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Abstract 

Multiferroic composites of xNi0.8Zn0.2Fe2O4/(1-x)BaTiO3 (x = 0, 0.1, 0.3, 0.5, labeled NZFO/BTO) with 
~100 nm particle size were synthesized via high-energy ball milling and thermal annealing. The X-
ray diffraction shows a co-existence of the ferromagnetic phase of NZFO and the ferroelectric phase 
of BTO. Our observations indicate that saturation, remanence, and coercivity progressively increase 
with increasing NFO content, specifically from x = 0 to x = 0.5. At x = 0.1, the maximum electric 
polarization, remanent electric polarization, coercivity and electric power loss density reach their 
maximum values of ~ 0.057, 0.018, 3.25 and 0.222, respectively, for an applied electric field less than 
10 kV/cm. These multiferroic composites demonstrate excellent electromagnetic wave absorption 
capabilities from 2 to 18 GHz. With a sample thickness of 2.5-3.5 mm, a minimum reflection loss of -
41.51, -37, -28.72 dB corresponding to frequencies of 12.52 GHz, 11 GHz and 9.32 GHz. The effective 
absorption bandwidth for this sample is 11.5-16 GHz, indicating optimal impedance and attenuation 
matching and effective absorption of electromagnetic waves throughout the Ku bands. These 
outcomes reveal the capability for wideband absorption uses in radar invisibility technology and 
electromagnetic insulation. 

Keywords: multiferroic; electromagnetic; ferroelectric; ferromagnetic; microwave absorption 
 

1. Introduction 

Nowadays, microwaves power wireless communication and biomedical applications due to 
their rapid transmission, wide frequency range, and strong anti-interference capabilities, enabling 
efficient data transfer in devices like mobile phones, wireless networks, satellites, and radar, thus 
driving societal and technological progress. However, their widespread use causes electromagnetic 
pollution, which disrupts electronic devices and poses health risks, including cancer and neurological 
issues [1–5]. To address this, microwave-absorbing materials have been developed to convert 
electromagnetic energy into heat, reducing radiation and protecting both the environment and 
human health [3–8]. These materials, categorized into ceramics, magnetic metals, and carbon-based 
types, effectively absorb EM waves, particularly in the X and Ku bands (8–18 GHz), through dielectric 
and magnetic losses [9–14]. Among them, multiferroic composites, combining ferroelectric and 
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ferromagnetic properties, outperform single-phase materials due to their robust magnetoelectric 
coupling, high stability, and efficiency at room temperature [15–17]. This makes them ideal for 
applications beyond EM wave absorption, including radar stealth, electromagnetic compatibility, 
data storage, sensors, and energy harvesting, fostering interdisciplinary innovation [11,16,17]. 
Multiferroic composites typically consist of two phases: a ferroelectric phase, such as BaTiO3 (BTO), 
and a ferromagnetic phase, often MFe2O4 ferrites (where M is Ni, Zn, Co, etc.). In EM wave absorption 
applications, BTO and MFe2O4 are key components, each contributing distinct properties to enhance 
the composite’s absorption efficiency [10,12,18,19]. BTO, a leading ferroelectric material, is 
characterized by a high piezoelectric coefficient and significant dielectric loss, serving as the dielectric 
component. Its tetragonal crystal structure features 90° domain walls that oscillate under microwave 
frequencies, generating elastic shear waves and dissipating energy through Debye-like relaxation, a 
primary mechanism for microwave absorption. Oxygen vacancies in BTO’s lattice slow domain wall 
movement, enhancing dielectric loss and improving absorption efficiency [20]. With a high dielectric 
constant and tunable loss in the GHz range, BTO efficiently converts EM energy into heat. Absorption 
performance is highly dependent on particle size: BTO nanoparticles (50–100 nm) exhibit superior 
absorption due to their high surface-to-volume ratio, increased domain wall density, and optimized 
oxygen vacancy effects, achieving reflection losses as low as -26 dB, ideal for Ku-band applications. 
In contrast, larger microscale particles (>1 µm) are less effective due to reduced domain wall mobility. 
Optimizing particle size and oxygen vacancy concentration further enhances performance [18,20]. 
Therefore, to absorb electromagnetic waves in the Ku band, the development of BTO materials with 
a sufficient quantity and a particle size of approximately 100 nm is considered to play a crucial role.   

MFe2O4 ferrites complement BTO in composites by providing magnetic loss, particularly in the 
Ku band, through mechanisms such as magnetic domain resonance and eddy current losses. Ferrites 
like Ni-Zn or Mn-Zn enhance composite performance due to their high magnetic permeability, which 
improves impedance matching with free space, allowing more EM energy to penetrate the material 
rather than being reflected [19]. The synergy between BTO’s dielectric loss and MFe2O4’s magnetic 
loss creates a dual-loss mechanism, broadening the absorption bandwidth and increasing overall 
efficiency [15]. BTO’s high dielectric constant is balanced by the magnetic properties of ferrites, 
optimizing permittivity and permeability for effective absorption. The magnetic properties of ferrites 
(e.g., saturation magnetization, coercivity) and BTO’s dielectric properties (e.g., dielectric constant, 
loss tangent) can be tuned by adjusting composition, particle size, or ferrite loading (typically 10–50% 
by weight). Excessive ferrite loading may reduce BTO’s dielectric loss, making an optimal balance 
critical. Nanoscale ferrite beads, due to their high surface area, integrate effectively with BTO 
nanoparticles ( about 100 nm), aligning resonance frequencies with the Ku band to enhance absorption 
[20]. 

