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a b s t r a c t

Gallium substituted Z-type hexagonal ferrites with chemical composition Sr3Co2-xGaxFe24O41 (x ¼ 0.0,0.4,
0.8, 1.2, 1.6, and 2.0) were successfully synthesised in air at 1200 �C for 5 h using the sol-gel auto-
combustion technique, in order to investigate the effect of gallium substitution on structural, magnetic
and dielectric properties. X-ray Diffraction (XRD) analysis of all samples reveals the formation of mixed
hexaferrite phases, with Z ferrite as the major phase (72e90%).The average crystallite size of heated
powders was found to be in the range of 21e40 nm. The saturation magnetisation decreases after gallium
substitution, with the lowest values of 64 Am2 kg�1 for composition x ¼ 1.6, which also hasthe highest
value of coercivity (28.3 kA m�1). Nevertheless, all were soft ferrites, with Hc between 3.4 and
28.3 kA m�1.The Mr/MS ratio of all samples was found to be less than 0.5, suggesting that all the com-
positions possess multi-domain microstructures. M€ossbauer spectroscopic analysis confirmed that the Fe
ions were found in the 3 þ high spin state for compositions below x � 0.4, whereas ~1.5% of the Fe ions
were converted into Fe2þ high spin state beyond x � 0.8 compositions, as Ga3þ began to substitute for
Fe3þ, forming Fe2þ in the cobalt positions. The average hyperfine magnetic field (<Hhf>) was found to be
decreased with Ga-substitution. Dielectric parameters such as dielectric constant and loss factor were
studied as a function of frequency, and their results show normal behaviour for ferrimagnetic materials.
In complex measurements at microwave frequencies (8 GHze12.5 GHz, the X-band), all samples had a
real permittivity of around 8e14. For sample x ¼ 2.0, a dielectric resonance peak was observed around
12.15 GHz. All showed a real permeability of around 1.0e1.4 over the frequency of 8 GHze12.5 GHz
range, and ferromagnetic resonance (FMR) was observed in x ¼ 0.0 and 2.0 samples, at around 11 and
12 GHz, respectively. This suggests that the prepared samples can be used as microwave absorbers/EMI
shielding at specific microwave frequencies. The co-existence of FMR and dielectric resonance at the
same frequency of 12.15 GHz for x ¼ 2.0 could lead to the coupling of these resonances and the devel-
opment of potential metamaterials.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

Hexaferrites are a class of ceramic magnets having vast tech-
nological applications such as permanent magnets, nano-
electromagnetic devices, microwave devices and magnetic
recordingmedia [1]. They have also gained great attention in recent
years due to the development of radar absorbing materials (RAM),
anti-electromagnetic and microwave shielding, interference coat-
ings, etc. [2e4]. The excellent magnetic and dielectric properties
make hexaferrites suitable magnetic materials for electromagnetic
wave absorbers [5]. Recently, there has been an increasing demand
on the electronic equipment such as mobile phones, laptop com-
puters, and tablets, modems and antennas, which requires the shift
to centimeter-scale wavelengths in the microwave range
(3e30 GHz), and even up towards the millimeter range corre-
sponding to >30 GHz frequencies for 5G and 6G devices. The
growth of devices functioning at this GHz frequency range creates a
serious risk of electromagnetic interference (EMI) problems. EMI
occurs when EM signals are transmitted from unwanted sources
and interfere with other electronic devices functioning within
similar frequency ranges. Furthermore, health concern issues being
are raised all over the world due to electromagnetic radiation,
which could affect human health, resulting in memory loss, fatigue,
lack of sleep, headaches, etc. [6]. This concern further extends the
need for research into microwave and millimeter wave absorbing
materials, particularly in the X-band (~8e12 GHz) and Ku-band
(~12e18 GHz).

Hexaferrites are iron oxide-based magnetic compounds with a
hexagonal crystal structure, divided into six types according to
their crystal structure and chemical compositions: M,W, X, Y, Z, and
U-type. Magnetically soft hexaferrites (those with a narrow hys-
teresis loop and low coercivity) and with high permeability, such as
Z-type, are considered to be the best hexaferrites suitable for mi-
crowave devices functioning in the GHz region. The best known Z-
type hexaferrite is Ba3Co2Fe24O41 (Co2Z), although the Ba can be
substituted by Sr, and Co can be substituted by a range of suitably
sized ions. The cobalt-containing Z-type hexaferrites are members
of the planar hexaferrite family known asferroxplana, in which the
easy magnetisation direction lies in the basal plane of the hexag-
onal structure perpendicular to the c-axis, or in a cone at an angle to
the c-axis, at room temperature [7], and are very soft ferrites as the
magnetisation can rotate in this plane/cone. The Z-type crystal
structure consists of repeating units of two other hexagonal fer-
rites, M ferrite (BaFe12O19, BaM) and Y ferrite (Ba2Co2Fe12O22, Co2Y).
Thus, two molecular units M þ Y are required to form a single unit
of Z-type hexaferrite, which is the member ofthe space group P63/
mmc [8e10]. Z-type hexaferrites are promising materials for com-
mercial use in high-frequency applications such as telecommuni-
cations, radar systems and other microwave devices due to their
high ferromagnetic resonance, high thermal stability and relatively
high permeability [7,11].

Barium Z-type hexaferrites have been known to have useful
microwave properties since their discovery in the early 1960’s
when they were reported to have a ferromagnetic resonance (FMR)
between 1.3 and 3.4 GHz and permeability of up to 9 [7]. It is now
established the FMR of Co2Z is normally around 1.3e1.4 GHz [9,12],
although this can be increased slightly with processing optimisa-
tion. Recently, Cr substituted Co2Z was studied by Magham et al.
[13] for EMI shielding applications, in which Ba3Co2CrxFe24-xO41
(x ¼ 0.0, 0.3, 0.6, 0.9) hexaferrites were prepared using a standard
ceramic technique and sintered at 1300 �C for 10 h. These had
lowered magnetisation, but FMR increased to around 3 GHz, and
absorbed more strongly in the microwave region at ~5 GHz. Shen
et al. Fabricated Co2Z composites coated with silica, and these Co2Z/
SiO2 composites exhibited good absorption properties between 4
and 14 GHz depending on the number of silica layers, although
again at the expense of reduced magnetisation [14].

Strontium Z-type Sr3Co2Fe24O41 (SrZ) hexaferrite was reported
for the first time in 2001 by Pullar and Bhattacharya [15], they
found a saturation magnetisation (MS) of 48.5 Am2 kg�1, and that it
was a very soft ferrite with coercivity (HC) ¼ 5.6 kA m�1.In oriented
polycrystalline SrZ-hexaferrite, the easy axis of magnetisation was
found to be in a cone at an angle of 52.3� to the c-axis at RT [16], so
it is also a ferox planar type structure. SrZ-hexaferrite has since
gained much attention, as not only could it be used as a significant
material in microwave frequency devices, but it also has the
important magnetoelectric/multiferroic properties [17]. Reported
studies show a magnetoelectric/multiferroic-like effect in stron-
tium Z-type hexaferrites even at room temperature and under low
magnetic field [18e20]. SrZ-hexaferrite was also reported in 2012
to have an increased FMR compared to Co2Z,with a broad, poorly
defined FMR peak between 2.5 and 3.5 GHz [21]. SrZ-hexaferrite
has avery narrow range of formation between a temperature
range of 1180e1220 �C, and it decomposesto SrCo2Fe16O27 W-type
hexaferrite (SrW) with further heating [22]. As a result, single-
phase Z-type hexaferrites are very difficult to prepare [23,24],
and the high synthesis temperatures required can lead to an un-
controlled grain growth resulting in discontinuities of the grain
size, shape and homogeneity. Thus, it is essential to find a suitable
technique and temperature for the synthesis of single-domain SrZ-
hexaferrites with a high degree of homogeneity [25]. There are
various techniques used for the synthesis of hexaferrites such as
ball milling [26], standard ceramic [27,28], microwave hydrother-
mal [29], co-precipitation [30], micro-emulsion [31] and sol-gel
[32,33].

Among all these different synthesis techniques, the sol-gel auto-
combustion technique is a low cost and an appropriate technique to
prepare a homogeneous product with fine particle size [34].

