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Abstract

Plasmonic sensors are important detectors of biochemical trace compounds, but
those that utilize optical readout are approaching their absolute limits of detection as
defined by the Heisenberg uncertainty principle in both differential intensity and phase
readout. However, the use of more general minimum uncertainty states in the form of
squeezed light can push the noise floor in these sensors below the shot noise limit (SNL)
in one analysis variable at the expense of another. Here, we demonstrate a quantum
plasmonic sensor whose noise floor is reduced below the SNL in order to perform index
of refraction measurements with sensitivities unobtainable with classical plasmonic sen-
sors. The increased signal to noise ratio (SNR) can result in faster detection of analyte
concentrations that were previously lost in the noise. These benefits are the hallmarks
of a sensor exploiting quantum readout fields in order to manipulate the limits of the

Heisenberg uncertainty principle.
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Quantum sensors are devices whose sensitivity has been augmented by quantum mechan-
ical properties. They may rely on a field transducer constructed from a quantum mechanical
object, such as cold atoms,'? or on a readout field exploiting quantum statistics.® The study
of quantum sensors has become a diverse and important field of general interest due to its
broad applicability to research including gravitational wave interferometry,?® bio-imaging,%
plasmonic imaging,” displacement sensors,? and myriad other detection schemes.'%!! In the
classical regime, surface plasmon resonance (SPR) sensors have also found widespread appli-
cation for medical, defense, and basic research purposes. However, as these devices approach
their ultimate classical noise limits due to the Heisenberg uncertainty principle!? in terms of
both intensity'* and phase readout,' quantum sensors will be required for further improve-
ments in sensitivity. Previous work demonstrated detection of an index of refraction change
of 0.014 using a plasmonic nanoparticle sensing platform combined with single photon optical
readout, requiring long integration times in the presence of thermal noise.'® However, typical
SPR sensors utilize bright fields for increased sensitivity and reduced acquisition time.

The current state of the art in SPR sensing utilizes balanced detection to remove any
classical noise present in the probe field via subtraction of a reference field that does not
interact with the plasmon. %16 It is also possible to remove technical noise that is present
at DC in these sensors through a well-known technique which uses a modulation on the probe

17,18 via a lock-in

field, allowing measurements to be performed at the modulation frequency
amplifier or spectrum analyzer, for instance. However, the Heisenberg uncertainty principle
for the intensity and phase of light imposes a quantum shot noise limit (SNL) associated
with the noise of the coherent state that can not be surpassed with classical states.® Indeed,
while correlated classical noise can be subtracted at a balanced detector, shot noise adds

in quadrature.® On the other hand, two light fields sharing quantum correlations can be

used to demonstrate quantum noise reduction below the photon SNIL.'%20 This quantum



noise reduction below the SNL is frequently referred to as “squeezing”, and when the noise
reduction is the result of quantum correlations between two modes, the collection of modes
are referred to as “two mode squeezed states”. Amid growing interest in utilizing quantum

! several authors have recently shown that

states of light in nanoplasmonic applications,?
both surface plasmon polaritons and localized surface plasmons are capable of transducing
these intensity squeezed states.”?? Here we show that bright states of light with macroscopic
intensities exhibiting two mode squeezing can be used as the optical readout field in a
plasmonic sensor in order to drastically increase the sensitivity within the same integration
time window as the corresponding classical sensor. The increased SNR resulting from the sub-
SNL noise floor results in faster detection of a given particle concentration or in the detection
of smaller concentrations that were previously lost in the noise for the same integration time.
This compact and robust approach to quantum sensing can be applied to any SPR sensing
geometry to outperform the optimum classical measurement.

The most ubiquitous plasmonic sensor (the widely adopted Kretschmann configuration, 23
see Fig. 1a) consists of plasmon polaritons supported on metal films that evanescently couple
to optical fields through intermediary prisms. These devices detect a change in the concen-
tration of an agent of interest by registering a shift in the plasmonic response to the local
index of refraction at the film’s surface. When incident light reflects from the back face of
the prism it excites a surface plasmon polariton at a critical angle so that the light that
exits the prism serves as an intensity-modulated signal. The angle at which light couples to
the plasmon polariton is determined by the reflection of an electromagnetic field at a metal-

dielectric interface (with the prism as layer 1, the metal film as layer 2, and the sample to

be sensed as layer 3) given by '*
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with metal thickness d and reflection coefficient between the " and j* layer r;; given by:
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Here, Z; = &;/k,; for p-polarized light and k,; = ko(s; — £1)sin?®(6;.)"/? is the normal
component of the wave vector in the metal layer that essentially contains angle of incidence
information. S-polarized light cannot excite a surface plasmon polariton in this geometry,
but p-polarized light will be absorbed by surface plasmon polaritons at a critical angle
that is strongly dependent on 3. Because the index of refraction is proportional to the
concentration of particles of interest in many solutions,?*?> the inferred shift in index can

be used to determine a change in concentration of the analyte of interest.
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Figure 1: a) A SPR sensor consisting of a prism, metal coating on the backside, a readout
light field, and detector which reads angular shift. b) Schematic showing intensity and noise
of a reflective SPR sensor as a function of angle.

