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New composite materials (SrFe12O19)x(CaCu3Ti4O12)1−x (x = 0, 0.05, 1) have been synthesized. Their mag-
netic properties are studied in the temperature range 5–300 K using the magnetic resonance and magnetometry
methods. It is found that strontium hexaferrite micro inclusions in the (SrFe12O19)0.05(CaCu3Ti4O12)0.95
composite “magnetize” CaCu3Ti4O12 at temperatures from 300 to 200 K, forming a ferrimagnetic particle
near the SrFe12O19 “core”. The magnetic resonance line below 200 K splits into two lines corresponding to
SrFe12O19 and CaCu3Ti4O12. The core effect decoration is manifested in the increase in the Curie–Weiss
temperature from 25 K in CaCu3Ti4O12 without the doping ceramics to 80 K in the composite with 5% of
SrFe12O19.
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1. INTRODUCTION

Composite materials attract much attention be-
cause they exhibit unexpected new physical properties
[1]. The most interesting are composite compounds
formed by combinting materials with high values of
the magnetic susceptibility and dielectric permittivity.
Hexaferrites, in particular, strontium hexaferrite (M-
ferrite) SrFe12O19 (SFO), are often used among pos-
sible magnetic single-phase materials [2]. Strontium
hexaferrite SrFe12O19 has the structure of a magneto-
plumbite with the space group P63/mmc, the cell pa-
rameters a = b = 5.87Å and c = 23.00Å, and the tem-
perature of the phase transition to the ferrimagnetic
state TC = 737 K [3, 4]. The dielectric permittivity
ε′ varies from 104 to 101 in the frequency range 10−3–
107 Hz [5]. The CaCu3Ti4O12 (CCTO) compound with
a perovskite-type structure and the space group Im3̄,
a = 0.7391 nm, undergoes a phase transition into the
antiferromagnetically ordered phase below 25 K and

* E-mail: REremina@yandex.ru

has a high value of the dielectric permittivity ε ∼ 104–
105 in a wide temperature range (100–600 K) for fre-
quencies up to 10 MHz [6, 7]. The results of inves-
tigations of polycrystalline CCTO samples using the
method of electron paramagnetic resonance (EPR) are
given in Refs. [8,9]. In Ref. [9], samples were annealed
in different gases: air, argon, or oxygen. It was es-
tablished that the value of the effective g-factor is ap-
proximately 2.15 and is independent of the annealing
atmosphere, while the value of the linewidth varies con-
siderably with the change in the oxygen content.

In this paper, we study the magnetic properties of
SFO- and CCTO-based composites prepared according
to the specific “core-shell” technology by the magnetic
resonance and magnetometry methods.

2. SAMPLES AND THEIR
CHARACTERIZATION

Ceramic SrFe12O19 and CaCu3Ti4O12 samples were
synthesized according to the standard ceramic techno-
logy using oxides Fe2O3, TiO2, and CuO and calcium
and strontium carbonates of a special purity grade.
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Fig. 1. A scanning electron microscopy (SEM) image of the
surface of the sample (SrFe12O19)0.05(CaCu3Ti4O12)0.95

To prepare composites with 5 mass. % strontium
hexaferrite and 95 mass. % CaCu3Ti4O12, preliminarily
synthesized strontium hexaferrite was added to the sto-
ichiometric mixture of oxides CaO:3CuO:4TiO2. After
the materials were homogenized, tablets with the di-
ameter of 8 mm and thickness of 2 mm were pressed
under the pressure of 50 MPa. The sintering time at
the temperature of 1100 ◦C was 3 h for all samples.

