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RAPID COMMUNICATION

Identification of the phosphorus-doping defect
in MgS as a potential qubit
Jijun Huang(黄及军) and Xueling Lei(雷雪玲)†

Department of Physics, Jiangxi Normal University, Nanchang 330022, China
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The PS defect is obtained by replacing one S atom with one P atom in the wide-bandgap semiconductor MgS. Based
on first-principles calculations, the formation energy, defect levels, and electronic structure of the PS defect in different
charge states are evaluated. We predict that the neutral P0

S and positively charged P+1
S are the plausible qubit candidates

for the construction of quantum systems, since they maintain the spin conservation during optical excited transition. The
zero-phonon lines at the P0

S and P+1
S defects are 0.43 eV and 0.21 eV, respectively, which fall in the infrared band. In

addition, the zero-field splitting parameter D of the P+1
S with spin-triplet is 2920 MHz, which is in the range of microwave,

showing that the P+1
S defect can be manipulated by microwave. Finally, the principal values of the hyperfine tensor are

examined, it is found that they decay exponentially with the distance from the defect site.

Keywords: point defects, MgS semiconductor, qubits, first-principles calculations

PACS: 61.72.J–, 61.72.jn, 61.72.U–, 71.22.+i DOI: 10.1088/1674-1056/ac7dbc

1. Introduction
The defects of wide-bandgap semiconductors have at-

tracted extensive attention due to their great potential for ap-
plications in quantum sensing,[1,2] information processing,[3,4]

and so on. For example, point defects in semiconductors are
used as quantum sensors to measure temperature,[5,6] elec-
tric field,[7] magnetic field,[8] etc. It is known that the fa-
mous negatively charged NV color center and SiV color cen-
ter in diamond[9–11] have excellent properties, e.g., microwave
manipulation,[12] long spin coherence time,[13] and control-
lable coupling between individual electronic and nuclear
spins.[4] However, the preparation process of NV− color cen-
ter in diamond is still challenging because of the requirements
of high concentration and controllable position.[14–16] There-
fore, it is necessary to find other potential qubits to apply in
the quantum systems. So far, many candidates have been pro-
posed, such as negatively charged Si vacancy (V−Si),

[17,18] neu-
tral carbon–silicon double vacancy (VCVSi),[19,20] and nega-
tively charged NV color center (NCV−Si)

[21] in SiC, the neutral
VAlON in wurtzite AlN,[22] the neutral VGaON in GaN,[23] etc.

MgS is a typical wide-bandgap semiconductor (experi-
mental bandgap: 4.45 eV[24,25]) with diamond like structure,
and it has been successfully prepared experimentally. Inspired
by the above works, the phosphorus-doping defect (PS) in
MgS as a potential qubit has been systematically investigated
using first-principles calculations. The aim of this work is to
find a qubit candidate with excellent quantum properties. The
formation energy, defect levels, and electronic structure of the
PS defect in different charge states are evaluated. The zero-

phonon line (ZPL) and zero field splitting (ZFS) of neutral
P0

S and positively charged P+1
S are discussed, and the hyper-

fine tensors are examined. Our calculations suggest that the
neutral P0

S and positively charged P+1
S are the plausible qubit

candidates for the construction of quantum systems.

2. Computational details
All the first-principles calculations in this work have been

carried out using the Vienna ab initio simulation package
(VASP)[26,27] in the framework of the density functional the-
ory (DFT). The interaction between core ions and valence
electrons was described by the projector augmented wave
(PAW) method[28,29] and the generalized gradient approx-
imation (GGA) parametrized by Perdew–Burke–Ernzerhof
(PBE)[30] was used for the exchange–correlation functional.
Geometries of the 2×2×2 MgS supercell with one Ps defect
in different charge states were fully optimized using a plane
wave cutoff of 400 eV without any symmetry restrictions, the
energy and force convergence were set to be 1×10−5 eV and
0.01 eV·Å−1, respectively. The 0.02 Å−1 Monkhorst–Pack
k-point density of the supercell was set for Brillouin zone
sampling.[31] It is known that the bandgap calculated with PBE
usually has been underestimated, and the Heyd–Scuseria–
Ernzerhof (HSE06)[32,33] hybrid exchange–correlation func-
tional allows one to solve this problem. Then the HSE06 was
afterward chosen to study the electronic structures and optical
properties.

