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Herein, we investigated the correlation between the chemical composition, microstructure, and microwave

properties of composites based on lightly Tb/Tm-doped Sr-hexaferrites (SrTb0.01Tm0.01Fe11.98O19) and spinel

ferrites (AFe2O4, A ¼ Co, Ni, Zn, Cu, or Mn), which were fabricated by a one-pot citrate sol–gel method.

Powder XRD patterns of products confirmed the presence of pure hexaferrite and spinel phases.

Microstructural analysis was performed based on SEM images. The average grain size for each phase in the

prepared composites was calculated. Comprehensive investigations of dielectric properties (real (30) and

imaginary parts (300) of permittivity, dielectric loss tangent (tan(d)), and AC conductivity) were performed in the

1–3 � 106 Hz frequency range at 20–120 �C. Frequency dependency of microwave properties were

investigated using the coaxial method in frequency range of 2–18 GHz. The non-linear behavior of the main

microwave properties with a change in composition may be due to the influence of the soft magnetic phase.

It was found that Mn- and Ni-spinel ferrites achieved the strongest electromagnetic absorption. This may be

due to differences in the structures of the electron shell and the radii of the A-site ions in the spinel phase. It

was discovered that the ionic polarization transformed into the dipole polarization.

Introduction

Highly interdependent transition metal oxides demonstrate

a broad range of uncommon phenomena, which can be used for

practical applications.1–3 Electrical and magnetic characteristics

are result of the collaborative effects of charge and spin

ordering. These materials show different quantum effects, for

example, Bose–Einstein condensation of magnons, high-

temperature superconductivity, and multiferroicity (the coexis-

tence of magnetic and ferroelectric ordering). Currently, func-

tional materials with coexisting so and hard magnetic

properties at room temperature have attracted signicant

interest, among which multiferroic and electromagnetic

composites are most noteworthy. A strong coupling between

them may be caused by the coexistence of two separate

magnetic phases, resulting in more advanced functional prop-

erties; for instance, it may cause an alteration of the original

electrical and magnetic characteristics compared to those of

pure materials. This study was aimed to identify a relationship

between the chemical composition (concentration ratio of

different phases) and functional properties of composites. Most

interesting effects can be observed in magnetic composites with

so and hard magnetic phases due to internal strong coupling

exchange.

Many researchers have concentrated on complex metal

oxides that are based on Fe ions. The most interesting materials

for researchers are barium M-type hexaferrite (AFe12O19, where

A ¼ Ba, Sr, Pb) and solid solutions based on these complex

metal oxides. These compounds possess a magnetoplumbite

structure and the space group P63/mmc (no. 194) with cell

parameters a¼ bz 5.90 Å and cz 23.30 Å. Owing to their high
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saturation magnetization, low electrical conductivity, and large

magnetocrystalline anisotropy, M-type hexaferrites are of great

importance for microwave applications.4 Microwave absorption

in AFe12O19 occurs by two main processes: (1) domain boundary

resonance and (2) natural ferromagnetic resonance. Microwave

absorbers attract much attention due to broad prospects of the

practical applications (weakening of the transmitted electro-

magnetic radiation).5–8 Hard and so nanocomposites are

technologically important materials because of their specic

applications in magnetic recording media, magnetic uids,

microwave devices, permanent magnets, and biomedicines.9,10

These magnetic composites achieve high coercivity from the M-

type hexaferrite materials (hard ferrite) and high saturation

magnetization from the spinel ferrites (so ferrite), and exhibit

outstanding magnetic performance called exchange-spring

magnets. The exchange-coupled systems depend on several

parameters such as phase distribution, phase composition,

crystallite size of each phase, and magnetic interactions. Since

there is a strong exchange-coupling between the hard and so

magnetic phases, the microwave absorption of the composite is

amplied.11–16 Moreover, several studies have been conducted to

improve the magnetic characteristics, specically the exchange-

coupling behavior by joining substitution hexaferrite with

spinel ferrite. Mansour et al. have explored the dielectric and

magnetic properties of x(BaFe11.7Al0.15Zn0.15O19)/1 � x(Mn0.8-

Mg0.2Fe2O4), where x ¼ 0.3, 0.4, or 0.5, prepared by a sol–gel

combustion approach and noticed an improvement in the

magnetic properties of this composite.17 Almessiere et al. have

illustrated the magnetic characteristics of Sr0.3Ba0.4Pb0.3Fe12-

O19/(CuFe2O4)x (hard/so) composite, where x¼ 1, 2, 3, 4, or 5.18

They found an enhancement in the magnetization of the

composite and a strong exchange-coupling behavior. Recently,

we examined exchange-coupling effects in a series of SrTb0.01-

Tm0.01Fe11.98O19/AFe2O4 hard/so nanocomposites, in which A

can be Zn, Co, Cu, Ni, or Mn.19 Their morphological, structural,

and magnetic properties were comprehensively investigated.

