Room temperature large magnetodielectric and magnetoimpedance in (NiMnFeAlZn)3O4 high entropy oxide
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[bookmark: _GoBack]ABSTRACT
Spinel-structured high entropy oxide (HEO) establishes a novel class of multifunctional materials, where intrinsic chemical disorder and multi-site tenancy enable a unique interplay between spin and charge dynamics. In this work, we report, for the first time, the interplay between magnetic field and dielectric and impedance behaviors in such a chemically complex HEO. For this purpose, a spinel-structured (NiMnFeAlZn)3O4 single-phase compound was synthesized via the solid-state method, its microstructure was analyzed at the atomic level, and its electronic, magnetic, dielectric, and impedance properties were systematically characterized. The detailed atomic-level microstructure and electronic properties analyses revealed a strong site presence by Zn2+ and Al3+ in tetrahedral and octahedral sublattices, respectively, while Ni, Mn, and Fe cations with mixed-valence state are distributed across both sublattices. Thermomagnetization studies and detailed analyses of magnetic data using the modified Arrott plot method and the modified Curie-Weiss law revealed a ferrimagnetic-to-paramagnetic phase transition around 217K. The dielectric and impedance studies showed a strong temperature- and frequency-dependent behavior, underscoring the intrinsic association between spin and charge dynamics. As a result, a notably large room-temperature magnetodielectric (MD) effect (10.3%) and magnetoimpedance (MZ) response (-13%) were observed at 2.2T. Comparative analysis of the square of normalized magnetization with normalized MD and MZ, along with the field-dependent thermomagnetization, not only confirmed that these enhanced functionalities stem from the field-induced magnetic ordering but also highlighted the importance of harnessing the couplings in these spinel-based HEOs for applications in next-generation electromagnetic, memory, sensing, and spintronic applications.
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The idea of high entropy alloys has sparked the development of various high entropy materials, including high entropy oxides (HEOs), which are single-phase oxide materials comprising five or more multi-principal cations and offering tunable compositions. The unique structural characteristics, which are maintained by high configurational entropy and unconventional functional properties resulting from structural disorder in a complex chemical environment, have garnered considerable attention among researchers[1-4]. Notably, the coexistence of multi-principal cations in a highly disordered environment extends complex interactions between charge, spin, and lattice degrees of freedom, as well as the development of diverse crystal structures[5]. Consequently, they create a plethora of possibilities for a wide range of uses, which include adjustable magnetism ranging from antiferromagnetism, ferrimagnetism, and ferromagnetism[6-8], colossal to giant dielectric behavior[9], remarkable ionic conductivity[10,11], enhanced catalytic activity[12], excellent electrochemical performance[13], high thermal stability[14], etc. Among the different HEOs, the HEOs with the spinel structure exhibit functional properties[15-17] due to the existence of two different cationic sublattices, namely tetrahedral and octahedral sublattices. These sublattices not only contribute to enhanced configurational entropy due to the presence of multi-principal elements but also enable flexible cation distribution based on the selection of cations. As a result, it offers controllable electrical, dielectric, and magnetic properties, enriching HEOs with a spinel structure that is tremendously promising for new technological applications. For instance, Sahu et al.[18] showed how to design giant dielectric materials using the concept of tunable entropy oxides and compositions, while Johnstone et al.[19] reported a remarkable enhancement in the coercivity of 0.9T in (CrMnFeCoNi)3-xGaxO4. Although significant studies were focused on thermal, magnetic, dielectric, and impedance properties of spinel structured HEOs[20], the systematic analyses to explore (i) the interplay between applied magnetic fields and the dielectric and impedance responses and (ii) the underlying mechanisms controlling the magnetodielectric (MD) and magnetoimpedance (MZ) effects are not yet well comprehended, leaving a critical gap within this chemically complex spinel HEO family.