In order to describe the stability of the P-doped point de-
fects (denoted as PS), the defect formation energy was calcu-
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lated according to[34]

Eform
[
Pq

S

]
= Etotal

[
Pq

S

]
−Etotal [bulk]

+µS−µP +q
(

∆εF + ε
bulk
VBM +∆V

)
, (1)

where Etotal
[
Pq

S

]
and Etotal [bulk] are the total energy of the

supercell with and without PS defect, respectively, and q is
the charge state of the system. µS and µP are the chemical
potentials of S and P atoms. Under S-rich conditions, µS

is calculated from bulk sulfur and µMg = µMgS − µS. Un-
der Mg-rich conditions, µMg is calculated from bulk Mg and
µS = µMgS− µMg. The µMgS is the chemical potential of one
MgS unit in MgS crystal. ∆εF represents the Fermi level, and
the value ranges from 0 to the gap of a perfect MgS crystal.
εbulk

VBM is the maximum value of the valence band of a perfect
MgS crystal. ∆V is the correction term, which is used to bal-
ance the electrostatic potential between perfect and defective
MgS supercells.

3. Results and discussion
3.1. Structural and electronic properties of the PS point

defects in MgS

The optimized structure parameters and bandgap of MgS
primitive cell are listed in Table 1, from which we can see that

the lattice parameter of MgS primitive cell is 4.025 Å and the
Mg–S bond length is 2.465 Å. The point defect of PS has been
created by substituting one P atom for one S atom in a 2×2×2
MgS supercell. Since each S atom in MgS is equivalent, there
is only one type of the PS point defect. The optimized geom-
etry of the neutral PS point defect along with the electronic
structures is shown in Fig. 1. After optimization, the PS point
defect has C3v symmetry. As shown in Fig. 1(a), the distances
between P atom and the four nearest Mg atoms are 2.51 Å,
2.51 Å, 2.51 Å, and 2.68 Å, respectively. Comparing with the
distance of S–Mg in the perfect MgS crystal (2.47 Å), all the
distances of P–Mg have been stretched. Mg4 and P atoms are
on the axis of symmetry. The distance of Mg4–Mgi (i = 1,
2, 3) is 4.10 Å, and the distance between Mgi (i = 1, 2, 3)
is 4.20 Å. According to formula (1), the calculated formation
energy of the neutral PS point defect (q = 0) is 4.10 eV and
0.54 eV under S-rich and Mg-rich conditions, respectively, in-
dicating that the PS point defect is easy to form in the case of
Mg-rich.

Table 1. The structure parameters and bandgap of the MgS primitive cell.

a = b = c α = β = γ dMg−S HSE bandgap Exp. bandgap[24]

4.025 Å 60◦ 2.465 Å 4.44 eV 4.45 eV

Mg4

Mg3

Mg1

Mg2

4.10 A

4.20 A

2.68 A

2.51 A
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Fig. 1. The schematic diagram of the PS point defect in a 2×2×2 MgS supercell and the local structure of the PS point defect (a) and corresponding
projected density of states (PDOS) (b), the amplified PDOS (c) and band structure (d) with an energy range of −1.00 eV to 1.00 eV.

Now, we turn to examine the electronic structures of the
PS point defect. The electronic structures calculated from
4× 4× 4 supercell with 512 atoms are presented in Fig. S1
in the supplementary material, from which the characteristics
of electronic structures are the same as those of 64 atoms su-

percell. As shown in Fig. 1(b), the spin polarization projected
density of states (PDOS) of the PS point defect shows that
there are six defect states due to introduction of the impurity
P atom. Of those defect states, two occupied defect states lie
very deep in the valence band, one is spin-up electronic state at
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−8.67 eV, the other is spin-down electronic state at −8.02 eV,
so the two states play no important role in the excitation or ion-
ization processes. Four defect states are located in the bandgap
of the host material MgS. Of those, three defect states are oc-
cupied electronic states and the remaining one is the unoccu-
pied electronic state. Further observation, it is found that the
peak of two occupied states close to the Fermi level is about
twice as high as that of one occupied state near the valence
band maximum (VBM), indicating that the two occupied de-
fect states are double degenerate states. To illustrate this, we
further examine the band structure near the Fermi level. Fig-
ure 1(c) shows the amplified band structure with an energy
range of −1.00 eV to 1.00 eV. We note that there are indeed
two double degenerate defect levels below the Fermi level, one
is spin up and the other is spin down. And there are two sin-
glet defect levels in the gap of the MgS, one is close to the
VBM and the other one is above the Fermi level, this is con-
sistent with the results in Fig. 1(b). Combined with the PDOS
and the amplified band structure, it is easy to know that there
are five defect energy levels occupied by electrons, and two of
them are double degenerate defect energy levels. As a result,
the defect energy levels have been occupied by seven elec-
trons. However, the impurity P atom has a total of five valence
electrons, so where do the extra two electrons that occupy the
defect energy levels come from? To understand this question,
we further draw the amplified PDOS near the Fermi level, as
shown in Fig. 1(d), from which we can see that the occupied
electronic states in the gap are mainly from the contributions
of the valence electrons of P atom and S atom, and slightly
from the contributions of Mg atom. Therefore, the defect en-
ergy levels are mainly occupied by five valence electrons of P
atom and two valence electrons of S atom.

