
Quantum interference of resonance fluorescence

from Germanium-vacancy color centers in

diamond

Disheng Chen,†,‡ Johannes E. Fröch,¶ Shihao Ru,†,§ Hongbing Cai,†,‡ Naizhou

Wang,†,‡ Giorgio Adamo,‡ John Scott,¶,‖ Fuli Li,§ Nikolay Zheludev,†,‡,⊥ Igor

Aharonovich,∗,¶,‖ and Wei-bo Gao∗,†,‡

†Division of Physics and Applied Physics, School of Physical and Mathematical Sciences,

Nanyang Technological University, Singapore 637371, Singapore

‡The Photonics Institute and Centre for Disruptive Photonic Technologies, Nanyang

Technological University, Singapore 637371, Singapore

¶School of Mathematical and Physical Sciences, University of Technology Sydney, Ultimo,

NSW, 2007, Australia

§Shaanxi Key Laboratory of Quantum Information and Quantum Optoelectronic Devices,

School of Physics, Xi’an Jiaotong University, Xi’an 710049, China

‖ARC Centre of Excellence for Transformative Meta-Optical Systems (TMOS), Faculty of

Science, University of Technology Sydney, Ultimo, New South Wales 2007, Australia

⊥Optoelectronics Research Centre, University of Southampton, Hampshire, SO17 1BJ, UK

E-mail: igor.aharonovich@uts.edu.au; wbgao@ntu.edu.sg

Abstract

Resonance fluorescence from a quantum emitter is an ideal source to extract indis-

tinguishable photons. By using the cross polarization to suppress the laser scattering,
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we observed resonance fluorescence from GeV color centers in diamond at cryogenic

temperature. The Fourier-transform-limited linewidth emission with T2/2T1 ∼ 0.86 al-

lows for two-photon interference based on single GeV color center. Under pulsed excita-

tion, the 24 ns separated photons exhibit a Hong-Ou-Mandel visibility of 0.604±0.022,

while the continuous-wave excitation leads to a coalescence time window of 1.05 radia-

tive lifetime. Together with single-shot readout of spin states, it paves the way towards

building a quantum network with GeV color centers in diamond.

Key words: Germanium vacancy color center in diamond, resonance fluo-

rescence, two-photon interference, single-shot readout

Indistinguishable photons are indispensable resources for photonic quantum informa-

tion processing1 and underlie several key quantum technologies including linear optical

quantum computing,2 remote quantum-state teleportation,3 and quantum-repeater-enabled

large-scale quantum network.4 Various optical processes or single-photon emitters have been

explored to generate these identical photons, such as non-linear down-conversion process,5

single atoms6 or ions,7 semiconductor quantum dots,8 and solid-state quantum emitters.9

The latter stands out for the spin-tagged photonic interface,10 mature nanostructure fabri-

cations,11 and the potential to scale up with the quantum photonic integrated circuits.12,13

The negatively charged Germanium vacancy (GeV−) color center in diamond exhibits

a stable spectrum with negligible inhomogeneous broadening14 thanks to the inversion-

symmetry of its D3d molecular structure,15 which effectively suppresses the first-order re-

sponse to the electric-field jittering.16 Together with the high quantum efficiency of radiative

decay (30%)17 and large zero-phonon line (ZPL) proportion (70%),18 GeV color center may

present a unique opportunity, similar to that of Silicon vacancy (SiV) color center, to real-

ize solid-state quantum nodes without invoking any frequency-tuning technique.19 Both GeV

and SiV color centers feature superior optical properties compared to NV centers in diamond

by sparing some of their spin coherence time. In addition, the GeV exhibits 3 times higher

radiative decay rate than SiV, which not only yields stronger single photon emission inten-

2



sity, it also provides more fault-tolerance rooms when integrating these quantum emitters in

nanophotonic devices.

Here, we show that the presence of a microstructure around the GeV does not impair its

optical properties and the lifetime-limited linewidth emission can be observed. This narrow

linewidth allows for two-photon interference (TPI) based on indistinguishable photons from

a single GeV emitter with a Hong-Ou-Mandel (HOM) effect.20 Together with the single-shot

readout of GeV spin state enabled by enhanced photon collection efficiency using a solid

immersion lens, this paves the road towards high-fidelity, high-rate spin-photon entanglement

based on solid-state quantum emitters.