Beside, numerous studies on the electromagnetic wave absorption capabilities of multiferroic 
materials composed of MFe2O4/BTO have reported impressive results for absorption in the Ku and X 
band; however, the absorption bandwidth remains relatively narrow (approximately 2–3 GHz) 
[21,22]. Among MFe2O4 ferrites, Ni1−xZnxFe2O4, a soft magnetic material with an inverse spinel 
structure, offers excellent thermal stability and high electrical resistivity [19,23,24]. The incorporation 
of Zn2+ ions into NiFe2O4 enhances magnetization by reconfiguring cation distribution, with Zn2+ ions 
preferentially occupying tetrahedral sites [19,23]. Currently, the NZFO material has attracted 
significant research interest regarding its synthesis methods and properties due to its typical soft 
magnetic characteristics, which offer numerous practical applications [25–29]. Additionally, when 
combined with ferroelectric materials, it can play a role in tuning the dielectric constant and altering 
the loss characteristics across the frequency range of 1–18 GHz. With the presence of NZFO, at these 
frequencies, the primary mechanism contributing to the dielectric constant is dipole polarization. In 
the dipole polarization model, the orientation process of dipoles may not be fast enough to induce 
changes in the external field; consequently, as the frequency increases, the real part of the electrical 
permittivity decreases. The real and imaginary magnetic permeabilities indicate that this behavior is 
typical for ferrimagnetic materials. This suggests that the primary losses in NZFO-based composites 
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can be attributed to electrical losses (dipole polarization) [30]. Recently, Moitra D and colleagues 
demonstrated that Ni0.8Zn0.2Fe2O4 (NZFO) is an effective magnetic loss component, dissipating EM 
energy through natural resonance and eddy current losses due to its high saturation magnetization 
and resistivity [31]. When combined with reduced graphene oxide (RGO), the NZFO-RGO composite 
achieves a minimum reflection loss of approximately 99% in the X-band (10.22–12.4 GHz), benefiting 
from RGO’s lightweight nature, which addresses issues such as high density and narrow absorption 
bands in other ferrites [32]. However, studies on the EM wave absorption capabilities of multiferroic 
composites formed by combining the ferromagnetic phase Ni0.8Zn0.2Fe2O4 with the ferroelectric phase 
BTO have not been previously reported. In this study, the material xNi0.8Zn0.2Fe2O4/(1-x)BaTiO3 will 
be synthesized and investigated for its electrical and magnetic properties as a function of the NZFO 
ferromagnetic phase content using high-energy mechanical milling combined with heat treatment. 
Based on these findings, the material with optimal electrical and magnetic properties will be selected 
to evaluate its EM wave absorption performance in the 2–18 GHz frequency range. Ongoing research 
into NZFO/BTO composites marks a significant advancement in the field of multiferroic materials, 
expanding their potential for high-frequency EM wave absorption and shielding applications in the 
X or Ku bands for military purposes. 

2. Materials and Methods 

High-purity (≥ 99.9%) NiO, ZnO, Fe₂O₃, BaCO₃, and TiO₂ powders were weighed in 
stoichiometric ratios and dried to eliminate moisture. NZFO and BTO powders were separately 
milled for 1 hour in a SPEX SamplePrep 8000D Mixer/Mill at 875 rpm, pressed into pellets at 7000 
kg/cm², and sintered above 1000°C for 5 hours. The resulting NZFO and BTO were ground into fine 
powders, weighed to form composites with x = 0, 0.1, 0.3, and 0.5, co-milled for 1 hour, pressed into 
pellets at 7000 kg/cm², and annealed at 700°C for 5 hours with a 5°C/min heating rate. Post-sintering, 
the samples underwent high-energy ball milling for 1 hour in air, yielding fine powders. The samples 
were analyzed as follows: (i) Structural and Morphological Analysis: X-ray diffraction (XRD) using a 
Thermo Scientific Equinox 5000 determined crystal structure; SEM images from a Hitachi Fe-SEM 
S4800 assessed particle size and morphology; EDX with an Oxford Instruments Aztec system 
evaluated elemental composition. (ii) Electrical and Magnetic Properties: P(E) hysteresis loops were 
measured with a Precision LC II Model 609 under a 1.25 kV/cm field; M(H) hysteresis loops were 
characterized using a vibrating sample magnetometer. (iii) Microwave Absorption Properties: 
NZFO/BTO powders were mixed with paraffin (4:6 ratio), shaped into toroidal samples, and tested 
for S-parameters using a Keysight PNA-X VNA (2-18 GHz). Complex permittivity and permeability 
were derived via the Nicolson-Ross-Weir method, and microwave absorption was calculated using 
transmission line theory. 

3. Results and Discussion 

This section may be divided by subheadings. It should provide a concise and precise description 
of the experimental results, their interpretation, as well as the experimental conclusions that can be 
drawn. 

