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Direct detection of single photons at wavelengths beyond 2 μm 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

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 μm) and find internal conversion efficiencies
on the order of a few percent and noise-equivalent power
below 10−12 W=

ffiffiffiffiffiffi
Hz

p
. 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

Ĥint ¼ −iℏgðNIRÞ
IR;0

ffiffiffiffiffiffiffi
n̄IR

p ðâ†IRσ̂−ν þ âIRσ̂þν Þ; ð1Þ

with â†IR and âIR the IR field bosonic ladder operators and
σ̂þν and σ̂−ν the raising and lowering operators, respectively,
of the collective two-level system described by a transition

frequency ων. g
ðNIRÞ
IR;0 ¼ ffiffiffiffiffiffiffiffi

NIR
p

gIR;0 is the collective resonant
vacuum coupling rate of the vibrational mode ν for NIR
identical molecules, and n̄IR the mean occupation of the IR
antenna mode.
The incoming IR field at frequency ωIR is enhanced by

a frequency-matched antenna and performs work on the
collective transition dipole d⃗ν of the molecular vibration
[24]. On resonance ðωIR ¼ ωνÞ, the average number of
created phonons is (see the Appendix C for a detailed
derivation)

n̄IRb ¼
�
2gðNIRÞ

IR;0

Γtot

�2
ηIR
κIR

jhâinIRij2 ð2Þ

with jhâinIRij2 the incoming IR photon flux. In this expres-
sion, κIR ¼ κIRex þ κIR0 is the loss rate of the antenna at the
incoming frequency, which is the sum of the external decay
rate κIRex (by radiative coupling to far-field modes) and the
internal decay rate κIR0 (by absorption in the metal). ηIR ¼
κIRex=κIR is the coupling ratio of the antenna and Γtot the total
vibrational decay rate, where the intrinsic vibrational
linewidth Γν is modified by its coupling to the IR antenna
[25] and the optomechanical interaction with the pump
laser, as explained below.

(a)

(b)

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 (ωp) is
red-detuned from the optical resonance (ωc ≃ ωp þ ωIR), while
the incoming IR signal is resonant with a specific vibrational
mode (ωIR ¼ ων).
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As pictured in Fig. 1, we employ a second antenna
resonant at ωc (a frequency in the VIS-NIR domain, which
we call “optical” domain from here on for brevity), whose
decay rates κoptex and κopt0 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 Nopt molecular oscillators leads to
a dispersive interaction described by the Hamiltonian

Ĥint¼−ℏgðNoptÞ
opt;0 â†optâoptðb̂νþ b̂†νÞ with g

ðNoptÞ
opt;0 ¼ ffiffiffiffiffiffiffiffiffi

Nopt
p

gopt;0
the collective optomechanical vacuum coupling rate and
â†opt and âopt (b̂

†
ν and b̂ν) the optical pump field bosonic

ladder operators (the vibrational phononic operators at
frequency ν). The number of molecules Nopt participating
in the optomechanical interaction with the pump laser
may be different from the number NIR 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 α and a fluctuating term so that
âopt ¼ αþ δâopt. Expanding to first order in α the opto-
mechanical interaction, we obtain the linearized interaction

Ĥlin ¼ −ℏgðNoptÞ
opt;0

ffiffiffiffiffiffiffiffi
n̄opt

p ðδâ†opt þ δâoptÞðb̂ν þ b̂†νÞ; ð3Þ

with n̄opt ¼ jαj2 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]:

SoutðωÞ ∝ κoptex

2π

Z
∞

−∞
dτeiωτhδâ†optðτÞδâoptð0Þi: ð4Þ

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 SoutðωaSÞ ∝
A−n̄f=ðΓ�

ν þ ΓoptÞ [at the Stokes sideband SoutðωSÞ ∝
Aþðn̄f þ 1Þ=ðΓ�

ν þ ΓoptÞ] with n̄f the mean final phonon
number of the vibrational mode. Because of the IR
and optomechanical interactions, the intrinsic vibrational
damping rate is modified: Γtot ¼ Γ�

ν þ Γopt with Γ�
ν the IR

antenna-assisted damping rate and Γopt ¼ A− − Aþ 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 Aþ (see Appendix A).
The final phonon number in the vibrational mode, n̄f, is

given by the expression [26]

n̄f ¼ Γ�
ν

Γ�
ν þ Γopt

n̄b þ
Aþ

Γ�
ν þ Γopt

; ð5Þ

where n̄b ¼ n̄IRb þ n̄th 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, n̄th ¼ 1=ðexp ½ℏων=kBTbath� − 1Þ for a bath temper-
ature Tbath. 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 Tbath.
The resulting spectral density Soutopt in the absence of

incoming IR radiation (n̄IRb ¼ 0) should be integrated over
the device’s operational bandwidth (BW≡ Γtot) to obtain
its dark-count rate S̃outopt ¼

