
Full length article

Temperature dependent magnetic and structural properties of Al 
substituted nanostructured hexaferrites with large coercive fields

Pierfrancesco Maltoni a,b,c,* , Ravi K. Dokala c , Prativa Pramanik c, Rafael Araujo c,  
Tomas Edvinsson c , Sergey A. Ivanov c,d, Bjarne Almqvist e , Gaspare Varvaro b,  
Aldo Capobianchi b, Nader Yaacoub f, Charles Hervoches g , Alberto Martinelli h ,  
Robert C. Pullar i , Davide Peddis a,b,* , Roland Mathieu c,*

a Department of Chemistry and Industrial Chemistry & INSTM RU, nM2-Lab, University of Genoa, Genoa 16146, Italy
b Institute of Structure of Matter (ISM), nM2-Lab, Centre for National Research (CNR), Monterotondo Scalo, Rome 00015, Italy
c Department of Materials Science and Engineering, Uppsala University, Box 35, Uppsala 751 03, Sweden
d Department of Chemistry, Lomonosov Moscow State University, Leninskie Gory, GSP-1, Moscow, 119991, Russia
e Department of Earth Sciences, Uppsala University, Villavägen 16, 752 36 Uppsala, Sweden
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A B S T R A C T

We report a comprehensive study of the temperature-dependent structural, magnetic, vibrational, and dielectric 
properties of Al-substituted M-type hexaferrites SrFe12-xAlxO19. Neutron powder diffraction and Mössbauer 
spectrometry show that Al3+ preferentially replaces Fe3+ at spin-up octahedral sites (2a, 12k), disrupting the 
exchange coupling with the spin-down 4f tetrahedral sites and leading to a progressive reduction of site-specific 
magnetic moments and a systematic decrease in the Curie temperature, supported by temperature-dependent 
susceptibility measurements. Raman spectroscopy reveals pronounced phonon anomalies near TC, particularly 
in modes associated with bipyramidal Fe–O vibrations, reflecting the weakening of both 4e–12k and 4e–4f ex
change pathways. However, the coercive field exhibits a dramatic increase, reaching µ0HC ~ 1.2 T for 
SrFe9.6Al2.4O19, among the largest values reported for this class. Susceptibility measurements suggest that Al 
substitution, while weakening the superexchange network, contributes to the stabilization of single-domain 
behavior.

Introduction

Permanent magnets (PMs) are fundamental to a wide range of energy 
technologies, including electric motors, generators, wind turbines, and 
magnetocaloric refrigeration systems [1–3]. The global push toward 
sustainable energy solutions continues to fuel the demand for 
cost-effective and environmentally friendly magnetic materials [4,5]. 
Among these, hexaferrites, already widely used in commercial perma
nent magnets, such as SrFe12O19 remain highly attractive not only for 
their high coercivity, chemical stability, abundance and low cost, but 
also because tailoring their properties to enhance the (BH)max could 
open new opportunities to employ them as substitutes for NdFeB 

magnets in applications where extremely high performance is unnec
essary and rare-earth solutions are excessively costly [6–8].

The crystal structure of M-type hexaferrites offers multiple oppor
tunities to modulate their magnetic properties through targeted substi
tution at specific cationic sites within the magnetoplumbite structure. 
Each of the five crystallographically distinct cationic sites (2a, 4e, two 
4f, and 12k) contributes differently to the total magnetization and 
magnetic anisotropy due to their individual spin alignments and local 
coordination environments [9]. The seminal review by Kojima [10] laid 
the foundation for understanding these substitution mechanisms, 
although comprehensive reviews were only recently published with the 
works of R. C. Pullar [11], S. Mahmood [12], and D. Lisjak et al. [13]. 
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The primary objective of cation substitution is to tune the intrinsic 
magnetic interactions governed by superexchange pathways, whose 
strength and nature are highly sensitive to cation type, charge state, and 
site occupancy [14,15]. Importantly, the site-specific contribution to 
magnetic properties is also influenced by the spin state and orbital 
moment of the substituted ion, which together determine both net 
magnetization and magnetic anisotropy. One established strategy to 
enhance the performance of ferrite magnets involves partial substitution 
of Fe3+ with diamagnetic cations, such as Al3+. This doping has been 
shown to increase coercivity significantly without introducing second
ary impurity phases [11,16,17]. This effect is attributed to the prefer
ential occupation of Fe sites with spin-up contributions in the 
ferrimagnetic lattice, leading to a reduction in saturation magnetization 
but a concurrent increase in magnetic coercivity 18 (here and in what 
follows, ‘spin-up’ and ‘spin-down’ refer not to absolute configurations, 
but to the relative orientation of moments in two opposing sublattices). 
While the structural and magnetic properties of these materials at 300 K 
have been extensively studied [18,19], their temperature-dependent 
behaviour remains less explored, particularly in view of high-
temperature applications [20–22]. The Curie temperature (TC) typically 
lies in the range of 720–740 K for pure BaFe12O19 and SrFe12O19, and 
arises from strong superexchange interactions between Fe3+ ions 
mediated by O²⁻ across five magnetically active sublattices [23]. Sub
stitution of Fe3+ by non-magnetic cations such as Al3+ or Ti4+ system
atically reduces TC due to disruption of the Fe–O–Fe superexchange 
network. For example, in SrFe12-xAlxO19, the TC decreases by >100 ◦C 
for x ~ 2, highlighting the destabilizing effect of diamagnetic doping 
[24]. Similarly, Ti4+ substitution leads to a drop in TC not only by 
replacing magnetic centers but also via charge compensation mecha
nisms, which may result in the formation of Fe2+, further weakening 
exchange interactions [25]. Magnetic dopants such as Co2+ or Cr3+ tend 
to have a milder impact, though they may still reduce TC depending on 
their spin configuration and site occupancy [26]. Co2+, for instance, 
shows weaker Co–O–Fe interactions, marginally reducing TC, though 
less significantly than Al3+ [27,28]. In contrast, Cr3+ can partially pre
serve the magnetic ordering temperature due to its similar ionic radius 
and spin state [16,29]. Substitution at the A-site (Ba2+/Sr2+) also in
fluences TC indirectly through lattice contraction or distortion [30]. Sr2+

