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The hexaferrite Ba1�xSrxFe12O19 compounds with x ¼ 0, 0.5 and 1 were synthesized by the autocombustion

method. X-ray diffraction (XRD), Raman spectroscopy and transmission electron microscopy (TEM) were

used for structural and morphological studies.

The Raman results showed that the intensity of the resonance

band remains unchanged in Ba1�xSrxFe12O19 compared to the

undoped compound (x ¼ 0) indicating that the polarizability

did not change during the vibrations. The particle sizes,

observed by TEM, are reduced from 228 nm to 176 nm with

doping.

Electrical conductance measurements show that all samples

present semiconductor-like behaviors. The Maxwell–Wagner

model explains why the alternating electrical conductivity of the

samples doped with Sr is lower compared to that of the undo-

ped sample. The Correlated Barrier Hopping (CBH) model

dominates the conduction process for the BaFe12O19 sample,

whereas the No overlapping Small Polaron Tunneling (NSPT)

model dominates the conduction process for the Ba0.5Sr0.5-

Fe12O19 sample. For SrFe12O19 the conduction is dominated by

the NSPT model at temperatures below 240 K and by the CBH

model above 240 K. The BaFe12O19 compound exhibits a giant

dielectric constant (30) whose values reached 104 at low

frequencies. This value is reduced to 150 in the Sr-doped

hexaferrite.

1 Introduction

Ferrites are widely used in the magnet market due to their low

price and reasonable magnetic performance.1 Hexagonal

ferrites, also known as hexaferrites, are materials which have

a much higher electrical resistivity than metallic ferromagnetic

ceramics and which absorb the penetration of the electromag-

netic eld and reduce eddy current losses.2 All the hexaferrites

have ferromagnetic properties which are primarily associated

with crystal structure.3

The hexaferrite family can be divided into six types, namely M

type (BaFe12O19), Z type (Ba3Me2Fe24O41), Y type (Ba2Me2Fe12O22),-

W type (BaMe2Fe16O27), X Type (Ba2Me2Fe28O46) and U type

(Ba4Me2Fe36O60), where “Me” can be inserted with the elements of

Sr, Co, Ni or Zn.4 Inside type M, which has the general formula

MFe12O19 (M ¼ Ba, Sr, Pb), hexaferrite BaFe12O19 has the best

physicochemical properties allowing it to be used in many appli-

cations.5 It can be used as lters for microwave devices,6 magnetic

recording media,7 permanent magnet8 and high density magneto-

optics.9 There are some requirements for the materials to be use in

such applications, such as excellent chemical stability, high natural

resonance frequency, good ability to absorb unwanted electro-

magnetic signals, high saturation magnetization and high

magnetic anisotropy.

BaFe12O19 hexaferrite and the M-type ferrites, in general,

have been intensively studied mainly because it can be used at

a much higher frequency than other types of ferrites due to their

higher intrinsic magnetocrystalline anisotropy.10,11 The inu-

ence of the synthesis technique in its properties has been

analyzed. Therefore BaFe12O19 has been prepared by co-

precipitation,12 citrate-precursor,13 microwave and hydro-

thermal,14,15 sol–gel,16–18 and others.19–24

These M-type hexaferrites, have been produced in nanosize

to enlarge the specic surface area, improving the absorption

capacity per unit mass, which induces their practical applica-

tion in absorbent materials and microwave protection.10 Thus,

by increasing the volume/area ratio the physical and chemical

properties of nanosize materials greatly improves, differing

strongly from the micron-size ones.25,26 The quality of the

powder and the frequency strongly inuence the dielectric

properties of ferrites, therefore, the study of the dielectric

properties and the electrical conductivity ac at different

frequencies will give valuable information on the phenomenon

of conduction in ferrites.27

Singh et al.28 synthesized Ba–Sr hexaferrite substituted by

Co–Al and reported microwave absorption properties. Pereira

et al.29 have shown that the values of 30 and tan d of the
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Tunisia

cI3N, PhysicsDepartment, Universityof Aveiro, 3810-193, Portugal

dUniversity of Coimbra, CEMMPRE, Mechanical Engineering Department, 3030-788

Coimbra, Portugal

† Electronic supplementary information (ESI) available. See DOI:

