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Abstract

:

Double perovskite materials have emerged as key players in the realm of advanced materials due to their unique structural and functional properties. This research mainly focuses on the synthesis and comprehensive characterization of Ba2CoWO6 double perovskite nanopowders utilizing a high-temperature conventional solid-state reaction technique. The successful formation of Ba2CoWO6 powders was confirmed through detailed analysis employing advanced characterization techniques. Rietveld refinement of X-ray diffraction (XRD) and Raman data established that Ba2CoWO6 crystallizes in a cubic crystal structure with the space group Fm-3m, indicative of a highly ordered perovskite lattice. The typical crystallite size, approximately 65 nm, highlights the nanocrystalline nature of the material. Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM) discovered a distinctive morphology characterized by spherical shaped particles, suggesting a complex particle formation process influenced by synthesis conditions. To probe the electronic structure, X-ray Photoelectron Spectroscopy (XPS) identified cobalt and tungsten valence states, critical for understanding dielectric properties associated with localized charge carriers. The semiconducting character of the synthesized Ba2CoWO6 nanocrystalline material was confirmed through UV-Visible analysis, which revealed an energy bandgap value of 3.3 eV, which aligns well with the theoretical predictions, indicating the accuracy and reliability of the experimental results. The photoluminescence spectrum exhibited two distinct emissions in the blue-green region. These emissions were attributed to the transitions 3P0→3H4, 3P0→3H5, and 3P0→3H6, primarily resulting from the contributions of Ba2+ ions. The dielectric characteristics of the compound were analyzed across a different range of frequencies, spanning from 1 kHz to 1 MHz. Magnetic characterization using Vibrating Sample Magnetometry (VSM) revealed antiferromagnetic behavior of Ba2CoWO6 ceramics at room temperature, attributed to super-exchange interactions between Co3+ and W5+ ions mediated by oxygen ions in the perovskite lattice. Additionally, first-principles calculations based on the Generalized Gradient Approximation (GGA+U) with a modified Becke–Johnson (mBJ) potential were employed to gain a deeper understanding of the structural and electronic properties of the materials. This approach involved systematically varying the Hubbard U parameter to optimize the description of electron correlation effects. These results deliver an extensive understanding of the structural, optical, morphological, electronic, and magnetic properties of Ba2CoWO6 ceramics, underscoring their potential for electronic and magnetic device applications.
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1. Introduction


Nanomaterials and perovskites represent a cornerstone of contemporary technological innovation, driving advancements in energy storage, optoelectronics, catalysis, and beyond [1,2,3,4,5]. Their intricate nanostructures and customizable properties make them indispensable in various high-tech applications. Within this dynamic field, double perovskites have emerged as particularly compelling materials due to their complex chemical compositions and exceptional physicochemical characteristics. Double perovskites are defined by the chemical formula A2BB’O6, where A represents an alkaline earth element and B and B’ denote transition metals or lanthanides. These materials can exhibit both ordered and disordered structures: in an ordered configuration, B and B’ cations arrange in a rock salt pattern within the lattice, with the A-cation occupying a 12-coordinate site [6,7,8]. Disorder arises when there are significant disparities in the size and valence of the B and B’ ions. This structural variability gives rise to a wide range of electrical and magnetic characteristics that are of intense interest in current research. Recent studies have focused on exploring diverse compositions of double perovskites, including alkaline earth metal tungstates, non-metallic compounds, and various oxides, molybdates, sulfides, phosphides, nitrides, and carbides. These materials exhibit distinct physicochemical properties that make them suitable for a multitude of applications spanning electrocatalysis, lithium-ion batteries, photocatalysis, supercapacitors, photoluminescence (PL), photocatalysis, and fluorescent materials. The luminescent properties of rare earth ion-doped tungstate materials, characterized by their highly covalent lattices and unique crystal structures, are particularly noteworthy for their potential in advanced optical and electronic devices [9].



Among the alkaline earth metal family, barium tungstate (BaWO4) stands out for its exceptional thermal and chemical stability, making it a cornerstone in various technological applications. BaWO4 finds extensive use in solid-state lasers, electrocatalysis, fiber optics, light-emitting diodes (LEDs), catalysts, and scintillators. Researchers continually innovate to enhance its electrical, piezoelectric, magnetic, and optical properties through advanced synthesis techniques such as molten salt synthesis method, co-precipitation method, electrochemical deposition technique, soft chemical methods, conventional solid-state processes, and microwave-assisted techniques. The luminescent capabilities of BaWO4 are harnessed in numerous cutting-edge applications, including solid-state lasers for high-performance optical communication, field emissive displays for next-generation visual technologies, and LEDs emitting in specific spectral ranges for diverse lighting applications [10,11,12,13,14,15]. For instance, the development of samarium-doped Ba2SmWO6 phosphors has been explored extensively, demonstrating their potential for enhancing the efficiency and color quality of LEDs. Additionally, novel approaches, such as the hydrothermal synthesis of tungsten oxide nanosheets decorated with barium bismuth niobate oxide layers, aim to improve the photoelectrochemical properties of BaWO4 for applications in renewable energy technologies [16,17,18]. Yu et al. developed solid-state samarium-doped Ba2SmWO6 phosphors and thoroughly investigated their structural and optical properties, demonstrating their potential for LED applications [19]. Additionally, Weng et al. utilized the hydrothermal method to fabricate tungsten oxide nanosheets and subsequently created barium bismuth niobate oxide layers on these nanosheets, aiming to enhance photoelectrochemical water splitting performance. Sundaresan et al. synthesized barium tungstate using a straightforward ultrasound-assisted technique, highlighting its simplicity and efficiency [20]. Furthermore, Pradeep et al. employed the pulsed laser deposition approach to create thin films of Tb3+-doped barium tungstate, showcasing their suitability for photonic applications [21].



