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Origin and designing of large ground-state zero-field splitting of color centers in diamond
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In diamond, the pivotal factor for quantum applications involving color centers hinges on extending the spin
coherence time through a larger ground-state zero-field splitting (ZFS). Experimental observations indicate a
correlation between the atomic number and the increasing of the ground-state ZFS of group-IV centers. Yet,
the physical origin underlying the impurity-modulated ground-state ZFS remains insufficiently elucidated. In
this study, utilizing density-functional theory and group analysis, we illustrate that the origin of the correlation
between the ground-state ZFS in group-IV centers and the atomic number of impurity atoms, arises from the
synergistic interplay of large atomic numbers and the extent of p-d orbital hybridization. Simultaneously, our
investigation identifies that the ground-state of group-IVB centers originates from a robust p-p hybridization
between impurity atom and divacancy. This interaction results in ground-state ZFS of 7728 GHz for HfV −

centers, nearly doubling the experimentally observed value found in the largest PbV − centers. Our study,
therefore, provides profound insights into the origins of the impurity-modulated ground-state ZFS, offering a
promising pathway towards achieving larger ground-state ZFS of color centers.

DOI: 10.1103/PhysRevB.110.024104

I. INTRODUCTION

Point defect-related color centers in diamonds show great
promise for applications in quantum computers, quantum
communication, and quantum networks [1–6]. The negatively
charged nitrogen-vacancy (NV −) color center, among the var-
ious color centers in diamond, has been the subject of intense
study. This is primarily because its spin state exhibits long
spin coherence time (T2) that is not limited by spin-lattice
interaction [7,8], and can be optically initialized, manipulated,
and read out at room temperature [9–11]. However, despite
these favorable characteristics, the coherence optical emission
at the zero-phonon line of the NV center is only 3% of its total
fluorescence, even at cryogenic temperature. This limitation
is attributed to the substantial spectral diffusion and phonon
sideband, resulting in reduced coherent photon generation
rates and optical transition instability [12–15]. These chal-
lenges severely impede the development of the NV center for
quantum applications. Recent investigations indicate that the
group-IV-vacancy color centers exhibit inversion symmetry
(D3d point group) because the impurity atoms (Si, Ge, Sn,
Pb) have relatively large sizes, therefore they autonomously
depart from the substitution position to create split-vacancy
configurations, leading to resistance to external noise and neg-
ligible spectral diffusion [16–20]. This unique behavior results
in robust zero-phonon line (ZPL) emission and constitutes
60–70% of the total spectrum for the group-IV color centers,
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showcasing the potential to overcome the disadvantages found
in the NV center [21–23].

The pivotal factor for implementing quantum applications
of group-IV centers is the spin coherence time T2, which
faces limitations due to orbital relaxation arising from single-
phonon processes [18,22,24,25]. Ensuring kBT � h�GS can
reduce the phonon absorption in the ground-state man-
ifold, given that the phonon-mediated transition rate is
proportional to the occupation of the phonon mode, de-
noted as n(T,�GS) = 1/(eh�GS/kBT − 1), where �GS signifies
the ground-state zero-field splitting (ZFS) arising from the
spin-orbit coupling (SOC) effect. Here, h represents the
Planck constants, T denotes temperature, and kB stands for
Boltzmann constants. Consequently, two strategies can en-
hance the spin coherence time of color centers with inversion
symmetry. One approach involves cooling the sample to
kBT � h�GS, exemplified by the SiV − center with �GS equal
to 50 GHz [26–28]. While the spin coherence time at 4 K is
only 45 ns, it extends to 13 ms at 100 mK [16,29]. However,
the substantial decrease in operating temperatures imposes
limitations on the quantum applications of the color center.
Another possible avenue to achieve a prolonged spin coher-
ence time at higher temperature is to explore the novel color
center with a large �GS [30–33]. For instance, the SnV − cen-
ter with �GS of 850 GHz achieves a spin coherence time of 0.3
ms at 1.7 K [18,34]. The PbV − center has �GS of 4227 GHz
(∼ 17.5 meV), thus it is anticipated that the PbV − center
operated at 9 K can exhibit the same spin coherence time as
the SiV − center at 0.4 K or the SnV − center at 2 K [23,35].
Hence, the design for color centers with substantial �GS can
effectively enhance spin coherence time and operational tem-
peratures. The observed increasing trend in �GS with atomic
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number among group-IV color centers, particularly the large
�GS of PbV − centers reaching terahertz frequencies, is gen-
erally attributed to the heavy atomic mass and large atomic
number of Pb [19,25]. However, prior studies indicate that
the primary contribution to the ground-state �+

