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An NV center in magnesium oxide as a

spin qubit for hybrid quantum
technologies
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Recent predictions suggest that oxides, such as MgO and CaO, could serve as hosts of spin defects
with long coherence times and thus be promising materials for quantum applications. However, in
most cases, specific defects have not yet been identified. Here, by using a high-throughput first-
principles framework and advanced electronic structure methods, we identify a negatively charged
complex between a nitrogen interstitial and a magnesium vacancy in MgO with favorable electronic
and optical properties for hybrid quantum technologies. We show that this NV~ center has stable triplet
ground and excited states, with singlet shelving states enabling optical initialization and spin-
dependent readout. We predict several properties, including absorption, emission, and zero-phonon
line energies, as well as zero-field splitting tensor, and hyperfine interaction parameters, which can aid
in the experimental identification of this defect. Our calculations show that due to a strong pseudo-
Jahn Teller effect and low-frequency phonon modes, the NV~ center in MgO is subject to a substantial
vibronic coupling. We discuss design strategies to reduce such coupling and increase the Debye-
Waller factor, including the effect of strain and the localization of the defect states. We propose that the
favorable properties of the NV~ defect, along with the technological maturity of MgO, could enable
hybrid classical-quantum applications, such as spintronic quantum sensors and single qubit gates.

The nitrogen-vacancy center (NV~) in diamond' and the divacancy (VV?)
in silicon carbide (SiC) are prototypical spin defects for quantum tech-
nologies, including sensing, communication, and computing. A key
requirement for these applications is the long coherence time of the spin
defect as well as the scalability and integration of the host into current
microelectronic platforms. However, the coherence time of defects in dia-
mond and SiC is intrinsically limited by the presence of non-zero nuclear
spin isotopes (namely "C and *Si, respectively). Additionally, achieving
high-yield, scalable fabrication of diamond devices is challenging due to
difficulties in etching and polishing diamond’, and the synthesis of high-
quality thin films of a single phase of SiC is a challenge due to its many
nearly-degenerate polytypes’. Therefore, the identification of new host
materials for spin defects is an active field of research.

Recent theoretical work based on cluster correlation expansion simu-
lations predicted that several simple oxide hosts, including calcium oxide
(CaO) and magnesium oxide (MgO), could possess long coherence times
for spin defects’. The work assumed a model spin defect, i.e. a single electron
in a dilute nuclear spin bath, and it is still an open question to identify

realistic defects in oxide materials. Encouragingly, recent first-principles
simulations discovered a Bi complex in CaO, with optical transitions in the
telecommunication regime and a coherence time of 4.7 s at clock
transitions’.

In this work, we identify and characterize a promising spin defect in
MgO, which has a long and rich history in the microelectronics industry,
particularly in spintronics. Magnesium oxide plays a key role in enabling
giant tunnel magnetoresistance in magnetic tunnel junctions used in ran-
dom access memories”". In addition, MgO tunnel barriers enhance spin
injection efficiency from the ferromagnetic source to the semiconducting
channel in spin field effect transistors'’. Although controversial, it has been
suggested that MgO might exhibit d’-ferromagnetism'*™", which could
enable the use of the material as a dilute magnetic semiconductor spin filter
in spin transistors. We note that the high dielectric constant of MgO, its low
leakage current, and thermal stability make it an ideal material for use as a
gate dielectric in thin film transistors'’. Furthermore, MgO is CMOS-
compatible and can be grown in the form of high-quality thin films via a
variety of methods'”"*, and it is frequently used as a template layer for
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ferroelectrics'* and superconductors’. Thus, identifying spin defects in

MgO could open avenues to combine spintronics, ferroelectrics, and
quantum information science for the realization of multifunctional, hybrid
classical-quantum applications.

Utilizing a high-throughput framework and advanced techniques,
including hybrid time-dependent density functional theory (TDDFT) and
quantum defect embedding theory (QDET), we identify and characterize a
promising spin defect in MgO: an NV -center. We find that the ground and
first excited state of this defect are triplet, with intermediate singlet shelving
states; in addition, the NV~ in MgO exhibits a large zero-field splitting
(ZFS), and a broad emission side-band in the visible regime. All of these
properties together point towards its potential use as a quantum sensor or a
spin qubit for quantum technologies. In our study we also report emission
spectra, and computed ZFS and hyperfine parameters that may enable the
experimental identification of the predicted defect; additionally we analyze
the reasons behind the strong vibronic coupling of the electronic states of the
NV~ defect with the host MgO lattice, thus providing insights into the
engineering of spin defects in oxides.

Results

High-throughput screening of spin defects in MgoO

We used a high-throughput technique to screen through thousands of
isolated defects and defect complexes and identify favorable spin defect
candidates in MgO. The process followed in our study is summarized in
Fig. 1. The screening was performed with the ADAQ (Automatic Defect
Analysis and Qualification)™” framework, which in turn uses the
high-throughput toolkit (httk)*. This framework has been successfully
applied to several host materials, including diamond”, SiC*, and CaO°.

In our search, we considered isolated defects and defect complexes (the
latter comprising two neighboring individual defects), including native
vacancies and interstitials and their complexes, and substitutional and
interstitial defects and defect complexes with s- and p-elements of the
periodic table. We limited our investigation to s- and p-dopants as we use
DFT at the PBE level to screen defects, and we expect that d- and f-dopants
would require the use of DFT+U or hybrid DFT methods, which will be the
topic of future investigations, given their higher computational cost. For
simplicity, we excluded interstitial-interstitial complexes from the screen-
ing. We also restricted our search to complexes with first or second nearest-
neighbor defect constituents (i.e. the maximum distance between the two
constituent defects in a complex is 3.5 A), given the cell sizes that are
reasonably affordable in our high-throughput procedure, and we included a
single type of extrinsic dopant (i.e. we do not consider defect complexes of
the type XygYmg XnmgYos Xnmglnty, Xolnty, where X and Y are different

Spin defect screening

elements substituting the Mg or O site or existing as an interstitial (Int)). Our
initial screening yielded 2917 defects, of which 1088 were determined to be
on the defect hull-i.e. to have the lowest formation energy per stoichiometry
and per Fermi energy”. Out of those, we considered the defects with a stable
spin triplet ground state (which can thus serve as a two-level system) and
which possess a zero-phonon line (ZPL), arriving at the list of the 40 defects
tabulated in Supplementary Tables 1 and 2.

