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Among hard/soft nanocomposites (NCs), ferrite-based materials are potentially promising for developing
exchange-coupled systems, thus leading to enhanced magnetic properties. In this regard, we investigate the role
of the synthesis approach in the development of SrFe;20;19/CoFe3O4 (SFO/CFO) NCs, with special focus on
tuning the magnetic features of the softer phase (CFO) by introducing Zn?" in the spinel structure. X-ray powder

diffraction (XRPD), transmission electron microscopy (TEM) and squid magnetometry were employed to clarify
the relationship between morphology, size, and magnetic properties of the NCs, pointing out the feasibility of this
method in obtaining successfully exchange-coupled systems. This work shows how optimizing the intrinsic
magnetic properties of the CFO may be used to tune the extrinsic ones of the NCs. Despite the promising results in
magnetic coupling, our study clearly confirms/strengthens that an enhancement of remanent magnetization is
the most important factor for improving the magnetic performance.

1. Introduction

The design of hard/soft bi-magnetic nanocomposites (NCs) have
gained increasing attention in recent years and challenged the scientific
community. Indeed, these systems offer the possibility of widely tuning
their magnetic properties (i.e. magnetic anisotropy, saturation magne-
tization) at the nanoscale [1,2], as they are composed of two different
ferro- or ferrimagnetic phases, with different extrinsic magnetic prop-
erties: a hard phase, with a high coercivity (Hc), and a soft one, with
both a high saturation and remanent magnetization (Mg and Mg) [3]. If
exchange-coupling interaction occurs, such a combination shall result in
a material with both enhanced coercivity and magnetization, thus
leading to improved energy products (BH)yax. This quantity describes
the maximum amount of magnetic energy that can be stored in a magnet
[4,5]. In fact, the novel magnetic interaction among the two phases at
the interface may promote a significant enhancement of the remanence
of the NC with only a small deterioration of the coercivity due to the
introduction of a soft phase [1,6]. To achieve this goal, it is essential to
tightly control the morpho-structural features of both the phases and
maximize their interfacial contact. In this regard, ferrite-based

composites have shown to be promising in the field of permanent
magnets (PMs), especially M—type SrFe;2019/spinel MFe;O4 (M: Co, Zn,
Ni, Mn), owing to the potential magnetic performance (energy products
of 40-460 kJ m~>) of the hexagonal ferrite and the flexible crystal
structure of the spinel ferrite, offering many possibilities to modulate the
magnetic anisotropy and saturation magnetization [7-11]. Neverthe-
less, the lack of comprehensive studies in literature on the degree of
magnetic coupling in such systems is rather limited, thus leading to the
need of thoroughly investigating the complex magnetic interactions
bringing it forth. Various studies on ferrite-based NCs are reported in
literature, dealing mainly with composites prepared as powders by
physical mixing of the two phases or different chemical one-pot syn-
thesis [11-13], which clearly show the challenges in obtaining an effi-
cient exchange-coupling related to the synthetic approach. In our recent
studies, we have addressed the role of synthesis strategy in controlling
the magnetic coupling in bi-magnetic composites, thus showing that is
possible to use sol-gel technique as an easy, scalable, low-cost and green
synthesis method to produce tightly coupled NCs [14-18]. In this work,
we first have explored a possible way to modify the extrinsic magnetic
properties at the nanoscale of a hard SrFe;2019 (SFO) phase (anisotropy
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constant K = 0.35 MJ/m?’, Mg ~ 0.38 MA/m) introducing a softer
CoFe04 (CFO) phase with a higher bulk Mg ~ 0.45 MA/m and lower
anisotropy (K = 0.29 MJ/mB) [5,19]. We use SFO/CFO 80/20 w/w % as
the parent material and show the feasibility of introducing Zn?* cations
into the spinel structure of CFO using the above mentioned one-pot
synthesis method. Zinc was chosen to increase the softness of the
spinel CFO, lowering Hc and increasing Mg by substituting Co®* with
Zn>" [7,20]. The effect of Zn?" substitution on the extrinsic properties of
the exchange-coupled NC is investigated. Our goal is to optimize the
magnetic properties of such NCs by atomic structuring and modification
of the intrinsic characteristics of CFO [21], and prove the feasibility of
the one-pot synthesis method to design and obtain strongly coupled NCs
with an overall good control on the crystallite sizes and homogeneous
distribution even in the presence of an additional dopant (Zn). There-
fore, we prepared three different NCs by substituting Co®" in Cos.
xZnyFe;04 with an increasing amount of Zn®" (withx = 0.1, 0.3, 0.5,
nominally): indeed, spinel ferrites versatile crystal structure offers many
possibilities to modulate the magnetic anisotropy, due to the rear-
rangement of cationic distribution among the tetrahedral (Tq) and
Octahedral (Oy) sites, by chemical engineering [20,22,23]. Our study
reveals that optimizing the magnetic properties of each single compo-
nent of the NC is fundamental to achieve exchange coupled nano-
structures with enhanced magnetic performances. It is important to note
here that the change in H¢ of the NCs can be a direct result of the Zn-
doping and hence, an intrinsic effect on the anisotropy of CFO, but it
can also have extrinsic contributions like the coupling between the two
phases and the resulting change in the reversal process.

