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Quantum plasmonics experiments have on multiple occasions resulted in the observation of quantum
coherence of discrete plasmons, which exhibit remarkable preservation of quantum interference visibility,
a seemingly surprising feature for systems mixing light and matter with high Ohmic losses during propa-
gation. However, most experiments to date used essentially weakly confined plasmons, which experience
limited light-matter hybridization, thus limiting the potential for decoherence. In this paper, we investigate
experimentally the robustness of coherence preservation in a plasmonic system: our setup is based on a
hole-array chip supporting plasmons near the surface plasma frequency, where plasmonic dispersion and
confinement are much stronger than in previous experiments, making the plasmons much more suscep-
tible for decoherence processes. We, however, report preservation of quantum coherence even in these
extreme conditions. We generate polarization-entangled pairs of photons using type-I spontaneous para-
metric down-conversion and transmit one of the photons through a plasmonic hole array that is numerically
designed to convert incident single photons into highly dispersive single surface-plasmon polaritons. Our
results show that the quality of photon entanglement after the plasmonic channel is unperturbed by the
introduction of a highly dispersive plasmonic element. Our findings provide a lower bound of 100 fs for
the pure dephasing time for dispersive plasmons in gold, and show that even in a highly dispersive regime
surface plasmons preserve quantum mechanical correlations, making possible harnessing of the power of
extreme light confinement for integrated quantum photonics.

DOI: 10.1103/PhysRevApplied.12.044037

I. INTRODUCTION

Understanding the quantum nature of light and matter
is of central importance for advancing modern technol-
ogy. For example, one approach to physical realization of
a quantum computer is envisioned to be through the use
of linear optical components [1], which can be arranged
in the form of integrated photonic circuits. Since some
of the building-block elements for such a scalable quan-
tum photonic system (phase shifters, modulators, direc-
tional couplers, etc.) and the coherence and fabrication
requirements are very similar to those of present-day chip-
based nanophotonic circuit elements, recent experimental
advances [2] have inspired optimism about the technical
feasibility of quantum integrated photonic systems if suit-
able single-photon sources, memories, and detectors can
be realized.

One of the important branches of photonics is plas-
monics, which enables extreme light confinement by using
surface-plasmon polaritons (SPPs), the quanta of so-called
surface plasma waves that are excited on the boundary
between a metal and a dielectric [3]. SPPs are bosons,
so their quantum statistical behavior is expected to be
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similar to that of photons. By confining electromagnetic
energy in small modal volumes, plasmonics allows signifi-
cantly enhanced light-matter interactions at the nanoscale,
and has found interesting applications in classical photon-
ics for sensing [4–6], subdiffraction-limit imaging [7,8],
and paving the way toward strong light-matter interac-
tions, by reaching, for example, strong coupling regimes
[9,10]. However, light-matter hybridization in SPPs has
an important consequence. SPPs are collective excitations
of electrons with a mixed electronic and electromagnetic
character, while photons in free space are purely elec-
tromagnetic excitations, and light propagating through
dielectric linear media is described by polaritons, mix-
ing electromagnetic excitation and the motion of bound
electrons that do not experience many interactions with
the rest of the environment. Through the motion of free
electrons in the metal, SPPs are coupled to matter by
many degrees of freedom. One consequence is that SPPs
experience propagating losses due to the Ohmic losses of
the moving electrons composing a SPP. In a fully quan-
tum optical picture, light-matter hybridization could be
anticipated to make SPPs sensitive to decoherence from
dephasing, which is often present in systems with Ohmic
losses, leading to disappearance of their quantum features,
such as entanglement.
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Recently, several groups have performed plasmonic
analogs to landmark quantum optics experiments using
SPPs in lieu of single photons, obtaining results such as
the observation of single-plasmons interferences [11,12],
of the plasmonic Hong-Ou-Mandel effect [13–15], and of
entanglement [16–18]. These successful experiments faced
significant plasmonic absorption, manifested as Ohmic
losses, but managed to preserve enough of the plasmons
to highlight various quantum features of discrete SPPs.
However, an apparently surprising result was that most of
the experiments performed reported very good or excellent
preservation of the quantum interference contrast, pos-
sibly indicating that pure dephasing processes are much
slower than pure absorption. Notably in each of these
experiments, although that the experimental conditions
preselected and tested the coherence of the “surviving”
nonabsorbed plasmons, the strong plasmonic absorption
observed is the undeniable sign of non-negligible coupling
between the particles and their environment. The obser-
vation of such coupling is an indication that the degrees
of freedom of the plasmons are likely to become entan-
gled with the degrees of freedom of the environment, a
description that is commonly used to explain the vanish-
ing of quantum interference features, or in other words,
decoherence. This has been verified, for example, in an
experiment based on plasmonic waveguides [19]. Deco-
herence is one of the limiting factors for current and future
quantum technology. Hence, the question of how SPPs lose
quantum mechanical coherence and if their quantum prop-
erties can be protected over long propagation distances
or under strong light-matter interactions is of significant
importance.