We found that 24 of the 40 defects are complexes comprised of second
nearest-neighbor defects, which are excluded from further analysis as their
experimental synthesis/positioning will likely be challenging. The remaining
isolated defects and first nearest-neighbor complexes are shown in Table 1. We
find that Gag is the only isolated defect with a stable spin triplet ground state;
however, we did not consider it since Gayg has a much lower formation energy,
and thus it is more likely to be formed when Ga is implanted in MgO. Several
complexes listed in Table 1 are of the type X Vacyg, where the dopant X (X =B, I,
Sb, Bi) lies between the magnesium and oxygen vacancy sites. This class of defects
was first identified in CaO, where the Bi dopant has been proposed to be suitable
for quantum applications due to the presence of a clock transition’. These defects
were excluded from the present study, as we expect them to have similar optical
and spin properties as those in CaO, including, unfortunately, a low Debye-
Waller factor. Note that in MgO, the BoVacy defect is stable, unlike in CaO, but
it has a higher formation energy (by 7 eV) than those discussed below. Further,
several complexes of the type XngXos where X =B, Al, Ga, In, Tl are stable, with a
detectable ZPL; however they are likely difficult to synthesize due to the slow
diffusion of substitutional impurities” and high formation energies (due to
cations substituting the oxygen site), and hence they were not further analyzed.
Interestingly, our search identified additional five defects with a spin triplet
ground state and possessing a ZPL; but they all consist of anions substituting the
magnesium site and/or cations substituting the oxygen site, and thus they will
likely have large formation energies and be challenging to synthesize (see Sup-
plementary Note 1).

Finally, we are left with the defect IntyVacy, comprising a nitrogen
interstitial next to a magnesium vacancy; it is similar to the NV~ in diamond,
which, however, is formed by a nitrogen substitutional, instead of interstitial, next
to a carbon vacancy. The synthesis of IntyVacyg is expected to be straight-
forward, since interstitials generally have low diffusion barriers in MgO”*.
Moreover, nitrogen doping of MgO via, e.g. molecular beam epitaxy and
implantation has been reported in the literature” ™. Thus, we choose to inves-
tigate the IntyVacyy, defect (referred to as NV~ hereafter) for the remainder of
our study.

We note that several previous studies have investigated nitrogen
dopants in MgO using first-principles methods™™', addressing the

Table 1| Isolated defects and first nearest-neighbors
complexes on the defect hull, with spin triplet ground state and
zero-phonon line (ZPL), as obtained from the screening
process of Fig. 1, using the PBE functional

Defect Defect Charge ZPL
Isolated defects and defect complexes Type [eV]
Most stable defects (on the defect hull) XoVacwg BoVacwg —1 0.5
With triplet ground state and zero-phonon line loVacwg L oot
Likely synthesizable defect SboVacug - e
BipVacug -1 0.7
XmgXo BugBo 0 1.39
Alyghlo 0 0.68
? GaygGao 0 1.29
Loy Inwglno 0 0.98
Fig. 1 | High-throughput screening of spin defects in MgO. Schematic of the TlvgTlo 0 1.81
workflow, which includes creation of isolated defects and complexes including s- and _
Xo Gao 1 419
p-dopants and intrinsic defects, which are screened based on stability, presence of a
spin triplet ground state and zero-phonon line, and synthesizability (see text), IntxVacwg IntyVacwg - L)
leading to the identification of an NV~ center in MgO (shown in inset).
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Fig. 2 | Ground state properties of the NV~ center
in MgO computed with hybrid DFT (see text).

a Formation energies of different point defects in
MgO under oxygen- and nitrogen-rich conditions as
a function of the Fermi level: V5, Nj, Vg and [N; —
V] denote an oxygen vacancy, nitrogen inter-
stitial, magnesium vacancy, and a nitrogen
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the NV~ defect. b Defect level diagram of the NV~
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possibility of d’-magnetism in MgO and its application as a dilute magnetic
semiconductor for spintronic devices. These studies explored the effect of
nitrogen substituting the oxygen site”™’™", nitrogen interstitials”, and
nitrogen dimers™. However, they did not investigate the NV~ complex and
did not report any excited state properties relevant to quantum applications.

Ground state properties using hybrid DFT
We investigated the ground state properties of the NV~ center in MgO using
density functional theory (DFT) with the dielectric-dependent hybrid
(DDH) exchange-correlation functional”’. The inverse of the experimental
macroscopic dielectric constant €., = 2.96 was used as the fraction of exact
exchange, ie. « = 0.34**, The DDH functional is able to recover the
experimental band gap at 0 K accurately (after accounting for zero-point
motion renormalization effects), unlike semi-local functionals like PBE,
which underestimate the bandgap (see Supplementary Table 3 for a com-
parison between the band gaps obtained using PBE, DDH, and experiment).
As shown in the inset of Fig. 1, the NV~ defect in MgO has C,,
symmetry in the ground state, with a nitrogen atom present at the bond-
center interstitial site, bonded to four neighboring magnesium atoms
(dn—mg = 2.49 A) and an oxygen atom (dy_o = 1.33 A), with a nearest
neighbor magnesium vacancy and an additional electron. The fourfold
rotation axis (Cy) is along the N-O bond in the < 001 > direction. We plot the
defect formation energies of relevant defects under O,-rich, N,-rich con-
ditions as a function of the Fermi level in Fig. 2a. We see that the NV~ is
stable within the bandgap and therefore, may be experimentally realizable.
Further, we expect that NV~ will be compensated by positively charged
oxygen vacancies. Note that the Fermi energy may be pinned at 2.3 eV above
the valence band maximum (VBM) due to compensating native defects
(magnesium and oxygen vacancies) under high-temperature equilibrium
growth conditions. One strategy to move the equilibrium Fermi level into
the stability region of the NV~ defect could be to n-dope MgO during
growth, for example, with A" or Fe’**. This would have to be done
carefully to avoid the introduction of additional optically active defects and a
high concentration of spinful nuclei into the sample. However, sample
preparation techniques could be designed to circumvent the requirement of
n-type doping. Specifically, sample preparation typically involves high-
temperature growth in a nitrogen-rich environment, followed by a cooling
down process where the nitrogen flux is turned off, thereby fixing the
concentration of nitrogen in the sample. Under these low temperature
conditions and high nitrogen concentrations, where the contribution from
configurational entropy is low, binding energy effects will be predominant;
hence they will promote the formation of the NV~ complex, especially
given its high binding energy (E, = 2.86 eV, calculated as

E, = E{(Vi) + E;(Ni") — E{(NV™); V3, and N;* denote the doubly-
negatively charge magnesium vacancy and the singly-positively charged
nitrogen interstitial). In general, the defects formed will strongly depend on
the sample preparation techniques (for example, nitrogen incorporation
during growth vs. implantation). Figure 2a is indicative of the fact that the
NV~ defect can be formed in MgO by optimizing sample preparation
conditions, as it is stable within the bandgap. Additionally, we checked for
the possibility of the nitrogen interstitial recombining with the magnesium
vacancy to form a substitutional nitrogen defect on the magnesium site. We
found that the NV~ defect is the preferred configuration; this result can be
understood from a molecular orbital analysis, presented in Supplementary
Note 3. Finally, we also computed the barrier for the nitrogen interstitial to
migrate to other interstitial sites around the vacancy (see Supplementary
Note 4). The computed barrier is high (=1.37 eV), thus, once formed, the
NV~ defect is expected to be stable against annealing.