3 (eg) state of
group-IV color centers mainly arises from dangling bonds
associated with divacancies, especially in the case of the SiV −
center, where the ground-state �+

3 (eg) state is entirely com-
posed of dangling bonds from divacancies [20,36]. Therefore,
a more profound understanding of the physical origin of the
modulation of �GS by impurity atoms is a prerequisite for
designing color centers with larger �GS.

In this study, we comprehensively investigated the ground-
state ZFS of color centers in diamond involving group-III
(In, Tl), group-IV (Si, Ge, Sn, Pb), group-V (Sb, Bi), and
group-IVB (Ti, Zr, Hf) color centers. Our findings eluci-
date several key observations: (i) The progressive increase in
ground-state ZFS within group-IV centers correlates with the
atomic number of impurity atoms, attributed to the synergistic
interplay between large atomic numbers and the extent of p-d
orbital hybridization. (ii) Enhanced p-d coupling originating
from the higher d orbital of group-III impurities results in a
large ground-state ZFS of 5637 GHz for the TlV 2− center,
surpassing the experimentally observed 4227 GHz of PbV −
centers. (iii) The ground state of group-IVB centers is es-
tablished from a robust p-p hybridization. This hybridization
incorporates a substantial portion of the p orbital components
of the group-IVB atom, leading to a ground-state ZFS of
7728 GHz for HfV − centers, nearly double the experimentally
observed value in the largest PbV − centers. Consequently, our
study unveils the underlying physical mechanisms governing
the modulation of ground-state ZFS by impurity atoms. This
understanding paves the way for the design of color centers
characterized by large ground-state ZFS, thereby presenting
a promising avenue for achieving prolonged spin coherence
times at elevated temperatures.

II. COMPUTATIONAL METHOD AND FORMULATION

Our band structure and total energy calculations employed
spin-polarized density function theory (DFT) as implemented
in the VASP.6.2.1 package, utilizing the Perdew-Burke-
Ernzerhof (PBE) exchange-correlation functional [37,38].
A 400-eV energy cutoff was applied for the plane-wave
expansion within the projector-augmentation wave method
(PAW) [39]. We adopted a 1000-atom supercell to explore
color centers in diamond, encompassing group-III (In, Tl),
group-IV (Si, Ge, Sn, Pb), group-V (Sb, Bi), and group-
IVB (Ti, Zr, Hf) color centers. This 1000-atom supercell
guarantees a converged charged density by sampling the
Brillouin zone at the � point, and effectively avoiding the
Coulomb interaction between the periodic cells [25]. All
atomic positions undergo relaxation until forces on individ-
ual atoms reaches below 10−4 eV/Å. To ensure precision
in electronic band structures and total energies, we incorpo-
rated the Heyd-Scuseria-Ernzerhf (HSE06) hybrid functional
method with a mixing parameter of 0.28 [40,41]. The indi-
rect band gap calculated using HSE06 is 5.44 eV, aligning
closely with the previously reported experimental value
of 5.48 eV [42].

To evaluate the ZFS, which is the splitting of the high-
est occupied doubly degenerate state in the gap (see Fig. 1)
caused by the spin-orbit coupling (SOC), we employ the SOC
Hamiltonian in the band structure calculations with [43]

ĤSOC = h̄

(2Mc)2

1

r

dV

dr
L̂ · Ŝ,

M = m + ε − V

2c2
, (1)

where M is the enhanced relativistic electron mass, c is the
speed of light, V is the effective potential, ε is the eigenvalue,
and L̂ is the effective orbital moment operator of the electron,
while Ŝ is the electronic spin.