The microstructure of
(SrFe12O19)0.05(CaCu3Ti4O12)0.95 composite was
studied with an EVO SOXVP electron scan-
ning microscope with microanalysis (Carl Zeiss).
The X-ray fluorescence analyses (XFA) of
(SrFe12O19)0.05(CaCu3Ti4O12)0.95 was carried out
with the Bruker S2 Ranger X-ray fluorescence spec-
trometer at room temperature. Powder diffraction
patterns of (SrFe12O19)0.05(CaCu3Ti4O12)0.95 were
obtained as a result of detection in the symmetric
Bragg–Brentano geometry with a D8 Advance X-ray
diffractometer (Bruker) using an X-ray tube with a
copper anode at the detection rate of 0.002 degree/s
in the range of 2Θ angles of 15–80 degrees with a step
of 0.015 degree.

Magnetic resonance spectra of the composites were
measured with an ER 200 SRC (EMX/plus) spectrome-
ter (Bruker) at the frequency of 9.4 GHz in the temper-
ature range 100–300 K. The temperature dependence
of the magnetization was measured with a PPMS-9 de-
vice in the temperature range 4–300 K.

Features of the formation of the
(SrFe12O19)0.05(CaCu3Ti4O12)0.95 composite were
studied using SEM. The SEM image of the surface
of the (SrFe12O19)0.05(CaCu3Ti4O12)0.95 composite is
shown in Fig. 1. SEM images indicate that unlike the
cubic habitus pure CaCu3Ti4O12, the shape of crystal-
lites is distorted considerably, which is associated with
the feature of their growth on hexagonal SrFe12O19

seeds. The sizes of crystallites range from 4 to 10 μm.
The element distribution was obtained by the mi-

croprobe analysis in different points of the sample
(SrFe12O19)0.05(CaCu3Ti4O12)0.95. The average values
are presented in Table 1.

The microanalysis was performed without the oxy-
gen reference; therefore, the average content values of
atoms can differ from the values claimed during the
synthesis. The obtained values coincide with the stated
stechiometry with the accuracy of experimental error,
obtained as the standard deviation from the mean of
fifteen experimental points.

We have also investigated
(SrFe12O19)0.05(CaCu3Ti4O12)0.95 by an additional
X-ray fluorescence analysis method. The XFA image is
shown in Fig. 2, where bright areas correspond to the
regions with a) Fe and b ) Sr. Strontium hexferrite in
the composite has the shape of an elongated cylinder
as shown in Fig. 2b. The components of the composite
are uniformly distributed across the sample according
to the X-ray fluorescent analysis.

The precision X-ray phase analysis of
(SrFe12O19)0.05(CaCu3Ti4O12)0.95 ceramics was
conducted. The diffraction pattern taken with a long
exposure time in a point at room temperature contains
no reflexes referring to iron or strontium oxides. Fig-
ure 3 shows experimental and theoretical diffraction
patterns of the (SrFe12O19)0.05(CaCu3Ti4O12)0.95
composite processed on the basis of structural data re-
ferring to CaCu3Ti4O12 (the space group Im3̄, №204).
In addition to the main phase, the diffraction pattern
contains very weak reflexes referring to SrFe12O19. The
lattice parameters were specified using the full profile
analysis in the Fullprof 2014 program medium. The
parameter values are as follows: a = 7.39447(11)Å,
the Rf -factor is 1.03, RB = 2.09, and χ2 = 4.01.

3. MAGNETIC PROPERTIES

The temperature dependence of the magnetiza-
tion of (SrFe12O19)0.05(CaCu3Ti4O12)0.95 was studied
in the temperature range 4–300 K. Figure 4a shows
the temperature dependence of the quantity H/M of
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Table 1. Average content of the (SrFe12O19)0.05(CaCu3Ti4O12)0.95 composite obtained using the EVO SOXVP micro-
analysis

Sr Fe12 O19 Ca Cu3 Ti4 O12

Average 0.93 12.3 20.7 0.83 2.68 3.13 12.48
Experimental

error
0.18 1.9 1.6 0.16 0.55 0.84 0.96

a b

Fig. 2. Maps of element distributions in a sample of the (SrFe12O19)0.05(CaCu3Ti4O12)0.95 composite: a) Fe, b ) Sr (XFA image)

