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The ability to control phonons insolids is key in many fields of quantum
science, ranging from quantum information processing to sensing. Phonons
oftenactas asource of noise and decoherence when solid-state quantum
systems interact with the phonon bath of their host matrix. In this study,

we demonstrate the ability to control the phononiclocal density of states of
the host matrix using phononic crystals and measure its positive impact on
single quantum systems. We design and fabricate diamond phononic crystals
with features down to around 20 nm, resulting in a high-frequency complete
phononic bandgap from 50 to 70 GHz. The engineered local density of statesiis
probed using single silicon-vacancy colour centres embedded in the phononic
crystals. We observe an18-fold reduction in the phonon-induced orbital
relaxation rate of the emitters compared to bulk, thereby demonstrating

that the phononic crystal suppresses spontaneous single-phonon

processes. Furthermore, we show that our approach can efficiently suppress
single-phonon-emitter interactions up to 20 K, allowing the investigation of
multi-phonon processes in the emitters. Our results represent animportant
step towards therealization of efficient phonon-emitter interfaces that can be
used for quantum acoustodynamics and quantum phononic networks.

Engineering the interactions of quantum systems with phonons/
vibrationsisanimportant task for awide range of disciplines, includ-
ing quantum information', optoelectronics*, metrology’, energy
harvesting® and sensing”®. Although coherent phonons can play an
importantrole as carriers of quantum information®'°, thermal phon-
ons can negatively impact the properties of quantum systems, even
at single-phonon levels, and eventually limit the performance of
quantum devices" . The most common approach to address this
issue is to decrease the thermal phonon population by operating at

cryogenic temperatures, down to the millikelvin range®'*". However,
thisapproachrequires complex and expensive cryogenic systems and
does not prevent phonon modes from being repopulated through
local heating from driving fields used to interact with the quantum
system'®". Furthermore, this approach, solely based on Boltzmann
statistics, does not allow precise control of the phononiclocal density
of states (LDOS) to target specific frequency ranges. The latter may be
important for locally suppressing or enhancinginteractions between
targeted phonons and quantum systems. Therefore, it is important
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Fig.1|PnCsinasingle-crystal diamond. a, lllustration of a free-standing
PnCsupported by tapered wave guides at both ends. Single SiV centres were
implanted into PnCs using a deterministic mask implantation technique (Fig. 1e).
Theinset shows the unit cell of the PnCs, which consists of an elliptical block
and two small tethers withawidth, ¢. The major and minor axes of the elliptical
block and the lattice constant are w, h and a, respectively. The small circle with
aradius, r, accounts for the rounding of the connection between the block and
the tethers due to fabrication imperfection. b, Left, simulated phononic band
diagram corresponding to the fabricated PnC. The unit cell parameters were
obtained by SEM of the fabricated structure (c-f). The solid (dashed) blue line
indicates acoustic modes with even (odd) symmetry along the y and zaxes,

Frequency (GHz)

70

whereas the solid (dashed) green line indicates modes with even (odd) symmetry
along the y axis and odd (even) symmetry along the zaxis. The grey region
indicates acomplete phononic bandgap with a centre frequency of 59.1 GHz and
width of 17.3 GHz. Right, the corresponding phononic density of states (DOS).
c-f, SEMimages showing top (c) and tilted (d) views of a fabricated suspended
PnC consisting of 20 unit cells. An enlarged view of the whole PnC region (e)

and its unit cell (f) are also shown. The fabricated structure has the following
parameters, measured using SEM: w =96 nm, =90 nm,a=130 nm, =22 nm,
r=17 nmandd =70 nm. The SiV-implanted region, indicated by an orange
rectangle, overlaps with two blocks and one tether located at the centre of
thePnC.