III. RESULTS AND DISCUSSION

In the pursuit of understanding the impurity-induced modi-
fication in ground-state ZFS (�GS) due to spin-orbit coupling,
as shown in Table I, we first calculated the �GS of vari-
ous color centers in diamond. Considering the advantageous
characteristics of a negatively single charged group-IV color
center, all color centers analyzed in this study maintain
an equivalent number of electrons, encompassing group-III
(InV 2−, TlV 2−), group-IV (SiV −, GeV −, SnV − and PbV −),
group-V (SbV 0, BiV 0) and group-IVB (TiV −, ZrV −, HfV −)
color centers. The direct calculation from Kohn-Sham orbitals
revealed intrinsic ground-state ZFS (�0

GS), i.e., the level split-
ting of ground state �+

3 in Fig. 1 for SiV − and XV (X = Ge,
Sn, Pb, In, Tl, Sb, Bi) centers or �−

3 in Fig. 3 for MV −
(M = Ti, Zr, Hf). As presented in Table I, in color centers
featuring impurity atoms from identical groups, a general
trend is that the �GS rapidly grows with the atomic number.
Yet, among color centers featuring impurities within the same
period, the �GS showcases an opposite trend, decreasing with
the increase of atomic number. The observed rise in �GS of
group-IV color centers is currently predominantly attributed
to the increasing atomic number, thus, spin-orbit coupling
of the impurities. However, this explanation stands in con-
trast to the observed reduction in �GS for color centers with
impurities in the same period. Indeed, a profound understand-
ing of the fundamental origins of �GS of color centers in
diamond has been conspicuously absent. We will elucidate
these general trends based on group theory and band coupling
mechanisms.

First, the band-coupling mechanism is employed to unveil
the underlying physical origins of the pronounced increase in
�GS corresponding to the atomic number variations among
the same group. The mechanism delineates defect states aris-
ing from coupling between the divacancy dangling bond states
and impurity atomic orbitals, as illustrated in Fig. 1. Within
split-vacancy configurations featured in a local D3d crystal
field, the divacancy leaves six C dangling bonds around the
impurity atom. These bonds interact to form a1g, a2u, eg, and
eu states, while the four sp3 orbitals of impurity contribute a1g,
a2u, and eu states [20,36]. Consequently, the a1g, a2u, and eu

states of divacancy and impurity combine to create occupied
�+

1 , �−
2 , and �−

3 bonding states and the �+
3 state within the

band gap. The �+
3 state comprises almost solely C dangling

bond states for SiV − center without valence d orbitals. On the
other hand, the doubly degenerate dx2−y2 + dxy and dxz + dyz
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FIG. 1. Band-coupling diagrams depicting for (a) SiV − without valence d orbital and (b) XV (X = Ge, Sn, Pb, In, Tl, Sb, Bi) with d orbital
centers in diamond. All impurity color centers consider the same number of defect electrons as the negatively charged group-IV centers. The
irreducible representations of atomic orbitals and defect states under the D3d point group are presented. Specifically, the coupling of orbitals
between X atoms and six-carbon dangling-bond states of the divacancy in diamond are illustrated, forming the defect states as illustrated.
Notably, for the sake of simplicity, the diagrams do not consider level splitting induced by spin-orbit coupling. The local relaxed geometry and
three-dimensional partial charge density (yellow: isosurface of 0.002 e−/bohr3) for �+

3 state of (c) SiV −, (d) GeV −, (e) SnV −, and (f) PbV −

color center in a diamond supercell along (0 0 1) direction. The red-colored balls represent host carbon atoms, and the blue, purple, green, and
cyan balls denote silicon, germanium, tin, and lead atoms, respectively.

orbitals of X (X = Ge, Sn, Pb, In, Tl, Sb, Bi) atoms, charac-
terized by the irreducible representation eg, couple with the
eg state of divacancy and thus contribute significantly to the
formation of the antibonding state �+

3 within the band gap for
XV centers. This can be seen in Figs. 1(c)–1(f), where the
three-dimensional partial charge distribution of SiV − show-
cases the �+

3 state consisting entirely of the C dangling bonds,
while the �+

3 state of XV centers primarily comprises the
C dangling bond states and partially includes impurity d
orbitals.

