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Abstract

The structural investigations of SrFe;; 9Iny ;019 compound synthesized by solid-state method
have been carried by neutron diffraction method in a wide temperature range. The appearace
of spontaneous polarization that coexists with ferrimagnetic ordering has been found out at
room temperature in strontium hexaferrite partially substituted with In ions. In order to
explaine the presence of ferroelectric properties in SrFe;; 9Ing ;019 compound, its crystal
structure has been refined within the framework of both centrosymmetric P6;/mmec (No. 194)
and non-centrosymmetric P6;mc (No. 186) space groups. The analysis of refinement results
allows to understand microscopic mechanism of appearance ferroelectric properties in
strontium hexaferrites.
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equipment. These materials are successfully used for
L. Introduction electromagnetic shielding in the range of decimetric and
Solid solutions of M-type strontium ferrites belong to the ~centimetric radiowaves. Hexaferrite substrates with a high
extensive class of ferrimagnetic oxides with a rather complex ~degree of magnetic texture are used to develop high-Q
crystalline structure. High values of the Curie temperature [1, microband devices for microwave electronics.
2] and saturation magnetization as well as high electrical
resistivity and corrosion resistance allowed hexaferrites to
receive a wide technical application as permanent magnets
and magnetic information recording devices and microwave

It is well known that initial hexaferrites MFe;,0,9 (M =
Ba and Sr) are isostructural to  PbOe<6Fe,0;
magnetoplumbite, which crystal structure was first
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determined by Adelskold [3] 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
jons. The closest packing of O ions forms several types of
voids: octahedra 2a, 12k and 4fy;; tetrahedra 4f}y and trigonal
bipyramid 2b, where magnetic Fe ions are located. Such a
complex unit cell is characterized by significant crystalline
anisotropy that is reflected in the ratio of the lattice
parameters c/a = 3.96.

The magnetic structure of hexagonal ferrites is stipulated
by superexchange interaction of iron ions through oxygen
ions and forms a collinear ferrimagnetic ordering due to
strong sublattice exchange.

As a rule, the crystal lattice is described within the
framework of the centrosymmetric space group P6;/mmc
(No. 194). However, relatively recent studies of the
interactions of barium and strontium hexaferrites with
electric fields [4, 5] were discovered the presence of
spontaneous electric polarization, its occurrence mechanism
remains controversial. In the initial compounds of
hexaferrites MFe;;019 (M = Ba; Sr or Pb) [4 - 6], the
presence of nonzero spontaneous electric polarization has
been explained by the distortion of a single oxygen
octahedron FeOg due to the displacement of the iron ion from
the center [4, 7]. It was assumed that the distortion of a
single oxygen octahedron FeOg occurs below the Curie
temperature. The appearance of ferroelectric properties in
solid solutions of hexaferrites partially substituted with
diamagnetic ions, such as BaFe ;. sSc,MgsO19 (x = 1.6; 6 =
0.05) [8], is explained by the presence of a non-collinear
magnetic structure. Moreover, a direct link between the
electrical and magnetic subsystems was observed in Ref.[8].
As a result, taking into account a rather high temperature of
the phase transition from ferrimagnetic to paramagnetic
order, these compounds can be considered as promising
multiferroics.

The present work continues the series our previous
investigations [9-13], where we ascertain reasons of
appearance spontaneous polarization in hexaferrites partially
substituted with different diamagnetic ions (In, Ga, Al,
Sc...). The main aim of this paper is to ascertain the
microscopic mechanism of appearance of ferroelectric
properties in the SrFe; 9Ing 109 compound. The difference in
the size of ionic radii In and Fe ions can be observed with
diffraction methods that allows to evaluate influence of size
effect to distortion internal structural elements. Moreover,
the similar small concentration of In ions should not lead to
appearance of non-collinear magnetic structure that allows to
exclude its contribution to origin of spontaneous
polarization. The present information is necessary to
determine the formation mechanism of ferroelectric
properties in hexaferrites.