Strontium hexagallate (SrGa12O19) exists as an analogue of
SrFe12O19 (SrM) ferrite [35], and has been used as a substrate for
epitaxial crystal growth of M-type hexaferrites. Single crystals of
gallium substituted BaM [36,37], PbM [38] and SrM [39] were
studied at GHz frequencies in the 1980’s and 1990’s, and poly-
crystalline PbFe12exGaxO19 was reported in 2002 [40]. Since then
there have been many studies on polycrystalline gallium
substituted M-type hexaferrites, such as the work by Trukhanov
et al. On Ga substituted BaM [41e48], as well as work by others on
gallium mono- and co-substituted M-type hexaferrite [49e54]. In
general, increasing Ga substitution inM-type hexaferrite was found
to increase HC and reduce MS, but the effects on microwave prop-
erties were less simple. As the Ga3þ concentration in BaFe12ex-
GaxO19 increased from x ¼ 0.1 to 0.6, the FMR frequency decreased
slightly, but as the concentration then increased further to x ¼ 1.2,
the FMR frequency increased again [41e44,48], with a total varia-
tion from 49.1 to 50.4 GHz. The FMR linewidth also increased with x
from 3.5 to 5 GHz, indicating a widening of the frequency range
where electromagnetic radiation is intensely absorbed, and the
shift of the FMR frequency in an applied magnetic field was linear
for x¼ 1.2, increasing from 50.5 to 55.5 GHz with an applied field of
0.4 T. Ga substituted BaMwas also shown to possess a small ferroics
which makes able electrical polarisation, even for values of x as low
as 0.1 [47], and giving a spontaneous polarisation of 1-1-5 mC m�2

for x ¼ 0.1.
There exist a few reported studies of Ga substitution in other



Fig. 1. Flowchart shows the sample preparation of Sr3Co2-xGaxFe24O41 hexaferrite
powder.
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types of hexaferrite, such as W-type [55,56] and Y-type [57]. In
75e140 nm diameter nanopowders of SrZn2GaxFe16-xO27
(x ¼ 0e0.4) W ferrite made by sol-gel, as expectedMS was found to
decrease from 51.0 to 35.8 A m�2 kg�1 as x increased from 0 to 0.4,
but coercivity (HC) increased significantly with x from 14.6 kA m�1

to 76.9 kA m�1, and the loop also became square as the remnant
magnetisation (Mr) also increased with the increase of Ga contents
(x) [55]. For x ¼ 0.2, an FMR frequency of ~2.8 GHz was observed,
and a peak absorption of �32dB was seen centered around 8.2 GHz
for a 3.4 mm thick sample. For BaCo2GaxFe16-xO27 (x ¼ 0.0e0.8) W-
type hexaferrite made by high energy ball milling, large platy
exaggerated grain growth was seen when sintered at 1300 �C, and
only a small and irregular variation inMs with xwas observed, with
values between 72.5 and 67.7 A m2 kg�1 for x ¼ 0 and 0.6,
respectively. HC also exhibited small but irregular variations with x,
between 5.6 kA m�1 for x ¼ 0.8e10.3 kA m�1 for x ¼ 0.2 [56].
BaSrCo2Fe11.5Ga0.5O22 Y-ferrite was shown to be magnetoelectric at
low temperatures, and at room temperature MS was ~35 A m2

kg�1with a field of 4 T, while the ferritewas very soft withMr andHc
closed to zero (no precise values given) [57].

There have been several studies reported on (Ba,Sr)3Co2Fe24O41

[15e20]. However, no study has been reported for Ga substitution
of any Z-type hexaferrites. In the present study, we report the effect
of Ga substitution on structural, magnetic, dielectric and micro-
wave absorption properties of Z-type Sr3Co2-xGaxFe24O41 (x ¼ 0.0,
0.4, 0.8, 1.2, 1.6, and 2.0) hexaferrites prepared using a sol-gel auto-
combustion technique.

2. Experimental details

2.1. Sample preparation

High purity analytical grade strontium nitrate (Sr(NO3)2, 99.0%
pure, Loba Chemie), cobalt nitrate (Co(NO3)2$6H2O, 99.99% pure,
Merck), gallium nitrate (Ga(NO3)3$H2O, 99.9% pure, Sigma Aldrich),
ferric nitrate (Fe(NO3)3$9H2O, 99% pure, HPLC) and citric acid
(C6H8O7$H2O, 99% pure, HPLC) were used as starting materials. The
nitrates and citric acid were used at a 1:1 M ratio.

The stoichiometric amount of metal nitrates were first dissolved
in de-ionised water to prepare the nitrate solution. Citric acid was
then added to the nitrate solution dropwise. Thereafter, the solu-
tion was neutralised by adding ammonia solution (25% w/v, Merck
specialities Pvt. Ltd.) slowly to the mixed solution until pH ¼ 7. The
prepared solution was continuously stirred while heating to 80 �C,
and then maintained at that temperature until the solution trans-
formed to a viscous brown gel. On further heating, the gel started to
combust in a self-propagating combustion process to form a loose,
fluffy dark brown/blackpowder. Finally, the as-synthesised powder
was preheated in a muffle furnace to550 �C to remove any
remaining organics impurities, followed by 1200 �C for 5 h in order
to obtain the Z-type hexaferrite powder. Fig. 1 represents a flow-
chart to prepare Z-type Sr3Co2-xGaxFe24O41 hexaferrite powder
samples.

2.2. Characterisation

The Fourier-Transform infra-red (FTIR) spectra of all heated
samples were recorded at room temperature by placing a small
quantity of finely ground powder on a sample holder on a FTIR
Spectrometer (PerkinElmer LS 55) over the wave number range of
4000e400 cm�1.

The phase purity and crystal structure of all samples were
examined at room temperature by X-ray diffraction (XRD) tech-
nique (Rigaku Geiger flex system) using Cu-Ka radiation,
l ¼ 1.5406 Å with 2q varying from 20-80� instep-scan 0.02�. The
unit cell volume (Vcell) value of heated samples was calculated using
an equation (1) [58].

Vcell ¼ (0.866) a2c (1)

An average crystallite size (Dxrd) for all samples was calculated
from the high intensity peak of XRD pattern using Scherrer’s
equation [59]:

Dxrd ¼
0:9l

b1=2 cosq
(2)

where, l is the X-ray wavelength (1.5406 Å), b1=2 is FWHM of the
diffraction peak in degree, andq is the Bragg angle in degrees.

Bulk density (dB) was calculated by the following relation [60].

dB¼ m
pr2h

(3)

where, m is mass of a pellet, r is the radius of a pellet and h is the
thickness of a pellet.

The X-ray density (dx) was calculated using the following
equation [58]:

dx¼ ZM
NAVcell

(4)

where, Z is the number of molecules per unit cell ¼ 2 for Z-type
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hexaferrites, M ¼ molecular weight and NA ¼ Avogadro’s
number ¼ 6.023� 1023.

The porosity (P) of the material was calculated using equation
(5) [58].

Pð%Þ¼
�
1�dB

dx

�
� 100% (5)

The surface morphology of heated samples was examined by
two different instruments - a Phenom ProX scanning electron mi-
croscope (SEM) and TECSCAN field emission scanning electron
microscope (FE-SEM).

Magnetic hysteresis loops (M � H curves) of Sr3Co2-xGaxFe24O41
hexaferrites were recorded at 5 K and 300 K using a SQUID
magnetometer (QuantumDesign, MPMS5). To observe the samples’
low temperaturemagnetic properties, measurements were carried
out at 5 K and 300 K under an applied field of 100 Oe and 1000 Oe,
respectively. In zero-field cooled (ZFC) measurements, samples
were cooled to 5 K in the absence of magnetic field, and the mag-
netic field of 100 Oe or 1000 Oe (0.01T or 0.1T) was applied and
magnetisation was recorded as the sample was heated up to 300 K.
For field cooled (FC) measurements, the samples were cooled down
from 300 K to 5 K under magnetic field of 100 Oe or 1000 Oe (0.01 T
or 0.1 T), and magnetisation was recorded.

A conventional spectrometer operating in constant acceleration
mode in transmission geometry with Co57 source in Rh matrix of
50 mCi was used to record the M€ossbauer spectra. These spectra
were fitted using the Win-Normos site fit program. An enriched
a-57 Fe metal foil was used to calibrate the velocity scale. The iso-
mer shift values are relative to Fe metal foil (d ¼ 0.0 mm/s).

The quadrupole splitting (D) of a sextet is calculated using the
following equation [61,62]:

(D) ¼ ¼ eqQ(3cos2q-1) (6)

where q ¼ angle between the direction of the hyperfine magnetic
fields and the principal axis of the electric field gradient (EFG),
Q ¼ nuclear quadrupole moment, and q ¼ z-component of the EFG
along the principal axis.

