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ABSTRACT

Spin defects in solids offer promising quantum bits (qubits) for quantum applications. However, the precise control of defect centers in
three-dimensional (3D) crystals remains challenging. In contrast, two-dimensional (2D) materials provide a superior platform for both the
controlled creation and precise manipulation of defect qubits. This work employs first-principles calculations to demonstrate that 2D NaCl
exhibits high stability, a wide bandgap, and negligible spin-orbit coupling, making it a potential candidate for qubit host material. Among
the eleven designed defects in 2D NaCl, the Sec;Vn, defect exhibits advantages of spin triplet ground states, spin conservation in optical
transitions, and the excited state energy of the dark state is higher than that of its triplet bright state. However, the critical qubit operation
parameter, the zero-phonon line, remains relatively small. Notably, the zero-field splitting of the Sec;Vn, defect falls within the microwave
range, which is particularly suitable for quantum manipulation. Finally, the hyperfine tensors are calculated to assess the interaction
between electron spin and nuclear spin. This study provides fundamental insights into the design principles of solid-state spin qubits in 2D

materials for quantum technology application.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0250329

I. INTRODUCTION

In recent years, quantum technology, including quantum compu-
tation,’ quantum communication,” and quantum sensing,J"S has
attracted significant attention.” The core of this technology lies in the
quantum bit (qubit), which has been a focal point of research. Various
systems, including cold atomic systems,” superconductivity,”'’
quantum dots,'" and solid-state spin systems,'*™"* have been exten-
sively explored for qubit implementation. In particular, solid-state spin
systems have recognized diamond as a highly successful qubit host
material, primarily due to its millisecond-scale spin coherence time of
the negative charged nitrogen vacancy defect center (NV~)'>'® and
the capability for initialization, manipulation, and readout at room
temperature.” However, NV s optical property is limited, with only
~4% of photons emitted from the zero-phonon lines (ZPLs)." In con-
trast, the negatively charged silicon vacancy defect center (SiV™) in
diamond exhibits higher emission efficiency, with 70% of the fluores-
cence originating from the ZPL,'” making it a promising single-
photon source.”” Beyond diamond, other semiconductor materials
such as silicon carbide (SiC),"*”'~** boron nitride (BN),”* zinc oxide

(Zn0),” beryllium oxide (BeO),** magnesium oxide (MgO), calcium
oxide (Ca0),”” and gallium nitride (GaN)*® have been investigated as
qubit host materials. Despite these efforts, the preparation of defect
centers in three-dimensional (3D) host materials remains a significant
challenge,” as both ion implantation and electron irradiation technol-
ogies can introduce lattice damage and unintended defects. These
preparation-related side effects can lead to electric and magnetic field
noise, thereby compromising spin coherence times and causing spec-
tral diffusion of optical transitions.”’™*

Recent research has explored two-dimensional (2D) qubit host
materials as a promising solution. Researchers have achieved the
precise positioning of defects within 2D materials using advanced
techniques such as scanning tunneling microscopy (STM)*” and
focused ion beam (FIB).”* For example, Cochrane et al. successfully
fabricated carbon-doped defects (Cg) in WS, using STM in 2021.”
Similarly, Glushkov et al. created various defect centers in hexago-
nal boron nitride (h-BN) employing FIB technology.”* In addition
to the ease of defect handling and manipulation, 2D materials also
provide several other distinct advantages. For instance, the surface
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defects in 2D materials exhibit a heightened sensitivity to the sur-
rounding environment than the defects within 3D crystals, making
them highly suitable for high-precision sensing applications.
Moreover, the atomic-scale thickness of 2D materials facilitates
their integration into smaller solid-state devices.””’* It has been
reported that the 2D h-BN has been extensively studied as a host
material of qubits due to its wide bandgap (~6 eV) and rich defect
types.””*® Since Tran et al. first discovered the single-photon emis-
sion from h-BN in 2016, numerous related works have been
reported in succession.’’”** Typically, the negatively charged boron
vacancy defect center (V) has been observed to show an optically
detected magnetic resonance (ODMR) response in the experi-
ment.”” Furthermore, the Vg defect center can be initialized and
readout at room temperature’’ and can be widely applied in the
magnetic field,”" temperature,52 and strain™ sensing. However, the
spin coherence time (T3) of V5 ** (~2.0us) is one order of magni-
tude smaller than that of NV~ (~1.8 ms),"”” which seriously
hinders the application of Vi in quantum information. Therefore,
in addition to some efforts to enhance the T, of V 599 some new
2D materials such as WSe,,”® WS,,” MoS,,”* and MoSe,”’ have
been proposed as qubit host materials.

