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Two-boson interference, a fundamentally quantum effect, has been extensively studied with
photons through the Hong-Ou-Mandel effect and observed with guided plasmons. Using two
freely propagating surface plasmon polaritons (SPPs) interfering on a lossy beam splitter, we
show that the presence of loss enables us to modify the reflection and transmission factors of
the beam splitter, thus revealing quantum interference paths that do not exist in a lossless
configuration.We investigate the two-plasmon interference on beamsplitterswith different sets
of reflection and transmission factors.Through coincidence-detection measurements, we
observe either coalescence or anti-coalescence of SPPs.The results show that losses can be
viewed as a degree of freedom to control quantum processes.

S
urface plasmon polaritons (SPPs) are col-
lective oscillations of electrons that prop-
agate along a metal-dielectric interface (1).
Several groups have reproduced fundamen-
tal quantum optics experiments with such

surface plasmons instead of photons, as both are
bosons. Observations 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 va-
riety of plasmonic circuits (3, 9–12). The ability
to generate pairs of indistinguishable single SPPs
is an important requirement for potential quan-
tum information applications (13–15).
When dealing with two indistinguishable par-

ticles, the correlations at the output of a beam
splitter are associated to the bosonic or fermionic
character of the particles (16); that is, to the
symmetry of the two-particle state jYspatiali ¼jai1 jbi2 T jbi1 jai2

ffiffi

2
p , where a and b are the output

ports of the beam splitter and the numbers
1 and 2 label the particles. At first glance, the
observation of coalescence appears to be a sig-
nature of the bosonic nature of SPPs or photons.
However, it has been pointed out that anti-
coalescence can be observed with photons when
using particular input states (17, 18). This behav-
ior stems from the introduction of the polariza-
tion degrees of freedom in the wave function: The
global photonic statejYtoti ¼ jYpoli � jYspatiali
remains symmetric, but both the polarization
state jYpoli and the spatial state jYspatiali are
antisymmetric. The polarization state is the
entangled antisymmetric Bell state jYpoli ¼jHi1 jV i2 � jV i1 jHi2

ffiffi

2
p , whereH (resp. V ) is the horizon-

tal (resp. vertical) state of polarization. Hence,
when a nonpolarizing beam splitter is illumi-
nated with the global photonic state jYtoti and
if the detectors are not sensitive to the polariza-
tion, the setup operates only on the spatial part
of the state and output correlations reveal anti-
coalescence, similar to the fermionic case. This
property has been used as a method of analyzing
Bell states (18). These ideas have been further
used to mimic fermions with bosons (19). We
also note that anti-coalescence of photons has
been observed when preparing photon pairs in
specific input states of the device (20, 21) or in the
context of a quantum eraser experiment, which
is also based on the interplay between the spatial
state and the polarization state (22). In all these
works, it was assumed that the beam splitter is
unitary and, therefore, that the phase difference
between the reflection and the transmission
factor is ±90°.
As previously shown (23, 24), it is possible

to change this phase difference when considering
losses in the beam splitter. Indeed, it is shown
that the presence of losses (scattering or absorp-
tion on the beam splitter) relaxes constraints on
the reflection and transmission factors, allowing
the control of their relative phase. Barnett et al.
(23) and Jeffers (24) predicted, in particular, novel
effects, including coherent absorption of single-
photon and N00N states (25, 26). Although losses
are detrimental for the observation of squeezed
states, they can thus be seen as a degree of free-
dom in the design of plasmonic devices, revealing
new quantum interference scenarios.
Here we report the observation of two-plasmon

