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We have developed a new differential binding energy((Si,RE) model that defines the chemical coordination preference of RE for O versus N opposed to that of  Si for the same elements.  (Si,RE  gives electronic structure basis for observed trends, distinguishing size and Coulomb effects from other chemical bonding factors (e.g. covalency). In fact, this approach not only identifies which REs prefer the interface but it also predicts the correlation of REs with grain growth aspect ratios that until now had not been understood.  Futhermore, this model can also be applied in a more general context, and is not necessarily limited to binding energies but rather it can be applied to large scale features. Therefore, depending on the application, the energetics can be calculated using a number of approaches including classical, semiclassical and first principles approaches.

The understanding of complex phenomena in many large scale systems is often difficult if not impossible to extract or access either experimentally or computationally.  The inherent complexity of the structure of interfaces makes the direct application of standard first principles methods virtually impossible since the time to solution of these methods scale as the cube of the number of atoms comprising the unit cell.  To overcome, this inherent limitation we introduce a new differential binding energy model that is that is based on the second variation of the binding energy relative to a particular atom or molecule in the system.  The important consequence of the second variational approach is that the effects of the surrounding environment are properly subtracted out.  Thus, the key advantage in our overall approach is that crucial scientific information on large scale complex systems can be obtained through smaller cluster (tens of atoms) calculations thus, enabling the scientific investigations of large scale systems that otherwise would be untenable due to a lack of highly efficient algorithms and hence, computational resources. Furthermore, the model can also be applied in a more general context, and is not necessarily limited to binding energies but rather it can be applied to large scale features (i.e., effects at grain boundaries, dislocations, etc.).  Therefore, depending on the application, the energetics can be calculated using a number of approaches including classical, semiclassical and first principles approaches. For example, the ability to predict chemical preferences of a catalytically active site or sites on a large protein for a range of adsorbent species using only small cluster atoms surrounding the catalytic site would be a tremendous step forward in understanding functionality. This is especially true for Si3N4 ceramics whose exceptional mechanical properties over a wide range of temperature, has lead to intense scientific and technological activity over the last thirty years.  However, to obtain the highly desired mechanical properties requires the densification of Si3N4 by sintering it with a rare earth or lanthanoid oxide yielding highly anisotropic needle-like grains surrounded by  a ~1-1.5 nm thick silicon oxynitride amorphous layer. Unfortunately, there does not even exist a phenomological understanding of the effects of the rare earths on the bonding, grain morphology and hence, the mechanical properties of these systems.  There have been experimental investigations that have attempted to establish a correlation of the ionic size of the rare earth and lanthanoids with the grain growth aspect ratio but several additions did not correlate with the observed aspect ratios, thus lowering the confidence level (see figure-1). 
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Figure-1: Aspect ratio .vs their ionic radius of additives

To begin to gain an understanding of the effects of rare earths on these systems will require an understanding of the chemical environment preferred by the rare earth atoms.  This would provide basic information on whether the rare earth migrates to the interface (prefers N over O) or whether it remains in the glass and then to take this information and determine if there exists a correlation with the grain growth aspect ratio.  Given the inherent complexity of the system it is not experimentally possible to directly extract this information.  However, a new differential binding energy model combined with first principles electronic structure method does offer a systematic and direct approach for determining the chemical preferences of the rare earth and lanthanoids additions.  This type of approach is necessary for gaining an atomistic understanding of the complex interfacial chemistry and physics of rare earth and lanthanoid additions on bonding at the interface, the corresponding affects on the shape morphology of the grains and hence, the corresponding affects on the mechanical properties.  This would provide the experimentalist with the basic quantative information to understand how the properties change as a function of the differential binding energy (and hence, the type of element used) as part of the sintering process.

The differential binding energy model measures the preferred chemical environments for atom or molecular additions. To understand the bonding trends of the additions in the intergranular thin film Si3N4 ceramics discussed above, a measure of the preference of the rare earth (RE) bonding for O versus the bonding with N at the interface of the -Si3N4 and the silicon oxynitride amorphous layer must be determined.  The differential binding energy, Si,RE  is defined as the difference of the rare earth oxide and the rare earth nitride cluster energies relative to the silicon clusters.  For this system, cluster geometries for the RE2O3 sintering additives would have the rare earth atoms octahedrally bonded to O and on Si3N4 side of the interface, the Si forms tetrahedral bonds with N. Thus, for this system, Si,RE  is defined as,
Si,Re = EREO6 – EREN4 – ( ESiO6 – ESiN4 ).
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Figure-2a 

               Figure 2-b 

 Figure-2a displays the aspect ratio .vs Si,RE which indicates a preference for migration to Si3N4 surface for increasing Si(eV) (Si(eV)> 0). Thus, bonding of RE to N’s in Si3N4 surface region retards deposition of Si and N onto the surface. Figure-2b displays the growth ratio .vs Si,RE  which exhibits a strong correlation of the Si,RE with the growth aspect ratio. Si,RE probes the chemical coodination preferenece of RE for O .vs N with Si as the reference baseline. Si,RE also indicates the population distribution of RE-O/N bonded environments.
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