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M-type strontium hexa-ferrite nano particles with composition SrFeq;_5xCryZn,O19 (X=0.0, 0.2, 0.4, 0.6,
0.8) were prepared by co-precipitation method and are reported for the first time. X-ray diffraction analy-
sis confirmed the successful substitution of Cr and Zn ions in the strontium hexa-ferrite lattice. Structural
morphology studied by scanning electron micrographs revealed that Cr-Zn doping inhabits the grain
growth. Dielectric measurements were taken as a function of frequency in the range (10 kHz to 3 MHz).
Both dielectric constants and dielectric losses were found to be decreasing with the increase in Cr-Zn
concentration. As Cr-Zn doping favored the decrease in dielectric losses to a large extent (0.32-0.02) so
the strontium hexa-ferrite with these dopants is very useful for high frequency applications. The fre-
quency dependent ac conductivity increases sharply at higher frequencies due to increase in hopping
frequency of electrons and decrease with the increase in doping concentration and this is due to decrease
in Fe?* jons. Temperature dependent dc electrical resistivity measurements showed a decreasing trend
with the increase in Cr-Zn concentration. The M-H loop indicated that both coercivity and saturation
magnetization were decreased with the increase in doping concentration. The former was decreased due
to increase in grain size and later was decreased due to weak and non-magnetic cations distribution on
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1. Introduction

M-type hexa-ferrite (M=Ba, Sr, Pb) crystallizes in a mag-
netoplumbite structure and are a class of important magnetic
materials due to their numerous applications such as microwave
devices, high density recording media, magneto-optic media,
electric motors, magnetic heads, etc. [1-8]. From the viewpoint of
microwave devices, ferrites are used into an alternating magnetic
field because of their high electrical resistivity, low eddy current
loss and excellent magnetic property in high frequency as com-
pared with metal magnetic materials. M-type hexa-ferrites are
more useful, for high frequency (GHz) applications than soft ferrites
due to their high magneto crystalline anisotropy which resulted
in very low residual losses [9-12]. Several synthesis techniques
have been used to prepare and tailor the properties of strontium
hexa-ferrite nanoparticles [13-17]. Wet-chemical method, along
with low synthesis temperature, provides better control on com-
position and homogeneity [18]. M-type hexa-ferrites crystallize
in a hexagonal structure containing 64 ions per unit cell on 11
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different symmetry sites. The 24 iron (Fe) atoms are distributed
over five distinct interstitial sites: three octahedral sites (12k, 2a,
and 4f,), one tetrahedral (4f;) site and one bi-pyramidal site (2b).
The electrical and magnetic [19] properties of M-type hexa-ferrites
can be tailored by using different dopants on these interstitial
sites. Strontium hexa-ferrites are famous for their better magnetic
properties, high Curie temperature, high corrosion resistance, high
chemical stability, high electrical resistivity, low eddy current
losses, low cost production and non-toxicity [14,16,20,21]. These
excellent properties make the strontium hexa-ferrite useful for
high frequency applications. In the present work, effect of the
Cr-Zn substitution on structural, electrical and magnetic properties
of strontium hexa-ferrite has been reported.

The aim of the present work is to improve the electrical proper-
ties of strontium hexa-ferrites and making the material useful for
high frequency applications.

2. Experimental details

M-type SrFeq;_2xCryZnyO19 with X=0.0, 0.2, 0.4, 0.6, 0.8 were prepared using
co-precipitation method. The salts used in the synthesis of samples were Sr(NOs ),
Fe(NO3)3-9H,0, Cr(NO3)3-9H,0, Zn(NOs ),-6H, 0. These salts were dissolved in de-
ionized water and mixed. The mixed solution was heated on a hot plate along with
continuous stirring. The calculated volume of the aqueous solution of NaOH was
added to get pH of the solution equal to 13 at 70°C. The final mixed solution was
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stirred for 1 h to get fine homogeneity. The precipitates obtained were washed well
with de-ionized water and then dried in an oven at 105°C. The dried powder was
sintered in a box furnace for 1 h at 940 + 5 °C. This sintered powder was converted
into pellets by using a uni-axial press. These pellets were sintered at 910+ 5°C for
15 min and were used for different characterizations.
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3. Results and discussion
3.1. Structural properties

