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Effect of Gd Substitution on Structural and  
Magnetic Properties of Mn-Ni-Zn Ferrites 

Md. Nazrul Islama,b 

Abstract— Structural and magnetic properties of Mn0.5Ni0.1Zn0.4Fe2-xGdxO4 (where x = 0.0, 0.015, 0.03, 0.06, and 0.1) sintered at 
1250ºC for 3 hours are investigated thoroughly.The samples are prepared by standard solid state reaction technique.X-ray diffraction(XRD)
patterns confirm the formation of single phase spinel structure. SEM micrographs show that the average grain size decreases with  
increasing Gd content. The initial permeability shows similar trend as average grain size with the variation of Gd content. The magnetic 
loss is found to decrease with increasing frequency up to 1 MHz and beyond this frequency, magnetic loss increases with the frequency. 
It is also observed that the value of magnetic loss for the Gd substituted compositions is comparably less than the parent composition at 
frequency greater than 1 MHz. The saturation magnetization (MS) value increases initially for x = 0.015. Beyond this value of x, MS is  
decreased with increase in Gd content. 
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1 INTRODUCTION                                                                     
uring the last few decades, spinel ferrites are widely used 
in many electronic devices. These are preferred because 
of their high permeability in the radio-frequency (RF) 
region, high electrical resistivity, mechanical hardness, 

chemical stability, and reasonable cost [1–4]. Ferrites are also 
useful to prevent and eliminate RF interference to audio  
systems. According to their structure, they have tetrahedral  
A-site and octahedral B-sites in AB2O4 crystal structure. These 
materials show various magnetic properties depending on the 
cation distribution of the chemical compositions. Various  
cations can be placed in A-site and B-sites to tune their  
magnetic properties [2–11]. From the application point of 
view, both Mn–Zn and Ni–Zn ferrites have a great  
importance, where they are used in many ferrite devices such 
as magnetic heads, converters, electromagnetic wave  
absorbers, and inductor cores. Though Mn–Zn ferrites have 
distinctive magnetic properties as high magnetization and 
initial permeability, they have comparatively high power 
losses and low electrical resistivity at high frequencies. In  
contrast, Ni–Zn ferrites are characterized by their low  
dielectric loss, high resistivity and high Curie temperature, but 
they have comparatively low initial permeability at high  
frequencies. Combinations between these two ferrites were 
carried out by many researchers trying to obtain favorable 
magnetic properties with low losses especially at high  
frequencies [12–17]. 

In a previous study, the magnetic and electrical properties 
of such a combination were investigated [18, 19]. The sample 
with the chemical formula Mn0.5Ni0.1Zn0.4Fe2O4 was found to 
possess the optimum properties for promising applications. In 

addition, it was noticed clearly that the properties of  
Mn–Ni–Zn ferrites are predominantly governed by the type of 
substituted ions [13, 14, 19]. Accordingly, the present research 
directed to investigate the effect of Gd3+ substitution on  
structural and magnetic properties of Mn0.5Ni0.1Zn0.4Fe2-

xGdxO4 prepared by solid state reaction technique. 

2 EXPERIMENTAL 

2.1 Sample Preparation 
The Gd substituted various Mn0.5Ni0.1Zn0.4Fe2-xGdxO4 with  
x = 0.0, 0.015, 0.03, 0.06 and 0.1 were prepared by the standard 
solid state reaction technique. Commercially available  
powders of MnCO3 (99.9%), NiO (99.9%), ZnO (99.9%),  
Gd2O3 (99.95%) and Fe2O3 (99.9%) were used as raw mate-
rials. Stoichiometric amounts of required powders were 
weighed and mixed thoroughly in acetone media using an 
agate mortar for 4 h. Then the well mixed powders were cal-
cined at 900ºC in a closed alumina crucible for 5 h. The cal-
cined powders were grinded thoroughly again for 3 h to obtain
a                                                                                        homogeneous mixture. Later the powders were mixed with 
10% polyvinyl alcohol (PVA) as a binder for granulation. Then 
the powders were pressed uniaxially at a pressure of about 45 
MPa into pellet shaped (about 13 mm diameter, 1.5-2.0 mm 
thickness) and toroid shaped (about 13 mm outer diameter,  
6-7 mm inner diameter, and 2.0-2.5 mm thickness) samples. 
Finally the samples were sintered at 1250ºC in air for 3 h.  
During sintering process, the temperature ramp was 
10ºC/min for heating and 5ºC/min for cooling. 
2.2 Characterizations  
The crystal structure of the prepared samples were studied 
using an X-ray diffractometer (Philips PANalytical  
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X’PERT-PRO) with CuKα radiation (λ = 1.541 Å) at room  
temperature. XRD patterns of all samples were collected over 
a range of 2θ from 20º to 60º using a step size 0.04º. The bulk 
density ( Bρ ) for each sample was calculated using the  