In recent years, monolayer NaCl has attracted research inter-
est. For example, Luo et al predicted that 2D NaCl possesses a
graphene-like structure with a bandgap of 6.302eV, which is
slightly larger than that of diamond (5.47eV’”) and h-BN
(5.955eV>"), and exhibits excellent thermodynamic, kinetic, and
mechanical stability.”’ Similarly, Thi et al. confirmed the kinetic
and thermodynamic stability of 2D NaCl through phonon spec-
trum analysis and ab initio molecular dynamics (AIMD) simula-
tions.®’ Furthermore, combining theoretical simulations with
experimental methods, Tikhomirova et al. found a monolayer
h-NaCl on the diamond (110) surface.”” As a new 2D monolayer
material, how about it serving as a host material for qubit? In this
work, for the first time, we systematically studied various defects in
2D NaCl crystals using first-principles calculations to evaluate the
potential of 2D NaCl as a qubit host material. This work not only
presents a new potential 2D qubit host material but also contrib-
utes to the development of a qubit platform in 2D solid-state spin
systems.

Il. COMPUTATIONAL DETAILS

The first-principles calculations were performed using the
Vienna Ab initio Simulation Package (VASP)"*** based on density
functional theory (DFT). The projector augmented wave method
(PAW) was employed to describe ion-electron interactions,””*
with a cutoff energy of 320 eV for the primitive cell and 520 eV for
the supercell with various spin defects. The exchange-correlation
energy was described by the Perdew-Burke-Ernzerhof functional
under generalized gradient approximation (GGA-PBE).”” To avoid
interactions between periodically repeating images, a vacuum
region of 20 A was established along the z-direction. A 9x 9 x 1
supercell containing 162 atoms was used to construct defect
models. The convergence criteria for structural optimization were
set to 0.01eV/A for Hellmann-Feynman forces and 10~>eV for
total energies in the primitive cell, 0.02 eV/A and 107" eV for the
supercell, respectively. The Monkhorst-Pack scheme®® was used to
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sample the k-points in the first Brillouin zone, whereas 6 x 6 x 1
and 1x1x1 k-meshes were employed for the primitive cell and
the supercell, respectively. For projected density of states (PDOS)
calculations, gaussian smearing (ISMEAR=0) with a small
SIGMA =0.05 was applied, using 12x12x1 and 1x1x1
k-meshes for the primitive cell and the supercell, respectively. The
Heyd-Scuseria-Ernzerhof (HSE06) hybrid functional®™”’ with a
mixed parameter of 0.25 for the Hartree-Fock exchange term was
utilized in the electronic structure calculations of the primitive cells
and supercells with S¢;Vna, SeciVia, and Teq V. defect centers.
Thermal stability was evaluated through AIMD simulations in the
NVT ensemble, using a 6 x 6 x 1 supercell and a 1 x1x 1 k-mesh,
running for 10 ps with a time step of 2 fs at 300 K. To evaluate the
dynamical stability, phonon dispersion calculations were conducted
using the PHONOPY code”" and the finite displacement method,
where a 8 x8x 1 supercell with a cutoff energy of 400eV was
employed. The ASCF method was used to calculate electronic
excited states.””

lll. RESULTS AND DISCUSSION
A. Structure and stability of 2D NaCl

Monolayer NaCl has a graphene-like structure with a space
group of P6m2 (No.187), as shown in Fig. 1(a). Each Na atom is
coordinated by three Cl atoms, and conversely, each Cl atom is sur-
rounded by three Na atoms. Our results yield a Na-Cl bond length
of 2.620 A and a lattice constant of 4.539 A, which are in agreement
with the previously reported values of 2.619 and 4.536 A, respec-
tively.”’ Figure 1(b) reveals that NaCl is a wide bandgap semicon-
ductor with an indirect bandgap of 6.31 eV calculated at the HSE06
level, consistent with the recently reported theoretical value of
6.32eV.°" Furthermore, it is observed that the energy bands calcu-
lated at the PBE level, both with and without spin-orbital coupling
(SOC), are almost completely overlapped, indicating that SOC has
a small impact on the electronic structure of 2D NaCl. This charac-
teristic satisfies the requirements for NaCl as a qubit host
material.”