The coupling strength between the two p and d orbitals is
proportional to V 2

pd = |〈p|�V |d〉|2 and 1/|εp − εd | d2, where

�V is the coupling potential, |εp − εd | is the energy level
difference, and d represents the bond length [44,45]. The
energy associated with the d orbitals of group-IV atoms are
shown in Table II, increases with the atomic number, i.e.,
−29.22 eV for the Ge atom, −25.77 eV for the Sn atom, and
21.12 eV for the Pb atom. This results in a stronger p-d orbital
coupling between the divacancy and the impurity atom, lead-
ing to higher �+

3 state energy. Indeed, as depicted in Fig. 2, the
single-particle levels, determined using the HSE06 method,
exhibit an upward trend from SiV − to PbV −, namely 1.81 eV
for the SiV − center, 2.33 eV for the GeV − center, 2.65 eV
for the SnV − center, and 3.12 eV for the PbV − center. Hence,

TABLE I. The computed parameters related to obtain the effective spin-orbit coupling �Ham
GS . These include the Jahn-Teller stabilization

energy EJT, the effective eg and eu phonon energy h̄ω that drives the Jahn-Teller effect, the calculated intrinsic spin-orbit coupling �0
GS, the Ham

reduction factor p, and the derived effective spin-orbit coupling �Ham
GS = p�0

GS. The calculated �Ham
GS is compared to the available experimental

data �
expt
GS .

System �0
GS (meV, GHz) EJT (meV) h̄ω (meV) p �Ham

GS (GHz) �
expt
GS (GHz)

SiV − 0.97, 234 43.05 89.59 0.36 84 50a

GeV − 2.21, 534 30.87 84.50 0.43 230 184b

SnV − 7.77, 1877 22.06 85.15 0.52 976 850c

PbV − 31.73, 7664 15.17 73.17 0.58 4445 4227d

InV 2− 11.67, 2818 17.13 69.51 0.54 1522
TlV 2− 44.88, 10 841 18.96 70.60 0.52 5637
SbV 0 5.96, 1440 30.19 91.15 0.46 662
BiV 0 21.73, 5249 20.41 88.83 0.56 2939
TiV − 16.24, 3923 49.09 58.73 0.21 824
ZrV − 49.85, 12 041 46.94 58.66 0.22 2649
HfV − 168.38, 40 671 47.91 53.44 0.19 7728

aReference [27].
bReference [30].
cReference [18].
dReference [23].
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FIG. 2. The single-particle levels of color centers in diamond
are determined using the HSE06 method. Color centers introduced
by elements within the same period and their corresponding single-
particle levels are depicted using identical colors scheme. The
single-particle levels correspond to the �+

3 state in Fig. 1 or the
�−

3 state in Fig. 3 (i.e., the highest defect energy level occupied by
electrons).

the rapid increase observed in the �GS from SiV − to GeV −,
SnV −, and PbV − centers stem from the synergistic interplay
between the large SOC of a heavy atom and the extent of p-d
orbital hybridization, as reflected by the calculated intrinsic
ground-state ZFS of 234 GHz for SiV − centers, 534 GHz for
GeV − centers, 1877 GHz for SnV − centers, and 7664 GHz
for PbV − centers, as presented in Table I. Notably, these
results closely align with previous DFT calculations [19,25].

FIG. 3. Band-coupling diagrams depicting for MV − (M = Ti,
Zr, Hf) centers in diamond. The irreducible representations of
atomic orbitals and defect states under the D3d point group are
presented. Specifically, the coupling of orbitals between M atoms
and six-carbon dangling-bond states of the divacancy in diamond
are illustrated, forming the defect states as outlined schematically.
Notably, for the sake of simplicity, the diagrams do not consider level
splitting induced by spin-orbit coupling, and some uninvolved empty
orbitals have been omitted.

TABLE II. The valence s, p, and d orbital-energy levels (in eV)
of group-III (In, Tl), group-IV (Si, Ge, Sn, Pb), group-V (Sb, Bi),
and group-IVB (Ti, Zr, Hf) atoms, respectively.

Atom Eigenvalue (ns) Eigenvalue (np) Eigenvalue (n−1) d

C −13.64 −5.42
Si −10.74 −4.01
Ge −11.66 −3.82 −29.22
Sn −10.41 −3.59 −25.77
Pb −11.87 −3.39 −21.12
In −8.11 −2.42 −18.51
Tl −9.44 −2.27 −15.38
Sb −12.74 −4.74 −33.40
Bi −14.36 −4.45 −26.95
Ti −4.46 −1.54 −4.46
Zr −4.59 −1.55 −3.74
Hf −5.27 −1.47 −2.87

However, they starkly contrast with experimentally reported
�

expt
GS results: 50 GHz for SiV − centers, 184 GHz for GeV −

centers, 850 GHz for SnV − centers, and 4227 GHz for PbV −
centers [18,23,27,30]. This discrepancy can be attributed to
the dynamic Jahn-Teller (DJT) effect, which quenches the
orbital moment, a phenomenon known as the Ham effect
[25,46–48]. Within DJT systems, the DJT effect effectively
reduces the strength of the SOC by a reduction factor p de-
noted as the Ham reduction factor (see the Appendix), i.e.,
�Ham

GS = p�0
GS. This reduction consequently diminishes the

magnitude of the intrinsic �0
GS, aligning more closely with

experimentally reported �
expt
GS values.

