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Our overarching goal is to systematically 

study various transition metal (TM) -related 

defect in different host materials 

to determine the best performing combination. 

Towards this goal, here we report our study 

on the substitutional X and nearest neighbor 

(NN) X-vacancy centers in ZnS and MgO 

where X = Cu, Co, Ni, Fe.

Figure 1: Crystal 

structure of the 

NV-center in 

diamond, a 

widely studied 

single defect 

material, shown 

with its energy 

level [1]

We performed first-principles plane-wave based spin-polarized Density Functional Theory (DFT) 
calculations using the Perdew-Burke-Ernzerhof (PBE) exchange and correlation functionals as 

implemented in the Quantum ESPRESSO code [2]. We used a scalar relativistic Projector 

Augmented Wave (PAW) pseudopotential with non-linear core correction.

Following our 

calculation,

we have 

extracted:

• Structural 

properties

• Electronic 

properties

• Magnetic 

properties

• Defect 

formation 

energies [4]

Figure 2: The workflow of this study.

We showed that TM impurities as well as NN TM-vacancy defect 

complexes in ZnS & MgO can give rise to interesting phenomena. 

We also showed that there can exist multiple charged states of these 

defect each providing its own functionalities that has potential 

applications in near future quantum technologies.

This ongoing project will be extended to:

• Other host materials than ZnS and MgO.

• Other types of defect such as TM-TM double dopants.

• Include Hubbard corrections (DFT+U), G₀W₀ calculations.

• Extract optical and excited states properties.

• Utilize the dataset to train machine learning models.

Calculation done on 64 atoms supercell 

containing 32 cation (Zn or Mg) and 32 

anion (S or O). So, single TM dopant 

cation-substitution corresponds to 

3.125% of doping concentration which 

is low enough to capture the physics 

exhibited by experimental dilute limit 

doping.

The parameters that were converged before 

proceeding to any calculations: (1) Kinetic 

energy cutoff (125 Ry - ZnS, 95 Ry - MgO), 

(2) Charge density cutoff (500 Ry - ZnS, 380 

Ry - MgO), (3) K-point grid density (unshifted, 
4×4×4), (4) Lattice parameter (5.442 Å - 

ZnS, 4.250 Å - MgO), (5) Smearing 

(Gaussian, 0.0001 Ry).

Applications

• Optically addressable qubits

• Dilute magnetic semiconductors

• Single-chip computers

• Quantum memories

• Scalable solid-state quantum 

sensors

Introduction & Motivation

Methodology

Storage capability 

of ferromagnets
Processing power 

of semiconductors

Spintronics (possible single-chip computer!)

Figure 5: Spintronic 

can be described 

as the integration of 

ferromagnetic 

storage and 

semiconducting 

processors.
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Figure 3: On the left side, an unrelaxed structure 

is shown where the green arrows denote the 

internal forces on the atoms. On the right side, 

the structure is relaxed using the BFGS algorithm 

where the forces becomes negligible.

MgO ZnS

Figure 4: The zb ZnS unit cell (left), and the supercell used in this study 

with a substitutional TM defect (middle) and TM-vacancy center (right).​

Our calculation successfully screened possible defects, 

and we can now proceed with expensive optical 

calculations for only a few selected defects based on their 

already calculated electronic and magnetic properties

Band gap ZnS MgO

Experimental 3.66 eV 7.70 eV

PBE 2.01 eV 4.47 eV

PBE + U 2.46 eV -

G₀W₀ @ PBE 3.17 eV 7.16 eV

Figure 10: Simulated UV-vis optical absorption spectra of 

ZnS using Tamm-Dancoff approximation on GW-BSE level.

Table 1: The electronic band gap of the pristine host materials 

studied. Due to the S-3p states occupying band edges, PBE+U didn't 

improve the band gap since U was applied on Zn-3d. Even though the 

semilocal states of Zn makes ZnS harder to treat computationally, we 

have found the band gap to be within satisfactory limit. For both hosts, 

we performed GW calculations using WEST code [7].

For a point defect D, with charge state q, the defect formation 
energy as a function of Fermi level is given by [3, 4]:

Figure 7: PBE level electronic density of states for Cu-vac center in ZnS with q=0 (left) and Co-vac center in MgO with q=+2 (right).

Figure 9: Simulated real and imaginary parts of the dielectric 

function of MgO using independent particle approximation. 

Figure 8: The 

LDOS clearly 

shows the 

localization of 

electronic 

states around 

the defect 

complex 

position in Cu-

vac center 

with q=0 in 

unrelaxed 

geometry 

(Blue: UP, red: 

DOWN spin).

Figure 5: The localization factor analysis 

shows that only the electronic states 

contributed by defect complex have the 

highest localization factor. We can form 

active space with these defect states that 

can be treated with higher level of theory 

and the rest as a dielectric environment [6]
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