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ABSTRACT

Defect centers in diamond have attracted considerable attention for the development of emerging quantum technologies, for example,
quantum sensors and spin qubits. Nitrogen vacancy (NV) is the most well-studied and utilized defect; however, its relatively high zero
phonon line (ZPL) is responsible for optical losses and limiting efficiency. Here, we focus on the halogen doping in diamond, employing
the strongly constrained and appropriately normed meta-generalized gradient approximation functional to investigate the thermodynamic
and electronic properties of these defects. We analyzed all stable charge states at their lowest energy spin state and identified qubit candi-
dates with paramagnetic ground states and optically addressable transitions, suitable for quantum applications. We focus on the fluorine
substitutional defect at negative charge (FC

−1), which we found as a promising spin-defect that has not been extensively investigated before.
We predict that it has a triplet ground state and a ZPL much lower compared to the NV center that falls into the desired telecommunication
range. To describe its qubit operation protocol, we calculate the zero-field splitting and the hyperfine tensors. The present findings suggest
that Fc has very promising properties and could be a viable alternative to traditional qubits in diamond.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0279139

I. INTRODUCTION

In essence, quantum technologies rely on encoded quantum
bits (qubits) that enable applications in computing, communication,
and sensing. In that respect, spin dependent color centers in semi-
conductors are promising candidates for solid-state qubits.1–3 Defect
centers can operate as single-photon sources or spin-photon inter-
faces possessing a spin degree of freedom. This, in turn, can enable
the generation and distribution of entangled photons in quantum
networks and is important for quantum information science.4,5 To
be plausible as qubits, defects need to have strong transition dipole
moments, long spin coherence times, minimal losses in the phonon
sideband of photoluminescence, high optical coherence, and a suit-
able zero phonon line (ZPL) in the telecom range.6

The archetypal defect in diamond is the nitrogen-vacancy
(NV) center as it is an extensively investigated spin defect for
quantum applications.7–9 The NV center allows optical initializa-
tion, readout, and coherent spin manipulation, and this constitutes
it a good candidate for spin-based quantum technologies and has
been experimentally demonstrated as a qubit.7–11 However, the reli-
ance on defect centers as qubits is plagued by the uncontrolled
defect diffusion and formation during fabrication given that chemi-
cal vapor deposition (CVD) and high-energy ion implantation
cannot accurately control defects.12,13 Over the years, many other
structures have been proposed for quantum technologies and, in
the recent years, 2D materials have also been examined as alterna-
tive hosts to diamond due to the low dimensional nuclear spin
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baths, absence of dangling bonds at the surface, and compatibility
with advanced fabrication techniques for large scale
production.14–16 Regardless of the above-mentioned drawbacks,
diamond is still being investigated theoretically and experimentally
with alternative defect strategies. Thiering and Gali17 investigated
the substitutional nickel defect (Nis) in diamond, a defect that
exhibits Td symmetry and paramagnetic ground state at the neutral
charge. In this work, the authors analyzed the effect of spin–orbit
coupling (SOC) and Jahn–Teller effects and investigated the optical
transitions coming from the transition metal. In another recent
paper, Davidsson et al.18 presented a high-throughput screening of
point defects in diamond and identified sodium-related defects as
especially promising for quantum applications due to their high-
spin states, near infrared ZPLs, and strong Debye–Waller factors. A
related Na–V center defect hosts a rare spin-2 ground state, which
could also be used for encoding quantum information. As such, the
examination of alternative defects and their extensive theoretical
investigation is crucial.

Halogen doping in group IV elements has been investigated in
the community as a way to control diffusion and enhance electrical
activation. In particular, fluorine (F) doping retards n-type dopant
diffusion and increases the donor electrical activation in highly
doped n-type doped germanium (Ge).19,20 In silicon (Si) and
silicon germanium (Si1−xGex), F reduces the transient enhanced
diffusion (TED) of boron (B) while enhancing its electrical activa-
tion.21,22 Considering diamond, halogen dopants have been previ-
ously studied in the bulk and surface, aiming to improve its
electrical and optical properties.23–31 For example, in the DFT
study by Yan et al.,23 the electronic properties of diamond doped
with halogen (F, Cl, Br, and I) atoms were considered and con-
cluded that F acts as an acceptor, but Cl, Br, and I constitute donor
behavior. Ditalia Tchernij et al.31experimentally investigated F
based color centers in diamond and determined optical activity
from the F-vacancy defect highlighting their potential importance
for quantum sensing and quantum computation. While this study
was very interesting, an extensive theoretical investigation of the
potential of F or other halogens has not still been performed.