The precision with which an angular shift can be determined is limited by the total noise



of the sensing platform, but state-of-the-art SPR. sensors are now at their classical limits
where the SNL dominates the noise,'? provided that the read out field does not feed noise
into the index of refraction itself via nonlinear interactions or photo-thermal damage. This
noise directly affects the sensitivity of the SPR sensor, since resonance shifts that are smaller
than the noise cannot be resolved, meaning that the shot noise imposes a lower limit to the
concentration of a specific analyte that a particular sensor can detect.

Figure 1b schematically illustrates this concept. In the upper plot, the line thickness
represents the uncertainty in a measurement of the optical intensity for a shot noise limited
SPR sensor. For very small shifts in the resonance, the lines are difficult to distinguish from
one another. Either a higher confidence level (larger index shift) or longer integration time
is necessary to discern them. When the noise floor is reduced via squeezing, changes in the
reflected signal are easier to discern for the same confidence level or integration time. Quan-
tum noise reduction provides a higher SNR than is possible with a classical sensor, enabling
the detection of smaller resonance shifts and thereby the inference of smaller concentrations
of trace biochemical compounds.

Figure 2 shows a differential detection setup in which a reference beam (orange) is used to
cancel the noise in the readout beam (red). The readout beam interacts with the plasmonic
medium, while the reference beam is attenuated in order to cancel out the excess noise
associated with both beams (the attenuation can be implemented optically or electronically).
For beams sharing classical correlations, the measurement technique is shot noise limited
provided that the common mode noise in each beam does not exceed the rejection ratio of
the detector.'®416 However, by replacing the classical reference field with a mode that is
quantum correlated with the readout field as shown in Fig. 2, signals with noise levels below
the SNL can be observed.

A highly accessible technique to generate these quantum correlated fields is shown in
Fig. 2. A pump-probe experiment is conducted in a 8°Rb vapor cell at the D1 line, ~795 nm

(inset of Fig. 2192%), The pump field (P) excites atoms from both hyperfine ground states.
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Figure 2: Experimental configuration for sub-SNL plasmonic sensing. A nonlinear optical
process (four wave mixing) in Rb vapor governed by a double-A scheme (inset) in the presence
of a strong pump (P, purple) is used to produce probe (Pr, red) and conjugate (C, orange)
beams for the SPR sensor. The conjugate field is used as the reference for subtracting
classical and quantum noise while the probe is used for optical readout. The detector takes
the difference between the probe and conjugate intensities and displays the result on a
spectrum analyzer. PBS: polarizing beam splitter; SA: spectrum analyzer; ND: variable
neutral density filter; AOM: acousto-optic modulator.



Despite being off resonance, a large pump power of approximately 300 mW ensures that
the pump’s Rabi frequency is large enough to induce coherence between the hyperfine sub-
levels. A probe photon (Pr) closer to resonance stimulates emission of a photon from the
coherently excited population preferentially into one of the ground state sub-levels, which
requires that a second photon (called the conjugate, C) also be emitted in order to satisfy
momentum and energy conservation while the coherence is preserved. The entire process,
called four wave mixing, is governed by a third order nonlinear susceptibility, but the large
intensity of the pump field combined with its undepleted amplitude ensures that the system
behaves with characteristics similar to second order parametric amplifiers. Since the number
of probe photons emitted requires an equal number of conjugate photons to be emitted,
the two fields share quantum intensity correlations, and a measurement of the intensity
difference reveals reduced intensity-difference noise fluctuations compared to the SNL. 920
This “two mode squeezed state” or “twin beam” state has reduced noise in exactly the variable
of detection associated with the shot noise limited Kretschmann geometry - that is, the
intensity difference between the reference and readout beams. The noise floor is derived in
the supporting information and is given in shot noise units by
2n(G —1
AN? =1-— 7;((;_1) (3)
where N_ is the photon number difference, n is the total transmission of both beams to a
photodetector, including the detector’s quantum efficiency, and G is the nonlinear gain in the
four wave mixing interaction. Notably, the noise is less than one shot noise unit for n > 0 and
G > 1. Thus, using this twin beam configuration in lieu of a traditional reference subtraction
on a balanced detector will yield a signal to noise ratio increased by 2n(G —1)/(2G — 1) over
the shot noise limited measurement. %20
We experimentally implemented such a Kretschmann sensor with differential detection

and quantum correlated beams using the process outlined above in order to directly detect



shifts in the local index of refraction of calibrated index matching oils tuned to emulate flow
cell operation. The probe field from the four wave mixing process was used as the readout
beam in the SPR sensor, while the conjugate field was sent on to the balanced detector in
order to cancel the quantum noise present in the probe field.

