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Trivalent yttrium, Y3+ substituted lithium-zinc-titanium ferrite with compositional formula Li0.5Zn0.1Ti0.1YxFe2.3-xO4 (x = 0.00, 
0.02, 0.04, 0.06, 0.08, 0.10) were synthesized by the conventional ceramic method and sintered at 1050°C for 6h. The e�ect of 
Y3+ substitution on the structure and microstructure was investigated by using X-ray di�raction (XRD) and Scanning Electron 
Microscopy (SEM) respectively. The X-ray di�raction analysis con῿�rmed the single-phase spinel structure and parameters 
like the crystallite size, lattice constant and X-ray density were calculated. The SEM micrograph revealed the grains and 
grain distribution of the samples. The Curie temperature showed a decrease with progressive substitution of Y3+. The M-H 
loops were traced using a vibrating sample magnetometer (VSM) giving magnetic parameters like saturation magnetization, 
coercivity and remanence. Ferrites being good dielectrics the temperature variation of the dielectric constant showed a slow 
increase initially and then rapidly until it exhibited a maximum and then decreased on a further increase of temperature. 
The results obtained are analyzed and discussed in the paper.
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Introduction

Spinel-structured lithium ferrites and substituted lithium 
ferrites are extensively used in electronic devices due to 
their excellent magnetic and electrical properties. Lithium 
ferrites having the general formula Li0.5Fe2.5O4 are known 
for their attractive properties like high Curie temperature 
making them thermally very stable, high saturation 
magnetizations, low loss, rectangular hysteresis loop to 
name a few. Composition plays an important role in 
designing the structural and electromagnetic parameters. 
In addition, the synthesis process contributes to the phase 
and microstructural developments. Various substitutions 
may be made on lithium ferrites by metal ions like 
Zn2+, Ni2+, Co2+, Mn3+, Mn4+, Ti4+ etc. and obtain what 
is known as substituted lithium ferrites as studied by 
many researchers to obtain the desired properties [1-3]. 
Improvements in magnetic and electrical properties focus 
on the various cation distributions on the tetrahedral and 
octahedral sublattices of the spinel. C. E. Patton et al 
observed that a small amount of Zn2+ substitution in 
lithium ferrites enters the A sites of the spinel to dilute 
the A-sublattice magnetization and improved the net 
magnetization [4]. Ti4+ substitution on lithium ferrites 
were studied extensively and preference for B sites were 
observed. Many researchers found that Ti4+ substitution 
improved resistivity as it stabilizes the Fe2+ ions [5, 6]. 
In view of improving magnetic and electrical properties 

