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ABSTRACT

The growing field of quantum plasmonics lies at the intersection between nanophotonics and quantum optics. QUantum
plasmonics investigate the quantum properties of single surface plasmons, trying to reproduce fundamental and landmark
quantum optics experiment that would benefit from the light-confinement properties of nanophotonic systems, thus
paving the way towards the design of basic components dedicated to quantum experiments with sizes inferior to the
diffraction limit. Several groups have recently reproduced fundamental quantum optics experiments with single surface
plasmons polaritons (SPPs). We have investigated two situations of quantum interference of single SPPs on lossy
beamsplitters : a plasmonic version of the Hong-Ou-Mandel experiment, and the observation of plasmonic NOON states
interferences. We numerically designed and fabricated several beamsplitters that reveal new quantum interference
scenarios, such as the coalescence and the anti-coalescence of SPPs, or quantum non-linear absorption. Our work show
that losses can be seen as a new degree of freedom in the design of plasmonic devices.

Keywords: Quantum plasmonics, single plasmon, quantum optics, losses, decoherence

INTRODUCTION

Surface plasmon polaritons (SPPs) are collective oscillations of electrons that propagate along a metal-dielectric
interface [1]. Several groups have reproduced fundamental quantum-optics experiments with such surface plasmons
instead of photons, both being bosons. Observation of single-plasmon states [2,3], wave-particle duality [4,5],
preservation of entanglement of photons in plasmon-assisted transmission [6-8] and more recently, two-plasmon
interference have been reported in a large variety of plasmonic circuits [3, 9-12]. The possibility to generate pairs of
indistinguishable single plasmons (SPPs) is an important requirement for potential quantum information applications
[13-15].

When dealing with indistinguishable particles, the correlations at the output of a beam splitter are associated to the
bosonic or fermionic character of the particles [16]. At first glance, the observation of coalescence appears to be a
signature of the bosonic nature of SPPs or photons. However, it has been pointed out that anticoalescence can be
observed with photons when using an antisymmetric polarization entangled state [17]. This behavior stems from the
introduction of internal degrees of freedom in the wave function: the global photonic state remains symmetric but both
the polarization state and the spatial state are antisymmetric. Hence, when a beam splitter is illuminated with this state
and if the detectors are not sensitive to the polarization, the situation is similar to the fermionic case and output
correlations reveal anticoalescence. This property has been used as a method of analysis of Bell states [18]. These ideas
have been further used to mimick fermions with bosons [19]. We also note that anticoalescence of photons have been
observed in the context of a quantum eraser experiment, which is also based on the interplay between the spatial state
and the polarization state [20]. In all these works, it is assumed that the beam splitter is unitary and therefore, the phase
difference between the reflection and the transmission factor is 90°.
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As pointed out in Refs. [21,22], it is possible to change this phase difference when considering losses in the beam
splitter. Indeed, it is shown that the presence of scattering or absorption on the beam splitter relaxes constraints on the
reflection and transmission factors, allowing the control of their relative phase. The authors of Refs [21,22] predicted in
particular novel effects including coherent absorption of single photon and NOON states [23,24]). While losses are
detrimental for the observation of squeezed states, they can thus be seen as a degree of freedom in the design of
plasmonic devices revealing new quantum-interference scenarios : in this paper, we explore two situations based on the
interference of two indistinguishable single plasmons on a lossy plasmonic chip.