An acousto-optic-modulator was used to place a modulation on the probe field so that
both the signal and the intensity difference noise floor could be observed directly on a spec-
trum analyzer simultaneously as shown in Figs. 4b and 4c. The amplitude of the modulation
provided a direct measure of the reflected signal amplitude, and the noise floor surrounding
the modulation is equivalent to the variance of a signal recorded at DC in conventional SPR
spectroscopy, albeit with quantum noise reduction reducing the noise floor below the SNL.
Applying a modulation and then demodulating (either via a spectrum analyzer or lock-in
amplifier) has the added benefit of removing technical noise at DC that often exceeds the
common mode rejection of balanced detectors under typical experimental conditions. The
probe angle of incidence at the gold film was scanned by rotating a servo-controlled stage
below the prism, while a mirror was counter-rotated at the opposite angle in order to en-
sure maximum transmission to the detector. The variable neutral density (ND) filter in the
conjugate beam was rotated for each data point in order ensure maximum noise cancellation.

At a specific angle for a given index of refraction, n, the reflectivity reaches a minimum.
A shift in the position of this minimum can be used to infer the index of refraction, but the
inflection point provides the greatest sensitivity to changes in index.'® Figure 3 shows the
reflectivity as a function of angle for n = 1.300, 1.301, and 1.305, where the angle relative
to the plasmon resonance for n = 1.3 is measured. Each data point in Fig. 3 corresponds to
the height of the modulation peak as viewed on the spectrum analyzer. Under attenuation
a classical signal decreases more quickly than quantum noise, and the SNR of each peak
in Fig. 3 decreases closer to resonance. The amount of quantum noise reduction for each
point along the angle scan is shown in Fig. 4. It is clear from the figure that every point on

each index scan shows quantum noise reduction. Figures 4b and 4c show the raw data on
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Figure 3: a: Plasmonic resonance as a function of relative angle of incidence (0° corresponds
to on-resonance for n = 1.3) and index of refraction (green: n=1.305; blue: n=1.301; red:
n=1.300). The numerical curve fits are intended as a guide to the eye.

a spectrum analyzer associated with two data points in the scan (indicating approximately
4.5 dB of squeezing on the shoulder and 2.5 dB of squeezing at the inflection point). The
peak heights in Figs. 4b and 4c correspond to the magnitude of amplitude modulation on
the probe field, and its maximum is located at the modulation frequency (1.5 MHz). Thus,
reading the peak height is an effective signal demodulation, which is proportional to the
intensity reaching the detector, while the sidebands correspond exactly to the noise floor
associated with each measurement. The variance is proportional to the average of these
noise sidebands; a lower noise sideband for a given peak height indicates a larger signal to
noise ratio (SNR). The red lines in the insets of Fig. 4 correspond to the measured SNL at
each data point for the same optical power. A modulation peak with noise sidebands given
by the red shot noise trace has a lower SNR than the peak associated with the squeezed
(black) noise sidebands, and this is the case for every data point in the curves.

A large amount of squeezing is observed near the inflection points, meaning that one
can choose to operate this SPR sensor at a single angle,'® where a large quantum effect is

