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Quantum interference in plasmonic circuits

Reinier W. Heeres*, Leo P. Kouwenhoven and Valery Zwiller

Surface plasmon polaritons (plasmons) are a combination of
light and a collective oscillation of the free electron plasma at
metal/dielectric interfaces'. This interaction allows subwave-
length confinement of light beyond the diffraction limit inherent
to dielectric structures?. As a result, the intensity of the electro-
magnetic field is enhanced, with the possibility to increase the
strength of the optical interactions between waveguides, light
sources®® and detectors’”-. Plasmons maintain non-classical
photon statistics®'® and preserve entanglement upon trans-
mission through thin, patterned metallic films™'?2 or weakly
confining waveguides™. For quantum applications®'?, it is
essential that plasmons behave as indistinguishable quantum
particles. Here we report on a quantum interference experiment
in a nanoscale plasmonic circuit consisting of an on-chip
plasmon beamsplitter with integrated superconducting single-
photon detectors™ to allow efficient single plasmon detection’®.
We demonstrate a quantum-mechanical interaction between
pairs of indistinguishable surface plasmons by observing
Hong-Ou-Mandel (HOM) interference', a hallmark non-classi-
cal interference effect that is the basis of linear optics-based
quantum computation. Our work shows that it is feasible to
shrink quantum optical experiments to the nanoscale and
offers a promising route towards subwavelength quantum
optical networks.

In general, a 50/50 beamsplitter transforms two input modes (a,
and a,) into two output modes (b, and b,) in such a way that each
input is divided equally between the two outputs; that is, a single
particle in either input has a 50% chance of ending up in mode
b, and a 50% chance of ending up in mode b,. When simul-
taneously providing a single particle in both input modes, in
principle each particle travels independently and four outcomes
are possible with equal probability. However, in quantum mechanics
these options have to be added coherently, and the rather unex-
pected result is that for indistinguishable bosons!® a two-particle
interference effect gives only two possible outcomes: either both
particles end up in mode b, or both in b,, an effect known as
Hong-Ou-Mandel (HOM) interference. Note that, in contrast to
classical interference, the intensity, or average number of particles,
in either output is not affected and it is just the correlation statistics
that change. In terms of quantum operators, the beamsplitter can be
described by the transformations a, — VTb, +iv/Rb, and
4, — iv/Rb, + +/Th,, where R and T denote the reﬂectlon and
transmlss10n coefficients, and the factor i corresponds to a /2
phase shift. Creating a particle simultaneously in modes a,; and a,
results in  output state  2iv/RT(12);100; — |00, 12)p)+
(T — R)[1)p;|1),, from which it follows that for an ideal 50/50
beamsplitter the |1),,]1),, coincidence term disappears. Although
a plasmonic beamsplitter is not lossless, it has been shown theoreti-
cally that the interference visibility should remain 2RT/(R* + T?) as
long as the proper beamsplitter phase relations are maintained®.

The conventional approach for an optical quantum interference
measurement is depicted in Fig. la. Photons from a photon-pair
source are collected in optical fibres and, following a fibre

beamsplitter, detected by fibre-coupled silicon avalanche photo-
diodes (APDs). Alternatively, the photons can be interfered on a
bulk dielectric beamsplitter and detected using free-space detec-
tors!”. In both cases, the complete system is macroscopically large.
Dielectric-based integrated optics approaches have managed to
shrink such experiments considerably?"?, but are always limited
by diffraction and are still large compared with current electronic
components. Plasmonics uniquely offers a larger degree of confine-
ment and therefore allows the creation of structures smaller than the
diffraction limit. Our quantum interference scheme in Fig. 1b scales
down the whole experiment (except for the source) by several orders
of magnitude. In contrast to previous studies**?*, our beamsplitters
are based on directional couplers using the strongly confined wave-
guide plasmon modes to reach subwavelength length scales.