The number of Bohr magnetons (nB) of the compositions was
calculated using Eq. (7) [63]:

nB ¼
MolecularWeight �Ms

NB
(7)
Fig. 2. (a) FTIR spectra of Sr3Co2-xGaxFe24O41 (x ¼ 0.0, 0.4, 0.8, 1.2, 1.6 and 2.0) hexaferrite po
(x) of tetrahedral (n1) and octahedral (n2) metal-oxygen bonds.
where, N ¼ Avogadro’s number ¼ 6.023 mol-1�1023 and
B ¼ 9.2740 � 10�21erg T�1

The low-frequency dielectric measurements were performed at
room temperature within a 100 Hz to 2 MHz frequency region,
using a Precision LCR meter (Agilent E4980A).

The real dielectric constant (ε’Þis measured by using equation
(8):

ε
’ ¼ Cpt

ε0A
(8)

where, Cp ¼ capacitance (farad), t ¼ thickness of the pellet (m),
A ¼ cross-sectional area of the electrode (m2), and ε0 ¼ the
permittivity of free space.

The AC conductivitysacÞis calculated using equation (9):

sac ¼2pftCptand
A

(9)

where, A ¼ area of the electrode, t ¼ thickness of the sample,
Cp ¼ capacitance.

The electrical modulus (M) with respect to real (M0) and imag-
inary (M00) components were calculated using equation (10):

ðMÞ¼ ðM’ þM’’Þ (10)

where; ðM’Þ ¼ ε
’ðuÞ

½ε’ðuÞ�2þ½ε’’ðuÞ�2 and ðM’’Þ ¼ ε
’’ðuÞ

½ε’ðuÞ�2þ½ε’’ðuÞ�2

High-frequency complex permittivity and permeability mea-
surements of all samples were carried out at room temperature for
electromagnetic evaluation at microwave frequencies in the range
of 8e12.50 GHz, with a Microwave Network Analyzer (Agilent
N5231 PNA-L) using a coaxial terminationwith an APC-7 connector
as a sample holder.
3. Results and discussion

3.1. Fourier-transform infrared spectroscopy (FTIR) analysis

Fig. 2 (a) represents the FTIR spectra of Sr3Co2-xGaxFe24O41
(x ¼ 0.0, 0.4, 0.8, 1.2, 1.6 and 2.0). The FTIR spectra of all samples
show two strong characteristic absorption bands (n1) and (n2) be-
tween the range of 400e600 cm�1 confirming the formation of
ferrites. The absorption band between 415 and 480 cm�1 corre-
sponds to the metal-oxygen vibrations in octahedral B-sites (n2);
wder samples heated at 1200 �C for 5 h.(b) Variation in vibrations with Ga substitution



Fig. 3. (a). XRD patterns of Sr3Co2-xGaxFe24O41 (x ¼ 0.0, 0.4, 0.8, 1.2, 1.6, and 2.0) samples heated at 1200 �C for 5 h. For easier comparison, selected patterns are compared for (b)
x ¼ 0.0, 1.2 and 1.6, (c) x ¼ 0.4, 0.8 and 2.0 hexaferrite powder samples. (d) The Rietveld refined profile fit XRD pattern (2q ¼ 20e100�) of x ¼ 1.2. (e) The Rietveld refined XRD pattern
generated (calculated) of pure Z-type phase.(f) The variation of lattice constants (a, c) and unit cell volume (V) with Ga substitution (x).



Table 1
Percentage of various phases present in Sr3Co2-xGaxFe24O41 (x ¼ 0.0, 0.4, 0.8, 1.2, 1.6, and 2.0) hexaferrite powder samples heated at 1200 �C for 5 h.

Ga content (x) Percentage of Phases

Z-Phase (% ± 2) W-Phase (% ± 2) Y-phase (% ± 2) M-Phase (% ± 2)

0.0 94 6 0 0
0.4 72 26 2 0
0.8 76 24 0 0
1.2 89.5 3.4 2.6 4.5
1.6 84 16 0 0
2.0 78 22 0 0

Table 2
Lattice constants, c/a ratio, FWHM, unit cell volume and average crystallite size of Sr3Co2-xGaxFe24O41 (x ¼ 0.0, 0.4, 0.8, 1.2, 1.6, and 2.0) hexaferrite powder samples, heated at
1200 �C for 5 h.

Ga content 2q Lattice constants (c/a)
ratio

FWHM Unit cell volume Average crystallite size

(x) (�) a (Å ) c (Å ) (�) V (Å3) Dxrd (nm)

0.0 32.438 5.939 52.441 8.8299 0.4005 1601.826 21.59
0.4 34.459 5.931 52.43 8.8399 0.362 1597.179 24.00
0.8 34.39 5.926 52.415 8.8449 0.2705 1594.031 32.12
1.2 32.081 5.968 52.84 8.8538 0.2149 1629.815 40.19
1.6 32.362 5.922 52.409 8.8498 0.29 1591.697 29.80
2.0 34.2 5.915 52.404 8.8595 0.2611 1587.785 33.26

Table 3
The X-ray density, Bulk density, and the Porosity of Sr3Co2-xGaxFe24O41 (x ¼ 0.0, 0.4,
0.8, 1.2, 1.6, and 2.0) hexaferrite samples heated at 1200 �C for 5h.

Ga content (x) X-ray density dx (g/cm3) Bulk density dB (g/cm3) Porosity
P (%)

0.0 4.927 3.758 23.8
0.4 4.950 3.823 22.7
0.8 4.969 3.741 24.6
1.2 4.869 3.711 23.8
1.6 4.994 3.688 26.2
2.0 5.018 2.667 46.9
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while, the band around 550-600 cm�1 corresponds to the metal-
oxygen vibrations in tetrahedral A-sites (n1) in the hexagonal lat-
tice, which attributes to the Fe3þ-O2- vibrations in tetrahedral and
octahedral sites [64].

No other characteristic bands were observed, which confirms
that prepared samples are free from organic residue and anionic
impurities. The values of (n1)are greater than (n2) as the vibration of
the tetrahedral group is higher than that of the octahedral group,
which ascribes the smaller bond length to the A-site groups than to
the B-site groups [65,66].The position and intensities of (n1) and
(n2) are found to vary slightly with Ga substitution, which is due to
the difference in the distances for the tetrahedral and octahedral
ions [67]. Fig. 2(b) represents the variation in (n1)and (n2) with Ga
substitution of tetrahedral (n1) and octahedral (n2) metal-oxygen
bonds. The values of (n1) and (n2) were found to vary with Ga
substitution, which may be due to change in FeeO stretching at
both sites due to the larger atomic mass of Ga (~69.72 amu)
compared with that of Co2þ(~58.93 amu).

The inconsistency in the variation trend of n1 and n2with Ga
substitution can be attributed to the method of preparation, the
grain size and sintering temperature [68]. The slight variation in the
band position for the different compositions of Sr3Co2-xGaxFe24O41
is due to the difference in distances between tetrahedral (n1) and
octahedral (n2) ions. These bands can be interpreted on the basis of
tetrahedral and octahedral position. This is due to the FeeO
stretching vibration band [69,70].
Fig. 4. Variation of the bulk, X-ray density, and porosity with Ga substitution (x).
3.2. X-ray diffraction analysis

Fig. 3(a) depicts the XRD patterns of Sr3Co2-xGaxFe24O41 (x¼ 0.0,
0.4, 0.8,1.2, 1.6, and 2.0) hexaferrite samples prepared using the sol-
gel auto-combustion method and heated at 1200 �C for 5 h. XRD
patterns were indexed using winPLOTR software. All observed
peaks were compared with standard JCPDS file no. 19-0097of Z-
type hexaferrite crystal structure with space group P63/mmc
(a ¼ b ¼ 5.88 Å, c ¼ 52.31 Å and V ¼ 1566.28 Å3). Percentage of
various phases and structural parameters of heated samples are
listed in Table 1 and Table 2 respectively. It is known that Z-type
hexaferrite is composed of alternate stacks of Y and M-type
hexaferrites [71]. Fig. 3 (b) shows the XRD patterns of x ¼ 0.0, 1.2
and 1.6 samples, which revealed the formation of Z-phase along
with minor peaks of W-phase (JCPDS file no. 78e0135,
a ¼ b ¼ 5.899 Å and c ¼ 32.846 Å). The XRD patterns of x ¼ 0.4, 0.8
and 2.0 samples (Fig. 3 (c)) show mixed phases of Z and W, where
the high-intensity peak is indexed with W-phase. A single peak of



P.N. Dhruv et al. / Journal of Alloys and Compounds 822 (2020) 153470 7
Y-type hexaferrite (JCPDS file no. 44e0206, a ¼ b ¼ 5.859 Å and
c¼ 43.504 Å) was observed in x¼ 0.4 and 1.2 samples, and one peak
of the M-phase (JCPDS file no. 84e1531, a ¼ b ¼ 5.884 Å and
c ¼ 23.049 Å) was also present in x ¼ 1.2 composition.

