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Direct detection of single photons at wavelengths beyond 2 ym under ambient conditions remains an
outstanding technological challenge. One promising approach is frequency upconversion into the visible
(VIS) or near-infrared (NIR) domain, where single-photon detectors are readily available. Here, we propose
a nanoscale solution based on a molecular optomechanical platform to up-convert photons from the far- and
mid-infrared (covering part of the terahertz gap) into the VIS-NIR domain. We perform a detailed analysis
of its outgoing noise spectral density and conversion efficiency with a full quantum model. Our platform
consists in doubly resonant nanoantennas focusing both the incoming long-wavelength radiation and the
short-wavelength pump laser field into the same active region. There, infrared active vibrational modes are
resonantly excited and couple through their Raman polarizability to the pump field. This optomechanical
interaction is enhanced by the antenna and leads to the coherent transfer of the incoming low-frequency
signal onto the anti-Stokes sideband of the pump laser. Our calculations demonstrate that our scheme is
realizable with current technology and that optimized platforms can reach single-photon sensitivity in a
spectral region where this capability remains unavailable to date.
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I. INTRODUCTION

Many applications in security, material science, and
health care would benefit from the development of new
technologies for far- and mid-infrared (FIR and MIR,
respectively) detection and thermal imaging [1]. Driven
by applications in astronomy, novel cryogenic detectors in
the FIR range appeared in the past few years [2,3]. However,
the ability to efficiently manipulate such electromagnetic
signals at room temperature is still lacking [4,5]. In parti-
cular, single-photon detection, which is now routine in
the visible (VIS) and near-infrared (NIR) region (wave-
length in vacuum from 400 to 2000 nm), remains impossible
or unpractical at longer wavelengths. The development
of new detection devices operating without complex
cryogenic apparatus, and featuring improved sensitivity,
lower noise, and a reduced footprint, would significantly
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impact sensing, imaging, spectroscopy, and communication
technologies.

In this work, we propose a new route to achieve low-
noise detection of noncoherent radiation between 5 and
50 THz by leveraging optomechanical transduction with
molecules [6], whose natural oscillation frequencies are
resonant with the incoming field. Our strategy consists in
converting the incoming low-frequency signal onto the
anti-Stokes sideband of a pump laser in the VIS-NIR
domain, where detectors with single-photon sensitivity
are readily available [7,8]. This approach is inspired by
the recent realization of coherent frequency conversion
using different types of optomechanical cavities [9-15] and
is conceptually distinct from a recently demonstrated
detection scheme assisted by a microfabricated resonator
[16]. As an outlook, we propose to leverage constructive
interference between signals coming from an array of
coherently pumped up-converters in order to increase
further the strength of the converted signal over the
incoherent thermal noise.

While coherent conversion from the MIR to the VIS-NIR
domain has so far been achieved by sum-frequency gen-
eration in bulk nonlinear crystals [17-20], these schemes
operate under several watts of pump power and require
phase matching between the different fields propagating in
the crystal. Our scheme, on the contrary, relies solely
on the spatial overlap of the two incoming fields. Indeed,
we use a nanometer-scale dual antenna that confines both
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electromagnetic fields into similar subwavelength mode
volumes. The optomechanical interaction with the vibra-
tional system takes place in the near field, without the need
to fulfill a phase-matching condition. Moreover, thanks to
the giant field enhancement provided by plasmonic nano-
gaps, the required pump power to achieve efficient con-
version is dramatically reduced.

The protocol that we introduce leverages the intrinsic
ability of specific molecular vibrations to interact both
resonantly with MIR-FIR fields and parametrically with
VIS-NIR fields, as routinely observed in infrared absorp-
tion and Raman spectroscopy, respectively. The wealth
of accessible vibrational modes and frequencies [21,22]
offers a convenient toolbox to realize efficient frequency
upconversion in the technologically appealing region of
thermal imaging.

We first introduce the framework describing the interaction
between a molecular vibration and two electromagnetic
fields, one that is resonant with the vibrational frequency
and the other one that is parametrically coupled to it through
the molecular polarization. We compute the conversion
efficiency and the noise figures of merit of our novel device
as a function of the optical pump detuning and power. We
illustrate the achievable performance with a device operating
at 30 THz (10 um) and find internal conversion efficiencies
on the order of a few percent and noise-equivalent power

below 10712 W/+/Hz. Finally, we demonstrate how our
approach may be used to reach single-photon detection at
frequencies down to approximately 5 THz.

II. OPTICAL CONVERSION SCHEME

We start with the description of the two types of
interactions leveraged in the conversion process and
describe the relevant parameters. For simplicity, we now
use the abbreviation IR to denote MIR or FIR fields,
depending on the vibrational frequency considered. First,
we model the resonant absorption process. We assume that
the vibrational system is weakly driven, meaning that the
average number of excited collective vibrational quanta is
much smaller that the total number of molecular oscillators
coupled to the incoming field, Nir. At the single-molecule
level, this easily satisfied condition corresponds to neglect-
ing transitions beyond the ground and first excited vibra-
tional states. The collective excitation of an ensemble of
vibrational modes can thus be treated as an ensemble of
two-level systems [23].

The interaction part of the Hamiltonian is corres-
pondingly approximated by

Hy = —ihgﬁg‘g)\/ﬂ( L+ ar6y), (1)
with &ITR and ajg the IR field bosonic ladder operators and
6, and 6; the raising and lowering operators, respectively,
of the collective two-level system described by a transition

frequency w,. gg{ '(‘}) = /NRrgr o is the collective resonant
vacuum coupling rate of the vibrational mode v for N
identical molecules, and 7i;g the mean occupation of the IR
antenna mode.