Table 2. Fitting parameters of the temperature de-
pendence of the (SrFe12O19)0.05(CaCu3Ti4O12)0.95

magnetic susceptibility by the Curie–Weiss law
χ−1 = C−1(T − θCW )

Temperature
region, K

C,
K·CGCM/mol

θCW , Kμeff , μB

1 (T < 25 K) 10 −27 8.94

2 (25 K < T < 220 K) 107 −470 29.26

3 (T > 220 K) 49 −80 19.79

the (SrFe12O19)0.05(CaCu3Ti4O12)0.95 composite mea-
sured in the field of 1000 Oe. The temperature de-
pendence of the magnetic susceptibility is described
by three linear regions following the Curie–Weiss law
χ−1 = C−1(T − θCW ) with different values of the con-
stant C and the Curie–Weiss temperature. The con-
stant C and θCW values for three regions are given in
Table 2.
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Fig. 3. A diffraction pattern
(SrFe12O19)0.05(CaCu3Ti4O12)0.95 at room temperature

In the temperature dependence, we can see kinks
at temperatures of approximately 25 and 220 K. The
magnetic susceptibility of the composite is the sum
of three contributions: a) from the ferromagnetic 5 %
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Fig. 4. a) The temperature dependence of H/M for the
(SrFe12O19)0.05(CaCu3Ti4O12)0.95 composite, b ) tempera-
ture dependences of quantity M/H for SrFe12O19 in the range
of 200 K, where two kinks were observed. Inset: temperature

dependences of quantity M/H for SrFe12O19

SFO, which is almost independent of the temperature
below 46 K; b ) from the 95 % CaCuTiO subsystem lo-
cated far from the “core” SFO, which is antiferromag-
netically ordered below 25 K; c) from the paramagnetic
region located on the border between CaCuTiO and
SrFeO, which grows with decreasing the temperature.
The increase in magnetization below 25 K is connected
with the region near the “core”, which has a paramag-
netic state. The kink of the magnetization temperature
dependence near 220 K is accompanied by line splitting
in the magnetic resonance spectrum of this composite
(see Fig. 5), which we discuss in detail below.

The effective magnetic moment in each tempera-
ture range was estimated from the formula μeff =

=
√
3kBC/NA, where C is the Curie–Weiss constant,
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Fig. 5. The evolution of EPR spectra with tem-
perature and composition in a) CaCu3Ti4O12,

b ) (SrFe12O19)0.05(CaCu3Ti4O12)0.95, c) SrFe12O19
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kB is the Boltzmann constant, and NA is the Avo-
gadro number. It can be seen from Table 2 that the
effective magnetic moment varies as a function of the
temperature range. The analysis of the temperature
dependence of the magnetic susceptibility given below
is somewhat conventional, because, according to mag-
netic resonance data, the phase stratification is ob-
served in the (SrFe12O19)0.05(CaCu3Ti4O12)0.95 com-
posite below 200 K, and SrFe12O19 has the ferrimag-
netically ordered state below approximately 737 K.
The magnetic moment is proportional to the sample
mass, and the coefficients 0.05 and 0.95 in the formula
(SrFe12O19)0.05(CaCu3Ti4O12)0.95 refer to the struc-
tural units. We calculate the percent mass ratio of
composites. The molar mass is 1061.7486 g/mol for
SFO and 620.1768 g/mol for CCTO. The mass ratio in
the (SFO)0.05(CCTO)0.95 composite is 0.083 for SFO
and 0.917 for CCTO. We compare the effective mo-
ment μeff with the theoretical paramagnetic moment
of spins of iron and copper ions according to the formula
μ2
eff = (1 − y)μ2

Fe + yμ2
Cu [10] in different temperature

ranges. In SrFe12O19 ceramics, the Fe3+ ion with the
spin S = 5/2 is magnetic, which is in the intermediate
ligand field in the octahedral field, gFe ≈ 2. We calcu-
late the value of the effective magnetic moment in the
range 200–300 K. The effective magnetic moment in the
paramagnetic phase is given by μ =

