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Origin of structure and zero-phonon-line anomalies of XV centers in diamond (X = Si, Ge, Sn, Pb)
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Color centers in diamonds have emerged as a promising candidate for quantum information and quantum
computing applications. Compared to the well-known and widely studied nitrogen-vacancy NC-VC (NV) color
center with C3v symmetry, the group-IV vacancy color centers VC-X -VC (XV, X = Si, Ge, Sn, Pb), exhibit
structures with the D3d symmetry, which give rise to more stable coherent optical transitions for the zero-phonon
line (ZPL) due to its inversion symmetry. Moreover, it is experimentally found that the ZPL peak of XV centers
increases from Si to Sn to Ge to Pb, i.e., it does not vary monotonically with the atomic numbers. So far,
the physical origin of the unusual local structures and the abnormal trend of ZPL of the XV centers are not
well understood. In this paper, based on density-functional theory calculations and symmetry analysis, we
demonstrate that the large size of the X atoms plays a dominant role in moving the X atoms away from the
substitution site to the bond-center site between the two carbon vacancies to form the D3d structure that can
effectively reduce the local strain energy. Meanwhile, we find that the abnormal trends of ZPL of the XV centers
derive from a competition of the p−p coupling and p−d coupling between X atoms and the divacancy based on
the band-coupling mechanism. Our study, therefore, provides insights into the origin of the abnormal trends of
ZPL and the local structure of XV centers in diamonds.
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I. INTRODUCTION

Point defect-related color centers in diamonds have at-
tracted enormous interest for their potential applications in
quantum technologies, such as quantum computing, quantum
sensing, and quantum communication [1–8]. The nitrogen-
vacancy (NV) color center in diamonds has been studied most
extensively and has shown promising results in various exper-
iments [5,9–11]. However, the NV center suffers from weak
coherent optical emission, with only 4% (i.e., Debye-Waller
factor equals to 0.04) of the fluorescence branching into the
coherent zero-phonon line (ZPL) at room temperature [12],
resulting in the optical spectral of NV center susceptible to
external noise and instability [13–16]. Recently, in order to
obtain more stable color center with highly coherent photon
emission, much research has focused on the group-IV vacancy
color centers, namely, XV (X = Si, Ge, Sn, Pb) centers. Com-
pared to the NV center, NC-VC, created by substituting the
C atom with a nitrogen atom adjacent to a lattice vacancy
in diamond, which has a local noncentrosymmetric C3v sym-
metry [Fig. 1(a)], the XV color centers spontaneously form a
VC-X -VC local structure, i.e., the X atoms migrate from the
substitution site to the middle of the two carbon vacancies
along the (111) direction, as shown in Fig. 1(b) [17–21].
Because the X atoms are located at the bond center of the
two vacancies, it has a local centrosymmetric D3d symmetry.
Consequently, because XV center has the inversion symmetry,
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there is no permanent electric dipole moment for the XV
center, which drastically reduces their response to external
electric field [22,23]. Therefore, XV centers exhibit negligible
spectral diffusion and sharp, nearly lifetime-broadened op-
tical emission, and a stable coherent optical transition with
high Debye-Waller factor. Despite these advantages of the
XV centers over the NV center, the physical origin why the
XV centers have the D3d symmetry is still unclear.

Another interesting observation for the XV center is that
experimentally, it is observed that the ZPL peak of XV centers
does not vary monotonically from SiV, GeV, SnV to PbV
centers. For example, the negatively charged SiV [SiV1−]
center has a sharp ZPL at 738 nm (1.68 eV) at room tem-
perature [20,24], GeV1− has a ZPL transition at 602 nm
(2.06 eV) [19,25], but SnV1− has a ZPL transitions at 620 nm
(2.00 eV) and PbV1− has a ZPL transitions at 552 nm
(2.25 eV) [18,26,27]. The physical origin of this abnormal
trend of ZPL peaks for XV centers also needs to be better
understood for designing the appropriate color center for the
varying needs of special quantum applications.

In this paper, we have studied the local structures and
ZPL energies of XV (X = Si, Ge, Sn, Pb) centers in dia-
monds. Our results reveal that (i) the distinct local structure
between NV and XV centers origin from relatively large
X atomic sizes, which leads to X atoms spontaneously leaving
the substitution site and forming split-vacancy configurations
to release the strain energy and lower the energy of occupied
electronic states; (ii) the p−d coupling between d orbitals
of M atoms (M = Ge, Sn, Pb) and carbon dangling bonds
creates deeper acceptor levels, and thus the transition-energy
levels ε(0/−1) of XV centers are monotonically increasing
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as d-orbital energies of X atoms increase; (iii) due to the
competition mechanism of p−d coupling and p−p coupling
between the X atoms and carbon dangling bonds, the ZPL
energies of XV1− centers show an abnormal trend that ZPL
energy of SnV1− center (2.09 eV) is less than that of GeV1−
center (2.12 eV). We, therefore, have unveiled the origins
of the distinct local structures between XV centers and the
abnormal ZPL energies trend of XV1− centers, and reinforced
the comprehension of the fundamental properties in group-IV
vacancy color centers.

