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Measurement of the Second-Order Polarizability
of Silver Nanoparticles With Reference-Free

Hyper-Rayleigh Scattering for Entangled
Photon Pair Interaction
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Abstract—Two-photon interactions of entangled-photon pairs
with metallic nanoparticles (NPs) can be enhanced by localized
surface-plasmon resonance. Recently, we have described how the
properties of this quantum light-matter interaction can be deduced
from classical second-harmonic generation measurements per-
formed using a reference-free hyper-Rayleigh scattering method.
Herein, we report the results of such classical-light characteri-
zation measurements. We obtain a large hyperpolarizability for
the NPs, present the dependence of the hyperpolarizability on the
NPs’ spectral features, and show a dipolar emission pattern for
the second-harmonic signal. Our results can be used to optimize
entangled-photon pair interactions with metallic NPs to enable first
ever detection of this process. Moreover, these results suggest that
NPs may be used as source for ultra-broadband entangled-photon
pairs through nonphase-matched spontaneous parametric down-
conversion.

Index Terms—Entangled photons, hyper-Rayleigh scattering,
nanoparticles, second-harmonic generation.

I. INTRODUCTION

ENERGY-TIME entangled-photon pairs (EPP), com-
monly generated through spontaneous parametric
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down-conversion (SPDC) in nonlinear crystals, possess strong
spectral and temporal correlations simultaneously [1]. These
correlations can then be exploited, for example, in advanced
quantum spectroscopy schemes [2], [3]. Moreover, at low photon
flux regime, where on average only a single pair occupies each
temporal mode, the quantum correlations of EPPs result in a
two-photon interaction rate which is linear in the EPPs flux, as
opposed to the quadratic dependence on incident flux observed
with classical light [4]. Thus, it was suggested that EPPs may
be used to achieve strong two-photon interactions in ultra-low
photon flux regime [5], e.g., for two-photon sensing of photo-
sensitive molecules. These promising features have sparked a
lot of interest in two-photon EPPs interaction (EPPI) [6]–[10].
However, recent studies have shown that, due to the weakness of
two-photon interactions and the low EPPs flux in the single-pair
regime, EPPI with matter is expected to be around the noise
limit of common systems [11]–[13]. This limitation gives rise to
a need for improving the employed techniques for EPPI and op-
timizing the properties of the interaction medium. For telecom-
munication wavelengths, dielectric (AlGaAs) nanoantennas
were shown to achieve high second-harmonic generation (SHG)
conversion efficiency, which translates to high EPPI or SPDC
capabilities [14], [15]. However, for visible-light wavelengths,
the search for enhanced EPPI rate is still an open question.

One suggested way to achieve stronger EPPI is to make
use of metallic nanoparticles (NPs), whose localized surface-
plasmon resonance (LSPR) can enhance linear and nonlinear
interactions [16]–[20]. Ashkenazy et al. have described how the
expected enhancement of EPPI (specifically, SHG) with NPs can
be deduced from classical-light SHG measurements performed
in a novel reference-free hyper-Rayleigh scattering (RFHRS)
method [21], [22]. They have shown that, for an aqueous solution
of a mixture of triangular and spherical silver NPs (SNPs),
LSPR results in NPs having hyperpolarizability that is three
orders-of-magnitude larger than best organic molecules. Still,
the EPPI rate with NPs is expected to be rather low and further
optimization of the process, as well as a deeper understanding
of it, are needed.

To that end, we report here classical-light characterization
measurements performed using the RFHRS method on samples
of silver nanocubes (SNCs) and nanoplates of triangular shape
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(SNTs). These SNPs were embedded in polyvinyl-alcohol
(PVA), making it the first report of RFHRS measurements on
NPs embedded in a homogenous media and not in a solution.
Moreover, unlike previous experimental setups [21], [22]
in which the transmitted second-harmonic (SH) signal was
measured, in our implementation the SH signal was measured
in reflection.

In the experiments we were able to record significant SHG
in the SNPs. The obtained hyperpolarizabilities were of the
same order-of-magnitude as previous reports in the literature (in
which traditional hyper-Rayleigh scattering method was used),
showing the validity and robustness of the RFHRS method
in various implementations. Additionally, in this set of exper-
iments, we characterized the SHG in SNPs in terms of the
dependence on excitation wavelength. The results, analyzed
based on the theory behind RFHRS, showed a clear dependence
of the hyperpolarizability on the SNPs’ spectral features and an
excellent agreement with theoretical models, in contrast with
previous report in the literature. Finally, polarization-dependent
measurements of the SHG in SNPs were performed, showing a
dipolar emission pattern.

