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ABSTRACT  

We have investigated the bottom-up sol-gel synthesis of nanocomposite powders 

comprising two magnetic phases (hexagonal Sr ferrite and spinel Co ferrite) in order to outline 

a strategy to obtain permanent magnets with large coercivities via low-cost and scalable 

syntheses. The correlation between morphological, structural and macroscopic magnetic 

properties of Al-substituted SrFe12O19 and SrFe12O19/CoFe2O4 nanocomposites was analyzed 

in detail. The hysteretic behavior can be tuned by cation substitution and/or modulation of the 

super-exchange coupling at the interface of the constituting phases. The magnetic data, 

supported by Monte Carlo simulations, indicates enhanced magnetic coupling within the 

composite: this observation underscores the significance of soft crystallite size and epitaxial 

growth quality at the interface as key factors influencing super-exchange coupling strength, 
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ranging from fully coupled to essentially decoupled composites. Bulk magnets with high 

density were manufactured by compacting these nanostructured phases using spark plasma 

sintering, without an applied magnetic field. Consolidation of powders significantly impacted 

magnetic properties, by increasing remanent magnetization and decreasing coercivity due to 

enhanced super-exchange coupling. The presence of two phases hindered reciprocal growth, 

influencing coercivity differently in various compositions. Overall, the compaction enhanced 

magnet performance through improved particle alignment and super-exchange coupling, 

offering the potential for optimized magnet design. 

 

1. Introduction 

Permanent magnets (PM) play a significant role in a multitude of energy-related 

technological applications, as building blocks of electromotors, generators, wind turbines, 

hydropower, and magnetocaloric refrigeration [1,2]. The transition from fossil to sustainable 

energy thus implies an ever-increasing demand for permanent magnets. In the search for 

environment-friendly materials, ferrites have regained attention in recent years, in particular 

due to the possibility of nanostructuring as a strategy to enhance the magnetic properties and, 

in turn, increase the energy product, (BH)MAX [3–6]. Among these iron-containing magnetic 

oxides, which account for the majority of the PM market by weight (~85 wt%) [7,8], SrFe12O19 

(SFO) exhibits a large coercivity (due to its large magnetocrystalline anisotropy), high 

chemical stability, availability of raw material powders, low cost, high Curie temperature, and 

low eddy current losses [9,10]. Commercial standard ferrite magnets, such as the Hitachi 

Metals NMF-15 series, offer a high remanence induction of up to 480 mT and a maximal 

energy product (BH)MAX of 44 kJ/m³. These properties make them suitable for applications 

requiring strong, compact permanent magnets with good magnetic hardness and stability. 

Despite their moderate saturation magnetization and anisotropy, these ferrites provide a cost-

effective solution for a wide range of industrial and consumer uses. 

Beyond reducing the size down to the nanoscale [11], there are two main viable routes to tune 

the hysteretic response of such material: (i) modifying the atomic structure by strategically 

replacing metal cations in specific sites, (ii) combining two or more exchange coupled 

magnetic phases with different properties (i.e., hard, with large magnetocrystalline anisotropy, 

and soft, with high saturation magnetization, phases) [5,12–14]. The first strategy allows 

producing ferrites with coercivity values well above ~500 kA/m  [15–19], typically observed 

for unsubstituted SFO [9,20], demonstrating the possibility to increase the coercivity by simply 

replacing Fe3+ with diamagnetic cations, such as Al3+, without formation of impurity parasitic 

phases. However, a compromise has to be reached due to the concurrent decrease of the 

saturation magnetization mainly due to the replacement of Fe3+ ions in the spin-up sites of the 

ferrimagnetic SFO structure [21]. The second strategy, first discussed in the seminal work of 

Kneller et al.[12], predicts an enhancement of (BH)MAX when magnetically hard and soft phases 

are exchange coupled at the interface. This strategy has attracted huge interest from the 

scientific community, which resulted in several synthetic approaches to produce magnetic 

nanocomposites based on ferrites of different morphologies (e.g., core-shell, mixtures, nano-

heterostructures) with improved magnetic properties [22–31]. The key parameters to achieve 

an effective coupling rely on a structurally coherent soft-hard interface and limiting the size of 

the soft regions below the critical limit for rigid coupling.  

The subsequent manufacturing of ferrites into bulk permanent magnets is an essential 

step that presents some challenges to preserve the desired properties achieved by the synthetic 

design (i.e., nanostructure and improved magnetic properties) of the starting powder building-

blocks upon sintering/compaction [32]. This process often results in grain growth (sometimes 

leading to the formation of multi-domain particles and, in turn, reduced coercivity) or even side 

reactions (like chemical diffusion or phase segregation) [33–35]. Also, the alignment of the 
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crystallites has to be induced during their assembly into bulk magnets in order to achieve high 

magnetic performances (i.e., large (BH)MAX values). Among the various processes successfully 

developed in recent years to densify ferrite permanent magnets, including compaction in a 

magnetic field, bonding, cold- and conventional-sintering, and additive manufacturing [36–

42], spark plasma sintering (SPS) has demonstrated to be an efficient approach to fabricate 

highly-dense magnets (particle density, φ=ρSPS/ρbulk, above 90%) using very short times and 

low temperatures compared to those involved in conventional processes, as shown by 

Christensen et al [3]. Furthermore, the process was demonstrated to facilitate a self-induced 

crystallite alignment, resulting in a magnetic alignment and an increase of (BH)MAX [37]. 

However, the achieved values remain lower than those of commercial magnets, highlighting a 

gap that must be bridged for wider adoption. Achieving competitive performance requires 

addressing key challenges such as controlling crystallite growth, preventing impurity 

formation, and ensuring proper magnetic orientation during compaction. In the broader context 

of developing substitute magnets with (BH)MAX values between 40-200 kJ/m³ for applications 

that do not require the highest performance, strategies such as coupling nanomaterials with 

different magnetic properties in composites could significantly improve the performance of 

known materials. The potential of SPS technique to produce magnets from super-exchange 

coupled composites as building blocks has been rarely explored [43,44]. Thus, further 

exploration and optimization of nanoparticle consolidation techniques, alongside innovative 

composite strategies, are essential to developing competitive permanent magnets.  

This work presents the application of the SPS technique in a series of super-exchange 

coupled nanocomposites (made of SrFe12-xAlxO19/CoFe2-yAlyO4 90/10 wt%) obtained from a 

easily scalable bottom-up sol-gel self-combustion synthesis. The weight fraction was chosen 

to prevent the growth of the softer phase and in turn maximize the magnetic coupling at the 

interface [45]. The synthetic design of the composites was optimized to firstly tune the hardness 

of the SFO phase via Al3+ substitution, and secondly to modify the synthesis approach to 

achieve a different morphology (i.e., epitaxial growth at the interface), composition (thus 

controlling the hard/soft character of the individual phases) and the crystallite size, according 

to our previous studies.  