relation, Bρ = m/(πr2t), where m is the mass, r is the radius 
and t is the thickness of the pellet. The theoretical density 

( thρ ) was calculated using the relation, )/(8 3
0aNM Ath =ρ , 

where M is the molecular weight of the composition, AN  is 

the Avogadro’s number, and 0a  is the lattice constant. The 
porosity (P) was calculated using the formula, 

]%/)(100[ thBthP ρρρ −= . Microstructure and surface  
morphology of the sintered samples were performed by Field 
Emission Scanning Electron Microscope (FESEM, Model no.: 
JEOL JSM-7600F). Average grain sizes (grain diameter) of the 
samples were determined from FESEM images by linear  
intercept technique [20]. The real part ( iµ′ ) and imaginary part 

( iµ ′′ ) of the complex initial permeability were measured as a 
function of frequency within the range of 100 Hz to 120 MHz 
using a WAYNE KERR 6500B Impedance Analyzer. The  
values of iµ′  and iµ ′′  were calculated using the relations: 

0/ LLSi =′µ  and Mii tanδµµ ′=′′ , where LS is the self  

inductance of the sample core and 0L  is the inductance of the 
winding coil without the sample core and tanδM is the  
magnetic loss. 0L  is derived geometrically using the relation, 

dSNL πµ /2
00 = , where 0µ  is the permeability in vacuum,  

N is the number of turns of the coil (N = 5), S is the  
cross-sectional area and 2/)( 21 ddd += is the mean diameter 
of the toroid-shaped sample, where d1 and d2 are the inner 
and outer diameter of the toroid-shaped sample, respectively 
[3]. The relative quality factor (RQF) was calculated from the  
relation, Mi tanRQF δµ /′= . The magnetic hysteresis loops 
(M-H curves) were measured using a vibrating sample  
magnetometer (VSM, Model no.: Micro Sense, EV9) at room 
temperature. 

3 RESULTS AND DISCUSSION 

3.1 XRD analysis, Density and Porosity 
One of the most fundamental studies used to characterize the 
structure of materials is X-ray diffraction (XRD). The X-ray 
diffraction has been performed to verify the phase formation 
of various Mn0.5Ni0.1Zn0.4Fe2-xGdxO4 sintered at 1250ºC. Fig. 1 
shows the XRD patterns of Mn0.5Ni0.1Zn0.4Fe2-xGdxO4 with  
x = 0.0, 0.015, 0.03, 0.06 and 0.1 for the angle of 2θ from 20º to 
60º. The peaks observed in the XRD patterns are indexed with 
their Miller indices for (220), (311), (222), (400), (422), and (511) 
planes. Positions of the peaks comply with the reported value 
[21, 22]. The XRD patterns for these compositions confirm the 

formation of spinel structure. 
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Fig. 1. The X-ray diffraction patterns for various  

Mn0.5Ni0.1Zn0.4Fe2-xGdxO4. 
 

