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Deep Spin Defects in Zinc Oxide for High-Fidelity Single-Shot Readout
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Wide-band gap oxides such as ZnO are favorable hosts for spin defect qubits due to their dilute nuclear
spin background and potential for ultrahigh purity. Yet, a deep-level defect qubit with robust optical and
spin properties has not been identified in this material. Here, using first-principles calculations, we predict
that the molybdenum-vacancy complex, (MoZnvO)

2+, exhibits the essential characteristics of an optically
addressable spin qubit: a spin-triplet ground state, visible-range optical transitions with high quantum
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yield, and an unusually small Huang-Rhys factor (∼ 5, compared to 10–30 in known ZnO defects). We
further find long spin coherence times (T2 ∼ 4 ms) when both nuclear and impurity spin baths are con-
sidered, with paramagnetic impurities setting a threshold concentration of 0.035 ppm. Importantly, the
combination of strong spin-orbit coupling and the absence of Jahn-Teller distortion supports spin-selective
intersystem crossing and high-fidelity single-shot readout at elevated temperatures and across wide mag-
netic field ranges. By identifying ZnO as a host for deep-level defect qubits, our work points toward a
pathway to scalable, integrable oxide-based quantum technologies and broadens the material foundation
for solid-state quantum information science.

DOI: 10.1103/v3fp-821b

I. INTRODUCTION

Point defects in wide-band gap solids with unpaired
spins are emerging as promising candidates for quantum
bits (qubits) due to their exceptional advantages such as
elevated temperature operation and long coherence times.
Consequently, the search for further spin qubit candidates
has become a rapidly growing field, aiming to identify
systems that can enhance existing quantum technologies
or expand their capabilities. These efforts have led to
the discovery of group-IV-vacancy qubits in diamond [1–
4], vacancy spins in SiC [5,6], and more recently, boron
vacancy spins in hexagonal boron nitride [7–9]. Notably,
first-principles theoretical approaches have played a cru-
cial role in this process by efficiently exploring the vast
configuration space of defects in a material, narrowing
down to the best candidates, and navigating the unknown
connection between desirable qubit properties and the
defect structure.

Finding optimal quantum defects for spin qubits requires
evaluating both defect and host materials. An ideal host
should have a wide band gap, which can span the energy
range of ground and excited defect levels, minimal nuclear
spin density for long spin coherence times, and can
be grown as high-quality single crystals for minimum
unwanted defects and impurities [10]. Given a host mate-
rial, the best qubit candidates are identified based on deep
defect levels, high spin states, strong radiative recombi-
nation rates compared to nonradiative ones, large Debye-
Waller factor, and long spin relaxation and coherence times
[11–13].

ZnO has recently gained recognition as an excellent host
material due to its exceptional purity, achievable through
molecular beam epitaxy (MBE) with sub-ppb background
impurity concentrations [14–16]. This minimizes uninten-
tional defects and paramagnetic noise, crucial for long
coherence times. Furthermore, ZnO benefits from the
inherent properties of oxides, where oxygen is 99.7%
nuclear spin-free [17], ensuring a magnetically quiet envi-
ronment and further reducing noise. The piezoelectricity
property of ZnO introduces the possibility of strain tuning
of the quantum states of spin defects.

Notably, several shallow donors in ZnO have already
been identified as potential qubit candidates due to their

advantageous optical and spin properties. Neutral indium
(In) and gallium (Ga) donor-bound electrons (D0) form
spin-1/2 qubit systems, exhibiting long spin relaxation
times (T1) (>100 ms) [18,19], Hahn-spin-echo decoher-
ence times (T2 =∼ 50 µs) [19], and narrow inhomo-
geneous linewidth [20,21]. Experimentally, all-optical
methods have been utilized to control donor spin qubit
states at cryogenic temperatures [19].

Expanding ZnO spin qubits beyond shallow donors is
crucial for advancing ZnO-based spin-photon interfaces
and exploring new capabilities. The low binding energy
of shallow donors requires low-temperature operation
[19,20,22]. Additionally, their UV-range optical emission
is unsuitable for long-distance communications by optical
fibers. Therefore, identifying deep-level defect qubits in
ZnO is essential for room-temperature optical initialization
and quantum emission in the IR and visible range that can
be coherently coupled to the spin. Unlike spin-1/2 shallow
donors, deep-level defects with a highly localized spin-
triplet ground state would offer greater robustness against
environmental noise, making them ideal for quantum sens-
ing. Interestingly, several previous studies reported strong
photon emission from deep-level defects in ZnO [23–27],
but no spin qubits have been identified yet.

High-fidelity readout of spins is vital for spin-based
quantum applications. Single-shot readout enables high-
fidelity and efficient measurement, essential for quantum
communication and algorithm execution [28–30]. A read-
out fidelity above 79%, corresponding to a signal-to-noise
ratio greater than one, is widely accepted as the threshold
for reliable single-shot detection [30]. This technique relies
on resonant excitation of spin-selective, spin-conserving
optical cycling transitions that are well isolated from inter-
system crossings (ISCs), thereby enhancing both contrast
and photon yield [31]. However, fidelity can be limited by
spin leakage, where unwanted spin-flip transitions occur in
the excited state due to magnetic noise or vibronic inter-
actions. Previous studies have shown that reduced Jahn-
Teller distortion, weak spin-phonon interactions, and large
spin sublevel splittings help suppress spin leakage in sys-
tems such as SnV, SiV center in diamond, and divacancies
in 4H–SiC [29,32–35].

In this article, we investigate nitrogen vacancy (NV)
center like complex vacancy defects in ZnO and identify
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the molybdenum vacancy complex ((MoZnvO)
2+) as a

promising spin qubit candidate with superior optical and
spin properties. It features a highly polarized intersystem
crossing with large nonaxial spin-orbit coupling (SOC)
components and zero axial ones. Its strong spin-orbit-
induced spin splitting in the excited state, along with a
suppressed Jahn-Teller effect, allows minimal spin mixing
even under magnetic fluctuations and elevated tempera-
tures. Optically, it exhibits a remarkably low Huang-Rhys
factor (∼ 5), significantly lower than other known ZnO
defects (typically > 10), resulting in a sharp zero-phonon
line and high quantum yield due to suppressed electron-
phonon coupling and phonon-assisted nonradiative pro-
cesses. In addition, a long spin decoherence time(T2) in
ms order has been found, which could be limited by
paramagnetic impurities even after isotopic purifications.
These properties result in a promising qubit candidate for
ultrahigh-fidelity spin readout.

II. RESULTS

In Fig. 1, we propose to design an NV−—like C3v defect
complex in ZnO, consisting of an oxygen vacancy paired
with a substitutional impurity (X) replacing a Zn atom
[36]. To identify suitable spin qubit candidates, we fol-
low the workflow outlined in Fig. 1, which begins with the
search for defects exhibiting spin-triplet (S = 1) ground
states and in-gap defect orbitals. Thermodynamic stability
is then assessed via defect formation energies and charge
transition levels.

Next, we assess the optical addressability of candidate
defects using two main criteria: (a) radiatively allowed
in-gap optical excitations characterized by the zero-
phonon line (ZPL), absorption spectrum, and radiative
lifetime; and (b) optimized electron-phonon coupling,
evaluated via the Huang-Rhys (HR) factor, nonradiative

FIG. 1. The computational workflow of defect candidate
search with critical parameters.

lifetime, quantum yield, and photoluminescence line-
shape—ensuring efficient photon emission. We further
assess spin decoherence arising from hyperfine interac-
tions with nuclear spins and other paramagnetic defects,
which ultimately determine the operational duration of the
qubit for sensing and computational tasks.

Finally, we evaluate the electronic-spin multiplet struc-
ture and excited-state dynamics using a combination of
multireference excited-state calculations, SOC, zero-field
splitting (ZFS), and ISC rate predictions. Based on all
these properties, we propose a promising optical readout
protocol for spin defect qubits.

A. Defect Formation Energy

We computationally screen substitutional defects at Zn
accompanied by an oxygen vacancy (vO) across the peri-
odic table, focusing on group B elements from groups III
to VI and group A elements from groups I to V, guided
by electronegativity and electron counting considerations
[36]. For this purpose, we employ the hybrid density func-
tional theory (DFT) at the Heyd-Scuseria-Ernzerhof (HSE)
level of theory, which is robust for predicting ground-state
properties. This leads to the identification of four triplet
defect candidates: (XZnvO)

q, where q is the charge state
(zero or positive for n-type defects), specifically TiZnvO,
(VZnvO)

+, (MoZnvO)
2+, and (NbZnvO)

+.
Figure 2(a) shows the defect charge transition lev-

els (CTLs) for the four transition-metal-vacancy complex
defects and intrinsic vacancies (vO and vZn). The 2+, 1+,
and 1+ charge states, corresponding to the triplet ground
state of MoZnvO, NbZnvO, and VZnvO, respectively, are
stable within the gap. These defects exhibit stable posi-
tive charge states at Fermi levels up to 0.2 eV below the
conduction band minimum (CBM), primarily acting as
electron donors.

The charge transition level ε(2+/1+) for NbZnvO and
ε(3+/1+) for VZnvO occurs at 0.76 and 1.63 eV below
the CBM at 3.43 eV, respectively, while ε(3+/2+) of
(MoZnvO)

2+ is 1.73 eV below the CBM, classifying them
as deep donor defects in ZnO. In contrast, TiZnvO has
a ε(+1/0) transition at 0.85 eV above the CBM, which
makes it unlikely to form in the neutral state. We therefore
exclude TiZnvO from further characterization.

As a benchmark, we also computed the CTL of the
intrinsic defects. For vO, we find the charge transition level
ε(2+/0) to be 2.26 eV above the valence band maximum
(VBM). Our calculations also show an unstable 1+ charge
state, indicating a negative-U center, consistent with pre-
viously reported results using hybrid functionals [37–40].
For vZn, we observe that it is an amphoteric defect with sta-
ble charge states 2−, 1−, 1+, and 2+, in agreement with
previous studies [38].

Figure 2(b) shows the formation energies of the afore-
mentioned defects under O-poor and O-rich conditions.
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(a)

(b)

FIG. 2. Defect formation energies of complex vacancy
defects. (a) Charge transition levels of the complex vacancy
defects XZnvO (X=Mo, Nb, Ti, and V) and intrinsic defects vO
and vZn and (b) their formation energies at O-poor(left)/O-rich
(right) conditions. The green/gray area in (a) corresponds to the
valence/conduction band of ZnO, where VBM is set at 0 eV and
the band gap is 3.43 eV.

