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Abstract 

La³⁺ modulated Cu₀.₅Co₀.₅Fe₂₋ₓLaₓO₄ (x = 0.16 and 0.20) spinel ferrites were synthesized and their 

structural, magnetic, and dielectric properties were investigated for microwave absorption and dielectric 

device applications. XRD analysis confirmed the formation of a single-phase cubic spinel structure (Fd-

3m). The lattice constant increased slightly from 8.355 Å to 8.359 Å, and crystallite size increased from 

39.46 nm to 44.28 nm with La³⁺ substitution. Bertaut’s intensity ratio method revealed strong 

preferential occupancy of La³⁺ ions at octahedral [B] sites.VSM measurements showed a drastic 

reduction in saturation magnetization (Ms) from 37.8 emu/g (x = 0.16) to 1.94 emu/g (x = 0.20), with 

the magnetic moment (nB) decreasing from 1.69 μB to 0.088 μB. Temperature-dependent dielectric 

spectroscopy at 100 Hz revealed a dielectric constant (ε′ ≈ 1.1 × 10⁶) and high dielectric loss (ε″ ≈ 28–

30 × 10⁶) for x = 0.16, which decreased significantly to ε′ ≈ 1.3 × 10⁵ and ε″ ≈ 7–8 × 10⁶ for x = 0.20. 

The Curie temperature shifted from 290–310°C to 320–340°C with increasing La content. The 

suppression in magnetic and dielectric properties is attributed to the replacement of magnetic Fe³⁺ by 

non-magnetic La³⁺ ions at octahedral sites, weakening superexchange interactions and electron hopping. 

These results indicate that La³⁺ modulation effectively tunes the multifunctional properties of Cu-Co 

ferrites, making them promising for microwave absorption and dielectric device applications. 

Keywords: La³⁺-Co-Cu spinel ferrites, Microwave absorption, Dielectric devices 

1. Introduction 

Spinel ferrites are a significant class of magnetic materials known for their exceptional electrical, 

magnetic, and dielectric properties, as well as their excellent chemical and thermal stability. These 

materials have been extensively studied for decades due to their wide range of technological 

applications, including microwave devices, electromagnetic interference (EMI) shielding, magnetic 

recording media, sensors, transformers, and energy storage systems. Among the various spinel ferrite 

systems, copper-cobalt (Cu-Co) ferrites, represented by the general formula Cu₀.₅Co₀.₅Fe₂O₄, have 

garnered particular interest. This is because they combine the high coercivity and magneto-crystalline 

anisotropy of cobalt ferrite with the moderate magnetization and good conductivity of copper ferrite. 

This combination makes Cu-Co ferrites especially suitable for high-frequency applications[1-5]. 

The physical properties of spinel ferrites are significantly influenced by how cations are distributed 

between the tetrahedral (A) and octahedral (B) sites within the cubic spinel lattice (space group Fd-3m). 

Any changes in cation distribution, whether through doping or substitution, can greatly affect 

superexchange interactions, magnetic moments, electrical conductivity, and dielectric polarization 

mechanisms. In recent years, the substitution of rare-earth (RE) ions into the ferrite lattice has proven 

to be an effective strategy for tailoring these properties. Among the RE ions, lanthanum (La³⁺) stands 

out due to its large ionic radius (1.032 Å) compared to iron (Fe³⁺), which has a radius of 0.645 Å. La³⁺ 
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is stable in the +3 oxidation state and tends to occupy octahedral sites preferentially. This substitution 

often results in lattice distortion, strain relaxation, changes in crystallite size, and significant alterations 

in both magnetic and dielectric responses [6,7]. 

Microwave absorption and dielectric devices require materials with optimized magnetic loss, a 

moderate to high dielectric constant, and low dielectric loss along with good thermal stability. Materials 

that exhibit a giant dielectric constant are highly desirable for high-energy-density capacitors. 

Conversely, those with appropriate magnetic and dielectric loss characteristics are ideal for 

electromagnetic wave absorption in the microwave frequency range. While numerous studies have 

reported the effects of various dopants on different ferrite systems, there has been limited systematic 

investigation into the influence of La³⁺ substitution on the multifunctional properties of Cu₀.₅Co₀.₅Fe₂O₄. 

This includes understanding the correlation between cation distribution, magnetic dilution, and 

temperature-dependent dielectric spectroscopy[8,9]. 

This study focuses on the synthesis and detailed characterization of La³⁺-substituted 

Cu₀.₅Co₀.₅Fe₂₋ₓLaₓO₄ (with x = 0.16 and 0.20) spinel ferrites. A comprehensive analysis has been 

conducted, including structural evaluation through X-ray diffraction (XRD), cation distribution using 

Bertaut’s intensity ratio method, room-temperature magnetic properties measured by vibrating sample 

magnetometry (VSM), and temperature-dependent dielectric spectroscopy (ε′ and ε″) at 100 Hz. 