2. Measurement setup

A polycrystalline sample SrFe;;9Ing ;0,9 was obtained by
the solid-state reaction method. The initial oxides Fe,0;,
InyO; and carbonate SrCO; were mixed in appropriate
proportions and synthesized at 1200° C (6 h) in air:

STC0; + (6 —3x) Fey 05 +

Gx) In,03 = SrFe;y_,In,, 019+ CO, T

(1

The resulting composition was pressed and annealed at
1300° C (6 h) and then slowly cooled (~ 100° C/h). The
Curie temperature of the sample was determined by the
ponderomotive method by measuring its specific
magnetization in the temperature range 300-800 K under
external magnetic field of 0.86 T.

Magnetization measurements were carried out on the
MPMSXL superconducting quantum SQUID interferometer
(DC magnetization mode) in the temperature range from 4 to
300 K. Temperature dependences of magnetic susceptibility
were measured by zero field cooled (ZFC) and field cooled
warming (FCW) methods. In the first step, the sample was
cooled without any magnetic field to 4 K, while its heating
was carried out with an applied magnetic field H= 100 Oe. In
the second step, the sample was cooled in an applied
magnetic field of 100 Oe. In both cases, data were collected
during heating the sample.

The geometry of a plane-parallel capacitor was given to
the ceramic sample for measuring its polarization. The
surface of strontium hexaferrite was coated with silver paste
electrodes. Ferroelectric loops were measured using
TFAnalyser 2000 (Aix-ACCT SystemsGmbH. Co.). The
polarization was determined as the integral of current over
time.

The absence of impurities in the sample was monitored
by phase analysis on the X-ray diffractometer Empyrean
(firm PANalytical) in Co-K,-radiation.

The average crystallite size was determined by the
broadening of diffraction peaks using the Scherrer’s
equation:

KA
LcosO

<D >= (2)

where K is a constant and characterizes the shape and size
distribution of crystallites (~ 0.94 in the approximation of the
spherical shape of crystallites), A is the Co-Ka radiation
wavelength, B is the integral broadening of the diffraction
peak at half its height, 0 is the Bragg angle and <D> is the
average particle size in A.

Neutron diffraction studies of the sample in the
temperature range from 1.5 to 350 K were carried out on the
diffractometer G 4-1 in the experimental hall of the nuclear
center in Laboratoire Léon Brillouin (LLB) (Saclay, France).
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The feature of the dual-axis neutron powder diffractometer G
4-1 is the 800-channel detector (BF;), which allows to cover
a range of angles of 20 ~ 80° and realize data acquisition at
high speed. In addition, it realizes the ability to work in a
monochromatic neutron beam with a wavelength of 2.426 A.
The measurements were carried out in a helium cryo
refrigerator in the temperature range from 1.5 to 350 K.

2. Experimental results

2.1 Magnetic properties

The temperature dependence of the specific
magnetization of the SrFe;; 9Ing ;0,9 ferrite is shown in Fig.
1. The Curie temperature of the compound is ~ 670 K, which
is lower than the ferrimagnetic — paramagnet phase transition
temperature T, ~ 732 K for the initial SrFe;,0;9 composition
[14, 15]. This behavior of the Curie temperature confirms the
replacement of magnetoactive iron ions with diamagnetic
indium ions. As a result, the magnetic order is destroyed at
lower temperatures, which is consistent with the data [15,
16].
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Figure 1. The temperature dependence of the specific
magnetization of the SrFe;;¢Iny ;09 compound. The Curie
temperature is marked. The inset shows temperature
dependences of the specific magnetizations of hexaferrite
received in ZFC (blue line) and FCW (black line) mode.

The temperature dependencies of the magnetization of
the SrFe;;9lng ;09 compound collected in ZFC and FCW
modes are shown in the insert Fig.1. The magnetization
curve of ZFC is located below the FCW and first shows
growth passing through the maximum, and then decreases
when the sample is heated. The distinction between ZFC and
FC curves was previously observed in ensembles of
superparamagnetic particles [17], in spin glasses [18], 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 [19]. In our case, the sample can be represented as
a system consisting of isolated particles with uniaxial
anisotropy, in which the easy magnetization axes are
randomly oriented in space. In a zero magnetic field,
magnetizations of crystallites are ordered along their easy
magnetization axes.