I. PLASMONIC HONG-OU-MANDEL EXPERIMENT

Here we report the observation of two-plasmon quantum interference between two freely-propagating, non-guided SPPs
interfering on lossy plasmonic beam splitters in two sets of experiments. Firstly, we designed several plasmonic beam
splitters with different sets of reflection and transmission factors, that are used in a plasmonic version of the Hong-Ou-
Mandel (HOM) experiment [25], in which the input state is a symmetric spatial state, and has no internal degrees of
freedom: the polarization of the SPPs is fixed. Depending on the plasmonic beam splitters, coincidences measurements
lead either to a HOM-like dip, i.e. a signature of plasmon coalescence, or a HOM-peak, that we associate to plasmon
anticoalescence. In the latter case, the anticoalescence is fundamentally related to the beam splitter itself, which
introduces antisymmetry in the system [26]. This effect reminds that the bosonic nature of particles, here surface
plasmons, does not imply bunching at a beam splitter. Secondly, we report the first observation of interferences of
plasmonic NOON states freely propagating along a gold—air interface and interfering on a lossy beamsplitter. In this work
at the interface between plasmonics and quantum optics, we will study the interplay between quantum interferences,
plasmonic confinement and losses.
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Fig 1. Sketch of the experimental setup. A PPKTP crystal is pumped by a laser diode at 403 nm and delivers pairs of
orthogonally polarized photons at 806 nm. An interference filter (IF) removes the remaining pump photons. The near-
infrared photons are separated by a polarizing beamsplitter (PBS), and injected in monomode fibers. They therefore
excite the photonic modes @1 or @2, that are respectively converted by the SPP launchers L1 and L2 into plasmonic
modes on a plasmonic platform. One of the fiber collimator input is placed on a translation, so that a delay SHOM
between the two SPPs can be settled changing the optical path of one of the photons after the PBS. The two single SPPs
are recombined on a plasmonic beamsplitter and finally out-coupled to photonic modes a and b. The light is transmitted
form the substrate to the free space by a hemispherical lens before being collected by two 75 mm-focal-length lenses at
both output ports of the platform, and is injected by two focusing objectives in multimode fibers. SPCMs A and B
record detection counts respectively from output modes a and b, and measure coincidences between the detectors.
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Our experimental setup is based on a source of photon pairs (Fig. 1). The photons of a given pair are sent to two photon-
to-SPP converters, located at the surface of a plasmonic test platform. The photon number statistics are conserved when
coupling the photonic modes to a plasmonic mode on such a device [27], so that pairs of incident single-photons are
converted into two single SPPs. These SPPs freely propagate on the metallic surface towards the two input arms of a
plasmonic beam splitter. After the beam splitter, the SPPs that reach the output of the platform are converted back to
photons to be detected by single photon counting modules (SPCMs).

(A)

g m————

4

Fig 2. Presentation of the plasmonic platform.(A) SEM picture of a plasmonic platform. The dotted red line
represents the direction along which the section is depicted in (B). The red spot represents an incident gaussian beam
on the SPP launcher. (B) Sectional drawing of the device. On the left, the first structure is a photon-to-SPP coupler.
When single photons reach the grating, single SPPs are launched unidirectionaly toward the plasmonic beamsplitter
(SPBS) (grooved doublet). The remaining SPPs propagate to the large outcoupling slits. With an efficiency of about
50%, SPPs are converted back to photons in the silica substrate. (C) Close-up look on the SPBS. Dimensions of the
SPBS are defined by three parameters, the grooves width w, the metal gap between the grooves g and the height of the
groove , that affect the reflection and transmission factors of the beamsplitter.both output ports of the platform, and is
injected by two focusing objectives in multimode fibers. SPCMs A and B record detection counts respectively from
output modes a and b, and measure coincidences between the detectors.

The plasmonic platform consists in several elements that are etched on a 300 nm-thick gold film on top of a silica
substrate, on a total 40x40um footprint (see Fig. 2). The input channels of the plasmonic platform are made of two
unidirectional launchers (denoted as L1 and L2). Those asymmetric 11-grooves gratings have been designed to
efficiently couple a normally incident Gaussian mode into directional SPPs [28]. The SPPs generated by each launcher
then freely propagate and recombine on the surface plasmon beam splitter (SPBS). It is made of two identical grooves in
the metallic surface (see Fig.2 (¢)), oriented at 45° with respect to the propagation direction of waves launched by L1 and
L2. The succession of metal and air allows a scattering process that generates both a transmitted and a reflected SPP
[29], but this also introduces losses. The complex reflection and transmission factors v = |r|e!® and t = |t|e!?t of the
SPBS are functions of the geometrical parameters of the SPBS (see Fig.2 (c)). In particular, it is possible to control the
phase difference ¢, = ¢, — ¢, . This phase control affects the interferences. The SPPs then propagate towards two
large out-coupling strip slits. They are decoupled into photons propagating in the glass substrate on the rear of the
platform.

