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Abstract

The influence of temperature factor to crystal structure as well as magnetic
and electric properties of strontium hexaferrite partially substituted with
diamagnetic indium ions has been investigated. Ferroelectric properties have
been found out in SrFeqq.9lng1019 compound that contradicts to conven-
tional opinion, which describe its crystal structure within the framework of
centrosymmetric space group P63/mmec (No. 194). For determination fea-

*Vitalii Turchenko
Email address: turchenko@jinr.ru ()

Preprint submitted to Journal Alloys and Compounds November 17, 2019



tures of the crystal structure, which are responsible for ferroelectric properties
of strontium hexaferrite, have been carried out neutron diffraction measure-
ments with high resolution in temperature range from 1.5 to 740 K. The
analysis of hexaferrite structure has been executed within the framework
both centrosymmetric and non- centrosymmetric space group. Values of co-
efficients of magneto crystalline anisotropy at 5 and 300 K and influence of
ambient temperature to linear size of magnetic regions have been determined
from magnetic measurements.

Keywords: strontium ferrite, neutron diffraction, spontaneous polarization,
crystal structure, magnetic properties

1. Introduction

Strontium ferrites M-type and their solid solutions attract much atten-
tion due to unique functional properties: large magnetocrystalline anisotropy
[T, 2], high values of the Curie temperature (~740 K) [3], 4], very low elec-
trical conductivity (~ 10° - 10 Ohmxcm) [5] and relatively large magne-
tization [0, [7] and etc. As a result, hexaferrite systems are suitable for use
in microwave and millimeter wave devices as permanent magnets [59], in
high-density magnetic recording media [9], in magneto-optics [10] and as gy-
romagnetic materials, e.g., in phase shifters [I1], filters [12], isolators [13],
inductors [I4] and in miniature circulators [I5], 16l [I7] that can be applied in
electronic components for automobile and in wireless communication systems
[18]. The electronic pollution produced by gigahertz electronic telecommuni-
cation systems is able to influence to electronic systems exciting interruptions
in their work. Hexaferrites have large dielectric and magnetic losses in the
microwave frequency band [19, 20], therefore, they can be used as microwave
absorption devices in GHz range [21], 22].

It is well known that the initial hexaferrite SrFe;50q9 is isostructural
to the PbFe15019 magnetoplumbite, which crystal structure was determined
by Adelskold [23] in 1938. There are two formula units (Z = 2) per unit
cell of M-type hexagonal ferrite, i.e. the unit cell contains 2 strontium ions,
24 iron and 38 oxygen ions. The closest packing of O?~ ions forms several
types of voids: octahedra 2a, 12k and 4fy; tetrahedra 4f;, and trigonal
bipyramid 2b, where magnetic iron ions are located. Such a complex unit
cell is characterized by significant crystalline anisotropy that is reflected in
the ratio of lattice parameters c¢/a ~ 3.96.



As a rule, the crystal lattice is described within the framework of the cen-
trosymmetric space group (SG) P63/mmc (No. 194) |24, 25]. However, rela-
tively recent studies of the interactions of strontium and barium hexaferrites
with electric fields [26] 27], discovered the presence of spontaneous electric
polarization, which mechanism of appearance remains controversial. In the
initial compounds M Fe;5019 (M = Ba; St or Pb) [26], 27, 28] of hexaferrites,
the presence of nonzero spontaneous electric polarization has been explained
by the distortion of single oxygen octahedron FeOg due to displacement of
the iron ion from the center [20, 29]. It was assumed that the distortion of
a single oxygen octahedron FeOg occurs below the Curie temperature. In
solid solutions of hexaferrites partially substituted with diamagnetic ions,
such as BaFejs_, 5S¢, MgsO19 (x = 1.6; 6 = 0.05) [30], the appearance of
ferroelectric properties has been explained by the presence of a non-collinear
magnetic structure. Moreover, the direct relationship between the electri-
cal and magnetic subsystems has been observed in Ref.[30]. As a result,
taking into account a rather high temperature of the phase transition from
ferrimagnetic to paramagnetic order allows considering these compounds as
promising multiferroics [31]. Similar magnetoelectric materials on the base of
hexaferrite systems will be compatible with components based on semicon-
ductors and find technical applications in designing of modern devices such
as sensors [32] or converters of magnetoelectric effects [33] 34, 35].

The present work is devoted ascertaining of correlation of diamagnetic
substitution in strontium ferrite SrFey19lng1019 with mechanism of ap-
pearance of double ferroic properties. In our work, we studied the effect of
ambient temperature to crystal and magnetic structures as well as distor-
tions of oxygen octahedrons of strontium ferrite with partial replacement of
magnetic iron ions by diamagnetic indium ions. Another feature of our work
is application of neutron diffraction methods with both constant wavelength
and time-of-flight method in a wide temperature range that allowed obtain-
ing information about evolution for both the crystal and magnetic structures
during one experiment.