The defect level diagram of the NV~ center obtained using the DDH
functional is shown in Fig. 2b. We see that the ground state is a spin triplet,
with four isolated defect states present within the bandgap of MgO: one b,
one a;, and two degenerate e orbitals. Figure 2c shows the iso-surfaces of the
square moduli of the Kohn-Sham orbitals of the four defect states in the spin
down channel as viewed along the C, axis. We find that the b; and a; defect
states near the valence band maximum (VBM) consist of O 2p orbitals
arising from the presence of the magnesium vacancy, and the degenerate e
defect states consist of 7-orbitals (77, 71,,) from the N-O bond. In fact, the
additional electron in this complex localizes on the N-O bond in one of the 7-
orbitals. The separation of the occupied and unoccupied defect states from
each other as well as from the valence and conduction bands of MgO indicate
that optical transitions to prepare and measure the qubit state are possible.

To aid in the experimental identification of the NV, for example via
electron paramagnetic resonance (EPR) or magnetic circular dichroism
experiments, we calculated the zero-field splitting (ZFS) tensor and the
hyperfine parameters. A sufficiently large ZFS is required to isolate the m, =
+ 1 and m, = 0 sublevels of the ground state triplet at zero magnetic field,
allowing for the controllable preparation of the spin qubit. As expected from
the Cy, symmetry of this defect, the transverse E value is 0. Our computed
axial D component of the ZFS tensor is 38.48 (46.38) GHz at the PBE (DDH)
level. This value represents the energetic separation between the m, = £ 1
and m; = 0 sublevels, indicating that the defect can be initialized con-
veniently in the m, = 0 sublevel. Furthermore, the computed value of D is
favorable to prevent excitations from the m; = 0 to m, = * 1 sublevel, thus
protecting the qubit from decoherence, while still being measurable via
traditional microwave EPR experiments (instead of requiring a high-
frequency EPR setup, for example). Note that this value of ZFS is much
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larger than that reported for defect qubits in diamond, SiC, and AIN (where
many spin defects have ZFS smaller than 5 GHz"), but it is of the same order
of magnitude as that of the Tiyy center in 2D h-BN (19.4 GHz)* and SiV in
diamond (46 GHz)", and lower than that reported for other qubit systems,
e.g. single molecule magnets (for which ZFS can reach up to 13000 GHz)™".

EPR measurements also yield hyperfine parameters, which describe the
coupling between the electron spins and nuclear spins. The NV~ defect in
MgO has the following nuclear spins: “N (I = 1, 99.63%), *Mg (I = 2.5,
10%), and 7O (I = 2.5, 0.038%), and the principal values of its hyperfine
tensors are given in Table 2. Pesci et al.” investigated nitrogen interstitials in
MgO and found that electrons localize on the 7-orbitals around the N-O
bond, consistent with our findings. Interestingly, their reported hyperfine
parameters for substitutional nitrogen on the oxygen site and interstitial
nitrogen are different from our calculated values for the NV~ defect (see
Supplementary Table 4 for a comparison), indicating that the latter might be
experimentally distinguishable from other nitrogen defects in the MgO
lattice, using EPR.

Overall, the ground state properties of the NV~ in MgO indicate that
this defect is stable over a large energy range within the band gap of the host
and thus, should be experimentally realizable. It has a spin triplet ground
state with isolated occupied and unoccupied levels, pointing to the possi-
bility of optical transitions to prepare and measure a qubit state. The
computed ZFS tensor shows that a sufficiently large separation between spin
sublevels is present, and that initialization in the m, = 0 sublevel should be
realizable experimentally. Further, the computed hyperfine parameters

Table 2 | Computed principal values of the hyperfine tensors
(A) at the PBE level of theory (in MHz) for the NV~ defectin MgO

Atom A Ay A,

N atom 43.58 4359 -87.17
O atom bonded to N —-27.86 —27.89 55.76
Mg atoms nearest-neighbor to N 0.27 0.47 -0.74
O atoms nearest-neighbor to magnesium 11.07 12.30 —23.37

vacancy

Ground state

indicate that the NV center is expected to be distinguishable from other
nitrogen defects in MgO.

Excited state properties using hybrid TDDFT

We now turn to investigate the excited state properties of the NV~ center
using time-dependent density functional theory (TDDFT) with the DDH
functional, as implemented in the WEST code’'. We used spin-conserving
and spin-flip TDDFT-DDH to investigate triplet and singlet excited states,
respectively. The relaxed structure of the triplet ground state and first excited
triplet state (obtained using DDH and TDDFT-DDH, respectively) are
shown in Fig. 3a.

Figure 3b plots the vertical excitation energies of multiple low-lying
singlet and triplet states, as obtained from TDDFT-DDH. The first excited
state triplet °E is about 5 eV above the triplet ground state (*A,), with
additional excited state triplets (’E) close in energy. Additionally, we find
three singlet states (‘A;, 'By, 'B,) within the energy range of the first triplet
excitation, indicating that an optical initialization cycle, similar to that of the
NV~ center in diamond, may be possible.

We also characterized the electronic excitations using quantum defect
embedding theory (QDET)™™ and compared the results with those of
TDDFT-DDH. In QDET, we define an active space that consists of single-
particle orbitals involved in the excitations of interest and a many-body
effective Hamiltonian acting on this space, which includes the influence of
the environment surrounding the defect. The electronic structure of the
environment is described at the GoWj level of theory, enabling an exact
correction for the double-counting terms. For the NV~, we chose an active
space consisting of the four localized defect states within the band gap (b, a;,
e ey), as well as of defect states close to the valence band maximum. The
eigenstates of the effective Hamiltonian are determined exactly using the full
configuration interaction method, yielding the many-body level diagram
shown in Fig. 3b. We see that the trends in excited state energies using
TDDFT-DDH and QDET are the same. The minor differences in absolute
energy values between the two methods could arise due to the absence of
double excitations in TDDFT and/or a limited active space in QDET. Work
is ongoing to understand the performance of QDET on a broader class of
defects and hosts, which will help clarify the reasons behind the difference

Excited state
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Fig. 3 | Excited state properties of the NV~ center in MgO. a Optimized structures
of the ground state *A, and first excited ’E state obtained using DFT-DDH and
TDDFT-DDH, respectively. Black dotted circle denotes the magnesium vacancy.
b Many-body level structure obtained using TDDFT-DDH and quantum defect
embedding theory (QDET). ¢ One-dimensional configurational coordinate diagram

2
AQ (VamuA)

Energy (eV)

constructed between the optimized structures of the *A, ground state and first °E
excited state. The points denote energies obtained at each ground state (excited state)
configuration using single-point DDH (TDDFT-DDH) calculations. Solid lines
show a quadratic fit. d Calculated emission (photo-luminescence, PL) spectrum at
300 K aligned with respect to the zero-phonon line.
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Table 3 | Optical properties of the NV~ defect in MgO obtained
using TDDFT-DDH (see text)

Property NV~ MgO NV~ diamond VV° 4H-SiC
Absorption (eV) 4.98 22170 1.18,1.27"
ZPL (eV) 3.19 1.96'® 1.13,1.21""
Emission (eV) 1.76 1.74'% 1.09,1.18""
AR (A) 0.84 0.18% 0.16,0.18%
AQ (@amu® A) 3.37 0.62'%° 0.60, 0.74*

The values for diamond and SiC are taken from the literature and are obtained using the HSE
functional. The two values for SiC are for the hh axial VV° and hk basal VV°, respectively. ZPL : zero-
phonon line, AR : total displacement between the excited and ground state structures, AQ : mass-
weighted displacement between the excited and ground state structures.

between the TDDFT and QDET results; detailed comparisons will be
reported elsewhere. For the problem at hand here, the important point is
that the order of multi-reference states obtained with TDDFT and QDET is
the same.