substitution often leads to a slight increase in TC compared to Ba2+, 
attributed to stronger crystal fields and smaller ionic radius, which 
enhance the Fe–O–Fe bond strength. This temperature-induced soften
ing/hardening must be considered when employing doped hexaferrites 
in high-temperature environments, where optimization of magnetic 
hardness (via doping) must be balanced against thermal robustness. Yet, 
key physical properties such as magnetic anisotropy, spin ordering, and 
dielectric response are inherently temperature-dependent and must be 
fully characterized to evaluate the functional reliability of these mate
rials under operating conditions. Furthermore, the preparation of fer
rites with a modified stoichiometry (and in turn tunable magnetic 
properties) represents a strategic step also in the design of magnetic 
nanocomposites [24,31,32]. The use of such modified ferrites as build
ing blocks in nanocomposite systems (e.g., hard–soft magnetic hetero
structures) opens up opportunities for engineering hybrid materials in 
which both microstructure and interphase magnetic interactions can be 
precisely controlled to enhance overall performance.

In this paper, we present a comprehensive temperature-dependent 
study of SrFe12-xAlxO19 ferrites, focusing on a selected series with 1 ≤
x ≤ 2.4. The evolution of the structural, vibrational, magnetic, and 
dielectric properties has been investigated from low to high tempera
tures using a multi-technique approach (i.e., neutron powder diffrac
tion, Raman and Mössbauer spectrometry, magnetic susceptibility, and 
dielectric measurements). Neutron powder diffraction enables an ac
curate determination of the cationic distribution and provides direct 
insight into the temperature evolution of site occupancies, lattice pa
rameters, and local structural distortions. Raman spectroscopy provides 
insights into spin–phonon coupling and lattice vibrations. The 

temperature-dependent magnetization probes magnetic transitions and 
spin reorientation process, while dielectric measurements allow us to 
monitor the effect of Al on the carrier hopping along Fe-O-Fe bonds.

By correlating these temperature-dependent observables with Al 
content, we gain a comprehensive understanding of the thermal stability 
and functional tunability in Al-substituted hexaferrites, thereby 
providing design guidelines for their implementation in devices oper
ating over broad temperature ranges.

Methods

SrFe12-xAlxO19 (x = 0, 1, 1.4, 2, 2.4) were prepared by sol–gel 
combustion from Fe(NO3)3⋅9H2O, Al(NO3) 3⋅9H2O, and Sr(NO3)2 as 
metal precursors. The molar ratio of total trivalent cations to strontium 
was fixed at (Fe3++Al3+)/Sr2+ = 11. This value, slightly lower than the 
stoichiometric ratio of 12 for SrFe12O19, was chosen to introduce a small 
excess of Sr2+ in the reaction mixture to compensate for possible Sr 
volatilization during the combustion and calcination steps and to favor 
single-phase formation. After gelation (citric acid, pH=7), the dried gel 
was combusted at 300 ◦C, ground, and annealed at 1100 ◦C for 6 h in air. 
This series is referred to as SFAO_x and SFO, respectively. More info on 
the synthesis is reported in Ref [24].

The powder samples (~2.5 g) were characterized by neutron powder 
diffraction (NPD) at 15, 298 (room temperature), 500 and 800 K on the 
instrument MEREDIT at the Nuclear Physics Institute (NPI), ASCR, Rez, 
Czech Republic (http://neutron.ujf.cas.cz/meredit). During the mea
surements the samples were placed in the vanadium container with 
diameter of 10 mm. The height of the powder in the container was about 
20 mm. Sample slits were selected to follow the size of the powder in the 
container (~12 × 20 mm). Room temperature measurements were 
performed using the carousel-automatic sample exchanger and low 
temperature measurements were performed using close-cycle cryostat 
from Scientific Products Ltd. Temperature stabilized at 10 ± 0.2 K. A 
mosaic copper monochromator on reflection (220) which produces 
neutrons with wavelength of 1.46 Å was used. Data were collected be
tween 4◦ and 144◦ 2θ with steps of 0.08◦.

Structural and magnetic refinements were performed using the 
Rietveld method [33], via the program FullProf (see SI for more details 
on the refinement) [34]. The diffraction peaks were described by a 
modified Thompson–Cox–Hastings pseudo-Voigt function. For the 
Rietveld analysis, the zero shift, unit cell parameters, atomic positions 
and isotropic atomic displacement parameters were refined, as well as 
the Lorentzian refinable size (Y) and strain (X) parameters. In all cases, a 
powder diffraction pattern of a NIST LaB6 660b standard was collected 
for corrections.

Magnetic mass susceptibility (χmass) was collected as a function of 
temperature with an MFK1-FA susceptibility bridge (www.agico.cz).

57Fe Mössbauer spectra were recorded using a 57Co/Rh γ-ray source 
mounted on an electromagnetic transducer with velocity modulated 
according to a triangular waveform. The spectra were obtained at 300 
without an external applied field. The hyperfine structure was modelled 
by means of a least-square fitting procedure involving Zeeman sextets 
composed of Lorentzian lines. The isomer shift (IS) values were referred 
to that of α-Fe at 300 K.