The relationship between nanostructure, interface between magnetic phases, and 

magnetic properties of the building blocks was investigated by a number of complementary 

techniques, including synchrotron X-ray powder diffraction (XRPD), transmission electron 

microscopy (TEM), scanning transmission electron microscopy (STEM), energy dispersive X-

ray spectroscopy (EDX), and magnetometry. The primary objective is to provide insight on the 

synthetic strategies offered by the sol-gel process in the preparation of super-exchange coupled 

nanocomposites, and the control over size, morphology and composition that can be achieved. 

Finally, the potential of SPS-processed bulk magnets is discussed.  

 

2. Experimental Section/Methods  

2.1. Synthesis of SrFe12-xAlxO19 nanocrystallites 

 

The hexagonal SrFe12-xAlxO19 with x being the Al3+ content (x=1, 1.4, 2, 2.4) were prepared by 

a sol–gel combustion process[46]. Briefly, Fe(NO3)3 ·9H2O, Al(NO3)3 ·9H2O  and 

Sr(NO3)2  (Sigma-Aldrich) were dissolved in deionized water to give a Fe3+ concentration of 

0.2 M, with a (Fe3++Al3+)/Sr2+ molar ratio equal to 11 (Sr2+ excess). Then a 1 M citric acid 

aqueous dispersion was added. The pH of the solution was adjusted to 7 adding dropwise 

NH3 (30%) (Sigma-Aldrich). Next, it was heated on a hot plate to 80 °C to form a gel, thanks 

to the chelating action of the citric acid. After the entire solution was converted to a dry gel, 

the temperature was rapidly increased to 300 °C inducing a flameless self-combustion. The 

obtained dry powders were ground and annealed at 1100 °C for 6 h with a ramp of 5 °C 
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min−1 under air. We will refer to this series as SFAO_x. Two additional unsubstituted 

SrFe12O19 samples were prepared for comparison in different annealing conditions (1100 °C 

for 6 h, SFO@1100, and 950 °C for 3 h, SFO@950). 

 

2.2. Synthesis Strategies for nanocomposites 

Four nanocomposites with the same fixed CoFe2O4 weight fraction (wt%) were prepared 

following three different synthetic strategies:  

1. Two nanocomposites comprising the SrFe12O19/ CoFe2O4 (SFO/CFO) 90/10 wt% and the 

corresponding Al3+ substituted SrFe10.3Al1.7O19/CoFe1.7Al0.3O4. Hereafter we will refer to these 

as NC_1 and NC, respectively. Briefly, the composites were prepared by a sol-gel synthesis 

using Fe, Sr, Al and Co nitrates in an appropriate ratio, and citric acid as chelating agent [46]; 

the post-synthesis powder-like products were subsequently annealed at 950 °C for 3 h and 

1100 °C for 6 h, respectively, with a ramp of 5 °C/min under air.  

2. A SrFe10Al2O19/CoFe2O4 nanocomposite obtained by a seed-mediated synthesis designed by 

the authors [47] (NC_SM); preformed 9 nm NPs of CFO synthesized by thermal decomposition 

[48] were inserted in the reaction environment of a typical sol-gel synthesis used in (1): after 

dissolving the precursors of SFO, the seeds NPs, previously stabilized in water, are added to 

the dispersion. The pH is adjusted to 10 to achieve colloidal stability (i.e., strong electrostatic 

repulsion provided by the coating), and, in turn, allowed us to control the NPs agglomeration 

in the SrFe10Al2O19 matrix limiting the crystallites growth after annealing (which was carried 

out in the same conditions as for NC). 

3. A SrFe10Al2O19/CoFe2O4 nanocomposite prepared by physically mixing CFO particles (~20 

nm in size, obtained by sol-gel synthesis) and the precursors of the desired SrFe10Al2O19 

particles (i.e. SrCO3, and Al3+ substituted Fe2O3 phases, obtained after the combustion step of 

the sol-gel synthesis used in (1) without further annealing)  in a mortar for 1h to obtain the 

desired final wt% of 90/10 SFO/CFO, which were then annealed in the same conditions as NC 

and NC_SM, necessary to form the hexagonal phase (NC_MIX). 

 

2.3. Spark Plasma Sintering (SPS) 

Five powder samples (SFO@950, NC_1 (SFO/CFO 90/10 wt%), SFAO_2, NC and NC_SM) 

were compacted and sintered into bulk magnets (SPS_SFO, SPS_NC_1, SPS_SFAO_2, 

SPS_NC and SPS_NC_SM) by spark plasma sintering (SPS) technique. The final disc-like 

pellets have a diameter of ∼8 mm and a thickness of ∼3 mm. Briefly, ~0.8 g of powders were 

inserted in a graphite die, the inside was protected by a thin graphite paper. Uniaxial pressure 

of 100 MPa was applied at 400OC and heating rate of 100OC/min from 600OC was applied until 

sintering temperature of 900OC with holding time of 2 min in SPS 825, Dr Sinter, Fuji 

Electronics; detailed sintering profile is shown in Section 1 of SI. To evaluate the maximum 

energy product, (BH)MAX, the effective (internal) magnetic field was considered by applying 

the demagnetizing field correction of the disc using the model reported by P.S. Normile et al. 

[49]. An example of a SPS-densified magnet (with 90% of the bulk density, ρbulk=5100 kg/m3, 

i.e. φ=ρSPS/ρbulk=0.9) obtained from NC_1 powder and labelled SPS_NC_1 is shown in Figure 

S10. Note that no magnetic field was applied during the SPS sintering process, which reaches 

T ~1173K, a temperature above the Curie points of either phase in the composite[50]. 

 

2.4. Characterization 

Transmission electron microscopy (TEM) studies were carried out on the powder samples in a 

Philips CM200 microscope operating at 200 kV and equipped with a LaB6 filament. Scanning-

transmission electron microscopy (STEM) analysis was carried out with a probe Cs-corrected 

FEI Titan3 G2 60-300 STEM equipped with ChemiSTEM technology (X-FEG field emission 

gun and Super-X EDX detector system) developed at FEI (FEI application note AN002707-



5 

 

2010) for energy dispersive X-ray (EDX) microanalysis. Samples for TEM and STEM 

observations were prepared by dispersing a small amount of the sample, in form of a powder, 

in ethylic alcohol and the solution was submitted to ultrasonic agitation for one minute. A drop 

of the suspension was then deposited on a commercial TEM grid covered with a holed thin 

carbon film, and the grid was kept in air until complete ethanol evaporation. The atomic models 

of the SFO and CFO phases were created by using Rhodius software from Universidad de 

Cadiz (Pérez-Omil, J.A. TEM-UCA software (2018). University of Cádiz. 

http://www.uca.es/tem-uca).[51] 

Structural characterization of the powder samples (SFAO_x, NC, NC_SM and NC_MIX) by 

synchrotron radiation X-ray powder diffraction at the P02.1 beamline at DESY in Hamburg, 

Germany. The wavelength was determined as 0.20717 Å by using a LaB6 standard. The 

integrated diffractograms were refined using the Rietveld method [52], via the program 

FullProf  (see SI for more details on the refinement).[53] The diffraction peaks were described 

by a modified Thompson–Cox–Hastings pseudo-Voigt function. Structural and microstructural 

characterization of the crushed SPS magnets was carried out by in-house Bruker D8 Advance 

diffractometer (solid state rapid LynxEye detector, Cu Kα radiation, Bragg–Brentano 

geometry, DIFFRACT plus software). In all cases, a powder diffraction pattern of a NIST LaB6 

660b standard was collected for corrections. 