Moreover, double perovskites, unlike conventional photovoltaic perovskites like methylammonium lead iodide, are engineered for diverse applications beyond solar cells, including catalysis, energy storage, and optoelectronic devices. Recent studies highlight materials such as Ba2SmWO6 phosphors for enhancing LED efficiency and tungsten oxide nanosheets decorated with barium bismuth niobate layers for improved photoelectrochemical water splitting. These materials often require advanced synthesis methods like high-temperature solid-state reactions and hydrothermal techniques, which differ significantly from the solution-based manufacturing of photovoltaic perovskites, offering tailored properties for specific advanced applications [22].



In this context, to the superlative of our familiarity, this investigation signifies the first comprehensive investigation on the structural, optical, and magnetic properties of Ba2CoWO6 double perovskite samples prepared via the high-temperature conventional solid-state reaction route and revealed them experimentally as well as theoretically. The novelty of this research lies in its exploration of the impact of Co3+ doping on the structural, morphological, dielectric, and magnetic characteristics of nanocrystalline barium cobalt tungstate (BCW) material. The synthesized nanocrystalline Ba2CoWO6 powder materials were subjected to an extensive suite of characterization techniques. X-ray diffraction (XRD) studies were utilized to identify the phase purity and crystal structure of the prepared sample. Raman spectroscopy provided insights into the vibrational modes and bonding characteristics. A scanning electron microscopy (SEM) instrument was employed to assess the surface morphology and particle size of the compound. Transmission Electron Microscopy (TEM) offered detailed images of the nanostructures. The semiconducting character of the Ba2CoWO6 synthesized material was confirmed through UV-Vis spectroscopy studies. This investigation revealed an energy bandgap value of 3.3 eV, which aligns well with the theoretical predictions, indicating the accuracy and reliability of the experimental results. The PL spectrum exhibited two distinct emissions in the blue-green region. These emissions were attributed to the transitions 3P0→3H4, 3P0→3H5, and 3P0→3H6, primarily resulting from the contributions of Ba2+ ions. The dielectric characteristics of the material were analyzed across a wide range of frequencies and temperatures, spanning from 1 kHz to 1 MHz. The ambient condition vibrating sample magnetometry (VSM) measurement was utilized to investigate the antiferromagnetic behavior of the synthesized sample. The results from these diverse characterization techniques were analyzed and interpreted to understand the impact of Co3+ substitution on the inherent characteristics of the nanocrystalline Ba2CoWO6 double perovskite compound. In addition to our experimental findings, we conducted first-principles calculations to delve deeper into the structural and electronic characteristics of the Ba2CoWO6 compound.




2. Experimental Part


2.1. Materials Used


Analytical reagent (AR) grade chemicals, specifically Barium Carbonate and Tungsten trioxide (BaCO3 and WO3, with a purity of 99%) and Cobalt (II) Oxide (CoO, with a purity of 99%), were attained commercially received from Sigma-Aldrich, US. These chemicals were utilized without any additional purification.




2.2. Synthesis and Sintering


In this study, the Ba2CoWO6 compound was manufactured through high temperature conventional solid state reaction route. Initially, stoichiometric amounts of barium carbonate and tungsten trioxide (BaCO3 and WO3) and cobalt (II) oxide (CoO) were precisely weighed using an electronic digital balance with a precise of 0.0001 g to ensure the correct proportions for the desired chemical composition. The weighed materials were then thoroughly mixed and finely ground using an agate mortar and pestle for approximately 30 min to achieve a uniform and fine powder. The fine powder mixture was then located in an alumina crucible and pre-heated at 900 °C for 12 h in an air atmosphere using a high-temperature muffle furnace. This initial heating step was crucial for initiating the solid-state reaction. After pre-sintering, the mixture was ground again to enhance the homogeneity of the particles and then subjected to a second annealing process at 1000 °C for 6 h. Finally, the mixture underwent a final annealing process at 1250 °C for 8 h to confirm the complete formation of the Ba2CoWO6 phase. After the high-temperature treatments, the annealed samples were allowed to cool naturally to an ambient temperature before being ground into fine powders. These synthesized Ba2CoWO6 powders were then pelletized using a hydraulic press, applying a pressure of approximately 3–4 tons to form dense pellets suitable for dielectric measurements. The graphical abstract provides a schematic representation of the solid-state reaction method utilized for the synthesis of Ba2CoWO6 nanopowders.