The paper is organized as follows. In Materials and Methods
we discuss the essential theoretical aspects of SHG in NPs
and the RFHRS method, describe the SNCs and SNTs samples
used in our experiments, and present the optical setup. Then,
in the Results and Analysis section, we report the outcomes
of our characterization measurements and extract the relevant
properties from these outcomes. We then present a Discussion
of the obtained results and draw some Conclusions regarding
EPPI with NPs. The discussion outlines the main contributions
of the work that include a novel RFHRS method for optimizing,
for the first time, various metallic nanoparticles for SHG and
possibly also for SPDC.

II. MATERIALS AND METHODS

A. SHG in NPs and the RFHRS Method

Within the electric-dipole approximation, the second-order
susceptibility of centrosymmetric crystals, such as gold and
silver, is zero [23], [24]. Nevertheless, reports of SHG in plas-
monic nanostructures can be found in the literature, both for
colloidal NPs [25] and for structured arrays [26]. For small NPs,
these nonlinear signals can be explained as originating from
the surface of the nanostructure, where the centrosymmetry is
broken. In the far field, this surface contribution is possible only
for particles of noncentrosymmetric shape. Thus, using NPs of
noncentrosymmetric shape for SHG should be advantageous. In
practice, though, no particles of perfect centrosymmetric shape
exist, so some surface SHG is always present [27]. The SHG
in NPs can be enhanced by tuning the LSPR near either the
fundamental frequency (FF) or the SH (or even both, see, for
example, [28]), but the former might lead to increased absorption
of the high intensity pump, damaging the sample [29]. Moreover,
the interaction is not restricted by phase-matching constraints
thanks to the negligible propagation length relative to optical
wavelengths [29].

Description of SHG in NPs is usually done in terms of
their hyperpolarizability, β, which relates the induced SH
dipole moment, p2ω , to the electric field, p2ω = βE2, in accor-
dance with the B-convention [30]. Hyperpolarizability is usu-
ally measured in electrostatic units, where 1[esu] = 3.7133×
10−21[C3m3J−2]. The hyperpolarizability of colloidal NPs
is traditionally obtained using the hyper-Rayleigh scattering
method in which incoherent SH signal (I2ω) is recorded vs.
incident intensity (Iω). These are related by [25]:

I2ω = G
〈
Csolβ

2
sol + CNPβ

2
NP

〉
I2ωA, (1)

withCsol andCNP being the concentration of solvent molecules
and NPs, respectively, andA representing the transmission of the
SH signal through the system. The triangular brackets stand for
averaging over all possible orientations. The G-factor (having
units of [s · F−3 ·m−1]) is a geometrical factor accounting for
the specific details of the optical setup. In this method, in order to
extractβNP , the G-factor must be known. To that end, additional
reference measurements are required [31].

In [22], Ashkenazy et al. have proposed a different approach,
a RFHRS method, in which the NPs are modeled as dipoles
oscillating at the SH frequency, and the G-factor (for setups in
which the SH signal is collected in reflection or transmission) is
approximated as:

G ≈ 2V ω4

π2ε30c
5r2

, (2)

where V is the volume of interaction, ε0 is the permittivity of the
vacuum, c is the speed of light in vacuum, and r is the distance
from the sample to the collecting lens. With this method, no
additional reference measurements are needed. To estimate the
hyperpolarizability, one plots the SH signal as a function of the
square of the incident intensity and apply a linear fit. The slope
of this fit, is then used to extract the hyperpolarizability through
(1).

EPPI rate is usually expressed in terms of total SH photon
counts rate (SSH [s−1]), the quantum yield of the SHG process
(η), the EPPI cross-section (σe[cm2]) and the incident photon
flux (Φin[s

−1cm−2]). In the single-pair regime, due to the strong
quantum correlation between the photons of each pair, SSH is
linear in the incident flux and given by [32]:

SSH = ησeΦin. (3)

Based on the G-factor approximation, the EPPI cross-section
can be related to the NPs’ hyperpolarizability through [22]:

ησe =
4�ω5

〈
β2
NP

〉

3πε30c
5AeTe

=
ησc

2AeTe
, (4)

with Ae (Te) being the entanglement area (time), i.e., the area
(time) within which the two photons of the pair are created
in the crystal. σc is the classical-light two-photon interaction
cross-section of the NPs, measured in GM units (1[GM ] =
10−50[cm4 · s]).