Elemental analysis was performed by inductively coupled plasma optical emission 

spectroscopy (ICP-OES) and energy dispersive X-ray (EDX) microanalysis on the selected 

powder samples. The morphological and compositional properties of SPS pellets were 

analyzed by Scanning electron Microscopy (SEM) and EDX correspondingly. The samples 

were polished using diamond lapping powders with different grain size (7–40 μm) before the 

measurements. The images presented in the work were collected on Zeiss LEO 1530 with 

Oxford AZtec EDS system at 5 kV acceleration voltage and 5 mm working distance. The EDX 

measurements were performed at 20 kV acceleration voltage and 8.5 mm working distance. 

Isothermal field-dependent magnetization loops were recorded at 300K of the powder samples 

(using a Quantum Design MPMS SQUID magnetometer), by sweeping the field in the −5T to 

+5T range, and the obtained magnetization values were normalized by the weight of powders 

present in the sample and expressed in Am2kg-1. 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. The magnetization loops of the SPS magnets in 

a out-of-plane configuration was carried out using a vibrating sample magnetometer (VSM; 

Lake Shore VSM model 7400) operated in a field range of ±1.8 T.  

 

2.5. Monte Carlo simulations 

For the numerical study of the NC, NC_SM and NC_MIX nanocomposites, we use the Monte 

Carlo simulation technique with the implementation of the Metropolis algorithm[54,55]. We 

consider dense assemblies of hard SFO and soft CFO spherical nanoparticles with diameter d, 

and total particle concentration c= 60% at the nodes of a simple cubic lattice of characteristic 

length Lx=Ly=Lz=10α. The parameter α is defined as the smallest inter-particle distance equal 

to the particle diameter. The hard/soft particle volume ratio is taken 90%/10% as in the 

experimental samples.  In the NC and NC_SM samples the nanoparticles are randomly placed 

in the cubic lattice. In the NC_MIX sample, based on the TEM images which indicate 

segregation of the CFO and of SFO phases, we consider the following topology: the particles 

of the soft phase are clustering in the 1/8 of the space while the particles of the hard phase 

occupy the rest of the space (see Figure 1). More details can be found in SI. 
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Figure 1: Schematic representation of the different topologies of the assemblies of SFO (red) 

and CFO (blue) nanoparticles for NC, NC_SM (a) and NC_MIX nanocomposites (b). The 

exchange coupling constants and the dipolar interparticle interaction strengths between the 

particles are depicted (c). 

 
 

 

 

 

3. Results and Discussion 

In the next sections, we will show two different strategies to tailor the magnetic 

response of nanocomposites: (i) by tuning the magnetic anisotropy of the magnetically hard 

phase (SFO) via chemical substitution with diamagnetic Al3+ cations, and (ii) by modifying the 

interfacial morphology in a set of nanocomposites (substituted with Al3+ and with a fixed 10 

wt% CFO phase) using three different synthetic approaches. 

 

3.1. Enhancing the magnetic anisotropy of the hard phase by Al3+ substitution   

The Rietveld refinement of XRPD results for a set of SrFe12-xAlxO19 (SFAO_x, with 1<x<2.4) 

particles, treated at 1100 °C in air for 6 hours, confirmed that the magnetoplumbite P63/mmc 

spacegroup is preserved even for large x substitution (Figure 2a). The composition was 

verified by both ICP and EDX techniques as reported in Table 1. The high-quality data allows 

for excluding the presence of secondary impurities (i.e. R-3c of α-Fe2O3) and determining the 

accurate cationic distribution among the Fe3+ sites. The inclusion of Al3+ in the structure 

induces a shift of the Bragg reflections to higher q-values for increasing contents compared to 

the unsubstituted SFO@950 and SFO@1100 reference samples (treated at 950°C for 3 hours 

and 1100°C for 6 hours respectively), which show similar unit cell parameters but different 

crystallite size: the unit cell parameters decrease accordingly, from a=b=5.84704 Å and 

c=23.02855 Å (SFO@950) to 5.82075 Å  and 22.83677 Å (SFAO_2.4), respectively, in 

agreement with previous observations for similar ferrites [18,56,57]. TEM observations show 

that particles have the shape of platelets (Figure S1). This feature is typical of Sr hexaferrites 

obtained by sol-gel synthesis, as also reported in previous studies [9,58,59]. The structural 

details are reported in section 1.1 of SI (see Figure S2, Table S1 and Table S2). As shown in 

Table S1, Al occupies mainly the octahedral 2a- and 12k-sites and to a lesser extent the 

bipyramidal 4e-, octahedral 4f- and tetrahedral 4f-sites. Furthermore, the relative degree of site 

occupancy changes with increasing Al substitution, similarly to previous structural 

studies[17,18]. The platelet plane size extracted from the analysis of SFAO_x images, shows 

a monotonical decrease for increasing x despite the annealing step being carried out in the same 

conditions (1100 ºC in the air) for the full set. This is accompanied by a progressive decrease 

of the nanocrystallite size, down to ~134 nm (size extracted along the ab-plane of the platelet 

by XRPD, 𝑑𝑆𝐹𝐴𝑂
h𝑘0 ) and ~128 nm (along the c-axis, 𝑑𝑆𝐹𝐴𝑂

00l ) for SFAO_2.4 (Table 1) In addition, we 

observe a large broadening of the particle size distribution for x=1 followed by a progressive 

a) b)                                          c)
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narrowing of the distribution for increasing Al3+ contents. The structural results confirm the 

decrease of crystallite size with increasing Al3+ content (Figure 2b), and the corresponding 

decrease of micro-strain.  The presence and spatial distribution of Al atoms in the SFO platelets 

were investigated by STEM-EDX measurements. As representative examples, Figures 3a, b, 

c and d show a typical high angular annular dark field HAADF-STEM image of the SFAO_2 

platelets and the corresponding EDX elemental maps. EDX analysis reveals the uniform spatial 

distribution of Al atoms in the platelets, without evidence of segregation and compositional 

inhomogeneities, despite the large content (~17at. % of metallic cations). This result agrees 

with the perfect correspondence between the high-resolution HAADF-STEM images of the 

SFAO_2 lattice and the corresponding simulated model. In more detail, Figure 3e shows a 

high-resolution HAADF-STEM image of a SFAO_2 platelet in the [100] zone axis, where Sr 

and Fe/Al atoms appear as white dots due to the typical Z (atomic number)-contrast. Oxygen 

atoms are not visible due to their low atomic number. Figure 3f images a model of the SFAO_2 

cell obtained by the Eje-Z software [60] and in Figure 3g a magnified area of the image in 3e 

is reported with the distribution of the atoms of the SFAO_2 cell projected in [100] direction 

superimposed.  