Until now, quantum plasmonics experiments used
exclusively plasmons in a regime far from the surface
plasma frequency. In other words, the plasmons exhib-
ited a highly “photonlike” behavior with weak confine-
ment, which intrinsically limits the decoherence processes.
Indeed, in the case of “photonlike” plasmons, we expect
the plasmon resonances to have only a weak admixture
with the electronic degrees of freedom in the metal, leaving
the gateway ajar only to significant coupling and entan-
glement between the SPPs and the metallic environment.
Therefore, in this “photonlike” regime, one could argue
that from the perspective of decoherence processes, some
quantum plasmonics experiments are somewhat analo-
gous to other quantum optics experiments performed with
photons all the way from the source to the detector
and exhibiting no decoherence. That would also mean
that plasmonic losses here play a role that is not dif-
ferent from optical losses introduced by beam splitters,
stray reflections, or neutral-density filters. Thus, there is
need to investigate quantum plasmonics in other regimes
of plasmon propagation, where the competition between
absorption and pure dephasing could result in observable
decoherence.

In this paper, we report results of a quantum plasmonics
experiment to investigate the robustness of coherence in a
highly dispersive plasmon regime and the disappearance
of quantum entanglement. More precisely, in a series of
experiments inspired by Ref. [16], we measure the preser-
vation of polarization entanglement between two photons
after one photon is converted into a plasmon propagat-
ing on a hole array, which is then subsequently recon-
verted into a photon [20–22]. We perform polarization-
entanglement experiments in plasmonic hole arrays with
circular holes that are designed to be in a highly dispersive
regime, (i.e., with single-plasmon energy close to the sur-
face plasma frequency). In this highly dispersive regime,
SPPs are tightly confined and have a much stronger inter-
action with the electronic system (one manifestation of
which is significantly greater absorption), which in prin-
ciple can lead to the destruction of quantum correlations.
This experiment aims to build a better understanding of the
robustness of quantum phenomena in quantum plasmonics.

II. RESULTS AND DISCUSSION

In our experimental work, we generate pairs of
polarization-entangled photons, propagating along two dif-
ferent paths, and interpose a plasmonic hole array in the
path of one of the photons. This photon is thus con-
verted into a plasmon, and the detected signal consists of
plasmons reconverted into free-space photons after plas-
mon propagation over a few hundred nanometers in the
hole array [16]. The quality of polarization entanglement
between both outcoupled photons is measured and is rep-
resentative of the effects of light-matter interactions during
plasmon propagation. Whereas the work reported in [16]
probed hole arrays with linear dispersion (close to light
line), we use a plasmonic hole array that operates in
a highly dispersive regime (close to the surface plasma
frequency) to probe plasmon decoherence. We measure
preservation of entanglement between photons even in this
regime.