The defect formation energies of all candidates are similar
to the intrinsic donor vO. In the n-type region (where the
Fermi level close to CBM), the proposed defect formation
energies are small under O-poor conditions and moderately
large under O-rich conditions, compared to other intrin-
sic defects. In particular, intrinsic defects with smaller
formation energies under O-rich conditions are mostly
acceptors (vZn), which could compensate for the n-type
donor defects. Additionally, we computed the formation
energies of the isolated substitutional defect XZn, as shown
in supplemental material, Fig. S1 [41].

We estimate the formation probabilities of XZnvO com-
plexes in proportion to their isolated components XZn + vO
based on the Boltzmann distribution at a representative
synthesis temperature of 1200 K. In supplemental mate-
rial, Fig. S2 [41], we show the complex vacancy formation
probabilities in the oxygen vacancy-driven n-type Fermi-
level range at 1200 K [42–44] (Ef between 2.26 and
3.43 eV above VBM, with CBM at 3.43 eV).

We find that the concentration of MoZnvO increases from
0.97% with Ef at 2.26 eV to 3.96% with Ef at 3.43 eV.
We note that at synthesis temperature, e.g., 1200 K, oxygen

vacancies can possibly overcome the ∼1 eV activation bar-
rier and diffuse to bind with substitutional defects XZn [43]
to form XZnvO.

Once the systems’ temperature is lowered to the operat-
ing temperature (i.e., room temperature), the high activa-
tion barrier will lead to an extremely small kinetic rate and
lock the defect complex to its thermodynamic equilibrium
distribution at the synthesis temperature calculated above.

B. Single-particle defect levels

The single-particle defect levels and wave functions of
the three candidates referenced to bulk ZnO band edges are
shown in Figs. 3(a)–3(c), which provide insights of defect
energy levels and molecular orbitals. To cross-check the
results, we also performed the GW (G is Green’s function
and W is screened Coulomb interaction) [45] calcula-
tions, which describe more accurately quasi-particle band
structure of solids, but are computationally much more
demanding than the HSE calculations. We observed con-
sistent results between HSE and GW calculations for the
spin majority channel defect level, within 0.1 eV, as shown
in Fig. 3(e), which support the use of HSE for this system’s
single-particle defect levels. More numerical details can be
found in supplemental material, Sec. V [41].

All three candidates have similar defect-related orbitals,
as shown in the schematic diagram of Fig. 3(d), which use
the (MoZnvO)

2+ as an example. The a1 and 2a1 states arise
from the vO-related states with a small mixing from the
dz orbital of substitutional transition metals. The doubly
degenerate ex,y states come from the dxz and dyz orbitals
of the transition metal, hybridized with the Zn dangling
bond from vO (more details for vO and metal substi-
tutional defects can be found in supplemental material,
Sec. II [41]).

The ex,y orbitals in the spin-majority channel lie within
the band gap of ZnO for (MoZnvO)

2+ and (NbZnvO)
+,

while their counterparts in the spin-minority channel, and
those for (VZnvO)

+ in both channels, are more than 1.5 eV
above the conduction band (CB). This results from Hund’s
rules, where the d orbital fillings favor open-shell con-
figurations, causing the occupied ex,y orbitals in the spin-
majority channel to have lower in-gap energy levels. We
note that the oxidation state of the transition metal in the
complex defect differs from the overall charge state q of the
complex. Based on electron counting and orbital analysis,
the oxidation state of the transition metal ions is identi-
fied as Mo+4, Nb+3, and V+3 in their respective complex
structures, all corresponding to a d2 electron configuration.

C. ZPL, absorption spectra, and radiative lifetime

In this section, we begin our investigation of the spin-
photon interface by determining the dipole moments, zero-
phonon line (ZPL) energies, and radiative lifetimes (τR)
of the defect candidates. These quantities provide the key
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(a)

(d) (e)

(b) (c)

FIG. 3. Single-particle levels and wavefunctions. Single-particle defect levels [horizontal black (majority spin) and red lines (minor-
ity spin)] of the (a) (MoZnvO)

2+, (b) (NbZnvO)
+, (c) (VZnvO)

+, and (e) vO defects in ZnO, calculated at the Heyd-Scuseria-Ernzerhof
(HSE) (α = 0.375). The green/gray area corresponds to the valence/conduction band of ZnO, respectively. The orbitals labeled with
the same symmetry symbol across three defects share the same feature and wave function natures. (d) is the schematic diagram show-
ing the origin of defect states of (MoZnvO)

2+ from vO and (MoZn)
2+, respectively. (e) Quasiparticle bandstructure at G0W0 [45] with

the PBE0 starting point for (MoZnvO)
2+.

inputs for estimating the brightness and spin-dependent
optical contrast of the defect, which in turn determine the
achievable fidelity of optical initialization and readout.

First, we compute the absorption spectra of the triplet
states within the Random-Phase Approximation (RPA)
using single particle wavefunctions computed at HSE
(Fig. S5 in the supplemental material [41]). Local-field
effects [46] were included, as they are crucial in nonhomo-
geneous dielectric environments such as defect systems.
The defect transition energies are well separated from
the bulk excitation, spanning from ultra-red to blue. The
squared dipole moments (μ2) for defect transitions, for
light polarized along the x, y, and z directions, were
extracted from the spectra. These values are summarized in
Table I, where the relevant polarization direction for each
non-negligible μ2 is indicated by “x/y/z” in the transition

column. We note that these computed dipole moments are
consistent with the group-theory analysis for C3v , where
the e → 2a1 transition is allowed only when light is
polarized in the x-y plane for the majority spin channel,
while the a1 → 2a1 transition is allowed only when light
is polarized along the z direction for the minority spin
channel.

We next evaluate the zero-phonon line (ZPL) energies,
defined as the energy difference between the minima of
the excited- and ground-state potential surfaces. For accu-
rate prediction and cross-validation, we employed three
different computational methods: (i) multideterminant con-
strained DFT (mcDFT; details in Sec. V D), (ii) quantum
defect embedding theory (QDET) [47–50], and (iii) the
multiconfigurational self-consistent field method with per-
turbative correction (DLPNO-NEVPT2@CASSCF) [51]
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TABLE I. Summary of the optical properties of the proposed defects in their triplet states. The zero-phonon line values listed rep-
resent the finalized choices obtained from the selected levels of theory, with DLPNO-NEVPT2@CASSCF used for the spin-majority
transition of (MoZnvO)

2+ and multideterminant constrained density functional theory (mcDFT) used for all remaining transitions. Also
reported are the relaxation energy computed with multideterminant constrained density functional theory (Erel), the squared transition
dipole moment (μ2), and the radiative lifetime (τR) for each ZnO defect system.

Spin Transition ZPL (eV) Erel (eV) μ2 (bohr2) τR (µs)

(MoZnvO)
2+

Maj e → a1 (x,y) 2.08 0.18 4.96 × 10−2 5.03
Min a1 → 2a1 (z) 1.56 0.85 2.20 × 10−2 27.10

(NbZnvO)
+

Maj e → a1 (x,y) 1.07 0.51 8.09 × 10−2 36.8
Min a1 → 2a1 (z) 1.72 0.74 2.82 × 10−2 15.7

(VZnvO)
+

Maj a1 → 2a1 (z) 0.13 2.49 6.09 × 10−2 1.69 × 104

Min a1 → 2a1 (z) 1.62 0.86 2.19 × 10−3 244.00

(details in supplemental material, Secs. V and XI [41]).
The mcDFT method, while mean-field in nature, provides
a practical balance between accuracy and computational
cost, whereas QDET and DLPNO-NEVPT2@CASSCF
are higher-level approaches better suited for strongly cor-
related open-shell excited states of transition-metal defects
in oxides.

Table II summarizes the energies of the triplet ground
state 3A2, the triplet excited state (3E), and the singlets
(1E and 1A1) for (MoZnvO)

2+, where the doubly degener-
ated many-body 3E state is characterized by the e → a1
transition, and the detail of single particle configuration
for states can be found in Sec. V D and Table S11 [41].
The three approaches yield consistent results for the 3E
triplet excited state and the 1E singlet, confirming that
mcDFT can reliably capture the excited-state properties

TABLE II. Computed zero-phonon line energies (eV) of
(MoZnvO)

2+ in ZnO at different levels of theory.

ZPL energies (eV)a

Theory 3A2
1E 1A1

3E

mcDFT@HSE 0 0.83b – 1.99c

QDET(14e14o) 0 – – 1.88
DLPNO-
NEVPT2@
CASSCF(4,7)

0 0.81 1.63d 2.08

aFor each theory, the ZPL energy is calculated as the vertical
excitation energy (with a theory stated on the left column) at the
fixed ground-state geometry minus the excited-state relaxation
energy calculated from mcDFT.
bThe relaxation energy of 1E from mcDFT is 0.12 eV.
cThe relaxation energy of 3E from mcDFT is 0.18 eV.
dThe geometry of 1A1 is assumed to be the same as 3A2 due to
the similar nondegenerate symmetry.

of this system. A more detailed comparison of the opti-
cal properties across methods is provided in supplemental
material, Sec. XIV [41]. For the remainder of our study,
we adopt the DLPNO-NEVPT2@CASSCF result as the
ZPL reference for our key defect candidate, (MoZnvO)

2+,
while using mcDFT values for other defects as a balance
between accuracy and computational efficiency. The final
ZPL results are summarized in Table I, and these values
are used throughout the remainder of this work whenever
a ZPL input is required.

Based on the ZPL energy and transition dipole moment,
we calculate radiative lifetimes (τR) scales as E−3μ−2

[Eq. (4)] for (MoZnvO)
2+ and (NbZnvO)

+, as summarized
in Table I (details in supplemental material, Sec. IV [41]).
For example, the e → 2a1 transition in (MoZnvO)

2+ has
the shortest lifetime (∼ 5.03 µs). Comparing with other
spin defect qubits, the radiative lifetimes of the proposed
defects are longer than the NV center (12 ns) [52], but
shorter than the boron vacancy in hBN (20 µs) [53]. The
difference is mainly due to variations in dipole moments
based on Eq. (4), i.e., the NV center has a transition dipole
moment (μ2 ∼ 3.87 a.u. [54]), much larger than that of
our proposed systems (μ2 ∼ 10−2 a.u.), while the boron
vacancy exhibits a much smaller one (μ2 ∼ 10−4 a.u.
[55]).