to develop alternative approaches for controlling thermal phonons
and their interactions with quantum systems.
Takinginspirationfrom photonics, an emergingapproachrelieson
engineering the phononic LDOS by fabricating micro/nanostructures.
In particular, phononic crystals (PnCs)*® with periodic modulations of
elastic properties have beenintensively studied because they can gen-
erate phononic bandgaps, afrequency range in which phonons cannot
propagate. This is analogous to electronic crystals (semiconductor
lattices) that give rise to electronic bandgaps and photonic crystals
that support photonic bandgaps for electromagnetic waves®. To date,
demonstrated PnCs typically operate at relatively low frequencies
(<10 GHz) and have mainly been used to realize phononic shields* to
reduce mechanical losses, as well as in optomechanical cavities*** and
wave guides®**. On the other hand, PnCs offer a great opportunity to
tailor theinteractions between thermal phonons and solid-state quan-
tum systems, such as quantum dots and various colour centres®, thus
improving the system performance by, for example, suppressing deco-
herence processes induced by high-frequency phonons™'>*, However,
tailoring PnCs to specific quantum systems is challenging because it
requires pushing the limits of nanofabrication technology while pre-
serving, or ideally improving, the properties of the quantum system.
Furthermore, a high degree of control over the frequencies of the tar-
geted phononsisrequired, which poses additional challenges, particu-
larly when those frequencies are high (50-100 GHz), thereby relying
on features in the 10-100 nm range. As a result, previous attempts to
controltheinteraction between bulk/thermal phonons and aquantum
systemrelied on tuning the energy levels of the quantum system*** or
lacked the capacity to tailor the LDOS*?°, In this study, we demonstrate
the engineering of high-frequency phonons and their interactions
with single quantum systems using PnCs. We fabricate free-standing
diamond PnCs with ~20 nm features, which support a ~20-GHz-wide

complete bandgap centred at ~60 GHz, thus reaching previously inac-
cessible phonon frequencies. We probe the phonon LDOS of our system
through changes in the orbital relaxation rates of single negatively
charged silicon-vacancy (SiV) colour centres in diamond. SiV centres
areknown to feature orbital transitions around 50 GHz that are highly
sensitive to strain and mechanical vibrations®**"*>, We experimentally
show that PnCs can suppress the spontaneous emission of phonons
from SiV centres, and thus reduce their orbital relaxation rates by more
than one order of magnitude compared to SiV centres in bulk. This is
analogous to the suppression of spontaneous emission of photons
from quantum emitters placed within photonic bandgap structures® .
Furthermore, we show that this large reductioninthe relaxationrates
using PnCs remains significant up to 20 K, when higher-order phonon
processes start to dominate.

Design and fabrication of diamond PnCs

We used free-standing one-dimensional ‘block-tether’-type PnCs
supported by tapered wave guides, as schematically shown in Fig. 1a.
This simple PnC structure is known to support complete bandgaps™.
The unit cell of the PnCs (inset of Fig. 1a) is composed of an elliptical
block and small tethers with thickness d =70 nm and lattice constant
a =130 nm. The major (w) and minor (h) axes of the elliptical block are
96 and 90 nm, respectively. To obtain alarger bandgap, we decreased
the tether width (¢) as much as possible (Supplementary Fig. 3), lead-
ing to anincreased mass contrast between the elliptical block and the
tether. We chose devices with a very small ¢ of ~20 nm for the experi-
ments with SiV centres.