The differently prepared composites presented an achievement

exchange-coupling effect in one-step. Among the various

prepared composites, the SrTb0.01Tm0.01Fe11.98O19/CoFe2O4

nanocomposite exhibited the best exchange-coupling behavior

along with the highest Mr, Ms, and Hc values. The benets of

exchange coupling ferrites were discovered by Shen et al.20

Herein, a study on the SrTb0.01Tm0.01Fe11.98O19/AFe2O4 (A ¼ Co,

Ni, Zn, Cu, or Mn) functional composites based on SrTb0.01-

Tm0.01Fe11.98O19 hexaferrites as the hard magnetic phase and

AFe2O4 ferrite spinel as the so magnetic phase with different

compositions (different A-site ions) was performed via micro-

structural and microwave analysis. In this study, the interrela-

tion between the structure and the microwave properties of

these composites was investigated.

Experimental
Synthesis

The SrTb0.01Tm0.01Fe11.98O19/AFe2O4 (A¼ Co, Ni, Zn, Cu, or Mn)

functional composites based on SrTb0.01Tm0.01Fe11.98O19 hex-

aferrites as the hexagonal phase and AFe2O4 ferrite spinel as the

cubic magnetic phase with different compositions (different A-

site ions) were produced using a one-pot sol–gel auto-

combustion method.21–24 The solutions of the hard and so

magnetic phases were separately synthesized. For the hard

magnetic phase SrTb0.01Tm0.01Fe11.98O19 (STTFO), the initial

reagents Sr(NO3)2 (strontium nitrate), Fe(NO3)3$9H2O (iron

nitrate), Tm2O3 (thulium oxide), and Tb4O7 (terbium oxide)

were mixed in a stoichiometric molar ratio

(1 : 0.01 : 0.01 : 11.98) followed by the addition of citric acid

and deionized water at 355 K. For the so magnetic phase

AFe2O4 or AFO (A ¼ CoFO, NiFO, ZnFO, CuFO, or MnFO), the

nitrates of nickel (Ni(NO3)2$6H2O), cobalt (Co(NO3)2$6H2O),

copper (Cu(NO3)2$6H2O), zinc (Zn(NO3)2$6H2O), and manga-

nese (Mn(NO3)2$6H2O) were mixed in a stoichiometric molar

ratio (1 : 2). Finally, the resulting compositions of the hard and

so phases were mixed together with the slow addition of citric

acid under stirring at 90 �C. The pH of the mixtures was regu-

lated at 7 by adding an NH3 solution; aer this, the mixture was

heated at 150 �C for 30 min, and then, the temperature was

increased to 330 �C for the formation of a viscous gel. Ignition of

the gel occurs when a huge amount of gas is formed during

combustion along with the formation of a black-coloured

powder. To obtain the required hard/so composites, the

resulting powders were sintered at a temperature of 1000 �C for

5 hours. The following ve functional ferrite-based composites

were obtained and systematically investigated:

(1) SrTb0.01Tm0.01Fe11.98O19/CoFe2O4 (STTFO/CoFO);

(2) SrTb0.01Tm0.01Fe11.98O19/NiFe2O4 (STTFO/NiFO);

(3) SrTb0.01Tm0.01Fe11.98O19/ZnFe2O4 (STTFO/ZnFO);

(4) SrTb0.01Tm0.01Fe11.98O19/CuFe2O4 (STTFO/CuFO); and

(5) SrTb0.01Tm0.01Fe11.98O19/MnFe2O4 (STTFO/MnFO).

Structural investigations

The specicities of the crystal structure and phase compositions

were studied by XRD using Cu-Ka radiation (Rigaku D/MAX-

2400, Japan). The chemical compositions and microstructures

were investigated by SEM (Hitachi S-4800, Japan) with EDX. The

particle size distribution of the composites was examined by the

analysis of the images obtained using SEM. The proportion of

the particle area Pi was determined for each fraction using the

following equation:

Pi ¼
1

4

pai
2n

S
(1)

where ai is the size of a certain particle (or diameter of a disk

that has size equal to the size of particles), S is the total analyzed

area, and n is number of particles with a specied size.

The specic surface area (SSA) of one gram of composite [m2

g�1] was calculated as follows:

SSA ¼
p1S1 þ p2S2.þ pnSn

100%
(2)

where pi is the content of each fraction [%] and Si is the surface

area of the particles of a certain fraction, which was obtained as

Si ¼
6

rai
(3)
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where r is the radiographic or XRD density of composites [g

cm�3] that was calculated using the following equation:

r ¼
N0

V0

X

AZ ¼ 1:6602

P

AZ

V0

(4)

where N0 is the Avogadro constant (6.02214 � 1023 mol�1), A is

the atomic weight of each component in the composite, and Z is

the number of atoms in a unit cell.

Microwave investigation

The permeability and permittivity of the composites with

respect to frequency were studied by the coaxial method using

an Agilent network analyzer in the frequency range of 2–18 GHz.

The coaxial line impedance was normalized (Z ¼ 50 ohm).

Initially, total two-port calibration was carried out on the test

setup. This is necessary to eliminate errors related to source and

load matching, directivity, isolation, and frequency response in

both the forward and reverse measurements. The inner and

outer conductor diameters of the measuring cell used for the

coaxial method were 3 mm and 7 mm, respectively. The height

of the investigated sample was 10 mm. For testing, the samples

were prepared in the form of a hollow cylinder for a snug t to

the measuring cell. The obtained values of the reection (S11)

and transmission (S21) coefficients of the samples were con-

verted into the real and imaginary parts of the permeability (m ̇0

and m ̇00) and permittivity (3 ̇0 and 3 ̇00), respectively. The perme-

ability of the material was then established using the Nicolson–

Ross–Weir algorithm from the S-parameters obtained as

a function of frequency.25,26 More information about the

experimental setup can be found in the literature.27

Results and discussions
Crystal structure and microstructure

All samples have been previously investigated by XRD28 (Fig. 1c).