The synthesis of Ba2CoWO6 follows a solid-state reaction process, where BaCO3, WO3, and CoO are used as precursors. Upon heating at high temperatures (900–1250 °C), BaCO3 decomposes to release CO2, and the resulting Ba2+ ions react with WO3 and CoO to form the double perovskite Ba2CoWO6. The reaction can be summarized as:


2BaCO3 + WO3 + CoO → Ba2CoWO6 + 2CO2↑



(1)








2.3. Characterizations


All characteristic measurements were performed at room temperature. The crystal structure and phase purity of the compounds were estimated using a Bruker D2 Phaser X-ray diffractometer, Bruker AXS LLC, USA This instrument utilizes Cu-Kα radiation with a wavelength of 1.5418 Å, operating at 40 kV and 35 mA, with a scan rate of 0.02 s−1. The XRD patterns were recorded in the 2θ range from 10° to 80°. Phase identifications were matched against the International Center for Diffraction Data (ICDD) PDF-4 database. Structural constraints, bond angles, and bond lengths were obtained through the FULLPROF Rietveld refinement of the recorded XRD profiles. Raman spectra were recorded over the range of 100–1000 cm−1 using an HR-800 UV Spectrophotometer by Horiba Jobin-Yvon, Kyoto, Japan. with an excitation wavelength of 532 nm from an He–Ne laser. Transmission Electron Microscopy (TEM) images and Selected Area Electron Diffraction (SAED) patterns were captured using a JEOL JEM 2100, Tokyo, Japan at an accelerating voltage of 20 kV. The surface morphology studies of the prepared double perovskite compound were studied using a JEOL Model JSM-6390 LV, Berlin, Germany instrument. For optical characterization, UV-vis absorbance spectra were recorded in the wavelength range of 200 to 800 nm using a Shimadzu 2600 UV-vis spectrophotometer, Europe. XPS spectra were recorded at room temperature using PHI 5000 Versa Probe III Scanning XPS microscope, Japan. Frequency and temperature-dependent dielectric measurements were performed using a Wayne Kerr LCR 4275, London, UK in the frequency range of 10 Hz to 1 MHz. The magnetic hysteresis loop of the sample was measured using a Vibrating Sample Magnetometer (VSM) (Lakeshore MODEL-7410, Westerville, OH, USA) with an applied magnetic field ranging from ±15 kOe.





3. Results and Discussion


3.1. X-Ray Diffraction Studies: (Structural and Phase)


The purity of the phase for synthesized sample was meticulously assessed through XRD analysis. Figure 1a presents the Rietveld refinement patterns of the Ba2CoWO6 double perovskite compound. The sharp and singular diffraction peaks closely match with the standard ICDD reference No. 73-0136, confirming the cubic double perovskite structure of Ba2CoWO6 with the Fm-3m (No. 225) space group. Detailed structural parameters are summarized in Table 1. Notably, an intense superstructure peak at 2θ = 32.09° was observed, indicating the well-crystalline nature of the synthesized sample. Minor impurity reflections, denoted by (*), were also identified within the Ba2CoWO6 compound (Figure 1a). Figure 1b shows that the Ba2CoWO6 compound adopts a double perovskite structure where Co and W atoms alternate in the B-sites of the ABO3 lattice. This alternating arrangement is typical for double perovskites and leads to the observed octahedral coordination. Moreover, the arrangement of Ba atoms in the A-sites, along with the octahedral coordination of Co and W, provides stability to the structure. The symmetry of the unit cell, as seen from different axes, suggests a well-ordered crystalline structure. This structure is consistent with the expected geometry and coordination for a double perovskite material [23]. The typical crystallite size of the synthesized Ba2CoWO6 nanocrystalline materials was determined using the Debye–Scherrer equation from the most intense diffraction peak at 32.09° in the XRD pattern [24].


Crystallite size, D = kλ/β cosθ



(2)







According to the calculation, the average crystallite size (d) was approximately 65 nm. Additionally, the dislocation density (δ), which quantifies the number of defects per unit volume in a crystal, was calculated via the formula δ = 1/d2 [25], where d is the average crystallite size. The calculated dislocation densities for the synthesized nanocrystalline Ba2CoWO6 material were found to be 0.2366 × 1015 lines/m2. This value suggests an increase in dislocation density, indicating the successful doping of Co3+ in the barium tungstate material.




3.2. Raman Spectral Studies


Raman spectroscopy delivers a comprehensive means to investigate crystal structure, cation disorder, local and dynamical lattice distortions, spin-phonon coupling, and the presence of impurity phases within materials. In Figure 2, the left graph shows the raw experimental data (likely represented by the purple line). The right graph compares the experimental data (black line) with a Lorentzian fit (green line) and the total intensity curve (red line), which sums the contributions of individual Lorentzian peaks. Figure 2 exhibits that the Raman spectra of Ba2CoWO6 several prominent peaks at wavenumbers 152 cm−1, 283 cm−1, 442 cm−1, 674 cm−1, and 775 cm−1, each of which corresponds to distinct vibrational modes within the material’s lattice. The peak at 152 cm−1 is likely associated with lattice vibrations involving heavy atoms such as Barium (Ba) and Tungsten (W), characteristic of external modes in perovskite materials. The 283 cm−1 peaks may correspond to the bending modes within the WO6 octahedra, where the oxygen atoms move relative to tungsten [26]. The 442 cm−1 peak is attributed to symmetric stretching modes of the W–O bonds within the WO6 octahedra, while the 674 cm−1 peak is associated with the asymmetric stretching of these W–O bonds, where oxygen atoms move opposite to tungsten. The high-frequency peak at 775 cm−1 is likely linked to stronger bond vibrations, such as those involving Co–O bonds or more complex motions within the octahedral units, indicating a robust lattice structure [27].