In a previous work, Weber et al.32 proposed a set of rules for
the ideal quantum defect host and these are commonly applied for
DFT investigations of defect based qubits. Specifically, in this work,
the authors postulated that the host crystal should have a wide
bandgap, small spin–orbit coupling strength, paramagnetic accessi-
ble states, and at least two bound states, which are separated from
each other, in order to avoid thermal excitation. However, there are
also proposed quantum host systems that have been investigated
that do not obey all these rules.33–36 The room-temperature (295 K)
operation of defect-based qubits and single-photon emitters also
requires the emitter to have charge-state stability (i.e., both the
ground and excited states should be sufficiently deep within the
bandgap avoiding electron exchange with the host’s bulk bands).
Spin-state stability is important to avoid non-emissive dark states
caused by uncontrolled spin dynamics, and therefore small spin–
orbit coupling (SOC) is required.32 Paramagnetic states facilitate
the magnetic resonance-based spin control and readout, and the
robust initialization protocols through optical or spin-selective tran-
sitions in solid-state defect qubits.37 Importantly, spin sublevels can
be individually addressed and manipulated and this is the key for

quantum sensing, memory, and entanglement protocols. The deter-
mining parameter is the zero-field splitting (ZFS) that lifts the
degeneracy of spin sublevels even without an external magnetic
field, and this enables coherent spin manipulation at fixed micro-
wave frequencies.37 Furthermore, the hyperfine interaction couples
the electron spin to nearby nuclear spins and this provides a way
for long-lived quantum memory and multi-qubit registers.38 The
ZFS and hyperfine constants define the spin Hamiltonian govern-
ing the fidelity and resolution of spin initialization, control, and
readout.

Based on recent advances in both experimental and theoretical
observations, this work focuses on the extensive simulation of halogen
substitutionals in diamond, which we demonstrate to be promising
candidates for scalable quantum technologies. We calculate the forma-
tion energies along with the electronic and magnetic properties. We
find that the introduction of FC and paramagnetic ground state
enables efficient spin-photon interfaces suitable for quantum applica-
tions, and we also calculate the radiation lifetime for the spin allowed
transition. Furthermore, we find an accessible low-spin singlet state
which is located between the ground and the excited triplet, enabling
the intersystem crossing pathway similar to the NV-center in
diamond. Finally, for FC, we calculate the ZFS and the hyperfine
interaction, and we discuss the potential qubit operation protocol.

II. METHODOLOGY

A. Computational details

The DFT calculations were performed using the Vienna Ab
initio Simulation Package (VASP).39–41 All calculations were per-
formed using spin polarized DFT with the projector augmented
wave (PAW) pseudopotentials.41,42 In our calculations, the explic-
itly treated valence electrons for carbon were 2s2 2p2, and for halo-
gens (F, Cl, Br, and I), the explicitly treated valence electrons were
2s2 2p5 (F), 3s2 3p5 (Cl), 4s2 4p5 (Br), and 5s2 5p5 (I), respectively,
as described by the PAW pseudopotentials. We employed the
strongly constrained and appropriately normed (SCAN) meta-gen-
eralized gradient approximation (meta-GGA) functional.43 The
plane wave cutoff energy was 850 eV in conjunction with a
4 × 4 × 4 k-point set. Total energies converged using the rule of
1 meV/atom for the self-consistent field (SCF) loop while the resid-
ual forces were less than 0.01 eV/Å. To negate the interaction of the
defect with its image due to periodic boundary conditions, we used
a supercell consisting of 216 atoms with 10.66 Å in each direction.
For the identification of the correct ground state of the defect struc-
tures, we employed the ShakeNBreak method. The efficacy of the
present methodology has been demonstrated in previous studies on
related issues on a number of systems.43,44