A peak corresponding to an unimportant impurity phase

resembling Fe2O3 was observed. According to Table 1, all the

samples mainly contain twomajor phases: a so phase (AFe2O4)

with a cubic structure (corresponding to spinels with the space

group Fd�3m, as shown in Fig. 1a) and a hard phase (AFe12O19)

with a magnetoplumbite structure (corresponding to M-type

hexaferrites with the space group P63/mmc, as shown in Fig. 1b).

Aer this, the radiographic density and SSA values of the

composite samples were determined. The results are provided

in Table 3.

It was found that the STTFO/CoFO composite has the largest

particle size (1.01 mm) and the smallest SSA value (about 1 141 000

m2 g�1). The maximum value of SSA corresponds to the STTFO/

CuFO composite and is equal to 1 403 000 m2 g�1.

We have successfully described the structures of all the

composite samples as hard (similar to the magnetoplumbite

structure, SG: P63/mmc, no. 194) and so (cubic, SG: Fd�3m, no.

227) phases. The low values of the tting parameter – c
2

(goodness-of-t quality factor) suggest that the studied samples

are of better quality and the renements of neutron data are

effective. Rietveld renement using the FullProf soware was

used to calculate the main structural parameters: lattice

constant (a), volume of the unit cell (V), and average crystallite

sizes. The main structural parameters (lattice constants and

average crystallite size) of the composites are presented in Table

Fig. 1 Models of the unit cells of the (a) spinel structure, SG: Fd3�m and

(b) M-type hexaferrite structure, SG: P63/mmc and the XRD patterns (c)

of all the STTFO/AFe2O4 samples.

Table 1 Unit cell parameters of the STTFO/AFe2O4 (A¼Co, Ni, Zn, Cu,

or Mn) functional composites

Composition c
2

AFe2O4 SrTb0.01Tm0.01Fe11.98O19

a (Å) V (Å3) a (Å) c (Å) V (Å3)

STTFO/CoFO 1.71 8.3897 590.526 5.8822 23.0299 690.064

STTFO/NiFO 1.49 8.3410 580.302 5.8839 23.0347 690.607
STTFO/ZnFO 1.97 8.3319 578.405 5.8854 23.0420 691.178

STTFO/CuFO 2.15 8.3414 580.386 5.8883 23.0502 692.106

STTFO/MnFO 2.03 8.3270 577.385 5.8843 23.0268 690.464
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1. The data correlates well with the differences in the ionic radii

of the A-sites in spinels. Using the SEM images (Fig. 2) of the

products, we calculated the average grain (or particle) sizes

(Fig. 2).

A particle consists of nanosized crystallites. The average

crystallite size (DXRD) was determined using the XRD data, and

the average particle size was determined via the SEM images.

The particle size distributions for the composites are shown in

Fig. 2.

The distribution of the STTFO/MnFO sample corresponds to

the Gaussian-type function. In other words, there is only one

most probable value of the particle size (or average particle size).

This value was found to be the maximum of the Gaussian

function and is equal to 954 nm for the STTFO/MnFO sample.

The SEM image of the STTFO/MnFO composite conrms the

uniform Gaussian distribution.

Other composites, except for the STTFO/MnFO composite,

have a bimodal distribution. There are two extreme points of

particle size in the graphs. The rst extreme point (about 0.1–

0.2 mm) corresponds to the contribution of the so phase. The

other extreme point (about 0.8–1.2 mm) corresponds to the

contribution of the hard phase or SrTb0.01Tm0.01Fe11.98O19.

Therefore, the two most probable particle sizes should be ob-

tained for the composites containing CoFe2O4, NiFe2O4,

ZnFe2O4 or CuFe2O4 components. More information about the

Fig. 2 Size distribution and SEM images of the composite particles for each STTFO/AFe2O4 (A ¼ Co, Ni, Zn, Cu, or Mn) functional composite.

Table 2 The calculated values of the weight of the unit cell and

radiographic density of each component of the STTFO/AFe2O4 (A ¼

Co, Ni, Zn, Cu, or Mn) functional composites

Composite component Weight unit cell Density (g cm�3)

SrTb0.01Tm0.01Fe11.98O19 2127.83 5.12

CoFe2O4 1876.96 5.28

NiFe2O4 1875.20 5.36
ZnFe2O4 1928.48 5.53

CuFe2O4 1913.84 5.47

MnFe2O4 1884.88 5.41

This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 32638–32651 | 32641

Paper RSC Advances

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 0

3
 S

ep
te

m
b
er

 2
0
2
0
. 
D

o
w

n
lo

ad
ed

 o
n
 8

/2
8
/2

0
2
2
 4

:1
9
:1

6
 A

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
 3

.0
 U

n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ra05087c


most probable particle sizes for the hard and so phases is

presented in Fig. 3. The results of the particle size investigations

conducted using the SEM images correlate well with the crys-

tallite sizes obtained using the XRD data.