To confirm the above results, we further plotted the
schematic diagram of the defect energy level sequence and
the corresponding partial charge densities, as shown in Fig. 2.
According to the molecular orbitals (MOs) theory in the sys-
tem with C3v symmetry,[35] there are two non-degenerate MOs
a1(1) and a1(2) in the one-dimensional irreducible representa-
tion (IR) of A1 space and two degenerate MOs ex and ey in
the two-dimensional IR of E space. Correspondingly, there
are two non-degenerate levels E1 and E2, and two degenerate
levels Ex and Ey, i.e., the E1, E2 and Exy levels. Based on the
analysis of electronic structures, the defect energy levels of
the PS point defect from high to low are as follows: E↓1 , E↓xy,
E↑xy, E↑1 , E↓2 , E↑2 , where Exy represents double degenerate de-
fect levels. According to Fig. 2(a), the defect energy levels are
occupied by seven electrons. Specifically, the E2 and Exy lev-
els are fully occupied by six electrons, and the E1 levels is half
occupied (spin up) by one electron. Therefore, the net spin
of the system is S = 1/2 and then the system is spin-doublet.
As seen in Fig. 2(b), the P atom and its nearest S atoms make
the largest contribution to the charge density of the E1 and Exy

levels, while the charge density of the E2 level is only local-
ized on the P atom, showing that the E2 is occupied only by
the valence electrons of P atom. Considering the distribution
shape of the electron density, it can be concluded that the 3p
electrons of P atom and S atom occupy the E1 and Exy levels,
and 3s electrons of P atom occupy the E2 level. Furthermore,
we also observe that the area of charge density distributed on
Exy is almost twice as large as that distributed on E1, indicating
that the Exy level is a double degenerate energy level. These
results are in good agreement with the aforementioned elec-
tronic structure analysis.

CBM

VBM

1.61 eV

E1
↓

E1
↓

Exy
↓

Exy
↓

Exy
↑

Exy
↑

E2
↓

E2
↓

E2
↑ E2

↑

E1
↑

E1
↑a

b

c

a

b

c

(b)(a)

Fig. 2. The schematic diagram of the defect energy levels (a) and the partial charge density of molecular orbitals (b) in the PS defect in the
order of energy from high to low. The isosurface value is 2×10−3 e/Å3. The black arrow indicates the position of the PS defect.

When the system is optically excited, the electron on the
E↓xy level will transition to the E↓1 level. Here, for the sake
of convenience, we define the energy difference between the
E↓xy level and the E↓1 level as ∆E, between the E↓xy level and

the VBM as ∆EV, and between the E↓1 level and the conduc-
tion band minimum (CBM) as ∆Ec. In addition, to avoid the
intrinsic underestimation of the bandgap, the HSE06 hybird
exchange–correlation functional has been used to calculate the
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energy gap. As shown in Table 2, the ∆E is 0.46 eV and
1.61 eV calculated at the PBE and HSE06 level, respectively.
The HSE06 energy gap is smaller than 1.8 eV of the NV−1

color center in diamond,[36] indicating that it takes less energy
to excite electrons in the PS point defect in MgS. At the same
time, we also note that ∆EV is 0.68 eV at the HSE06 level,
which is smaller than the ∆E, then the electronic states of the
host material may interfere with the electronic transition.[14]

Table 2. Energies (in eV) of the P0
S defect levels (E↓1 and E↓xy), CBM, VBM,

and the energy gap (∆E, ∆Ec and ∆EV) calculated by HSE06 and PBE, re-
spectively. The energies of E↓1 , E↓xy, CBM and VBM are relative to the Fermi
level, and the Fermi level is set to be zero.