For a lossless balanced beam splitter, energy conservation and unitary transformation of modes at the interface imposes

t=+irand |t| = |r| = % so that the phase difference between r and ¢ is ¢, = £90°. When placed at the end of a

Mach-Zehnder interferometer, the two outputs of the beam splitter deliver two sinusoidal interference signals that display
a phase-shift 2¢,, = £180°.. It follows that a maximum on a channel corresponds to a minimum on the other channel as
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expected from energy conservation arguments. The situation is different in our experiment; a single SPP is transmitted
with probability |t|? , reflected with a probability |r|? , but can be absorbed or scattered with a probability 1 — |r|? —
|t]?. For a balanced SPBS, in presence of losses, » and ¢ are constrained by the following inequality [13]:

ttr|?<1, 1)

where the equality holds only if there are no losses. The previous relation releases all constraints on 2¢,; . In other
words, losses can here be considered as a new degree of freedom. It is therefore possible to design several beam splitters
where the amplitude of » and ¢ and the relative phase ¢, can be modified. As a direct consequence, interference fringes
from both outputs of the BS can be found experiencing an arbitrary phase shift.

Controlling those properties of the SPBS strongly affects the detection of events by the two SPCMs. It has been shown
[21] that the coincidence detection probability, i.e. the probability for one particle pair to have its two particles emerging
from separate outputs of the beam splitter can be expressed as:

, P(14,1p) = ItI* + Ir[* + 2R(%¢*)1 (2)

where a and b label the output ports of the beamsplitter, and / is an overlap integral between the two particles
wavepackets. For non-overlapping wavepackets, I=0 and the previous relation reduces to:

Pcl(la' 1b) = |t|4 + |T|4 (3)

The particles impinging on the SPBS behave like two independent classical particles, as indicated by the subscript ¢/. For
an optimal overlap between the particles (I=1), the coincidence probability can be written:

P14, 1) = [t2 + 12|?2 = P,;(1,4,1p) + 2R(%t%) (4)

where the subscript gu denotes the presence of the quantum interference term 2R (r?t2)I.

We now consider two cases. If t = *ir , the probability F,,, reaches zero. This is the same antibunching result that is
obtained for a non-lossy beam splitter (75). This is the so-called HOM dip in the correlation function. If we now consider
t=4r and|t| = |r| = % we get Py, (14,1p) = 2P, (14, 1) . Here, we expect a peak in the correlation function.

The plasmonic chips were designed by solving the electrodynamics equations with an in-house code based on the
aperiodic Fourier modal method [30]. Numerical simulations allowed us to find the geometrical dimensions of the beam

splitter required for the two previous configurations t = +ir or t = +r with [t| = |r| = % respectively, that is 25% of

the incident energy is transmitted, 25% is reflected and the amount of non-radiative losses on the beamsplitters is 50%.
We fabricated two corresponding samples denoted as samples I and II respectively. The features of each beam splitter
are reported in Table 1. We characterized the phase difference between » and ¢ by an interferometric method. We used
the plasmonic beamsplitter as the output beam splitter of a Mach-Zehnder interferometer. We splitted an 806 nm-CW
laser beam in this interferometer and recorded the interference fringes at both output ports of the setup when increasing
the relative delay 850y - We then measured the average phase difference between the two signals recorded on the two
output channels in order to get @,.;.
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Fig 3. Observation of a plasmonic Hong-Ou-Mandel coalescence effect with freely propagating single SPPs on sample
I. The plot displays the coincidence count rates with respect to the HOM delay SHOM between both particles. The
delay is indicated as a relative measurement starting from the initial position of the optical apparatus. The coincidences
counts have been recorded every 50 um, with a five minutes integration time, that is long enough to limit uncertainty
on the count rate below 1 coincidence per second. The contrast of the dip is approximately, above the quantum limit at
50%. The inset displays short interferograms of the classical fringes recorded by SPCMs A and B. Similarly to the
lossless configuration, the observed sine waves are in phase opposition.

