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Abstract: The possibility of using weak optical signals to
perform sensing of delicate samples constitutes one of the
main goals of quantum photonic sensing. Furthermore,
the nanoscale confinement of electromagnetic near fields
in photonic platforms through surface plasmon polaritons
has motivated the development of highly sensitive quan-
tum plasmonic sensors. Despite the enormous potential of
plasmonic platforms for sensing, this class of sensors is
ultimately limited by the quantum statistical fluctuations
of surface plasmons. Indeed, the fluctuations of the electro-
magnetic field severely limit the performance of quantum
plasmonic sensing platforms in which delicate samples are
characterized using weak near-field signals. Furthermore,
the inherent losses associated with plasmonic fields levy
additional constraints that challenge the realization of
sensitivities beyond the shot-noise limit. Here, we intro-
duce a protocol for quantum plasmonic sensing based on
the conditional detection of plasmons. We demonstrate
that the conditional detection of plasmonic fields, via
plasmon subtraction, provides a new degree of freedom
to control quantum fluctuations of plasmonic fields. This
mechanism enables improvement of the signal-to-noise
ratio of photonic sensors relying on plasmonic signals that
are comparable to their associated field fluctuations. Con-
sequently, the possibility of using weak plasmonic signals
to sense delicate samples, while preserving the sample
properties, has important implications for molecule sens-
ing, and chemical detection.
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The possibility of controlling the confinement of plas-
monic near-fields at the subwavelength scale has moti-
vated the development of a variety of extremely sensitive
nanosensors [1-4]. Remarkably, this class of sensors offers
unique resolution and sensitivity properties that cannot be
achieved through conventional photonic platforms in free
space [4-7]. In recent decades, the fabrication of metallic
nanostructures has enabled the engineering of surface
plasmon resonances to implement ultrasensitive optical
transducers for detection of various substances ranging
from gases to biochemical species [1, 2, 4]. Additionally,
the identification of the quantum mechanical properties
of plasmonic near-fields has prompted research devoted
to exploring mechanisms that boost the sensitivity of
plasmonic sensors [8—12].

The scattering paths provided by plasmonic near-
fields have enabled robust control of quantum dynamics
[12-15]. Indeed, the additional degree of freedom provided
by plasmonic fields has been used to harness the quantum
correlations and quantum coherence of photonic systems
[12, 14, 16, 17]. Similarly, this exquisite degree of control
made possible the preparation of plasmonic systems in
entangled and squeezed states [18-21]. Among the large
variety of quantum states that can be engineered in
plasmonic platforms [10, 11], entangled systems in the
form of NOON states or in diverse forms of squeezed states
have been used to develop quantum sensors [4, 22—25]. In
principle, the sensitivity of these sensors is not constrained
by the quantum fluctuations of the electromagnetic field
that establish the shot-noise limit [7, 26]. However, due to
inherent losses of plasmonic platforms, it is challenging
to achieve sensitivities beyond the shot-noise limit under
realistic conditions [5]. Despite existing obstacles, recent
work demonstrates the potential of exploiting nonclassical
properties of plasmons to develop quantum plasmonic sen-
sors for detection of antibody complexes, single molecules,
and to perform spectroscopy of biochemical substances
[27-30].
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Here, we explore a new scheme for quantum sensing
based on plasmon-subtracted thermal states [31-33]. Our
work offers an alternative to quantum sensing protocols
relying on entangled or squeezed plasmonic systems
[4, 18-25]. We use a sensing architecture based on a
nanoslit plasmonic interferometer [34]. It provides a direct
relationship between the light exiting the interferometer
and the phase shift induced in one of its arms by the sub-
stance to be sensed (analyte). We introduce a conditional
quantum measurement on the interfering plasmonic fields
via the subtraction of plasmons. We show that this process
enables the reduction of quantum fluctuations of the
sensing field and increases the mean occupation number
of the plasmonic sensing platform [32, 33]. Furthermore,
plasmon subtraction provides a method for manipulating
the signal-to-noise ratio (SNR) associated with the mea-
surement of phase shifts. We demonstrate that the reduced
fluctuations of plasmonic fields lead to an enhancement in
the estimation of a phase shift. The performance of our
protocol is quantified through the uncertainty associated
to phase measurements. We point out that the reduced
uncertainties in the measurement of phases leads to
better sensitivities of our sensing protocol. This study is
conducted through a quantum mechanical model that
considers the realistic losses that characterize a plasmonic
nanoslit sensor. We report the probabilities of successfully
implementing our protocol given the occupation number
of the plasmonic sensing fields and the losses of the
nanostructure. Our analysis suggests that our protocol
offers practical benefits for lossy plasmonic sensors relying
on weak near-field signals [35]. Consequently, our platform
can have important implications for plasmonic sensing of
delicate samples such as molecules, chemical substances
or, in general, photosensitve materials [27-30].

