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Abstract. Strontium hexaferrite is a material of choice due its various magnetic applications. 
Energy losses are a prominent issue in these magnetic materials. To lower these energy losses, we 
need to improve the resistivity by reducing eddy current losses.   In this work nanoparticles of 
Gadolinium (Gd) doped Sr-hexaferrite (SrFe12-xGdxO19 x =0 .0, 0.1) have been synthesized by co-
precipitation method. Structural analysis was done by using X-ray diffraction technique (XRD). It 
was found that the formation of single phase i.e. hexagonal structure has been achieved when the 
samples were sintered at 920°C for 20 minutes. AC electrical properties such as conductivity (𝜎𝜎ac), 
dielectric constant (ε′), dielectric loss (tanδ) and impedance (Z); real (Z') and imaginary (Z") parts 
have been studied as a function of frequency at room temperature. Aim of the work was to enhance 
the resistivity and was successfully achieved. Gd doped sample is proposed as an energy efficient 
material to be used in devices working at high frequencies.     

Introduction 
As a metal oxide, Ferrites are believed to be the widest applied materials. Ferrites have two main 

types, Soft magnetic and hard magnetic ferrite. Soft ferrites are prepared by basic materials which 
are iron oxide and other metal oxides like manganese oxide, nickel oxide and zinc oxide [1]. Hard 
ferrites are widely used as permanent magnetic materials which are fabricated using strontium, 
barium and lead [2, 3]. Among various advanced magnetic nano materials, M-type hexaferrite with 
chemical formula of MeFe12O19 (Me=Sr, Ba and Pb) had demonstrated to be an important class of 
magnetic materials. For vast scientific and technological interests these ferrites have emerged as 
multifunctional materials due to the stability of their properties [4]. In 1950’s, a classical hard 
magnetic material, strontium ferrite (SrFe12O19) was discovered. Which has high chemical stability, 
high coercivity, moderate remanence, high electrical resistivity and high magneto crystalline 
anisotropy compared with other magnetic materials [5]. Hexagonal ferrites have electrical and 
magnetic properties which are dependent on the condition in which synthesis take place and the site 
occupation of substitute cation with different Fe3+ sub-lattices named as trigonal bipyramid(2b), 
tetrahedral (4f) and octahedral (12k, 2a and 4f2) of hexagonal structure [6]. To enhance the 
properties of Sr-hexaferrite and making the material useful for different applications, various 
researcher doped different metal and combination of various metal cation.   

Strontium hexaferrite (SrM) nanoparticles are prepared using various method such as sol-gel 
method [7], high temperature solid state reaction, hydrothermal method [8] and co-precipitation 
method for improving crystal lattice size, magnetic properties and morphology. In contrast to 
others, a co-precipitation method has raised deep attention on vast industrial production, low cost 
and allows to control the particle size more efficiently [9]. Gd rare earth metal is used as a dopant 
due to its comparable ionic radii to iron. In this work an attempt is made to enhance the resistivity 
of Sr-hexaferrite (SrFe12O19) by using rare earth metal gadolinium as a dopant at iron site (SrFe12-

xGdxO19, x = 0.0, 0.1). As high resistance minimizes the eddy current losses [10]. 
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Experimental Techniques 

The chemical used in the synthesis of sample were Sr(NO3)2, Fe(NO₃)₃.9H₂O, GdN3O9.6H2O. 
The Sr-hexaferrite samples substituted with Gd and having nominal composition SrFe12-xGdxO19 (x 
= 0.0, 0.1) were prepared by chemical co-precipitation method. The details of this method have 
already been reported elsewhere [11]. The precursors were prepared by dissolving Sr(NO3)2, 
Fe(NO₃)₃.9H₂O and GdN3O9.6H2O in deionized water. Stir the solutions separately for 15 minutes. 
Mix the precursor and heat it at 70°C. To get pH of the solution equal to 12, sodium hydroxide 
solution prepared by dissolving in 500ml deionized water was added in to the above solution. The 
mixture of all was kept for constant magnetic stirring at 70°C for 45 minutes. Brown precipitates 
were obtained after heating and to remove the by-products, the precipitates were washed by 
deionized water for 6,7 times respectively. The precipitates were dried in an oven at 105°C. 