The GeV color centers in this work are generated via high-energy ion implantation (10

MeV, 1010 cm2) on a Type-IIa diamond substrate, followed by high-temperature high-vacuum

annealing21,22 that helps GeV formation and lattice repair (details in Supporting Informa-

tion23). Before implantation, an array of solid immersion lens (SIL) is fabricated on the

surface of the diamond via focused ion beam (FIB) milling, which provides a 3 ∼ 8 times

boost in the photoluminescence (PL) collection efficiency as compared to the flat surface.24,25

Acid treatment is applied to the sample before and after the annealing to ensure high-quality

surface throughout the entire processing procedures.26 In the end, each SIL contains multiple

GeV color centers, and single quantum emitters can be selected via a combination of spatial

mapping and resonant excitation thanks to a slight inhomogeneity of local strains around

each GeV.

The sample is cooled down to 4.2 K and interrogated using a home-built confocal mi-

croscope, as shown in Fig. 1(a) (details in23). When detecting resonance fluorescence from

the GeV, the resonant laser scattering is suppressed via a cross polarization scheme at 30

dB extinction ratio. This is realized by adjusting the half wave-plate (HWP) and quarter

wave-plate (QWP) in the collection path to tune the polarization of laser scattering per-

pendicular to the polarizer afterwards. When detecting phonon-side band (PSB) emission,

a 650± 20 nm band-pass filter is placed in the collection path to reject the laser scattering
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Figure 1: (a) Experiment setup. HWP: half wave-plate. QWP: quarter wave-plate. POL:
polarizer. EOM: electro-optic modulator. APD: avalanche photodiode. (b) Energy levels of
a GeV color center in diamond in zero and non-zero external magnetic field. The field lifts the
double-degeneracy of the four orbitals, labeled as LB, UB, LB′ and UB′ (UB′ is not shown)
and reveals the spin degrees of freedom of the system including two cycling transitions f↑↑′
and f↓↓′ between LB and LB′, and a flip-flop transition f↑↓ in LB. LB: lower branch. UB:
upper branch. Prime denotes the excited state. (c) Photoluminescence spectrum of GeVs at
4.2 K under 532 nm 0.46 mW excitation, monitored through a 600± 7 nm band-pass filter.
The solid line is a Gaussian fit, finding the ground orbital splitting of 180 GHz between LB
and UB.

with a suppression ratio of > 70 dB.

When the GeV is illuminated with 532 nm non-resonant light, even though both excited

orbitals are equally populated, the population in the upper branch (UB′) immediately relaxes

to the lower branch (LB′) by emitting phonons [see Fig. 1(b)]. The lack of high-energy

phonons (∼1 THz) in diamond at 4 K allows for the accumulation of almost all population

in LB′ before any radiative decay takes place.27 This results in a two-line structure in the PL

spectrum,28 corresponding to the decays from LB′ to the double-degenerated ground orbitals

LB and UB, as shown in Fig. 1(c). In fact, multiple GeVs are present in the excitation volume

and contribute to the observed two-line structure. Thanks to the narrow emission linewidth

and slight variations of local strain environment around each emitter, single GeVs can be

addressed by employing resonant excitation, as shown by the wide-range photoluminescence

excitation (PLE) spectrum in.23 We focus on the GeVs with bright and stable emission
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for further studies. By monitoring the PSB emission from the resonantly addressed GeV,

we are able to confirm the singleness of the photon source by measuring the second-order

correlation function in Hanbury Brown-Twiss (HBT) configuration,29 typically observing a

value g(2)(0) = 0.028± 0.009, as shown in Fig. 2(a).
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Figure 2: (a) Second-order correlation function of PSB photons (650 ± 20 nm) from a
resonantly driven GeV. The solid line is a fit by solving a coherently driven 2-level sys-
tem:30 g(2)(τ) = 1 − βe−ητ [cos(ντ) + (η/ν) sin(ντ)], with η = (1/T1 + 1/T2)/2, ν =√

