arXiv:1601.00173v1 [quant-ph] 2 Jan 2016

Quantum plasmonic sensing: beyond the shot-noise and diffraction limit
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Photonic sensors have many applications in a range of physical settings, from measuring mechanical pressure
in manufacturing to detecting protein concentration in biomedical samples. A variety of sensing approaches
exist, and plasmonic systems in particular have received much attention due to their ability to confine light
below the diffraction limit, greatly enhancing sensitivity. Recently, quantum techniques have been identified that
can outperform classical sensing methods and achieve sensitivity below the so-called shot-noise limit. Despite
this significant potential, the use of quantum techniques in plasmonic systems for further improving sensing
capabilities is not well understood. Here, we study the sensing performance of a plasmonic interferometer that
simultaneously exploits the quantum nature of light and its electromagnetic field confinement. We show that,
despite the presence of loss, specialised quantum resources can provide improved sensitivity and resolution
beyond the shot-noise limit within a compact plasmonic device operating below the diffraction limit.

Introduction.— Plasmonic excitations have attracted enor-
mous interest in recent years from a variety of scientific fields
due to their intriguing light-matter features and wide range of
applications [1} 2]. Plasmonic biosensing, in particular, is one
of the most successful applications, with devices that outper-
form conventional ones that rely on ordinary photonic com-
ponents [3H5]]. Due to their high sensitivity, multiple surface
plasmon resonance (SPR) sensing devices have been devel-
oped over the decades [6H13]. The higher sensitivity of SPR
sensors is achieved via a strong electromagnetic (EM) field
enhancement at a metal surface, where its interaction with free
electrons forms a surface plasmon that confines the field to
a spatial domain below the diffraction limit [14)]. Such con-
finement is not possible with ordinary dielectric media [15].
Despite their practical realization and successful commercial-
ization, the high sensitivity and associated resolution of SPR
sensing are fundamentally limited by the discretized nature of
light known as the shot-noise limit (SNL) [16]. However, re-
cently it has been shown that the SNL can be beaten by using
quantum states of light having a super- or sub-Poissonian pho-
ton distribution, or intermode entanglement [17], and an ap-
propriate type of measurement — a strategy known as quantum
metrology [18]. A question then arises about whether such
quantum techniques could be employed in plasmonic sensors
in order to further enhance their capabilities. Here, absorp-
tion constitutes a significant challenge that usually causes a
degradation of the quality of a quantum resource [[19].

Very recently work has shown the possibility of reducing
quantum noise in plasmonic sensing by using a high inten-
sity two-mode quadrature squeezed state in a prism config-
uration [20, 21]]. Despite showing a plasmonic sensor capa-
ble of surpassing the SNL, the role of quantum effects in this
scenario and more general plasmonic sensing devices at the
few-photon level is not well understood. To address this, we
propose a general concept of quantum plasmonic sensing that
utilizes both quantum features of resource states at the few-
photon level and the EM field enhancement offered by plas-

monic structures. We show how the combination of quantum
and plasmonic aspects enables one to improve the sensitiv-
ity of a device beyond the SNL, while keeping its compact-
ness on scales below the diffraction limit. We highlight the
feasibility of our approach by examining the minimum reso-
lution of parameter estimation in an example interferometer-
based plasmonic biosensor. Here, we consider waveguides
that have numerous attractive features geared toward the de-
sign of compact, mobile, broadband and integratable biosen-
sors. Our analysis shows the beneficial role that quantum ef-
fects can play in a plasmonic sensor, despite the presence of
loss. The techniques developed can be applied to many other
plasmonic sensing platforms and thus we expect this work to
bridge the gap that has existed so far between quantum metrol-
ogy and classical plasmonic sensing.