Figure 1b shows the dispersion relation (frequency versus
wave vector) for the phonon modes supported by the structure and
obtained by simulating the unit cell with its experimentally measured
dimensions (Supplementary Information 2) using the finite element
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method (COMSOL Multiphysics). The band diagram features a large
complete phononic bandgap with a width of 17.3 GHz centred at
59.1 GHz. These values are four to ten times greater than those reported
previously****”3_Similar to photonic bandgaps, the phononic band-
gap results in complete depletion of the phononic LDOS in this fre-
quency range, as shown in the right panel of Fig. 1b. The realization of
awide complete phononic bandgap at high frequencies is important
for tailoring the bandgap to quantum systems with high-frequency
transitions, such as the SiV centre. Furthermore, the wide bandgap
aims to accommodate the inhomogeneous distribution in transition
frequencies common in solid-state quantum systems, as well as to
mitigate multi-phonon processes over a wide range of high frequen-
cies (discussed later). The robustness of the bandgap against fabrica-
tionimperfections is discussed in Supplementary Information 3. The
bandgap frequency was chosen to overlap with the orbital ground-state
splitting (4) of a typical low-strain SiV centre (>46 GHz) and thus
suppress the spontaneous single-phonon transitions, as detailed in
the following section.

The suspended PnCs were fabricated into a single-crystal dia-
mond substrate using top-down reactive ion etching, followed by a
quasi-isotropic etching step®**° (Methods and Supplementary Informa-
tion 1). The scanning electron microscopy (SEM) images of the fabri-
cated PnCs are shown in Fig. 1c-f. The PnC structure has a periodicity
of 100 nm and features as small as ~20 nm (Fig. 1f). SiV centres were
deterministically incorporated into the centre of the PnC device using
amask implantation technique* (Methods). The SiV-implanted area
overlaps with the two blocks and one tether located at the centre of
the PnC, asillustrated by the orange rectangle in Fig. le.

Orbital lifetime measurements for SiV centres

The single SiV centres used to probe the phononic LDOS consist of a
silicon atom and two vacancies occupying adjacent lattice sitesin the
diamond crystal, as schematically shownin Fig. 2a. Figure 2b displays
the simplified electronic energy levels of a SiV centre with one of the
excited states and two ground states with a splitting of 4. (see Sup-
plementary Information 6 for the detailed energy level). This splitting
originates from the spin-orbit coupling in the SiV centres, and the
typical Ags of unstrained SiV centres in bulk is ~50 GHz (ref. 42). The
transitions due to single-phonon emission and absorption between
the two ground states (green arrows) determine the lifetime of the
orbital states (T, o), which is the main limitation of the electronic
spin coherence time of the SiV centres at around 4 K (refs. 12,43). To
measure T, ;. for our single SiV centres, we performed time-resolved
pump-probe measurements at 4.4 K (Methods and Supplementary
Fig. 5) with laser pulses resonant with the electronic transition prob-
ing the populationin state |1> (blue arrow shown in Fig. 2b). Figure 2c
shows the pulse sequence in which we sent two successive laser pulses
separated by avariable delay 7to performtheinitialization and read-out
ofthe orbital state (upper panel). The lower panel shows an example of
the measured time-resolved fluorescence for =30 ns: the first laser
pulseleadstoinitialization through optical pumpinginto state |2>,and
the second pulse probes the population into state |1>, recovering via
phonon-mediated transitions (green arrows in Fig. 2b). The amount
of population recovery was measured from the ratio of the areaunder
theleading edge of the read-out pulse to that of the initialization pulse
(blue areas). Figure 2d shows an example of population recovery asa
function of T measured for a single SiV centre in bulk. From the fit of
the exponential recovery (Supplementary Information 7), we extracted
T, omic in bulk to be 34 + 1 ns, which is comparable to that reported for
bulk SiV centres at around 4 K (ref. 42).

SiV orbital degrees of freedom as probes of
phononicLDOS

Next, we compared the T ,,;; measured in PnCs to that in bulk as well
assuspended diamond nanobeams with the same width and thickness
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Fig.2| Orbital lifetime measurements of single SiV centres. a, Schematic of
the atomic structure of the SiV centre in diamond. b, Energy level structure of the
SiV centre showing frequency splitting between orbital branches in the ground
state (4;). The upward and downward spontaneous single-phonon processes
between the ground states are indicated by green arrows. The solid blue arrow
indicates the laser resonant excitation to one of the energy levels for orbital
lifetime measurements. ¢, Pulse sequence for the orbital lifetime measurements,
consisting of 300-ns-long initialization and read-out pulses with a time delay

