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We report on quantum emission from Pb-related color centers in diamond following ion implantation and
high-temperature vacuum annealing. First-principles calculations predict a negatively charged Pb-vacancy (PbV)
center in a split-vacancy configuration, with a zero-phonon transition around 2.4 eV. Cryogenic photolumi-
nescence measurements performed on emitters in nanofabricated pillars reveal several transitions, including a
prominent doublet near 520 nm. The splitting of this doublet, 5.7 THz, exceeds that reported for other group-IV
centers. These observations are consistent with the PbV center, which is expected to have a combination of
narrow optical transitions and stable spin states, making it a promising system for quantum network nodes.

DOI: 10.1103/PhysRevB.99.075430

I. INTRODUCTION

Quantum emitters in diamond and other wide-band-gap
materials are promising systems for quantum information
processing [1,2]. In particular, the nitrogen-vacancy (NV)
center in diamond has been shown to possess both long-lived
spin states [3] and a high-fidelity spin-photon interface [4], en-
abling quantum networking protocols [5]. However, the NV’s
optical properties remain a challenge: only a small fraction of
the fluorescence branches into the coherent zero-phonon line
(ZPL), as given by a Debye-Waller factor (DWF) of ∼0.03
[6], and spectral diffusion broadens the ZPL significantly in
nanophotonic devices [7–9].

These limitations have spurred a search for alternative
quantum emitters. These include the negatively charged
silicon-vacancy (SiV−) center, which has a larger DWF ∼0.8
[10] and stable optical transitions even in nanophotonic struc-
tures [11] due to its crystallographic inversion symmetry
[12,13]. To achieve long spin coherence in SiV− centers,
it is necessary to cool the sample such that kBT � h�GS,
where �GS is the ground-state orbital splitting, to reduce
phonon absorption in the ground-state manifold. For the SiV−
defect, with �GS = 50 GHz, temperatures below 500 mK are
required to achieve millisecond coherence times [14]. Heavier
group-IV vacancy centers are expected to share the favor-
able inversion symmetry, yielding narrow optical lines, but
with larger ground state orbital splittings that could increase
spin-coherence times [15]. In previous reports of group-IV
defects, the germanium vacancy has been shown to have
narrow optical lines [16,17] and �GS = 150 GHz, and the tin
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vacancy has been observed [18,19] where �GS = 850 �GS

effectively relaxes the temperature requirement for achieving
long coherence times, motivating the search for defects with
heavier elements.

Here we report the observation of color centers associated
with the heaviest naturally occurring group-IV element, lead
(Pb). Our first-principles density functional theory (DFT)
calculations predict a stable negatively charged Pb-vacancy
(PbV) color center in the diamond lattice. We created Pb-
related color centers through an ion implantation and anneal-
ing process and characterized them through photolumines-
cence spectroscopy at cryogenic temperatures. As discussed
below, we find good agreement between DFT predictions of
the transition energies and our spectroscopy.

First, we performed first-principles simulations of the
PbV defect using the QUANTUM ESPRESSO [22,23] software
package. We use a 512 atom supercell with gamma-point
integration and norm-conserving pseudopotentials [24] with
a 40-hartree plane-wave energy cutoff. Structural relaxations
were performed with the Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional [25], where we find the de-
fect to be stable in the split-vacancy configuration, described
by the inversion-symmetric D3d point group. The predicted
orbital structure, which is composed of two pairs of orbitals,
eu and eg, is shown in Fig. 1(b). In the inversion-symmetric
configuration, both of these orbitals are energetically degener-
ate, but they split as a result of spin-orbit coupling, which has
contributed significantly in lighter group-IV defects [17,26].
To determine the zero-phonon line, we employ the HSE06
hybrid functional [27] within QUANTUM ESPRESSO in conjunc-
tion with constrained-occupation DFT (i.e., �SCF [28]) to
capture the ZPL, which we find to be 2.40 eV (517 nm), in
excellent agreement with Ref. [15]. These simulations use
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FIG. 1. PbV calculations from first principles. (a) A Pb atom (black) in a split-vacancy configuration within the diamond lattice (blue
spheres: carbon atoms). (b) The electron orbital structure of the PbV defect in a negative charge state. Both the eu and eg orbitals are split as a
result of strong spin-orbit coupling. The energy difference between the eu and eg orbitals has been adjusted by the HSE-calculated ZPL energy.
(c) The same PbV orbital structure from a hole perspective. (d) Comparison of predicted optical transition energies of group-IV defects with
experimental data [18,20,21] and the present paper. (e, f) Electron density associated with the negatively charged PbV viewed from the [111]
and [110] axes, respectively. The density is primarily distributed to the six nearby carbon atoms of the diamond lattice.