 

 

 

 
Table 1. Compositional analysis (atomic ratios) from ICP and EDX, unit cell parameters (a,b,c), 

nanocrystallite size according to the platelet vector model (𝑑𝑆𝐹𝐴𝑂
h𝑘0 along ab-plane and  𝑑𝑆𝐹𝐴𝑂

00𝑙 along the 

c-axis), particle size from BF-TEM (dTEM), platelet ratio  

𝑹𝐡𝒌𝟎/𝟎𝟎𝒍, strain, saturation magnetization (M
S

5T
), reduced remanence ratio (M

R
/M

S

5T
), coercive field (HC) 

and Curie temperature (TC). 

Sample x 
Fe/Al  

ICP; EDX 

a=b; 

c (Å) 
 

𝒅𝑺𝑭𝑨𝑶
𝐡𝒌𝟎 ; 𝒅𝑺𝑭𝑨𝑶

𝟎𝟎𝒍  

(nm) 

dTEM  

(nm) 
𝑹𝐡𝒌𝟎/𝟎𝟎𝒍 Strain  

M
S

5T 

(Am
2
/kg) 

M
R
/ 

M
S

5T
 

H
C
 

(kA/m) 

TC 

(K) 

SFO@950 - - 
5.87404(2); 
23.02855(9) 

132(2); 104(5) 140(20) 1.5 10.0(1)  69.9(5) 0.50 463(5) 740(5) 

SFO@1100 - - 
5.87347(3); 

23.02414(15) 
197(10); 179(8) 360(75) 1.10 -  75.3(7) 0.49 315(8) 744(7) 

SFAO_1 1 
10.5(2); 
11.1(1) 

5.85398(1); 
22.94835(6) 

197(8); 169(8) 288(58) 1.16 4.8(1)  50.7(6) 0.51 565(6) 688(7) 

SFAO_1.4 1.4 
8.3(2);  
7.1(2) 

5.84487(1); 
22.91745(7) 

191(5);  145(6) 232(50) 1.35 4.7(1)  49.7(6) 0.50 674(9) 669(6) 

SFAO_2 2 
4.9(1);  
5.1(1) 

5.83066(1); 
22.87078(9) 

164(3); 143(5) 178(36) 1.14 6.3(1)  35.2(5) 0.50 875(8) 634(6) 

SFAO_2.4 2.4 
4.3(1);  
4.2(1) 

5.82075(1); 
22.83677(8) 

134(1); 128(2) 160(30) 1.04 8.9(1)  30.4(3) 0.51 945(6) 619(6) 
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Figure 2. a) Rietveld refinement of XRPD patterns for SFO@1100, SFAO_1, SFAO_2.4 and the 
SFO@950 samples. The red empty markers represent the experimental data, and the black solid line is 

the theoretically simulated pattern; the green lines at the bottom represent the difference between the 

observed and simulated patterns; the ticks identify reflections for the main phase.  b) Trend of particle 

size from TEM (dTEM) and unit cell parameters from Rietveld analysis as a function of Al content (x). 

Above, the VESTA[61] reconstruction of the crystal structure for SFAO_2.4 and the main sites 

substituted by Al are reported. 

P63/mmc

a)

b)

c)

O2-

Fe3+

Al3+

Sr2+
Oh-2a Oh-12k Oh-4f Bp-2bTd-4f
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Figure 3: a) HAAD-STEM image of the SFAO_2 sample. b), c) and d) corresponding EDX maps for 

Sr (green), Al (yellow) and Fe (blue). e) high-resolution HAADF-STEM of SFAO in [100] zone axis. 
f) theoretical distribution of atoms in the SFAO_2 cell. g) magnified view of e) with the distribution of 

the atoms in the SFAO_2 cell projected in [100] direction superimposed (Sr atoms are green, Fe and Al 

are blue and oxygen atoms are not shown). 

 

The isothermal field-dependent magnetization loops recorded at 300K (Figure 4a) 

show a reduced remanent ratio MR/MS = 0.5, where MS is the saturation magnetization, which 

is typical of randomly aligned single-domain particles with uniaxial magnetic anisotropy[62]. 

Moreover the loops indicate a strong influence exerted by the substitution of Fe3+ with Al3+ in 

specific atomic sites:  MS decreases as a function of increasing Al3+ content, whereas the 

coercive field, HC, has the opposite trend, reaching extremely large values [up to 945 kA/m 

(µ0HC ~1.2 T)] for SFAO_2.4, doubling that of the unsubstituted SFO, among the largest 

reported in the literature [16,18,56]. The site-selective replacement of Fe3+ mainly in the 2a 

and then 12k octahedral sites (see Figure 4b and section 1.1 of SI) is the reason for the 

observed decrease in magnetization, as those are the parallel spin-up sites in the collinear 

ferrimagnetic structure of hexagonal M-type ferrites [57,59]. The total magnetic moment is 

expected to drop by 30% from SFO@1100 to SFAO_1, for the corresponding ~30% increase 

of Al3+ substitution in 2a-sites, and then by an additional 40% in SFAO_2.4, owing to the larger 

occupation of 2a-, 12k- and eventually bipyramidal 2b-sites. Such results are in remarkable 

agreement with the literature[14,63,64].  
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Figure 4: a) M vs H loops at 300K for SFAO_x samples. b) Fe3+ site occupancies from Rietveld 

analysis. c) χirr from first derivation with respect to H of the DCD remanent magnetization (inset). d) 
mass susceptibility (χmass) normalized by the susceptibility value of the peak onset (χonset) as a function 

of temperature (see SI).  

