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Abstract: Hexagonal ferrites with the formula SrxBa(;_,)Fe;2019 (x = 0; 0.3; 0.5; 0.7; and 1) were
prepared using the citrate method. The main feature of this synthesis is a relatively low calcination
temperature of 700 °C. An X-ray diffraction study revealed a single-phase material. According to SEM,
the particles were 50—70 nm in diameter. The Curie temperature of the samples that were determined
using the DSC method varied in a very narrow range of 455—459 °C. Analysis of the magnetic
hysteresis loops obtained at 300 K and 50 K indicated all samples as magnetically hard materials
in a single-domain state. The maximal magnetic characteristics encompass strontium hexaferrite.
The terahertz spectra of complex dielectric permittivity and the spectra of infrared reflectivity were
measured at room temperature in the range of 6-7000 cm~!. The obtained broad-band spectra of
the real and imaginary parts of permittivity reveal significant changes associated with structural
distortions of the (Sr,Ba)O;, anti-cuboctahedron caused by the substitution of Ba®* with Sr2* in the
same crystallographic positions.

Keywords: hexagonal ferrites; citrate synthesis; nanoparticles; XRD; SEM; DSC; magnetic properties;
IR spectroscopy; THz spectroscopy

1. Introduction

Hexagonal ferrites are the complex oxide systems structurally related to the magne-
toplumbite mineral, which has the formula PbFe; sMnj3 5Aly5Tig5019. There are several
known types of hexagonal ferrites, M, Z, W, X, Y, U, and V. Among them, M-type ferrites
are the most widely used due to their specific properties. M-type ferrites possess a range of
useful properties: high chemical resistance, a wide range of magnetic resonance frequencies,
high values of electrical resistance along with a high Curie temperature, and magnetic
anisotropy constants, while having an easy magnetization axis along the c axis. [1-3].

Currently, several methods are commonly employed for the synthesis of ferrites. The
most widely used among them is the ceramic method. It involves mixing the powders of the
initial compounds and the calcination of the mixture at high temperatures. Powder mixing
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is frequently accompanied by mechanochemical activation. The duration and temperature
of the heat treatment, the time of mechanochemical activation, and the nature of the starting
materials play important roles [4-7].

The citrate method is the most universal and involves the preparation of a gel containing
evenly distributed metal ions, which is then dried and combusted [8-11]. Another well-
known method is hydrothermal synthesis, which is carried out in autoclaves at high pressures,
wherein an aqueous solution of metal salts is hydrolyzed. This process is controlled by the
temperature, time, and concentration of surfactants and alkali compounds [12-14].

The co-precipitation method could also be used to obtain hexaferrites. This method
commences with a solution containing soluble forms of metals followed by their co-
precipitation. After drying, the co-precipitated solid is calcined, resulting in the formation
of the target phase. For such a process, it is essential to select reagents with similar solubility
and precipitation rates [15-17].

The flux method is employed to obtain hexaferrites in large crystal structures. The
mixture of metal oxides or salts with an addition of flux is heated up in a platinum crucible
to form a melt. When the molten solution is slowly cooled, the crystals of the target product
begin to grow. The purity of the starting materials and the cooling rate affect the quality
and size of the crystals [18-20].

Other methods for complex oxide production include self-propagating high-temperature
synthesis [21], combustion in the presence of carbon [22], and microwave combustion [23].
These methods are not often used to obtain hexagonal ferrites, since they are more specific
than the methods described above.

Materials based on M-type ferrites are suitable for the production of permanent
magnets, in data-recording and storage devices, ferrite cores, pigments, sensors, and
catalysts [2,3,24]. M-type ferrites could also be applied as a component for the hyperthermal
method of tumor treating [25-27].

