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In the present work, the effect of co-doping of rare earth (Re*"), La and Er cations on the
physical and dielectric performance of Cd-Zn spinel ferrites fabricated by sol-gel auto
combustion method is reported. The prepared ferrites were doubly calcinated at 550 °C and
750 °C for 2 hours and 8 hours, respectively. The obtained samples were investigated using
XRD, FTIR and dielectric measurements. XRD powder patterns verified the single-phase
growth of spinel structure of all the as-synthesized ferrites with Fd-3m space group. The
obtained results revealed that the Lattice constant reduces with increasing Er**
concentrations, while crystallite size showed increasing behavior with increasing Er’*
concentration. FTIR results revealed the existence of two major absorptionbands i.e. low
frequency bands in range 405-428 ¢cm™! and high frequency bands in range 523- 550 cm’!
which are evidence of spinel structure formation. LCR measurements are used to investigate
the impact of co-doping of La** and Er** on the various dielectric parameters of prepared
samples in response to frequency. Dielectric constant and loss decreased with the
incorporation of Er3*, while an increase in ac conductivity was observed. The observed
properties reveal that the prepared materials are suitable candidates for application in the
high-speed microwave and radio frequency devices.
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1. Introduction

Ferrite materials are significant category of magnetic materials which are composed of
oxygen ions containing ferric ions as their main constituents. They are ceramic magnetic materials
and occur in various crystalline structures, however, spinel structure is one of them which has been
studied and reported extensively. The idea of spinel structure was taken from MgAl,O, [1]. This

structure is composed of oxide ions structured in closed-pack FCC form and has two genres of
interstitial sites i.c. tetrahedral and octahedral sites. The spinel ferrites contain general formula
AB,0O,, where ‘A’ and ‘B’ represents the divalent and trivalent metal cations on the tetrahedral and

octahedral sites respectively [2]. These materials have gained a huge attention of researchers to
investigate theirstructure, and the electrical, dielectric and magnetic traits to utilize them in various
technological applications. The spinel ferrites are categorized as soft magnetic materials and contain high
permeability [3], great chemical stability, large surface area, superior electrical resistivity and low
cost [4] and low eddy current loss [5], which can be modified and functionalized easily using various
techniques mentioned in the upcoming discussion. Due to above properties, these materials have
significant importance for fabrication of recording heads, data storage devices, wave absorbers,
electronic devices, high speed microwave and radio frequency devices [6-9].
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Zn-Cd ferrites are significant materials due to interesting properties such as their bulk
composition exhibits anti-ferromagnetism but their nano composition exhibits ferrimagnetism.
Unique physiochemical properties of spinel ferrites are greatly regulated by various factors such as
their microstructure, synthesis rout, distribution of cations and dopant etc. Lot of research work has
been done to improve electrical and dielectric properties by doping rare earth metals in parent
compounds [10].

Many studies have been reported regarding influence of doping rare earth’s metals on
structural, electrical and dielectric parameters of spinel ferrites. Ali et al., reported that Conductivity
and dielectric constant were increased when Ni-Zn ferrites substituted by Sn [11]. Lakshmi et al.,
reported that AC conductivity and dielectric constant were increased when Zn ferrites were doped
with Cr [12]. Variation in electrical and structural traits of Ni-Cd spinel ferrites was studied and
reported by Shelar et al. [13]. Arshad et al. described that lattice constant was increased for La doped
Ni-Cd ferrites [14]. Vinod et al. synthesized Dy substituted Cu-Cd ferrites and reported that with the
doping of Dy content, a significant increase in the dc electrical resistivity of the as- synthesized
materials was observed [15]. Arshad et al. also  examined the influence of Mg doping on Cd-Cu
ferrites and found a reduced dielectric constant and ac conductivity with increasing contents of Mg
[16]. Sikder et al. prepared the Eu doped Co-Ni-Zn spinel ferrites for applications in high frequency
devices and reported that dielectric magnetic quality factors improved with the doping of Eu in the
spinel lattice replacing Fe** cations [17]. Arshad et al. studied the effects of lanthanum (La3*) on the
properties of Mg-Cd-Cu ferrites. They found the energy gap to range from 2.95 to 3.38 eV. Electrical
resistivity measurements indicated that the ferrites exhibited semiconducting behavior. The sample
with a La** concentration of x = 0.05 displayed the highest magnetic parameters, while the sample
with x = 0.025 showed the maximum resistivity [18]. Mustafa et al. investigated the impact of
lanthanum (La) doping on nickel ferrites. They noted random variations in the lattice constant,
attributed to strain and the larger ionic radius of lanthanum. The dielectric parameters showed
consistent behavior in the microwave frequency range, indicating that these materials are suitable
for microwave device applications [19]. Ikram et al. examined the effects of lanthanum (La**) ion
substitution on the properties of Ni-Zn-Cd ferrites. The incorporation of La** ions significantly
modified the structural, dielectric, and magnetic characteristics of Nig.5Zng.3Cdg.2Fe,_,La,0,4 (with
y ranging from 0.0 to 0.21). They found that both saturation magnetization and retentivity decreased
with increasing La** ion content. [20].