The concept of quantum plasmonic sensing.— We begin
with the general scenario for photonic sensing shown in
Fig.[Th, which is divided into three stages: (i) a signal prepara-
tion where an incident light field is prepared, (ii) a transducer
which encodes the information of the parameter to be mea-
sured onto the output signal, and (iii) a measurement which
analyzes the output signal from the transducer. A biologi-
cal setting is chosen as an example, where a physicochemical
transducer encodes the information of surrounding biological
objects onto the output signal. For other settings the trans-
ducer may take a different form, such as for mechanical, elec-
trical, or magnetic parameters [22]]. In the classical measure-
ment scenario, a classical source is used for the input signal,
a dielectric medium represents the transducer and a classical
intensity measurement is performed. An enhancement of sen-
sitivity can be obtained here via two directions: First, plas-
monic effects can be employed in the transducer by using a
metallic medium providing a strong EM field enhancement.
This enables a much higher sensitivity compared to the field
in a conventional dielectric medium, as a change of environ-
ment produces a larger change of the mode properties of sur-
face plasmons compared to photons [3H5]. Second, the signal
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FIG. 1: Quantum plasmonic sensing. a, General scenario for photonic sensing. For a properly chosen signal, ones measures and analyzes the
output light from a transducer. An example of a biosensor is given, where the transducer encodes onto the light signal changes in the biological
medium. b, Four regions in which photonic sensing devices operate, distinguishing the use of quantum or classical techniques in the signal
and measurement parts, and the use of dielectric or plasmonic material in the transducer part. The enhancement of sensitivity has been known
to be achieved through the yellow arrows. There is still an unrevealed region, investigated in this work, that is quantum plasmonic sensing.
¢, General two-mode interferometer with one arm in a nanowire waveguide. A quantum or classical state from a source stage is fed into the
interferometer. The sensing arm (mode 1) is embedded in an environment and the signal acquires a phase change A¢ due to changes in the
refractive index, nyio, during its propagation, modifying the output signal at the measurement stage. d, The expectation values of an observable
(0) where O = M or A, optimized for classical or quantum sensors, respectively. Here, an average photon number of N' = 4 is used to show
that the quantum plasmonic case oscillates more rapidly than all others, implying that a small change of ny;, induces a large detectable change
in the monitored output signal. In this example, we consider both dielectric and lossless silver metallic nanowires, with a core radius of 50 nm
and a length of / = 4 um at 49 = 810 nm, where ncoe = 1.4475 and neore(w) = +/€n(w) from the experimental data in Ref. [30]]. e, The
minimum resolution, énio, shows that quantum plasmonic sensing exhibits the best performance.

and measurement parts can be replaced by quantum elements.
For example, it has been shown that states known as NOON
states [23]] or quadrature-squeezed states [24] can improve the
minimum resolution of parameter estimation beyond the SNL
by using an appropriate measurement scheme. Such quan-
tum strategies have been employed for biosensing recently to
minimize the shot-noise associated with the random arrival
of photons at a detector [16} 25]. However, so far the use
of plasmonic elements has not been considered and it is non-
trivial that sensitivity beyond the SNL is achievable in such a
lossy, open quantum system. As we will show, quantum plas-
monic sensing is complementary to both classical plasmonic
and quantum techniques for improving the sensitivity of pho-
tonic sensors, as depicted in Fig. [Tb. However, the key merit
is that it improves functionality by beating the SNL in a sub-
diffraction scale system.

Simulation.— We illustrate the basic concept of quantum
plasmonic sensing in Fig. [Tk, where a two-arm interferom-
eter — one of the most successful photonic sensing tech-
niques [9, 26, 27] — is employed with a nanowire waveguide
in one arm. We focus on a nanowire structure initially as it
is a well studied geometry with many applications in plas-
monic circuitry [28, 29] and has a high level of miniatur-
ization for sensing with an accessible interrogation area [3].
The interferometric sensor consists of source and measure-
ment parts and a transducer part for one arm. The transducer
consists of a dielectric or metallic nanowire with refractive in-

dex ny = 1.4475 (doped silica) or n,,(w) = Veu(w) (silver)
given by experimental data [30], respectively. The nanowire
is surrounded by a biological medium with refractive index
Nbio, Whose value varies due to changes in the concentration
of a biological analyte. We choose a range for ny;, that en-
sures single-mode operation in the waveguides (see Supple-
mentary Information). The change in the biological medium
changes the wavenumber & of the waveguide mode, and the
change of the wavenumber changes the relative accumulated
phase of the fields, ¢, between both arms, which can be mea-
sured in the output signal via an interference measurement.
Here, the wavenumber £ for dielectric and metallic nanowires
is determined by a characteristic equation [15} 31}, 32] (see
Supplementary Information). From the measurement, we aim
to estimate the refractive index unit (RIU) ny;, with the small-
est detectable refractive index change dnpi,, assuming for sim-
plicity that there is no scattering when the input signal enters
into the sensing region in the first arm.