The Pb atom stands among the heaviest group-IV elements
in the periodic table of elements, which restricts the design
of the color center with larger �GS by merely seeking even
heavier elements. It is foreseeable that higher energy levels of
d orbitals within the impurity atom could engender stronger
p-d orbital coupling, potentially offering a pathway for devel-
oping a color center with amplified �GS. This is confirmed by
our computed �Ham

GS for group-III and group-V color centers:
1522 GHz for InV 2− centers, 5637 GHz for TlV 2− centers,
662 GHz for SbV 0 centers, and 2939 GHz for BiV 0 centers,
that is a progressive decrease in the �GS of XV centers from
group-III to group-IV to group-V centers, despite sharing sim-
ilar electronic structures and with increasing atomic numbers.
This is because the d orbital energies of elements within the
same period display a notable deepening from group-III to
group-IV to group-V elements (see Table II). For instance, the
d orbital energy levels for In, Sn, and Sb atoms are −18.51,
−25.77, and −33.40 eV, respectively. This deepening of the d
orbital energy results in a weakened p-d coupling between
the impurity atom and divacancy, leading to the observed
attenuation in �Ham

GS from InV 2− centers to SnV − to SbV 0

centers. This gradual weakening of the p-d coupling is further
illustrated in Fig. 2, which illustrates the diminishing trend in
p-d coupling and thus the single-particle levels of group-III,
group-IV, and group-V centers. As a consequence of strong
p-d coupling, the �GS of TlV 2− centers at 5637 GHz surpass
that observed experimentally in PbV − centers, despite the Tl
atom having a smaller atomic number than the Pb atom.
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With the above understanding, one can anticipate that tran-
sition metal elements, characterized by their high d orbital
energies, may have the potential to introduce color centers in
diamond with larger �GS compared to group-III, group-IV,
and group-V color centers. Indeed, TiV −, ZrV −, and HfV −
centers exhibit larger �Ham

GS , specifically 824 GHz for TiV −,
2649 GHz for ZrV −, and 7728 GHz for HfV − centers. How-
ever, these larger �Ham

GS of MV − (M = Ti, Zr, Hf) centers do
not stem from stronger p-d orbital coupling. This distinction
from the XV centers arises from the fact that, in comparison
to the d orbitals of X atoms, the valence d orbitals of M
atoms possess higher energies than p orbital of C atoms, as
shown in Table II. Consequently, this scenario results in a
robust p-d orbital coupling, making the bonding state �+

3 to be
lower in energy than the bonding state �−

3 and the positioning
�+

3 state falls below the valence band maximum (VBM). As
illustrated in Fig. 3, the gap state of MV − centers are the �−

3
state, representing the bonding state between the eu orbital
of divacancy and the eu orbital of the M atom. Because the
inherently more delocalized nature of p orbitals and the small
energy difference between the eu orbital of the M atom and the
eu orbital of divacancy, the bonding state �−

3 , due to the p-p
orbital hybridization, incorporates a greater portion of the M
atom’s p orbital components, resulting in a �Ham

GS far exceed-
ing that of XV centers. Thus, the �GS of HfV − centers are
nearly twice that observed experimentally in the largest PbV −
centers. Utilizing the formula T = h�GS/kb for estimating the
up limit of the temperature at which the system can work at
with good coherence [32], we find that the temperature T is
approximately 370 K for the HfV − center, showcasing the
potential to achieve extended spin coherence time, particularly
at elevated temperatures.

Finally, as depicted in Fig. 1, the ground and excited state
of XV centers correspond to the �+

3 and �−
3 state, respectively.