A. Generation of entangled pairs of particles

As a source of polarization-entangled photons we use
type-I spontaneous parametric down-conversion (SPDC)
occurring in a pair of nonlinear bismuth borate crystals.
They are rotated by 90◦ with respect to each other and
glued together [23] (Fig. 1) so that one crystal has its axis
in the horizontal plane and the other has its axis in the ver-
tical plane. The pair of crystals are pumped by a laser diode
emitting at 406 nm. The pump photons are linearly polar-
ized at 45◦ with respect to the nonlinear-crystal axis planes,
so type-I SPDC generates pairs of photons at 812 nm that
are polarized parallel to either the horizontal direction or
the vertical direction with equal probabilities. This setup
generates polarization-entangled photons that, before their
interaction with the environment |E〉 (plasmonic sample),
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at

Pair of bismuth borate crystals
(with 406-nm and 812-nm

 AR coa�ng)

FIG. 1. Experimental setup for the measurement of polarization-entanglement preservation. Pump photons at 406 nm are sent toward
a pair of bismuth borate crystals and generate pairs of polarization-entangled photons that propagate along two separate paths. Along
the upper path, we can insert a metallic hole array, and we measure the transmission of the entangled light that has been coupled to
plasmons. AR, antireflection.

can be described by the superposition state:

|ψ〉initial = 1√
2

[|H , H 〉 + ei�φc |V, V 〉] ⊗ |E〉], (1)

where�φc is a phase delay between the two polarizations,
due to the birefringence of bismuth borate crystals.

The twin photons propagate in a horizontal plane, along
the opposite edges of a cone whose apex angle is 6◦. Each
photon is focused toward a polarizer and a single-photon
avalanche diode. The detection of a photon by one of the
single-photon avalanche diodes is a projective measure-
ment of its polarization state. A plasmonic hole array can
be placed along one of the propagation paths, thus forc-
ing one of the photons to be temporarily converted into a
plasmon before eventually being detected.

In our experiment, to correctly estimate the influence
of pure dephasing processes, we retain only coincident
counts between the two single-photon avalanche diodes
(i.e., we consider only the case when both photons are reg-
istered as counts at the detectors). In other words, when
the hole array is in place, we do not record events in
which a plasmon has decayed through inelastic interac-
tions with the electronic system—this is a well-understood

mechanism for decoherence. On the contrary, we collect
photons only from events in which the plasmon has
survived. Such events, in principle, can be affected by
elastic interactions or the inner structure of the plasmon
quasiparticle.

In the general case, after propagation of the quan-
tum entangled state and before applying any projective
measurement, we can consider that the light has become
entangled with the environment, and we can write

|ψ〉final = 1√
|h|2 + |v|2

[h |H , H 〉 ⊗ |EH 〉

+ vei�φc |V, V 〉 ⊗ |EV〉], (2)

where h and v are complex-amplitude transmission
coefficients for horizontal polarization |H 〉 and vertical
polarization |V〉, respectively, and |EH 〉 and |EV〉 are envi-
ronmental states, entangled with horizontal and vertical
polarization, respectively.

By tracing over environmental states, one can obtain a
reduced density matrix, from which the probability of a
coincidence count can be computed:

PCC(α,β) = 〈α,β|ρ̂reduced|α,β〉

= 1

1 + |v|2
|h|2

[
sin2 α sin2 β + |v|2

|h|2 cos2 α cos2 β + 1
2

sin 2α sin 2β
|v|
|h| | 〈EV|EH 〉 | cos(�φE +�φ +�φc)

]
, (3)

where α and β are polarizer directions with respect
to the vertical axis (see Fig. 1), v/h = (|v|/|h|)ei�φ ,
�φ being the phase difference between the complex
amplitudes v and h, and 〈EV|EH 〉 = | 〈EV|EH 〉 |ei�φE , φE

being the phase difference between the two environmental
states.