A reference point for classical sensing can be found by con-
sidering the entire device as a Mach-Zehnder (MZ) interfer-
ometer. Here, a coherent state |@), written in the Fock-state
basis |m) as |a) = e~lel2 3 \/% |m) (with |a|*> = N), is
fed into one input port of the first beémsplitter of the MZ and
a vacuum state fed into the other. The output of this beam-
splitter constitutes the source stage. An intensity-difference
measurement M = [, — I, is performed by using the second



beamsplitter of the MZ placed after the sensing region and
measuring the output intensities. This constitutes the mea-
surement stage. The above classical sensing strategy is opti-
mal in that it leads to the SNL on the resolution 6np;,.

On the other hand, by using quantum techniques one can
consider a NOON state [33H35] generated at the source stage,

ie |Yin) = Lz (INO) + |ON)),,, where N denotes the number

of photons. The observable A = |0, N) (N, 0|+|N, 0) (0, N| can
be used for the quantum measurement, which together with
the NOON state allows one to reach the Heisenberg limit (HL)
for 6ny;, in the absence of photon loss [18] 33]].

In Fig. , we present the measurement signals (M) =
Mocos(¢(mpio)) and (A) = Agcos(Ne(nyi,)) simulated for the
classical scenario using a coherent state and the quantum sce-
nario using a NOON state, respectively. The state |yoy) gen-
erated from encoding ¢ onto the input state |1/, ) is used to cal-
culate (...). Here, N = 4 has been chosen and ¢(ny;,) denotes
the relative phase accumulated during propagation (free-space
wavelength 4y = 810 nm chosen as an example) along a di-
electric and silver nanowire with a core radius of 50 nm and
length [ = 4 ym. The lateral confinement of the field of the
dielectric nanowire is diffraction limited (~ Ay/n,), whereas
that of the metallic nanowire is not (< Ay) [15]. For the rel-
ative phase picked up, we have ¢(npio) = B(npio) X [, where
the propagation constant B(nyi,) = Re[k] is a function of ny;,
(see Supplementary Information). Here, we have considered
a lossless silver nanowire, i.e. Im[k] = 0. We consider the im-
pact of losses later. The main purpose at this stage is to show
the difference between classical and quantum techniques, and
the use of dielectric and plasmonic systems. It can be seen in
Fig.|Id that the expectation value for the quantum plasmonic
case oscillates far more rapidly than the others, implying that
a small change of ny;, induces a large detectable change of
the measurement signal. Furthermore, in Fig. [Tk we evaluate
the minimum resolution of the refractive index change achiev-
able from an observable O (= A or M for quantum or classical
scenarios). The resolution is obtained by the linear error prop-
agation method [36] as

AO

= 6]
|0(O) [ Onwio|

Onbio
where AO = ((0?) — (0)?)'/2. Here, the parameter of interest
in our biosensing scenario is ny;, instead of the relative phase
¢ — the usual quantity considered in quantum metrology [18].
Its corresponding resolution 6nyj, depends on the waveguide
material. The behaviours seen in Fig. [Ie clearly show that
for the quantum plasmonic case the resolution dnp;, is small-
est compared to the others. This implies that quantum plas-
monic sensing can outperform both standard dielectric quan-
tum metrology and classical plasmonic sensing within the
same parameter regime. We n((})ItLe) that thgd’quantum case yields

1

a material-dependent HL, 6nb. = — =, which has a fac-
i0 N Onpio

tor v/ N improvement over the classical case with a material-
dependent SNL, 6n$§l‘) = \;FN aizo’ the origins of which we
discuss in detail below.