2. Experimental Procedure

The polycrystalline sample SrF'ej;9lng 1019 has been obtained by the
solid-state reaction method. The initial oxides F'e;Os3, In,O3 and carbonate
SrC'O3 have been mixed in appropriate proportions and synthesized at tem-
perature 1200°C' (6 h) in air. The reaction of the initial ions is based on the



thermal diffusion of iron, indium and strontium ions over a concentration
gradient. As a result, a phase formation reaction of M-type isostructural
hexaferrite occurs:

S'I"CO;; +0.05 - F€203 + 0.05 - [71203 — ST’F€11.9[TLO.1019 -+ COQ T (1)

The resulting composition was pressed and annealed at 1300°C' (6 h) and
then slowly cooled (~ 100 °C'/h).

The Curie temperature has been determined as the inflection point in
the temperature dependence of the specific magnetization, which measured
by the ponderomotive method in the temperature range 300 - 800 K un-
der external magnetic field 0.86 T on the equipment, which has been early
described in Ref.[30]. Magnetization measurements have been carried out
on the MPMSXL superconducting quantum SQUID interferometer in the
temperature range from 4 to 300 K.

Temperature dependences of magnetization were measured by zero field
cooled (ZFC) and field cooled warming (FCW) methods under applied mag-
netic field 0 and 100 Oe, respectively.

Ferroelectric loops were measured using TFAnalyser 2000 (Aix-ACCT
SystemsGmbH. Co.). The surface of strontium hexaferrite was coated with
silver paste electrodes. The polarization has been determined as the integral
of current over time.

Neutron diffraction studies of sample in the temperature range from 1.5 to
350 K have been carried out on the diffractometer G 4-1 in a monochromatic
neutron beam with a wavelength of 2.426 A in the experimental hall of the
nuclear center in Laboratoire Leon Brillouin (LLB) (Saclay, France). The
measurements have been carried out in a helium cryo refrigerator. Neutron
investigation of SrF'ey19lng 1019 sample at 740 K has been carried out on
the High Resolution Fourier Diffractometer (HRFD) [37] in experimental hall
of pulsed nuclear reactor IBR-2 in Dubna. The Rietveld analysis of neutron
diffraction patterns has been carried out by FullProf software package [3§].

3. Result and Discussion

3.1. Magnetic properties

The magnetic hysteresis loops of the SrFej;9lng1019 compound mea-
sured at different temperatures are shown in Fig. 1. The magnitude of satu-
ration specific magnetization o reaches value ~85 emu/g and ~91 emu/g at



300 K and 5 K, respectively, that is comparable with values M, ~ 78 emu/g
in Ref.[39], 40, 41].
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Figure 1: The field dependencies of the specific magnetization o(H) of the
SrFeiy.9Ing 1019 compound measured at 5 and 300 K.

In order to estimate the magneto-crystalline anisotropy constant K of
In substituted strontium ferrite, the law of approach to saturation has been
used [42], 43]. The field of crystalline anisotropy H, for uniaxial hexaferrite
particles have been evaluated using expressions from Ref. [44] 45 [46]. Values
of coercive fields H,. as well as constants of magnetocrystalline anisotropy K
that shown in Table.1 are comparable with values H. ~ 1 - 5 kOe [47, 48] [49]
and K ~ 3.6 * 10% erg/cm? [41],150].

Table 1: The parameters of remanence and saturation magnetization, squareness ratios,
constants of magnetocrystalline anisotropy, fields of coercive and crystalline anisotropy

Temperature, | o, os |SQR[Kcpp x 10°[H, x 10%,| H,,
K emu/g|emu/g erg/cem? Oe Oe

) 85 91 0.93 3.64 1.539 |2560

300 74 85 0.87 2.99 1.371 4185




According to Fig. 1 and Table 1 the value of the coercive field of the
SrFei1.9Ing 1019 compound reduces in ~1.6 times from 4185 to 2560 Oe as
the ambient temperature is decreased from 300 to 5 K, respectively. The sim-
ilar behavior of the coercive field has been previously observed in SrFe;5019
[51] and BaFe12019 [52] ferrites and it was explained by imperfection of the
crystal structure due to its proximity to the amorphous state. The Stoner
— Wohlfarth theory [53, [54] makes out polycrystalline ferromagnets as en-
semble consisting of weakly interacting monodomain particles with uniax-
ial anisotropy where homogeneous magnetization of magnetic particles is
achieved by the strong interatomic exchange interaction, which exceeds the
anisotropy energy in this material. Consequently, the process of reversal
magnetization of individual particle is realized by rotation of magnetization
vector that changes both anisotropy energy and Zeeman energy in the ex-
ternal magnetic field, while the exchange energy of particle does not change.
In that case, the coercive field of material rises with increasing magnetic
anisotropy constant and decreases as saturation magnetization is increased,
similar to the behavior of the field of crystalline anisotropy described in
Ref.[53], 55]. Therefore, the change of coercive field is determined by compe-
tition between magnetic anisotropy constant and saturation magnetization.
As the result, decreasing of H. value with decreasing of ambient temperature
is explained by the fact that the saturation magnetization rises faster than
the magnetic anisotropy constant.