Having determined the vertical excitation energies, we proceeded to
relax the structure in the first excited triplet (°E) state using TDDFT-DDH
with analytical forces™ (see Fig. 3a). A decomposition of the many-body
state shows that the a; — e excitations are dominant. We note that in the
relaxed geometry of the excited state, the symmetry is reduced to Ci,
with dx_pg = 1.98-2.86 A and dy_o = 1.37 A. We find four equivalent
minima, with the N-O bond tilted along the + x, — x, + y, — y directions,
consistent with the C,, symmetry of the ground state. Table 3 lists the
absorption, zero phonon line (ZPL), and emission energies of the NV~ in
MgO (calculated under the Franck-Condon approximation) and compares
it with that of the NV~ center in diamond and the VV° in silicon carbide. In
MgO, the absorption and ZPL of the NV~ center are in the ultraviolet (UV)
range whereas the emission is in the visible range, highlighting a large
Stokes shift.

A large Stokes shift implies that a large number of phonons are
involved in the emission process, which could lower the intensity of the ZPL
relative to the rest of the emission spectrum, thus yielding an unfavorable
Debye-Waller factor (DWF). The average number of phonons emitted
during an electronic transition is called the Huang-Rhys factor (HRF,
denoted as S) and is given by ref. 55

LAQRw?
s=2—9 (1)
hwe/f
where w,y is an effective phonon frequency and AQ a mass-weighted
displacement. The latter is calculated as

N 1/2
AQ = (Z > MaARil) @

a=1 i=x,y,z

where M, = mass of atom &, AR,; = displacement of atom « between the
excited state and ground state equilibrium structures in the ith direction).
Not surprisingly, given the large Stokes shift, we find that the AQ of the NV~
is large (see Table 3), indicating a strong electron-phonon coupling™*.
We calculated Wepp and therefore, the HRF S, by constructing a one-
dimensional configuration coordinate diagram (CCD) along the direction
connecting the relaxed A, ground and °E excited state structures’* (geo-
metries optimized using DDH and TDDFT-DDH, respectively), as shown
in Fig. 3c. By fitting a quadratic function around the points near the
respective minima, we obtain the effective phonon frequencies of the ground
and excited states to be /iwg = 32.79 meV and /iw, = 61.77 meV respectively.
Using hw, and AQ, we obtain the HRF for emission as S = 44.49, which is
again indicative of a strong electron-phonon coupling™, as expected. Such a
large HRF leads to a negligible Debye-Waller factor (DWF ¢ = 107%°), as
a majority of the photons contribute to the emission side band instead of the

ZPL. Thus, the ZPL will likely be undetectable, rendering the defect
unsuitable as a single photon emitter (for example, for quantum commu-
nication applications). However, the defect’s triplet ground state, large ZFS,
and many-body level structure may make it suitable for quantum sensing,
computing, or transduction, by enabling optical initialization and spin-
selective photo-luminescence. In fact, the possibility of optical initialization
and readout is further highlighted from the CCD of the singlet excited states
plotted in Fig. 3c. We see that at the ’E minimum, 'A} is nearly degenerate
with °E, and 'B, and 'B, are lower in energy than the °E state. Thus, despite
the large AQ in this system, the singlet states’ potential energy surfaces do
not cross that of the triplet °E excited state (or are nearly degenerate with the
*E minimum, as in the case for 'A;), indicating that optical initialization and
spin-selective photoluminescence via inter-system crossing (ISC) may be
possible. While the rates for these transitions would need to be calculated,
this is an important prerequisite for the possibility of optical initialization
and readout, as further discussed below. Finally, nanostructuring or the
additional presence of extended defects can be used to lower the HRF and
therefore increase the intensity of the ZPL, as explored in SiC”.

Using hiwg, hw,, and AQ, we show the emission spectrum of the NV~ in
Fig. 3d, which is nearly a Gaussian with a peak at the Franck-Condon energy
of 1.43 eV, and a line-width of 420 meV. The emission spectrum thus lies in
the visible red-infrared region, making it easy to detect. Moreover, a broad
line-width is advantageous as it would allow multiple frequency filters to be
used (for example, to filter out emissions from an underlying substrate)
while retaining a significant fraction of the emission spectrum to be
employed for detection. The radiative lifetime is 23 ps, calculated as the
inverse of the radiative rate 'y = %, where #, is the refractive index
of MgO (1.73), pem is the transition di}gole moment for emission (0.035 e A)
calculated using TDDFT-DDH, and E,,, is the emission energy calculated
using TDDFT-DDH (1.76 V). This value is three orders of magnitude
larger than those computed for the NV~ in diamond® and VV° in SiC*, but
is similar to those computed for spin defects in 2D transition metal
dichalcogenides™. While it would be preferable to have a shorter radiative
lifetime, the non-radiative lifetime is likely longer, as the °E and *A, potential
energy surfaces cross only at large barrier energies, and non-radiative rates
are typically low for defects with transition energies larger than 1.5 eV®.
Moreover, we note than the predicted coherence time T for an electron spin
defect in MgO is 600 us’, thus, the spin state could still be retained during
optical initialization and readout. Nonetheless, cavity enhancement may be
required due to other competing processes like inter-system crossing. Cavity
enhancement of over 1000 has recently been reported for transitions in Er**-
doped MgO®™. This result points to the encouraging possibility of cavity
enhancement of the transitions in the NV~ center in MgO as well.

To summarize the computed excited state properties of the NV~ in
MgO, we find the presence of triplet excited and singlet shelving states,
pointing at the possibility of an optical initialization cycle and spin-selective
photo-luminescence. Further, our results show that the absorption and ZPL
energies are in the UV range, whereas the emission energy is in the visible
(red) range. The visible emission energy, together with the computed broad
emission side-band, is a convenient feature for experimental detection in
applications such as quantum sensing and transduction. We also find a large
AQ and related Stokes shift, large HRF, and low DWF, indicating strong
vibronic coupling. Identifying the reason behind this strong coupling is key
to determining engineering strategies that can mitigate it, and to enhance
our understanding of oxides as hosts for spin defects. We explore this in
further detail below.