We used nanofabrication techniques to make our plasmonic
beamsplitters and integrated on-chip detectors!®. This approach is
flexible and allows the design of plasmonic networks with para-
meters obtained from numerical simulations (Supplementary
Section SE). A scanning electron microscopy (SEM) image of a
typical device is shown in Fig. 2a, together with a zoom-in of the
waveguide-coupling region and the detector area. The supercon-
ducting single-photon detectors (SSPDs) consist of a meandering
line (100 nm width) of a thin (~5 nm) superconducting material
(niobium nitride). These devices are operated at 4 K, well below

: |—
Silicon avalanche
% Photon photodiodes
Parametric interference D

downconversion
532 nm pump

a Photon pairs |

1,064 nm y
E

>15cm

7

~15um

Photon pairs

1,064 nm N Plasmon
\ mterferenc
D/\J\V e ,‘g/ Superconducting single
plasmon detectors
Parametric
downconversion
532 nm pump Plasmon excitation

Figure 1 | HOM interference. a, Conventional two-photon quantum
interference. Pairs of photons are created in a parametric downconversion
process and collected in two optical fibres. Quantum interference takes place
in a fibre-based beamsplitter. Photons are measured using silicon APDs.

b, On-chip plasmon interference. Photon pairs are generated as in a, but the
interference and detection part of the set-up is several orders of magnitude
smaller. A plasmonic directional coupler functions as beamsplitter. SSPDs are
integrated to perform near-field detection. The dead time and jitter of SSPDs
is much smaller than that of conventional APDs, as indicated schematically
by the output signals shown in the insets.
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Figure 2 | Plasmon interference device and experimental set-up. a, SEM image of a gold plasmonic directional coupler device. Integrated SSPDs (coloured
yellow) are located ~20 nm below the output waveguides. Top-right: zoom-in of the plasmon detection region. The width and spacing of the
superconducting meander are both 100 nm and the thickness is ~5 nm. The 150-nm-thick gold waveguide is 600 nm wide and aligned for optimal
absorption of the plasmonic mode in the SSPD (Supplementary Fig. S11). Bottom-right: zoom-in of the coupling region, with a waveguide width of 250 nm
and gap between waveguides of 100 nm. The cross-coupling ratio can be controlled by varying the interaction length L. b, Photon-pair source based on
degenerate type-Il collinear spontaneous parametric downconversion. An ~400 mW pump laser (532 nm) is focused to a ~70-pm-diameter spot in a
2-cm-long potassium titanyl phosphate (KTP) crystal producing photon pairs. The polarizing beamsplitter (PBS) separates the H- and V-polarized photons
from a pair to be collected in different optical fibres. A motorized delay line in one of the arms allows the time delay between the two photons to be
controlled with ~16 fs resolution. ¢, Experimental set-up. Two beams from optical fibres are focused to separate spots (spot size diameter, ~1 um) on the
sample by a microscope objective. Their polarization can be rotated using half-wave plates to optimize plasmon excitation (Supplementary Fig. S2).
Objective and sample are at 4 K in a dipstick filled with helium exchange gas and with a window for free-space optical access.

the critical temperature of ~12 K, by supplying a bias current close
to the critical current (~22 pA). After absorption of a single
photon, the detector switches locally to the normal, resistive
state’®. The current is shunted to an amplifier and a voltage pulse
can be measured. These detectors are easy to operate, sensitive
over a broad wavelength range (ultraviolet-near-infrared) and
have a very small timing jitter (down to ~50ps) and dead
time (~2 ns).

Optical measurements were performed using the set-up shown
in Fig. 2c. We first characterized the plasmon beamsplitter by focus-
ing a laser (A = 1,064 nm) to a small spot (~1 wm) and raster-scan-
ning this across the device while recording the number of detection
events in both detectors simultaneously (Fig. 3a). Plasmon exci-
tation is polarization-sensitive and most efficient with polarization
parallel to the waveguide (Supplementary Fig. S2). For the scan
we used a linearly polarized beam that couples to both inputs
equally. The resulting photoresponse maps in Fig. 3b,c have two
very pronounced features. First, the detectors click when directly
illuminated due to photon absorption, resulting in the left detector
appearing in Fig. 3b and the right detector in Fig. 3c. Second, the
two spots in the lower parts of Fig. 3b,c indicate that, when illumi-
nating those positions, both detectors give detection events at an
almost equal rate. This signal is caused by coupling into propagating
plasmon modes at the end of a single input waveguide. The plas-
mons are transmitted to both output waveguides approximately
equally and then detected by the SSPDs in the near-field. From
these measurements we can conclude that the coupling ratio is 0.5
(Supplementary Section SB2).

