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Objectives:  Develop quantum chemical models of novel point defects in wide bandgap 

semiconductors. Predict absorption energy, emission wavelength, excited state lifetime, spin and 

hyperfine properties, and the dependence of these quantities on electric, magnetic, and strain 

fields. 

 

Description:  Our group is interested in novel point defects in wide bandgap semiconductors 

which can serve as qubit systems for quantum sensing. The implementation of quantum sensors 

in solid state systems will create new possibilities for integration of these capabilities in Air 

Force platforms. We are specifically interested in systems that show optical activity under the 

influence of electric, magnetic, and strain fields. A useful starting point for thinking about the 

problem is the work by Weber et al., which outlines a general strategy for looking for material 

systems that could have optically detected magnetic resonance (ODMR) [1]. In general, defects 

in tetrahedral coordinated semiconductors have symmetry properties which are promising for 

ODMR. This work motivated explorations of defects beyond the nitrogen-vacancy (NV) center 

in diamond to defects in SiC (VSiVC, VSi, and CrSi  [2,3]) and the germanium-vacancy center in 

diamond [4]. There have been fewer reports of quantum sensing in these newer systems; 

however, quantum sensing requires full understanding of the spin properties and of hyperfine 

interactions in such systems. Experiment can deduce only certain system characteristics, and it is 

laborious. 

Complementary to experimental characterization of hyperfine interactions, ab initio quantum 

modeling has also shown to be effective in calculating the characteristics of hyperfine 

interactions of NV centers with surrounding nuclear spins [5]. Supercell techniques treat long-

range defect wave-function tails properly by employing periodic boundary conditions, but each 

cell replicates the defect, introducing interaction artifacts. In contrast, supercluster techniques 

model a single non-interacting defect, but the cluster must be of sufficient size to avoid 

constraining the bounds of the wave function artificially. Hyperfine interactions in diamond NV 

centers have been modeled using several common techniques, with the most reliable studies 

using either: (1) a 512-atom supercell treatment [6,7], or, alternatively (2) C84[NV]H78 [8], or 

C291[NV]H172  [9] hydrogen-terminated supercluster approaches. This is an unimaginable task 
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for experimentalists. A very recent C510[NV]H252 study has shown good comparison with 

measurements of NV spin flips induced by neighboring 13C nuclear spins [10]. 

Recently ab initio theory has proven essential to the proper characterization of electronic 

structures and observable properties of interesting defect centers. For the SiC divacancy, new 

predictions about the defect configuration [11], combined with the proposal of a new mechanism 

of the SiC divacancy photoluminescence [12], reinforces the need for treatment employing 

highly accurate ab initio methods. Zeeman splitting of the silicon vacancy in SiC was 

successfully modeled by Hepp et al. [13] using a group theoretical approach. Meanwhile other 

groups are using DFT to compute EPR parameters [14]. Thus the computational techniques are 

already established and the race is on to predict and fabricate designer defects with highly 

refined properties. 

The magnetic properties of many other defects are not known. Identifying and designing 

candidate physical systems for use in quantum sensing are critical steps in the development 

cycle. High-throughput methods for screening optical and spin properties are needed. The 

problem is that the current state-of-the-art in modeling defect spectroscopy is mostly reliant on 

density functional theory (DFT), which can achieve accuracies of 0.2–0.3 eV for optical 

transitions. Much higher accuracy is needed to be useful in predicting the spin-dependent optical 

transitions of point defects. This project will develop cluster, supercell and hybrid quantum-

mechanical/molecular-mechanical methods for efficient screening of new defect centers in e.g., 

diamond, SiC, GaN, AlN, and -Ga2O3. The goal is to calculate absorption energy, emission 

wavelength, excited state lifetime, spin and hyperfine properties of these defects, as well as 

dependence of these quantities on electric, magnetic, and strain fields. The results of these 

calculations will be used to guide ongoing experimental work to synthesize and characterize 

these centers. 
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