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Purcell effect of nitrogen-vacancy centers in nanodiamond coupled to propagating and localized
surface plasmons revealed by photon-correlation cathodoluminescence
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We measured the second-order correlation function of the cathodoluminescence intensity and investigated the
Purcell effect by comparing the lifetimes of quantum emitters with and without metal structure. The increase in
the electromagnetic local density of state due to the coupling of a quantum emitter with a plasmonic structure
causes a shortening of the emitter lifetime. Since the plasmon-enhanced electric field is confined well below the
wavelength of light, the quantum emitter lifetime is changed in the nanoscale range. In this study, we combined
cathodoluminescence in scanning (transmission) electron microscopy with Hanbury Brown–Twiss interferome-
try to measure the Purcell effect with nanometer and nanosecond resolutions. We used nitrogen-vacancy centers
contained in nanodiamonds as the emitters and compared their lifetime in different environments: on a thin SiO2

membrane, on a thick flat silver film, and embedded in a silver film. The lifetime reductions of nitrogen-vacancy
centers were observed in the samples with silver. We evaluated the lifetime by analytical calculation and
numerical simulations and revealed the Purcell effects of emitters coupled to the propagating and localized
surface plasmons.
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I. INTRODUCTION

To implement quantum communications and optical com-
puting, the transition probability of a quantum emitter (QE)
is one of the speed-limiting factors for the information pro-
cessing [1–3]. When a QE is coupled to an optical resonator
or plasmonic structure, its transition probability can increase,
which is called the Purcell effect [4]. Since the coupling
between the QE and the nanostructure is sensitive to the
nanoscopic geometries, a visualization method of photonic
information with nanoscale resolution is required. The Purcell
effect can be evaluated by using changes in the lifetime of the
QE, which is usually measured with a laser pulse excitation
and synchronized detection. Among various proposed QEs,
nitrogen-vacancy (NV) emission centers in nanodiamonds
(NDs) are considered as a promising candidate featuring
highly stable optical properties even at room temperature and
functional emission properties for sensing based on electron
spins [5,6]. However, the lifetime of ND emitters is strongly
dependent on their dielectric environment, i.e., the ND struc-
ture itself [7–9], and therefore, it is necessary to measure
individual NDs to evaluate the lifetime. To measure the life-
time of individual NDs by fully photon-based methods, they
must be separated more than the diffraction limit of light,
and nanoscopic measurement of a subwavelength object is not
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straightforward. Although super-resolution microscopy, such
as stochastic optical reconstruction microscopy (STORM)
[10] and stimulated emission depletion (STED) microscopy
[11,12], is becoming popular, the stochastic approach is not
suited for lifetime measurement because it requires tempo-
rally resolved detection and the depletion approach could
possibly modify the lifetime of the target object due to the
scattering of the depletion light by nanostructures.

Besides purely optical means, cathodoluminescence (CL)
microscopy, in which the nanoresolution electron beam of
a scanning (transmission) electron microscope [S(T)EM] is
utilized for the excitation of the light emitters, has been
considered as another tool to measure nanoscale optical char-
acteristics [13,14]. The electron beam-based method enables
evaluating the optical properties well beyond the diffrac-
tion limit of light, and the spatial resolution can go down
to subangstrom [15]. A high-resolution structural image can
be obtained simultaneously as the CL measurement, which
allows direct comparison of the optical and structural infor-
mation. For instance, localized surface plasmon (LSP) and
surface plasmon polariton (SPP) have been visualized at
nanoscales by CL [8,16,17]. The lifetime measurement using
CL typically requires a large-scale measurement system that
integrates a pulsed electron gun as an excitation source [18,19]
and a synchronized detector, which is especially complicated
for STEM with high acceleration voltages.