[bookmark: _Hlk208678577]Hence, in this study, the correlation between the structural and functional landscape of spinel-structured (NiMnFeAlZn)3O4 HEO, prepared using the solid state synthesis method, is explored for the first time through systematic investigations of its structural, microstructural, electronic, magnetic, dielectric, and impedance properties. Such studies revealed a large MD (10.3%) and MZ (-13%). Interestingly, this study not only broadens the fundamental understanding of intrinsic couplings between magnetic and electric ordering but also highlights the importance of harnessing these couplings for suitable applications, including electromagnetic shielding, non-volatile memory devices, antennas, sensors, and energy-efficient spintronic systems.
The (NiMnFeAlZn)3O4 HEO was prepared through a typical solid-state synthesis technique. The commercially available powders of MnO, NiO, Fe2O3, ZnO, and Al2O3 (from Alfa Aesar and Sigma Aldrich) were taken as starting materials in equi-cationic ratio and hand ground for 3-hrs: (i) initially under dry conditions for 1.5-hrs and (ii) then dispersing in an acetone medium for an additional 1.5-hrs. The resulting mixture was eventually pressed into a 10-mm diameter disk-shaped pellet using a uniaxial hydraulic press with an optimized force of 4-Ton. Furthermore, the pellet was calcined at 1000°C for 12-hrs, followed by air quenching. The regrinding and recalcination process was repeated several times to achieve the desired phase. Finally, the comprehensive structural, microstructural, electronic, magnetic, dielectric, and impedance characterizations were carried out.
To analyze the crystal structure, confirm phase purity, and extract structural parameters, powder X-ray diffraction (P-XRD) measurements were performed at room temperature using a rotating anode X-ray diffractometer (Rigaku Smartlab, 9kW) with Cu-Kα radiation (λ=1.541Å). The P-XRD patterns were analyzed using Rietveld refinement through the FullProf software. The microstructure and atomic-level elemental mapping were performed using scanning transmission electron microscopy (S/TEM, ThermoFisher Scientific) and energy-dispersive X-ray spectroscopy (EDS) with a Spectra Ultra S/TEM. The specimen for S/TEM analysis was fabricated using a focused-ion-beam (FIB, Helios5UX, Thermo Fisher Scientific). Electronic properties, defect states, and cationic valence states were investigated using a PHI 5000 Versa Probe III type X-ray photoelectron spectroscopy (XPS) system. The scale of binding energy was calibrated using the C-1s peak at 284.8eV. The field-dependent magnetization was measured at room and low temperatures using a vibrating sample magnetometer (VSM, Lakeshore 7410, USA) and a VSM attached to a Dynacool-based physical property measurement system. The dielectric, magnetodielectric, impedance, and magnetoimpedance measurements were performed using an impedance analyzer (Hioki, Model:IM3570) with temperature and magnetic fields controlled by a temperature controller (Model:335) and electromagnet (Model:642) from Lakeshore, both operated through a homemade LabVIEW program. 
Figure 1(a-b) illustrates the room temperature P-XRD pattern, the Rietveld refinement, and the generated crystal structure of (NiMnFeAlZn)3O4 HEO. The observed P-XRD peaks are consistent with the spinel structure, M3O4 (,227), confirming the formation of the spinel phase. The refined parameters Rp=13.3%, Rwp=5.98%, Rexp=5.04%, and =1.41 confirm the reliability of the fit and the validity of the structural model. The refined lattice constant is 8.294(3)Å, and the refined crystal structure exhibits two sublattices: tetrahedral and octahedral. Figures 1(c-d) and 1(d1-d7) display the HAADF-STEM image, STEM EDS mapping, the individual elemental mapping, and the quantitative line-scan profiles across the grain boundaries. These results show no detectable cluster of any elements, strengthening the uniform distribution of elements down to the atomic scale. To study the site occupancy of elements in sublattices, the spinel structure along the [100]-zone axis generated using Vesta software is presented in Figure 1(e-g). This anticipated spinel structure is in close agreement with the HAADF-STEM image presented in Figure 1(h). Atom resolved elemental mapping shown in Figure 1(h1-h6) reveals that Mn, Ni, and Fe are distributed across both tetrahedral and octahedral sublattices, whereas Zn and Al are confined to tetrahedral and octahedral sites, respectively.