The cohesive energy of materials is a critical indicator of their
stability and the feasibility of experimental synthesis. For 2D NaCl,
the cohesive energy is defined as

Exacl — Ena — Eal
Ecoh:%: (1)

where Enaq is the total energy of the 2D NaCl structure, and Ex,
and Ec are the energies of isolated Na and Cl atoms, respectively.
The calculated cohesive energy for 2D NaCl is —2.95 eV/atom,
which is comparable to the theoretical values of 2D MnSe,
(—2.86 €V/atom)’* and VSi,As, (—2.81 eV/atom),”” suggesting that
the 2D monolayer NaCl structure is energetically stable.
Furthermore, we employed AIMD simulations to evaluate the ther-
modynamic stability of 2D NaCl. As shown in Fig. 1(c), the Na-Cl
bonds remain intact during the heating process at 300 K forl0 ps
simulations, which is consistent with the results of Ref. 60. In addi-
tion, the phonon dispersions of 2D NaCl were calculated to
confirm its dynamic stability, as shown in Fig. 1(d). The absence of
imaginary frequencies throughout the Brillouin zone confirms the
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FIG. 1. (a) Top view and side view of
the 2D NaCl structure; (b) energy band
structure calculated at the PBE,
PBE + SOC, and HSE(6 levels; (c)

~

o

~
(=]

| AIMD results; and (d) the phonon

Frequency (THz)

spectrum.

Time (ps)

dynamic stability of 2D NaCl. This also indicates that 2D NaCl can
be experimentally prepared due to its thermal and dynamic
stability.

B. Spin defects in 2D NaCl

In this work, we employ the following criteria to identify spin
defects in 2D NaCl that are suitable for qubit applications:*””” first,
the presence of a spin triplet ground state, akin to the NV~ center
in diamond; second, spin conservation in optical transition for spin
state readout; and third, defect energy levels positioned within the
bandgap, separated from both the conduction band minimum
(CBM) and valence band maximum (VBM) of the host material by
at least 0.5 eV.” Three types of spin defects in 2D NaCl have been
designed and optimized: vacancy defects, including Na vacancy
(Vna)» Cl vacancy (V¢ ), and Na and Cl double vacancy (Vn,Va)s
doping defects, such as the substitution of a Cl atom by O (Oc), S
(Sa), Se (Secr), and Te (Teq); and vacancy-doping defect pairs,
including O¢VNa> SciVNa» SeciVNa> and TeqV,. The configura-
tions of all spin defects are shown in Fig. 2(a).

Figures 2(b)-2(d) show the average PDOS in a 2D NaCl struc-
ture with various types of spin defects. It is clear that the defect
states associated with V¢ and Vy, single vacancy exhibit spin
polarization, whereas the defect states of Vn,V¢ double vacancy
are non-spin-polarized. For Vj, the Fermi level is situated between
the spin up and spin down defect states, indicating that it does not
comply with the spin conservation condition in optical transitions.
For the case of Vy,, the defect state is very close to the VBM of the
host material, which does not satisfy the third criterion to identify
spin defects. Conversely, for the defects Ocj, Sy, Secy, and Tegy, all
exhibit spin-polarized defect states where the Fermi level is posi-
tioned between two spin-down defect states, ensuring spin

conservation in optical transitions and thus satisfying the second
identified criterion for potential qubits. Table S1 in the
supplementary material summarizes the total magnetic moment
and partial orbital occupation of these defects, indicating that these
defect states are spin double ground states due to the single spin-up
electron occupation (S = 1/2), and thus do not meet the first screen-
ing criterion. To achieve a spin triplet state, we changed the charge
states by adding or removing electrons and analyzed their elec-
tronic structures. As shown in Fig. Sl in the supplementary
material, surprisingly, the spin-polarized defect states vanished for
the negatively charged Og, Sg, Seq, and Tey, replaced by
non-spin-polarized singlet states. This can be explained by the fact
that the added electron occupies the empty spin-down defect state
of neutral Og, Sci, Seci, and Teqy, pairing with the single spin-up
electron, leading to fully occupied paired electrons and the disap-
pearance of spin-polarized defect states. On the other hand, the
defect states of the positively charged OF, S&, Se(;, and Te( are
very close to the VBM of the host material, which does not meet
the third criterion to identify spin defects. Consequently, both
vacancy defects and doping defects are no longer considered viable
qubit platforms.