The present study focuses on simplistic synthesis of La’" and Er’** rare earth metal cations
co-doped Zn- Cd ferrites via SGAC technique, to study the structural, electricaland dielectric
characteristics for various technological applications in the microwave and radio frequency range.
Various fabrication methods such as co-precipitation, Ball-milling method, ceramic method and sol-
gel auto-combustion route have been utilized to fabricate spinel ferrites. Due to suitable
compositional control, less time in synthesis procedure, cost effectiveness, homogeneous mixing of
the components, greater possibility of multi component oxides which consist of single phase having
high surface area, SGAC technique was chosen to prepare ferrite nanoparticles in the present study
[21-23].

2. Experimental details

Zn-Cd ferrites substituted with La*" and Er’" cations having compositional formula
ZnosCdosFeiolag1.<EryO4 (x =0 - 0.1 with an interval of 0.02) were fabricated by SGAC technique.
After weighing stoichiometrically, metal nitrates Cd(NO3)3.4H,0, Zn(NO3),.6H,0, La(NO3)3.H>0,
Fe(NO3);.9H,0, Er(NO3)3.6H,O were dispersed in distilled water seperately. C¢HsO7 (Citric acid)
was used as a burning agent to achieve auto-combustion reaction in the ratio 1:1.2. Prepared solution
of nitrates and citric acid was kept on magnetic stirrer where NH4OH was added gradually until the
solution’s pH was reached to 7. Solution was then stirred continuously for 2 hours at 80 °C to attain
homogeneity. Temperature of the homogenous solution gradually increased to 250 °C after
formation of gel till the combustion achieved. The fluffy powder was grinded and calcinated two
times at 550 °C and 750 °C for 2 and 8 hours in a muffle furnace respectively to achieve improved
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microstructure and crystalline nature. Calcinated samples were grinded about 30 minutes per sample
by using agate-mortar and pestle. The prepared samples were examined by using various
characterization techniques like X-ray diffraction (XRD), Fourier Transform Infrared spectroscopy
(FTIR), and LCR measurements.

3. Results and discussions

3.1. XRD measurements

XRD analysis was employed to measure structural parametes of all synthesized ferrites.
XRD powder patterns for all ferrites were plotted (Fig. 1) and then indexed by observing prominent
peaks at different angles such as 20 = 29.7°, 35.1°, 42.8°, 53.2° and 56.53°. The hkl values are
assigned to prominent diffracted peaks by comparing with JPCD card no.123345.
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Fig. 1. XRD patterns of La*>* and Er’* doped Zn-Cd spinel ferrites.

Table 1. Calculated XRD parameters and composition of samples.

