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Effect of localization on photoluminescence and zero-field splitting of silicon color centers
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The study of defect centers in silicon has been recently reinvigorated by their potential applications in optical
quantum information processing. A number of silicon defect centers emit single photons in the telecommu-
nication O-band, making them promising building blocks for quantum networks between computing nodes.
The two-carbon G-center, self-interstitial W-center, and spin-1/2 T-center are the most intensively studied
silicon defect centers, yet despite this, there is no consensus on the precise configurations of defect atoms in
these centers, and their electronic structures remain ambiguous. Here we employ ab initio density functional
theory to characterize these defect centers, providing insight into the relaxed structures, band structures,
and photoluminescence spectra, which are compared to experimental results. Motivation is provided for how
these properties are intimately related to the localization of electronic states in the defect centers. In partic-
ular, we present the calculation of the zero-field splitting for the excited triplet state of the G-center defect
as the structure is linearly interpolated from the A-configuration to the B-configuration, showing a sudden
increase in the magnitude of the Dzz component of the zero-field-splitting tensor. By performing projections
onto the local orbital states of the defect, we analyze this transition in terms of the symmetry and bonding
character of the G-center defect, which sheds light on its potential application as a spin-photon interface.

DOI: 10.1103/PhysRevB.106.134107

I. INTRODUCTION

Point defect centers are receiving increasing attention
due to their potential applications for quantum informa-
tion science (QIS). Point defects in silicon hold a number
of advantages in this regard, exhibiting photon emission in
the telecommunication band [1,2], long electron spin coher-
ence times [3], and narrow linewidths [4], with a promise
to enable large-scale integration of quantum communication
between local quantum computer nodes [5]. Fabrication of
silicon-based electronics is widespread, and there are various
synthesis processes and quality control measures that have
been developed for atomic level control of silicon-based de-
vices [6–8]. Furthermore, most modern telecommunications
and computing devices are based on silicon, allowing any
prospective silicon-based quantum devices to be more easily
integrated with existing technologies. Potential applications of
such color centers for quantum networks can leverage the es-
tablished silicon-based manufacturing processes of integrated
electronics and photonics platforms.

Work on understanding the photoluminescence (PL) prop-
erties of silicon has been ongoing for nearly half a century. In
that time, a general understanding has emerged of the various
point defects that can arise in silicon, the techniques for gen-
erating them through radiation damage and annealing, as well
as their structures and vibronic properties. More recently, the

focus has turned to isolating high-quality defect centers with
narrow PL linewidths, with ongoing efforts to create silicon-
based devices that can generate indistinguishable photons,
couple spin and photon degrees of freedom, and various other
properties needed for QIS applications [6–8].

Despite the promise of silicon defect centers for QIS ap-
plications, there exists no firm consensus in regard to their
structural and electronic properties. In particular, a deeper un-
derstanding is needed of the electronic defect levels within the
bulk silicon gap and the nature of the local states correspond-
ing to these levels. In this work, we present a theoretical study
of the electronic properties of the G-center [2,9–12], W-center
[13–15], and T-center [16,17], which have been experimen-
tally observed to have a dominant zero-phonon line within or
near the telecommunication bands for low loss transmission of
photons through optical fibers. Using a combination of first-
principles calculations and tight-binding models, we present
calculations of the band structures, photoluminescence spec-
tra, and zero-field splitting (ZFS) parameters, and we discuss
them in relation to recent experimental results. We discuss
these properties in the context of the local defect structure,
and we show how they can be affected dramatically by the
localization of the defect electronic states.

This work is structured as follows: In Sec. II, we sum-
marize the progress in understanding the structures of these
various defect centers, and then we compare with our
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first-principles calculations in Sec. III. Section IV outlines the
procedure for computing the photoluminescence and presents
the spectra for the three defect structures, which are compared
with experiments. In Sec. V, we focus on the ZFS in the
excited triplet state of the G-center, and we discuss aspects
of the electronic structure and localization that enhance the
ZFS. Finally in Sec. VI, we conclude with a perspective on
the field and how these silicon point defects may aid in the
development of QIS technologies.

II. BACKGROUND

Understanding the details of the electronic structure of
silicon point defects is integral to the development of new
QIS technologies based on silicon. In particular, there is a
need for defects that have narrow linewidths within or near
the telecommunication bands, and can couple photons to spin
degrees of freedom, making the zero phonon line (ZPL), ZFS,
and PL crucial properties for computation. These electronic
properties are quite sensitive to the structure of the defects
[2,9,12,13], which can have several possible configurations
with similar energetic and electronic structure. To be precise
about which defects are being computed, the relaxed atomic
positions are provided in the Supplemental Material [18].