D. Huang-Rhys factor, nonradiative recombination,
and photoluminescence lineshape

To further characterize the phonon-related optical prop-
erties of the defect candidates, we compute the Huang-
Rhys (HR) factors [56,57], the nonradiative lifetime (τNR)
[58], as well as the quantum yield, as summarized in
Table III. The HR factor quantifies the strength of electron-
phonon coupling and the energy reorganization during
electronic transitions. Small electron-phonon coupling
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TABLE III. The phonon-related properties of optical spectroscopy for (MoZnvO)
2+ and (NbZnvO)

+. �Q is the mass-weighted dis-
placements between the excited and ground-state geometries. k ≈ ZPL/�ωeff(gs) is used to approximate the number of phonons
necessary to mediate the transition. Seff

f is the HR’s factor computed by effective phonons for ground state. τNR is the nonradiative
lifetime. Wif and Xif are the electronic part and phonon part of the nonradiative lifetime (τNR). QY is the quantum yield.

ZPL �Q k τNR Wif Xif Seff
f QY

Spin Transition (eV) (amu1/2 Å) (μs) (eV/(amu1/2 Å))

(MoZnvO)
2+

Maj e → 1a1 (x,y) 2.08 1.19 72 Not allowed 5.13 × 10−2 1.24 × 10−29 4.96 High (≈ 1)
Min 1a1 → 2a1 (z) 1.56 5.05 91 1.07 × 10−7 3.75 × 10−2 1.23 × 10−1 50.64 Small (≈ 0)

(NbZnvO)
+

Maj e → 1a1 (x,y) 1.07 1.80 31 1.63 × 10−9 4.42 × 10−2 5.82 15.36 Small (≈ 0)
Min 1a1 → 2a1 (z) 1.72 3.83 84 2.47 × 10−5 4.62 × 10−2 3.52 × 10−4 35.67 Small (≈ 0)

strength gives a small HR factor, which leads to the rel-
ative high intensity of the ZPL compared to the phonon
sideband (PSB). Nonradiative (NR) recombination refers
to the electron-hole recombination mediated by phonons,
which does not contribute to photoluminescence. The opti-
cal brightness, determined by the competition between the
radiative and NR recombination paths, is characterized by
the quantum yield (QY = (1/τR)/(1/τR + 1/τNR)).

Among the spin defects we studied in Fig. 3, all the
a1 → 2a1 transitions show large HR factors and fast non-
radiative decay, leading to a large PSB and low quantum
yield. This is consistent with the excited-state relaxation
energy (Erel) prediction in Table I, where the Erel for the
a1 → 2a1 transition are generally larger than those for
the e → a1 transition, indicating stronger electron-phonon
coupling. From the orbital perspective, the a1 → 2a1 tran-
sition in all three systems is mainly originated from the
internal transition of vO defect, with small mixing from the
dz orbital of the transition metal (TM) ion, as shown in
Fig. 3(d), which exhibits significant electron-phonon cou-
pling and a large lattice relaxation energy (∼1 eV). We
also note that this large electron-phonon coupling associ-
ated with the Zn dangling bonds is consistent with previous
study [59]. Based on these considerations, we exclude all
spin-minority transitions as well as the (VZnvO)

+ defect
from the list of viable candidates.

The spin-majority transitions of (MoZnvO)
2+ and

(NbZnvO)
+ have smaller HR factors (4.96 and 15.36,

respectively) compared to the spin-minority channels.
However, (NbZnvO)

+ still shows a fast nonradiative decay
and low quantum yield. In contrast, (MoZnvO)

2+ combines
a small HR factor with slow nonradiative decay, making it
the best candidate.

To gain insights on determining factors of HR fac-
tors, we compare the two proposed defects with others in
ZnO and various host materials in Table IV. We observe
that host materials with light elements (C, BN) gener-
ally exhibit smaller HR factors compared to ZnO or GaN,
which can be attributed to the dependence of atomic mass
(mα) in �Q, hence HR factor Seff

f (Seff
f = ωeff�Q2/2�

and �Q =
√∑

α,t mα�R2
α,t [56]). Furthermore, the dom-

inant phonon frequency (ωeff) varies within a factor of 2,
particularly for defects in ZnO. Thus, the primary factor
influencing HR variation within a given host (e.g., ZnO)
is the displacement between excited and ground states
(�Rα,t).

Our proposed (MoZnvO)
2+ defect (spin-majority chan-

nel e → 1a1 transition) exhibits a surprisingly small HR
factor of 4.96, which, while slightly larger than that of the
NV center in diamond, remains one of the smallest among
known defects in ZnO. In comparison, experiments have
successfully resolved the zero-phonon line (ZPL) of cop-
per substitutional defects in ZnO, which have an HR factor

TABLE IV. A summary of HR factor (S) of various defects
from past literature and this work.

Defect(host) �Q(amu1/2Å) �ω(meV) S

(MoZnvO)
2+(ZnO) 1.19 29 4.96

(NbZnvO)
+(ZnO) 1.80 40 15.36

LiZn [60](ZnO) 3.22 36 28
NO [61](ZnO) 1.92 40 15.3
Cu−→0

Zn [62](ZnO) ≈ 1.39a 57 13.1
Cu+→0

Zn [62](ZnO) ≈ 1.33a 52 11.0
VZnAl0→−

Zn [63](ZnO) 2.7 33 25
VZnSi+→0

Zn [63](ZnO) 2.7 33 25
VZnH0→− [63](ZnO) 2.95 30 27
CN [60](GaN) 1.61 42 10
ZnGaVN [60](GaN) 3.33 26 30
NV− [64](Diamond) ≈ 0.7a 64 3.67
Cl–V [65](4H-SiC) ≈ 0.96a 32 to 40 3.5 to 4.4
VB− [53,55](hBN) ≈ 1.1a 24.8 3.69
CBCN [66](hBN) ≈ 0.38a 120 2
NBVN [67](hBN) 0.66 30, 46, 48b 4.49

a�Q is estimated by S, through S = ωeff�Q2/2�.
bphonon modes which have the largest contribution to the
HR factor; the rest of �ω in the table are effective phonon
frequencies.
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of 11 [62]. This suggests that the ZPL of (MoZnvO)
2+

should also be resolvable experimentally.
To understand why (MoZnvO)

2+ defect has a smaller HR
factor than other defects in ZnO, we compare (MoZnvO)

2+
with (NbZnvO)

+ as an example. In Figs. 4(d) and 4(e), we
show the effective phonon mode and the contribution to
�Q2 from atoms in real space for the spin majority tran-
sition of (MoZnvO)

2+ and (NbZnvO)
+. Both of the two

systems have an effective phonon mode localized within
5 Å from the TM defect center. The major contributors
to �Q2 arise from the Zn atoms around the vacancy and
next-nearest neighbors of the TM substitution site. With
similar atomic mass contributions (single atom Mo or Nb
mass difference is negligible in the summation in �Q), the
smaller�Q2 of (MoZnvO)

2+ is mostly from overall smaller
atomic displacement (�Rα) between ground and excited
states. This difference between two defects may arise from
the closer ionic radius between Mo (oxidation state +4,
coordination VI, 0.65 Å) and Zn (oxidation state +2, coor-
dination IV, 0.60 Å), compared to Nb (oxidation state +3,
coordination VI, 0.72 Å) [68].

We next discuss photoluminescence (PL) lineshape and
phonon sidebands of the (MoZnvO)

2+ and (NbZnvO)
+ spin-

majority transitions using the generating function approach

with all phonons [61]. As shown in Figs. 4(c) and 4(f), the
(MoZnvO)

2+ exhibits a sharp and high intensity ZPL peak
and a phonon side band with an anti-Stokes (AS) shift of
0.127 eV. On the other hand, the ZPL of (NbZnvO)

+ is rel-
atively small, but its AS shift of 0.348 eV may allow it
to be distinguishable from the large PSB. The correspond-
ing partial HR factor spectrum functions are shown in
Figs. 4(d) and 4(j). We found that (MoZnvO)

2+ has a dom-
inant peak at 21 meV, and (NbZnvO)

+ between 19–30 and
55–65 meV. To understand the localization of these phonon
modes, we compute the inverse participation ratio (IPR),
estimating the number of atoms involved in the vibration
of the phonon modes [69]. We found that the IPRs are all
larger than 20 for the two defects, representing delocal-
ized bulk-like phonon modes. Their energies lie within the
acoustic band of bulk ZnO.

In the Franck-Condon picture, the AS shift corresponds
to the ground-state energy difference between its equi-
librium geometry and excited-state geometry. We found
their values (0.13 eV for (MoZnvO)

2+ and 0.35 eV for
(NbZnvO)

+) to be close to the values from CDFT relax-
ation energy of ground state, i.e., 0.14 for (MoZnvO)

2+
and 0.50 eV for (NbZnvO)

+, respectively. In addition, the
HR factor obtained by all-phonon-mode summation is

(a) (b) (c) (d)

(e) (f) (g) (h)

Distance from center TM substitution

Distance from center TM substitution

FIG. 4. Electron-phonon properties of (MoZnvO)
2+ and (NbZnvO)

+ spin majority transition between triplet states. The panels (a)–(d)
are for e → a1 transition in (MoZnvO)

2+ and (d)–(g) are for e → a1 transition in (NbZnvO)
+. (a) and (d) are the configuration coordinate

diagram of the potential surface (dots) fitted by harmonic potentials with effective phonon modes (lines). (b) and (e) are the module
square of mass weighted displacement dQ2 distribution for proposed defects contributed from atoms as a function of radius from
the TM defect center. The contribution to dQ2 from atom at position r from the TM site is defined as dQ2(r) = ∑

α dQ2(α)||rα−r|<0.1,
where the rα is the atom α’s distance from TM site and 0.1 is the step size of the sampling. The total displacement�Q = ∫

dQ2(|�r|) d�r.
(c) and (f) are the photoluminescence lineshape, where the anti-Stoke shifts are determined by the energy difference between the highest
peak of phonon side band and the zero-phonon line. (d) and (j) are the corresponding phonon spectrum functions revealing the partial
HR factor contributed by the phonon mode with energy �ω.
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in reasonable agreement with the one with an effective
phonon along the configuration coordinate [58], which
validates the consistency between different theoretical
approaches in this system (more details can be found in
Sec. VIII of the supplemental material [41]).