quantum interference between two freely prop-
agating, nonguided SPPs interfering on lossy
plasmonic beam splitters. 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 (27), 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 split-
ters, coincidence measurements lead either to
a HOM-like dip—i.e., a signature of plasmon
coalescence—or a HOM peak that we associate
to plasmon anti-coalescence. In the latter case,
the anti-coalescence is fundamentally related to
the beam splitter itself, and to its phase properties
(28). This effect is a reminder that the bosonic
nature of particles, here surface plasmons, does
not imply bunching at a beam splitter.
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 plat-
form. The photon number statistics are conserved
when coupling the photonic modes to a plas-
monic mode on such a device (29) so that pairs
of incident single-photons are converted into
two single SPPs. These SPPs freely propagate
on the metallic surface toward 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).
The plasmonic platform consists of several

elements that are etched on a 300-nm-thick gold
film on top of a silica substrate, on a total 40-mm
by 40-mm footprint (Fig. 2). The input channels
of the plasmonic platform are made of two uni-
directional launchers (designated L1 and L2).
These asymmetric 11-groove gratings have been
designed to efficiently couple a normally incident
Gaussian mode into directional SPPs (30). 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 (Fig. 2C), oriented
at 45° with respect to the propagation direction
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Table 1. Dimensions of the plasmonic
platform samples under study, as mea-
sured by a scanning electron microscope
(width w and metal gap g) and atomic
force microscope (groove depth h). Varia-
bles w, g, and h are described in Fig. 2C.The

fourth row reports expected values for the

reflection and transmission factors r and t

based on the numerical simulations of the
target design. The last row reports estima-

tions of the relative phase between the

reflection and transmission coefficients
after characterization. Numbers between

parentheses are the target dimensions and

relative phase of the devices, as designed

by numerical simulations.

Variable Sample I Sample II

w (nm) 171 (180) 289 (320)
. .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ...

g (nm) 145 (140) 250 (280)
. .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ...

h (nm) 140 (120) 150 (140)
. .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ...

|r|/|t| (0.42/0.42) (0.5/0.48)
. .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ...

2frt 170° (180°) 10° (0°)
. .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ...
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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
(31), but this also introduces losses. The complex
reflection and transmission factors r ¼ jrjeifr

and t ¼ jtjeift of the SPBS are functions of the
geometrical parameters of the SPBS (Fig. 2C).
In particular, it is possible to control the phase
difference frt ¼ ft � fr . This phase control will
affect the interferences. The SPPs then propagate

toward 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 ¼ Tir and jtj ¼ jrj ¼ 1

ffiffi

2
p

so that the phase difference between r and t
is frt ¼ T90°. When placed at the output of a
Mach-Zehnder interferometer, the two outputs
of the beam splitter deliver two sinusoidal inter-
ference signals that display a phase shift 2frt ¼
T180°. It follows that a maximum on a channel
corresponds to a minimum on the other channel,
as expected from energy conservation arguments.
The situation is different in our experiment; a
single SPP is transmitted with probability jtj2
and reflected with a probability jrj2 , but can
be absorbed or scattered with a probability
1� jtj2 � jrj2. For a balanced SPBS, in the pres-
ence of losses, r and t are constrained by the
following inequality (13)

jt T rj2≤1

where the equality holds only if there are no
losses. The previous relation releases constraints
on 2frt . In other words, losses can here be con-
sidered as a new degree of freedom. It is therefore
possible to design several beam splitters where
the amplitudes of r and t and the relative phase
frt can be modified. As a direct consequence,
interference fringes from both outputs of the
SPBS 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 (23) that the
coincidence-detection probability, i.e., the prob-
ability for one particle pair to have its two par-
ticles emerging from separate outputs of the
beam splitter, can be expressed as

Pð1a; 1bÞ ¼ jtj4 þ jrj4 þ 2ℜðt2r2ÞI

where 2ℜðt2r2Þ ¼ t2r�2 þ t�2r2 , a and b label
the output ports of the beam splitter, and I is
an overlap integral between the two particles’
wave packets. For nonoverlapping wave pack-
ets, I = 0, and the previous relation reduces to

