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Long Range Magnetic Ordering and Magneto-(di) electric Effect in a New Class of High Entropy Spinel Oxide

High-entropy stabilized oxide materials have gained a significant research interest in recent times due to their unique structural features and indeed hold promise for accessing unprecedented combinations of physicochemical properties. In the present work, a new class of high entropy spinel material with composition (Mg0.2Co0.2Ni0.2Cu0.2Zn0.2)Cr2O4 is introduced. Structural and microstructural characterizations are carried out using the combination of room temperature X-ray diffraction, scanning electron microscope -energy dispersive X-ray spectroscopy (SEM-EDS) elemental mapping and high-angle annular dark-field (HAADF), annular bright field (ABF) scanning transmission electron microscopy measurements. All these measurements highlight that the sample crystallizes in a cubic spinel structure with an excellent chemical homogeneity at the nanoscale. Despite strong disorder (magnetic and structural), dc, ac magnetometry and specific heat highlight a predominant antiferromagnetic (AFM) behaviour at 35 K in this highly disordered single-phase material. A peak in the dielectric measurement is observed at the AFM ordering temperature, indicating the possibility of magneto-electric coupling at that temperature. Our study, for the first time, highlights the feasibility to accommodate multiple elements onto a single sublattice in a complex spinel structure and opens new possibilities to design and tailor functional properties in high entropy stabilized correlated electron systems.

Introduction

Development of advanced materials with novel functional structures and improved -tailorable functionalities is the key to the continuous progress of materials science. In this context, the advent of a new materials design strategy namely high entropy stabilization route, which is evolved with the discovery of high entropy alloys [1][2][3], opens the possibility to stabilize the phases by high configurational entropies, and have drawn intense research interest in recent times [1][2][3][4][5][6][7][8][9][10][11][12][13][14][15][16][17][18][19][20]. The key point of the highentropy design strategy is the use of the combination of a five or more number of cations in equiatomic or near equiatomic ratio. The high mixing entropic contribution (∆Smixing) to the decreased Gibbs free energy stabilizes disordered solid solution phases in a simple structure and overcome the usual enthalpy driven phase separation generally observed in heavily doped systems.

High entropy oxides (HEOs) are the extension of the concept of high-entropy alloys (HEAs) to entropy-stabilized oxides [7 -14]. In 2015, Rost et al. [7] discovered the first HEO [(Mg0.2Co0.2Ni0.2Cu0.2Zn0.2)O] having five different cations, in equiatomic ratios. Such oxide materials, stabilized by high configurational entropy are located at the centre of a multinary phase diagram. This domain of materials composition is seldom studied, and therefore unexpected multifunctional properties can be anticipated. Recently, investigations into this new class of oxide systems have resulted in several intriguing discoveries. Examples include superior Li storage capacity retention capabilities [9,10,21], room temperature Li+ superionic conductivity [22], catalytic properties [23], colossal dielectric constants [24], narrow and adjustable band gaps [25] and long-range magnetic ordering [11,13]. Nevertheless, the field of HEOs is at its early stage, and many of the materials are remain to be explored.

Herein we report synthesis, structure and physical properties of a new class of high entropy spinel oxide with composition (Mg0.2Co0.2Ni0.2Cu0.2Zn0.2)Cr2O4. For the last two decades, chromium-based spinel materials (ACr2O4) have been a fertile playground for experimental and theoretical investigations on the physics of geometrical frustration [26][27][28][29][30]. At the same time, they are considered of significant interest for a range of potential applications [31][32][33]. The octahedrally coordinated Cr atom form a three-dimensional network similar to a pyrochlore lattice. The high geometrical frustration in this pyrochlore lattice originates intriguing physical effects (such as multiferroics, Spin-Peierls-like phase transition, quantum magnetic frustration) as a correlation of structural and spin degrees of freedom. A-site cations, on the other hand, occupy the eightfold tetrahedral sites. Materials with nonmagnetic cations in the A site are geometrically frustrated in nature and facilities studies of these highly degenerate ground states [24,25]. Magnetic A 2+ cations introduce different crystal fields and therefore, can provide exciting aspects of magnetism and magnetoelectric effects [24,[26][27][28]. Here, utilizing the high entropy stabilization route, we have synthesized a new class of high entropy spinel oxide with composition (Mg0.2Co0.2Ni0.2Cu0.2Zn0.2)Cr2O4. A detailed study on the structure, microstructure and physical properties of this new material are presented here. Due to existence of several magnetic and nonmagnetic cations with different electron configurations and their random distribution in the structure a robust structural disorder is anticipated, and, one may at a glance expect a spin-glasslike magnetic state. However, on the contrary, the present HEO material exhibits long-range AFM ordering.

