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Abstract: Ba; _SryFe1p019 (x = 0.0, 0.5 and 1.0) hard-magnetic nanohexaferrites prepared
by autocombustion were primarily investigated using Mossbauer spectroscopy and optical
studies. Morphological examination by electron scanning microscopy revealed that the
particles agglomerated into grains with a hexagonal shape. The grain size increases with
the amount of Sr content, from ca. 490 nm (x = 0.0) to ca. 700 nm (x = 1.0). Room-
temperature Mossbauer spectroscopy showed that the mean hyperfine field increased with
the substitution of Ba?* by Sr?*, consistent with magnetization results. The preferential sites
occupied by Fe ions in the hexaferrite structure were determined. Optical studies revealed
that all compounds absorb up to ca. 1000 nm, and that the bandgap energy decreases with
increasing Sr content.

Keywords: M-type hexaferrites; hyperfine interactions; cation distribution; band gap
energy

1. Introduction

Hexaferrite materials (HFm) (including BaFe 1,019, PbFe;,019, and SrFe;2019) have
been used in numerous technological devices, especially in IT applications such as anti-
electromagnetic interfaces, telecommunication, channel filters, microwave devices, mag-
netic recording, magneto-optics, gyromagnetic devices, and multilayer chip devices [1-6].
These materials are known to have high resistivity, high chemical stability, high coercive,
and anisotropy fields [7].

The magnetic properties of HFm are linked to the intrinsic magnetic properties of
M-type phase. The M-type hexaferrites crystallize in a hexagonal structure with 64 ions
per unit cell distributed across 11 different symmetry sites, which contributes to their
ferromagnetic behavior.

Recent research has confirmed the light absorption capabilities of HFm by examining
its optical band gap energy [8]. It was confirmed that the synthesis technique, particle size,
and concentration and nature of the doping metal ions induce significant modifications
in band gap energy [9-11]. For example, Jayakumar et al. [12] reported that introducing
Cd?* and Ni%* ions into Strontium hexaferrites (SrFe;,019) increases the optical band gap
energy from 2.32 to 2.82 eV.
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Generally, ion substitution in HFm leads to a change in site occupancy of Fe3* ions in
the five interstitial positions, with trivalent metal ions replacing them. This substitution
strongly affects the structural, magnetic, and optical properties.

Mossbauer spectroscopy allows for detailed analysis of the iron sites in M-type hex-
aferrites. Previous studies have shown distinct hyperfine magnetic fields at different
crystallographic sites (tetrahedral and octahedral), confirming the non-collinear magnetic
structure of these materials. Variations in isomer shifts and quadrupole splitting provide
insights into the electronic and magnetic environments surrounding the Fe ions. Mossbauer
spectroscopy has been used to study the effects of substituting Fe>* ions with other cations,
examining how these substitutions impact the magnetic properties and stability of the
hexaferrite structure [13,14].

In the earlier studies we examined, experimentally and theoretically, the structural,
magnetic, electrical, and dielectric properties of Ba;_4SrxFe 2019 (x = 0; 0.5; 1) M-type
hexaferrites synthesized through the autocombustion method [15,16].

In this study, we examine Baj_,SrxFej2019 hexaferrites prepared by autocombustion
through scanning electron microscopy and energy dispersive X-ray spectroscopy. This
allowed us to access particle morphology and compositional homogeneity. Additionally,
Mossbauer spectroscopy was employed to determine the oxidation states of iron within the
samples and to analyze the distribution of Fe across various sites in the hexaferrites. We
also present optical studies conducted on the samples.

The combination of Mossbauer spectroscopy and optical studies provides crucial
insight into the magnetic interactions and electronic structures of M-type hexaferrites. To
continue the research in this area, the present results contribute to optimizing synthesis
methods and exploring advanced doping strategies to further tailor the properties of
M-type hexaferrites.

2. Experimental

The Baj_,SrxFe2019 (x = 0.0, 0.5 and 1.0) M-type hexaferrites were synthesized
through an autocombustion method detailed in our earlier publications [15,16]. Stoichio-
metric quantities of Fe(NO3)3-9H;0, Ba(NO3);, and Sr(NO3), were used and dissolved in
aqueous solution with glycine as fuel agent. The resulting black powders were compacted
into pellets and subjected to a sintering process at consecutive temperatures of 900 °C for
30 min, 1000 °C for 30 min, and 1100 °C for 2 h.