The doping of barium hexaferrite is commonly performed to change its properties.
Thus, substitution with AI3* ions increases the coercive force of hexaferrite, but at the
same time reduces the residual magnetization, which makes such a material suitable for
further use as a microwave scanner [1]. The use of two substituent ions, Y3+ and Co?*, is
beneficial in obtaining materials for microwave devices [24]. The substitution of Ba%* with
Pb?* makes it possible to obtain a material suitable for application in transformers and
in ferrite filters operating at high frequencies [28]. The material obtained through doping
with La**~Ca?"-Co3* ions is used under high frequency and microwave engineering [29].
By including Tb3* at the positions where Ba* resides, it is possible to obtain a material
suitable for high-frequency devices and magnetic data-recording devices [30].

If Co?* and Ti** are simultaneously used for the substitution of Fe’*, the resulting
hexaferrite is optimally suitable for recording devices, like computer hard drives (SSDs),
due to having a small grain size, low coercive force, and high saturation magnetization [1].
For the same purposes, the simultaneous substitution of Fe3* with Ni%*, Co?*, and BaZ* for
Sr?* ions has been shown to be suitable [31].

Barium hexaferrite substituted with Ga®*, Zn?*, and Sr?* ions can be used to cre-
ate microwave absorbers [32]. Another promising material for a microwave absorber is
Nd3*-Cd?*-substituted hexaferrite [33]. The combined use of Sr?*, Ca®*, and AI** ions
makes it possible to achieve a higher level of energy in a permanent magnet [34,35]. In
addition to doping, another relevant field of research is the preparation of hexaferrite-
based composite materials, where spinel ferrite could be used as a secondary compound to
enhance magnetic properties [36] or to create polymer composites for microwave absorp-
tion [37-39]. These are two primary applications for the M-type ferrites. However, systems
like SrFe1,019 still attract attention from the synthesis process-tuning point of view [40,41].

The purpose of this study was to conduct the sol-gel synthesis of nanosized hexaferrites
with the formula SryBa; _y)Fe12019, where x = 0; 0.3; 0.5; 0.7; and 1, and the investigation
of the structural parameters, morphology, and magnetic properties of the products.
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2. Materials and Methods

The sol-gel synthesis of SrxBa(_y)Fe12019 (x = 0; 0.3; 0.5; 0.7; 1) was carried out
according to the following scheme: the initial compounds Sr(NOs),;, Ba(NOs3),, and
Fe(NO3)3-9H;0, in stoichiometric amounts, were taken along with the citric acid mono-
hydrate, which was added in a 2-fold excess relative to the metal ions and dissolved in
distilled water. For example, 4.2598 g of Fe(NO3)3-9H,0, 0.0579 g of Sr(NO3);, 0.1668 g
of Ba(NO3);, and 7.5 g of CgHgO7-HpO was dissolved in 20 mL of distilled water for the
synthesis of Srp3Bag 7Fe1,019. Following the dissolution of all components, the solution
was kept at 100 °C in an oven until a dry dark brown gel was formed. The resulting gel
was placed in a mulffle furnace and heated up to 500 °C at 10 °C/min, held for 3 h at 500 °C,
and then cooled. The obtained light brown powder was ground in a mortar and calcinated
at 700 °C for 3 h.

In order to compare the influence of the preparation method used on the magnetic
properties of a product, solid solutions of strontium-substituted barium hexaferrite were
synthesized using a convenient ceramic method. For this method, SrCO3, BaCOj3, and
Fe,O3; were mixed with a mortar, pressed in a pellet, and calcined in the air at 1400 °C for
5 h. The product of this ceramic technique was a dark brown powder.