The crystallographic structure and phase formation of the com-
position SrFeq;_»,CrxZny0O19 with X=0.0, 0.2, 0.4, 0.6, 0.8 was stud-
ied at the room temperature by using powder X-ray diffraction data
collected in the step 0f 0.02° in the 20 range 25-80° on a PANalytical
X-ray diffractometer using CuK, (A =1.5406 A) rays. All the peaks
of XRD patterns shown in Fig. 1 were identified by using ICDD pat-
terns with reference code 01-080-1197. The indexed XRD patterns
show that most of the compositions have a single phase of stron-
tium hexa-ferrite material but in some compositions, the peaks of
the secondary phase of a-Fe; 03 are detected. All the XRD patterns 26 (Deg.)
confirmed the successful substitution of Cr-Zn cations on the inter- ’
stitial sites of strontium hexa-ferrite lattice as there is no separate Fig. 1. Indexed XRD patterns of StFe;s_ s CryZnyOso with X=0.0, 0.2, 0.4, 0.6, 0.8.
peak of these substituted cations is detected. Parameters calculated

Intensity (a.u.)

83 26 SEI

Fig. 2. SEM micrographs of SrFe;3_,¢CryZn,019 with X=0.0, 0.2, 0.4, 0.6, 0.8.
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Table 1

Lattice parameters (a, c), average crystallite size (Dqy ), X-ray density (ox), activation energy, dc electrical resistivity (pqc ), dielectric constant (¢'), dielectric loss tangent (tan §)
and ac conductivity (o,c) of the prepared samples of SrFeq;_2xCryZny019 With X=0.0, 0.2, 0.4, 0.6, 0.8.

SrFeq;_2xCryZnyOq9 0.0 0.2 0.4 0.6 0.8
Lattice constant
a(A) 5.884 (2) 5.882(8) 5.884 (3) 5.884 (2) 5.883 (9)
c(A) 23.040 (4) 23.028 (2) 23.028 (8) 23.037 (9) 23.036 (9)
Average crystallite size (Dqy) 44 48 30 42 32
X-ray density py (g/cm?) 5.10 5.11 5.11 5.11 5.11
Activation energy (eV) 0.94(1) 0.84(1) 0.76(1) 0.67(1) 0.64(1)
Dc resistivity pqc (€2cm) at 200°C 1.78 x 108 3.08 x 107 1.75 x 107 5.5 x 106 3.65 x 106
Dielectric constant (¢') at 3 MHz 23.04 18.89 16.49 11.09 8.57
Dielectric loss (tan §) at 3 MHz 0.32 0.20 0.15 0.08 0.02
Ac conductivity o, (Sm~1) at 3 MHz 1.25%x 1073 6.32x10°* 414 %1074 1.48 x 104 2.44 x 107>

from indexed XRD patterns are given in Table 1. Crystallite size (D)
was calculated by using Scherrer’s formula [22] given in Eq. (1).

_ ka
" Bcosh

where A is the X-ray wavelength, g is the full width at half
maximum, 6 is the Bragg angle, and k=0.89.

The crystallite size was in the range 30-48 nm and that is much
smaller than already reported [23]. This may be due to the differ-
ence in the molarities of the solution.

X-ray density [24] was calculated by using the formula given in
Eq. (2).

_ Number of formula units/unit cell x My,

T V x Ny

where My, is molecular mass, V is the volume of unit cell, N, is
Avogadro’s number.

Structural morphology was studied by using scanning electron
microscopy. The SEM micrographs (Fig. 2) showed that most of the
particles are of hexagonal shape and their size has an increasing
trend with the increase in Cr-Zn concentration. The average parti-
cle size for all compositions was estimated by using the diagonal
method and is given in Fig. 3.