We first discuss the theoretical model that we use
to describe conditional quantum measurements applied
to a thermal plasmonic system. Figure la describes the
interactions supported by the plasmonic nanoslit under
consideration [36]. This nanostructure acts as a plasmonic
tritter by coupling the photonic mode b and the two
plasmonic modes, described by the operators a and ¢, to
three output modes [36]. The photonic mode at the output
of the nanoslitis described by &, whereas the two plasmonic
output modes are represented by the operators f and d.
As indicated in Figure 1b, and throughout this paper, we
study the conditional detection of the output modes dand @
for a situation in which only the input plasmonic modes of
aand ¢ are excited in the nanostructure. Thus, the photonic
mode b is assumed to be in a vacuum state. In this case,
the plasmonic tritter can be simplified to a two-port device
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described by the following 2 X 2 matrix.
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The photonic mode e is transmitted through the
slit and its transmission probability is described by
2|7|? = Ty Here, T, represents the normalized intensity
of the transmitted photons. Moreover, the plasmon-to-
plasmon coupling at the output of the nanostructure is
givenby |k|*> + |r]* = T,,. Here, the renormalized transmis-
sion (after intereference and considering loss) for the plas-
monic fields is described by Tpl. From Figure 1b, we note
that the interference supported by the plasmonic nanoslit
shares similarities with those induced by a conventional
Mach-Zehnder interferometer (MZI). More specifically, the
two plasmonic modes, a and ¢, interfere at the location of
the nanoslit, which in turn scatters the field to generate
the output [34]. The interference conditions are defined by
the phase shift induced by the analyte. Plasmonic sensors
with nanoslits have been extensively investigated in the
classical domain, showing the possibility of ultrasensitive
detection using minute amounts of analyte [1-4, 23, 34].

We now consider a situation in which a single-mode
thermal light source is coupled to the nanostructure
in Figure 1b exciting two counter-propagating surface
plasmon modes. This can be achieved by using a pair
of grating couplers (not shown in the figure) [34]. The
statistical properties of this thermal field can be described
by the Bose—Einstein statistics as py, = Z;’l"zoppl(n)m)(nl,
where p,(n) =n"/(1+ n)*", and n represents the mean
occupation number of the field. Interestingly, the super-
Poissonian statistics of thermal light can be modified
through conditional measurements [31-33]. As discussed
below, it is also possible to modify the quantum statistics
of plasmonic fields. The control of plasmonic statistics can
be implemented by subtracting/adding bosons from/to
thermal plasmonic systems [37, 38]. In this work, we
subtract plasmons from the transmitted field formed by the
superposition of the surface plasmon modes propagating
through the reference and sensing arms of the inter-
ferometer. This transmitted mode & is then conditioned
to the output of the field d. As such, the number of
subtracted particles L is experimentally controlled by the
strength of the plasmonic near fields surrounding our
sensor, and the conditional counting of particles in mode
d. The strength of the near field is defined by the design
of the plasmonic nanostructure, whereas the conditional
counting is experimentally implemented by measuring
simultaneous detection events between modes d and @.
It is worth mentioning that conditional measurements in
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Figure 1: Optical interactions in the plasmonic nanoslit and its use for conditional quantum sensing.