The morphology of the samples was examined using a TESCAN VEGA3 SBH scanning
electron microscope (SEM).

Mossbauer spectra were obtained at room temperature in transmission geometry
using triangular velocity waveforms. A %Co source embedded in an Rh matrix, with an
activity of approximately 20 mCi, was employed. Powder samples were placed in Perspex
holders for analysis. The spectra were evaluated using the least squares method with the
NORMOS program [17], and isomer shifts were referenced to x-Fe at room temperature.

Solid state absorption spectra were recorded by collecting the reflectance using
an AvaSpec-ULS-TEC Avantes Senseline Fiber Optic Spectrometer System coupled to
a Mikropack DH-2000-BAL UV-Vis-NIR light source. A 45-degree angle probe tip fiber
optic bundle for measurement of reflection in powders and thick fluids was used (FCR-
UV200/600-2-IND 1211040). The 45-degree angle of the probe prevents the measurements
of direct back reflection from the window. Background correction was performed by col-
lecting the baseline with 100% and 0% reflectance (using a Polytetrafluoroethylene, PTFE,
reference sample and the blocked beam, respectively) prior to the determination of the
spectra of the solid samples. The conversion to absorption was conducted based on the
Kubelka—Munk function, F(R) [18].
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3. Results and Discussion
3.1. Structural and Mossbauer Studies

The structural characterization of our M-type hexaferrites using powder X-ray diffrac-
tion and Transmission electron microscopy (TEM) was reported in our previous stud-
ies [15,16]. The diffraction patterns were indexed to the hexagonal structure with P63 /mmc
space group of pure BaFe;,019. A minor secondary phase of hematite (x-Fe,O3) was found.
This oxide was also unavoidable during the synthesis of hexaferrites in similar works [19].

The average size of the crystallites of the Ba;_SrxFe12019, (x =0.0, x = 0.5 and x = 1.0)
compounds was determined by the Scherrer equation, ranging from 56 nm to 44 nm, and
the mean particle size obtained by TEM is ca. 230 nm to ca. 180 nm [15].

Figure 1 shows the SEM images of the hexaferrites that confirmed the coarseness
in the samples and the hexagonal shape of the grains. It can also be observed that the
hexagonal platelets are distributed homogeneously. This shape of grains is very distinct
from those observed in other surface morphologies studies on Sr doped Ba hexaferrites [20].
One can observe that the average grain size decreases with the amount of Sr content,
with the platelets” mean length being approximately 1.5 pm, 900 nm, and 750 nm for
Baj_xSryFe12019, x = 0.0, x = 0.5, and x = 1.0, respectively. The decrease observed in
the surface grains is in accordance with the decrease in crystallite and particle sizes with
the increase of Sr content. In Figure 2, the chemical elements are shown to be uniformly
distributed throughout the hexaferrite powders.
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Figure 1. SEM images of the Baj_,SrxFe1p019 M-type hexaferrites: (a) x = 0.0, (b) 0.5, and (c) 1.0.
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Figure 2. Element mapping of the Ba;_,SryFe12019 samples: (a) x = 0.0, (b) x = 0.5, and (¢) x = 1.0,
determined by EDS.
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Saturation magnetization (Ms), remanent magnetization (M;), and coercivity (H.) were
extracted from the hysteresis loops shown in a previous work [16] and are presented in
Table 1. In general, the hard magnetic materials’ properties increase concomitantly with the
Sr doping content.

Table 1. Magnetic parameters of Baj_,SryFe;2019 (x = 0.0, 0.5 and 1.0) M-type hexaferrites (ref. [14]).

Sample M; (emu/g) M; (emu/g) H. (kOe)
x=0.0 89.74 29.70 1.498
x=0.5 94.81 31.06 1.568
x=1.0 98.32 35.78 1.892