Ω2 − (1/T1 − 1/T2)2/4. Here, β = 0.972 is the dip depth, T1 = 5.5 ns and T2 = 7.1
ns are the lifetime and coherence time of the excited state, and Ω = 0.57 GHz is the Rabi
frequency. (b) Count rate (blue circle) and linewidth (orange square for PSB, grey triangle
for ZPL) extracted from a Lorentzian fit to the PLE spectra in Supporting Information.
Solid curves are the 2-level model fitting, with the saturation power P0 = 6.1 ± 0.7 nW and
coherence time T2 = 9.5 ± 0.4 ns. (c) |↓〉 population during the readout pulse that addresses
f↓↓′ transition resonantly. Prior to the readout, the spin is initialized to |↓〉 state by pumping
f↑↑′ transition at 1.6 P0. The magnetic field is held at 1.107 T for all measurements; only the
direction varies. Solid lines are single exponential fits with time constants 3.8 µs, 1.0 µs, 0.4
µs, and 0.15 µs for 0◦, 35◦, 45◦, and 60◦ orientated field with respect to the sample plane,
respectively. (d) Photon statistics of single-shot readout when reading |↓〉 (blue) or |↑〉 (red)
state in B = 1.107 T along 0◦. 〈n↑〉 and 〈n↓〉 are the average readout photon numbers. 〈F〉
is the average fidelity.

To evaluate the dephasing of these optical transitions, we conduct power-dependent PLE

measurements on the GeV by collecting either PSB or ZPL emission. The increase of resonant

excitation power broadens the PLE linewidth evidently and saturates the emission intensity
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at P0 = 6.1 nW, matching the predictions of a 2-level system, as shown in Fig. 2(b). Apart

from the deviation of ZPL PLE linewidth at 6 P0, caused by the fluctuations of resonant laser

scattering, the main difference is the 3 times stronger intensity for resonance fluorescence than

the PSB emissions thanks to the 2:1 ZPL/PSB ratio and the finite PSB detection bandwidth

(defined by the filter ∼ 40 nm). Extrapolating the excitation power to 0 nW, we obtain an

optical linewidth of 34 MHz, corresponding to a coherence time of T2 = 9.5 ns. Considering

the excited state lifetime T1 of 5.5 ns, determined by time-resolved measurements,23 we

obtain T2/2T1 = 0.86, marking the Fourier-transform limited linewidth emission from a GeV.

We confirm this narrow linewidth emission on several GeVs located in different SILs.23 The

generality of this excellent optical properties across the sample implies that our treatment

of the diamond, including high-temperature annealing and acid cleaning, are beneficial to

stabilize the local environment around GeV color centers.

According to the PL spectrum in Fig. 1(c), this GeV possesses a ground-state splitting

of 180 GHz, which is 20 GHz greater than the intrinsic non-strained value of 160 GHz,17 and

can be categorized as a low-strain environment. Since moderate strains cannot dominate

the spin-orbit coupling and the different coupling strengths give rise to different g-factors for

the ground and excited states,31 an external magnetic field thus is able to produce two spin-

selective transitions, f↓↓′ and f↑↑′ , as shown in Fig. 1(b). These spin conserving transitions

are ideal for single-shot readout of spin states. Due to the different anisotropies of g tensors

of the ground and excited states, the number of repetitive readout until a spin flip is field-

orientation dependent, as shown in Fig. 2(c). Generally, a larger field misalignment from

the symmetry axis of GeV induces a faster spin relaxation. Experimentally, we initialize the

system to |↓〉 state by pumping f↑↑′ transition for 500 µs followed by a 1 ms readout that

addresses f↓↓′ transition. When the magnetic field is closely aligned to the GeV symmetric

axis, the spin can withstand a thousand times readout before experiencing a flip. By selecting

an optimum readout window of 80 µs and a threshold of 1.5 photons per readout,23 we achieve

single-shot readout of |↑〉 and |↓〉 state with a fidelity of 63.9% and 84.5%, respectively, as
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shown in Fig. 2(d). The final fidelity F of readout, i.e., the average of the two, is 74.2%,

limited by the spin pumping efficiency of initialization.23
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Figure 3: (a) Optical Rabi oscillations of the GeV under resonant excitations (vertical shifted
for clarity). The solid lines are the fits by solving semi-classical 2-level master equation.23