Interestingly, for compositions x ¼ 0.0, 1.2 and 1.6, the highest
intensity X-ray diffraction peak is observed at 2q ~32� and its (h k l)
value is indexed to (1 0 16), which is in good agreement with the
standard file of Z-type hexaferrites (JCPDS file no. 19e0097).
However, for compositions x¼ 0.4, 0.8 and 2.0, the highest intensity
Fig. 5(a). SEM images of Sr3Co2-xGaxFe24O41 (x ¼ 0.0, 0.4, 0.8, 1.2, 1.6, and 2.0) hexaferrite sa
SEM with 8 mm scale bar.
peak is observed to be shifted to 2q~34� with (h k l) value (0 0 20),
but the intensity didn’t matched with the standard file for unsub-
stituted Z-type hexaferrites.

The relative intensity of this diffraction peak with (hkl) - (1 0 16)
tends to decrease from x ¼ 0.0 to 0.8, and then in x ¼ 1.2 and 1.6 it
again increases to high intensity. All samples showed the Z-phase
as the main phase (Table 1).The Rietveld refined profile fit of the
XRD pattern (2q ¼ 20e100 deg.) of x ¼ 1.2 is shown in Fig. 3(d), and
the generated (calculated) pattern of pure Z-type phase is also
mples heated at 1200 �C for 5 h. The images were recorded on a Phenom ProX Desktop
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shown in Fig. 3(e). The Rietveld refined profile of x ¼ 1.2 is fitted
with three phases (Z-type, W-type and M-type). 89.5% is Z-type
phase, and the remaining 10.5% is made up of W-type, M-type and
Y-type phases as listed in Table 1.

Further, there is a slight decrease in intensity in the composition
x ¼ 2.0. This reveals that the crystal symmetry of compositions
Fig. 5(b). FE-SEM images of Sr3Co2-xGaxFe24O41 (x ¼ 0.0, 0.4, 0.8, 1.2, 1.6, and 2.0) hexaferrit
20 mm scale bar.
x ¼ 0.4, 0.8 and 2.0 is affected due to the presence of the secondary
phase (W-type). Thus, the highest intensity peak of samples x¼ 0.4,
0.8 and 1.2 which is shifted to 34� is indexed with (hkl) value (116),
which is in good agreement with the standard file of W-type
hexaferrites (JCPDS file no. 78e0135).

It is known that single phase strontium Z-type hexaferrites have
e samples heated at 1200 �C for 5 h. The images were recorded on a TESCAN SEM with
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a very narrow formation range of about 1180e1200 �C [20], and in
the present study, the samples were heated at 1200 �C for 5 h,
which is on the border of this, so it could be expected to contain
some amount of W-phase. Generally, Z-type hexaferrite de-
composes to W-type ferrite at higher temperatures [9]. It is clear
from Table 1 that the percentage of W- phase is found to be min-
imum (3.4%) in x ¼ 1.2, although this secondary phase is accom-
panied by an amount of Y (2.6%) and M-phases (4.5%), while the
maximum percentage of W-phase (26%) is found in the x ¼ 0.4
composition.

The values of lattice constants, unit cell volume, full width at
half maximum (FWHM) and crystallite size with Ga substitution (x)
are listed in Table 2.

The variation of lattice constants and unit cell volume with Ga
substitution is presented in Fig. 3(f). It is clear from Table 2 and
Fig. 6. (a). Magnetic hysteresis loops of Sr3Co2-xGaxFe24O41 (x ¼ 0.0, 0.4, 0.8, 1.2, 1.6, and 2.0) h
nB and MS with Ga substitution (x), (c) Variation of saturation magnetisation (MS), remane
stitution (x).

Table 4
Magnetic parameters at 300 K of Sr3Co2-xGaxFe24O41 (x ¼ 0.0, 0.4, 0.8, 1.2, 1.6 and 2.0) he

Ga content (x) Saturation magnetisation MS (A m2kg�1) Remanent magnetisat

0.0 75.67 7.00
0.4 66.27 4.24
0.8 66.05 4.56
1.2 68.88 15.28
1.6 63.83 26.48
2.0 68.04 28.30
Fig. 3(f) that lattice parameters (‘a’, ‘c’) and cell volume ‘V’ decrease
with Ga content, except in x ¼ 1.2.These variations observed in the
lattice parameters ‘a’, ‘c’ and unit cell volume ‘V’ with the substi-
tution of Ga ions are due to the different ionic radii of substituted
Gaþ3 (0.62�A) and host ions Co2þ (0.72�A) [72]. The c/a ratio for all Z-
type hexaferrite samples was found to be in the expected range of
8.82e8.86 [73]. As Ga content (x) increased from 0.0 to 1.2, the
crystallite size was found to increase from 22 nm to 40 nm, then it
was found to decrease to 30 nm for x ¼ 1.6, and 33 nm for x ¼ 2.0.
The values of lattice parameters, unit cell volume and crystallite
size of sample x ¼ 1.2 are found to be quite high compared to other
samples, which may be due to the presence of three secondary
phases of M, Y and W, along with the Z-phase.

It is very difficult to get the pure Z-type phase. Here, the im-
purities mean the secondary phases of hexaferrites only. There is no
exaferrite powder samples heated at 1200 �C for 5 h, recorded at 300 K, (b) Variation of
nt magnetisation (Mr), coercive field (HC) and squareness ratio (Mr/MS) with Ga sub-

xaferrite powder samples heated at 1200 �C for 5 h.

ion Mr (A m2 kg�1) Mr/MS Coercivity HC (kA m�1) Coercivity HC (Oe)

0.09 5.3 66
0.06 3.4 43
0.07 3.5 44
0.22 15.8 198
0.41 28.3 355
0.42 23.5 295
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unknown peak, organic residue or any kind of impurities due to
incomplete reaction present. The M-phase is a necessary precursor
to the Z phase, and the W-phase is a common decomposition
product of the Z-phase.With the very narrow synthesis window for
SrZ ferrites, it is difficult to obtain pure phase SrZ ferrites. Also,
although themixed hexaferrite phases are present, the highMs and
low Hc characteristics in the present study are suitable for various
applications such as data recording [33], stealth technology [74]
and absorption of the energy of electromagnetic waves [75]. Yutaro
Kitagawa et al. [76] reported the Low-field magnetoelectric effect at
room temperature in Sr3Co2Fe24O41 polycrystalline ceramics in
Nature Materials. This sample was not pure phase, it consisted of W
and U-type phases along with Z-type phase.

3.3. Physical properties

Density plays a key role in investigating the physical properties
of magnetic ceramics. The calculated values of X-ray density, bulk
density and porosity are listed in Table 3, and Fig. 4 represents the
variation in X-ray density, bulk density and porosity as a function of
Ga content (x).

It is clear from Table 3 that X-ray density increases from 4.927 g/
cm3 to 5.018 g/cm3as Ga content (x) increases, except in the sample
x ¼ 1.2. This increasing trend of X-ray density is attributed to the
greater atomic mass of substituted Gallium ions (69.723 amu)
compared to the host cobalt ions (58.933 amu) [77]. The values of
bulk density decrease as Ga content increases except sample
x ¼ 0.4. This decreasing behaviour of bulk density is depicted to the
smaller density of Ga3þ (5.91 g/cm3) as compared to that of Co2þ

(8.86 g/cm3) cations [77]. Porosity increases as Ga content (x > 0.0)
increases due to the decrease in bulk density. The values of bulk
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Fig. 7. Magnetic hysteresis loops recorded at 5K of Sr3Co2-xGaxFe24O41 (x ¼ 0.0, 0.4, 0.8,
1.2, 1.6, and 2.0) hexaferrite powder samples heated at1200 �C for 5h.

Table 5
Magnetic parameters at 5K of Sr3Co2-xGaxFe24O41 (x ¼ 0.0, 0.4, 0.8, 1.2, 1.6 and 2.0) hexaf

Ga content (x) Saturation magnetisation MS (A m2kg�1) Remanent magnetisat

0.0 100.72 19.87
0.4 90.71 15.53
0.8 92.84 12.79
1.2 97.77 14.16
1.6 94.45 23.13
2.0 102.73 23.12
density were found to be less than the X-ray density, which is due
to the presence of pores produced during heat treatment [77].