One such defect is the silicon W-center, which was orig-
inally identified as a narrow band at 1018 meV in the PL
spectrum of silicon that had been exposed to neutron or ion
radiation damage [19]. Under uniaxial compression, the per-
turbation of the emission line is highly nonlinear, and was
used to identify the transition as occurring between nonde-
generate spinless states in a trigonal symmetry environment
[20–22]. Symmetry analysis revealed that the excited state
may interact with higher-lying doubly degenerate states [20].

A number of models were initially proposed to describe
the W-center, including the 〈111〉-split-triple di-interstitial,
tri-interstitial, and tetra-interstitial [23–26]. The most energet-
ically stable of these, the tri-interstitial I3-I, possessed a C3v

symmetry and corresponding symmetric vibration mode that
matched well with experiment [23,24]. An alternate structure,
I3-II, was also proposed [27], and although it had a 1.4 eV
lower formation energy, the tetrahedral symmetry did not al-
low for a local vibrational mode (LVM) compatible with the
70 meV sideband seen in the experimental PL spectrum. A
third defect structure, dubbed I3-V, with a formation energy
lying between that of the previous two candidates [14,15], was
discovered using molecular-dynamics simulations [13]. While
this configuration had the appropriate symmetry and exhibited
a LVM with the correct energy [14,15], the electronic structure
of its defect levels [14,15,28] is still hotly debated, and it has
been proposed that the optical transition stems from the re-
combination of an exciton localized at the defect by Coulomb
interactions, even in the absence of defect levels in the
band gap [28].

Another such luminescent defect in silicon is the T-center.
It is less well studied than other defect centers in silicon [19],
but has been attracting more interest recently due to its ZPL
transition of 935 meV, which lies directly in the telecommu-
nications O-band. Furthermore, this defect center is believed
to host transitions between two spin-1/2 states whose fine
structure can be controlled by an external magnetic field,

FIG. 1. Defect structure within the silicon unit cell for
(a) G-center type A, (b) G-center type B, (c) W-center type V, and
(d) T-center. Silicon atoms are colored white, carbon atoms black,
hydrogen atoms dark gray, and silicon atoms part of the defect cluster
in pink.

presenting the possibility of using the T-center for photon-spin
coupling for QIS applications [29].

The T-center transition was identified as a doublet pair of
states split by 1.75 meV, with uniaxial stress measurements
indicating the nonlinear energy dependence of the defect
levels [17,30]. The transition is thought to be between a
highly isotropic spin-1/2 level and a highly anisotropic spin-
1/2 level. Specifically, the ground state possesses a single
unpaired electron occupying a midgap state, and when tran-
sitioning to the excited state, an additional bound exciton
is created. The two bound electrons form an S = 0 singlet
within the midgap, while the j = 3/2 hole state splits into two
doublets, consistent with the experimentally observed peaks
in the PL.

Perhaps the most extensively studied defect center in sili-
con is the G-center, which consists of two carbon atoms and
one silicon atom. The G-center forms when a substitutional
carbon C(s) combines with an interstitial carbon C(i). C(i)

defects are relatively mobile at 300 K and can be formed by
radiation damage displacing another C(s) or by direct injection
[19]. The G-center emission peak is located at 969 meV, with
a relatively narrow linewidth of a few meV depending on
synthesis conditions [4,31,32].

Uniaxial stress perturbation measurements were used to
identify the symmetry of the G-center as C1h, with the mir-
ror plane along the 〈110〉 crystallographic axis. Early on it
was suggested that there were two possible structures that
satisfied this symmetry [9,19,31], the type-A (GCA) configu-
ration where the defect atoms form a bent C(s)-Si(s)-C(i) chain
with the carbon atom in the interstitial position [Fig. 1(a)],
and the type-B (GCB) configuration where the silicon atom
shifts to the interstitial position, making a C(s)-Si(i)-C(s) chain
[Fig. 1(b)]. While switching between the two configurations
was observed under n-type doping conditions [9], subse-
quent works point to the G-center type-B configuration being
the true ground state [2,31]. Optically detected magnetic
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resonance (ODMR) experiments have also been performed for
the G-center, revealing a transient excited spin triplet state for
which a sizable ZFS was observed [33].

Despite extensive study, the electronic structure (and to a
lesser extent the atomic structure) of the G-center is still not
settled. Early cluster calculations focused on understanding
the relative stability of the type-A and type-B G-centers when
positively or negatively charged, and they revealed two defect
levels within the silicon band gap corresponding to the two
charge states [10,34]. Later calculations of G-center defects
embedded in a periodic supercell [11,12] produced only a
single defect level within the gap for the neutral defect state.
Most recently, a combined approach of hybrid functionals and
an additional Hubbard-U parameter of U = 7.3 eV extracted
from a GW calculation was used to reproduce the two defect
levels at the �-point, one of which was located just below the
valence-band maximum [2].

