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Atomic optical antennas in solids
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A resonantly excited atomic optical dipole simultaneously generates 
propagating (far) and evanescent (near) electromagnetic fields. The 
near-field component diverges in the limit of decreasing distance, indicating 
an optical antenna with the potential for enormous near-field intensity 
enhancement. In principle, any atomic optical dipole in a solid can serve 
as an optical antenna; however, most of them suffer from environmentally 
induced decoherence that largely mitigates field enhancement. Here we 
demonstrate that germanium vacancy centres in diamond—optically 
coherent atom-like dipoles in a solid—are exemplary antennas. We measure 
up to million-fold optical intensity enhancement in the near-field of 
resonantly excited germanium vacancies. In addition to the rich applications 
already developed for conventional nanoantennas, atomic antennas in the 
solid state promise to yield interesting new applications in spectroscopy, 
sensing and quantum science. As one concrete example, we use germanium 
vacancy antennas to detect and control the charge state of nearby carbon 
vacancies and generate measurable fluorescence from individual vacancies 
through Förster resonance energy transfer.

Antenna-generated field confinement can be used to guide light and 
amplify light–matter interactions in a broad range of classical and quan-
tum applications, including communications, sensing and imaging1–3. 
For applications in spectroscopy and chemistry such as single-molecule 
Raman spectroscopy or light-induced catalysis4,5, the efficiency is 
directly correlated with the degree of field enhancement. A free atom 
or atom-like system could in principle have loss-free optical transitions 
and generate extreme enhancement to the field intensity at nanoscale 
lengths. Under resonant excitation, any atomic dipole will function as 
an antenna and create an evanescent near-field composed of 
high-wavevector (K-vector) light. At a distance R from a point-like dipole, 
the intensity of this evanescent field increases with decreasing distance 
(∝R−6) down to length-scales comparable with the size of the atomic 
orbitals6. However, this near-field enhancement is often limited by a 
number of environmentally induced non-radiative processes—includ-
ing charge fluctuations, electromagnetic noise and phonon 

scattering—which are characterized by a non-radiative decay rate Γ′. 
These processes can be orders of magnitude stronger than the intrinsic 
radiative decay rate Γ0, resulting in inhomogeneous optical broadening 
that severely limits the driving efficiency of atomic dipoles in solids.

Group IV colour centres in diamond are atomic defects character-
ized by exceptional optical coherence at low temperatures7. Composed 
of an interstitial group IV impurity ion and two carbon vacancies, group 
IVs possess D3d group symmetry, which provides the optical transitions 
with first-order protection from electric field noise. Moreover, the 
symmetry leads to a high Debye–Waller factor, with relatively weak 
electron–phonon coupling and a high zero-phonon line (ZPL) emission 
rate8. Near-lifetime-limited transition linewidths have been observed 
for numerous group IVs so far, including the silicon (SiV)9, germanium 
(GeV)10 and tin (SnV) vacancy centres11.

Numerical analysis of the scattered field of a resonantly excited 
GeV reveals its potential as an atomic antenna for giant local field 
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charge state sensor for proximal carbon monovacancies. Although the 
GeV is symmetry-protected from first-order direct current Stark 
effects8, charges localized within a few nanometres of the GeV can 
generate measurable second-order Stark shifts in the ZPL. We use den-
sity functional theory (DFT) to calculate these shifts as a function of 
electric field direction and GeV–charge separation (Fig. 2a; refer also 
to Supplementary Section 3 for more details). Our calculations reveal 
that charges within 4 nm create Stark shifts that exceed 0.5 GHz. Con-
sequently, charge state transitions in nearby defects will induce a cor-
responding hopping of the GeV ZPL between discrete, energetically 
split transitions. In agreement with past reports14,17,18, we commonly 
observe this phenomenon in GeVs when using resonant photolumi-
nescence excitation (PLE) (Fig. 2b), with the observed splitting ranging 
from 0.3 GHz to 17 GHz. Through a comprehensive experimental study 
and the systematic elimination of other potential sources (including 
the Jahn–Teller effect in the presence of strain, and hydrogen reorien-
tation near GeVs), we attribute this phenomenon to proximal carbon 
monovacancies undergoing charge state transitions between V0

C (GR1) 
and V−C (ND1) (Supplementary Section 4). The primary evidence of their 
individual nature lies in the discrete, two-level GeV PLE spectrum, in 
contrast to random spectral diffusion occurring from ensembles of 
noise sources.