Both the sol-gel and ceramic materials were investigated using the following methods:
powder X-ray diffraction (XRD) scanning electron microscopy (SEM), energy-dispersive
X-ray fluorescence spectroscopy (EDX), differential scanning calorimetry (DSC), vibrating
magnetometry, and terahertz (THz) and infrared (IR) spectroscopy. The following equipment
were used for these methods: the powder diffractometer Rigaku Ultima IV (Chelyabinsk,
Russia) (CuK« radiation), the scanning electron microscope JEOL JSM-7001F with an energy-
dispersive X-ray fluorescence spectrometer Oxford INCA X-max 80 (Chelyabinsk, Russia),
the simultaneous thermal analyzer Netzsch STA 449F1 “Jupiter” (Chelyabinsk, Russia), the
vibrating magnetometer Quantum Design PPMS VersaLab (Chelyabinsk, Russia), the terahertz
time-domain spectrometer Menlo Tera K15 (Moscow, Russia), and the vacuum infrared Fourier
transform spectrometer Bruker Vertex 80v (Moscow, Russia). Structural parameters were
calculated using Jana 2006, FullProf 2021, and Rigaku PDXL software.

3. Results and Discussion
3.1. XRD Analysis

The diffraction patterns of the obtained samples confirmed the purity of the materials
obtained using the citrate method (Figure 1) and the ceramic method (Figure 2).
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Figure 1. XRD patterns of SrXBa(l_X)Felelg obtained using the citrate method (x = 0; 0.3; 0.5; 0.7;
and 1).
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Figure 2. XRD patterns of SrXBa(l,x)Felelg obtained using the ceramic method (x = 0; 0.2; 0.5; 0.7;
and 1).

Rietveld refinement (Figures S1-S5) of the obtained XRD patterns for the citrate
samples was carried out under the following conditions: for x = 0 and 0.3, BaFe;,019 was
used as a starting model for refinement, for the x = 0.5, 0.7, and 1, it was SrFe;,019. The
parameters R;, (profile fitting R-value), Ryp (weighted profile R-value), and x? (goodness-
of-fit quality factor) obtained after refinement are presented in Table 1. The Ry and Ry,
were smaller than 4% and x> was lower than 3, which indicates a good agreement between
our simulated structures and the actual structures. Following this refinement, there were
obtained values for the unit cell parameters a and c and the CSR sizes (Dg) (Table 1).

Table 1. Curie temperatures, unit cell parameters, and CSR size for the citrate method-obtained samples.

COIS:::)E;EOII T, °C a, A c, A Rp, % Rwp, % e D, nm € (1073) Dg, nm
BaFe,019 454.6 5.9040 23.2772 2.22 3.10 2.3 24.1 0.63 224
Srg3Bag 7Fe12019 454.8 5.8996 23.2124 2.33 3.13 2.1 19.5 1.03 17.7
Sry 5Bag.sFe12019 4553 58918 231595  1.84 243 1.7 16.2 0.20 17.1
Sry 7Bag 3Fe12019 4563 58910 231384 210 2.94 21 18.8 1.16 16.1
SrFe1,019 458.6 5.8789 23.0498 1.92 2.56 1.9 20.0 0.23 18.0

Using the formula detailed in the Wiliamson-Hall method (1) (Figure 3), the coherent
scattering region (CSR) size, as well as the lattice strain, were calculated for each sample
(Table 1). As outlined in Equation (1) D—size of the CSR, e—lattice strain, k—shape factor
equal to 0.94, A = 1.54 A—wavelength of copper radiation, and f—full width at half
maximum of the reflection:

k-A
Brii-cos(0) = 553 + 4-¢-sin(6) 1)
From this method, the average CSR size for the synthesized hexaferrites was 19.7 nm,
which indicates that they are present in their nanodispersed state. Values of lattice strain
reaching the order of 1073 may refer to the initial stages of crystal formation.
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Figure 3. Wiliamson-Hall patterns of SrxBa(;_,)Fe12O19 obtained using the citrate method (x = 0; 0.3;
0.5;0.7; and 1).

Indexing the obtained XRD patterns made it possible to determine the unit cell pa-
rameters for each obtained solid solution (Table 1). Since the ionic radius of Sr2* (1.44 A)
is smaller than that of Ba?* (1.61 A), the unit cell and its parameters decreased with x
(Figure 4). The linear dependence indicates the Vegard’s law, which confirms the formation
of the substitutional solid solutions in both sets of powders. Small deviations in the a and ¢
parameters from Vegard’s law at x = 0.5 and 0.7 may indicate their tendency to separate
into two solid solutions.