observed, and monitor the transmission as a function of time as the analyte concentration is
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Figure 4: a: Quantum noise reduction as a function of angle of incidence and index of
refraction (green: n=1.305; blue: n=1.301; red: n=1.300). b & c: the raw data for two
points along the curve. The red line indicates the shot noise level, while the peak is associated
with the transmitted probe power. The sidebands that indicate the noise floor associated
with each data point fall below the SNL - squeezing is equal to the difference between the
black and red sidebands. Squeezing decreases as transmission decreases, but virtually all
data points are squeezed. A maximum of 4.6 dB below the SNL is observed in the peak
shoulders. A minimum of 0.3 dB is observed in the n=1.300 and n=1.301 datasets, while
the n=1.305 dataset minimum is at the SNL.
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varied, and at all points a higher SNR would be achieved than is possible with the classical
version of this sensor. The index shift measured here (0.001) is the smallest observed to
date using quantum states of light to interact with SPR sensors, but more importantly,
the quantum fields themselves are bright beams, consisting of on the order of ~ 1 mW in
general before absorption by the plasmonic sensor. The index shift here resulted in a very
large angular shift in the plasmonic resonance, meaning that the sensor is likely capable of
measuring several orders of magnitude smaller shifts, but the resolution of available calibrated
oils prevented us from studying smaller shifts. Nonetheless, Figs. 3 and 4 make it clear that
when operating an optimal, shot noise limited classical sensor, twin beams automatically
improve the SNR by the amount of quantum noise reduction present. In the optimum
classical SPR sensor based on transmitted intensity, the lowest detectable shift reaches 1077
refractive index units (RIU).'? Our experimental results provide ~2.5 dB improvement in
the noise floor for such a measurement. This corresponds to a potential improvement in the
smallest resolvable shift by 50%. For optimum, state of the art squeezed light sources with
> 10 dB of quantum noise reduction,?® and for minimal losses inside the sensor on par with
the ~ 92% demonstrated here, SNRs could be increased dramatically, leading to a potential
reduction in the lower limit of detection by an order of magnitude.

It is interesting to compare a sensor that uses quantum noise reduction to one that
operates at the SNL, but with increased optical power to obtain the same improvement in
SNR. First, we note that the quantum light source used here can operate at powers ranging
from vacuum to > 10 mW total while maintaining quantum noise reduction.!® Theoretically,
the amount of quantum noise reduction does not depend on the incident optical power. Thus
one can envision operating a quantum noise reduction source with the same optical power
that a classical sensor is capable of providing. It is clear that quantum noise reduction
becomes important in power-constrained environments, such as when the medium under
study is sensitive to high intensities and may become damaged. At the same low power

levels, the SNL is larger in proportion to the signal, resulting in lower SNR than in higher
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power configurations. On the other hand, one may not increase optical power beyond the
point of thermal modulation?” of the plasmon or the damage threshold of photo-sensitive

28,29 at which point the SPR device will cease to function as a linear index of refraction

ligands,
sensor. At powers just below those thresholds, the noise floor can only be improved upon
by utilizing squeezed light. The SNR may also be improved by increasing the response of
the plasmon to a local index change - for example, by introducing nanostructured surfaces
or novel plasmonic materials.3® For any possible configuration, the application of squeezed
light as demonstrated here can be used to reduce the noise floor and further improve the
SNR, demonstrating that the optimal measurement therefore always uses quantum noise
reduction.

We also note that interferometric measurements are more sensitive than intensity based
measurements, and an intensity-squeezed SPR sensor may not necessarily beat the SNR
of a Mach-Zehnder based phase-sensitive SPR sensor. However, it is clear that squeezed
interferometers can also be used as quantum sensors,>* where all of the same arguments as

3132 Jeads to an even

above apply. In fact, utilizing more sensitive nonlinear interferometers,
higher SNR than classical interferometric measurements. The use of such a device to register
shifts in the plasmonic resonance as a function of index of refraction is currently under study
and will be presented elsewhere.

In conclusion, we have demonstrated a squeezed SPR sensor in the Kretschmann config-
uration that was used to measure actual shifts in the plasmonic resonance as a function of a
real index of refraction change. This constitutes the first quantum plasmonic sensor operat-
ing with bright optical powers with sensitivities that are scalable beyond the most sensitive
classical measurements. These SPR sensors have been shown to be useful platforms for label
free detection, and the same techniques demonstrated here could be applied to arbitrarily
functionalized SPR sensors.

Supporting Information Available: A derivation of equation 3 describing squeezing in the

presence of loss for a nonlinear amplifier. The Supporting Information is available free of
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charge on the ACS Publications website at DOI:10.1021/acsphotonics. XXXXXXX
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Synopsis: The graphic below illustrates the experimental setup associated with plasmonic
trace sensing below the shot noise limit (SNL). In order to acquire signals with noise below
the SNL, a quantum light source is required, as a laser would exhibit either shot noise or
super Poissonian noise. The setup shows how to interface a quantum light source that emits
two mode squeezed states, whose joint noise floor extends below the SNL, with a surface
plasmon resonance sensor in the Kretschmann configuration. The picture also shows how to
use the quantum light source in a frequently used sensing configuration, in which a reference
beam is used to cancel noise from the signal beam through difference detection. Using a
laser as the light source, this technique would normally cancel the technical noise and allow
the sensor to reach the shot noise limit. In the configuration using a quantum light source
shown here, the sensor is able to go below the shot noise limit, enabling the detection of

trace concentrations that the classical sensor would not be able to see.
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