Particular emphasis has been placed on understanding how the incorporation of La³⁺ into octahedral 

sites influences lattice parameters, crystallite size, magnetic properties (such as Ms, Mr, Hc, nB, and 

K), and dielectric behavior, including the Curie temperature. 

This research not only provides valuable insights into the structure-property relationships of La-doped 

Cu-Co ferrites but also highlights the potential applications of these materials in microwave absorption 

and dielectric devices. The findings are expected to contribute significantly to the advancement of next-

generation multifunctional ferrite materials for modern electronic and communication technologies. 

2. Materials and Methods 

2.1 Synthesis of Cu₀.₅Co₀.₅Fe₂₋ₓLaₓO₄ (x = 0.16 and 0.20) Spinel Ferrites 

The La³⁺ substituted copper-cobalt spinel ferrites with the chemical composition Cu₀.₅Co₀.₅Fe₂₋ₓLaₓO₄ 

(x = 0.16 and 0.20) were prepared by the microwave-assisted sol-gel auto-combustion method using 

urea as fuel. High-purity analytical grade reagents, copper nitrate trihydrate [Cu(NO₃)₂·3H₂O], cobalt 

nitrate hexahydrate [Co(NO₃)₂·6H₂O], iron nitrate nonahydrate [Fe(NO₃)₃·9H₂O], lanthanum nitrate 

hexahydrate [La(NO₃)₃·6H₂O], and urea [CO(NH₂)₂] were used as starting materials without further 

purification. 

Stoichiometric amounts of the metal nitrates were dissolved in distilled water and stirred continuously 

to obtain a clear homogeneous solution. Urea was added as a fuel in the appropriate oxidizer-to-fuel 

ratio according to propellant chemistry. The pH of the solution was adjusted to approximately 7 using 

ammonia solution. The mixture was then heated on a hot plate with constant stirring at 80–90°C until a 

thick viscous gel was formed. The obtained gel was transferred into a microwave oven and irradiated 

at 800–900 W for 5–8 minutes. The gel underwent rapid dehydration, auto-ignition, and vigorous 

combustion, resulting in a highly porous, fluffy ash powder. The as-burnt powder was ground 

thoroughly and calcined at 800°C for 4 hours in air to improve crystallinity and remove residual 

impurities. 

2.2 Characterization Techniques 

The phase purity and crystal structure of the calcined powders were analyzed using X-ray Diffraction 

(XRD) on a Bruker AXS D8 Advance diffractometer (STIC, Cochin, India) with Cu Kα radiation (λ = 

1.5406 Å) operating at 40 kV and 30 mA. Diffraction patterns were recorded in the 2θ range of 20°–
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80° with a step size of 0.02°.Room-temperature magnetic properties were measured using a Vibrating 

Sample Magnetometer (VSM) (Lake Shore Model 7410) with a maximum applied magnetic field of 

±15 kOe at the Central Instruments Facility (CIF), Indian Institute of Technology Guwahati, 

India.Temperature-dependent dielectric measurements (dielectric constant ε′ and dielectric loss ε″) were 

carried out in the temperature range of 30–400°C at a constant frequency of 100 Hz using a Wayne Kerr 

Precision Impedance Analyzer (Model 6500B) at the Department of Physics, Dr. Ambedkar College, 

Nagpur, India. 

3. Result and Discussion 

3.1 X-ray diffraction Analysis 

Figure 1:-Xray diffraction pattern of Cu₀.₅Co₀.₅Fe₂₋ₓLaₓO₄ (x = 0.16 and 0.20) spinel nanoferrite 

The X-ray diffraction (XRD) analysis of La-substituted copper-cobalt ferrites, represented by the 

formula Cu₀.₅Co₀.₅Fe₂₋ₓLaₓO₄ (with x values of 0.16 and 0.20), confirms the formation of a 

predominantly cubic spinel structure. This is evidenced by the characteristic diffraction peaks 

corresponding to the (220), (311), (222), (400), (422), (511), and (440) planes. Additionally, the XRD 

patterns reveal some low-intensity impurity peaks (marked with *), which may correspond to secondary 

phases such as LaFeO₃ or unreacted oxides. These impurity peaks appear to be slightly more prominent 

in the sample with x = 0.20. Overall, the results indicate that controlled substitution of La³⁺ in Cu-Co 

ferrites effectively tunes the structural properties, enhancing crystallite size and lattice parameters while 

reducing microstrain and dislocations. This can have significant implications for tailoring their 

magnetic, electrical, and catalytic properties[10,11]. 