2. Synthesis and characterization

To prepare various hard/soft SFO/CFO nanocomposites (NCs), with
composition 80/20 w/w %, a one-pot sol-gel route was used, described
elsewhere [18,24]: briefly, two separate sols were first prepared by
dissolving the precursors of SFO i.e., Fe(NO3)3-9H;0 and Sr(NOgs);
(Sigma-Aldrich) in a [Fe3*]/[Sr?*] ratio of 11 (note that the initial non-
stoichiometric starting ratio between Fe and Sr with a slightly higher
presence of Sr enables the formation of SFO at lower temperatures [18]),
and the precursors of CFO i.e., Co(NO3),-6H0 and Fe(NOg3)3-9H,0
(Sigma-Aldrich) in a [Fe3*]/[Co?*] ratio of 2 in deionized water Then a
1 M citric acid aqueous solution was added (molar ratio of total metals to
citric acid 1:1), the dispersions were mixed together and the pH was
adjusted to 7 by adding dropwise NH3 (30%) (Sigma-Aldrich). Next, it
was heated on a hot plate to 80 °C to form a dry gel, and the temperature
was increased to 300 °C inducing a self-combustion. The obtained dry
powders were ground and annealed at 950 °C for 3 h in air. We refer to
this sample as NC. To evaluate the effect of magnetic anisotropy, three
SrFe;2019/Co1.xZnxFes04 (NCg_Zn) samples were synthesized through
this one-pot approach, using the same procedure as NC, however by
substituting Co>™ with Zn?*(keeping constant Fe>") with x: 0.1-0.3-0.5.
We refer to these in the rest of the article as NC_Zn01, NC_Zn03, and
NC_Zn05.

The final composition was confirmed by means of inductively
coupled plasma optical emission spectroscopy (ICP-OES), carried out for
elemental analysis with an iCAP 6300 DUP ICP-OES spectrometer
(ThermoScientific) (see Table 1). A first check to verify the presence of

Table 1
List of samples, nominal composition and x: Zn content obtained from ICP
analysis.

Id Composition (80/20 (w/w x ICP (Cos. Synthesis

%)) xZnyFe;04) Method
NC SrFe;2019/CoFeg04 - One pot sol-gel
NC_Zn01 SrFe;5019/C0¢.9Zng 1Fex04 0.11

NC_Zn03
NC_Zn05

SrFe;5019/C0g.7Zng 3Fe;04 0.31
SrFe;5019/C0¢.5Zng sFe204 0.53

Journal of Magnetism and Magnetic Materials 535 (2021) 168095

organic molecules (residuals from the gel) on the final samples was done
by means of Fourier-transform infrared spectroscopy (FTIR): the spectra
were acquired with a Shimadzu IRPrestige-21, equipped with a Specac
Golden Gate Single Reflection Diamond Attenuated total reflection
(ATR). All samples were analyzed in the region between 4000 cm™! and
400 cm ™.

The powder samples were characterized using a Bruker D8 Advance
diffractometer (solid state rapid LynxEye detector, Cu Ka radiation,
Bragg-Brentano geometry, DIFFRACT plus software) in the 10°~140° 20
range with a step size of 0.013° (counting time was 4 s per step). Rietveld
analysis was performed on the X-ray powder diffraction (XRPD) data
using the FULLPROF program [25]. The diffraction peaks were
described by a modified Thompson-Cox-Hastings pseudo-Voigt function.
A peak asymmetry correction was made for angles below 40° (26).
Background intensities were estimated by interpolating between up to
60 selected points. A NIST LaBg 660b standard was measured under the
same conditions as the samples to account for the instrumental contri-
bution to the peak broadening.