Raman spectroscopy was measured using a Renishaw InVia Reflex 
spectrometer coupled with 1024-pixel Rencam CCD detector, 2400 lines 
per millimeter grating, and a 20x objective to focus both the incident 
laser beam into a spot with diameter of 4–5 µm. The Raman shift was 
recorded with a frequency-doubled Nd:YAG laser (532 nm), chosen to 
minimize absorption issues commonly encountered with iron com
pounds when using red lasers, in the wave number range 100 to 900 
cm− 1 using a spectral resolution of 2 cm− 1 per detection pixel. The 
scanning parameter for each Raman spectrum was fixed to 1 s exposure 
time, and 100 scans were accumulated for each experimental run [35]. 
Multiple scans on different areas of the same sample were performed 
with lower laser power to ensure spectral reproducibility. Temperature 
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dependent (300 to 800 K) measurements were performed using a 
THMS600 stage from Linkam Scientific Instruments. All experiments 
were carried out using incident powers of about 5 mW after confirming 
no damaging to sample from local heating using a Thorlabs PM160T 
power meter. Each batch of measurements were calibrated with a 
standard Si reference line of 520.5 cm− 1.

First-principles calculations were carried out within the framework 
of density functional theory (DFT) using the Projector Augmented Wave 
(PAW) formalism as implemented in the Vienna Ab initio Simulation 
Package (VASP) [36,37]. Exchange–correlation effects were calculated 
using the Perdew–Burke–Ernzerhof (PBE) functional within the gener
alized gradient approximation (GGA) [38]. To properly capture the 
on-site electronic correlations associated with the Fe 3d states, we 
adopted the rotationally averaged DFT+U formulation of Dudarev et al. 
[39]., which introduces an effective Hubbard interaction Ueff =U-J. A 
value of Ueff =5.3 eV was assigned to the Fe 3d manifold, as this 
parameter yields a band gap consistent with experimental observations 
[40]. The most stable magnetic ordering option presents the spin of the 
Fe ions located in 4f1 and 4f2 sites antiparallel with that of Fe ions in 
other sublattices and the net magnetic moment of the cell is 40μB. The 
plane-wave basis was truncated at an energy of 520 eV and 
Brillouin-zone integrations were performed using a 3 × 3 × 1 Mon
khorst–Pack grid. Structural relaxations were carried out until the re
sidual forces on all atoms were below 10–3 eV/Å and the electronic 
self-consistency loop was converged to below 10–8eV Phonon fre
quencies and eigenmodes at the Γ point were obtained via density 
functional perturbation theory (DFPT). A detailed description of the 
computational workflow, including the derivation of Raman intensities, 
is provided in the Supporting Information.

Dielectric properties were measured in two electrode configurations 
with an LCR meter (Model: Agilent E4980A) in a wide range of fre
quencies (100 Hz - 2 MHz) and temperatures (300 - 800 K). The two- 
electrode configuration was prepared after polishing and coating each 
surface of a dense pellet (prepared using a hydraulic press, with a 
pressure of approximately 2.5 GPa, and sintered for 1 h at 1100 ◦C) with 
silver paint. The temperature dependent studies were performed using a 
cryofurnace from Linkam Scientific Instruments (HFS600E-PB4 stage 
and TMS93 temperature controller) in non-reducing (air) atmosphere. 
The capacitance (C) and the loss-tangent (tan δ) of sample were recorded 
as a function of temperature while heating at a rate of 10 K/min. The 
real part of the relative dielectric constant, εr' was determined from the 
measured C value according to εr' = C/C0, where C0 = ε0A/d and ε0, A, 
and d, represent the dielectric vacuum permittivity, area and the 
thickness of the pellet, respectively.

Results and discussion

Crystal and magnetic structure of Al-substituted Sr-Hexaferrites

Neutron powder diffraction (NPD) was employed to determine the 
crystallographic and magnetic structures of the SrFe12-xAlxO19 (with x: 
0, 1, 1.4, 2, 2.4) series at 298 K. The magnetoplumbite structure (P6₃/ 
mmc) was confirmed across the series by Rietveld refinement (Fig. S1 
shows Rietveld refinement plots obtained using XRPD data) [24]. In the 
refinements, the total Al content was initially assigned uniformly across 
all Fe sites, after which the relative occupancies were allowed to vary 
freely so that the Al3+ distribution could adjust according to the 
diffraction data. For reference, the refined numerical occupancies, 
atomic coordinates, isotropic displacement parameters, for the x = 0, 1, 
2 samples are summarized in Table S3.

The refined lattice parameters decrease systematically with 
increasing Al3+ content, consistent with the smaller ionic radius of Al3+

compared to Fe3+ (0.535 Å and 0.645 Å in octahedral coordination, 
respectively). For x = 1, a and c are reduced by ~0.3 %, relative to 
unsubstituted SFO, with further contraction at higher substitution levels 
(by ~0.9 % for x = 2.4). The Sr and O atomic positions were refined with 

full occupancy and constrained thermal parameters, while Fe and Al 
occupancies were refined freely within each crystallographic site. 
Maintaining charge neutrality is a critical consideration in substitutional 
doping of hexaferrites. When Fe3+ is substituted with divalent (e.g., 
Zn2+, Co2+) or tetravalent ions (e.g., Ti4+, Zr4+), charge compensation 
mechanisms must occur to balance the ionic disparity, often resulting in 
the partial reduction of Fe3+ to Fe2+. As a result, the magnetic exchange 
interactions are modified and unwanted electrical conductivity can be 
introduced, which may be detrimental for applications requiring high- 
resistivity ferrites [11]. In contrast, the isovalent substitution of Al3+ for 
Fe3+ preserves charge balance without the formation of compensating 
defects or redox-active species. As a result, the structural and magnetic 
changes observed here are driven primarily by ionic size mismatch and 
site preference, rather than by valence-induced charge disorder [41].

Site occupancy refinements reveal that Al3+ preferentially sub
stitutes Fe3+ in the 2a and 12k octahedral sites, with a smaller but sig
nificant fraction entering the 4f₂ (octahedral) site. Only a minor fraction 
(< 5 %) is found in the 4f₁ (tetrahedral), while higher substitution of 4e 
(trigonal bipyramidal) site was found for x > 2. This selective substi
tution is consistent with crystal-field stabilization considerations and 
previous reports on Al3+ incorporation into M-type hexaferrites [16,
42–44]. With increasing x, the relative fraction of Al3+ in the 2a site rises 
sharply (22 % for x = 1 to 54 % for x = 2.4), while the 12k site maintains 
a steady occupancy of ~12–28 %18. Theoretical calculations and 
experimental findings converge in identifying the preferential occu
pancy of Al³⁺ at the 2a and 12k sites [15,24,45], although partial 
occupation of spin-down sites such as octahedral 4f has also been re
ported [46].