The combination of near-field optical intensity enhancement and 
charge sensitivity of the GeV antenna allows us to resonantly manipu-
late VC charge states. Under far-field optical illumination, the VC can 
cycle between the neutral and negatively charged state19–21, analo-
gous to charge cycling commonly observed in other semiconductor 
defects22,23. Alternatively, the intense optical near-field in proximity to 
a resonantly illuminated GeV can provide a local energy source to drive 
charge cycling (Fig. 2c). To demonstrate this interaction, we employ a 
continuous-wave laser pump tuned to multiple frequencies (resonant, 
partially resonant and off-resonant) with respect to the two split GeV 
ZPL frequencies (denoted as C1 and C2). This is then followed in quick 
succession with a probe PLE scan across C1 and C2 (Fig. 2d). These results 
demonstrate that pumping one of the GeV ZPL peaks resonantly at C1 
(C2) initializes the GeV ZPL at the other frequency C2 (C1), correspond-
ing directly to VC photo-induced charge initialization through the 
GeV antenna. This can directly improve GeV spectral performance 
in quantum applications. For instance, one can resonantly pump the 
undesired ZPL peak (or peaks if multiple vacancies are around) when 
spectral hopping is present. Furthermore, by identifying vacancies as 
a source of spectral instability, this suggests GeV and other group IV 
colour centres can be stabilized by minimizing the local vacancy con-
centration; for example, through in situ doping, shallow implantation 
followed by overgrowth24,25, or high-temperature annealing processes. 

enhancement. A schematic of a GeV is depicted in Fig. 1a. In this work 
we focus on the C-line ZPL transition between the lower ground and 
excited states (Fig. 1a, inset). Further information on the other three 
transitions (A, B, D) can be found in ref. 12. To model the field profile 
of a resonantly excited GeV, our calculation assumes a homogeneous 
broadening of ~3 times the GeV natural linewidth, which is comparable 
with our measurements and reported values9,13,14. Figure 1b shows the 
computed scattered optical field intensity of the GeV as a function of 
distance and angle, assuming resonant illumination with polarization 
aligned with the dipole orientation (that is, the z-direction in Fig. 1a). 
Notably, the scattered field can become much more intense than the 
resonant excitation field, with the enhancement in intensity reaching 
magnitudes of ≳108 at distances of ≲1 nm (see Supplementary Section 
1 for details). Such atomic antennas offer distinct opportunities com-
pared with existing nanoantennas. First, being a molecule with quantum 
mechanical properties, the antenna itself provides a unique platform. 
Second, as a point-like quantum emitter with a low non-radiative decay 
rate, it can manifest field enhancements and scattering cross-sections 
that are essentially decoupled from its physical size, leading to the 
remarkable enhancements mentioned above. This stands in contrast 
to small metallic scatterers whose response inherently diminishes with 
decreasing particle size due to Ohmic losses15,16. Finally, the very narrow 
linewidth of the GeV (compared with usual nanoantennas) provides a 
remarkable sensitivity to perturbations of the resonance frequency.

In this study we leverage the unique antenna properties of GeVs 
to both detect and manipulate nearby carbon monovacancies (VC). 
We observe the VC charge state cycling through energetic splitting 
and hopping in the GeV ZPL. Combining antenna sensitivity and field 
enhancement, we resonantly manipulate the charge state of the VC. We 
also use GeV antennas and Förster resonance energy transfer (FRET) 
to drive detectable fluorescence from individual neutral vacancies 
(GR1 centres; see below) for the first time. By comparing VC charge 
cycling for far-field driving and on-resonant excitation of a local GeV, 
we demonstrate an up to one-million-fold intensity enhancement in the 
GeV near-field. The magnitude of the intensity enhancement at the VC 
strongly correlates with the Stark-shift-induced transition splitting and 
hence VC-to-GeV separation, underscoring the pronounced near-field 
characteristics of the process. We also explore the distinctions between 
GeV antenna properties and those of conventional antennas. To con-
clude, we discuss applications and future research directions of atomic 
antennas across a broad range of scientific disciplines.