Pclð1a; 1bÞ ¼ jtj4 þ jrj4

The particles impinging on the SPBS behave
like two independent classical particles, as indi-
cated by the subscript cl. For an optimal overlap
between the particles (I = 1), the coincidence pro-
bability can be written as

Pquð1a; 1bÞ ¼ jt2 þ r2j2 ¼ Pclð1a; 1bÞ þ 2ℜðt2r2Þ

where the subscript qu denotes the presence of
the quantum interference term 2ℜðt2r2Þ.
We now consider two cases. If t ¼ Tir , the

probability Pqu reaches zero. This is the same
antibunching result that is obtained for a nonlossy
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Fig. 1. Sketch of the experimental setup. A periodically poled potassium titanyl phosphate (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 beam splitter (PBS) and injected in monomode fibers.The red dot within the circle and the red
arrow represent the photon polarization after the PBS.They therefore excite the photonic modes F1 or F2,
which are converted by the SPP launchers L1 and L2, respectively, into plasmonic modes on a plasmonic
platform. One of the fiber collimator inputs is placed on a translation so that a delay dHOM 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 beam splitter 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 from output modes a and
b, respectively, and measure coincidences between the detectors.

Fig. 2. Presentation of the plasmonic plat-
form. (A) Scanning electron microscopy image
of a plasmonic platform.The length and width of
the grating grooves and outcoupling slits are
20 mm and 10 mm, respectively.The dotted red
line represents the location of the cross section
depicted in (B).The red spot represents an
incident Gaussian beam on the SPP launcher.
(B) Cross-sectional drawing of the device. On
the left, the first structure is a photon-to-SPP
coupler.When single photons (red arrow) reach
the grating, single SPPs are launched unidi-
rectionally toward the plasmonic beam splitter (SPBS) (grooved doublet enclosed by black dashed line).
The remaining SPPs propagate to the large out-coupling slit.With an efficiency of about 50%, SPPs are
converted back to photons in the silica substrate. (C) Close-up view of the SPBS. Dimensions of the SPBS
are defined by three parameters: The groove width w, the metal gap between the grooves g, and the
height of the groove h, which affect the reflection and transmission factors of the beam splitter.

20 µm

Loss 50%
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0.1% 49.9%
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beam splitter (15). This is the so-called HOM dip
in the correlation function. If we now consider
t ¼ Tr with jtj ¼ jrj ¼ 1

2, we get Pquð1a; 1bÞ ¼
2Pclð1a; 1bÞ. Here we expect a peak in the cor-
relation function.
The plasmonic chips were de-

signed by solving the electrody-
namics equations with an in-house
code based on the aperiodic Fou-
rier modal method (32). Numeri-
cal simulations allowed us to find
the geometrical dimensions of the
beam splitter required for the two
previous configurations t ¼ Tir or
t ¼ Tr with jtj ¼ jrj ¼ 1

2 , respec-
tively—that is, 25% of the incident
energy is transmitted, 25% is reflected,
and the amount of nonradiative losses
on the beam splitters is 50%. We
fabricated two corresponding beam
splitters designated samples I and
II, respectively. The features of each
beam splitter are reported in Table 1.
We characterized the phase differ-
ence between r and t by an inter-
ferometric method. We used the
plasmonic beam splitter as the out-
put beam splitter of a Mach-Zehnder
interferometer. We split an 806-nm
continuous-wave laser beam in this
interferometer and recorded the
interference fringes at both output
ports of the setup when increasing
the relative delay dHOM. We then mea-
sured the average phase difference
between the two signals that were
recorded on the two output chan-
nels to get frt .
Figure 3 is a plot of the coinci-

dence rate with respect to the HOM
delay dHOM between both arms when
sample I was used. The inset is a
plot of the sinusoidal fringes ob-
tained 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, con-
firming the ±90° phase shift be-
tween r and t. The plot displays an
HOM-like dip, with a 61% contrast,
unambiguously in the quantum re-
gime beyond the 50% limit (33).
This result is analogous to the coa-
lescence effect observed in two-
photon quantum interference on a
lossless beam splitter and confirms
the bosonic behavior of a single
plasmon, here achieved with freely
propagating, nonguided SPPs on a
gold surface.
We then move to the next beam