The crystal structure of M-type hexaferrites consists of a unit cell composed of two
molecular units, in a total of 64 ions (32 ions per unit). Each molecular unit features two
distinct types of blocks—hexagonal (R) and cubic (S)—arranged in the sequence SRS*R*,
where the 5* and R* blocks are rotated 180° around the c-axis, overlapping with one another.
Among the 64 ions, there are 38 O~ ions and 24 Fe3* ions occupying interstitial positions
across five different crystallographic sites: three octahedral sites (12k, 4f,, and 2a), one
tetrahedral site (4f;), and the bipyramidal 2b site, which is defined by a base formed from
five oxygen atoms surrounding the Fe** ion [21]. The remaining two ions out of the total
sixty-four can be either Ba** or Sr?*, depending on the specific composition [22]. In barium
and strontium hexaferrites, Fe3* serves as the ferromagnetic ion, and its distribution across
the five crystallographic sites plays a critical role in determining the material’s overall
magnetic properties. According to the Gortel model, within a given molecular unit, twelve
Fe®* ions are distributed as follows: Six occupy the 12k site, one occupies the 2a site (with
spin up), one resides in the 2b site, and two are located in both the 4f; and 4f; sites (with
spin down). This configuration results in eight Fe3* jons with spin up and four with spin
down. Consequently, the net magnetization of the hexagonal crystal is primarily due to the
excess of spin-up Fe3* ions [23,24].

The use of " Fe Mossbauer spectroscopy is crucial for understanding the magnetic
behavior of hexaferrites, particularly in relation to their structural characteristics and the
preferential occupancy of various crystallographic sites. Fe** ions play a key role in this
Mossbauer analysis.

Statistically, if Fe>* ions are uniformly distributed by the five crystallographic sites,
the occupation of sublattices 12k, 4f1, 4f2, 2a, and 2b is 50:17:17:8:8, respectively [22]. Any
variation from this ratio can be ascribed to the substitution of other elements at this site,
which may occur differently with different preparation methods, for instance.

The Mossbauer spectra of Baj_4SrxFe12019 (x = 0; 0.5 and 1) are shown in Figure 3. In
all spectra, the Mossbauer contribution of the M-type phase was fitted using five magnetic
components, each corresponding to the five distinct sites of the M-type crystal structure.
The spectra were also adjusted with a small contribution of hematite. The fitted hyperfine
parameters are shown in Table 2.
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Table 2. Hyperfine parameters obtained from the fitting of spectra shown in Figure 3: Isomer shift (),
quadrupole splitting (A), hyperfine magnetic field (B), full width at half maximum (W), relative area
(RA), and relative area only of the hexaferrite (RA¥).

Fe Site and Spins  Structural

Sample Guidelines Blocks 8 (mm/s) A (mm/s) B (T) W (mm/s) RA (%) RA* (%)
12k 1 R-S 0.36 (1) 042 (1) 42.0(1) 0.35(1) 43.3 (2) 46
1 S 0.28 (1) 0.20 (1) 49.7 (1) 0.36 (1) 21.0 (4) 22
BaFe;,010 1 R 0.44 (1) 0.09 (1) 52.3 (1) 0.30 (1) 18.3 (5) 20
T S 0.25(1) —0.04 (1) 52.3(1) 0.26 (1) 8.7 (6)
T R 0.31 (1) 221 (1) 40.7 (1) 0.25 (1) 31(1)
Hematite 0.39 (2) —0.20 (1) 52.1(1) 0.30 (1) 5.6 (1)
12k 1 R-S 0.36 (1) 0.41 (1) 42.1 (1) 0.33 (1) 446 (1) 46
1 S 0.28 (1) 0.17 (1) 49.9 (1) 035(1)  202(3) 21
Bag 5510 sFe1201s 1 R 0.44 (1) 0.13(1) 524 (1) 0.32(1) 19.4 (5) 20
1T S 0.25 (1) —0.06 (1) 52.3 (1) 0.25 (1) 8.9 (6)
T R 031 (1) 2.26 (1) 409 (1) 0.26 (1) 3.8(1)
Hematite 0.38 (1) —0.21 (1) 52.0 (1) 0.28 (1) 3.1(1)
12k 1 R-S 0.36 (1) 0.40 (1) 41.9 (1) 0.32 (1) 48.0 (1) 49
1 S 0.27 (1) 0.18 (1) 49.7 (1) 0.28 (1) 17.1 (1) 18
StFer,O1o 1 R 0.40 (1) 0.34 (1) 52.4 (1) 0.29 (1) 17.6 (2) 18
1T S 031 (1) —0.01 (1) 514 (1) 0.28 (1) 8.6 (2) 9
T R 0.31(1) 2.26 (1) 41.3(1) 0.28 (1) 59 (1) 6
Hematite 0.39 (1) —0.20 (1) 52.1(1) 0.29 (1) 2.8 (1)

The contribution of Fe?* ions at each site to the magnetic properties varies. Hyperfine
Mossbauer parameters, including quadrupole splitting (A), isomer shift (5), and hyperfine
magnetic field (B), offer valuable insights into the characteristics of the different oxygen
polyhedra present in the structure.