the PBE-optimized geometries for the ground and excited
states to determine the ZPL for the PbV− as well as the other
negatively charged group-IV defects. In each of these cases,
we determined the optimized geometry by relaxing the atoms
in the structure until a tight force convergence criterion of
10−6 ev/Å was met. The resulting HSE ZPL energies are all
within 3% of experiment, suggesting very good agreement, as
seen in Fig. 1(d).

The seven-electron orbital configuration of the PbV is
most simply described in terms of a single-hole picture. This
is schematically presented in Fig. 1(c), where we follow
convention and flip the energy axis. From this perspective,
the potential transitions of the hole from excited states (eu

orbitals) to ground states (eg orbitals) correspond to opti-
cal emission at different energies. The difference in energy
between eg orbitals is the ground-state splitting �GS, while
the splitting between eu orbitals is the excited-state splitting
�ES, consistent with previous convention [26]. We determine
these energies by including spin-orbit coupling in our cal-
culations at the PBE level with relativistic norm-conserving
pseudopotentials. This has been found to be in agreement with
HSE-based spin-orbit splitting for the ground state [15]. Both
the ground- and excited-state splittings increase with the size
of the group-IV atom, with the PbV having �GS = 30 meV,

�ES = 260 meV. Note that our calculations do not account
for the spin-orbit quenching phenomena which can arise from
the dynamic Jahn-Teller effect via the Ham reduction factor
[29]; this would lower the magnitude of the ground- and
excited-state splittings.

We next used the JDFTX [31] software package to pre-
dict the strengths of the optical transitions via Fermi’s
“golden rule.” We calculate the momentum matrix elements
〈�n|⇀

p|�n′ 〉 for PbV states n and n’ as input to Fermi’s Golden
Rule. Figure 2 presents the relative coupling strengths of the
four zero-phonon transitions A, B, C, and D at T = 0 and
T → ∞. Electron-phonon interactions [32,33] would intro-
duce additional spectral features and broaden the linewidths of
each transition. There are only two peaks at low temperatures
because we assume that the eu orbitals reach thermal equilib-
rium before emission [30]. Thus, deexcitation of an excited
hole would only occur out of the lower-energy eu orbital,
which is located within the band gap. To model emission at
elevated temperatures, we introduce a Boltzmann distribution,
which in the high-temperature limit allows all four orbitals to
be equally occupied. As a result, four peaks are expected in
the emission spectrum [Fig. 2(b)]. From these calculations,
we also obtain the emission polarization. As shown, two of
the four transitions (B and C) are polarized along the PbV
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FIG. 2. Calculated relative emission intensity from first princi-
ples. Dipole matrix elements between each PbV orbital are calculated
and compared for different temperatures using JDFTX. (a) Predicted
emission at zero temperature. The emitting transitions originate from
the lower-energy eu orbital (i.e., channels D and C), under the
assumption that thermal equilibrium is achieved prior to emission
[30]. In the high-temperature limit presented in panel (b), transitions
to all four orbitals are thermodynamically allowed, resulting in a
four-peak structure. Filled peaks indicate emission polarized along
the PbV [111] direction (transitions B and C), while unfilled peaks
are polarized perpendicular to the defect axis. We note that the energy
values are corrected according to the HSE-calculated ZPL energy.

[111] axis. The two other emission channels (A and D) have
polarization perpendicular to the defect axis. We observed this
polarization trend for each of the lighter group-IV defects as
well.