R
BW Soutoptdω. 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 S̃outIR→opt ¼
ηextjhâinIRij2, where ηext ¼ ηopt · ηint · ηIR is an external con-
version efficiency [31] with ηopt ¼ κoptex =κopt.
The internal conversion efficiency ηint can, in turn, be

divided into a power-dependent part ηOMðn̄optÞ and a part
describing the spatial overlap between the IR near field, the
optical near field, and the molecular ensemble, which we
write as ηoverlap. To approximate this last term, we factorize
it into two contributions: the spatial overlap between the IR
and optical near fields (ηmode) and the vectorial overlap
between the near-field polarization (typically normal to the
antenna surface) and the molecular orientation, which we
name ηpol; so that we can write

ηint ≃ ηpol · ηmode · ηOMðn̄optÞ: ð6Þ

The evaluation of ηoverlap ¼ ηpolηmode is detailed in
Appendix D5 and D6. The power and detuning dependence
of the optomechanical efficiency term ηOM are depicted in
Fig. 3(b), and its exact calculation is given in Appendix A.

III. MOLECULAR TRANSDUCER

The electric dipole moment μ⃗ν and polarizability αν 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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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
Qν of the 1002 cm−1 mode of thiophenol, which we choose
as an example in our calculations. We note that the
projection of the tensor ð∂αν=∂QνÞ onto an axis
perpendicular to the principal axis of the electronic moment
derivative ð∂μ⃗ν=∂QνÞ 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 gopt;0 between the antenna field
and the vibrational mode has been previously described [6],
and its value is given by gopt;0¼ωc½e⃗opt ·ð∂αν=∂QνÞ · e⃗opt�×
ð1=Voptε0Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
ℏ=2ων

p
with αν the polarizability tensor, Qν

the reduced displacement coordinate of the vibrational
mode labeled by ν, Vopt the optical mode volume, and
e⃗opt the unit polarization vector of the optical antenna
mode.
The coupling rate gIR;0 associated with a vibrational

mode ν is linked to an effective transition dipole d⃗ν that can
be numerically computed using, e.g., density functional
theory (DFT); cf. Appendix D. Its value is gIR;0 ¼
ð1=ℏÞd⃗ν · E⃗0, where the electric field per photon is given

by E⃗0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ℏων=2ε0VIR

p
e⃗IR with VIR the mode volume and

e⃗IR the unit polarization vector of the IR mode [27,33].

Since gðNIRÞ
IR;0 scales with

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NIR=VIR

p
, 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
ðNoptÞ
opt;0 scales asffiffiffiffiffiffiffiffiffi

Nopt
p

=Vopt, advocating for a device confining strongly
this field, thereby reducing the optical power required to
reach an efficient conversion process.

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 ð∂αν=∂QνÞ
and ð∂μ⃗ν=∂QνÞ.
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
(e⃗IR ≃ e⃗opt), and we obtain ηpol ¼ 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 ηmode ¼ 44%.
From our numerical calculations, we find that the

antenna-assisted IR coupling rate for the vibrational mode
at wave number ν ¼ 1002 cm−1 reaches gðNIRÞ

IR;0 =ð2πÞ ∼
186 GHz as VIR is decreased by several orders of
magnitude below its diffraction limit (the calculation of
VIR and d⃗ν are detailed in Appendix C). As the cavity
damping rate remains larger than the collective vacuum

IR coupling rate (2gðNIRÞ
IR;0 < κIR=2—Purcell regime), the

antenna-enhanced damping rate for this vibrational mode

(a)

(b)
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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 ν̃ ¼ 1002 cm−1 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).
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can be approximated by the expression [33] Γ�
ν ≃

Γν þ κIR=2½1 −
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − ð2gðNIRÞ

IR;0 Þ2=ðκIR=2Þ2
q

�.
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 ¼
Pmin;in
IR =

ffiffiffiffiffiffiffiffi
BW

p ½W · Hz−1=2�, where Pmin;in
IR 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 SNRðωÞ ¼ S̃outIR→optðωÞ=S̃outoptðωÞ. 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 favorablywithmore 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 ðΔ ¼ ωp − ωc ¼ −ωνÞ in the resolved
sideband regime κopt=2 < ων, we can simplify the inter-
action of Eq. (3) and obtain