In the process of cooling the sample at H = 0, the
magnetization of crystallites freezes at a certain blocking
temperature (Tp), while their distribution in the sample
remains chaotic. The value of T, corresponds to the
temperature below which the energy of thermal fluctuations
in the crystallite is substantially less than the energy of the
magnetic anisotropy. The value of blocking temperature can
be determined by the Bean-Livingston equation (3) [20 - 22]:

KyV
= (3)

25kp

B

The presence of a broad maximum on the ZFC curve (see
inset Fig.1) indicates the dispersion of particle sizes and it
can be the result of the sum of narrow maxima for particles
with various sizes. Therefore, the maximum is determined by
the contribution of the volume fractions of particles with a
certain size. When the sample is cooled in the magnetic field,
the direction of the magnetization in each crystallite is
determined by the competition between the magneto
crystalline anisotropy energy and Zeeman energy. The
magnetization of crystallites tends to be oriented in the
direction of the external magnetic field. However, in order to
rotate the magnetic moment of a particle in the direction
corresponding to the minimum of energy, it is necessary to
overcome the energy barrier:

AE = Ky XV 4)

where Ky is the volume anisotropy constant; V is the volume
of the magnetic particle, which should be overcome by
magnetic field in order to change the orientation of the
magnetic moment of the particles.

At a sufficiently large intensity of the external magnetic
field, magnetic moments of all crystallites are aligned along
the field, and the shape of the temperature dependence curve
in this case is determined by an increase in the spontaneous
magnetization of the material.

The magnetic hysteresis loops of the SrFe;;glng;Oy9
compound measured at T =5 K and 300 K are shown in Fig.
2. The magnitude of the residual magnetization M,, measured
after switching off the external magnetic field, reaches values
of 85 emu/g and 74 emu/g at temperatures 5 K and 300 K,
respectively. A similar difference in the residual
magnetization values is the result of a decrease in the spin
collinearity degree of Fe'™ at 300 K in particles due to an
increase in temperature fluctuations [23, 24].
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Figure 2. The field dependences of the specific
magnetization o(H) of the SrFej;olng;0;9 compound
measured at 5 (black line) and 300 (red line) K.

Fig. 2 shows the unusual behavior of the coercive force
(Ho) of the SrFej;9lng;019 compound in comparison, for
instance, with Fe;O4 [25] or Bij_La,FeO; [26], where the
coercive force increases as the temperature is decreased. In
this study, the magnitude H, decreases in ~1.6 times from H,
~ 4185 Oe to H, ~ 2560 Oe, when the ambient temperature is
decreased from 300 to 5 K. A decrease of coercivity with
decreasing temperature was previously observed in SrFe ;O
[27] and BaFe ;0,9 [28] ferrites. The similar behavior was
explained by the imperfection of the crystal structure due to
its proximity to the amorphous state. In our case the sample
SrFey;9Ing 1019 was annealed at 1300° C (6 h). This fact and
the high quality of X-ray pattern (see below) confirm the
good state of the crystal structure. Earlier studies of
ferromagnets [20] revealed a significant increase in their
coercive force during the transition from a multi-domain to a
single-domain state. In addition, according to Weiss’s theory,
the magnetization in ferro- or ferrimagnetics is accompanied
by the growth of some domains at the expense of others.
Therefore, in this case, it can be assumed that the
multidomain crystallite has less Bloch walls with increasing
temperature due to growing domain size with temperature.

2.2 Ferroelectric properties

The electric voltage dependence of the polarization P for
strontium hexaferrite SrFe;;¢Ing ;019 measured at room
temperature is shown in Fig.3. A rapid increase in the
saturation polarization of strontium ceramic was observed
under electric field. The presence of hysteresis loops and the
appearance of remanent electrical polarization at room
temperature, which can be reversed applying an external
electric field, allows to characterize strontium ferrite as
ferroelectric. The maximal values of polarization (Py.x) and
spontaneous polarization (P,) as well as the coercive force
(Ec) determined from the hysteresis loops have the following
values: 4.17 nC/cm?, 1.35 nC/cm” and 138 V, respectively.
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Figure 3. Ferroelectric hysteresis loops of SrFe;; 9Ing 1019
ceramic.