Although the RFHRS method was originally derived for NPs’
solutions, it is valid also for our samples which are PVA-
embedded (as described below), since the equations that describe
the interaction are the same for both cases, see [33].
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Fig. 1. Schematic diagram of optical setup used for RFHRS measurements.
HWP – half-wavelength plate, DM – dichroic mirror, OBJ – objective lens, S –
sample, F – bandpass filters, PBS – polarizing beam-splitter, APD – avalanche
photodiode.

B. Optical Setup

The optical setup (Fig. 1) consisted of a pulsed Ti:Sapphire
laser (Spectra-Physics Mai-Tai HP) with repetition rate ν =
80[MHz] and pulse duration τp = 100[fs], tunable in the range
of 690–1080[nm]. The polarization of the incident light was
chosen by a rotating half-wavelength plate. Using an ×50 ob-
jective lens (N.A. = 0.5) the light was then focused on the
sample, which was mounted on a piezo stage (Piezosystem
Jena). The diameter of the beam incident on the sample was
Dbeam ≈ 2.2[μm]. The reflected SH signal was collected by the
same lens. The FF light was filtered out by a dichroic mirror
(Chroma) and a set of bandpass filters (Semrock). The signal
then passed through a polarizing beam splitter towards two
avalanche photodiodes (PerkinElmer), thus recording the SH
intensity in two perpendicular polarizations. The results were
obtained in terms of total SH photo-counts per second (CPS).
The background noise of the system was about 100[CPS]
(∼ 0.02[fW ]). The transmittance of the system components at
the SH wavelength was calculated to be Tsystem ≈ 0.1.

To minimize the effect of thermal processes on our measure-
ments, we shifted the location of the focal spot on the sample
each time that a parameter (e.g., incident power or wavelength)
was changed. Then, the reported CPS values were obtained by
averaging over the detectors’ readings in the first few integration
cycles only (i.e., prior to signal degradation). The standard
deviations of these CPS readings are given as error bars in the
figures.

C. Samples

PVP-stabilized solutions of SNCs and SNTs, were purchased
from nanoComposix, Inc. (San Diego, CA, USA. The data
presented in Table I, Figs. 2, 3 and Fig. S.1, were provided by
them). The full description of both solutions is given in Table I.

TABLE I
PARAMETERS OF SNCS AND SNTS SOLUTIONS

Fig. 2. TEM images of SNCs (top) and SNT (bottom) solutions.

Fig. 3. Absorption spectra of SNCs (top) and SNTs (bottom).

The diameter of the NPs is defined as the cube’s diagonal (for
SNCs) or the triangle’s height (for SNTs).

TEM images of the solutions are presented in Fig. 2. The
solutions’ spectra, including the LSPR wavelength and maximal
optical density (OD), are shown in Fig. 3. Histograms of the
size distributions of the solutions are given in Supplement 1
(Fig. S.1).
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The original Ag mass concentration of both solutions was
about ∼ 1[mg/mL]. For our experiments, we have diluted the
solutions (each solution in its respective solvent) ×10 and
×100 (for SNTs only), i.e., down to Ag mass concentration
of 0.1[mg/mL] and 0.01[mg/mL], respectively. These diluted
solutions were then mixed with an aqueous solution of PVA
(40[mg/mL], 89,000 − 98,000[MW], purchased from Sigma-
Aldrich). Later, 100[μL] of the PVA-SNPs solution were drop-
casted on pre-treated glass-slides. The glass-slides were left to
dry in a vacuum chamber, forming our PVA-embedded sam-
ples. We denote the samples with a superscript identifying the
Ag mass concentration in the sample, e.g., SNTs0.1 for PVA-
embedded SNTs with 0.1[mg/mL]Ag mass concentration. Even
after the dilution, the number of NPs in the interaction volume is
still large (≥40 for all samples), and so the directional averaging
over the ensemble (assumed in (1)) is justified.

The width of the resulting PVA-embedded SNCs (SNTs)
samples was lSNC = 385[μm] (lSNT = 278[μm]), measured by
scanning the focal plane of a microscope across the width of the
samples.