Experimental Section

Synthesis.

The sample with composition (Mg0.2Co0.2Ni0.2Cu0.2Zn0.2)Cr2O4 was synthesized by the standard solid-state reaction route, using the stoichiometric amounts of MgO (99.9%), Co3O4 (99.9%), NiO (99.9%), CuO (99.9%), ZnO (99.9%) and Cr2O3 (99.9%). The stoichiometric amounts of the precursors were carefully mixed and pressed in the form of bars. The sample was then heated at 1100°C for 24 hours followed by the water quench. This step was repeated twice.

X-ray diffraction. X-ray diffraction patterns were collected at room temperature in an X'pert Pro diffractometer working with the CuKradiation. Electron microscopy. Energy Dispersive X-Ray Spectroscopy (EDS) mappings are carried out on ZEISS SUPRA 55 scanning electron microscope (SEM). The high-angle annular dark-field (HAADF), annular bright field (ABF) scanning transmission electron microscopy (STEM), and EDS analyses were performed on a JEOL ARM-200F cold FEG probe image aberration corrected microscope operated at 200 kV and equipped with a large solid-angle CENTURIO EDX detector. Magnetic measurements. Direct current (dc) magnetic measurements were performed by using a Quantum Design superconducting quantum interference device (MPMS, Quantum Design). Alternating current (ac) susceptibility measurements (ac excitation = 10 Oe, dc magnetic field = 0 Oe) were carried out using the ac Measurement System (ACMS) attachment in a Physical Properties Measurement System (PPMS, Quantum Design). Specific heat. Specific heat measurement was performed by the two tau time-relaxation method using the PPMS in zero magnetic field. Dielectric measurements. The dielectric measurement were carried out as a function of temperature and magnetic field for various frequencies using an LCR meter (Agilent 4284A) with a home-made sample insert for a Physical Properties Measurement System (PPMS, Quantum Design). Silver paint was used to make the parallel plate capacitor of a pressed rectangular shaped polycrystalline sample. 

Results and Discussion

Magnetic properties and Specific heat.