The incoming IR field at frequency wy is enhanced by
a frequency-matched antenna and performs work on the

collective transition dipole :i,, of the molecular vibration
[24]. On resonance (wR = w,), the average number of
created phonons is (see the Appendix C for a detailed
derivation)

(Nr)\ 2
_ 291r 0 MR
i = (SR ) I ap @

with [(ai%)|? the incoming IR photon flux. In this expres-
sion, k® = kR + kR is the loss rate of the antenna at the
incoming frequency, which is the sum of the external decay
rate kX (by radlatlve couphng to far-field modes) and the
1nterna1 decay rate k[} (by absorption in the metal). 7R =
kR /KR is the coupling ratio of the antenna and I, the total
vibrational decay rate, where the intrinsic vibrational
linewidth I', is modified by its coupling to the IR antenna
[25] and the optomechanical interaction with the pump
laser, as explained below.
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FIG. 1. (a) Illustration of the envisioned upconversion device.

Both electromagnetic modes are collected with the help of the
dual antenna and confined within a volume where molecules are
located. (b) Frequency picture of the optomechanical conversion
mechanism involving both IR absorption and Raman scattering
by specific vibrational modes. Here, the pump tone (w,) is
red-detuned from the optical resonance (o, ~ w, + wr), while
the incoming IR signal is resonant with a specific vibrational
mode (R = @,).
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As pictured in Fig. 1, we employ a second antenna
resonant at @, (a frequency in the VIS-NIR domain, which
we call “optical” domain from here on for brevity), whose
decay rates kox and ;" are defined in the same way as the
IR antenna parameters. The optical antenna enhances the
parametric optomechanical interaction of the molecular
vibration with a pump laser in the optical domain, as
described in Ref. [6]. Concisely, the interaction between
an optical field and N, molecular oscillators leads to
a dispersive interaction described by the Hamiltonian
ﬁlint:_hggﬁig)alptaopt(bv"f'b};) with g(()ll;/zrg) =V Noptgopt,O
the collective optomechanical vacuum coupling rate and
&j;pt and Qo (b} and b,) the optical pump field bosonic
ladder operators (the vibrational phononic operators at
frequency v). The number of molecules N, participating
in the optomechanical interaction with the pump laser
may be different from the number Nz participating in
IR absorption, as elaborated in Sec. III below (cf. also
Appendix D5 and D6).

The optical antenna field can be split into an average
coherent amplitude @ and a fluctuating term so that
dopi = @ + 04, Expanding to first order in a the opto-
mechanical interaction, we obtain the linearized interaction

- Nopt = A A 7 7
Hlin = _hg(()pt,r())>\/ nopt<5agpt + 5aopt)(bl/ + bZ)v (3)

with i, = |a|* the mean occupation of the optical antenna
mode (see Appendix A).

The spectral density of the output field on the optical port
in photons/(Hz - s) can be evaluated through the calculation
of the two-time correlations of the optical output field
operators [26,27]:

opt oy A
SO () ox X / dre ™ (5%, (1)000 (0).  (4)

Following previous works in optomechanics [28] and
their extension to molecular optomechanics [29,30],
we can write an analytical expression of the outgoing
spectral density at the anti-Stokes sideband S°"(w,g) o
A~y /(T +Typy) [at the Stokes sideband S§°'(ws) o
AT (ny+1)/(T; +Typ)] with 72y the mean final phonon
number of the vibrational mode. Because of the IR
and optomechanical interactions, the intrinsic vibrational
damping rate is modified: I', = I') + 'y with I the IR
antenna-assisted damping rate and Iy, = A~ — A" the
additional damping rate of electromagnetic origin charac-
terized by the imbalance between the optical antenna-
assisted transition rates to the ground A~ and excited
vibrational states A" (see Appendix A).

The final phonon number in the vibrational mode, i/, is
given by the expression [26]

where 7, = i} + 7y, is the total phonon number in the
absence of optical drive. It is the incoherent sum of the
IR-induced vibrational excitation [Eq. (2)] and the thermal
noise, g, = 1/(exp [hw,/kgTpan] — 1) for a bath temper-
ature Ty,q,. We assume here that the pump laser does not
lead to significant Ohmic heating of the system. It is,
however, straightforward to model laser-induced heating
by introducing a pump-power-dependent bath tempe-
rature Tpy,-

The resulting spectral density Sgg{ in the absence of
incoming IR radiation (7)} = 0) should be integrated over
the device’s operational bandwidth (BW =TI, to obtain
its dark-count rate Sgg{ = [pw Sonidw. The dark-count rate
arising from the thermal contribution to the first term in
Eq. (5) can be reduced by cooling the bath, whereas the
second term describes a minimal noise level resulting from
phonon creation by spontaneous Stokes scattering of the
pump laser, a process equivalent to quantum backaction in
cavity optomechanics. Therefore, an optimal power that
maximizes the signal-to-noise ratio (SNR) exists, akin to
the standard quantum limit in position measurements.

From these expressions, we are also able to describe the
conversion efficiency from an incoming rate of IR photons
coupled to the antenna into an outgoing rate of optical
photons emitted by the antenna into free space, as Sfﬁt_,opt =
’7ext| <ai]]12> |2’ where Hext = Mopt * Mint * MR is an external con-
version efficiency [31] with 5o, = K&k /k°P".

The internal conversion efficiency #;,; can, in turn, be
divided into a power-dependent part ﬂom(flopt) and a part
describing the spatial overlap between the IR near field, the
optical near field, and the molecular ensemble, which we
WIILE @S 7oyerlap- 10 approximate this last term, we factorize
it into two contributions: the spatial overlap between the IR
and optical near fields (7,0,4.) and the vectorial overlap
between the near-field polarization (typically normal to the
antenna surface) and the molecular orientation, which we
name 77,,; 0 that we can write

Mint = Mpol * Hmode nOM(ﬁopt)' (6)

The evaluation of #oyertap = Mpolfimode 1S detailed in
Appendix D5 and D6. The power and detuning dependence
of the optomechanical efficiency term 7y are depicted in
Fig. 3(b), and its exact calculation is given in Appendix A.