One of the significant characteristics of hexaferrites is the squareness ratio
(SQR) of hysteresis loop. SQR is the ratio of residual magnetization to
saturation magnetization (o, /o), in our case achieves values ~ 0.93 and
0.87 at 5 K and 300 K, respectively, that exceed values 0.5 - 0.67 in Ref.[50],
57, [58]. The significant value of squareness ratio indicates that the particles
are single magnetic domain. As a rule, large SQR values are promising for
storage devices, where the writing and reading of information is carried out
by switching the core from one magnetic state to another because of current
pulses, which generate the required magnetic field intensity.

The temperature dependencies of specific magnetization collected in ZFC
and FCW modes for SrFeqq.9Ing1019 composition are shown in Fig. 2. The
values of the phase transition temperature from ferrimagnetic to paramag-
netic state are shown in the insert. Less value of the Curie temperature
(~ 670 K) of SrFej;.9ln1019 ferrite, comparing with the initial compound
SrFe12019 (Te ~ 732 K) [40, 59], confirms the substitution of magnetoactive
iron ions by diamagnetic indium ions. Such substitution leads to frustration
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of the magnetic structure and destroyed long-range exchange interactions
Fe3t — O — Fe?t at lower temperatures. The similar decreasing of 7. value
can be attributed with influence not only of indium concentration, but also
with the features their distribution in the different oxygen polyhedra that
will be investigated with Mossbauer method in our further work.
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Figure 2: The temperature dependencies of the specific magnetizations of the
SrFeq1.9Ing.1019 hexaferrite received in ZFC and FCW mode. The inset shows the tem-
perature dependence of the specific magnetization with mark of the Curie temperature.

The magnetization curve of ZFC are located lower FCW and first shows
growth passing through a maximum and then decreases as the ambient tem-
perature is increased. The difference between ZFC and FCW curves has been
previously observed in ensembles of superparamagnetic particles [62], in spin
glasses [63], as well as in macroscopic magnets with frustration of exchange
bonds, with topological disorder, with structural defects and even in ordered
ferromagnets with significant magnetic anisotropy [64]. The decreasing of
ambient temperature of weakly interacting uniaxial monodomain particles
when the external magnetic field is absent leads to ordering of magnetic
moments along easy magnetization axes of crystallites, which are randomly
oriented in space. The magnetization of magnetic regions is “frozen” at
certain temperature in the process cooling of the sample. Initially, the mag-
netization of regions with the largest size are frozen at the temperature (7;,.,
= 300 K) of divergence ZFC and FCW curves whereas magnetic moments



of smaller regions, but constituting a significant volume in the sample, are
frozen at the blocking temperature (7, = 55 K). However, the distribution
of magnetic moments in crystallites remains chaotic and the total magnetic
moment is still zero at the beginning as well as at the end of cooling pro-
cess. The value of T}, corresponds to the temperature below which the energy
of thermal fluctuations in crystallites is significantly less than the energy of
magnetic anisotropy and can be expressed by the Bean-Livingston equation
[65], 66, 67, [68]:

o Al ©)

B

The wide maximum on the ZFC curve (Fig.2) indicates the presence of
size dispersion of magnetic regions and it is the sum of narrow maxima do-
mains with various sizes. In that way, a wide maximum is determined by the
contribution of volume fractions of domains with certain size. The observed
maximum on the ZFC curve at 55 K corresponds to the value of average
linear size of domain ~2.3 nm, whereas the maximum linear size of magnetic
region, which has been frozen at 300 K has value ~4.4 nm. In the case of
cooling the sample in the external magnetic field (H= 100 Oe), the direc-
tion of magnetization in each crystallite is determined by the competition
between anisotropy energy and Zeeman energy. The magnetization of crys-
tallites tries to orientate along the external magnetic field, but for rotating
magnetic moments into direction corresponding to the minimum energy, it
is necessary to overcome the energy barrier:

Ts

AE~ Ky V (3)

where Ky, is the volume anisotropy constant; V is the volume of magnetic
region, which should be overcome by magnetic field in order to change the
orientation of the magnetic moment in crystallites. At a sufficiently large
value of the external field, magnetic moments of all domains are ordered
along the magnetic field. In that case, the shape of temperature dependence
curve is determined by increase of spontaneous magnetization of material.