ferrites for microwave applications such as circulators, 
isolators, phase-shifters many researchers contributed in 
the study of simultaneous substitution of Zn2+ and Ti4+ in 
lithium ferrites. Baijal et al. [7], Kumar et al. [8] observed 
high promising values of saturation magnetization and 
Curie temperature at low substitution of Zn2+ and Ti4+. 
The investigations on the electromagnetic properties of 
Li-Zn-Ti ferrites by Saxena et al. [9] and Slama et al. 
[10] highlighted that these materials are good candidates 
for microwave applications. The electrical behavior 
especially the dielectric constant plays an important 
role in determining the applicability of the ferrites at 
microwave frequencies. Ferrites exhibit the general 
characteristics shown by the electroceramics therefore 
the understanding of the electrical properties is necessary. 
Besides room temperature studies of the properties, 
there also arises needs for study of the properties with 
variation of temperature. The study of temperature 
variation of dielectric constant can investigate the 
polarization mechanisms with temperature change and 
safe temperature range for device applications. However, 
the characteristic features of ferrites depend on the 
synthesis method, type and amount of substitutions, 
sintering temperature/conditions etc. besides composition. 
Lithium ferrites prepared through the conventional 
method faced difficulties when sintering at a high 
temperature which led to the volatilization of lithia and 
oxygen resulting in the emergence of secondary phases, 
evolution of Fe2+ ions etc. However, with lowering the 
sintering temperature risks of obtaining unreacted oxides, 
phases of the intermediate product of the synthesis 
reactions, stoichiometry deviation, less densification, 
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and poor microstructures are high. These may lead 
to deteriorating the electromagnetic properties [2, 11, 
12]. Various other methods may be adopted for the 
preparation of ferrites such as hydrothermal, sol-gel, and 
co-precipitation methods which are less time consuming, 
produce ultra-fine powders and can be processed at lower 
temperatures with attaining pure phased particles but 
the reagents are very costly [13]. The ceramic method 
however has advantages due to its simple preparation 
procedure, large productivity, grain size controllability 
and low cost compared to the other methods. Therefore 
considering these factors solid state ceramic method 
using high energy ball milling can also be considered 
as a good option for the preparation of ferrite ceramics. 
Appropriate high energy ball milling offers homogeneous 
refined powders for a better sintering process [14]. 
Microstructural characteristics play important roles in 
the properties of ferrites. Therefore various oxides such 
as Al2O3, CaCO3, SiO2, Bi2O3, V2O5, B2O3, P2O5 etc 
may be used as sintering agents to lower the sintering 
temperature, control the microstructural development 
and minimize the material loss during preparation [15-
18]. Bi2O3 is one of the most commonly used sintering 
aid in the preparation of lithium ferrites [2]. Use of 
V2O5 as a sintering aids and sintering lithium-based 
ferrites below 1000 ⁰C were reported elsewhere [16]. 
Reports show that incorporation of small amount of glass 
type oxides improved densification and microstructural 
uniformity. Combination of V2O5 and Na2SiO3 glass 
in the synthesis of lithium ferrites as sintering aids 
to lower sintering temperature was reported earlier 
[19, 20]. Doping of rear-earth elements in ferrites has 
gained much attention due to significant improvements 
in physical and chemical properties [21]. Among rear-
earth elements, Y3+ has proven to be a good choice when 
it comes to altering the electromagnetic properties of 
spinel ferrites especially the electrical resistivity and 
hence the dielectric loss that can pave ways to prepare 
spinel compositions for microwave devices [21-
23]. Thus, considering the high potential microwave 
properties shown by Zn2+ and Ti4+ substitution in small 
concentrations in lithium ferrites, Li0.5Zn0.1Ti0.1Fe2.3O4 has 
been chosen and considering the promising effects of Y3+ 
incorporation on electrical properties; the paper reports 
the structural and electromagnetic properties of Y3+ 
substituted Li-Zn-Ti ferrites and also on the temperature 
variation of dielectric constant. 

Experimental

Trivalent Yttrium, Y3+ substituted lithium-zinc-titanium 
ferrites with composition formula Li0.5Zn0.1Ti0.1YxFe2.3-xO4 
where x = 0.00 to 0.1 in the step of 0.02 were synthesized 
by the conventional ceramic method from the AR grade 
powders viz Fe2O3 (98% HiMedia-India), ZnO (99.99% 
HiMedia-India), TiO2 (99.0% HiMedia-India), Li2CO3 
(99.5% HiMedia-India), and Y2O3 (99.99% HiMedia-

India) and 0.1 wt% of V2O5 as sintering additives. The 
powders were taken in their stoichiometric proportions 
and was ball milled for 8h with distilled water. The 
mixture was dried and then calcined at 850 oC for 2 h. 
The calcined powder was ball milled again for another 
6 h using a high-energy ball milling with distilled water. 
The milled powder was dried in an oven and ground 
to smooth powder. The smooth powder was mixed 
with PVA as a binder and pressed into pellets with a 
thickness of ~1 mm and a diameter of 8 mm using a 
hydraulic press (VB CERAMIC, INDIA). The pellets 
were finally sintered at 1050 oC for 6 h. X-ray diffraction 
technique was used for structural characterization. 
Various structural parameters such as lattice constant, 
crystallite size and X-ray density were calculated 
using XRD data. FTIR spectroscopy was carried out 
in the wave number ranging from 400-1200 cm-1 for 
examining the molecular bonds. Scanning Electron 
Microscopy studied the microstructural characteristics 
on the fractured surface of the pellets. The characteristic 
M-H hysteresis loop measurement was done using a 
Vibrating Sample Magnetometer (VSM Lakeshore, 
7410 series) for magnetic characterization. The Curie 
temperature of the samples were measured using the 
Soohoo’s Method [24]. For Electrical characterizations 
pellets were properly cleaned, made electrodes on the 
flat surfaces using silver coatings, and the dielectric 
constant was measured with the change of temperature 
in the range from room temperature (RT) to 450 oC 
using an Impedance analyzer (E4990A) interfaced to a 
temperature controlled system with a furnace (Marine 
India). 

