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The local density of optical states governs an emitters’ lifetime and quantum yield
through the Purcell effect. It can be modified by a surface plasmon electromagnetic
field, but such a field has a spatial extension limited to a few hundreds of nanometers,
complicating the use of optical methods to spatially probe emitter-plasmon coupling.
Here we show that a combination of electron-based imaging, spectroscopies and
photon-based correlation spectroscopy enables measurement of the Purcell effect with
nanometer and nanosecond spatio-temporal resolutions. Due to the large variability
of radiative lifetimes of emitters in nanoparticles we relied on a statistical approach
to probe the coupling between nitrogen-vacancy centers in nanodiamonds and surface
plasmons in silver nanocubes. We quantified the Purcell effect by measuring the
nitrogen-vacancy excited state lifetimes in a large number of either isolated nanodi-
amonds or nanodiamond-nanocube dimers and demonstrated a significant lifetime
reduction for dimers.

KEYWORDS: Purcell effect, lifetime measurement, localized surface plasmon, meutral nitrogen-

vacancy defect, electron energy loss spectroscopy, cathodoluminescence
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The radiative lifetime of a light emitter is intrinsi-
cally linked to the local density of optical states (LDOS),
p(7,w) (7 represents position in space and w frequency).
The presence of an optical cavity or a plasmonic struc-
ture leads to the increase of the LDOS which can be
quantified by a transition rate enhancement factor, v =
p(7,w)/po(F,w)* (p and py being the LDOS with and
without the a cavity or plasmonic structure), what is
known as Purcell effect?. Owing to the Fermi golden rule,
the radiative lifetime of an emitter interacting with these
photonic structures is modified by v. Due to the short
lifetime of surface plasmons (SP)? (typically few fem-
toseconds), their coupling with quantum emitters (QE)
is usually weak. In this regime, the Purcell effect is pre-
dominant.

To date, only two strategies have been considered to
measure the Purcell effect in QE-SP dimers. From a mi-
croscopic perspective, experiments were carried out on a
single dimer®@ with a precise positioning of the QE. Al-
ternatively, macroscopic measurements were performed
simultaneously on a large ensemble of dimers®?. Both
approaches present limitations due to the large variabil-
ity of the isolated QEs lifetimes!0H3,

Here, to overcome this intrinsic variability we adopt
a statistical method applied to individual nano-objects,
where the lifetime of large sets of isolated QEs and dimers

are measured. In our experiments, neutral nitrogen-
vacancy (NVU) centers in nanodiamonds dipoles were
coupled to surface plasmons (SP) on Ag nanocubes. To
quantify the Purcell effect at the nanoscale we applied
a combination of electron-based imaging, spectroscopies
and photon-based correlation spectroscopy that allowed
us to achieve the required spatial and temporal resolu-
tions with large throughput.

Modern scanning transmission electron microscopes
(STEM) are versatile, allowing the use of nanometer-wide
electron probes to obtain complementary information
from spectroscopic, diffraction and imaging techniques.
Specifically electron energy loss spectroscopy (EELS) and
cathodoluminescence (CL) have shown their remarkable
capability to measure absorption and emission spectra
with nanometer spatial resolutiont* 1, Figure 1 shows a
typical EEL spectrum for an isolated Ag nanocube and
a CL spectrum for an isolated nanodiamond containing
NVO centers. The EEL spectrum presents three peaks
corresponding to different plasmon modes. The peak at
1.8 eV with a 500 meV width matches the energy range
of the NV? emission, indicating the possibility of cou-
pling between SP and the NV° centers. We note that
SP spatial intensity distribution is highly anisotropic, as
seen in Fig. C—d) for the mode at 1.8 eV. In princi-
ple, this could play a role into where the nanodiamond
should be positioned. As discussed later, this does not
play a major role due to the large spatial extent of SP
modes.

