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Charge distribution in magnesium aluminate spinel (MAS) results in a formation of a space-charge region 

that plays a critical role in assigning functional properties [1,2]. Significant theoretical advances explaining 

this phenomenon have been accomplished; However, quantitative experimental evidence in the case of 

nano-scale granular MAS is only indirect [3,4]. In this research [1], we determine for the first time the 

electrostatic potential distribution in nano-scale grains of non-stoichiometric MAS (MgO∙0.95Al2O3 and 

MgO∙1.07Al2O3) using off-axis electron holography. 

 

For the same MAS grains, the distribution of cations was measured using electron energy-loss spectroscopy 

(EELS, Gatan QuantumSE) in a scanning transmission electron microscope (JEOL JEM-2100F) collecting 

spectra along directions perpendicular to GBs. The distribution of structural disorder in the grains was 

estimated by measuring the inversion parameter  by analyzing the energy-loss near edge structure of the 

Al-L edge [5]. The inversion parameter indicates the fraction of the tetrahedral spinel sites occupied by 

Al3+ cations [1,5]. In the case of inversion, the Al3+ cations will add a positive local electric charge [1,2,4]. 

 

We studied the roles of composition, grain size and applied electric field on the formation of a space-charge 

region concluding that the electrostatic potential matches the distribution of cations and defects across the 

spinel grains. We quantitatively demonstrated that regardless of grain size, excess of Mg+2 cations was 

measured in the vicinity of MgO∙0.95Al2O3 grain boundaries, whereas excess of Al+3 cations was measured 

in the vicinity of MgO∙1.07Al2O3 grain boundaries. However, the distribution of cations, defects and charge 

in nano-scale MAS are indeed influenced by the grain size in agreement with theoretical predictions [6] 

that for ionic materials with grains smaller than the Debye length, the grain core is no longer electrically 

neutral because of charge accumulation or depletion in the near vicinity of boundaries and surfaces. 

 

The influence of thermal annealing and electric field during annealing was on structural disorder was 

studied. As-synthesized MAS were significantly disordered (inversion parameter between 0.37 and 0.41), 

decreasing toward equilibrium ordering following annealing (between 0.27 and 0.31). The application of 

an external electric field, approximately 150 Vcm-1 during annealing further enhanced lattice ordering 

(between 0.16 and 0.19).  

 

Such variations in the distribution of cations and defects are expected to determine the space-charged 

potential (SCP). However, using these measurements to calculate the SCP was not possible due to the wide 

range of values reported for formation energies of defects (0.82-8.78 eV). Consequently, we applied 

electron holography to correlate directly between local ionic ordering and the electrostatic potential in non-

stoichiometric MAS.  Following thermal annealing, the SCP in MgO∙0.95Al2O3 and MgO∙1.07Al2O3 

decreased in magnitude decreased from -3.4±0.3V and +2.0±0.2 V to -2.0±0.2 V and +1.6±0.1 V, 

respectively (Fig. 1).   
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Thus, the magnitude of the applied DC electric field during the annealing process can be used to modify 

lattice ordering (Fig. 2a). We are currently investigating the effect of an electric field on the SCP when the 

grain size is comparable to the Debye length. Granular Al-rich MgO∙1.27Al2O3, sized ~10nm, were 

subjected to DC electric fields, up to 1000 Vcm-1, and an annealing temperature of 870C. To differentiate 

the space charge potential from the mean inner coulomb potential, the thickness of grains was measured by 

both EELS processed by multivariate statistical analysis and by electron holography (Fig. 2b and c). The 

reconstructed phase variance of the electron-wave across the grain is shown in Fig. 2d, e and f. The 

measured phase variation in grains subjected to only thermal annealing is 0.3rad larger than the thickness 

contribution while for grains annealed with an electric field, the phase variation follows closely the 

thickness contribution. This difference indicates surface charging of the MgO∙1.27Al2O3 grains when 

subjected to annealing. The origin of this surface charging and its discharge in the presence of an electric 

field will be discussed. 

 

 
Figure 1.   Line profiles perpendicular to grain boundaries of the cation concentration ratio (Mg to Al) and 

variations of the electrostatic potential (∆V), as measured by electron holography for granular 

MgO•0.95Al2O3 and MgO•1.07Al2O3 after annealing at 1200C with applying an electric field of 150 Vcm-

1 (a) and 1400C without applying an electric field (b). 
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Figure 2.   Inversion parameter of MgO•1.27Al2O3 were subjected to dc electric fields, up to 1000 Vcm-1, 

and an annealing temperature of 870 C (a), HAADF-STEM image of  MgO•1.27Al2O3 as synthesized (b) 

Holo-M phase shift of  MgO•1.27Al2O3 as synthesized (c). 

Line profiles of the phase shift  of MgO•1.27Al2O3 perpendicular to grain surfaces, as measured by electron 

holography (red) and calculated from thickness contribution (black) after annealing at 870C without (d) 

and with applying an electric field: 300 Vcm-1(e) and 1000 Vcm-1(f)   
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