Quantum and plasmonic features combined for enhanced

sensing.— We now look at how quantum resources enable
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FIG. 2: The roles of quantum and plasmonic effects. Quantum-
enhanced sensitivity comes from the source and measurement stages,
which are responsible for how sensitive the initial state and the ob-
servable are with respect to the phase. a, Comparison of the classical
and quantum metrology scenarios in terms of the expectation values
of A and M. b, The minimum estimation precision, 6¢, correspond-
ing to the measurements in panel a. In panel a, the expectation value
of (A) oscillates more rapidly than that of (M); the classical case
leads to the SNL and the quantum case leads to the HL in panel b,
ie. 8¢V = 1/4/N and 6¢™ = 1/N. The plasmonic enhanced
sensitivity comes from the transducer, which can be seen in terms
of the relation between the propagation constant 8 and npi,. ¢, 3 for
the plasmonic and dielectric waveguides. d, The slope of 8 over npio
showing the rate of change.

plasmonic sensing to go beyond the SNL. The interferomet-
ric setup in Fig. [Ic has the ability to quantitatively detect a
phase change A¢ induced by a change of the propagation con-
stant, i.e. A¢p = AB x I, where AB is induced by a variation
in the analyte. Thus, the chosen material in the transducer is
only responsible for how sensitively it accumulates A¢ as ny;,
changes. On the other hand, the quantum source and mea-
surement are responsible for how sensitively the chosen state
and measurement stage respond to A¢. Such separate roles
are manifested in the sensitivity, defined as the ratio of the
change in sensor output <0> to the change in ny;,, wWhich can
be written by the chain rule as

_9(0)
© Omio

_9(0) 8¢
p Onpio

2

where the expectation value (O) is assumed to have only ¢-
dependence with respect to npi,. The first term on the right
hand side describes the sensitivity of the output (O) to ¢,
whereas the second term describes the sensitivity of ¢ to npj,.
Consequently, Eq. (I) can be rewritten as

94

Onpio

Sreio = 60|

; 3)

where 8¢ = AO/|0(0)/0¢| denotes the minimum resolution
of the phase and does not depend on the waveguide mate-
rial, provided that |, ) can be written as a function of ¢
only. Note that it is the non-classical nature of the source and
the measurement that decreases d¢ below the SNL, which is
clearly seen in Figs.[2h and b, where we reproduce well known
behaviours of <O> and ¢ for classical and quantum metrology



with the same input states and measurements used in Fig. [I}
On the other hand, the sensitivity d¢/0nwi, (= [ X 0B/0nwio)
depends on the material used and can be increased by a plas-
monic transducer. In Figs. 2k and d, we show S and its slope
change with increasing RIU for dielectric and metallic waveg-
uides. The enhanced sensitivity of S is a result of the strong
field confinement for the plasmonic mode, making it more
sensitive to Anpi,. In other words, the resolution d¢ is im-
proved by properties of a chosen input state and measurement,
while the sensitivity d¢/dnyi, is improved by the mode prop-
erties of the transducer. The combined effect of these quan-
tum and plasmonic features is what leads to the results seen in
Fig. [Tk

Our analysis can be generalized to any kind of plasmonic
setup for which the sensitivity and the minimum resolution

can be rewritten in terms of a parameter X as S = % a‘?f and
1 bio
Siinio = 60X a‘fb‘m‘ , where 6X = AO/|3(0)/dX| denotes the

minimum resolution of parameter estimation. The enhance-
ment of 0X/0ny;, depends on the material, the modulation
technique and the surface plasmon excitation method [37]. On
the other hand, 3(0)/0X and 6X depend on the quantum in-
put [i,) and the measurement O, where the output [y is
generated from encoding X onto the input |3, ). For example,
X could be the reflection coefficient |R|* used for plasmonic
sensing in the Kretschmann configuration [20, 21]. These
more general expressions provide a better understanding of
the specific roles that quantum and plasmonic features play,
and enable the efficient optimization of quantum plasmonic
sensing. In addition to enhanced sensitivity and resolution,
there are other advantages of using plasmonics, e.g. a small-
sized mode volume below the diffraction limit that conven-
tional photonics cannot achieve. This is important since a
highly miniaturized sensor is commonly required to measure
tiny organic molecules within a limited interaction area [3].
The combination of the reduced shot-noise of a quantum re-
source and the enhanced sensitivity provided by plasmonics
guarantees that quantum plasmonic sensing can, in principle,
go beyond both the shot-noise and the diffraction limit.

