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Understanding and mastering quantum electrodynamics phenom-
ena is essential to the development of quantum nanophotonics applications.
While tailoring of the local vacuum field has been widely used to tune the
luminescence rate and directionality of a quantum emitter, its impact on their
transition energies is barely investigated and exploited. Fluorescent defects in
nanosized diamonds constitute an attractive nanophotonic platform to investigate
the Lamb shift of an emitter embedded in a dielectric nanostructure with high
refractive index. Using spectral and time-resolved optical spectroscopy of single
SiV defects, we unveil blue shifts (up to 80 meV) of their emission lines, which are
interpreted from model calculations as giant Lamb shifts. Moreover, evidence for
a positive correlation between their fluorescence decay rates and emission line
widths is observed, as a signature of modifications not only of the photonic local
density of states but also of the phononic one, as the nanodiamond size is

decreased. Correlative light—electron microscopy of single SiVs and their host nanodiamonds further supports these findings.
These results make nanodiamond-SiVs promising as optically driven spin qubits and quantum light sources tunable through

nanoscale tailoring of vacuum-field fluctuations.

silicon-vacancy centers, nanodiamonds, single molecule spectroscopy, quantum electrodynamics, Lamb shift,

phonon bottleneck

quantum emitter interacting with the fluctuations of

the electromagnetic vacuum field undergoes sponta-

neous emission and Lamb shift of its energy levels,
which are among the most fundamental effects in quantum
electrodynamics.” While pioneering studies of these phenom-
ena were performed on atoms in free space, it is now well
established that the emission lifetime and the energy shift are
impacted by the local electromagnetic environment.”® For
instance, engineering the photonic local density of states
(LDOS) has been widely used to tune the fluorescence
emission rate and directionality of an emitter.® Yet, the
potential of LDOS engineering on the Lamb shift has been
overlooked. Due to the emergence of modern quantum
nanophotonic systems, it becomes crucial to accurately predict
the energy levels of emitters interacting with tailored vacuum
fields. Photonic crystals, consisting of periodic dielectric
structures, have been theoretically’ proposed as candidates to
modify the LDOS and induce sub-meV Lamb shifts, which are
1-2 orders of magnitude greater than those achieved in
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vacuum.® Larger Lamb shifts of several meV are observed for
molecules located in the vicinity of plasmonic structures.”””
On the other hand, the imaginary part of the permittivity of the
metallic structures is responsible for additional nonradiative
decay channels that quench the luminescence and significantly
broaden the emission lines. Tuning the Lamb shift of an
emitter located in the vicinity of dielectric nanostructures has
currently been considered not to be competitive with respect
to their plasmonic counterparts,"’ and no experimental study
has been reported so far. The configuration of an emitter
embedded within a dielectric structure has only been
considered in the context of spontaneous emission.' "> Yet,
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Figure 1. (a) Distribution of ND sizes determined by TEM. The batch displays a large dispersion with a 20 nm average diameter. Note that
rare microsized ND outliers are still present but not shown here. Inset: Typical high-resolution TEM image of the NDs. Scale bar: 150 nm.
(b) Schematics of the experimental confocal setup. The fluorescence is collected via a high numerical aperture objective and separated from
the laser illumination with a dichroic beam splitter (BS). Single photons are detected using two avalanche photodiodes (APDs). PD denotes
the photodiode used for TCSPC measurements. (c) Typical confocal fluorescence image of NDs containing SiVs. Scale bar: 1 ym. The
diffraction-limited spots correspond to single ND emission. (d) The presence of a single emitter in a ND is routinely deduced from an
autocorrelation measurement with g(z)(r =0) < 0.5. (e) Typical fluorescence spectrum (black curve) of a single SiV color center contained in
a ND, fitted with a Lorentzian profile (red curve). It displays a sharp ZPL at ~1.736 €V with ~2.2 meV width. (f) Typical fluorescence time
trace (S ms time resolution) obtained from a single SiV center showing blink-free shot-noise-limited emission. The red curve is the Poisson

distribution calculated using the mean counts per time bin.

the local density of photonic states near a dielectric interface,
as is the case in nanosized diamonds, provides an attractive
nanophotonic platform for strongly modifying vacuum
fluctuations to tailor the dynamics and energy of the light
emitted by single color centers near the surface. Demon-
stration of huge Lamb shifts offers the possibility of
implementing integrated nanoscale photonic chips, where the
photon energy of efficient quantum light sources can be
manipulated on demand.