The glass pre-treatment included bath-sonication of each
glass-slide in 1% aqueous solution of Hellmanex for 25[min]
under mild heating (35◦C), followed by thorough washing with
ddH2O and drying under N2 (99.999%) flow.

III. RESULTS AND ANALYSIS

We performed RFHRS measurements where the SH power
scattered from the samples (SNCs0.1, SNTs0.1 and SNTs0.01)
was measured as a function of the square of the incident power.
We used excitation wavelength of λ = 980[nm] for the SNCs,
and λ = 940[nm] for the SNTs, such that the SH wavelength
is near the main LSPR peak of the SNCs and near a minimum
point in the SNTs’ spectrum. Fig. 4 shows the results of these
measurements – SH power (P2ω) as a function of the incident
FF power squared (P 2

ω). Due to the low NPs concentration, the
signal for SNTs0.01 is weak, and so the standard deviation of
the results is larger, especially for high incident power, where
thermal effects are more dominant.

A linear fit of the results showed good agreement (R2 ≥ 0.96)
and yielded the following slopes:

MSNC0.1 = 3.9× 10−10
[
W−1

]

MSNT 0.1 = 1.7× 10−10
[
W−1

]

MSNT 0.01 = 1.37× 10−11
[
W−1

]
. (5)

These slopes are inserted into (1) to extract the samples’ hy-
perpolarizabilities, as described in Supplement 1. The obtained
hyperpolarizabilities, as well as the samples’ classical-light two-
photon interaction cross-section (ησc) (using (4)), are presented
in Table II. The obtained hyperpolarizabilities are within an
estimated uncertainty of 16% (14%) for the SNC0.1 (SNT0.1)
samples, and 27% for the SNT0.01 sample.

From the obtained hyperpolarizabilities we can estimate the
EPPI cross-section of the NPs, using (4). For entangled photons
generated through SPDC in nonlinear crystals, the entanglement
area is roughly the EPP spot area [34]. We take a typical value of

Fig. 4. Power of SH generated in SNCs0.1 (a) and in SNTs0.1 (b) and SNTs0.01

(c) as a function of the square of the incident power. Slope of the linear fit of the
results is used to extract the samples’ hyperpolarizability.

TABLE II
HYPERPOLARIZABILITY AND CLASSICAL-LIGHT TWO-PHOTON INTERACTION

CROSS-SECTION OBTAINED FOR PVA-EMBEDDED SAMPLES USING THE

RFHRS METHOD

Ae = 50[μm2]. Reported values for the entanglement time are
commonly in the range of tens to hundreds of femto-seconds
(see, for example, [35]), and we take a typical value of Te =
50[fs]. With these values we get:

ησSNC0.1

e = 10.42× 10−29
[
cm2

]

ησSNT 0.1

e = 0.17× 10−29
[
cm2

]

ησSNT 0.01

e = 0.11× 10−29
[
cm2

]
. (6)

These results fit excellently the theoretical bound derived by
Parzuchowski et al. [11]. According to their derivation, EPPI
cross-section of such magnitude will yield an EPPI signal that is
almost imperceptible. This indicates, once more, the importance
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Fig. 5. Radiation patterns of a calibration silver film (a), SNCs (b) and SNTs
(c) all exhibiting a dipolar pattern.

of characterization of EPPI with NPs, as described herein, to
allow for optimization of this process.

We also performed measurements of the SH photon CPS in
one polarization channel as a function of the angle of polariza-
tion of the incident laser. These measurements were performed
on SNCs0.1 and SNTs0.01, using an excitation wavelength of
940[nm]. The system was calibrated using a silver film known
to exhibit a dipolar emission pattern. The calibration and mea-
surement results are all shown in Fig. 5.

Lastly, we measured the dependence of the SH power on the
wavelength of the incident laser, λin, while keeping the laser
power constant. Due to the filters and detectors in the setup,
the valid range for the excitation laser was 880− 980[nm]. We
performed these measurements on SNCs0.1 withPω = 1.5[mW ]
and SNTs0.01 with Pω = 4[mW ], and obtained the results pre-
sented in Fig. 6.