(1) in between (upper panel). An example of a time-trace fluorescence spectrum
measured at 7 =30 ns, corresponding to a population recovery of 0.5, for a

single SiV centre in bulk (lower panel). The grey and blue lines represent the
measured and smoothed data, respectively. Amoving-average method was

used to reduce noise in the smoothed data. The blue areas indicate a10-ns-wide
integration range used to calculate the ratio between the leading edges and
estimate population recovery. The overall steady-state signal was determined

by the balance between optical pumping and phonon-induced decay. Note

that the fluorescence increase in the steady state was due to power variations
across the generated pulse. d, Thermalization curve showing the population
recovery of state |1> (green dots), calculated as the ratio between the integrated
leading edges of the read-out and initialization pulses after subtracting steady-
state populations from them (Supplementary Information 7) in the time-trace
spectrum as a function of 7, as shown in Fig. 2c. The solid green lineis a fitting
curve with an exponential function to extract T ,,; as the 1/e value. The extracted
Tomicinbulk was34 +1ns.

as PnCs (Fig. 3a) and fabricated on the same chip. In this experiment,
we used low-strain SiV centres with A = 60 GHz, corresponding to
our PnC bandgap. Note that we chose such SiV centres after device
fabrication and measurements of 4.5 (Supplementary Information 6).
Using photoluminescence-based measurements (Methods and Sup-
plementary Information 8), we confirmed that the SiV emission in
PnCs was stable enough to perform T ., measurements. Note that
the observed optical linewidth was slightly broader than the typical
lifetime-limited value**, but it was still comparable to that of SiVs in
nanostructures® (Supplementary Information 8). Figure 3b shows
the thermalization curves measured for SiV centres with similar 4¢g
within the bandgap in PnC (red), nanobeam (blue) and bulk (green).
The populationrecovery observed for SiVin PnC was much slower than
thatinbulk and nanobeam. Thelongest T, ,,;; among the measured SiV
centres within the bandgap is 486 + 12 ns, which is approximately 18
(15) times longer than the average lifetime for five different SiV centres
measuredinbulk (nanobeam). This is evidence of significant suppres-
sion of the phononic LDOS at ~60 GHz by the bandgap effect. On the
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Fig.3|Ground-state splitting dependence of SiV orbital lifetimes.

a, SEMimages of asuspended diamond PnC (upper) and adiamond nanobeam
(phononic wave guide without PnC) (lower) fabricated on the same chip.

b, Thermalization curves measured for asingle SiV centre in bulk, nanobeam
and PnC. The solid lines represent fitting curves based on a single exponential
function. The inset shows an enlarged view of the thermalization curves for
the bulk and nanobeam. ¢, Measured T, ,,;; as a function of A¢s for SiV centresin
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different PnC and nanobeam devices with the same device parameters. The data
points and error bars represent the fitted 7, ,,;; and the standard deviation of
the fitting, respectively. The grey shaded region corresponds to the calculated
phononic bandgap, as shown in Fig. 1e. The grey solid (dashed) lines indicate
the uncertainty of the position and size of the bandgap induced by the standard
deviation of -3 nm (+3 nm) from the measured tether width £ =22 nm.

otherhand, asshowninFig.3b, we did not observe asignificant change
in T ,.ui fOr the SiV centres in nanobeams relative to bulk despite the
modified LDOS induced by their lower dimensionality***¢ (Supple-
mentary Information 4). This suggests that a complete bandgap is
necessary to sufficiently suppress thermal phonons and the resulting
phonon-induced relaxation.