Ferroelectric properties were earlier discovered in the
initial compound SrFe;;O;9 [5], nevertheless, their
occurrence mechanism in the solid solutions of hexaferrites
remains controversial. In particular, the main reason of the
generation of ferroelectricity in the initial compounds
AFe ;09 (where A = Pb, Ba, Sr) [4 - 6] was suggested the
distortion of one of the oxygen octahedral. Meanwhile, in
Ref. [8] the main reason of the ferroelectric properties in
solid solutions was called the occurrence of a non-collinear
magnetic structure.

One more explanation of the appearance of spontaneous
polarization in solid solutions of barium ferrites was
proposed in previously published Ref. [29 - 31], where
ferroelectricity is a consequence of non-centrosymmetric
distortion of the unit cell. The discussion of possible reasons
of the occurrence of ferroelectric properties in the
SrFe;; 9Ing 1019 compound will be given below.

2.2 Crystal structure

According to X-ray diffraction data, the SrFe;;glng;Oq9
sample is homogeneous. As was mentioned above, the
crystal structure of strontium hexaferrite is well described by
the centrosymmetric space group P6;/mmc (No. 194) and
correspond ICDD card 00-033-1340. The average crystallite
size <D> ~ 1180 A was determined from the broadening of
the diffraction peak (0211) by Scherrer’s equation (1). Figure
4 shows a general view of the X-ray pattern of the
SrFeq19Ing 1019 compound, which crystal structure was
refined by the Rietveld method in the framework of the space
group P6;/mmc. However, the description of the crystal
structure with the centrosymmetric SG P6;/mmc means that
the unit cell has an inversion center, which contradicts the
appearance of ferroelectric properties in the SrFe;;¢Ing ;019
ferrite shown in Fig.3.

It was proposed to consider the crystal structure of
hexaferrites in the framework of non-centrosymmetric SG
P6;mc (No. 186), according to Ref. [29]. However, no
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information was given about structural parameters such as
unit cell parameters, atomic coordinates, etc.
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Figure 4. The general view of X-ray pattern of
SrFe;9Ing 10,9 ferrite refined with the Rietveld method in
the framework of the generally accepted centrosymmetric
space group P6s/mmc (No. 194).

Therefore, in order to clarify the real crystal structure of
strontium ferrite, neutron diffraction patterns were measured
in a wide temperature range from 1.5 to 350 K. The general
view of neutron diffraction patterns is shown in Fig.5. The
temperature dependencies of the crystal structure parameters
(a and ¢) and the volume of the unit cell (V) are shown in
Fig.6. The area, where thermal extension of lattice
parameters is absent, was observed in the low-temperature
region. For the first time, such behavior was discovered in
solid solutions of barium hexaferrite [32]. There is a
difference in the temperature dependencies of the lattice
parameters @ and c.

In particular, ¢ parameter has insignificant variation in
the temperature range from 1.5 to 50 K, while a parameter
practically does not change in wider temperature area from
1.5 to 150 K. This difference in the changes of the unit cell
parameters a and ¢ can be related with strong magneto
crystalline anisotropy of strontium hexaferrite. While the
presence of a temperature range, where thermal expansion is
absent, can be explained by mutual rotations and tilts of the
oxygen polyhedra, similarly to Ref.[32].

The refinement of the crystal structure of the
SrFe;;9Ing 1019 compound was carried out within both the
centrosymmetric  P6;/mmc  (No. 194) and non-
centrosymmetric P6;mc (No. 186) space groups. The results
of the refinement are shown in Tables 1 and 2.

The comparison of the relevance factors (Reyy, Ryyp, )
from Table 1 and 2 and difference curves, normalized to the
statistical errors from Fig. 5, indicates that the crystal
structure of strontium hexaferrite can be described quite well
by both the centrosymmetric and noncentrosymmetric space
group in a wide temperature range. However, figures of merit
for non- centrosymmetric space group have slightly lower
values than for the centrosymmetric space group (see Table 1
and 2). Therefore, observation of ferroelecric properties in
the SrFe;;9lng;0;9 compound shown in Fig.3 and less
magnitudes figures of merit in the case of the non-

centrosymmetric space group (see Table 2) allows us to give
preference to SG P6;mc (No. 186).