Color centers in diamonds have aroused great interest over
the past two decades due to their suitability as quantum light
sources and sensors, as well as for single spin manipulation
with optical readout in the view of quantum information
processing."*~'* Among them, the negatively charged silicon-
vacancy center'’ (SiV) is promising owing to its fluorescence
stability in intensity and emission frequency,'”'® the simplicity
of its spin 1/2 ground state, and the dominant proportion of
photon emission in the zero-phonon line (ZPL), whose
homogeneous width is almost lifetime-limited at low temper-
ature.””~>" However, in the context of potential use as spin
qubits, SiV centers suffer from a short-lived, submicrosecond
spin coherence time at cryogenic temperatures above 1 K>
Indeed, in this group-IV defect, spin—orbit coupling splits the
ground electronic state into a doublet by ~0.2 meV (i.e., ~50
GHz),”>** which causes efficient coupling of the two fine-
structure sublevels to resonant phonon modes™ that remain
populated at these temperatures. Various strategies have been
developed to reduce orbital dephasing rates in the SiV ground
state, such as using ultralow temperatures T ~ 100 mK ¢ or
fabricating complex diamond-based nanoelectromechanical
structures.””** Since spin relaxations are mediated by acoustic
phonons that are strongly influenced by the phonon-mode
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density spectrum of the host diamond, the use of ultrasmall
nanodiamonds should lead to the suppression of the low-
energy phonon modes and thus to reduced orbital thermal-
ization rates.”

Here we investigate fundamental quantum electrodynamics
effects on individual SiV centers interacting with the vacuum
field fluctuations in nanosized diamonds. A large proportion of
centers show giant blue Lamb shifts of their emission lines, up
to 80 meV with respect to SiV spectra in bulk diamond. These
observations are well reproduced by model calculations
involving an emission dipole located in a dielectric nanosphere
with a high refractive index: These shifts are larger than those
produced in analog nanoscale resonators, such as plasmonic
nanoantennas.” Moreover, combining spectral and time-
resolved optical spectroscopy measurements of single SiV
defects, we show evidence for a positive correlation between
their fluorescence decay rates and their ZPL widths, attributed
to correlated modifications in both the photon- and phonon-
LDOS as the ND size is decreased. Correlative light—electron
microscopy of single SiVs and their host NDs further supports
this analysis, which turns SiV-containing nanodiamonds into a
versatile nanoscale platform for controlling both the energy
and dynamics of the quantum states that cause single photon
emission.

RESULTS AND DISCUSSION

The nanodiamond synthesis and the optical methods used to
characterize them are detailed in the Materials and Methods
section. As shown in Figure la, most of the particles (~95%)
have a radius a smaller than ~30 nm: Their radius distribution
is centered on a ~ 10 nm with a full width at half-maximum
(fwhm) of ~9 nm. A representative transmission electron
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Figure 2. Distributions of the ZPL energies (a) and widths (b) for various SiV centers in NDs. The blue and purple histograms are associated
with single SiV centers displaying a single emission line, while the gray ones represent the total distributions. The purple histogram was
acquired on a high-temperature (425 °C) annealed sample, whereas none was performed for the blue. The medians of single SiV ZPL
energies distributions are respectively denoted by the blue dashed and purple dash-dotted lines, respectively blue-shifted by ~41 meV and
~54 meV from the emission energy in bulk, denoted by the black dashed line. (c) Distribution of the calculated blue shifts, using the
classical dipole model, as a function of the ND radius, 4, and the SiV distance, r, from the center. The shifts are displayed for 3 < a < 70 nm,

0.0la < r < a — 0.357 nm and 6 = 45°.

microscopy (TEM) image of the NDs is displayed in the inset
of Figure 1a. For single-particle optical studies, the samples are
prepared by spin-coating a glass coverslip with a solution of
fluorescent NDs in polyvinyl alcohol (PVA), which has an
index of refraction close to that of glass (~1.48). The coverslip
is mounted on an optical setup consisting of a home-built
scanning confocal microscope based on a 1.45 numerical
aperture immersion oil objective (see Figure 1b). Figure lc
displays a typical confocal image of single NDs recorded by
raster scanning the sample with a piezo scanner. Single SiV
center emission is then determined using the criterion g 2(0) <
0.5 as exemplified in Figure 1d, typically displaying a sharp
Lorentzian-shaped fluorescence spectrum at room temper-
ature, as advertised in Figure le. It was here found to be
centered at 1.736 eV (714 nm) with a fwhm of 2.2 meV.
Interestingly, more than 80% of single SiV defects exhibit an
extremely stable fluorescence signal, with shot noise-limited
intensity fluctuations over minutes of acquisition (Figure 1f).

