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Abstract
Metals can sustain traveling electromagnetic waves at their surfaces supported by the collective oscillations of their free electrons in unison. Remarkably, classical electromagnetism captures the essential
physics of these ‘surface plasma’ waves using simple models with only macroscopic features, accounting for microscopic electron–electron and electron–phonon interactions with a single, semi-empirical
damping parameter. Nevertheless, in quantum theory these microscopic interactions could be important, as any substantial environmental interactions could decohere quantum superpositions of surface
plasmons, the quanta of these waves. Here we report a measurement of path entanglement between
surface plasmons with 95% contrast, conﬁrming that a path-entangled state can indeed survive without measurable decoherence. Our measurement suggests that elastic scattering mechanisms of the
type that might cause pure dephasing in plasmonic systems must be weak enough not to signiﬁcantly
perturb the state of the metal under the experimental conditions we investigated.

Introduction
Classical models of surface plasma waves usually account for the microscopic scattering effects responsible for
loss using a single, semi-empirical Drude damping parameter [1]. It is then straightforward to quantize these
waves by analogy to electromagnetic ﬁelds in free space [2–5], with surface plasmons, their quanta, playing an
analogous role to photons. Experiments in the last several years have tested this analogy, demonstrating singleparticle statistics [6–9], squeezing [10], entanglement [11, 12], and quantum interference [13–17] in plasmonic
circuits.
As hybrid excitations that involve both electromagnetic and electronic components, surface plasmons
occupy an interesting middle ground between photonic systems, which typically interact weakly with their
environments, and electronic systems, which usually suffer much stronger environmental interactions. In
particular, classical theories of surface plasmons include extra microscopic interactions such as electron–
electron, electron–phonon, and electron–surface scattering [1] that are absent for photons. These scattering
mechanisms contribute both to the absorption of a plasmon, which creates an electron–hole pair, and the
subsequent thermalization of the hot electron and hole. The full extent of these interactions is still a matter of
some controversy, however, as elastic scattering processes might [18, 19] or might not [19, 20] cause ‘pure
dephasing’ of plasmons that have not yet been absorbed.
If a surface plasmon scatters from phonons or electrons in the metal that supports it without being absorbed,
thereby leaving behind a record of its existence in the electronic or atomic motions of the metal, it should be
possible to detect such a scattering event as decoherence in a measurement of entanglement between plasmons.
Experiments to date have shown that photons that are entangled by polarization [11] or frequency [12] do
indeed remain entangled after being converted to plasmons and back to photons, but an experiment with pathentangled plasmons has not been reported. One reason the latter experiment is particularly interesting is that the
entangled state should decohere if the metals involved (i.e. the ‘environment’) can detect the mere presence or
absence of plasmons, as opposed to distinguishing between their polarization states or frequency components.
We also note that the plasmonic waveguides we used for this experiment showed greater conﬁnement,
© 2015 IOP Publishing Ltd and Deutsche Physikalische Gesellschaft
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Figure 1. Schematic of path entanglement experiment. BiBO—bismuth borate crystal; BPF—band-pass ﬁlters (814 ± 2.5 nm); PM—
polarization-maintaining; MM—multimode; SPAD—single-photon avalanche diode; DLSPPWs—dielectric-loaded surface plasmon polariton waveguides.

dispersion, and loss than those studied in previous entanglement experiments. Accordingly, we expect
interactions between the plasmons and their environment to be stronger in our case.

Theory of experiment
Figure 1 shows a schematic of our experiment. We create pairs of single photons by spontaneous parametric
down-conversion (SPDC) and couple them into a pair of waveguides which we fabricate on a silicon chip. The
waveguides are coupled at two sequential 50–50 directional couplers, forming a Mach–Zehnder interferometer,
and a resistive heater shifts the phase in one of the waveguides by the thermo-optic effect. Between the
directional couplers, we integrate dielectrically loaded surface plasmon polariton waveguides (DSLPPWs) into
the dielectric waveguides.
We used this circuit to study path-entanglement between surface plasmons as follows. Quantum
interference at the ﬁrst coupler produces a path-entangled state,
1,1 ⊗ E i 1st coupler
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯→