a) T= 350 K
r 2=2.426 AT

Intensity. arb. units

™

AR TR TEEr e

i
Al D e an e o

20 40 60 80
20, degree

Figure 5. Neutron diffraction patterns of SrFe;;¢Ing ;019
compound measured on diffractometer G 4-1 at temperatures
350 — (a) and 1.5 K — (b) and processed by the Rietveld
method. Experimental (black curve) and calculated (red
curve) curves, as well as the difference function normalized
to the statistical error (blue curve) are shown. Vertical bars
indicate the calculated positions of the diffraction peaks for
the crystalline (top) and magnetic (bottom) structures of
strontium hexaferrite, calculated in the framework of the
non-centrosymmetric SG P6;mc (No. 186).
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Figure 6. Temperature dependence of structural parameters a
and ¢ (left scale) and volume V (right scale) of unit cell for
SrFey; 9Ing 1019 compound.

Fragments of the crystal structure of unit cells for
centrosymmetric and non-centrosymmetric space groups are
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shown in Fig.7, a - e. In spite of the completely equal values
of lattice parameters for unit cells both space groups (see Fig.
6 and Tables 1 and 2), there is a difference in the distortion
of individual structural elements.
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Figure 7. Fragments of unit cell: oxygen octahedron
around Fel ion — undistorted for SG 194 (a) and distorted for
SG 186; and oxygen octahedra around Fe4/Fed44 for SG 194
(¢) and for SG 186 (d and ¢). (Oxygen ions (O) are designed
by red spheres and iron ions (Fe) are designed by dark green
spheres.)

To evaluate the distortion of the oxygen octahedron (Sgog),
the equation was used:

100
(d(1))

6 . _ 2
y \/zpl(dl(r) (@(my) 5)

SF@OG (T) = 5

where di(T) is the distance between iron ions and the nearest
oxygen ions; <d(T)> is the average <Fe — O> distance in the
oxygen octahedron.

The distortions of the oxygen octahedron at different ambient
temperatures are shown in Fig. 8 a and b.
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Figure 8. Temperature dependencies of distortions of
oxygen octahedra around: Fel ion — (a); and Fe4 and Fe44
ions — (b). (Oxygen octahedra of unit cell for SG 194 are
designated with solid squares, and for SG 186 — with empty
circles and triangles.)

According to Fig.8, in the case of the description of the
unit cell of the SrFe;;olng;09 compound with the
centrosymmetric space group No. 194, the oxygen octahedra
of Fel ions located in crystallographic positions (2a) have no
distortions in the temperature range from 1.5 to 350 K. In the
case of a unit cell description in the framework of the non-
centrosymmetric space group (No. 186), the distortions of a
similar oxygen octahedron achieve ~ 5-7 % (see Fig. 8 a) in
the studied temperature range.

Another behavior is observed in oxygen surroundings of
Fe, ion (see Fig. 7, c and d). In the case of centrosymmetric
SG No. 194, distortions of the oxygen octahedra that
surround crystallographic positions (4fy;)) monotonously
increase from ~ 4.6 to 7.3% as the ambient temperature is
increased up to 350 K (see Fig. 8 b). In the case of a non-
centrosymmetric SG 186, there is a difference in the
distortion of neighboring oxygen octahedra (see Fig. 8 b). It
should be noted that the distortion of oxygen polyhedra can
be a reason of the appearance of local electric dipoles for
both centrosymmetric and non-centrosymmetric space
groups. However, unequal distortions of neighboring oxygen
octahedra are the main reason of uncompensated local dipole
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moments that leads to the appearance of ferroelectric
properties. The influence of the temperature factor on the
magnitude of local electric dipoles is shown in Fig. 9 a and b.

Therefore, taking into account the presence of an
inversion center in the centrosymmetric unit cell, there will
be no spontaneous polarization due to the compensation of
local electric dipoles. On the contrary, in the non-
centrosymmetric unit cell, unequal distortion of neighboring
oxygen surroundings (see Fig. 8 a and b) is the only cause of
the occurrence of spontaneous polarization.