3.4. Surface morphology

Fig. 5(a and b) represents the SEM micrographs of Sr3Co2-xGax-
Fe

24
O41 (x¼ 0.0, 0.4, 0.8, 1.2, 1.6, and 2.0) hexaferrite samples heated

at 1200 �C for 5 h, recorded on two different instruments. It is clear
from Fig. 5(a and b) that each sample possesses different surface
morphology. The observed grain clusters are non-uniform, inho-
mogeneous and agglomerated.

3.5. Magnetic properties

3.5.1. Hysteresis loops
Hysteresis loops (M � H curves) of Sr3Co2-xGaxFe24O41 (x ¼ 0.0,

0.4, 0.8, 1.2, 1.6 and 2.0) hexaferrite samples were recorded at room
temperature (300 K) under an applied field of ± 5T and are shown
in Fig. 6 (a). The values of saturation magnetisation (MS), remanent
magnetisation (Mr), coercivity (HC) and squareness ratio (Mr/MS)
are calculated from the hysteresis loops and summarised in Table 4.
The inset of Fig. 6 (a) shows the enlarged view of coercivity, from
�0.05T to þ 0.05T. All samples show the typical soft ferrite char-
acteristics with low coercivity (HC ¼ 43 Oe to 355
Oe ¼ 3.4e28.3 kA m�1).

The variation of nB andMS with Ga content is shown in Fig. 6 (b).
Magnetic moment nB exhibits a similar nature toMS. Ga substituted
samples show a decreasing trend compared to the pure (x ¼ 0.0)
sample, as magnetic moment is the main mechanism for the vari-
ation of MS. Table 4 and Fig. 6 (c) shows the variation of saturation
magnetisation (MS), remanent magnetisation (Mr), coercive field
(HC) and squareness ratio (Mr/MS) with Ga substitution (x). MS oc-
curs when all the magnetic dipoles are aligned.

The saturation magnetisation is found to decrease with x and
remains more or less stable at around 66 A m2kg�1 for x ¼ 0.4e1.2,
which further drops to 64 A m2kg�1 for x ¼ 1.6 sample and again
increases slightly for fully Ga substituted x ¼ 2.0 (~68 A m2 kg�1).
However, in all cases MS value has decreased after substituting Ga.
These larger than expected values of MS (if only a Z ferrite) suggest
the presence of SrW phase [78,79]. XRD analysis supports the for-
mation of SrW phase. This value of MS closely matches with the
reported value by Jijing Xu et al. [80], and high MS values around
78.8e81.3 emu/g. was also reported for W-type hexaferrites by Jae-
Hyoung You et al. [81].

It is clear from Fig. 6 (c) that in general coercivity (HC) increases
with greater Ga substitution, although for the samples with only a
little substitution there is in fact an initial small decrease in HC.
With x > 0.8 HC increases, although with the fully Ga substituted
sample (x ¼ 2.0) as there is a slight decrease in HC values compared
to the x ¼ 1.6 sample. Remanent magnetisation (Mr) decreases
initially for x ¼ 0.4 composition and then it uniformly increases
with further Ga substitution. The increase in HC is directly related to
an anisotropy field (Ha) [82], but will also be optimised in samples
whose grain size is close to the single magnetic domain size,
errite powder samples heated at 1200 �C for 5h.

ion Mr (A m2 kg�1) Mr/MS Coercivity HC (kA m�1) Coercivity HC (Oe)

0.20 20.4 256
0.17 14.0 176
0.14 10.8 135
0.14 15.3 191
0.24 25.1 315
0.23 25.4 318
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preventing domain wall movement contributions. This overall
increment of coercivity values with Ga substitution suggests that
the material’s magnetic hardness can be tuned. Faiza Aen et al. also
reported the increase in coercivity by Ga substitution in W-type
hexaferrite [55]. The values of HC lie in the range of
3.4e28.3 kA m�1 (43-356Oe), which demonstrates that these are
all soft ferrites. The squareness ratio (Mr/MS) lies in the range of
0.06e0.42, which indicates the formation of a multi-domain
Fig. 8(a). ZFC-FC curves in an applied magnetic field of 100 Oe for typical Sr3Co2-xGaxFe24

Fig. 8(b). ZFC-FC curves recorded under an applied magnetic field of 1000 Oe for Sr3Co2-
structure.
Fig. 7 shows the hysteresis loops recorded at 5 K, and the values

of magnetic parameters are given in Table 5. At 5 K,the samples
show similar trends in HC, although all have relatively higher co-
ercive field values as compared to room temperature, except for the
x ¼ 1.6 composition. As expected, MS values are all greater at 5 K,
but all are close to the values for the unsubstituted samples
(x ¼ 0.0), and in the case of the fully substituted x ¼ 2.0, slightly
O41 (x ¼ 0.0, 0.4, 1.6 and 2.0) hexaferrite powder samples heated at 1200 �C for 5 h.

xGaxFe24O41 (x ¼ 0.4 and 1.6) hexaferrite powder samples heated at 1200 �C for 5 h.



Table 6
The values of hyperfine field (Hhf), isomer shift (d), quadrupole splitting (D), line width (G) and relative area (RA) of tetrahedral (tetra), octahedral (octa) and trigonal
bypiramidal (tbp) sites of Fe3þ ions for Ga substituted Sr3Co2-xGaxFe24O41 (x ¼ 0.0, 0.4, 0.8, 1.2, 1.6, and 2.0) hexaferrites derived from M€ossbauer spectra recorded at room
temperature. *Isomer shift values are with respect to a-Fe metal foil.

Ga-
content (x)

Iron
sites

Ionic state (high
spin)

Relative area
(RA) (%)

Isomer shift* (d) mm/
s ±0.01

Quadrupole splitting (D)
mm/s ±0.02

Hyperfine field (Hhf)
Tesla ±0.1

Outer line width (G)
mm/s ±0.05

Fitting
quality (c2)

0.0 Sextet-
A

Fe3þ 9.7 0.389 �0.094 52.532 0.291 1.35

Sextet-
B

Fe3þ 15.9 0.469 0.052 50.216 0.409

Sextet-
C

Fe3þ 29.1 0.219 �0.042 49.574 0.487

Sextet-
D

Fe3þ 3.8 0.321 0.349 41.638 0.199

Sextet-
E

Fe3þ 17.8 0.364 �0.309 40.672 0.856

Sextet-
F

Fe3þ 22.7 0.366 �0.154 39.450 0.449

Doublet Fe3þ 1.0 0.241 0.528 – 0.554
0.4 Sextet-

A
Fe3þ 12.1 0.388 �0.090 52.325 0.3441 1.23

Sextet-
B

Fe3þ 12.1 0.495 0.053 50.004 0.309

Sextet-
C

Fe3þ 25.3 0.222 �0.082 49.426 0.4505

Sextet-
D

Fe3þ 0.6 0.162 0.030 41.195 0.230

Sextet-
E

Fe3þ 3.0 0.289 �0.876 42.697 0.257

Sextet-
F

Fe3þ 46.0 0.369 �0.202 39.757 0.618

Doublet Fe3þ 0.9 0.185 0.539 e 0.613
0.8 Sextet-

A
Fe3þ 10.2 0.351 �0.060 52.075 0.302 1.3

Sextet-
B

Fe3þ 17.0 0.435 0.075 50.031 0.532

Sextet-
C

Fe3þ 23.0 0.193 �0.016 49.156 0.452

Sextet-
D

Fe3þ 5.6 0.323 0.400 41.156 0.244

Sextet-
E

Fe3þ 3.3 0.557 0.270 36.977 0.336

Sextet-
F

Fe3þ 40.1 0.334 �0.186 39.729 0.686

Doublet Fe2þ 0.8 1.420 2.931 e 0.405
1.2 Sextet-

A
Fe3þ 6.9 0.392 0.137 51.826 0.303 1.84

Sextet-
B

Fe3þ 16.7 0.443 0.201 49.779 0.498

Sextet-
C

Fe3þ 24.3 0.223 0.014 48.942 0.459

Sextet-
D

Fe3þ 15.5 0.352 0.409 41.009 0.336

Sextet-
E

Fe3þ 10.3 0.595 0.854 38.959 0.546

Sextet-
F

Fe3þ 25.2 0.318 �0.192 39.391 0.638

Doublet Fe2þ 1.1 1.614 3.028 e 0.673
1.6 Sextet-

A
Fe3þ 6.1 0.379 0.260 51.480 0.211 1.64

Sextet-
B

Fe3þ 16.0 0.459 0.246 49.574 0.484

Sextet-
C

Fe3þ 22.1 0.210 0.072 48.759 0.435

Sextet-
D

Fe3þ 22.9 0.348 0.389 41.156 0.390

Sextet-
E

Fe3þ 17.8 0.567 0.890 38.784 0.645

Sextet-
F

Fe3þ 13.9 0.280 �0.110 38.672 0.489

Doublet Fe2þ 1.2 1.549 2.835 e 0.395
2.0 Sextet-

A
Fe3þ 9.6 0.371 0.272 51.284 0.285 1.56

Sextet-
B

Fe3þ 11.6 0.454 0.275 49.191 0.421

Sextet-
C

Fe3þ 22.2 0.221 0.081 48.579 0.408
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Table 6 (continued )