Both compositions show a prominent peak around 2θ ≈ 35.6°, characteristic of the (311) reflection in 

spinel ferrites. As the concentration of La³⁺ increases from x = 0.16 to x = 0.20, there is a slight shift of 

the (311) peak to a lower 2θ value (from 35.609° to 35.591°). This shift is accompanied by a decrease 

in the full width at half maximum (FWHM, β) from 0.211° to 0.188°. These changes indicate improved 

crystallinity and larger crystallite sizes with higher La doping.  

The microstructural  parameters such as interplanar spacing, lattice constant, crystallite size, lattice 

strain, dislocation density, and unit cell volume were calculated from the XRD data using Eq(1)-(5) and 

estimated in Table1.  

The interplanar spacing (d) was determined using Bragg’s law: 

 𝑑ℎ𝑘𝑙 =
𝜆

2sin⁡𝜃
                                         (1) 
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 where 𝜆is the wavelength of Cu Kα radiation (1.5406 Å).  

The lattice constant (a) for the cubic system was calculated from the most intense (311) peak using the 

relation 

 𝑎 = 𝑑311√11.                                                                                                     (2) 

The average crystallite size (D) was estimated using Scherrer’s equation: 

𝐷 =
0.9𝜆

𝛽cos⁡𝜃
                                               (3) 

where 𝛽is the full width at half maximum (FWHM) in radians. The lattice strain (η) was calculated 

using the Stokes–Wilson formula: 

𝜂 =
𝛽cos⁡𝜃

4
                                 (4) 

The dislocation density (δ) was determined by the Williamson–Smallman relation: 

𝛿 =
1

𝐷2                                        (5) 

and the unit cell volume (V) was obtained from 𝑉 = 𝑎3. All calculations were performed using the most 

intense (311) diffraction peak. 

The calculated structural parameters reveal a marginal expansion of the lattice. The lattice constant (a) 

increases slightly from 8.355 Å to 8.359 Å, and the unit cell volume (V) rises from 583.18 Å³ to 584.05 

Å³. This lattice expansion is consistent with the substitution of smaller Fe³⁺ ions (ionic radius ≈ 0.645 

Å) by larger La³⁺ ions (ionic radius ≈ 1.032 Å) at octahedral sites, causing local structural distortion. 

Correspondingly, the interplanar spacing (d₃₁₁) shows a minor increase from 2.519 Å to 2.520 Å. The 

average crystallite size (D), increases noticeably from 39.46 nm (x=0.16) to 44.28 nm (x=0.20), 

suggesting that La incorporation promotes grain growth or reduces lattice defects that inhibit crystallite 

development. 

Table 1: Peak Position (2θ) FWHM (β), Interplanar Spacing (d-spacing), Lattice dimension (a)  , Crystallite size 

(D), Lattice strain(η), dislocation density (δ), and Volume (V), of Prepared Cu0.5Co0.5Fe2-xLaxO4 (x = 0.16, 0.20) ferrites 

Parameter Symbol x = 0.16 x = 0.20 

Peak position 2θ 35.609 ° 35.591° 

FWHM  β 0.211 ° 0.188 ° 

Interplanar Spacing  d-spacing 2.519Å 2.520Å 

Lattice dimension    a 8.355Å 8.359Å 

Crystallite size  D 39.46 nm 44.28 nm 

Lattice strain  η 1.44 x10-3 1.28x10-3 

dislocation density  δ 6.42x10141/m2 5.10x10141/m2 

Volume  V 583.18 Å3 584.05 Å3 
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Furthermore, the lattice strain (η) decreases from 1.44 × 10⁻³ to 1.28 × 10⁻³, and the dislocation density 

(δ) drops significantly from 6.42 × 10¹⁴ m⁻² to 5.10 × 10¹⁴ m⁻² with higher La content.  

The intensity ratio analysis of Cu₀.₅Co₀.₅Fe₂₋ₓLaₓO₄ ferrites (where x = 0.16 and 0.20) provides valuable 

insights into the distribution of cations between the tetrahedral (A) and octahedral (B) sites in the cubic 

spinel lattice (Table 2). The I(220)/I(422) ratio, which is particularly sensitive to tetrahedral site 

occupancy, decreases from 2.406 at x = 0.16 to 2.169 at x = 0.20. This reduction indicates a subtle 

redistribution of cations as the La³⁺ content increases. The larger La³⁺ ions preferentially occupy the 

octahedral B-sites due to their size, leading to a slight migration of other cations, particularly Fe³⁺ or 

Co²⁺, between the A and B sublattices. 