 

Eventually, these results establish a strong correlation between structural observations 

and magnetic properties. To further study the reversal process of magnetization of the samples, 

remanent magnetization was recorded by DCD protocolsat 300K, and the corresponding first 

order differentiated curves [correlated to the switching field distributions (SFDs)] were 

obtained (see Figure 4c). The latter represents the irreversible component of the susceptibility 

(χirr), showing a maximum which follows the same monotonical trend as HC for increasing 

amounts of Al, confirming the increase in the anisotropy field. All the Al-substituted samples 

show a low-field shoulder compared to the dominating high-field SFD, suggesting the presence 

of chemical inhomogeneities and wider particle distributions for larger Al3+ contents, as also 

observed by BF_TEM. Moreover, for the largest content of Al3+ the main SFD becomes more 

symmetric, suggesting a more uniform sample (see Figure S3 for details). Anyhow, despite 

the remarkable agreement between the microstructural/morphological properties and the 

reversal magnetic behavior, we cannot exclude the effect of interparticle interactions and 

magnetocrystalline anisotropy, which are affected by the structural changes upon Al3+ 

substitution. In this regard, previous studies demonstrated that the annealing step is critical for 

obtaining uniformly substituted compounds to avoid inhomogeneities [18,56]. As shown in 

Figure S4 and Table S3, a careful investigation of this step was carried out, proving that the 

samples in this study do not show segregation neither evident multi-phase systems (in 

agreement with diffraction and microscopy results).  

a)

c)

b)

d)
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Next, we examine the large increase in coercive field exhibited by the Al-doped 

samples. Considering the similar platelet-like morphology, it seems unlikely that the small 

variation in platelet ratio would be significant in the increase of coercivity [18,20,58,65]. More 

likely, the critical size for single domain particles is expected to increase upon Al3+ content 

[66]. Experimental evidence is provided by the temperature dependence of bulk mass 

susceptibility (χmass), shown in Figure 4d. The unsubstituted SFO@950 and highly substituted 

SFAO_2.4 samples (which have similar size and morphology), present a Hopkinson peak at 

the Curie temperature, TC, (ferrimagnetic/paramagnetic transition) with different relative 

intensity (χmass/χonset). In contrast, for larger particle sizes (SFO@1100) we assist to a decrease 

in the height of the peak, indicating a change in the domain regime ascribable to a progressive 

transition from a single domain toward the multi-domain regime, for which the susceptibility 

would show a flat χmass at T~TC  [67–69]. In fact, the height of the peak for SFAO_2.4 is higher 

than that of SFO@950, owing to a larger critical diameter, dc (and thus a larger coercive field 

[50,70]). Note that the peak was observed for all the Al-substituted samples, showing a 

decrease of TC with increasing content of Al (see Table 1 and Figure S5). A simple estimation 

of dc for the single-domain spin configuration may be calculated considering 𝑑𝑐 =

24√𝐴𝐾/𝑁(𝜇0𝑀𝑆
2), where N is the geometrical shape demagnetizing factor, A the exchange-

stiffness and K the magnetic anisotropy constant[50,71]. N was calculated considering the 

platelet-ratio (see Table 1) [72], A was taken to be 6x10-12 J/m as reported in Ref. [50], MS is 

the experimental value and K was estimated as 𝐾 = 𝜇0𝐻𝐾𝑀𝑆/2, where HK is the anisotropy 

field (determined as the field at which the difference between the magnetizing and 

demagnetizing branches becomes ~1%)[73].  It must be pointed out that the here determined 

K does not correspond to the intrinsic anisotropy constant, due to extrinsic factors (such as 

microstructure, inhomogeneities and demagnetizing effects) that affect the properties of hard 

magnetic materials [74]; however, it allows comparing the variation of anisotropy for 

SFO@950 and SFAO_2.4 samples. Considering the evolution of K as function of the 

composition in Figure S6, the change of HK seems correlated to the change of the MS. The 

variation in dc for the two systems with similar size and morphology (shown in Table S4) 

supports the hypothesis of the enhancement of coercivity being related to the increase in critical 

diameter associated with the  inclusion of Al3+, rather than size effects; which is instead the 

reason for SFO@1100 showing a decrease in HC at about 30% compared to the SFO@950 with 

smaller crystallite size [58].  
 

3.2. Synthetic design of hard-soft nanocomposites 

Enhancing the coercive field of SFO by chemical composition, as shown above, is a 

potential way to selectively optimize the magnetic properties of the hard phase in bi-magnetic 

composites[5]. Next, we use this optimized SFAO as the hard component in soft-hard 

nanocomposites. We SM origate two synthesis methods previously adopted by the authors to 

design hard-soft nanostructures either with preformed particles (i.e., seed-mediated route[47], 

NC_SM, or growing both phases in the same reacting environment (i.e., one-pot route), NC, 

with a fixed 10 wt% softer phase (CFO) fraction. The CFO content was chosen according to a 

previous study, which established a critical limit for rigid coupling in composites with the same 

CFO fraction[45]. The Al3+ content of the hard SFAO was chosen according to the results in 

the previous section with x=2, showing the best compromise in terms of coercivity and 

saturation magnetization. 

The Rietveld analysis of the data obtained by synchrotron radiation powder diffraction 

indicates the achievement of the desired hexagonal and spinel phases for SFAO and CFO, 

respectively, and a complete absence of impurities (the models are presented in section 1.2 of 

SI). When using the one-pot synthesis route a uniform distribution of Al3+ in both phases is 

observed with no selective replacement of Fe3+ with Al3+, as expected (see Figure 5). Al3+ was 
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indeed found to substitute Fe3+ in the same sites of SFAO as previously reported, with x = 1.68 

(see Table 2). Regarding CFO, the Rietveld model found Al3+ substituting the octahedral (Oh) 

and tetrahedral (Td) Fe3+, being unlikely that Al3+ would replace the larger Co2+ ions.  The 

elemental analysis performed by ICP considering a 10 wt% of CFO and the results from 

diffraction (which confirm the desired weight fractions) show a remarkable agreement (see 

Table S5). In contrast, in the NC_SM sample the use of preformed CFO NPs (whose details 

are reported in Table S6) prevents the Al3+ diffusion in the precursors, resulting in the desired 

SFAO_2/CFO composite. The extracted unit cell parameters for CFO for both NC and NC_SM 

confirm the random inclusion of Al3+ in the spinel phase of NC for both octahedral and 

tetrahedral sites, decreasing from ~8.37304 Å to ~8.35901 Å. Surprisingly, SFAO shows an 

expansion of the cell in NC_SM case. A deeper investigation reveals a different cationic 

distribution, namely the Al3+ seems to occupy a higher fraction of Tetrahedral 4f-sites, 

compared to SFAO_2 and NC (6.4% instead of 4.1% and 2.4%, respectively): as these sites 

are smaller, the results hint that the larger octahedral sites are occupied by higher contents of 

the larger Fe3+. To confirm this hypothesis, a reference sample was prepared physically mixing 

preformed CFO particles and precursors of SFO and subsequently annealing the mixture to 

prepare the desired sample, NC_MIX, in a similar way to Ref.[45]. This approach was shown 

to prevent the uniform inclusion of CFO in the SFAO matrix, enabling us to isolate the role of 

the synthetic route. The result (occupation of 7.4% for tetrahedral 4f-site) supports the 

conclusion that the different annealing conditions provided by the different chemical routes 

(i.e., seed-mediated and mixed in contrast to one-pot) induce a different cationic redistribution 

in SFAO.  