Finally, to explain why the spin-majority nonradiative
(NR) transition is forbidden in (MoZnvO)

2+ but fast in
(NbZnvO)

+, we refer to classical Marcus theory in the high-
temperature limit, as illustrated in Figs. 4(a) and 4(d). In
this picture, the potential energy surface (PES) crossing
between the ground state (red curve) and the excited state
(blue curve) defines an energy barrier that the phonon-
assisted NR recombination process needs to overcome.
A much larger barrier is obtained for e → 2a1 transi-
tion in (MoZnvO)

2+ than (NbZnvO)
+, which explains the

much slower NR process in (MoZnvO)
2+. This could be

understood from the much larger ZPL and smaller �Q in
(MoZnvO)

2+.
From a theoretical perspective, the phonon-assisted NR

recombination rate, within the static coupling approxima-
tion and the one-dimensional effective phonon approx-
imation, is expressed with the product of two terms:
the square of electronic term (Wif) and the phonon term
(Xif) (more details in Sec. V E) [58]. The electronic cou-
pling term exhibits relatively small variation between two
defects as shown in Table III. The phonon term Xif of
(NbZnvO)

+ is many orders of magnitude larger than that of
(MoZnvO)

2+. Consequently, (NbZnvO)
+ exhibits stronger

electron-phonon coupling and a faster NR decay. More
detailed discussion can be found in supplemental material,
Fig. S9 [41].

E. Spin decoherence time

In order to predict spin decoherence time of qubit can-
didates, we compute the free-induction decay (FID) sig-
nals due to hyperfine couplings with the nearby nuclear
spins of 67Zn (I=5/2, 4.1%) and 17O (I=5/2, 0.038%). Fig-
ures 5(a) and 5(b) show the FID signals for (NbZnvO)

+ and
(MoZnvO)

2+, respectively, under three different external
magnetic field strengths. We observe that the FID sig-
nals saturate at 300 G, with maximum decay time (T∗

2) of
0.40 and 0.37 µs for (MoZnvO)

2+ and (NbZnvO)
+, respec-

tively. Both exhibit strong non-Gaussian features with
stretched exponents of 0.51 and 0.56 for (MoZnvO)

2+ and
(NbZnvO)

+, respectively, due to a strong anisotropic hyper-
fine coupling [70]. We remark that the T∗

2 times of these
qubit candidates are an order of magnitude smaller than
that of diamond NV centers [71] and of a silicon vacancy
in SiC [72] due to the larger magnetic moment and abun-
dance of 67Zn nuclear spins than those of 13C nuclear spins
(1.1%) in diamond. However the T∗

2 is order of magnitude
larger than the shallow donor in ZnO [19].

The inhomogeneous broadening effect in FID can be
removed by applying the Hahn-echo pulse sequence.

(a) (b)

(c) (d)

FIG. 5. Spin decoherence of transition metal-vacancy complex
in a nuclear spin bath ZnO. (a) and (b) Free induction decay
(T∗

2) of (NbZnvO)
+ (a) and (MoZnvO)

2+ (b) in ZnO under vari-
ous external magnetic field strengths (B0). (c) and (d) Hahn-echo
coherence decay (T2) of (NbZnvO)

+ (c) and (MoZnvO)
2+ (d) in

ZnO under various external magnetic field strengths.

Figures 5(c) and 5(d) show the computed Hahn-echo
signals of the (NbZnvO)

+ and (MoZnvO)
2+, respectively,

under three different magnetic field strengths. Notably, we
observe that the decoherence occurs on two different time
scales: an initial partial collapse within the µs range, fol-
lowed by a gradual decay on the millisecond timescale.
The gradual coherence decay is due to the dynamical
fluctuation of the nuclear spin bath arising from the mag-
netic dipolar coupling between nuclear spins [70]. We
find that the gradual decay saturates above 300 G and is
described by a stretched exponential function with expo-
nents of 2.49 (2.32) and the T2 times of 4.04 (3.96) ms for
(MoZnvO)

2+, and (NbZnvO)
+ in the parentheses, respec-

tively. This saturation is attributed to the suppression of
spin-flip transitions other than the spin flip-flop transitions
in the bath, caused by large energy gaps between nuclear
spin levels due to the Zeeman effect [70]. For the early par-
tial collapse observed in Figs. 5(c) and 5(d), we attribute its
origin to strain-induced inhomogeneous quadrupole inter-
actions around the defect site (see supplemental material
[41], Table S9). The variation in quadrupole interactions
leads to differing precession frequencies of the nuclear
spins [73], causing irregular electron spin echo envelope
modulation (ESEEM) [74–76]. In supplemental material
[41], Fig. S12, we demonstrate that this early coherence
collapse disappears in a hypothetical bath model, where
quadrupole interactions are removed from the spin Hamil-
tonian, confirming that the collapse is due to quadrupole
interactions. Additionally, the partial coherence collapse
disappears above 3 T, where the Lamor frequency becomes
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FIG. 6. Electronic spin-induced decoherence time T2 as a
function of electron spin concentrations. The black-dashed line
shows the T2 time determined by the nuclear spin bath in ZnO
and the red-dashed line represents a linear fitting model in
logarithmic scale.

the dominant frequency of the nuclear spins, suppressing
the ESEEM depth.

In addition to nuclear spins, ZnO contains intrinsic
defects, some of which may be paramagnetic [77–80],
even in isotopically purified materials. In such engineered
samples, where nuclear spins are removed, qubit decoher-
ence would be dominated by the electron spin bath from
paramagnetic defects. To quantify this effect, we compute
the Hahn-echo T2 time as a function of electron spin-
1/2 concentration in ZnO, ranging from 0.1 to 100 ppm
(1016 − 1019cm−3), which is consistent with experimental
defect concentrations [81,82]. As shown in Fig. 6, when
the electron spin concentration reaches 0.035 ppm (2.85 ×
1015 cm−3), the T2 time induced by the electron spin bath
becomes comparable to that caused by the nuclear spin
bath. Our results suggest that for isotopic purification to
be effective, the paramagnetic defect concentration should
be kept below 0.035 ppm.

As the electronic spin concentration increases beyond
1016 cm−3, the T2 time is rapidly reduced to sub-
millisecond. We find that the T2 time decreases almost
linearly in the log scale with a slope of −0.99. We note
that nuclear spins can be removed or significant reduced by
nuclear spin purification, then the paramagnetic impurities
would be the main source for spin decoherence.

F. Spin properties and optical read-out

The comprehensive analysis of the thermodynamic
properties, optical properties. and electron-phonon cou-
pling, as well as spin decoherence time of these transition

(a)

(b)

FIG. 7. Spin properties and optical read-out of (MoZnvO)
2+

in ZnO. (a) Energy diagram and excited-state dynamics of
(MoZnvO)

2+ in ZnO. (b) A schematic diagram for single shot
readout with qubit encoded in |0〉 and |+〉. (For qubit encoded
in |0〉 and |−〉, the only difference is that the λE/2 become nega-
tive.) 	res denotes resonant excitation of the |0〉 state or the |±1〉
state. In both panels (a) and (b), the red lines represent the optical
excitation, the blue lines represent the phonon-assisted nonradia-
tive recombination processes, and the orange lines represent the
radiative recombination processes. Solid lines indicate dominant
processes, dashed lines indicate forbidden ones, and dotted lines
indicate allowed but less dominant processes. In panel (a), we
show all these processes, while in panel (b), we keep only the
allowed ones.

metal vacancy complexes in ZnO demonstrated their suit-
ability for optically addressable spin qubits. (MoZnvO)

2+
stands out to be the most promising, with its low formation
energy and optimal combination of other characteristics.
We therefore focus on discussing the readout of spin qubit
(MoZnvO)

2+ through a spin-photon interface as follows.
Figure 7(a) provides the multiplet structure diagram of

(MoZnvO)
2+ in ZnO that consists of a triplet ground state

(3A2), triplet excited state (3E), and two singlet shelving
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TABLE V. Calculated zero-field splitting (ZFS) and spin-orbit coupling (SOC) parameters of (MoZnvO)
2+ and NV center in diamond

using SA(6)-CASSCF(6,6) [54]. All values are in GHz. The λ are the SOC parameters between states, where λE = 〈
3E±∣∣ HSOC

∣∣3E∓〉
,

λz,gs = 〈
1E

∣∣ HSOC
∣∣3A0

2

〉
, and λ⊥,gs = 〈

1E
∣∣ HSOC

∣∣3A±
2

〉
, λz,es = 〈

3E0
∣∣ HSOC

∣∣1A1
〉
, λ⊥,es = 〈

3E±∣∣ HSOC
∣∣1A1

〉
. The superscript on the right

side of each state denotes the spin sublevel ms.

DSS DSOC D λE λz,gs λ⊥,gs λz,es λ⊥,es

(MoZnvO)
2+ 4.70 −35.60 −30.90 5082.68 0.02 3668.05 0.02 450.48

NV− [54,84] 3.03 0.04 3.08 14.21 0.03 5.22 0.06 3.96

states (1E and 1A1), a four-level structure similar to NV−

in diamond [83].
The degeneracy of the ground-state spin triplet manifold

is split by intrinsic spin-spin and spin-orbit interactions.
This splitting is characterized by the axial zero-field split-
ting (ZFS) parameter D (between |ms = 0〉 and |ms = ±1〉)
and rhombic E (between |ms = +1〉 and |ms = −1〉). E
is zero at C3v symmetry. We obtain the ground-state
ZFS by perturbation theory with first-order spin-spin con-
tribution [84,85] DSS = 4.7 GHz and second-order spin-
orbit contribution[86] DSOC = −35.6 GHz, respectively.
In comparison, we obtain the DSOC + DSS = 21.00 GHz
for (VZnvO)

+, in reasonable agreement with the experi-
mental value of 22.37 GHz [87,88] for V3+ in ZnO (see
Sec. X in the supplemental material [41]).

The SOC parameters can be used to determine the fine
structure of the spin state and the spin selectivity of optical
transitions [89]. At the C3v symmetry, the spin-orbit cou-
pling Hamiltonian can be written in terms of its axial(λz)
and nonaxial (λ⊥) components,

Hsoc = λ⊥
2
(L+S− + L−S+)+ λzLzSz, (1)

where L±, Lz and S±, Sz are the ladder operators of orbital
and spin angular momentum, respectively, in the two-
electron spin system with |S, m〉 basis. The axial com-
ponent λz can split the degenerate sublevels within the
excited-state triplet manifold [83]. It is also associated with
the transitions between the triplet m = 0 spin sublevels and
the singlet state. The nonaxial component λ⊥ is associ-
ated with the transitions between the triplet m = ±1 spin
sublevels and the singlet state.

Given the multireference nature of excited states of
(MoZnvO)

2+, we calculate the SOC matrix elements with
the CASSCF method, which was shown to provide accu-
rate SOC for multireference states [54]. The computed
ZFS and SOC parameters are shown in Table V. In con-
trast to the ground state, where the first-order SOC con-
tribution vanishes, the spin splitting of the 3E excited
state is dominated by a strong first-order SOC interac-
tion, with λE = 〈

3E±∣∣ HSOC
∣∣3E∓〉 = 5083 GHz, consistent

with the group theory prediction [83]. We noted that
the ratios λE(

3E)/DSOC(
3A2) for both the NV center and

(MoZnvO)
2+ are on the order of 102 [54] in Table V.