We then used SiV centres with different 4.5, implanted in different
devices fabricated using the same geometric parameters, to probe the
extent of the phononic bandgap. Figure 3c shows asummary of T,
overlaid with the same calculated phononic bandgap as that shownin
Fig. 1b, including the fabrication uncertainty of the PnC parameters
(Supplementary Information 3). Overall, the values of T, ,; for SiV
centres with A within the bandgap tend to be much higher thanthose
inthebulk and nanobeams, further supporting the conclusionthat the
phonon-induced transitions between ground-state orbitals are largely
suppressed by the bandgap effect. The fluctuation of T o, within the
bandgap, particularly the lower T, ,,;; values, could be due to variations
in bandgap size and/or position caused by fabrication imperfection
(Supplementary Information 3) or the degradation of the emitters
located near the etched sidewalls***. The finite improvementin 77 o ;.
islikely due to the contribution of higher-order phonon processes with
frequencies outside the phononic bandgap, as discussed next. For fur-
ther improvement of T ,,;;, it might be helpful to use larger complete
bandgaps with higher dimensionality, realized in two-dimensional
PnCs®. To further probe the bandgap, we measured T ;. on strained
SiV centres with 4. outside thebandgap (>70 GHz). As expected, T; i
outside the bandgap showed similar values to those measured in the
bulk and nanobeams, indicating the realization of a large phononic
bandgap of approximately 20 GHz at around 60 GHz.

Temperature-dependent measurements of
orbital lifetimes

Finally, we investigated the resilience of phonon suppression to tem-
perature. To this end, we studied the temperature dependence of
population recovery by measuring 7 ., from 4.4 to 20 K. We used
the samessingle SiV centresin the bulk, nanobeam and PnC, as shownin
Fig.3b.Figure 4ashows examples of thermalization curves measured
forthe SiV centreinthe PnCbandgap at six different temperatures. As

expected, the populationrecovery became faster with increasing sam-
ple temperature due to the higher thermal population of the residual
phononic LDOS. The temperature dependence of the orbital relaxa-
tion rates (I'=1/T o) measured for SiV centres in the bulk, nanobeam
and PnCis plottedin Fig. 4b. The 'measured in bulk tends to increase
linearly with temperature because single-phonon processes between
the ground-state levels are dominant below 20 K, which is consistent
with previously reported observations for bulk SiV centres>*>. We
also observed a linear temperature dependence of I for the SiV cen-
tre in ananobeam while showing a slightly slower speed of increase
(0.47 £ 0.02 MHz K™") compared to bulk (0.68 + 0.04 MHz K™). The
evolution of I for the SiV centre in PnCbelow 12 K can also be approxi-
mated as a linear relationship with temperature, although it shows a
muchsmallerslope 0of 0.15+ 0.004 MHz K. The difference in the rate of
increasein"betweenthe PnCand bulk (nanobeam) originated fromthe
differences in the phononic LDOS (Supplementary Fig. 4), indicating
that modifying the LDOS is advantageous for suppressing the increase
in I at elevated temperatures. At temperatures above 12 K, I for PnC
started to deviate from the single-phonon linear trend, which can be
explained by the emergence of two-phonon processes. Among the
possible two-phonon processes that can affect solid-state quantum
systems, we considered the two-phononinelastic Raman scattering pro-
cess*’. Additional processes, such as elastic Raman scattering, cannot
induce an orbital change, whereas an Orbach process would require an
additional intermediate state (see the detailed discussion of the model,
including theinfluence of various processes, including a higher-order
phonon process, in Supplementary Information 9). Above 12 K, the
experimental data can be well fitted by adding a component propor-
tional to T° to the fitting curve (red solid curve), as shown in Fig. 4b.
This result suggests that the two-phonon inelasticRaman scattering*
with frequencies outside the bandgap becomes dominantabove 12 K,
whereas such contributions only become visible above 20 K in bulk*%.
Thisis duetothelarge suppression of the single-phonon processes by
the PnC bandgap. These results demonstrate the successful suppres-
sion of spontaneous single-phonon transitions at high frequencies of
around 60 GHz by the PnCbandgap effect. Importantly, the measured
T,omic fOr PNC at 20 K was -30 ns, which is comparable to the average
T omic Of bulk SiV centres (-27 ns) measured at 4.4 K (dashed grey line
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Fig. 4| Temperature dependence of orbital relaxation rates of single SiV
centres. a, Population recovery measured for asingle SiV centrein the PnC
bandgap at six different temperatures. The solid lines are fitting curves based on
asingle exponential function to extract the T, ;.. b, Temperature dependence
of the measured orbital relaxation rate (/" =1/T, ,,;;) for single SiV centres in bulk
(green), nanobeam (blue) and PnC (red). In each case, the SiV centre with the
longest T ,,;; Was used for the temperature-dependent measurements. The error
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bars are standard deviations extracted from a single exponential fitting. The data
for the bulk and nanobeam can be fitted with a linear regression of T. For the SiV
centre in PnC, the dashed pink lineis alinear fit to the experimental data below
12 K. Thered solid curveis a fitting with a polynomial function proportional to
Tand T°. The dashed grey line indicates the average value for bulk SiV centres
measured at4.4 K.