The calculation of the SSA values was carried out using eqn

(2) and was based on the calculations of the theoretical or also

called radiographic density according to eqn (4). The interme-

diate calculation results, such as the weight of the unit cell and

radiographic density of the components, for the separated

components of the composites are provided in Table 2.

Dielectric properties

To investigate the dielectric properties of the obtained STTFO/

AF2O4 composite samples, the real part 30 and imaginary part 300

of the complex permittivity 3 ¼ 30 + i300 and conductivity C at the

alternating current in the 1–8� 105Hz frequency and 20–120 �C

temperature ranges were measured. As is generally known, the

dielectric properties of ferrites are dened by their own stoi-

chiometry, impurities, crystal structure, ceramic morphology,

external signal frequency, temperature, and even humidity.29 To

avoid the inuence of moisture, the sample at the beginning of

the measurement cycle was preheated to 120 �C andmaintained

at this temperature for 10 min; aer this, it was cooled to the

required measurement temperature. The frequency depen-

dence of the real part 30 of permittivity at different temperatures

for all the STTFO/AF2O4 composites is shown in Fig. 4(a–e).

A relaxation process was clearly observed for all the samples

at all measured temperatures, demonstrating normal ferri-

magnetic behavior.30 At low frequencies, a high dispersion of

the real part 30 of the dielectric constant was observed. It

remained practically unchanged at high frequencies, as has

been reported previously.31 The low-frequency value mono-

tonically depends on temperature only for the samples based on

Mn2+/3+ and Cu2+ cations (see the insets of Fig. 4(a–e)). In these

cases, the low-frequency value increases. For the samples based

on Ni2+/3+ cations, a maximumwas obtained in the region of 50–

80 �C. For the STTFO/AF2O4 samples based on Co2+/3+ and Zn2+

cations, an inection point was noticed in the region of 50–

80 �C. The maximum value of �1600 for the real part 30 of

permittivity was obtained at 1 Hz and 70 �C for the sample

based on the Ni2+/3+ cations. The minimum value of �11 for the

real part 30 of permittivity was achieved at 1 Hz and 100 �C for

the sample based on the Co2+/3+ cations.

For the STTFO/AF2O4 composite samples studied herein, the

relaxation of the real part 30 of permittivity in the low-frequency

range can be considered to be due to the polarization of the

grain boundaries. With the increasing temperature, additional

polarization of the sample surface was also noticed at low

frequencies. This behavior is associated with the accumulation

of charge carriers at the electrode–sample interface.32 The

polarization of the electrodes and grain boundaries at low

frequencies can be dened as the Maxwell–Wagner polariza-

tion.33 The diffusion of the charges accumulated at the inho-

mogeneous grain boundaries requires signicantly more energy

in the low-frequency region than the tunnelling of carriers at

high frequencies.34 A local charge displacement, due to which

the polarization of the inhomogeneous boundaries occurred,

was caused by the exchange of electrons between Fe2+ and Fe3+

cations in the structure of ferrite. In addition, these carrier

motions at higher frequencies can contribute to the formation

of small or large polarons.35–37 Using the analysis of a complex

electric module, the role of the grains and grain boundaries in

these processes can also be characterized.38

The dependences of the imaginary part 300 of permittivity for

all the investigated STTFO/AF2O4 composites are shown in

Fig. 5(a–e). The observed value also decreases with frequency

and generally increases with temperature. An interesting

Fig. 3 The values of the average crystallite size (obtained using the

XRD data) (a) and most probable particle size (obtained using the SEM

images) for the (b) STTFO (black square) and AFe2O4 (blue circle)

phases of each STTFO/AFe2O4 (A ¼ Co, Ni, Zn, Cu, or Mn) functional

composite.

Table 3 The calculated values of the radiographic density and specific

surface area of the STTFO/AFe2O4 (A ¼ Co, Ni, Zn, Cu, or Mn) func-

tional composites

Composition Density (g cm�3) SSA (m2 g�1)

STTFO/CoFO 5.34 1 141 000

STTFO/NiFO 5.36 1 177 000
STTFO/ZnFO 5.40 1 298 000

STTFO/CuFO 5.38 1 403 000

STTFO/MnFO 5.35 1 194 000
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feature was observed for the samples based on copper cations.

The local maxima could be xed for all temperatures in the

frequency range of 10–1000 Hz. A monotonic increase in the

imaginary part 300 of permittivity with temperature was observed

for the samples based on the Mn2+/3+, Cu2+, and Zn2+ (see insets

of Fig. 5(a–e)). For the sample based on the Ni2+/3+ cations,

a maximum was observed in the region of 50–80 �C.

An inection point could be detected in the region of 50–

80 �C for the sample based on the Co2+/3+ cations. The

maximum of the imaginary part 300 of permittivity was found to

be �4793 at 1 Hz and 70 �C for the sample based on the Ni2+/3+

cations, whereas the minimum value of �2.8 was obtained at

1 Hz and 30 �C for the sample based on the Cu2+ cations.

The values of the dielectric loss tangent tan(d) are relatively

low for all the STTFO/AF2O4 composites. This can be noticed in

Fig. 6(a–e). The maximum values reached 4 at low frequencies.

An exception was observed for the sample based on the zinc

cations. For this sample, the low-frequency value reached 40.