III. ELECTRONIC STRUCTURE OF THE DEFECT
CENTERS

To compute the electronic structures of these three defect
centers, first-principles density functional theory (DFT) cal-
culations are performed with the Vienna ab initio simulation
package (VASP) [35–38], using the Heyd-Scuseria-Ernzerhof
(HSE06) [12,39] functional. The G-center type A (GCA) and
type B [9–12] (GCB), W-center type-V [13–15] (WCV), and
T-center [17] (TC) defect structures were embedded within a
3 × 3 × 3 supercell of silicon containing 216 silicon atoms,
and relaxed to a force tolerance of 0.001 (eV/Å) on a 2 ×
2 × 2 �-centered k-point grid. The resulting structures and
charge densities were used to compute the various defect
properties including ZPL, ZFS, and orbital projections on the
same 2 × 2 × 2 k-point grid aside from the zero-field split-
ting, which was computed at the �-point. An energy cutoff
of 450 eV was used. The relaxation procedure was also per-
formed on a reduced 2 × 2 × 2 supercell containing 64 atoms,
and the obtained self-consistent charge density was then used
to compute the band structure of each defect. Performing the
full band-structure calculation shows the dispersion through-
out the Brillouin zone, revealing defect levels that would be
hidden within the conduction or valence bands when doing
calculations using only the �-point. This is in fact the case
for both TC and GCA/GCB, where the lower defect state dips
into the conduction band at the �-point. All of the calculations
were performed in the neutral charge state of the defects, as
there is no experimental evidence that their PL transitions are
accompanied by a change in charge state.

Excited-state calculations for each defect are performed
by manually constraining the orbital occupations to excite
one electron into an unoccupied band. Such an approach has
been successfully used in combination with hybrid functionals
to study the excited-state properties of the nitrogen-vacancy
(NV) defect in diamond [40], as well as various silicon defects
[2,16,28].

The computed band structures for the color centers provide
additional information about which bands correspond to the
local defect state at each k-point, provided that the defect
states are well localized. However, if the defect states are not
well localized, it is not possible to determine where they lie

FIG. 2. Band structures of the (a) ground state and (b) excited
state of the T-center, with spin-up/down defect states highlighted in
red/blue. The orbitals of the localized defect levels are shown on
the right.

in the band order from an atom-projected band-structure plot.
The information contained in the projected band-structure
plots can be used to improve the accuracy of the constrained
occupation method by using the positions of the defect levels
in the band order of the ground state to perform excited-state
calculations of the band structure on the same k-path, as well
as the excited-state properties on a 2 × 2 × 2 k-point grid.
For the excited-state calculations, the electron occupations
are constrained independently at each k-point by removing
an electron from the band corresponding to the lower defect
level, and adding an electron to the band corresponding to the
upper defect level. As the band order, and hence the positions
of lower/upper defect levels, changes at different k-points, the
constraints must be set independently for each k-point. This
procedure is performed for TC, WC, and the optically active
GCB, in conjunction with an additional structural relaxation
in the constrained excited state to obtain the true excited-state
energy. We note that there is a functional limitation to this
approach—setting the initial occupations places electrons into
states that do not correspond to a converged self-consistent
charge density in the excited state. In particular, occupying
a state changes its energy, so when the self-consistency in
the charge density is reached, the character of the occupied
state may change, so the intended occupations might no longer
correspond to the local defect levels.

The hybrid functional calculation of the silicon T-center
produces the band structure shown in Fig. 2. In the ground
state, the T-center possesses two defect levels that are coinci-
dent with the valence and conduction bands. Projecting onto
the local orbitals reveals that both defect levels are highly
localized to the trigonally bonded carbon atom, having the
character of pz orbitals oriented perpendicularly to the 〈110〉
plane. The excited-state band structure was also obtained,
yielding a pair of degenerate defect levels directly in the
middle of the silicon gap [Fig. 2(b)]. This midgap level is
fully occupied, consistent with the S = 0 state predicted by
experiments, and the defect bands retain the same pz char-
acter as the ground state. The spin moment of the T-center
persists in the excited state, but is now associated with the hole
state remaining in the valence band, resulting in the moment
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FIG. 3. Atom-projected band structure of the silicon G-center
type A (a) and type B (b) configurations. Contributions to the bands
from the interstitial carbon atom (red) and interstitial silicon atom
(blue) are highlighted.

becoming delocalized over the entire supercell. Unfortunately,
treating the electrons using constrained occupations does not
give a complete description of the electron-hole interaction of
the bound exciton, and hence cannot reproduce the j = 3/2
configuration of the hole state.