Experimental study of GeV antennas
We study GeV antennas through their optical and electronic interac-
tions with local VC. We first demonstrate that the GeV ZPL acts as a 
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Fig. 1 | The GeV as an antenna. a, A schematic showing that while under resonant 
excitation, a GeV can function as an antenna with a strongly enhanced evanescent 
near-field. b, Electromagnetic field enhancement of the GeV, assuming 
illumination by a resonant input field (C-line in a) that is polarized along the 

GeV dipole axis (z-direction in a). The 3D contours represent cases in which 
I(r)/I0 = 5 × 105. The left (right) surface corresponds to the near-field polarized 
along (perpendicular to) the GeV dipole orientation. The density plots (left and 
bottom) show the intensity of the total scattered field as a function of distance.
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The prevalence of GeV hopping can also measure the local vacancy con-
centration and provide a useful metric for improving material quality.

Remarkably, we observe that, in addition to charge state control, 
GeV antennas can induce measurable photoluminescence from indi-
vidual GR1s through FRET. In this process, the optical excitation of the 
GeV is directly transferred to the GR1, followed by GR1 fluorescence. 
Although FRET has previously been explored with nitrogen-vacancy 
centres in diamond, these studies utilized off-resonant, low-efficiency 
excitation through the phonon sideband26,27. Here we show that 
atomic-resonance-enhanced FRET can greatly improve the overall 
efficiency of the process and lead to a high signal-to-noise ratio even 
for weakly radiative systems. We investigate a GeV with two ZPL peaks, 
as shown in Fig. 2e. To optimize the initialization fidelity in the presence 
of peak overlap, we introduce a slight detuning to the two pumping 
frequencies (denoted P1 and P2), as shown in the upper and middle 
parts of Fig. 2e. By pumping the high-frequency peak of the GeV’s 
ZPL (blue arrow, P1), the VC gains an electron. We next make use of 
wavelength filtering to selectively isolate GR1 photoluminescence at 
730–850 nm from GeV and ND1 photoluminescence at 390–700 nm 

(Supplementary Section 5). Subsequent GeV excitation reveals an 
absence of a photoluminescence signal beyond 715 nm. Alternatively, 
pumping the low-frequency ZPL (red arrow, P2) deionizes the VC. In this 
condition, subsequent resonant GeV excitation creates measurable 
photoluminescence at the GR1 wavelength, as shown in the lower figure 
of Fig. 2e. This marks the first experimental observation of fluorescence 
from individual GR1s, which are challenging to resolve due to poor 
quantum efficiency and metastable shelving states19. Furthermore, 
these measurements confirm FRET between the GeV and VC. The 3 nW 
probe power along with ~1 μm2 beam size to observe single-vacancy 
FRET is several orders of magnitude lower than the typical powers 
(~10–100 μW μm−2) used in comparable single-molecule FRET experi-
ments28,29. The comparatively high overall FRET efficiency of GeV anten-
nas, and corresponding high signal-to-noise for GR1 emission, directly 
originates from their excellent optical coherence and highlights their 
potential optical near-field explorations. Furthermore, the observation 
of state-dependent, wavelength-resolvable GR1 fluorescence further 
supports our model of charge cycling in proximal vacancies generating 
the observed GeV spectral splitting and hopping (Fig. 2b).
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Fig. 2 | GeV antennas sense, manipulate and optically excite proximal 
vacancies. a, The Stark shift of a GeV’s ZPL as a function of the distance to a 
nearby localized electron, and the electric field direction with respect to the GeV 
dipole axis, as calculated by DFT. b, Photoluminescence excitation spectrum 
of a GeV exhibiting spectral splitting and dynamic hopping over time. c, A 
schematic of a resonantly excited GeV provides a local energy source to drive the 
charge cycling in a proximal carbon vacancy. d, Average PLE spectra obtained at 
different pumping frequencies. The orange arrows in the lower figure indicate 
the pumping frequency, and each spectrum represents an average of 150 probe 