Results and Discussion 
Structural Analysis. XRD patterns of SrFe12-xGdxO19 (x = 0.0, 0.1) of as-prepared, calcined and 
sintered sample are shown in the Fig. 1 and Fig. 2. To investigate the structural properties of the 
samples X-ray diffraction technique was used. The source used for X-ray was Cu-Kα having a 
wavelength of 1.54 Å. Crystallite size, crystal structure and lattice constant were calculated with the 
help of XRD data. Samples showed hexagonal structure. Scherer’s formula was used to calculate 
the crystallite size.  
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Fig. 1. XRD patterns of SrFe12O19 (x=0.0) Fig. 2. XRD patterns of SrFe11.9Gd0.1O1 9 (x = 0.1) 

For as-prepared samples tetragonal structure while for heat treated samples hexagonal structure 
was observed having the space group of P63/mmc. This is in agreement to the already reported 
literature for the undoped sample [9]. The maximum intensity peak was observed at 2θ = 33o with 
(107) orientation. Average crystallite size lies between 34-37 nm. In XRD graphs of samples no 
impurity peak was observed which shows the successful synthesis of samples. The average 
crystallite size, lattice parameters and volume of unit cell of as-prepared, calcined and sintered 
sample are shown in Table 1.  

Table 1. Crystallite sizes (Davg.), lattice constants and volume of unit cell of as-prepared, calcined and 
sintered (SrFe12-xGdxO19, x = 0.0, 0.1) samples 

Parameters 
 

As-prepared Calcined Sintered 

Average 
crystallite size 
(nm) 

x=0.0 x=0.1 x=0.0 x=0.1 x=0.0 x=0.1 
23 No peaks 

observed 
54 38 37 37 

a = b (Å) 3.8860 --- 5.58(5) 5.59(6) 5.55(2) 5.53(3) 
c (Å) 28.000 --- 22.74(2) 23.73(3) 22.96(2) 23.119(4) 
V (Å)3 422.83 --- 614.54(6) 615.67(1) 614.03(4) 613.85(4) 
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Electrical Analysis 

Dielectric properties such as ac conductivity, dielectric constant, dielectric loss and impedance of 
the samples were analyzed at different frequencies (20Hz-3MHz).  

 

Fig. 3. Plots of έ vs log f of SrFe12-xGdxO19 Fig. 4. Plots of tanδ vs log f of SrFe12-xGdxO19 

 

Fig. 5. Plots of σac vs log f of SrFe12-xGdxO19 Fig. 6. Plots of Z vs log f of SrFe12-xGdxO19 

 

Fig. 7. Plots of Z’ vs log f of SrFe12-xGdxO19 Fig. 8. Plots of Z’’ vs log f of SrFe12-xGdxO19 

Dielectric Constant. The dielectric constant (Ԑ') of pelletized samples is calculated using Eq.1: 

    Ԑ′ = 𝐶𝐶𝐶𝐶
  Ԑ˳𝐴𝐴 

                              (1) 