inFig. 4b). This indicates that PnCs with a complete bandgap may be
useful for increasing the operating temperature of the SiV centres.

Discussion

In summary, we demonstrated phononic LDOS engineering at sub-
100 GHz frequencies using diamond PnCs. Our structures, with fea-
tures down to 20 nm, support a ~20-GHz-wide complete phononic
bandgap at ~60 GHz. We used single SiV centres as a phononic probe
of the LDOS in the PnCs, as well as in the bulk and nanobeam wave
guides used for comparison. As aresult of the LDOS control using the
bandgap effect, the SiV orbital lifetimes in PnCs are more than one
order of magnitude longer than those in bulk and nanobeam wave
guides, thereby demonstrating the inhibition of single-phonon pro-
cessesinthe SiV centres. This suppression also allowed us to observe
the effects of multi-phonon processes at lower temperatures thanin
the bulk. These results not only open the possibility of efficiently con-
trolling specific high-frequency phonons of interest for applications
in radio-frequency signal processing*®, optomechanics*’, nonlinear
phononics® and thermoelectrics™, but also may improve the opti-
cal and/or spin properties of solid-state quantum systems at higher
temperatures. Inthe case of the SiV centres, this may lead toimproved
spin coherence at temperatures higher than millikelvin (see discussion
in Supplementary Information 10) because the SiV spin coherence is
known to be predominantly limited by phonon-induced orbital relaxa-
tion due to strong spin—orbit coupling®. Our approach could also be
applied to any other solid-state quantum systems that interact with
thermal phonons>?**2, We can also expect to realize phononic nanocavi-
tiesand wave guides based on our PnCs, particularly for enhancing the
spontaneous single-phonon emission from quantum emitters, analo-
gous to photonic crystal cavities and wave guides used for enhancing
the photon emission of quantum emitters through the Purcell effect*.
Finally, because our PnCstructures are compatible with existing planar
photonic and phononic integrated platforms®, they could be funda-
mental building blocks for realizing phonon-mediated devices with
solid-state quantum emitters and qubits for quantum acoustodynam-
ics®* and scalable quantum networks®.
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Methods