For SFO, SFAO_1 and SFAO_2 samples the magnetic structure was 
refined from NPD data (Fig. 1 shows the case of SFAO_1). The magnetic 
reflections were indexed with a propagation vector k = (0, 0, 0) and 
were found to be consistent with a collinear ferrimagnetic arrangement 
in which the Fe3+ moments are aligned parallel or antiparallel to the c 
axis, depending on the site symmetry (see Supplementary for the 
detailed representation analysis). This configuration agrees with the 
uniaxial magnetocrystalline anisotropy characteristic of the M-type 
hexaferrite structure. The absence of additional magnetic reflections 
violating the P6₃/mm’c’ magnetic symmetry further confirms the purely 
uniaxial nature of the magnetic ordering. See the supporting informa
tion and Tables S1,2 for details of the refinement parameters and site- 
specific magnetic moments. In all cases, the refinements yielded low R 
factors (Table S3), indicating an excellent fit between experimental and 

Fig. 1. Rietveld refinement plot for SFAO_1 sample using neutron powder 
diffraction data (298 K). The ticks identify reflections for the main phases.
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calculated profiles. No secondary phases were observed within the 
detection limits, even for the samples with higher Al3+ contents. Fig. 2a 
shows the refined magnetic moments of Fe3+ ions at each crystallo
graphic site for SFO, SFAO_1 and SFAO_2 at 298 K; (see also the repre
sentation of the crystal and magnetic structure Fig. 2b). In unsubstituted 
SFO, the trigonal bipyramidal 4e, tetrahedral 4f and octahedral 2a sites 
carry the largest moments (~4.26, ~3.93 and ~3.90 μB, respectively), 
whereas the octahedral 4f and 12k sites exhibit reduced magnitudes. 
Substitution with Al3+ causes a marked decrease in the magnetic mo
ments, particularly 12k, 2a and 4e (~20 % for SFAO_2), directly 
reducing the net magnetization. The tetrahedral 4f site is less affected, 
while the octahedral 4f shows small variations within experimental 
uncertainty.

The saturation magnetization Ms measured at 300 K (Fig. 2c) de
creases from ~75 A m2/kg for SFO to ~48 A m2/kg for SFAO_2, in 
excellent agreement with the net magnetization values (MNPD) obtained 
by summing the refined site moments, according to MNPD [A m2/kg] =
NAμBμtot/Mweight, where NA is the Avogadro constant, μB the Bohr 
magneton, Mweight the molecular weight of the material, and μtot the net 
magnetic moment per formula unit (μtot(T) [μB/f.u.] = 6m12k(T) +
1m2a(T) + 1m2b(T) − 2m4f1(T) − 2m4f2(T)) at the temperature T, and m is 
the site-averaged magnetic moments per Fe ion. This confirms that the 
reduction in M is driven by site-selective dilution of the spin lattice 
rather than spin canting or structural disorder. Importantly, the 2a and 
12k sites correspond to parallel spin-up sublattices in the collinear 
ferrimagnetic structure of M-type hexaferrites, so their progressive 
dilution directly weakens the net magnetic moment. The site-selective 
replacement of Fe3+ mainly in the 2a and then 12k sites explains the 

pronounced magnetization drop: the total moment decreases by ~32 % 
from SFO to SFAO_1, in line with the increase of Al³⁺ substitution at the 
2a and 12k sites, and by a further ~50 % in SFAO_2 due to the larger 
occupation of 2a-, 12k-, and, at high x, even bipyramidal 4e-sites.

Comparison of our refined site occupancies with literature values for 
Al-substituted SFO shows similar preferential filling of the 2a and 12k 
sites, although in our samples the 12k substitution fraction increases 
more gradually with Al content [18,45]. This may reflect differences in 
synthesis conditions or Al3+ distribution equilibria during high-
temperature annealing [45]. The trend in site-resolved magnetic mo
ments (Fig. 2a) indicates a steady decrease at the 12k site and at the 2a 
site, confirming that the dominant mechanism for magnetization loss is 
direct replacement of Fe3+ in the main spin-up sublattice, in agreement 
with magnetometry across the series (Fig. S2). The ratio of remanent 
magnetization to saturation magnetization (MR/MS) remains nearly 
constant at ~0.5 for all samples, confirming that the substitution does 
not alter the uniaxial character of the magnetocrystalline anisotropy 
[11]. Interestingly, when 4e (bipyramidal) is not substituted, its refined 
Fe3+ moment decreases markedly. This is expected from the topology of 
exchange paths: the 4e - Fe3+ has few Fe–O–Fe links and sits in the Sr 
layer, so its moment is stabilized indirectly through superexchange with 
neighboring 12k and 4f sites (Fig. 2d). Depleting 12k (and partly 4f) with 
nonmagnetic Al weakens those paths, so 4e’s moment softens (even 
without Al on 4e itself). Concomitantly, the unit-cell contraction with Al 
(altered distances and bond angles, see Table S4) further reduces 
superexchange strength, reinforcing the 4e drop. The same 
exchange-weakening explains the monotonic decrease of TC with Al 
[24]: less magnetic Fe on key exchange nodes (2a, 12k) turns into 

Fig. 2. a) dependence of the refined magnetic moments of Fe3+ at the five different crystallographic sites on aluminium content increasing (298 K); (b) schematic 
representation of the crystal and magnetic structure; (c) measured saturation magnetization (MS), and calculated magnetization from the refined magnetic moments 
of the NPD data (MNPD), as a function of Al3+ substitution; (d) schematic representation of the crystal and magnetic structure for tetrahedral 4f (left) and bipyramidal 
4e (right) connections (illustrations made using the software VESTA).
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weaker net exchange, and thus lower TC. The resulting modification of 
local crystal fields and magnetic sublattice interactions contributes to 
enhanced coercivity (see Fig. 3), albeit at the expense of a reduced Curie 
temperature (TC) due to the weakened Fe³⁺–O–Fe³⁺ superexchange [47,
48].