Lifetimes of isolated nanodiamonds and nanodia-



mond/nanocubes dimers have been inferred from the sec-
ond order correlation function (g(®)(7)) of light emitted
from NV? centers excited by the fast electrons, as already
demonstrated for different systems'®2L, In short, each
electron excites more than one electron-hole pair above
the bandgap of diamond. These pairs excite within a few
picoseconds more than one localized defect. The end re-
sult is the emission of more than one photon within the
emitter’s lifetime, leading to the effective formation of a
light pulse and a second order correlation function pre-
senting a bunching behavior. This bunching peak has a
time decay constant equal to the emitter’s total lifetime,
allowing its measurement. Note that lifetimes can also be
measured using a pulsed electron source and a cathodolu-
minescence setup, but with limited spatial resolution (50
nm) up to now4. g(z)(T) was measured using a Hanbury
Brown and Twiss (HBT) interferometer (see Fig. [I(a))
coupled to the light collection system®. Annular dark
field (ADF) images allows us to determine the position
of the nanodiamond with respect to the nanocube and
the nanocube size with a nanometer resolution, giving
us all the parameters necessary to estimate expected the
enhancement factor.

Samples were prepared by sequentially drop casting
solutions of Ag nanocubes and nanodiamonds containing
multiple NV? centers onto a 15 nm thick SizN, mem-
brane. Nanodiamonds typically appear as aggregates
(Fig. ) However, among these aggregates a larger
and luminescent nanoparticle is always observed, which
is the one considered in each measurement. Most of the
nanodiamonds tend to be adsorbed on the nanocubes
faces. Moreover, a distribution of sizes is observed in
our nanocubes sample (100 nm average size with some
variation). This influences the energy of a specific SP.
But as a continuum of SP modes is observed for each
given nanocube and the NV? emission is spectrally wide,
coupling is always possible. Isolated nanodiamonds and
dimers were identified using ADF images that are ac-
quired simultaneously with wavelength filtered CL maps
(first and second columns in Fig. . Quick access to
this information allows an effortless identification. Af-
ter a target isolated nanodiamond or dimer is selected,
the g(® (7) function of the emitted photons is measured
using the HBT interferometer while the electron beam
scans a fixed small area on the nanodiamond. The pho-
ton counting rate and the ADF image can be recorded
live, allowing sample drift to be corrected by reposition-
ing the scanning area. In total, the lifetime of 56 isolated
nanodiamonds and 62 dimers were measured in the same
sample in a single experimental run, ensuring identical
experimental conditions.

Examples of measurements in two isolated nanodia-
monds and two dimers are shown in Fig. a—b) and
Fig. [2(c-d), respectively. The isolated nanodiamond in
Fig. |a) and the dimer in [2(d) have lifetimes 36 & 5
ns and 7 = 11 & 1 ns, respectively, in agreement with
an enhancement effect. However, isolated nanodiamonds
and dimers (Fig. |(b-c)) with similar lifetimes are also
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FIG. 1. (a) Schematic of the STEM and HBT interferometer
setup. (b) EELS spectrum (absorption) of a Ag nanocube
measured in region P indicated in (d). Each peak corresponds
to a plasmon resonance. The purple rectangle indicates the
energy window where the optical filter is active. (c) ADF
image of a Ag nanocube. (d) Energy filtered (at 1.8 eV)
EELS map of the silver nanocube showed in (c). Scale bar:
50 nm.

present (7 =22+ 2 ns and 7 = 21 £ 1 ns in these exam-
ples). Such observations occur due to the large dispersion
in NV? lifetimes in nanodiamonds already reported in the
literature #2425 The lifetime for NV© in bulk diamond
is 19 ns?% and it is distributed between 10 and 40 ns*! in
nanodiamond. A similar behavior is known for the NV~
(charged NV) center, for which the lifetime changes from
13 ns in bulk®? to larger values (17 ns and 25 ns) in
nanoparticles?¥23 with a broad distribution®®. The ex-
cited state lifetime increase is the result of the smaller
LDOS in nanoparticle than in bulk (i.e. v < 1, as pre-
dicted in the electrostatic regime of particle size smaller
than the vacuum emission wavelength of the embedded
emitter), while the lifetime dispersion is mainly due to
nanoparticle size variability#”.