1
( 2,0 + 0,2 ) ⊗ E i ,
2

(1)

where i , j denotes a state with i photons in one waveguide and j photons in the other, and E i represents the
state of the environment before the photons are converted to surface plasmons. Here, ‘the environment’ refers to
all of the degrees of freedom of the electrons and phonons in the two metal pads that form the plasmonic
waveguides. (We describe decoherence in this system using a von Neumann model of measurement, as
described in section 3 of [21].) The heater introduces a phase shift to only the component in which both photons
are in the ﬁrst waveguide:
1
1
( 2,0 + 0,2 ) ⊗ E i phase shift
e i2Δϕ 2,0 + 0,2
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯→ 2
2

(

)⊗

Ei .

(2)

Note that the relative phase Δϕ imparted by the heater contributes a phase to the state 2,0 which is twice as
large. The factor of two comes from two powers of the creation operator, a †, each shifted by Δϕ, as in:
2

(

)

2,0 = e iΔϕa † 0,0 .
At the plasmonic waveguides, the state of the environment evolves along with the state of the plasmons:
1
e i2Δϕ 2,0 + 0,2
2

(

)⊗

E i plasmons
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯→

1
e i2Δϕ 2,0 ⊗ E 2,0 + 0,2 ⊗ E 0,2
2

(

).

(3)

Here, E 0,2 is the state of the environment that would result from both plasmons traversing the ﬁrst
waveguide, and E 0,2 is the corresponding state for the other case. These two states are equal if the plasmons do
not interact at all with their environment, but they would be different in the case that the plasmons elastically
scatter from electrons or phonons, as described earlier. Note also that we have ignored components of the
2
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resulting state that have fewer than two plasmons. Physically, this corresponds to post-selecting for only those
trials in which neither plasmon was absorbed.
Finally, quantum interference at the second coupler produces a complicated output state:
1
2nd coupler ⎡⎣ e i2Δϕ
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯→ 4

(

2 2,0 − 2i 1,1 −

(

+ − 2 2,0 − 2i 1,1 +

2 0,2

2 0,2

)⊗

)⊗

E 2,0

E 0,2 ⎤⎦ .

(4)

Constructing the density operator corresponding to this state and tracing over the degrees of freedom of the
environment gives the reduced density operator of the surface plasmons, ρred , from which the probability of
detecting simultaneous counts at the outputs can be found:
Pcoinc = 〈1, 1| ρred 1, 1 =

1⎡
1+
2⎣

E 2,0 E 0,2

⎤
cos(2Δϕ) ⎦ .

(5)

In the absence of interactions between the plasmons and the environment, we have E 2,0 = E 0,2 and, as a
1

result, Pcoinc = 2 [1 + cos(2Δϕ)]. In contrast, if the surface plasmons alter the state of the metal such that

E 2,0 E 0,2

< 1, the amplitude of the sinusoidal oscillation of Pcoinc is reduced, with the case

E 2,0 E 0,2 = 0 corresponding to total decoherence and no dependence of Pcoinc on Δϕ. As a result, by
measuring the coincidence count rate at the outputs of the waveguides as a function of the applied phase, Δϕ, we
can probe the perseverance or decoherence of the path-entangled plasmon state.