The fitting procedure was conducted according to the usual procedure following the
literature, e.g., [25].

The spectrum for the 12k site displays the highest intensity (RA), while the 2b site,
characterized by its trigonal bipyramidal symmetry, exhibits significant distortion, leading
to larger quadrupole splitting values and reduced relative intensity. This pronounced
quadrupole splitting in the 2b sublattice allows for a clear differentiation of the correspond-
ing sextet from those of the other sublattices. The hyperfine magnetic field obtained from
our fitting procedure is similar for 4f2 and 2a sites, but site 4f2 stands out due to its higher
relative intensity.

The isomer shifts () are of the order of 0.25 to 0.44 mm/s for the five sextets. It is
widely recognized that in the magnetically ordered phase, the valence state of iron (Fe)
can be primarily identified by the isomer shift values: 0.6-1.7 mm /s corresponds to Fe?*,
0.05-0.5 mm/s to Fe®*, and —0.15-0.05 mm/s to Fe** [8]. Therefore, all values of the isomer
shift correspond to the Fe3* state.

Substitution of Ba M-type hexaferrites by Dy and Cr [26], studied by Raman and
Mossbauer spectroscopies, showed that the occupancy of those sites is very much modified,
influencing the magnetic properties of the compounds.

The change of hyperfine magnetic field, isomer shift, and quadrupole splitting with
composition x for Baj_,SrxFe12019 (x = 0; 0.5 and 1) is shown in Figure 4. B values change
slightly with Sr substitution, except in the case of x = 1 for site 2a. In this case, one
can observe that B decreases. The magnetization of the M-type phase can be assessed
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by calculating the average hyperfine field, denoted as <B>, which reflects the magnetic
moment. This mean field is determined by assuming that the magnetic moments at the 12k,
2a, and 2b sites are aligned parallel to one another, while the moments at the 4f1 and 4f2
sites are oriented antiparallel, as outlined below:

(B) = p12xB(12k) + p2,B(2a) + p2y B(2b) — paf, B(4f1)

1
—paf, B(4f2) W

i

where p; represents the relative Mossbauer percentage of the contribution from site “i
associated with the hyperfine field B(i) [27].
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Figure 4. Hyperfine magnetic field (B), isomer shift (5), quadrupole splitting (A), and relative area
(RA*) of Fe3* ions in function of x for the Baj_,SryFe2019 samples.

The mean hyperfine field <B> increases with the substitution of Ba?* by Sr?*. The
values obtained for <B> are 3.85; 4.75 and 8.77 T for Ba;_,SrxFe1,019, with x = 0; and 0.5
and 1, respectively. These results agree with the magnetization results.

The values of the isomer shift (5) are almost constant for the 12k, 2b, and 4f1 sites. The
values of isomer shift decrease due to increased s electron density at the Fe** nuclei. This
behavior shows that the s electron density at the Fe3* nuclei on the 4f1 site, and especially
on the 4f2 site, increases with replacement by Sr. Moreover, the reduction in the isomer shift
value is usually associated with a decrease in the interatomic distance between Fe and O.
The increase in § observed for Fe>* on 2a sites in SrFe;5019 normally occurs when there is
an increase in d electron density, which leads to a stronger shielding of the s electrons. This
may be associated with the crystallographic and chemical environment of the 2a site [26],
namely the nature of the nearby divalent cations.

With increasing Sr content, the values of the quadrupole splitting (A) are stable, except
for the 4f2 site, where A increases for x = 1, showing a distortion of this site with the
substitution. In general, the magnetic moments of Fe>* ions remain aligned along the
axial direction.
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According to the relative areas (RAs*), there are some differences between the theoreti-
cal relative populations and those obtained experimentally. The discrepancy is attributed to
variations in the Lamb-Madssbauer factors across the different sites [19] and also to stacking
faults [27].