As an alternative to using a pulsed electron gun, the life-
time measurement based on the Hanbury Brown–Twiss (HBT)
interferometer combined with the STEM/SEM CL has been
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FIG. 1. Schematics of the fabricated samples. The samples were
prepared by drop-casting the ND solution onto (a) sample A, a 30-
nm-thick SiO2 membrane and (b) sample B, a 300-nm-thick Ag film
on an InP substrate. (c) Sample C is prepared by depositing a 300-
nm-thick Ag film on a 30-nm SiO2 membrane with ND particles on
it. All samples were placed on the Cu grid.

recently proposed [20–23]. Since HBT-based measurement is
a fully passive method that requires modifications only in the
light detection system without pulsing the electron source,
such a setup can be readily implemented to higher voltage
microscopes, like STEM. This type of method has been ap-
plied to QEs at low temperatures [20,23] and quantum wells at
room temperature [21,24]. The Purcell effect of the coupling
between QEs and LSPs has also been evaluated [23,25]. How-
ever, using CL-HBT measurement no Purcell effect based on
the coupling to propagating SPPs has been experimentally
observed [22], while such coupling between a dipole and SPPs
is expected [26].

In this paper, we experimentally clarify this controversial
coupling of QEs and SPPs with electron beam excitation by
comparing the statistical lifetime data of individual NDs using
the HBT-based STEM CL. We used NV centers in NDs as
a typical candidate of QEs. The lifetime is obtained through
photon bunching in the correlation measurement, which can
be analytically described with a simple two-level system.

As the simplest coupling system, we first analyze NVs cou-
pled to SPPs on a flat metal surface, and then propose a more
efficient coupling of QEs to SPPs and LSPs by embedding
NDs in metal films. The Purcell effect based on the coupling
between QEs and SPPs or LSPs was experimentally proved
with clear shifts in the lifetime histograms of individual NDs.
We evaluated the Purcell effect in detail with both analytical
and numerical methods providing insights into the coupling
dependence on the wavelength, orientation, and location of
the emitter dipole.

II. METHOD

A. Sample fabrication

ND solution (900174-5ML, Sigma-Aldrich, America) con-
taining 900 or more NV centers was used. The average
diameter of the NDs is 100 nm. Three types of samples
(samples A, B, and C) as illustrated in Fig. 1 are prepared.
NDs were dispersed on a 30-nm-thick free-standing SiO2

membrane for sample A and on a 300-nm-thick silver film
thermally deposited on an InP substrate for sample B. For
sample C, NDs were dispersed on a 30-nm SiO2 thin mem-
brane, followed by sputter deposition of a 300-nm Ag film
to embed the NDs in the Ag film. More fabrication de-
tails are shown in the Supplemental Material [27]. In all the
measurement, the electron beam is incident and the optical

FIG. 2. Schematic illustration of the CL-STEM and optical setup
for the HBT measurement. A parabolic mirror collimates the emitted
light that is transferred either to a spectrometer, photomultiplier tube
(PMT), or HBT interferometer, which is selected by the movable
mirror and optical fiber connection. Inset: CL spectrum of an ND
without the metal structure (sample A) measured at room tempera-
ture with the exposure time of 10 s. The zero-phonon line (ZPL) is
indicated by the red arrow.

signal is detected from the upper side in Fig. 1. Sample A
without metal was used as a reference to evaluate the lifetime
change in samples B and C.

B. Lifetime measurement by CL

The lifetime of the QE τ0[s] is the reciprocal of the total
decay rate γ0[s−1]. The total decay rate can be expressed as a
sum of the decay rates due to photon emission (γr), absorption
into the surrounding environment (γn), and plasmon excitation
(γp),

γ0 = γr + γn + γp. (1)