The first two terms can be obtained by classical analysis,
whereas the last term is the so-called quantum interference
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term, which represents the quantum mechanical nature
of our system. Indeed, Eq. (2) describes a superposition
state. The quantum interference term can be understood
as the interference amplitude between the two terms of
the superposition state when projective measurements are
performed on the two-particle state. The amplitude of
this term depends on several factors. It depends sinu-
soidally on the polarizer directions, and is maximum for
appropriate choices of the polarizer directions, verify-
ing | sin 2α sin 2β| = 1. This corresponds to the situation
where the photonic parts of both terms in Eq. (2) are
projected on a common state with equal amplitude. The
amplitude of the quantum term is partially governed by the
ratio v/h = (|v|/|h|)ei(�φ+�φc), which includes all pertur-
bations inherent to the setup that affect the balance between
the horizontal polarization and the vertical polarization.
Finally, the magnitude of quantum interference is also
determined by the overlap between different environment
states 〈EV|EH 〉 = | 〈EV|EH 〉 |ei�φE , which represents quan-
tum mechanical decoherence. The presence of �φc in the
last cosine factor of the quantum interference term shows
that to make judgments about quantum decoherence, one
has to take great care in eliminating or measuring phase
differences between different polarizations. This can be
done by inserting another birefringent element in the setup
that will compensate the phase difference between the two
polarizations. Optimization and alignment of our SPDC
source includes tweaking of a λ/4 plate (Fig. 1), which
allows us to experimentally eliminate �φc in Eq. (3).

We now consider h = v, which represents equal proba-
bility of detecting horizontally or vertically polarized pairs
of photons and is fulfilled when a circular hole array is
used. In the case of perfect coherence 〈EV|EH 〉 = 1 (EV =
EH ), we get the rather simple expression PCC(α,β) =
1
2 cos2(α − β). There is no entanglement between the pho-
ton state and the environment. This ensures the preser-
vation of polarization entanglement between photons. By
contrast, in the case of total decoherence 〈EV|EH 〉 = 0,
we get a constant probability PCC(α,β = 45◦) = 1

4 regard-
less of α (if β is kept fixed at 45◦). Both terms of the
superposition in Eq. (2) are now incoherent, and quantum
interferences vanish. The measured state can be considered
as a statistical mixture of the two states |H , H 〉 and |V, V 〉
in equal proportions.

These considerations suggest a measure of quality of
the entanglement, visibility, which we define simply as
the visibility of the cosine curve described by PCC(α,β =
45◦) for the case when we keep polarizer β fixed at 45◦
(both polarizations contribute to the measurement), V =
(Pmax

CC − Pmin
CC )/(P

max
CC + Pmin

CC ), where Pmin
CC is the minimum

probability of coincidence count (rate in an experiment)
and Pmax

CC is the maximum count rate. For h = v and
�φc = 0◦, V = | 〈EV|EH 〉 | cos�φE . From the above anal-
ysis we get V = 100% for fully entangled (quantum) light
(〈EV|EH 〉 = 1) and V = 0% for a pure statistical mixture

of polarizations (“classical” light, 〈EV|EH 〉 = 0). Note that
visibility of the cosine PCC(α,β = 45◦) is identical to the
visibility of the cosine PCC(α,β = 135◦), and hence we
can use either one of them, or we can use one versus the
other to validate the correctness of the measurement.

In addition, we perform measurements of violation of
Bell’s inequalities, where we use Bell’s inequalities in
so-called CHSH form [24,25]. We perform 16-point mea-
surements to calculate Bell’s parameter S, comparing our
experimental measurement with the best possible predic-
tion of any classical local hidden-variable theory. S > 2
indicates the impossibility of the explanation by any local
hidden-variable theory.

We characterize our SPDC source (Fig. 2) without
plasmonic samples, measuring visibility on the order of
(99 ± 1)% and S = 2.81 ± 0.02, which is just a standard
deviation away from the maximal theoretical value Smax =
2
√

2 ≈ 2.83. From this, we conclude that we have high-
quality pairs of entangled photons. In the next section, we
investigate the influence of the insertion of a plasmonic
hole array on the quality of entanglement between photons,
as defined by the previous measurement procedures.