II. COMPUTATIONAL METHOD AND FORMULATION

Our first-principles calculations were carried out us-
ing spin-polarized density functional theory (DFT), as
implemented in the VASP package, with the Perdew-Burke-
Ernzerhof approximation for the exchange-correlation func-
tional [28,29]. The energy cutoff for expansion of the plane
waves within the projector-augmentation wave method [30]
sets is 400 eV. A 512-atom supercell, which can yield con-
verged charged density by sampling the Brillouin zone only
at the � point and the Coulomb interactions effect between
the periodic cells can be ignored, is adopted to study the
properties of XV (X = Si, Ge, Sn, Pb) centers in diamond
[17] (see Supplemental Material [31]). All atomic positions
were relaxed until the forces on individual atoms fall below
0.02 eV/Å. The excited states were calculated with the
constrained-occupation DFT (CDFT) [17], and the atomic
positions were relaxed with the excited electronic state within
the CDFT method. To obtain the accuracy of electronic band
structures and total energies, the Heyd-Scuseria-Ernzerhof
(HSE06) hybrid functional method [32,33] with a mixing
parameter of 0.28 is adopted. The HSE06 calculation on the
primitive cell with the 11 × 11 × 11 special k−point mesh
resulted in the lattice constant aHSE = 3.563 Å and the indirect
band gap Eg = 5.44 eV, which is in good agreement with
the experimental values of a = 3.567 Å and Eg = 5.48 eV
[34,35].

The formation energy (�Hf ) of a defect α with charge state
q in supercell is given by [36]

�Hf (q, α) = �E (α, q) +
∑

i

niμi + qεF , (1)

where

�E (α, q) = Etot (α, q) − Etot (host)

+
∑

i

niEi + qεVBM(host), (2)

where Etot (host) and Etot (α, q) are the total energy of host
supercell and supercell containing a defect α with charge
state q, respectively. μi is the chemical potential of each
of components i referenced to elemental stable solid/gas
with energy Ei; ni is the number of atoms removed from
the host or embedded into the host in introducing the de-
fect α. q is the number of electrons taken from the host to
the reservoirs in forming the defect supercell. The eigenval-
ues are aligned using the same reference level for different
supercells.

The defect transition-energy level of εα (q/q′) is defined as
the Fermi energy EF at which the formation energy �Hf (q, α)

FIG. 1. Schematic plot of local structures of (a) NV center and
(b) XV centers. Green balls are carbon atoms, white balls are lattice
vacancy, and red balls are impurities.

of defect α in charge state q is equal to that of another charge
q′ of the same defect, i.e., [36]

εα (q/q′) = [�E (α, q) − �E (α, q′)]
(q′ − q)

. (3)

III. RESULTS AND DISCUSSION

To unveil the physical origin of distinct local structures
between XV centers and NV centers in diamonds, we cal-
culated the migration energy barriers of impurity atoms (X,
N, C) from substitution site to the middle of the divacancy
site along the (111) direction, i.e., from impurity-vacancy
configuration [geometry of NV center in Fig. 1(a), denoted as
I-V configuration] to vacancy-impurity-vacancy configuration
[geometry of XV centers in Fig. 1(b), denoted as V-I-V config-
uration] with different charged states. It is clearly found that
the C-V configuration, i.e., single-vacancy VC in diamond, has
an approximately 2.81-eV migration energy barrier to form a
V-C-V configuration with neutral charge state. This is because
the formation of V-C-V configuration changes three strong
covalent C–C bonds of C-V structure into six relatively weak
covalent C–C bonds, and magnifies local structural strain,
which largely increases the total energy. To further compare in
detail the energy and electronic structure for these two defect
configurations, we scrutinize the structural symmetries and
the single-particle levels (right panel of Fig. 2). It is found for
the CV center that when the structural configuration changes
from C-V to V-C-V structure, the corresponding point group
reduces from Td to D3d . In this case, the �5 state located
within the band gap splits into a �+

2 state of higher energy
and a lower doubly degenerate �+

3 state in the D3d symmetry.
The two electrons that originally occupied the �5 state in C-V
configuration drop to the �+