The value of the dielectric loss tangent tan(d) also decreased

with the increasing frequency. With the increasing temperature,

the dielectric loss tangent tan(d) monotonically increased for

the samples based on the Mn2+/3+, Cu2+, and Zn2+ cations (see

insets of Fig. 6(a–e)). For the samples based on the Co2+/3+ and

Ni2+/3+ cations, an inection point was observed in the region of

50–80 �C.

Fig. 4 Frequency dependences of the real part 30 of permittivity in the range of 1–0.8 � 106 Hz at different temperatures ranging from 20 �C to

120 �C with a step of DT ¼ 10 �C for the STTFO/AFe2O4 functional composites, where A ¼ Co (a), Ni (b), Zn (c), Cu (d), and Mn (e). Insets

demonstrate the temperature dependence of 30 at F ¼ 1 Hz.

This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 32638–32651 | 32643

Paper RSC Advances

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 0

3
 S

ep
te

m
b
er

 2
0
2
0
. 
D

o
w

n
lo

ad
ed

 o
n
 8

/2
8
/2

0
2
2
 4

:1
9
:1

6
 A

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
 3

.0
 U

n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ra05087c


The maximum value of �41 for the dielectric loss tangent

tan(d) was observed at 1 Hz and 120 �C for the sample based on

the Zn2+ cations. The minimum value of �0.17 was obtained at

1 Hz and 40 �C for the sample based on the Cu2+ cations.

An interesting feature of the presence of local maxima was

noticed for some samples. The occurrence of these maxima in

some dependencies can be explained on a qualitative level.

Ferrite conduction is controlled by electron hopping between

Fe2+ and Fe3+ cations. At the moment when the frequency of

hopping is almost equal to external frequency, maximum

energy absorption occurs, causingmaximum loss tangent.39 The

condition for obtaining the maximum tan(d) can be specied by

the Debye relaxation relation.40 The relaxation time depended

on the probability of hopping, and this nding is in good

agreement with that reported previously for CoFe2O4

synthesized using a sol–gel auto combustion method.41 Thus,

the maximum value of tan(d) can be obtained when the

frequency of the electron hopping between the cations Fe2+ and

Fe3+ becomes almost equal to the applied eld frequency, and

this phenomenon is termed as resonance.

The frequency dependences of the AC-conductivity are shown in

Fig. 7(a–e). The AC-conductivity steadily increased with the

increasing frequency for all the samples. Moreover, it increased

with the increasing temperature. In the temperature dependence of

the AC-conductivity (see insets of Fig. 7(a–e)), the maximum point

was observed for the samples based on the Mn2+/3+ and Ni2+/3+

cations in the range of 70–100 �C. Theminimumpoint was xed in

the range of 30–50 �C for the sample based on the Zn2+ cations. The

inection point was found at 60–80 �C for the sample based on the

Co2+/3+ cations, whereas amonotonic increase was observed for the

Fig. 5 Frequency dependences of the imaginary part 300 of permittivity in the range of 1–3� 106 Hz at different temperatures ranging from 20 �C

to 120 �C with a step of DT ¼ 10 �C for the STTFO/AFe2O4 functional composites, where A ¼ Co (a), Ni (b), Zn (c), Cu (d), and Mn (e). Insets

demonstrate the temperature dependence of the 300 at F ¼ 1 Hz.
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sample based on the Cu2+ cations. The maximum value of

�7.50 S cm�1 for the AC-conductivity was found at 8� 105 Hz and

70 �C for the sample based on the Ni2+/3+ cations. The minimum

value of�5.0 S cm�1 was obtained at 8� 105 Hz and 20 �C for the

sample based on the Cu2+ cations.

As is well-known, AC-conductivity is proportional to external

frequency. With an increase in the external frequency, the

conductive grains become more momentous; this promotes elec-

tron hopping between the two neighbouring iron cations and

cause a transition between Fe2+ and Fe3+, more likely increasing

the hopping conduction. Thus, an inevitable increase in the AC-

conductivity was observed with the increasing frequency, as re-

ported in the literature.42 The AC-conductivity includes two

mechanisms. In a high-frequency area, the AC-conductivity

mechanism is based on the hopping of electrons, whereas in

a low-frequency area, the mechanism is based on the slow motion

of electrons. At low frequencies, the AC-conductivity remains

almost unchanged. This frequency dependence of the AC-

conductivity can be satisfactorily described by Koop's phenome-

nological theory,43 where more conductive grains are surrounded

by less conductive boundaries.44

Microwave properties

According to the Maxwell's equations, there are two main

possible reasons for electromagnetic absorption: electrical

Fig. 6 Frequency dependences of the dielectric loss tangent tan(d) in the range of 1–3� 106 Hz at different temperatures ranging from 20 �C to

