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Abstract
Weperformed quantum tomography to reveal the robustness of quantum correlations of photons
entangled in polarisation after their interactionwith plasmonic and nonplasmonic environments at
normal incidence. The experimental findings clearly show that the visibility of quantum correlations
survives the interaction, and that the presence of plasmonic resonances has not any significant
influence on the survival of polarisation correlations for transmitted photon pairs. The results indicate
that quantum states can be encoded into themultiplemotions of amany-body electronic system
without demolishing their quantumnature. The plasmonic structures and their resonances only
enhance the overall transmission. Thus, they could benefit the pair detection rate, that is the number
of coincidences per unit of time, but they do not affect the visibility of quantum correlations.We also
performed quantum tomography of the entangled pairs after interactionwith the continuous planar
goldfilm as a function of the incidence angle. The latter illustrates the loss of polarization correlations
that arises from the partially polarizing properties of the isotropic sample out of normal incidence.
Ourwork shows that plasmonic structures are not needed to exploit quantum entanglement if the rate
of coincidence counting is sufficient.

1. Introduction

Recently a few articles [1–3] described and thoroughly discussed the importance of polaritonic structures and
plasmonic resonances for the survival of quantum entanglement in polarization or energy (frequency bin
entanglement). Surface plasmon polaritons (SPPs) are quasi-particles created by the coupling of light with
collective oscillations of the conduction electrons at ametal-dielectric interface. SPPs exhibit an evanescent field
in the direction perpendicular to their propagation. Therefore, they strongly confine light at the interface.
Metallic nanostructures can convert photons into SPPs, which tunnel through the structure before reradiating as
photons [4, 538]. This photon-plasmon-photon conversion process has been investigatedwith polarisation
[1, 39] (see also the theoretical analysis of [6]), time-bin [2, 7] and orbital-angular-momentum [8] entanglement.
It has been shown that plasmonsmaintain nonclassical photon statistics, and preserve entanglement, encoding
entangled photons inmulti-electronic systems.

Thework ofOlislager et al. [2] reviewed different quantum experiments with plasmons, such as Young’s
double-slit experiment [9], evidence of quantum superpositions of single plasmons [10–14], and the generation
of plasmonic squeezed states [15], as well as two-particle experiments [16–21]. The studiesmentioned above
proved the quantumbosonic nature of plasmonic excitations. It has also been shown that the spin–orbit
coupling of incident light allows the post-selection of the final state in a quantumweakmeasurement of the light
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chirality [22]. The polarisation entanglement of photon pairs [1], as well as energy-time entanglement, are
preserved [2] in cascading photon to SPP and subsequently to photon conversions, with preservation of
temporal coherence that is larger than the SPP lifetime [7]. Besides, both the quasi-particle andwave nature of
SPP are highlighted in experiments similar to those attesting thewave-particle duality of photonswhen they
interact with beam splitters [12].

For these reasons, the advantages of quantumplasmonics have gainedmuch visibility in the physical
community [1–3, 23], since plasmons and SPPs or localized surface plasmon resonances (LPSRs) offer the
unique possibility to control andmanipulate nonclassical states of light. Integrated quantum technologies that
allow scalability andminiaturization, as well as coherent coupling to single emitters [3, 4, 24] harnessing
plasmonic resonances, offer a great potential formultiple applications in quantum information and technology,
such as design and fabrication of single-photon sources, transistors, and ultra-compact circuitry, with potential
applications for secure communication and advanced computing [25–27].

Here, we go further into the characterization of the entanglement preservation properties of thinmetallic
structures.We study not only the visibility of the coincidence detections but the full quantum state and
correlations after transmission, i.e. after interactionwith corrugated and noncorrugatedmetallic films. In this
particular study, we use photons entangled in polarisation at a near-infraredwavelength (818 nm) and
investigate the interaction of the photonswith an entirely differentmetallic structure, a continuous planar gold
film, in order to reveal by quantum tomography the robustness of quantum correlations in the absence of
plasmonic resonance.

2. Experimental part

Aplanar and continuousmetallic filmwith thickness of 10 nm (3 nmCr+and 7 nmAu)was deposited by
thermal sputtering on a glass substrate. The precise thicknesses of the deposited Cr andAu layers were
determined using theRutherford Back Scatteringmethod (RBS) after deposition.