3 state in V-C-V configuration,
which can lead to 1.14-eV electronic energy gain, as shown in
the right panel of Fig. 2(a). Therefore, one can observe that the
migration energy barrier between the C-V and V-C-V configu-
rations decreases by 0.6 eV from neutral to negatively charged
states (i.e., from q = 0 to −1), because more energy gain can
be obtained when more electrons occupy the �+

3 state with
lower energy. As a result, for the neutral CV center, although
the 1.14-eV energy gain derived from occupying lower elec-
tronic state favors stabilizing the V-C-V defect configuration,
the 3.95-eV energy cost caused by magnifying local structural
strain exceeds this energy gain at the V-C-V configuration,
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FIG. 2. Left panels of (a)–(d) show HSE-calculated migration
energy barriers between impurity-vacancy (I-V) and vacancy-
impurity-vacancy (V-I-V) with different charged states (i.e., total
energy difference between I-V and V-I-V configuration). Right
panels of (a)–(d) indicate HSE-calculated single-particle levels of (a)
C-V and V-C-V configurations, (b) N-V and V-N-V configurations,
(c) P-V and V-P-V configurations, as well as (d) Si-V and V-Si-V
configurations with neutral charge state. All these levels are refer-
enced to the host VBM. Lower and higher red solid line indicates
host VBM and conduction-band minimum of diamond, respectively.
Solid black balls represent occupation of electrons, and hollow balls
indicate occupation of holes. Defect levels’ energies, and symmetry
are inserted in corresponding positions. Here, we define the sign of
migration-energy barrier based on reaction coordinate from I-V to
V-I-V configurations.

making it unstable and energetically higher than the stable
C-V configuration by 2.81 eV.

When the carbon atom in the C-V center is replaced by a
smaller nitrogen atom, the migration energy barrier between
the N-V and V-N-V configurations (5.85 eV for neutral state
and 6.06 eV for positively charged state) is much higher than
that between the C-V and V-C-V configurations due to the
large local strain and energy cost due to crystal-field splitting
of the electronic structure. Unlike the C-V configuration, the
N-V configuration has a reduced C3v local symmetry, whereas
V-N-V configuration preserved the D3d point group of V-C-V
configuration. Therefore, the �5 state of the C-V configuration
within the band gap splits into a lower �1 state and a higher
doubly degenerate �3 state in the N-V configuration and the
crystal-field splitting decreases from N-V to V-N-V structure

because nitrogen is smaller in size and more electronega-
tive than carbon. Thus, from N-V to V-N-V configuration,
the energy of the two electrons occupied the �1 state rises
1.86 eV and the energy of the single electron occupied the
�3 state drop of 0.3 eV, resulting in 1.56-eV energy penalty
of electronic structure. Thus, the migration energy barrier be-
tween the N-V and V-N-V configurations also decreases with
the increase of defect-state occupations (i.e., from q = +1 to
0). Due to the smaller atomic size of N than C atom, from
N-V to V-N-V configuration, larger local structural strain and
strain energy (4.29 eV) are introduced. These results indicate
that both the strain energy cost and electronic energy penalty
jointly favor stabilizing the N-V configuration.

However, the carbon atom in the C-V center is replaced
by P or Si atom of larger atomic radii, forming the V-P(Si)-V
configuration and lowering its energy. Interestingly, contrary
to CV and NV centers, the energy lowering between the
P(Si)-V and V-P(Si)-V configurations increases with the in-
crease of the defect-level �+

3 occupations (i.e., from q = +1
to 0 or from q = 0 to −1) in V-P(Si)-V configuration because,
due to the crystal-field splitting, the �+

3 level has a lower
energy level in V-P(Si)-V configuration than the �3 level in
the P(Si)-V configuration. The −3.72-eV (−1.66-eV) energy
gain of electronic state is less than the −4.06-eV (−2.77-
eV) migration-energy barrier between P(Si)-V and V-P(Si)-V
configuration with neutral charge state, which means that the
local structural strain is reduced and −0.34 eV (−1.11 eV)
strain energy is released from P(Si)-V to V-P(Si)-V structure.
The larger strain energy (−1.11 eV) released between Si-V
and V-Si-V configuration can be attributed to the larger atomic
radius of Si atom compared to P. Indeed, our calculated energy
lowering between Ge(Sn, Pb)-V configurations and V-Ge(Sn,
Pb)-V configurations increases with the increasing radii of the
X atoms and large splitting between the �+

3 and �+
2 states

(see Fig. S1 and Table S1 of Supplemental Material [31]).
In other words, the synergistic effect of local structural strain
relaxation and the occupation of the low �+

3 electronic energy
state makes the V-X-V configuration the stable structure, as
observed in previous experimental reports [18–21].