Local magnetic environment

To complement the long-range structural and magnetic information 
obtained from diffraction, ⁵⁷Fe Mössbauer spectrometry was employed 
to determine the cationic distribution and local hyperfine structure (Fig. 
S3). This technique provides a powerful local probe of the iron sites, 
allowing the extraction of hyperfine parameters that reflect their elec
tronic and magnetic surroundings. The experimental spectra were well 
reproduced by the fitted components, confirming an excellent agree
ment between calculated and experimental lines and excluding the 
presence of secondary Fe-based phases even at the highest Al contents. 
The evolution of hyperfine parameters with increasing Al3+ content is 
summarized in Table S5. No significant change in isomer shift was 
detected, confirming the preservation of the Fe3+ valence state across all 
samples. In the spectrum of the parent SFO, the subspectra associated 
with the 12k and 4e sites are well resolved, allowing a clear tracking of 
their evolution upon Al substitution. As the Al content increases, the 
relative area of the 12k component decreases, accompanied by a gradual 
reduction of its hyperfine field (Bhyp from 41.4 to 39.8 T). Conversely, 
the 2b contribution increases in intensity, with only a modest decline in 
Bhyp (from 41.0 to 39.4 T), suggesting a redistribution of Fe3+ popula
tion among adjacent sites. A more pronounced change is observed for 
the 4f (tetrahedral) site, whose spectral fraction decreases sharply from 
16 % to 8 % as x increases, together with a significant drop in Bhyp (~10 
%). This indicates that the local magnetic field sensed by Fe3+ at 4f is 
strongly perturbed by Al3+ substitution at neighboring sites, consistent 
with the breakdown of Fe–O–Fe exchange bridges linking 4f with 12k 
and 2a sublattices (Fig. 2d). The 2a (octahedral) site shows a nearly 
constant relative area (~10–12 %) but a substantial reduction in Bhyp 
(~10 %), which, despite partial spectral overlap with the octahedral 4f 
component, confirms that Al+preferentially occupies the 2a position. 
The hyperfine field at 4f (octahedral) also decreases slightly (from 51.7 
to 50.0 T), in line with the progressive weakening of the superexchange 
network.

Although neutron diffraction identifies the 4e site as the one exhib
iting the largest decrease in ordered magnetic moment, Mössbauer 
spectrometry highlights the tetrahedral 4f site as the most affected in 
terms of local Bhyp. We believe that these two findings are not contra
dictory; rather, they are complementary, jointly indicating that Ale+

substitution weakens the superexchange backbone, leading simulta
neously to the loss of magnetic order at 4e and to a strong reduction of 
the transferred Bhyp at 4f. The tetrahedral 4f site is tightly coupled to the 
spin-up 12k and 2a octahedral sublattices through Fe–O–Fe super
exchange bridges that connect the S and R blocks of SFO. As Al3+

progressively substitutes Fe3+ in these exchange-active sites, the corre
sponding Al–O–Fe linkages transmit weaker magnetic fields, thereby 
markedly reducing the transferred Bhyp at the tetrahedral 4f. In contrast, 
the 4e trigonal bipyramidal site (located within the Sr-containing R 
block) is linked through only a few Fe–O–Fe bridges, mainly to 12k 
across the R–S interface and to the octahedral 4f within the same block. 
When these neighboring sites lose moment upon Al substitution, the 
limited exchange connectivity of 4e makes it particularly sensitive, 
resulting in the strongest reduction of its ordered moment observed by 
neutron diffraction. In summary, these results show that Al3+ substitu
tion weakens the magnetic superexchange network through two coupled 
effects: a local reduction in transferred hyperfine field at the strongly 
exchange-connected 4f site, and a progressive destabilization of long- 
range order at the more weakly coupled 4e site.

Coercivity enhancement

Next, we recall the remarkable increase in coercive field exhibited by 
the Al-substituted samples. Theoretical studies by Dixit et al. [15]. 
predict that Al substitution enhances the anisotropy field and potentially 
increases coercivity, depending on the site occupancy. Experimentally, 
SFAO_x has demonstrated exceptional values of HC and anisotropy field 
(HA) [49,50], possibly exceeding those of NdFeB magnets [51], with 
coercivities up to 1.5 T and HA values as high as 2.62 MA⋅m⁻¹ in SFAO_2 
single crystals [52]. While several studies have attributed such effects to 
changes in the local superexchange network (particularly around the 
bipyramidal 4e site), our data suggest a different origin. In our case, the 
platelet-like morphology is preserved across the series, with all com
positions exhibiting hexagonal platelets whose absolute lateral and 
thickness crystallite dimensions decrease progressively with Al content, 
while the aspect ratio remains approximately constant (~ 1.1–1.3) (see 
Fig. S4) [16,53]. This indicates that the small changes in aspect ratio are 
insufficient to account for the large differences observed in coercivity, 
and that the observed increase in coercivity is primarily associated with 
the progressive reduction in particle size toward and further within the 
single-domain regime for Al-doped hexaferrite. It was shown that the 
key factor appears to be the evolution of the magnetic domain regime 
[24]. The coercive field increases systematically with Al³⁺ substitution 
(Fig. 3), reaching values as high as 945 kA/m (µ₀HC ≈ 1.2 T) for 
SFAO_2.4, more than twice that of unsubstituted SFO and among the 
largest reported in the literature [7,44]. This increase correlates directly 
with the behaviour of the Hopkinson peak observed in the 
temperature-dependent susceptibility (Fig. 4a). The much weaker and 
flatter Hopkinson peak in SFO can be correlated with its larger platelet 
size (~360 nm), which places the particles at or near the single-domain 
critical dimension for SFO. Under these conditions, incoherent config
urations are favored and the susceptibility response near TC is domi
nated by domain-wall motion. This interpretation is fully consistent with 
the estimated critical diameters for single-domain behavior [24,54]. 
Therefore, the size decrease brings the particles closer to the 
single-domain regime and contributes to suppressing 
domain-wall-mediated reversal. Since the platelet morphology and 
aspect ratio remain essentially unchanged across the series, variations in 
shape anisotropy are limited. The high coercive fields observed in this 
work are further favored by the optimized annealing protocol, which 
ensures homogeneous Al incorporation while preventing excessive grain 
coarsening, thereby preserving the refined microstructure.