X-ray diffraction (XRD) patterns for all samples at room temperature are presented in Figure 1a. 
The x = 0 sample exhibits a pure BTO phase with a tetragonal structure, denoted by Miller indices 
(hkl) like (100), (110), (111), (002), (210), (211), and (220). Other samples show NFO phase peaks (cubic 
structure, marked with asterisks *), alongside BTO peaks. No peak shifts or unusual peaks were 
detected, indicating stable BTO and NZFO phase coexistence without new phases forming during 
heat treatment. Raman spectroscopy is regarded as an effective method for detecting minor structural 
deformations and symmetry characteristics in perovskite materials. The Raman spectra of the 
xNZFO/(1-x)BTO composite are presented in Figure 1(b). The xNZFO/(1-x)BTO composite is 
characterized by a fundamental BaTiO3 (BTO) matrix possessing a perovskite structure, and thus, the 
same Raman modes as those observed in pure BTO are exhibited. The assignment of spectral bands 
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was conducted based on reference data for pure BTO. The resonance frequencies corresponding to 
[E(LO), A1(LO), E(TO)], [E(TO), A1(TO)], and [E(LO), A1(LO)] were found to be positioned at 535.77 
cm⁻¹ and 731.45 cm⁻¹, respectively, across all samples, indicating that a tetragonal phase is maintained 
by the material. As the NZFO concentration is increased, the intensity of the spectral peaks associated 
with wavenumbers 529.77 cm⁻¹ and 709.84 cm⁻¹ is significantly reduced, accompanied by a gradual 
broadening trend. With a progressive increase in NZFO content, the spectral peaks linked to 
wavenumbers 172.07 cm⁻¹, 535.77 cm⁻¹, and 731.45 cm⁻¹ are slightly shifted to peaks corresponding 
to wavenumbers 176.07 cm⁻¹, 519.77 cm⁻¹, and 731.45 cm⁻¹. These shifts are attributed to variations 
within the perovskite structure of the composite. Although both the ferroelectric BTO phase and the 
ferromagnetic NFO phase coexist within the composite, no chemical interactions are observed. 
Nonetheless, electromagnetic interactions are still manifested at the interface between the two phases, 
resulting in a minor impact on the material’s structure. 

 

 

Figure 1. (a) XRD patterns and (b) Raman spectra of the powdered composites of xNZFO/(1-x)BTO samples. 

Scanning electron microscopy (SEM) images (Figure 2 a-c) of BTO, BTNF1, BTNF3, and BTNF5 
reveal uneven grains, ranging from tens to hundreds of nanometers, with smaller particles adhering 
to larger ones. Grain orientation seems random due to diverse interactions. Average grain size (~100 
nm) was determined using grain size analysis software with a Hitachi S4800 FE-SEM. Low electrical 
conductivity led to indistinct grain boundaries, causing particle clustering. Particle size remained 
uniform across compositions and NZFO content. EDX spectra confirmed the presence and 
distribution of Ba, Ti, O in BTO, and Ni, Zn, Fe, O in composite samples, with element ratios closely 
matching nominal values and no foreign elements detected, as shown in Figure 2 (d-f). 

(a) (b) 
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Figure 2. (a-c) SEM images and (d-f) EDX spectra of xNZFO/(1-x)BTO with x = 0, 0.3, and 0.5, respectively. 

Figure 3 shows M(H) hysteresis loops for all samples at room temperature. Most samples display 
ferromagnetic behavior, except the BTO sample, which is clearly paramagnetic with low 
magnetization. In NZFO/BTO composites, magnetization rises significantly with increasing NZFO 
content, with saturation magnetization (Ms) increasing from 10.11 to 29.48 emu/g and remanent 
magnetization (Mr) growing from 0.64 to 1.65 emu/g as the NZFO fraction (x) ranges from 0.1 to 0.5, 
aligning with previous studies. Coercivity (Hc) drops from 57.31 Oe at x = 0.1 to 23.62 Oe at x = 0.3, 
then slightly rises toward x = 0.5, a pattern noted in some research [32,33], though the link between 
ferrite content and coercivity can be complex. In multiferroic composites, higher magnetic phase 
content typically boosts both Ms and Mr. 

This trend is consistent with our findings for xNi0.7Zn0.3Fe2O4/(1−x)BaTiO3 composites, where the 
saturation magnetization increased with a greater magnetic phase content [33]. Our results are 
further supported by studies on similar multiferroic materials, such as the 
(1−x)Ba0.85Ca0.15Ti0.9Zr0.1O3/xCo0.6Zn0.4Fe1.7Mn0.3O4 (BCZT/CZFMO) composites, in which Ms values 
varied from 6.32 to 41.08 emu/g as the ferrite concentration was increased [34]. The NZFO 
ferromagnetic phase significantly enhances the magnetic properties of the composite material. Unlike 
saturation magnetization, the coercive field (Hc) in multiferroic composites exhibits complex 
behavior. Studies suggest Hc often increases with higher magnetic phase content compared to pure 
components, rather than simply decreasing. In xNi0.7Zn0.3Fe2O4/(1−x)BaTiO3 (NZF/BT) composites 
[33], Hc decreased with higher ferroelectric phase content, implying that greater magnetic phase 
concentration raises Hc. Notably, Hc values for NZF/BT composites exceeded that of the pure 
xNi0.7Zn0.3Fe2O4/(1−x)BaTiO3 sample (0.018 Oe) [33], indicating that adding a magnetic phase boosts 
the coercive field. Similar trends were observed in BCZT/CZFMO composites, where Hc surged with 
increasing ferrite content [34], due to ferromagnetic CZFMO pinning ferroelectric domains, impeding 
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domain wall movement and requiring a stronger magnetic field to reverse magnetization [34]. These 
results confirm the ferromagnetic phase’s critical role in modifying Hc in multiferroic composites. 
However, the non-monotonic behavior of Hc (decreasing then slightly increasing at high 
concentrations) lacks direct explanation in the sources, likely influenced by complex factors like 
microstructural changes, grain size, and interface effects [12,16]. 