The distributions of ZPL emission energies and widths of
SiV defects displaying Lorentzian homogeneous lines are
shown in Figure 2a,b. In the histogram plot, the blue and
purple distributions correspond to single defects (nonannealed
sample in blue, annealed sample in purple), while the gray one
is associated with the complete set of encountered centers.
Note that fluorescence spots exhibiting g”(0) > 0.5 may
display spectra with multiple well-resolved Lorentzian ZPLs,
which are included in the width and position histograms (gray
histograms). The total distribution of emission energies is
found significantly blue-shifted (~30 meV) with respect to the
bulk-diamond ZPL position at 1.681 eV (black dashed line),
and a long red-shifted tail which extends over ~180 meV.
Strikingly, ~98% of the single SiV ZPLs (blue histogram) are
found to be systematically extremely blue-shifted (up to ~80
meV) with a median energy shifted by ~41 meV (blue dashed
line).

Hydrostatic and uniaxial strain induced by the diamond
lattice is commonly introduced to explain the ZPL shifts of ND
color centers.””*° Supported by DFT calculations, Lindner et
al.*° have found that in NDs, uniaxial strain dominates and can
be responsible for large ZPL red shifts up to hundreds of meV,
while hydrostatic-type pressure, which are of the order of few
GPa,*® induces limited blue shifts by few meV.*>*" To explain
the large blue shifts observed with their 50—250 nm sized
NDs,* they suggested that the blue lines may originate from a
new class of silicon-based defects. However, the investigated
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emission spectra of single defect show that these lines stem
from SiV centers. Indeed, we observed that their vibrational
features merely resemble those obtained in bulk diamond,
where SiV-specific vibrational modes and the sp*-linked C—C
mode of diamond are clearly identified (cf. section I and Figure
Sla in Supporting Information).”>*>**> Here, we additionally
show that the large blue shifts of the transition energies
originate from a quantum electrodynamic effect, namely, a
giant photonic Lamb shift"** stemming from the interactions
of the SiV transition dipole moment with the modified local
vacuum field fluctuations in diamond nanostructures. These
interactions are strongly enhanced when the dipole is brought
close to the dielectric interface, where a strong self-interaction
of the transition dipole occurs, an effect more pronounced in
small-sized NDs.**°

An estimation of the Lamb shifts can be performed by
analyzing the emission of radiation by an emission dipole
located inside a diamond nanosphere (of radius a and
refractive index ny = 2.45), at a distance r from the center
and with an orientation angle € from the radial direction. This
simplified geometry does not account for crystal facets or sharp
edges, which are known to impact the radiative decay rates.’’
The SiV center is considered as a two-level system in the weak
coupling regime, for which the quantum calculation of the
Lamb shift leads to the same dependence as the classical
treatment. Considering the regime of long emission wave-
lengths with respect to a, where retardation effects can be
neglected, and considering the reaction force acting on the
oscillating dipole by the self-interaction electric fields, an
analytical expression of the oscillation frequency shift Aw, can
be derived:*

Aw, 3 nl—nli
= — X
rad 3 3 2
Y (4mc)®  ng  ar
o0

I + 1) (1

2
(I +1cos* 0 + sin* 0)
= (ng + n D+ n” )

a
(1)

where 7 is the SiV dipole radiative decay rate in bulk
diamond. Here, we consider a homogeneous external medium
whose refractive index n, & 1.24 is the average of air and
PVA.'"*® From eq 1, it is clear that the resulting shifts are to
the blue (ng > n,) and mainly depend on the dipole location r
within the nanoparticle rather than on its orientation 8. The

https://doi.org/10.1021/acsnano.3¢11739
ACS Nano 2024, 18, 6406—6412


https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c11739/suppl_file/nn3c11739_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c11739/suppl_file/nn3c11739_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c11739?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c11739?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c11739?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c11739?fig=fig2&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.3c11739?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

shifts presented in Figure 2c are calculated for various values of
a and r, for 6 = 45°. They are found to reach 100 meV for
dipoles close (within ~1 nm) to the surface of particles with a
radius smaller than 100 nm, in agreement with the
experimental results. This result is corroborated by a
calculation of the photonic Lamb shift obtained from the
nonretarded Green’s function under such a configuration (see
section II of Supporting Information). These quantum
electrodynamic corrections also corroborate with the smaller
shifts reported by Lindner et al.”” in the case of larger particles
(a ~ 35 nm). Moreover, this effect may also be at the origin of
the unexplained strong blue shifts (~300 meV) observed with
nitrogen-vacancy centers in ultrasmall (a ~ 2.5 nm) NDs, as
reported by Chung et al.”’