Results and Discussion

The XRD patterns for Li0.5Zn0.1Ti0.1YxFe2.3-xO4 where x 
= 0.00 to 0.1 in the step of 0.02 are shown in Fig. 1(a). 
The peaks with their corresponding miller indices have 
been indexed in the patterns as shown in the figure that 
confirmed the cubic spinel structure with the Fd-3m space 
group. Structural parameters such as lattice constant, 
crystallite size and X-ray density were obtained using 
the XRD data. The lattice constant ‘a’ and the X-ray 
density ‘dx’ were found to increase with Y3+ substitution 
shown in Table 1. The increase in lattice constant is 
understood due to the larger sized Y3+ ions (0.95 Å) 
replacing the smaller size Fe3+ ions (0.67 Å). However, 
the values lie within the expected range for lithium-
based ferrite systems. Crystallite size calculated from 
Scherrer formula ranged from 81-65 nm that confirms 
the crystalline characteristics of the material. Decrease 
in crystallite size in Y3+ incorporated systems may be 
due to substitution by large sized rare earth ions entering 
the B sites of ferrite spinel in place of the smaller Fe3+ 
ions as reported by others. The induced lattice strain and 
lattice disorder probably hinders crystallization and thus 
crystallite size is reduced [22]. The increase in X-ray 
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density may be due to the higher atomic weight of Y 
(88.90amu) substituted in place of lighter Fe (55.845amu). 
The results were reported in detail elsewhere [25]. Fig. 
1(b) also depicts the FTIR spectra from wave number 
400-1200 cm-1 for all the samples. The analysis of FTIR 
spectroscopy gives information about the ion’s position 
in the crystal through the crystal’s vibration modes. The 
examination of molecular bonds shows the existence of 
two major bands; one in the range 541-509 cm-1 (υ1) 
corresponding to the intrinsic vibrations of tetrahedral 
metal-oxygen bonds and the other in the range 468-420 
cm-1 (υ2) which correspond to the intrinsic vibration of 
octahedral metal-oxygen bonds. These characteristic 
peaks additionally confirmed molecular bonds supporting 
the spinel structured nature of ferrites 

The morphology or microstructure of samples 
are shown in Fig. 2. The micrographs show clear 
microstructural features of ceramics consisting of grains, 
grain boundaries, pores and their distributions. It can be 
observed that with the increase of Y3+ substitution, the 
development of grains improved and more well defined; 
grain size increased and became more and more compact 
until at x = 0.06 where the average grain size is biggest 
and seen without any visible pores. 

Beyond this, the average grain size and grain 
uniformity decreased, intergranular pores of varying 
shapes and sizes reappeared increasing in numbers as 
x goes from 0.08 to 0.10. From x = 0.08 the smaller 
grains that appeared agglomerating among the bigger 
ones increased in numbers. Thus the average grain size 
calculated using ImageJ software is found to be 1.07 
μm, 1.18 μm, 1.26 μm 1.52 μm, 1.02 μm 0.95 μm for 
x = 0.00, 0.02, 0.04, 0.06, 0.08, and 0.10 respectively, 
showed an initial increase and then decreased on further 
substitution for x ≥ 0.08. The latter decreased being due 
to large number of smaller grains developed possibly 
due to grain growth hindrances as Y3+ content increases. 
Reports have shown that at lower content, Y3+ diffuses 
into the spinel with ease and supports grain growth. 
At higher content, the bigger ionic sized Y3+ ions 
substitution causes lattice strain leading to increased 
structural disorder that hinders the grain crystallization 
and hence restrain grain growth [26, 27]. At x = 0.08 and 
0.10; the pores increased; the larger grain surrounded by 
a small grained structure called a “duplex” agglomerates 
is seen and hence the uniformity in microstructural 
development decreased. Similar reports on distorting 
the lattices, thus generating internal stress, hindering the 

Table 1. Structural and magnetic parameters of Li0.5Zn0.1Ti0.1YxFe2.3-xO4 (x = 0.00 to 0.10 in the steps of 0.02).