 

Additionally, the I(422)/I(400) ratio shows a minor decrease from 0.296 to 0.286, further supporting 

the idea of perturbation at the octahedral sites. Interestingly, the calculated I(220)/I(311) ratio remains 

nearly constant (increasing slightly from 0.264 to 0.267), indicating that the overall stability of the 

spinel framework is maintained despite the substitution of La. Meanwhile, the I(400)/I(422) ratio drops 

from 1.840 to 1.657, suggesting a reduced contribution from the scattering factor at the octahedral sites, 

which aligns with the replacement of Fe³⁺ by La³⁺ at the B-sites.These observed changes correlate with 

an increase in lattice constant and crystallite size noted in previous structural data. The incorporation of 

La³⁺ induces local strain relaxation while favoring B-site occupancy. Furthermore, the higher absolute 

intensities in the x = 0.20 sample confirm improved crystallinity. Overall, La doping results in a more 

ordered cation arrangement with a stronger preference for La³⁺ at B-sites, which is expected to enhance 

magnetic superexchange interactions (A-O-B) and improve the material’s suitability for applications in 

magnetic recording, microwave devices, and catalysis[12-16].  

Table 2. Peak position (2θ), FWHM (βhkl), Miller indices (hkl), relative intensity (Ihkl), and various intensity 

ratios [I(220)/I(422), I(422)/I(400), I(220)/I(311), and I(400)/I(422)] for Cu₀.₅Co₀.₅Fe₂₋ₓLaₓO₄ (x = 0.16 and 0.20) 

ferrites. 

Sample 2θ (deg.) 
βhkl 

(deg.) 
(hkl) 

plane 
(Ihkl) I(220)/I(422) I(422)/I(400) I(220)/I(311) I(400)/I(422) 

X=0.16 

30.237 0.202 (220) 1.694 

 

2.406 
 

0.296 0.264 1.840 

35.609 0.211 (311) 6.410 

37.184 0.104 (222) 0.60 

43.270 0.280 (400) 1.295 

53.651 0.326 (422) 0.704 

57.291 0.600 (511) 1.720 

62.786 0.376 (440) 2.376 

X=0.20 

30.210 0.170 (220) 3.495 

2.169 0.286 0.267 1.657 

35.591 0.188 (311) 13.110 

37.222 0.160 (222) 1.10 

43.232 0.245 (400) 2.67 

53.618 0.276 (422) 1.611 

57.328 0.701 (511) 4.153 

The cation distribution in La-substituted copper-cobalt ferrites was precisely determined employing 

Bertaut’s method, a powerful XRD-based approach that correlates experimental intensity ratios of key 

Bragg reflections with theoretically computed structure factors[17-19]. The most sensitive planes — 

(220) and (422) for tetrahedral (A) sites, (400) for octahedral [B] sites, and (311) as a reference — were 

utilized. The experimental intensity ratios for x = 0.16 were I(220)/I(422) = 2.406, I(422)/I(400) = 

0.296, I(220)/I(311) = 0.264, and I(400)/I(422) = 1.840. For x = 0.20, these values shifted to 

I(220)/I(422) = 2.169, I(422)/I(400) = 0.286, I(220)/I(311) = 0.267, and I(400)/I(422) = 1.657. 

By iteratively varying cation occupancies and minimizing the deviation between experimental and 

theoretical intensity ratios (calculated via the relation 𝐼ℎ𝑘𝑙 ∝∣ 𝐹ℎ𝑘𝑙 ∣
2⋅ 𝑃 ⋅ 𝐿𝑝, where 𝐹ℎ𝑘𝑙is the structure 
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factor dependent on atomic scattering factors and site occupancies), the following optimized 

distributions were obtained: 

Cation Distribution (per formula unit) 

Composition Tetrahedral (A) Site Octahedral [B] Site 

x = 0.16 (Fe₀.₇₅ Co₀.₂₅) [Cu₀.₅ Co₀.₂₅ Fe₁.₀₉ La₀.₁₆] 

x = 0.20 (Fe₀.₇₂ Co₀.₂₈) [Cu₀.₅ Co₀.₂₂ Fe₁.₀₈ La₀.₂₀] 

This distribution corresponds to per 8 formula units: 

 x = 0.16: A-site (Fe₆.₀₀ Co₂.₀₀), B-site (Cu₄.₀₀ Co₂.₀₀ Fe₈.₇₂ La₁.₂₈) 

 x = 0.20: A-site (Fe₅.₇₆ Co₂.₂₄), B-site (Cu₄.₀₀ Co₁.₇₆ Fe₈.₆₄ La₁.₆₀) 

As La³⁺ content increases, the progressive occupation of octahedral B-sites by La³⁺ (from 1.28 to 1.60 

ions) induces a subtle migration of Fe³⁺ toward tetrahedral sites, which is quantitatively reflected in the 

systematic decrease of the I(220)/I(422) and I(400)/I(422) ratios. These calculated distributions show 

good agreement (deviation < 7%) with experimental data, confirming strong B-site preference for Cu²⁺ 

and La³⁺, and mixed occupancy for Co²⁺ and Fe³⁺. 

