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We report on the experimental demonstration of single-photon state generation and characterization in

an electron microscope. In this aim we have used low intensity relativistic (energy between 60 and

100 keV) electrons beams focused in a ca. 1 nm probe to excite diamond nanoparticles. This triggered

individual neutral nitrogen-vacancy centers to emit photons which could be gathered and sent to a

Hanbury Brown-Twiss intensity interferometer. The detection of a dip in the correlation function at small

time delays clearly demonstrates antibunching and thus the creation of nonclassical light states.

Specifically, we have also demonstrated single-photon states detection. We unveil the mechanism behind

quantum states generation in an electron microscope, and show that it clearly makes cathodoluminescence

the nanometer scale analog of photoluminescence. By using an extremely small electron probe size

and the ability to monitor its position with subnanometer resolution, we also show the possibility of

measuring the quantum character of the emitted beam with deep subwavelength resolution.

DOI: 10.1103/PhysRevLett.110.153604 PACS numbers: 42.50.Dv, 07.78.+s, 42.50.Ar, 78.60.Hk

The study of single-photon sources has attracted great
attention [1–10]. The interest in these emitters stems from
the mandatory requirement to create optical states which
are fundamentally different from classical ones for funda-
mental [8] or technologically important applications, such
as quantum computing and quantum cryptography [9,10].
Reliable single-photon sources (SPS) have been demon-
strated based, among others, on nitrogen-vacancy (NV)
centers in diamond, which have been extensively studied
using photoluminescence (PL) [6] and in a lesser extent
using electroluminescence (EL) [7] techniques.

After excitation of an SPS, the probability of detecting
two simultaneous photon emissions is zero, independently
of the exciting probe statistics. This amazing quantum
effect is called photon antibunching. Its observation unam-
biguously confirms the detection of quantum states of light.
Single-photon states can be evidenced by measuring the

second order correlation function, gð2Þð�Þ. This function,

gð2Þð�Þ ¼ hIðtÞIðtþ �Þi
hIðtÞihIðtþ �Þi ; (1)

provides information about intensity [IðtÞ] correlations of
a given light field at different time delays, �. It can be
measured using a Hanbury Brown-Twiss [11] (HBT) in-
tensity interferometer (see below and Fig. 1). For classical

light, gð2Þð�Þ � 1 for any �. However, for a single-photon

beam, gð2Þð0Þ ¼ 0 [2,6]. That is, given that a detection
event has taken place, the probability of a second detection
(for times shorter than the lifetime of the emitter) is lower

than that for classical light. More generally, gð2Þð0Þ scales
as ð1� 1=nÞ, where n is the number of photons in the state.

The requirement for the emission of one photon at a time
implies that the emitting object will be ideally a two levels
system in which saturation effects ensures that the system

cannot be reexcited unless a photon is previously emitted.
Thus, generally an SPS will have a limited size: an atom
(e.g., Cs atoms in an optical cavity [12]), a point defect
(e.g., a NV center in bulk diamond [6]), or a quantum
dot (e.g., GaN in a AlN matrix [13] or CdSe nanocrystals
[14]), etc. Incidentally, conventional optical techniques,
being diffraction limited [15], will probe single objects
only in highly dispersed samples. Subwavelength photon-
based microscopy may suffer from other limitations: scan-
ning near field optical microscopy signals decrease rapidly
with spatial resolution [16] and stimulated emission deple-
tion microscopy cannot selectively excite multiple quan-
tum emitters inside small objects [17,18]. However,
advances in the understanding of the physics of light at
nanometric scales are clearly desirable. Using fast elec-
trons to trigger photon emission (cathodoluminescence
[19], CL) is an ideal candidate for such experiments, due
to the nowadays proved nanometric spatial resolution [20].
Indeed, CL has been used to study either quantum dots
[21–23] or point defects such as NV centers [24,25].
However, only very few studies could address individual
objects [20,25], and, more importantly, none has reported
the measurement of antibuching, which is yet the definite
signature of a SPS. Hence, techniques assessing quantum
optics at the scales relevant to many objects and at which
their interactions take place are necessary.
In this Letter, to circumvent the described limitations,