III. MOLECULAR TRANSDUCER

The electric dipole moment ji, and polarizability a, of a
vibrational mode can be extracted from experimental data
of resonant light absorption and inelastic light scattering,
respectively [21,22]. For vibrational modes lacking cen-
trosymmetry, the derivatives of both quantities with respect
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FIG. 2. (a) Polar plots of both the electric moment derivative
(left) and the projection of the Raman tensor on the main plane of
the molecule (right) for the vibrational mode 7 = 1002 cm™" of
the thiophenol molecule (background image). (b) Local density of
states distribution inside the dual antenna for an IR mode at
32 THz (left) and a NIR mode at 374 THz (right).

to the displacement coordinate can be nonvanishing [32].
We show such a situation in Fig. 2, where we plot the
projections of the derivatives of the electric moment and of
the polarizability with respect to the molecular coordinate
Q, of the 1002 cm™~! mode of thiophenol, which we choose
as an example in our calculations. We note that the
projection of the tensor (Ja,/0Q,) onto an axis
perpendicular to the principal axis of the electronic moment
derivative (0j,/0Q,) can be nonvanishing. Several polari-
zation directions for in- and outcoupling of resonant and
up-converted fields are thus conceivable.

The calculations leading to the parametric optomechan-
ical vacuum coupling rate g, o between the antenna field
and the vibrational mode has been previously described [6],
and its value is given by gop 0 =@, [€op - (0, /00,) - €] X
(1/Vop0)\/ 1 /2w, with , the polarizability tensor, Q,
the reduced displacement coordinate of the vibrational
mode labeled by v, V,, the optical mode volume, and
é’opI the unit polarization vector of the optical antenna
mode.

The coupling rate gir associated with a vibrational
mode v is linked to an effective transition dipole Ziy that can
be numerically computed using, e.g., density functional
theory (DFT); cf. Appendix D. Its value is grg =

(1/ h)glb . 5'0, where the electric field per photon is given

by 50 = v/ hw,/2¢,Vgér With Vg the mode volume and
ér the unit polarization vector of the IR mode [27,33].

Since gg;”'(‘)‘) scales with /Nr/Vg, it can be indepen-
dent of the mode volume as long as this volume is filled
with molecules. On the contrary, the interaction of the

vibration with the VIS-NIR optical field g(()gf’(’;)

V/Nopt/Vopt» advocating for a device confining strongly

this field, thereby reducing the optical power required to
reach an efficient conversion process.

scales as

IV. DUAL PLASMONIC ANTENNA

Nanoantennas have proven to be instrumental in enhanc-
ing the interaction of molecules with off-resonant VIS-NIR
optical fields [e.g., for surface-enhanced Raman scattering
(SERS)] [34,35] and resonant IR fields [e.g., for surface-
enhanced infrared absorption (SEIRA)] [36,37]. We now
present the design of a new dual-resonant antenna (see
Figs. 1 and 2) and compute the interaction of the local fields
at the VIS-NIR and IR resonances with a specific vibra-
tional mode of an ensemble of molecules covering the
nanostructure. We assume that molecules are attached with
their main axis perpendicular to the metallic surfaces and
extract from DFT calculations the relevant components of
the derivatives of the electronic moment and polarizability
with respect to the normal mode coordinate. We note
that calculations for specific self-assembled monolayer
orientations [38,39] or randomly oriented molecules can
be achieved from the full knowledge of (da,/0Q,)
and (95, /00,).

In our design, the incoming field (to be up-converted)
and the pump laser field are each resonant with a different
component of the antennas arranged in a crossed configu-
ration (cf. Appendix E for additional information on the
design and values of its parameters). At their intersection,
the near-field polarizations of the two fields are collinear
(R = €op)> and we obtain 7,, = 33% for the vibrational
mode illustrated in Fig. 2, when accounting for the
specificities of the corresponding Raman tensor and IR
transition dipole. Electromagnetic simulations demon-
strate that the two fields, despite differing in frequency
by more than one order of magnitude in that particular
example, are confined within a very similar volume inside
the nanogaps separating the two structures. This confine-
ment results in a spatial overlap of the two main
electromagnetic field components within the dual antenna
reaching 7,04 = 44%.

From our numerical calculations, we find that the
antenna-assisted IR coupling rate for the vibrational mode
at wave number v = 1002 cm~! reaches gg;/.'g) (27) ~
186 GHz as Vg is decreased by several orders of
magnitude below its diffraction limit (the calculation of

Vg and Ziy are detailed in Appendix C). As the cavity
damping rate remains larger than the collective vacuum

IR coupling rate (2gglg) < k™ /2—Purcell regime), the
antenna-enhanced damping rate for this vibrational mode
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can be approximated by the expression [33] [}~

L, + kR /201 = /1 - (2g)2/(c® /27,

We compute in Appendix D the coupling rate of another
vibrational mode that has a larger IR dipole moment: Under
optimal molecular orientation and filling conditions, that
mode is at the onset of the collective strong coupling
regime with the IR antenna mode [23]. While future work is
needed to properly describe this regime in the context of
wavelength conversion, we note that our design offers new
perspectives to realize a source of IR photons. Indeed, in
the strong coupling regime and under optomechanical
parametric amplification [6], the optically pumped popu-
lation is shared between the collective vibrational mode and
the corresponding IR antenna mode, resulting in the fast
emission of IR radiation.

V. OPTICAL NOISE CONTRIBUTIONS

A useful figure of merit to compare the performance
of detectors independently of their respective operational
bandwidth is the noise-equivalent power: NEP =
pinin /. /BW[W - Hz™'/2], where PI™" is the incoming
power at which the detector reaches a unity SNR. This
definition can be translated to our converter by defining the
SNR as SNR(w) = ng;opt(w)/igg{(w). If we assume that
the dark noise of a detector in the VIS-NIR range is
negligible compared to the upconversion noise, the NEP of
the converter is by extension that of a detector built upon it.
We show the computed NEP in Fig. 3 as a function of
the optical pump power and laser detuning from the
cavity resonance. Remarkably, the NEP reaches values that
improve on the state of the art for uncooled commercial
devices (Table I) and compares favorably with more recently
demonstrated room-temperature platforms [40,41] operat-
ing at the higher end of the frequency range achievable with
our molecular up-converter.