Experimental methods
For our SPDC source, shown schematically in ﬁgure 1, we use a 100 mW, 407 nm diode laser and a bismuth
borate (BiBO) crystal to generate pairs of single photons at 814 nm. Lenses on either side of the crystal focus the
laser onto it and collect the divergent down-converted light from it. A pair of identical 5 nm band-pass ﬁlters
centered at 814 nm isolate the down-converted photons from background light, and collimators collect them
into polarization-maintaining ﬁber. When we connect these ﬁbers to our silicon single photon avalanche diodes
(SPADs), each roughly 50% efﬁcient at this wavelength, we observe approximately 26 000 coincidence counts
per second.
The waveguide-coupling apparatus, also depicted in ﬁgure 1, consists of a 40× microscope objective that
focuses the photons into the input side of the chip, lensed multimode ﬁbers to collect them from the output side
of the chip, and SPADs to detect them. We use a ﬁber-coupled adjustable delay line to ensure that both photons
arrive at the chip simultaneously, which we verify by observing Hong–Ou–Mandel interference [24] as we vary
the delay setting. We observe approximately 6% transmission through a circuit with 10 μm DLSPPWs and 3%
transmission through one with 20 μm DLSPPWs.
We fabricate our interferometers on silicon chips using a combination of lithography, wet and dry etching,
and thin ﬁlm deposition techniques, which are described in more detail in [14]. Brieﬂy, we pattern the dielectric
waveguides in 280 nm of silicon nitride on top of a 3 μm SiO2 lower cladding layer. Subsequent lithography,
etching, deposition, and lift-off steps deﬁne recessed gold pads for the DLSPPWs, followed by further
lithography and metallization steps to create nickel-chromium heaters and gold contact pads. Two ﬁnal
lithography steps in 2.5 μm and 350 nm PMMA cover layers deﬁne spot-size converters [23] at the ends of the
waveguides and the dielectric loads of the DSLPPWs, respectively. The completed DLSPPWs consist of strips of
PMMA 300 nm wide, 350 nm tall, and either 10 or 20 μm long on top of gold pads of the same length.
Figure 2 shows the fabricated chip. Panel (a) depicts two complete interferometers, each with a pair of
contact pads (large gold rectangles) and 10 μm DLSPPWs (small gold rectangles, shown also in panel (c)). The
large, dark oval near the center of the image is an area where the silicon underneath the waveguides has been
etched away using XeF2 in order to thermally isolate the resistive heaters, which can be seen more clearly in panel
(b). The diagram in panel (d) sketches a cross section of this part of the chip, showing the heater-waveguide
separation and the approximate extent of the undercut. With this design, we need roughly 50 times less power to
achieve a given phase shift than for a similar chip without the undercut.
The measurements themselves consist of two main steps. First, we set the heater power to give a phase shift of
approximately π/2 and record simultaneous counts at the detectors as a function of the adjustable delay setting.
The resulting Hong–Ou–Mandel interference allows us to ﬁnd the setting that corresponds to the simultaneous
arrival of both photons at the ﬁrst directional coupler. Second, we step the voltage across the heater from 0–3 V
(roughly 0–5 mW), recording both one- and two-particle interference in the count rates of the SPADs.
Speciﬁcally, at each step we: (1) block one of the inputs and record the count rate on each detector; (2) unblock
3
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Figure 2. The completed chip. (a) Optical micrograph showing dielectric waveguides (thin dark lines), contact pads (large gold
rectangles), DLSPPWs (small gold rectangles), and under-etched region (large dark oval). The two dark, vertical lines in the right half
of the image separate the area covered with 350 nm of PMMA (between these lines) from that covered with 2.5 μm of PMMA
(everywhere else). The dashed box encloses a single interferometer with 10 μm DLSPPWs, as represented schematically in ﬁgure 1. (b)
Optical micrograph of the region where the silicon handle has been etched out from underneath the heaters and waveguides. The two
light gray, horizontal lines connecting pairs of gold contacts are resistive NiCr heaters, while the long, dark oval between them is the
hole through which the underlying silicon was etched. (c) Scanning electron micrograph of a 10 μm DLSPPW. (d) Diagram showing a
cross section of the under-etched region.

the input and record the coincidence count rate; and (3) block the same input as before and record the separate
count rates again to make sure they did not change substantially. Following this procedure allows us to observe
single-particle (‘classical’) interference in the data with one input blocked and two-particle interference in the
coincidence data.