Next, we explore the electronic structures of vacancy-doping
defect pairs in 2D NaCl. As illustrated in Fig. 2(d), similar to the
single vacancy Vy, and positively charged Of, S{, Sef;, and Te,
the defect state of O¢V, is also very close to the VBM of the host
material, and is not suitable for spin defects. In contrast, the defect
states involved in electron transitions for the ScVna, SecVna, and
TeciVna defect pairs are well-separated from the host material’s
electronic states, and remain in the spin conservation state in
optical transitions. It is evident from Table S1 in the
supplementary material that the defect states of SqiVia, SeciVias
and TeqVn, are the spin triplet ground states, due to the
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occupation of two spin-up electrons (S = 1). Furthermore, Table S2
in the supplementary material lists the energies of triplet and
singlet ground states of these three defects along with the energy
difference. It confirms again that the triplet states of these defects
are ground states. These electronic structural features suggest that
the ScVia, SeciVna, and Tec V. defect centers in 2D NaCl are
potential candidates for qubit realization.

Moreover, it is noteworthy that O, S, Se, and Te all belong to
the same main group and possess an equal number of valence elec-
trons. Despite this similarity, the defect state of OV, is unique
among them. This can be attributed to the maximum electronega-
tivity of the O atom compared to the other dopant atoms, resulting
in the strongest interaction between the O atom and its neighbor-
ing Na atoms. To validate this hypothesis, the geometric structures
of OcVNa> ScaiVias SeciVia, and Tecq V. have been examined, as
depicted in Fig. S2 in the supplementary material. Our findings
indicate that the bond lengths between the dopant atoms and their
neighboring Na atoms follow the order do_na (2313 A) <ds n,
(2.898 A) < dse na (3.039 A) < dpe_na (3250 A), which is in line
with the order of electronegativity of the dopant atoms.
Consequently, the nearly linear Na-O-Na local structure contrib-
utes to the unique electronic properties of the OV, defect.

To accurately determine the defect levels, the electronic struc-
tures of the Sc;Va, Seci Ve, and Tecq V. defect centers are calcu-
lated by the HSE06 hybrid functionals. The energy band structures
are depicted in Fig. S3 in the supplementary material. The defect
levels are schematically illustrated in Figs. 3(a), 3(c), and 3(e), while
their corresponding wave functions are shown in Figs. 3(b), 3(d),

and 3(f), respectively. It is to be noted that only the defect levels
within the gap are illustrated, including the four highest occupied
spin-up defect levels, the two highest occupied spin-down defect
levels, and the two lowest unoccupied spin-down defect levels. All
three defect centers, SqiVna, SeciVna, and TeqVy,, belong to the
C,, symmetry group. Employing the C,, point group symmetry, we
identify the irreducible representations of the defect levels. To dif-
ferentiate defect levels sharing the same irreducible representation,
suffixes like b;(1) and b;(2) were appended. As previously dis-
cussed, spin-conserved optical transitions are essential at defect
centers. Upon examining the defect levels of S¢iVna, SeciVia, and
Teq Vo, there are two electronic transition pathways, b;(2) — a;
and b;(2) — by(2), both occurring within the spin-down defect
levels. The transition dipole moments (TDM) for these pathways
are calculated and the results are summarized in Table S3 in the
supplementary material. It is evident that the TDM for the transi-
tion pathway b, (2) — a; is much larger than that for the transition
pathway b1(2) — b,(2), suggesting that the b;(2) — a; transition
is the most likely electronic transition, noted as red arrows in
Figs. 3(a), 3(c), and 3(e), while the b;(2) — by(2) transition is
forbidden. The wave functions further support these findings. For
the Sc;VNa» Seci Ve, and Tec Vi, defects, the wave functions corre-
sponding to the b;(2) and 4, orbitals are primarily confined to the
plane, thereby promoting significant spatial overlap and facilitating
electronic transitions. Conversely, the b,(2) wave function is pre-
dominantly located outside the plane, resulting in a minimal
overlap with the b;(2) wave function and rendering electronic tran-
sitions less probable.
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In addition, the energy gaps between the defect levels and the
CBM of the host material, denoted as AEc, as well as the gaps
between the defect levels and the VBM of the host material,
denoted as AEy, should ideally be at least 0.5 eV. Table I lists AE,
AEy, and AE for optical transitions calculated at the HSE06 level. It
is clear that all AE¢ values exceed 3.0 eV, and the minimum AEy,
value of 0.75 eV surpassing the recommended threshold of 0.5 eV,
indicating that the defect levels are effectively separated from both
the VBM and CBM of the host material.”® Consequently, we
propose that the S¢iVa, SeciVNa, and Teq Vi, defect centers in 2D
NaCl can serve as qubit platforms, and thereby proceed with
further investigation.