(1)

(2)

3.2. Electrical properties

M-type hexa-ferrites belongs to P63/mmc space group and its
structure is discussed elsewhere [25,26]. The chemical formula of
strontium hexaferrite is SrFe1,01g. Ideally, this formula contains
one divalent cation Sr%*, twelve trivalent cations Fe3* and nine-
teen divalent anions 02~. Hexa-ferrites synthesized by any method
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Fig. 3. Plot of grain size (nm) as a function of Cr-Zn concentration for
SrFe;,_2¢CryZny019 With X=0.0, 0.2, 0.4, 0.6, 0.8.

require post synthesis heat treatment at elevated temperatures
for phase purity. During heat treatment, some oxygen ions are
expected to loss and the resultant chemical formula transforms
to SrFe15019_4 form (with d unknown). When one oxygen ion is
removed, for charge neutrality, Fe3* ions are transformed to Fe2*
ions. During cooling, Fe2* ions in the grain cannot be oxidized and
does not change to Fe3*. Electronic transfer between Fe3* and Fe2*
is the main electric conduction mechanism of ferrites [27,28]. So
the presence of Fe%* ions in hexa-ferrites is the source of charge
carriers and is responsible for the conduction mechanism in fer-
rites. The distance between two metal ions at octahedral (B) site
is smaller than the distance between a metal ion at the (B) site
and another metal ion at the tetrahedral (A) site. The electron hop-
ping between the (A)-(B) sites under normal conditions, has a very
small probability compared with that for (B)—(B) sites hopping.
Hopping between (A)-(A) sites, does not exist due to the reason
that there are only Fe3* ions at (A) site and any Fe?* ions formed
during processing preferentially occupy (B) sites only. In ferrites,
the conduction is because of the electron hopping from FeZ* and
Fe3* jon present at the octahedral (B) sites [27-29]. The presence of
this Fe2* also contributes a lot to the dielectric properties of ferrites.
It is reported in the literature that Cr3* ions preferentially occupy
the octahedral (B) sites [30] where it replaces Fe3* jons while Zn2*
ions occupy the tetrahedral (A) and bipyramidal (C) sites [31] where
it replaces Fe3*. In hexaferrites, it is reported that when a cation is
replaced with another cation having different valence states then
for the charge neutrality this difference is compensated by Fe ions
(Fe?* « Fe3*)[5,32,33]. When Zn?* ion replaces Fe3* ion, for charge
neutrality, the Fe2* ions present on octahedral B site [34,35] are
converted into Fe3* ions. The hopping probability depends upon
the separation between the ions involved and activation energy
[36].

3.2.1. Dielectric properties

Different models [37] have been used to explain the
dielectric properties of materials. For solids, Maxwell-Wagner
two-layer model [38,39] is being commonly used. According to
Maxwell-Wagner two layer model for the bulk materials, the grain
acts as a resistor and the grain boundary acts as a thin insulating
layer [40]. The dielectric properties are measured at room tem-
perature in the frequency range (10 kHz to 3 MHz) using precision
component analyzer.

The graph shown in Fig. 4 reveals that the dielectric constants
¢ for all compositions decrease sharply at lower frequencies and
then becomes fairly constant for higher frequencies. According to
Iwauchi [41], the dielectric polarization mechanism in ferrites is
similar to their conduction mechanism (due to hopping of elec-
trons between ions of the same element present in more than one
valence state). At low frequency, hopping of the electrons could
easily follow the applied field and results in the large polarization
and hence large dielectric constant.
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Fig. 4. Plot of dielectric constant (¢’) as a function of In of frequency for
SrFe;,_2¢CryZny019 With X=0.0, 0.2, 0.4, 0.6, 0.8.

At high frequency, the hopping of the charge could not fol-
low the applied field and the only local charge polarization could
take place and hence net dielectric constant decreases. The graph
also indicates that ¢’ have a decreasing trend with the increase in
doping contents. This is due to the fact that in ferrites, the space
charge polarization directly depends upon Fe2* ion concentration
in a grain. As Zn%* ions have strong preference to occupy tetra-
hedral (A) sites, so concentration of Fe2* jons on tetrahedral site
decreases. So electric polarization decreases and consequently the
dielectric constant ¢’ also decreases. This may also be due to the
reason that the Cr ions do not participate in the conduction process
but impedes the motion of charge carriers [42,43].