We find large nonaxial component for both excited-
state and ground-state intersystem crossings as shown in
Table V and Fig. 7. This large SOC originates from the
transition metal ion Mo4+ as a part of the vacancy defect.
The corresponding SOC parameters in NV center are two
orders smaller than (MoZnvO)

2+. This indicates that the
ISC in (MoZnvO)

2+ could be faster than the NV center in
diamond, as the large SOC likely leads to a fast ISC [54].
The axial components λz,es and λz,gs, on the other hand, are
found to be zero, consistent with the group theory analy-
sis of C3v systems [90,91]. This leads to the forbidden ISC
transition to the spin |0〉 states.

The nonradiative ISC rates γ between the initial (i) and
final (j) states can be expressed by first-order perturbation
theory with the Fermi’s Golden rule, i.e., γij = 4π�λ2X̃ij ,
where λ = 〈i| HSOC |j 〉 is the SOC coupling parameter
between states i and j and X̃ij is the phonon coupling term
in Eq. (12) [84]. We further estimate the ISC rate for the
spin |±〉 channel using the effective phonon approach as
detailed in Sec. XII of the supplemental material [41].

The ISC lifetime (the inverse of the rate) correspond-
ing to λ⊥,gs and λ⊥,es is found to be ISC⊥,gs = 0.25 ns and
ISC⊥,es = 95.20 ps, respectively—both are shorter than the
spin-conserved radiative lifetime between triplet states.

In contrast to NV center, the dynamic and pseudo Jahn-
Teller (JT) effects are not observed in our system, i.e., the
high-symmetry structure remains stable against symmetry-
lowering distortion. We attribute this to the strong SOC in
the system, which quenches the Jahn-Teller effect and sup-
presses structural distortion [92,93]. This quenching can
be qualitatively understood using a spin-coupled “Mexi-
can triplet hat” Jahn-Teller model, which is derived and
discussed in detail in the supplemental material [41],
Sec. XIII.

III. DISCUSSION

Based on the spin multiplet structure and excited-state
dynamics of the (MoZnvO)

2+ defect in Fig. 7(a), we next
discuss its optical read-out capability as a spin qubit. While
(MoZnvO)

2+ exhibits a similar four-level structure as the
NV center in diamond, it offers unique advantages for
high-fidelity single-shot spin readout and direct coherent
control.
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These advantages arise from its significantly stronger
SOC compared to the NV center [94–97].

The schematic diagram for single shot readout is shown
in Fig. 7(b), where Ex and A1 refer to transitions between
the ground state (GS, 3A2) and excited state (ES, 3E) within
the spin channel |0〉 and |+〉, respectively. They consist of
optical excitation (red), radiative transition (orange), and
nonradiative recombination (blue). The spin-conserved
nonradiative processes could be electron-phonon mediated
processes as discussed in section D or SOC-mediated ISC
paths (3E|±〉 → 1A1 → 1E → 3A|±〉

2 for A1 and 3E|0〉 →
1A1 → 1E → 3A|0〉

2 for Ex). The cross lines represent the
spin-flip process, where the spin-flip from |0〉 of 3E to
|±〉 of 3A2(γ⊥,01) could arise from the ISC recombination
path of 3E|0〉 → 1A1 → 1E → 3A|±〉

2 ; similarly, the spin-
flip from |±〉 ES to |0〉 GS (γ⊥,10) could arise from the
ISC recombination path of 3E|±〉 → 1A1 → 1E → 3A|0〉

2 .
The preserved C3v symmetry in the absence of Jahn-

Teller distortion leads to spin-selective ISC and results in
the following consequences: (a) fast nonradiative recom-
bination in A1 (solid blue line) due to large λ⊥,es/gs; (b)
forbidden nonradiative recombination in Ex (blue-dashed
line) due to λz,gs/es = 0; (c) forbidden spin-flip transitions:
γ⊥,01 = 0 (caused by λz,es = 0) and γ⊥,10 = 0 (caused by
λz,gs = 0).

First, due to C3v symmetry, the first-order SOC vanishes
in 3A2 but remains finite in the 3E. Combined with strong
SOC, this results in a pronounced difference between
the ground and excited triplet state spin splitting, which
also leads to a large optical transition energy difference,
i.e., the energy difference between the Ex and A1 tran-
sitions in Fig. 7(b), enabling resonant excitation control
even at high temperatures. Furthermore, the spin-resolved
photoluminescence (PL) peaks from these two transitions
are inherently distinguishable by intensity: the Ex related
optical peak is expected to be significantly brighter than
those of A1. For the Ex, the fully forbidden nonradia-
tive recombination leading to dominant spin-conserved
radiative recombination—hence, strong PL intensity. In
contrast, the A1 transitions include fast nonradiative ISC
that competes with radiative recombination, resulting in
dimmer PL peaks.

Finally, the forbidden spin-flip transitions of γ⊥,01 and
γ⊥,10 lead to highly cyclic optical transitions that sup-
port high-fidelity single-shot spin readout. Moreover, the
readout through the Ex transition is especially robust at ele-
vated temperatures and magnetic fields, because the large
spin splitting of the excited state suppresses spin mixing
between its sublevels, resulting in minimal γ⊥,01. Specif-
ically, resonant excitation of the Ex allows for an effec-
tively unlimited number of photon cycles, as γ⊥,01 remains
strictly forbidden for this state. The spin readout fidelity
via resonant excitation of Ex can be defined as F00 =
1 − F±0, where F±0 is the probability of obtaining the

measurement outcome |±〉 state after optically pumping
into |0〉 state [31]. The spin-flip probability p = γ⊥,01

γ⊥,01+τ−1
R

,

which constitutes the main source of error F±0 [29], is also
diminished, resulting in high spin readout fidelity. Such
high fidelity single-shot readout enables the spin initial-
ization of a single defect center. Once the spin state is
read out, arbitrary spin initialization can be performed via
radio-frequency (RF) control.

IV. SUMMARY

In conclusion, we have computationally identified
(MoZnvO)

2+ as a deep-level defect qubit in ZnO with the
essential ingredients for high-fidelity single-shot readout
and long spin coherence time that are robust against envi-
ronmental fluctuations. Our systematic screening based
on thermodynamic stability and optical transition prop-
erty calculations reveals that (MoZnvO)

2+ is an exceptional
defect, which combines a spin-triplet ground state (S = 1),
bright visible-range emission with high quantum yield, and
an unusually small Huang-Rhys factor (∼ 4.9), leading to
a sharp zero-phonon line in ZnO. Spin decoherence anal-
ysis further reveals long T2 times approaching 4 ms with
a critical threshold paramagnetic impurity concentration
of 0.035 ppm that marks the transition from nuclear- to
electron-spin-dominated decoherence.

We also examined the electronic spin multiplet struc-
ture and dynamics of (MoZnvO)

2+, including spin-orbit
coupling, zero-field splitting, the Jahn-Teller effect, and
intersystem crossing. Distinctively, this defect combines
strong spin-orbit coupling with the absence of Jahn-Teller
distortion, which enables high-fidelity single-shot readout
and direct coherent spin control with minimal spin leakage
at elevated temperatures. Together, these results establish
(MoZnvO)

2+ as the first deep-level spin qubit candidate
in ZnO, opening a pathway toward oxide-based quantum
technologies that combine room-temperature operation,
photonic integrability, and scalable defect engineering.

V. COMPUTATIONAL METHODS

A. First-principles calculations

We performed the ground-state density-functional the-
ory calculations using the HSE hybrid functional [98], by
the plane-wave code Vienna Ab initio Simulation Pack-
age (VASP) [99–101]. The multideterminant constrained
DFT (mcDFT) was used for geometry relaxations of the
excited states. The defect was constructed and relaxed in
a 4 × 4 × 3 supercell of ZnO. We use a plane-wave cut-
off of 400 eV and the projector-augmented wave (PAW)
poseudopotentials to conduct the structural relaxations. We
choose the Fock exchange fraction parameter of 0.375
and screening parameter ω = 0.2 Å, which reproduces
the experimental lattice constants and band gap of ZnO
[102–105]. We obtain a band gap of 3.43 eV, and a lattice

020348-12



DEEP SPIN DEFECTS IN ZINC OXIDE FOR HIGH-FIDELITY. . . PRX QUANTUM 7, 020348 (2026)

parameter (a = 3.249 Å, c = 5.204 Å) of the pristine zinc
oxide, in good agreement with experimental data (band gap
3.4 eV, lattice constants a = 3.25 Å and c = 5.21 Å).

We use the r2SCAN functional for phonon calculations,
which is known for its reliability in capturing the static and
dynamical properties of the lattice with a low computa-
tional cost [106]. We use the Hubbard U correction of 2 eV
for the 3d orbital of Zn and obtain the phonon band with
very good agreement with experiments (see Fig. S10 [41]).

B. Defect formation energy and charge transition level

The charged defect formation energy Eq
f (d) of the defect

d with charge state q is calculated by

Eq
f (d) = Eq

tot(d)− Etot(p)−
∑

i

�Niμi + qEF + Ecorr,

(2)

where Eq
tot(d) is the total energy of the supercell contain-

ing the defect with charge state q and Etot(p) is the total
energy of the pristine system in the same supercell as the
defect. �Ni denotes the difference in the number of atoms
of type i between the defect and pristine systems (�Ni > 0
means an atom of type i has been added to the defect sys-
tem and �Ni < 0 means that an atom has been removed).
μi and EF are the chemical potential of species i and the
Fermi energy, respectively. Ecorr is charged cell correction
to eliminate the fictitious Coulomb interaction of defects
with its own periodic images and fictitious homogeneous
compensating background [107,108].

In XZnvO defect complex, the third term in Eq. (2) can
be written as

∑
i�Niμi = −μZn − μO + μX. The forma-

tion energy of each defect is calculated with chemical
potentials in two conditions: O-rich and O-poor. In the
O-rich condition the oxygen chemical potential is com-
puted by total energy of the oxygen molecule (μO-rich

O =
1/2Etot(O2)). In the O-poor condition the zinc chemi-
cal potential is computed by μ

O-poor
Zn = Etot(Zn), where

Etot(Zn) is the energy of zinc crystal [40]. The μO-poor
O

and μO-rich
Zn are computed from μ

O-poor
Zn and μO-rich

O accord-
ing to the constraint μO-poor/rich

Zn + μ
O-poor/rich
O = μZnO. The

chemical potential of the dopant X (X = Ti, Nb, V, Mo)
is computed from its most stable oxide compound, where
μTi, μNb, μV, and μMo are computed from TiO2, Nb2O5,
V2O3, and MoO2, respectively [109].