Ga-
content (x)

Iron
sites

Ionic state (high
spin)

Relative area
(RA) (%)

Isomer shift* (d) mm/
s ±0.01

Quadrupole splitting (D)
mm/s ±0.02

Hyperfine field (Hhf)
Tesla ±0.1

Outer line width (G)
mm/s ±0.05

Fitting
quality (c2)

Sextet-
D

Fe3þ 21.5 0.348 0.379 40.971 0.346

Sextet-
E

Fe3þ 19.3 0.544 0.968 38.742 0.554

Sextet-
F

Fe3þ 14.5 0.210 �0.031 38.548 0.472

Doublet Fe2þ 1.3 1.566 2.715 e 0.460

Fig. 9. Room temperature M€ossbauer spectra of Sr3Co2-xGaxFe24O41 (x ¼ 0.0, 0.4, 0.8,
1.2, 1.6, and 2.0) hexaferrite samples heated at 1200 �C for 5h.
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exceed it. All samples are also still very soft ferrites, even at 5 K.
In addition to hysteresis, zero-field cooled (ZFC) and field cooled

(FC) magnetisationcurves were recorded at an applied magnetic
field of 100 Oe for Sr3Co2-xGaxFe24O41 (x ¼ 0.0, 0.4, 1.6, and 2.0), as
shown in Fig. 8(a). All curves of ZFC and FC show branching due to
magnetic ordering. Due to the limitation of the instrument, we
recorded these data up to 300 K, not beyond the transition tem-
perature of samples. For x ¼ 0.0 and 0.4, a clear change in the
magnetic ordering was observed at around 140 K, an effect that
became less apparent with further levels of substitution. This
suggests that Ga substitution for Co reduces the creation of this
second lower temperature magnetic phase. For selected composi-
tions of Sr3Co2-xGaxFe24O41 (0.4 and 1.6), ZFC and FC curves were
further recorded at a higher applied magnetic field of 1000 Oe as
shown in Fig. 8(b) showed similar behaviour, the only difference
being that the difference between the ZFC and FC branch was
reduced, as expected.

3.5.2. M€ossbauer analysis
Ina previous report on the M€ossbauer analysis of SrFe12�xMxO19

(M ¼ Ga, In, Sc), it was found that the predominant 12k sublattice
exhibits a remarkable splitting into two distinct subpatterns, 12k1
and 12k2. The 12k1 hyperfine field values are virtually unchanged
from that of the pure hexagonal ferrites and are independent of
substitution level. Contrastingly, the abruptness of the drop in the
12k2 hyperfine field and its dependence on the nature of the
substituting cation is remarkable. The relative intensity of the 12k2
component correlates with the concentration of nonmagnetic
species on the 2b and 4f2 sites and with the magnetic anisotropy.
Scandium seems to have a more profound influence on the mag-
netic structure and interactions than indium or gallium. Further, at
technically significant substitution levels, Heff of the different sub-
lattices exhibit broad and overlapping distributions of values far
removed from their distinctiveness in the pure hexaferrites. Thus,
the net magnetisation of Ga, Sc, and In-doped hexaferrites results
from a complex interplay of magnetic dilution on the 2b site,
enhancement of themagnetisation through substitutions on the 4f2
site, and a complex influence from the substitution-induced 12k2
sublattice [83].

The M€ossbauer effect is widely used to study ferrites in order to
get fruitful information about themolecular structure and chemical
bonding in these materials, and M€ossbauer spectra give informa-
tion on the various co-ordinations that the iron ions occupy on
different crystallographic sites. M€ossbauer spectra of all composi-
tions were fitted well with six sextets (Zeeman splitting patterns)
and a paramagnetic doublet. The analysis results for the Sr3Co2-
xGaxFe24O41 hexaferrite samples heated at 1200 �C for 5 h are
shown in Table 6, and the corresponding M€ossbauer spectra are
shown in Fig. 9. All six sextets corresponding to the ten crystallo-
graphic sites are shown in Table 7 [84]. The assignment of these
sextets has been based on the previous work by Li et al. and Kikuchi
et al. [61,85].The variations in different parameters with increasing
Ga-substitution are shown in Fig. 10(aeh).

Fig. 10(aed) shows the variation in different parameters with Ga
substitution (x) such as relative area (%), isomer shift, quadrupole
splitting and hyperfine magnetic field, and Fig. 10(eeh) shows the
compositional dependence of relative area of doublet, average hy-
perfine magnetic field (<Hhf>), average quadrupole splitting (<D>),
and average isomer shift (<d>) of sextets with Ga substitution (x).
The crystal structures were identified to be hexagonal having space
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group P63/mmc. The Fe, Co, and Ga ions were found to be located at
six-octahedral sites (12kVI, 4f VI, 4eVI, 4fVI*, 12kVI*, and 2aVI), three
tetrahedral sites (4eIV, 4f IV and 4f IV*), and a five-fold site of 2dV
[62].

The values of isomer shift for all sextets are found to be between
0.16 and 0.59 mm/s (Table 7 and Fig. 10 b), which depicts that all six
sextets are due to Fe3þ ions in high spin states [86e89]. The values
of isomer shift for doublets in samples with composition x ¼ 0.8,
1.2, 1.6 and 2.0 are found to be between 1.4 and 1.6 mm/s. These
values relate to Fe2þ ions in high spin state at octahedral sites
[89e92]. The isomer shift values of the doublet in samples x ¼ 0.0
and 0.4 compositions are found to be 0.24 and 0.19, respectively.
There was a slight decrease in the hyperfine field for sextets A, B, C,
D, and Fwith Ga substitution. The valueHhf in x¼ 0.4 substitution is
found to be increased for sextet E and then it decreases at x ¼ 0.8
and further increases at x¼ 1.2 and then remains almost constant in
samples x ¼ 1.6 and x ¼ 2.0.The average value of the isomer shift is
found to be minimum for the sample with x ¼ 0.4 composition
[Fig. 11 (h)], which means that the electric monopole interaction is
minimum for this sample.

The average value of Hhf shows a decreasing trend with Ga
substitution [Fig. 10 (f)]. This decreasing trend explains the ex-
change interactions. Hyperfine field decreases due to the weak
interaction among the magnetic and nonmagnetic ions in sub-
lattices. In hexaferrites, the magnetic properties are based on the
strength of super-exchange interaction between magnetic and
magnetic/nonmagnetic ions. The Fe3þ ions reside in the tetrahedral
and octahedral sites, which results in strong super-exchange in-
teractions between the Fe3þ ions residing in both the sites. The
super-exchange interaction between Fe3þ-O-Co2þions is higher
than that of Fe3þ-O-Ga3þ ions. The gallium ions are non-magnetic
and so they do not possess a nuclear magnetic field. The intro-
duction of Ga3þ(magnetic moment ¼ 0 mB) ions in hexaferrite re-
sults in the dilution of the magnetisation at the tetrahedral and
octahedral sites; which will reduce the saturation magnetisation,
and also decrease the hyperfine magnetic fields and saturation
magnetisation [Figs. 10 (f) and 6 (c)]. The relative areas of sextets A
and C (spin-down) are decreasing with Ga-substitution [Fig. 10 (a)].
This means that the Ga3þ ions occupy the spin down sub lattices at
these sites, but a drastic decrease in the relative area was observed
for sextet F (spin-up), which belongs to the 12kVI site, confirmed
from the value of isomer shift and hyperfine magnetic field. The
area of doublet also increases with Ga-substitution. These aspects
also account for the decrease in MS and Hhf with Ga-substitution.

The average value of quadrupole splitting (< D> ) (Fig. 10 g) is
found to be increased with Ga-substitution except forx ¼ 0.4
composition. This increasing trend of quadrupole splitting is
Table 7
Coordination, block location, the numbers of ions per formula unit, spin direction and si

Site
Coordination Block Number of ions (Fe/Co)

12kVI Octahedral ReS 6
2dV Fivefold R 1
4fVI Octahedral R 2

4eVI Octahedral T 2
4eIV Tetrahedral S 2
4fIV Tetrahedral S 2
4f*IV Tetrahedral T 2

4f*VI Octahedral S 2
12k*VI Octahedral T-S 6
2aVI Octahedral T 1
attributed to the increase in structural andmagnetic distortionwith
Ga-substitution. The increasingly positive value of D indicates that
the magnetic anisotropy of Sr3Co2-xGaxFe24O41hexaferrites is pro-
gressing towards the c-axis with substitution [62,87], meaning that
the angle of the cone of magnetisation to the c-axis found in
unsubstituted SrZ will probably becoming smaller, and HC will also
increase as a result.