Results and conclusions
Our raw data for the 10 μm DLSPPWs are shown in ﬁgure 3(a). The top panel shows the count rate of one of the
SPADs with one input blocked (i.e. one-particle interference), while the bottom panel shows the coincidence
count rate with neither input blocked. Both signals oscillate, and it is clear that the latter does so at twice the
frequency of the former. The oscillations are not sinusoidal, though, indicating that the phase shift caused by the
heater does not depend linearly on the power supplied to it. We also note that the heater itself was quite stable, as
its resistance, shown in ﬁgure 3(b), did not change by more than about 1% over the course of the measurement.
Taking the thermo-optic coefﬁcient of the silicon nitride to be 2.45e–5 [22] and neglecting the contributions of
the cladding materials, we estimate that the heaters increase the temperature of the neighboring waveguides by
about 70 °C.
From the single-particle interference in the top panel of ﬁgure 3(a), we calculate the phase shift that the
heater produced at each power setting. The result is shown in ﬁgure 3(c). We then use this information to plot
the coincidence data as a function of phase instead of heater power, as shown in ﬁgure 4(a). The data in this plot
are the same as those in the bottom panel of ﬁgure 3(a), but here they are plotted as a function of the phase shift
induced by the heater. The red curve shows a sinusoidal ﬁt with a period of π, conﬁrming that the coincidence
signal does indeed oscillate as expected from equation (5). Figure 4(b) shows the result of a similar measurement
made in an interferometer with 20 μm DLSPPWs, where we have applied the same method of analysis. The
4
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Figure 3. Raw measurements on the interferometer that had 10 μm DLSPPWs. (a) Top: one-particle interference obtained by
blocking one input of the interferometer and recording the count rate at one of the detectors. Bottom: two-particle interference
obtained by counting coincidences with both inputs unblocked. Error bars indicate one sample standard deviation above and below
the average, calculated from three trials. (b) Resistance of the NiCr heater plotted over its operating range, showing a maximum
variation of about 1%. (c) Plot of the phase shift induced by the heater as a function of the power supplied to it, computed from the
one-particle interference data. The ﬁrst maximum of the interference data was taken to correspond to zero phase.

Figure 4. Measurements of two-particle interference in the interferometers with 10 μm (left) and 20 μm (right) DLSPPWs showing
clear path entanglement with visibilities of 0.954 ± 0.016 and 0.948 ± 0.021, respectively. Each data point marks the average of three
measurements, while the error bars represent one sample standard deviation above and below the average. The red curves are
sinusoidal ﬁts.

5
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result is nearly identical to that in panel (a), indicating that increasing the length of the DLSPPWs (and therefore
the losses suffered) did not affect the degree of path entanglement.
The visibility of interference in these measurements is deﬁned as
V=

C max − C min
2C min
=1−
,
C max + C min
C max + C min

(6)

where Cmax and C min are the maximum and minimum count rates observed as the phase varies. In the
interferometer with 10 μm DLSPPWs we observe one-particle and two-particle interference with visibilities of
0.974 ± 0.005 and 0.954 ± 0.016, respectively. In each of these calculations, we estimate the standard deviation of
the visibility using the (measured) standard deviation of C min, taking Cmax to be constant because ﬂuctuations in
Cmax are proportionately much smaller than ﬂuctuations in C min. In the circuit with 20 μm DLSPPWs, we
observe visibilities of 0.972 ± 0.007 and 0.948 ± 0.021 for one- and two-particle interference, respectively.
While the longer, higher-loss waveguides did not reduce the visibility of entanglement, they certainly
reduced the overall transmission of light through the interferometers. As shown in ﬁgure 4, increasing the length
of the DLSPPWs by 10 μm reduced the coincidence count rate by roughly a factor of ﬁve, which is consistent
with the observed drop in the single-particle signal by slightly more than a factor of two. In previous
measurements [14], we estimated the 1/e absorption length in similar waveguides to be roughly 7 μm, however,
which suggests that the difference between losses observed in the 10 μm and 20 μm waveguides in the current
experiment should have been larger. We suspect that the coupling of light into and out of the interferometer with
20 μm DLSPPWs might have been slightly more efﬁcient than for the interferometer with 10 μm DLSPPWs,
partially offsetting the extra absorption loss.
In conclusion, we have observed path entanglement between surface plasmons with a visibility of
approximately 95%. Moreover, doubling the length of the plasmonic waveguides we studied did not have any
measurable effect on the visibility of entanglement. As a result, we conclude that the plasmons in our experiment
did not interact strongly enough with the metal that sustained them—as by elastically scattering electrons or
phonons, for example—to decohere the path-entangled state.
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