Realistic scenario including loss.— We now show that
quantum plasmonic sensing remains able to beat the SNL even
when realistic metallic losses are included. To do this, we
require an optimal quantum state for the source for a given
amount of loss. The NOON state previously studied is ex-
tremely fragile to loss and is not an optimal quantum state,
resulting in a much worse resolution than the SNL even for
moderate loss [38]. Assuming the optimal measurement will
be performed, we focus on optimizing the input state. In
this case, the minimum resolution is given by the Cramér-
Rao bound according to quantum parameter estimation the-
ory [39], i.e. 6¢ = F 51/ 2, where the quantum Fisher infor-
mation, F, represents a measure of the amount of informa-
tion that a state contains about ¢ with respect to the optimized
measurement over all possible schemes (see Supplementary
Information). We optimize the coefficients of an input state
with fixed N written as |¢,) = Zﬁlv:o ¢ |n, N — n) [38]], such
that F'p is maximized and ¢ is minimized.

As possible plasmonic waveguides we consider the
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FIG. 3: Realistic quantum plasmonic sensing. A lossy nanowire

(left column) and a wedge waveguide (right column) are considered,
where loss is modelled as a fictitious beamsplitter with a transmitiv-
ity n = exp(—2Im[k]/) for a propagation length /. a, For propagation
with [ = 4 um, 7 is obtained in terms of nyi, by solving the char-
acteristic equation for the nanowire [15,131]. b, FEM simulation via
COMSOL is used for the wedge waveguide (top angle 70.6° and bot-
tom angles 54.7°). ¢, The optimal set {x, } for a state with a definite
photon number N = 4 is shown for the nanowire waveguide. d, The
optimal set {x,} for the wedge waveguide. e, The optimal resolu-
tion imposed by the Cramér-Rao bound for the NOON state and the
optimized state for a given 1 for the nanowire. f, The optimal reso-
lution for the wedge waveguide. The shaded area in panels e and f is
bounded at the top by the standard interferometric limit (SIL), cor-
responding to the SNL but optimized for an unbalanced beamsplitter
to minimize the resolution in the presence of losses [42]]. The area
is bounded at the bottom by the HL. A line within the shaded area
shows an improvement over classical plasmonic sensing.

nanowire waveguide previously studied and a wedge waveg-
uide [40], as shown in Fig. [[c. Wedge waveguides have
recently been shown to be highly beneficial for plasmonic
devices in the quantum regime due to their high field con-
finement [41] and broadband response over a wide operating
range, a key requirement for a good biosensor, allowing one to
avoid frequencies where the analyte is absorbing. The amount
of loss in the waveguides is determined by Im[k] and /, with
I = 4 um chosen as an example. We use a beamsplitter model
for including loss in one arm of the interferometer, where the
transmitivity is = exp(—2Im[k]/). The parameter Fg is then
given as a function of the set {x, = |c2|} and n (see Sup-
plementary Information). For the nanowire, we consider the
same range of ny, as before in order to aid comparison of the
results. On the other hand, for the refractive index near the
wedge waveguide, in order to give a more realistic scenario,
we consider np;, = ng+A X C, where n, = 1.333 denotes water
as a solvent, and A = 0.00182 and C represent Bovine Serum
Albumin (BSA) as a solute [[13] and the number of grams of



BSA solute per 100ml of solution, respectively. For the wedge
waveguide C is varied from 0% to 60%, yielding ny;, ranging
from 1.333 to 1.4422. For the nanowire, ny;, is between 1.1
and 1.4 as before, ensuring that only a single mode exists for
a radius of 50 nm. For the wedge waveguide, the top angle
is 70.6° and the bottom angles are 54.7° (see Supplementary
Information). The plasmon mode sits on top of the wedge and
the height can be set arbitrarily small down to ~ 50 nm for
Ao = 810 nm, after which the mode has a significant presence
at the bottom edges [40, 41]].