(@) Schematic diagram of the interactions in a plasmonic nanoslit. The plasmonic nanostructure has three input and three output ports. The
photonic mode at the input is described by the operator b, whereas the two plasmonic modes are represented by a and ¢. These modes are
coupled to the plasmonic modes d and f, and to the photonic mode  at the output of the nanostructure. As described by the transformation
matrix, the parameters «, 7, r, , and t represent the coupling coefficients among the ports of the nanostructure. For sake of clarity, the
diagram only illustrates the coupling paths for the input modes b and &. The diagram in (b) shows the design of our simulated plasmonic
sensor, comprising a slit of width w in @ 200 nm gold thin film. Here, the plasmonic structure is illuminated by two thermal multiphoton
sources that excite two plasmonic fields with super-Poissonian statistics (the input grating couplers are not shown in the figure). The two
counter-propagating surface plasmon (SP) modes interfere at the interface between the gold layer and the SiO, substrate. The interference
conditions are defined by the phase shift ¢ induced in one of the plasmonic modes by the substance that we aim to sense.

photonic systems have been experimentally demonstrated
in Refs. [32, 33]. The successful subtraction of plasmons
boosts the signal of the sensing platforms. This feature
is particularly important for sensing schemes relying on
dissipative plasmonic platforms.

The conditional subtraction of L plasmons from the
mode d leads to the modification of the quantum statistics
of the plasmonic system, this can be described by

(n+ L)!r"lg1

nILI(L+ iy HHn

ppl(n) = (2)

where 7, represents the mean occupation number of
the quasi-particles that constitute the scattered field in
mode & (see Supplementary Material). We quantify the
modification of the quantum statistics through the degree
of second-order correlation function g*?(0) for the mode &
as (see also Supplementary Material)

@y L+2

g (0) = L+l 3

We note that the conditional subtraction of plas-
mons induces anti-thermalization effects that attenuate
the fluctuations of the plasmonic thermal system used
for sensing. Indeed, the gf)(o) approaches one with the
increased number of subtracted plasmons, namely large
values of L. This effect produces bosonic distributions
resembling those of coherent states [32]. Recently, similar

anti-thermalization effects have been explored in photonic
lattices [39].

The aforementioned plasmon subtraction can be
implemented in the plasmonic nanoslit interferometer
shown in Figure 1b. It consists of a 200 nm thick gold
film deposited on a glass substrate [34]. This thickness is
large enough to enable decoupled plasmonic modes on the
top and bottom surfaces of the film, as required. The gold
film features a 320 nm slit, defining the reference arm of
the interferometer to its left and the sensing arm (holding
the analyte) to its right. The analyte then induces a phase
difference @ relative to the reference arm, thereby creating
the output (d,éand f) that depends on this parameter.

We note that we aim to detect two plasmonic modes
d and & in the far-field plane of the sample. This detection
can be achieved using similar setups to those reported
in [13, 40, 41]. Consequently, the experimental realization
of this protocol includes two output ports in the form
of grating couplers placed on the bottom surface of the
gold film. These gratings are used to out-couple the d
and e plasmonic modes into photons propagating in the
substrate in the negative y-direction. Then, an optical
system is used to collect the out-coupled photons from
each port and direct them into two single-photon detectors.
The photon-number-resolving detection of the scattered
field can be performed through transition-edge sensors
[42] or through the use of surjective photon counting
techniques [33, 43]. This scheme has been extensively
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used in previous quantum plasmonic experiments such as
those listed in Refs. [13, 40, 41]. To verify the feasibility
of our conditional measurement approach, we perform
a finite-difference time-domain (FDTD) simulation of the
plasmonic nanoslit using a wavelength of A =810 nm
for the two counter-propagating surface plasmon modes
(@ and ¢). The nanoslit is designed to support two localized
surface plasmon (LSP) modes, one with dipolar symmetry
and other with quadrupolar symmetry. Depending on
the phase difference ¢, these two LSP modes can be
excited with different strengths by the fields interfering
at the nanoslit being the dipolar (quadrupolar) mode
optimally excited with ¢ = 0 (¢ = x). This is due to the
fact that the near-field symmetries of the interfering field
are well-matched to the dipolar and quadrupolar fields
for those values of ¢ [34]. Figure 2, panels (a) to (c),
represent the near-field intensity distribution I of our
designed nanoslit in the x—y plane. Panels (d) to (f) show
the normalized near-field interference pattern produced
by the field transmitted by a 320-nm-wide slit. These
near-field interference patterns are associated with the
excited LSP mode corresponding to ¢ = 0, ¢ = /2, and
@ = r. In this case, (d) and (f) illustrate the dipolar and
quadrupolar modes of the nanostructure. The dashed lines
in Figure 3 indicate the far-field angular distributions of
the transmitted intensity associated with the dipolar LSP
mode (panels a to d) and the quadrupolar LSP mode
(panels i to 1). Only a small angular range of the far-field
distribution (range within vertical lines in Figure 3) is