10.1039/d0ra09465j

Cite this: RSC Adv., 2021, 11, 1531

Received 6th November 2020

Accepted 15th December 2020

DOI: 10.1039/d0ra09465j

rsc.li/rsc-advances

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 1531–1542 | 1531

RSC Advances

PAPER

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 0

5
 J

an
u
ar

y
 2

0
2
1
. 
D

o
w

n
lo

ad
ed

 o
n
 8

/2
7
/2

0
2
2
 4

:4
3
: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
-N

o
n
C

o
m

m
er

ci
al

 3
.0

 U
n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online
View Journal  | View Issue

http://orcid.org/0000-0002-7556-4498
http://orcid.org/0000-0002-5979-5691
http://orcid.org/0000-0002-6919-8778
http://orcid.org/0000-0002-6858-9507
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra09465j
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA011003


Ba0.45Sr0.55Fe12O19 compound decrease as a function of the

frequency. The double substitution of Pr–Ni in the hexaferrite

Sr0.5Ba1�xPrxFe12�yNiyO19, studied by Iqbal et al.30 shows high

values of remanence and coercivity at low doping concentra-

tions. The study of barium and strontium hexaferrite

substituted by Nd–Ni31 shows that the 30 and tan d values have

decreased up to the frequency value of 1 kHz and remain

constant beyond 1 kHz.

The increase in saturation magnetization and a decrease in

coercivity are observed in of Ba–Sr hexaferrite substituted by Ni–

Zr.32

In this paper, we have prepared nano-size Ba1�xSrxFe12O19

hexaferrites, study their dielectric properties dielectric constant

(30), loss tangent (tan d) and electrical conductivity (sac) and

relate them to the structural properties.

2 Experimental
2.1. Synthesis

The Ba1�xSrxFe12O19 (x ¼ 0.0, 0.5, and 1) hexaferrites were

synthesized by the autocombustion method33 according to the

following reaction equation:

(1 � x)Ba(NO3)2 + xSr(NO3)2 + 12Fe(NO3)2$9H2O/

Ba1�xSrxFe12O19

The reagents used in the reaction were of analytical grade.

The oxidants are barium nitrate [Ba(NO3)2], strontium nitrate

[Sr(NO3)2] and iron nitrate [Fe(NO3)3$9H2O] obtained from

Sigma Aldrich, Germany. The fuel used to start the combustion

process was glycine (G, C2H5NO2) obtained from SD Fine Chem.

Ltd., Mumbai.

The amount of the fuel used was calculated xing the glycine

to nitrate ratio: G/N ¼ 1.2, making the total composition with an

excess of fuel greater than the stochiometric quantity required to

complete the combustion process without heat exchange.

For all samples, the stochiometric quantities of nitrates and

glycine were dissolved in 20 ml of distilled water and the solu-

tions were heated to 80 �C under magnetic stirring until

a homogenous and transparent solution was obtained. When the

precursors are well mixed in a period of about 2 hours, the

temperature is increased upto 180 �C and a viscous gel is formed.

Finally, and aer letting the viscous solution stand for

a period of 20 minutes, the gel was preheated to 350 �C, it

boiled, swelled, releasing a large quantity of gas and then it

ignites. An swollen black powders were obtained. The black

powder was heat treated in a hot air oven at 700 �C, for 2 hours,

to remove any organic product or unreacted glycine. The ob-

tained powders were pressed into thin pellets of 8 mm in

diameter and 1 mm in thickness and then sintered at different

conditions: (i) 900 �C for 30 minutes; (ii) 1000 �C for 30minutes;

(iii) 1100 �C for 2 hours. In all treatments the temperature was

slowly cooled to room temperature.