VI. DISCUSSION

Following the results of the RFHRS measurements (Table II),
it can be seen that the hyperpolarizability of SNCs provides
further support to the credibility of the RFHRS method, as it is in
excellent agreement with the value reported by Russier-Antoine
et al. in [36] (16.6× 10−25[esu] for SNCs with edge length of
48[nm]) measured using the traditional hyper-Rayleigh scatter-
ing method. Moreover, the current results were obtained using a
new configuration for the RFHRS measurements, different from
the one used in [22], with the SNPs being embedded in PVA and
the SH signal collected in reflection. Thus, the results reported
herein show not only the accuracy of the RFHRS method but also
its applicability to any optical setup configuration, a testimony
to this method’s simplicity and versatility.

Fig. 6. SH power generated in SNCs (top) and SNTs (bottom) as a function of
incident wavelength. Inserts show the spectra of the nanoparticles in the range
of the SH of the excitation wavelengths.

The SH intensity for the low-concentration SNT0.01 sam-
ple was about 10 times weaker relative to that of the high-
concentration SNT0.1 sample, i.e., a linear dependence of the SH
intensity on NPs concentration. This result is in line with (1),
and shows that indeed the process is incoherent hyper-Rayleigh
scattering, since for a coherent process a quadratic dependence
of the SH intensity on NPs concentration is expected [37]. As
for the hyperpolarizability, since it is a property of the individual
NPs it therefore should be the same regardless of the sample’s
concentration. Indeed, the obtained values of 〈βNP 〉 for both our
SNTs samples, having different NPs concentration, are of the
same order-of-magnitude, as expected, and the small difference
in these 〈βNP 〉 values is within the estimated uncertainties of
the results.

The hyperpolarizability obtained for the SNCs is rather simi-
lar to the values previously reported in [22] for aqueous solutions
of a mixture of silver nanospheres and nanotriangles. However,
we must take into account the fact that our SNCs were much
larger in size (with a diameter of about 74[nm] as compared to
a diameter of 25[nm] for the NPs solutions used in [22]), and
so a true comparison must be performed on a per-atom basis.
In this aspect, the hyperpolarizability-per-atom of the SNCs is
appreciably smaller than that of the samples used in [22], by a
factor of more than 50, which is roughly the ratio of the volume of
our SNCs to that of spherical NPs with a diameter of 25[nm] (for
the triangular shaped NPs the ratio will be even bigger). We thus
conclude that triangular shaped NPs, exhibiting much higher
hyperpolarizability-per-atom than SNCs, are more suitable for
SHG (and EPPI), presumably due to their noncentrosymmetric
shape (as opposed to cubes [36]).

However, our SNTs samples showed rather weak SHG capa-
bilities, with an order-of-magnitude smaller hyperpolarizability
relative to the samples from [22]. This is because our SNTs
samples had an LSPR peak (577[nm]) that was not tuned near
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the SH wavelength (440 − 490[nm]). The obvious conclusion
is that, while choosing the appropriate geometry for the NPs is
important, properly tuning the LSPR of the NPs around the SH
wavelength is crucial for efficient EPPI with NPs.

The polarization measurement results, presented in Fig. 5(b)
and (c), show a clear dipolar emission pattern, as can be seen
by comparison to the dipolar emission pattern of the calibration
silver film (a), with the small orientation deviations of the NPs’
polar plots attributed to misalignment error, as the experiments
were conducted on different days. Since the G-factor approx-
imation is based on the description of the NPs as oscillating
dipoles, these results support the theoretical derivation of the
G-factor and validate its use for RFHRS measurements. This is
also in perfect agreement with the polarization plots reported in
[36] and [38].

Finally, we analyze the dependence of the SH signal on the
excitation wavelength, shown in Fig. 6. The results show the SH
signal to (almost monotonically) increase with increasing exci-
tation wavelength for the SNCs, and an opposite behavior for the
SNTs, with no resemblance to the NPs’ spectral shape. Reports
of such measurement of the SHG in NPs (rather than nanoarrays)
as a function of incident wavelength are not so common, but
a behavior similar to our results had been reported before by
Yashunin et al. [39] who concluded that, since none of the
features of the NPs’ extinction spectrum (including their LSPR
peak) is presented in the results, the common theoretical models
of hyper-Rayleigh scattering must be incorrect. However, based
on our G-factor approximation, we propose an explanation for
the results. We note that the SH signal depends on the excitation
wavelength not only through the NPs’ hyperpolarizability, but
also through the G-factor and the SH transmission term, A, as
can be seen in (1). Thus, one has to find the dependence of
the hyperpolarizability itself on the excitation wavelength, and
there the spectral features should be apparent. Since RFHRS
method gives us the dependence of the G-factor on the excitation
wavelength (through (2)), and since the extinction spectra of the
samples are known (Fig. 3), we can use the results of Fig. 6,
together with (1), to extract a crude estimation of the SNPs
hyperpolarizability vs. excitation wavelength, see Supplement
1. The results of this procedure are shown in Fig. 7.