scans. The upper figure depicts the contrast between two ZPL peaks as a function 
of pumping frequency. e, Generation of photoluminescence from an individual 
GR1 using a GeV antenna. The upper figure displays an average PLE spectrum 
(grey) obtained from 200 probe scans without pumping. The blue/red PLE 
spectra in the middle and lower figures represent the average of 50 probe scans 
at the pumping frequency indicated by the blue/red arrow in the upper figure. 
The upper and middle spectra were measured using a 647/57 nm bandpass (BP) 
filter, while the lower spectra were measured using a 715 nm long-pass (LP) filter 
selective to the GR1 optical transition.
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We gain further insight into GeV antennas by examining the cor-
relation between GeV–VC separation, field intensity enhancement and 
the Stark shift. Both the strength of the Stark shift and antenna-induced 
optical interactions should decrease with increasing GeV–VC sepa-
ration (Figs. 1b and 2a). To quantify this trend, we repeatedly scan 
a continuous-wave laser across the two resonant frequencies of a 
hopping GeV; such scanning functions both as a pump to drive VC 
charge state transitions and as a probe for the VC charge state. The 
time-dependent PLE spectra of a GeV with a 2 GHz splitting magni-
tude (shown in Fig. 3a–d) reveal power-dependent dynamics in the 
adjacent VC. Specifically, the PLE signal becomes brighter as the 
laser power increases from 2–8 nW (A to B), while the hopping rate 
remains unchanged. It is observed that further increasing the laser 
power above 50 nW (C and D) changes the hopping rate, indicating a 
threshold intensity for driving VC charge cycling. To quantify the hop-
ping rate, we define the normalized hopping rate as the frequency at 
which the ZPL switches to the opposite state from the previous scan, 
divided by the total number of probe scans (400 in all cases; Fig. 3e). 
We repeat these measurements for GeV with different ZPL splitting 
magnitudes, corresponding to a VC–GeV separation of ~1–4 nm. The 
measurements (Fig. 3e) show that the threshold power (hopping rate) 
decreases (increases) as the splitting energy increases, signifying closer 
proximity between the VC and GeV. This demonstrates the near-field 
nature of the optical intensity enhancement of the GeV antenna, which 
measurably diminishes over a few nanometres. We also note that we 
have observed GeVs with splitting magnitudes exceeding 15 GHz. How-
ever, in such cases, the VC is situated too close to the GeV, potentially 
leading to orbital hybridization which can complicate the spectrum. 
Density functional theory analysis at these length-scales is currently 
under investigation and beyond the scope of this work.

We quantify the degree of near-field optical intensity enhance-
ment by comparing VC charge cycling under resonant pumping through 
the GeV antenna (as described in Fig. 3) and off-resonant pumping. 
We use a 633 nm (1.96 eV) laser for the off-resonant pump, which is 
far-red-detuned from the GeV resonance of 602 nm (2.06 eV) and can-
not directly excite the GeV. The optical set-up and laser sequences are 
detailed in Fig. 4a. In Fig. 4b we present the power-dependent hopping 
rate of a GeV with a ZPL splitting of 12 GHz, using both resonant and 
off-resonant pump methods. We observe a substantial difference span-
ning ~3–4 orders of magnitude in the threshold laser power between 
resonant and off-resonant pumps. We also study the hopping rate 

with a continuous-wave pump 0.01 nm detuned from the transition, 
revealing the hopping rate remains unchanged even when the slightly 
detuned pump reaches its maximum power (~1 μW). These measure-
ments confirm that although resonant excitation of the GeV creates a 
local enhancement of the optical field, no such enhancement exists in 
the off-resonance regime.