 

Figure 3. M(H) loops measured at room temperature of NZFO/BTO multiferroic. 

Figure 4 illustrates the ferroelectric hysteresis loops P(E) for NZFO/BTO composites, measured 
at room temperature with a peak voltage of 10 kV and a 50 Hz frequency. These loops clearly exhibit 
ferroelectric behavior. As NZFO content increases from x = 0 to x = 0.5, the loops widen, and electric 
polarization rises significantly. The rounded, non-saturated P(E) loops result from leakage currents 
due to the less resistive ferrite phase compared to the ferroelectric phase. The remanent polarization 
(Pr) exhibits significant variation with increasing x, driven by space charge effects at the ferroelectric-
ferrite interface, resulting from differences in electrical conductivity and permittivity. Pr serves as an 
indirect indicator of magnetoelectric coupling strength in multiferroic materials. A higher Pr 
enhances strain generation under an electric field, which transfers to the magnetostrictive phase, 
thereby modifying its magnetic properties. A larger polarization change (ΔP, from +Pr to −Pr or vice 
versa) maximizes strain transfer, thereby enhancing the magnetoelectric response. The piezoelectric 
coefficient, closely tied to Pr, reflects robust ferroelectric domain alignment, amplifying strain and 
facilitating effective strain-mediated magnetoelectric coupling. These findings are consistent with 
previous studies on NZF/BT composites [33], where ferroelectric properties weakened as the nickel 
zinc ferrite content increased. This highly conductive phase led to atypical P-E hysteresis loop shapes. 
Specifically, Pr in NZF/BT composites increased from 0.19 µC/cm² at 10% NZF to 0.44 µC/cm² at 70% 
NZF, then decreased to 0.14 µC/cm² at 90% NZF, demonstrating non-monotonic behavior [33]. 
Furthermore, when the NZFO content reaches x = 0.1, both the remanent polarization (Pr) and 
coercive field (Ec) increase sharply. This can be attributed to: (i) pinning of ferroelectric domains by 
the ferromagnetic phase, which impedes domain wall motion and necessitates a higher electric field 
for polarization reversal [11]; (ii) charge leakage from the conductive ferrite phase, which shorts 
polarized charges, reducing polarization and complicating P-E hysteresis loops [14,15]; and (iii) 
factors such as sample thickness, defects, mechanical stress, preparation conditions, and thermal 
treatment, all of which influence Ec [20]. Defects, such as oxygen vacancies, can act as pinning centers, 
hindering domain wall motion, leading to ferroelectric hardening and an increase in Ec [18,32]. 
However, as the ferromagnetic phase content continues to rise to higher values (x ≤ 0.5), both the 
coercive field (Ec) and energy loss increase significantly.  
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Figure 4. P(E) curves for NZFO/BTO composites. The inset in the upper left corner shows the dependences of 
WUE, WLE, and ηP-E on NZFO content; the inset in the lower right corner shows the change of  Pr, Pm, and Ec on 
NZFO content. 

Table 1. The magnetic characteristics (remanent magnetization (Mr), saturation magnetization (Ms), and coercive 
force (Hc)) and ferroelectric characteristics (coercive field (Ec), maximum electrical polarization (Pm), and residual 
polarization (Pr)) were determined for the NZFO/BTO composites. 

Sample/ Method x Ms 

(emu/g) 

Mr(emu/g) Hc 

(Oe) 

Pm(µC/cm2) Pr(µC/cm2) Ec(kV/cm) Refs. 

xNZFO/(1-

x)(BTO)/High energy 

ball milling 

 

0.0 0.549 0.09 57.31 0.061 0.0067 0.98 This 

work 
0.1 10.11 0.64 28.68 0.057 0.018 3.25 

0.3 19.36 1.16 23.62 0.055 0.012 2.1 

0.5 29.48 1.65 29.45 0.048 0.011 2.05 

xNi0.7Zn0.3Fe2O4/ 

(1-x)BaTiO3/ Solid-

state reaction. 

0.1 4.1 0.48 48.67 0.21 0.14 7.6 [33] 

0.3 20.8 3.43 54.47 0.44 0.55 7.6 

0.5 37.6 7.21 68.03 0.3 0.52 5.1 

0.7 55.5 5.04 39.17 0.75 0.25 4 

(1-x)BaTiO3/xCoFe1.8 

Zn0.2O4/ Solid-state 

reaction 

0.1 8.9 0.44 - 3.18 0.66 4.48 [35] 

 0.2 14.9 0.49 - 4.72 0.87 3.14 

0.3 21.5 1.76 - 5.25 0.91 2.86 

0.4 28.6 1.95 - 7.15 2.07 5.92 

xNiFe2O4/(1-x)BaTiO3 0 - - - 18 7.7 4.5 [36] 
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This is illustrated in the inset at the bottom right corner of Figure 4. The phenomenon is 
explained by the following factors: the excessive presence of the NZFO ferromagnetic phase pins the 
ferroelectric BTO domain walls. NZFO magnetic particles act as obstacles, impeding or pinning the 
motion of ferroelectric domain walls, making it more challenging to reorient ferroelectric 
polarization. Consequently, a higher external electric field is required to achieve polarization 
reversal. Additionally, defects such as oxygen vacancies or complexes involving Fe and Ti can serve 
as pinning centers, further complicating polarization and increasing Ec [29]. These effects impact the 
material’s energy storage capacity and contribute to changes in energy loss density. To choose 
materials with high attenuation properties that can efficiently absorb and block electromagnetic 
waves, this research [38–42] evaluated and examined their dissipation and energy retention abilities. 
Later sections will explore related discussions in detail. The retrievable energy storage density and 
effectiveness can be calculated using the given formulas [38]: 𝑾𝑼𝑬 = ׬ 𝑬𝒂𝒑𝒍𝒊𝒆𝒅𝒅𝑷𝒊𝒏𝒅𝒖𝒄𝒆𝒅𝑷𝒎𝒂𝒙𝟎                                     (1) 