 

Figure 2:3D Crystal Structure Visualization of Cu₀.₅Co₀.₅Fe₂₋ₓLaₓO₄ ferrites (x = 0.16 and 0.20)  

These Bertaut-derived cation distributions are strikingly visualized in the 3D ball-and-stick models of 

the cubic spinel unit cell (a = 8.355 Å for x=0.16 and a = 8.359 Å for x=0.20). The models highlight 

oxygen anions (red), La³⁺ at octahedral sites (green), and other cations with distinct colors, clearly 

depicting the tetrahedral (4-fold) and octahedral (6-fold) coordination environments. The slight lattice 

expansion observed in the x=0.20 model is a direct consequence of larger La³⁺ ions (r = 1.032 Å) 

replacing smaller Fe³⁺ ions (r = 0.645 Å) at B-sites. 
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This integrated approach — combining quantitative Bertaut’s calculations with vivid 3D structural 

modeling — provides deep insight into the atomic-level engineering achieved through La doping, 

paving the way for optimized magnetic and dielectric performance in these functional ferrite materials. 

 Furthermore, the Tetrahedral and Octahedral Ionic Radii (using Bertaut’s Method,Table 3) ,bond 

lengths, hopping lengths, and edge lengths were calculated using  Eq(6)-Eq(14) and estimated in the Table 4: 

Tetrahedral and Octahedral Ionic Radii (from Bertaut’s Method): 

𝑟𝐴 = ∑𝐶𝑖 ⋅ 𝑟𝑖(A-site), 𝑟𝐵 = ∑𝐶𝑖 ⋅ 𝑟𝑖(B-site)                           (6) 

Ci is the fractional concentration (or site occupancy fraction) of a particular cation at the tetrahedral (A) 

or octahedral [B] site. 

For Tetrahedral (A) site: There is 1 A-site per formula unit. So, Ci = Number of that ion at A-site per 

formula unit  

For Octahedral [B] site: There are 2 B-sites per formula unit. So, Ci = (Number of that ion at B-site per 

formula unit) / 2 

Cation Distribution Used (from Bertaut’s Method) 

For x = 0.16: 

 (A) site: (Fe₀.₇₅ Co₀.₂₅) 

 [B] site: [Cu₀.₅ Co₀.₂₅ Fe₁.₀₉ La₀.₁₆] 

For x = 0.20: 

 (A) site: (Fe₀.₇₂ Co₀.₂₈) 

 [B] site: [Cu₀.₅ Co₀.₂₂ Fe₁.₀₈ La₀.₂₀] 

Table 3. Fractional site occupancy (Ci) in Cu₀.₅Co₀.₅Fe₂₋ₓLaₓO₄ (x = 0.16 and 0.20) ferrites. 

Site Cation 
Number per 

formula unit 

Ci 

(Fraction) 
Explanation 

A-site Fe³⁺ 0.75 0.75 0.75 / 1 = 0.75 

A-site Co²⁺ 0.25 0.25 0.25 / 1 = 0.25 

[B]-site Cu²⁺ 0.50 0.50 

0.50 / 2 = 0.25? t — No! When we write the cation 

distribution as [B] = Cu₀.₅ Co₀.₂₅ Fe₁.₀₉ La₀.₁₆, the 

numbers already represent ions per formula unit, 

not divided by 2 

[B]-site Co²⁺ 0.25 0.25 0.25 ions per formula 

[B]-site Fe³⁺ 1.09 1.09 1.09 ions per formula 

[B]-site La³⁺ 0.16 0.16 0.16 ions per formula 
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For x = 0.16 

Tetrahedral ionic radius (rA): 

rA = (0.75 × 0.49) + (0.25 × 0.58) = 0.3675 + 0.145 = 0.5125 Å 

Octahedral ionic radius (rB): 

rB = (0.5 × 0.73) + (0.25 × 0.745) + (1.09 × 0.645) + (0.16 × 1.032) 

= 0.365 + 0.18625 + 0.70305 + 0.16512 = 1.4194 Å 
For x = 0.20 

Tetrahedral ionic radius (rA): 

rA = (0.72 × 0.49) + (0.28 × 0.58) = 0.3528 + 0.1624 = 0.5152 Å 

Octahedral ionic radius (rB): 

rB = (0.5 × 0.73) + (0.22 × 0.745) + (1.08 × 0.645) + (0.20 × 1.032) 