y(um)
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used as the sensing signal. Thus, the sensing signal
varies monotonically from a maximum value at ¢ = 0 to
a minimum value at ¢ = x [34]. The transmission param-
eters of our sensor are estimated from FDTD simulations.
Specifically, the transmission values for the photonic and
plasmonic modes are T, ~ 0.076 and Ty ~ 0.0176 for
@ = n. However, our subtraction scheme is general and
valid for any phase angle ¢ in the range of 0 < ¢ < 2x.
Moreover, the total amount of power coupled to modes
¢ and d normalized to the input power of the plasmonic
structure is defined as y = Ty, + T}, & 0.0941. For the
results shown in Figure 3, we assume a mean occupation
number of 1 = 3.75 for the input beam. As shown in panels
(a), (e) and (i) of Figure 3, the output signals, calculated
from Eq. (2) and represented by the red shaded region
across all panels, exhibit strong quantum fluctuations.
Surprisingly, after performing plasmon subtraction, the
quantum fluctuations decrease, as indicated in the panels
(b)-(d), (f)-(h) and (j)—(1) of Figure 3. Evidently, this
confirms that our conditional measurement protocol can
indeed boost the output signal and consequently improve
the sensing performance of a plasmonic device. However,
due to the probabilistic nature of our protocol and the
presence of losses, it is important to estimate the probabil-
ity rates of successfully performing plasmon subtraction.
Furthermore, we note that the structural parameters of the
nanostructure will modify the scattering conditions among
photons and plasmons. Consequently, the change of the
structural parameters of our plasmonic nanoslit will also
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Figure 2: Panels (a—c) illustrate the intensity / of the near-field distribution of our designed nanoslit in the x—y plane. The blue dashed line
in panels (d-f) show the normalized near-field interference pattern produced by the field transmitted by a 320-nm-wide slit. This
corresponds to the scattered field described by mode &. The plots are obtained for ¢ = 0, ¢ = 7/2, and ¢ = x, respectively.
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Figure 3: Normalized far-field intensity distribution scattered by the plasmonic nanoslit. The blue dashed line indicates the interference
pattern produced by the field transmitted through the 320-nm-wide slit, this corresponds to mode &. The panels from (a) to (d) are obtained
for ¢ = 0, whereas those from (e) to (h) and (i) to (1) are calculated for ¢ = 7z /2 and ¢ = x, respectively. The dashed line in all plots
represents the intensity distribution of the fields transmitted through the slit indicative of dipolar and quadrupolar near-field symmetry for
@ = 0 and @ = 7. The red shaded regions correspond to the standard deviation for n = 3.75. Panels (a), (e) and (i) depict the unconditional
detection of the signal with its associated noise. As displayed in panels (b) to (d), (f) to (h) and (i) to (1), the signal-to-noise ratio of the
plasmonic sensor improves as the fluctuations of the field are reduced through the conditional detection of plasmons. The vertical lines on
panels (a), (e) and (i) represent the angular range used for the calculation of the intensity variation with phase (i.e. sensitivity depicted in

Figure 4b).

Table 1: The estimated probability of plasmon subtraction and the
corresponding degree of second-order coherence gEZ)(O).

n L=1 L=2 [=3
2 1.0X 1072 1.0x 107 1.1x107¢
1 5.2x1073 2.7 X107° 1.4 x 1077
0.5 2.6x1073 7.0x 1076 1.8x 1078
0.3 1.5%x1073 2.5%x10°¢ 4.0x107°
g2(0) 1.5 1.33 1.25

The losses of the plasmonic nanostructure reduce the probability of
subtracting multiple plasmons L from the scattered field with an
occupation number of 7. In this case, we assume ¢ = x.

modify the probability of plasmon subtraction. In Table 1,
we list the degree of second-order correlation gf) (0), and
the probability of successfully subtracting one, two, and
three plasmons for different occupation numbers of the
plasmonic fields used for sensing.