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Figure 1: (a) Rietveld refinement of room temperature P-XRD pattern, (b) Crystal structure generated from the refinement and drawn using VESTA software, (c) HAADF-STEM images, (d,d1-d7) the quantitative line-scan profiles across grain boundaries, STEM EDS mappings of individual elements at atomic level, (e-g) simulated crystal structure and cations projected along [100]-zone axis, (h) HAADF-STEM image, and corresponding (h1-h6) elemental mapping along the [100]-zone axis for (NiMnFeAlZn)3O4 HEO.
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Figure 2: High-resolution XPS spectra for (NiMnFeAlZn)3O4 HEO: (a) Mn-2p, (b) Ni-2p, (c) Fe-2p, (d) Zn-2p, (e) Al-2p, and (f) O-1s.

To further elucidate the site occupancy of elements in the spinel structure, high-resolution XPS spectra of Mn, Ni, Fe, Zn, Al, and O at room temperature are obtained and presented in Figure 2. The binding energies of different elements extracted from Figure 2 are listed in Table S1. The presence of mixed valence states for Mn, Ni, and Fe, i.e., 2+/3+ states, and a single valence state for Zn(2+) and Al(3+)[21-22] is rational with the elemental mapping in STEM images. The strong site preferences of Zn2+ and Al3+ in tetrahedral and octahedral sublattices, respectively, force Ni, Mn, and Fe cations to alter their oxidation states, allowing them to occupy both tetrahedral and octahedral sublattices, thereby stabilizing the spinel structure in (NiMnFeAlZn)3O4. The configurational entropy of (NiMnFeAlZn)3O4 [23] is found to be ~1.6R, substantiating its classification as a HEO material.
[bookmark: _Hlk213539857]Figure 3(a) illustrates thermomagnetization curves (M(T)) measured under zero-field-cooled (ZFC) and field-cooled (FC) conditions between 10K and 300K under the applied field of 0.022T. It is observed that (i) a bifurcation between ZFC and FC curves at low temperature below 160K and (ii) a magnetic transition from ferrimagnetic to paramagnetic phase above 215K. To study the nature of the magnetic phase transition, isothermal magnetization curves are obtained close to the transition temperature and analyzed using the modified Arrott plot (MAP) method (Figure S1). The detailed analyses of the extracted spontaneous magnetization and inverse susceptibility from the MAP method[24] (Figure S2) provide a phase transition temperature of 217.5K, along with the critical exponents 0.395 (), 1.026 (), and 3.626 (). As listed in Table S2,  is close to that of the mean-field model[24], while  and  do not match with conventional models, but exhibit close agreement with Widom’s scaling relation[25]. Table S3 presents a summary of the magnetic phase transition temperatures of various HEOs. To gain further insight into the ferrimagnetic properties, the temperature-dependent inverse susceptibility data (Figure S3) are analyzed using the modified Curie-Weiss law[26,27]. The calculated effective paramagnetic moment,  is found to be 6.09μB/f.u., nearly matching with the theoretical moment,  (=6.23μB/f.u.) (Table S4).
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Figure 3: (a) Thermomagnetization curves (M(T)) measured under ZFC and FC conditions at 0.022T, (b) M(T) curves measured under different applied fields, (c) the corresponding thermal-derivative curves, (d) M(H) curves measured at different temperatures, (e) high-temperature M(T) curve measured at 0.022T, (f-g)  and  at different frequencies, and (h) comparative study of normalized M(T)@0.022T,  and  for (NiMnFeAlZn)3O4 HEO.