Transmission electron microscopy (TEM) analysis was carried out
using a Philips CM200 microscope operating at 200 kV and equipped
with a LaBg filament. For TEM observations, the samples, in form of
powder, were prepared using the following procedure. A small quantity
of powder was dispersed in ethanol and subjected to ultrasonic agitation
for approximately one minute. A drop of the suspension was deposited
on a commercial TEM grid covered with a thin carbon film. Finally, the
grid was kept in air until complete ethanol evaporation.

Magnetic measurements were performed at room temperature using
a Quantum Design superconducting quantum interference device
(SQUID) magnetometer, which can supply a maximum field of 5 T. Iso-
thermal field-dependent magnetization loops were recorded by sweep-
ing the field in the — 5 T to + 5 T range. To get information about the
irreversible processes, direct current demagnetization (DCD) remanence
curves were measured by applying a progressively higher DC reverse
field to a sample previously saturated under a field of —5T and by
recording, for each step, the value of the remanent magnetization, which
was then plotted as a function of the reverse field [26]. To avoid any
displacement and preferential orientation of the crystallites under the
external magnetic field during measurement, the nanopowders were
immobilized with a glue in appropriate capsules (no significant mag-
netic contribution from the glue was observed during the
measurements).

3. Results and discussion

The development of hard/soft bi-magnetic composites at the nano-
scale is very challenging, owing to the various parameters that must be
considered when they are synthesized, such as morpho-structural fea-
tures of the hard and soft phases, quality of the interphase between
materials and the ease as well as the reproducibility of the synthesis
[2,3]. In our previous results, we were able to assess the efficiency of the
sol-gel technique in the realization of such nanocomposites (NCs)
[12,14,15,17,18,24]. In this regard, we first adopted this chemical
approach to couple two different magnetic phases to design improved
magnetic NCs, consisting of a hard SFO phase magnetically coupled to a
softer CFO phase. The ratio was fixed to SFO/CFO 80/20 w/w % as a
model system to investigate the Zn doping of CFO and its effect on
morphological and magnetic properties of NCs. The XRPD pattern of NC
after the thermal treatment is shown in Fig. 1a (black curve). All the
reflections can be ascribed to the hexagonal structure typical of stron-
tium hexaferrite (indicated in black), with space group P63/mmc [27];
on the other hand, the reflections of the CFO phase are not clearly
visible, because of their low intensity and the overlapping with more
intense reflections of SFO phase. The characteristic reflections (200),
(311),(400), (511) and (440) (in green) can be indexed as a spinel (Fd-
3 m) [9]. In particular, the latter reflection is a clear confirmation of the
presence of CFO phase, as it is not overlapping with any of the reflections
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Fig. 1. (a) XRPD patterns of NC and NC,_Zn, including (b) lattice parameters as a function of Zn>*amount; (c) TEM general view of NC and corresponding SAED
pattern (inset); (d) FTIR spectra for NC and the individual members SFO and CFO as a reference [18].

of SFO. Rietveld analysis was performed to extract the lattice parameters
(see Table 2). Since the values for both phases are in a very good
agreement with the reference values [24,27,28], and no peak shift is
observed in the pattern, we can reasonably assume that the two phases
are well crystallized, without undergoing any evident diffusion. All the
doped NCs_Zn samples (Fig. 1a) can be indexed as a combination of cubic
spinel Fd-3 m and hexagonal P63/mmc structures, as for NC. It is note-
worthy that no reflections ascribable to other phases were observed in
the patterns, confirming that the inclusion of Zn?* does not induce the
formation of secondary phases. Interestingly, the lattice parameters
(shown in Table 2) for CFO phase increase with the content of Zn%,
confirming its inclusion in the cubic structure, which induces the
expansion of unit cell, as reported in literature [7,22,29]. While in

Table 2

Lattice parameters (a, b, and c), average crystallite sizes for CFO (<d > ) and
along ab and c planes for SFO (d,, and d., respectively) extracted from Rietveld
refinement (uncertainties in the last digit are given in parenthesis).