To support this interpretation, we compared the histogram
of ZPL positions, measured with NDs embedded in a layer of
PVA, to that obtained when NDs were directly spin-coated
onto glass without polymer coating and annealed at high
temperature (in air for ~4 h at 425°C)*>*' to remove any
onion-like graphitic layer on the NDs surface. Interestingly, we
find that the resulting distribution of single-defect ZPL
energies (purple histogram in Figure 2a) is even more blue-
shifted than previously. Indeed, its median transition energy is
shifted by ~13 meV with respect to the nonannealed case. This
confirms the dependence of the photonic Lamb shift on the
dipole location within its ND host, since annealing effectively
brings SiV defects closer to the nanoparticle/air interface. This
suggests that the local concentration of defects within the NDs
volume is nonuniform and increases largely toward the
surface.*” Additionally, to demonstrate the external refractive
index dependence, we followed single defect ZPL energies
upon controlled modification of the ND dielectric environ-
ment (see section III of Supporting Information). To do so, we
increase the ND average external refractive index from n,; ~
1.24 to n., ~ 1.5 by depositing an immersion oil droplet. We
observed that, after oil deposition, more than ~75% of the
investigated single-color centers exhibited a decay rate increase
and the ZPL red-shift expected from expression 1 (cf. Figure
S3 of the Supporting Information). These results are a clear
signature of quantum electrodynamic effects on single SiV
color centers in nanosized diamonds.

Variations of the host diamond size also affect the photon-
LDOS felt by the SiV centers and thus modify their radiative
lifetime. For particles with a < 100 nm, the radiative decay rate
of the emitter barely depends on its location r and dipole
orientation 6. On the other hand, it decreases monotonically
with decreasing radii a toward the zero-size limit value y5¢ =
ay?d with a = 9n%/[ng(ng® + 2n.2)*]">*>* (see section IV of
Supporting Information). Given the distribution of ND sizes in
our sample (Figure 1a), we expect the radiative decay rates ¢
of the defects contained in the smallest particles (a < 20 nm)
to reach y§¢ ~ 0.14 y! (see Figure S4 of the Supporting
Information). The histogram of the fluorescence decay rates
measured on single SiVs is displayed in Figure 3. Assuming a
particle-independent nonradiative contribution y™ to the decay
rate I' = y,,4 + 7™, the broad I'-distribution provides an indirect
signature of a significant radiative yield of SiV centers in bulk
diamond. This yield ® = y,"Y/T",, where I', is the total decay
rate in bulk diamond, can indeed be estimated from I',(1 —
0.86®), the expected value for I in the small-size limits. The
~2-fold difference (with respect to I'y) observed in the lowest
measured decay rates indicates a radiative efficiency of bulk
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Figure 3. Fluorescence decay rate of single SiV centers in NDs is
plotted against their ZPL width (fwhm). The horizontal dashed
dotted line depicts the SiV total decay rate in the bulk. The dashed
lines are guides to the eye to show the correlation between the
radiative decay rates and the ZPL widths. Note that the blue and
red circles data points relate to the positions of the emitters
displayed in Figure 4.

SiV centers as high as ~60%, in the same order of most recent
estimates. "

Interestingly, a positive correlation is observed in Figure 3
between the ZPL widths of single emitters and their
fluorescence decay rates. Since SiVs exhibiting long fluo-
rescence lifetimes are most likely hosted in small NDs, this
correlation points to reduced dephasing rates of the optical
transition dipole in tiny particles. Indeed, reducing the
diamond size down to the nanometric range leads to the
suppression of the low-energy acoustic phonons,*® since only
vibration modes with a wavelength smaller than the particle
size can develop. From calculations based on the free elastic
sphere model, we estimate that the lowest vibrational mode in
a 20 nm sized ND has a frequency of ~400 GHz. Such
modification of the phonon-LDOS reduces the electron—
phonon collision probability, which results in lengthening the
thermal dephasing time of the optical dipole. Furthermore,
since the orbital splitting of the SiV ground state is less than
the energy of the lowest acoustic phonon mode, phonon-
induced orbital relaxation will be drastically impeded.” This
explains the remarkably sharp ZPLs observed at room
temperature, with widths down to ~1.3 meV.