The values of lattice parameter (a) obtained from each  
crystal plane are plotted against Nelson-Riley function,  
F(θ) = ½[(cos2θ/sinθ) + (cos2θ/θ)]; where θ is the Bragg’s  
angle, and a straight line is obtained. The exact lattice  
parameter (ao) for each compositions is determined from the 
extrapolation of these lines with F(θ) = 0. The calculated ao for 
various Mn0.5Ni0.1Zn0.4Fe2-xGdxO4 are plotted as a function of 
Gd content, as shown in Fig. 2. It is found that the exact lattice 
parameter decreases with the Gd content up to x = 0.03 then it 
increases with the increase of Gd content. Similar trend has 
been found for Nd substituted Mn-Ni-Zn ferrites [14]. For 

0.03x ≤ , the decrease in the exact lattice parameter could be 
attributed to that some rare earth ions reside at the grain 
boundaries. Therefore, they hinder the grain growth and may 
exert a pressure on the grains and lead the exact lattice  
parameter to decrease. On the other side, for 0.03x > , some 
of the Gd3+ (radius = 0.97 Å) that substitute Fe3+ (radius = 0.64 
Å) in the unit cell may cause the increase in the exact lattice 
parameter which in turn compensates the decrease due to the 
grain boundaries pressure. 
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Fig. 2. The variation of exact lattice parameter with Gd content for various 

Mn0.5Ni0.1Zn0.4Fe2-xGdxO4. 
 
Fig. 3 shows the variation of bulk density and porosity 
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with Gd content for various Mn0.5Ni0.1Zn0.4Fe2-xGdxO4. It is  
observed that as Gd content increases in  
Mn0.5Ni0.1Zn0.4Fe2-xGdxO4, bulk density decreases. It is possi-
ble to explain this phenomenon in terms of the porosity and 
SEM analysis. Porosity (P) of all compositions increases with  
increasing Gd concentration, as shown in Fig. 3. From the SEM 
analysis, it is also observed that the number of pores and 
hence pore volume increase with the increase of Gd content 
which will be discussed in next section. 
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Fig. 3. The variation of density and porosity with Gd contents  

for various Mn0.5Ni0.1Zn0.4Fe2-xGdxO4. 

3.2 Microstructure (Surface Morphology) 

 
Fig. 4. The SEM images for various Mn0.5Ni0.1Zn0.4Fe2-xGdxO4  

(each inset shows 10 times enlarged image of the same composition). 
 
The microstructural study has been performed in order to 
have an insight of the grain structures. The samples of  

different compositions are chosen for this purpose. The  
sample is investigated using FESEM. Average grain sizes 
(grain diameter) of the samples are determined from SEM  
micrographs by linear intercept technique. To do this, several 
random horizontal and vertical lines are drawn on the  
micrographs. Then, the number of intersected grains is 
counted and the length of the line traversed along the grains is 
measured. Finally the average grain size is calculated by the 
formula simply total length of the lines and total number of 
grains ratio. The SEM images of various  
Mn0.5Ni0.1Zn0.4Fe2-xGdxO4 sintered at 1250°C are shown in  
Fig. 4. In each image, there is an inset image and each inset has 
been showed 10 times enlarged image of the same sample. It is 
clear from the SEM images that average grain size goes on 
decreasing with the Gd content. The average grain size  
decreases due to the interaction of grain boundary and pores. 
From the section 3.1, it is observed that the porosity increases 
with increasing Gd content. So, grain growth is impeded due 
to the presence of many pores [23]. 

3.3 Complex Initial Permeability 
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Fig. 5. Variation of µ′  as a function of frequency for  

various Mn0.5Ni0.1Zn0.4Fe2-xGdxO4. 
 
The magnetic spectra (initial permeability versus frequency) 
reflect the properties of inductors [24]. The complex initial 

permeability is given by µµµ ′′−′=∗ i . The µ′ describes the 
stored energy expressing the component of magnetic  
induction B in phase with the alternating magnetic field H. 
The µ ′′  describes the dissipation of energy expressing the 
component of B at 90º out of phase with the alternating  
magnetic field H. The initial permeability of polycrystalline 
ferrite materials depends strongly on the domain structure. 
The magnetic domain structure can be modified either by  
annealing the sample at suitable temperatures, or by applying 
an external magnetic field. Fig. 5 shows the frequency  
dependent real part of initial permeability spectra for various 
Mn0.5Ni0.1Zn0.4Fe2-xGdxO4 sintered at 1250°C. The initial  
permeability has been measured for all the compositions in the 
frequency range of 100Hz to 120MHz. The real part of initial 
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permeability spectra show that iµ′  remains fairly constant up 
to a certain frequency range, while at higher frequency it 
drops rapidly to a very small value. The iµ′  is found to  
decrease with increasing Gd content as shown in Fig. 5. It is 
due to decrease in density and average grain size with Gd  
content. From previous section, it is observed that average 
grain size decreases with the increase of Gd content. It is  
generally believed that smaller the grain size, lower the  
saturation magnetization and the initial permeability. In the 
present investigation, the saturation magnetization is also 
found to decrease with increasing Gd content which will be 
discussed in the section 3.5. Since iµ′  is a function of  