120 �C with a step of DT ¼ 10 �C for the STTFO/AFe2O4 functional composites, where A ¼ Co (a), Ni (b), Zn (c), Cu (d), and Mn (e). Insets

demonstrate the temperature dependence of tan(d) at F ¼ 1 Hz.
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losses and magnetic losses. Electrical losses can be observed

due to the interaction of the electromagnetic radiation with the

charges in material (highly localized and conductive electrons,

ions, and dipoles). Magnetic losses can be associated with wave

interactions with spin-orbital magnetic moments and domain

states. Based on their features and physical nature, electrical

losses can be divided into four main types: conductive losses,

polarization losses, ionization losses, and losses caused by the

heterogeneity of the structure. Thus, three phenomena of the

electric eld determine or cause energy loss in the dielectric:

electrical conductivity, polarization, and ionization. The

magnetic losses in complex iron oxides are associated with the

excitation of the magnetic state by the external electromagnetic

radiation. Magnetic materials, which absorb EMR, convert eld

energy into heat also due to magnetic losses. If the magnet is in

an alternating magnetic eld, peaks will possibly be obtained at

certain frequencies in the curves of the imaginary part of the

magnetic permeability as a function of frequency. In this case,

resonance mechanisms of EMR absorption are noticed. Thus,

two main types of resonance effects in complex iron oxides can

be distinguished: natural ferromagnetic resonance and domain

boundary resonance. The dielectric permittivity and magnetic

permeability of the STTFO/AFe2O4 composites (where A ¼ Co,

Ni, Zn, Cu, or Mn) were measured using a segment of a coaxial

transmission line. Ionic polarization is caused by either the

displacement of the nodes of the crystal lattice under the action

of an external electric eld, where the amount of displacement

is less than the value of the lattice constant, or the displacement

of the ions weakly xed at the sites of the crystal lattice. The

displacement of ions in the crystal lattice leads to an increase in

Fig. 7 Frequency dependences of the AC-conductivity in the range of 1–3� 106 Hz at different temperatures ranging from 20 �C to 120 �Cwith

a step of DT ¼ 10 �C for the STTFO/AFe2O4 functional composites, where A ¼ Co (a), Ni (b), Zn (c), Cu (d), and Mn (e). Insets demonstrate the

temperature dependence of the AC-conductivity at F ¼ 0.8 MHz.
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the polarization vector and an increase in the value of the

dielectric constant. The increase in the losses and consequently

the increase in the imaginary part of the dielectric constant are

associated with the losses caused by the vibration of ions in the

crystal lattice. Light elements vibrate with greater amplitude

and higher losses, i.e. the imaginary part of the dielectric

constant, which can be observed in Fig. 8. With an increase in

the mass of the elements, the amplitude of the oscillations in

the lattice, the value of the losses, and the value of the imagi-

nary part of the dielectric constant decreased. Fig. 8 shows the

frequency dependences of the real (Fig. 8a) and imaginary part

(Fig. 8b) of the permittivity of the composites. The maximum

values (�3 and 2.2) of the imaginary part of the permittivity

were observed for the Mn-based and Ni-based spinels, respec-

tively. Based on the obtained data, it can be established that

composition (especially the composition of the so phase)

substantially affects the permittivity. In particular, this was

clearly visible for the STTFO/MnFO and STTFO/NiFO samples.

For STTFO/CoFO, STTFO/ZnFO, and STTFO/CuFO, the magni-

tudes of the real part of permittivity are very close. Since there

are no peaks for the frequency dependences of the real part of

permittivity, the lack of polarization losses in this frequency

range for the STTFO/AFe2O4 composites (where A ¼ Co, Zn, Cu,

or Mn) can be considered. The signicant increase in the real

permittivity of STTFO/NiFO at a frequency above 12 GHz indi-

cates that energy loss occurs during dipole polarization. In

Fig. 8b, it can be noticed that the curves exhibit some broad

peaks because of the absorption of high-frequency radiation.

The position of the peak and the maximum imaginary value of

the permittivity are highly dependent on the chemical compo-

sition of the STTFO/AFe2O4 (where A ¼ Co, Ni, Zn, Cu, or Mn)

samples. The main limiting parameter is the chemical compo-

sition of the so phase. This may be due to the following

reasons: (1) differences in the electron shell conguration and

radii of the A-site ions and (2) features of the AC-charge trans-

port due to differences in the microstructure.

The frequency dependences of the real (Fig. 9a) and imagi-

nary parts (Fig. 9b) of the permeability of the composites are

shown in Fig. 9. Based on the obtained data, it can be estab-

lished that the chemical composition (especially the composi-

tion of the so phase) signicantly affects the permeability. In

particular, this was clearly observed for the real and imaginary

parts of the permeability of the STTFO/MnFO and STTFO/NiFO

Fig. 8 Frequency dependencies of the real (a) and imaginary (b) parts

of the permittivity of the STTFO/AFe2O4 (where A ¼ Co, Ni, Zn, Cu, or

Mn) functional composites.

Fig. 9 Frequency dependencies of the real (a) and imaginary (b) parts

of the permeability of the STTFO/AFe2O4 (where A ¼ Co, Ni, Zn, Cu, or

Mn) functional composites.

This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 32638–32651 | 32647
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samples. For the STTFO/CoFO, STTFO/ZnFO, and STTFO/CuFO

samples, themagnitudes of the real part of permeability are very

close. In complex magnetic oxides, there are only a few mech-

anisms of electromagnetic absorption. Domain boundary

resonance (DBR) is one of them. Furthermore, the other

mechanism is related to natural ferromagnetic resonance

(NFR).

As is known, anomalies in the frequency dependence of the

imaginary part of permeability can be determined in the NFR

region. Thus, the observed negative values of the imaginary part

of permeability can be considered as reection losses.