T T T T T T 23.30 5.890 . : : . . . 23.22
5.905
e L 23.20
= C I 23.25 5.888
5.900 -] I23.18
L23.16
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T 5.890 Los1s & © L2312
5.882 F23.10
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5.875 T T T T T T 5.878 T T T T T T
0.0 0.2 0.4 0.6 0.8 10 0.0 0.2 0.4 0.6 0.8 1.0
Sr content (x) Sr content (x)
(a) (b)

Figure 4. Dependence of the unit cell parameters a and c on x in SrxBa( _)Fe12019 prepared using
the (a) citrate method and the (b) ceramic method.

3.2. Morphological Analysis

SEM images of the citrate samples (Figure 5) indicate an average particle size of the
samples of about 50 nm. The obtained maps (as shown in Figure 6) display a homoge-
neous distribution of elements within the samples. SEM images of the ceramic samples
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(Figure 7) present a grain size of about 1 pm; such an increase in size occurred as a result of
recrystallisation effects.

200nm 200nm
— —

200nm bk 200nm
— —

200nm
—

Figure 5. SEM images of SrxBa(;_,)Fe12Oyg citrate samples. (a) x = 0; (b) x = 0.3; (c) x = 0.5; (d) x=0.7;
and (e) x=1.

Figure 6. Maps of oxygen, iron, and strontium over a SrFe;,O1g citrate sample.
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1pm
——

um
——

Figure 7. SEM images of SrxBa( _,)Fe;2019 ceramic samples. (a) x = 0; (b) x = 0.2; (c) x = 0.5; (d) x = 0.7;
and (e) x=1.

3.3. DSC Analysis

Differentiation of the DSC curves provided the DDSC curves (Figure 8), which permit
a more accurate determination of the Curie temperature (T.) values (Table 1). Our values
of T¢ do not differ strongly from the values obtained with bulk materials [1]. T, was found
to increase with x, which was probably related to shorter interatomic distances, which is
known to increase superexchange interactions between Fe sites. Decreasing interatomic
distances formed as a result of the substitution of the larger Ba?* ions with the smaller Sr>*
ions have already been investigated in previous studies [42,43].

— BaFe12019 454.8°C  455.3°C
— 8rp.3Bap.7Fe12019 o
" 454.6°C 456.3°CF
— Srp.5Bap.5Fe12019 )
c — Srp.7Bag.3Fe12019 458.6°C
= ||— SrFe12019
<
€
)
» 0.5 i
)]
o
0.0 : : . . .
350 400 450 500

Temperature, °C
Figure 8. DDSC data of the SrxBa(; _)Fe12019 citrate samples.

3.4. Magnetic Measurements

Magnetic measurements were carried out with a magnetic flux density of up to 3T at
the temperature range from 50 K to 300 K. The resulting wide hysteresis loops (Figure 9)
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indicate the magnetically hard material with a decrease in the remnant magnetization (M)
and saturation magnetization (M) with the temperature. For each sample, Mg is almost
twice as large as M,, which indicates a random orientation of the single-domain particles
and the existence of uniaxial anisotropy.

M, A-m?kg

o ] Bafe0. T=300K
Sro4Bag 7Fe1,044
wd SrysBag sFe1,049
Sro7BagsFe 049
—— SrFe,,0
20 12019
0
2204
40
-60 - 06 0.4 02 00 02 04 06
woH, T
T T T T T T
3 -2 1 0 1 2 3
HoH, T
(b)

Figure 9. Hysteresis loops at 50 K (a) and 300 K (b) for the SrxBa(; _y)Fe;201g citrate samples.

