47] First, 5 mL of a 2 m Fe(NO3)3⋅9H2O
in deionized water were mixed with 2.5 mL of 2 m Fe(NO3)2⋅6H2O under
constant magnetic stirring. Subsequent addition of 5 mL of 16 m NaOH
induced the precipitation of the metallic species. Afterward, 187.5 mL
of deionized water were added to match a final metal concentration of
0.05 m. The soprepared precursor solution was reacted at 300 °C and
250 bar in the mentioned flow apparatus. The reaction product was
collected as a suspension, which was later washed and centrifuged with
water several times. Finally, the nanopowders were dried at 70 °C in a
vacuum oven for 4 h.
The assynthesized nanopowders were subsequently subject to 30 min
long thermal treatments under a reducing atmosphere (10% H2 in N2)
using a tubular furnace (C.H.E.S.A. Ovens). The two variables used
to control the treatment were temperature, ranging between 300 and
400 °C, and partial pressure of the gas inside the furnace, between 1 and
20 mbar. Samples at three different reduction stages are described in
the present article. Sample CFO1 was fabricated at 300 °C under 1 mbar,
CFO2 at 300 °C under 20 mbar, and CFO3 at 400 °C under 20 mbar.
Characterization: Highresolution PXRD data were collected on
a laboratory diffractometer (Rigaku SmartLab with a Cu Kα target,
operated at 40 kV, 180 mV) in the parallel beam configuration using a
D/tex Ultra detector in the fluorescence suppression mode. The software
FullProf[48] was used to build up a Rietveld model in good agreement
with the experimental data, which allowed quantitative description of
the phase content and crystallite size of all phases. TEM images and
EDX were acquired in a JEOL 2100F operating a 200 kV with an INCA
xsight (Oxford Instruments) detector. HRTEM images and EELS were
collected in a JEOL JEM2200FS operating a 200 kV. The quantification
of OK, FeL2,3, and CoL2,3 were performed using EELSMODEL, by using
a Likelihood derived fitter algorithm for Poisson statistics, to assure
the highest possible accuracy and precision. The magnetic properties
were measured on tightly randomly packed powder samples using a
vibrating sample magnetometer (Quantum Design Physical Properties
Measurement System) with 7165 kA m−1 maximum field. The hysteresis
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loops were measured at RT and low temperature (10 K) after field
cooling (FC) in 3980 kA m−1 from RT to 10 K.
Micromagnetics: The basics of the newly developed micromagnetic
algorithm used to simulate the magnetization reversal processes of
nanocomposite CoFe2O4FeCo can be found in refs. [49–51]. To make
the paper selfconsistent, some details are provided regarding the mesh
generation for our micromagnetic method, the calculation of energy
contributions and the features of calculation of the exchangecoupling
degree, or exchange weakening, between different crystallites. The mesh
generation is made by creating a system of polyhedral finite elements,
using the model of interacting spheres with a shortrange repulsive
potential. This procedure assures that the shape of each polyhedron is
close to spherical and that their spatial arrangement is random. The four
standard micromagnetic contributions to the total energy are taken into
account, namely the energy in the external field, magnetic anisotropy,
and exchange and dipolar interaction energies. The calculation of the
magnetodipolar energy is done in the spherical dipoles approximation.
This approximation is exact only for spherical particles, however in this
case, where the experimental shape of polyhedra is close to spherical,
its accuracy is sufficiently high. The exchange interaction is computed
using the standard Heisenberg form, where the exchange constant
is proportional to the volumes of neighboring finite elements and the
spacing between their centers.
Minimizing the total energy we obtain the magnetization vector field
of the sample at the given applied field, which straightforwardly allows
the calculation of the total magnetization. All hysteresis curves are
simulated at T = 0 K.
In order to simulate the magnetization reversal process in the CFO2
sample, the volume V = 170 × 170 × 170 nm3 was discretized into ≈78 000
polyhedron mesh elements, which allows us to describe the behavior of
≈1300 hard and soft phase crystallites, with volume fractions 55% and 30%
correspondingly. The formally twophase magnetic system CoFe2O4/FeCo
has a considerable amount of paramagnetic MeO, which influences the
magnetization distribution in the sample due to strong dipolar fields in the
vicinity of every paramagnetic inclusion. Therefore about 1200 inclusions
with the diameter 7 nm were incorporated into the sample resulting
in the 15% volume concentration of the paramagnetic phase, which
was considered in our calculations as being nonmagnetic. The volume
concentration of the hard phase is 39% and soft phase is 61% in the CFO3
sample. The following intrinsic parameters were used for hard CoFe2O4: A
= 3 × 10−12 J m−1, Ms = 300 kA m−1, K1 = 3.1 × 105 J m−3, and for the soft
phase: A = 21 × 10−12 J m−1, Ms = 1620 kA m−1, K1 = 2 × 104 J m−3.
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