Our investigations for on- and off-resonance pumping reveal that 
the GeV antenna generates up to million-fold optical intensity enhance-
ment at proximal carbon monovacancies. We note that the resonant 
excitation involves laser scanning across the resonance frequency in 
a linear pattern, with a much larger scanning range (15 GHz) than the 
ZPL linewidth. As a result, only a narrow range of frequencies in the scan 
effectively drive the GeV. Furthermore, the dwell time of each scanning 
step is at the millisecond level, while off-resonant driving necessitates 
a pumping duration of seconds to achieve comparable hopping rates. 
To accommodate this frequency- and duration-dependent pumping, 
we use pump fluence to characterize the hopping threshold, which for 
resonant excitation is a combined function of the laser power as well 
as the scanning speed and the ZPL lineshape (see Methods for details). 
The threshold fluence for resonant GeV excitation correlates inversely 
with the magnitude of ZPL splitting, while no such correlation exists 
for far-field VC excitation (Fig. 4c). Indeed, far-field-driven VC charge 
cycling rates are highly similar across our measurements (see Sup-
plementary Section 5 for more details). By comparing the threshold 
fluences, we derive the field enhancement at the VC generated by the 
GeV antennas, as shown in Fig. 4d. The results indicate that GeV anten-
nas create field intensity enhancement at nearby vacancies spanning 
orders of magnitude from 104 to 106. We note that the experimental 
values of field enhancement are slightly lower than the theoretical 
calculations presented in Fig. 1b, which can be partially attributed 
to suboptimal factors such as the polarization of the input field and 
the observation angle in space. Nonetheless, the observed intensity 
enhancements firmly establish GeV as an outstanding optical antenna.

Comparison with conventional nanoantennas
With these experimental values on hand, we conduct an analytical 
comparison between GeV optical antennas and conventional plasmonic 
antennas. We begin by recalling the relevant properties of the GeV. 
First, akin to any point-like dipolar resonance, its near-field enhance-
ment at a distance R follows |Emax(R)/E0|2 ≃ 9(1 + σabs/σsc)

−2(k0R)
−6

, 
where the numerical pre-factor assumes an optimal angle of 
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observation. In this equation, the ratio between the scattering (σsc) and 
absorption (σabs) cross-sections quantifies the ability to drive the nano-
antenna30. Notably, for a GeV, this ratio σsc/σabs = Γ0/Γ′ is decoupled 
from its physical size, and the ∝ (k0R)

−6
 scaling persists down to dis-

tances of ≲1 nm, owing to the small size of the GeV. Furthermore, the 
total linewidth of the GeV (given by Γ0 + Γ′ ≈ 4Γ0 ≈ 2π × 100MHz) can 
be extremely narrow. Importantly, the combination of high optical 
intensity (over nanometric scales) and fine spectral bandwidth has 
been a key factor in the experimental detection and manipulation of 
the charged state of neighbouring vacancies.

We now compare these properties with a paradigmatic dipolar 
nanosystem, namely, a metallic nanosphere with a radius kinR ≪ 1, where 
kin is the wavevector of the input light (in the visible spectrum). Despite 
considering this specific and simple system, we also highlight aspects 
of these results that are rather general. When driven at its resonant 
frequency, the maximum field enhancement of the nanosphere follows 
the same equation as the GeV (due to the analogous, that is, 
electric-dipolar, response) down to a minimum distance given by its 
radius, which we assume to be equivalent to the value of R for the pur-
pose of establishing a proper comparison. Nonetheless, now the key 
ratio σsc/σabs = 2(kinR)

3Q/3 exhibits a linear decrease as the volume of 
the nanosphere decreases, with a proportionality constant set by the 
quality factor Q of the material (Supplementary Section 2). This implies 
a detrimental suppression of the antenna response at small R, eventu-
ally balancing the ∝ (kinR)

−6
 scaling and limiting the field enhancement 

to |Emax/E0|2 ≈ 500 (given the best-case scenario of silver). More gener-
ally, the scattering cross-section of any lossy nanoparticle must 

fundamentally decrease—at least linearly—with the volume15. At the 
same time, their linewidth should generally be affected by the relatively 
low Q of the material, resulting in a very large linewidth compared with 
that of the GeV; for the specific case of a silver nanosphere, this can be 
quantified as ~2π × 10 THz.