magnetization therefore, iµ′  decreases with the increase of Gd 

content. Thus, variation of the iµ′  has been found to correlate 
with its density, average grain size and DC magnetization 
property.  

3.4 Magnetic Loss and Relative Quality Factor 
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Fig. 6. The variation of (a) magnetic loss (tanδM) and (b) relative quality 

factor (RQF) with frequency for various Mn0.5Ni0.1Zn0.4Fe2-xGdxO4. 
 
The variation of magnetic loss ( iiMtan µµδ ′′′= / ) with  
frequency for all samples has been studied. Fig. 6(a) shows the 
variation of tanδM with frequency for various 

Mn0.5Ni0.1Zn0.4Fe2-xGdxO4 sintered at 1250°C. It is seen from 
the figure that the tanδM decreases with increasing frequency 
up to 1 MHz and beyond this frequency, tanδM increases with 
the frequency. It is also observed that the value of tanδM for 
the Gd substituted samples is comparably less than the  
un-substituted samples at frequency greater than 1 MHz. At 
lower frequencies, a decrease in magnetic loss is observed. The 
lag of domain wall motion with respect to the applied  
magnetic field is responsible for magnetic loss and this is  
accredited to lattice imperfections [25]. At higher frequencies, 
an increase in loss factor is observed. A resonance loss peak is 
seen in this increase of magnetic loss. At the resonance,  
maximum energy transfer occurs from the applied field to the 
lattice which results the rapid increases in loss factor. As it is 
observed that phase lag between domain rotation and applied 
field is greater than that between applied field and domain 
wall displacement, the magnetic losses due to domain rotation 
overrides those due to domain wall displacement [26]. 

The RQF were calculated by the ratio real part of initial 
permeability and magnetic loss tangent measured on the coil 
wound toroidal samples. The variation of the RQF with  
frequency showed almost similar trend for all the samples. 
Fig. 6(b) shows the variation of RQF with frequency for  
various Mn0.5Ni0.1Zn0.4Fe2-xGdxO4 sintered at 1250°C. By  
increasing Gd content, the RQF decreases and the peak  
associated with the RQF shifting to higher frequencies. This 
phenomenon is associated with the Snoek’s law [27].  
According to Snock’s law, a decrease in initial permeability 
leads to a increase in the resonance frequency and vice versa. 

3.5 DC magnetization 
The magnetization as a function of applied magnetic field for 
various Mn0.5Ni0.1Zn0.4Fe2-xGdxO4 at room temperature is 
shown in Fig. 7. The magnetization of all samples increases 
sharply with increasing applied magnetic field up to 0.1 T 
(in H0µ ). Beyond this applied field, the magnetization  
increases slowly and then saturation occurs. Therefore, it  
confirms that all samples show the behavior of soft ferrites at 
room temperature. The saturation magnetization ( SM ) for all 
the samples determined by the extrapolation of the  
magnetization curve to H0µ = 0. Fig. 8 shows the variation of 
saturation magnetization as a function of Gd-content. It is seen 
that the value of SM  slightly increases for x = 0.015 and then 
it decreases with increasing Gd-content. 

The observed variation in SM  can be explained on the  
basis of cation distribution and exchange interaction between 
A and B sites. According to the site occupancy preference [28] 
it is well known that Ni2+ and Gd3+ prefer octahedral (B) site 
occupation whereas Zn2+ prefer tetrahedral (A) site. 80% of 
Mn2+ occupy the A site while 20% occupy the B-site. Fe3+ can 
exist at both sides though they have preference for the  
octahedral site. Therefore, the cation distribution of various 
Mn0.5Ni0.1Zn0.4Fe2-xGdxO4 assumed as 
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where the brackets ( ) and [ ] denote A- and B-sites,  
respectively. 
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Fig. 7. The variation of magnetization with applied magnetic  

field for various Mn0.5Ni0.1Zn0.4Fe2-xGdxO4. 
 