The anisotropic, chiral plasmonic structures were fabricated by electron beam lithography [28] and lift-off
process. Theywere drawnon a resist thin film (ZeonCorporation, ZEP-520a) on a transparent substrate.
Chromium and goldfilms of 5 and 20 nm (total thickness of 25 nm)were deposited on the patterned resist film
by thermal deposition technique. After the lift-off process, the anisotropic, chiral plasmonic arrays were
obtained. The geometry of the array and a high resolution image of the plasmonic units are presented infigure 1.

3.Quantumoptical setup

Initially, a half-wave plate and a polarising beam splitter prepare the polarisation of the pump laser beam at 45°
with a central wavelength at 409 nm (see figure 2). Photon pairs with a double central wavelength are produced
via spontaneous parametric downconversionwithin two orthogonal and superimposed BBO-crystals of type I
[29]. Nonlinear crystals are oriented such that horizontal and vertical polarisations participate in the
downconversionwithin the first and the second crystal, respectively. A third BBO-crystal is placed in front of the
source to compensate the group velocitymismatch. This configuration allows us to prepare amaximally
entangled Bell State HH VV .1

2
f ñ = ñ + ñ+∣ (∣ ∣ )

In the second part of the setup, a half-wave plate, a quarter-wave plate and a polarising beam splitter are
placed along each optical path of photon pairs. Photons are detectedwith four single-photon-countingmodules
(SPCM) and afield-programmable gate array (FPGA) coincidence counter. Count and coincidence counting are
used tomake polarisationmeasurements. Thismeans that single-photon detection event resulting from losses
along one optical path (due for example to reflection, absorption, or scattering) are not considered for quantum
tomography, as only photon correlations are taken into account. (Technically: we only probe the two-photon
subspace of theHilbert space.)Different basis are adjustedwith the combined orientations of wave plates. Iris
and low-passfilters select the desired superposed emission cones and reduce noise. Complementary
information on the optical and detection setup can be found in [30].

4. Results and discussion

4.1. Transmission spectrumof the planar and nanostructuredmetallicfilm
The transmission (T) spectra of the goldfilmsweremeasured at normal incidencewith theUV–Vis Cary
spectroscope on circular areas of 0.5 cmdiameter. The spectrumof the noncorrugated gold film (seefigure 3,
upper) exhibits thewell-known spectrumof a semi-transparent film, as it is rather opaque in the visible range
[31]. The optical spectrumof the plasmonic nanostructures is also presented (see figure 3, lower). The optical
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properties ofmetallic particles are influenced by the particle size and orientation. The optical spectrumof
plasmonic nanostructures is significantly structured. Due to the anisotropy and chirality of the array, a small
difference in transmission (on different parts of the array) can be observed using different polarizations of the

Figure 1. SEM image of the anisotropic chiral plasmonic nanostructures (upper-a: left handed; lower-c: right handed). The insets are
largemagnification images of the left-handed (upper-b) and right-handed (lower-d) chiral plasmonic structures. The scale bars in the
insets are 500 nm. The distance between the structures aswell as the height and the broadest width of theC-like structures are
approximately 250 nm. The length of the rods is also approximately 250 nmwhile the correspondingwidth is about 84 nm. The
different structures were deposited on the same substrate near each other using lithographymethod (see Experimental Part).

Figure 2.Experimental setup.Red lines represent the optical path of frequency-degenerate photon pairs.HW (half-wave plate), PBS
(polarising beam splitter), BBO (BBO-crystal of type I), QW (quarter-wave plate), F (low-passfilter), D (lens andfibre coupler to SPCM)
and sample (S). The sample is put in oneof the two, otherwise equivalent, optical paths. It can rotate around an axis perpendicular to the
optical table to change the angle of incidence.

3
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incident light (results not shown). In our experimental results depicted infigure 3, transmission and absorption
of both the continuous and structuredmetallic filmsweremeasured using nonpolarized light and through a
large spot, so that it was not possible to observe the small difference in transmission related to the anisotropy and
chirality of the array. Thanks to the plasmonic resonances, the overall transmission of the nanostructured film
increases, and becomes larger than the continuous planar film (see figure 3), even though the nanostructured
film is thicker than the continuous film (25 versus 10 nm). It exhibits resonances with an asymmetric peak,
which resembles verymuch the one previously reported for extraordinary transmission of differentmetallic
subwavelength nanostructures [2, 31, 32]. In the case of the structured film, the peak in the absorption probably
arises from the excitation of dipolarmode of the plasmonic array.