3.6. Low frequency dielectric measurements (100 Hz-2 MHz)

The dielectric property is a very significant feature of hex-
aferrites; which represents the storage of electrical charge in the
dielectric material, and it considerably depends on the method of
preparation, good selection of materials and heating temperature
[93,94]. The variations of real dielectric constant (ε0) and dielectric
loss tangent (tan d) with a frequency range of 100 Hz to 2 MHz at
room temperature for all samples are shown in Fig. 11 (a) and (b),
respectively. The dielectric constant decreases quickly at the lower
frequencies, and then proceeds to frequency-independent behav-
iour at frequencies above ~10 kHz.

The values of the dielectric constant are higher at a lower fre-
quency because the penetration depth of electromagnetic waves is
less due to the skin effect [95]. This high values of (ε0) are due to the
presence of Fe2þ ions, interfacial dislocations, grain boundary de-
fects, voids and oxygen vacancies [96,97]. The dielectric constant of
any material is directly related to its polarisation. The higher values
of polarisation lead to the higher dielectric constant of the material
[98]. Various types of polarisation such as ionic, electronic, inter-
facial, dipolar, etc., contribute to dielectric constant [99]. The
observed dielectric behaviour of these samples can be explained
using the Maxwell-Wagner interfacial polarisation model, which is
in good agreement with Koop’s phenomenological model
[100,101].These models explain that the dielectric structure con-
sists of fairly well-conducting grains, which are detached by the
highly resistive grain boundaries of poorly conducting substances.
These grain boundaries are formed during the heat treatment, as a
result of the oxidation or reduction of crystallites in the porous
materials in consequence of their direct contact with the firing
atmosphere [102]. On applying an electric field, the charge carriers
are displaced. They align at grain boundaries when the resistance of
grain boundaries is large. Hence, there is an increase in space
charge polarisation at the grain boundary, which leads to a large
dielectric constant. At low frequency, grain boundaries are more
effective, while at high frequency, grains are more effective.
Therefore, at a higher frequency, the low values of polarisation
increase and, as a result, the dielectric constant of the material
decreases [103]. On substituting gallium in SrZ hexaferrites, the
x components (sextets) in Z-Type Sr3Co2-xGaxFe24O41 hexaferrite [61,89,90].

Spin Components (sextets) in M€ossbauer spectrum

up ([) E þ F
up ([)
down (Y)

down (Y) A þ C
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up ([) B þ D
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Fig. 10. Variation in (a) relative area (%), (b) isomer shift, (c) quadrupole splitting and(d) hyperfine magnetic field with Ga substitution (x). Compositional dependence of (e) relative
area of doublet, (f) average hyperfine magnetic field (<Hhf>), (g) average quadrupole splitting (<D>), and (h) average isomer shift (<d>) of sextetsis observed with Ga substitution
(x).
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Fig. 11. Variation of (a) real dielectric constant (ε0), (b) dielectric loss tangent (tan d) and(c)AC conductivity (sAC) as a function of frequency for Sr3Co2-xGaxFe24O41 (x ¼ 0.0, 0.4, 0.8,
1.2, 1.6 and 2.0) hexaferrites samples heated at 1200 �C for 5 h.

Fig. 12. (a, b).Variation of real dielectric Impedance (Z0) and complex dielectric
Impedance (Z00) with frequency of Sr3Co2-xGaxFe24O41 (x ¼ 0.0, 0.4, 0.8, 1.2, 1.6, and 2.0)

�
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values of dielectric constant were found to increase initially from ~
44.73 for x ¼ 0.0 to 70.45 for x ¼ 0.4, followed by a sudden drop to
~35.89 for x ¼ 0.8, and then it drastically increases with higher
gallium substitution, i.e. from around 37.00 for x ¼ 1.2 to 99.66 for
x¼ 1.6 and to 130.40 for x¼ 2.0. The value of the dielectric constant
of the fully substituted sample x ¼ 2.0 (Sr3Ga2Fe24O41) is higher
compared to other samples. The samples x¼ 1.6 and x¼ 2.0 possess
lower bulk density, higher porosity, lowerMS and greaterMr and HC
values.

The dielectric loss tangent (tan d) is acquired by the ratio of
imaginary dielectric constant (ε’’) to the real dielectric constant (ε0),
and is responsible for the entire core loss. Little core loss leads to
little dielectric losses [104]. The values of dielectric loss factors
depend on various aspects such as stoichiometry, preparation
method, the density of charge carriers, structural homogeneity, and
heating temperature [105]. When the applied field is increased, a
state is attained where no more charge carriers of dielectric ma-
terial align in the direction of the applied field. At higher fre-
quencies, polarisation lags behind the applied electric field. The
friction produced in the dielectric material resists the dipole mo-
tion which results in power loss [106]. The value of dielectric loss
factor decreases with an increase in frequency except x ¼ 0.8 and
x ¼ 1.2 which initially increases and then decreases. The sample
x ¼ 0.8 reveals the minimum loss tangent at lower frequencies. The
maximum loss occurs when the hopping frequency is approxi-
mately equal to the externally applied field [107]. All samples,
except x ¼ 0.0 show dielectric relaxation peaks between 5 KHz and
30 KHz frequency.
Fig. 11(c) shows the variation of AC conductivity as a function of
frequency from 100 Hz to 2 MHz at room temperature. The AC
conductivity of all samples is enhanced with an increase in fre-
quency. Conduction results from the hopping of small polarons
hexaferrite samples heated at 1200 C for 5h.
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within the localised states. In the ionic lattice, similar types of
cation are present in two oxidation states (Fe3þ and Fe2þ), and so
electron hopping occurs in the ionic lattice [108]. The approach for
small polaron conduction is accurate for ionic solids also. The
conduction in ferrites is attributed to the hopping of charges, which
results in linearity between angular frequency and AC conductivity.
The electrical conductivity occurs due to the migration of ions,
which depends on the frequency.

Therefore, the AC conductivity is directly proportional tothe
angular frequency [109]. In large polaron model, AC conductivity
decreases as frequency increases, while AC conductivity increases
with an applied frequency in small polaron model [110]. The
samples in the present study show linear behaviour at high fre-
quency, which confirms that the conduction is due to small polaron
hopping in all samples. The fully substituted sample is found to be
more conducting as compared to other samples, and indeed it
possess more Fe2þ. The samples with low lattice constants have
high conductivity.
3.7. Frequency dependence impedance (100 Hz -2 MHz)

Impedance spectroscopy is one of the important measurements,
which is used to get a thorough knowledge about the resistive and
reactive components that are real and imaginary part respectively.
Fig. 12 (a, b) represents the variation of real dielectric impedance
(Z0) and complex dielectric impedance (Z00) with frequency
Fig. 13. Variation of (a) Real part of dielectric modulus (M0), (b) Imaginary part of dielectric
0.4, 0.8, 1.2, 1.6 and 2.0) hexaferrite samples heated at 1200 �C for 5h.
respectively. Impedance results of all the gallium substituted
samples show the normal behaviour. Real dielectric impedance
decreases with increasing gallium content at low frequencies but
remains almost constant for all samples at frequencies beyond
20 kHz.
3.8. Electric modulus analysis (100 Hz - 2 MHz)

The analysis of electric modulus (M) is essential to examine the
efficient characteristics of the electrical transference mechanism,
which relates to conductivity relaxation time, ions hopping rate etc.
The electric modulus analysis is used to study the relaxation
behaviour and grain-boundary contribution to the total conduc-
tivity of material [111]. It also represents the electrical response of
the materials. Electric modulus also suggests the polycrystalline
nature, i.e. homogeneous or inhomogeneous [112e114].

The variation of the real part of the electric modulus (M0) with
the frequency is shown in Fig.13 (a). It is clearly seen from Fig.13 (a)
that M0 in the lower frequency region increased gradually as fre-
quency increases, and reached a maximum at 2 MHz.

This increase in the real part of electric modulus is due to the
decrease in restoring force regulating the mobility of charge car-
riers under the influence of the externally applied electric field. The
lack of restoring force indulges the conduction mechanism in
hexaferrites, which enhances the conductivity at higher fre-
quencies [115]. Fig. 13 (b) shows the variation of the imaginary part
modulus (M00) with frequency and(c)Cole-Cole type plot of Sr3Co2-xGaxFe24O41 (x ¼ 0.0,
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of the electric modulus (M00) with frequency. The broad peak
observed in all samples exhibits the relaxation peaks for hex-
aferrites [116].