B. Hole array with nonlinear dispersion

In this section, we investigate the same polarization-
entanglement process using this time single SPPs that
propagate in a hole array, and most importantly in a regime
of highly nonlinear dispersion, far from the light line, in
an attempt to reveal effects of pure dephasing on decoher-
ence through a decrease of entanglement visibility. In the
highly dispersive regime, the quasiparticle confinement at
the metal-dielectric interface is much stronger due to the
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FIG. 2. Calibration of the setup, and entanglement between
produced pairs of photons. Number of coincidence counts as a
function of polarizer angles without a plasmonic sample (solid
lines are fits to a cosine function). The visibility of the dif-
ferent cosine fits is nearly equal to 1, indicating quasiperfect
entanglement between the photons of our SPDC source.
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reduction in the plasmon wavelength. In other words, the
plasmon excitation wave function has a much larger over-
lap with the electronic degrees of freedom in the metal. As
a consequence, plasmons in the highly dispersive regime
generally have a higher rate of interaction with the elec-
tronic system than in the case of materials with linear
dispersion. Hence, in addition to a shorter total decoher-
ence time T2, one can expect a shorter pure dephasing time
T ∗

2 (which is the relevant timescale probed by our exper-
iment). The group velocity of highly dispersive plasmons
can be an order of magnitude smaller than for plasmons
in the “photonlike” regime, so these plasmons propagate
for a longer time tp (even if the propagation distances
are the same). Therefore, for comparable experiments (i.e.,
similar propagation distances), strongly confined plasmons
are expected to experience greater decoherence and thus
exhibit weaker quantum interference than photonlike plas-
mons.

As a warm-up experiment and to be able to compare
the influence of the nonlinearity of the dispersion regime
with that of the linear regime, we perform a series of
experiments with hole arrays and plasmons propagating at
the gold-glass interface, the structure being optimized to
operate in the linear (“photonlike”) dispersion regime. The
results are shown in Supplemental Material [26]; we find
no evidence of decoherence when close to the light line, as
was frequently reported until now.

To probe the highly dispersive regime in an analogous
situation, we excite plasmons at the interface between gold
and amorphous silicon. Amorphous silicon has a higher
dielectric constant than glass, moving the surface plasma
frequency close to the frequency of entangled photons (see
Fig. 3). The use of a higher-index material leads both
to stronger SPP confinement and significantly enhanced
light-matter interaction compared with plasmons propa-
gating at the interface between gold and glass (in the
“photonlike” regime): a sixfold increase of the plasmon
wave vector, a 12-fold reduction of the group velocity
(0.05c versus 0.59c, where c is the speed of light in a vac-
uum), and more than 100-fold reduction in the absorption
length (200 nm vs 27 μm).

By performing finite-difference time-domain simula-
tions with Lumerical FDTD software, we obtain transmis-
sion spectra of a variety of nanohole-array structures with
different geometries and periodicities. The positions of the
transmission maxima are considered as indicative of the
resonance energies and of the dispersion relation of the sur-
face plasmons. An initial choice for the range of geomet-
rical parameters (hole dimensions, array periodicity, films
thicknesses) in our experiment is made using the param-
eters of the simulated structures that exhibited enhanced
extraordinary optical transmission at 812 nm—the wave-
length of our down-converted photons.

Subsequently, we fabricate a number of hole arrays
with different geometrical parameters within this range to
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FIG. 3. Plasmonic-hole-array design in our experiment: cross-
section schematic (top) and dispersion relation of circular hole
arrays for SPPs supported in the silicon-gold-silicon structure,
which exhibits strongly nonlinear dispersion at 812 nm (bottom).
The red line shows the energy of the plasmons excited in our
experiment.

experimentally find the structure that achieves the target
performance. This procedure allows us to identify and fab-
ricate a sample with optimal design, which is a 2 × 2 mm2

hole array configured in a three-layer structure (50 nm of
amorphous silicon, 100 nm of gold, and 50 nm of amor-
phous silicon) and with periodicity P = 850 nm [Fig. 4(a)].
We find a plasmon-enhanced transmission peak at the
desired wavelength of 812 nm [Fig. 4(b)]. In this hole
array, SPPs excited on the top and bottom gold surfaces
are uncoupled and have the same dispersion. We perform
additional analysis and confirm that the fabricated struc-
ture correctly reproduces the initially simulated behavior
and operates in the nonlinear-dispersion regime, far from
the light line [27].