Figure 3.Optical Spectra of planar (upper-a) andnanostructured (lower-b)metallic films. Transmission curves are in bluewhile
absorbance curves are in red. The inset (c) shows the optical spectra of the nanostructured sample over awavelength range exhibiting
also near-IR plasmonic resonances.

4
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4.2.Quantum tomographywith the nanostructuredmetallicfilm at normal incidence
We start by evaluating the effect of the plasmonic nanostructures on polarisation-entanglement, in
transmission.We realise a quantum tomography to reconstruct the densitymatrix of the systemof the initial
biphoton state r̂ obtainedwithout the sample and the state ŝ obtained after transmission through the sample
with the plasmonic nanostructures and at normal incidence.We realise quantum tomography of a systemof two
qubits with two detectors per qubit. In this case, 9 differentmeasurement bases are sufficient to realise the
quantum tomography [33]. Although using 36 different analysis settings can improve themeasurement
precision, in order tominimise the total time of tomography and increase the stability during the complete
course ofmeasurements, quantum tomography is performedwith 9 different bases. Each basismeasurement
without andwith the nanostructured sample is realisedwithin a time total of 60 s andwith a timewindowof 16
ns for coincidence counting. All results are treatedwith the code developed by Paul Kwiat’s quantum
information group to determine themaximum likelihood estimation of each state, themetrics describing the

features of the quantum state and its uncertainties [33, 34]. Thefidelity F Tr,1 2 1 2 1
2r r r r r=( ˆ ˆ ) ( [ ˆ ˆ ˆ ]) is a

measurement of similarity between the two states 1r̂ and 2r̂ and can take value in the interval [0,1]. In our
experiment, F , 0.9966 0.0012r s = ( ˆ ˆ ) is very close to one. Furthermore the computed fidelities with the Bell
state ,f ñ+∣ F , 0.8630 0.0018f rñ = +(∣ ˆ ) and F , 0.8627 0.0012f sñ = +(∣ ˆ ) are nearly identical. These show
that the initial and final states are nearly identical.We conclude that, at normal incidence, the nanostructured
sample does not change significantly the polarisation, the polarisation correlations, and the entanglement of the
transmitted photon pairs. This is confirmed by the similarity between the graphical representations of these
states (seefigure 4). These results are in linewith previous observations, which indicate that plasmonic
nanostructures are able to preserve entanglement [1, 2].

4.3.Quantum tomographywith the continuousmetallicfilm at normal incidence and as a function of the
incidence angle
In order to assess the effect of plasmonic resonances on preserving quantum correlations, we performed a
detailed quantum tomography study on the planar structure without plasmonic resonances. For classical waves,
our continuous, planar film does not affect the polarisation at normal incidence. Transmittance is the same for
all polarisations as it is isotropic in the surface plane. For non-normal incidence, the transmittance becomes a
function of the polarisation.We investigate the effect of introducing the samplewith different angles of
incidence on the entangled polarisation state produced by the quantum source, as described below.

Firstly wemeasure both the initial biphoton state r̂ obtainedwithout the sample and the state ŝ obtained
after transmission through the continuousmetallic film at normal incidence.We realise a quantum tomography
to reconstruct the densitymatrix of the system. Polarisationmeasurements aremade in 36 different bases. Each
measurement without (with) the planar sample is realisedwithin a time total of 30 s (60 s) andwith a time
windowof 16 ns (16 ns) for coincidence counting. The graphical representations of these states are also very
similar (see figure 5).

Figure 4.Graph of the real (left) and imaginary (right) parts of the densitymatrix. Graphs (a) and (b) represent the densitymatrix ŝ of
the biphoton state after transmission through the structured plasmonicfilm.Graphs (c) and (d) represent the densitymatrix r̂ of the
initial biphoton state. Blue rods and black rods represent diagonal and off-diagonal terms of the densitymatrix, respectively.
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Thefidelity between the two states F , 0.9989 0.0003r s = ( ˆ ˆ ) is very close to one. In other words, the two-
photon states before and after the sample at normal incidence are closely similar. Furthermore, the computed
fidelities with the Bell state ,f ñ+∣ F , 0.8683 0.0008f rñ = +(∣ ˆ ) and F , 0.8673 0.0006f sñ = +(∣ ˆ ) are nearly
identical and lead to the same conclusion. At normal incidence the thin, continuous,metallic film does not
change significantly the polarisation of the transmitted photon pairs. Consequently, polarisation entanglement
is completely preservedwithin the experimental uncertainties.