Ĥeff ¼ −ℏgðNoptÞ
opt;0

ffiffiffiffiffiffiffiffi
n̄opt

p ðδâ†optb̂ν þ H:c:Þ: ð7Þ

This regime provides maximal efficiency and optimal NEP,
as seen in Fig. 3(a). We note that for low-frequency
vibrational modes the condition κopt=2 < ων 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

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

FIG. 3. (a),(b) Left axis: Noise-equivalent power (NEP) (black
solid line); right axis: Power-dependent part of the internal
conversion efficiency ηOMðn̄optÞ (red solid line) and noise-
equivalent photon number per gate n̄G (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 n̄opt ¼ 1000 and
(b) plotted as a function of intracavity optical photon number
n̄opt for a fixed optimal red detuning Δ ¼ −Ων. We use the
parameters for the dual antenna andmolecular system described in
the text.All their numerical values can be found in theAppendixes.
(c) n̄G 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 ων=ð2πÞ ¼ 30 THz at room temperature.
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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., S̃outopt=ηext ≡ jhâinIRij2=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 Δt of a few picoseconds that ideally matches
the molecular vibrational linewidth; Δt ≃ ðΓ�

νÞ−1. 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 n̄G ¼ S̃outopt=ðηextΓ�

νÞ, 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 n̄G 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 n̄th ¼ 5.6 × 10−4, allowing one to reach a noise
as low as n̄G ≃ 2 × 10−2, 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−1=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].

TABLE I. 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 Oð…Þ½W · Hz−1=2�
Golay cell Oð10−9Þ
Pyroelectric Oð10−10Þ
MCT photodiode Oð10−10Þ
Microbolometer Oð10−11Þ
Molecular device Oð10−ð11…12ÞÞ
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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].

ACKNOWLEDGMENTS

The authors thank Wen Chen and the reviewers of the
article for valuable comments. C. G. acknowledges support
from the Swiss National Science Foundation through Grant
No. PP00P2-170684. This work has received funding from
the European Union’s Horizon 2020 research and innova-
tion program with Grants Agreement No. 732894 (HOT)
and No. 829067 (THOR). P. R. acknowledges support from
the Max Planck-EPFL Center for Molecular Nanoscience
and Technology. D. M.-C. thanks Vahid Sandoghdar and
acknowledges financial support from the Max Planck
Society.

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 jhâinopt=IRij and incoming power
Pin
opt=IR by

n̄opt=IR ¼ jhâinopt=IRij2
κopt=IRex

Δ2 þ ðκopt=IR=2Þ2

¼ Pin
opt=IR

ℏωp=IR

κopt=IRex

Δ2 þ ðκopt=IR=2Þ2 : ðA1Þ

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

A− ¼ ðgðNoptÞ
opt;0 Þ2n̄opt

κopt

ðων − ΔÞ2 þ ðκopt=2Þ2 : ðA2Þ

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

Aþ ¼ ðgðNoptÞ
opt;0 Þ2n̄opt

κopt

ðων þ ΔÞ2 þ ðκopt=2Þ2 : ðA3Þ

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

Souttot ðωaSÞ ¼
2

π

ηoptA−

Γ�
ν þ Γopt

n̄f: ðA4Þ

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]:

Souttot ðωaSÞ ∝
A−

Γ�
ν þ Γopt

n̄th|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
Soutth

þ A−Γ�
ν

ðΓ�
ν þ ΓoptÞ2

ηoverlapn̄IRb|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
SoutIR→opt

þ A−

ðΓ�
ν þ ΓoptÞ2

½Aþ − Γoptn̄th�|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
Soutba

: ðA5Þ

With this notation, the total noise quanta in the outgoing
optical field is Soutopt ¼ Soutth þ Soutba .
We can then derive the expression for the conversion

efficiency defined as S̃outIR→opt ¼ ηextjhâinIRij2 and obtain

ηext ¼ ηopt ·ηoverlap ·
A−Γ�

ν

Γ�
νþΓopt

1

κIR

�
2gðNIRÞ

IR;0

Γ�
νþΓopt

�2

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
ηint

·ηIR: ðA6Þ

This expression comprises the different factors constituting
Eq. (6) of the main text.
For a pump field red-detuned from the optical antenna

resonance (Δ ¼ ωp − ωc ¼ −ων), this expression can be
further developed to evidence the dependence of the
internal conversion efficiency on IR and optical collective
vacuum coupling rates:

ηint ¼ ηoverlap ·
ð2gðNoptÞ

opt;0 Þ2n̄opt
κoptðΓ�

ν þ ΓoptÞ
Γ�
ν

ðΓ�
ν þ ΓoptÞ

ð2gðNIRÞ
IR;0 Þ2

κIRðΓ�
ν þ ΓoptÞ

:

ðA7Þ

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 ¼ ðℏων=ηextÞ
ffiffiffiffiffiffiffiffi
S̃outopt

q
[8].