As represented in Fig. 5a, the subwavelength kinR ≪ 1 prediction 
(black, dashed line) represents an upper bound to the field enhance-
ment of the nanosphere as a function of the radius R (ref. 31), as con-
firmed by the blue points calculated through the full Mie theory32,33 
(Supplementary Section 2). Remarkably, when R ≲ 20 nm, the GeV 
exhibits a much stronger intensity enhancement. Moreover, even in 
the presence of stronger non-radiative and inelastic processes of up 
to Γ′ = 300Γ0, the field intensity remains greatly enhanced within 5 nm. 
Overall, this must be attributed to the improved value of σsc/σabs, as 
shown in Fig. 5b.

To complete the comparison, we consider the temperature 
dependence of non-radiative losses (Γ′) of the GeV, which sharply 
increases at temperatures higher than those of our experimental set-up 
(4 K) due to phonon scattering. In Fig. 5c we predict how the field 
enhancement would be modified as a function of T, using the experi-
mental data from refs. 10,34 to estimate Γ′(T). We compare the maxi-
mum near-field at distances R (nm) = 0.5, 1, 2, 5 from the GeV (solid, 
coloured lines) with that of a silver nanosphere (black, dashed line). 
Beyond the concrete example of a nanosphere, in the figure we also 
plot the maximum near fields associated with other common nanoan-
tennas35–39 (grey-to-white-shaded region; see Supplementary Section 
2 for details). Again, the GeV exhibits excellent performance by 
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comparison, at least at cryogenic temperatures; however, at tempera-
tures exceeding ~50 K, only at small distances of ≲1 nm is the GeV 
response expected to remain higher or comparable with nanospheres. 
This prompts the development of atomic antennas with reduced pho-
non interactions40, aiming for room-temperature investigations.

Discussion
Our study reveals the remarkable capability of atomic defects in solids 
to concentrate optical energy, and sense and manipulate their proxi-
mal environment. This discovery could impact a broad range of sci-
entific disciplines. Atomic antennas can be used in nanoscale volume 
explorations of Raman spectroscopy, FRET-based detection schemes 
and photochemistry. Crucially, unlike plasmon-based processes, GeV 
antennas are nearly loss-free and only require nanowatts of power to 
efficiently drive near-field processes. This ultra-low power can mitigate 
the detrimental photobleaching, heating processes and background 
fluorescence that are common in single-molecule Raman and FRET 
spectroscopy. The demonstrated sensitivity to, and control of, local, 
individual charges (unlike conventional plasmonic antennas) enables 
dynamical optical studies of single-electron processes in chemistry 
and materials. Near-surface group IV colour centres maintain excellent 
optical coherence, as demonstrated in nanodiamonds9, indicating 
that GeV antennas can optically study and manipulate processes at 
the diamond surface, broadening the range of potential sensing and 
interaction targets and adding a new dimension to diamond-based 
quantum sensing. Whereas surface-enhanced Raman spectroscopy 
and other advanced plasmonic methods rely on carefully tailored plas-
monic surfaces and cavities for intensity enhancement, the antenna 
studies here are intrinsically simple in structure, composed of a single 
vacancy and single impurity atom. Advanced diamond material meth-
ods, such as delta-doping, patterned implantation and optical colour 
centre generation can be leveraged to control the placement of GeV 