II. EXPERIMENT

We prepared the sample by ion implantation into commer-
cially available type-IIa diamond (<5 ppb [N,B]; Element6)
at an energy of 350 keV and a dose of 109 Pb cm−2 (Varian
Extrion 10–400 keV ion implanter). Stopping range of ions in
matter calculations [34] [Fig. 3(a)] predict that this implanta-
tion produces a Pb layer with a mean depth of 58 ± 8 nm. Each
implanted Pb ion is predicted to produce ∼2000 vacancies
during implantation; although an order of magnitude more
than expected for other species such as nitrogen, the predicted
peak vacancy density of ∼1017 cm−3 is still well below the

FIG. 3. Sample preparation. (a) Simulated Pb ion probability
distribution, centered around 58 ± 8 nm in depth. (b) Field profile
of an emitter in a nanopillar with a diameter of 225 nm and height
of 600 nm. Red arrow: polarization of a dipole emitter. Dashed white
line: predicted depth of Pb-related emitters. (c) Scanning electron
micrograph of the fabricated nanopillar array. Scale bar: 1 μm.

graphitization damage threshold for diamond [35]. Following
implantation, we annealed the sample under high vacuum
(<10−7 mbar) at 1200 °C for two h and cleaned it in boiling
acid [36].

The resulting sample had a density of emitters too high
to spatially isolate a single color center [36]. To isolate
single Pb-related emitters, we fabricated nanopillars into the
diamond using a combination of electron-beam lithography
and reactive ion etching [36] [Figs. 3(b) and 3(c)]. The pillar
diameters varied from 150 to 325 nm, with a height of 670 nm.
For collection using an NA = 0.9 objective, finite-difference
time-domain calculations indicate that the pillars additionally
provide a 5 to 10X fluorescence collection efficiency enhance-
ment for an emitter located at a depth of 60 nm as compared to
that in an unpatterned diamond. The scanning electron micro-
graph in Fig. 3(c) shows the set of nanopillars with a diameter
of 225 nm that are primarily investigated in this paper.

Figure 4 summarizes fluorescence spectroscopy of Pb-
related emitters in these nanopillars, acquired using a cryo-
genic confocal microscope (NA = 0.9) at a temperature of
4 K. Figure 4(a) shows a representative confocal scan of a
20 × 20 array of 225-nm-diameter pillars using an excita-
tion laser at 450 nm (750 μW). Bright spots corresponding
to emitters in individual nanopillars are clearly visible. We
observed a photon count rate of ∼5000 counts per second at
a pump power of 750 μW, but we were unable to saturate the
emitter due to limitations on the accessible excitation power
in our setup. Figure 4(b) shows a representative spectrum
from the pillar indicated by the white box in Fig. 4(a). This
pillar contains a single emitter (red curve) as verified by
second-order autocorrelation measurements [Fig. 4(b), in-
set]. After correcting for the observed sample-independent
background (gray), we measure g(2)(0) = 0.28 including all
sample-dependent background, indicating quantum emission
from a single emitter. Additional spectra from the 225-nm-
diameter posts are displayed in the Supplemental Material
[36].

Figure 4(c) shows a statistical investigation of Pb-related
emitter spectral properties. We analyze fluorescence from
the 133 brightest nanopillars within the four distinct spectral
regions indicated as I-IV in Fig. 4(b). The circles in Fig. 4(c)
indicate the fitted location of emission peaks observed for
each nanopillar in the dataset. Binning the peak locations
creates an inhomogeneous spectrum of Pb-related emitters
[Fig. 4(c), top]. Finally, we calculate the overall [P(i)] and
conditional [P(i| j)] probabilities of observing an emission
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FIG. 4. Cryogenic (4 K) emitter characterization. (a) Confocal scan of Pb-related emitters in nanopillars. Colorbar: counts per second.
White box: a single emitter of interest as described below. (b) Emission spectrum of the boxed emitter. Four regions with observed emission
lines are shaded and labeled. Inset: Antibunched emission with g2(0) = 0.52 [g2(0) = 0.28 after background correction] and an antibunching
time constant of 3.0 ns. (c) Summary of photoluminescence spectra from 129 pillars. Circles indicate the center of an observed emission peak,
and colors correspond to individual pillars horizontally across spectral regions. Top: Histogram of emission peak locations. (d) Overall and
conditional probabilities for the observation of emission in each region.
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line in a given region [Fig. 4(d)]. We do not observe any
significant correlation between emission regions, with P(i) ≈
P(i| j)∀i �= j.