3.2. Ferroelectric properties

The electric voltage dependences of the polarization P for strontium hex-
aferrite SrFei1.9Ing1019 at room temperature are shown in Fig.3. A rapid
increase of the saturation polarization of strontium ceramic is increased under
electric field. The presence of hysteresis loops and appearance of remanent



electrical polarization at room temperature that can be reversed by the ap-
plication of an external electric voltage allows characterize strontium ferrite
as ferroelectric. The maximal values of polarization (P,.,) and spontaneous
polarization (P,) as well as the coercive force (F¢) determined from the hys-
teresis loops have the following values: 4.17 nC/cm?; 1.35 nC'/cm? and 138
V., respectively. It is necessary to note that less magnitudes of spontaneous
polarization in our case comparing with earlier discovered in initial compound
SrFei5019 [27] can be explained by less values of electric voltage applied in
our experiment.

Nevertheless, the mechanism of appearance of ferroelectric properties in
solid solutions of hexaferrites remains controversial, because all previous in-
vestigations [20], 27, 28], 30] did not paid enough attention to analysis of the
complex crystal structure of these materials. Probably, a key role in ap-
pearance of ferroelectric properties in hexaferrites should belong to features
their crystal structure as was assumed in Ref.[69]. As was mentioned above,
the main reason of generation of ferroelectric properties in the initial com-
pounds AFe;5019 (where A = Pb, Ba, Sr) |26, 27, 28] has been explained
by distortion one of the oxygen octahedra, while in Ref. [30] the origin of
spontaneous polarization was associated with occurrence of a non-collinear
magnetic structure. In our opinion, the appearance of ferroelectric properties
in the SrFeq1.9Ing1019 compound is a consequence of non-centrosymmetric
distortion its unit cell [70, [71] that will be discussed below.

3.8. Crystal structure

According to analysis of neutron patterns of SrFeq;.9Ing1019, which
shown in Fig. 4, sample is homogeneous. The presence of thin and well-
resolved diffraction peaks indicates the formation of a high-quality crystalline
structure. As was mentioned above, the crystal structure of hexaferrites is
usually described within the framework of SG 194 [59, 60, [61]. However, this
space group has an inversion center and is centrosymmetric that contradicts
to the appearance of ferroelectric properties in SrFeq19lng1019 shown in
Fig.3. In order to remove this contradiction it was proposed to describe the
crystal structure of hexaferrites in the framework of non-centrosymmetric
space group P6zmc (No. 186) [69], but no information about atomic co-
ordinates or lattice parameters for this unit cell were given. Therefore, to
clarify the real crystal structure of the SrFey; 9Ing 1019 compound the high-
resolution neutron diffraction data have been collected in a wide temperature
range from 1.5 to 740 K that are shown in Fig. 4 and 5. Experimental points
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Figure 3: Ferroelectric hysteresis loops of SrFey1.9lng.1019 ceramic.

and calculated curves, as well as the difference function normalized to the
statistical error are shown. Vertical bars indicate the calculated positions of
the diffraction peaks for the crystalline (top) and magnetic (bottom) struc-
tures of strontium hexaferrite. The refinement of crystal structure of the
SrFei1.9Ing 1019 compound has been carried out in the framework of the
centrosymmetric P63/mmc (No. 194) and non-centrosymmetric P63mc (No.
186) space groups. Results of refinement are shown in Tables 2 and 3.

The comparison of magnitudes figures of merit (Reyp, Rup, X*) indicates
that the crystal structure of strontium hexaferrite can be described quite
well by both space groups in a wide temperature range. However, figures
of merit for non- centrosymmetric space group have a little bit less values
than for centrosymmetric (see Table 2 and 3). Therefore, observation of
ferroelecric properties in the SrFej19Ing1019 compound shown in Fig.3 and
lower magnitudes figures of merit in the case of non-centrosymmetric space
group allows us to give preference to SG P63mc (No. 186).

The temperature dependences of lattice parameters (a and ¢) and the volume
of unit cell (V') are shown in Fig.6. It is necessary to note that lattice
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Figure 4: Neutron diffraction patterns of SrFej;.9Ing.1019 compound measured on diffrac-
tometer G 4-1 at temperatures 350 — (a) and 1.5 K — (b) and processed in the framework
of non-centrosymmetric SG P6zmc (No. 186) by the Rietveld method.

parameters and volume of unit cell described within the framework both
centrosymmetric P63/mmec and non-centrosymmetric P63mc space groups
have the same values (see Fig.6 and Table 2 and 3). In the low-temperature
region was observed area where thermal extension of lattice parameters is
absent. For the first time, such behavior was discovered in similar solid
solutions of barium hexaferrite [72]. There is a difference in the temperature
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Figure 5: Neutron diffraction pattern of SrFeq1.9Ing.1019 compound measured on HRFD
at 740 K and processed in the framework of centrosymmetric SG P63/mmec (No. 194) by
the Rietveld method.

dependences of lattice parameters a and c. In particular, ¢ parameter has
insignificant variation in the temperature range from 1.5 to 100 K, while a
parameter practically does not change in a wider temperature area from 1.5
to 150 K. This difference of changes of unit cell parameters a and ¢ can be
related with strong magneto crystalline anisotropy of strontium hexaferrite,
while the presence of temperature range where thermal expansion is absent
can be explained by mutual rotations and tilts of oxygen polyhedra, similarly
to Ref.[72]. Linear and volume coefficients of thermal extension calculated in
the temperature range from 150 to 740 K have values o, = 7.5 x 107% 1/K;
. =1.32x107° 1/K and ay = 2.83 x 1075 1/K.