√
ZS(S + 1) gμB,

where Z is the number of ions with spin S in the chemi-
cal formula. For SFO, ZFe = 12, and gFe ≈ 2 for CCTO
with ZCu = 3 and gCu ≈ 2.15, whence

μeff = μB ×
×
√
g2Fe(1−y)ZFeSFe(SFe+1)+g2CuyZCuSCu(SCu+1) =

= 6.38μB.

The calculated value of the effective magnetic moment
is much less than the experimental one in the tempera-
ture range 200–300 K. This can be associated with the
strong polarization of spins of copper ions of the CCTO
shell at the SFO boundary “core”. On the other hand,
SFO is ordered ferrimagnetically, and therefore the pre-
sented estimate of the effective magnetic moment is
rough. The composition effect from the addition of 5 %
SFO during the CCTO synthesis is manifested in the
increase in the absolute value of the Curie–Weiss tem-
perature from 25 to 80 K in comparison with that of the
initial CCTO compound. The question about the na-
ture of the exchange interaction between spins of cop-
per and iron ions at the core–shell boundary remains
open. It is rather difficult to unambiguously assert the
character of the exchange interactions between spins

at the boundary between the SFO and the CCTO. Ac-
cording to the Goodenough–Kanamori rule, the value
and character of the indirect exchange interaction (fer-
romagnetic or antiferromagnetic) depend on the mutual
location of magnetic ions and ligands. The magnetic
structure of strontium hexaferrite is very complex; iron
ions occupy positions 2a, 2b, 12k, 4f1, 4f2 [11] with
different ligand environments, and the character of the
exchange interaction between copper ions CCTO at the
boundary with SFO can differ. For example, multifer-
roic YBaCuFeO5 is a good example of how the char-
acter and the value of exchange interactions between
Fe3+ and Cu2+ spins vary [12]. Iron and copper ions in
this compound are surrounded by oxygen ions, which
form FeO5 and CuO5 bipyramids. The temperature
dependence of the magnetic susceptibility reveals two
phase transitions at the temperatures TN1 ≈ 440 K
and TN2 ≈ 200 K. Possible variants of the distribution
of iron and copper ions in bipyramids are considered in
[12]. It is shown that the value and sign of the exchange
interaction differ as a function of the ways of the indi-
rect exchange interaction between spins of copper and
iron ions (see Table II in Ref. [12]).

Figures 4a (inset) and 4b show the temperature de-
pendence of M/H measured in the field of 1000 Oe for
the SrFe12O19 compound. The shape of the tempera-
ture dependence and the relevant values are in agree-
ment with the literature data [11, 13]. The magneti-
zation is temperature-independent below 46 K, where
all sublattices of spins of Fe3+ ions are completely or-
dered. In Fig. 4b, the region near 200 K is singled out,
in which two kinks probably associated with the order-
ing of one of the sublattices of iron ions in SrFe12O19

are observed.

A single rather narrow line is observed in EPR
spectra of CaCu3Ti4O12 in the temperature range
100–300 K (see Fig. 5a). The resonance field value,
the (peak-to-peak) linewidth, and the integral inten-
sity obtained by double integration of the line are given
in Fig. 6 (squares). The value of the EPR linewidth
in CaCu3Ti4O12 ceramics is approximately 200 Oe
at room temperature and is in agreement with data
given in Refs. [8, 9]. The temperature dependence of
the integral intensity of the magnetic resonance line
in CaCu3Ti4O12 is approximated satisfactorily by the
Curie–Weiss law. The solid line in Fig. 6c corresponds
to χ = C/(T − θCW ), where θCW is the Curie–Weiss
temperature, which is approximately −25 K, in agree-
ment with the literature data [8]. The experimen-
tal intensity data are divided by intensity value at
T = 300 K.
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The shape of the magnetic resonance spectrum
and its characteristics were changed considerably
in the (SrFe12O19)0.05(CaCu3Ti4O12)0.95 composite
(see Fig. 5b ). We note that two lines are observed
in the (SrFe12O19)0.05(CaCu3Ti4O12)0.95 composite
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Fig. 7. The model “core–shell” of
(SrFe12O19)0.05(CaCu3Ti4O12)0.95