Figure 3 is a plot of the coincidence rate with respect to the HOM delay d0m between both arms when sample I is used.
The inset is a plot of the sinusoidal fringes obtained at the outputs of the beam splitter when illuminating with a laser at
806 nm. It is seen that the fringes are in phase opposition, confirming the 90° phase-shift between » and ¢. The plot
displays an HOM-like dip, with a 61% contrast, unambiguously in the quantum regime beyond the 50% limit [32]. This
result is analog to the coalescence effect observed in two-photon quantum interference and confirms the bosonic
behavior of single plasmon, here achieved for the first time with freely-propagating, non-guided SPPs on a gold surface.
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Fig 4. Observation of a plasmonic Hong-Ou-Mandel peak when using sample II. We plotted the coincidence count rate
between SPCMs A and B for a varying delay between the particles interfering on the SPBS, and under the same
experimental conditions as previously. The contrast of the peak is .Here, the SPBS coefficients have been chosen so
that the classical sine fringes are in-phase (see inset). This observation can be interpreted as an anti-coalescence effect.
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Table 1. Dimensions of the plasmonic platform samples under study, as measured by a scanning electron microscope
(width w and metal gap g) and atomic force microscope (groove depth h). Notations refer to Figure 2(c). The fourth
line reports expected values for the reflection and transmission factors r and t based on the numerical simulations of the
target design. The last line reports estimations of the relative phase between the reflexion and transmission coefficients
after characterization. Numbers between parenthesis are the target dimensions and relative phase of the devices as

designed by numerical simulations.

Sample I Sample I1
w [nm] 171 (180) 289 (320)
g [nm] 145 (140) 250 (280)
h [nm] 140 (120) 150 (140)
|rl/|t] (0.42/0.42) (0.5/0.48)
20y 170° (180°) 10° (0°)

We then move to the next sample, beam splitter II. Inset of Fig. 4 shows that classical fringes at the output are in-phase.
In this case, orthogonality is not preserved between output modes of the SPBS. Two-particle quantum interference
experiment is now characterized by an HOM-peak, an increase in coincidence rate with respect to the classical case. The
contrast is around 70%, once again in a clear quantum regime. The peak illustrates that when combining on this beam
splitter, SPPs tends to emerge from two different outputs. This anti-coalescence effect highlights the fundamental role of

the SPBS in quantum interference.

I1. PLASMONIC NOON STATES INTERFERENCES
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Fig 5. Sketch of the NOON setup. A PPKTP crystal is pumped by a laser diode at 403 nm and delivers pairs of
orthogonally polarized photons at 806 nm. An interference filter (IF) removes the remaining pump photons. A first
stage provides the NOON state by two photon interference in a fiber beamsplitter. The outputs of the HOM stage are
connected to a Mach—Zehnder interferometer. The near-infrared photons are separated by a polarizing beamsplitter
(PBS), and excite the photonic modes, that are, respectively, converted by the SPP launchers 1 and 2 into plasmonic
modes on a plasmonic platform. A delay SNOON between the two arms can be settled changing the optical path of one
of the photons after the PBS. The two paths are recombined on a plasmonic beamsplitter and finally outcoupled to
photonic modes. SPCMs A and B record detection counts, respectively, from output modes a and b, and measure

coincidences between the detectors.
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We now move to a second set of experiments dedicated to the study of plasmonic NOON states. These NOON states are of

the form [Y) = —lN'O)\gO'N)

branch interferometer. NOON states are particularly interesting when performing quantum interferences since they offer

, 1.e. a superposition state where N particles are in one arm and none in the other arm of a two

the possibility to reduce phase measurement uncertainties below the shot noise limit by a factor \/% [33]. Here we report

the first observation of interferences of plasmonic NOON states freely propagating along a gold—air interface and
interfering on a lossy beamsplitter. In this work at the interface between plasmonics and quantum optics, we will study
the interplay between quantum interferences, plasmonic confinement and losses. As opposed to quantum optics
experiments in vacuum, losses are expected to play a key role in the plasmonic interferences for two reasons. First,
propagation losses will be revisited for plasmonic NOON states. Second, we use a lossy beamsplitter which enables us to
modify the phase difference between reflection and transmission coefficients. It has been shown that this effect may
induce nonlinear absorption [16].