In Fig 7 are shown fragments of the crystal structure of unit cells for
centrosymmetric and non-centrosymmetric space groups. Despite the same
values of lattice parameters for unit cells both space groups (see Fig. 6 and
Tables 2 and 3); it is observed a difference in the distortion of individual
structural elements.

For instance, distortions are absent in oxygen octahedra in crystallo-
graphic position (2a) Fel in the case of description of the unit cell of SrFe11 9191019
hexaferrite with centrosymmetric space group No. 194. Another situation
is observed in the case of non-centrosymmetric SG 186, distortions of the
same oxygen octahedron reach values ~ 5 - 7 % (see Fig.8 a) in the studied

12
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Figure 6: Temperature dependencies of structural parameters a and ¢ (left scale) and
volume V' (right scale) of unit cell for SrFeq1.9In9.1019 compound.

temperature range. In order to evaluate the distortion of oxygen octahedron
(Sreos) has been used equation:

SF6203 (T) -

100% \/ >y (di(T)— < d(T) >)* (4)

<d(T)>>< 5

where d;(T) is the distance between the iron ion and the nearest oxygen ion;
< d(T) > is the average distance < Fe — O > in the oxygen octahedron.
The temperature dependences of oxygen octahedra deformation in the unit
cell of SrFeq1.9Ing1019 for both No. 194 and 186 space groups are shown in
Fig. 8.

According to Ref. [69], the distortion of trigonal bipyramid polyhedron,
which placed in crystallographic position (2b) Fe2 of SG 194, has significant
contribution to polarization of unit cell in hexaferrites. According to our
data distances among iron ion Fe2 and two apical oxygen ions O1 have the
same values in a wide temperature range. When the ambient temperature
is increased from 1.5 to 350 K, the distances between the Fe2 — O1 ions
are changed, but equal distances among Fe2 and apical oxygen ions O1 are
maintained, as result, the dipole moment in bipyramidal polyhedra will be
absent. In the case of non-centrosymmetric SG 186, the interionic distances
Fe2—01 and Fe2— 011 have different values from each other. The effect of
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Figure 7: Fragments of unit cell: oxygen polyhedra around Fe2 ion - undistorted for SG
194 and distorted for SG 186 — (a); and oxygen octahedra around Feb for SG 194 and
around Fe5/Feb5 for SG 186 — (b).

temperature factor to distances Fe2 — O1 and Fe2 — O11 is shown at Fig.9.
The relative change in distances among iron ion Fe2 and apical oxygen anions
O1 and O11 has been estimated as:

AT(FB—O) _ 7a(F’eQ—Oll) - T(FBQ_OI) X 100% (5)

To T'(Fe2—011)

where 7(pea—o11) — distance between Fe2 and apical anion O11; 7(pea—o1)

14
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Figure 8: Temperature dependence of distortions of oxygen octahedra in the case of cen-
tosymmetric SG P63me (solid squares) and non- centosymmetric SG P63mc (open circles
(a); and Fed and Fe44 ions - (b); and Fe5 and Feb5 ions

— distance between Fe2 and another apical anion O1. Rising ambient tem-
perature from 1.5 K to 150 K increases distance Fe2 — O1 from 2.1786 A
to 2.2542 A and then leads to decreasing distance to value 2.0970 A as the
temperature is increased up to 300 K unlike of distance Fe2 — O11, which
decreases from 2.1786 A to 2.1392 A in temperature range from 1.5 K to 150
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Figure 9: Temperature dependencies of relative changes in distances: between Fe2 and
apical oxygen Ol in the case of SG P635/mmc - solid square and among Fe2 and apical
oxygen ions O1 and O2 in the case of SG P63mc - open circles.