The decay due to plasmon excitation is proportional to the
electromagnetic local density of state (EMLDOS) near the
QE [1,26,29]. EMLDOS is the number of electromagnetic
modes per unit volume coupled with the harmonic oscillating
mode of the QE, which increases with the addition of plasmon
mode, for example, if there is a metal surface near the QE.
The Purcell effect is generally quantified and evaluated by
the Purcell factor Fp = γ0/γ

free
0 , where γ free

0 is the decay rate
in free space [30]. The lifetime τ0 is obtained by measuring
the second-order correlation function g(2)(τ ) using an HBT
interferometer [Fig. 2(a)]. g(2)(τ ) is defined by

g(2)(τ ) = 〈I (t )I (t + τ )〉
〈I (t )〉〈I (t + τ )〉 , (2)

where I (t ) is the CL signal intensity as a function of time t and
τ denotes the time delay. The HBT interferometer consists
of a system that divides the CL signal into two paths and
allows measuring the g(2)(τ ) of the incident photons using
single-photon counting modules (SPCMs). We used a CL
detection system installed in a STEM (JEM-2000FX, JEOL,
Japan) equipped with a thermal emission gun to measure the
lifetime of individual NDs, as shown in Fig. 2. The light
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FIG. 3. CL-HBT measurement results of samples (a) A, (b) B, and (c) C, respectively. From left to right: SEM or STEM image, CL
panchromatic image, and g(2)(τ ) plots with fitted curves for NDs in each sample. The color of g(2)(τ ) curve in each graph corresponds to the
color of the circle in the map indicating the measured NDs.

emitted from the sample is guided out of the STEM column by
a parabolic mirror, and transferred either to a spectrometer for
CL spectrum measurement, to a photomultiplier tube (PMT)
for panchromatic CL mapping, or to the HBT measurement
system. The thermal photon radiation from the electron source
is avoided in CL detection by letting the direct reflection from
the substrate going through the hole of the parabolic mirror
for the electron beam path and by subtracting the stray signal
as background. The contribution of the thermal photons to
g(2)(0) is negligibly small in the g(2)(τ ) measurement and does
not affect the lifetime measurement due to the significantly
short coherence time [31]. We performed the measurement
at room temperature at an accelerating voltage of 80 kV and
a beam current of between 17 and 60 pA, which forms a
probe of 10 nm or less with the convergence half angle of
about 1 mrad. We confirmed that this condition is feasible
for the lifetime measurement of NDs to obtain clear bunching
features in the g(2)(τ ) correlation curve within 200-s exposure
(see Supplemental Material for the current dependence [27]).
The CL spectrum from a single ND of sample A without a
metallic structure is shown in the inset of Fig. 2. We observed
the emission from the NV0 center, which has a zero-phonon
line (ZPL) at a wavelength of 575 nm [6], but without the
charged center (NV−). This result agrees with the previous
report [32] that only the emission from NV0 can be observed

in CL. Thus the g(2)(τ ) measurement using CL in this paper
provides information on the lifetime of NV0 centers in NDs.

III. EXPERIMENTAL RESULTS

Figure 3 shows the SEM or STEM (bright field) images
(left panel), CL maps (center panel), and g(2)(τ ) curves (right
panel) for representative ND particles in the same field of view
for each sample. The selected ND particles are indicated by
circles, of which color corresponds to the g(2)(τ ) curve. The
experimental lifetime τ

Exp
0 of each sample was obtained by

fitting the correlation plot with g(2)(τ ) = 1 + A exp(− |τ |
τ

Exp
0

).

The coefficient A is equal to [g(2)(0) − 1] and is expressed as
follows:

g(2)(0) − 1 = eξ

2ητ
Exp
0 Ib

, (3)

where ξ is the emission fluctuation, η is the excitation prob-
ability by one incident electron, and Ib is the electron beam
current. This expression of the g(2)(τ ) function can be analyti-
cally derived based on the rate equation of a two-level system
(see the Supplemental Material [27]). The photon bunch-
ing occurs even at room temperature, however, with shorter
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FIG. 4. Histograms (top) and scatter plots (bottom) of the life-
time measurement of sample A (red), B (green), and C (blue). The
bin width for the histogram is set to 2 ns. The error bars of individual
lifetime measurement are shown in the scatter plot.

lifetimes compared to those under liquid N2 cooling condi-
tion, which is about 20 ns on average [20].