Figure 3 shows the HSE-calculated formation energies of
XV centers in diamonds as a function of the Fermi level (EF ).
It is found that a general trend shows the increasing formation
energies with atomic number of the group-IV impurity atoms.
This is because a larger atom induces a larger local structural
strain, resulting in higher defect-formation energies. These are
consistent with the observation that the larger atomic radius
for atom X, the longer the C–X bond length between the
impurity X atoms and the nearest host C atoms, and the shorter
the surrounding host C–C bonds, as shown in Table I. On the
other hand, the transition-energy levels ε(0/−1) of XV centers
shift up within band gap with the increasing atomic number of
the X atoms [17]. This can be attributed to the emerging p−d
coupling and become stronger with the increase in atomic
number, which we will further discuss in terms of the band-
coupling mechanism.

For the XV centers with V-X-V configurations, the de-
fect states can be considered as a hybridization between the
X atoms’ orbitals and divacancy states in the host diamond
structure. The X atom has six nearest-neighbor C atoms in
XV centers, resulting in six C dangling bonds around the X
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FIG. 3. HSE-calculated formation energies of XV centers in di-
amond as a function of Fermi level for q = 0 and q = −1 charge
states. Fermi level is referenced to host VBM. We set chemical
potential μi = 0 for diamond and impurities.

atom. As plotted in Fig. 4, the interactions between the C
dangling bonds form a1g, a2u, eu, and eg states, and the X
atom-related four sp3 orbitals form a1g, a2u, and eu states in
local D3d crystal field [37]. According to the band-coupling
mechanism, from Fig. 4, the a1g, a2u, and eu states of X atoms
and divacancy can couple and form �+

1 , �−
2 , and �−

3 states,
as well as �+

3 state, which is almost a pure C dangling-bond
orbital in the SiV center. However, the doubly degenerate
dxz + dyz and dx2−y2 + dxy orbitals of M atom (M = Ge, Sn,
Pb) have irreducible representation eg. We find that �+

3 state
within band gap is pushed upwards due to the p−d coupling
between divacancy and M atom. Indeed, the d-orbital energies
increase with the atomic number of M atoms (see Table II),
resulting in stronger p−d coupling between divacancy and
M atom, thus higher half-occupied �+

3 state energy (see Table
S2 and Fig. S2 of Supplemental Material [31]). Therefore,

TABLE I. X-C and C–C bond lengths (in Å) around defect site
in fully relaxed systems, compared with C–C bond lengths (1.543 Å)
in host.

X–C bond C–C bond lengths
Systems lengths (Å) around X atoms (Å)

SiV 1.985 1.519 and 1.542
GeV 2.026 1.515 and 1.533
SnV 2.097 1.515 and 1.513
PbV 2.131 1.514 and 1.506

FIG. 4. Band-coupling diagrams of neutral (a) SiV and (b) MV
(M= Ge, Sn, Pb) centers in diamond. Irreducible representations of
atomic orbitals and band states under D3d point group are shown.
Orbitals of (a) Si and (b) M atoms and six-carbon dangling-bond
states of divacancy in diamond couples to form the valence band as
schematically depicted. For simplicity, level splitting caused by spin-
orbital coupling is not considered in diagrams. Coupling strength
of SiV1− center and MV1− centers can be described as �ESiV =
�Ep-p + �EVc−Vc and �EMV = �Ep-p + �EVc−Vc + �Ep-d , respec-
tively. �Ep-p is coupling strength between divacancy and p orbitals
of X atoms; �EVc−Vc is coupling strength between the divacancy,
and �Ep-d is coupling strength between divacancy and d orbitals of
M atoms.

when the defect level (half-occupied �+
3 state) of the XV cen-

ters traps one electron from valence-band maximum (VBM),
it costs more energy with the increased atomic number of
X atoms, i.e., an increase of the transition-energy levels
ε(0/−1) of the XV centers.

TABLE II. Atomic orbital-energy levels (in eV) of Si, Ge, Sn,
and Pb atoms, respectively.

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

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
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FIG. 5. Defect-level diagrams shows single-particle states for
(a) SiV1−, (b) GeV1−, (c) SnV1−, and (d) PbV1− in diamond. Spin-
majority and spin-minority channels are denoted by upward- and
downward-pointing arrows, respectively. Defect-level energies cal-
culated by HSE06 method, and their symmetry representations are
inserted in corresponding positions. All these levels are referenced
to host VBM.