K and then increases up to 2.2583 A at 300 K. Similar behavior indicates the
change direction of electric dipole that is reflected in appearance of negative
sign of dipole moment in Fig.10 (b). The change of electric dipole direction
occurs along hexagonal ¢ axis. As distinct from oxygen octahedron Fel and
bipyramid Fe2 others oxygen octahedra in centrosymmetric space group No.
194 have distortions, which values are shown in Fig.8 b and c¢. For instance,
distortions in oxygen octahedra occupying crystallographic positions (4fyr)
monotonously increase from ~ 5.7 to 6.2 % as the ambient temperature is
increased from 1.5 to 350 K (see Fig. 8 b). Another behavior is observed in
the case of a non-centrosymmetric structure 186 where magnitude of distor-
tion of neighboring oxygen octahedra is differed (see Fig. 7 b) that leads to
appearance of various (uncompensated) local dipole moments. The influence
of temperature factor to magnitude of local electric dipoles is shown in Fig.
10, a - d. The same difference in distortions of neighboring oxygen octahedra
is observed for crystallographic positions 12k (SG 194) or 6¢ (SG 186) (see
Fig.8, c).

It is necessary to note that the distortion of oxygen octahedra can be
a reason of appearance of local electric dipoles for both centrosymmetric
and non-centrosymmetric space groups. However, an unequal distortion of
neighboring oxygen surroundings is origin of emerging of uncompensated

16
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Figure 10: Temperature dependencies of electric dipoles as result of distortions of oxygen
octahedrons around iron ions: Fel - (a); and Fe2 - (b); and Fe4 and Fed4 - (c); and Feb
and Feb5 - (d).

local dipole moments that is the main reason of appearance of ferroelectric
properties in hexaferrites.

3.4. Magnetic structure

The magnetic structure of SrFeqy9lng 1019 ferrite satisfies to the model
proposed by Gorter [73] and it has ferrimagnetic order, where all magnetic
moments of Fe3" ions are oriented along ¢ axis, which is easy magnetiza-
tion axis. The magnetic moments of Fee3T ions located in octahedral (2a
and 12k) and bipyramidal (2b) oxygen surroundings are oriented in oppo-
site to the magnetic moments of iron ions occupying positions (4f;, and
4fyr). As result, two ferromagnetic sublattices that directed in opposite
direction make the ferrimagnetic structure. As was mentioned above, the
main feature of neutron diffraction method is the direct study of magnetic
structure of material. Neutron diffraction patterns have been measured in
a wide temperature range from 1.5 to 350 K, which is well below the para-
magnetic — ferrimagnetic phase transition temperature (7¢ ~ 670 K) for a
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SrFeq1.9In91019 compound (see inset in Fig. 2). In Fig.4, the bottom row
of vertical bars indicates the positions of diffraction peaks calculated by the
Rietveld method for the magnetic structure of strontium hexaferrite. The
absence of additional magnetic peaks on neutron diffraction patterns indi-
cates that the wave vector of this ferrimagnetic structure: k = [0, 0, 0].
As was mentioned above the unit cell has been refined in the framework
both centrosymmetric (P63/mmc) and non-centrosymmetric (P63mc) space
groups therefore magnetic moments have been also calculated separately for
each space group. The temperature dependences of magnetic moments of
Fe3t ions in various crystallographic positions are shown in Fig.11, a and
b. Values of magnetic moments in different crystallographic positions in the
entire temperature range do not exceed the magnitude 5 g peculiar to mag-
netic moment for Fe®* that is indirect confirmation correctness of carried
out refinements.
The total magnetic moment per formula unit of strontium ferrite (SrFe;2019)

with a centrosymmetric structure can be calculated with equation [74]:

Miotar(T) = Lmper (T)] + Lmpea(T)] = 2[mpes(T')] — 2[mpea(T)] + 6[mpes (1))

(6)

In the case non- centrosymmetric structure, the total magnetic moment
was calculated as:

Miotar(T) = 1mper (T)] + 1mpea(T)] — 1mpes(T)] — 1mpess(T)] —
—1mpea(T)] = Umpeaa(T)] + 3[mpes(T)] + 3[mpess(T)]  (7)

where m; is the magnetic moment of Fe3* ion in the i-th sublattice.

Temperature dependences of the total magnetic moments are shown in
Fig. 12. It is necessary to note that values of the total magnetic moments
in the case both centrosymmetric and non-centrosymmetric structures, have
insignificant difference of magnitudes each from other that does not allow to
give the preference to one of them. Moreover, the general view of magnetic
structure is comparable for both SG 194 and SG 186 and it is shown in
insert Fig.12. The magnitude of the total magnetic moment has slightly less
value than 20 pp per formula unit (f.un.) in the low-temperature region. It
is due to the influence of diamagnetic In ions, which disrupts the exchange
interaction between neighboring Fe3* —O — Fe3* jons. The decrease of total
magnetic moment is observed with increasing of the ambient temperature.
Such behavior is a result of thermal magnons excitation, who decrease the
total magnetic moment proportionally to their number [75].
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Figure 11: Temperature dependencies of local magnetic moments for suitable crystallo-
graphic positions for SG 194 - (a) and SG 186 - (b).