The value of [g(2)(0) − 1] is inversely proportional to the
beam current of the incident electron [21]. From this relation
between [g(2)(0) − 1] and the beam current, the excitation
probability can be deduced, which is shown in the Supplemen-
tal Material [27]. Even without the metal structure, the values
of g(2)(0) and lifetime of bare NDs in sample A vary signif-
icantly from particle to particle. This is due to differences in
the shape of the particles, distribution of NV centers within
the particles, and the surrounding environment [33,34]. We
investigated the size dependence of the Purcell factor using

electromagnetic field simulation and revealed that the Purcell
factor can vary by the particle size. The details of this size
effect simulation are discussed in the Supplemental Material
[27]. In spite of the wide distribution of the lifetime values,
we find a trend that the lifetime is shorter and g(2)(0) is larger
for samples B and C compared to the bare NDs in sample
A. To evaluate this tendency and distribution of the lifetime,
we measured 53, 58, and 55 NDs for samples A, B, and C,
respectively and made a histogram of the lifetime, as shown
in Fig. 4. The lifetime distribution of individual NV particles
is presented in the bottom part.

The histogram and scatter plot clearly show that the life-
time distributions with metallic structures (samples B and
C) are shifted to shorter lifetime values compared to sample
A. The shift was particularly pronounced in sample C. The
lifetime distribution originates from the inhomogeneities of
the original nanodiamond particles (i.e., shape, size, dipole
distribution, and so on), which is supported by the simulated
lifetime dependence on the particle size (Supplemental Ma-
terial Fig. S6 [27]) as well as by the constant lifetime value
which is independent of the beam current (Fig. S5 [27]).
To statistically and quantitatively confirm the lifetime shift
considering the distribution, we performed Wilcoxon-Mann-
Whitney statistical U test [35]. This U test is a method of
determining the probability that two statistical data are ex-
tracted from the same population. If the probability is small
enough, it is determined that the shift of the lifetime distri-
bution is not due to statistical fluctuation, but in this case
due to the Purcell effect. We run the test at the 5% level
of significance and the probability between A-B, B-C, and
C-A are calculated to be pAB = 4.39 × 10−4, pBC = 1.84 ×
10−11, pCA = 1.13 × 10−16, respectively. All results are well
below the significance, meaning a substantial separation of
the distributions and justifying the statistical evaluation and
comparison of the Purcell effect. Table I shows the Purcell
factors calculated from the mean, mode, and median of each
sample data. All the statistical values gave the same tendency
of the lifetime, and therefore, we used the Purcell factor
calculated from the mean for the following discussion. The
mean values of the Purcell factor of samples B and C are
F ExpB

p = 1.15, and F ExpC
p = 1.73, respectively. These values

again verify that the NV centers embedded in metal (sample
C) are more affected by the Purcell effect than those on a flat
metal substrate (sample B).

We find that the lifetime distribution is narrower for sam-
ple C with the shorter lifetime compared to sample A. This
tendency of lifetime distribution is related to an additional
decay rate, i.e., γp, which can be confirmed by modeling a
certain decay rate distribution and shifting it by a constant
γp. The resultant lifetime distribution becomes narrower in the

TABLE I. Lifetime and Purcell factor of different statistical values.

Mean Mode Median

Sample Lifetime (ns) Purcell factor Lifetime (ns) Purcell factor Lifetime (ns) Purcell factor

A 16.3 16 16.5
B 14.2 1.15 13 1.23 13.9 1.19
C 9.4 1.73 9 1.78 9.3 1.77
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FIG. 5. CL spectra of ND particles of (a) sample A and (b)
sample C. The spectra are normalized by the intensity of ZPL at the
wavelength of 575 nm.

time domain (see the Supplemental Material for details on the
change of distribution [27]).