When operating with a pump laser red-detuned from the
optical resonance (A = w, — o, = —,) in the resolved
sideband regime x°"'/2 < w,, we can simplify the inter-
action of Eq. (3) and obtain

7 Nopt = ~ 7
H ¢ = —hg(()pt}’))w /nopt(éalptb,, +H.c.). (7)

This regime provides maximal efficiency and optimal NEP,
as seen in Fig. 3(a). We note that for low-frequency
vibrational modes the condition x°"'/2 < w, could be
achieved with the help of hybrid cavities that feature
narrower linewidths [42,43].

Keeping this optimal detuning, we investigate in
Fig. 3(b) how the NEP depends on optical pump power.
As the intracavity pump photon number is increased, the
efficiency initially grows linearly, while the noise remains
constant, limited by the thermally generated anti-Stokes
signal. This result yields a square-root decrease of NEP
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FIG. 3. (a),(b) Left axis: Noise-equivalent power (NEP) (black
solid line); right axis: Power-dependent part of the internal
conversion efficiency #7om (7o) (red solid line) and noise-
equivalent photon number per gate 7i; (blue solid line) plotted
on a logarithmic vertical scale (a) as a function of the detuning of
the optical pump laser with respect to the plasmonic resonance for
a fixed intracavity optical photon number i, = 1000 and
(b) plotted as a function of intracavity optical photon number
Mgy for a fixed optimal red detuning A = —€,. We use the
parameters for the dual antenna and molecular system described in
the text. All their numerical values can be found in the Appendixes.
(c) i as a function of the thermal occupancy of the vibrational
mode for several intracavity optical photon numbers. The dashed
vertical line denotes the thermal occupancy of the mode consid-
ered in the text @, /(27) = 30 THz at room temperature.

with pump power. Interestingly, at a high intracavity photon
number, the contribution of optomechanical quantum back-
action to the dark-count rate surpasses the thermal con-
tribution, and the NEP degrades with increasing power.
This behavior is reminiscent of the standard quantum limit
for displacement detection in optomechanical cavities.
Another unique feature of the upconversion scheme
is its compatibility with single-photon detectors already
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TABLE 1. Noise-equivalent power of commercially available
uncooled devices in the 5-50 THz region [4,5] and comparison
with the device presented in this manuscript (molecular device).

Detector type NEP O(...)[W - Hz™'/?]

Golay cell 0(107)
Pyroelectric O(10710)
MCT photodiode O(10719)
Microbolometer O(1071)
Molecular device 0(10—(11m12))

available in the VIS-NIR range. To assess more precisely
the feasibility of operating our device in single-photon
counting mode, we introduce the noise-equivalent
photon rate, i.e., Sont/7ey = |(aik)[>/SNR. This quantity
corresponds to the incoming IR photon rate at the input of
the device that would generate an output rate of up-
converted photons equal to the dark-count rate.

In practice, noisy single-photon detectors are best
operated in gated mode. In our approach, this mode is
easily realized using a pulsed optical pump laser, with a
pulse duration At of a few picoseconds that ideally matches
the molecular vibrational linewidth; Ar=~ (T)~'. This
mode of operation provides not only better noise rejection
and higher intracavity photon numbers (therefore better
efficiency), but also ultrafast timing resolution that is not
otherwise achievable due to the intrinsic timing jitter of
VIS-NIR single-photon counters (typically several tens of
picoseconds) [8]. We therefore define the noise-equivalent
photon number per gate 7ig = Sgg{ / (MexLs), which trans-
lates the noise-equivalent photon rate into an average
incoming IR noise photons per time gate.

VI. CONVERTER ARRAYS

To gain more insight on the limiting factors constraining
single-photon operation, we plot 7i; as a function of the
thermal occupancy of the vibration and of the intracavity
pump photon number in Fig. 3(c). This graph shows that
moderate cooling of the device to 100°C below ambient
(achieved with thermoelectric cooling systems) would
bring the thermal occupancy of this vibrational mode
down to iy, = 5.6 x 107#, allowing one to reach a noise
as low as 7ig ~2 x 1072, making single-photon counting
with picosecond time resolution in the MIR and FIR
domains a realistic prospect. For the lower-frequency range
(5-20 THz), reducing the temperature of the molecules in a
cryogenic environment would be required to allow single-
photon operation.

A promising way to further reduce the gated dark-count
level consists in designing an array of molecular converters,
sufficiently distant from each other so as not to interact by
near-field coupling. We assume that the array is illuminated
by a spatially coherent IR signal and optical pump beam,
which is achievable when using a high f-number lens

due to the subwavelength dimensions of the antennas.
The key advantage of this scheme is that the anti-Stokes
fields of thermal origin from different antennas would
not exhibit any mutual phase coherence; they will add
up incoherently in the far field. On the contrary, the
up-converted (sum-frequency) anti-Stokes fields would
be phase coherent and interfere constructively in specific
directions, in analogy with a phased emitter array [44,45].
Considering a simple linear array, as demonstrated in
Appendix F, this effect would jointly decrease the thermal
contribution to the dark-count rate and dilute the intracavity
photon number per device, enabling single-photon oper-
ation with improved sensitivity.

A configuration with multiple converters within the IR
spot could alternatively be leveraged for on-chip IR multi-
plexing [46—-49] with distinct converters responding to
distinct IR frequencies by the proper choice of molecular
vibrations and antenna design, thereby bypassing the
limited detection bandwidth of a single converter. This
subwavelength platform benefits from the coherent nature
of the conversion process and opens the route to IR
spectroscopy, IR hyperspectral imaging, and recognition
technologies.

VII. CONCLUSION

In summary, we presented a new concept for frequency
upconversion from the mid-infrared to the visible domain
based on the interaction of both fields with molecular
vibrations coupled to a dual-resonant nanoantenna. We
considered an incoming long-wavelength infrared radiation
that resonantly excites a vibrational mode, which is
simultaneously coupled through its Raman polarizability
to a coherent pump field at a shorter wavelength (visible or
near-infrared), resulting in upconversion of the IR signal
onto the anti-Stokes sideband of the pump. Thanks to the
recently developed framework of molecular cavity opto-
mechanics, we were able to treat the problem in a full
quantum model and, thereby, predict the internal quantum
efficiency of our device, as well as its outgoing noise
spectral density. We showed that the noise added in the
conversion process has two main origins: thermal noise
and backaction noise (including quantum and dynamical
backaction), the latter increasing superlinearly with pump
power and eventually becoming dominant. We analyzed the
dependence of the NEP on the intracavity pump photon
number and pump-cavity detuning and predicted that,
under the optimal condition of red-sideband excitation,
the NEP can be as low as a few pW - Hz~!/2 improving
on the state of the art for devices operating at ambient
conditions.