Temperature dependent physical properties

The evolution of the TC with Al substitution was assessed from the 
temperature dependence of the bulk mass susceptibility (χmass), shown 
in Fig. 4a. For all compositions, a well-defined Hopkinson peak marks 
the ferrimagnetic-to-paramagnetic transition [55]. Although the Hop
kinson peak occurs slightly below the true TC, comparison with TC 
values extracted from the maximum of dχ/dT shows differences within Fig. 3. Coercivity values at 300 K extracted from M vs. H loops (in Fig. S2).
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the experimental uncertainty (~5 K). Therefore, the peak position was 
taken as a consistent and reproducible experimental estimate of TC. The 
extracted values are reported in Fig. 4b The unsubstituted SFO sample 
exhibits a TC close to the expected value for SrFe12O19, while progressive 
substitution by Al3+leads to a systematic reduction of TC. This trend 
directly reflects the weakening of Fe–O–Fe superexchange interactions 
when nonmagnetic Al replaces Fe3+ in the spin-up octahedral 2a and 
12k sites, as established in the Rietveld refinements. For instance, a 
decrease of almost 100 K is observed between SFO and SFAO_2.4, 
consistent with the substantial loss of spin-up exchange interactions at 
higher substitution levels. Quantitatively, this corresponds to an average 
slope of ~40 K per Al per formula unit, which closely matches the 
calculated reduction of the net magnetic moment obtained from the 
refined site occupancies of the 2a and 12k positions. Moreover, while the 
4e (bipyramidal) site is only moderately substituted, its refined magnetic 
moment also decreases significantly with Al content. This was explained 
in the previous section by the weakening of superexchange links with 
12k and 4f sites, which indirectly destabilizes the 4e contribution and 
further reduces the overall exchange stiffness. Thus, the reduction of TC 
reflects not only the direct dilution of the spin-up sublattice but also the 
indirect destabilization of the bipyramidal 4e site. Importantly, the 
calculated slope is in very good agreement with previous reports on 
(Ba/Sr)(Fe12− xAlxO19), where similar values of 35–45 K per Al per for
mula unit were observed [11,42,44,56,57], confirming the sub
stitution–TC correlation across different M-type hexaferrites. To further 
probe the evolution of the ferrimagnetic structure across the transition 
regime, we performed NPD measurements on selected samples at 
different temperatures. Fig. 5a shows a detail of the 100 reflections of 
the SFO sample collected at 15, 298, 500, and 800 K. As the temperature 

increases, the magnetic contribution to the reflection systematically 
decreases, vanishing above the TC, in agreement with the susceptibility 
measurements discussed above. For the unsubstituted SFO, the 
low-temperature measurement at 15 K confirms a slightly larger ordered 
moment compared to 298 K. However, the difference is marginal, 
indicating that thermal agitation only induces a small reduction of the 
ordered spin alignment at room temperature. For this reason, structural 
refinements were focused on the data collected at 298 K for direct 
comparison with the Al-substituted samples.

Fig. 5b reports the average magnetic moment per Fe3+ ion as a 
function of temperature, extracted from Rietveld refinements using the 
NPD patterns. The data clearly shows a decay with increasing temper
ature, approaching zero at the Curie point. The dashed vertical lines in 
Fig. 5b correspond to the TC values independently determined from bulk 
susceptibility (Figs. 4a,b), highlighting the excellent consistency be
tween the two techniques. The dotted curves represent exponential fits 
to the temperature dependence of the average moment, plotted as a 
guide to the eye. Notably, the moment values obtained after cooling 
back to 298 K from 800 K (open markers) remain within the experi
mental error of the initial 298 K data, ruling out irreversible thermal 
effects under the investigated conditions. This combined analysis of NPD 
and susceptibility measurements provides a coherent picture of the 
progressive loss of long-range ferrimagnetic order with increasing 
temperature.

Raman spectroscopy was employed to gain further insight into the 
lattice dynamics and their correlation with the magnetic transition at 
high T. Fig. 6a shows the Raman spectrum of SFO collected at 300 K, in 
the frequency range of 100 – 900 cm− 1, where the experimental data 

Fig. 4. (a) magnetic mass susceptibility (χmass) as a function of increasing 
temperature; (b) Curie temperatures (TC) estimated from the temperature 
dependent susceptibility curves.