3t a)
2 o]
(m]
! 5 0 o

=

1t

Fe1 (SG 194)
0Of =—m—8—8—8n—8—8n—10n

u, D

150 225 300 375
T K

Figure 9. Temperature dependencies of electric dipoles
as result of distortions of oxygen octahedrons around: Fel —
(a); and Fe4 and Fe44 — (b). (Electric dipoles of unit cell for
SG 194 are designated with solid squares, and for SG 186 —
with empty circles and triangles.)

2.3 Magnetic structure

As was mentioned above, the main feature of the neutron
diffraction method is a direct study of magnetic structure
materials. Neutron diffraction patterns were measured in a
wide temperature range from 1.5 to 350 K, which is well
below the paramagnetic — ferrimagnetic phase transition
temperature (T, ~ 670 K) for a given compound (see Fig. 1).
In Fig.5, the bottom row of vertical bars indicates the
positions of diffraction peaks calculated by the Rietveld
method for the magnetic structure of SrFe;glng Oy
hexaferrite. The absence of additional magnetic peaks on

neutron diffraction patterns indicates that the wave vector of
this ferrimagnetic structure: k = [0,0,0].

The magnetic structure of SrFe;; ¢Ing Oy ferrite satisfies
to the model proposed by Gorter [33]. It has ferrimagnetic
order, where all magnetic moments of Fe’" ions are directed
along ¢ axis, which is easy magnetization axis. This
ferrimagnetic structure is formed by two ferromagnetic
sublattices that directed in the opposite direction. The
magnetic moments of Fe’" ions located in octahedral (2a and
12k) and bipyramidal (2b) oxygen surroundings are oriented
in opposite to the magnetic moments of iron ions occupying
positions (4fyy and 4fy)).

As was mentioned above the unit cell was refined in the
framework  both  centrosymmetric  (P6;/mmc)  and
noncentrosymmetric  (P6;mc) space groups therefore
magnetic moments were also calculated separately for each
space group. The temperature dependencies of magnetic
moments of Fe’* ions in various crystallographic positions
are shown in Fig.10 a and b. Values of magnetic moments at
different crystallographic positions in the entire temperature
range do not exceed 5 pp, which is characteristic for the
magnetic moment of Fe'*. It is an indirect confirmation of
the correctness of the calculations.

5 = T T T )
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—eo—Fe2 —A=—Fe33
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Figure 10. Temperature dependencies of local magnetic
moments for suitable crystallographic positions for SG 194 —
(a) and SG 186 — (b). Designations in the figures are follow:
Fel - O; Fe2 - o; Fe3 - A; Fe33 - A; Fed - V¥V ;Fedd4 -V ;
Fe5 - #; Fe55 - 0.
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The total magnetic moment per formula unit of strontium
ferrite (SrFe;»049) with a centrosymmetric structure can be
calculated with equation [18]:

Miotqi(T) = 1[mpeq (T)] + 1[mpeo(T)] —
2[Mpe3(T)] — 2[Mpea(T)] + 6[Mpes(T)]

In the case of a non- centrosymmetric structure, the total
magnetic moment was calculated as:
Miotar (T) = 1[mper (T)] + 1[mpeo(T)] —
1[mpes(T)] — 1mpess(T)] — 1[mpes(T)] —
1[mpeaa(T)] + 3[Mpes(T)] + 3[Mpess(T)] (1)

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

Temperature dependencies of the total magnetic moments
(Miora1) are shown in Fig. 11. It should be noted that the
values of My, both for centrosymmetric and non-
centrosymmetric structures, have insignificant difference
from each other, which does not allow giving the preference
to one of them. Moreover, the general view of the magnetic
structure is comparable both for SG 194 and SG 186 and is
shown in the insert Fig.11.

The magnitude of the total magnetic moment has slightly
less value than 20 pg per formula unit (fun.) in the low-
temperature region. It is due to the influence of diamagnetic
In ions, which disrupts the exchange interaction between
neighboring Fe’* — O — Fe’" ions. The decrease of total
magnetic moment is observed with increasing of the ambient
temperature. Such behavior is the result of magnetic order
disrupting due to an increase in thermal oscillations of the
ions forming the crystal lattice.

(6)

Mw‘al, ;,LB/f.un.