B. Defect calculations

The formation energy of the halogen dopant in diamond
defects is defined as the energy difference between the doped
system and the components in their reference state. For a defect D
at a charge state q, the formation energy is defined as

ΔHD;q(Ef ; μ) ¼ [ED;q � EH]�
X

niμi þ qEf þ Ecorr; (1)
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where ED,q is the total energy of the supercell containing defect D
at charge state q and EH is the energy of the defect-free supercell of
diamond. ni is the number of atoms of type i that are added
(ni . 0) or removed (ni , 0) with chemical potentials μi, and Ef is
the Fermi level relative to the valence band maximum (VBM)
eigenvalue energy (serves as a free parameter). Ecorr is the term that
includes the charge image and potential alignment corrections.45

The chemical potentials μi are variables, which account
for the experimental synthesis conditions. In this work, μC is ref-
erenced to the total energy of a single C atom in the bulk
diamond crystal, while the chemical potentials of halogens are
calculated with respect to the gas molecules. Specifically, we used
a wide box of 10 Å and placed the gas molecules in the center.
After performing geometry optimization, we found the energy of
the molecule and then divided the energy by the number of atoms
to find the chemical potential of the atom. The calculation of
chemical potentials was done following the doped software
workflow.46

The defect charge transition levels (CTLs) between two charges
q and q0 are computed using the formation energies as follows:

ε(q=q0) ¼ Ef (D; q; EF ¼ 0)� Ef D; q0; EF ¼ 0ð Þ
q0 � q

; (2)

where Ef (D, q; EF ¼ 0) and Ef (D, q0; EF ¼ 0) represent the forma-
tion energies of the defect in charge states q and q0, respectively, evalu-
ated at the VBM (i.e., for EF ¼ 0). To determine these levels,
formation energies of the defects at different charge states were calcu-
lated, and the CTLs were identified as the values of the Fermi level at
which two different charged defect states have equal formation
energies.

C. Optical excitations and radiation lifetime

To investigate the electronic and optical excitations, we per-
formed constrained Density Functional Theory (cDFT), also called
the Delta-SCF (Δ-SCF) approach. This method enables control
over the occupation of defect localized electronic states, facilitating
the simulation of the excited state geometry. In cDFT, the excited
state energy of a point defect is obtained by promoting an electron
from the last occupied level to the first unoccupied, within the
bandgap. The new occupation of the selected orbitals is kept fixed
during the self-consistent Kohn–Sham calculations, while allowing
the atomic structure to relax. The energy difference between the
ground state and the relaxed excited state represents the ZPL
energy. This method has shown great results compared to experi-
ments for various qubit hosts, such as NV centers9 in diamond and
VB
−1 in hBN.47

After calculating the ZPL, we can calculate the radiation life-
time of the spin allowed excitation. The radiation lifetime can be
estimated using the Wigner–Weisskopf theory, utilizing the wave-
function of the ground state and the wavefunction of the relaxed
excited state. To process the wavefunction data, we used a modified
version of the PyVaspwfc code.48 The excitation lifetime was then

estimated as49

1
τ
¼ nr(2π)

3v3jμj2
3ε0hc3

; (3)

where τ is the excitation lifetime, nr is the refractive index, and ϵ0
is the vacuum permittivity. h and c represent the Planck constant
and the speed of light in a vacuum, respectively. μ represents the
transition dipole moment, which is calculated as

μk ¼
iℏ

(ϵ f ;k � ϵi;k)m
ψ f ;kjpjψ i;k

D E
; (4)

where ϵi,kand ϵ f ,k represent the eigenvalues of the initial and final
states, m is the electron mass, ψ i,k and ψ f ,k are the initial and final
wavefunctions, and p is the momentum operator.