The general trend of the dielectric loss tangent (tan §) as a func-
tion of frequency is shown in Fig. 5. The cause of dispersion at
lower frequency is the same as that for dielectric constant. Fig. 5
also shows that the dielectric loss tangent also decreases with the
increase in doping concentration. This may be due to the decrease in
Fe2* ion concentration, which is responsible for conduction losses,
because of the increase in Zn?* content as explained earlier. Val-
ues of the dielectric loss tangent obtained from this composition of
strontium hexa-ferrite are much smaller than reported in [44,45]
so making this substitution (X=0.2-0.8) more suitable for high fre-
quency applications.

The plot of the dielectric loss factor (¢”) shown in Fig. 6 indicates
that it decreases initially with the increase in frequency and then
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Fig. 5. Plot of dielectric loss (tand) as a function of In of frequency for
SrFe;,_2¢CryZny019 With X=0.0, 0.2, 0.4, 0.6, 0.8.
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Fig. 6. Plot of dielectric loss factor (¢”) as a function of In of frequency for
SrFeq2-2xCrxZn,019 with X=0.0, 0.2, 0.4, 0.6, 0.8.

becomes fairly constant at higher frequencies. It is because hop-
ping of the electrons could not follow the applied frequency and
consequently the dielectric loss factor (¢”) decreases. The decrease
in dielectric loss factor (¢”) with the increase in Cr-Zn doping is due
to the decrease in Fe2* ion concentration.

3.2.2. Room temperature ac conductivity
The ac conductivity (o4c) is calculated by using formula:

Ogc = wepe’ tan & (3)

where w =27f.

Fig. 7 shows that o, increases up to the relaxation frequency
and then decreases and becomes constant for a range of frequen-
cies and then starts increasing at higher frequencies. The hopping
frequency of the electrons is smaller at lower frequencies and it
increases with the increase in frequency. This is attributed to the
fact that the required energy correlated with forward-backward
hopping is only a fraction of the energy necessary to activate long
range diffusive conduction [46].

3.2.3. Temperature dependent dc electrical properties

The temperature dependent dc electrical resistivity was mea-
sured in the range of 373-623 K. Plot of In of dc electrical resistivity
as a function of 1/kgT is shown in Fig. 8. The dc electrical resistiv-
ity decreases with the increase in the temperature due to increase
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Fig. 7. Plot of ac conductivity as a function of In of frequency for SrFe;;_2,CryZnyO19
with X=0.0, 0.2, 0.4, 0.6, 0.8.
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Fig. 8. Plot of In p as a function of 1/kgT for SrFeq3_2,CryZn,019 with X=0.0, 0.2, 0.4,
0.6,0.8. Line shows the linear fit, the slope of that was used to calculate the activation
energy.

in drift mobility of charge carriers. The plot also indicates that
resistivity has a decreasing trend with the increase in Cr-Zn con-
centration. This is because of the increase in the grain size. As the
grain size increases, grain boundaries (which acts as highly resis-
tive medium) decreases and consequently resistivity decreases. The
effect of grain boundaries has suppressed the effect of decrease in
carrier concentration due to decrease in Fe2* ions. Activation energy
was calculated from the slope of the linear plots of In p versus recip-
rocal of the temperature using Arrhenius relation [47] shown in
Fig. 8.
Arrhenius relation is given by

P = Po €XP (k%) (4)
where p is resistivity at temperature T, p, is resistivity at 1/T=0, E,
is the activation energy and kg is Boltzmann'’s constant.

Values of the activation energy as given in Table 1, also decrease
with the increase in doping content and that is due to increase in
grain the size.

4. Magnetic properties

The magnetic parameters such as coercivity (H.), saturation
magnetization (Ms) and remanence (M;) are calculated from hys-
teresis loops of the composition SrFeq;_»,CryZnx019 with X=0.0,
0.2, 0.4, 0.6, 0.8 and are shown in Fig. 9.

The particles formed in all composition are a single domain, as
the critical size for single domain grain in case of strontium hexa-
ferrite is 650 nm [48] which is greater than the size of the grains
observed. The saturation magnetization (Ms) also decreases with
the increase in Cr-Zn concentration. It is due to the substitution of
Cr-Zn cations on different interstitial sites. In M-type hexa-ferrite,
24 Fe3* jons are distributed on five different interstitial sites. There
are three octahedral (2a, 12k and 4f2), one tetrahedral (4f1),and one
trigonal bipyramidal (2b) site. The sites (2a, 12k and 2b) are parallel
and (4f1 and 4f2) are antiparallel. The iron atoms present on these
sites are coupled by superexchange interactions through the 02~
ions, form the ferrimagnetic structure [49-51]. The M-type hexa-
ferrite (magnetoplumbite structure) contains two formula units per
unit cell. 12 Fe3* jons are arranged with eight spins in the up direc-
tion and four in the down direction, giving a net moment of 4 Fe3*
ions per formula unit times 5 up per ion, which gives a total of 20 g
per formula unit [52].