 𝜼𝑷ି𝑬 =  𝑾𝑼𝑬𝑾𝑼𝑬ା𝑾𝑳𝑬 .𝟏𝟎𝟎                                          (2) 

In the provided formulas, Eapplied is the external electric field, Pinduced is the resulting 
polarization, and ηP−E indicates energy storage efficiency. WUE and WLE denote recoverable and 
dissipated energy density, respectively. The inset in the top left of Figure 4 displays P(E) curves and 
the relationship between WUE, WLE, and ηP−E with NZFO content in samples, measured at 10 kV. The 
research results on the energy storage and loss capabilities of NZFO/BTO materials are specifically 
presented in the inset figure located at the top left corner of Figure 4. The values of stored energy 
density and energy loss vary significantly with the NZFO ferromagnetic phase content. As the 
ferromagnetic phase content increases, the energy loss density values achieved are 0.04, 0.222, 0.16, 
and 0.15, respectively, while the storage efficiency changes correspondingly to 88.36, 43.08, 68.06, and 
51.96%. This indicates that at an NZFO ferromagnetic phase content of x = 0.1, the energy loss density 
reaches its highest value. Figure 5 displays how frequency affects the dielectric constant and 
permeability of NZFO, BTO, and BTBF1 samples, highlighting impacts on their real and imaginary 
components and dielectric/magnetic losses. 

Solid-state reaction 0.1 5 0.18 22 7 2.0 7.2 

0.2 9.5 0.26 22 9 6.6 18.1 

0.3 15 0.75 27 52 50 34.4 

xNiFe2O4/(1-

x)BaTiO3/ High 

energy ball milling 

 

0 - - - 0.038 0.004 0.4 [38] 

0.1 4.4 1.8 372.0 0.045 0.011 0.7 

0.2 8.2 3.1 485.0 0.048 0.015 0.8 

0.3 11.7 4.9 507.6 0.056 0.024 1.3 

0.4 15.2 6 519.3 0.069 5.78 2.0 
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Figure 5. The frequency dependence of (a, c) real permittivity and (b, d) complex permeability is presented for 
the NZFO, BTO, and BTNF1 samples. 

The energy storage and loss properties of a material are influenced by the frequency-dependent 
behavior of its dielectric constant and magnetic permeability. The real part of the dielectric constant 
(Ɛ’), which reflects the material’s electrical energy storage capacity, is typically reduced as frequency 
increases. This is illustrated in Figure 5(a-b), where ϵ’ for BTO peaks at approximately 2.88, 12.87, and 
16.2 GHz, and for NZFO at 8.16, 13.2, and 16.1 GHz, while BTNF1 shows peaks at 7.84 and 16.08 GHz. 
The material’s energy dissipation ability is tied to the imaginary part of the dielectric constant (Ɛ’’). 
Within the 2–18 GHz range, multiple Ɛ’’ peaks are observed. For BTO, Ɛ’’ peaks at 4.8, 6.8, and 8.56 
GHz, with decreasing magnitudes. For NZFO, peaks occur at 4, 10.1, and 11.92 GHz, and for BTNF5, 
the highest Ɛ’’ values are recorded at 10.32 and 12.08 GHz, aligning with peak shifts in NZFO and 
BTO. Notably, in the 11.5–13.3 GHz range, BTNF1’s Ɛ’’ significantly surpasses that of NZFO and BTO, 
as highlighted in the circled graph region, indicating a substantial enhancement of Ɛ’’ by the NZFO 
phase in the multiferroic material. This increase is attributed to: (i) delayed charge movement and 
accumulation in the 11.5–13.3 GHz AC frequency range, causing energy dissipation due to 
conductivity differences from the ferroelectric NZFO phase [11]; and (ii) lattice defects from 
fabrication, creating charge carrier traps that lead to energy loss through interactions with the lattice 
[37]. Additionally, the material’s permeability is significantly altered by frequency, as shown in 
Figure 5(c-d). The real part of the permeability (µ’) is gradually reduced with increasing frequency 
across the 2–18 GHz range, with BTNF1 and NZFO showing peaks at similar frequencies, 
underscoring the strong influence of the ferromagnetic NZFO phase on µ’ in the multiferroic 
material. 