According to the group theory, the cubic perovskite structure with the Fm-3m space group has the following types of atoms and their respective sites: Ba: Located at the 8c Wyckoff position, Co/W: Located at the 4a/4b Wyckoff positions, O: Located at the 24e Wyckoff position. The vibrational modes at the Brillouin zone center (Γ-point) for such a cubic perovskite can be decomposed into irreducible representations as follows [28]:


Γ-point Phonon Modes: ΓFm-3m = 3A1g + A2u + 5Eg + 2Eu + 6F1u + 4F2g + 2F1g + F2u



(3)







From the above, the Raman-active modes correspond to the irreducible representations that are both symmetric with respect to inversion (g-symmetry) and belong to the A1g, Eg, or F2g representations. These are, ΓRaman = 3A1g + 5Eg + 4F2g. The detailed explanations of the following Raman-Active Modes are as follows: A1g: Symmetric stretching mode, often involving oxygen octahedra, Eg: Degenerate mode, typically involving symmetric bending of bonds, F2g: Triply degenerate modes, often related to rotational or bending vibrations of the octahedra.



Moreover, the fitting of the experimental data with Lorentzian functions demonstrates a high degree of accuracy, suggesting that the phonon modes in Ba2CoWO6 are well-defined and can be effectively modeled using this approach. This close match between the experimental data and the Lorentzian fit indicates that the underlying physics of the Raman-active modes in this double perovskite structure are well captured, reflecting the material’s crystallographic symmetry and the nature of its bonding. The distinct peaks observed at specific wavenumbers suggest that the symmetry of Ba2CoWO6 allows these vibrational modes to be Raman active, meaning they significantly alter the polarizability of the molecule during vibration. This detailed characterization of the vibrational modes is crucial for understanding the material’s intrinsic properties, such as its structural stability, electron-phonon interactions, and potential applications in electronic or photonic devices. Moreover, the sharpness and intensity of the peaks provide insights into the crystal quality, with any peak broadening or shifting potentially indicating strain, impurities, or other lattice perturbations.




3.3. Morphology Studies


Figure 3a presents the SEM image; it was taken at a magnification of 10,000x with a scale bar indicating 5 µm. This image shows the surface morphology of the Ba2CoWO6 particles. The particles appear to have an irregular, somewhat agglomerated morphology, with individual particles showing rough surfaces. While the SEM image provides a qualitative view of the particle size and distribution, it is evident that the particles vary in size, with a majority appearing in the submicron to micron range. The irregular shape and rough texture might be indicative of the synthesis process, particularly in the high temperature solid state reaction method used [29]. This SEM image suggests that the Ba2CoWO6 compound has a heterogeneous particle size distribution with a significant degree of agglomeration. The surface roughness might be due to the specific conditions under which the material was synthesized or processed.



Figure 3b indicates the TEM image; it provides a higher resolution view of the particles, allowing for a closer examination of the internal structure. The scale bar here indicates a size of 10 nm, showing that the particles are in the nanometer scale, corroborating the observations in the SEM image. The particles in the TEM image seem to be nearly spherical, with a relatively smooth surface at this higher magnification. The particles appear to be well-defined, and there is evidence of crystalline domains within the particles. The Selected Area Electron Diffraction (SAED) pattern shown in the Figure 4 (inset) provides information about the crystallinity of the Ba2CoWO6 particles. Moreover, the pattern shows discrete spots, indicating that the material is crystalline, with a well-ordered atomic structure. The presence of sharp spots, rather than rings, suggests that the area being analyzed is a single crystalline domain or a very small number of crystallites oriented in the same direction.



Figure 3c demonstrates the histogram of the synthesized Ba2CoWO6 particle size distribution, with the x-axis representing the particle diameter in nanometers (nm) and the y-axis showing the counts or frequency of particles within each size range. The distribution exhibits a broad range of particle sizes, with the majority of the particles having diameters between 20 nm and 100 nm. The peak of the distribution appears around 65 nm, indicating that this is the most common particle size in the sample. However, the histogram demonstrates a relatively wide distribution, suggesting that there is significant variation in particle size, which might be due to the synthesis method used. Finally, these results collectively indicate that Ba2CoWO6 is a crystalline material with a nanostructured morphology and a significant degree of particle size variation, which could influence its physical and chemical properties.