Secondly, we compare the initial, unperturbed state 0̂r and the states obtained after the sample with 4
different orientations: at normal incidence ,0̂s( ) 20° ,1̂s( ) 35° 2̂s( ) and 50° 3̂s( )with respect to the surface
normal. In order tomaximise the stability of the experiment throughout themeasurements, quantum
tomography is performedwith 9 different bases with a total time of 60 s for each basismeasurement and a
coincidence timewindowof 16 ns. To compare themeasured quantum state to the expected state produced by
each sample rotation (0°, 20°, 35° and 50°), we calculate the theoretical renormalized state of the system after the
sample:

M M

Tr M M
M I t P t Pwith ,t H H V V

0

0

^
^^ ^

^^ ^
^ ^ ^ ^s

r

r
= = Ä +

( )
( )

( )
†

†

whichwe evaluate using the theoretical complex transmission coefficients through themetallicfilm sample ofp(tH)
and s(tV)polarisations and theprojectors PĤ and PV

ˆ on the horizontal andvertical polarisation states, respectively.
As the transmission coefficients are complexnumbers, the impact of phase differences between the transmitted s and
ppolarisations is taken into account in our evaluationof the transmitted two-photon state and inour calculations
of thefidelities to the initial state. The transmission coefficients are obtainednumericallywith thematrix transfer
method applied toflatmultilayers ofAu/Cr/glass,with thickness of 7 nm/3 nm/1mmrespectively.Weuse the
complex refractive index atwavelength 818 nml = for the gold n i0, 15905 5, 0572Au = + [35], chromium
n i3, 1945 3, 4772Cr = + [36] and glassN-BK7 (SHOTT) n i1, 5104 9, 3260.10glass

9= + - obtained from
[37]. Rapid oscillations of small amplitudeof thewavelength-dependent transmission coefficientswere averagedout.
These arise frommultiple reflections between theoptical interfaces. They arenot observed experimentally due to the
finite coherence time andbeamsize.

The entanglement of formation Ef s( ˆ ) is ameasurement of entanglement for a state .ŝ For a system

of two qubits, E x x x xlog 1 log 1f 2 2s = - - - -( ˆ ) ( ) ( ) ( )with x C1 1

2

2

= + - and the concurrence C =
max , 04 3 2 1l l l l- - -( )where il with i=1,2,3,4 are the square roots of the eigenvalues of y yr s sÄˆ ( ˆ ˆ )

y y*r s sÄˆ ( ˆ ˆ ) in increasing order.Wemeasure the entanglement of formation Ef is( ˆ ) and the experimental state
fidelity with respect to the state without the sample F , ,i0r s( ˆ ˆ ) andwith respect to themaximally entangled
Bell state theoretically produced F ( , if sñ+∣ ˆ ). These properties quantify the influence of the planar film on the
entanglement and polarisation state of the transmitted photon pairs. As our aim is to quantify the preservation of
quantum entanglement in transmission through the sample, wefirstmeasure and compute the entanglement of

Figure 5.Graphical representation of the densitymatrix estimated by quantum tomography. The value of the real (a) and imaginary
(b)parts of the densitymatrix ŝ of the biphoton state after transmission through the continuousmetallic film and the value of the real
(c) and imaginary (d) parts of the densitymatrix r̂ of the initial biphoton state. Blue rods and black rods represent diagonal and off-
diagonal terms of the densitymatrix, respectively.
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formation.However, the degree of entanglement can be left unchanged by transmissionwhile the state is
transformed to another (equally) entangled state. For this reason, it is also important to quantify the closeness
between the states before and after transmission through the sample, whichwe do by calculating thefidelity. In
theory, the state of the photon pairs transmitted through the planar sample at normal incidence 0ŝ should be the
same as in the configurationwithout the sample .0r̂ This is confirmed experimentally with themeasure of the
fidelity F , ,0 0r s( ˆ ˆ ) which is nearly equal to one. This is an immediate consequence of the equality between the
transmission coefficients for s and p polarisations. For this reason, we use both 0r̂ and 0ŝ as a reference to
calculate the theoretical fidelity with respect to the initial state as a function of the incidence angle (see figure 6).
We use these two references to provide a bound on experimental uncertainties due to the global stability of the
systemover long acquisition times. The theoretical curves associatedwith these two references are really close to
each other, as shownby theY-axis scales. The experimental entanglement of formation Ef is( ˆ ) and thefidelities
F , if sñ+(∣ ˆ ) and F , i0r s( ˆ ˆ ) decrease slowlywith the angle of incidence (see figure 6) and are in agreement with the
theoretical predictions.