 
Figure 5: Rietveld analysis for NC and NC_SM patterns obtained by synchrotron-radiation powder 

diffraction; the red empty markers represent the experimental data, and the black solid line is the 

theoretically simulated pattern. The green lines at the bottom represent the difference between the 
observed and simulated patterns. The ticks identify reflections for the main phase and secondary spinel 

phase.   On the right, crystallographic reconstruction of SFAO and CFO components by VESTA[61] 
for NC. See main text for discussion regarding the interface texture observed by electron microscopy. 
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Table 2. Al3+ content from structural analysis for SFAO and CFO fractions,  CFO wt% from structural 

analysis, nanocrystallite size of preformed CFO particles (𝒅𝑪𝑭𝑶,𝑺), of CFO in the composites (𝒅𝑪𝑭𝑶),  of 

SFAO (𝑑𝑆𝐹𝐴𝑂
h𝑘0  and  𝑑𝑆𝐹𝐴𝑂

00𝑙 ), unit cell parameters (a,b,c), saturation magnetization (M
S

5T
), remanence 

ratio (M
R/ MS

5T
) and coercive field (HC).  

 

Sample 

SrFe12-

xAlxO19 

x= 

CoFe2-

yAlyO4 

x= 

CFO 

wt% 

𝒅𝑪𝑭𝑶,𝑺 

(nm) 

𝒅𝑪𝑭𝑶 
(nm) 

𝒅𝑺𝑭𝑨𝑶
𝐡𝐤𝟎 ; 

𝒅𝑺𝑭𝑨𝑶
𝟎𝟎𝒍  

(nm) 

a=b; c(Å) 

SFAO 

a=b=c (Å) 

CFO 

MS
5T 

(Am2/kg) 

M
R/ 

M
S

5T
 

HC 

(kA/m

) 

NC 1.68(5) 0.27(3) 
10.1(1

) 
- 27(3) 

122(5); 
77(5) 

5.83632 (1); 
22.88751(8) 

8.35901(1) 36.1(9) 0.55(1) 472(5) 

NC_SM 2.00(5) 0 7(1) 10(2) 42(4) 
144(7); 
123(5); 

5.84195(5); 
22.91264(8) 

8.37304(1) 41.9(1) 0.47(2) 470(5) 

NC_MI

X 
2.00(5) 0 8.1(7) 21(5) 79(8) 

156(8); 
135(6) 

5.84053(2);
22.90746(8) 

8.37472(1) 41.3(7) 0.43(2) 485 (5) 

 

To further investigate the nanostructures, STEM analysis was performed on NC and NC_SM 

samples. Figure 6a shows a HAADF-STEM image of the NC sample where SFAO_2 and CFO 

grains are indicated. Analyzing the interface between the two phases at high resolution, Figure 

6b, the epitaxial growth of one phase on the other is clearly visible. By comparing the 

experimental image with the expected distribution of atoms obtained by the Eje-Z software in 

the CFO and SFAO_2 phases opportunely projected in [1-10] and [100], respectively,  it is 

possible to identify the orientation relationships between the two phases, (001)SFAO//(111)CFO 

and [100]SFAO//[1-10]CFO, (Figure 6c and d) and the atomic plane corresponding to the interface 

between the two phases (Figure 6b). The same orientation relationships were detected in other 

structures, such as BaFe15O23/Fe2O3[21,22]. The interface plane shares the octahedral Fe/Co 

sites of the CFO spinel structure with the Fe atoms belonging to the octahedral 12k position in 

the hexagonal SFO lattice, as already observed by the authors in analogous composites without 

Al doping [45]. The observed epitaxial growth assures a strong magnetic coupling between the 

two phases. In the NC_SM sample, a net visible interface between the two phases was not 

accessible, however, the same epitaxial growth between the two phases may not be excluded, 

owing to the strong magnetic coupling observed in this sample as well in the magnetic 

measurements.  

 
Figure 6: a) HAADF-STEM image of NC sample where the two phases are indicated. b) high-

resolution HAADF-STEM image of SFAO_2/CFO interface, the atomic distributions of the two lattice 

cells projected in [1-10] CFO and [100] SFAO_2 are superimposed. c) and d) magnified portions of the 

SFAO

CFO

40 nm

a)
CFO [1-10]

SFAO [100] 1 nm

b)

1 nm

CFOc)

SFAO

1 nm

d)
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image in b) to better observe the correspondence between experimental data and simulated models. In 
the CFO model, Fe/Co atoms are drawn in orange colour, in the SFAO one, Fe/Al atoms are blue and 

Sr green. 

 

The chemical composition of the nanocomposites was investigated by energy dispersive X-ray 

(EDX)-STEM techniques. Figures 7a, b, c and d show a typical HAADF-STEM image of the 

NC sample and the corresponding compositional maps for Sr, Co and Al, respectively. The 

CFO phase has a uniform spatial distribution in the SFAO_2 matrix, and the Al atoms appear 

uniformly distributed without evident segregations. The same behavior can be deduced for the 

NC-SM sample (Figures 7e, f, g, and h). The CFO seeds appear uniformly distributed in the 

SFAO_2 phase and Al atoms are present in all the SFAO_2 grains. Although the EDX 

measurements allowed us to highlight the presence of Al atoms and their general distribution 

in the two nanocomposites, it was not possible to analyze the specific presence of Al atoms in 

the single CFO phases, and confirm the results of XRPD measurements, because the two phases 

are generally overlapped.  

 

 
Figure 7: a) HAADF-STEM image of NC sample. b), c) and d) corresponding EDX maps for Sr 

(green), Al (yellow) and Co (blue). e) HAAD-STEM image of NC_SM sample. f), g) and h) 
corresponding EDX maps for Sr (green), Al (yellow) and Co (blue). The white bars correspond to 400 

nm. 

 

3.3. From super-exchange coupling to decoupling 

Field-dependent magnetization loops were measured at 300K for NC, NC_SM and NC_MIX 

and are plotted in Figure 8a. The resulting coercivities reported in Table 2 are lower than those 

of the corresponding single phases (Table 1) of ~40%, while the magnetization increases as a 

result of the coupling with CFO phase. Interestingly, despite the different Al3+ at. % in the 

SFAO phase of the composites, the coercive field of the whole set is very similar, while the 

trend of MS can be simply explained as the result of larger CFO crystallite sizes for NC_SM 

and NC_MIX, which enhances the overall magnetization of those composites (see values 

reported in Table 2). In contrast, the expected larger magnetization due to the smaller Al 

content in SFAO is balanced by the lower magnetization expected for CFO due to the smaller 

size of the particles in NC compared to those in the other composites. Interestingly, the Al3+ 

content should yield a lower MS in CFO, as shown in the Figure S8 for individual samples and 

in the literature for particles with similar composition and lattice parameters[75,76] presumably 

due to the preferential substitution of Fe3+ in octahedral sites. However, our analysis shows that 
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both sites are similarly affected, revealing an effect due to the annealing step in the composite. 