containing 95 % CaCu3Ti4O12 below 200 K: the
first line has the effective g-factor of approximately
2. The temperature dependences of the position,
the linewidth, and the integral intensity of the
first line in (SrFe12O19)0.05(CaCu3Ti4O12)0.95 are
given in Fig. 6 (triangles). Unlike CaCu3Ti4O12,
where the EPR linewidth is independent of the
temperature and equal to 200 Oe, the linewidth in
(SrFe12O19)0.05(CaCu3Ti4O12)0.95 decreases from
1800 to 500 Oe in the temperature range from 100
to 300 K. This indicates a considerable effect of local
magnetic fields created by SrFe12O19 particles. The
maximum of the integral intensity of the first line at
g ∼ 2 is observed at the temperature of about 175 K
(see Fig. 6c, triangles). The second line refers to
SrFe12O19 particles and has a ferromagnetic nature
(see Fig. 7). It is logical to assume that the most
probable origin of the first line above 200 K is the su-
perparamagnetic behavior of ferrimagnetic SrFe12O19

microparticles with CaCu3Ti4O12 “shells”. The larger
fraction of strontium hexaferrite in the form of a
cylinder is surrounded by CCTO (Fig. 2) and forms
the intergrowth elements. Figure 7 shows spectra
of the initial CCTO and SFO compounds and the
(SrFe12O19)0.05(CaCu3Ti4O12)0.95 composite. It can
be seen that two lines from SrFe12O19 and a broadened
line from CaCu3Ti4O12 overlap in the composite at
100 K.

Temperature dependences of the magnetic reso-
nance spectra of SrFe12O19, which were used for the
synthesis of composites, in the temperature range
100–300 K are presented in Fig. 5c. The magnetic
resonance field, the linewidth, and the integral in-
tensity are shown in Fig. 6 (circles). The behav-
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ior of the temperature dependences of the position,
linewidth, and intensity of the magnetic resonance line
in SrFe12O19 were changed in the temperature near
200 K. We assume that the ordering of one of the
sublattices of iron ions occurs at this temperature, as
is indicated by steps in the temperature dependence
of the magnetization of SrFe12O19 (see Fig. 4b ). We
note that below this temperature, the EPR lines in the
(SrFe12O19)0.05(CaCu3Ti4O12)0.95 composite split (see
Fig. 5b ).

4. CONCLUSIONS

The magnetic resonance spectra of
(SrFe12O19)0.05(CaCu3Ti4O12)0.95 composite were
measured in the X-band in the temperature range
100–300 K. It is shown that the ferromagnetic “core”
SrFe12O19 in the (SrFe12O19)0.05(CaCu3Ti4O12)0.95
composite polarizes spins of copper ions at the
core–shell interface, forming a single-domain particle,
which manifests superparamagnetic properties in the
magnetic resonance spectrum in the temperature
range 200–300 K. The magnetic phase transition
occurs in strontium hexaferrite at the temperature
of 200 K, one of the sublattices of spins of the iron
ion is ordered antiferromagnetically with respect to
others. As a result, ferromagnetic correlations at the
core–shell interface (SrFe12O19)0.05(CaCu3Ti4O12)0.95
are destroyed at temperatures below 200 K. The phase
separation into the ferrimagnetic “core” SrFe12O19 and
the paramagnetic “shell” CaCu3Ti4O12 occur gradually
in the wide temperature interval from 200 to 25 K due
to the different sizes of SrFe12O19.
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