For each state iŝ with i 0, 1, 2, 3 ,Î { } quantum tomography reveals that the probability ofmeasuring a
final polarisation HHñ∣ ( VVñ∣ ) after the planar, continuous,metallic film increases (decreases)with the angle of
rotation of the sample (see figure 7). The asymmetry between the coloured diagonal rods (blue or red) increases
with the angle. This is explained by the fact that, out of normal incidence, the transmission coefficient of p
polarisation is larger than the transmission coefficient of s polarisation.We quantify this behaviour
experimentally andwe compare it with theory (see figure 8).We represent the probabilities ofmeasuring a final

Figure 6. (a)Graph of thefidelity F , i0̂ ^r s( ) between the polarisation state with the continuousmetallic film îs andwithout the sample

0̂r in function of the angle of incidence, i.e. of the rotation of the sample; (b)Graph of thefidelity F , îf s+(∣ ⟩ )with respect to the
maximally entangled Bell state; (c)Graph of themeasure of entanglement of formation Ef îs( ) of the polarisation statewith the sample

îs in function of the angle of incidence. (a)–(c)Error bars represent the statistical error evaluatedwith aMonte Carlomethod.
Theoretical curves are calculatedwith the theoretical renormalized state .t̂s For each graphic, there are two theoretical curves,
calculatedwith respect to the two reference states 0̂r (in black) and 0̂s (in red).We use two curves because theoretically the density
matrix of the state with andwithout the sample at normal incidence should be the same, as confirmed experimentally (fidelity between
themnearly equal to 1). The area between the two theoretical curves isfilled in grey.
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polarisation HHñ∣ and VVñ∣ of a system in an initially entangled state like the f ñ+∣ Bell state. Each point
represents themean value of 30measurements of 5 s.

We conclude that the introduction of theflat,metallic film sample at normal incidence decreases the
coincidence rate (a loss of 55%~ theoretically and 57%~ experimentally) but it does not affect the entangled
quantum state.Without perturbation of the polarisation of the system, the densitymatrix of the polarisation
degree of freedom remains the same. This occurs at normal incidence, since the sample does not have any
polarising property. For non-normal incidence, the polarisation entanglement decreases. It is related to the
different transmission coefficients of s and p polarisation through the sample. This fact indicates that quantum
correlationswill be affected only if polarisation is affected. Although the nanostructured sample provides a
transmission 50%~ better than the planarmetallic film, thefidelities and trace distance between the initial and
transmitted states at normal incidence indicate that the initial state preservation is nevertheless (marginally)
better in the case of the planarmetallic film. This effect could be the result of the anisotropy of the
nanostructured sample that induces a small polarising effect upon transmission at normal incidence, contrary to
the planar, isotropic film.

5. Conclusion

In the present work, we studied the preservation of polarisation entanglement in transmission through
nanostructured and continuous planar gold films using quantum tomography. The quantum correlations
survive after interactionwith planar films and our finding clearly indicates that plasmonic resonances do not

Figure 7.On the left (right), the graphical representation of the experimental (theoretical) values of the real parts of the densitymatrix
îs of the biphoton state after transmission through the continuousmetallicfilm in function of the angle of incidence, i.e. of the
rotation of the sample.

8

J. Phys. Commun. 3 (2019) 065011 MRemy et al



play any significant role in the robustness of correlation preservation. Theymay only improve potentially the
total coincidence rate by increasing the transmission coefficient through thefilm,while they do not play any role
per se in the preservation of entanglement in the quantum state of the transmitted photon pairs.
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