The quantities reported in Table 1 were estimated for
a phase shift given by ¢ = x. This table considers realistic

parameters for the losses associated to the propagation

of the plasmonic sensing field, and the limited efficiency
N1pn @nd 77, of the single-photon detectors used to collect
photonic and plasmonic mode, respectively. In this case,
we assume 7, = 0.3 and #7,,; = 0.3, which corresponds to
the efficiency of commercial single-photon detectors [33,
44]. In general, the value for ¢ determines how strongly
the dipolar and quadrupolar LSP modes are excited,
and consequently their far-field angular distributions.
However, the process is applicable for other phases .
Our predictions suggest that plasmonic subtraction can
be achieved at reasonable rates using a properly designed
nanostructure.

We now quantify the performance of our conditional
scheme for plasmonic sensing through the SNR associated
to the estimation of a phase shift. The SNR is estimated as
the ratio of the mean occupation number to its standard
deviation. This is defined as (see Supplementary Material)

(1 + L)y n,pé cos? %

SNR = — .
1+ Ay (§ny, + (1= E)nyy) cos? %

(4)
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Here, the parameter & = T, /(T,, + Tp,) = 0.80 rep-
resents the normalized transmission of the photonic mode.
In Figure 4a, we report the increasing SNR of our plasmonic
sensor through the process of plasmon subtraction by
plotting the SNR for the subtraction of one, two, and
three plasmons for different phase shifts ¢. In addition,
for sake of completeness, we evaluate the improvement in
sensitivity using error propagation [45]. More specifically,
we calculate the uncertainty of a phase measurement Ag.
This parameter is estimated as

A = /(72) — (7)?/

The observable 7 = &fé, corresponds to the condi-
tional intensity measurement within an angular range of
the far-field distribution (specified in Figure 3 with the
vertical lines). In the field of quantum metrology, the
reduced uncertainty of a phase measurement A is asso-
ciated to an improvement in the sensitivity of a quantum
sensor [46, 47]. In this regard, the conditional detection
of plasmons increases the sensitivity of our plasmonic
sensor. This enhancement is reported in Figure 4b. Here,
we demonstrate that the attenuation of the fluctuations of
a weak plasmonic field, through the subtraction of up to
three plasmons, leads to lower uncertainties in the sensing
of photosensitive analytes.

We point out that our conditional measurement
scheme is general and can be applied to any plasmonic
sensing platform [48]. As demonstrated through Figure 4
and Eq. (4), the subtraction of plasmons boosts the
signal-to-noise ratio of any electromagnetic field used for
classical sensing. Thus, if a small physical parameter can
be sensed by a classical scheme for plasmonic sensing, our
technique will increase its signal-to-noise ratio. However,
if the sample of interest acting as a phase shifter induces
a change in the particle number that is smaller or equal
than the statistical fluctuations (An) of the sensing field,
our technique cannot provide any advantage. In this
situation, the signal cannot be discriminated from the
inherent noise of the plasmonic near fields. As such, our
scheme is capable of improving current capabilities for
single-molecule detection if the signal induced by the
single-molecule is stronger than the fluctuations of the
sensing field [48].

In conclusion, we have investigated a new method
for quantum plasmonic sensing based on the conditional
subtraction of plasmons. We have quantified the perfor-
mance of this scheme, under realistic conditions of loss,
by considering the design of a real plasmonic nanoslit
sensor. We showed that conditional measurements offer an
important path for controlling the statistical fluctuations
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Figure 4: The panelin (a) reports the signal-to-noise ratio (SNR) as a
function of @ for the conditional detection of the plasmonic modes
transmitted by a 320-nm nanoslit. The red dots represent the
unconditional SNR. Furthermore, the blue, green, and purple dots
indicate the SNR for the subtraction of one, two, and three
plasmons, respectively. This plot shows the possibility of improving
the SNR of our plasmonic sensor through the subtraction of
plasmons. The panel in (b) indicates that an increasing SNR leads to
lower uncertainties in the estimation of phase shifts induced by
analytes. The lower uncertainties described by Ag imply higher
sensitivities of our plasmonic sensor.

of plasmonic fields for sensing. In our work, we considered
the case for which the sensing field contains a mean
plasmonic number lower than four. In this regime, we
showed that the attenuation of the quantum fluctuations
of plasmonic fields increases the mean occupation number
of the sensing field. Interestingly, this effect leads to larger
signal-to-noise ratios of our sensing protocol. Furthermore,
this feature of our technique enables performing sensitive
plasmonic sensing with weak signals [1-4]. We believe that
our work offers an alternative approach to boost signals in
quantum plasmonic platforms operating in the presence
of loss at the few particle regime [10, 11].