The formation energy of defects is a critical parameter that
reflects the likelihood of their generation within the host material,
which can be calculated using the following formulas:”’

Eform [XaVia] = Eiot [Xa Vi | + Ecorr [Xa Vi, ] — Erot [perfect]
= niui+q (Asp 4 ghortect _ AVO/p) )
i
and
AVO/p = V0|far - Vp> (3)
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TABLE I. The energy gaps (eV) of AEc, AEy and AE calculated at the HSE06
level.

Defects AE: AEy AE
Sc1VNa 3.78 0.75 1.53
SeciVNa 3.50 1.00 1.52
TeaVaa 3.05 1.54 1.45

where Eio[XaVi,] and Ecor[XaVi,| are the total energy and
finite-size electrostatic correction energy of 2D NaCl with X¢Vx,
(X =S, Se, and Te) defects in the charge state q and E[perfect] is
the total energy of the perfect 2D NaCl. The electrostatic correction
energy is calculated using the Freysoldt-Neugebauer-van de Walle
(FNV) scheme,”® as implemented in the CoFFEE code.”” n; repre-
sents the number of atoms of species i removed (negative value) or
added (positive value) from the supercell, and u; represents the
chemical potential of species i. Specifically, the chemical potentials
of S, Se, and Te are derived from their respective stable elementary
phase, and fy, + U = Unach Hnacr 1S the total energy of a NaCl
primitive cell. Aer stands for the Fermi level, which varies from 0
to the bandgap of 2D NaCl (631 eV). 5! refers to the VBM of
the perfect 2D NaCl. AVj, represents a potential alignment term,
which is obtained by comparing the electrostatic potentials from a
pristine calculation ng) and far from the defect in a neutral defect
calculation (V()‘far).7

The defect formation energies for SciVna, SeqiVna, and
TecVna in the +1, +2, and 0 charge states have been calculated,
as shown in Fig. 4(a), where the circles represent the positions of
the charge transition levels. For the SV, and Seq 'V, defects, it
is evident that the charge transition levels for 0 and +1 charge
states are situated within the bandgap, whereas for +2 charge
states, they are located in VB and CB, respectively. Specifically, the
charge transition levels £(41|0) and £(0| — 1) for the SV, defect
are 2.51 and 3.44 eV, respectively. Similarly, for the SeqVy, defect,
the charge transition levels £(41]0) and £(0] — 1) are 2.55 and
3.68 eV, respectively. In the case of the TeqVy, defect, the charge

(a) 4 (b) ScVha . SeqVna
S CB +1 0 -1
i 2 g=0 — "_ "_
5 |4 |4
g o T g +H |+ |+

% ——SaVha TeqVna
E -2 SeqVna g=-2 +1 0 -1
2 TeqVna —-—| —— =,
"t 2 4 6 8 =
|+ |+

Fermi Level (eV)