Where Ԑ' is the dielectric constant, 𝐶𝐶 is the capacitance of sample, Ԑ˳ is a constant known as the 
permittivity of free space having value of 8.854×10-12 F/m, d is thickness and 𝐴𝐴 is area of the pellet 
respectively. Fig. 3 shows the behavior of dielectric constant at room temperature. Based on 
Maxwel-Wagner two-layer model behavior of dielectric can be explained. At lower frequency 
dielectric constant showed higher values which clearly indicate that all types of polarization are 
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present here. By increasing applied frequency, the dielectric constant decreased sharply which 
indicate that polarization is going to decrease. Magnitude is comparable then that to the already 
reported in the literature [12]. Interface polarization vanished out at higher frequency region which 
result in decrease of dielectric constant. In ferrites, the polarization is directly depending upon Fe+2 

ions concentration at a grain. The reason of decrease in dielectric constant with doping gadolinium 
is that the number of iron ions decreased when gadolinium dopant replaces iron ions from 
octahedral sites which results in decrease of hopping of electrons [13].  
Dielectric Loss. Fig. 4 shows dielectric loss as a function of frequency. Similar to dielectric 
constant the dielectric loss dispersions occur at lower frequency region. By increasing frequency, 
the ions are unable to follow the applied frequency due to which dielectric loss almost remain same 
at higher frequency region. The dielectric loss also decreased by doping gadolinium at iron sites 
which result in decrease of Fe+2 concentrations which are the main reason of conduction losses. 
Ac Conductivity. AC Conductivity (σac) can be determine using Eq. 2:  

     σ𝑎𝑎𝑎𝑎 = ωԐ˳Ԑ′tanδ                    (2) 
Here ω represent the angular frequency ω= 2πf, Ԑ˳ is permittivity of free space, Ԑ' is dielectric 

constant and tanδ is dielectric loss factor. 
Fig. 5 showed AC Conductivity (σac) of SrFe12-xGdxO19 (x = 0.0, 0.1) as a function of frequency 

ranges from 20Hz to 3MHz at room temperature. The trend of the graphs can be explained using 
jump relaxation model and similar behavior is reported for undoped sample [14]. 

AC conductivity increased by increasing frequency. At the beginning (low frequency region) the 
ac conductivity is almost constant. The conductivity at lower frequency region is due to the 
successful hopping of ions from one site to another available site. There is rapid increase in 
conductivity at higher frequency region which is called dispersion region. At dispersion region, not 
only the rate of successful hopping increased but also ions relax and reorient potential across it, due 
to which conductivity increased by applying frequency.     

The composition SrFe12-xGdxO19 (x = 0.0, 0.1) clearly shows that gadolinium replaces iron. By 
doping gadolinium on iron site results in decrease of Fe+2 ions concentrations which are the main 
cause of hopping in ferrites. Pure Strontium hexaferrite SrFe12O19 (when x=0.0) showed higher 
conductivity and conductivity decreased by doping gadolinium. By increasing concentration of 
dopant, the conductivity clearly decreased which indicate the successful doping and replacement of 
gadolinium on iron sites.   

Impedance. Spectra of impedance at room temperature are shown in Figs. 6, 7 and 8 in the 
frequency range of 20Hz to 3MHz. Impedance decreased by increasing frequency. This indicates an 
increase in ac conductivity. Impedance behaved monotonically at lower frequencies and became 
independent of frequency at higher frequencies. The composition with x=0.1 has shown greater 
impedance than that of x=0.0, at higher frequency. 

Conclusions 
Gd doped Strontium hexaferrite with composition SrFe12-xGdxO19 (x = 0.0, 0.1) powder was 

synthesized by co-precipitation method. XRD analysis assures the single phase hexagonal structure. 
The crystallite size of the synthesized sample ranges between 34 to 37 nm. In the frequency range 
of 20Hz-3MHz, both dielectric constant and dielectric losses were measured. With the increase in 
doping concentration dielectric constants, dielectric losses were decreased due to decrease in Fe2+ 

ion concentration. 
At higher frequencies ac conductivity increases sharply due to increasing hopping rate, 

relaxation and re orientation of ions. With the increase in doping concentration ac conductivity 
decreased which clearly indicate that resistivity improved by doping gadolinium. The results 
showed that by doping gadolinium in strontium hexaferrite resistivity improved and we can use 
gadolinium doped strontium hexaferrite in electrical devices to prevent energy losses.  
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