we have used a radically different approach to the pure
optical means. We have demonstrated the use of fast elec-
trons (relativistic particles with energy set between 60 and
100 keV) focused in a � 1 nm-wide beam formed in a
scanning transmission electron microscope (STEM) to
excite neutral (NV0) centers in diamond nanoparticles
and prove that they can trigger single-photon (SP) emis-
sion. The experiments described here were performed at
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80 keV. The deexcitation mechanism is evidenced to be
equivalent to that of photoluminescence through the cen-
ters lifetime. It indicates that cathodoluminescence at the
nanometer scale can be seen as a broadband analog of
photoluminescence rather than electroluminescence. We
also showed that the excitation position can be controlled
to allow the deep subwavelength characterization of the
quantum character of the emitted states.

The experiments have been performed in a VG HB 501
STEM microscope with in-house made scanning elec-
tronics. This microscope is equipped with a liquid nitrogen
cooled sample stage. Light (CL) was collected with a care-
fully optimized high efficiency collection system [20],
which was crucial to the success of the experiments.
Light was coupled to a HBT interferometer [11] or a
spectrometer [Figs. 1(a) and 1(b)] using an optical multi-
mode fiber (100 �m diameter core). Single photons have
been detected by two Picoquants �-SPADs (single photon
avalanche diodes). Time-delay histograms (which are pro-
portional to the second order correlation function) have
been acquired using the Time Harp correlation electronics,
from Picoquant. The typical room background noise varied
between 100 and 500 count=s. Wavelength filtered images
have been acquired by measuring a SPAD count signal.
The typical acquisition time for each correlation curve was
300 s. Time delay histograms have been normalized to one
for � � 0. This is justified by the shape of the curves, which
do not show a bunching effect. Opposite to conventional

PL, standard background subtraction has not been per-
formed because it cannot be estimated from the collected
data. Light intensity and statistics are not constant within a
particle, rendering unjustifiable the usual [6,26] subtraction
of a Poissonian background without further information. At
each position of a scan of the electron beam, two structural
signals (annular dark field, ADF, roughly proportional to
the projected mass, and bright field, BF), the light emission

spectra [Fig. 1(c)] or the gð2Þð�Þ can be acquired in parallel.
This allows the localization, with nanometer accuracy and
without any ambiguity, of the light emission property
within the object of interest (For example, using this setup
without the HBT interferometer we have recently investi-
gated different color centers in diamond nanoparticles
[25]). In other words, it gives access to the advantages of
well-established electron microscopy techniques and a
quantum optic setup in a single experiment. To extract the
antibunching dip depth, histograms have been fitted to the
following model [26]:

gð2Þð�Þ ¼
(
1� ge�ð���0Þ=� if � � 0

1� geð���0Þ=� if � < 0;
(2)

where ð1� gÞ is the depth of the antibunching dip, � is the
deexcitation lifetime of the center and �0 is the position of

the minimum value of the gð2Þð�Þ function.
Two kinds of nanoparticles have been used: (i) a sample

of large diamond particles (larger than 500 nm) crushed

FIG. 1 (color online). A light collection system was installed in a STEM microscope: a parabolic mirror collects the light emitted
during electron irradiation, which is focused by a lens onto an optical fiber. This fiber is coupled to a spectrometer or to a HBT
interferometer. (b) HBT interferometer. (c) ADF image of a diamond particle and a spectrum of light emitted from a particle containing
NV0 centers, detected between 570 and 720 nm (gray area). The spectrum shows the NV0 zero-photon line at 575 nm and the
associated phonon lines at longer wavelengths. The scale bar in (c) is 100 nm.
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using a mortar (Aldrich), and (ii) a sample with diamond
nanoparticles in the 100 to 200 nm range (Microdiamant).
Both samples have been diluted in deionized water and
dispersed on holey-carbon copper grids. Among those
nanoparticles, for the presented experiments, SP candidates

have been chosen based on emission intensity in the
wavelength range of interest. After each measurement an
ADF imagewas acquired to check that the nanoparticle had
not drifted.
We could observe two different statistical properties for

the investigated particles. gð2Þð�Þ measured from bright
diamond nanoparticles (100� 103 count=s per detector