FIG. 4. (a) The defect formation energy of the XqVna (X=S, Se, Te)
defect centers in different charge states, where the slope represents different
charge states; (b) the ground-state electron occupancy in different charge
states.
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transition levels for the +2, 41, and 0 charge states are situated
within the bandgap, only the —2 charge state is located in CB.
Specifically, the charge transition levels £(42|+1), &(+1|0), and
£(0|]—1) are 0.81, 1.76, and 4.05 eV, respectively. Clearly, in the
range of the Fermi level of 0-6.31 eV, S¢Vn, and SeqVy, in the
+2 charge state and TeqVy, in the —2 charge state are unstable.
Furthermore, the defect formation energies of the neutral SciVxa
and SeqVn, defects are 2.68 and 2.80 ¢V, respectively, both of
which are lower than the 3.15eV of the TeqVy, defect. This sug-
gests that the S¢Vn, and SeqVn, defects are more likely to be
formed than the TeqVy, defect. To assess the stability of vacancy-
doping defect pairs, the binding energy of the defect pair was calcu-
lated by™

Eb (XCIVNa) = Eform (XCI) + Eform (VNa) - Eform (XCIVNa)a (4)

where Eform(VNa)> Eform (Xa1), and Egorm (Xc1VNa) are the formation
energies of Vy,, Xg (X=S, Se, Te), and the vacancy-doping defect
pair Xc1Vna, respectively. A positive E, (X V,) indicates that the
defect pair is thermodynamically favorable. The binding energies
are 1.22, 1.53, and 1.20 eV for the defect pairs Sc;VNa, SeciVna, and
Tec Vi, respectively, indicating that these defect pairs are thermo-
dynamically stable. Furthermore, charge regulation alters the
ground-state electron occupancy, thereby affecting the spin multi-
plicities of the defects. As illustrated in Fig. 4(b), the electron occu-
pancy for the three defects is depicted across various charge states.
It is evident that in both the neutral and —1 charge states, all three
defects exhibit the same electron occupancy. The neutral charge
states correspond to a spin triplet (S=1), while the —1 charge
states correspond to a spin doublet (S=1/2). However, in the +1
charge states, the S¢Vna and SeqVn, defects exhibit a spin
doublet (S = 1/2), whereas the TecVn, defect shows a spin quadru-
plet (§=3/2).

C. Zero-phonon lines, zero-field splitting, and
hyperfine tensor

As aforementioned, the b;(2) — b,(2) optical transition is
forbidden (dark state), while the b;(2) — a; optical transition is
allowable (bright state). We know that if the dark state’s level lies
below that of the bright one, then no emission is likely because
phonons can quickly cool the system to the lowest energy excited
state. To evaluate whether the ScVna, SeciVia, and TeqVina
defects can emit light, the excited state energies of these three
defects for two transition pathways, b;(2) — a; and b;(2) — b,(2),
have been calculated. As detailed in Table II, the excited state
energy of the dark state for the Se;Vn, defect is higher than that
of its triplet bright state. In contrast, the excited state energies of

TABLE II. The relative excited state energies (unit in eV) for the two transition path-
ways b1(2) — a; and b(2) — by(2) calculated at the HSEQ6 level.

Transition pathway ScaiVNa SeciVNa TeciVna
b(2) = a, 0.06 —0.05 0.03
b,(2) = by(2) 0.00 0.00 0.00
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the dark states for the SgVna and Teq Vi, defects are lower than
their respective triplet bright state. This indicates that only the
SeciVNa defect is possible to emit, while the SqVn, and Teq Vi,
defects are likely non-emissive. Therefore, we will only consider the
Sec1Vna defect in the next study.

In the context of qubit operations, the ZPL plays a crucial role
in both initialization and identification. Consequently, the opera-
tion parameter of the ZPL has been examined in the following. It is
important to note that the absorption or emission of a photon not
only changes the electronic wave function but also alters the atomic
structure of defects, leading to distinct potential energy surfaces
between the ground and excited states.”” Consequently, it is essen-
tial to calculate the configuration coordinate of the defect centers.
The schematic of the configuration coordinate is shown in Fig. 5,
where the green and blue lines represent the vertical absorption
and vertical emission transitions, respectively, and the orange line
indicates the ZPL. The energy of the vertical absorption transition
is determined by calculating the energy difference between the
ground state and the excited state at the ground state structure.
Similarly, the energy of the vertical emission transition is obtained
by calculating the energy difference between the ground state and
the excited state at the excited state structure. The energy difference
between the lowest potential energy surfaces of the ground and
excited states defines the ZPL, as listed in Table S4 in the
supplementary material. It shows that the ZPL value for the
SeciVna defect is only 0.21 eV, which is significantly lower than
the 1.61 eV of CgVx™® and the 1.60 eV of Vy in h-BN.*!