We also notice the tendency that the g(2)(0) values are
larger in the samples with metal structures, which are repre-
sented by 4.09, 6.93, and 7.11 as mean values for samples A,
B, and C under the same excitation condition, respectively.
This can be attributed to the increase of γ0 (or decrease
of τ0) because the g(2)(0) increases with γ0 [see Eq. (3)].
In addition, the g(2)(0) value may also involve the effect of
the secondary electron emitted from supporting materials by
electron irradiation: More secondary electrons are expected
to be emitted in samples B and C than in sample A since
the bulk Ag substrate can produce more secondary electrons
than the thin free-standing SiO2 membrane. The increase of
the luminescence intensity in samples B and C can be due to
the excitation of the secondary electrons. This may introduce
both larger emission fluctuation ξ and excitation probability η

[27]. Our result of a large g(2)(0) value with the metal substrate
suggests a more dominant fluctuation increase. In the previous
study [22], where the excitation electron beam is defocused
and hitting predominantly the metal surface, the g(2)(0) value
is smaller with the metal. In their case, a large increase in the
excitation probability η should be expected, since the direct
electron beam irradiation onto the metal surface generates
a large number of secondary electrons. This results in the
decrease in the g(2)(0) values.

In addition to the lifetime changes, we observed that CL
spectrum is also affected by the Purcell effect. Figure 5 shows
the representative spectra of ND particles in samples A and
C. To compare the shape of the spectrum, we normalized the
intensity by the zero-phonon line (ZPL) at the wavelength
of 575 nm. The spectral shapes of sample C [Fig. 5(b)] are
clearly different from those of sample A [Fig. 5(a)], even
though the slight variations are observed in Fig. 5(a). This
is consistent with the large lifetime shift of sample C, also
indicating the wavelength-dependent Purcell factor due to the
coupling to a narrow band mode, i.e., LSP (see Fig. S7 in
the Supplemental Material [27] for details). The distribution
of the Purcell factor due to the inhomogeneity can account
for the fact that the variation in sample C [Fig. 5(b)] is more
pronounced than sample A [Fig. 5(a)].

FIG. 6. Normalized decay rate of a dipole in vacuum on a flat Ag
surface, analytically calculated as a function of the distance from the
surface according to Eq. (4). (a) Vertical (z) and (b) horizontal (x)
dipoles placed on the Ag surface (z dipole: μx = μy = 0, μz = 1; x
dipole: μx = 1, μy = 0, μz = 0).

IV. DISCUSSION

A. Coupling of an electric dipole to a flat metal surface

We have experimentally shown the Purcell effect of emit-
ters of NDs coupled to a flat metal surface (sample B). This
result is different from the previous report, where no lifetime
change was observed for NDs on a flat Ag flake [22], probably
because the lifetime distribution of their original NDs is too
large, concealing the distribution shift. In this section, we
analyze such coupling by considering the simplest model that
consists of an electric dipole near a metal surface. We assume
a system with two domains, i.e., dielectric (domain 1) and
metallic (domain 2) half spaces, and an electric dipole in the
dielectric half space. The definitions of the model and the axis
coordinate are illustrated in the inset of Fig. 6. The media
in both domains are homogeneous, isotropic, and linear. The
refractive indices are set to n1 = √

ε1 and n2 = √
ε2 for do-

mains 1 and 2 respectively, where εi is the relative permittivity
of domain i. Here, we set domain 1 as vacuum (n1 = 1) or
diamond (n1 = 2.42). For the relative permittivity of domain
2, the literature value of Ag is used [36]. In this model, the
Purcell factor of an electric dipole with a dipole moment μ

located at z = z0 is expressed as

γ sub
0

n1γ
free
0

= 1+μ2
x+μ2

y

|μ|2
3

4n1
3
2

∫ ∞

0
Re

{
s

sz

[
rs−sz

2rp
]
e2ik1z0sz

}
ds

+ μ2
z

|μ|2
3

2n1
3
2

∫ ∞

0
Re

{
s3

sz
rpe2ik1z0sz

}
ds, (4)