DE GRUYTER

Author contribution: All the authors have accepted respon-
sibility for the entire content of this submitted manuscript
and approved submission.

Research funding: F.M., CY., and 0.S.M-L. acknowledge
funding from the U.S. Department of Energy, Office of
Basic Energy Sciences, Division of Materials Sciences and
Engineering under Award DE-SC0021069. M.L.].L. would
like to thank Louisiana State University (LSU) for financial
support via the Huel D. Perkins Fellowship, and the LSU
Department of Physics & Astronomy for supplemental
support. I.D.L. acknowledges the support of the Federico
Baur Endowed Chair in Nanotechnology.

Conflict of interest statement: The authors declare no
competing interests.

References

[1] B. Sepilveda, P. C. Angelomé, L. M. Lechuga, and L. M.
Liz-Marzan, “Lspr-based nanobiosensors,” Nano Today,
vol. 4, no. 3, pp. 244—251, 2009.

[2] G. M. Hwang, L. Pang, E. H. Mullen, and Y. Fainman,
“Plasmonic sensing of biological analytes through
nanoholes,” IEEE Sensor. J., vol. 8, no. 12, pp. 2074—2079,
2008.

[3] S.A. Maier, Plasmonics: Fundamentals and Applications, New
York, Springer, 2007.

[4] C.Lee, B. Lawrie, R. Pooser, K.-G. Lee, C. Rockstuhl, and
M. Tame, “Quantum plasmonic sensors,” Chem. Rev.,
vol. 121, no. 8, pp. 4743 —4804, 2021.

[5] C.You, M. Hong, P. Bierhorst, et al., “Scalable multiphoton
quantum metrology with neither pre- nor post-selected
measurements,” Appl. Phys. Rev., vol. 8, no. 4, 2021,

Art no. 041406.

[6] S. Slussarenko, M. M. Weston, H. M. Chrzanowski, et al.,

“Unconditional violation of the shot-noise limit in photonic

quantum metrology,” Nat. Photonics, vol. 11, pp. 700—703,

2017.

E. Polino, M. Valeri, N. Spagnolo, and F. Sciarrino, “Photonic

quantum metrology,” AVS Quantum Sci., vol. 2, no. 2, 2020,

Art no. 024703.

E. Altewischer, M. P. van Exter, and J. P. Woerdman,

“Plasmon-assisted transmission of entangled photons,”

Nature, vol. 418, pp. 304—306, 2002.

[9] A.V.Akimov, A. Mukherjee, C. L. Yu, et al., “Generation of
single optical plasmons in metallic nanowires coupled to
quantum dots,” Nature, vol. 450, pp. 402—406, 2007.

[7

[8

[10] M.S. Tame, K. R. McEnery, S. K. Ozdemir, J. Lee, S. A. Maier,
and M. S. Kim, “Quantum plasmonics,” Nat. Phys., vol. 9,
pp. 329340, 2013.

[11] C.You, A. C. Nellikka, I. D. Leon, and O. S. Magaiia-Loaiza,
“Multiparticle quantum plasmonics,” Nanophotonics, vol. 9,
no. 6, pp. 1243-1269, 2020.

[12] C.You, M. Hong, N. Bhusal, et al., “Observation of the

modification of quantum statistics of plasmonic systems,”
Nat. Commun., vol. 12, p. 5161, 2021.

[13]

[14]

[15]

[16]

[17]

[18]

[29]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

F. Mostafavi et al.: Conditional quantum plasmonic sensing = 3305

B. Vest, M.-C. Dheur, E. Devaux, et al., “Anti-coalescence of
bosons on a lossy beam splitter,” Science, vol. 356, no. 6345,
pp. 1373—1376, 2017.