To create pairs of indistinguishable plasmons we built a bright
photon pair source based on a collinear type-II phase-matched
degenerate spontaneous parametric downconversion® process, as
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depicted in Fig. 2b. The photon pairs (A= 1,064 nm,
Supplementary Fig. S1) are separated at a polarizing beamsplitter
and, after a motorized delay line in one of the arms, a single
spatial mode is collected in single-mode fibres. We first character-
ized the indistinguishability of the produced photon pairs in a
HOM experiment using a fibre beamsplitter by performing a
time-resolved correlation measurement. The recorded counts
versus time t correspond to events where detector 1 clicks, followed
by a click from detector 2 at a time ¢ later. For time delays dt > 3 ps
between the photons, the peak above the uncorrelated background
in Fig. 4a around t = 0 shows that the counts come from a correlated
source; that is, there is an enhanced probability of simultaneous
photon detection by the two detectors because our source emits
photon pairs. When overlapping the photons in time at the fibre
beamsplitter by precisely adjusting the time delay dt, the correlation
peak disappears. In this case the photons bunch; that is, they inter-
fere and travel to the same detector, such that there are no correlated
clicks between the detectors. In Fig. 4b we plot the integrated
area under the curves in Fig. 4a, resulting in the characteristic
HOM dip. From the width and depth of the HOM dip we obtain
a coherence time 7.= (2.51+0.03) ps and an interference visibility
V=0.92+0.01, limited by non-perfect polarization and
spectral overlap.

Next, the H- and V-polarized photons from the photon-pair
source are individually coupled to the low-temperature set-up
where they are focused to small separate spots (spot size, ~1 wm).
After precisely aligning one spot at the left input waveguide and
the other at the right waveguide (separation, ~6 pm) and setting
the half-wave plates for optimal plasmon excitation, the count
rates of the SSPDs are ~45kHz. The time-resolved correlation
data in Fig. 4c now show a much narrower and more pronounced
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Figure 3 | Photoresponse maps of a plasmonic beamsplitter. a, Measurement procedure: a focused laser beam is raster-scanned across the device. At each
location we wait for 0.2 s and count the number of clicks in both the left and right detector. b,¢, Photoresponse maps of a 50/50 plasmonic directional
coupler with two SSPDs (device as in Fig. 2a, but with 150 nm gap and L = 0). The colour at each pixel represents the number of clicks obtained in the left (b)
or right (¢) detector when the laser excitation is at the location of that pixel. The top left of b and top right of € show that each of the detectors individually
clicks very often when directly illuminated, that is, when absorbing photons. The two spots at the bottom of b and ¢ correspond to plasmons being excited at
the ends of the waveguides and reaching both detectors with almost equal intensity, implying a 50/50 coupling strength. Note that different colour scales
are used in the upper and lower parts of b and ¢ because plasmon excitation yields fewer counts due to the limited photon-plasmon coupling efficiency and
propagation losses in the waveguide. The laser is linearly polarized and set to excite plasmons with equal intensity at both inputs (approximately vertical with
respect to this image). The structure design is superimposed as a guide to the eye.
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Figure 4 | Quantum interference measurements. a, Time-resolved correlation measurements to characterize the photon-pair source using the scheme in
Fig. 1a (fibre beamsplitter-based). The x-axis spans the range from —4 to 4 ns, much larger than the interphoton delay dt (indicated for each curve). For an
interphoton delay of >3 ps, the central peak around t = 0, well above the uncorrelated flat background, corresponds to a second-order correlation function
g@(0) >1 due to the correlated source. The peak width is limited by a jitter of ~600 ps in the APDs. Quantum interference causes these correlations to
disappear almost completely when the photons overlap in time. Integration time per curve is 8 s. b, HOM interference dip of the photon pair source. The
coincidences on the vertical axis are equal to the integrated number of counts at particular delay times dt between the two photons from a single pair
(that is, shaded areas in a). The full-width at half-maximum of the Gaussian fit to the HOM dip gives a coherence time 7. = (2.514+0.03) ps and visibility
V=0.92+0.01. ¢, Time-resolved correlation measurements of plasmon interference using the scheme in Fig. 1b. The x-axis now only spans from —1to 1ns
because the SSPDs have significantly improved timing resolution jitter, ~120 ps). This results in a lower background and a correspondingly larger g‘*(0).
(The time resolution is still larger than the indicated interplasmon delay.) Integration time of 15 min per curve. d, HOM interference dip showing quantum
interference of surface plasmons in two devices (as shown in Fig. 2a) with a 50,/50 directional coupling strength (gap 150 nm, L= 0). Coherence time
7.=(2.60+0.11) ps and visibility V= 0.43+0.02 for device 1 (integration time 30 min per point, pairs of traces from ¢ combined); 7. = (2.49+0.08) ps
and V= 0.3940.01 for device 2 (integration time 20 min per point). Compared to the photon-pair source properties in b, the measured coherence time is
identical but the visibility is reduced.