Since the Huang—Rhys (HR) factor quantifies the number of
phonons emitted during the transition, next, the HR factor has
been evaluated. According to the one-dimensional configuration
coordinate diagram (1D-CCD) method, the HR factor (S) is
obtained as”

Ag

S:E,

(©)

where A, is the reorganization energy in the ground state and Q is
the effective vibrational frequency. Our calculated value of S is

ES

Absorption

GS

Energy (eV)

Configuration coordinate

FIG. 5. The configuration coordinate diagram, where AS and AAS denote the
Stokes and anti-Stokes shifts, respectively.
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10.40 for the SeqVy, defect, indicating that there are many effec-
tive phonons that participated in the optical transition.

In addition, the Debye-Waller factor (DW) is calculated by
the formula®

DW = ¢ 5. (6)

According to the definition of DW, the larger the S, the
smaller the DW. Our calculated value of DW is 3.03 x 107> for the
Sec1Vna defect. Therefore, the Debye-Waller factor is rather small,
indicating that non-radiative decay will be highly competitive with
radiative decay during the transition.

Zero-field splitting (ZFS) is another crucial operation parame-
ter in qubit manipulation, representing the energy splitting arising
from the electron spin-spin dipole interaction between spin sublev-
els in the absence of an external magnetic field. It can be calculated
using the following formula:*

226G v

where 1, is the magnetic permeability of vacuum, g is the electron’s

m>

Landé factor, § is the Bohr magneton, s; and s, are the spin

angular momentum operators of the two electrons, and 7 is the
displacement vector between the two electrons. Furthermore, the

~
~

total spin angular momentum operator, S = . s;, can be intro-

duced to separate the spatial and spin dependence, allowing
formula (7) to be rewritten in a more explicit form
=
Hy =S DS = DuS; + Dy,S; + D..S;
S(S+1 E($% + &
:D<s§— ( : )>+ ( +2 ‘), (8)

where D is the ZFS tensor, which accounts for the energy splitting
between the spin sublevels of the ground state and the excited state.
For the SeqVn, defect center, the ZFS parameter D, calculated
using the expression D =3D,,, yields a value of 7.94 GHz. This

TABLE lll. The hyperfine tensors of the Seg |V, defect calculated at the PBE level,
and the atomic numbers in the table correspond to those depicted in Fig. 6(b).

Hyperfine tensors

Nuclear spins and (MHz)

Defects  natural abundance Atoms A, Ay A,,
SecVna  7/Se (I=1/2, 7.63%) Se 195.39 70.87 —453.05
3Cl (I=3/2,75.77%) Cl;,Cl, —-586 036  24.28
BNa (I=3/2,100%) Naj, Na, 0.88 0.61 3.74
Nas, Nay 1.32  1.25 2.25
Nas, Nag —0.19  0.04 0.42
Cl;, Cl; —0.15 —0.09 0.91
Cl;, Cly  —0.19 011 —021
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represents a substantial enhancement compared to the 2.88 GHz
ZFS value, characteristic of the NV~ center in diamond.* It is
notable that this ZFS value falls within the microwave frequency
range, facilitating high-temperature spin readout.”” For a detailed
overview of the diagonalization elements D,y, D,,, and D, of the
ZFS tensor, refer to Table S5 in the supplementary material. It
should be noted that the presence of heavy atom Se in the system
could significantly change the final calculated value due to the SOC
effect.”’