To study the effect of the applied magnetic field on the phase transition, ZFC curves are obtained at different magnetic fields and presented in Figure 3(b). As the applied field increases, there exists (i) a progressive suppression of spin fluctuations by the temperature, (ii) a broadening of the phase transition, and (iii) a nonlinear increase in magnetization with increasing applied field up to 5T, even at 300K (Figure S4), supporting the field-induced magnetic ordering. Figure 3(d) presents the magnetic hysteresis loops (M(H)) measured between 10K and 300K. A maximum magnetization (MS) of 40.4emu/g is obtained at 5T, along with a coercivity (HC) of 41.5mT at 5K. Both MS and HC decrease with increasing temperature. Additionally, the magnetization values extracted from the M(T) curves at 300K (Figure 3(b)) under different applied fields match the M(H) data at 300K (Figure S4), reinforcing the consistency of our observations. 
[bookmark: _Hlk213693730]It is well known that the overall magnetic properties of the spinel HEOs arise from the imbalance between the magnetic contributions of the tetrahedral and the octahedral sublattices, driven by the co-existence and competition between double-exchange and super-exchange interactions. Considering the preferred occupancy of Zn2+ in the tetrahedral sublattice and Al3+ in the octahedral sublattice, along with the nonuniform distribution of Ni, Mn, and Fe across both sublattices, the net magnetic moment is produced from the unequal moments of the two sublattices[28,29]. Furthermore, electron hopping between mixed-valence cations, including Ni²⁺-O-Ni³⁺, Mn²⁺-O-Mn³⁺, Fe²⁺-O-Fe³⁺, and Fe³⁺-O-Ni²⁺, among others, could facilitate double-exchange interactions, enhancing magnetic alignment and contributing to an increase in net magnetization. These interactions promote spin-dependent charge transfer, aligning neighboring magnetic moments and reinforcing ferromagnetic coupling within the lattice. On the other hand, various superexchange interactions among other cation pairs can also exist, depending on the specific electronic configurations and bond geometries[30-37]. To understand the possible contribution of various magnetic ions to the saturation magnetization, the isothermal magnetization curve at 5K (Figure S5) has been fit using the law of approach to saturation model[38] and the calculated experimental magnetic moment is found to be 1.68μB/f.u., which is good agreement with the theoretical moment for the spinel structure (1.72μB/f.u.). The high-temperature M(T) (Figure 3(e)) further confirms the gradual decrease of magnetization in the paramagnetic state. It is expected that the field-induced magnetic phase transition exerts a significant influence on the dielectric and impedance responses of the (NiMnFeAlZn)3O4 HEO[39,40].
Figure 3(f) shows the temperature-dependent dielectric (εr) for (NiMnFeAlZn)3O4 in the temperature range between 10K and 300K at different frequencies from 50Hz to 1MHz. The room temperature εr exhibits a strong dispersion, i.e., decreasing from ~ 430 at 50Hz to a nearly constant (~46) at high frequencies. This can be attributed to the contributions from multiple polarizations, such as space charge, dipolar, ionic, and electronic, which are active at low frequencies[41]. As the frequency increases, the dipolar and space charge contributions are progressively suppressed due to the inability of dipoles and space charges to respond to the rapidly oscillating electric field[42]. As a result, εᵣ decreases with increasing frequency. Furthermore, with decreasing temperature, εᵣ progressively diminishes due to a reduction in the thermal energy, suppressing electron hopping between mixed-valence cations (Mn2+/Ni2+/Fe2+↔Mn3+/Ni3+/Fe3+) and leading to a nearly frequency-independent zone at low temperature below 150K[43]. On the other hand, the sharp rise in εr at low frequencies and high temperatures indicates an increase in the hopping rate of charge carriers with increasing temperature, as well as an interfacial polarization contribution[44]. Figure S6 presents the temperature-dependent tanδ measured at various frequencies for (NiMnFeAlZn)3O4. The tanδ(T) exhibits characteristic relaxation peaks that shift toward higher temperatures with increasing frequency, a behavior characteristic of thermally activated dielectric relaxation[42,45,46], which is generally described by the Debye relaxation model[47]. The observed peak in tanδ is attributed to the strong interplay between the conduction mechanism and dielectric response. At low temperatures, electric dipoles tend to freeze easily through the relaxation process, leading to reduced polarization and minimal dielectric loss. As the temperature increases, enhanced dipole mobility and charge carrier hopping shift the relaxation process to higher frequencies, resulting in a peak when the hopping frequency matches the applied electric field. It has been observed that (i) below 150K, tanδ remains nearly zero across all frequencies, indicating negligible dielectric loss due to limited dipole reorientation or carrier hopping, and (ii) above 150K, tanδ gradually increases, particularly at lower frequencies, reflecting the growing influence of thermally activated relaxation mechanisms. Importantly, the relaxation peak coincides with the magnetic transition temperature identified from the M(T). This correlation suggests that the dielectric relaxation is influenced not only by thermal effects but also by magnetic ordering.