The imaginary part of the permeability (µ’’) varies significantly among BTO, NZFO, and BTNF1 
materials. The frequency-dependent µ’’ curves for NZFO and BTNF1 display similar shapes but 
differ in peak positions, with NZFO peaking at 11.12 GHz and BTNF5 at 12.32 GHz, while peak 
intensity remains nearly constant. This indicates that the ferromagnetic NZFO phase primarily drives 
the µ’’ behavior in BTNF1. The magnetic loss peak results from delayed domain wall motion, 
influenced by the applied magnetic field and lattice defects. Across all samples, in the 8–16 GHz 
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range, the imaginary parts of the dielectric constant and permeability exhibit a decreasing trend with 
increasing frequency, reflecting significant dielectric and magnetic losses due to the NZFO phase. 
This is evident in Figure 6, showing (a) magnetic loss tangent and (b) dielectric loss  tangent as 
functions of frequency for NZFO, BTO, and BTNF1, marked by purple circles. The loss frequency 
range aligns with trends in the imaginary parts of the dielectric constant and permeability. 
Additionally, the ferromagnetic phase enhances electric and magnetic field energy loss in the 3–6 
GHz range, highlighted by another purple circle in Figure 6. These findings confirm the substantial 
role of the NZFO phase (x = 0.1) in boosting the material’s electromagnetic wave absorption, 
consistent with prior studies [14,22,32]. 

 
Figure 6. The frequency dependence of (a) magnetic loss and (b) dielectric loss tangents is presented for the 
NZFO, BTO, and BTNF1 samples. 

The energy dissipation mechanism is further explored using Cole-Cole diagrams. Figure 7 
shows the Ɛ′ versus Ɛ′′ interrelationship curves for pure NZFO, BTO, and BTNF1 composites across 
the 2–18 GHz range. The Cole-Cole semicircles from these plots indicate the Debye relaxation process, 
confirming polarization relaxation characteristics. This aligns with classical Debye theory, which 
describes the relationship between Ɛ′ and Ɛ′′ [43]. 

ቀ𝜺′ − 𝜺𝒔ା𝜺ಮ𝟐 ቁ𝟐 + ሺ𝜺ᇱᇱሻ𝟐 = ቀ𝜺𝒔ି𝜺ಮ𝟐 ቁ𝟐                  (3) 

Cole-Cole plots are used to investigate the absorption mechanism, with the x-axis showing the 
real part and the y-axis the imaginary part of the complex dielectric constant. Here, ϵs represents the 
static dielectric constant, and Ɛ∞ denotes the dielectric constant at infinite frequency. A single 
semicircle in a Cole-Cole plot typically signifies a single Debye polarization relaxation process. The 
presence of semicircles in the Cole-Cole plots for BTO, BTNF5, and paraffin samples confirms Debye 
relaxation [43]. An increased number of Debye semicircles correlates with enhanced polarization 
capability and dielectric loss within the material. Figures 7 demonstrate these semicircles in all three 
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samples, implying that in the 3–6 GHz, the polarization relaxation occurs in each during wave 
absorption. As microwaves interact with material imperfections, polarization centers form, leading 
to the creation of these Debye semicircles. 

 

Figure 7. Cole-Cole plots illustrating the connection between the real (Ɛ’) and imaginary (Ɛ’’) components of the 
complex permittivity for (a) NZFO-paraffin, (b) BTO-paraffin, and (c) BTNF1-paraffin composites. 

To evaluate the electromagnetic (EM) wave shielding and absorption properties of multiferroic 
composites with the composition xNZFO/(1-x)BTO, these were blended as fillers at 40% in paraffin, 
forming NZFO-Paraffin, BTO-Paraffin, and BTNF1-Paraffin composites. Their EM properties were 
measured in the 2–18 GHz range using a vector network analyzer, and Reflection Loss (RL) values 
were calculated using Formula (1), with results shown below. 

Figure 8 depicts the Reflection Loss (RL) characteristics of NZFO-Paraffin, BTO-Paraffin, and 
BTNF5-Paraffin composites, each at a 40wt% mass ratio in paraffin. The figure includes 2D curves (a-
c), 3D plots (d-f), and RL contour diagrams (g-i), where the x-axis represents frequency and the y-
axis shows RL values. RL, the key indicator of electromagnetic wave (EMW) absorption, is 
determined using equations based on transmission line theory [44]. 𝑅𝐿 = 20log | ௓೔೙ି௓బ௓೔೙ା௓బ |                                (4) 

𝑍 = ቚ௓೔೙௓బ ቚ =  ඥ|𝜇௥||𝜀௥|tanh[𝑗(ଶగ௙ௗ௖ )√𝜇௥𝜀௥]               (5) 

The normalized input impedance of the absorbing material is represented by Zin, with Z0 
indicating the free space impedance. Material properties are defined by Ɛr (complex permittivity) and 
µr (complex permeability), with f denoting frequency, c the speed of light in free space, and d the 
absorber’s thickness. Previous studies [40] establish that an RL (Reflection Loss) value below -10 dB 
indicates effective absorption, reflecting over 90% electromagnetic wave (EMW) absorption. Analysis 
of RL(f) curves for all samples reveals absorption peaks at specific frequencies, varying with 
thickness. 
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Figure 8. Visualizations of reflection loss (RL) are provided: (a-c) are two-dimensional RL curves for NZFO-
paraffin, BTO-paraffin, and BTNF1-paraffin; (d-f) show three-dimensional RL curves for these composites; and 
(g-k) represent RL contour plots for NZFO-paraffin, BTO-paraffin, and BTNF5-paraffin. 