1d SFO CFO dap d. <d>cFo
a=b (A) c (A) a=b=c (nm) (nm) (nm)
@&
NC 5.88069  23.04252  8.38354 85(7) 60(4)  35(2)
(€] © 7)
NC_Zn01 5.88029  23.04203  8.39167 89(6)  66(6)  40(2)
2 @) (©)]
NC_Zn03  5.88004  23.04199  8.40437 80(7) 58(5)  40(3)
(@3] (C)] @)
NC_Zn05 5.88008  23.04271  8.41546 77(8)  60(4)  39(3)
2) [C)] ()]

contrast, SFO lattice parameters are in perfect agreement with reference
values, confirming the preferential inclusion of zinc in CFO, with respect
to SFO, with no evident diffusion despite the high annealing tempera-
ture. The actual stoichiometries were checked by ICP-AES, confirming
the amount of metal cations in the composites, within the experimental
error. The obtained mean crystallite size (see Table 2) is equal, within
experimental error in all the samples, indicating that change of stoi-
chiometry in cobalt ferrites does not significantly affect morphological
feature of the samples. A typical TEM bright field image of NC is re-
ported in Fig. 1c. The sample is formed by irregular platelets inter-
connected to form porous aggregates. Selected area electron diffraction
(SAED) measurements have revealed that all the visible diffraction spots
can be associated to the SFO and CFO phases, no other phases have been
detected, confirming what observed by XRPD (see the inset of Fig. 1c).
Moreover, FTIR revealed to be a useful tool to give some qualitative
information about the composition of NC, with respect to the individual
phases, as the Me-O (Me = Co, Fe) stretching modes of ferrites fall in the
fingerprint range[22]. The spectra are shown in Fig. 1d. The metal-
—oxygen stretching modes of the octahedral and tetrahedral sites for SFO
appear in the 400-450 cm™! and 530-600 cm ™! ranges respectively
(indicated by the black dashed lines arrows) [30]. Their appearance is
highlighted in the NC (blue arrows), also showing a slight redshift to-
wards CFO values. Consistently, the metal-oxygen stretching modes of
CFO fraction are overlapping and the intensity too low to be distin-
guished. The composition was confirmed by ICP. To explain the effect of
the introduction of the soft phase in the hard-magnetic matrix, a field-
dependent magnetization loop for NC was acquired and reported in
Fig. 2a. The M vs H curve reaches the saturation at high fields, so the Mg
values can be evaluated at 5 T (all the parameters are reported in
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Fig. 2. (a) Magnetization M vs. magnetic field H curves for SFO and NC, and Mpcp for NC; (b) normalized irreversible susceptibility y;. vs reverse magnetic field H
curves of NC and the individual SFO and CFO phases (data for SFO and CFO from [18]); (¢) M vs. H curves and (d) normalized y;, vs H curves for NC and NCs_Zn at

300 K; the inset shows the reduced Mpcp vs H.

Table 3

Saturation magnetization (Ms), reduced remanence magnetization (Mg/Ms),
coercive field (H¢) and average switching field, extracted from SFDs, (Hsw) of
NC and NCs_Zn measured at 300 K. Data for SFO [18] is added for comparison.

1d Mg (Am?/kg) Mg/Ms Hc (kA/m) Hsw (kA/m)
SFO 69.9 (5) 0.50 463(5) 520(5)
NC 71.8(4) 0.49 250(3) 306(2)
NC_Zn01 70.1(4) 0.46 251(5) 353(6)
NC_Zn03 74.0(3) 0.45 240(7) 376(4)
NC_Zn05 71.2(4) 0.45 265(5) 410(6)

Table 3). NC unambiguously exhibits a single reversal process of
magnetization, suggesting that the two magnetic phases are homoge-
neously dispersed and strongly coupled, owing to the efficiency of the
one-pot sol-gel method. In a previous study [24], we reported for
comparison the magnetic properties of a physically mixed sample
(NCwmix) , showing instead an hysteresis loop typical of weakly coupled
systems [14]. NC shows an intermediate magnetic behaviour between
the two individual SFO and CFO phases [24], in good agreement with
the limit of exchange-coupling [1]. To better highlight the presence of
exchange-coupling interaction, we have performed additional direct
current demagnetization (DCD) experiments [31]: the first order
differentiated curves of Mpcp with respect to H (switching field distri-
butions, or SFDs) are displayed in Fig. 2b, from which we proved that NC
present a strong contribution, centered at a single field that can be