Vibronic analysis

According to the character table of the C,, point group (see Supplementary
Table 5), the E electronic states can couple linearly to the a;, ay, b, b,
phonon modes, and to e phonon modes via higher (even) order coupling.
However, only the b;, by, and e phonon modes can reduce the symmetry of
the defect. Given that the C,, symmetry is reduced to C; in the optimized
geometry of the first excited ’E state, e-phonon modes are expected to be
predominantly coupled to the electronic states (b; and b, modes would have
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Fig. 4 | Analysis of vibronic coupling. a Average structure of the four equivalent
excited state minima of the NV~ center in MgO. b One dimensional configurational
coordinate diagram along e,-phonon mode, showing the first three °E excited states.
The points denote energies obtained at each configuration using single-point
TDDFT-DDH calculations. The adiabatic potential energy surface of the first *E-
excited state is shown by the dashed lines. The predominant phonon modes involved
in the average structure and the excited state structure are shown as insets. The
displacement vectors of phonon modes are scaled up for clarity.

reduced the symmetry to C, and C,,, respectively). To verify that indeed the
e phonon modes are responsible for the observed symmetry-breaking in the
first excited *E state, we calculated the Mg, O, and N displacements between
the average structure of the four equivalent minima (shown in Fig. 4a) and
the optimized geometry of the excited state (shown in Fig. 3a). The average
structure is symmetrical and the displacement between the average geo-
metry and that of the relaxed excited state geometry may be used to
understand the predominant symmetry-breaking mode. We found that the
symmetry-breaking displacements are predominantly due to the e-phonon
mode (see Supplementary Note 6 and insets of Fig. 4b).

Thus, using the projections of the eigenvectors of the e-phonon modes
as the collective variables (i.e. along x and y axes), and using the averaged
structure as a reference geometry (since the symmetric a,-phonon modes
are not Jahn-Teller or pseudo-Jahn Teller active), we built a CCD of the first
three excited states using TDDFT-DDH. The CCD along the e,-phonon
mode, identical to the one along the e, mode, is shown in Fig. 4b. Inter-
estingly, we observe the presence of close-spaced excited states with negative
curvature at AQ = 0, separated by only ~0.2 eV, indicating that they likely
interact strongly via the pseudo-Jahn Teller (p]T) effect. These excited states
originate from excitations of the form a; — e, b; — ¢, and VBM — e. The
close-spaced excited states found here are *E-states, similar to those seen in
spin-conserving TDDFT-DDH and QDET calculations of the vertical
excitation energies of the ground state structure, shown in Fig. 3b.

To quantify the coupling between the various states, we fit an adiabatic
potential energy surface (APES) to the first excited state CCD, which yields
an effective phonon frequency of the e-phonon mode and the vibronic

coupling constants. Specifically, we solve a (E + E) ® e Hamiltonian, which
accounts for Jahn-Teller (JT) coupling within each *E state and pseudo-Jahn
Teller (pJT) coupling between two excited *E states. We used an adiabatic-
to-diabatic transformation of the potential energy matrix and built an
effective Hamiltonian that includes coupling constants for JT and pJT
effects®>*’. We then fit the eigenvalues of the Hamiltonian to the TDDFT-
DDH energy values along the CCD of the first excited state to obtain the
parameters of the energy matrix. The details of the derivation are given in
Supplementary Note 7. The APES of the first excited °E state along the e-
phonon mode is shown in Fig. 4b, from which we obtained the effective
phonon frequency of the e-phonon mode to be 25 meV, and the vibronic
coupling parameters to be 20-500 meV. We also found that the p]JT effect is
more pronounced than the JT effect: including the JT coupling parameters
did not reduce the fitting error of the APES (see Supplementary Note 7 for
more details). The p]T stabilization energy is large (~5 eV). These vibronic
coupling parameters are far larger than those of the NV~ in diamond (in
which vibronic coupling is around 120 meV®’), and the effective phonon
frequency is far lower than that of the NV~ in diamond (effective phonon
frequency of the latter is around 60 meV®). The large pJT stabilization
energy and low effective phonon frequencies satisfy the condition for strong
vibronic coupling, given as™

>1 3)

Thus, from our vibronic coupling analysis, we find that the strong vibronic
coupling of the first excited state to the e phonon modes is due to a large pJT
stabilization energy and low effective phonon frequencies. In turn, this
strong coupling gives rise to a large AQ and then to a large Stokes shift and
HREF, and to a low DWE.

We end this section by briefly mentioning that the strong vibronic
coupling could indicate a strong spin-phonon coupling, which might lead to
a reduction in the spin relaxation time 7;. While a spin-phonon coupling
analysis is beyond the scope of this study, we did calculate the phonon modes
for the NV~ defect in the ground state, as discussed in Supplementary Note 8.
We find that the modes are largely localized near the NV~ defect and have
energies that generally exceed its ZFS. Thus, the spin relaxation time T; might
be limited by slower two-phonon processes as opposed to fast one-phonon
direct and Orbach relaxation mechanisms. Having predominantly two-
phonon processes would be desirable for an optimal value of the defect’s T;.

Engineering strategies to reduce vibronic coupling and
increase DWF

Having obtained insight into the reasons behind the strong vibronic cou-
pling of the NV~ center in MgO, we now discuss potential strategies to
reduce such coupling, and therefore, the large AQ, and potentially increase
the DWE.

As our first strategy, we explored the effect of strain on the optical
properties of the NV ™. Strain has been reported to change the alignment of
spins of the NV~ in diamond*® and stabilize the spin triplet state in AIN®.
We considered biaxial strain, since under thin film growth conditions, MgO
will be epitaxially strained to match the lattice constants of the substrate,
while relaxing its geometry along the perpendicular direction. Estimates
using ASCF-PBE (i.e. differences of total energies computed with different
occupation numbers, see Supplementary Note 9) revealed that biaxial
compressive strain in the xy-plane reduced the AQ while retaining the
degeneracy of the e-levels. Hence, we investigated two different biaxial
compressive strain levels: 1% and 4%, and optimized the geometries of the
NV~ structure in its ground and first excited state using DFT-DDH and
TDDFT-DDH, respectively. Our chosen strain values are experimentally
representative, as MgO thin films can be epitaxially grown up to thicknesses
of ~ 1 nm with a biaxial compressive strain of 4% on substrates like Fe’’ and
Ag’'. Hereafter, ‘strain’ refers to ‘biaxial compressive strain in the xy-plane’.
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Fig. 5 | Engineering strategies to reduce vibronic

coupling. a Calculated emission (photo-lumines-
cence, PL) spectrum of the NV~ defect in MgO at
300 K as a function of biaxial compressive strain,
aligned with respect to the zero-phonon line.

b Defect level diagram obtained using the DDH
functional for the Aly;; — Alo defect complex in
MgO with the single-particle defect levels labeled
according to the irreducible representation of the
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Notably, we find that as strain increases (0 %, 1%, 4%), there is a
reduction in AQ (3.37, 3.15,2.78 amu®? A), indicating a decrease in vibronic
coupling.