or more) are flat [gð2Þð�Þ ¼ 1] within our experimental
time resolution (around 350 ps). Such behavior indicates
a classical source; see the black curve of Fig. 2. On the
other hand, measurements on nanoparticles with weaker
light emission (ca. 30� 103 count=s) show antibunching
(blue curve in Fig. 2). This undoubtedly demonstrates the
detection of nonclassical light generated by fast electrons,
which has not been reported so far to the best of our
knowledge. The observation of classical curves in exactly
the same experimental conditions, but for other nano-
particles, guarantees that the observed antibunching is
not an effect of the electron beam statistics. The electron
beam was maintained scanning a small fixed area (30 by
34 nm wide) on the nanoparticle [small blue rectangle
on Fig. 3(a)]. The difference between the two statistical
behaviors can be explained as due to different concentra-
tions ofNV0, or other centers, following the behavior in PL
and EL experiments in which antibunching is seen only
when a few NV0 centers are excited (and in the absence of
other centers).

We measured gð2Þð0Þ ¼ ð0:46� 0:05Þ for the blue curve.
As a general statement, gð2Þð0Þ< 0:5 is the demonstration

FIG. 2 (color online). gð2Þð�Þ curves measured in two different
nanoparticles excited by fast electrons. The black curve was
measured in a particle emitting 100� 103 count=s and does not
show light antibunching. The blue curve was measured in a
particle emitting 30–40� 103 count=s and clearly shows light
antibunching. This is a clear signature of the quantum nature
of the light beam. As gð2Þð0Þ ¼ ð0:46� 0:05Þ this also demon-
strates the detection of a single-photon emitter in the diamond
lattice. The acquisition time for the blue and black curves was
250 and 300 s, respectively.

FIG. 3 (color online). (a) ADF and (b) integrated light intensity images of a diamond nanoparticle acquired in parallel (exposure time
64 �s per pixel). Light emission is not homogeneous through the particle. (c) gð2Þð�Þ acquired with the electron beam scanning
different regions (symbols represent data and lines fits), separated by 130 nm and marked by rectangles of the corresponding colors.
The measured gð2Þð0Þ values are (0:46� 0:05) and (0:73� 0:02). The acquisition time for the blue and red curves was 250 s. (d) An
electron beam excites a volume, defined by the electron probe and diffusion of carriers (light green circle). By shifting the probe one
can excite light emission from another region, with possibly corresponding different gð2Þð�Þ value.
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that a beam of single photons has been detected. In the
present case, this measurement unambiguously shows that
we have detected single-photon states emitted from a
diamond nanoparticle excited by a nanometer-wide fast
electron beam. The nonzero value can be explained by
the presence of a background signal [26]. In our experi-
ment, the main origin of the background is the excitation of
other centers due to charge carrier diffusion [25]. The
deduced lifetime, � ¼ ð18� 4Þ ns is compatible with val-
ues for NV0 centers in nanodiamond obtained by PL
measurements and is a fundamental difference between
the presented experiments and EL [7] in NV0 centers.

The remarkable similarities between the present experi-
ments and PL are explained by the fact that fast electrons
interact with the sample during a few femtoseconds, creat-
ing neutral electron-hole pairs. Because of the electrons
high speed and the thin samples used (contrary to conven-
tional CL schemes in scanning electron microscope, SEM,
on thick samples), the inelastic interaction is very small,
leading to the creation of typically zero or one electron-
hole pair above the diamond energy band gap per incident
electron. The typical current in our experiments is of the
order of 100 pA, or 1.6 electron every nanosecond. Thus,
the time between two electrons is an order of magnitude
shorter than the NV0 typical lifetimes. In this sense, the
excitation of the NV0 center can be seen as continuous.
The electron-hole pair rapidly (few picoseconds [27]),
loses energy to reach the bottom (top) of the conduction
(valence) band. It may then diffuse up to an emission
center, where the electron-hole pair can excite the localized
excited state of the NV0 center much like a photon would
directly excite the phonon-broadened energy levels. This
creates a region around the center from which it can be
excited, giving rise to maxima in light emission, as
observed in previous experiments [25].

Of course, the measurement of gð2Þð0Þ< 1 on an indi-
vidual particle can also be achieved by optical techniques
provided it is well separated from its neighbors. However,
optical techniques do not give access to information about

variations of the gð2Þð�Þ within the same nanoparticle, or
more generally at deep subwavelength spatial resolution,
nor do they give parallel access to the nanometer resolved
image. Here, the excitation by fast electrons focused into a
small probe onto a thin specimen provides the break-
through needed to measure these variations.