attributed to the reversal process of unique assemblies, intermediate
between the two individual phases (SFO and CFO), while perfect
coupling leads to magnetic softening resulting in an exchange-coupled
system. This evidences that our synthesis approach resulted in a
magnetically coupled system, where a strong coupling is promoted by
the proper nanosized texture [18]. To explore the possible effects of
tuning the magnetic performance of such composite, our strategy is to
tailor the magnetic anisotropy (and subsequently the softness) of the
CFO phase by the simple replacement of metal cations, specifically Co?",
partially with the diamagnetic Zn?*. CFO is expected to show an inverse
spinel structure, [Fe>*11q4[Co?",Fe3*1on04: Zn?* preferentially occupies
tetrahedral Td sites, inducing the partial migration of Td Fe>* ions to
octahedral ones Oh [22]. This suggests that the antiferromagnetic
coupling among Fe>' ions in Td and Oh sites is lowered, and Mg in-
creases up to a threshold value, above which the ferrimagnetic order is
destabilized by the weakening of the exchange interaction between Td
and Oh sites [7,22]. We point out that the purpose here is not to perform
a systematic tuning of the magnetic anisotropy of CFO by Zn-doping,
which has already been reported in earlier publications [7,22].
Rather, our aim is to show the feasibility of the one-pot synthesis method
in tailoring the magnetic properties of the soft phase in an efficient and
simple way by elemental doping, and hence the resulting performance of
the NCs. To evaluate the effect on the magnetic properties, field-
dependent magnetization loops at 300 K for NCs_Zn were investigated:
Fig. 2¢ shows that all the curves exhibit a unique reversal process of
magnetization, with variations in the extrinsic properties, as reported in
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Table 3: the Mg is expected to increase when Zn?" increases in the CFO
phase, contributing to the average Mg in the composite. This is true up to
a threshold value, that in our case is 0.3, which is similar to the values
reported in literature for samples prepared with a similar method [7],
but slightly higher, probably because of the very high annealing tem-
perature, leading to more crystalline particles, with modified cationic
distribution [20]. This matches the XRPD data supporting the occupa-
tion of Td sites by zinc. Then Mg starts to decrease in good agreement
with literature [20,32]. The behaviors displayed by Mg and H¢ are
slightly more complex. It is noteworthy that the Mg/Ms is decreasing
with Zn content, according to Table 3. This might be ascribed to a
decrease of super-exchange interaction between Td and Oh sites in CFO
structure with the increase of Zn content, leading to a decrease of
remanence of the soft phase. Additionaly, the H¢ values for NCs show no
evident change, in spite of the substitution of Co?>" with Zn?*, which
promotes a decrease of H¢, owing to the decrease of magnetic anisotropy
of the soft phase. Interestingly, the SFDs for doped NCs, shown in
Fig. 2d, exhibit a single reversal process of magnetization, indicating the
strong interphase coupling. Furthermore, we point out that the adopted
synthetic approach allowed the soft grains to preserve the nanometric
size despite the drastic annealing conditions, keeping its crystallite sizes
around the critical stable single-domain size for CFO (~40 nm) [33].
Therefore, we assume that the effective coupling arises from a strong
exchange-interaction between the two components, which stems from
the overall homogeneous dispersion of small grains of the soft phase into
the hard SFO matrix. Despite the good results in terms of magnetic
coupling, the decrease of the remanence with respect to the starting NC,
makes this kind of composite unsuited for realizing PMs. Nevertheless,
we provide evidence of successful exchange-coupling interaction in
hard-soft composites at the nanoscale, showing the feasibility of the
sol-gel approach in synthesizing nanocomposites with complex stoi-
chiometry, and also the tunability of the magnetic performance that can
be achieved by chemical engineering.

4. Conclusion

In summary, we have shown that sol-gel synthesis is a reliable and
simple way to design bi-magnetic nanocomposites, obtaining direct
exchange-interaction. XRPD, TEM, and SQUID magnetometry suggest
that the single reversal process is due to the optimized dispersion of the
particles in NC, owing to the control over the size/distribution achiev-
able in this morphology. We have explored the possibility to finely tune
the magnetic properties of the softer phase, by introducing Zn?*. From
XRPD we have evidence of its inclusion in the CFO lattice. The increase
of zinc amount has a non-monotonical effect on the overall Mg of the
nanocomposites, with a maximal value of ~ 74 Am?/kg for Zn>* = 0.3,
owing to the replacement of Co®" that induces a rearrangement in the
magnetic structure. Our results support the conclusion that the synthesis
method strongly affects the cation distribution in the spinel structure of
CFO, and demonstrate the suitability of this approach to obtain systems
with a high degree of exchange-coupling as well as control the magnetic
properties of the final designed nanocomposites.
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