2.2. Characterization methods

The X-ray diffractograms of the samples were recorded using an

X-ray diffractometer (D8 Advance, Bruker), equipped with

a CuKa radiation source (l ¼ 1.5406 Å) in q–2q Bragg–Brentano

geometry. XRD data were used to obtain the diffraction

parameters by Rietveld analysis,34 using FullProf soware.35

The crystallite size (D) was calculated using the Scherrer

relation:

DSC ¼
0:9� l

b� cos q
(1)

where b is the full-width at half-maximum of the strongest

intensity diffraction peak (114), l the wavelength of the radia-

tion, and q the angle of the strongest characteristic peak.

The X-ray density (DX) was calculated using:

Dexp ¼
Z �M

N � a3
(2)

where Z is the number of cell units,M is the molecular weight, N

Avogadro's number and a the lattice constant.

The surface morphology and elemental detection of the

powders were examined with a Transmission Electron Micro-

scope (TEM). TEM images were taken with an FEI Tecnai G2

with an acceleration voltage of 200 kV. For the analysis, the

carbon grids were immersed in dilute suspensions of the

powders. Aer the solvent evaporation the grids were placed in

the microscope. Image J soware was used to analyse the

micrographs.

Raman spectroscopy was performed at room temperature

under backscattering geometry, using a JobinYvon HR 800

system and an excitation wavelength of 473 nm. The Raman

spectra were recorded with a modular double-grating excitation

spectrouorimeter with a TRIAX 320 emission monochromator

(Fluorolog-3, Horiba Scientic) coupled to an HR 980 Hama-

matsu photomultiplier, using a front face acquisition mode. As

an excitation source, a 450 W X arc lamp was used.36

The dielectric measurements were performed using an Agi-

lent 4294 network analyzer, operating between 100 Hz and 1

MHz in a Cp–Rp conguration (capacitance in parallel with

resistance) was used for these measurements. To perform the

measurements, each sample surface was painted with silver

conductive paste and then placed in a sample holder and

pressed between two parallel platinum plates, functioning as

electrodes. The sample's impedance was measured in the

temperature range from 160 K up to 400 K, in a nitrogen bath

cryostat. To calculate the ac conductivity, the eqn (3) was used:

sac ¼
t

Rp � A
(3)

where t is the thickness, A is the area of pellet and Rp is the

resistance.

Dielectric constant values were calculated by;

3
0
¼

C � t

A� 30
(4)

where C is capacitance and 30 is permittivity of free space.

For dielectric loss we used the relation:
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tan d ¼
300

30
(5)

where 300 is the dielectric loss factor and 30 is the dielectric

constant.

3 Results and discussion
3.1. XRD analysis

The XRD patterns of the sintered hexaferrite pellets Ba1�xSrx-

Fe12O19 (x ¼ 0.0, 0.5 and 1) are shown in Fig. 1(a–c). All the

major peaks in the diffraction patterns could be indexed to

various (hkl) planes of BaFe12O19 matching perfectly with the

hexagonal structure (with the P63/mmc space group) of pure

BaFe12O19 (JCPD card no. 00-051-1879). Fig. 1b shows an

enlarged view of the major peak in the diffractograms of the

three Ba1�xSrxFe12O19 samples indicating the shi of the XRD

peak (114) towards upper angles, as the strontium content

increases. This displacement of the peaks is due to the reduc-

tion in the lengths of the Fe–O bond, the angle of the Fe–O–Fe

bond and the volume of the elementary cell. All samples showed

well dened Bragg peaks, intense and sharp, indicating the

highly crystalline nature of the samples. Minor impurity peaks

were also present in the XRD patterns and the indexation done

in X'PertHighScore showed that they correspond to the Fe2O3

phase. The presence of this impurity during the synthesis of

hexaferrite was also unavoidable in similar works.37

Table 1 shows the cell parameters, obtained by renement

with FullProf soware, and it can be seen that the values of the

parameter c have decreased with Sr doping, while there is no

signicant change in parameter a. Similar results have been

reported by other authors.38–41 Thus, we deduce that the hex-

aferrites samples have a variable lattice parameter c, while the

lattice constant a does not change.42

The goodness of t (c2) affirms the correctness of t and the

high accuracy of renement.