As was reported in the previous studies for the XV center,
we find that the local symmetry of XV1− relaxed to lower
C2h symmetry from D3d symmetry after HSE06 geometry
optimization [17,37]. Consequently, the fourfold degenerate
�+

3 state (including spin) within the band gap splits into four
�+

2 states, and the �−
3 state near valence-band maximum splits

into four �−
2 states in XV1− structures. As shown by the

green dashed arrow in Fig. 5, one can fix the ground-state
configuration and excite an electron from the spin-minority
channel of the �−

2 state into the spin-minority channel of the
�+

2 orbital (Fig. 6). The corresponding absorption energies
are 1.76, 2.23, 2.19, and 2.56 eV for SiV1−, GeV1−, SnV1−,
and PbV1− centers, respectively. Then, one can obtain the
ZPL energy after a full relaxation of the crystal configuration
while maintaining the excited-state electronic configuration,
and the corresponding ZPL energies are 1.70, 2.12, 2.09, and
2.51 eV for SiV1−, GeV1−, SnV1−, and PbV1− centers,
respectively, as depicted in Fig. 6. Interestingly, the ZPL en-
ergies of XV1− centers are not monotonically increasing but
show an abnormal trend between GeV1− center and SnV1−
center, i.e., the ZPL energy of SnV1− center (2.09 eV) is
less than that of GeV1− center (2.12 eV). It is important to
note that the ZPL energy is equal to the absorption energy
minus the relaxation energy of excited-state structure. We
find that there is only a slight relaxation-energy difference of
the excited state between GeV1− and SnV1−, which suggests
that the abnormal trend in ZPL energies corresponds to the
abnormal trend in absorption energies.

As mentioned above, the half-occupied �+
3 state’s en-

ergy increase with the increase of d-orbital’s energies of M

FIG. 6. Configuration coordinate diagrams for spin-conserving
triplet excitation. Excitation cycles for (a) SiV1− center, (b) GeV1−

center, (c) SnV1− center, and (d) PbV1− center in diamond.
Absorption, emission, structure relaxation, and ZPL transitions are
indicated, along with their HSE06 calculated energies.

(M= Ge, Sn, Pb) atoms due to stronger p−d coupling of
MV1− centers. In addition, the p orbital’s energy increases
with increasing atomic number of X atoms (see Table II),
which raises the energy level of fully occupied �−

3 state. As
for XV1− centers in Fig. 5, the variation of the �−

2 levels is
similar to that of the �−

3 state since �−
2 levels are derived

from the �−
3 state. The same thing holds for �+

2 levels derived
from the �+

3 state. Therefore, the competition mechanism be-
tween p−d coupling and p−p coupling jointly determines the
energy difference between �+

2 and �−
2 states and absorption

energies of XV1− centers. Consequently, the ZPL energies
of MV1− centers are significantly larger than that of SiV1−
centers due to p−d coupling of MV1− centers. The �−

2 state
shifts up from 0.33 eV below the VBM in GeV1− to 0.03
eV above the VBM in SnV1−, resulting in an upward shift
of �−

2 state by 0.36 eV. The �+
2 state arises from 2.33 eV

above the VBM to 2.65 eV above the VBM in GeV1− and
SnV1−, respectively, leading to an upward shift of the �+

2
state’s energy by 0.32 eV. Therefore, the �−

2 state’s energy
rise is more than that of the �+

2 state’s energy rise, which
leads to the absorption energy of SnV1− center being less than
that of GeV1− center and is responsible for the abnormal ZPL
energies trend between GeV1− center and SnV1− center.

IV. SUMMARY

In summary, we have investigated the properties of group-
IV vacancy color centers (XV, X = Si, Ge, Sn, Pb) in
diamonds using density-functional theory. Our results demon-
strate that the distinct local structure between NV and XV
centers is derived from relatively large atomic sizes of the
group-IV elements X, which leads to a large local strain
energy at the substitutional site and resulting in X atoms
spontaneously leaving the substitution site forming split-
vacancy local structures with D3d structural symmetry, as
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observed in experimental reports. According to this structural
symmetry, the shifts up of acceptor transition levels of XV
centers arise from the stronger p−d coupling between the
M (M= Ge, Sn, Pb) atoms and divacancy, which significantly
increase the system energies after defect levels trapping one
electron from host VBM. Due to the competition mechanism
of p−d coupling and p−p coupling, the absorption energy of
exciting one electron from the spin-minority channel of the
�−

2 state into the spin-minority channel of the �+
2 state in

SnV1− center is less than that in GeV1− center; this leads to
an abnormal ZPL energy trend of XV1− centers. Our study,
thus, provides a more profound and comprehensive insight
into the origins of abnormal trends of local structures and ZPL
energies in XV centers.
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