The thermodynamic charge transition level (CTL)
between charge states q and q′ (ε(q/q′)) is the Fermi-level
position at which the formation energy of charge state q
and q′ are the same [108,109]:

ε(q/q′) = Eq
f (EF = 0)− Eq′

f (EF = 0)

q′ − q
. (3)

Here, Eq
f (EF = 0) is the defect formation energy of the

defect at the Fermi level EF = 0 (aligned with VBM). The
defect system is more stable at a charge state q when its
Fermi level is smaller than CTL ε(q/q′) and is more stable
at q′ when EF > ε(q/q′).

C. Absorption spectrum and radiative lifetime

The optical absorption spectrum at the random-phase
approximation (RPA) is computed with the Yambo code
[46], including the local field effect for the polarizability,
with the input single particle states from hybrid functional
HSE (Fock exchange = 0.375) [110]. The DFT single parti-
cle states are calculated by the open source plan-wave code
Quantum Espresso [111] with norm-conserving Vander-
bilt (ONCV) pseudopotentials [112,113] and wavefunction
cutoff of 80 Ry. We then extract the transition dipole
moment and oscillator strength for each excitation. The
radiative lifetime for defects transition is derived from the
Fermi’s golden rule [84,114] and computed by

τR = 3πε0h4c3

nDe2E3μ2 , (4)

where E is the excitation energy, c is the speed of light,
μ2 is the modulus square of transition dipole moment, and
nD = √

ε = 2.4 is the reflective index computed from the
dielectric constant of pristine ZnO.

D. Multideterminant cDFT

The idea of multideterminant cDFT is that the energy
expectation value of a linear combination of states is
a linear combination of the energies of the pure states.
This idea has been employed on describing the multirefer-
ence nature for spin defects in past works [115–119]. For
the (MoZnvO)

2+ and (NbZnvO)
+, the two-particle wave-

function constructed from the two highest occupied
∣∣ex/y

〉
orbitals can be written as

∣∣∣3Ams=1
2

〉
= 1√

2
(
∣∣exey

〉 − ∣∣eyex
〉
), (5a)

∣∣∣3Ams=0
2

〉
= 1√

2
(
∣∣exēy

〉 − ∣∣ey ēx
〉
), (5b)

∣∣∣3Ams=−1
2

〉
= 1√

2
(
∣∣ēxēy

〉 − ∣∣ēy ēx
〉
), (5c)

∣∣1Ex
〉 = 1√

2
(
∣∣exēy

〉 + ∣∣ey ēx
〉
), (5d)

∣∣1Ey
〉 = 1√

2
(|exēx〉 − ∣∣ey ēy

〉
), (5e)

where “ēx/y” represent the occupied spin minority ex/y
state and “ex/y” represent the occupied spin majority

ex/y . The triplet ground states
∣∣∣3Ams=±1

2

〉
and

∣∣∣3Ams=0
2

〉
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should have degenerate energy E(
∣∣3A2

〉
), we therefore

use the single configuration at ms = 1 to compute the
ground-state energy: E(

∣∣3A2
〉
) = E(

∣∣exey
〉
). The degen-

erated triplet excited state 3Ex/y (correspond to the
spin majority e → a1 transition) can also be computed
from the single determinant: E(

∣∣3Ex/y
〉
) = E(

∣∣2a1ex/y
〉
).

In the calculation, we use the fractional occupation
E(|2a1e〉) = E(

∣∣∣2a1e0.5
x e0.5

y

〉
) to preserve the state degen-

eracy. The E(
∣∣3A′

2

〉
) = E(

∣∣ā1exey2ā1
〉
) state corresponds

to an a1 → 2a1 excitation and is essentially single-
determinantal in character, allowing it to be treated directly
within a standard cDFT framework.

The DFT close shell calculation for the (MoZnvO)
2+

broke the degeneracy of the ex/y orbitals, resulting in the
spin-symmetry-broken determinant [119]: |e−ē+〉 and the
corresponded energy E(e−ē+) where e+ = (ex + ey)/

√
2

and e− = (ex − ey)/
√

2.
Notice |e−ē+〉 = 1

2

∣∣(ex − ey)(ēx + ēy)
〉 = 1√

2
(
∣∣1Ey

〉 +∣∣∣3Ams=0
2

〉
). We therefore have

E(e−ē+) = 〈e−ē+| H |e−ē+〉 (6a)

= 1
2
(E(1Ey)+ E(3Ams=0

2 ))

⇒ E(
∣∣1E

〉
) = 2E(|e−ē+〉)− E(

∣∣exey
〉
). (6b)

E. Nonradiative lifetime, photoluminescence, and
Huang Rhy’s factor

The nonradiative lifetime (τNR) is a measure of how fast
the nonradiative recombination happens between the final
state |f 〉 and initial state |i〉. The phonon-assisted nonradia-
tive recombination is evaluated via Fermi’s golden rule as
below:

1
τNR

if
= 2π

�

g
∑
n,m

pin|〈fm|H e-ph|in〉|2δ(Efm − Ein), (7)

where H e−ph is the electron-phonon coupling Hamiltonian,
g is the degeneracy factor of the final state that depends on
the number of equivalent atomic configurations, and pin is
the occupation number of the vibronic state |in〉 following
the Boltzmann distribution.

Under the static coupling approximation with one-
dimensional (1D) phonon approximation [58,84], we can

rewrite Eq. (7) as

1
τNR

if
= 2π

�

g|Wif|2Xif(T) (8)

Wif = 〈ψi(r, R)|∂H
∂Q

|ψf (r, R)〉|R=Ra (9)

Xif =
∑
n,m

pin|〈φfm(R)|Q − Qa|φin(R)〉|2

× δ(m�ωf − n�ωi +�Eif). (10)

Equation (8) is separated into the electronic term (Wif),
which depends on the electronic wave function (ψ) over-
lap, and the phonon term (Xif), which describes the strength
of the phonon contribution. Wif is determined using finite
differences of Kohn-Sham orbitals from DFT calcula-
tion using HSE (0.375) functional. The phonon term Xif
includes the energy conservation between the initial and
final vibronic states with vibrational frequencies of ωi and
ωf , and φ is the phonon wave function obtained from har-
monic oscillator wavefunctions. The detailed derivation
can be found in Refs. [58,60].

To validate the 1D phonon approximation, we compare
the Huang-Rhys factor calculated with the 1D effective
phonon and full phonon results, as detailed in Table S8
[41]. To compute the intersystem crossing (ISC) rate, we
adopted the approach derived from nonradiative rates, as
implemented in our in-house code [54,84],

	ISC = 4π�λ2
⊥X̃if(T), (11)

X̃if(T) =
∑
n,m

pin
∣∣〈φfm(R)|φin(R)〉

∣∣2

× δ(m�ωf − n�ωi +�Eif). (12)

This method allows different values for the initial-state
vibrational frequency (ωi) and the final-state frequency
(ωf ) through explicit calculations of the phonon wave-
function overlap, and we obtain good agreement with
experimental values of ISC rates for NV center in diamond
[54,84].

The photoluminescence lineshape spectrum was sim-
ulated using the Huang-Rhys method with all phonon
eigenmodes, implemented in our in-house codes [61,69],
with γ = 0.005 eV and smearing = 0.003 eV, where γ is a
free parameter that accounts for the broadening of PL. Due
to the well-known failure of local and semilocal exchange
correlation functional on the ZnO system [37,120] and the
high computational cost of the hybrid functional, we apply
the r2SCAN functional with Hubbard U for the all phonon
calculations using the Phonopy code interfaced with VASP
and Hubbard U corrections of UZn−d = 2 eV and UNb−d =
3.7 eV. It has been tested that this method reproduces the
defect local structure comparable to HSE as well as the
phonon band of pristine ZnO (see Fig. S10 [41]).
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F. Decoherence time

G. Quantum bath model to compute the spin
decoherence

We employ the quantum bath theory to compute the
spin decoherence [121–123], in which the decoherence
occurs due to the entanglement between a central spin and
its environment. We consider electronic and nuclear spin
baths as the environment. Bath spins are randomly dis-
tributed in the lattice and bath spins, within a certain radius
from the defect qubit, are included in the calculation. This
bath radius (rbath) is determined by performing a systematic
convergence test as shown in Fig. S12 [41]. We find that a
radius of 5 nm gives a numerically converged result for the
nuclear spin bath. For the electronic spin bath, we find that
the bath radii of 16, 37, 85, and 220 nm are appropriate for
100, 10, 1, and 0.1 ppm of electronic spin concentrations,
respectively.

In addition, we use another parameter (rdipole), which
sets the maximum distance for the interaction between bath
spins. This means that if two bath spins are separated by
a distance larger than rdipole, the two spins are considered
noninteracting. We find that our CCE calculations are con-
verged with rdipole of 1 nm for the nuclear spin bath, and for
the electronic spin bath, rdipole of 13, 33, 62, and 120 nm for
100, 10, 1, and 0.1 ppm of electronic spin concentrations.

The dynamics of the total system of qubit and envi-
ronment is governed by a spin Hamiltonian, which is
expressed as

H = Hd + Hbath + Hd−bath, (13)

where Hd is the qubit Hamiltonian, Hbath is the bath spin
Hamiltonian, and Hd−bath is the interaction between the
qubit and the bath spins. For the nuclear spin bath, each
component of the Hamiltonian is given as follows:

Hd = −γeB · S,

Hbath = −B ·
∑

i

γniIi + Hn−n + HQ,

Hd−bath = Sz

∑
i

Ai · Ii

=
∑

i

(
BixIixSz + BiyIiySz + AiIizSz

)
,

Hn−n = μ0

4π

∑
i,j

γniγnj

[
Ii · Ij

r3
ij

− 3(Ii · rij )(Ij · rij )

r5
ij

]
,

HQ = eQ
6I(2I − 1)

∑
α,β

Vαβ

[
3
2

(
IαIβ + IβIα

) − δαβI2
]

.

(14)

In these equations, γe and γni are the gyromagnetic ratios
of the electron spin (S) and the ith nuclear spin (Ii) in the

bath, respectively. The external magnetic field is aligned
parallel to the defect’s symmetry axis. We adopt the secu-
lar approximation for the hyperfine interaction (Hd−bath),
in which the nonsecular terms including Sx and Sy are
neglected. In the nuclear spin-spin interaction (Hn−n), μ0
is the vacuum permeability and rij is the distance between
the ith nuclear spin and the j th nuclear spin.