For the W-center, the band-structure calculation produces
two defect levels within the band gap (see the Supplemental
Material [18]), which are positioned near the conduction- and
valence-band edges. Projection onto atomic orbitals reveals
that both defect levels exhibit a low degree of localization—
the lower defect level is somewhat localized to the ring of
silicon atoms formed by the three Si interstitials and the
three Si atoms they displace, while the upper defect level is
completely delocalized.

For the G-center, band-structure calculations were per-
formed for both configurations, GCA and GCB, in order to
reveal the differences in their electronic structures. Figure 3
shows the band structures for GCA and GCB with the orbital
projections onto the interstitial carbon and silicon atom of the
defect highlighted in red and blue, respectively. The band-
structure plots show that the two local defect levels intersect
the valence and conduction bands. The upper defect level is
resonant with the conduction band near the X -point, while the
lower defect dips below the valence-band maximum around
the �-point, consistent with prior calculations on �-point
only k-grids [2,11,12]. It should be noted that although these
defects are buried within the valence and conduction bands,
local transitions between them can still be responsible for the
observed photoluminescence.

The plots also reveal a marked difference between the elec-
tronic structures of GCA and GCB. While the defect states for
both centers are similarly well localized, the states belong to
different sets of atoms. In GCA the defect levels are localized
on separate atoms, with the lower-energy state being localized

TABLE I. Values of the computed zero phonon line (ZPL) for
G-center type B (GC), T-center (TC), and W-center type V (WCV),
which are compared with the experimental values.

Defect ZPL (meV) ZPL (meV)
Defect Theory Expt.

GC 987 969
TC 921 935
WC 1203 1018

to the interstitial carbon C(i), and the higher-energy state being
localized to the substitutional silicon Si(s). In contrast, both
defect levels in GCB are localized on Si(i). This results in
increased interactions between electrons occupying the two-
electron defect state, leading to an enhancement of the ZFS,
which will be discussed in a subsequent section.

The localization of the defect orbitals additionally has a
dramatic impact on the optical properties of the G-center.
In fact, the experimental PL spectrum of the G-center is at-
tributed to the GCB structure, as GCA is considered to be
optically inactive [9,19]. The relative optical activity of the
two structures can be compared by computing the electric
dipole moments for the transitions between the two defect
states at the �-point. For GCB, the value of the transition
dipole moment is ∼4.3 D2, while for GCA it is over two
orders of magnitude smaller at ∼ 0.039 D2, leading to sig-
nificantly reduced optical activity.

The ZPL energies for the defects are obtained using the
constrained occupation approach on a 2 × 2 × 2 k-point grid
by occupying the bands corresponding to the defect levels in
the ground and excited states independently at each k-point
using the band order determined from the band-structure cal-
culation. The computed ZPL energies are shown in Table I.
For TC and GC, the defect states are well localized, making
it possible to define occupations for the excited state. This
results in computed ZPL values that are within 2% of the
experimental values for the T-center and G-center. The ZPL of
987 meV for the G-center, computed with hybrid functionals,
compares well with a recent work that obtained a value of
985 meV using a combined GW and HSE+U method. The
G-center triplet excited state is slightly lower in energy, lying
591 meV above the ground state. For the W-center, the de-
fect levels are not well localized, so the atom-projected band
structure cannot be used to identify the bands corresponding to
the defect at each k-point. Thus, the calculation is performed
by constraining occupations to the lowest unoccupied band at
each k-point, which results in a significant error in the value
of the ZPL as compared to experiment.

IV. PHOTOLUMINESCENCE

A key property of quantum defect centers relevant for
QIS is their ability to produce indistinguishable photons. To
investigate the optical properties of the G-center, W-center,
and T-center, we compute the PL spectra using a procedure
originally developed for the NV center in diamond [41]. The
normalized luminescence intensity I (h̄ω) = Cω3A(h̄ω) can
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be computed from the optical spectral function

A(h̄ω) =
∑

m

|〈χgm|χe0〉|2δ(EZPL − Egm − h̄ω), (1)

where the first subscript (g or e) denotes ground- or excited-
state vibrational levels χ , and the second index (0 or m)
denotes the vibrational mode. Likewise, Egm is the energy of
vibrational mode m of the ground state, while EZPL is the ZPL
energy. The prefactor C is a normalization constant, given by
C = ∫

A(h̄ω)ω3d (h̄ω). Due to the difficulty of computing the
overlap integrals 〈χgm|χe0〉, we opt instead to use the gener-
ating function approach where the optical spectral function
is derived from a generating function G(t ) of the electron-
phonon coupling spectral function S(h̄ω):