The value of the full-width at half-maximum of the strongest

intensity diffraction peak was used to calculate the size of the

crystallites (DSC), ranging from 44 nm to 56 nm, which is anal-

ogous to those obtained by Pereira et al.43

3.2. Morphological study

Fig. 2 shows the TEM micrographs of Ba1�xSrxFe12O19 hex-

aferrite samples. It can be seen that the particles, with a habit

approximately spherical, are mostly agglomerated, as

Fig. 1 (a) X-ray diffraction patterns of the compounds Ba1�xSrxFe12O19 [x ¼ 0.0, 0.5 and 1], (b) amplification of the main peak of the dif-

fractograms and (c) Rietveld analysis for the undoped compound.

Table 1 Parameters obtained by Rietveld analysis of the patterns

shown in Fig. 1

Space group Parameters x ¼ 0.00 x ¼ 0.5 x ¼ 1

P63/mmc

Ba1�xSrxFe12O19

a (Å) 5.892(8) 5.885(5) 5.880(6)

c (Å) 23.231(9) 23.156(8) 23.071(9)

V (Å3) 698.649(6) 694.664(7) 690.972(6)
% 90.2 91.9 95.3

R�3c Fe2O3 A (Å) 5.038(7) 5.038(7) 5.038(6)

c (Å) 13.749(5) 13.743(7) 13.744(1)

V (Å3) 302.31(5) 302.19(6) 302.18(5)
% 9.8 8.1 4.7

c
2 1.85 1.32 1.37

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 1531–1542 | 1533
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expected.38,39 The mean particle size of the BaFe12O19 sample is

of the order of 228 nm. However, the mean particle size of

Ba0.5Sr0.5Fe12O19 and SrFe12O19 compounds are on the order of

201 and 176 nm respectively, indicating that the grain size is

reduced with the Sr doping. Similar results have been observed

by other authors.38,39 The average grain size determined using

TEM images is larger than the average size of the crystallites

calculated by XRD, indicating that each grain is formed by

several crystallites (Table 2).

3.3. Raman analysis

The use of Raman spectroscopy in the study of oxides becomes

especially useful for exploring local disorders.44 Indeed, Raman

spectroscopy can efficiently probe the short-range disorder in

oxygen octahedral induced by Jahn–Teller distortion and other

interactions.45 All peaks in the spectra of Fig. 3 are related to the

hexaferrite crystal structure and no additional vibrations,

associated with secondary phase or impurities, were observed.

The peaks (1) and (2), at 720 and 685 cm�1, can be attributed

to the A1g vibrations of the Fe–O bonds at the tetrahedral 4f1

and bipyramidal sites 2b, respectively. Furthermore, peaks (3),

(5) and (8) at 616, 470 and 317 cm�1 are due to A1g vibrations of

Fe–O bonds at octahedral sites 4f2, 2a and 12k, while peak (6) at

410 cm�1 is due to the vibration A1g at the 12k octahedral

dominated site.

The peaks (4), (9) and (10) at 530, 284 and 212 cm�1 are due

to the E1g vibrations, while peak (7) at 336 cm�1 is due to the E2g

vibration. The peaks (11) and (12), at 180 and 168 cm�1, result

from the E1g vibrations of the entire spinel block.

Fig. 2 TEM images of Ba1�xSrxFe12O19 (a)�x¼ 0.0; (c)�x¼ 0.5; (e)�x

¼ 1 and corresponding histograms of particle sizes (b) x ¼ 0.0, (d) x ¼

0.5, (f) x ¼ 1.

Table 2 Mean size of crystallites (DSC) and mean particle sizes (DTEM)

X 0.0 0.5 1

DSC (nm) 56 48 44
DTEM (nm) 228 201 176

Fig. 3 Raman spectra for barium hexaferrite with Sr substitution

Ba1�xSrxFe12O19 [(a) x ¼ 0.0, (b) x ¼ 0.5 and (c) x ¼ 1].