According to the Stoner—Wohlfarth model, M and effective magnetic anisotropy
(Kef) can be determined using Equations (2) and (3) [32], respectively, from the hysteresis
data at a high-field region of the plot. By plotting magnetization (M) against 1/H? and
extrapolating the linear plot to a zero value of 1/H? (Figure 10), we can thereby obtain
values of M, while the slope value provides the parameter B multiplied by M.

100 BaFe,,0, T30k
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< 0 Y
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934 o * SrgsBagsFe04g
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Figure 10. M against 1/ H? plot at 50 K (a) and 300 K (b) for the SrxBa(j _,)Fe12Og citrate samples.
Dashed line—linear extrapolation of the M function.

Using these data, K, ¢y can be evaluated using Equation (3):

M

B

@
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15B
Keff = M- T (3)

The obtained values of M and K, (Table 2) were slightly higher than the values for
Bag 551 5Fe12019 known from the literature: 0.497 x 10° J/m?3 at 300 K [32]. Obviously,
annealing at 1200 °C resulted in the growth of the grain size that exceeded the single
domain. Much higher values of K, ff for SrFe1,019 was presented by the authors of [44],
4.47-5.45 x 10° J/m? (at 300 K), with sintering temperatures of 850-950 °C. These may
have resulted from the grain size being closer to a critical size of a single domain, but not
exceeding it.

Table 2. Magnetic characteristics at 50 K and 300 K for the SryBa(;_)Fe1201g citrate samples.

50 K 300K
Sample
Composition M;, M;, H. T K10, M;, M;, H.T Kegs-10°,

A-m?/kg A-m?/kg ¢ J/m?3 A-m?/kg A-m?/kg ¢ J/m?3
BaFe1,019 86.90 43.46 0.50 0.79 62.46 30.41 0.52 0.62
Srg3Bag7Fe12019 89.01 46.31 0.49 0.94 64.83 32.32 0.47 0.72
Srg5Bags5Fe12019 90.33 47.05 0.53 0.98 64.93 3271 0.51 0.74
Srg.7Bag3Fe12019 91.46 47.90 0.53 1.01 66.39 33.35 0.48 0.77
SrFe,019 94.34 49.22 0.56 1.06 68.24 34.61 0.54 0.81

From the magnetization plots for samples obtained using the citrate method (Figure 9b)
and samples obtained using the ceramic method (Figure 11), a strong difference in the
H. parameter was observed. The differences in H., Ms, and M; can be explained by the
single-domain state of the particles that were obtained using citrate method. The particle
size for samples calcinated at 1400 °C (Table 3) is an order of magnitude larger than the
citrate samples calcined at 700 °C. In the single-domain state, no motion of the domain
border is possible in the particle itself, which has a positive effect on the value of the
coercive force.

T N T N T

80'_ — BaFe12019
60 - Srp.2Bap.gFe12019 -
1|— Sro.5Bap.5Fe12019
40| — srp.7Bap 3Fe12019 ]
D2 90 |—SrFe12019 i
D ]

M, Am?kg -
-

<0.20 -0.15 -0.10 -0.05 0.00 0.05 0.10 0.15 0.20 .
A
T T T T T T T T T T T T

-3 -2 -1 0 1 2 3
wH, T

Figure 11. Hysteresis loop at 300 K for the SrxBa ) Fe12O019 ceramic samples.
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Table 3. Magnetic characteristics at 300 K of the samples obtained at 1400 °C and their grain sizes
using SEM.

Sample

Composition H, T M;, A-m?/kg a, A ¢, A D, um
BaFe;,019 0.06 65.8 5.889 23.206 1.1
SrolzBao_gFelzolg 0.06 66.3 5.887 23.177 1.2
Sro_5Ba0_5Fe12019 0.11 67.4 5.883 23.134 0.9
Sr0,7Ba0'3F812019 0.10 65.9 5.880 23.010 0.9
SrFe 2019 0.09 67.9 5.879 23.049 0.9

Figure 12 shows the dependence of the magnetization on the temperature at a magnetic
field of 0.05 T for the SryBa(; _y)Fe12019 samples that were obtained using the citrate method.
Compounds with x equal to 0 and 0.3 are depicted by a dashed line and have large values
of magnetization, which were determined to have been formed as a result of their prior
saturation with a magnetic field. For each sample, their magnetization increased linearly
when cooled from 300 K to 100 K, following which the rate of increase slowed down.