We see that, for SNCs, the hyperpolarizability indeed in-
creases monotonically with increasing excitation wavelength.
This is in line with the SNCs extinction spectrum, Fig. 3, that is
also increasing monotonically in the range of 440− 490[nm]
(which is the range of the SH signal in our measurements).
For the SNTs, however, the graph of the hyperpolarizability
vs. excitation wavelength approaches a minimum point near
940[nm] (corresponding to SH wavelength of470[nm]) and then
starts increasing. This again is in line with the SNTs extinction
spectrum, which exhibits a minimum point in the range of
440− 490[nm].

Thus, using the G-factor approximation, we are able to
explain the dependence of the SH signal on the excitation
wavelength, in contrast with previous reports in literature,
and the results match perfectly the theoretical models of
hyper-Rayleigh scattering, and show once again the important
effect of LSPR on SHG in NPs.

Fig. 7. Hyperpolarizability of SNCs (top) and SNTs (bottom) as a function of
incident wavelength showing the characteristics of the NPs’ absorption spectra.
Inserts show the spectra of the nanoparticles in the range of the SH of the
excitation wavelengths.

V. CONCLUSION

In this paper we use the RFHRS method, with which the
results of classical-light SHG can be related to the expected
properties of EPPI with NPs, for characterization of this inter-
action to allow its optimization. The method is implemented
in a novel way, measuring the reflected classical-light SH signal
from silver nanocubes and nanotriangles embedded in PVA. The
hyperpolarizabilities obtained in the experiments show excellent
agreement with previous reports, performed in the common
hyper-Rayleigh scattering method (with reference measure-
ments), testifying for the validity of the RFHRS method and
its applicability for different optical setup configurations. This
method can simplify tremendously the procedure of hyperpolar-
izability measurements in the future, as it requires no additional
reference measurements.

The EPPI cross-sections of the samples were estimated based
on the classical-light RFHRS results. The obtained σe fits per-
fectly the theoretical bound reported in literature. The results
indicate that indeed EPPI with NPs is expected to be extremely
weak, emphasizing the importance of our characterization mea-
surements reported herein, and that this interaction might be
observable only if proper optimization of the experimental con-
cept is performed. For example, since the SH signal increases
linearly with NPs concentration, it may be advantageous to have
the NPs in solution, where the concentration is much higher than
that of PVA-embedded samples.

Comparing the results of the hyperpolarizabilities of our
SNCs and SNTs samples we reach the conclusion that opti-
mal EPPI requires both choosing NPs of noncentrosymmetrical
shape and tuning the LSPR of the NPs at the SH wavelength.

This conclusion is also supported by the wavelength-
dependent measurements. Previously reported results of such
measurements were declared inexplicable. We, however,
have offered a solution to this problem and showed that the
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hyperpolarizability indeed expresses the spectral features of the
NPs, as predicted by the theoretical models. Thus, we deduce
that fine tuning of the LSPR wavelength is essential for the
enhancement of NPs hyperpolarizability and with that their
expected EPPI rate.

Finally, polarization measurements were conducted, exhibit-
ing dipolar emission pattern for both SNCs and SNTs samples.
This result validates that the main contribution for SHG in our
NPs is of an electric dipole nature, in agreement with the results
reported in [40], and is probably originating from symmetry
breaking at the surface of the NPs.

With the results reported herein, experiments aiming to detect
EPPI in NPs can be optimized to maximize the interaction
rate and the detection efficiency. This holds the promise for
experimental observation of EPPI with matter, a crucial element
for applications such as quantum spectroscopy with capabili-
ties beyond classical limits [2], [3]. Furthermore, strong EPPI
with NPs indicates strong SPDC capabilities, as this is the
time reversed process of EPPI. Since the propagation length
through the NPs is negligible relative to optical wavelengths, no
phase-matching is required, as opposed to the commonly used
nonlinear crystals and thus such NPs’ based SPDC have the
potential of generating ultra-broadband energy-time entangled
photons [41], with multiple applications to quantum sensing and
cryptography [42].
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