Fig. 5. (a) detail of the magnetic 100 reflection of NPD patterns for SFO at 15, 
298, 500 and 800 K; (b) average magnetic moment vs. measurement temper
ature (dashed lines correspond to corresponding TC estimated from suscepti
bility measurements); m values of measurements conducted at 298 K after 
cooling back from 800 K are within the error bars of starting values at 298 K). 
Dotted lines are exponential fits as guide to the eye.
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were fitted using pseudo-Voigt functions to resolve the individual con
tributions (total twelve modes). SFO belong to P63/mmc space group at 
room temperature where group theory predicts 42 Raman active pho
nons, which can be characterized according to the irreducible presen
tation as 11A1g + 14E1g + 17E2g. The assignment of the observed modes 
is consistent with previous reports for hexagonal M-type ferrites, with 
active vibrations arising from FeO6 octahedra, FeO4 tetrahedra, and 
FeO5 bipyramids [58]. No additional peaks have been observed which 
further confirm singular phase of these composites. These Raman modes 
are assigned to vibration modes arising from different chemical envi
ronments of Fe3+. Specifically, the peak observed at 410 cm− 1 is 
assigned to the octahedral sites (12k-dominated, and above 12k/2a 
mixed), the peak at 610 cm− 1 corresponds to the 4f octahedral site and 
the peak at 684 cm− 1 is attributed to the 4e bipyramidal site sublattice 
vibration modes, respectively, characteristic of strontium hexaferrite 
[59,60]. Lower-frequency modes (<200 cm⁻¹) correspond mainly to the 
whole spinel block [58]. Several modes are observed in the range 300 - 
600 cm− 1 coming from three different octahedral groups due to 
metal-oxygen (M - O) stretching vibrations [58]. Similar results were 
also observed in various spinel structures containing iron cations in the 
octahedral sites [61]. Comparison of the Raman spectra with the spinel 
structure is reasonable because the complex crystal structure of hex
aferrite consists of periodic stacks of spinel (Fe608 

2+, S-block) and 
hexagonal sub-structures (SrFe6011 

2− , R-block) [62]. The mode for 4f 
tetrahedral site is overlapped (~720 cm-1) with the stronger A1g-bi
pyramid at 684 cm-1. Peak positions of all phonon vibrations distin
guished from fitted curves are summarized in Table S6 (a comparison of 
variational modes with other hexaferrites is also presented). Raman 
spectra at 300 K for various compositions of SFAO_X are shown in Fig. 
S5.

The computationally calculated phonon modes of SFO reproduce the 
expected irreducible representation, and the computed Raman spectrum 
captures the main experimental features (see Figs. 6c and S6). The most 
intense calculated mode appears near 678 cm⁻¹ and is attributed to the 
dominant band observed experimentally. Raman-active phonons extend 
from ~180 cm⁻¹ to ~750 cm⁻¹, in good agreement with the measured 
spectra. The comparison between experimental SFO and Al-substituted 
SFAO_2 (Fig. 6a,b) reveals a blue shift of the modes upon increasing 

Al content, consistent with the reduced lattice parameters obtained from 
Rietveld refinements. In addition to the lattice contraction, the substi
tution of Fe3+ (55.85 g mol⁻¹) with the lighter Al3+ (26.98 g mol⁻¹) 
contributes to the observed hardening of the vibrational modes, since 
phonon frequencies scale approximately with (k/μ)1/2, where μ is the 
reduced mass of the vibrating ions and k the force constant. The lower 
atomic mass of Al therefore promotes higher vibrational frequencies, 
affecting the blue shift. In Fig. S5 a few modes for example, at 684, 610, 
404.5 and 334.6 cm− 1 show relatively larger shift in peak positions with 
Al substitution: these modes shift >5 % as the Al doping increases up to 
2.4. To rationalize these trends, first-principles calculations were per
formed for two possible Al substitutional sites (2a and 12f). The 2a site is 
energetically favored by 0.07 eV, and the theoretical spectrum discussed 
in Fig. 6c therefore corresponds to Al occupying the 2a position. The 
calculations show that Al incorporation induces a clear splitting of the 
Raman features, accompanied by a positive shift (e.g. A1g at 686 cm-1 is 
shifted of ~7 cm⁻¹, see also Fig. S7). Mode visualizations (Fig. S8,9) 
confirm that partial substitution perturbs the local vibrational envi
ronment, giving rise to the observed splitting. Additional Raman modes 
are also modified by Al incorporation: the ~604 cm⁻¹ mode shifts up
ward and becomes split, the ~531 cm⁻¹ mode develops upward and 
downward components, and the ~289 cm⁻¹ mode is similarly perturbed, 
all in agreement with experimental trends.

The evolution of the Raman spectra with temperature is shown in 
Fig. 6d Upon heating, all phonon modes gradually broaden and soften 
(red shift), reflecting the combined effects of lattice expansion and 
anharmonic phonon–phonon interactions (as captured by the Balkanski 
model) [63]. However, near the ferrimagnetic-to-paramagnetic transi
tion, additional anomalies become evident, suggesting a coupling be
tween the spin and lattice degrees of freedom [64].

To quantify these effects, Fig. 7 compares the temperature depen
dence of peak position, and full width at half maximum (FWHM) for 
selected modes (A1g-bypiramid and A1g-octahedra) of SFO, SFAO_1.4, 
and SFAO_2. The frequency shifts of representative phonons were ana
lysed using the Balkanski model, which describes anharmonic decay 
processes of optical phonons. While the data at low and intermediate 
temperatures can be satisfactorily fitted within this framework, de
viations appear close to the TC. In this region, the observed phonon 

Fig. 6. (a,b) Raman spectra of SFO and SFAO_2 at 300 K, fitted with pseudo-Voigt function; (c) comparison between the calculated Raman spectra of pristine SFO and 
Al-substituted SFAO_1, where Al occupies the energetically favored 2a site; (d) SFAO_2 Raman spectra recorded at various temperatures.
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softening is stronger than predicted by purely anharmonic effects, 
highlighting the presence of spin–phonon coupling [65,66]. It is well 
known that the FWHM is related to the phonon lifetime [67]: a slight 

change in the lattice due to the coupling changes phonons lifetime and, 
consequently, the FWHM. In a similar manner such effect is also 
observed near to magnetic transitions, which further confirms strong 

Fig. 7. Comparisons of temperature dependence of (a,b) peak shift and (c,d) FWHM of some selected Raman-active modes for SFO, SFAO_1.4 and SFAO_2. Peak shift 
fitted with Balkanski model near the ferrimagnetic transition.