H. F. Schouten, N. Kuzmin, G. Dubois, et al.,
“Plasmon-assisted two-slit transmission: Young’s experiment
revisited,” Phys. Rev. Lett., vol. 94, p. 053901, 2005.

0. S. Magafia-Loaiza, I. De Leon, M. Mirhosseini, et al.,
“Exotic looped trajectories of photons in three-slit
interference,” Nat. Commun., vol. 7, p. 13987, 2016.

A. Biise, M. L. Juan, N. Tischler, et al., “Symmetry protection
of photonic entanglement in the interaction with a single
nanoaperture,” Phys. Rev. Lett., vol. 121, p. 173901, 2018.

D. Li and D. Pacifici, “Strong amplitude and phase modulation
of optical spatial coherence with surface plasmon
polaritons,” Sci. Adv., vol. 3, no. 10, p. €1700133, 2017.

B. Vest, I. Shlesinger, M.-C. Dheur, et al., “Plasmonic
interferences of two-particle n0On states,” New J. Phys.,

vol. 20, 2018, Art no. 053050.

A. Huck, S. Smolka, P. Lodahl, et al., “Demonstration of
quadrature-squeezed surface plasmons in a gold
waveguide,” Phys. Rev. Lett., vol. 102, p. 246802, 2009.

S. Fasel, F. Robin, E. Moreno, D. Erni, N. Gisin, and H. Zbinden,
“Energy-time entanglement preservation in plasmon-assisted
light transmission,” Phys. Rev. Lett., vol. 94, p. 110501, 2005.
G. Di Martino, Y. Sonnefraud, S. Kéna-Cohen, et al.,
“Quantum statistics of surface plasmon polaritons in metallic
stripe waveguides,” Nano Lett., vol. 12, no. 5,

pp. 2504—2508, 2012, PMID: 22452310.

R. W. Heeres, L. P. Kouwenhoven, and V. Zwiller, “Quantum
interference in plasmonic circuits,” Nat. Nanotechnol., vol. 8,
pp. 719—722, 2013.

Y. Chen, C. Lee, L. Lu, et al., “Quantum plasmonic nOOn state
in a silver nanowire and its use for quantum sensing,” Optica,
vol. 5, pp. 12291235, 2018.

M. Dowran, A. Kumar, B. J. Lawrie, R. C. Pooser, and A. M.
Marino, “Quantum-enhanced plasmonic sensing,” Optica,
vol. 5, pp. 628 —633, 2018.

C. Lee, F. Dieleman, J. Lee, C. Rockstuhl, S. A. Maier, and

M. Tame, “Quantum plasmonic sensing: beyond the
shot-noise and diffraction limit,”” ACS Photonics, vol. 3,

pp. 992-999, 2016.

M. S. Tame, C. Lee, ). Lee, et al., “Single-photon excitation of
surface plasmon polaritons,” Phys. Rev. Lett., vol. 101,

p. 190504, 2008.

J. R. Mejia-Salazar and O. N. Oliveira, “Plasmonic
biosensing,” Chem. Rev., vol. 118, no. 20, pp. 10617—-10625,
2018.

N. Kongsuwan, X. Xiong, P. Bai, et al., “Quantum plasmonic
immunoassay sensing,” Nano Lett., vol. 19, no. 9,

pp. 5853—5861, 2019, PMID: 31356753.

D. A. Kalashnikov, Z. Pan, A. I. Kuznetsov, and L. A. Krivitsky,
“Quantum spectroscopy of plasmonic nanostructures,” Phys.
Rev. X, vol. 4, p. 011049, 2014.

N. P. Mauranyapin, L. S. Madsen, M. A. Taylor, M. Waleed, and
W. P. Bowen, “Evanescent single-molecule biosensing with
quantum-limited precision,” Nat. Photonics, vol. 11,

pp. 477—481, 2017.

M. Dakna, T. Anhut, T. Opatrny, L. Kn6ll, and D.-G. Welsch,
“Generating Schrodinger-cat-like states by means of



3306 —— F.Mostafavi et al.: Conditional quantum plasmonic sensing

[32]

[33]

[34]

[35]

[36]

[37]

(38]

[39]

conditional measurements on a beam splitter,” Phys. Rev. A,
vol. 55, pp. 3184 —3194, 1997.