To check if this reduction in AQ leads to a reduced HRF and increased
DWEF, we followed the same strategy as described previously. We con-
structed a one-dimensional CCD along the direction connecting the opti-
mized geometries in the ground and excited state using TDDFT-DDH and
fit a quadratic function around the points in proximity of the respective
minima. In this way, we obtained effective phonon frequencies of the
ground and excited states under the different strain conditions, which we
used to calculate the HRF. We find that strain decreases the HRF from 44.49
(unstrained case) to 41.36 (1% strained case) and 36.23 (4% strained case).
This results in an increase in the DWF by 4 and 7 orders of magnitude
respectively; however, unfortunately the ZPL would still be undetectable, as
the DWF of the unstrained system is extremely low (=107%°).

The emission spectra at different strain conditions are shown in Fig. 5a,
calculated with the same method of Fig. 3d, i.e, by using the respective fw,,
hw,, and AQ. We once again see that the spectra are nearly Gaussian, with a
mean around the respective Franck-Condon energies. The reduction in
HRF is manifested as a slight red-shift in the mean of the emission spectrum.

Overall we find that strain can reduce the AQ and HRF, and therefore
the vibronic coupling, thus increasing the DWF of the NV~ defect in MgO
by orders of magnitude; however, since the DWF of the unstrained system is
negligible, the impact of strain on the DWF value is not sufficient to obtain a
substantial increase.

As our second strategy, we explored the role of the defect electronic
structure on AQ (and, therefore, vibronic coupling and DWF), by investi-
gating another promising defect found in the MgO ADAQ database: the
Alpgg — Alp defect complex. It has the the lowest AQ among the 20 nearest-
neighbor defect complexes with a spin triplet ground state and ZPL, the
latter in the near-telecom regime. In contrast to the NV~ center, which
consists of an interstitial-vacancy complex, the Aly; — Alo complex consists
of two substitutional impurities, and its analysis gives us insight into a
different class of defects. Note however that unfortunately, the Aly,, — Al
complex has a very high formation energy (around 11 eV); thus, its
experimental realization might be challenging.

Figure 5b shows the defect level diagram and Fig. 5¢ shows the iso-
surfaces of the square moduli of the Kohn-Sham orbitals of the four defect
states in the minority spin channel. We note two key differences in the
electronic structure of this defect, compared to the NV~ center. First, there is
a large separation between the highest and next-highest occupied defect
levels in the minority spin channel of AlMg — Alg, unlike the NV, where the
a; and b; defect orbitals lie very close in energy to each other and to the
valence band maximum. The increased energetic separation between the

Kohn-Sham orbitals could lead to an increased separation between the low-
lying excited states, thereby minimizing pJT effects and lowering the vibronic
coupling, and leading to a lower value of AQ. In fact, the energy separation
between the vertical excitation energies of the first two E states (calculated
using TDDFT-DDH) is 1.64 eV for the Aly;, — Al defect, compared to 0.67
eV for the NV~ center (see Fig. 3a). Thus, a strong vibronic coupling via the
pJT effect is unlikely to occur in Aly; — Alo. Second, the occupied and
unoccupied Kohn-Sham orbitals of the minority spin channel (which are
involved in the excitation) are localized around the same Al atom in Aly;; —
Alo. This is unlike in NV, where the occupied defect orbitals localize near
the Mg vacancy and the unoccupied defect orbitals localize on the N-O bond.
Moreover, in the case of NV, the excitation is from the O 2p orbitals of the
Mg vacancy to the 7r-orbital on the N-O bond. Instead in Alyg — Alo, the
excitation is between similar 7-type orbitals on the same Al atom. Since a
large change in the charge distribution of the defect electrons during an
optical transition usually leads to a large HRF”, the comparatively low AQ of
the Alyg — Al defect complex may originate, at least in part, from the
localization of the orbitals involved in the transition around the same atom.

Thus, spin defects in oxides comprising substitutional impurities
may lead to lower values of AQ and an increased DWF. These defects are
expected to possess a large separation between Kohn-Sham defect levels
(as compared to those with native defects such as cation vacancies) and
result in the localization of the occupied and unoccupied defect states on
the substitutional dopant itself. In this respect, d- or f-dopants might be
promising, given that they likely substitute the cation site, and involve
intra-shell d-d or f-f transitions, which might not experience a strong
vibronic coupling due to similar charge density distributions of occupied
and empty states.

Discussion

In this work, we used the ADAQ high-throughput screening framework,
along with hybrid DFT and TDDFT methods and QDET, to discover and
characterize a promising NV~ spin defect in MgO. The oxide host satisfies
all the desirable criteria listed in the seminal paper by Weber et al.”: it has a
wide band gap, small spin-orbit coupling, it is available as high-quality thin
films and bulk crystals, and both Mg and O have naturally occurring iso-
topes of zero nuclear spin and thus can be isotopically purified. Additionally,
the recent study by Kanai et al.” predicted a single spin in MgO to have a
coherence time (T3) of 0.60 ms. This is slightly lower than the T, in pro-
totypical hosts like diamond (0.89 ms) or SiC (1.1 ms) (primarily due to the
larger concentration of nuclear spin isotopes of Mg). However, MgO could
still be a promising host due to other advantages, particularly the ability to be
grown as a high quality thin film via multiple routes'”"*, and its use in a wide
range of applications. These include MgO tunnel barriers in spintronics
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devices”, MgO buffer layers in superconducting’ and ferroelectric'*”’

devices, and MgO heterogeneous catalyst support materials’™.