Figure 3 (a) shows the temperature variation (5 -300 K) of the dc -magnetic susceptibility data measured at 1 T. The field cooled (FC) and zero field cooled (ZFC) magnetic susceptibility do not show any irreversibility down to 25 K. However, a clear peak indicative of an antiferromagnetic (AFM) transition is observed at 35 K in both the FC and ZFC measurements. It is noteworthy that up to 35 K, the magnetic susceptibility continues to increase with lowering the temperature, and this is somewhat expected for a strongly disordered system. Similar behavior is recently observed in the HEO material (Mg0.2Co0.2Ni0.2Cu0.2Zn0.2)O below its AFM (TN = 113 K) ordering temperature [11,13]. The Curie-Weiss [χ = C/(t -θCW), C= Curie constant, θCW = Curie-Weiss temperature] fitting in the high-temperature region (150 -300 K) of the inverse of the FC magnetic susceptibility measured at 1 T leads to an effective paramagnetic (PM) magnetic moment (μeff) of 6.03 μB. We have subtracted the core diamagnetic contributions of all the elements from the susceptibility plot. The observed paramagnetic moment shows an excellent match with the expected theoretical values calculated on the basis of spin only contributions of all the transition metal elements (μtheoritical = 5.93 μB). The negative sign of Curie-Weiss temperature (θCW = -459 ± 1 K) highlights the predominant AFM type spin correlations. The high value of θCW indicates very high frustration (frustration index f = │θCW│/TN ~ 13) in the system. Magnetization measurements as a function of the magnetic field (M -H) at different fixed temperatures are shown in figure 3 (b). Typical unsaturated AFM type hysteresis loops are observed. A small coercive field, indicating the magnetic frustration in the material is observed in the M-H loop measured at 5 K. Besides the high frustration index observed in the Curie-Weiss fitting, due to existence of several magnetic and nonmagnetic cations and their random distribution in the A-site of the crystal structure, one may at a glance expect a spin-glasslike magnetic state. Also, it has been already shown that the doping in the A site of the chromium spinel leads to the spin glass type magnetic behavior [34]. Therefore, to know the exact nature of the magnetic interaction and to verify the possibility of the spin-glass transition, we have carried out the temperature dependence of the ac susceptibility measurements at different ac frequencies. Figure 4 shows the temperature variation of the real (') and imaginary ('') part of the ac susceptibility measured at various frequencies. Similar to the dc susceptibility measurements, a peak is observed at 35 K in the real part of the ac susceptibility data. However, no peak is observed in the imaginary part near this transition. Also, no frequency-dependent shift of the peak is observed in the ac susceptibility data. All these observations unambiguously indicate a longrange antiferromagnetic order and absence of a spin glass type freezing. It is important to note here that, all the chromium spinels having magnetic cations in the A site of the structure shows long range ferrimagnetic (FIM) ordering (for instance, CoCr2O4 shows FIM at 97 K [30], for NiCr2O4 TC=75 K [35], for CuCr2O4 TC = 120 K [35]). Quite interestingly, the present material, despite of having a disordered A site (and therefore various A -O -Cr interactions) and having the effect of different crystal fields on Cr site shows predominant AFM ordering at 35 K. The irreversibility between FC and ZFC susceptibility observed at 20 K could be due to the spin reorientation or lock-in transition (the crossover from incommensurate to commensurate phase) commonly observed in spinel structure [24,30,33]. However, further experimental and theoretical studies (such as neutron diffraction, inelastic neutron scattering and pair distribution function calculations) are required to know the exact nature of the spin structure of this interesting high entropy system. Further, we have performed temperature dependent heat capacity measurement in the absence of an external magnetic field to investigate the magnetic ordering. As shown in figure 5, in an agreement with the magnetic measurements, a hump like peak is prominent ~35 K and this confirms the long range nature of the magnetic transition. Both the dielectric constant and loss show that the frequency dispersion started above 60 K. This indicates the growing Maxwell-Wagner type relaxation or another source of conductivity above 60 K and the dielectric constants are intrinsic below this temperature. Interestingly, a clear peak at the AFM ordering is observed in the dielectric data, indicating the possibility of magneto-electric coupling at this temperature. Magnetoelectric coupling due to the incommensurate spin-spiral structure at low temperature is already observed in the chromium based spinel samples at low temperature (for instance, in CoCr2O4 at 26 K) [30]. In such cases, at spiral magnetic transition, the inverse Dzyloshinskii-Moriya (DM) interaction (Dn,n+1•Sn×Sn+1, Dn,n+1 is the Dzyaloshinskii vector) due to the spiral spin ordering breaks the inversion symmetry at neighboring sites of non-collinear spins and produces ferroelectricity [30,36]. Also, in the presence of a magnetic field, the dielectric constant for the present materials starts to decrease near the AFM temperature, and a negative magnetocapacitance effect is observed below this temperature.