HQ is the nuclear quadrupole interaction, in which eQ is
the quadrupole moment of the isotope under consideration
interacting with the EFG tensor Vαβ (α,β = x, y, z).

The hyperfine tensor (A) and the electric field gradient
(EFG) tensor (Vαβ) are computed by using DFT as imple-
mented in Vienna Ab initio Simulation Package (VASP)
code at HSE hybrid functional level of theory.

The spin Hamiltonian for the electronic spin bath can be
expressed as follows:

Hd = −γeB · S,

Hbath = −B
∑

i

γeiSi + He−e,

He−e = −μ0

4π

∑
i,j

γeiγej

[
Si · Sj

r3
ij

− 3(Si · rij )(Sj · rij )

r5
ij

]
,

(15)

Similar to the case of the nuclear spin bath, the qubit
Hamiltonian Hd represents the Zeeman interaction of the
qubit (electron spin) with an external magnetic field B.
Here, γe is the gyromagnetic ratio of the electron and
Sz is the z component of the electron spin operator. The
bath spin Hamiltonian describes the dynamics of the bath
spins (other electron spins in the environment). The first
term of the bath spin Hamiltonian represents the Zee-
man interaction of each electron spin in the bath with the
external magnetic field. He−e in the bath spin Hamilto-
nian represents the magnetic dipolar interactions between
the electron spins in the bath. Here, Si represents the spin
operator of the ith electronic spin in the bath.

The coherence function L(t) is given as the off-
diagonal element of the reduced density matrix, formally
expressed as

L(t) ≡ tr[ρtot(t)S+]
tr[ρtot(0)S+]

, (16)

where ρtot(t) is the total density matrix of the qubit (ρe)
and the bath (ρbath) at time t. S+ is the electron spin
raising operator, defined as S+ = Sx + iSy . To compute
the coherence function, we employ the cluster correlation
expansion (CCE) technique [124], which enables a sys-
tematic expansion of the coherence function in many-body
systems. We find that second-order CCE (CCE-2) and first-
order CCE (CCE-1) give numerically converged results
for the Hahn-echo decay time (T2) and the FID time (T∗

2),
respectively.
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H. ZFS and SOC strength

The ZFS parameters (D and E) consist of first-order
spin-spin interaction contributions (DSS,ESS) and second-
order spin-orbit (SO) contributions (DSOC, ESOC) [86]. For
transition metals, the SO contribution is significant and
cannot be neglected. We computed the SO contribution
to ZFS using the linear response method implemented in
ORCA [125,126], employing all-electron PBE0 calcula-
tions with the def2-TZVP basis set [127]. In contrast, the
spin-spin contribution to ZFS, which is relatively long-
ranged compared to the SO contribution, did not converge
with the cluster size (see Table S10 [41]). To address
this, we calculated the spin-spin contribution using our
in-house code [84] interfaced with the plane-wave code
QUANTUM ESPRESSO [111].

We use the complete-active-space self-consistent field
(CASSCF) method implemented in the ORCA code
[125,126] to obtain SOC matrix elements between the
electronic states. The second-order Douglas-Kroll-Hess
(DKH2) Hamiltonian [128], the all-electron DKH-def2-
TZVP basis set [129], and the SARC-DKH-TZVP basis
set [130] are used to account for the scalar relativistic
effects. The spin-orbit mean-field operator is used for the
SOC calculation [131]. The cluster is created by retaining
atoms near the defects and passivate the surface dangling
bond with pseudo hydrogen atoms with core charge of
q=(8-m)/4 [132], where we choose the O-H bond to be
1.057 Å and Zn-H to be 1.731 Å [133]. The perturbative
correction with N-electron Valence State Perturbation The-
ory (NEVPT2) [51] was applied upon the CASSCF to
obtain the multireference excited state with both static
and dynamic correlation. More details can be found in
supplemental material, Sec. XI [41].
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Anderson, and J. Vučković, Single-shot readout and weak
measurement of a tin-vacancy qubit in diamond, Phys.
Rev. X 14, 041008 (2024).

[33] C. P. Anderson, E. O. Glen, C. Zeledon, A. Bourassa,
Y. Jin, Y. Zhu, C. Vorwerk, A. L. Crook, H. Abe, J.
Ul-Hassan, T. Ohshima, N. T. Son, G. Galli, and D.
D. Awschalom, Five-second coherence of a single spin
with single-shot readout in silicon carbide, Sci. Adv. 8,
eabm5912 (2022).

[34] W. F. Koehl, B. B. Buckley, F. J. Heremans, G. Calusine,
and D. D. Awschalom, Room temperature coherent con-
trol of defect spin qubits in silicon carbide, Nature 479, 84
(2011).

[35] D. D. Sukachev, A. Sipahigil, C. T. Nguyen, M. K.
Bhaskar, R. E. Evans, F. Jelezko, and M. D. Lukin,
Silicon-vacancy spin qubit in diamond: A quantum mem-
ory exceeding 10 ms with single-shot state readout, Phys.
Rev. Lett. 119, 223602 (2017).

[36] H. Seo, H. Ma, M. Govoni, and G. Galli, Designing defect-
based qubit candidates in wide-gap binary semiconductors
for solid-state quantum technologies, Phys. Rev. Mater. 1,
075002 (2017).

[37] F. Oba, M. Choi, A. Togo, and I. Tanaka, Point defects
in ZnO: An approach from first principles, STAM 12,
034302 (2011).

[38] Y. K. Frodason, K. M. Johansen, T. S. Bjørheim, B. G.
Svensson, and A. Alkauskas, Zn vacancy as a polaronic
hole trap in ZnO, Phys. Rev. B 95, 094105 (2017).

[39] S. J. Clark, J. Robertson, S. Lany, and A. Zunger, Intrin-
sic defects in ZnO calculated by screened exchange and
hybrid density functionals, Phys. Rev. B 81, 115311
(2010).

[40] A. Janotti, and C. G. Van De Walle, Native point defects
in ZnO, Phys. Rev. B 76, 165202 (2007).

[41] See supplemental material at http://link.aps.org/supple
mental/10.1103/v3fp-821b for additional discussion, anal-
ysis, and numerical data.

[42] M. D. McCluskey, and S. J. Jokela, Defects in ZnO, J.
Appl. Phys. 106, 071101 (2009).

[43] L. Liu, Z. Mei, A. Tang, A. Azarov, A. Kuznetsov, Q.-K.
Xue, and X. Du, Oxygen vacancies: The origin of n-type
conductivity in ZnO, Phys. Rev. B 93, 235305 (2016).

[44] A. Tsukazaki, H. Yuji, S. Akasaka, K. Tamura,
K. Nakahara, T. Tanabe, H. Takasu, A. Ohtomo,
and M. Kawasaki, High electron mobility exceeding
104 cm2V−1 s−1 in MgxZn1−xO/ZnO single heterostruc-
tures grown by molecular beam epitaxy, Appl. Phys.
Express 1, 055004 (2008).

[45] M. Govoni, and G. Galli, Large scale GW calculations, J.
Chem. Theory Comput. 11, 2680 (2015).

[46] G. Onida, L. Reining, and A. Rubio, Electronic exci-
tations: Density-functional versus many-body Green’s-
function approaches, Rev. Mod. Phys. 74, 601 (2002).

[47] H. Ma, N. Sheng, M. Govoni, and G. Galli, First-
principles studies of strongly correlated states in defect
spin qubits in diamond, Phys. Chem. Chem. Phys. 22,
25522 (2020).

[48] H. Ma, M. Govoni, and G. Galli, Quantum simulations of
materials on near-term quantum computers, npj Comput.
Mater. 6, 1 (2020).

[49] N. Sheng, C. Vorwerk, M. Govoni, and G. Galli, Green’s
function formulation of quantum defect embedding the-
ory, J. Chem. Theory Comput. 18, 3512 (2022).

[50] C. Vorwerk, N. Sheng, M. Govoni, B. Huang, and G.
Galli, Quantum embedding theories to simulate condensed
systems on quantum computers, Nat. Comput. Sci. 2, 424
(2022).

[51] Y. Guo, K. Sivalingam, E. F. Valeev, and F. Neese,
SparseMaps—A systematic infrastructure for reduced-
scaling electronic structure methods. III. Linear-scaling
multireference domain-based pair natural orbital N-
electron valence perturbation theory, J. Chem. Phys. 144,
094111 (2016).

[52] Y. Ma, M. Rohlfing, and A. Gali, Excited states of the neg-
atively charged nitrogen-vacancy color center in diamond,
Phys. Rev. B 81, 041204(R) (2010).

[53] V. Ivády, G. Barcza, G. Thiering, S. Li, H. Hamdi, J.-P.
Chou, Ö. Legeza, and A. Gali, Ab initio theory of the neg-
atively charged boron vacancy qubit in hexagonal boron
nitride, npj Comput. Mater. 6, 1 (2020).

[54] K. Li, V. D. Dergachev, I. D. Dergachev, S. Zhang, S.
A. Varganov, and Y. Ping, Excited-state dynamics and
optically detected magnetic resonance of solid-state spin
defects from first principles, Phys. Rev. B 110, 184302
(2024).

[55] J. R. Reimers, J. Shen, M. Kianinia, C. Bradac, I.
Aharonovich, M. J. Ford, and P. Piecuch, Photolumi-
nescence, photophysics, and photochemistry of the VB−

defect in hexagonal boron nitride, Phys. Rev. B 102,
144105 (2020).

[56] J. J. Markham, Interaction of normal modes with electron
traps, Rev. Mod. Phys. 31, 956 (1959).

[57] J. Walker, Optical absorption and luminescence in dia-
mond, Rep. Prog. Phys. 42, 1605 (1979).

[58] F. Wu, T. J. Smart, J. Xu, and Y. Ping, Carrier recom-
bination mechanism at defects in wide band gap two-
dimensional materials from first principles, Phys. Rev. B
100, 081407(R) (2019).

[59] J. L. Lyons, J. B. Varley, D. Steiauf, A. Janotti, and C. G.
Van de Walle, First-principles characterization of native-
defect-related optical transitions in ZnO, J. Appl. Phys.
122, 035704 (2017).

[60] A. Alkauskas, Q. Yan, and C. G. Van de Walle, First-
principles theory of nonradiative carrier capture via multi-
phonon emission, Phys. Rev. B 90, 075202 (2014).