where the z axis is perpendicular to the surface, and rs and rp

are the Fresnel reflection coefficients for s and p polarizations,
respectively [26]. For convenience, we introduced s = kρ/k1

and sz = √
1 − s2 = kz1/k1, where kρ is the wave-number

component parallel to the interface. The dispersion relation of

the SPP on the Ag surface is expressed as s =
√

ε1ε2
ε1+ε2

(s = 1

corresponds to the light line). Therefore, the normalized decay
rate due to radiation, absorption, and excitation of the SPP can
be separately obtained by integrating Eq. (4) over appropriate
ranges of s, and the total of them corresponds to the Purcell
factor Fp. Here, we used the integration ranges according
to Weber and Eagen [37]. By using Eq. (4), the normalized
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TABLE II. Purcell factors of a dipole on a metal surface calcu-
lated with the analytical formula.

Purcell factor

Domain 1 Horizontal (x) dipole Vertical (z) dipole Total

Diamond 1.12 1.34 1.19
Vacuum 0.65 2.87 1.39

decay rates of dipoles in vacuum (n1 = 1) set horizontally and
vertically to the interface were calculated at the wavelength of
575 nm as a function of the vertical position of the dipole from
the interface z0, as shown in Fig. 6.

The total decay rate of the dipole is sensitive to the posi-
tion within the distance of z0 < 100 nm. We notice that the
nonradiative decay rate due to absorption to the Ag substrate
(green line) does not strongly depend on the direction of the
dipole moment and exhibits a monotonous decrease with dis-
tance. In contrast, the interference between the radiative field
from the dipole and the reflection field from the Ag surface
causes oscillating features in the radiative decay rate, which
is wavelength dependent. The total Purcell factor converges to
1 at the limit of the infinite separation distance z0 → ∞. The
decay rate due to the SPP excitation γSPP of the vertical dipole
is larger than that of the horizontal dipole at all distances
because the vertical dipole can more efficiently excite SPPs by
inducing surface charges with the electric field perpendicular
to the metal surface.

Photons detected in the HBT experiment have various
wavelengths due to the broad spectrum, which must be con-
sidered when calculating the Purcell factor. We now assume
that the dipoles give the same radiation spectrum as shown in
Fig. 2(b) and are homogeneously distributed inside a spher-
ical ND particle. On the basis of this model emulating the
experiment, we can calculate the averaged Purcell factors.
The average Purcell factor F Int is obtained by averaging the
Purcell factors over the wavelength range of the spectrum and
the volume (or z position). See the Supplemental Material for
more details of the averaging [27].

Since the Purcell factor diverges when z0 = 0 nm, as seen
in Fig. 6, we assume a gap of 5 nm between the particle and
the substrate. This thickness roughly corresponds to the sum
of the typical oxide layer thickness on the Ag surface and the
amorphous (or graphitized) layer thickness in ND [27,38,39].
Table II shows the calculated results of the Purcell factors av-
eraged over both wavelength and volume when the dielectric
domain is diamond (n1 = 2.42) and vacuum (n1 = 1). In both
cases, the total Purcell factor exceeds 1, showing that the total
decay rate is enhanced by the presence of the Ag substrate.
This analytical evaluation gives ideas of the Purcell effect of
a flat metal surface such as the case of sample B although
we here do not consider the presence of a dielectric sphere
boundary around the dipole in the ND particle.