Conclusions

In conclusion, we have synthesized and studied a new high entropy spinel oxide. The SEM-EDS elemental mapping, X-ray diffraction, and STEM ABF and HAADF measurements show that the sample crystallizes in a cubic spinel structure with an excellent chemical homogeneity at the nanoscale. The dc, ac magnetometry and specific heat show a long range antiferromagnetic ordering at 35 K in this highly disordered single-phase material. It is remarkable that the present material, despite of having a disordered A site (and therefore various A -O -Cr interactions) and having the effects of different crystal fields on Cr site shows long range magnetic ordering at 35 K. Magnetic measurements highlight a high magnetic frustration (f = │θCW│/TN ~ 13) in the system. The disorder (both magnetic and structural) and the presence of Jahn-Teller active cations (Cu and Ni) in the structure could be the reason of the magnetic correlations in this material remain frustrated, however, with a long-range magnetic ordering at 35 K. A peak in the dielectric measurement likely due to the possible magneto-electric effect is observed at the AFM ordering temperature. Further investigations (both theoretical and experimental) on this new material are warranted in order to underpin the exact nature spin configuration correlation and mechanism of MD coupling in this disordered material.
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 1 Crystal structure, microstructure and chemical homogeneity. The figure 1(a) shows the Le Bail profile fitting of the room temperature (RT) powder X-ray diffraction patterns (XRD) for (Mg0.2Co0.2Ni0.2Cu0.2Zn0.2)Cr2O4 and indicates that the material can be isolated as single-phase crystallizes in a cubic spinel structure (space group Fd -3m) with a =b =c = 8.3233 (1) Å. The crystal structure is shown in the figure 1 (b). The octahedrally coordinated Cr atom occupy the B site of the structure. Mg,Co,Ni,Cu,Zn occupy the eightfold tetrahedral A sites. Figure 1 (c) illustrates the representative SEM image of the material. To determine the chemical composition, corresponding distribution and chemical homogeneity, we have carried out EDS elemental mapping.

Figure 1 .

 1 Figure 1. (a) Le Bail profile fit of the room temperature powder X-ray diffraction pattern and (b) crystal structure for the (Mg0.2Co0.2Ni0.2Cu0.2Zn0.2)Cr2O4 material. (c) A representative SEM image and EDS elemental mapping results for the same material.

Figure 2 .

 2 Figure 2. Room temperature (a) STEM-ABF and (b) STEM-HAADF images along [110] zone axis for (Mg0.2Co0.2Ni0.2Cu0.2Zn0.2)Cr2O4 material. Inset in figure (b) shows the electron diffraction pattern on the same crystallite along [110] zone axis. Enlarged views of both images are shown in (c) and (d).

Figure 3 .

 3 Figure 3. (a) Temperature variation of the magnetic susceptibility (left axis) and the inverse of the FC magnetic susceptibility (right axis) measured at 1 T magnetic field for (Mg0.2Co0.2Ni0.2Cu0.2Zn0.2)Cr2O4 material. (b) Magnetic field variation of the magnetization at different fixed temperature for the same material.

Figure 4 .

 4 Figure 4. Temperature variation of the real part of ac -magnetic susceptibility (') for (Mg0.2Co0.2Ni0.2Cu0.2Zn0.2)Cr2O4 material. Inset highlights the absence of a peak in the imaginary part of the ac-susceptibility data.

Figure 5 .

 5 Figure 5. Temperature variation of specific heat for (Mg0.2Co0.2Ni0.2Cu0.2Zn0.2)Cr2O4 material.

Figure 6 .

 6 Figure 6. Real part of dielectric constant (') as a function of temperature for (Mg0.2Co0.2Ni0.2Cu0.2Zn0.2)Cr2O4 material. Lower inset shows the loss part (tanδ). Magnetic field dependence of the dielectric constant for the same material is shown in the upper inset of the figure.
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 3 Dielectric properties. Figure 6 shows the temperature variation of the dielectric constants for (Mg0.2Co0.2Ni0.2Cu0.2Zn0.2)Cr2O4 measured below 100 K. The very low value of tanδ (dielectric loss) reveals highly insulating nature of the sample.
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