We stress that our numerical estimates are based on a
realistic nanoantenna design and a common simple mol-
ecule (thiophenol). Although the intracavity photon num-
bers required to reach optimal performance appear to be
large, they can be achieved under pulsed excitation [50].
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Moreover, requirements on the intracavity power would be
lowered by further reducing the gap size (down to 1-2 nm)
and by chemical engineering of the molecular converter
toward higher Raman activity. Our study also shows
that, by moderately increasing the resonant coupling rate
between molecular vibration and IR antenna, the system
would enter the IR strong coupling regime, with the
formation of vibrational polaritons [23]. We leave the
study of the conversion process in this new regime for
future investigation.

Code to reproduce the data in Figs. 3 and 4 in addition to
the antenna and molecular parameters is available on
Zenodo [51].
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APPENDIX A: OPTOMECHANICAL
FRAMEWORK

A detailed description of the optomechanical framework
can be found elsewhere [6,28-30]. Here, we just remind the
readers of the few definitions and relationships used in
the paper.

The average number of intracavity excitations in the
VIS-NIR (label “opt”) or IR antenna mode is related to
the incoming photon flux |<&g;,t sir)| and incoming power

Py BY

opt/IR
Kex

— /A 2
Mopt/IR = |<ag;)t/IR>| A2 + (Kopt/IR/Z)Z

in opt/IR
o P opt/IR Kex

- ha)p/IR A2 + (Kopt/IR/z)Z .

(A1)

When considering the molecular vibrational levels and
their parametric coupling to the optical field, the antenna-
assisted transition rate to a lower excited level (anti-Stokes
transition) is given by

L (Va2 K
AT = (gopt,?) ) Mopt ((U _ A)2 n (Kopt/2)2 :

(A2)

The antenna-assisted transition rate to a higher excited
vibrational level (Stokes transition) is given by

(Nop[) )zfl Kopt
opt,0 opt (wy T A)2 T (Kopt/z)Z'

AT = (g (A3)

The interested reader can find the complete derivation
of the outgoing spectral density in Ref. [26]. In this
manuscript, we are interested in the signal arising on the
anti-Stokes sideband. Starting from Eq. (4) in the main text
and following the same calculation steps, we arrive at the
final expression

2 'loptA_

NI AS— A4
a7y + Dope I (A4)

Sg;lt‘ (a)aS) =

For convenience, we label the different components of
the outgoing noise spectral density according to the origin
of the vibrational population from which they result
[cf. Eq. (5) in the main text]:

A- AT

Sout 7 ~IR
tot (a)aS) x Fij + Fopt Ny + (Fﬁ + Fopt)g Moverlap™p
S:’}:n S?I‘;Lopl
A- ) _
+ [AT = Topiii). (AS)

(F; + Iﬂopt)z

out
Sha

With this notation, the total noise quanta in the outgoing
optical field is Sgpt = S + Spyt.

We can then derive the expression for the conversion
efficiency defined as S{g'. = #7ex:/ (2ik)|* and obtain

(Nwr) \ 2

_ AT 1 (208 v
Next = Nopt * Hoverlap * Fi + Fopt R 1—‘; + Fopt "NIR- ( )

Mint

This expression comprises the different factors constituting
Eq. (6) of the main text.

For a pump field red-detuned from the optical antenna
resonance (A = w, —w, = —w,), this expression can be
further developed to evidence the dependence of the
internal conversion efficiency on IR and optical collective
vacuum coupling rates:

(Nop)\2 = § Nir)\2
o) T (gms)
Nint noverlap K_Opta—‘; + Fopt) (FZ + Fopt) KIR(Fi + Fopt) .
(A7)

Using this conversion efficiency, we have an alternate way
to calculate the NEP directly from the dark-count rate and

efficiency of the device as NEP = (Aw,/fex) S‘gg{ [8].

This method gives identical results as the one presented in
the main text.
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FIG. 4. (a) Relative contributions to outgoing optical noise
(Sg;{) on the anti-Stokes sideband as a function of the intracavity
photon number for a pump tone red-detuned from the resonance
of the optical antenna (A = —w®,). The contribution from the
thermal population of the vibrational mode to the dark-count rate
is depicted in green and the backaction noise in blue. (b),(c) NEP
(left axis, black solid line) and power-dependent part of the
internal conversion efficiency (17gy, right axis, red solid line) as a
function of the intracavity optical photon number for A = —@,.
The parameters used to plot the lines are described in the
Appendixes. The dots indicate the extremal values in NEP and
nom When varying the absorption intensity [0.1:10]/R in (b) or
the Raman activity [0.1: 10]REE in (c). The colored areas denote
the NEP and 7oy achievable when sweeping either parameter,
and the dashed arrows indicate the direction of evolution of the
extremum when increasing the parameter value.

In Fig. 4, we show the computed conversion efficiency
and NEP for the case A = —w,. In this red-detuned
configuration, our model assumptions remain valid for a
large range of optical intracavity photon numbers. At high
optical power, we observe that the efficiency and the NEP
reach an extremal value when the backaction contribution
to the outgoing noise equals that of thermal vibrations.

In Figs. 4(b) and 4(c), we also show how these extremal
points move when changing the IR absorption cross section
[in Fig. 4(b)] or Raman activity [in Fig. 4(c)] of the
molecules. As can be expected, improving the Raman

activity of the molecules only displaces the curves to the
left without modifying the extremal values—meaning that
lower optical pump power is required to reach the same
NEP and conversion efficiency. In contrast, improving the
IR absorption can lead to a lower achievable NEP, in a
certain range. For too large IR cross sections, the vibration
starts to enter the strong coupling regime with the IR
antenna, and a different treatment is needed to provide
accurate predictions.