For the respective ranges of np;o, We present the transmis-
sion coeflicient 1 in Figs. 3p and b. For each 7, depending on
Rbio, the optimal distributions of {x,} for N = 4 are shown
in Figs. B¢ and d, for which Fy is maximized, yielding the
optimal minimum resolutions in Figs. B and f. The optimal
x, coefficients define the ‘optimal state’ for sensing and are
different depending on the amount of loss, but their relative
phases are not important [38]. We also compare the optimal
minimum resolutions with the HL. (lower dashed lines) and
the standard interferometric limit (SIL) (upper dashed lines),
which corresponds to the SNL, but optimized using an un-
balanced beamsplitter in order to minimize resolution in the
presence of losses [42]]. It can be clearly seen that the resolu-
tion with the NOON state is much worse than the SIL given
as 6}1{)51}) =+ m/2 V/N1)(0¢/Onyio), whereas the optimal
state beats the SIL in both plasmonic waveguides.

The optimal state is different depending on the amount of
loss, so for experimental relevance it is important to check if
a given input state optimized for a certain amount of loss still
beats the SIL over the whole range of ny;, measured. Figs. El}a
and b present the results of three points chosen from Figs.
and d, respectively, showing that the chosen states remain be-
yond the SIL over the respective ranges of ny;,. We also inves-
tigate the resolution dnpi, as N increases for the NOON state,
the optimal state, the SIL and the HL. These more general re-
sults are shown in Figs. and d, where the optimal states
remain beyond the SIL (upper dashed line), regardless of N.

It should be noted that the quantum enhancement is reduced
with increasing N, i.e. in Figs. Bk and d the gap between the
HL and the SIL decreases with increasing N, ongi — onjie =
ﬁ %ﬁ - \/;N)%’ while the optimal state resolution re-
mains at a roughly fixed distance below the SIL. It might seem
at first that quantum plasmonic sensing is not necessary be-
cause a given resolution can always be achieved by simply
increasing the intensity of a classical input source to get the
SIL, e.g. 6nyi, ~ 1078 RIU is in principle achievable by a
Ao = 810 nm laser with an initial power of 1 mW having
N ~ 4 x 10" photons per second. A high-power source,
however, is not commonly desired for sensing since it may
damage the specimen under investigation. In this case, at the
few-photon level, one may then consider the benefits of using
quantum sensing with either a dielectric or plasmonic waveg-
uide. Here, for a fixed value of N, the quantum plasmonic
sensor allows one to go beyond the SIL in a compact set-
ting below the diffraction limit. This is crucial when only a
small biological sample is available, or one would like a more
compact and integrated sensing device than standard dielectric
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FIG. 4: Resolutions of optimal states and increasing average num-
ber of photons. Input states optimized for a certain amount of loss
still beat the SIL over the whole range of npi, for the lossy plas-
monic nanowire and wedge waveguides considered in Fig. 3] a,
Three points are randomly chosen from Fig. : (1) npio = 1.13,
(2) nvio = 1.19 and (3) nuioc = 1.37. For these points the resolutions
of the corresponding optimal states over the whole range of ny;, are
shown for the nanowire waveguide. b, Same as panel a, but for the
wedge waveguide. Here the points correspond to those in Fig. BH:
(1) npio = 1.34392, (2) npio = 1.36576 and (3) npio = 1.43128. ¢,
The resolution dnpi, with increasing N for the NOON state, optimal
state, SIL, and HL cases show that the optimal states remain beyond
the SIL, regardless of N for the nanowire. d, Same as panel c, but
for the wedge waveguide. In both panels ¢ and d, the value of npio
corresponds to point (2) in Figs. Bk and d, respectively. The quan-
tum enhancement in both plots is reduced with increasing N, i.e. the
gap between the HL and SIL decreases with N and the optimal state
resolution remains roughly at a fixed distance from the SIL.

components can achieve.