1534 | RSC Adv., 2021, 11, 1531–1542 © 2021 The Author(s). Published by the Royal Society of Chemistry
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It must be noticed that Raman bands become broader with

the increase of the value of x from 0 to 0.5 (Fig. 3). Changes in

chemical composition, atomic radii, bond length and cell size

can lead to the broadening of the Raman peaks.46 The attribu-

tion of the Raman spectra to the corresponding lattice

symmetries is summarized in Table 3.

3.4 Electrical conductivity studies

AC conductivity (sac) was determined as a function of frequency

at different temperatures, for all the samples, using the

expression (3).

Generally, the ac conductivity at a given temperature can be

separated into two components, the dc and the ac, according to

Almond–West expression (6):47

sac ¼ sdc(T) + Au
s(T) (6)

where A is a temperature dependent parameter and represents

the degree of complex interactions between mobile species48

and “s” is a value between 0 and 1, which depends on the

temperature.

The rst term of the conductivity, sdc, depends on the

temperature and it is independent of the frequency. This is

related to the dri mobility of free charge carriers and to the

conduction band characteristics. The second term depends only

on frequency, caused by the octahedral site hopping processes.

Fig. 4 shows the behavior of the conductivity with frequency,

for all samples, measured at temperatures between 160 K to 400

K. Table 4 shows the values obtained from expression (6), of the

sdc and s parameters.

The conduction mechanism in hexaferrites is explained by

the hop of charge carriers between Fe3+ ions at octahedral

sites.49 In the high-frequency range, the conductivity increases

with the rise of temperature. This is explained by the increased

mobility of charge carriers but does not indicate an increase in

the charge concentration.50 According to the Maxwell–Wagner

model, the ac conductivity at low frequencies describes the

contribution of the grain boundaries while at high frequencies,

Table 3 Raman characteristics with attributed vibrational modes

Raman

active
modes

Number of
peaks

Observed frequency
(cm�1) Assigned polyhedra

A1g 1 720 Tetrahedral 4f1

2 685 Bipyramidal 2b
3 616 Octahedral 4f2

5 470 Octahedral 2a

8 317 Octahedral 12k

6 410 Dominating
octahedral 12k

E1g 4, 9, 10 530, 284, 212

11, 12 180, 168 Whole spinel block
E2g 7 336 Octahedral 12k

Fig. 4 Conductivity spectra at various temperatures of Ba1�xSrxFe12O19 [(a) x ¼ 0.0, (b) x ¼ 0.5 and (c) x ¼ 1].

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 1531–1542 | 1535
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the dispersion can be attributed to grain conductivity and

increased electron hopping between Fe3+ ions and Fe2+,

promoting the increase of the conductivity. It is also observed

that the conductivity decreases as the Sr content increases.

The conduction mechanism in the Ba1�xSrxFe12O19

compounds was determined by analyzing the temperature

dependence of the “s” parameter. From Fig. 5a–c, the behavior

of “s” changes with the Sr content and also as the temperature

increases. A correlation between the conduction mechanism

and s(T) behavior could suggest an appropriate model of this

conduction mechanism.51

Based on the two distinct processes, the classical hopping

over a potential barrier and the quantum-mechanical

tunneling, or a combination of both, it has been differently

assumed that the responsible charge carriers can be either

electrons or ions.52 These different models have been dened

Table 4 The Jonscher's power-law fitting results of ac conductivity for Ba1�xSrxFe12O19 [x ¼ 0.0, x ¼ 0.5 and x ¼ 1]

T (K)

s sdc (S m�1)