However, as shown in Fig. 3, the presence of strong p-d cou-
pling in HfV − centers leads to a lower energy for the �+

3 state.
Consequently, the ground state and excited state are identified
as the �−

3 and �+
3 state, respectively. Both group-IV centers

and HfV − centers exhibit optical pumping and nonradiative
transitions between the �+

3 and �−
3 states. The only difference

lies in the relative positions of the ground and excited states.
Hence, the optical characteristics governing initialization and
readout are expected to remain similar across these color cen-
ters. The calculated transition dipole moments from ground
state to excited state for PbV − and HfV − centers are 34.4
and 43.6 D2, corroborating this observation. In addition, the
calculated zero-phonon line (ZPL) for the HfV − center is
determined to be 1.31 eV, aiding experimental endeavors in
selecting appropriate initialization wavelengths.

IV. SUMMARY

In summary, our investigation delves into the ground-state
ZFS of group-III (In, Tl), group-IV (Si, Ge, Sn, Pb), group-V
(Sb, Bi), and group-IVB (Ti, Zr, Hf) color centers in dia-
monds, employing density-functional theory and group theory
analysis. Our findings elucidate that the upswing in ground-
state ZFS of group-IV color centers whose atomic number
stems from the collaborative interplay of heavy atom SOC
and the strength of p-d orbital coupling. The reduced p-d

coupling, caused by the reduced d orbital energy of impurity
atom, leads to a progressive decrease in the ground-state ZFS
from group-III to group-IV to group-V centers within the
same period. Notably, TlV 2− centers exhibit a larger ground-
state ZFS than PbV − centers, despite Tl atoms having a
slightly smaller atomic number than Pb atoms. The ground
state of group-IVB centers is created by a robust p-p coupling
between the impurity atom and divacancy, resulting in the
ground-state ZFS of HfV − center having a different repre-
sentation and nearly double that experimentally observed in
the largest PbV − centers. Consequently, our study provides
a more profound and comprehensive understanding of the
mechanisms governing the modulation of ground-state ZFS
by impurity atoms and paves the way for designing color
centers in diamond with large ground-state ZFS.
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APPENDIX: HAM REDUCTION FACTOR
AND JAHN-TELLER ADIABATIC POTENTIAL

ENERGY SURFACE

Here we determine the adiabatic potential energy surface
(APES) for the dynamic Jahn-Teller system by manipulat-
ing ion positions. Ham and Bersuker extensively studied the
E⊗ e DJT system [47,49,50]. The E⊗ e DJT Hamiltonian,
associated with the simplest liner DJT effect, is represented
as [48]

Ĥ = h̄ω(a†
xax + a†

yay + 1)

+ F [(ax + a†
x )σz + (ay + a†

y )σx], (A1)

where a†
x , a†

y and ax, ay denote the annihilation and creation
operators of the eg (or eu) local vibration mode, respec-
tively. The system behaves as a two-dimensional harmonic
oscillator with frequency ω, hence the h̄ω energy is derived
from a parabola fitting of the calculated APES. The compo-
nent marked as F represents the electron-phonon coupling
strength. The σ operator signifies the Pauli matrices of elec-
trons. The Jahn-Teller stabilization energy (EJT) denotes the
energy difference resulting from symmetry distortion, and
it is directly computed via total energy, typically calculated
employing the HSE06 hybrid functional method. Following
the relationship EJT = F 2/2h̄ω, we can ascertain the F pa-
rameter. Ham has numerically solved Eq. (1) for various
χ = EJT/ h̄ω values and established a fitted function as p =
exp(−1.974 × χ0.761), which holds validity in the 0.1 � χ �
3 region, making it applicable to our calculations.

The Ham reduction factors are calculated to determine
the effective spin-orbit coupling strength �Ham

GS . The initial
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step involves calculating the APES, as depicted in Fig. 4, by
varying the ion position. For the group-IV centers, the cal-
culated Jahn-Teller stabilization energies EJT are 43.05 meV
for the SiV − center, 30.87 meV for the GeV − center, 22.06
meV for the SnV − center, and 15.17 meV for the PbV −
center (see Table I), exhibiting marginal variation of within
1 meV compared to a previous report [25]. Treating these
DJT systems as two-dimensional harmonic oscillators, the eg-
type local vibration mode phonon frequencies ω for group-IV
centers are derived by parabolic fitting to the APES. Hence,
using the calculated EJT and ω, the Ham reduction factor is
obtained through function p = exp(−1.974 × χ0.761), where
χ = EJT/ h̄ω. Consequently, upon implementing the Ham re-
duction factor correction, the resulting �Ham

GS of 84 GHz for
SiV − centers, 230 GHz for GeV − centers, 976 GHz for SnV −
centers, and 4445 GHz for PbV − centers demonstrate good
agreement with the experimental and calculated findings. It is
important to note that all other color centers analyzed in this
study underwent the same process to determine the �Ham

GS of
effective SOC.