Using the calculated values of the real part and imaginary

part of the dielectric permittivity and magnetic permeability,

the coefficient of reection for the material layer can be evalu-

ated using the following formula:

R
�

¼ ðZ
�

1 þ Z
�

2ÞðZ
�

2 � Z
�

3Þe
�ik

�

l þ ðZ
�

1 � Z
�

2ÞðZ
�

2 þ Z
�

3Þe
ik

�

l

ðZ
�

1 þ Z
�

2ÞðZ
�

2 þ Z
�

3Þe�ik
�

l þ ðZ
�

1 � Z
�

2ÞðZ
�

2 � Z
�

3Þeik
�

l

(5)

where _Z1 ¼ wave resistance of the rst medium, _Z2 ¼ wave

resistance of the second medium, _Z3 ¼ wave resistance of the

third medium, l ¼ the thickness of the material layer of the

second medium, and _k ¼ wave number.

We transformed the formula (5) for the case of an electro-

magnetic wave incident on a layer of material located on an

ideally conducting surface.

In this model, we speculate that the electromagnetic wave is

incident normally from the medium 3 to the interface between

two media. We hypothesize that the wave falls from free space,

which means that the resistance of the medium to the resis-

tance of free space is equal to

Z
�

3 ¼

ffiffiffiffiffi

m0

30

r

¼ 120pz 376 ohm:

We deduced the resistance of the second medium through

the found real part and imaginary part of the dielectric

permittivity and magnetic permeability according to the

following formula:

Z
�

2 ¼

ffiffiffiffiffiffiffiffi

m
�

m0

3
�

30

v

u

u

t (6)

Since medium 1 is perfectly conducting, the resistance of

this medium will be equal.

Considering this, we obtained the following formula for the

coefficient of reection from a layer of material on a perfectly

conducting surface:

R
�

¼ iZ
�

2tg
�

k
�

l
�

þ Z
�

3

iZ
�

2tg
�

k
�

l
�

� Z
�

3

(7)

By expressing the resistance through the dielectric and

magnetic permeability, we acquired the nal formula as

follows:

R
�

¼ i

ffiffiffi

m
�

q

tg
�

k
�

l
�

þ

ffiffi

3
�

q

i

ffiffiffi

m
�

q

tg
�

k
�

l
�

�
ffiffi

3
�

p

(8)

Using the formula (8), we performed the reection coeffi-

cient calculations for f ¼ 2–18 GHz. Fig. 10 shows the frequency

dependences of the reection loss of the STTFO/AFe2O4

composites (where A ¼ Co, Ni, Zn, Cu, or Mn). Table 4

demonstrates the peculiarities of the main electromagnetic

characteristics of the STTFO/AFe2O4 composites (where A ¼ Co,

Ni, Zn, Cu, or Mn).

At frequencies up to 6 GHz, ionic polarization prevailed in

the material samples. Ion polarization occurred due to a shi in

the nodes of the crystal lattice as a result of the inuence of an

external electric eld, and the amount of displacement was less

than the value of the unit cell parameter. The real part of the

dielectric permittivity remained almost constant in this

frequency range. Moreover, with the increasing frequency, the

imaginary part of the dielectric constant gradually decreased.

Fig. 4 shows a similar behavior of the frequency dependencies.

The transition from the ionic polarization to the dipole polari-

zation occurs at F ¼ 6–8 GHz.

In the frequency range above 8 GHz, dipole polarization

prevailed in the material samples. Because of the dipole polar-

ization, which is related to orientation of dipoles in an external

eld and focused on overcoming the bonding forces inside the

atom, high losses are observed at low frequencies. For other

materials, the same change in the type of polarization occurred,

but in a higher frequency range.45

For the Mn, Ni, Cu, Zn materials, losses are caused by an

increase in the imaginary part of the dielectric and magnetic

permeabilities. The maximum value of the imaginary part of the

dielectric constant decreases with an increase in the element (A)

serial number for so magnetic phase (Table 4).

The value of the real part of the magnetic permeability in the

2–10 GHz frequency range is 1, i.e. in this range, the material

Fig. 10 Frequency dependencies of the reflection losses (RL) of the

STTFO/AFe2O4 (where A ¼ Co, Ni, Zn, Cu, or Mn) functional

composites.
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samples behave like diamagnets, as shown in Fig. 9. With the

increasing frequency, for materials based on Mn and Ni, the

dependence of the real part of magnetic permeability starts to

sharply increase. Since the Mn and Ni materials are ferromag-

nets, their properties are transferred to the samples containing

these dopants. This is also conrmed by the fact that for the

samples with Mn and Ni, the imaginary part of the magnetic

permeability sharply decreases (Fig. 9), and, as a result, the

losses in the material decrease also Fig. 10.

For the samples containing Co, Cu, and Zn, the imaginary

part remains almost constant in the abovementioned frequency

range. This behavior in the frequency range of the magnetic

characteristics corresponds to diamagnets, which are Co, Cu,

and Zn. Due to this, the loss in the material during the propa-

gation of an electromagnetic wave is substantially less than that

for ferromagnets.