D. Zero-field splitting and hyperfine tensors

We further calculate the ZFS parameters for potential halogen
qubit candidates with triplet ground states, using ab initio calcula-
tions. ZFS refers to the energy separation between the magnetic
sublevels in systems with paramagnetic spin, caused by the spin–
orbit or spin–spin interaction. For halogen doped diamond, the
spin–orbit interactions are negligible and, as a result, we present
the values for dipolar spin–spin only. The contributions were cal-
culated as discussed in Refs. 50–52 yielding the axial (D) and
rhombic (E) components that define the total ZFS tensor. The ZFS
is a very important parameter of the operation of quantum sensors
using the optically detected magnetic resonance (ODMR)
technique.53

The hyperfine tensor represents the interaction between an
electron spin S and a nuclear spin J and is given by

Aij ¼ 1
2S

γJγeℏ
2 8π

3

ð
δ(r � RJ)σ(r)dr þWij(RJ)

� �
; (5)

where the first term in the square brackets represents the
Fermi-contact isotropic term and

Wij(R) ¼
ð

3(r � R)i(r � R)j
jr � Rj5 � δij

jr � Rj3
� �

σ(r)dr (6)

is the dipole–dipole anistotropic contribution. γJ , γe is the nuclear
magneton of nucleus J and the electron Bohr magneton, respec-
tively, while σ(r) describes the electron spin density. After diago-
nalization, the three main values are labeled as Axx, Ayy, and Azz.
The calculations of the hyperfine interaction and the Fermi contact
are implemented in VASP.54

III. RESULTS AND DISCUSSION

A. Thermodynamical properties

Bulk diamond has a cubic structure and belongs to the Fd3m
space group.55 Using SCAN, we calculated the optimized lattice
parameters at a = b = c = 3.55 Å, which is in good agreement with
the experimental values of 3.57 Å.56 The bandgap value is
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calculated at 4.54 eV, which is underestimated compared to the
experimental value of 5.5 eV, but improved compared to the local
density approximation (LDA) or PBE calculations (4.2 eV).9 As it
was shown in previous studies,44,57 while meta-GGA tends to
underestimate the bandgap, this does not affect the calculation of
the zero phonon line; thus, it is a good alternative to the highly
computationally cost HSE06 functional.

To identify the stable charge states of the halogen defects, we
use the formation energy diagrams and their calculation is
explained in the methodology section. For these diagrams, we iden-
tify the correct spin multiplicity of the defect that represents the
correct ground state. This investigation is very crucial because the
paramagnetic ground states are the ones to encode quantum infor-
mation. Figures 1(a)–1(d) display the formation energies for substi-
tutional halogen defects in diamond, calculated using the SCAN
functional. The equation for plotting these graphs is discussed in
the methodology section. We tested the formation energies for

charges ranging from −2 to 2 as a function of the Fermi level, and
for all halogens, we found that −1, 0, and +1 are stable. The vertical
spans of the Fermi level range from the valence band maximum to
the conduction band minimum. As we can see from Fig. 1, FC

0 has
the lowest formation energy equal to 6.49 eV, while the transition ε
(+1/0) is happening at 0.64 eV and ε(0/−1) at 3.10 eV. As we move
to the substitution with heavier elements, such as Cl, Br, and I, the
formation energy of the neutral charge increases. For instance, ClC

0

exhibits overall high formation energy equal to 14.83 eV, while Brc
0

and Ic
0 have formation energies of 18.78 and 24.58 eV, respectively.

These extremely high formation energies across all halogen substi-
tutes indicate that under thermodynamic equilibrium, halogen sub-
stitutional defects are unlikely to form in significant concentrations
in bulk diamond. Thus, intentional doping with non-equilibrium
techniques such as ion implantation or plasma-enhanced growth
methods will be necessary to introduce and stabilize these quantum
related centers.

FIG. 1. The formation energy diagrams using the SCAN functional for (a) FC, (b) ClC, (c) BrC, and (d) IC.
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The charge transition levels (CTLs) of halogen substitutional
defects in diamond are illustrated in Fig. 2. The CTLs represent the
energies where a charge transition is taking place and they are
directly computed by the crossing points of Fig. 1. These defects
exhibit multiple charge states within the bandgap, confirming their
electrically active nature and possible charge transitions. As
reported before, the fluorine substitutional defect (FC) exhibits
CTLs at 0.64 eV [ε(+1/0)] and 3.10 eV [ε(0/−1)] above the valence
band maximum (VBM), indicating a relatively deep donor–accep-
tor behavior. As we progress to heavier halogens, Cl, Br, and I, the
transition levels shift higher within the bandgap. For instance, ClC
has ε(+1/0) and ε(0/−1) located at 2.08 and 3.70 eV, respectively,
while BrC and IC display transition levels at even higher energies,
with IC reaching up to 4.10 eV above the VBM.