A(EZPL − h̄ω) = 1

2π

∫ ∞

−∞
G(t )eiωt−γ |t |dt, (2)

where h̄ω is the photon energy, EZPL is the ZPL energy, and γ

is the line broadening. The generating function is defined as

G(t ) = eS(t )−S(0), (3)

where S(t ) = ∫ ∞
0 S(h̄ω)e−iωt d h̄ω. The electron-phonon spec-

tral function can in turn be computed as a sum over the phonon
modes λ and wave vectors q:

S(h̄ω) =
∑
q∈BZ

∑
λ

ωλ(q) fλ(q)2

2h̄
δ(h̄ω − h̄ωλ(q)), (4)

where h̄ωλ(q) is the energy of the phonon mode (λ, q), and
the coefficients fλ(q) are given by

fλ(q) =
∑
αi

m1/2
α (Re,αi − Rg,αi )ελ,αi(q), (5)

where ελ,αi(q) is the coefficient of the phonon eigenvector.
Further details on the calculation are provided in the Supple-
mental Material [18].

The computed PL spectra for the G-center, T-center, and
W-center are shown in Fig. 4. Only the GCB PL spectrum is
shown since the GCA spectrum is very similar in appearance.
The theoretical calculation is able to capture several charac-
teristic features of the PL spectra. Each PL spectrum features
a strong excitation peak that is aligned to coincide with the
experimental ZPL. At ∼100 nm above the ZPL peak feature,
there is a sideband stemming from the bulk silicon structure,
and several standard peaks can be identified [31], including
the transverse acoustic (TA), transverse optical (TO), longitu-
dinal optical (LO), and longitudinal acoustic (LA) phonons at
the X , W , and L high-symmetry points of the Brillouin zone.
Normally, such single-phonon peaks at these points would not
appear in the PL spectrum due to momentum conservation, but
in here they appear as a result of defect-mediated processes
which break the translation symmetry of the crystal. A number
of LVM peaks for the G-center [31,42] (E and E ′ lines) and
the T-center [43] are identified in the PL.

In particular, there are several features in the PL spectra
that stand out. The W-center PL has a broad shoulder that is
absent from the PL spectra of the other two defects, along with
a lack of clear LVM peaks, which suggests that a strong hy-
bridization between the W-center local modes and silicon TA

FIG. 4. Computed photoluminescence spectra for (a) G-center
type B, (b) T-center, and (c) W-center type V, adjusted to the ex-
perimental ZPL. Arrows indicate peaks in the sideband arising from
the bulk silicon structure and local defect modes. Inset plots compare
the computed (black) and experimental (red) PL spectra, with arrows
indicating features of interest in the sideband.

modes may be responsible. In fact, in the relaxed atomic struc-
ture of the excited state, the atoms are significantly displaced
from their ground-state positions, resulting in a broadening of
the spectral function [18] and PL spectrum. The TA peak in
the T-center PL [Fig. 4(b)] is quite broad, making it difficult
to identify the contributions from the X and W points in
the Brillouin zone, which usually form a peak and shoulder,
as seen in the W-center PL [Fig. 4(c)]. Another reason for
this difficulty is a small peak at the right edge, which might
be attributed to the LVM1 [43]. On the other hand, for the
G-center, the prominent TO peak is essentially absent, con-
sistent with experimental measurements [31]. Furthermore,
the LVM E ′-line [42] is found much closer to the ZPL than

134107-5



VSEVOLOD IVANOV et al. PHYSICAL REVIEW B 106, 134107 (2022)

TABLE II. Huang-Rhys and Debye-Waller factors for G-center,
T-center, and W-center computed using hybrid functionals.

Defect Huang-Rhys factor Debye-Waller factor

GCA 0.266 0.766
GCB 0.187 0.829
TC 0.155 0.856
WCV 0.536 0.585

in experiment, where it appears around ∼1500 nm. A more
detailed analysis of these features would necessitate the cal-
culation of phonon-resolved PL spectra, which are beyond the
scope of this work.

The computed spectra are compared with the experimen-
tally obtained PL in the insets of Fig. 4. Details on the
experimental conditions are provided in the Supplemental
Material [18]. To facilitate the comparison, the theory spectra
are aligned with the ZPL of the experimental data. There is
fairly good agreement between theory and experiment, with
the theoretical calculation capturing the main phonon peaks
in the sideband. This is particularly evident for the GC, where
the TA phonon peak at ∼1300 nm is nearly exactly matched
by the calculation. For the WC, the TA peak at ∼1240 nm is
also reproduced, although it appears at a slightly higher wave-
length in experiment. For the T-center, the sideband peaks are
quite broad, but nevertheless the bulk-silicon phonon peaks at
∼1350, ∼1370, and ∼1390 nm line up well with experiment
[44]. It is also important to highlight that the experimental
PL of the G-centers in SOI has a remarkably narrow ZPL
linewidth of ∼0.17 nm in this example, significantly narrower
than the recently reported ZPL of 1.1 nm for a G-center in a
waveguide [45] but slightly broader than the 0.1 nm linewidth
observed for G-centers near the surface of bulk silicon sam-
ples [32]. Strain in the SOI device layer is the likely cause of
this broadening.