Conclusion

Herein, SrTb0.01Tm0.01Fe11.98O19/AFe2O4 (A ¼ Co, Ni, Zn, Cu, or

Mn) functional composites based on SrTb0.01Tm0.01Fe11.98O19

hexaferrites as the hexagonal phase and AFe2O4 ferrite spinel as

the cubic magnetic phase with different compositions (different

A-site ions) were obtained using a one-pot sol–gel auto-

combustion approach. Microstructural analysis demonstrated

that the particle size distribution of the STTFO/MnFO sample

corresponds to the Gaussian-type function. The other compos-

ites, except for the STTFO/MnFO composite, have a bimodal

distribution. There are two extreme points of particle size in the

graphs. The rst extreme point (about 0.1–0.2 mm) corresponds

to the contribution of the so phase. The other extreme point

(about 0.8–1.2 mm) corresponds to the contribution of the hard

phase or SrTb0.01Tm0.01Fe11.98O19. In order to study the dielec-

tric properties of the obtained STTFO/AF2O4 composite

samples, the real 30 and imaginary 300 parts of permittivity,

dielectric loss tangent tan(d), and electrical conductivity at AC in

the 1–8 � 105 Hz frequency and 20–120 �C temperature ranges

were measured. For the STTFO/AF2O4 composite samples

studied herein, the relaxation of the 30 in the low-frequency

range can be considered as a polarization of the grain bound-

aries. The conduction in ferrites is governed by electron

hopping between Fe2+ and Fe3+ cations. At the moment when

the frequency of hopping is almost equal to external frequency,

the maximum energy absorption occurs, causingmaximum loss

tangent. Frequency dependences of the real and imaginary

parts of the permittivity and permeability were measured using

a segment of the coaxial transmission line in the 2–18 GHz

range. Using the measured data, we calculated the reection

losses of the STTFO/AFO samples. At frequencies up to 6 GHz,

ionic polarization prevailed in the material samples. Ion

polarization occurred due to the displacement of the nodes of

the crystal lattice under an external electric eld, and the

amount of displacement was less than the value of the unit cell

parameter. There was a transition from the ionic polarization to

the dipole polarization for F ¼ 6–8 GHz. At frequencies above 8

GHz, dipole polarization prevailed inmaterial samples. Because

of the dipole polarization, which is related to the orientation of

the dipoles in an external eld and is focused on overcoming

the bonding forces inside the atom, high losses are observed at

low frequencies. A strong coupling between the hard magnetic

(hexagonal) and so magnetic (spinel) phases was observed.

This data provides broad perspectives for practical applications

of this kind materials in high-frequency special devices with

controllable electromagnetic properties.
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and A. Manikandan, Impact of La3+ and Y3+ ion

substitutions on structural, magnetic and microwave

properties of Ni0.3Cu0.3Zn0.4Fe2O4 nanospinel ferrites

synthesized via sonochemical route, RSC Adv., 2019, 9,

30671–30684.

11 H. Yang, T. Ye, Y. Lin and M. Liu, Exchange coupling

behavior and microwave absorbing property of the hard/

so (BaFe12O19/Y3Fe5O12) ferrites based on polyaniline,

Synth. Met., 2015, 210, 245–250.

12 C. Feng, X. G. Liu, W. O. Siu and S. L. Ho, Exchange coupling

and microwave absorption in core/shell-structured hard/so

ferrite-based CoFe2O4/NiFe2O4 nanocapsules, AIP Adv., 2017,

7, 056403.

13 S. R. Saeedi Afshar, M. Hasheminiasari and

S. M. Masoudpanah, Structural, magnetic and microwave

absorption properties of SrFe12O19/Ni0.6Zn0.4Fe2O4

composites prepared by one-pot solution combustion

method, J. Magn. Magn. Mater., 2018, 466, 1–6.

14 R. Skomski and J. M. D. Coey, Giant energy product in

nanostructured two-phase magnets, Phys. Rev. B: Condens.

Matter Mater. Phys., 1993, 48, 15812.

15 N. A. Algarou, Y. Slimani, M. A. Almessiere, A. Baykal,

S. Guner, A. Manikandan and I. Ercan, Enhancement on

the exchange coupling behavior of SrCo0.02Zr0.02Fe11.96O19/

MFe2O4 (M ¼ Co, Ni, Cu, Mn and Zn) as hard/so

magnetic nanocomposites, J. Magn. Magn. Mater., 2020,

499, 166308.

16 M. A. Almessiere, A. V. Trukhanov, Y. Slimani, K. Y. You,

S. V. Trukhanov, E. L. Trukhanova, F. Esa, A. Sadaqat,

K. Chaudhary, M. Zdorovets and A. Baykal, Correlation

between composition and electrodynamics properties in

nanocomposites based on hard/so ferrimagnetics with

strong exchange coupling, Nanomaterials, 2019, 9, 202.

17 S. F. Mansour, O. M. Hemeda, M. A. Abdo and W. A. Nada,

Improvement on the magnetic and dielectric behavior of

hard/so ferrite nanocomposites, J. Mol. Struct., 2018,

1152, 207–214.

18 M. A. Almessiere, Y. Slimani and A. Baykal, Exchange spring

magnetic behavior of Sr0.3Ba0.4Pb0.3Fe12O19/(CuFe2O4)x
nanocomposites fabricated by a one-pot citrate sol-gel

combustion method, J. Alloys Compd., 2018, 762, 389–397.

19 N. A. Algarou, Y. Slimani, M. A. Almessiere, S. Güner,
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