splitter, sample II. The 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.
The two-particle quantum interfer-

ence experiment is now characterized by an HOM
peak, an increase in coincidence rate with respect
to the classical case. The contrast is around 70%,
again in a clear quantum regime. The peak illus-

trates that when combining on this beam splitter,
SPPs tend to emerge from two different outputs.
This anti-coalescence effect highlights the funda-
mental role of the SPBS in quantum interference.

We have observed experimentally
the coalescence of surface plasmons
at a lossy beam splitter when t ¼
Tir , thereby reproducing the results
expected for bosons with a lossless
beam splitter. However, in the par-
ticular case t ¼ Trwith jtj ¼ jrj ¼ 1

2,
we have shown that the dip is
converted into an anti-coalescence
peak. This feature is usually asso-
ciated with fermions when using
nonlossy beam splitters (16) because
there cannot be two fermions in the
same output path. Although our ex-
periment exhibits a correlation peak,
it differs from previous observations
of boson anti-coalescence with anti-
symmetric states mimicking fermions
(17, 18). We have derived the output
states repartition for both situations
(33), and it is shown that they are
different. Another interesting conse-
quence of the particular phase of
the SPBS predicted in (23) is non-
linear absorption: That is, only two
photons or none can be absorbed, so
that the probability of observing a
single photon is zero.
The observation of a correlation

peak that is not related to a fermionic
behavior raises the question of the
effect of a lossy beam splitter in the
fermionic case. We show in (33) that
the phase property of the SPBS con-
verts the usual fermionic correlation
peak into a correlation dip. The dip
corresponds to no particle in one
path resulting from interference, and
the absorption of one particle, re-
quired by the Pauli exclusion prin-
ciple. Hence, we find that one and
only one fermion is always absorbed,
at odds with the bosonic nonlinear
absorption. This quantum coherent
absorption of fermions is reminis-
cent of the (classical) coherent total
absorption for photons (25, 34). To
observe this effect, we may use two
photons in a product state of a po-
larization antisymmetric Bell state
and a spatial antisymmetric state
that mimics a fermionic state. We
predict an output with one photon
in one arm and one photon absorbed
(33), in marked contrast with the
bosonic case where this probabil-
ity was zero.
The results of our study illustrate

that the output of a beam splitter
illuminated by two particles depends
not only on their quantum nature
but also on the symmetry of the
spatial part of the two-particle state
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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 dHOM between both
particles.Thedelay is indicatedas a relativemeasurement starting fromthe initial
position of the optical apparatus.The coincidence counts have been recorded
every 50 mm,with a 5-min integration time, which is long enough to limit
uncertaintyon the count rate below 1 coincidence per second (cps).The contrast
of the dip is ~61 ± 2%, above the quantum limit at 50%.The black dashed line
at the topof the graph is thebaseline of the dip profile. It represents the expected
level of coincidences for independent particles.The inset displays short
interferograms of the classical fringes recorded by SPCMs A (red dashed line
and squares) and B (blue line and diamonds). Similar to the lossless configura-
tion, the observed sine waves are in phase opposition. Path diff., path difference.
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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 used. The contrast
of the peak is 70 ± 2%. Here, the SPBS coefficients have been chosen
so that the classical sine fringes recorded by SPCM A (red dashed line and
squares) and SPCM B (blue line and diamonds) are in phase (inset). The
black dashed line is a baseline for the peak profile. This observation can be
interpreted as an anti-coalescence effect.
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and on the phase of the beam splitter reflection
and transmission factors. As previously shown
(23, 24), the presence of losses adds a new
degree of freedom in the quantum systems.
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