E↓1 E↓xy CBM VBM ∆E ∆Ec ∆EV

PBE 0.23 –0.23 2.50 –0.88 0.46 2.27 0.65
HSE06 1.17 –0. 44 3.35 –1.12 1.61 2.18 0.68

3.2. Different charge states of the PS point defects in MgS

As aforementioned, the total spin of the neutral PS point
defect is S = 1/2 with one unpaired electron, where S is the
spin angular momenta, and then the neutral PS point defect
is spin-doublet. As we know, the triplet qubit with total spin
S = 1 can be easily manipulated by microwave (MW), so the
properties of the PS point defect in different charge states have
been investigated to find easily manipulated triplet qubit. First
of all, the energetic stability of the PS point defects in different
charge states was evaluated using the formation energy calcu-
lated via formula (1). Figure 3 shows the formation energy of
the PS point defects in the charge state q (q = −1, 1, 2) as a
function of the Fermi level, where each line represents the for-
mation energy for a specific charge state, and the slope repre-

sents the charge state of the system. Obviously, the most stable
charge state is affected by the position of the Fermi level, e.g.,
the solid black lines represent the most stable charge state of
the PS defect with the lowest formation energies correspond-
ing to different Fermi levels. The neutral PS point defect is
stable for εF = 1.96–2.60 eV. With the Fermi level varying
from the VBM to CBM, the most stable charge state of the
PS point defect exhibits P+2

S , P+1
S , P0

S and P−1
S , with transition

of +2/+ 1, +1/0 and 0/− 1. The values of the correspond-
ing charge transition level are 1.51 eV, 1.96 eV and 2.60 eV,
respectively.
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Fig. 3. Formation energies (Eform) of the PS point defect in different
charge states as a function of Fermi level (εF), the slope represents the
charge state q.

Then the basic electronic properties of the PS point de-
fects in different charge states were calculated and shown in
Fig. 4.
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In the q = +1 charge state, an electron is ionized out of
the E↓xy level, and thus the E↓xy level is only occupied by one
unpaired electron, arising the triplet ground state with two net
spins. Accordingly, the total spin angular momenta S = 1.
Comparing to the q = 0 charge state, the PDOS of the P+1

S

point defect shows that the spin down unoccupied states in-
crease, whereas the spin down occupied states decrease, and
they are close to the VBM of the MgS. Moreover, we noted
that the spin up occupied states move into the valence band
of the MgS. In this case, an occupied electron can be excited
from the E↓xy level into the E↓1 level obeying the spin conser-
vation, and the energy gap between the occupied E↓xy level and
the unoccupied E↓1 level to be overcome is 1.49 eV calculated
at the HSE06 level, as listed in Table 3. When q =+2, the re-
maining one electron is ionized from the E↓xy level, both the E↓xy

level and the E↓1 level are unoccupied levels, resulting in spin-
quartet due to its three net spins, and then S = 3/2. The PDOS
of the P+2

S shows a strong spin down unoccupied peak, and the
spin down occupied peak in the q = +1 charge state has van-
ished in the q = +2 charge state. The strong spin down peak
indicates that it is a three-fold degenerate state. Contrary to
the positive charge states, in the q =−1 charge state, an extra
electron is added into the P0

S defect and occupied the E↓1 level.
As a result, all the defect levels are fully occupied by elec-
trons, then the spin-up electronic states equal to the spin-down
electronic states in energy, so the spin polarization disappears
in the PDOS of the P−1

S defect.

Table 3. Energies (in eV) of the P+1
S point defect levels (E↓1 and E↓xy), CBM,

VBM, and the energy gap (∆E, ∆Ec and ∆EV) calculated by HSE06 and
PBE, respectively. The energies of E↓1 , E↓xy, CBM and VBM are relative to
the Fermi level, and the Fermi level is set to be zero.

E↓1 E↓xy CBM VBM ∆E ∆EC ∆EV

PBE 0.29 0.20 2.98 0.50 0.49 2.69 0.30

HSE06 1.27 0.22 4.10 0.41 1.49 2.83 0.19

From the above analysis, the charge state with q=+1 and
the neutral state may satisfy the requirements of qubit for the
realization of optical transition.[14] However, the disadvantage
of the P+1

S point defect is that the occupied defect level, i.e. the
E↓xy level, is very close to the VBM of the MgS (energy gap:
0.19 eV), which may also introduce the electronic states of the
host material to the optical transition.