The Huang-Rhys factors (HR) for each defect were also
computed, and they are shown in Table II. The Debye-Waller
factor wDB is obtained from the Huang-Rhys factor S̄ through
the relation wDB = e−S̄ . There is a clear enhancement of the
Huang-Rhys factor of the W-center as compared to the other
defects, which stems from the highly delocalized nature of its
defect states, which would couple more strongly to the bulk
silicon phonon modes. This is consistent with the PL spectrum
of the W-center, which has a broad shoulder due to the strong
hybridization of the local modes and silicon TA modes. Our
finding that the GCB has a weaker electron-phonon coupling
than the GCA can be explained by the GCB having defect
states localized on a single atom, the silicon interstitial Si(i),
compared to the GCA states being on separate atoms, C(i) and
Si(s), and hence more susceptible to bond-length fluctuations.

V. ZERO-FIELD SPLITTING

Quantum defects hosting an optically accessible triplet
state can serve as platforms for building quantum devices with
coupled spin-photon degrees of freedom [1,46–51]. Although
no triplet state has been observed for the W-center, there
is some evidence for mixing between the excited state and

TABLE III. The computed zero-field-splitting (ZFS) values for
the excited spin triplet state of the G-center are given for type A and
B structures, and compared with experiment.

ZFS (MHz)

Defect |Dxx| |Dyy| |Dzz|
GCA (theor.) 166 210 376
GCB (theor.) 152 964 1116
GC (theor. [2]) 307 911 1218
GC (expt. [33]) 142 800 941

some higher-lying doubly degenerate states [19]. The T-center
transitions and their potential for a spin-photon interface have
been discussed in [1,46]. In the remainder of this section, we
focus on the excited triplet state of the G-center and its ZFS.
The ZFS is computed for a hypothetical configuration with
equal spins occupying the lower- and higher-energy defect
levels using a constrained occupation approach. The resulting
ZFS is quite small (Davg = 0.8 MHz), which is expected given
the delocalized nature of the defect states.

It has been shown that the silicon G-center can be driven
into a metastable excited triplet state with spin-1 angular mo-
mentum [33]. Symmetry breaking would split such a triplet
state into a state with magnetic quantum number ms = 0 and
degenerate states with ms = ±1. A number of schemes exist
for encoding a qubit using these states. One such scheme uses
the ms = ±1 states to encode |0〉 and |1〉 qubit states and using
the ms = 0 state as an ancillary level for manipulating the
geometric phase [48,49]. Another possibility is to construct
the qubit from the triplet ms = 0 and a separate singlet S =
0, ms = 0 state [50,51], which gives the additional advantage
of decoupling the qubit from external magnetic fields, as both
states have zero spin quantum number.

The fidelity of these schemes for encoding a qubit using
triplet states is highly dependent on the separation of the
ms = 0 and ±1 levels. In the absence of magnetic fields, this
splitting is driven by spin-spin interactions of the electrons
occupying the defect states. The spin-spin interaction can be
written [52]

Hss = SDS = − μ0

4π

g2μ2
B

r3

(
3

4
(s1 · r̂)(s2 · r̂) − s1 · s2

)
, (6)

where μ0 is the magnetic permeability, g is the Landé g-factor,
μB is the Bohr magneton, D is the traceless dipole-dipole in-
teraction tensor, the total spin S = s1 + s2, si = 1

2 [σx, σy, σz]
is the spin operator for particle i, and σx, σy, σz are the Pauli
matrices. For the excited triplet state of the G-center, ψ , this
spin-spin interaction leads to a gap 3
 between the ms = 0
and ±1, where

3
 = −3

4
Dzz = 3

μ0

4π
g2μ2

B

〈
ψ

∣∣∣∣1 − 3ẑ2

4r3

∣∣∣∣ψ
〉
. (7)

The ZFS tensor was computed using hybrid functionals for
both GCA and GCB in the excited triplet state. The absolute
values of the diagonalized tensor are shown in Table III, with
the GCB values showing good agreement with experiment
[33]. Note that the ZPL is traceless, i.e., the values on the
diagonal must satisfy the condition Dxx + Dyy + Dzz = 0, and

134107-6



EFFECT OF LOCALIZATION ON PHOTOLUMINESCENCE … PHYSICAL REVIEW B 106, 134107 (2022)