The vertical grey line marks the 5-ns pulse width used for pulsed two-photon interference
(TPI) experiment. (b) Rabi frequency ΩON when the EOM switches on, following linearly
over the square root of excitation power (grey). (c) Coherence time T2 extracted from the
Rabi oscillations in (a). The green upward and downward triangles in (b) and (c) are the
parameters extracted from the continuous-wave TPI measurements.

To find the optical π-pulse of resonant excitation, we study the power-dependent time-

resolved PL from the GeV by modulating the excitation beam with an electro-optic mod-

ulator (EOM), as shown in Fig. 3(a). We model the optically driven GeV as a two level

system using the master equation with Lindblad terms that consider both spontaneous de-

cay and pure dephasing.23 The extracted Rabi frequency ΩON (when the EOM switches on)

increases linearly over the square root of the excitation power [Fig. 3(b)],while the coherence

time T2 drops monotonically from 8 ns to 3 ns as the excitation power increases from 2 P0

to 50 P0 [Fig. 3(c)]. We tentatively attribute the escalated dephasing to the laser-induced

environmental fluctuations.32 Two factors are considered for optimizing the pulse duration:

a short pulse is needed to minimize the two-photon emission probability during the excita-

tion period, while a long pulse is favored for laser suppression. We choose a pulse length
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close to the excited state lifetime with a power of 39 P0 to realize the π-rotation of orbital

populations.

Due to electron-phonon interactions,27 the PSB photons are distributed across a wide

spectral range and are distinguishable in energy. Therefore, the coherent ZPL photons

have to be used for TPI measurements. But the resonant laser scattering is not completely

suppressed due to the finite suppression ratio, which can introduce a non-trivial impact

on the photon statistics. We evaluate this influence by measuring HBT statistics of ZPL

emissions from the GeV, as shown in Fig. 4(a). Firstly, the finite suppression ratio of cross

polarization configuration results in a much shallower antibunching dip of 0.3 at τ = 0 for CW

excitation compared to the PSB detection as shown in Fig. 2(a). Secondly, the antibunching

dip of pulsed excitation (which is 50 times stronger in excitation power compared to the CW

driving) is about 0.05 and is less influenced by the laser photons. This may relate to the

dark state of the GeV color center, which effectively reduces the signal-background ratio,23

leading to a rising of g(2)(0). Earlier studies show that the CW resonant driving can shelve

the GeV emitter into a dark state via its excited state over a time scale of ms.32 In pulsed

excitation, however, each excitation sustains only a short period of time of 5 ns (∼ T1) while

the dwell time between two consecutive excitations is more than 5 T1. This waiting period is

long enough for the GeV to relax back to its ground state via radiative decay, and prevents

itself from being shelved to the dark state by the second excitation.

To perform TPI, we delay one emitted photon, and interfere two consecutive photons

emitted from the same defect at the beam splitter. The delay δt is about 25 ns, achieved by

adding an additional 5-meter-long optical fiber to one detection arm, as shown in Fig. 1(a).

This delay is almost twice the coherence time of single photons from the GeV color center

and ensures the vanishing probability of self field-field interference at the BS. By controlling

the polarizations of the interfering photons, we conduct TPI measurements for both indistin-

guishable [g
(2)
‖ (τ)] and distinguishable [g

(2)
⊥ (τ)] photons, as shown in Fig. 4(b). The deeper

central dip of g
(2)
‖ (τ) as compared to g

(2)
⊥ (τ) reflects the TPI of indistinguishable photons,
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imposed by the bosonic nature of photons.33 The non-vanishing g
(2)
‖ (0), on the other hand,

implies the imperfect experimental conditions including excitation laser leakage and dephas-

ing of the photon source over time δt. We note that the instrument response function (IRF)

here is at least one order of magnitude faster than the dip width of the correlation functions,

thus playing a negligible role in data processing.
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Figure 4: (a) Normalized HBT correlations of ZPL photons from the CW-driven (blue)
or pulsed-driven (red) GeV, with resonant power 0.8 P0 and 39 P0, respectively. The three
correlation peaks in pulsed excitation correspond to the two consecutive excitations separated
by δt. (b) CW TPI when detecting ZPL photons in aligned (g

(2)
‖ (τ), orange) or orthogonal

(g
(2)
⊥ (τ), blue) polarizations. The solid lines are the fitting by solving 2-level master equation.