3.4. UV-Vis Studies


The absorption characteristics of the Ba2CoWO6 compound were thoroughly investigated using UV-vis absorption spectra across the range of wavelength are 220–1000 nm, as depicted in Figure 4 (inset). The spectrum reveals prominent absorption peaks at 246 nm and 370 nm, which tends to band transitions from the valence state (O2p) to the conduction state (W3d). These transitions are indicative of the material’s optical behavior and electronic structure. To determine the optical band gap (Eg), Tauc’s relation was employed [30]:


(αEp) = C (Ep − Eg)m



(4)




where Ep (Ep = hv) represents the photon energy, C is the constant related to the probability of transition, and m denotes the nature of the optical absorbance conversion. From the analysis illustrated in Figure 4, the estimated band gap of the synthesized samples was estimated to be 3.30 eV. This result indicates that the Ba2CoWO6 material exhibits semiconductor properties, with potential applications in optoelectronic devices and related technologies.




3.5. Computational Studies


We employed the Full Potential and Linearized Augmented Plane Wave (FP-LAPW) method implemented in the WIEN2k code, within the framework of Density Functional Theory (DFT). For exchange-correlation effects, we employed the Generalized Gradient Approximation (GGA) with a modified Becke–Johnson (mBJ) potential, incorporating Hubbard parameters (U) to account for electron-electron interactions. Effective U values were set to Ueff = 3.25 eV for tungsten (W) and 1.90 eV for cobalt (Co) based on previous studies. In Figure 5, the Density of States (DOS) graph of Ba2CoWO6, obtained through GGA + mBJ + U calculations, provides a comprehensive view of the material’s electronic structure and magnetic properties. The total DOS, represented by the black curve, shows a distinct energy gap of approximately 3.33 eV in spin down channel, indicating that Ba2CoWO6 is a half-metallic. This wide bandgap suggests that the material could be suitable for applications in optoelectronic devices, such as photodetectors or light-emitting diodes, where a large bandgap is advantageous for efficient performance. The spin-resolved DOS reveals a clear asymmetry between the spin up and spin down channels, which is indicative of the material’s magnetic ordering, likely due to the Co ions. Also, the electronic characteristics of Ba2CoWO6 double perovskite compound with antiferromagnetic (AFM) ordering were observed computationally, and the estimated spin polarized perfection and probable density of states (DOS) of an electron and charge density contour (CDC) are demonstrated in Figure 5. The optical band gap estimated value is equivalent to 3.30 eV, which is in good agreement with our experimental results. The presence of states at the Fermi level for the spin down channel, contrasted with a bandgap for the spin-up channel, hints at potential half-metallic behavior, which could make Ba2CoWO6 a candidate for spintronic applications, where materials are used to manipulate spin currents [31]. This result has been closely correlated with previous similar results, such as Sr2InSbO6 (2.55 eV), K2InAgF6 (4.43 eV), and K2InAgCl6 (2.69 eV).



Furthermore, in Figure 5, examining the partial DOS contributions reveals that the electronic states near the Fermi level are predominantly derived from the Co 3d and O 2p orbitals, indicating a significant degree of hybridization between these states. This hybridization plays a crucial role in defining the material’s magnetic and electronic characteristics, as it suggests strong Co-O interactions, which are essential for the magnetic exchange interactions within the lattice. The W 5d states contribute significantly to the conduction band, just above the Fermi level, while the Ba 6s and 5p states are mostly located deeper in the valence band, implying that Barium primarily contributes to the structural stability of the crystal without significantly influencing the electronic conductivity. The accompanying charge density map highlights the spatial distribution of the electronic charge, with significant localization around the oxygen atoms. This pattern confirms the ionic nature of the bonding within Ba2CoWO6, where oxygen atoms play a critical role in mediating electronic interactions and maintaining overall charge balance. The map also illustrates the potential anisotropy in charge distribution, which could influence the material’s dielectric properties and response to external fields. Together, these analyses provide a detailed understanding of the electronic and magnetic properties of Ba2CoWO6, offering insights into its potential applications in various electronic and magnetic devices.