Conclusions

The observed decreasing of coercive field value with decreasing of ambient
temperature has been explained by the fact that the saturation magnetization
rises faster than the magnetic anisotropy constant. The divergence between
FCW and ZFC temperature dependences of magnetizations indicates the
presence of magnetically inhomogeneous system. The observed wide maxi-
mum on the ZFC curve at 55 K indicates the presence of size dispersion of
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Figure 12: Temperature dependencies of total magnetic moments for SG 194 - (squares)
and SG 186 - (circles). In inset: general view of magnetic structure of SrFe1.9In9.1019
compound is shown.

magnetic regions. The significant fraction of magnetic regions in the sample
has average linear size ~2.3 nm whereas the maximum linear size of magnetic
domains achieves value ~4.4 nm. It has been found out the appearance of
ferroelectric properties in strontium ferrite partially substituted with diamag-
netic In ions at room temperature. The fact that spontaneous polarization
is observed in centrosymmetric unit cell, which contains inversion center,
requires revising its crystal structure. With this purpose the crystal and
magnetic structures of SrFey;9lng1019 compound have been investigated
by neutron diffraction method in a wide temperature range from 1.5 to 350
K. Insignificant changes of lattice parameters have been observed in stron-
tium hexaferrites in the temperature range from 1.5 to 150 K and explained
by mutual rotations and tilts of oxygen polyhedra. In order to determine
the real type of crystal structure of strontium ferrite, its structure was re-
fined within the framework both centrosymmetric P63/mmec (No. 194) and
non-centrosymmetric P6gmec (No. 186) space groups. It was shown that the
crystal structure of SrFej;9lng1019 compound can be described quite well
by both space groups. However, less values figures of merit and the presence
of ferroelectric properties allows to give preference to non-centrosymmetric
P63me (No. 186) space group. Moreover, taking into account the presence
of inversion center in the case of centrosymmetric unit cell the spontaneous
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polarization will be absent in it because of compensation of local electric
dipoles of adjacent polyhedra. On the contrary, in the non-centrosymmetric
unit cell, the unequal distortion of neighboring oxygen octahedra is main
reason of occurrence of spontaneous polarization. The magnetic structure of
SrFeyy.9Ing 1019 compound is well described by the Gorter’s model, accord-
ing to which magnetic moments of all F'e3* ions are ordered along hexagonal
¢ axis, which is the axis of easy magnetization. The values of the total and
local magnetic moments in various crystallographic positions in a wide tem-
perature range were determined for unit cell described within the framework
both centrosymmetric P63/mmec (No. 194) and non-centrosymmetric P63mc
(No. 186) space groups.
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Table 2: Crystal structure parameters, figures of merit and atomic positions refined in
the framework of centrocymmetric SG P63/mmc (No. 194) with the Rietveld method for
different temperatures. Atoms are located in positions: Sr (2d) (2/3, 1/3, 1/4), Fel (2a)
(0. 0, 0); Fe2 (2b) (0, 0, 1/4): (Fe/Tn)3 (4frv) (13, 2/3. 2): (Fe/Tn)d (4fy1) (1/3, 2/3.
z); (Fe/In)5 (12k) (x, 2x, z); O1 (4e) (0, 0, z); O2 (4f) (1/3, 2/3, z); O3 (6h) (x, 2x, 1/4);
04 (12k) (x, 2x, z); 05 (12k) (x, 2x, z).