Ferrite composition Lattice  |Average crystallite X-ray
constant (a)(A) size density (Dx)
(D) (nm) (g/cm?)
Zn, sCd, sFe,04 8.48 26.46 5.77
7Zn, sCd, sFe, oLay 0, 8.50 29.32 4.70
Zn, sCd, sFe, oLag osErg 02°4 8.49 29.13 5.93
Zn, sCdy sFe, oLag osErg 4% 8.49 35.34 5.95
Zn, sCdy sFe; oLag g4Erg 6% 8.49 35.07 597
Zn, sCdy sFe, oLagy 0, Erg 05°s 8.51 45.89 5.93

Zn, sCd, sFe, oEr, 0, 8.49 46.23 5.81
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From these peaks, spinel structure for all synthesized nano ferrites was confirmed. Some
peaks indicating the presence of secondary phases also appeared in pattern. Different physical
parameters such as lattice constant (a), crystallite size (D) and x-ray density (Dx) were determined
by analyzing XRD results and are presented in Table 1. ‘a’ was estimated by employing the
following relation

a = dhkl x (hy + kot 1) (1)

where hkl indicate the miller indices and ‘dn’ represents inter-planer spacing. Lattice constant for
un-doped sample is 8.484 A which is closed to previous reported values. This value increased
slightly by inclusion of La** ions which may be because of larger ionic radius of La** (1.65 A) as
compared to host site Fe** (0.65 A) and enlarges the spinel lattice of the sample. Further for x =
0.02-0.06, lattice constant decreased gradually which may be because of the substitution Er’*. As
we increased Er’" content (having ionic radii 0.9 A) and decreased La** content (having ionic radii
1.65 A) so addition of smaller atoms in the place of larger atoms should cause a decrease in lattice
constant and same behavior can be noticed for samples up to x = 0.06. For x = 0.08 - 0.1, lattice
constant exhibited an un-expected behavior which may be because of the substitution of rare earth’s
ions on grain boundaries [24-25]. ‘D’ was calculated using Scherer formula

D = (0.9 xK)/ B cos® @)

‘D’” was found in the range 26-46 nm as shown in Fig. 2. Un-doped sample exhibited the
crystallite size of 26 nm which have a great resemblance with the value reported in the literature
[7,21]. The value increased to 29 nm by inclusion of La** ions and can be attributed to proper
diffusion of La*" ions into spinel lattice which leads to proper grain growth. A slight decrease was
observed for sample with x = 0.02 which can be because of the disturbance in the lattice due to
addition of Er’” ions and diffusion of La®" ions on interstitial sites [26-28]. Following relation was
used to determine x-ray density (Dx).

D, =8xM/VxN, 3)

here ‘M’ represents the molar mass of samples, ‘Na’ the Avogadro’s number and ‘V’ represents
volume of crystals of samples which can be calculated from lattice constants ‘a’ using relation

V =axaXa 4

From the above equations, X-ray density ‘Dy’ is related to molar mass and value of lattice
constant and trend obtained from calculations is similar to the changes in mass and lattice constant.
The values of Dy are presented in Table 1 and have range 4.70 g/cm’® to 5.97 g/cm’.
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Fig. 2. Plot of crystallite size vs. concentration.
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3.2. FTIR measurements

FTIR is an important characterization technique which provides information regarding
structure of the material and is helpful in obtaining information regarding the molecular bonding
and vibration modes existing in the materials. The FTIR spectra of all the prepared samples are
depicted in Fig. 3. Two absorption bands of 408 — 425 cm™ and 525 — 550 cm™ were observed as
low and high frequency bands respectively. Two distinct absorption bands were observed named
high frequency band v; (525-550 cm™) and low frequency band v, (408-425 cm™). Waldron [29]
suggested that vibrational frequencies in the range of 600-500 cm™ are linked to the Fe**-O*
complex at tetrahedral sites, while frequencies between 450-350 cm™ are associated with Fe**-0*"
and M?-O* complexes at octahedral sites. From this, we can infer that the high-frequency
absorption band (vl) arises from the stretching vibrations of metal-oxide bonds at tetrahedral sites,
while the low-frequency absorption bands are due to stretching vibrations of metal-oxide bonds at
octahedral sites [26,30]. These observed bands confirm the formation of a spinel structure in our
samples.
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Fig. 3. FTIR spectra of rare earth substituted Zn-Cd ferrites.