To overcome this variability, a measurement of the
Purcell effect can be performed by sequentially probing
the NV lifetime of an isolated nanodiamond, followed by
coupling the nanodiamond to a plasmonic structure (ei-
ther by mechanical movement or lithography), as shown
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FIG. 2. (a-b) From left to right: ADF image, energy-filtered
NVO emission intensity image and g® correlation function of
single nanodiamonds. (c-d) From left to right: ADF image,
energy filtered CL maps (see Fig. and g? correlation
function of nanodiamonds close to a silver nanocube. Scale
bars: 50 nm.

by Beams et all. However, this approach would normally
involves taking the sample out of vacuum and performing
a series of processes which can modify its local environ-
ment and, hence, its lifetime. Here we overcome the vari-
ability by measuring the excited state lifetime in a large
ensembles of either isolated nanodiamonds or dimers.

The histograms (top) and a scattered plot (bottom)
of the lifetime of isolated nanodiamonds (purple) and
dimers (orange) are shown in Fig. [3| (see SI for the com-
plete data set). The average lifetimes of isolated nan-
odiamonds and dimers are 24 £ 5 ns and 18 + 4 ns (the
most probable values are 22.54+2.5 ns and 12.54+2.5 ns).
The two distributions overlap. However, they are sig-
nificantly distinct, as confirmed by the Wilcoxon-Mann-
Whitney statistical u-test (p = 1.91 x 107°). Therefore,
the 40% reduction of lifetimes can be unambiguously as-
sociated to a Purcell effect with a spontaneous decay rate
enhancement factor of 1.4, indicating some coupling, al-
though weak, between NV? centers in nanodiamonds and
SP in Ag nanocubes.

Lifetimes shorter than that in bulk are observed in
both histograms, although with a small probability.
These occur due to non-radiative decay channels involv-
ing e.g. surface defects, which do affect the excited state
lifetime. Overall, the coupling leads to a rigid shift of
NV lifetime histogram to shorter values. These features

25 , :
[ with cube
0 I without cube
= 20 1
(0]
>
o 15¢
Y
o
—
q) L
9 10
€
=2 5t
0
120¢ I
*;—_ip_ﬁ
: =
e -
| HH
1000 g
o T— o—
e
80} e [ O
X ?ﬁ
o ——e—ltg
© e —"—
c o S——F-o——
= )_‘:'_.:0——4 =
9 60F | gl et
@] o]
= _.__‘._<£$n_,
F——el |
E —e— 7
L 9= — e
40 o S s
e
20; R i A e———
—
-
%E%gé
ol =

25 125 225 325 425 525
Lifetime (ns)

FIG. 3. Distribution of nanodiamonds cathodoluminescence
lifetime alone (purple) and close to a silver nanocube (orange)
measured on a population of 118 diamonds. The two vertical
lines indicate the maxima of the nanodiamonds’ lifetime dis-
tribution alone (22.5+2.5 ns in purple) and close to a silver
nanocube (12.5£2.5 ns in orange).

are only accessible with a statistical approach which em-
phasizes the strength of our experimental method.

As recently pointed out®?, the calculation of the lumi-
nescence enhancement of defects in presence of a plas-
monic field is an intricate problem. A quantitative simu-
lation of our experiment would require precise knowledge
of a large set of parameters: the shape of the nanodia-
monds, exact number of defects, their position in the
nanoparticle, their respective lifetime and the profile of
the plasmonic field within the nanodiamond. Although
we do not tackle this problem in the current paper, we
have performed numerical calculations to verify that the
order of magnitude of the expected effect matches our
observations. A key point for these calculations is the
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FIG. 4. (Purple) LDOS enhancement factor , v due to SP sus-
tained by an Ag cube, at 2.1 eV calculated along the green
arrow represented on the inset. (Orange) Corresponding ex-
pected NV? lifetime. When the LDOS enhancement factor is
equal to one, the lifetime is assumed to 22.5 ns (as measured
in Fig. 3).