To further support our findings on the major role of size
effects on the photophysical properties of SiVs in NDs, we
have performed correlative light—electron microscopy and
spectroscopy of single defects. For this purpose, the NDs are
spin-coated on silicon-nitride window grids with benchmarks,
in view of their characterization with wide-field and confocal
fluorescence microscopy followed by TEM imaging. Figure 4a
shows the superimposed fluorescence and TEM images of a
selected region of the sample, while Figure 4b displays a TEM
zoom on one of the fluorescence spots attributed to a single
SiV center. Similarly, correlated images are displayed in Figure
4c for another region and another single SiV center (Figure
4d). The fluorescence decays and spectra of the two single
centers imaged in Figure 4c and Figure 4d are shown in Figure
4e and Figure 4f, respectively. Obviously, the emitter
displaying the sharpest ZPL and the longest lifetime is found
in the smallest ND. Similar correlations on other particles are
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Figure 4. Single-defect correlative light-electron microscopy. (a)
Superimposed wide-field fluorescence and TEM images of the
same region. (b) High-resolution TEM image centered on the
single-SiV fluorescence spot framed by the blue dashed square in
(a). (c) Similar correlated fluorescence and TEM images of
another region, with a TEM zoom (d) on another single SiV
fluorescence spot within the red-dashed square. The decay curves
and fluorescence spectra on these two single SiV defects are
respectively displayed in (e) and (f) with the same color codes.
The SiV defect frame in blue (respectively red) has a lifetime of
~2.5 ns (respectively ~0.8 ns) and a ZPL fwhm of ~2.3 meV
(respectively ~S5.7 meV). Note that the optical characteristics of
these two defects are represented in Figure 3a with blue and red
circles, respectively.

exemplified in section V of Supporting Information. This
supports the hypothesis of the host size confinement
responsible for modifications of the phonon-LDOS, which
lead to a reduction of the orbital dephasing rate of the SiV
centers, even at room temperature. Moreover, as illustrated in
Figure 4, single SiVs contained in nanodiamonds show
significantly blue-shifted emission lines with respect to those
in bulk diamond, which further support the presence of giant
photonic Lamb shifts.

CONCLUSION

Single-defect microscopy and spectroscopy investigations show
that the photophysical properties of negatively charged SiV
centers are intimately linked to the host diamond size. Using
small-sized NDs, we unveil unusually large blue shifts in the
fluorescence spectra of SiV centers and attribute them to giant
photonic Lamb shifts. As these shifts strongly depend on the
proximity between the optical dipole and the dielectric
interface, they constitute a promising spectroscopic tool to
super-resolve the defects’ locations at the nanometric scale
within small dielectric nanostructures. This work should guide
the development of a more quantitative numerical model of
photonic Lamb shifts accounting for the ND shape anisotropy
such as crystal facets and sharp edges. On the other hand, the
observed shifts must be carefully considered in the case of
microscopy applications relevant to biology, such as nanoscale
multicolor imaging and thermometlry.M’48 Furthermore, low-
ering the ND size down to the nanometric range leads to a
phonon bottleneck effect, which extends the thermal dephasing
time of the SiV optical transition dipole and reduces the SiV-
spin orbital relaxation, allowing spin coherent manipulation
without resorting to millikelvin temperatures.

6410

MATERIALS AND METHODS

The nanodiamond samples used in this study were obtained by high
pressure-high temperature treatment of the catalyst metal-free
mixtures of naphthalene with tetrakis(trimethylsilyl)silane and
triphenylphosphine (P-doping).* This synthesis method allows
producing a large fraction of ultrasmall diamond nanoparticles while
avoiding a milling step and its inherent damages and stress applied to
the particles (cf. Figure 1a). The samples prepared by spin-coating a
solution of NDs in PVA are estimated to be embedded in a ~ 50 nm
thick polymer matrix layer, using atomic force microscopy. Non-
resonant excitation of the NDs is achieved with a focused pulsed laser
source (optical parametric oscillator, 150 fs pulse width, repetition
rate 80 MHz) at 660 nm. The emitted fluorescence photons are then
filtered by a long-pass filter and sent to single-photon detectors or a
spectrometer. The fluorescence decay rates of SiV defects are
measured with a conventional time-correlated single-photon-counting
(TCSPC) setup, while the autocorrelation function g*(z) of the NDs
fluorescence intensity is built using a Hanbury Brown and Twiss
coincidence setup.
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