These deep levels suggest that halogen defects in diamond are
deep acceptors and donors. Their significant energetic distance
from the VBM implies limited ionization at room temperature
(295 K) and minimal contribution to free carrier concentrations
under equilibrium conditions. Such behavior is typical of deep-level
centers and aligns well with their potential use in quantum applica-
tions where charge state stability and optical activity are desired.

In Table I, we present the spin multiplicity of each defect. To
find the correct spin multiplicity of the ground state of the defect,
we examine the possible high- and low-spin configurations and we
keep the ground state as the minimum energy. We predict that
halogen doping provides a number of paramagnetic ground states,
namely, in −1 charge, all defects exhibit a triplet ground state. As
it was explained in methodology, the scope of this work is to
identify the transition from the paramagnetic ground state to the
paramagnetic excited state, meaning that for this work, singlet to

singlet and doublet to doublet transitions are not examined. In
Figs. 3(a)–3(l), we have collected the ground state of all halogen
structures with respect to their bonding with the nearest C neigh-
bors, while in Figs. 4(a)–4(d), the charge density of the halogen
atoms and the nearest carbons are shown.

B. Electronic properties

After examining the thermodynamical stability and the spin
state of the halogen defects in diamond, in this section, we discuss
the electronic structure of those that could potentially be used as
qubits. For the choice of the qubit defects, we follow the criteria of
(a) paramagnetic ground state, (b) transition between occupied to
unoccupied energy levels, and (c) stable low-spin state, which is
located between the ground and excited states to provide an accessi-
ble intersystem crossing pathway. From our analysis, we found that
the criteria for qubit spin defects are only met in the case of FC

−1.
The other halogens had either a diamagnetic ground state or they
did not have available intersystem crossing pathways between the
ground state and the excited state of the same spin configuration.
Specifically, for all other defects, either they did not have two dis-
crete states in the bandgap or states that could be accessed through
intersystem crossing. For Fc−1, we now investigate and present in
Fig. 5(a) the electronic structure, through the Kohn–Sham energy
levels at the gamma point, as they were computed directly from the
ground state calculations. As it is seen, states are created by signifi-
cant contributions from the p-orbital of fluorine. We observe dis-
tinct peaks within the bandgap which are well separated from one
another. Notably, these features arise from the localized fluorine-
derived states that hybridize with the carbon p-orbitals. The
spin-up channel shows multiple occupied peaks created by the
fluorine p-states.

In the spin-down channel, a single occupied state is present
within the gap, while a degenerate state is unoccupied at higher
energies. As the symmetry of the defect in the diamond host is C3v,
we used the respected group theory name for the states with “e,”
implying the degenerate state. The excitation at the spin-down
channel resembles the NV−1 center a lot, with the degeneracy
shifted close to the conduction band and is performed from the a1
state to ex,y.

As it was described by Weber et al.,32,58 photoluminescence is
the main optical property to manipulate the encoded qubit. One of
the most important optical properties that describe the light–qubit
interaction is the zero phonon line, which is sketched in Fig. 5(b),
following the Franck–Condon approximation.59,60 We calculate the

TABLE I. The defect energies and multiplicity of intrinsic defects for each charge
state. Spin-multiplicity is presented as S for singlet, D for doublet, T for triplet, and
Q for quartet.

Defect Charge state Spin multiplicity

FC −1 0 +1 T D S
ClC −1 0 +1 T Q T
BrC −1 0 +1 T Q S
IC −1 0 +1 T D SFIG. 2. The charge transition levels of all substitutional halogen impurities.
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ZPL following the processes of Fig. 5(b) by using the Δ-SCF
approach which is implemented in VASP and is proved to predict
the energies in accordance to the experimental values.44,61

Specifically, the curves include four states, A, B, C, and D. State A
is the ground state of the system, while state B is the energy of the
fixed ground state geometry when placing the spin-down a1

electron to ex,y. Geometry relaxation of the excited structure results
in state C, and then fixing the relaxed geometry of state C and
removing the excitation lead to state D. The energy difference of
A–B and C–D are the absorption and emission, respectively. For
the ZPL calculation, we used the SCAN functional which has
shown excellent performance in the investigation of the NV center