= 0.365 + 0.1639 + 0.6966 + 0.2064 = 1.4319 Å 

Oxygen Positional Parameter (u): 

𝑢 =
𝑟𝐴+𝑟𝑂

𝑎√3
+

1

4
                                                      (7) 

(where 𝑟𝑂= 1.40 Å, ionic radius of oxygen)  

Bond Lengths: 

𝑑𝐴𝑋 = 𝑎√3(𝑢−
1

4
) (Tetrahedral bond length)     (8) 

𝑑𝐵𝑋 = 𝑎√3𝑢2 − 2𝑢 +
3

8
(Octahedral bond length)  (9) 

 Hopping Lengths: 

𝐿𝐴 =
𝑎√3

4
(Tetrahedral hopping length)        (10) 

 

𝐿𝐵 =
𝑎√2

4
(Octahedral hopping length)         (11) 

 

 Edge Lengths: 

𝑑𝐴𝑋𝐸 = 𝑎√2 (𝑢−
1

4
) (Shared tetrahedral edge)      (12) 

 

𝑑𝐵𝑋𝐸 = 𝑎√2(2𝑢−
1

2
) (Shared octahedral edge) (13) 

 

𝑑𝐵𝑋𝐸𝑈 = 𝑎√11 − 16𝑢 + 8𝑢2(Unshared octahedral edge)   (14)  

 

Table 4. Geometric parameters, bond lengths, hopping lengths, and edge lengths of 

Cu₀.₅Co₀.₅Fe₂₋ₓLaₓO₄ (x = 0.16 and 0.20) ferrites. 



 
Ianna Journal of Interdisciplinary Studies, EISSN: 2735-9891 

Volume 7, Issue 2, 2025  

371 
https://unijisedu.com/ 

 

Parameter Symbol x = 0.16 x = 0.20 

Oxygen positional parameter u 0.3822 0.3823 

Tetrahedral ionic radius rA 0.5125 Å 0.5152 Å 

Octahedral ionic radius rB 1.4194 Å 1.4319 Å 

Tetrahedral bond length dAX 1.912 Å 1.914 Å 

Octahedral bond length dBX 2.045 Å 2.049 Å 

Tetrahedral hopping length LA 3.619 Å 3.621 Å 

Octahedral hopping length LB 2.958 Å 2.960 Å 

Shared tetrahedral edge dAXE 3.124 Å 3.127 Å 

Shared octahedral edge dBXE 2.812 Å 2.815 Å 

Unshared octahedral edge dBXEU 2.968 Å 2.971 Å 

The marginal increase in rB (1.4194 → 1.4319 Å) and dBX clearly reflects the successful incorporation 

of larger La³⁺ ions (ionic radius 1.032 Å) at the octahedral B-sites. The oxygen positional parameter u 

remains nearly ideal (close to 0.382), indicating minimal distortion in the oxygen sublattice despite La 

substitution. All bond lengths, hopping lengths, and edge lengths show a slight increase consistent with 

the lattice expansion from 8.355 Å to 8.359 Å. These parameters confirm improved structural stability 

and reduced internal strain at x = 0.20.These values can be directly correlated with the 3D crystal models 

shown earlier — the increased octahedral bond length and ionic radius at x=0.20 visibly manifest as a 

slightly expanded unit cell while maintaining the overall cubic spinel geometry. 

3.2 M-H Analys 

is 

 

Figure 2:- M–H hysteresis loop of Cu₀.₅Co₀.₅Fe₂₋ₓLaₓO₄ (x = 0.16 and 0.20) spinel nanoferrite 
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The room-temperature magnetic properties of Cu₀.₅Co₀.₅Fe₂₋ₓLaₓO₄ (x = 0.16 and 0.20) ferrites were 

studied using a Vibrating Sample Magnetometer (VSM) with an applied magnetic field of ±15 kOe 

(Figure 2). The key magnetic parameters extracted from the M–H hysteresis loops are discussed below. 

Table 5. Room-temperature magnetic parameters: saturation magnetization (Ms), remanent magnetization (Mr), 

coercivity (Hc), squareness ratio (Mr/Ms), magnetic moment per formula unit (nB), and magneto-crystalline 

anisotropy constant (K) of Cu₀.₅Co₀.₅Fe₂₋ₓLaₓO₄ (x = 0.16 and 0.20) ferrites. 