3.6. X-Ray Photoelectron Spectroscopy Studies


XPS measurement was performed for the recognition of oxidation state and the chemical composition of elements present in the synthesized material of Ba2CoWO6 double perovskite. Figure 6a shows the survey spectrum of the Ba2CoWO6 compound, which shows the presence of Ba, Co, W, and O elements in the compound. The quantitative elemental composition of Ba2CoWO6 was determined using CASA XPS software, version 2.3.18 by analyzing the peak areas corresponding to Ba, Co, W, and O elements. After correcting for the respective sensitivity factors, the experimental elemental ratios were found to be Ba:Co:W:O = 1.9:0.9:0.85:5.8. This composition matches closely with the theoretical stoichiometry of 2:1:1:6 for double perovskite-type structure, A2BB’O6 compound. Figure 6b shows the Co 2p spectrum, highlighting two major peaks, Co 2p3/2 and Co 2p1/2, located at 782.6 eV and 797.4 eV, respectively. The spin-orbit splitting energy of 14.8 eV aligns with the reported values for Co–O compounds. After applying Lorentzian–Gaussian curve fitting, the Co 2p spectrum was deconvoluted into fine peaks at 781.2 eV and 784.8 eV (Co 2p3/2) and a higher energy peak at 797.2 eV (Co 2p1/2), indicating the presence of Co3+ in the compound. Additionally, two shake-up satellite peaks were observed at 787.3 eV and 804.8 eV, characteristic of double perovskite-type structures (A2BB’O6). These findings confirm the presence of Co3+ ions in the Ba2CoWO6 compound. The high-resolution O 1s spectrum of the Ba2CoWO6 compound is presented in Figure 6c. Upon deconvolution, the O 1s peak reveals two distinct components: a peak at 531.9 eV, corresponding to metal–oxygen bonds (M–O, specifically M–Co and M–W), and another peak at 533.2 eV, characteristic of oxygen atoms in functional groups. These results confirm that the majority of oxygen species in the compound are bonded to metal ions, consistent with the expected structure. Figure 6d illustrates the deconvoluted fitting of the W 4f7/2 and W 4f5/2 peaks in the W spectrum, showing binding energy values of 33.1 eV and 38.4 eV, respectively. These binding energies are in good agreement with the reported values for tungsten oxides exhibiting the +5-oxidation state [32]. Figure 6e demonstrates the binding energy (BE) values of 773.4 eV and 793.7 eV obtained from the fitting of Ba 3d5/2 and Ba 3d3/2 peaks, respectively, in the Ba spectrum shows the presence of Ba2+ oxidation state in the Ba2CoWO6 compound, which matches with the reported values of Ba2O3 [33]. Thus, the presence of Ba2+, Co3+, and W5+ in the prepared compound confirms the expected oxidation states. Additionally, no extraneous elements were detected, further validating the purity of the samples.




3.7. Photoluminescence Studies


The photoluminescence characteristics of Ba2CoWO6 has been extensively examined utilizing its PL spectrum, as illustrated in Figure 7. This figure reveals a broad excitation band at 348 nm, ascribed to the 4f→3d conversion, along with robust excitation peaks among 300 and 400 nm, also owing to the 4f→3d transitions within the intra-design of Ba2+ ions. The photoluminescence (PL) spectra feature four narrow bands representative of Ba2+ ions, within the 300 to 400 nm range, corresponding to the 1G4→1D0, 3H4→3P2, 3H4→1D2, and 1I6→1S0 [34] transitions. These transitions are influenced by crystal-field observations. An emission ultimate peak is observed at 532 nm, resulting from the 3P0→3H5 shift. Figure 8 schematically illustrates the energy level diagram for the emission processes in Ba2CoWO6, highlighting the dominant radiative transitions responsible for the observed luminescence. The 1G4→1D0 and 3H4→3P2 transitions appear at 332 nm and 348 nm, respectively. Recent observations by Dhilip et al. [34] report a single blue with green emission from the 3P0 level. At room temperature, electrons non-radiatively transition to the 1D0 level due to the total quenching of the 3P2 level emission, which is tightly coupled with the virtual intervalence charge transfer [35,36].



The emission spectra of Ba2+ compound, excitation at 348 nm, predicts the three manifolds of the 3P1→3H4 level, producing violet supernatural appearances at 413, 437, and 469 nm. The green supernatural appearances at 532 nm are linked into the 3P0→3H5 level, while the lines at 586 nm and 598 nm tend to the 3P0→3H6 level manifold [37]. Notably, the green emission from the 3P0→3H5 transition is brighter than the blue emission from the 3P1→3H4 and 3P0→3H4 transitions. This contrasts with other oxide phosphors such as Ca2ZnWO6, Y2Mo4O15, and LiLaMgWO [38,39], where emissions from the 3P0→3H5 transitions are significantly stronger than those from the 3P0→3H6 transitions. The presence of emissions from the 3P0 to F level suggests that the simulated charge transfer band (CTB) is situated to prevent complete quenching of this emission. Emission from the 1D2 level is highly challenging to accomplish due to inefficient multi-phonon relaxation. Consequently, the highest emission appearances are associated with Co3+ ion evolutions initiating from the 3P0 level.




3.8. Dielectric Characteristics


Figure 9 demonstrates the frequency-dependent discrepancy of the dielectric constant (ε’) and dielectric loss (tan δ) for the Ba2CoWO6 double perovskite compound. The dielectric constant displays relaxor-like behavior across various frequencies, suggesting that the dielectric response is significantly influenced by polarization mechanisms originating from the grain boundaries of the compound. This relaxor-like behavior is commonly observed in materials where the distribution of polarization centers is heterogeneous. Both ε’ and tan δ show an increase as the frequency rises, which is a typical characteristic of dielectric materials. This phenomenon is often associated with the ability of the material to respond to alternating electric fields, where higher frequencies lead to more frequent reorientation of dipoles or polarization centers. The frequency-dependent dielectric constant dispersion observed in Ba2CoWO6 can be attributed to the nonexistence of translational unchanging in the free energy fences that govern ion dissemination. This structural disorder and the resulting distribution of activation energies for ionic motion contribute to the observed dielectric relaxation behavior in the material. Understanding these frequency-dependent properties is crucial for optimizing Ba2CoWO6 performance in various technological applications.