In addition to the favorable properties of the host, many properties of
the NV~ defect in MgO are promising as well. In particular, its spin triplet
ground state provides a two-level system (= 0 and m, =+ 1), and the large
ZFS can enable isolation of the two sublevels. The large ZFS and generally
low hyperfine interaction parameters could be beneficial to increase the
coherence time of the defect compared to the estimate obtained by con-
sidering a single electron spin in MgO. The singlet states between the *A,
ground and first °E excited state, as determined using TDDFT-DDH and
QDET (see Fig. 3b), can act as shelving states, thereby enabling optical
initialization and spin sublevel-dependent photo-luminescence. The
absence of crossing (or near-degeneracy) between the potential energy
surfaces of the singlet and triplet states is an important indicator of the
possibility of optical initialization and readout. The presence of singlet
shelving states can also enable additional readout modes, for example spin-
to-photocurrent (or spin-to-charge) readout. The efficiency of the initi-
alization and optical read-out will depend on the radiative and non-radiative
(ISC) transition rates. The transverse spin-orbit coupling component
(which couples only the m, = + 1 sublevels of *E to the singlet states) and the
likely large vibrational overlap between °E and the singlet states, and
between 'B,/'B, and the *A, ground state, may lead to spin-sublevel selective
depopulation of °E and efficient optical polarization. However, spin-
dependent optical readout might be challenging: the near-degeneracy of the
'A; and *E states seen in Fig. 3c could lead to a much faster ISC rate between
*E and 'A;, compared to the radiative rate between °E and *A,, leading to
poor spin-dependent optical readout contrast. The ISC rate could be
reduced by applying strain to increase the energy spacing between the *Eand
'A; note that even meV changes could lead to changes in the ISC rates. The
role of the ISC between *E and 'B, or 'B; would also need to be clarified to
obtain a complete picture of the optical cycle, and robust conclusions on the
efficiency of optical read-out, will require the calculation of rates, which will
be the subject of a future study. We emphasize that a favorable feature of the
NV~ defect in MgO is its emission in the visible red-infrared regime, making
the experimental detection of this defect relatively straightforward. It is
unlikely that the emitted light will be reabsorbed, as one may expect oxygen
vacancies to be the additional most likely defect to be present in the oxide,
and its photoexcitation and photoionization energies are around 5 eV”". The
broad emission line-width of the NV~ center may allow filtering of any
emitted light from underlying substrates, while still retaining a substantial
portion of emitted light from the defect which can be detected. Moreover,
recent work on Er'*-doped MgO® has demonstrated the integration of
MgO with silicon nanophotonic cavities to achieve a cavity enhancement of
over three orders of magnitude. This points to the promising possibility of
using cavity enhancement of the optical transitions in the NV~ center as
well. Importantly, MgO can be doped with nitrogen, as demonstrated in
previous experimental studies”**. The hyperfine interaction parameters of
the NV~ center are different from those of other nitrogen-related defects, e.g.
the nitrogen interstitial and nitrogen substitutional on the oxygen site”,
indicating that the NV~ center should be experimentally distinguishable.

The properties of the NV~ spin defect computed here and the wide
technological applicability of MgO thin films point at applications that
could integrate ‘classical’ spintronics and ferroelectrics with quantum
information science. For example, classical information, e.g. magnetization
direction in a magnetic tunnel junction (MT]), with MgO as the tunnel
barrier, can be mapped onto the spin defect, as it has been recently proposed
by Jansen and Yuasa’ in the case of a quantum dot. The NV~ defect could
also be used in conjunction with MgO MT]J-based nanomagnets to realize
single qubit gates for quantum computing”’. Similarly, it may be interesting
to explore mapping of the polarization state of a ferroelectric thin film to
control qubit interactions in MgO buffer layers™ ™. Further, the properties
of the NV~ in MgO could make it a viable quantum sensor. In fact, flexible
and wearable spintronic devices based on MgO-barrier MTJs have been
recently developed®: combining the NV~ spin defect with these devices
could enable wearable quantum sensing.

A key challenge with the promising defect identified in our study is the
strong vibronic coupling, which leads to a large AQ and consequently large
HREF and low DWF, leading to an undetectable ZPL. This likely makes the
NV center in MgO unsuitable for quantum communication; however,
quantum sensing and computing could be viable applications. Our study
revealed that strain could help increase the DWF, however, one would need
to go to extremely large strains to achieve a detectable ZPL. Note that the
DWE can be increased via the formation of point-planar defect complexes,
like in SiC nanowires, where complexes formed between point defects and
stacking faults were found to have high brightness and DWF = 50%.”. It is
important to note that the large AQ and resulting low DWF found in our
study at zero temperature represents the worst-case scenario, since all our
analysis was done starting from a highly symmetric ground state structure.
However, the NV~ defect in MgO has multiple nearly-degenerate local
minima with lower symmetry. Given that zero-point vibrational energy in
MgO is non-negligible (it leads to a lattice constant expansion by 0.5% and
bandgap renormalization by 6%"*"), it is likely that the zero-point vibra-
tional energy will lead to symmetry breaking, which will reduce AQ and
increase the DWF. Indeed, if we consider structures with broken symmetry
in the ground state (as reported in our ADAQ search, see Supplementary
Table 1), we find a decrease of the AQ.

Importantly, our study was able to shed light onto the reasons behind
the strong vibronic coupling found for the NV~ in MgO. Our APES analysis
showed that the strong vibronic coupling is due to the large pJT stabilization
energy in combination with the low effective phonon frequency along the
symmetry-breaking e-phonon modes. This finding gives insight into design
principles that could be considered while exploring or screening new spin
defects, especially for enhancing optical addressability and/or enabling
quantum communication applications. In particular, the strength of the
vibronic coupling due to the pJT effect increases when the energy separation
between excited states decreases™. This behavior is often correlated with the
energy separation between the single-particle Kohn-Sham defect levels.
Thus, to lower the vibronic coupling (therefore lowering AQ and HRF), the
localized mid-gap states (both occupied and unoccupied) must be well-
separated from each other, which is what we observe in substitutional
complexes such as the Aly;; — Alg defect in MgO (compare Fig. 5b with
Fig. 2b for the NV ™). Moreover, the HRF increases when the charge dis-
tribution in the ground and excited state differ substantially in localization™,
which is the case for the NV~ defect in MgO (where the excitation is from the
O 2p defect states around the magnesium vacancy to the m-orbital around
the N-O bond). Instead, in VV? in SiC, NV~ in diamond, and even in the
Alyg — Alp defect in MgO, the ground- and excited-state orbitals are
localized in the same region of space. Thus, we expect spin defects in oxides
comprising substitutional defects (including d- and f-dopants) to have lower
vibronic coupling, leading to lower AQ and increased DWF. Moreover, our
study shows that AQ, the separation between Kohn-Sham levels, and the
localization of the electronic states involved in the excitation are good
descriptors for screening or designing spin defects.

In sum, the computational protocol utilized in our study, combining
high-throughput techniques and accurate electronic structure methods,
helped identify and characterize a promising NV~ defect in MgO. This new
spin defect in a technologically mature material may be integrated into
spintronic/ferroelectric applications to realize multifunctional electronics,
including spintronic quantum logic gates and sensors. Overall, our results
on the vibronic coupling of the NV~ defect in MgO also contribute to the
understanding of oxides as hosts for spin defects.

Methods
ADAQ
We used the ADAQ™” software package and the high-throughput toolkit™
to create and screen defects in MgO, and the automatic screening workflow
is presented in ref. 22.

The MgO lattice parameter was optimized with the Perdew, Burke, and
Erzenerhof (PBE) functional®, and we obtained 4.25 A. We used supercells
with 512 atoms for all the defect calculations and the Lany-Zunger charge
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correction® with a dielectric constant g = 9.65. In ADAQ, the calculations
were performed with the Vienna Ab initio Simulation Package (VASP)**",
gamma compiled version 5.4.4, which uses the projector augmented wave
(PAW)** pseudopotential (folder dated 2015-09-21). We used a plane-
wave energy cutoff of 600 eV and kinetic energy cutoff of 900 eV for the
augmentation charges, a total energy criterion of 10 * €V, and a structural
minimization criterion of 5 x 10~ V. Calculations were done at the I'point.
All the 2917 defects screened can be found in the ADAQ database online.