The frequencies exhibiting maximum peak brings the charge
carriers in motion. The charge carriers stop moving beyond the
maximum peaks frequencies [117]. As frequency increases, the
peaking nature appears; which is due to the transition takes place
from long-range to short-range mobility of charge carrier. The
response of modulus shows the hopping type mechanism for
charge transport in the system. The frequency of the peaks evalu-
ates the conduction relaxation time. The modulus pattern indicates
the feasibility of long-range mobility of charge carriers by a hop-
ping mechanism. The peaks of the substituted samples (x > 0.0) are
shifted in the forward direction compared to pure sample (x ¼ 0.0)
[118]. The low-frequency side of the peak depicts the range, where
charge carriers occur due to long-range hopping. The high-
frequency side of the peak signifies the carriers being constrained
to potential wells and the electrons are mobile within a short-range
distance through the well. The region in which the peak appears
shows the transition from long range to short-range mobility with
an increase in frequency. This peak occurrence in the modulus
response indicates a clear signal for conductivity relaxation [119].

The complex modulus plots known as Cole-Cole plots have been
studied to isolate the grains and the grain boundaries contribution.
In the Cole-Cole plots, the grains and grain boundary including
grain-electrode effects occur as semicircles; which depicts a
possible link between behaviour of grain boundaries and peak
occurrence in complex modulus (M00 vs F) with the function of
frequency [120].

Fig. 13 (c) represents the Cole-Cole type plots of all the heated
Fig. 14. (a) Variation of real (ε0) and complex permittivity (ε’’) with the frequency between 8
in real and complex permittivity with frequency from 11.50 GHz to 12.50 GHz for x ¼ 2.0 s
samples. The samples x ¼ 0.4, x ¼ 1.6, and x ¼ 2.0 show two
semicircular arcs; one in the high-frequency region and other in the
low-frequency region, correlating to grain and grain boundary
resistance, respectively [121,122]. The samples x ¼ 0.0, 0.8, 1.2 and
2.0 show single semicircles. The left portion of the semicircles at
the lower frequencies is attributed to the grain resistance [118],
while the intermediate frequencies over which the curve occurs
show grain boundary contribution, and the utmost right side of the
curve at high frequencies shows the effect of grain and grain
boundaries [123]. The radius of the semicircles in all samples varies,
with x¼ 0.8, 1.2 and 1.6 exhibiting the widest curves. Similar effects
have been seen in rare-earth substituted ferrites [124].
3.9. Complex permittivity of Sr3Co2-xGaxFe24O41 (x ¼ 0.0 to 2.0)
ferrites at high frequency over the X-band (8 GHz -12.5 GHz)

The material’s dynamic properties are studied by complex
permittivity and permeability measurements. Complex permit-
tivity represents electronic properties and complex permeability
represents magnetic properties when subjected to an electromag-
netic field. The real part of complex permittivity (ε0) and complex
permeability (m0) determine the storage capacity of electric and
magnetic energy; while the imaginary part of (ε’’) and (m’’) repre-
sents the loss of electric and magnetic energies. These parameters
combine to describe the lossy behaviour of the material when
electromagnetic waves are passed through it [125,126]. The com-
plex permittivity of hexaferrites is usually linked with ionic, elec-
tronic and interfacial polarisations [127].

The variation of real (ε0) and imaginary (ε") permittivity of the
Sr3Co2-xGaxFe24O41 (x ¼ 0.0, 0.4, 1.2, 1.6 and 2.0) ferrites with
GHz and 12.5 GHz, (b) Complex permittivity (Real and imaginary) plots and, (c) Changes
ample heated at 1200 �C for 5h.
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frequency of 8 GHz e12.5 GHz is shown in Fig. 14 (a). All samples
have a real permittivity (ε0) around 8e14. Fig. 14 (b) shows the in-
dividual complex permittivity plots for x ¼ 0.0 to 2.0. Resonance
takes place when a peak in the imaginary coincides with the
halfway point in a drop of the real for either permeability or
permittivity. It can be seen from Fig. 14 (b) that only x¼ 2.0 shows a
resonance in the real and imaginary part of permittivity with
maximum values of 38.23 and 49.19 at ~12.15 GHz (Fig. 14 (c)).

3.10. Complex permeability measurements at high frequency over
the X-band (8 GHz e12.50 GHz)

Fig. 15 (a) shows the variation of complex permeability (real (m0)
and imaginary (m")) of the Sr3Co2-xGaxFe24O41 ferrites between
Fig. 15. (a) Variation of complex permeability (m0) and (m’’) with the frequency between 8 G
xGaxFe24O41 (x ¼ 0.0, 0.4, 1.2, 1.6 and 2.0) hexaferrites heated at 1200 �C for 5h.
8 GHz and 12.50 GHz.
The real permeability (m0) values of all samples are around

1.0e1.4 over the 8e12.5 GHz range. The maximum value of m0 ob-
tained at the lowest frequency is ~1.4 for the sample with x ¼ 0.0.
Ferromagnetic resonance (FMR) is the resonance in the complex
permeability. At this frequency, energy is absorbed and so such
materials are important as EM absorbers and shields, radar
absorbing materials (RAM) and stealth technology [9]. The sample
with x ¼ 2.0 shows a resonance at around 12.15 GHz, and x ¼ 0.0
showed a FMR at around 11 GHz (Fig. 15(b)). This suggests that such
materials can be used as microwave absorbers/EMI shielding at
specific microwave frequencies. That fact that x¼ 2.0 had both FMR
and dielectric resonance at the same frequency, 12.15 GHz, suggests
the possibility of coupling these two properties, and the
Hz and 12.50 GHz and (b) Complex permeability (Real and imaginary) plots of Sr3Co2-



Fig. 16. Reflectivity curves of Sr3Co2-xGaxFe24O41 (x ¼ 0.0, 0.4, 0.8, 1.2, 1.6 and 2.0)
hexaferrite 3 mm thick samples heated at 1200 �C for 5h.
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development of metamaterials.
Fig. 16 represents the variation of reflectivity as a function of

frequency of Sr3Co2-xGaxFe24O41 (x ¼ 0.0, 0.4, 0.8, 1.2, 1.6 and 2.0)
hexaferrite samples heated at 1200 �C for 5 h and of 3 mm thick-
ness. It is clear from Fig. 16 that reflectivity varies from �8 dB to
2.3 dB (thickness 3 mm) for all samples.
4. Conclusions

Ga substituted Z-type Sr3Co2-xGaxFe24O41 (x ¼ 0.0, 0.4, 0.8, 1.2,
1.6 and 2.0) hexaferrites were successfully synthesised using the
sol-gel auto-combustion method. XRD analysis reveals the forma-
tion of Z-phase along with W, Y and M phases. Prepared Sr-Z hex-
aferrites exhibited typical soft magnetic behaviour. The saturation
magnetisation lies in the range of 64e76 Am2kg�1. Substitution of
gallium led to a decrease in saturation magnetisation values. The
decrease in MS with Ga substitution is well matched by M€ossbauer
spectroscopic analysis, as the hyperfine magnetic field of all sextets
was found to be decreased and the relative area of the doublet is
found to increase with Gallium substitution. M€ossbauer spectro-
scopic analysis also confirmed that the Fe ions were found in the
3þ high spin state for compositions below x� 0.4, whereas ~1.5% of
the Fe ions were converted into Fe2þ high spin state beyond x � 0.8
compositions, as Ga3þ began to substitute for Fe3þ, instead of Co2þ,
forming Fe2þ in the cobalt positions. The low-frequency dielectric
response of prepared samples shows normal behaviour and is
explained by Maxwell-Wagner’s model. At Microwave frequencies
(8 GHze12.50 GHz), all samples showed real permittivity around
8e14. Dielectric resonance observed at around 12.15 GHz in x¼ 2.0.
Real permeability was found around 1.0e1.4 over the
8 GHze12.50 GHz range, and ferromagnetic resonance was
observed at around 11 GHz for x¼ 0.0 and 12.15 GHz for x¼ 2.0, and
hence such materials could be used as microwave absorbers/EMI
shielding at specific microwave frequencies. The reflectivity varies
from �8 dB to 2.3 dB for thickness 3 mm in all samples over the X-
band. That fact that x ¼ 2.0 had both FMR and dielectric resonance
at the same frequency, 12.15 GHz, suggests the possibility of
coupling these two properties, and the development of
metamaterials.
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