On the other hand, hyperfine coupling represents the interac-
tion between the electron spin and the nuclear spin, which can be
defined as follows:

Hiyp =Y SidyI}, )
i

where S and T are the electron spin angular momentum operator
and the nuclear spin angular momentum operator, respectively,
that play crucial roles in the description of hyperfine interactions.
The hyperfine tensor, A;;, which characterizes these interactions, is
composed of two primary components: the isotropic Fermi contact
term and the anisotropic dipolar term. This hyperfine tensor is
expressed as

2 O . ~ =y =
A,'j :—%JET(V)[)S(V +R[)d r

38,
”_OMJp‘(r +RI) 3rit; — y1° ir (10)
4 S, r3 r2 ’

where y, and y; represent the electron and nuclear gyromagnetic
ratio, respectively, of the nuclear at R;. S, denotes the expectation
value of the z-component of the total electronic spin. p, represents

the spin density, and 8t (7) is a smearing function.”* The hyper-

fine coupling results in spectral splitting in electron paramagnetic
resonance (EPR), ODMR, and electron-nuclear double-resonance
(ENDOR).”®
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FIG. 6. Spin density of SeqVna (a)
v and schematic diagram of the defect
" center (b). Yellow and green spheres
1 denote Na and Cl atoms, respectively.
Cyan and orange denote positive and

negative spin densities, respectively.
The isosurface value is 5 x 10~ e/A%.

Table IIT lists the hyperfine interaction tensors (A, A,,, and
A,;) for both the 12 nearest atoms surrounding the defect centers
[Na;_¢ and Cl;_g, as illustrated in Fig. 6(b)] and the dopant atom.
A distinct correlation is observed between the spatial proximity of
atoms to the defect center and the magnitude of their hyperfine
tensors: atoms in closer proximity to the SecVn, defect center
exhibit significantly larger hyperfine tensors. This spatial depen-
dence is further evidenced by the spin density distribution pre-
sented in Fig. 6(a), which demonstrates a pronounced localization
of spin-polarized charge density at the defect center, with an expo-
nential decay profile as a function of distance from the center. The
values of these hyperfine tensors can be compared with the hyper-
fine structure measured in EPR spectra, allowing identification of
the atom position at the defect center.*”

IV. CONCLUSION

In summary, we have designed a monolayer graphene-like 2D
NaCl with a wide bandgap of 6.31 eV and negligible SOC effect as
a host material for spin qubits. The stability of 2D NaCl is sup-
ported by cohesive energy, AIMD results, and phonon spectrum
analysis. The designed defect center Sec;Vy, in 2D NaCl has spin
triplet ground states, spin conservation in optical transitions, large
AEc and AEy, and the excited state energy of the dark state is
higher than that of its triplet bright state. However, the computed
values of the ZPL, HR factor, and DW factor are 0.21 eV, 10.40,
and 3.03 x 10>, respectively. These values indicate that if there are
many effective phonons that participated in the optical transition,
then non-radiative decay will be highly competitive with radiative
decay during the transition. Notably, the zero-field splitting of the
SeciVna defect falls within the microwave range, which is particu-
larly suitable for quantum manipulation. Finally, the hyperfine
tenors have been calculated to evaluate the interaction between the
electron spin and the nuclear spin. In brief, we have performed sys-
tematic computational investigations to identify the potential qubit
candidates in 2D NaCl. Although the current results do not reveal
optimal qubit characteristics, this study provides fundamental
insights into the design principles of solid-state spin qubits in 2D
materials for quantum technology applications. Our work estab-
lishes an initial framework for exploring spin qubits in 2D NaCl,
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and we anticipate that future theoretical and experimental investi-
gations may identify promising qubit candidates within this mate-
rial system.

SUPPLEMENTARY MATERIAL

See supplementary material for the total magnetic moment
(up) and partial orbital occupancy information of the considered
defects; projected densities of states (PDOS) for various charged
defect states; the total energies of triplet and singlet states of the
Sc1VNa> SeciVa, and Teq Vi, defects along with the energy differ-
ence; the structure of the optimized vacancy-doping defect pairs;
electronic structures of the SciVya, SecVna, and Teq Vi, defects;
transition dipole moments of the ScVna, SeciVia, and TeqVna
defects (unit in Debye); vertical absorption energy (E,), vertical
excitation energy (E), Stokes shift (AS), anti-Stokes shift (AAS),
and zero-phonon line (ZPL) of the SeqVn, defect; the zero-field
splitting (ZFS) data of Sec;V, after diagonalization (unit in MHz).
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