FIG. 4. The Jahn-Teller adiabatic potential energy surface illus-
trates the transition between D3d and C2h symmetry for the SiV −

center in diamond. The red line curves represent the parabolic fit
to the calculated results (dots) using the density function theory.
Q = 0 corresponds to the D3d configuration. The EJT denotes the
total energy variation between the local minimum C2h geometry and
the high symmetry D3d configuration within the APES.
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J. Meijer, P. M. Genovese, and J. Forneris, ACS Photonics 5,
4864 (2018).

[24] L. J. Rogers, K. D. Jahnke, M. H. Metsch, A. Sipahigil, J. M.
Binder, T. Teraji, H. Sumiya, J. Isoya, M. D. Lukin, P. Hemmer,
and F. Jelezko, Phys. Rev. Lett. 113, 263602 (2014).

[25] G. Thiering and A. Gali, Phys. Rev. X 8, 021063 (2018).

024104-6

https://doi.org/10.1038/nature08812
https://doi.org/10.1038/nature11449
https://doi.org/10.1038/s41467-019-13332-w
https://doi.org/10.1007/s40843-021-1905-9
https://doi.org/10.1103/PhysRevX.12.041009
https://doi.org/10.1103/PhysRevLett.127.196402
https://doi.org/10.1038/nmat2420
https://doi.org/10.1103/PhysRevLett.114.145502
https://doi.org/10.1126/science.aam9288
https://doi.org/10.1038/s41534-022-00605-4
https://doi.org/10.1126/science.aan0070
https://doi.org/10.1088/0957-4484/21/27/274008
https://doi.org/10.1103/PhysRevX.7.031040
https://doi.org/10.1103/PhysRevLett.110.167402
https://doi.org/10.1103/PhysRevLett.108.043604
https://doi.org/10.1103/PhysRevLett.113.263601
https://doi.org/10.1103/PhysRevLett.118.223603
https://doi.org/10.1103/PhysRevLett.119.253601
https://doi.org/10.1103/PhysRevB.99.075430
https://doi.org/10.1103/PhysRevB.107.214110
https://doi.org/10.1103/PhysRevB.96.081201
https://doi.org/10.1088/1367-2630/17/4/043011
https://doi.org/10.1021/acsphotonics.8b01013
https://doi.org/10.1103/PhysRevLett.113.263602
https://doi.org/10.1103/PhysRevX.8.021063


ORIGIN AND DESIGNING OF LARGE GROUND-STATE … PHYSICAL REVIEW B 110, 024104 (2024)

[26] E. Neu, D. Steinmetz, J. Riedrich-Möller, S. Gsell, M. Fischer,
M. Schreck, and C. Becher, New J. Phys. 13, 025012 (2011).

[27] C. Hepp, T. Muller, V. Waselowski, J. N. Becker, B. Pingault,
H. Sternschulte, D. Steinmuller-Nethl, A. Gali, J. R. Maze, M.
Atature, and C. Becher, Phys. Rev. Lett. 112, 036405 (2014).

[28] B. Pingault, D. D. Jarausch, C. Hepp, L. Klintberg, J. N. Becker,
M. Markham, C. Becher, and M. Atature, Nat. Commun. 8,
15579 (2017).

[29] D. D. Sukachev, A. Sipahigil, C. T. Nguyen, M. K. Bhaskar,
R. E. Evans, F. Jelezko, and M. D. Lukin, Phys. Rev. Lett. 119,
223602 (2017).

[30] Y. Zhou, Z. Mu, G. Adamo, S. Bauerdick, A. Rudzinski,
I. Aharonovich, and W.-b. Gao, New J. Phys. 20, 125004
(2018).

[31] M. E. Trusheim, B. Pingault, N. H. Wan, M. Gündoǧan, L.
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