B. FEM simulations

In this section, we numerically evaluate the Purcell fac-
tors of the dipoles in finite-sized dielectric spheres in a
more complex environment such as sample C. We performed
electromagnetic field simulations with a finite element method

FIG. 7. FEM models. A 100-nm-diameter diamond sphere cov-
ered with a 2.5-nm-thick graphite layer is placed (a) on a 30-nm-thick
SiO2 membrane (model A), (b) on an Ag substrate (model B), and (c)
in an Ag hole with a rounded edge with a radius of curvature of 25 nm
[46]. For model C, the Ag hole is covered with a 30-nm-thick SiO2

membrane to emulate sample A. An electric point dipole is placed
at the center of the sphere. The results with the excitation electric
dipoles in different positions are found in the Supplemental Material
[27].

(FEM) using COMSOL Multiphysics and calculated the Pur-
cell factors considering the dielectric effect of the sphere.
FEM can also provide electric field distributions, giving in-
sights into EMLDOS and the resonance modes that couple to
the emitter dipole [40–42].

Three models, A, B, and C, as shown in Fig. 7, are pre-
pared according to the experiment. The Purcell factors are
calculated using model A as a reference and compared with
the experimental results. An electric point dipole with a dipole
moment |μ| = 1[Cm] is placed in a spherical ND particle with
a diameter of 100 nm, and the entire system is surrounded by a
perfectly matched layer (PML). In all models, the ND particle
is covered by a 2.5-nm-thick graphitized layer, which was
experimentally confirmed [27] and also previously reported
[39]. The calculation cell size is set to double the wavelength
of the radiation field, and the thickness of the PML is set to
60% of the wavelength [40]. Although we have seen the ana-
lytical results that the Purcell factor depends on the distance
from the substrate as shown in Fig. 6, we here present only
dipoles placed in the center of the particle as the representative
case. The results of the dipoles at different positions are shown
in the Supplemental Material [27]. The wavelength-dependent
Purcell factors were calculated for the emitter dipole moments
in the z-axis and x-axis directions. The refractive index of di-
amond was set to 2.4 and the literature values of the dielectric
function of Ag [43], graphite [44], and SiO2 [45] were used.

By considering that carbon has poor adhesion to Ag and
that the particles used in the experiment are not perfectly
spherical [27], it is expected that there is a gap between the
Ag substrate and the particle. In addition, an Ag oxide layer
covers the surface of the Ag substrate [27,38,39]. Therefore,
for models B and C, a 2.5-nm gap between the particle and
Ag surface was introduced. This gap helps avoid field singu-
larities at the triple interface points. The Purcell factors were
calculated from the FEM results in the following procedure
[26,40]. The calculation details are summarized in the Sup-
plemental Material [27].

Figure 8 shows the calculation results of the electro-
magnetic field simulation with the excitation electric dipole
located at the center of the ND particle. The Purcell factor
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FIG. 8. FEM simulation for (a) model B and (b) model C. From
left to right: x-component electric field map with the x-dipole excita-
tion, z-component electric field map with the z-dipole excitation, and
the Purcell factor as a function of the wavelength, respectively. The
excitation electric dipole is located at the center of the ND particle
and the Purcell factor is calculated by integrating the inner product
of the excitation dipole moment and the amplitude of the generated
electric field. For the mapping, only half of the space is shown, based
on the symmetry.

spectra are calculated by volume integration of the inner prod-
uct of the excitation dipole moment and the amplitude of the
generated electric field (see the Supplemental Material [27]).
For model B, the electric field is enhanced at the gap between
the particle and the substrate, especially for the dipole orien-
tation along the z axis (z dipole). Also, the Purcell factor is
larger for the z dipole than for the x dipole. We note that this
result is consistent with the analytical calculation of a dipole
on a flat metal surface as expressed in Eq. (4). Similar to
the analytical calculation, the Purcell factors exhibit a strong
dependence on the dipole orientation due to the coupling
strength with the structure, i.e., the coupling to SPPs. The
spectral response in Fig. 8(a) is indeed similar to the analytical
one with a dipole placed 50 nm above the silver surface (see
the Supplemental Material [27]).