Upstream of the first stage, we generate pairs of orthogonally polarized photons at A=806 nm thanks to a single photon
down-conversion process in a periodically poled potassium titanyl phosphate (PPKTP) crystal pumped by a laser diode
at 403 nm. The photons of a single pair are separated and their polarizations are aligned along the same direction before
being injected in the two inputs of a fibered beamsplitter (FBS). One of the input of this FBS is mounted on a translation
stage that allows us to control the relative delay SHOM between both particles, such that this entire first part of the setup
reproduces a standard photonic Hong—Ou—Mandel (HOM) experiment stage. When the position SHOM is chosen so that
the delay between photons is set to zero, the two particles experience coalescence and the output two-particle state is
now a NOON state:

— |211 02) + |01! 22)
V2

[¥)

where the subscripts 1 and 2 refer to the outputs of the beamsplitter. The plasmonic NOON state interferences are
observed thanks to a second hybrid MZ interferometer that introduces a second delay dxoon. The outputs of the previous
photonic HOM stage are now connected to the arms of the interferometer, each one being associated to an input of the
previously mentionned plasmonic platform, where the quantum interference between plasmon states takes place.

The coincidence detection probability can be computed from the expression of the NOON state and the beamsplitter
relations linking the input modes 1 and 2 to the output modes 3 and 4. First we write the annihilation operators related to
the beamsplitter modes.

ta; + ra,e'®

as

a, =ra; + taye'?

where
_ 216 noon

A

is the relative phase delay introduced between the arms of the NOON interferometer. The coincidence detection
probability can be expressed as:

P(13,1,) = <¢|N3N3|1/’>
where Ny = a;r az and N, = a:[ a, are the number operators of channels 3 and 4. By using the previous relations,

we get:
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P(15,1,) = 2|tI*|r|*(1 + cos(2¢))

The coincidence detection probability thus oscillates twice as fast as the dephasing introduced by the path difference
between the two arms. This is due to the fact that the propagation phase accumulation for a Fock state with N particles,
|N) is N times higher than for a single particle state. Hence we expect to observe interference fringes when recording

coincidence count rates for various delays dnoon that oscillate with half the wavelength of the incident light % This is the

so-called phase super-resolution that is sought when dealing with NOON state interferometry. It is also relevant to point
out that, as opposed to the single particle interference case, the NOON state interferences coincidences do not depend on
the phase relation between the beamsplitter’s reflection and transmission factors » and ¢ . Nevertheless it will have an
influence on the number of particles that are absorbed as it will be discussed in the last section.
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Fig 6. Raw data of the coincidence counts of both detectors as a function of the MZ interferometer path difference
SNOON. The solid line is a sum of two sinusoids at A=806 nm and A/2 with fitted phases.

Fig. 6 is a plot of the raw coincidences count rate when illuminating the interferometer with NOON states (N=2) for
increasing delay dnoon. The signal has been integrated over 10 s. The data show fringes with a period close to 400 nm
which seem to be modulated by a signal of larger wavelength. The fast Fourier transform (FFT) spectrum displayed on