x ¼ 0.00 x ¼ 0.5 x ¼ 1 x ¼ 0.00 x ¼ 0.5 x ¼ 1

160 0.773 0.649 0.846 1723 � 10�7 6016 � 10�8 5846 � 10�9

180 0.730 0.689 0.874 4149 � 10�7 7052 � 10�8 1449 � 10�8

200 0.697 0.722 0.903 1146 � 10�6 1081 � 10�7 1824 � 10�8

220 0.649 0.750 0.940 2978 � 10�6 1684 � 10�7 1643 � 10�8

240 0.597 0.779 0.968 7669 � 10�6 2530 � 10�7 2804 � 10�8

260 0.568 0.813 0.928 1866 � 10�5 4259 � 10�7 3481 � 10�8

280 0.530 0.840 0.899 4372 � 10�5 7654 � 10�7 3717 � 10�8

300 0.497 0.873 0.865 9428 � 10�5 1416 � 10�6 4854 � 10�8

320 0.454 0.902 0.839 1978 � 10�4 2812 � 10�6 7466 � 10�8

340 0.420 0.932 0.813 4111 � 10�4 5552 � 10�6 1157 � 10�7

360 0.387 0.959 0.786 8530 � 10�4 1072 � 10�5 2104 � 10�7

380 0.354 0972 0.766 2030 � 10�3 2564 � 10�5 4501 � 10�7

400 0.320 0.986 0.740 3910 � 10�3 8678 � 10�5 1082 � 10�6

Fig. 5 Temperature evolution of “s” parameter and “1 � s” of the compounds. Ba1�xSrxFe12O19 [(a) x ¼ 0.0, (b) x ¼ 0.5, (c) and (d) for x ¼ 1].

1536 | RSC Adv., 2021, 11, 1531–1542 © 2021 The Author(s). Published by the Royal Society of Chemistry

RSC Advances Paper

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 0

5
 J

an
u
ar

y
 2

0
2
1
. 
D

o
w

n
lo

ad
ed

 o
n
 8

/2
7
/2

0
2
2
 4

:4
3
: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
-N

o
n
C

o
m

m
er

ci
al

 3
.0

 U
n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra09465j


according to the behavior of the “s” parameter. In fact, when the

exponent “s” decreases with the increase in temperature, the

Correlated Barrier Hopping (CBH) is the appropriate model.53

As the exponent “s” is practically constant (equal to 0.8) and

independent of temperature or increases slightly with temper-

ature, the most appropriate model is the Quantum Mechanical

Tunneling (QMT).54,55 When the exponent depends on both

temperature and frequency and decreases with increasing

temperature to a minimum value, aer increases as tempera-

ture increases, the model is Overlapping Large-Polaron

Tunneling (OLPT).56 Finally, if the exponent “s” increases with

the increase in temperature, the corresponding model is Small

Polaron Tunneling without overlap (NSPT).54

To determine the appropriate mechanism of the conduc-

tivity, it is represented the variation of the exponent “s” as

a function of the temperature in Fig. 5.

For x ¼ 0.0, “s” gradually decreases as the temperature

increases. This behavior is in good agreement with the Corre-

lated Barrier Hopping (CBH) model.

The exponent “s” in this model can be expressed as follows:57

s ¼ 1�
6kBT

WM þ kBT lnðus0Þ
(7)

where T is the absolute temperature, kB is the Boltzmann

constant, WM is the maximum barrier height, s0 is the charac-

teristic relaxation time and u is the angular frequency.

If WM[ kBT ln(us0) relation (7) can be simplied as:

s ¼ 1�
6kBT

WM

(8)

For x ¼ 0.5, “s” increases progressively as a function of the

temperature.

This behavior can be well adapted with the Small Polaron

Tunneling without overlap model (NSPT)58,59 where the “s”

exponent is given by:

s ¼ 1þ
4kBT

WM � kBT lnðws0Þ
(9)

Fig. 6 Variation of ln(sdcT) vs. (1000/T) of Ba1�xSrxFe12O19 [(a) x ¼ 0.0, (b) x ¼ 0.5 and (c) x ¼ 1]. Variation of ln(sdc) vs. (T
�0.25) of Ba1�xSrxFe12O19

[(d) x ¼ 0.0, (e) x ¼ 0.5 and (f) x ¼ 1].

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 1531–1542 | 1537
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where T is the absolute temperature, kB the Boltzmann

constant, WM is the maximum barrier height, s0 is the charac-

teristic relaxation time and u is the angular frequency.

For large values of WM/kBT, “s” becomes:

s ¼ 1þ
4kBT

WM

(10)

The energy WM can be determined from the slope of “s” and

“1 � s” as a function of the temperature. Fig. 5a and b, shows

this adjusts for the compounds x ¼ 0 and x ¼ 0.5, respectively.