2.9+ ~BaFer13015 - 48
2.8

Sro.3Bap.7Fe12019| - 46
279 Tl — Sr0.5Ba0.5Fe12019) ] a4
2.6 H el — Sr0.7Bag.3Fe12019
2.5 N — SrFe12019 142
2.4 40
2.3
2.2
2.1
2.0
1.9
1.8
1.7
1.6
1.5
14

M, A-m?/kg
M, Am?/kg (dashed)

T T
100 200 300
Temperature, K

Figure 12. Field-cooled magnetization curves of the citrate SrxBa(;_ y)Fe;2O19 samples at 0.05 T.

Fitting the M(T) plot according to the modified Bloch’s law for nanoparticles (Equation
(4)) [45] resulted in § and B parameters (Table 4). The obtained B exponent was much
larger than standard value of 1.5, which indicates that the material is not bulk, but rather
nanodispersed.

M(T) = M(O)-(l - B.Tﬁ) @)

Table 4. Results of Bloch’s law fitting for the SrxBa(;_,)Fe12O1g citrate samples.

Sample -

Composition B B-10-6, K-8
BaFe1,019 2.14 231
Srg3Bag7Fe12019 2.06 301
Srg5BagsFe;019 2.18 156
Srg7Bag 3Fe12019 2.19 1.44
SrFe12019 2.16 1.79

3.5. Terahertz—Infrared Spectroscopy

For terahertz and infrared measurements, plane-parallel pellets 5 mm in diameter
and 0.7-0.8 mm thick were carefully prepared through pressing. At terahertz frequencies



Crystals 2023, 13, 1354

11 of 16

(v = 6-60 cm 1), room-temperature spectra of the complex transmission coefficient (ampli-
tude and phase) were measured that allowed for direct determination of the spectra of the
real and imaginary parts of complex dielectric permittivity, e*(v) = ¢ (v) + ie” (v). With
the standard Fresnel equations, the THz spectra of the reflection coefficients of the bulk
and layered samples were calculated from the spectra of the real and imaginary parts of
permittivity, and merged with the infrared spectra of the reflection coefficient measured up
to 7000 cm~!. Broad-band terahertz-infrared spectra of real and imaginary permittivity
were obtained through a least square analysis of the combined THz-IR reflectivity together
with the directly measured THz spectra of ¢/ (v) and ¢”(v). These spectra allowed for the
detailed analysis of the nature of the observed absorption resonances. An example of such
data processing is shown in Figure 13. Figure 14 displays the so-obtained broad-band
spectra of imaginary permittivity of all studied samples Ba;_SrxFe2O19, withx =0, ...,
and 1. According to the factor-group analysis of the M-type hexaferrite’s structure with
the P63/mmc space group, 17 Ej,, and 13 Ay, phonon modes were expected for the a||E and
c|E geometries of the single-crystal experiments, respectively [46] (E is the electric field
vector of the probing terahertz/infrared radiation). Since the samples are powders, the
spectra contain a superposition of all these phonon modes due to the orientation averaging
of grains/particles with different directions of the crystallographic axes. For the same
reason, not all symmetry-resolved lines were able to be separated and recognized in the
experimental spectrum (Figure 13). That is why we only considered 22 phonon modes to fit
the THz-IR reflectivity / permittivity spectra, each modeled through Lorentzian expression
for the complex dielectric permittivity:

fi

e =¢ +ie/ = e+ S
ijfvz+zvyj

©)

where ¢, is the high-frequency permittivity that is weakly dependent on the temperature;
fj = Ae ]-vjz is the oscillator strength, Asj denotes the dielectric contribution, v; represents
the frequency, and 7; denotes the damping of the j-th mode.