The observed simultaneous replacement of both octahedral and tetrahedral sites, as estimated 

by Rietveld analysis, so that Al%(octahedral)~6.7% and Al%(tetrahedral) = 13.8%, suggests 

that the annealing treatment causes Al3+ to metastably occupy the Fe3+ tetrahedral site, being 

smaller than the Fe3+ octahedral site, even if Al3+ prefers an octahedral coordination[77]. 

Therefore, the differences in magnetization between the composites are unambiguously 

attributed to the different crystallite size of the CFO fraction and follow its evolution.  

The NC_MIX loop exhibits a double-loop (also known as constricted or 

“hummingbird”) due to the difference in coercivity of the two constituent (and segregated) 

phases as a result of the decoupling between the two phases leading to a deterioration of the 

magnetic properties[45]. This shape is much less evident for NC_SM and NC samples. Such 

differences were investigated by the DCD protocol to explore the independent switching of the 

magnetization reversal for the two phases, as shown by the SFDs in Figure 8b. Here, the 

reversal of CFO and SFAO_2 components is clearly visible for NC_MIX, while it starts 

becoming more uniform from NC_SM to NC. If we increase the CFO wt% to just 20%, this 

becomes much more evident, as the CFO component is clearly reversing independently from 

the harder phase (inset of Figure 8b). As shown in Table 2, moving in the direction NC_MIX, 

NC_SM to NC, not only the nanocrystallite size of the lower anisotropy phase is decreasing 

from 79(8), 42(4) to 27(3) nm, respectively, but the number of interfaces between SFAO and 

CFO is increasing, together with the presence of the epitaxial growth between the two phases 

in NC, which implies a larger degree of super-exchange coupling between the two phases [45]. 

The moderate increase of MR/MS for NC (assuming to have randomly oriented particles) above 

0.5 also suggests the stronger magnetic coupling in such composite[31,78]. The findings have 

identified the size of the soft crystallites and the quality of the interface epitaxial growth as the 

two main parameters determining the strength of the super-exchange coupling, from fully 

coupled to essentially decoupled composites [45,79,80]. 
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Figure 8: a) Hysteresis curves at 300K for NC, NC_SM and NC_MIX. b) χirr vs reverse field extracted 
from the corresponding DCD curves. The dashed lines refer to the switching field of SFAO_2 and CFO. 

In the inset, SFDs at 300K for the nanocomposites obtained from one-pot synthesis with 10wt.% and 

20wt.% of CFO. Below, Monte Carlo simulations (in reduced units) of (a) the hysteresis loops and (b) 

the normalized field derivative of the DCD remanent magnetization for the corresponding 
nanocomposites at 300 K. 

 

 

Monte Carlo simulations of the hysteresis loops for the NC, NC_SM and NC_MIX assemblies 

are plotted in Figure 8c. The results show that the super-exchange coupling between the CFO 

and the SFO phase plays a dominant role in the observed magnetic behaviour. Moving from 

NC to NC_SM and NC_MIX, the decrease of the size of the exchange coupling constant  𝑗𝐼𝐹
  

produces the decrease of the MR/MS ratio from 0.56 to 0.54 and 0.51 respectively, and the 

increase of the coercive field from 0.91 to 0.92 and 0.98 respectively. Interestingly, the gradual 

decrease of the super-exchange coupling constant affects the shape of the loop, which exhibits 

an increasing low-field kink in the demagnetizing curve because of the gradual decoupling of 

the two magnetic phases. In Figure 8d, the calculated normalised field derivatives of the DCD 

remanent magnetization (dMDCD/dH) as a function of the reversed field for NC, NC_SM and 

NC_MIX assemblies are presented. In the case of NC_MIX, the shifting of the CFO and SFO 

switching fields towards lower and higher field values respectively and the increased height of 

the low field peak in comparison with the other nanocomposites confirms the enhancement of 

the non-uniform reversal of the CFO and SFO components, as  𝑗𝐼𝐹   decreases as we discussed 

above. Furthermore, the increase of the CFO particle concentration in super-exchange coupled 

NC samples from 10% to 20% and the decrease of the SFO particle concentration from 90% 

to 80% enhances the independent rotation of the CFO particles over the SFO particles.  

a) b)

c) d)
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3.4. SPS compaction 

The potential for permanent magnets of nanocomposites based on SrFe12O19/CoFe2O4 

nanocrystallites was recently investigated in depth [45], by compacting such powder into disc-

like pellets via spark plasma sintering (SPS) (the process is described in Figure S9). A simple 

computational study (see section 2.2 of SI)[81,82], reveals that a fully packed magnet made 

with aligned particles, a maximum (BH)MAX = 40 kJ/m3 can in principle be obtained for such 

composite, thus possibly competing with the commercial grade limit (~40 kJ/m3) for 

ferrites[83,84].  

Powders of NC and NC_SM were consolidated by SPS, resulting in disc-like pellets (hereafter 

referred to as SPS_NC and SPS_NC_SM, respectively). The calculated φ from the mass and 

volume of the discs and the bulk density are very high (92% and 88%, respectively, as shown 

in Table 3). The single-phase SFAO_2 was compacted into SPS_SFAO_2 as reference. From 

Rietveld analysis, the size of CFO remains similar to that of the initial powders, while that of 

SFAO increases, particularly for SPS_NC_SM (Table 3). The agreement of the structural 

model to the data also suggests that the cationic distribution was not affected by the treatment 

(see section 3 of SI). However as seen in Figures 9a and b, it is evident that this step largely 

affects the magnetic properties of the bulk magnets. The increase of MS can be interpreted 

based on the particles’ growth due to the sintering process [3,85]; nonetheless, the slight 

decrease of HC for SPS_NC (~1%) compared to the initial powders confirms our hypothesis 

that the presence of two homogeneously distributed phases prevents the reciprocal growth, as 

demonstrated in previous studies , in contrast to the larger decrease (~25%) for SPS_NC_SM. 