FIG. 5. Zero-field splitting (above) and defect energy (below)
of the G-center for defect configurations that linearly interpolate
between GCA and GCB in steps of 0.1 (10%). Values of the diag-
onalized ZFS tensor are shown, with Dzz in black, Dyy in blue, and
Dxx in red. Dashed lines indicate the experimentally measured ZFS
values.

they are automatically ordered by magnitude Dzz > Dyy >

Dxx. Similar computed values for the G-center were recently
reported [2]. We point out that the method for simulating the
G-center used in [2] requires a Hubbard-U value of 7.3 eV,
when even values of 0.4 eV are considered large for silicon
defects [17]. Additionally, the inclusion of a Hubbard-U pa-
rameter only serves to shift the energies of the defect levels,
and does not significantly affect the localization. As the sub-
sequent discussion will demonstrate, the magnitude of the
ZFS is heavily dependent on the localization of the defect
wave functions, and indeed the magnitude of ZFS computed
by HSE and HSE+U is comparable [2]. In contrast, our ap-
proach only relies on hybrid functionals, which have been
well-established for reproducing the electronic structure of
semiconductors such as silicon.

Both the calculation and experiment show a dramatic dif-
ference in the magnitudes of the ZFS of GCA and GCB. The
evolution of the ZFS diagonal values is tracked as the G-center
atomic positions are linearly interpolated between the two
structures. The magnitudes of the ZFS for each structure along
the interpolation are compared to the experimental values in
Fig. 5. It can be seen that while the Dxx component remains
relatively small, the Dyy and Dzz components experience a
sudden step increase right at the intermediate point between
the GCA and GCB structures.

To understand the evolution of the ZFS components as
the G-center transitions from the A-type to B-type configura-
tion, we project the two single-electron defect levels onto the
s and p orbitals of the six atoms in the local cluster (Fig. 6).
For the A-type structure, the lower defect level is localized

FIG. 6. Orbital projections of G-center lower (blue) and higher
(red) energy defect levels for structures linearly interpolating be-
tween GCA and GCB in steps of 0.2. Arrows centered on the
Si(i) of the G-center defect indicate the direction of the ZFS tensor
components.

to the interstitial carbon and oriented in the 〈110〉 direction,
while the upper defect level is localized to the central silicon
atom of the defect, having the character of a p orbital oriented
along 〈1̄10〉. As the structure transitions between GCA and
GCB, the C(i) and Si atoms move downward, with the carbon
ultimately assuming a substitutional position in the lattice.
Concurrently, the contribution of the carbon orbitals to the
defect level weakens, disappearing entirely at the structural
midpoint between GCA and GCB. As the defect approaches
the GCB configuration, the character of the upper defect level
remains largely unchanged, while the lower defect level be-
comes localized to the Si atom and acquires the character of a
p orbital oriented along the Si(i)-C(s) bond.

During the linear interpolation between GCA and GCB
configurations, the total energy of the defect changes consid-
erably, as shown in Fig. 5. The GCB structure is ∼100 meV
lower in energy than the GCA structure, establishing it as
the ground-state configuration, consistent with prior work
[2,31]. There is additionally a potential barrier of 0.2 eV for
converting between the two configurations, which is slightly
larger than the experimentally determined value of 0.15 eV
[9]. However, our computed value may overestimate the true
kinetic barrier, since we consider only a linear interpola-
tion between GCA and GCB, and not a nudged-elastic band
method, which would sample all possible structural pathways
to determine the lowest energy transformation.

The evolution of the defect states can be understood in
terms of a simple nearest-neighbor tight-binding model on the
defect cluster (see the Supplemental Material [18]),

H =
∑

i

εic
†
i ci +

∑
〈i j〉

ti jc
†
i c j , (8)

where εi is the energy of the orbital on the C or Si atom, ti j

is the hopping energy between atoms, and the second sum
runs over the nearest neighbors 〈i j〉. We can approximate
all nearest-neighbor hoppings as equal, ti j ≡ t , to demon-
strate that the origin of the defect level structure is purely
geometrical. In the G-center, all of the atoms are tetrahedrally
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bonded to their nearest neighbors, except some of the defect
atoms which have a lower coordination. For a tetrahedrally
bonded atom, the natural basis is the set of sp3 orbitals. Taking
the energy ε0 of an unhybridized p orbital as a reference point,
let the energy of the four sp3 orbitals be 
ε1 = ε1 − ε0, and
let the energy of the four orbitals on the nearest-neighbor
atoms be 
ε2 = ε2 − ε0. Diagonalizing the Hamiltonian of
this cluster [18], we find two sets of bands,

Ebulk,± = 1

2

(

ε1 + 
ε2 ±

√
(
ε1 − 
ε2)2 + 4t2

)
, (9)

which, when taken together with all the other tetrahedrally
bonded silicon atoms in the bulk, form the valence and con-
duction bands. When the energies of the four sp3 orbitals
and the nearest-neighbor orbitals are similar, t 	 (
ε1 −

ε2), and the expression above reduces to Ebulk,± ≈ (
ε1 +

ε2)/2 ± t , yielding two bands separated by a gap ∼2t .