—=—SG 194
14 - —0—SG 186

0 75

150 225 300

T, K
Figure 11. Temperature dependencies of total magnetic
moments for SG 194 — (a) and SG 186 — (b). In inset: general
view of magnetic structure of SrFe;;¢Ing;0;9 compound is
shown.

3. Conclusions

The presence of spontaneous polarization at room
temperature was observed in strontium ferrite partially
substituted with diamagnetic In ions. The appearance of
spontaneous polarization in strontium hexaferrite indicates
its ferroelectric property that contradicts to the generally

accepted description of the crystal structure of similar
materials with centrosymmetric SG P6;/mmc. The
discrepancy between FC and ZFC temperature dependencies
of magnetizations indicates the presence of a magnetically
inhomogeneous system. It was found that the coercive field
decreased in ~1.6 times as the ambient temperature increased
from 5 to 300 K, which may be the result of growing domain
size with temperature. The fact that the ferroelectric
properties of the SrFej;oIng ;09 compound coexist with
ferrimagnetic ordering and its high Curie temperature (T, ~
670 K) allows to consider this material as a possible
multiferroic.

The crystal and magnetic structures of the SrFe;; gIng 1019
compound was studied by the neutron diffraction method in a
wide temperature range from 1.5 to 350 K. Insignificant
changes of the lattice parameters were observed in strontium
hexaferrites in the temperature range from 1.5 to 150. It was
explained by mutual rotations and tilts of oxygen
surroundings.

In order to determine the real type of the crystal structure
of strontium ferrite, it was refined within the framework both
centrosymmetric  P6;/mmc  (No. 194) and non-
centrosymmetric P6;mc (No. 186) space groups. It was
shown that the crystal structure of the SrFe;;¢Ing;Oq9
compound can be described quite well by both space groups.
However, less values figures of merit (Rey,, Ry and %) and
the presence of ferroelectric properties allows to give
preference to the non-centrosymmetric P6;mc (No. 186)
space group. Moreover, using the non-centrosymmetric
P6;mc (No. 186) space group for describing crystal structure
of the SrFe;;9Ing 09 allows to explain the appearance of
spontaneous polarization as a result of unequal distortions of
neighboring oxygen surroundings because of absence
inversion center in the unit cell.

The magnetic structure of the SrFe;; 9Ing ;079 compound
is well described by Gorter’s model, according to which
magnetic moments of all Fe’* ions are ordered along
hexagonal ¢ axis. The values of the total and local magnetic
moments in various crystallographic positions in a wide
temperature range were determined for unit cell described
within the framework of both centrosymmetric P6;/mmc
(No. 194) and non-centrosymmetric P6;mc (No. 186) space
groups.
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Table 1.

Crystal structure parameters, figures of merit and atomic positions refined in the framework of centrocymmetric SG P6s/mmc
(Ne 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/In)3 (4fy) (1/3, 2/3, z); (Fe/In)4 (4fyy) (1/3, 2/3, z); (Fe/In)5 (12k) (x, 2x, z); O1 (4e) (0, 0,
z); 02 (41) (1/3, 2/3, 2); O3 (6h) (x, 2x, 1/4); O4 (12k) (x, 2x, z); O5 (12k) (x, 2x, z).

Temperature
50 K 150 K 250 K 350K
Atomic
positions
a, (A) 5.8736(1) 5.8741(2) 5.8769(2) 5.8807(2)
c, (A) 22.9843(6) 23.0023(7) 23.0285(7) 23.0581(8)
v, (A% 686.69(3) 687.35(3) 688.79(4) 690.58(4)
Fe3/ In3 (4fyy)
z 0.0316(5) 0.0307(6) 0.0311(6) 0.0309(7)
Fed/ In4(4fyy)
z 0.1919(5) 0.1927(5) 0.1935(5) 0.1936(5)
Fe5/ In5 (12k)
X 0.1837(11) 0.1840(13) 0.1851(12) 0.1854(12)
z -0.1087(1) -0.1088(2) -0.1088(2) -0.1089(2)
O1 (4e)
z 0.1432(5) 0.1442(6) 0.1438(7) 0.1448(7)
02 (4f)
z -0.0374(6) -0.0384(7) -0.0371(7) -0.0369(8)
03 (6h)
X 0.1846(34) 0.1802(51) 0.1723(49) 0.1662(49)
04 (12k)
X 0.1604(21) 0.1635(29) 0.1646(27) 0.1659(29)
z 0.0546(3) 0.0546(3) 0.0553(3) 0.0555(3)
05 (12k)
X 0.4952(23) 0.4947(27) 0.4939(27) 0.4938(30)
z 0.1542(2) 0.1538(3) 0.1538(3) 0.1535(3)
Ryp, %0 5.34 6.09 6.07 6.58
Rexp, %0 3.90 4.01 3.93 4.38
Rg, % 3.25 3.43 4.32 5.23
Ritag, %0 3.64 4.26 5.19 6.91
r 1.88 231 2.39 2.26
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Table 2.