As observed in Figure 9, the dielectric constant (ε’) decreases with increasing frequency, a behavior commonly attributed to the relaxation of dipolar species. This behavior can be elucidated using Koop’s phenomenological theory and the Maxwell–Wagner model, which elucidate the frequency-dependent dielectric properties [40]. According to these models, at high frequencies, the well-conducting grains dominate, whereas at low frequencies, the poorly conducting grain boundaries are more influential. In this material, Ba2CoWO6, electron hopping arises among Co3+ ions located at two different octahedral crystallographic sites. This is because the presence of mixed valence states (Co3+ and Co4+) in cobalt oxides facilitates electron hopping between these sites, which is a well-known phenomenon contributing to electrical conductivity and magnetic properties. The mixed-valence nature of the cobalt ions is consistent with the XPS findings and the expected physical behavior of Co3+/Co4+ systems. Electrons must traverse both the well-conducting grains and the poorly conducting grain boundaries. The grain boundaries, which have high resistance, cause electrons to accumulate, leading to increased space charge polarization (SCP). Consequently, the dielectric constant reaches its highest values in the low frequency range. As the frequency increases, there is a drastic change in the movement of electrons, which impedes their motion within the synthesized sample. This results in reduced charge accumulation at the grain boundaries. At higher frequencies, the dielectric constant converges at all possible temperatures owing to the diminishing effect of SCP. The loss factor also exhibits a trend comparable to that of the dielectric constant, decreasing with increasing frequency.



Furthermore, the study and presentation of the ε’ and tan δ as a role of temperature across various frequencies of Ba2CoWO6 double perovskite material depicted in Figure 10. This figure illustrates that both ε’ and tan δ increase with temperature, up to approximately ~500 K for diverse frequencies, and then decrease beyond this threshold. The point at which the dielectric constant reaches its maximum at a given temperature is stated as the Curie temperature (Tc). Furthermore, according to the two-layer classical model produced by Maxwell and Wagner, the compounds with irregular structures are assumed to consist of numerous well-accompanying grains, separated by thin, vastly resistive limitations that are poorly conductive among the grains. The observed peak in the dielectric constant at 500 K is primarily due to a structural phase transition or enhanced space charge polarization. At this temperature, increased mobility of charge carriers and dipolar relaxation significantly enhance polarization, resulting in a peak. Beyond 500 K, excessive thermal agitation and conductivity reduce the dielectric constant. Assuming a similar dielectric polarization mechanism to that observed in transfer development processes, the composition dependence of ε’ is elucidated. Consequently, when the material is exposed to a highest voltage, the voltage chiefly decreases across the grain boundaries, where charge separation occurs [41]. The dielectric properties observed in the Ba2CoWO6 double perovskite compound stem from several underlying mechanisms related to its complex structure and synthesis process. During the synthesis and sintering of the sample, oxygen vacancies are created due to incomplete oxidation, influenced by the mixed valence states of Co3+/Co4+ and W5+/W6+ ions within the double perovskite structure. These vacancies and mixed valence states contribute to the material’s dielectric behavior by facilitating electron hopping across grain boundaries. This process reduces grain resistance, enabling the movement of electrons and the generation of dipoles, thereby inducing polarization [42]. Another factor contributing to the observed dielectric relaxation is the electrical inhomogeneity within the sample. Variations in charge carriers across different grains can lead to the trapping of charge carriers in regions with high potential gradients, effectively forming capacitive regions at grain boundaries. These “thin capacitors” contribute significantly to the overall ε’ of the compound. At higher temperatures, the dielectric constant (ε’) tends to remain nearly constant. This behavior suggests a rapid polarization process where the material can respond quickly to applied electric fields without significant delays or losses due to electronic hopping towards the path of the pitch. This phenomenon is crucial for understanding the frequency as well as the temperature-dependent dielectric properties of Ba2CoWO6 and its potential applications in capacitors, sensors, and other electronic devices requiring stable dielectric performance across a range of frequencies.




3.9. Vibrating Sample Magnetometry Analysis


The magnetization (M) versus applied magnetic field (M-H loop) of the synthesized Ba2CoWO6 double perovskite nanopowders is illustrated in Figure 11. The dopant of non-magnetic Co ions affects the site occupancy, thereby reducing the exchange interaction between the B sites. Typically, Ba2WO6 exhibits antiferromagnetic (AFM) behavior. Ba2+ ions, with their fully paired electron configuration, are generally considered non-magnetic. The magnetic properties of Ba2WO6 are primarily attributed to the magnetic moments associated with W5+ ions. The antiferromagnetic behavior observed in pure Ba2WO6 is attributed to the canted spin arrangements of tungstate ions, which arise from disordered surface spins [43]. Moreover, the presence of uncompensated spins can lead to an antiferromagnetic shell neighboring an antiferromagnetic core, resulting in a net magnetization.



In the synthesized Ba2CoWO6 compound, Co3+ ions with 3d6 electron configuration do not contribute to ferromagnetic ordering. However, the introduction of Co3+ ions can influence particle size and coercivity (Hc), potentially increasing the uncompensated spins and enhancing magnetization. Previous studies have highlighted the inverse relationship between coercivity and crystallite size constructed on domain theory [44], consistent with the findings of this examination. The Stoner–Wohlfarth model elucidates the roles of single and multi-domains in determining coercivity; as particle size decreases, Hc values tend to decrease as well [45,46]. In Figure 11, it is evident that Ba2CoWO6 exhibits higher coercivity compared to pure Ba2WO6 was observed [47]. The increase in coercivity with Co dopant suggests an influence of Co on crystallite size and shape. The synthesized Ba2CoWO6 compound demonstrates antiferromagnetic behavior, whereas the presence of small impurities of nonmagnetic Co3+ ions can inhibit domain wall motion [48]. These insights into the magnetic characteristics of Ba2CoWO6 underscore its potential applications in magnetic storage, sensors, and related technologies.