The determined values of WM are 0.272 eV (x ¼ 0) and

0.232 eV (x ¼ 0.5).

It is observed that an increase in temperature causes

a decrease in the binding energy of the charge carriers, making

their hops between sites easier.

The sample with x ¼ 1 (Fig. 5c and d), shows for the “s”

parameter two different behaviors:

� For 150 K # T # 250 K, “s” increases with the rise of the

temperature. This development can therefore be described by

the Small Polaron Tunneling without overlap (NSPT).

This variation of “s” with temperature yieldsWM1 ¼ 0.221 eV

(Fig. 5c).

� From 250 to 400 K, “s” decreases with increasing temper-

ature. There are several models, which can explain the ac-

conduction mechanism in the disordered materials. For

example, Mott variable range hopping conductivity,60 Efros-

Shklosvkii conduction,61 ac-conduction mechanism with

potential uctuations.62 However, we believe that the Correlated

Barrier Hopping (CBH) is the most suitable model to describe

the conductivity in this temperature region.

In this range, where the plot of “1 � s” as a function of

temperature is shown in Fig. 5d, the value of the average

binding energy WM2 is estimated to be 0.369 eV.

This increase in hop polarization energy may be related to

the increase in barrier height that charge carriers must over-

come in order to hop from one site to another.

Fig. 6 shows the variation of ln(sdcT) against the inverse of

the temperature for all samples. At high temperatures, the

experimental data of the dc conductivity are well adjusted by the

law of Mott and Davis which describes the small polaron

hopping (SPH):63

sdcT ¼ s0 exp

�

�
Ea

kBT

�

(11)

where, Ea is the activation energy, T is the absolute temperature,

kB is the Boltzmann constant and s0 is a pre-exponential

factor.

We notice that the Ea decreases from 0.391 eV to 0.280 eV

when Ba is completely substituted by Sr (Fig. 6a–c and Table 4).

The decrease may be related to the substitution of barium by

strontium, which presents lower atomic radii that can cause

a signicant variation in bond lengths.

In the low-temperature range, sdc has been also analyzed by

employing the variable range hopping model (VRH) for which

Fig. 7 The dielectric constant as a function of frequency of Ba1�xSrxFe12O19 [(a) x ¼ 0.0, (b) x ¼ 0.5 and (c) x ¼ 1].
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dependence of the dc conductivity can be described by the

relation (12):64

sdc ¼ s0 exp

�

T0

T

�0:25

(12)

where T0 is the Mott temperature and its value is calculated

from the slope of the curve (sdc) as a function of T�0.25.

According to Fig. 6d–f, the variation of ln(sdc) with T�0.25

obeys the variable range hopping conduction mechanism.

The temperature T0 decreases when the strontium content

increases. Its values are respectively 3.84 � 108 K, 8.88 � 106 K

and 6.76 � 106 K for samples x ¼ 0.0, 0.5 and 1.

3.5. Dielectric analysis

Fig. 7 and 8 show the temperature and frequency dependence of

the real (30) and imaginary (300) parts of the dielectric permittivity

for the Ba1�xSrxFe12O19 compounds. The 30 and 300 values are

high and both decreases when the strontium quantity

increases.

In particular, the giant dielectric constant values at low

frequencies and at high temperatures were mainly related to the

presence of different Schottky barriers at grain–grain bound-

aries, sample surface-bulk, and electrode-surface, whereas the

low dielectric constant values at high frequencies were related

to intrinsic effect (Fig. 7).65 The colossal static dielectric

constant at low frequency obtained for BaFe12O19 sample is

greater than those in Sr doped system, which makes it an

interesting material for high-tech applications that require such

type of characteristic.