For NZFO Sample: Absorption peaks were consistently observed across most thicknesses, except 
1.5 and 2 mm, with minimum Reflection Loss (RLmin) values typically below -30 dB. At 2.5 mm 
thickness, the lowest RL reached -38.74 dB at 13.85 GHz, with an effective absorption bandwidth 
(EAB) surpassing 9.36 GHz. For thicknesses of 2.5–3.5 mm, RLmin ranged from -32.63 dB to -38.74 dB, 
corresponding to 10.26–13.85 GHz, with an EAB of approximately 10 GHz. At 4.0 mm and 4.5 mm, 
RLmin values hit -44.71 dB (16.41 GHz) and -49.48 dB (15.32 GHz), yielding EABs exceeding 11.84 GHz 
and 12.24 GHz, respectively. 

For BTO Sample: As frequency rose from 1.5 to 3.5 GHz, thicker samples exhibited lower 
resonance peak frequencies. The RLmin reached -52.62 dB at 16.6 GHz, with an effective absorption 
bandwidth (EAB) of 6.64 GHz. For thicknesses of 2.5–3.5 mm, RLmin values in the 10–12 GHz range 
varied from -38.5 to -27.66 dB, corresponding to an EAB of 8.48–10.1 GHz, indicating a promising 
thickness range for electromagnetic wave absorption applications. 

For BTNF1 Sample: The combined influence of the ferroelectric BTO and ferromagnetic NZFO 
phases results in the material’s electromagnetic wave absorption displaying characteristics of both 
phases, with notable distinctions. For samples with thicknesses of 2.5 mm, 3 mm, and 3.5 mm, RLmin 
values reached -41.51 dB, -37 dB, and -28.72 dB, respectively, at resonance frequencies (and effective 
absorption bandwidths, EAB) of 12.52 GHz (9.12 GHz), 11 GHz (10.32 GHz), and 9.32 GHz (11.2 
GHz). Thicker samples exhibited higher resonance frequencies. 

This research demonstrates the potential for applying NFO, BTO, and BTNF1 materials in 
electromagnetic wave absorption within the 11.5-16 GHz frequency range, corresponding to the Ku-
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band used in military applications, with thicknesses ranging from 2.5 to 3.5 mm. This thickness 
proves practical for future applications of EMW absorbing materials. For the BTNF1 material, 
increasing thickness leads to significant changes in RLmin and a migration of absorption peaks to 
lower frequencies, consistent with prior research. This fluctuation in RLmin and absorption capability 
at different thicknesses is attributed to the sample’s impedance matching during measurement. Our 
results are noteworthy compared to earlier studies on multiferroic materials integrating NiFe2O4 [35–
38] or BaTiO3-family [13,21,22,37,49] compounds and other ferromagnetic substances, as detailed in 
Table 2.  

Table 2. The microwave absorption characteristics of NZFO/BTO composites at varying thicknesses were 
evaluated by examining their minimum reflection loss (RLmin), resonant frequency (f), and effective absorption 
bandwidth (EAB) (at RL ≤ -10 dB). These findings were then compared with other similar composites. 

Sample x 

Filler 

loading 

(wt%) 

Thickness 

(mm) 

RLmin 

(dB) 

f(GHz

) 

EAB 

(GHz) Ref. 

NZFO 1 

40 

1.5 - - - 

This 

work 

2.0 - - 
- 

2.5 -38.74 13.85 
9.36 

3.0 -44.12 12.51 
9.84 

3.5 -32.63 10.26 
10.96 

4.0 -44.71 16.41 
11.84 

4.5 -49.48 15.31 
12.24 

BTO 0 

1.5 -52.62 16.6 
6.64 

2.0 -55.80 16.64 
6.65 

2.5 -38.51 12.5 
8.48 

3.0 -38.15 11.74 9.68 

3.5 -27.66 10.1 
10.48 

4.0 -43.24 15.5 11.6 

4.5 -44.04 13.9 12.4 

BTNF1 0.1 

1.5 0 0 5.68 

2.0 -44.65 15.65 7.84 

2.5 -41.51 12.52 9.12 

3.0 -37 11 10.32 

3.5 -28.72 9.23 11.2 

4.0 -44.9 15.7 11.84 
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4.5 -41.05 13.92 12.56 

Ni0.5Zn0.5Fe2O

4/Ba0.6Sr0.4Fe9.

5Al0.5MnTiO19

/FeTiO3/epox

y 

5:3:

2 
50    

 

[3] 

(Ni0.4Co0.2Zn0.

4)Fe2O4 
- 

85 

3 -17.1 6.1 
7.6 

[45] 
(Ni0.5Zn0.5)Fe2

O4 

/(Ni0.4Co0.2Zn0

.4)Fe2O4  

- 3 -49.1 11.8 

9.4 

Ni0.6Zn0.4Fe2O

4/PANI 
- 75 2.6 -41 12.8 

5 
[46] 

NiFe2O4/grap

heme/ 

polyaniline 

- - 2.5 -50.5 12.5 

5.3 

[47] 