peak above the flat background, again because the detection events  delay between the two plasmons, and again see a decrease in correlated
come from a correlated source. The improved signal-to-noise ratiois  events. The integrated data in Fig. 4d shows the plasmonic HOM
due to the increased time resolution of the SSPDs, which effectively ~ dip measured on two different devices, with 7.=(2.60+0.11) ps
reduces the background signal intensity. We now adjust the time and V=0.43+0.02 for device 1 and 7.=(2.4940.08) ps and
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V'=10.39£0.01 for device 2. The interference visibility is reduced by
a factor of about 2 in both measured devices. This reduction is due
to the simultaneous excitation of long-range surface plasmon
modes?®, which are not strongly confined and do not have cut-off.
From a polarization-dependent plasmon excitation measurement
(Supplementary Fig. S2) we estimate the long-range surface
plasmon mode population to be 0.19, which directly translates
into a reduced quantum interference visibility V'=0.49.
Calculations show that imperfect mode overlap in the beamsplitter
reduces this value further by 8% (Supplementary Section SE3),
bringing the expected value to 0.45, very close to the measured
visibilities. However, it is important to observe that the width of
the dip is identical to the coherence time of the photon-pair
source, implying that the temporal properties of the wave packet
are not affected by propagation in the plasmonic mode.

The plasmonic directional couplers we designed in this exper-
iment are significantly smaller than previously realized struc-
tures’> 2 and allow further development of subwavelength
integrated optical networks with built-in light sources and detectors.
This platform provides opportunities to efficiently extract and
manipulate photons from single-photon emitters on-chip, without
ever converting to a free-space photon. Most importantly, the obser-
vation of two-plasmon quantum interference proves that plasmon
indistinguishability is maintained and therefore opens the way to
implement quantum optical elements at the length scale of typical
electronic components.

Methods

Simulations and device design. We performed numerical simulations using an
optical mode solver?”. Mode-dispersion calculations for a single 150-nm-thick
waveguide (Supplementary Fig. S5) show that, below a width of ~500 nm, this
structure has a single strongly confined mode and two weakly confined long-range
modes. We chose a 300-nm-wide, 150-nm-thick waveguide as the basic element
of our plasmonic circuit (for mode profile see Supplementary Fig. S6).

In directional couplers, the interaction of the evanescent fields of two nearby
waveguides causes their eigenmodes to hybridize into symmetric (|S),
Supplementary Fig. S7) and antisymmetric (|AS), Supplementary Fig. S8)
combinations called supermodes. Incoming single modes |L) and |R) in the left and
right waveguides can be written in the supermode basis: |L) =1/ V2(IS) + |AS)),
[R) = 1/+/2(]S)—|AS)). Owing to the effective index difference An between
modes |A) and |AS), the state after propagating over a length Ax is given by
[i) = |S) + e2™A"AXA| AS), where A is the free-space wavelength. When separating
this state into modes |L) and |R), the output power oscillates sinusoidally between
the left and right waveguide as a function of Ax (measurements in Supplementary
Fig. $3). In the case of plasmonic structures, losses give an overall damping factor
(for calculations see Supplementary Fig. S10). Based on a trade-off between losses
and An we selected 250-nm-wide waveguides with a 100 nm spacing to show
directional coupler behaviour. The device for the interference measurements
had a gap of 150 nm and interaction length L = 0 (see Fig. 2a) to operate in
the first 50/50 point.

Detection efficiency. The pair production rate of the downconversion source

was estimated to be 288 MHz with a fibre collection efficiency of ~35%, based on
the measured single and pair rates®® using silicon APDs with a detection efficiency
of ~1.5% at 1,064 nm. Taking into account the transmittance of the objective of
~55% at this wavelength, the overall efficiency of exciting and detecting a
plasmon was ~8 x 10~ *. From simulations and rough calculations we estimate that
scattering into the plasmonic mode by focusing a laser at the end of a waveguide
has an efficiency of approximately 5-10%.
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