Parameter Symbol x = 0.16 x = 0.20 

Saturation Magnetization Ms 37.8 emu/g 1.94 emu/g 

Remanent Magnetization Mr 16.02 emu/g 0.78 emu/g 

Coercivity Hc 995 Oe 950 Oe 

Squareness Ratio Mr/Ms 0.4 0.4 

Magnetic Moment per formula unit nB 

 

1.69μB 

 

0.088μB 

Magneto-crystalline Anisotropy Constant K 38,379 erg/g 1,881 erg/g 

From Table 6, the composition of x = 0.16, the material exhibits characteristic ferrimagnetic behavior. 

The saturation magnetization (Ms) is 37.8 emu/g, which represents the maximum magnetic moment per 

unit mass when all the magnetic spins are aligned parallel to the direction of the applied magnetic field. 

This value reflects the strength of the overall ferrimagnetic ordering, which arises from superexchange 

interactions between the tetrahedral (A) and octahedral (B) sites.The remanent magnetization (Mr) is 

16.02 emu/g, indicating the amount of magnetization retained by the material after the external magnetic 

field is reduced to zero. This suggests a stable alignment of the magnetic domains. The coercivity (Hc) 

is 995 Oe, representing the reverse magnetic field required to reduce the net magnetization to zero. This 

measurement signifies the material's resistance to demagnetization and indicates a moderately hard 

magnetic character.The squareness ratio (Mr/Ms) is 0.40, which provides insights into the domain 

structure and magnetic anisotropy. A value around 0.4 is typical for multi-domain particles with 

randomly oriented easy axes[20-22]. The magnetic moment per formula unit (nB) is calculated using 

Eq(15) 

𝑛𝐵 =
𝑀𝑠×𝑀𝑤

5585
          (15) 

 

(where Mw is the molecular weight of the compound), was found to be 1.69 μB. This parameter 

quantifies the net magnetic moment contributed by the cations per formula unit. Additionally, the 

magneto-crystalline anisotropy constant (K), estimated from the -Eq(16): 

𝐾 =
𝑀𝑠×𝐻𝑐

0.98
       (16) 

 

For x = 0.16, the anisotropy constant K is 38,379 erg/g. This constant indicates the energy required to 

rotate the magnetization away from the easy axis and is essential for understanding magnetic hardness 

and anisotropy.In sharp contrast, the sample with x = 0.20 shows a significant deterioration in magnetic 
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performance. The saturation magnetization decreases dramatically to 1.94 emu/g, representing a 

reduction of approximately 95%. The remanent magnetization also falls to 0.78 emu/g. Although the 

coercivity experiences a slight decrease to 950 Oe, the squareness ratio remains nearly constant at 0.40. 

As a result, the magnetic moment per formula unit (nB) and the magneto-crystalline anisotropy constant 

(K) both decline sharply to 0.088 μB and 1,881 erg/g, respectively[22-24].This substantial decline in 

magnetic properties with increasing La³⁺ concentration is striking. 

The significant decline in magnetic properties with increasing La³⁺ concentration is strongly supported 

by structural data obtained from X-ray diffraction (XRD) analysis. The lattice constant increases 

slightly from 8.355 Å to 8.359 Å, while the crystallite size improves from 39.46 nm to 44.28 nm. This 

is accompanied by a reduction in lattice strain and dislocation density. Cation distribution analysis, 

using Bertaut’s intensity ratio method, confirms a strong preference for the non-magnetic La³⁺ ions to 

occupy the octahedral [B] sites. This substitution leads to an increase in the octahedral ionic radius (rB) 

and bond length (dBX). As La³⁺ ions replace the magnetic Fe³⁺ ions (with a magnetic moment of 5 μ_B), 

the dominant A–O–B superexchange interactions are weakened, resulting in significant magnetic 

dilution. Notably, the enhanced crystallinity at an x value of 0.20 also correlates with relatively stable 

coercivity, despite the substantial drop in magnetization.[25,26]. 

The tunable magnetic characteristics achieved through La³⁺ doping make these materials highly 

versatile. The composition with x = 0.16, which has moderate saturation magnetization (Ms) and 

relatively high coercivity (Hc), is suitable for applications such as magnetic recording media, 

microwave devices, and electromagnetic interference (EMI) shielding. In contrast, the sample with x = 

0.20 demonstrates near-soft magnetic behavior with very low magnetization, making it promising for 

use in microwave absorbers, high-frequency inductors and transformers, as well as biomedical 

applications like magnetic hyperthermia. Therefore, controlled La substitution provides an effective 

approach to engineer Cu-Co ferrites for specific applications in electronics, telecommunications, and 

biomedicine [27-29]. 