Electronic structure calculations
Once the NV - center was identified through the ADAQ procedure, we
computed its ground state properties at the DFT level using Quantum
ESPRESSO™*. We used scalar-relativistic SG15 ONCV pseudopotentials
(v. 1.2)”" and the dielectric-dependent hybrid (DDH)* exchange-
correlation functional, with a plane-wave cutoff of 80 Ry. Convergence
tests for the plane-wave cutoff energy are provided in Supplementary Note
10. The inverse of the experimental macroscopic dielectric constant €., was
used to determine the fraction of exact exchange « (€., = 2.96">*, yielding &
= egol = 0.34). Given the computational cost of hybrid functionals, we used
supercells with 216 atoms and we fixed the lattice constant to the experi-
mental value extrapolated to 0 K, including the correction for zero-point
anharmonic expansion effects (ao = 4.19 A). Note that this closely matches
the DDH optimized lattice parameter (4.195 A) as obtained from an
equation-of-state fit (see Supplementary Note 11). The supercell Brillouin
zone was sampled with the I'point. Forces were converged to 0.01 eV/A, and
all calculations were spin-polarized.

We calculated the formation energy E [D7] of defect D in charge state g
aS()S

Ef[D‘Z] = Etot[Dq] - Etot[bulk] - Z n;y; + q(ef + EVBM) + Ecorr (4)

where E, ,[D] is the total energy of the supercell containing the defect D in
charge state g, E,,,[bulk] is the total energy of the pristine supercell of the
same size, 7; is the number of atoms of species i added to (#; > 0) or removed
from (n; < 0) the supercell to create the defect, y; is the chemical potential of
species i, &is the Fermi energy relative to the valence band maximum Ey gy,
and E,,,, is a charge-dependent term that corrects for artificial electrostatic
interactions arising due to the finite size of the supercell and was calculated
using the Freysoldt-Neugebauer-Van de Walle correction scheme™ with the
static dielectric constant for MgO €, = 9.8 taken from experiment”. Note
that a comparison between the Lany-Zunger and Freysoldt-Neugebauer-
Van de Walle correction schemes in the case of CaO° yielded very similar
and fully consistent results, and we expect the same for MgO. The chemical
potentials of oxygen, nitrogen, and magnesium were calculated as
to =5Eprr.o,» ix = 3 Eper,» g = Eprrvgo — po- We used the HSE
functional™ to obtain Eppy o, and Epgr ., as the binding energy and the
bond length of the respective molecules calculated using the HSE functional
matched more closely with experiments. Additional details can be found in
Supplementary Note 12. A comparison of the defect formation energies
computed at the PBE (the functional used in the ADAQ screening
procedure) and DDH levels of theory is given in the Supplementary
Information as well (Supplementary Note 13).

We computed the excited state properties, including the low-lying
triplet and singlet states, and we optimized the geometry of the first excited
triplet state using time-dependent DFT (TDDFT) under the Tamm-
Dancoff approximation, the DDH functional and the WEST code’""'®.
Due to the higher computational cost of TDDFT calculations, the plane-
wave cutoff was reduced to 60 Ry. Forces were converged to 0.01 eV/A.

Vertical excitation energies and the resulting many-body electronic
structure were also computed using the quantum defect embedding theory
(QDET) with exact double counting corrections™™, using the
WEST code”'”. The active space consisted of the localized defect orbitals
(b, ay, ey e,) within the band gap as well as of several orbitals below the
valence band maximum. We checked the convergence of the excitation

energies by gradually increasing the number of orbitals below the valence
band maximum (VBM) included in the active space, and found that con-
vergence was achieved upon including orbitals up to 0.7 eV below the VBM.
We note that in QDET with exact double counting correction, the envir-
onment is described using GoW. In the WEST code, a separable form of W,
is obtained using a technique called the projective eigendecomposition of
the dielectric screening (PDEP), which avoids the inversion and storage of
large dielectric matrices and enables the calculation of the self-energy matrix
elements without explicitly evaluating empty states. The number of PDEP
eigenpotentials used to obtain the separable form of W, was determined
after convergence tests of the excitation energies as a function of the number
of eigenpotentials. The active space Hamiltonian was solved exactly using
the full-configuration interaction method implemented in pySCF'*"'**. Note
that the electronic structure on which GoW, and subsequent QDET cal-
culations are based upon, was obtained by non-polarized DFT calculations.

The zero field splitting tensor was calculated using the GPU-
accelerated version of pyZFS'”, considering spin-spin interactions and
using wavefunctions from a DFT calculation of a 4 x 4 x 4 (3 x 3 x 3)
supercell with the PBE (DDH) exchange-correlation functional.

Hyperfine interaction parameters were calculated using the gauge-
including projector-augmented wave (GIPAW) method with core polar-
ization effects as implemented in the GIPAW module'” of Quantum
ESPRESSO. Wavefunctions from a DFT calculation of a 4 x 4 x 4 supercell
with the PBE exchange-correlation functional were used.

Configuration coordinate diagrams and emission spectra
The one-dimensional configuration coordinate diagrams (CCD) were
constructed by linearly interpolating the coordinates between the optimized
*A, ground state and first °E excited state structures and performing single
point DFT and TDDFT calculations for each point along the ground and
excited states respectively (using the DDH functional). The effective phonon
frequencies in the ground and excited states (4w, and %w, respectively) were
obtained by fitting a quadratic function around the points near the
respective minima. The Huang-Rhys and Debye-Waller factors were
computed using %w,, fiw,, and AQ, using Eq. (1).

Using the parameters obtained from the CCD, the normalized emis-
sion intensity L(%w) under the Franck-Condon approximation was calcu-
lated as

Lho) = Co’Y 3Py (T)I(O,0,)
i

X 8(Ezpy + Ey — Ey — ho)

)

Here C is a normalization factor, which includes the electronic transition
dipole moment and the refractive index of the material, P,i(T) is the thermal
occupation factor of the excited state phonons with energy E,;, T is the
temperature, |®g1-) ((®ej ) is the ith (jth) harmonic nuclear wave function of
the system in the ground (excited) state with vibrational energy E; (E,;), and
Ezpy is the zero phonon line energy. The vibrational energies in the nth
ground and excited states are given as E; = niwgand E,; = nhw, respectively.
E,pp, is the energy difference between the optimized geometries of the
excited and ground states. The Franck-Condon factors [(©,]0,:)|* were
calculated using the recurrence method'”. The § function was replaced by a
Gaussian with a broadening parameter of 25 meV.

To quantify the coupling to the e-phonon modes, we built a config-
uration coordinate diagram between the averaged structure of the four
equivalent excited state minima and the optimized geometry of the first
excited state. Using the averaged structure as the reference one eliminates
the contribution of the a-phonon modes, which are not Jahn-Teller (JT) or
pseudo-Jahn Teller (p]JT) active. The effective phonon frequencies and
vibronic coupling constants were obtained by fitting an adiabatic potential
energy surface (APES) to the CCD of the first excited state following the
adiabatic-to-diabatic transformation method of refs. 65,66 and including J T
and pJT coupling terms up to the sixth order.
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