FIG. 3. The ground state geometry for (a) FC
−1, (b) FC

0 , (c) FC
+1, (d) ClC

−1, (e) ClC
0 , ( f ) ClC

+1, (g) BrC
−1, (h) BrC

0 , (i) BrC
+1, ( j) IC

−1, (k) IC
0 , and (l) IC

+1.
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and its related defects.57 Our calculated ZPL is equal to 1.26 eV for
the spin-down transition which is an attractive value for quantum
applications. This value is much smaller compared to that of the
NV center in diamond which is equal to 1.95 eV62 but still is not in
the telecommunication window. However, due to this low value,
expect that fluorine doping in diamond can experience less optical
loss during the transfer of the qubit to form a quantum network.

C. Spin qubit operation

We now explain the fluorine substitutional defect in diamond
as a potential spin qubit. As shown in Fig. 6, this defect hosts a
triplet ground state (3A) and a triplet excited state (3E) with an
optical zero phonon line at 1.26 eV. We calculate the radiation life-
time for this transition to be 18.40 ns which is longer compared to

the reported value for the NV center, which is 4.4 ns.63

Furthermore, we compute the zero-field splitting of the spin-spin
interaction between the ms = 0 and ms = ±1 sublevels in the triplet
ground state at |D| = 4.83 GHz, placing it within an experimentally
accessible regime for coherent spin manipulation. The quantum
information is encoded at ms = 0 and ms = ± 1 as j0i and j1i qubit
states. The qubit initialization cycle follows a well described proce-
dure.34 Specifically, upon illumination, the system is excited to the
triplet state from which it can decay non-radiatively through an
intersystem crossing to a lower singlet state (1E) and eventually
repopulating the j0i sublevel of the ground state. This enables the
spin initialization and readout via the spin-selective transition,
similar to that of the NV− center in diamond.

In Table II, we present the calculated hyperfine constants for
FC
−1 in the triplet ground state. Our results reveal a localized defect

FIG. 4. The charge density for (a) FC, (b) ClC, (c) BrC, and (d) IC.
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which affects also the nearby C atoms. The large values of Axx and
Azz show a large coupling to the 19F nucleus at the defect site. The
interaction with the neighbor 13C shows much larger values. These
interactions are very important for its performance as a qubit, spe-
cifically because coupling to nuclear spins is highly related to spin
decoherence fluctuations and coherence time.13 Moreover, the
hyperfine interaction with nuclear spins can be a useful resource
for quantum information processing (QIS), enabling the entangle-
ment for applications in quantum memory and quantum error
correction.

FIG. 6. Qubit operation for FC
−1 doped diamond.

TABLE II. The calculated hyperfine constant with the SCAN functional with the con-
tribution of the spin polarization of the core states (A1c) in the Fermi-contact term.
The table shows the data of F defects with the three nearest carbon neighbors.

Axx Ayy Azz

19F 32.65 −12.01 32.70
13C 101.01 100.45 195.48
13C 101.10 100.60 195.50
13C 101.03 100.52 195.52

FIG. 5. (a) The Kohn–Sham levels at the gamma point for FC
−1 and (b) and the Franck–Condon principle used for the simulation of the excited state.
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IV. CONCLUSIONS

In the present study, we employed the SCAN functional to
investigate halogen doped diamond and its application in quantum
technologies. We used the relatively new SCAN meta-GGA func-
tional to evaluate thermodynamic stability, charge transition levels,
electronic structure, and spin properties of the substitutional
defects. Among these, the fluorine substitutional at negative charge
was found as a particularly promising qubit candidate. Our calcula-
tions predicted that FC

−1 has a triplet ground state and optically
addressable transitions with a ZPL at 1.26 eV. Moreover, its ZFS
was calculated at 4.83 GHz. While its high formation energy is a
limiting factor for synthesis, techniques such as ion implementation
can be used to enable incorporation and stabilization. As a result,
future experimental work is encouraged to verify the predicted
properties and evaluate its feasibility for future quantum devices.
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