General analysis of the lattice dynamics in hexaferrites reveals that the main type of
oscillations leads to the appearance of the corresponding phonon modes in vibrational
spectra [47]. The oscillations of different type of FeOq octahedrons contribute to peak
formations in the range of ~300-620 cm~!, while the peaks with the highest oscillator
strength are caused by the strontium oscillations located below 200 cm~!. In this regard,
the IR spectra of both pure SrFe;,019 and BaFe1,019 (Figure 13), as well as of their solid
solutions (Figure 14), demonstrate characteristic absorption lines, which correspond to
known phonon modes of the hexaferrite structure [46,47]. This observation is in agreement
with the X-ray diffraction data on the relatively single-phase crystal structure of these
samples.

Figure 14 shows the composition-induced evolution of the phonon mode parameters.
While the frequencies of the low-frequency modes associated with the oscillations of the
(Sr,Ba) cations increase and their dielectric contribution decreases with the growth of
x(Sr?*), the high-frequency modes (oscillations of different types of FeOg octahedrons)
remain less sensitive to the compositional changes. This confirms the formation of a solid
solution of the substitutional type, which is consistent with the fulfillment of Vegard’s rules
(Figure 4). Certain splitting of the phonon modes in the range ~280-600 cm~! was still
observed, indicating the inter-sublattice coupling inherent to the hexaferrite structure due
to the corner-shared connection between different types of the oxygen polyhedra [1]. It is
important to note that the substitution of Ba>* with Sr?* in the 2d Wyckoff position of the
hexaferrite’s structure results in spectral changes that are similar to the temperature-induced
behavior of the ferroelectric soft mode, signs of which were found in pure BaFe ;019 [46].
The fundamental difference is that isovalent substitutions in the SrxBa( _,)Fe12019 samples
lead to a simultaneous shift in several phonon modes associated with vibrations of the
A-cations, in contrast to the BaFe1,019 single crystal, for which only the A, ferroelectric
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mode (for E||c geometry) is softened with decreasing temperature [46]. These composition-
induced changes of the lattice dynamics indicate an increase in the structural distortions of
the (Sr,Ba)O1, anti-cuboctahedron due to significant differences in the ionic radii of Sr*
and Ba?*, but not in an increase in the ferroelectric instability, as expected when the Ba?*
ions were replaced with stoichiometrically active Pb?* ions with a lone pair of electrons in
PbXBa1,XF612019 [48]

Since Sr** and Ba?* ions randomly occupy one crystallographic position without
any signs of ordering (Table 1), this indicates an increase in structural disorder, primarily
in the system of the (Sr,Ba)O;; anti-cuboctahedron. A clear manifestation of the effect
of structural disorder is the pronounced broadening of the lines corresponding to low-
frequency oscillations (v < 280 cm~!) and the enhancement of mode damping observed in
the THz and IR spectra of the samples with intermediate x(Sr>*) concentrations (0 < x < 1),
especially with equal contents of barium and strontium (x = 0.5). Note that the oscillator
strength of the phonon with the lowest frequency (and highest dielectric contribution)
changes from f = 3894 cm ™2 (Ae = 0.82) in BaFe;,0q9 to f = 4331 cm ™2 (Ae = 0.78) in
SrFe17019. However, the f (x) dependence (Figure 14, inset) as well as the Ae(x) change, are
both nonmonotonic and demonstrate a clear minimum at x = 0.5 (f = 2493 cm~2, Ae = 0.57),
which may indicate the competition between two processes inherent to pure BaFe1,019
and to the pure SrFe;,019 compounds. While the dominant type of dielectric contribution
for BaFe ;019 originates from the Aj, ferroelectric mode softening [46], the origin of the
unstable phonon dynamics for SrFej;O1g is still unknown and needs further study of the
pure single crystals.