We tentatively attribute the lines in regions III and IV
(575 and 640 nm) to neutral and negatively charged NV cen-
ters [37], respectively, which are formed in the implantation
process from residual nitrogen atoms naturally present in the
diamond. We note that many of these emitters have large shifts
from the unstrained NV ZPL position, which could be due
to large strains induced by Pb implantation. The presence of
peaks in region III (NV0) and region IV (NV−) indicates that
the charge environment of the implanted layer is not uniform.
In addition, the lack of correlation between the regions shows
that the NVs that do exist are preferentially in a single charge
state, unlike reported photochromic NV centers [38,39] in
similar ultrapure type-IIa diamond without Pb implant.

The emission lines in region I have not been previously re-
ported, and we attribute them to Pb-related defect centers. The
observed inhomogeneous linewidths (0.172 and 0.134 nm) of
the prominent doublet at 520 nm in region I are broadened
between sites. However, individual diffraction-limited spots
do display lines narrower than our spectrometer-limited reso-
lution of 0.1 nm. The measured splitting of the region I peaks,
5.2 nm (5.7 THz), is greater than that measured for the ground
state of the SiV [26], GeV [17], and SnV [18].

III. DISCUSSION

The theoretically calculated and experimentally measured
PbV-emitter ZPLs are in relatively good agreement, with
the experimentally measured ZPL doublet at 520 nm close
to the simulated 517 nm. Theory predicts a four-level state
structure which points to split peaks in the emission spectra.
At 4 K, we find that the ground-state splitting is 5.7 THz,
which is relatively close to the theoretical predicted value
of 7.25 THz. The discrepancy between these values is likely
due to the theoretical value being too large (see Sec. II).
However, emission associated with the upper excited state,
which is expected to be present at higher temperatures, was
not conclusively observed in experiment. These transitions
could be outside of the accessible spectral range (>500 nm)
in our measurement setup. In addition, the large predicted
excited-state splitting of 260 meV would lead to a very
small upper excited-state population after equilibration with
the lower excited state, in turn producing little fluorescence
emission into these transitions. Nonetheless, the line featured
at 520 nm is prominent and has yet to be reported in diamond.
For this reason, we assign this peak to the PbV color center.

In addition to this pronounced line, cryogenic spectroscopy
revealed other spectral features. There are several possible
causes for these additional lines. SnV centers produced by
implantation show a broad (>30 nm) inhomogeneous dis-
tribution [18,19] following annealing at temperatures below
2000 °C, including several peaks attributed to intermediate
defect states. These states are eliminated upon high-pressure
high-temperature annealing [18], which has been shown to
reduce strain in the diamond lattice in addition to allowing
defects to relax to lower-energy configurations. Pb implan-
tation produces more vacancies per ion than Sn and in a
smaller volume, and thus can significantly alter the lattice

during implantation. Resulting intermediate defect states and
highly strained local environments could thus account for
the observed emission lines. Finally, other Pb-vacancy con-
figurations, such as a triple vacancy or other higher-order
aggregates, may be produced

The charge stability of the PbV defect is another potential
cause of additional spectral features. We theoretically predict
a charge transition level to be 2.71 eV above the valence-
band maximum. This suggests that photoionization could
contribute to spectra by illumination into the phonon sideband
under our pump at 450 nm (2.76 eV), as seen with NV [40,41]
and SiV centers [42]. We observed fluorescence instability
in some centers under blue illumination [36], which could
indicate the presence of an alternate charge state. Additionally,
other spectral features are observed in fluorescence under
532-nm illumination (appearance of lines around 590 and
715 nm, 36t). Future measurements, such as photolumines-
cence excitation spectroscopy under varying electromagnetic
and strain fields, will be required to fully determine the optical
properties and electronic structure of the observed Pb-related
emitters.

In conclusion, we have shown quantum emission related
to Pb defects in diamond. We observe antibunched emission
near 520 nm, which agrees with first-principle calculations
predicting a stable, negatively charged split-vacancy PbV
center. Importantly, the ground-state splitting of 5.7 THz far
exceeds that for other group-IV vacancy emitters (SiV, GeV,
and SnV). This splitting is in rough agreement with theory and
promises long spin coherence at elevated temperatures, which
is of central importance for quantum memories in proposed
quantum networks and modular quantum computing schemes.

Note added. Recently, we became aware of the paper
[43] that also describes photoluminescence from lead-related
emitters. Those PL data qualitatively agree with our findings
in regions II, III, and IV. Reference [43] does not reproduce
the lines we see in region I, potentially because of different
optical excitation conditions at 405- and 514-nm excitation
wavelengths as compared to our use of 450 nm.
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