According to ferrimagnetic theory [53], magnetism in ferrite
originates from the net magnetic moment of ions with spin up
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Fig. 9. Hysteresis loops of SrFeq;_,xCryZnyO49 (X=0.0, 0.2, 0.4, 0.6, 0.8).

and spin down in interstitial sites. Fig. 10 indicates that satura-
tion magnetization decreases with the increase in doping content.
The saturation magnetization mainly depends upon the distribu-
tion of Cr3* ions on interstitial sites and then magnetic dilution
with the substitution of Fe3* ions by the lower magnetic moment
ions. It is reported that Cr3* ions with the magnetic moment (3 p)
preferentially occupy 12k and 2a sites with spin up. This results
in a decrease of the total magnetic moment due to cations with
spin up. As the net magnetic moment of one formula unit is due
to the difference of the magnetic moments of cations with spin
up and spin down so net moment decreases and hence saturation
magnetization decreases [21]. On the other hand, Zn with zero mag-
netic moment occupy the tetrahedral (A) site with spin down and
bipyramidal (C) site with spin up [31]. If Zn ions only occupy tetra-
hedral site then saturation magnetization should increase but the
results shows that it decreases. It is possible only if the Zn ions
also occupy the sites with spin up. The third factor which also

140

H.(kOe)
M, (emu/g)

T T
0.0 0.2 0.4 0.6 0.8
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Fig. 10. Plot of coercivity and saturation magnetization versus Cr-Zn concentration
of SrFeq2-2¢CryZn,019 (X=0.0, 0.2, 0.4, 0.6, 0.8).
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contributes to decrease in saturation magnetization is the forma-
tion of non magnetic phase (a-Fe;03). The XRD patterns shown
in Fig. 1 indicate that the compositions (X=0.2 and 0.4) have
non-magnetic phase (a-Fe,03). This non-magnetic phase also con-
tributes to the sharp decrease in saturation magnetization of these
compositions. A small increase in saturation magnetization for
X=0.6 is due to the absence of this phase. Fig. 10 also shows
that coercivity decreases with the increase in Cr-Zn content. This
decrease in coercivity (H,) of the samples (X <0.6) is attributed to
the increase in grain size (Fig. 3). Decrease in the grain boundaries
due to increase in the grain size results in a decrease in opposition
to the domain-wall motion and consequently in the coercivity. For
X=0.8, it increases due to decrease in particle size.

5. Conclusions

Cr-Zn doped strontium hexa-ferrite (SrFeqy_2,CryZnx0Oq9 With
X=0.0, 0.2, 04, 0.6, 0.8) powder was synthesized by the co-
precipitation method. The substitution of Cr and Zn ions in the
strontium hexa-ferrite lattice was confirmed by X-ray diffraction
analysis. SEM micrographs revealed that Cr-Zn doping causes the
increase in grain size. Both dielectric constants and dielectric losses
were measured as a function of frequency in the range (10 kHz to
3 MHz). These were decreased with the increase in doping content
due to decrease in Fe?* ions. Cr-Zn substitution was proved good
for high frequency applications due to decrease in dielectric losses.
The ac conductivity was increased sharply at the higher frequency
due to increase in hopping frequency of electrons and decreased
with the increase in doping concentration due to decrease in
Fe2* ions. Temperature dependent dc electrical resistivity mea-
surements showed a decreasing trend with the increase in Cr-Zn
concentration due to decrease in grain boundaries. The magnetic
measurements obtained from M-H loops indicated that both the
coercivity and the saturation magnetization were decreased with
the increase in doping concentration. The coercivity was decreased
due to increase in grain size and magnetization was decreased due
to the substitution of weak and non-magnetic Cr-Zn ions on differ-
ent interstitial sites.
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