[61] A. Alkauskas, J. L. Lyons, D. Steiauf, and C. G. Van
De Walle, First-principles calculations of luminescence
spectrum line shapes for defects in semiconductors: The
example of GaN and ZnO, Phys. Rev. Lett. 109, 267401
(2012).

[62] J. L. Lyons, A. Alkauskas, A. Janotti, and C. G. Van De
Walle, Deep donor state of the copper acceptor as a source
of green luminescence in ZnO, Appl. Phys. Lett. 111,
042101 (2017).

[63] Y. K. Frodason, K. M. Johansen, T. S. Bjørheim, B. G.
Svensson, and A. Alkauskas, Zn vacancy-donor impurity
complexes in ZnO, Phys. Rev. B 97, 104109 (2018).

020348-18

https://doi.org/10.1103/PhysRevX.14.041008
https://doi.org/10.1126/sciadv.abm5912
https://doi.org/10.1038/nature10562
https://doi.org/10.1103/PhysRevLett.119.223602
https://doi.org/10.1103/PhysRevMaterials.1.075002
https://doi.org/10.1088/1468-6996/12/3/034302
https://doi.org/10.1103/PhysRevB.95.094105
https://doi.org/10.1103/PhysRevB.81.115311
https://doi.org/10.1103/PhysRevB.76.165202
http://link.aps.org/supplemental/10.1103/v3fp-821b
https://doi.org/10.1063/1.3216464
https://doi.org/10.1103/PhysRevB.93.235305
https://doi.org/10.1143/APEX.1.055004
https://doi.org/10.1021/ct500958p
https://doi.org/10.1103/RevModPhys.74.601
https://doi.org/10.1039/D0CP04585C
https://doi.org/10.1038/s41524-020-00353-z
https://doi.org/10.1021/acs.jctc.2c00240
https://doi.org/10.1038/s43588-022-00279-0
https://doi.org/10.1063/1.4942769
https://doi.org/10.1103/PhysRevB.81.041204
https://doi.org/10.1038/s41524-020-0305-x
https://doi.org/10.1103/PhysRevB.110.184302
https://doi.org/10.1103/PhysRevB.102.144105
https://doi.org/10.1103/RevModPhys.31.956
https://doi.org/10.1088/0034-4885/42/10/001
https://doi.org/10.1103/PhysRevB.100.081407
https://doi.org/10.1063/1.4992128
https://doi.org/10.1103/PhysRevB.90.075202
https://doi.org/10.1103/PhysRevLett.109.267401
https://doi.org/10.1063/1.4995404
https://doi.org/10.1103/PhysRevB.97.104109


DEEP SPIN DEFECTS IN ZINC OXIDE FOR HIGH-FIDELITY. . . PRX QUANTUM 7, 020348 (2026)

[64] A. Alkauskas, B. B. Buckley, D. D. Awschalom, and C.
G. V. de Walle, First-principles theory of the luminescence
lineshape for the triplet transition in diamond NV centres,
New J. Phys. 16, 073026 (2014).

[65] O. Bulancea-Lindvall, J. Davidsson, R. Armiento, and I.
A. Abrikosov, Chlorine vacancy in 4 H-SiC: An NV-like
defect with telecom-wavelength emission, Phys. Rev. B
108, 224106 (2023).
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dłowski, Quantum behavior of hydrogen-vacancy com-
plexes in diamond, Phys. Rev. B 98, 235111 (2018).

[116] K. Czelej, M. R. Lambert, M. E. Turiansky, A. Koshe-
varnikov, S. Mu, and C. G. Van de Walle, Transition-
metal-related quantum emitters in wurtzite AlN and GaN,
ACS Nano 18, 28724 (2024).

[117] A. Gali, M. Fyta, and E. Kaxiras, Ab initio supercell calcu-
lations on nitrogen-vacancy center in diamond: Electronic
structure and hyperfine tensors, Phys. Rev. B 77, 155206
(2008).

[118] L. Shang, Q. Chen, W. Jing, C.-G. Ma, C.-K. Duan, and
J. Du, First-principles study of transition metal dopants as
spin qubits, Phys. Rev. Mater. 6, 086201 (2022).

[119] A. V. Ivanov, Y. L. A. Schmerwitz, G. Levi, and
H. Jónsson, Electronic excitations of the charged
nitrogen-vacancy center in diamond obtained using time-
independent variational density functional calculations,
SciPost Phys. 15, 009 (2023).

[120] M. D. McCluskey, in Semiconductors and Semimet-
als, Defects in Semiconductors, Vol. 91, edited by L.
Romano, V. Privitera, and C. Jagadish (Elsevier, 2015),
pp. 279–313.

[121] H. Seo, A. L. Falk, P. V. Klimov, K. C. Miao, G. Galli,
and D. D. Awschalom, Quantum decoherence dynamics
of divacancy spins in silicon carbide, Nat. Commun. 7,
12935 (2016).

[122] H. Park, J. Lee, S. Han, S. Oh, and H. Seo, Decoher-
ence of nitrogen-vacancy spin ensembles in a nitrogen
electron-nuclear spin bath in diamond, npj Quantum Inf.
8, 1 (2022).

[123] J. Lee, H. Park, and H. Seo, First-principles theory of
extending the spin qubit coherence time in hexagonal
boron nitride, npj 2D Mater. Appl. 6, 1 (2022).

[124] W. Yang, and R.-B. Liu, Quantum many-body theory of
qubit decoherence in a finite-size spin bath, Phys. Rev. B
78, 085315 (2008).

[125] F. Neese, The ORCA program system, Wiley Interdiscip.
Rev. Comput. Mol. Sci. 2, 73 (2012).

[126] F. Neese, F. Wennmohs, U. Becker, and C. Riplinger, The
ORCA quantum chemistry program package, J. Chem.
Phys 152, 224108 (2020).

[127] F. Weigend, and R. Ahlrichs, Balanced basis sets of split
valence, triple zeta valence and quadruple zeta valence
quality for H to Rn: Design and assessment of accuracy,
Phys. Chem. Chem. Phys. 7, 3297 (2005).

[128] M. Reiher, Douglas–Kroll–Hess theory: A relativistic
electrons-only theory for chemistry, Theor. Chem. Acc.
116, 241 (2006).

[129] D. A. Pantazis, X.-Y. Chen, C. R. Landis, and F. Neese,
All-electron scalar relativistic basis sets for third-row tran-
sition metal atoms, J. Chem. Theory Comput. 4, 908
(2008).

[130] J. D. Rolfes, F. Neese, and D. A. Pantazis, All-electron
scalar relativistic basis sets for the elements Rb–Xe, J.
Comput. Chem. 41, 1842 (2020).

[131] F. Neese, Efficient and accurate approximations to the
molecular spin-orbit coupling operator and their use in
molecular g-tensor calculations, J. Chem. Phys. 122,
034107 (2005).

020348-20

https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1103/PhysRevB.49.14251
https://doi.org/10.1002/cvde.19970030508
https://doi.org/10.1107/S0108768188010109
https://doi.org/10.1103/PhysRevB.77.245202
https://doi.org/10.1103/PhysRevB.60.2340
https://doi.org/10.1021/acs.chemmater.1c03222
https://doi.org/10.1063/1.4978238
https://doi.org/10.1103/PhysRevMaterials.1.071001
https://doi.org/10.7567/APEX.11.060101
https://doi.org/10.1088/1361-648X/ab15d0
https://doi.org/10.1088/0953-8984/21/39/395502
https://doi.org/10.1103/PhysRevB.88.085117
https://doi.org/10.1016/j.cpc.2015.05.011
https://doi.org/10.1039/C9TC02214G
https://doi.org/10.1103/PhysRevB.98.235111
https://doi.org/10.1021/acsnano.4c07184
https://doi.org/10.1103/PhysRevB.77.155206
https://doi.org/10.1103/PhysRevMaterials.6.086201
https://doi.org/10.21468/SciPostPhys.15.1.009
https://doi.org/10.1038/ncomms12935
https://doi.org/10.1038/s41534-022-00605-4
https://doi.org/10.1038/s41699-022-00336-2
https://doi.org/10.1103/PhysRevB.78.085315
https://doi.org/10.1002/wcms.81
https://doi.org/10.1063/5.0004608
https://doi.org/10.1039/b508541a
https://doi.org/10.1007/s00214-005-0003-2
https://doi.org/10.1021/ct800047t
https://doi.org/10.1002/jcc.26355
https://doi.org/10.1063/1.1829047


DEEP SPIN DEFECTS IN ZINC OXIDE FOR HIGH-FIDELITY. . . PRX QUANTUM 7, 020348 (2026)

[132] X. Huang, E. Lindgren, and J. R. Chelikowsky, Surface
passivation method for semiconductor nanostructures,
Phys. Rev. B 71, 165328 (2005).

[133] E. Badaeva, Y. Feng, D. R. Gamelin, and X. Li, Investi-
gation of pure and Co2+-doped ZnO quantum dot elec-
tronic structures using the density functional theory:
Choosing the right functional, New J. Phys. 10, 055013
(2008).

[134] Input files, post-processing scripts, and source data for
this paper are available in https://github.com/Ping-Group-
UCSC/ZnO_project_data (2026).

[135] T. J. Boerner, S. Deems, T. R. Furlani, S. L. Knuth, and J.
Towns, in Practice and Experience in Advanced Research
Computing 2023: Computing for the Common Good,
PEARC ’23 (Association for Computing Machinery, New
York, NY, USA, 2023), pp. 173–176.

020348-21

https://doi.org/10.1103/PhysRevB.71.165328
https://doi.org/10.1088/1367-2630/10/5/055013
https://github.com/Ping-Group-UCSC/ZnO_project_data

	I.. INTRODUCTION
	II.. RESULTS
	A.. Defect Formation Energy
	B.. Single-particle defect levels
	C.. ZPL, absorption spectra, and radiative lifetime
	D.. Huang-Rhys factor, nonradiative recombination, and photoluminescence lineshape
	E.. Spin decoherence time
	F.. Spin properties and optical read-out

	III.. DISCUSSION
	IV.. SUMMARY
	V.. COMPUTATIONAL METHODS
	A.. First-principles calculations
	B.. Defect formation energy and charge transition level
	C.. Absorption spectrum and radiative lifetime
	D.. Multideterminant cDFT
	E.. Nonradiative lifetime, photoluminescence, and Huang Rhy's factor
	F.. Decoherence time
	G.. Quantum bath model to compute the spin decoherence
	H.. ZFS and SOC strength

	. ACKNOWLEDGMENTS
	. CODE AVAILABILITY
	. DATA AVAILABILITY
	. REFERENCES


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