APPENDIX B: ZERO-TEMPERATURE LIMIT

The limit of vanishing thermal occupancy of the vibra-
tional mode is relevant for specific applications, and it
demonstrates how the backaction noise acting onto the
vibration sets a fundamental lower bound on the achievable
NEP of the converter. When 1y, ~ 0, the outgoing noise
spectral density of Eq. (A5) can be simplified to

out 2 ATAT

0K (waS) p Mopt (F:j T Fopt)z . (B 1)
Taking into account Eq. (A6) for the expression of the
external conversion efficiency, the NEP and the 715 at 0 K
can be calculated.

In the regime of weak optical pumping, 'y, < I7, we
obtain a linear scaling of 7 as a function of the intracavity
photon number (appearing in the transition rates A~ and
A™) while the NEP remains constant (cf. Fig. 5). The value
of the NEP at this plateau, which corresponds to an intrinsic
quantum limit due to measurement backaction, is given by
the following expression:

hao, kR AT (T 4 Top) /2
NERge = — =\ [oe =t —a (B2)
overlap\/rloptnIR Fy (2gIR,0 )

—NEP

Tlopt [Photons]

FIG. 5. Zero-temperature quantum limit on the NEP. NEP (black
solid line, left axis), power-dependent part of the internal con-
version efficiency (7oy, red solid line, right axis), and noise-
equivalent photon number per gate (i, blue solid line, right axis)
as a function of the intracavity optical photon number for A = —@,.
The parameters used here are described in the Appendixes.
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APPENDIX C: ABSORPTION OF INCOMING IR
RADIATION BY MOLECULAR VIBRATION

We describe in the following the coupling between a
resonant field and a single molecular oscillator inside a
cavity (i.e., antenna). We also derive the expression given in
the main text for the number of excited phonons in the
steady state. Our treatment is inspired by that of Ref. [24].

The interaction between an external monochromatic field
of frequency wr and the molecular vibration inside a cavity
is given in the dipole approximation by

Hip = —d - &, (C1)
where EIR = i\/ﬂ[e—iwmte—i(lﬁ"‘%)té"o — eiwIRtei(¢+¢0>tg'8]
with ¢ the phase offset between the field and the dipole
and ¢, an adjustable phase parameter of the driving field.

Ey = Vhor/2eyViRE, is the vacuum field, with Vg the
mode volume and ¢; the unit polarization vector of the

IR mode.

This interaction can be written in terms of the bosonic
ladder operators describing the IR mode inside the cavity
&}LR and apg and the vibrational phononic operators BZ and

b, at frequency v. For a weak IR drive, the vibrational
Hilbert space of each molecule can be reduced to ground
and first excited state {|0),|1)} and described like a two-
level system (TLS) with creation and annihilation operators
67 and 6, [27]. We note that the validity of the TLS
description for a collective vibrational mode of N oscil-
lators would break down only for a number of excitations of
the order of N [33].

The dipolar transition is_ purely off-diagonal in
this basis and described as d = d,(6,¢, + 6, ¢,). The
field inside the cavity is, in turn, described by EIR =
—iy/iREole " aReé, — eafy ;] [33]. In a frame rotating
at the frequency of the IR driving field and keeping only the

resonant processes (&;Rﬁ,j, ar6;), we obtain the interac-
tion Hamiltonian:

£ o . —ipy AT A— i~ At
Hiy = —ihgr(e”PaRs, + eMaRs)),

with g = (d, - E/h)\/MRé,ée'” = gir o\/Mir-

Here, we choose the additional phase term of the driving
field in order for the coupling to be real positive, without
loss of generality.

We follow the dynamics of the TLS in this rotating
frame. Introducing the rate I',;, which describes the total
damping of the vibrational mode as described in the main
text, we obtain

(C2)

. .g

P11 = l%(ﬂlo = po1) = TioP11 (C3a)
. IR

Poo = —17(P10 —po1) + L1 (C3b)

1—‘tot

. . .9

Po1 = —idpor — l%(ﬂll — Poo) — > Po1> (C3c)
. g Lo

P10 = i6p1o + l—;R (P11 = Poo) — étplov (C3d)

with 6 = wr — @, the detuning between the IR drive and
the vibrational resonance.

These equations are often described with the help of the
Bloch vector components:

1

U= 3 (Po1 + P10). (Cda)
1

v = 2 (Po1 = P10)- (C4b)
i
1

w = B (P11 = Poo)- (Céc)

The components u# and » of the Bloch vectors
are related to the average dipole value [24]: <ZZ) =

2d,(ucos ot — vsinwrt). We derive the master equa-
tions as a function of these components:

_ Iﬂtot

iw=oév 5 U (C5a)
I
V= —6u — grw — %v, (C5b)
. Iﬂlot
W= grV — Ligw — - (C5¢c)
The steady-state solutions of these equations are
- IR 6
2 &+ (Ti/4) + (9i/2)
- _ IR I'/2
=== , (Cob)
2 8+ (Tio/4) + (91/2)
_ 1 912R 1
W === . (Céc)
2 48+ (To/4) + (9iR/2)

The average number of photons absorbed per unit time
by the vibrational dipole is given by

-

A S £, cos ! - (d)
dt dt hwlR '

C7
hCUIR ( )

If the detuning and coupling are much smaller than the
vibrational damping rate (5, gir < '), the average num-
ber of absorptions over an IR period can be written as
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dﬁ};R — gIR@ _ ﬁ Ftot/2 ~ 912R . (Cg)
dt 2 8+ (Th/4) + (91R/2) T

In the steady state, the rate of photons absorbed by the
vibrational mode equals the phonon damping rate so that
the average number of excited phonons is

AR — dnl® 1 gIR iR i = iro Ken 5in
dt Iﬁtot thot F t20t thot 52 ( IR/ 2)2
SR 491R 0MR |/ Aj
= |(afR) [ (C9)

IR
Ftot K

The condition § <« «™® is satisfied in realistic scenarios,
since the IR antenna decay rate k'R is typically faster than
the vibrational damping rate Fmt We note that the average
number of excited phonons 7} can also be simply derived
from the steady state population of the upper TLS state
AR =w+ 1

APPENDIX D: SIMULATION OF
MOLECULAR PARAMETERS

The infrared absorption intensity of fundamental vibra-
tional transitions /'R can be obtained by DFT calculations
[32,52] of the derivatives of the electric moment compo-
nents y!, with respect to the normal coordinates representing
the vibrational mode of interest. They are usually expressed
in [km - mol~']. For a nondegenerate and harmonic vibra-
tional mode, the absorption intensity averaged over all
orientations is given by

Ny : ou, \?
128062; <3Ql,> ’

with N, the Avogadro number.