Figure 3(g) displays the temperature-dependent impedance (|Z|) response of (NiMnFeAlZn)3O4 at different frequencies (50Hz-1MHz). At 50Hz, |Z| exhibits a low-temperature plateau (~1012Ω) that decreases by two-to-three orders of magnitude as temperature increases, indicating thermally activated carrier hopping. This could be correlated with the magnetic ordering, where thermally activated electron hopping between mixed-valence cations (Mn2+/Ni2+/Fe2+ and Mn3+/Ni3+/Fe3+) modulates the ferrimagnetic to paramagnetic transition. Moreover, with increasing frequency, this transition shifts to higher temperatures and becomes less prominent. To probe the possible correlation between spin and charge degrees of freedom, the normalized M, εᵣ, and |Z| are plotted against temperature in Figure 3(h). All three responses exhibit a strong correlation around the transition temperature (~217.5K), indicating a significant association between spin and charge dynamics in the system. The charge response is strongly influenced by frequency and the applied magnetic field.
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Figure 4: The frequency-dependent (a) MD and (b) MZ at various applied magnetic fields between 0.014 and 2.2T, (c-d) the field-dependent MD and MZ, (e-f) Comparison of m2 with normalized MD and MZ and their difference as a function of applied magnetic field for (NiMnFeAlZn)3O4 HEO.

Figure 4(a-b) illustrates the room temperature frequency-dependent magnetodielectric (MD) and magnetoimpedance (MZ) responses of (NiMnFeAlZn)3O4 under different applied magnetic fields up to 2.2T. The MD and MZ effects are calculated using  and , where ,  and ,  are the dielectric and impedance responses without and with magnetic field, respectively and presented in Figure 4(c-d). It can be seen that two distinct peaks are evident in the MD response: one centered around 240Hz and another near 14kHz. The low-frequency peak at 240Hz is primarily attributed to intrinsic hopping dipoles, further amplified by interfacial Maxwell-Wagner polarization mechanisms[18,48]. In contrast, the high-frequency peak at 14kHz is dominated by intrinsic dipolar polarization, with interfacial effects becoming negligible. This duality of intrinsic and extrinsic polarization processes is strongly modulated by valence fluctuations, which not only drive spin–charge–lattice coupling but also generate mobile charge carriers that accumulate at grain boundaries, thereby enhancing Maxwell–Wagner-type interfacial polarization[49-51]. The MD magnitude at 240Hz reaches 7.2%. At the same time, the 14kHz peak exhibits a maximum MD of 10.3% at 2.2T. This pronounced MD effect likely originates from magnetic field-induced modifications in space charge dynamics and dipolar polarization processes, particularly near the characteristic relaxation frequency where charge carriers or dipoles exhibit strong coupling with the magnetic lattice. Additional contributing factors include field-induced lattice distortions, magnetoelectric coupling, spin-phonon interactions, and other field-sensitive mechanisms that collectively modulate the dielectric response[52]. Under low magnetic fields, partial spin alignment reduces the energy barrier for hopping conduction, facilitating charge transfer between mixed-valence cations (e.g., Fe²⁺/Fe³⁺, Mn²⁺/Mn³⁺, Ni²⁺/Ni³⁺), resulting in a single dominant relaxation process of diminished magnitude. As the magnetic field increases, progressive spin alignment further lowers the hopping barrier[53,54]. It enhances dipolar polarization through intensified charge transfer between mixed-valence ions, thereby giving rise to the emergence of two distinct peaks. Concurrently, asymmetric charge redistribution arising from electron hopping between mixed-valence cations strengthens spin-charge coupling, contributing to a robust intrinsic MD response. Hence, the observed MD behavior can be reasonably attributed to a synergistic interplay between intrinsic hopping and dipolar polarization mechanisms, with magnetoresistance (MR)-related effects potentially