This unique capability to monitor the excitation position
with subwavelength resolution on a nanostructure imaged
in parallel is the key difference between the excitation of
color centers using a fast electron beam and a laser
[explained in Fig. 3(d)]. The same advantage has been
recently demonstrated in electron optical absorption
experiments (electron energy-loss spectroscopy) [28,29]
or classical luminescence experiments in an electron
microscope [20].

To evidence this advantage we have measured gð2Þð�Þ at
a second area (20 by 34 nm) on the very same diamond

nanoparticle, separated by 130 nm from the first area [both
marked on Figs. 3(a) and 3(b)]. The separation between
these positions is about �=5 (� the wavelength of light).

The values of gð2Þð� ¼ 0Þ are ð0:46� 0:05Þ and ð0:73�
0:02Þ, respectively [Fig. 3(c)]. The second value might be
associated with a light emitted by two NV0 centers, or one
NV0 center and some other potentially non-SP emitter
centers emitting at the same wavelength, as the antibunch-
ing dip should be shallower in these cases. This shows the
remarkable ability to measure the temporal statistics prop-
erties of nonclassical light beams excited from two distinct
positions separated by subwavelength distances within the
same nano-object. Moreover, this result proves that indi-
vidual point defects can be detected with high-spatial
resolution using cathodoluminescence, as previously con-
jectured by us [25]. The described excitation scheme,
together with the here proven SP detection mimicking
closely PL experiments, and the demonstrated spatial reso-
lution sets CL in a STEM as the nanometre scale counter-
part of PL.
The results presented here open the way to new research

paths. From one perspective, we have demonstrated the
ability to identify and count quantum emitters in close
proximity and to measure their individual responses.
These emitters could be any SPS, such as quantum dots
[21,22] or NV� (charged NV centers) centers [30] which
have been observed using cathodoluminescence. This will
allow a much better understanding of the physics of inter-
action between two or more emitters, should they be point
defects, atoms, or densely packed quantum dots [13,14].

For example, one may probe how the gð2Þð�Þ function
varies spatially as the excitation probe is scanned between
two centers. This would render feasible new, otherwise
impossible, quantum nano-optics experiments. In particu-
lar, the here proven spatial resolution is limited by the
diffusion distance, which is typically here less than
100 nm [25], but resolutions down to 5 nm are expected
for other nanostructured systems [20]. Such a spatial reso-
lution may allow the unique capability to image, to char-
acterize, and to address individual quantum bits in compact
systems. In addition to pure imaging, electron microscopes
now allow the study of chemical, electronic, magneto-,
and electrostatic properties of materials at the atomic scale,

that could be used in parallel to gð2Þð�Þ measurements.
Naturally, such a possibility would aid the characterization
of a future scalable quantum computing system.
Furthermore, our experiments reveal the emission of

single-photon fields excited by fast electrons. Therefore,
our work represents a new approach to the generation of
single-photon states and could be applied to the study of
electron-photon entanglement, as proposed recently [31].
Finally, the use of a pulsed electron source [23,32–34]
could lead to the creation of nanometer sized triggered
SPS. We believe that this experimental approach may have
a significant impact in SPS studies, just as electron energy-
loss studies have greatly aided the comprehension of
plasmon physics in metallic nano-objects.
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Finally, fast electrons couple effectively to plasmons in
nanometer wide dissipative metallic particles [28,29].
Therefore, the study of the temporal statistics of light
beams using fast electrons may allow new experiments in
quantum plasmonics at the nanometer scale, in analogy to
experiments performed using standard optical techniques
[35]. With the technique described here access to much
smaller nanoparticles will allow the study of the quantum
properties of plasmons in a highly dissipative regime. We
view this experiment as a shift toward deeply subwave-
length quantum optics that will allow otherwise impossible
precise characterization of quantum optical properties of
confined objects and quantum emitter or plasmon cou-
pling. The experiment presented can be implemented in
other widely available TEM and STEM, assuming a suit-
ably designed light collection system [20] is used.
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