(L% = (D1)

1. GAUSSIAN calculations

The procedure is well described in the context of Raman
calculations in the book of Le Ru and Etchegoin [53].
The GAUSSIAN software gives access to the derivatives of
the electric dipole with respect to the ith component of the
displacement in Cartesian coordinates of the nth atom.
These derivatives can then be converted to derivatives with
respect to the normal coordinates of a vibrational mode v
and are given in atomic units; i.e., the electric moment is
given in bohr-electron (2.54 D/8.48 x 1073 C - m) and
the displacement in bohr (0.529 A). The quantities
Oi,/0Q, can be converted to other systems of units:

and, finally, linked to the absorption intensity I'® of an
incoming field of polarization é;:

IR -1 S OB\ k-2 -1
LRkm-mol™'] =1268- | ¢;-—— ) [D*-A™"-amu'].

20,
(D3)

2. Cross section

This expression can be linked to the absorption cross
section IR =Ny [0, sd/. If we assume a Lorentzian
profile for the transition considered, the on-resonance value
of the cross section is [ 6,/ yhsdV = (7/2)0s(V = v)6v =
(7/2)0us (V' = v)(Tiot/27C).

Thus, the absorption cross section can be inferred from
DFT calculations:

Opaps [cM?] = IR [km-mol~!] x 107.  (D4)

Artot

3. Effective dipole moment

Accordingly, we can also describe an effective dipole
moment d, to characterize the vibrational transition and
link it explicitly to the electronic moment derivatives found
in DFT calculations:

g - 3hegcl O ans  [6hege? 107 (IR [km - mol™']
v 2w, N Ny w, '

(D5)

4. Raman activity of an ensemble of molecules

We refer the interested reader to Refs. [6,53] for detailed
descriptions of the Raman activity, its connection with the
optomechanical coupling rate, and its calculation through
DFT. For completeness, we reproduce here a few expres-
sions of the tensorial quantity Oa,/0Q, averaged over
randomly oriented molecules. To simplify the notation,
we introduce the Raman tensor R, = (9a,/dQ,), and we
refer to the scalar (¢;- R, - €;) as R/. Taking ¢; L ¢; and
averaging over random orientations of the molecules, one

can obtain
145 4y,
R” a + y” (D6)
3y,
R]l }/1./ (D7)

with & =§[Ry*+R)’+R¥)* and 72 =1[(R&—R))* +
(RY = R5)° + (RF = RE™| 4 (R + (RE)? + (RV)?)
These quantities do not depend on the two orthogonal
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orientations of the field chosen as polarization basis but
only on the intrinsic properties of the molecule. In that
situation, Raman scattering can be described by a scalar
named the magnitude of the Raman tensor R? = (|R¥|?) +
(IR'|*) = (45@% + 772/45) and can be derived directly
from DFT calculations.

We also introduce the depolarization ratio p =

(IRI'[*)/(|RI?) that evaluates the importance of the
cross-polarized component of the Raman-scattered field
(with respect to the incoming field) and that is bounded by
0 <p <3/4. In the SERS scenario, the outgoing field is
solely polarized along the direction of the local cavity field
¢, . For randomly oriented molecules, the magnitude of the
Raman tensor is thus rescaled by a factor dependent on the
depolarization ratio:

1
(RELP) =R (D8)

5. Local overlap—i;,o

The factor 7, describes the local overlap between
the two fields involved in our conversion scheme, on the
one hand, and the IR dipole and Raman tensor of the
molecular vibration, on the other hand. It is defined in
the following way:

¢ é)gi RLE
Mpol = 57—
P IR

6Ql»

(D9)

with the label L designating the direction of the near field
at the location of the molecule. To compute (17,,) (see
Table II), we numerically average n,, over all possible
orientations of the molecule, while keeping the IR and
optical local field collinear.

6. Orientation and number of molecules
contributing to the IR or optical process

From the DFT calculations, we compute the molecular
parameters for several cases of interest and report their values
in Table II. Two orientations (main axis of the molecule
parallel to both local fields or fully random molecular

TABLE 1I.

orientation) are considered. Two options are also considered
for the coverage: one monolayer covering the planar parts
of the metallic nanostructure or a superposition of layers
filling the entire volume where the fields are localized.
We use the IR or optical mode volumes Vig oy (given
below), the molar mass (M = 0.1102 kg/mol), volume
density (p = 1077 kg/m?), or surface density (pg =
6.8 x 10'® m=2) of thiophenol to estimate the number N
(N opy) of molecules participating in the IR (optical) process.

APPENDIX E: NUMERICAL SIMULATION OF
THE ANTENNA’S OPTICAL RESPONSE

Our dual antenna consists of two gold bow-tie structures.
We set the gap between the tips of both antennas
(S =25 nm) so that the design can be fabricated using
current nanofabrication techniques such as focused ion
beam milling or advanced e-beam lithography. We select
the other structural parameters (Fig. 6) in order to obtain
appropriate resonances both in the mid-IR (length L and
width W) and in the optical domain (short length /). In our
design, the 24-nm-high nanostructure lies on top of a gold
substrate. They are separated by an inactive dielectric layer
(n = 1.47) of 8 um thickness. This substrate reflects the
incoming IR field and creates an interference pattern that
improves IR absorption as shown in a previous study [36].

1. Numerical calculations

We use a 3D FEM software (Comsol Multiphysics) tO
evaluate our dual-antenna design. A Drude-Lorentz model
describes the electromagnetic response of gold fitted from
experimental data [54]. For the calculation in the optical
range, a dielectric layer (ITO) with refractive index n =
1.94 and thickness 52 nm is added below the antenna [55].