Because of the rather large size of the sample we were
able to collect a large portion of transmitted light and
hence improve our statistics, even in the presence of con-
siderable losses and with intrinsically low transmission
[Fig. 4(c)]. We recorded a visibility V of (98 ± 2)% and
Bell’s number S = 2.83 ± 0.04: this measurement implies
that even in the highly dispersive regime, the entanglement
is perfectly preserved and no quantitative signs of pure
dephasing could be detected. Through numerical com-
putation of the dispersion relation, we can estimate the
propagation time tp to be on the order of approximately
1.2 μm/0.05c ∼ 80 fs, on the basis of the distance between
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FIG. 4. Hole array for plasmons in the highly dispersive
regime. (a) SEM image of the sample. The period of the two-
dimensional array is 850 nm. The different material species
experience a different milling rate, which slightly affects the
shape of the hole perimeter. (b) Transmission spectrum of the
hole array. Because the holes are circular, there is no polarization
dependence. The broadening of the transmission feature around
810 nm can be attributed to the imperfect shape of the holes.
The plasmons experience significant absorption. (c) Coincidence
counts as a function of polarizer angles in the presence of the
hole array with a highly dispersive regime (solid lines are fits to
a cosine function). Whatever the choice of β, and even when β is
4◦ or 135◦, the visibility of quantum interference remains almost
equal to 1, indicating near-perfect preservation of entanglement
between particles.

two diagonally separated holes (this is the relevant distance
in our case, since eigenmodes of our hole array are diago-
nally oriented, similarly to the case in Ref. [16]). This time
is much longer than the literature-reported value ([19,28])
of the SPP total dephasing time T2 = 20–30 fs (in agree-
ment with our own estimations from either simulated or
experimental data). This confirms the fact discussed above
that in our experiment the relevant decoherence mecha-
nism is pure dephasing, caused by elastic scattering of
SPPs, rather than dephasing due to inelastic scattering
(i.e., population decay). Since in our experiment we mea-
sure visibility to be almost 100% (within the margin of
experimental precision), we conclude that in our system
pure dephasing is a remarkably slow process compared
with absorption and the SPP pure dephasing time T ∗

2 must
be much longer than the propagation time, and we put
a conservative order-of-magnitude estimate of 100 fs on

its lower bound, which is similar to the value reported in
Ref. [19].

However, this time could be in practice much longer,
as our experiment remarkably reports no quantitative trace
of quantum decoherence. Performing the same experiment
in an even more highly dispersive regime could hypotheti-
cally allow us to make the decoherence process eventually
visible to some extent. This would make the degradation
of the visibility of fringes capable of being modeled, one
of the parameters of such a model being the pure dephas-
ing time, which could be more-precisely estimated. The
design of such an experiment is, however, fundamentally,
limited by the high level of absorption that coexists with
the enhancement of light-matter interactions. It dramati-
cally reduces the signal level at the output of the plasmonic
path progressively to almost zero.

In summary, we examine the influence of plasmon
dispersion on the quantum decoherence properties of sur-
face plasmons. The excitation of highly dispersive plas-
mons does not result in the reduction of the quality of a
single-particle quantum state for transmitted light. Plas-
mons excited in hole arrays are found to preserve quantum
mechanical correlations, even in the presence of extreme
dispersion near the plasmon resonance and strong absorp-
tion. Moreover, the focus of our measurements is on the
elastic dephasing processes, the consideration of which is
commonly neglected in quantum optics modeling due to
its supposed insignificance. Our findings provide experi-
mental proof for such an assumption, and also emphasize
the difference between decay and decoherence. Thus, we
conclude that despite being lossy, plasmonic structures
may find applications in the realms of quantum technol-
ogy, where the power of extreme light confinement can be
effectively leveraged.
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