antennas co-localized with targets25,41,42. Furthermore, although a plas-
monic system is essentially classical, the GeV is intrinsically a quantum 
emitter that can only interact with a single photon at a time, which 
may prompt the development of new theories and enable additional 
capabilities. Furthermore, group IV colour centres are commonly used 
in cavity quantum electrodynamics experiments and can have highly 
probabilistic spin–photon interactions in nanophotonic structures43. 
In these experiments, spectral stability is necessary for photon-based 
entanglement schemes. We show a pathway to initialize and stabi-
lize GeV emission even in the presence of charge defects. Finally, we 
emphasize that for optical atomic antennas in solids, the primary metric 
for optical intensity enhancement is the relative strength of elastic 
radiative emission rate compared with other emission mechanisms 
(see Supplementary Section 1 for details). Highly coherent optical 
transitions have been observed in several systems, including molecules, 
defects in hexagonal boron nitride and silicon carbide, and rare-earth 
dopants44–48. This suggests considerable flexibility in the integration 
and study of atomic or molecular antennas and prompts investigation 
in a broad range of solids. For example, incorporating atomic anten-
nas into van der Waals heterostructures can facilitate the study and 
manipulation of electronic processes. Furthermore, targeted binding of 
optically coherent molecules to specific chemical structures can enable 
nanoscale probing and manipulation of the target system47,48. Certainly, 
conventional antennas can be engineered over a broad range of design 
parameters, beyond those emphasized for the GeV here. It would be 
intriguing to explore the extent to which more flexible atomic antennas 
can be realized, for example, by investigating whether ensemble atomic 
antennas could be positioned with nanoscale precision.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
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Methods
Sample preparation
We use diamond membranes for this work due to their higher vacancy 
density, but we observe the same phenomena in bulk diamonds too. 
Nanoscale-thick uniform diamond membranes were synthesized via 
smart-cut52 and isotopically (12C) purified via plasma-enhanced chemical 
vapour deposition overgrowth24. GeVs were synthesized via ion implan-
tation followed by a multi-step annealing process. The membranes were 
then lithographically patterned into 200 μm × 200 μm squares and 
transferred onto hydrogen silsesquioxane-coated fused-silica wafers14.

Optical measurement
For the PLE measurements of the GeVs, the probe laser is generated by 
a wave-mixing module (AdvR) combining a tunable continuous-wave 
Ti:sapphire laser (M Squared Solstis) and a monochromatic 
continuous-wave laser in telecommunication band (Thorlabs, SFL 
1550P). We use this laser system, composed of frequency steps of 
150 MHz with 20 ms dwell time at each step, to scan across the GeV’s ZPL 
and collect the emission from phonon sidebands through double filters 
(2× Semrock FF01-647/57-25). For off-resonant pump measurements, 
the pump is realized using a 633 nm diode laser, with an optical beam 
shutter (Thorlabs, SH05R) to switch it on and off. In the calculation of 
resonant fluence, we incorporate a combined function of laser power, 
scanning speed, and the lineshape of the GeV. Specifically, we model the 
GeV spectral density as a Lorentzian lineshape peaked at the resonant 
frequency. At each frequency point in the scan, the effective laser flu-
ence delivered to the GeV is estimated as the product of power, dwell 
time, and spectral density. The total fluence is then obtained by sum-
ming the laser fluence over all frequencies in the scan. For off-resonant 
pump fluence (fixed frequency), we simply multiply the pump power by 
the fixed pump duration of 5 s. All of the PLE measurements are taken 
at 4 K in a closed-loop cryostation (Montana S200).

DFT calculation
We performed DFT calculations to determine the Stark shift of the ZPL 
of the negatively charged GeV in diamond. All calculations used the 
semi-local Perdew–Burke–Ernzerhof functional53 and the Quantum 
Espresso code54,55. We used a (3 × 3 × 3) supercell containing 214 carbon 
atoms and one germanium atom, with the Brillouin zone sampled at 
the Γ-point, SG15-optimized norm-conserving Vanderbilt pseudopo-
tentials56,57, and a plane-wave basis set with a kinetic energy cut-off of 
90 Rydberg. We used a diamond lattice constant of 3.568 Å, which was 
converged for 90 Rydberg. The energy of the ZPL was approximated 
as the adiabatic excitation energy of the first excited state, which was 
investigated using the constrained occupations DFT (ΔSCF); see Sup-
plementary Sections 3 and 4 for more details.

Data availability
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available from the corresponding author on reasonable request.
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