Fig. 8 represents the variation of the imaginary part of the

permittivity (300) as a function of the frequency, at different

temperatures for all the samples. It is noticed that (300) decreases

considerably with frequency and temperature. This could be

explained by the strong interactions between dipoles at low

frequencies, which weakens by increasing the frequency and

lead to a remarkable reduction in dielectric loss.66 At high

frequencies, the mechanisms of electronic and ionic polariza-

tion are dominant, while the polarization from the interfaces is

dominant at low frequencies.67 The interfacial polarization,

which is mainly due to grain boundary defects, which can be

related to the Sr content, contributes to the increase of 30 and

300.68,69 In these samples, the 300 strongly depends on the

frequency. The nanometric size and the homogeneous and

perfect structure of the Ba1�xSrxFe12O19 compounds lead to low

values of dielectric losses (tan d).

The variation of tan d with frequency (Fig. 9) depends on the

movement of the charge carriers. As the frequency increases,

electrons rotate more frequently around their direction of

motion, reducing the possibility of reaching grain boundaries.

Fig. 8 Imaginary part of the dielectric constant as a function of the frequency of. Ba1�xSrxFe12O19 [(a) x ¼ 0.0, (b) x ¼ 0.5 and (c) x ¼ 1].

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 1531–1542 | 1539
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As a result, the polarization decreases, which results in

a decrease in the tan d. This can be explained based on the

Maxwell – Wagner Model.70,71

This model assumes that the dielectric structure is

composed of conductive grains separated by grain boundaries.

If the resistance of the grain boundaries is relatively high, the

electrons which reach them by hop will accumulate and there-

fore producing a polarization.

For the sample with x ¼ 0 and for temperatures above 280 K,

the values of 30 present an anomaly that is not visible for the Sr-

doped samples (Fig. 9). This anomaly corresponds to a dielectric

relaxation that can occur at lower frequencies for the Sr-doped

samples. This indicates the existence of a phase transition at

that temperature, or that the mobility of the charge carriers

increases and allows them to ow to the grain boundaries where

they can form electrical dipoles.

To use these materials in microwave devices like dielectric

resonators, one has to nd a balance between high dielectric

constant and low loss.72 Generally, the structure of Ba1�xSrx-

Fe12O19 leads to a large variation of the dielectric constant. We

expect to nd a situation of equilibrium with the maximum of

the dielectric constant and a lower loss. This strongly suggests

that Ba1�xSrxFe12O19 composites are good candidates for

applications where high 3 materials are sought with low loss in

the radio frequency range.

4 Conclusions

The M-type barium hexaferrite BaxSr1–xFe12O19 (where0 < x < 1)

alloys were prepared by autocombustion method. The X-ray

pattern indexes well in the hexagonal magnetoplumbite (M-

type) structure of space group P63/mmc, except for a very small

amount of Fe2O3. The prepared samples were characterized by

impedance spectroscopy, to establish the effects of tempera-

ture, frequency, and strontium substitution on both the trans-

port and dielectric properties. We have found that the

concentration of strontium signicantly affects electrical

conductivity and dielectric properties. The conduction mecha-

nism in the Ba1�xSrxFe12O19 compounds was determined by

analyzing the temperature dependence of the “s” parameter.

The conduction process for the BaFe12O19 sample is dominated

by the Correlated Barrier Hopping (CBH)model; whereas the No

overlapping Small Polaron Tunneling (NSPT) model dominates

the conduction process for Ba0.5Sr0.5Fe12O19 sample. For

SrFe12O19 the conduction is dominated by the NSPT model at

temperatures below 240 K and by the CBH model above 240 K.

The variation of the dielectric constant as a function of

Fig. 9 Dielectric loss tangent as a function of the frequency of Ba1�xSrxFe12O19 [(a) x ¼ 0.0, (b) x ¼ 0.5 and (c) x ¼ 1].
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temperature and frequency conrmed the contributions of

different polarization mechanisms. In particular, the low

dielectric constant 30 values at high frequencies are mainly

linked to intrinsic effects, on the other hand, the high values of

30 at low frequencies and high temperatures are mainly linked to

the presence of different Schottky barriers. The high values of

the dielectric constant and the low losses of Ba1�xSrxFe12O19

compounds, strongly suggest that these materials may be good

candidates for applications in the radio frequency range.
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