3.3. Optical properties of the P0
S and P+1

S point defects in
MgS

For a promising qubit candidate, a very important as-
pect that determines the quality of a qubit/spin-photon inter-
face is its optical properties. On the one hand, zero-phonon
line (ZPL) transition energy determines how feasible it is to
integrate and scale the system, e.g., it is access to telecom

bands possible directly or via quantum frequency conversion,
do convenient laser sources exist, etc. On the other hand,
the strength of the phonon sideband determines and limits the
rate of coherently emitted photons for optical remote entan-
glement schemes. The coordinate configuration diagram not
only provides some reference for optical detection of mag-
netic resonance (ODMR), but also enables one to clearly de-
scribe the electron–phonon interaction in the system. There-
fore, the schematic diagram of the configuration coordinate in
the PS point defect during absorption and emission of pho-
tons is drawn in Fig. 5, and the values of an optical absorp-
tion/emission in various charge states were calculated and
summarized in Table 4. With the transition of an electron
from the E↓xy level to the E↓1 level, the system changes from the
ground state to excited state. As shown in Fig. 5, two curves
represent the potential energy of the ground state and the ex-
cited state, respectively. It is believed that the crystal struc-
ture maintains the ground state configuration in the process of
absorbing photons, since the electron excitation takes a very
short time compared to the lattice relaxation. As a result, the
energy absorbed during the excitation process is 0.68 eV and
0.42 eV for the P0

S and P+1
S point defect, respectively, repre-

sented by the red arrow. Similarly, the crystal structure main-
tains the excited state configuration in the course of the emit-
ting photons, since the electron de-excitation takes a very short
time compared to the lattice relaxation, then the energy emit-
ted upon the electron de-excitation is 0.27 eV and 0.09 eV
for the P0

S and P+1
S point defect, respectively, represented by

the blue arrow. In addition, the ZPL is the energy difference
between the energy of the optimized excited state and that of
the optimized ground state, represented by the red arrow. Ta-
ble 4 shows that the ZPLs of the P0

S and P+1
S calculated at the

HSE06 level are 0.43 eV and 0.21 eV, respectively. The corre-
sponding wavelengths are 2883.7 nm and 5904.7 nm, respec-
tively, which belong to the infrared band. In the latter case,
it may result in sharp transition in the luminescence if it be-
comes an allowed process. We expect that these ZPLs will
be confirmed by photoluminescence (PL) measurements in the
future. These ZPLs are much smaller than 1.95 eV for the NV
color centers in diamond[14] and 1.09 eV for the NCV−1

Si cen-
ters in 4H-SiC,[14] but is comparable with the 0.575 eV for the
NiGaV0

N center in c-GaN,[35] which means that the optical ex-
citation can be easily achieved at lower energy for the P0

S and
P+1

S point defects. At the same time, the Stokes shift and anti-
Stokes shift are also calculated and listed in Table 4, it can be
seen that the Stokes shift and anti-Stokes shift are 0.25 eV and
0.16 eV for the P0

S point defect, and 0.21 eV and 0.12 eV for
the P+1

S point defect. The lower values of ∆S and ∆AS mean
the smaller lattice relaxation.
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Fig. 5. The schematic diagram of the configuration coordinate of PS’
ground state and excited state. The red and blue arrows represent verti-
cal absorption and vertical emission, respectively, and the green arrow
is the zero-phonon line (ZPL). ∆S and ∆AS stand for Stokes shift and
anti-Stokes shift, respectively.

Table 4. The zero-phonon lines (in eV) of the PS point defect in various
charge states calculated at the HSE06 level.

Vertical absorption Vertical emission ZPL ∆S ∆AS
P0

S 0.68 0.27 0.43 0.25 0.16
P+1

S 0.42 0.09 0.21 0.21 0.12

In addition, the zero-field splitting tensor (ZFST) of the
P+1

S point defect with spin-triplet has been calculated to es-
timate whether the P+1

S defect can be manipulated by mi-
crowave. ZFS is a splitting between the degenerate electron
spin sublevels for the system of S ≥ 1 without an external
electric field, which is caused by the electron spin–spin dipole
interaction. ZFS has two parameters in the eigenvalue frame-
work, one is axial ZFS parameter D, the other is transverse
ZFS parameter E, which are expressed by the diagonal ele-
ments of the tensor as[37]

D =
3
2

Dzz, (2)

E =
Dyy−Dxx

2
. (3)

As a result, D = 2920 MHz and E =−265 MHz. The value of
D is obviously in the range of MW, and in fair agreement with
the theoretical data 2980 MHz of the VBON center in c-BN
crystal.[16] However, the value of E is ten orders of magnitude
smaller than D. We note that the E is not zero, perhaps because

the P+1
S point defect is not strict C3v symmetric. We expect that

our D can be confirmed by the optically detected magnetic res-
onance (ODMR) in the future, which is considered to be the
core parameter for preparing superposition states in the quan-
tum manipulation process.