0. S. Magaiia-Loaiza, R. d. J. Ledn-Montiel, A. Perez-Leija,

et al., “Multiphoton quantum-state engineering using
conditional measurements,” Npj Quantum Inf., vol. 5, p. 80,
2019.

S. M. H. Rafsanjani, M. Mirhosseini, O. S. M. na Loaiza, et al.,
““Quantum-enhanced interferometry with weak thermal
light,” Optica, vol. 4, pp. 487 —491, 2017.

U. Felix-Rendon, P. Berini, and I. D. Leon, “Ultrasensitive
nanoplasmonic biosensor based on interferometric excitation
of multipolar plasmonic modes,” Opt. Express, vol. 29,

pp. 17365—17374, 2021.

0. S. Magaiia-Loaiza, J. Harris, ). S. Lundeen, and

R. W. Boyd, “Weak-value measurements can outperform
conventional measurements,” Phys. Scripta, vol. 92, 2016,
Art no. 023001.

A. Safari, R. Fickler, E. Giese, 0. S. Magafa Loaiza, R. W. Boyd,
and |. De Leon, “Measurement of the photon-plasmon
coupling phase shift,” Phys. Rev. Lett., vol. 122, p. 133601,
2019.

S. S. Mizrahi and V. V. Dodonov, “Creating quanta with an
annihilation operator,” J. Phys. A: Math. Gen., vol. 35,

pp. 8847 —8857, 2002.

V. Parigi, A. Zavatta, M. Kim, and M. Bellini, “Probing
quantum commutation rules by addition and subtraction of
single photons to/from a light field,” Science, vol. 317,

no. 5846, pp. 1890—1893, 2007.

H. E. Kondakci, A. F. Abouraddy, and B. E. A. Saleh,

“A photonic thermalization gap in disordered lattices,” Nat.
Phys., vol. 11, pp. 930—935, 2015.

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

DE GRUYTER

W. Zhu, R. Esteban, A. G. Borisov, et al., “Quantum
mechanical effects in plasmonic structures with

subnanometre gaps,” Nat. Commun., vol. 7, p. 11495, 2016.
M.-C. Dheur, E. Devaux, T. W. Ebbesen, et al., “Single-plasmon

interferences,” Sci. Adv., vol. 2, no. 3, p. €1501574, 2016.

T. Gerrits, A. Lita, B. Calkins, and S. W. Nam, Superconducting
Transition Edge Sensors for Quantum Optics, Cham, Springer
International Publishing, 2016, pp. 31—-60.

C.You, M. A. Quiroz-Judrez, A. Lambert, et al., “Identification
of light sources using machine learning,” Appl. Phys. Rev.,
vol. 7, no. 2, p. 021404, 2020.

F. Marsili, V. B. Verma, J. A. Stern, et al., “Detecting single
infrared photons with 93% system efficiency,” Nat.
Photonics, vol. 7, pp. 210 —214, 2013.

C. W. Helstrom, Quantum Optics: Quantum Detection and
Estimation Theory, New York, Academic Press, 1976.

H. Lee, P. Kok, and J. P. Dowling, “A quantum rosetta stone for
interferometry,” J. Mod. Opt., vol. 49, nos 14-15,

pp. 2325—2338, 2002.

X.-Y. Xu, Y. Kedem, K. Sun, L. Vaidman, C.-F. Li, and

G.-C. Guo, “Phase estimation with weak measurement using a
white light source,” Phys. Rev. Lett., vol. 111, p. 033604, 2013.
D. Garoli, H. Yamazaki, N. Maccaferri, and M. Wanunu,
“Plasmonic nanopores for single-molecule detection and
manipulation: toward sequencing applications,” Nano Lett.,
vol. 19, no. 11, pp. 75537562, 2019.

Supplementary Material: The onlineversion of this article offers sup-
plementary material (https://doi.org/10.1515/nanoph-2022-0160).


https://doi.org/10.1515/nanoph-2022-0160


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1000
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.10000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /DEU <>
    /ENU ()
    /ENN ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (ISO Coated v2 \(ECI\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName <FEFF005B0048006F006800650020004100750066006C00F600730075006E0067005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