3.3. LCR measurements

The dielectric performance of spinel nanoferrites are significantly affected by a number of
factors, including synthesis methods, particle size, ion distribution in interstitial sites, sintering
temperature, stoichiometric composition, the ratio of Fe** to Fe?" ions, and oxygen deficiencies [31].
To explore how varying the content of rare earth (RE*") ions impacts dielectric parameters such as
dielectric constant (¢'), dielectric loss (¢"), AC conductivity, and Q value—measurements were taken
on the synthesized spinel ferrites across a frequency range of 8 Hz to 8 MHz, all at room temperature

Fig. 4 displays the variations of dielectric constant (¢') with frequency for the synthesized
spinel ferrites. Across all samples, dielectric constant (g') exhibited larger values at smaller
frequencies and decreased with further increase in frequency gradually, eventually becoming
saturated at higher frequencies. At high frequency, reduction in dielectric constant may be because
of the incapability of the hopping mechanism to keep pace with the external electric field, causing
any polarization effects at these higher frequencies to lag behind the electric field. This polarizing
effect could result from changes in the valence states of cations [9]. The frequency-dependent
response of the dielectric parameters can be further clarified by Maxwell-Wagner model and Koop’s
theory [9,32-34]. An irregular trend was observed for different concentrations of rare earth dopants,
which may be credited to variations in cationic distributions, porosity, and grain size. Additionally,
these irregularities in the dielectric constant with varying composition may also be due to differences
in crystallite size, as per Koops’ model, where the polarization of the crystal lattice becomes the
dominant contributor to the dielectric constant at higher frequencies [35].

The frequency dependent behavior of dielectric loss (¢”) is displayed in Figure. 5. Observed
dielectric loss exhibited a decreasing trend with frequency. Various factors such as structural
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inhomogeneity and non-stoichiometric etc. can influence the dielectric loss. This frequency
dependent behavior has a great accordance with the Koop’s theory. Electrical conduction and
dielectric behavior of spinel ferrites are strongly correlated with each other so increasing applied
field” frequency causes an increase in resistivity through the grain boundaries which leads to a
decrease in dielectric loss [36]. It also can be seen that the sample for x = 0 has high dielectric loss
and sample for x = 0.02 has low dielectric loss.
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Fig. 5. Frequency versus dielectric loss ().

Figure 6 illustrates the variation of impedance with frequency, based on measurements taken
at room temperature using an LCR meter across the frequency range of 4 Hz to 8 MHz. The graph
reveals a decreasing trend in the real part of the impedance (Z') with increase in frquency. This
reduction is due to the space charge polarization phenomenon in the synthesized oxide materials. At
lower frequencies, Z' exhibits a higher magnitude, likely due to the predominant hopping mechanism
between iron ions. The observed decline in the real part of the impedance at higher frequencies is
likely a result of increased conductivity [37].

Figure 7 illustrates how conductivity varies with frequency. It shows that conductivity
increases as frequency rises, likely due to higher frequencies facilitating electron hopping between
Fe** and Fe?* ions. Consequently, this results in the observed increase in conductivity. Notably, the
samples with 'x = 0" and 'x = 0.06' demonstrate higher conductivity values compared to the others,
possibly because the hopping mechanism responds more effectively to the applied frequency in these
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cases. In contrast, the lower conductivity values for the other samples could be attributed to the
doping of Er?* ions, which reduces the number of Fe’" ions and isolates them to a degree that
decreases the probability of charge hopping [38-40].
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4. Conclusions

A series of seven spinel ferrites with general formula ZnsCdo sFe1 9Lag 1-xErOa, (Where x =
0 - 0.1 with a step interval of 0.02) was fabricated by sol-gel auto-combustion technique. Grown
samples were double calcinated at 550 and 750 °C for 2 and 8 hours, respectively. Spinel structure
was confirmed from XRD powder pattern but with additional phase. The lattice constant derived
from the XRD results showed a decreasing trend with increasing concentration, ranging from 8.85
to 8.51 A. Meanwhile, the average crystallite size varied from 26 to 46 nm and displayed an
increasing trend with concentration. Two major absorption bands, low frequencies and high
frequencies were observed from FTIR analysis lie in range 400-430 cm™ and 500-550 cm™. Lower
frequency band shifted to higher frequency when concentration increased. Dielectric constant for
sample x = 0 increased to 1694 and irregularity was found for other concentrations. Dielectric
constant and dielectric loss increased for lower frequency but decreased for higher frequencies.
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