Moreover, the substitution of Co3+ ions into the structure can lead to an increase in the number of W⁵+ ions to maintain charge neutrality, thereby promoting double-exchange (DE) interactions. These DE interactions play a crucial role in enhancing the magnetization of Ba2CoWO6 [49,50]. The maximum magnetization is achieved upon Co3+ substitution, indicating that the synthesized material holds promise for applications in magnetic memory storage devices. This enhancement in magnetization due to Co3+ substitution underscores the potential of Ba2CoWO6 in advancing magnetic storage technologies, where materials with strong and controllable magnetic properties are essential for efficient data storage and retrieval systems.





4. Conclusions


Efforts were made to modify the inherent properties of Ba2CoWO6 double perovskite material through Co3+ doped Ba2WO6, utilizing a conventional solid-state synthesis method. The average crystallite size, approximately 65 nm, highlights the nanocrystalline nature of the material. Scanning Electron Microscopy (SEM) revealed a distinctive morphology characterized by spherical-shaped particles, suggesting a complex particle formation process influenced by synthesis conditions. The introduction of Co3+ ions induced lattice distortions, thereby altering the structural characteristics of the material. This Co3+ doping had a notable influence on the optical, electronic, magnetic, and dielectric properties. The semiconducting character of the synthesized material was confirmed through UV-Vis spectral investigations. The analysis revealed an energy bandgap value of 3.30 eV, which aligns well with theoretical predictions, indicating the accuracy and reliability of the experimental results. The PL spectrum exhibited two distinct emissions in the blue-green region. At ambient temperatures, the magnetic performance of the Ba2CoWO6 perovskite compound displayed an antiferromagnetic nature. Notably, the magnetic parameters were significantly influenced by the crystallite size, which affected the super-exchange interaction between W and Co ions, ultimately influencing the material’s magnetic properties. Additionally, first-principles calculations using the GGA+U method enhanced understanding of structural and electronic properties, particularly through systematic variation of the Hubbard U parameter. These results deliver an inclusive empathetic of the structural, morphological, electronic, and magnetic characteristic of Ba2CoWO6 ceramics, underscoring their potential for electronic and magnetic device applications. This analysis highlights the versatility of Co3+ doping in tuning the structural, dielectric, and magnetic characteristics of Ba2CoWO6, paving the way for potential applications in various technological fields, including electronics, magnetic storage, and sensor devices.
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Figure 1. (a) Rietveld refinement plot and (b) Crystal Structure of synthesized nanocrystalline Ba2CoWO6 compound. 
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Figure 2. Raman spectra with a Lorentzian profile for the synthesized nanocrystalline Ba2CoWO6 compound. 
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Figure 3. (a) SEM image, (b) TEM image with SAED pattern, and (c) Histogram graph of synthesized nanocrystalline Ba2CoWO6 compound. 
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Figure 4. UV-Vis absorption spectra (inset) and Tauc’s plot of synthesized nanocrystalline Ba2CoWO6 double perovskite compound. 
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Figure 5. Electronic band structure DOS (Density of states) and CDC (charge density contour) of the Ba2CoWO6 double perovskite material. 
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Figure 6. (a) XPS survey spectrum and deconvolution peaks, (b) Co 2p (c) O 1s (d) W 4f, and (e) Ba 3d of the prepared Ba2CoWO6 double perovskite compound. 
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Figure 7. PL emission and excitation spectra of synthesized nanocrystalline Ba2CoWO6 material. 
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Figure 8. Energy level illustration of the synthesized nanocrystalline Ba2CoWO6 material. 
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Figure 9. Frequency dependence dielectric constant (ε’) and loss tangent (tan δ) of synthesized nanocrystalline Ba2CoWO6 compound. 
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Figure 10. Temperature dependence dielectric constant (ε’) and loss tangent (tan δ) of synthesized nanocrystalline Ba2CoWO6 compound. 
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Figure 11. Hysteresis loops of synthesized nanocrystalline Ba2CoWO6 compound at room temperature. 
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Table 1. The Rietveld refinement parameters of synthesized Ba2CoWO6 double perovskite compound.
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Compound/Parameters

	
Ba2CoWO6






	
a (Å)

	
8.1157




	
b (Å)

	
8.1157




	
c (Å)

	
8.1157




	
α (°)

	
90




	
β (°)

	
90




	
γ (°)

	
90




	
Space group

	
F m-3 m




	
Density (g/cm3)

	
8.254




	
Cell Volume (Å3)

	
533.01




	
Reliability—Factors




	
Rp (%)

	
4.3




	
Rwp (%)

	
6.8




	
Rexp (%)

	
3.9




	
χ2

	
2.42
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