A dipolar emitter is placed in the center of our structure
to evaluate the local density of electromagnetic states inside
the antenna. Figure 6 shows the modification of the radiated
power as a function of the oscillation frequency of the
dipole. Based on these plots, we model the response of the
structure to an incoming optical field and to an incoming
mid-IR field (around 32 THz) as being each dominated by a
single resonance with Lorentzian profile. We thus use a
multi-Lorentzian fit to extract the relevant linewidths and

Molecular parameters of interest for our conversion scheme for two vibrational modes of the thiophenol molecule.

Calculations are obtained for a molecule oriented vertically with respect to both IR and VIS or NIR local fields (values averaged over all
molecular orientations are given in parentheses for completeness). The resulting resonant coupling terms are calculated for two different
coverages of the nanostructure by the molecules and given in units of k'R,

Mode [cm™'] LR((1})) [km - mol™'] REE((REE)) [A* - amu™!] Mpot ({pol)) Coverage gy /KR

Mode 1002 0.52 (0.51) 2.40 (0.96) 0.33 (0.14) Monolayer 0.01
Volume 0.06

Mode 1093 86.95 (28.52) 0.85 (0.31) 0.97 (0.18) Monolayer 0.17
Volume 0.75
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FIG. 6. (a) Geometry of the dual antenna considered in our manuscript. The parameters W = 70 nm, L = 2.25 ym, [ = 90 nm, and

S =25 nm are used to run the numerical simulations and evaluate the performance of our conversion scheme. The antenna edges are
rounded with 4 and 1.3 nm radii of curvature for the optical and IR antenna, respectively. (b),(c) Normalized decay rate of an emitter
placed at the center of the dual antenna in the mid-IR (b) and in the visible range (c).

total decay rates. Through the Purcell formula [30], we
could estimate the corresponding effective mode volumes.
Additional integrals are computed to determine the losses
originating from absorption in the metal and determine the
ratio between intrinsic and radiative losses at the resonance
frequencies. All parameters are shown in Table IIL

2. Spatial overlap—,04c

The spatial overlap between the two electromagnetic
modes is computed numerically from the field distributions
of both modes according to

(f |EIR : Eopt|dA)2
(f |EIR ' EIR|dA)(f |Eopt : Eopt|dA)

(E1)

Mmode =

Imperfect overlap can result from polarization and/or
confinement mismatch. In our case, the dominant mismatch
is that between the spatial extents of the two modes. In the
regions where both fields are confined, their polarization
mismatch is, on the contrary, negligible.

TABLE III. Antenna parameters as obtained from our FEM
simulations. x™R/°Pt are the total decay rates of IR (respectively,
optical) energy stored in the antenna, nig/ are the respective
radiative efficiencies defined as kix/ " /x™R/°Pt and Vg Jopt Are the

mode volumes.

Parameter Mid-IR VIS/NIR
kR/opt /27 [THZ] 3.2 26.7

R /opt 0.52 0.73
ViR opt [M°] 2.6 x 1072 1.0 x 1072

APPENDIX F: LINEAR ARRAY
OF CONVERTERS

We discuss the different contributions to the optical noise
starting from the expression for 717, Eq. (5) in the main text.
When T,y < Ty, the equation for the vibrational popula-
tion splits into three different factors identified as thermal
iy, dynamical backaction ig,,, and quantum backaction

NOiSes 7igp,, respectively:
LA <1 — F""‘) .
Iy Iy

For sensing applications, it is enlightening to study how
the contributions from the different noise terms are affected
when considering an array of converters coherently illumi-
nated by the IR field and the pump laser. We describe a
linear array of N, optomechanical converters. For
simplicity, we consider identical converters separated uni-
formly with a spacing d < A,y < 4jg in order to avoid
multiple maxima in the radiation pattern of the array. If all
converters are excited in phase, the described configuration
is known as the broadside configuration, and the maximum
radiation is directed normal to the array axis. We assume
that the optical pump power is split among the antennas,
[56] so that the pump power per antenna is diluted
according to |al)|? = (1/N¢opy)|a@®]> and the optome-
chanical coupling rate scales as 1/N.y, ie., AT =
(1/Neony)ATO). In this section, we use the superscripts
(0) vs (i) to designate quantities computed under single-
converter operation vs array operation (both of them refer to
single-converter quantities).

1—‘opt i
th
Iy

1. Thermal regime

If the backaction effects are weak at a single-converter

level T\%) < T;%), the power dilution leads to iy < I,
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The expression of the final population 7i; [Eq. (F1)] shows
that in this case thermal noise is the main contribution to the
total noise.

In the far field, constructive interference among the
fields emitted from individual antennas sharpens the

pattern of coherent radiation [44] so that the total IR
OutV(NCUllV) R
IR—opt -

1 1 Outv(Nconv) ~
which results in S " =~

converted signal in this direction scales as [57] S

2. Sout.(i)

(array factor)” - Syg

N S
for a broadside array. On the contrary, if the converters are
sufficiently spaced to avoid any near-field coupling, the
thermal emission remains incoherent and quasi-isotropic.
We combine the factors related to the power dilution and
to the directivity of the linear array to describe the SNR of

the array in the regime dominated by thermal noise:

along the direction of maximum radiation

out,(i) 1 out,(0)
Neonv) ~ N2 . IR—opt _ A72 . . IR—opt
SNRVeon) ~ N2 u () =N, —— oo (0 (F2)
th conv Sth

2. Zero-temperature limit

In the case where the thermal population of the vibra-
tional mode is negligible (73, ~ 0), corresponding to back-
action noise dominating over thermal noise, the incoming
power dilution lowers equivalently the converted signal and
the output noise per antenna, so that the SNR of a
sufficiently large array in this regime is given by

;)lliu,(i) ;)Et.(O)

NCOHV ~ 2 . _)Op[ f— 2 . . —>0pt

SNR( ) Nconv out,(i) Nconv 1 out,(0) * (F3)
ba ba
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