presence of numerous NV in our nanodiamonds. In
principle, the NV lifetime may vary with the position of
the emitter within a nanoparticle for subwavelength-sized
nanodiamonds (electrostatic regime) but experimentlly
we have observed that it is constant throughout the nan-
odiamond, as pointed out by Greffet et al??. No vari-
ations within the same nanodiamond was observed, de-
spite the nanometer spatial resolution provided by our
experiments. Even if electron-hole diffusion in the nan-
odiamond could decrease our expected spatial resolution
(as it is known to occurl), variations of NVOs lifetime
could be observed if they occurred in scales larger than
50 nm.

The expected radiative rate enhancement factor due
to the Purcell effect was calculated by considering
an isolated Ag nanocube, taken the SizN, substrate
into account. Calculations performed with the MNPBEM
toolbox3Z show a SP mode centered at 2.1 eV, in agree-
ment with the experimental value (Fig. [Ifa)). Consid-
ering that most nanodiamonds were observed on a facet
of the nanocubes, we calculated the LDOS enhancement
factor at 2.1 eV along a line centered on a nanocube face
and perpendicular to it, for an emitter at a distances be-
tween 10 to 100 nm from the nanocube surface (arrow on
Fig. .

The enhancement factor is plotted on Fig [4| (purple).
Taking into account the most probable lifetime for NV°
in isolated nanodiamonds is 22.5 ns, we plotted in orange

4

the expected NV lifetime given the calculated enhance-
ment factor. We see that the most probable lifetime mea-
sured in presence of a nanocube (12.5 ns) corresponds to
a distance of 65 nm, also associated to the enhancement
factor 1.4. This value is in qualitative agreement with
the possible distance of a NVO center to the surface of
a 100-200 nm nanodiamond (sizes typically observed in
our sample). Although this result relies on the specific
positioning of the emitters in the dimer, obtaining a con-
sistent distance value is a strong evidence to support our
conclusion.

We have used a combination of fast electron/photon
techniques to quantify the Purcell effect resulting from
the coupling of dipolar emitters embedded in nanopar-
ticles to plasmonic structures. NV in nanodiamond-SP
coupling is evidenced by the reduction of the mean ex-
cited state lifetime of a distribution of individual isolated
nanodiamonds and dimers measurements. This effect
could have been masked if we had limited our study to a
few objects because of the instrinsic lifetime dispersion.
We have shown that combination of fast electron/photon
techniques provide the required measurement through-
put, spatial and temporal resolutions to disentangle the
two effects. The ensemble of techniques described here
can be applied seamlessly to any emitter with excited
state lifetime in the 0.5 ns - 50 ns range which emit
light under electron irradiation, covering a wide range of
nanoscale systems.
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Methods

Experiments have been performed with a Vacuum Gen-
erator HB-501 STEM equipped with a cold field emission
electron gun operating at 60 kV, a Gatan 666 EEL spec-
trometer and the Attolight Ménch 4107 Cl-system. An
homemade HBT interferometer has been implemented on
the nano-CL system (Fig[I|a)). The stage of the micro-
scope is cooled with liquid nitrogen down to 150 K. EEL
spectrum images were deconvolved using a Richardson-
Lucy algorithm®, with a zero-loss peak (ZLP) width re-
duction from 0.33eV to 0.1eV. Lifetimes were measured
as described by Meuret et al™19 allowing measurements
in a few tens of seconds. Nanocubes were synthesized via
a polyol reduction routé®®, The g®(7) measurements
were performed with sampling time of 512 ps, using 7-
SPADs single photon avalanche photodiodes and a Pi-
coHarp 300 from PicoQuant. The overall system has a
response time of 130 ps.
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