Fig. 8. High temperature dependence of (a) the real part of the relative dielectric constant, έr of SFO and SFAO_x (x = 1, 1.4, 2), and (b) their corresponding loss 
tangent, tan δ in the frequency ranging from 180 Hz to 330 Hz. (c) Frequency dependence of ac-conductivity, σac at room temperature. For the SFAO_1.4 at 520 K, (d) 
(d) Nyquist plot, and Z"-vs-Z′ fit (main frame) and frequency dependence of the real and imaginary part of the dielectric constant, εr and their corresponding fits 
(inset, (e)).
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spin-phonon coupling at high temperatures. From the observed trend, 
the bipyramidal Fe–O modes exhibit the strongest anomalies, as their 
effective bond stiffness is highly sensitive to the surrounding spin 
configuration and is destabilized by the weakening of the 4e–12k 
superexchange network. This behavior is fully consistent with the NPD 
and Mössbauer analyses, which reveal a pronounced reduction of the 
magnetic moment at the 4e site despite the absence of direct Al substi
tution, confirming that the disruption of the interactions is the key origin 
of the phonon anomalies. Importantly, the temperatures at which these 
anomalies occur (i.e., the clear slope change around 750, 665 and 630 K 
for SFO, SFAO_1.4 and SFAO_2) correlate well with the TC indepen
dently determined from magnetic susceptibility measurements (Fig. 4a, 
b), confirming that the phonon dynamics are directly sensitive to the 
magnetic ordering transition.

The magnitude of these effects is found to depend on the Al content. 
In particular, samples with higher Al substitution exhibit shows a 
stronger phonon softening and linewidth broadening near TC, which can 
be rationalized in terms of the progressive weakening of Fe–O–Fe 
superexchange interactions (as they contribute to the effective spring 
constant of Fe–O bonds) and the enhanced sensitivity of the lattice to 
magnetic fluctuations when non-magnetic Al replaces Fe3+.

Given that Raman spectroscopy already revealed how Al substitution 
affects the lattice dynamics through phonon softening and broadening 
near TC, it is natural to extend the analysis to the dielectric properties, 
which provide complementary insight into how charge and dipolar 
dynamics couple to the evolving magnetic and structural environment. 
The dielectric properties of SrFe12-xAlxO19 x = 0, 1, 1.4, 2 have been 

collected, and the relative dielectric constant and loss are depicted in 
Fig. 8a,b. While some systematics can be observed, e.g. the overall 
reduction of εr' and tanδ near room temperature with increasing Al 
content, the overall dielectric response appears to be a collection of 
overlapping relaxations. To get some more insight on the dielectric 
properties, we have evaluated the ac-conductivity, σac = ωε0εr' tanδ, 
electric modulus M*=1/ε* and impedance Z* = 1/iωC0ε* (more details 
in Ref [68]). As seen in Fig. 8c, the ac-conductivity is found to be 
significantly decreasing as the Al content increases from 0 to 1.4. It in
creases again for x = 2, in agreement with the loss data presented in 
Fig. 8b The frequency dependence of the dielectric constant and 
impedance was analysed using an equivalent circuit model, as illustrated 
in Fig. 8d,e. The variation of εr' and Z'' exhibits a well-defined plateau 
extending from approximately 50 kHz toward lower frequencies, 
indicative of Maxwell–Wagner interfacial polarization arising from 
charge accumulation at the grain boundaries. This observation is further 
substantiated by the Nyquist plot presented in Fig. 8d, which reveals two 
distinct semicircular arcs associated with the grain interior and grain 
boundary responses, respectively. Inside the grains, Al is found to reduce 
the number of polaronic Fe2+/Fe3+ hopping sites, reducing the carrier 
density, as also observed in other systems [69]. This, in turn, decreases 
the overall conductivity of the Al-substituted samples and their dielec
tric losses.

Taken together, these results suggest that while neutron diffraction, 
Mössbauer spectrometry, Raman spectroscopy, and dielectric measure
ments consistently highlight the weakening of Fe–O–Fe exchange and 
the loss of magnetic moment with Al substitution, the coercivity data 

Fig. 9. (a) summary of estimated magnetic and dielectric parameters (MS, MNPD, tan δ, HC, TC) for selected samples, (b) temperature dependent data (m, έr , χmass, 
shift of A1g-4e) for SFAO_2.
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demonstrate that at the mesoscale the dominant effect is the stabiliza
tion of single-domain reversal (Fig. 9a,b), as supported by TEM analysis 
showing reduced particle dimensions within the single-domain regime. 
This explains how exceptionally hard ferrimagnetic behavior emerges 
despite the intrinsic weakening of the exchange network.

Conclusions

This unified picture highlights the central role of superexchange 
weakening in governing both the magnetic and functional responses of 
Al-substituted SrFe12O19. The combined NPD and XRPD refinements 
show that Al3+ preferentially replaces Fe3+ in spin-up octahedral sites 
(2a, 12k), leading to a systematic reduction of the net magnetic moment 
and Curie temperature. Complementary ⁵⁷Fe Mössbauer spectrometry 
confirms this preferential substitution, revealing a marked decrease of 
the hyperfine field at 2a and tetrahedral 4f sites, consistent with the 
weakening of the transferred exchange field within the spin-up sub
lattice. Raman spectroscopy further reveals pronounced phonon soft
ening and linewidth broadening near TC, with the strongest anomalies 
linked to bipyramidal Fe–O vibrations, consistent with the disruption of 
the 4e–12k/4e–4f superexchange network. The dielectric measurements 
suggest that the Al incorporation modifies the polaronic conduction 
across the Al substituted Fe-O-Fe bonds, leading to the enhancement of 
the capacitive behaviour. At the mesoscale, susceptibility and coercivity 
data demonstrates that Al substitution stabilizes a single-domain 
reversal regime, leading to a substantial increase of coercive field up 
to ~1.2 T Altogether, these findings reconcile the apparent paradox of 
reduced exchange interactions and enhanced hard magnetic perfor
mance, highlighting the interplay between atomic-scale substitution 
effects and domain-scale reversal mechanisms in determining the 
functional properties of M-type hexaferrites.
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