T

T
SrFe;,044
T=300 K
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Figure 13. (a) Room-temperature spectra of the reflection coefficient of a 0.737 mm-thick pellet pressed of
SrFe1p019 powder: black dots—far-infrared and mid-infrared data; open blue and black dots—terahertz
reflection coefficient spectra of a bulk sample and of a 0.737 mm layer sample, respectively, calculated
using the terahertz spectra of imaginary and real permittivity that are shown by dots in panels (b) and (c),
respectively. Periodic oscillations in the spectrum seen below 2240 cm ! are due to multiple reflections of
the radiation within the plane-parallel sample (Fabry—Perot effect). The line in panel (a) corresponds to
the results of a least squares fit of the infrared reflection coefficient spectrum together with the terahertz
spectra of ¢ (v) and ¢’ (v) (dots in panels (b,c)). Regular Lorentzian expression was used to model the
absorption lines. The obtained broad-band spectra of imaginary and real permittivity are shown by lines
(and dots for the THz data) in panels (b) and (c), respectively.
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Figure 14. Room-temperature broad-band terahertz-infrared spectra of the imaginary permittivity
of pellets pressed of Baj_,SryFej7019 powders (0 < x < 1) obtained by fitting the infrared spectra
of the reflection coefficient together with the terahertz spectra of real and imaginary permittivity,
as described in the text and demonstrated in Figure 12. Spectra are vertically shifted for clarity.
Inset shows dependence of the oscillator strength of the phonon with the lowest frequency on the
strontium concentration.

4. Conclusions

Solid solutions of SrxBa(; _x)Fe12019 (x = 0; 0.3; 0.5; 0.7; and 1) were obtained using the
low-temperature sol-gel method. The average particle size that was observed using the SEM
method is 50 nm; the average-calculated CSR size according to the Wiliamson—Hall method is
19.7 nm. Analysis of XRD patterns confirms the single-phase state of the hexaferrite samples.
Linear dependence of the unit cell parameters a and c, obtained through Rietveld refinement,
as well as the dependencies of the infrared phonon modes frequencies on x confirms the
formation of substitutional solid solutions according to Vegard’s law. Small deviations in
the a and ¢ parameters from Vegard’s law at x = 0.5 and 0.7 may indicate their tendency to
separate into two solid solutions. Decreases in the unit cell parameters with x is associated
with the substitution of Ba2* (ionic radius = 1.61 A) with Sr2* (ionic radius = 1.44 A). There is
a systematic increase in the Curie temperature with an increase in the degree of substitution, x.
The terahertz and infrared spectra demonstrate clear signs of structural disorder originated
from the random-type distortion of the (Sr,Ba)O;, anti-cuboctahedron via substitution of Ba2*
with Sr?* in the same crystallographic position. The resulting solid solutions are single-domain,
which is confirmed with large values of the coercive force, a high degree of magnetization,
and comparison with large particles of samples of the same composition. A wide hysteresis
loop indicates a hard magnetic material; Mg, My, and H. displayed the maximum values for a
SrFe1,019 composition. The obtained hexaferrite samples SrxBa(1_x)Fe12019 (x=0; 0.3;0.5; 0.7;
1) were suitable for exploitation under the magnetic field of 0.49-0.56 T and at temperatures
under 448-451 °C without demagnetization. High values of H, as well as M and M;, made
the obtained samples suitable for permanent magnet application.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/ cryst13091354/s1, Figure S1: Rietveld refinement of the XRD patterns of
sample BaFe,019, obtained using the citrate method; Figure S2: Rietveld refinement of the XRD patterns
of sample Sy 3Bag 7Fe12019, obtained using the citrate method; Figure S3: Rietveld refinement of the XRD
patterns of sample Sy 5Bag 5Fe12019, obtained using the citrate method; Figure S4: Rietveld refinement
of the XRD patterns of sample Sy 7Bag 3Fe;,019, obtained using the citrate method; Figure S5: Rietveld
refinement of the XRD patterns of sample SrFe;,0y9, obtained using the citrate method.
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