Fig. 7 indeed shows that the coincidence signal is the sum of two contributions: one main contribution at a frequency 3

and a smaller one at %, that slightly distorts the main oscillations observed, with A=806 nm the wavelength of the

incoming photons. A sum of two sinusoids at A=806 nm and A/2 with the corresponding amplitudes given by the FFT of
the data and with the phase as a free parameter have been plotted in Fig. 6. The two oscillations can then be understood
as the expected NOON interference resulting in coincidences oscillating at twice the frequency of the incoming light
which are modulated by a residual signal at the frequency of the photons. This residual perturbation of the coincidence
fringes is related to a single-particle interference onto the SPBS. It can indeed be related to the initial depth of the
unperfect HOM dip, that characterizes the presence in the setup of unbunched pairs of particles. We show on Fig. 8 the
coincidence signal once the contribution at A has been numerically removed by applying a band-stop filter to the FFT
around the SP frequency ( between 0.65 A and 1.3 ) . This provides a clean picture of the signal, that we can fit in order
to precisely estimate the frequency of the oscillation, with respect to the initial calibration that has been carried out on
the single-plasmon interferences signal. We finally get a period of 397 + 10 nm, which is in good agreement with the
expected value around 403 nm. The observed signal exhibits a contrast around 20%, obviously much less than the ideal
case of a unity visibility of the NOON fringes that can be theoretically reached. We attribute this degradation to many
sources in our experimental setup: a non-perfect balancing of the SPBS and more generally of both interferometers
involved in the experiment, non-optimal HOM generation of the biphoton state and the limited overlap of the modes
propagating freely on the gold surface.
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Fig 7. Fast Fourier transform of the raw coincidence counts of figure 6. The spectrum is plotted as a function of the
inverse of the down-converted signal wavelength A=806 nm. The two arrows are a guide to the eye indicating the
contribution of the single plasmon (SP) states with a wavenumber 1/A and of the NOON states at twice that
wavenumber.
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incident light
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Two different sources of losses are inherent to the use of plasmons during interference experiments and have different
consequences when studying NOON states. First of all, there are linear losses of surface plasmon upon propagation over a
distance d . The question is therefore what are losses for a Fock state |N) with N particles. To get some insight into that
question, we consider the phase variation ¢ = kd of a single particle state due to propagation over a distance d , with

k= 27”‘[he wavevector. As previously mentioned, this becomes @ygon = kKNd for the state |N). Introducing losses by

. . 2T . .
considering that the wavevector k = TTEIS complex k =k' + ik",we expect to observe a decay length of the state § = P

N times smaller than for a single particle state. We prove this result in [35]. The result can be interpreted with a naive
picture: the transmission probability of each particle through d is given by exp(—d/§) so that the transmission
probability of the N particles is given by exp(—Nd/§). The second source of losses is due to the plasmonic beamsplitter
itself. As experimentally shown the previous experiment, the presence of losses in the beamsplitter allows us tomodify
the phase relation between the reflection and transmission factor. Depending on the phase relation of the input NOON
state, one can deterministically obtain either a single photon state or a mixture of zero and two photon states at the
output. This phenomenon has been called quantum nonlinear absorption. In this setup, evidence of being in such a
coherent absorption regime is given by the reminiscent single plasmon oscillations in the inset of Fig. 4. Indeed, the
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observed phase shift between signals from SPCMs A and B is close to 0 it is the direct consequence of the phase relation
t = xr. The in-phase evolution of the signals can be interpreted as the successive preferential transmission or absorption
of single particles. We can therefore assume that the evolution of the NOON interference signal follows an analogous
scheme: when the maxima are reached, the output state mix preferentially contains two-particle states ( thus increasing
the number of coincidences) . When the minima are reached, one gets more single particle states, thus reducing
coincidence counts.

II. CONCLUSION

We have observed experimentally coalescence and anticoalescence of surface plasmons at a lossy beam splitter. The
coalescence dip is obtained when orthogonality is achieved between r and t, thus reproducing the results expected with a
lossless beamsplitter. In that case, the dip in the coincidence proves the bosonic nature of SPPs. The anticoalescence
peak can be obtained when r=+/- t. This relation is allowed only in presence of 50% losses. When using a similar lossy
beamsplitter to observe NOON state interferences, similar considerations lead to the observation of a quantum non-linear
effect. In both situations, we experience quantum interference scenarios that affect lossy states, or in other workds,
modify the output probabilities of two-particle states or one-particle states. It is thus possible to design components that
are able to preferentially transmit only two-particle states or one-particle states.
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