For model C, as shown in the field maps in Fig. 8(b), the
electric field in ND is more enhanced compared to model B.
This enhancement of EMLDOS is more remarkable with the
x-oriented dipole. Indeed, the calculated Purcell factors are
stronger for x-dipole excitation than for z dipole, as shown in
Fig. 8(b). We notice the LSP resonance peaks in the spectra:
an in-plane mode at 540 nm with x-dipole excitation and an
out-of-plane mode at 430 nm with z-dipole excitation. This
wavelength dependent Purcell effect is consistent to the exper-
imentally obtained spectral modification for sample C (Fig. 5).
Since this model also consists of a continuous metal surface as
in model B, the Purcell factor must be derived from both SPP
and LSP. Since we were not able to experimentally capture
the wavelength dependent Purcell factors due to the limited

TABLE III. Wavelength-averaged Purcell factors calculated from
FEM results.

Purcell factor

Model x dipole z dipole Total

B 0.90 2.00 1.66
C 3.90 0.47 3.82

emission wavelength range of NV centers, we calculated the
spectrally averaged Purcell factors of the presented models
average to evaluate the average response over the whole spec-
tral range. The averaged results are shown in Table III. Here,
the radiative portion of the weighted average was obtained by
integrating the Poynting vector above the substrate at a posi-
tion sufficiently distant from the dipole (see the Supplemental
Material [27]).

The Purcell factor of model C is much higher than that
of model B. This is because the LSP mode of the nanohole
supports larger EMLDOS in the hole where the emitter is
placed, compared to the flat surface with propagating SPPs.
In comparison with the experimental Purcell factors of the
corresponding structures, namely samples B and C, the sim-
ulated values show a qualitative agreement that the emitter
embedded in a metal nanohole gives rise to stronger Purcell
enhancement. The discrepancy of the absolute factors be-
tween the experiment and simulation can be explained by the
exact shape difference, more lossy permittivity in the actual
NDs, and lossy “gap” instead of pure dielectrics. The shape
sensitivity can also be understood from more variations of the
spectra in samples B and C compared to sample A. Thus, the
numerical analysis by FEM revealed the relation between the
Purcell factors and the enhanced EMLDOS by SPP and LSP,
elucidating the experimental results.

V. SUMMARY

The g(2)(τ ) measurement of individual NDs utilizing CL
photon bunching showed that the lifetime and g2(0) of ND
particles have large distributions. In the presence of a flat
metal surface (sample B), the lifetime distribution shifts to
short values compared to pristine NDs (sample A). This exper-
imentally proves the Purcell effect due to the coupling of NV
centers to SPPs. Such coupling of a dipole emitter to SPPs can
be analytically formulated, which shows that the Purcell effect
largely depends on the direction of the dipole and the distance
from the Ag surface. These results indicate that there is a room
to improve the coupling between NV centers and SPPs prac-
tically by manipulating the dipole orientation and its distance
from the metal substrate. For NDs embedded in Ag nanohole
(sample C), NV centers are more strongly affected by the Pur-
cell effect, resulting in even shorter lifetimes with a narrower
distribution compared to those on flat metal surfaces (sample
B). From the evaluation using FEM simulations, it was found
that the resonance peak of the in-plane LSP mode of the Ag
nanohole overlaps with the emission spectrum of NV. This
causes the stronger Purcell effect based on the coupling to
the LSP confined at the Ag nanohole, where EMLDOS is
more enhanced. In practice, the dissipated energy portion in
generating SPPs can be retrieved and utilized by guiding the
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SPPs and converting them to photons, e.g., by using gratings
[41].

The presented results and discussion give insights not only
into the coupling of NV centers to SPPs and LSPs but also into
the photon bunching phenomenon itself, which is unique for
the electron beam excitation. Since the electron microscopy-
based CL-HBT interferometry allows investigating nanoscale
dynamics of excitation and emission [20], the fundamental
understandings shown here should be useful to unveil the
bizarre light–matter–fast-electron interactions and to further
develop this methodology.
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