VHOM is the Hong-Ou-Mandel visibility following 1−g(2)‖ (τ)/g
(2)
⊥ (τ). (c-d) Pulsed TPI results

measured in cross (c) or parallel (d) polarizations. The black curves are the sum of five
exponential cusps (grey). The areas of the central shaded green cusp are used to evaluate
the HOM visibility. See the main text for details.

The HOM visibility VHOM(τ) is evaluated via VHOM(τ) = (g
(2)
⊥ (τ) − g(2)‖ (τ))/g

(2)
⊥ (τ), as

shown by the green triangles in Fig. 4(b). However, the value VHOM(0) strongly depends

on the jittering of the detectors and a perfect detector with zero response time will always

measure VHOM(0) = 0 no matter how different the frequencies of two interfering photons

are.34 Thus, another figure-of-merit, the coalescence time window CTW=
∫
dτVHOM(τ),35
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is employed to quantify the indistinguishability. This value defines a time window beyond

which no more deterministic coalescence of two photons can take place at the BS. Our data

gives a CTW of 5.8 ns, close to the excited state lifetime T1 of the GeV. Ideally, it should

be about 2 T1 for perfectly indistinguishable photons, whereas in our case, the dephasing

(T2 < 2T1) and the residual laser photons compromise this figure. We model the GeV system

as a coherently driven 2-level emitter plus a resonant laser background to fit the measured

results,23 and find a Rabi frequency Ω = 0.13 GHz and a coherence time T2 of 8.4± 0.2 ns

and 8.0 ± 0.4 ns for g
(2)
‖ (τ) and g

(2)
⊥ (τ), respectively. All these numbers are consistent with

the earlier Rabi measurements, as shown by the green triangles in Fig. 3(b) and (c).

We also evaluate the indistinguishability of pulse-excitation generated single photons

since these photons can be produced on demand. By matching the separation of two exci-

tation pulses to the path difference of two detection arms, we observe five correlation peaks

at the correlation time τ = −2δt, −δt, 0, δt, and 2δt, respectively, with an amplitude ratio

of 1:2:2:2:1 if the photons are distinguishable, as shown in Fig. 4(c). After aligning the

polarizations, the TPI reduces the coincidence count at τ=0, leading to an amplitude ratio

of 1:2:x:2:1, as shown in Fig. 4(d). The incomplete vanishing of the central peak implies the

distinguishable properties of interfering photons inherited from the photon source and the

potential contamination from the residual laser photons. Phenomenologically, we fit each

peak as a cusp of single exponential decay following A exp(− |τ − t0| /τ0), where τ0 describes

the time span of interfering photons and is shared among all ten peaks, and amplitude A

represents the area of each peak that follows the ratio above. The HOM visibility can be

evaluated via VHOM = (A⊥ − A‖)/A⊥ = 0.604 ± 0.022, with A⊥ and A‖ representing the

areas of the central cusp (green shaded region) in Fig. 4(c) and (d), respectively, which is

consistent with the fitting result based on a semiclassical model.23

The current visibility is mainly limited by two factors: the non-lifetime-limited coherence

of photons at high excitation powers and the finite laser suppression ratio. Since the dephas-

ing of the GeV is caused by the fluctuations of surrounding environment, We has to , we
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can mask up the surrounding environment around the SILs to protect the local environment

from damaged brough by ion implantations. Regarding the suppression, a few orders of mag-

nitude improvement is possible36 if the sample vibrations can be restrained.23 Alternatively,

switching to other nanostructures for collection enhancement, such as nanobeam photonic

structure37 or nano pillars38 may also alleviate the issue. Despite the symmetry-protected