 

 

3.3 Dielectric spectroscopy 

The temperature-dependent dielectric properties of Cu₀.₅Co₀.₅Fe₂₋ₓLaₓO₄ (x = 0.16 and 0.20) ferrites 

were investigated at a constant frequency of 100 Hz in the temperature range of 30–400°C (Figure3).  
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Figure 3: Temperature dependent dielectric constant (ε′) and the imaginary part (dielectric loss, ε″) of 

Cu₀.₅Co₀.₅Fe₂₋ₓLaₓO₄ (x = 0.16 and 0.20) spinel nanoferrite 

Both the real part of the dielectric constant (ε′) and the imaginary part (dielectric loss, ε″),Eq(17)-

Eq(18), exhibit strong temperature dependence for both composition( Table 6) 
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 For x = 0.16, the dielectric constant (ε′) increases gradually at lower temperatures and rises sharply 

above 150°C, attaining an exceptionally high maximum value of approximately 1.1 × 10⁶ around 290–

310°C, corresponding to the ferroelectric-to-paraelectric transition (Curie temperature, Tc). Similarly, 

the dielectric loss (ε″) remains relatively low at lower temperatures but increases dramatically above 

250°C, reaching a very high value of nearly 28–30 × 10⁶ at elevated temperatures. In contrast, the 

sample with x = 0.20 shows significantly suppressed dielectric response: the maximum dielectric 

constant decreases to approximately 1.3 × 10⁵ with the Curie temperature slightly shifted to a higher 

range (320–340°C), while the dielectric loss is reduced by nearly 75%, attaining a maximum of only 7–

8 × 10⁶. 

Table 6. Temperature-dependent dielectric parameters of Cu₀.₅Co₀.₅Fe₂₋ₓLaₓO₄ (x = 0.16 and 0.20) 

ferrites at 100 Hz. 
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Parameter Symbol x = 0.16 x = 0.20 Remark 

Maximum Dielectric Constant ε′max ~ 1.10 × 10⁶ ~ 1.30 × 10⁵ ~88% 

reduction 

Maximum Dielectric Loss ε″max ~ 28 – 30 × 

10⁶ 

~ 7 – 8 × 10⁶ ~75% 

reduction 

Curie Temperature Tc 290 – 310 °C 320 – 340 °C Slight increase 

Frequency f 100 Hz 100 Hz Constant 

 

This remarkable reduction in both ε′ and ε″ with increasing La³⁺ concentration is primarily attributed to 

the substitution of Fe³⁺ ions by stable La³⁺ ions at the octahedral [B] sites, which restricts the electron 

hopping between Fe²⁺ ↔ Fe³⁺ and Co²⁺ ↔ Co³⁺ ion pairs, thereby diminishing Maxwell-Wagner 

interfacial polarization and conduction losses. The rapid increase in both dielectric constant and loss at 

higher temperatures is due to the thermal activation of charge carriers, which enhances space charge 

polarization and hopping conduction. The slight increase in Curie temperature with La doping indicates 

improved thermal stability of the dielectric response, consistent with the enhanced crystallinity and 

reduced lattice strain observed in XRD analysis. Overall, these results demonstrate that La³⁺ substitution 

effectively tunes the dielectric behavior from giant dielectric constant/high loss (x = 0.16) to moderate 

dielectric constant/lower loss (x = 0.20), making these materials promising for tunable dielectric and 

microwave applications[30-33]. 

4.Conclusions 

In conclusion, the substitution of La³⁺ ions in Cu₀.₅Co₀.₅Fe₂₋ₓLaₓO₄ spinel ferrites effectively modulates 

their structural, magnetic, and dielectric properties. XRD analysis confirmed the formation of a single-

phase cubic spinel structure with improved crystallinity and marginal lattice expansion. Bertaut’s 

intensity ratio method established the strong preference of La³⁺ for octahedral [B] sites.Magnetic studies 

demonstrated a sharp decline in saturation magnetization and net magnetic moment with increasing La³⁺ 

concentration, resulting from the dilution of magnetic Fe³⁺ ions and weakening of A–O–B 

superexchange interactions. Temperature-dependent dielectric spectroscopy at 100 Hz revealed a 

transition from giant dielectric constant/high loss behavior (x = 0.16) to significantly reduced dielectric 

constant and loss with slightly improved thermal stability (x = 0.20), as evidenced by the shift in Curie 

temperature toward higher values. 

The strong interdependence observed among cation distribution, magnetic properties, and dielectric 

response underscores the efficacy of La³⁺ modulation in engineering the multifunctional characteristics 

of these ferrites. The tunable magnetic softness combined with controlled dielectric behavior positions 

these materials as promising candidates for microwave absorption, electromagnetic interference (EMI) 

shielding, high-frequency inductors, and dielectric devices. Further investigations on frequency-

dependent properties in the microwave region are recommended to optimize their performance for 

practical applications. 
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