Crystal structure parameters, figures of merit and atomic positions refined in the framework of centrocymmetric SG P6;mc
(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, 2); 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, z); O3 (6¢) (x, 2x, z); O4 (6¢) (x, 2x, z); 044 (6¢) (x, 2x, 2); OS5 (6¢) (x, 2x, z); O55 (6¢) (x, 2x, 2).

Temperature
Atomic 50 K 150 K 250K 350 K
positions
a, (A) 5.8736(1) 5.8741(2) 5.8769(2) 5.8807(2)
c, (A) 22.9843(6) 23.0023(7) 23.0285(7) 23.0581(8)
v, (A% 686.69(3) 687.35(3) 688.79(4) 690.58(4)

Sr (2b)

z 0.2663(14) 0.2618 0.2587 0.2570(39)
Fel (2a)

z -0.0052(16) -0.0085(19) -0.0128(24) -0.0106(19)
Fe2 (2a)

z 0.2467(19) 0.2459(21) 0.2443(28) 0.2422(49)
Fe3 (2b)

z 0.0261(13) 0.0233(19) 0.0232(19) 0.0239(43)
Fe33 (2b)

z 0.4638(16) 0.4594(26) 0.4573(25) 0.4618(35)
Fed4 (2b)

z 0.1998(9) 0.1949(17) 0.1929(21) 0.2018(26)
Fed4(2b)

z 0.3107(10) 0.3049(23) 0.3024(28) 0.3087(23)
Fe5 (6¢)

0.1751(32) 0.1759(39) 0.1778(39) 0.1772(45)

z 0.8880(7) 0.8854(12) 0.8845(13) 0.8900(18)

Fe55 (6¢)
0.8279(31) 0.8255(34) 0.8209(54) 0.8183(52)

z 0.1089(7) 0.1057(11) 0.1052(9) 0.1104(23)
01 (2a)

z 0.1520(19) 0.1482(29) 0.1489(29) 0.1492(44)
011 (2a)

z 0.3406(20) 0.3388(28) 0.3404(33) 0.3491(42)
02 (2b)

z 0.9375 0.9375 0.9465(69) 0.9487(52)
022 (2b)

z 0.5305(23) 0.5273(31) 0.5318(70) 0.5272(69)
03 (6¢)

X 0.1864(42) 0.1820(68) 0.1758(63) 0.1749(64)

z 0.2517(10) 0.2503(11) 0.2511(31) 0.2532(16)
04 (6¢)

X 0.1806(47) 0.1810(54) 0.1797(61) 0.1739(83)

z 0.0452 0.0439 0.0414(12) 0.0452
044 (6¢)

X 0.1420(43) 0.1433(49) 0.1438 0.1521(72)

z 0.4344(9) 0.4332(8) 0.4294(13) 0.4340(13)
05 (6¢)
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z

055 (6¢)

Rup, %
Rexps %
Rs, %
Ryags %

0.4599(39)
0.1581

0.5041(57)
0.3462(9)

4.78
3.88
1.64
1.90
1.52

0.4618
0.1529(21)

0.5035(57)
0.3432(21)

5.39
3.99
1.80
1.96
1.83

0.4637(49)
0.1544

0.4981(86)
0.3433(11)

5.30
3.90
2.49
3.05
1.85

0.4636(48)
0.1609(33)

0.4973(111)
0.3469(32)

5.54
4.35
2.69
3.99
1.63
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