3.2. Optical Studies

To elucidate the optical application of the three studied hexaferrites, UV-visible-NIR
absorption spectroscopy in the 200-2500 nm optical region was obtained through the
collection of the total reflectance of the samples and conversion into absorbance using the
Kubelka-Munk function, F(R) [18]; see Figure 5. It was observed that all compounds absorb
up to ca. 1000 nm (UV-visible and NIR regions).

08 L) Ll Ll Ll Ll Ll
Ba
Ba-Sr
0.6 .
o
0 04 !

0.2

500 600 700 800 900 1000

Wavelength (nm)

0.0 n
300 400

Figure 5. Solid state diffuse reflectance spectra of the samples, as indicated: Ba;_SrxFe;,019 (x = 0.0,
0.5, and 1.0), after Kubelka—Munk function, F(R), transformation.

We used the absorbance values to calculate the parameter o, using the following

& = 2.303 X (Atbs> @)

where, Abs is the absorbance, and ¢ the thickness of the samples.

equation:

It is important to mention that, in order to create a graph, the absorption coefficient
« must be calculated as function of the photon energy, as described by the following
equation [28]:
A(hv — Eg)"

T &

In this equation, v is the photon frequency, E, is the band gap energy, and A is a
characteristic parameter of transition, which depends on the value of . For direct transition,
n is equal to 2; for indirect allowed transition, n is 1/2; and # is equal to 1/3 or 2/3 for
indirect and direct forbidden transitions, respectively. Hexaferrite materials are known to
exhibit indirect transitions (1 = 1/2) [29,30]. The latter equation becomes:

(ahv)* = A(hv — Ey) (4)
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The band gap energy, Eg, values could be deduced from extrapolation of a linear
portion of the (D(hl/)z vs. hv Tauc plots, as presented by dark line in Figure 6. This procedure
is frequently employed for characterizing semiconductors and is well-documented in the
literature [31-33].

12
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Figure 6. Tauc plots for indirect band gap of Ba;_,SrxFe1,019 (x = 0.0, 0.5, and 1.0) samples.

The obtained values for Eg are within the ones reported for another Ba and for Sr
hexaferrites [20,34,35].

Size, metal substitution ratio, geometry, and synthesis method differences might lead
to different optical band gap energies [36,37]. The results obtained for Eg are plotted in
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Figure 7. From those values, the semiconductor nature of the produced compounds can be
inferred [35], and one can see that Eg decreases with the increase of Sr content.

Y

175+

1.55 (v

1 1

Sr Ba-Sr Ba

Figure 7. Bandgap energy (Eg) vs. Sr content for the Ba;_SrxFe2O19 (x = 0.0, 0.5, and 1.0) samples.

These values are inferior to those obtained by Raghuram et al. [20] for Sr doped Ba
hexaferrites prepared by hydrothermal methods, where the particles were much smaller
than those of our compounds, in accordance with the blue shift of Eg observed with the
decrease in particle size. Our compounds, with higher grain sizes, can express better
applications in optoelectronic devices and photocatalytic and sensor areas.

4. Conclusions

We have studied Ba;_SryFei,019 hard-magnetic nanohexaferrites, synthesized by
autocombustion, specifically focusing on the effects of Sr substitution on their properties.
Morphologically, the hard-magnetic nanoferrites agglomerated in hexagonal-shaped grains,
consistent with typical hexaferrite structures. Grain size increases with Sr content, which
can be related to the changes in crystallinity as Sr substitutes for Ba.

Mossbauer spectroscopy was used to study the magnetic properties and site occupancy
of Fe ions in the hexaferrite structure. It showed that as Sr2* replaced BaZ*, the mean
hyperfine field increased in agreement with the increase of saturation magnetization. The
occupancy of the 4f1 and 4f2 sites by Fe3* also increases with replacement of Ba by Sr.
This suggests that Sr might be influencing the magnetic interactions or the distribution
of Fe ions in the structure, aligning with the changes in magnetization. These results are
valuable in understanding how tuning the composition of these materials could affect their
performance in applications like permanent magnets and magnetic storage devices.

The optical investigations revealed that the title hexaferrites absorb light up to 1000 nm,
and the bandgap energy decreases as Sr content increases. This indicates a shift in the
electronic structure of the hexaferrites as the Sr substitution influences the bandgap. All
compositions have low band gap energy, making their photocatalytic activity under visible
light more practicable, especially for SrFe1,019 nanoparticles. This is important for applica-
tions where optical properties, such as visible light photocatalytic activities, are relevant.
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