offering supplementary contributions. Beyond this frequency, the MD effect decreases progressively with increasing frequency and approaches saturation in the high-frequency regime (>105Hz), as only the ionic and electronic polarization mechanisms remain active and are unaffected by the magnetic field. On the other hand, the frequency dependence of the MZ is negative across the entire frequency range, indicating reduced impedance under the applied magnetic fields. For frequencies <102Hz, the MZ(%) is small but increases with increasing frequency, reaching -13% at 2.2T near ~600Hz and -10.7% near 60kHz, consistent with field-enhanced carrier hopping via mixed-valence cations. The origin of these features is analogous to that of the MD relaxations, where the low-frequency response arises from intrinsic hopping dipole polarization supported by interfacial polarization. In contrast, the high-frequency behavior is governed by intrinsic dipolar processes. Table S5 summarizes the list of similar oxide materials and their MD and MZ responses. Upon further increasing the frequency beyond 105Hz, as with MD, the MZ diminishes towards zero, as interfacial and dipolar contributions are suppressed, leaving only intrinsic ionic/electronic processes.
For a comprehensive understanding of the spin-charge correlation, a comparative analysis of normalized magnetization, i.e., m2[=(M/M2.2T)2], MD, and MZ is analyzed simultaneously as a function of applied field up to 2.2T at room temperature (Figure 4(e-f)). In the low-field regime, both normalized MD and MZ deviate from m2. As the applied magnetic field intensifies, the magnetic phase transition becomes broadened, resulting in an overlapping region where the induced ferrimagnetic and paramagnetic characteristics coexist. This progressive stabilization of the induced ferrimagnetism results in a gradual enhancement in MD(%) and MZ(%)[40]. At sufficiently high applied magnetic fields, the further enhancement in the ferrimagnetic ordering results in a sharp rise in MD(%) and MZ(%), which closely approaches m2 dependence. These field-induced disorder and short- and long-range magnetic ordering are extremely vital in the HEO family. Furthermore, the inherent structural disorder and chemical complexity in these materials provide a unique platform for investigating the fundamental mechanisms that govern tunable magnetic and electrical functionalities, which are essential for advanced technological applications.
In conclusion, we have successfully synthesized the spinel-structured (NiMnFeAlZn)3O4 HEO single-phase compound (,227) via the solid-state method. The HAADF-STEM EDS mapping at the atomic level revealed the formation of single-phase HEO without any agglomeration or phase segregation. Further, the elements Mn, Ni, and Fe with mixed-valence states are distributed across both tetrahedral and octahedral sublattices, whereas Zn2+ and Al3+ are confined to tetrahedral and octahedral sites, respectively. The analysis of high-resolution XPS spectra further supported these observations. Temperature-dependent magnetic studies and detailed magnetic data analyses using the modified Arrott plot method and the modified Curie-Weiss law revealed a ferrimagnetic to paramagnetic phase transition around 217K and exhibited field-induced magnetic ordering. The frequency and temperature-dependent dielectric and impedance behaviors under different magnetic fields showed anomalies around 217K, highlighting the intrinsic correlation between spin and charge dynamics in the system. This yielded a large room-temperature magnetodielectric (MD) (~10.3%) and magnetoimpedance (MZ) (~-13%) responses. Furthermore, the comparative analysis of normalized m2 with normalized MD and MZ revealed that the field-induced magnetic ordering is responsible for the high MD and MZ response at room temperature. These findings positioned spinel-based HEOs as a multifunctional material for next-generation electromagnetic, memory, sensing, and spintronics applications.
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