In ferrites, the magnetic moment arises mainly from the  
parallel uncompensated electron spin of individual ion. The 
intensity of magnetization can thus be explained by  
considering the metal ion distribution and antiparallel spin 
alignment of the two sublattice sites as given by Neel’s model 
[29]. According to Neel’s model, three types of interactions  
A-A, A-B and B-B are present; with the inter sub lattice A-B 
super exchange interaction is the strongest one of them and 
the saturation magnetization is given by the vector sum of the 
magnetic moments of the individual A and B sublattices i.e.  
MS = AB MM − . Since Zn2+ are non-magnetic, the contribu-
tion to the magnetization will be mainly due to Mn2+, Ni2+, 
Fe3+, and Gd3+ having magnetic moments of  5, 2, 5, and 7 Bµ ,  
respectively results the net magnetic moment which can be 
written by, 

AB MM −  = (9.7 + 2x) Bµ  - 3 Bµ   

         = (6.7 + 2x) Bµ  
where,         

BBBBB xxxM µµµµµ )27.9(5)8.1(751.021.0 +=×−+×+×+×= B

and   BBBAM µµµµ 352.054.004.0 =×+×+×= B .  
Therefore, MS is expected to increase as Gd content increases. 
However, the MS decreases at higher Gd content, x > 0.015. As 
Gd content increases, A-B interaction weakens and the canting 
of the spins gives rise to Yafet-Kittle angle ( KY −α ) which is 
compared to the strength of A-B and B-B exchange interaction 
[30-32]. Fig. 8 shows KY −α and SM  as a function of Gd  

content. The KY −α is calculated at room temperature by using 

formula [30, 33]: )(cos)( xMxMn AKYBB −= −α . The  

number of Bohr magneton ( Bn ) has been calculated using the  

relation, )/()( BASwB NMMn µ=  [33], where SM  is the  

saturation magnetization, wM  is the molecular weight, AN  is 

the Avogadro’s number and Bµ  is the Bohr magneton. It is 

seen that the KY −α  increases for samples with Gd content,  

x > 0.015. Thus, one can conclude that the increase in KY −α is 
attributed to the increased favour of triangular spin  
arrangement on B-sites [31]. This leads to reduce the A-B  
exchange interaction and subsequent decreases in SM . 
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Fig. 8. The variation of saturation magnetization (MS) and  

Yafet-Kittle angle ( KY −α ) as a function of Gd content for  
various Mn0.5Ni0.1Zn0.4Fe2-xGdxO4. 

4 CONCLUSION 
Various Mn0.5Ni0.1Zn0.4Fe2-xGdxO4 compositions are  
successfully synthesized by standard solid state reaction  
technique. The XRD patterns for these compositions confirm 
the formation of spinel structure. The value of ao decreases 
with the Gd content up to x = 0.03 and then ao goes up. Bulk 
density of various Mn0.5Ni0.1Zn0.4Fe2-xGdxO4 decreases and  
porosity increases with the increase of Gd content.  
The average grain size goes on decreasing with the Gd  
content. The real part of initial permeability is found to  
decrease with the substitution of Gd content. The magnetic 
loss decreases with increasing frequency up to 1MHz and 
beyond this frequency magnetic loss increases with the  
frequency. It is also observed that the value of magnetic loss 
for the Gd substituted samples is comparably less than the  
un-substituted samples at frequency greater than 1 MHz. It is 
found that with the increase of Gd content, the RQF decreases 
and the peak associated with this shifted to higher frequencies. 
The variation of magnetization with applied magnetic field for 
various Mn0.5Ni0.1Zn0.4Fe2-xGdxO4 confirms that all  
compositions show the behavior of soft ferrites at room  
temperature. It is seen that the MS slightly increases for the 
sample with x = 0.015 and then it decreases with increasing 
Gd-content. 
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