Temperature
Parameters 521650 T 200K | 300K | 740K
a, (A) 5.8737(1) | 5.8737(1) | 5.8753(2) | 5.8786(2) | 5.8999(1)
c, (A) 22.9810(7)|22.9931(7)|23.0161(7) | 23.0435(8) | 23.1818(2)
V, (A43) 686.64(3) | 686.99(3) | 688.06(3) | 689.64(4) | 698.83(1)
FeB/In (4f]v)
zZ 0.0297(6) | 0.0310(5) | 0.0311(5) | 0.0309(6) | 0.0282(1)
Fe4/In (4fv])
zZ 0.1927(5) | 0.1919(5) | 0.1924(5) | 0.1933(5) | 0.1895(1)
Fe5/In (12k)
X 0.1844(11)|0.1835(11) | 0.1843(12) | 0.1851(12) | 0.1672(3)
z -0.1088(1) | -0.1087(1) | -0.1088(2) | -0.1089(2) | -0.1089(4)
O1 (4e)
z 0.1439(6) | 0.1440(6) | 0.1437(6) | 0.1439(7) | 0.1514(2)
02 (4f)
z -0.0399(7) |-0.0382(7) | -0.0377(7) | -0.0372(7) | -0.0555(2)
03 (6h)
X 0.1813(46)|0.1838(41) | 0.1811(45) | 0.1710(48) | 0.1833(8)
04 (12k)
X 0.1636(27)|0.1622(26) | 0.1624(26) | 0.1649(27) | 0.1577(6
Z 0.0544(3) | 0.0545(3) | 0.0549(3) | 0.0554(3) | 0.0534(9
05 (12k)
X 0.4948(25) | 0.4952(25) | 0.4951(26) | 0.4940(27) | 0.5049
z 0.1539(3) | 0.1540(3) | 0.1539(3) | 0.1536(3) | 0.1506(7)
Ryp, % 5.58 5.60 5.90 6.12 5.27
Reap, % 3.89 3.91 3.92 3.97 3.40
Rp, % 3.48 3.40 3.82 4.59 10.7
RMa37 % 4.09 3.74 4.58 5.45 -
X 2.05 2.05 2.26 2.38 2.41
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Table 3: Crystal structure parameters, figures of merit and atomic positions refined in
the framework of centrocymmetric SG P63mc (No. 186) with the Rietveld method for
different temperatures. Atoms are located in positions: Sr (2b) (2/3, 1/3, z); Fel (2a) (0,
0, z); Fe2 (2a) (0, 0, z); (Fe/In)3 (2b) (1/3, 2/3, z); (Fe/In)33 (2b) (1/3, 2/3, z); (Fe/In)4
(2b) (1/3, 2/3, z); (Fe/In)44 (2b) (1/3, 2/3, z); (Fe/In)5 (6¢) (x, 2x, z); (Fe/In)55 (6¢) (x,
2x, z); O1 (2a) (0, 0, z); O11 (2a) (0, 0, z); O2 (2b) (1/3, 2/3, z); 022 (2b) (1/3, 2/3, 2);
03 (6¢) (x, 2x, z); 04 (6¢) (x, 2%, z); 044( ) (x, 2x, z); O5 (6¢) (x, 2x, z); 055 (6¢) (x,
2%, 7).

} Temperature
Parameters g 100 K 200 K 300 K
a, (A) 5.8737(1) 5.8737(1) 5.8753(2) 5.8786(2)
, (A) 22.9810(7) | 22.9931(7) |23.0161(7) | 23.0435(8)
Vv, (A3)) 686.64(3) | 686.99(3) | 688.06(3) | 689.64(4)
Sr (26
é | 0.2661(13) | 0.2683(33) | 0.2645(18) | 0.2637(14)
Fel (2a
o) -0.0054(17)| 0.0002(36) |-0.0089(17)| -0.0112(16)
Fe2 (2a
z 0.2468(19) | 0.2516(40) | 0.2472(22) | 0.2460(20)
Fe3/In (2b)
z 0.0252(12) | 0.0284(22) |0.0235(19) | 0.0251(21)
Fe33/In (2b)
z 0.4634(16) | 0.4661(25) | 0.4604(24) | 0.4584(22)
Fe4/In (20)
z 0.1993(8) | 0.2003(29) |0.1969(18) | 0.1952(24)
Fed4/In (2b)
z 0.3009(11) | 0.3122(19) | 0.3066(19) | 0.3033(23)
Fe5/In (6¢)
X 0.1754(32) | 0.1752(33 0.1761(34 0.1791(45
zZ 0.8877(8) | 0.8911(24 0.8875(12 0.8876(10
Fe55/In (6¢)
X 0.8281(30) | 0.8269(36) | 0.8257(29 0.8233(41
v/ 0.1084(7) 0.1108(23) | 0.1083(14 0.1092(11
01 (2a)
o 0.1520(20) | 0.1547(30) | 0.1506(28) | 0.1546(37)
011 (2a
o 0.3416(19) | 0.3468(41) | 0.3404(28) | 0.3441(42)
02 (2b
z 0.93754 | 0.94237( 225)|0.93754( 0) |0.94465( 257)
022 (2b)
z 0.5310(24) | 0.5327(25) | 0.5280(23) |  0.5279
03 (6¢)
X 0.1864(40) 0.1861 0.1839(51 0.1738(72)
2 0.2500 | 0.2559(36) | 0.2515(16) | 0.2527(9)
04 (6¢)
X 0.1803(47) | 0.1805(54) | 0.1818(49) | 0.1774(63)
z 0.0452 " | 0.0504(42) | 0.0463(8) |  0.0452
044 (6¢)
X 0.1416(41) 0.1421 0.1433(46) | 0.1446(48)
2 0.4355(7) | 0.4410(48) | 0.4358 | 0.4339(9)
05 (6¢)
X 0.4625(38) | 0.4616(51) | 0.4635(48 0.4639244;
v/ 0.1581 0.1580 0.1561(11 0.1577(11
055 (6¢)
x 0.5018(58) | 0.50 61; 0.5003(64) | 0.4951(75)
v/ 0.3474(7) 0.3489(10 0.3464 0.3465
Ryp, %0 4.73 4.94 5.17 5.25
Reap, % 3.87 3.88 3.90 3.94
Ry, % 1.60 1.69 2.04 9.57
Ratag. % 1.75 1.80 2.51 3.23
X 1.49 1.62 1.76 1.77
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