3.4. Hyperfine parameters of the P0
S and P+1

S point defects
in MgS

The hyperfine tensor reflects the interaction between nu-
clear spin and electron spin.[38] As we know, although the nu-
clear spins of 24Mg and 32S are zero, the 25Mg (with natu-
ral abundance of 10.11%), 33S (0.75%) and 31P (100%) have
nonzero nuclear spins of 5/2, 3/2, and 1/2, respectively. There-
fore, the hyperfine tensors have been calculated in this work,
which are expressed as

Hhyp = ∑SiAi jI j, (4)

where Si is the electronic spin of the ith electron, I j is the nu-
clear spin of the jth nucleus, and Ai j is the hyperfine tensor.
The hyperfine tensors of different elements with different sites
show various results, which is useful for independent manip-
ulation of various nuclear spins. Tables S1 and S2 in the sup-
plementary material list the calculated leading values of the
diagonalized hyperfine tensors of the P0

S point defect and the
P+1

S point defect in MgS, where only the nearest neighbors
and the next nearest neighbors atoms as shown in Fig. 6(a) are
considered, since the other hyperfine tensors of remote atoms
are quite small and can be ignored. According to our calcula-
tions, the hyperfine tensors have some common features: the
principal values of the hyperfine tensor are the largest on the
P atom, and decrease rapidly as the distance from the P atom
increases. In addition, the values of Axx are equal to those of
Ayy for the P atom and Mg4 atom, which is attributed to the po-
sitions of the P and Mg4 atom on the C3v symmetry axis. We
expect that our calculated hyperfine tensors will be compared
with the experimental values measured using the appropriate
techniques such as electron paramagnetic resonance (EPR) or
nuclear magnetic resonance (NMR) in the future.

a
b

c

Mg S P

a b

c

a b

c

(a) (b) (c)

Fig. 6. Schematic diagram of the local structure (a), the spin difference charge density of the P0
S point defect (b) and the P+1

S point defect (c) in
MgS. We only show the atoms up to the second neighbors from the P atom, the isosurface value is 5×10−4 e/Å3 for the spin difference charge
density. The blue and green represent positive and negative, respectively.
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Figure 6 shows the schematic diagram of the local struc-
ture and the spin difference charge density of the P0

S point de-
fect and the P+1

S point defect in MgS, respectively, where only
the atoms and the spin difference charge density of the near-
est neighbors and the next nearest neighbors of the defect are
shown. It can be seen that the spin difference charge density
is highly localized at the center of the defect, and dramatically
decreases with the distance from the defect center increasing,
which is consistent with the findings of the calculated hyper-
fine tensors.

4. Summary and conclusions
In summary, the PS point defects in MgS in different

charge states have been systematically studied in this paper.
The formation energy reveals that the stable structure in var-
ious charge states can easily exist in the appropriate Fermi
level range. A thorough analysis of the electronic structures
evidences that the P0

S and P+1
S point defects have spin-doublet

and spin-triplet state in the ground state, respectively, and can
be maintained during the optically excited transition, which is
a pivotal characteristic of the structure as a qubit. The P0

S and
P+1

S point defects can exist stably in the Fermi energy range
of 1.96–2.60 eV and 1.51–1.96 eV, respectively. Based on the
accurate HSE06 calculations, the ZPLs of the P0

S and the P+1
S

are 0.43 eV and 0.21 eV, respectively, corresponding to the in-
frared band. Besides, the energies of ∆S and ∆AS shifts are
0.25 eV and 0.16 eV for the P0

S point defect, 0.21 eV and
0.12 eV for the P+1

S point defect. These values are of great
importance for the ODMR applications. In addition, the calcu-
lated axial ZFS parameter D and the transverse ZFS parameter
E of the P+1

S point defect are 2920 MHz and −265 MHz, re-
spectively. Finally, it has been found that the principal values
of the hyperfine tensor decay exponentially with the distance
from the defect site.
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