Discussion.— In this work we introduced a general con-
cept of quantum plasmonic sensing and showed an example
quantum plasmonic sensor that can beat the SNL in the pres-
ence of metallic losses. We have demonstrated how the in-
clusion of quantum techniques in a plasmonic system enables
one to further improve its sensitivity and resolution beyond the
SNL, while keeping the compactness of the device on scales
far below the diffraction limit. Our analysis is applicable to
any type of plasmonic sensing platform and we leave a vari-
ety of technical issues related to quantum plasmonic sensors
for future works. For example, the performance of a quan-
tum plasmonic sensor would benefit from further investigation
into different excitation platforms such as a prism, grating, lo-
calized SPR sensor, metamaterials and graphene, as well as
modulation-based approaches. In addition to the sensitivity
and resolution considered in this work, other figures of merit
such as accuracy, precision, or kinetic analysis will need to
be taken into account for practical use in industry. We en-
visage that progress in quantum metrology will reshape the
field of plasmonic biosensing — a field that has already devel-
oped into mature technology for at least two decades. Our
work opens up a path between the quantum metrology and
plasmonic sensing fields, and has the potential to lead to a va-
riety of studies at the level of practical realization. Integrated
quantum plasmonic sensors may also find application in on-
chip nanoscale quantum network devices, with potential uses



in quantum tasks where precise and compact measurement is
required [43] 44].
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SUPPLEMENTARY INFORMATION

Characteristic equations

Plasmonic.— The characteristic equation for the lowest or-
der plasmonic TM mode in a metallic nanowire [15} [31]] is
given by

€n 11 (kokmr)  €ctag Ki(KoKclaa?)

Ketad Ko(koKclaa?)

0, “)

K To(kokmT)

where I,(x) and K,(x) are the p-order modified Bessel
functions and ky is the free space wavenumber of the EM
wave (kg = 2n/dyp = w/c, where Ay denotes the free space

wavelength). Here, «, = +/(k/ko)? — €x(w) and kg =
V(k/ko)? — €ad, Where €,(w) and e4,q denote the dielectric
constant for the metallic core and the dielectric cladding, re-
spectively. In the main text, the cladding takes the form of the
biological medium defined by the refractive index ny;,. The
EM field of the surface plasmon is localized at the interface
between the metallic core and the dielectric cladding, and de-
cays like a modified Bessel function in both materials. The
characteristic equation determines the wavenumber k for the
plasmonic mode as a function of the core radius  and the di-
electric functions at the considered wavelength.

Dielectric.— The characteristic equation for the photonic
LPy,, modes in a dielectric nanowire [32] is given by

Hi4) KB
Jo(A) " Ko(B)

®)

where J,(x) is the p-order Bessel function and A = keorer

and B = kcaar. Here keore = ko v €core — (k/ko)? and kejaa =
ko (k/ko)? — €clag, Where €ore and €j,q denote the dielectric
constant for the dielectric core and the cladding, respectively.
The characteristic equation determines the wavenumber k for
the photonic mode as a function of the core radius r and di-
electric constants at the considered wavelength. In the main
text, for simplicity we consider a single-mode fiber, where the
core diameter is small enough for only the fundamental m = 1

mode to exist, i.e. LPg;. This is satisfied by the condition
VA? + B% < 2.405, which is met by the parameters used.

Quantum Fisher information

The quantum Fisher information is defined as the max-
imum of the classical Fisher information over all possible
generalized measurements. It quantifies the amount of in-
formation about the parameter ¢ that a state contains when
the optimal measurement is performed. For pure states |y),
the quantum Fisher information can be simplified to Fp =

AWy — | |w) ), where ') = %. For the state with

definite photon number N given by [¢), = SN ¢, |[n,N — n)
and a fictitious beamsplitter with a transmitivity 7 modelling
loss in one arm of a two-mode interferometer, the quantum
Fisher information is given in terms of |/ ) by [38]]

N N N n
Fyp =4(Zn2xn —Z(Z"jvln—anl)z), (6)

n
n=0 1=0 Zn=l x”Bl

where x, = |c,|* and B} = (';)(Ng")n"(n’1 -

Wedge waveguide

The propagation constant and loss for the silver wedge
waveguide was obtained by 2D finite element method (FEM)
simulation in COMSOL. The material properties of silver
were taken from Rakic et al. [30]. High quality wedge waveg-
uides have recently been fabricated by template stripping sil-
ver from etched silicon, so the silicon etching angles were
taken as the angles for the waveguides, delivering wedge
waveguides with a top angle of 70.6 degrees [41]]. The top was
rounded with a radius of curvature of 20 nm. For robustness
of the simulations, a height of 5 um was taken, but the optical
mode is highly confined at the tip of the waveguide, allowing
to make wedges as small as 50 nm high without appreciable
coupling to the base corners.
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