The defect levels in the G-center arise from the defect
atoms having lower than tetrahedral coordination. In GCA,
the Si and C(i) defect atoms are both trigonally bonded, and
so they can be represented using a basis consisting of the
in-plane sp2 orbitals and nonbonding pz orbital, oriented to
align with the local geometry of each atom. Taking the energy
of the pz orbital to be ε0 = 0, the energy of the sp2 to be

ε1, and the energies of the nearest-neighbor orbitals as 
ε2,
we diagonalize the Hamiltonian of the defect atom. Once
again, we recover two sets of degenerate bands of the form
Eq. (9), but now the nonbonding pz orbital forms a single
defect level in the middle of the gap. Given that there are two
such trigonal defect atoms, we can expect two defect levels
in the gap, having the character of pz orbitals aligned with
their local orientation. This is in fact consistent with the orbital
projections shown in Fig. 6 for GCA.

In GCB, the bonding geometry is quite different, with both
carbons assuming tetrahedrally bonded substitutional posi-
tions, and the defect Si atom bonding only to the two nearest
carbon atoms. Due to the bent shape of the C(s)-Si(i)-C(s)

chain, the same sp2 + pz basis is appropriate here, however
now only two of the sp2 orbitals bond with nearest-neighbor
atoms. The resulting eigenenergies [18] are again the set of
gapped bands of the form of Eq. (9), but now with two defect
levels in the gap, one for each of the nonbonding sp2 and
pz orbitals. The same result is found for the self-consistent
simulation of GCB; Fig. 6 shows that the projections of
the two defect levels match the two orbitals derived using a
nearest-neighbor model on the defect cluster.

The argument for why the ZFS is enhanced in GCB can be
made more explicit by comparing the ZFS integrals given by
Eq. (7) for the approximate two-electron defect states previ-
ously derived for GCA and GCB [53]. It can be shown that for
orbitals localized to different atoms of the defect, separated
by vector d = (d, 0, 0), the main contribution to the ZFS
[Eq. (7)] will be of the form C/d3, where C is a factor arising
from integration over internal variables. For single electron
states that are well localized to their separate defect atoms,
as is the case for GCA, Dzz will approach this limiting form,
and will scale inversely with 1/d3, resulting in a decreased
magnitude of the ZFS. For GCB, the two-electron state is
composed of orbitals located on the same atom, and it can
therefore achieve a much larger value of ZFS.

VI. CONCLUSION

In this work, we have presented an overview of three
different defect centers in silicon that have potential QIS
applications: the G-center, T-center, and W-center. Using a
hybrid functional approach, we have computed the electronic
structure ZPL, ZFS, and PL spectra for these defects. In par-
ticular, we have shown how the physical structure impacts the
electronic structure of the G-center, resulting in a significant
enhancement of the ZFS in the type-B configuration. Specif-
ically, we investigate the zero-field splitting for the excited
triplet state of the G-center defect as the structure is linearly
interpolated from the A-configuration to the B-configuration,
showing a sudden increase in the magnitude of the Dzz com-
ponent of the zero-field-splitting tensor. This transition is
explained in terms of localization of the G-center defect states
onto the Si interstitial.

We have also shown how the excited state associated with
the ZPL transition in the T-center has a complete delocaliza-
tion of the magnetic moment even though the defect states
are well localized, which provides theoretical insight for engi-
neering coupling between optical degrees of freedom and spin
localization. Finally, we establish the delocalized nature of the
defect levels in the W-center, and we discuss how that leads to
a stronger electron-phonon coupling, ultimately resulting in a
broadened PL spectrum and an increased Huang-Rhys factor.

Finally, the tight-binding models derived in this work pro-
vide a simple framework for designing defects with bonding
arrangements that favor the localization of both spins in a
defect triplet state to the same atom, resulting in an im-
proved ZFS while keeping HR factors low. Such models are
quite robust, in the sense that they may be easily applied to
other color centers in silicon or other host materials, enabling
the prediction of a wide range of desirable defects. Future
work will focus on finding such defects that are also ground-
state triplets while being thermodynamically stable, setting
up the possibility of creating them through novel methods
such as those demonstrated recently to reliably create G- and
W-centers [4]. Alternatively, excited-state triplets may pro-
vide transient access to a hyperfine-coupled nuclear spin for
a practical spin-photon interface.
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