optical transitions, we still observe spectral diffusions of GeVs over days, possibly caused by

the second-order Stark effect and local strain fluctuations.39 One solution is to exploit Purcell

effect of nanocavities to broaden the emission line to exceed the spectral diffusion.40 Alter-

natively, one can utilize strain tuning techniques to actively counter the spectral diffusion,

provided a high-enough collection efficiency to enable transition frequency determination on

a rate faster than the spectral diffusion.41,42

We demonstrate lifetime-limited linewidth emission from the GeV color center in diamond

with T2/2T1 ∼ 0.86. The enhanced collection efficiency of SIL microstructure allows for

single-shot readout of spin states of the GeV color center with a fidelity of 74%, limited by

the spin pumping efficiency of 80%. This can be improved by carefully aligning the magnetic

field to the symmetric axis of the GeV. The two 25 ns-separated ZPL photons from a single

GeV possess a coalescent time window of ≈ T1 under CW driving and a HOM visibility of

VHOM = 0.604 ± 0.022 under pulsed excitation. The TPI performance is currently limited

by the finite laser suppression of resonant laser and local strain fluctuations. Utilizing the

strain tuning technique to feedback stabilize the optical transition frequency, it is possible

to overcome these limitations.

Methods

The GeV color centers investigated in this work is generated via ion implantation in a

Type-IIa electronic grade diamond substrate (Element Six). Before the implantation, the

microstructures of solid-immersion lens (with a diameter of ∼5 µm and a height of 2.5 µm)

were fabricated on the surface via focused ion beam etching. After fabrications, Ge ions
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were implanted into the diamond with an energy of 10 MeV and a fluence of 10 × 1010.

The sample was then cleaned in hot Piranha Acid before completing a high-temperature

annealing. More details in sample preparation can be found in Supporting Information.23

The sample is placed in a dilution refrigerator (Bluefors LD250) for cryo measurements.

The AMI 9-3T two-dimensional vector superconducting magnet allows arbitrary orientation

of the magnetic field in YZ plane. We utilize a OPO SHG based tunable CW laser (Hubner

C-wave) for resonantly driving of GeV color centers. For pulsed excitation, we pass the CW

laser light through an EOM (Jenoptik) to obtain short laser pulses of a few nanosecond

long. The PL of sample is collected with an objective of NA 0.9 before coupled into a single-

mode fiber. The photons are registered by avalanche photodiode from Excelias for photon

counting. The half-wave plate (HWP) and quarter-wave plate (QWP) in the collection paths

are set to establish cross polarization scheme to eliminate the resonant laser scattering at

an extinction ratio of 30 dB, while the fiber-based polarization control in each arm is used

to generate cross or parallel polarizations between the two interfering photons at the second

BS. When phonon-side band (PSB) detection is needed, a 650 ± 20 nm band-pass filter is

placed in collection path (between the two BS cubes) to reject the laser reflection at 70

dB suppression. We note that a low-power green laser is always introduced to the GeV

during resonant excitation. It is needed to stabilize the GeV’s charge state, without which

no resonance fluorescence of GeV can be detected. We stress that the laser power (of the

green laser) is so weak that no fluorescence can be induced from the GeV by itself. The only

function it serves is to tune the local Fermi level in favor of -1 charge state, as explained in

earlier studies.32
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13



dots as potential sources of strongly entangled photons: Perspectives and challenges

for applications in quantum networks. Applied Physics Letters 2021, 118, 100502.

(9) Awschalom, D. D.; Hanson, R.; Wrachtrup, J.; Zhou, B. B. Quantum technologies with

optically interfaced solid-state spins. Nature Photonics 2018, 12, 516–527.

(10) Hepp, C.; Müller, T.; Waselowski, V.; Becker, J. N.; Pingault, B.; Sternschulte, H.;

Steinmüller-Nethl, D.; Gali, A.; Maze, J. R.; Atatüre, M.; Becher, C. Electronic Struc-
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Lukin, M. D. An integrated nanophotonic quantum register based on silicon-vacancy

spins in diamond. Physical Review B 2019, 100, 165428.

16
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