The increase of MR/MS hints at the efficient compaction of the crystallites along the oop 

direction with respect to the disc[3,22]. However, the morphological properties of the starting 

particles that were already annealed for long times and at high temperatures, do not permit their 

complete orientation. To study in detail, in Figures 9c and d we have plotted the calculated 

hysteresis loops for the uncompacted NC and NC_SM samples (black lines) and we compare 

them with the results for the SPS compaction case (blue lines). In the Monte Carlo simulations, 

a small fraction of the anisotropy axes of SFO particles (~5%) was considered oriented along 

the field direction, to account for the alignment induced by the SPS process. We point out that 

the alignment induced by the SPS compaction was reported also in other recent studies of 

ferrites [3,4], as the consequence of rapid heating and uniform uniaxial pressure on plate-like 

particles. The simulations show that the increase in the exchange coupling strength among all 

the particles in the compacted samples is a result of the compaction process, which decrease 

the coercivity of the system and increase the remanent magnetization, owing to the coherent 

rotation of the spins. The effect is stronger in the case of SPS_NC_SM sample in which the 

exchange coupling strength is considered five times higher than that of SPS_NC sample 

because of the thinner sample’s morphology (see section 4.1 of SI).  
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Figure 9. a) M vs H loops at 300K in the out-of-plane (oop) direction of the disc (i.e., the same 
corresponding to the applied uniaxial pressure during the process) for starting NC and NC_SM powders 

and SPS pellets (corrected for demagnetizing effects, see also Figure S13). Below, Monte Carlo 

simulations (in reduced units) of the hysteresis loops for the a) SPS_NC and b) SPS_NC_SM 

nanocomposites (blue line) and the corresponding uncompacted samples (black line) at 300 K.  

 
 

 

 

 

 

Table 3. Maximum energy product, (BH)MAX, demagnetizing factors (total NP,z and geometrical Nz), 

packing fraction (φ=ρsps/ ρbulk), nanocrystallite size from XRPD analysis (𝑑𝐶𝐹𝑂, 𝑑𝑆𝐹𝐴𝑂
hk0 , 𝑑𝑆𝐹𝐴𝑂

00𝑙 ), remanent 

magnetization (MR), residual magnetic flux (BR), and coercive field (HC) for starting powders and pellets. 

sample 
(BH)MAX 

(kJ/m3) 
NP,z Nz 

φ   

(%) 
𝒅𝑪𝑭𝑶 

(nm) 

𝒅𝑺𝑭𝑨𝑶
𝐡𝐤𝟎 ; 𝒅𝑺𝑭𝑨𝑶

𝟎𝟎𝒍      

(nm) 

MR
 

(Am2/kg) 
BR

 

(T) 
MR

 /MS 
HC 

(kA/m) 

SPS_SFAO_2 2.9(1) 0.66 0.68 94 - 173(8); 139(7) 20(1) 0.12(1) 0.60 870 

SPS_NC 4.0(1) 0.69 0.70 92 45(8) 141(5); 68(9) 23(1) 0.15(1) 0.62 450 

SPS_NC_SM 5.7(2) 0.77 0.83 88 42(2) 162(9); 92(3) 29(1) 0.19(1) 0.70 350 

 

a) b)

c) d)
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Figure 10 sums up the variation of MR and HC between powder and compacted samples; 

representative pictures for highly dense sample are also shown. The increase of MR shown by 

the composites compared to the single SFO/SFAO phases is in line with the higher degree of 

exchange interaction confirmed by simulations. Consequently, the (BH)MAX values for NC and 

NC_SM are larger than that of SFAO_2 (~38 and ~96% larger, respectively). Although the 

absolute values are lower than the unsubstituted samples (SFO and NC_1), the magnets 

achieved by the design proposed in this work exhibit promising magnetic properties for rare 

earth-free magnets. Ideally, the large increase in coercivity due to the Al3+ substitution in SFO 

shall compensate the decrease in HC expected in coupled composites (for comparison, HC=300 

kA/m for NC_1, see Table S9), which is also essential for permanent magnet applications [86]. 

This gap in magnetic properties between commercial ferrites and the proposed composites 

underscores a key challenge in the development of SPS consolidated nanocomposites. The 

primary challenges highlighted by this work include achieving optimal magnetic alignment 

during compaction, minimizing grain growth that diminishes magnetic anisotropy, and 

preventing the dilution of magnetic material due to the presence of non-magnetic binding 

phases. Addressing these issues through innovative compaction techniques, enhanced phase 

combinations, and improved control over microstructural evolution will be crucial steps toward 

narrowing the performance gap and realizing the full potential of nanoscale ferrite-based 

magnets. 

 

 
Figure 10. a) ΔMR (%) and ΔHC (%) between starting and SPS compacted powder samples (lines are 

guide to the eye). SFO and NC_1 refer to nanoscale SFO@950 and SFO/CFO 90/10 wt% 

nanocomposite obtained in the same conditions. b) Example of SPS pellet (SPS_NC_1) and 
corresponding surface image from SEM.  

 

 

4. Conclusions  

In this study, we have explored a bottom-up sol-gel synthesis approach to fabricate 

nanocomposite powders consisting of two magnetic phases, hexagonal Sr ferrite (SFO) and 

spinel Co ferrite (CFO), with the aim of developing a strategy for producing permanent 

magnets with enhanced coercivities via cost-effective and scalable methods. Through a detailed 

a)

4mm

b)

5μm
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analysis of the morphological, structural, and macroscopic magnetic properties of Al-

substituted SrFe12O19 and SrFe12O19/CoFe2O4 nanocomposites, we have identified key factors 

influencing magnetic behaviour. By tuning the chemical composition of the hard phase (SFO) 

through Al3+ substitution, we achieved significant increases in magnetic coercivity while 

maintaining high saturation magnetization. This strategy demonstrates promise for enhancing 

coercivity values well beyond those of unsubstituted SFO, thus offering a pathway for tailoring 

magnetic properties without introducing impurity phases. Furthermore, we investigated the 

synthetic design of hard-soft nanocomposites, utilizing optimized SFO as the hard component 

and CFO as the soft component. We explored two synthesis methods, one involving preformed 

particles and the other involving simultaneous synthesis of both phases. Our results revealed 

distinct differences in cationic distribution and interface morphology between the two synthesis 

routes, highlighting the importance of synthetic methodology in controlling the super-exchange 

coupling between phases. Through epitaxial growth at the interface and careful manipulation 

of particle size and distribution, we achieved varying degrees of magnetic coupling, ranging 

from fully coupled to essentially decoupled composites. MC simulations confirm that the 

increase in the interface exchange coupling strength enhances the remanent magnetization of 

the nanocomposites, in agreement with the experimental findings.  Additionally, we examined 

the impact of spark plasma sintering (SPS) compaction on the magnetic properties of the 

nanocomposites. The consolidation process resulted in increased remanent magnetization and 

reduced coercivity. MC results demonstrated that the SPS compaction improved particle 

alignment and the strong exchange coupling. It is interesting to note that the two nanophases 

in the nanocomposites hinder their reciprocal growth during sintering and preserve their 

magnetic properties. Overall, our findings demonstrate the effectiveness of the sol-gel synthesis 

approach in tailoring the magnetic properties of nanocomposites for advanced magnet 

applications. 
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