Composition 
(x)

Lattice  
constant  

(Å)

Crystallite size 
D 

(nm)

X-ray density 
Dx 

(g/cm3)

Saturation 
magnetization Ms 

(emu/g)

Coercivity,  
Hc  

(Oe)

Remanent  
Magnetization Mr  

(emu/g)
0.00 8.346 81.574 4.777 47.19 12.62 1.54
0.02 8.356 65.239 4.775 50.64 23.43 3.92
0.04 8.356 65.241 4.790 48.36 23.51 3.58
0.06 8.353 65.241 4.810 52.41 19.94 1.88
0.08 8.351 65.244 4.830 44.90 23.42 3.03
0.10 8.356 65.240 4.835 44.53 24.26 3.06

Fig. 1. (a) XRD patterns and (b) FTIR spectra of Li0.5Zn0.1Ti0.1YxFe2.3-xO4 (x = 0.00 to 0.10 in the steps of 0.02).
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grain boundary migration and the transfer of atoms, thus 
reducing grain size with higher Y3+ concentration is also 
found. The reports suggest that at higher concentration 
the solubility of Y3+ into spinel weakens the interatomic 
bondings, decreased the microstructural uniformity and 
therefore may weaken the mechanical strength of the 
ceramics [28]. 

The variation of Curie temperature and the M-H loops 
for the different Y3+ concentration is depicted in Fig. 3. 

(c) and (d). It is observed that the Curie temperature 
decreased with increase of Y3+ content. Curie temperature 
of ferrites is dependent on the active linkages between 
Fe3+ ions at the tetrahedral and the octahedral sites via 
the oxygen ions [29]. The Y3+ ions substituting the 
Fe3+ ions decreasing the number of active linkages is 
understandable. Magnetic properties of ferrites depend 
on several factors such as chemical composition, grain 
growth, method of synthesis, and A-B sites exchange 

Fig. 2. FESEM images of Li0.5Zn0.1Ti0.1YxFe2.3-xO4 (x = 0.00 to 0.10 in the steps of 0.02).
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interaction [30]. Zn2+ in small amount have a strong 
preference for A site in Li0.5Fe2.5O4 and Ti4+ have a 
tendency for the B sites. Thus, when Zn2+ and Ti4+ ions 
are substituted simultaneously in small amounts into 
lithium ferrites, it is assumed that all Zn2+ ions occupy 
the tetrahedral (A) sites while Ti4+ ions occupy the 
octahedral (B) sites. The cation distribution of ferrite 
system prepared may be qualitatively represented as 
(Zn0.1Fe0.9)A[Li0.5Ti0.1Fe1.4]BO4 [29]. When Y3+ with B site 
preferences [31] is substituted in the above lithium-zinc-
titanium ferrite spinel, the cation distribution may be 
assumed qualitatively as [Zn0.1Fe0.9]A[Li0.5Ti0.1YxFe1.4-x]
BO4, where all the Y3+ ions enter the octahedral (B) 
sites and replace some of the Fe3+ ions. The magnetic 
properties besides the dependence on the chemical 
composition and microstructural factors [32] may be 
well understood from the cation distribution of the 
system. The traced M-H loop is shown in Fig. 3(d). The 
parameters obtained from the loops such as saturation 
magnetization (Ms), coercivity (Hc), and retentivity (Mr) 
are depicted in Table 1.