(1-

x)MWCNT/x

Ni0.5Zn0.5 

Fe2O4  

0.4 - 3.0 -19.34 8.46 

1.24 

[48] 

xFe3O4/(1-

x)BaTiO3-

paraffin 

0.25 

75 

1.9 -29.5 12.1 2.4 

[21]  0.75 2.3 -42.5 10.2 2.6 

0.8 2.2 -47.4 12.26 5.5 

The performance of these parameters depends on both the intrinsic properties of the composite 
material and the thickness of its absorptive layers. Among the materials studied, the BTNF1-paraffin 
composite demonstrates superior electromagnetic wave (EMW) absorption, making it an ideal 
candidate for high-performance applications. It exhibits exceptional Reflection Loss (RL) across 
practical thicknesses, achieving an RLmin of -41.52 dB at 12.52 GHz with a 2.5 mm thickness and -
28.72 dB at 9.23 GHz with a 3.5 mm thickness, alongside an effective absorption bandwidth (EAB) 
exceeding 11.2 GHz (at RL = -10 dB), comparable to prior research. The BTNF1 composite’s tunable 
absorption profile is notable, with thicker layers consistently shifting absorption peaks to lower 
frequencies, as explained by the quarter-wavelength theory. This is illustrated in Figures 8(a)-(i), 
where increased thickness moves the effective absorption band to lower frequencies, with RL peaks 
shifting accordingly. As frequency rises and thickness decreases, RL values approach 0 dB, indicating 
reduced absorption efficiency. Although the full width of the maximum RL was not fully captured 
due to measurement limitations, the trends suggest significant applicability at higher frequencies. 
The attenuation coefficient (α), a key factor in reflection loss and material attenuation, is calculated 
using a formula derived from transmission line theory and the EMW propagation constant [50]. 

α = √𝟐𝛑𝒇 𝒄 ×ට( 𝝁″𝜺″ −  𝝁′𝜺′)  + ඥ(𝝁ᇳ𝜺ᇳ −  𝝁ᇱ𝜺ᇱ)² + ( 𝝁ᇳ𝜺ᇱ +  𝝁ᇱ𝜺ᇳ)²   (6) 
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Figure 9 shows that the absorption coefficient (α) of BTO-paraffin samples exceeds that of NZFO 
and BTNF1 across the 2–18 GHz range. However, in the 11.5–14.5 GHz band, BTNF1 displays a 
significantly higher α than BTO and NZFO, highlighting NZFO’s influence. To quantitatively assess 
the impedance matching performance of 2.5 mm thick NZFO, BTO, and BTNF1 samples across 
frequencies, we plotted all impedance matching ratio values in the 2–18 GHz range. When Z = 1, the 
reflection coefficient is 0, indicating that electromagnetic waves incident perpendicularly from free 
space to the surface of the microwave-absorbing material achieve zero reflection, meaning perfect 
impedance matching at this point. The impedance matching ratio is considered optimal for samples 
when Z falls within the range of 0.8–1.2. Among all investigated samples, the BTNF1 sample 
exhibited high impedance matching performance in the wide frequency range of 11.5–16 GHz (purple 
circled region) and near 8 GHz. This is specifically illustrated in Figure 10. It can be observed that the 
NZFO ferromagnetic phase plays a crucial role in enhancing impedance matching in the Ku band 
within the 11.5–16 GHz frequency range. The BTNF1 composite, a uniform blend of piezoelectric 
BaTiO3 (BTO) particles and soft ferromagnetic Ni0.8Zn0.2Fe2O4 (NZFO) particles, exhibits the following 
absorption mechanisms in the 2–18 GHz range: (i) Dielectric loss in BaTiO3: BaTiO3 particles, 
characterized by piezoelectric properties and electric polarization vectors, oscillate under the 
influence of an alternating electric field from EMWs, generating internal friction and converting 
electric field energy into heat dissipated to the surrounding environment. (ii) Magnetic loss in NZFO: 
NZFO particles, with high permeability and characterized by magnetic moment vectors, undergo 
rotation and precession under an alternating magnetic field, leading to losses through magnetic 
hysteresis and resonance. This converts magnetic field energy into heat. (iii) Interfacial loss and 
leakage current: At an NZFO content of x = 0.1, the resistivity difference between NZFO (lower) and 
BaTiO3 generates leakage currents at their interfaces, significantly increasing EMW energy loss, 
coercive force, and remnant polarization, thereby enhancing the piezoelectric coefficient. The 
combined effects of dielectric loss, magnetic loss, and amplified interfacial loss due to leakage 
currents from the NZFO phase (x = 0.1) significantly improve the EMW absorption capability of the 
BTNF1 multiferroic composite. 

 
Figure 9. Graphs illustrating the variation of the absorption coefficient (α) with frequency for all samples. 
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Figure 10. Frequency dependence of impedance matching ratio of all as prepared samples. 

4. Conclusions 

The study successfully produced xNi0.8Zn0.2Fe2O4/(1-x)BaTiO3 composites (x = 0, 0.1, 0.3, 0.5) 
using a combination of high-energy mechanical milling and heat treatment. The addition of the 
NZFO ferromagnetic phase significantly enhanced both ferroelectric and ferromagnetic properties, 
resulting in increased saturation magnetization and magnetic remanence proportional to the NZFO 
content. The composition with x = 0.1 (BTNF1) was found optimal, delivering maximum remnant 
electric polarization and dielectric loss density, making it the top candidate for superior 
electromagnetic wave (EMW) absorption. At this composition, BTNF5 demonstrated exceptional 
absorption, achieving minimum reflection loss values of -41.51 dB at 12.52 GHz, -37 dB at 11 GHz, 
and -28.72 dB at 9.32 GHz for thicknesses of 2.5–3.5 mm. This wide effective absorption bandwidth 
(EAB) highlights the material’s ability to attenuate EMWs across a broad frequency range. In 
summary, the xNZFO/(1-x)BTO composites, particularly BTNF1, show great potential for Ku-band 
EMW absorption, making them ideal for applications like radar absorption and electromagnetic 
interference shielding. 
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