Device fabrication

We used a high-purity (nitrogen concentration less than 5 ppb)
electronic-grade single-crystal diamond (Element Six Corporation)
that was etched using argon/chlorine followed by oxygen plasma to
remove the surface-damaged layer caused by diamond polishing.
The diamond was then cleaned using a 1:1:1 boiling triacid mixture
of perchloric, nitric and sulfuric acids. We used a mask implantation
technique to precisely implant the SiV centres in the desired implan-
tation spots using polymethyl methacrylate resist masks. We created
arectangular aperture (-225 x 300 nm) in polymethyl methacrylate,
which defines the implantation spot; siliconions were implanted only
inthisarea. Asaresult of the annealing (see below) and PnC fabrication
process (Supplementary Information 1), SiV centres can only be found
intwoblocks and one tether at the centre of the PnCs (within the orange
rectangleinFig.1e).Itis unclear whether the SiV centres arelocated in
theblock or tether due to the uncertainty of ionimplantation. Details
of the mask fabrication can be found in our previous work*.. After
forming theimplantation mask onthe diamond, siliconions (Si*) were
implanted with an energy of 50 keV. The resulting meanion range was
~35 nm from the surface with a straggling of 8 nm, as simulated by the
software package Stopping and Range of lons in Matter. We chose a
relatively low ion implantation dose (5 x 10" ions per cm?) to obtain
approximately zero to one SiV centre per PnC device. The SiV centres
were then generated by a high-temperature (1,100 °C) high-vacuum
annealing procedure followed by the same boiling triacid cleaning, as
described previously. The PnCs were patterned into the bulk diamond
containing SiV centres by electronbeam lithography and dry etching.
The typical alignment accuracy between the SiV implantation spot
and the PnCs is on the order of tens of nanometres, which is mainly
determined by our electron beam lithography based on alignment
makers. Torealize free-standing PnCs, we used a quasi-isotropic etch-
ingtechnique to undercut the PhCslab. Details of the fabrication steps
can be found in Supplementary Information 1. We fabricated 64 PnC
devices with the same parameters, 16 of which had a single SiV. Finally,
we used nine PnC devices for orbital lifetime measurements.

Photoluminescence measurements

The diamond sample was mounted on a closed-cycle liquid helium
cryostat (attoDRY800) and cooled to 4.4 K. A continuous-wave (CW)
520-nm laser diode (Thorlabs LP520-SF15) was used to pump the sam-
ple off-resonantly. The zero-phonon-line (ZPL) emission from single
SiV centres in the sample was collected using an objective lens (0.9
numerical aperture x 100) and sent to a spectrometer equipped with
aSicharge-coupled device camera to spectrally resolve the ZPLs. For
photoluminescence excitation measurements, we used atunable CW
Ti:sapphire laser (M Squared SolsTiS) for resonant excitation of the SiV
ZPLs. The photoluminescence excitation emission was collected from
the phonon sideband above 750 nm and sent to an avalanche photo-
diode (Excelitas) to measure the photon counts. The frequency of the
tunable laser was stabilized by continuous feedback using a wave-meter
(HighFinesse WS7). The CW 520-nm laser was periodically pulsed by
adigital delay generator (SRS DG645) to repump the SiV centres into
anegatively charged state. A schematic of the optical measurement
setup can be found in Supplementary Information 5.

Orbital lifetime measurements

Weimplemented atwo-pulse sequence to measure the orbital lifetime
by pulsing our tunable CW Ti:sapphire laser with an acousto-optic
modulator (AA Opto-Electronic). The acousto-optic modulator was

drivenusing anarbitrary waveform generator (Tektronix AWG70001A)
through aradio frequency switch (Mini-Circuits ZASWA2-50DR-FA+)
with a voltage-controlled oscillator (Mini-Circuits ZX95-209-S+). The
laser frequency was stabilized using continuous feedback from a
wave-meter (HighFinesse WS7). A pulsed 520-nm laser was also used to
keep the negatively charged state of the SiV centres. A time-correlated
single-photon counting system (PicoHarp 300) withasuperconducting
nanowire single-photon detector or avalanche photodiode was used to
detect the photon counts from the phonon-sideband emission of the
SiV centres. For temperature-dependent measurements, the sample
temperature was tuned using a local heater attached to the sample
holder and stabilized by continuous feedback with a proportional-
integral-differential controller.

Data availability

Allother datarelevant to this study are available from the correspond-
ing authors upon reasonable request. Source data are provided with
this paper.

Code availability
The code used for this study is available from the corresponding
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