The table showed that with the increase of Y3+ ions 
substitution, saturation magnetization is found to improve 
from x = 0.00 to 0.06 and decreased on further increasing 
the Y3+ concentration i.e. at x = 0.08 and x = 0.10. 
The highest saturation magnetization was observed Ms = 
52.6 emu/g at x = 0.06. The initial increase in saturation 
magnetization (Ms) may be due to the increase in grain size. 
Increased grain size, fewer pores and more compactness 
of the sample enhance the magnetic properties of the 
sample. Saturation magnetization suffers a systematic 
reduction at the higher concentration of Y3+ ions at x = 
0.08 and 0.10. This may be possible due to increased 
pores and decrease in crystallite sizes [30]. Chakrabarty 
et al. have explained that the decrease depends on two 
factors [33]. The first reason is due to magnetic exchange 
between lattice sites which gives the resultant magnetic 

moment. The second reason is the non-involvement of 
Y3+ ions in exchange for interaction with the closest ions. 
However, the microstructural characteristics seemed to 
contribute significantly to the saturation magnetization in 
this system at lower concentration. The coercivity (Hc) 
which is the magnitude of the field that must be applied 
in the negative direction to bring the magnetization back 
to zero is increased with Y3+ ion substitution. The pores 
in the samples seemed to influence the coercivity such 
that samples with distinct pores seemed to show higher 
coercivity. Then besides the dependence on the grain 
size, prominent pores in the microstructure act as pinning 
centres for reverse domain motion, especially for the 
higher Y3+ concentration. 

The dielectric constant dependence on temperature 
from room temperature (RT) to 450 oC has been studied 
at various frequencies and the variation is shown in Fig. 
4. It is observed that the dielectric constant increased with 
the rise of temperature, the increase is less significant at 
lower temperatures, but the increase becomes rapid at 
higher temperatures. Similar studies were reported by 
others [34, 35]. The behaviour is the same for all the 
frequencies. An interesting behaviour is that for all the 
frequencies measured the dielectric constant on rapid 
increase showed a maximum at a certain temperature 
and then decreased beyond. The maximum dielectric 
constant however reduced in value as frequency 
increased. The observed behaviour is consistent with 
Debye-type dispersion [36]. At low temperatures, high 
relaxation time suppresses the dielectric constant. But 
as the temperature rises, thermal energy decreases the 
relaxation time and the dielectric constant gradually 
increases where at a certain temperature the maximum 
is attained. The temperature at which maximum occurs 
generally shifts to a higher temperature as frequency 
is increased and the height of the peak is lowered 
as frequency is increased. The temperature at which 

Fig. 3. (c) Curie temperature and (d) M-H loops of Li0.5Zn0.1Ti0.1YxFe2.3-xO4 (x = 0.00 to 0.10 in the steps of 0.02).
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maximum occurs is ~(350-450) oC which is well below 
the Curie temperature of the system. The behaviour 
has been attributed to ordering the ferrite phase due to 
available thermal energy. It is also observed that the 
maximum peak seems to broaden as the concentration of 
Y3+ is increased. Further, the dielectric constant in ferrites 
is dependent on different types of polarization mainly 
interfacial, dipolar, ionic and electric polarizations. The 
first two are temperature-dependent and play significant 
roles at low frequencies. Interfacial polarization increases 

with the increase in temperature and dipolar shows the 
opposite dependence. Therefore the present increase of 
dielectric constant is indicative of prominent contribution 
from interfacial polarizations [36]. 

Conclusions

Trivalent yttrium substituted lithium-zinc-titanium ferrite 
with compositional formula Li0.5Zn0.1Ti0.1YxFe2.3-xO4 was 
successfully synthesized by the conventional ceramic 

Fig. 4. The dielectric constant dependence on temperature of Li0.5Zn0.1Ti0.1YxFe2.3-xO4 (x = 0.00 to 0.10 in the steps of 0.02).
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method. From the XRD investigation, a pure phase 
cubic spinel structure was formed. Substitution of Y3+ 
improved the development of grains until x = 0.06. with 
a maximum average maximum grain size of 1.52 µm. 
The sample with x = 0.06 shows the highest saturation 
magnetization, Ms = 52.6 emu/g at room temperature. 
The temperature-dependent dielectric constant showed a 
maximum around temperature 350 oC to 450 oC. 
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