This method gives identical results as the one presented in
the main text.
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In Fig. 4, we show the computed conversion efficiency
and NEP for the case Δ ¼ −ων. 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 n̄th ∼ 0, the outgoing noise
spectral density of Eq. (A5) can be simplified to

Sout0KðωaSÞ ¼
2

π
ηopt

A−Aþ

ðΓ�
ν þ ΓoptÞ2

: ðB1Þ

Taking into account Eq. (A6) for the expression of the
external conversion efficiency, the NEP and the n̄G at 0 K
can be calculated.
In the regime of weak optical pumping, Γopt ≪ Γ�

ν, we
obtain a linear scaling of n̄G as a function of the intracavity
photon number (appearing in the transition rates A− and
Aþ) 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:

NEP0K ¼ ℏωνκ
IR

ηoverlap
ffiffiffiffiffiffiffi
ηopt

p
ηIR

ffiffiffiffiffiffi
Aþ

A−

r
ðΓ�

ν þ ΓoptÞð5=2Þ
Γ�
νð2gðNIRÞ

IR;0 Þ2
: ðB2Þ

FIG. 4. (a) Relative contributions to outgoing optical noise
(Soutopt) 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 (Δ ¼ −ων). 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 (ηOM, right axis, red solid line) as a
function of the intracavity optical photon number for Δ ¼ −ων.
The parameters used to plot the lines are described in the
Appendixes. The dots indicate the extremal values in NEP and
ηOM when varying the absorption intensity ½0.1∶10�IIRν in (b) or
the Raman activity ½0.1∶10�RLL

ν in (c). The colored areas denote
the NEP and ηOM achievable when sweeping either parameter,
and the dashed arrows indicate the direction of evolution of the
extremum when increasing the parameter value.

FIG. 5. Zero-temperature quantum limit on the NEP. NEP (black
solid line, left axis), power-dependent part of the internal con-
version efficiency (ηOM, red solid line, right axis), and noise-
equivalent photon number per gate (n̄G, blue solid line, right axis)
as a function of the intracavity optical photonnumber forΔ ¼ −ων.
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 frequencyωIR and the molecular vibration inside a cavity
is given in the dipole approximation by

Ĥint ¼ −d⃗ · E⃗IR; ðC1Þ

where E⃗IR ¼ i
ffiffiffiffiffiffiffi
n̄IR

p ½e−iωIRte−iðϕþϕ0ÞtE⃗0 − eiωIRteiðϕþϕ0ÞtE⃗�
0�

with ϕ the phase offset between the field and the dipole
and ϕ0 an adjustable phase parameter of the driving field.

E⃗0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ℏωIR=2ε0VIR

p
e⃗k is the vacuum field, with VIR the

mode volume and e⃗k 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
â†IR and âIR and the vibrational phononic operators b̂†ν and
b̂ν at frequency ν. For a weak IR drive, the vibrational
Hilbert space of each molecule can be reduced to ground
and first excited state fj0i; j1ig and described like a two-
level system (TLS) with creation and annihilation operators
σ̂þν and σ̂−ν [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 d⃗ ¼ dνðσ̂−ν e⃗ν þ σ̂þν e⃗νÞ. The

field inside the cavity is, in turn, described by E⃗IR ¼
−i

ffiffiffiffiffiffiffi
n̄IR

p
E0½e−iϕ0 âIRe⃗k − eiϕ0 â†IRe⃗

�
k� [33]. In a frame rotating

at the frequency of the IR driving field and keeping only the
resonant processes (â†IRσ̂

−
ν ; âIRσ̂þν ), we obtain the interac-

tion Hamiltonian:

Ĥint ¼ −iℏgIRðe−iϕ0 â†IRσ̂
−
ν þ eiϕ0 âIRσ̂þν Þ; ðC2Þ

with gIR ¼ ðdν · E0=ℏÞ
ffiffiffiffiffiffiffi
n̄IR

p
e⃗νe⃗keiϕ0 ¼ gIR;0

ffiffiffiffiffiffiffi
n̄IR

p
.

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 Γtot, which describes the total
damping of the vibrational mode as described in the main
text, we obtain

_ρ11 ¼ i
gIR
2

ðρ10 − ρ01Þ − Γtotρ11; ðC3aÞ

_ρ00 ¼ −i
gIR
2

ðρ10 − ρ01Þ þ Γtotρ11; ðC3bÞ

_ρ01 ¼ −iδρ01 − i
gIR
2

ðρ11 − ρ00Þ −
Γtot

2
ρ01; ðC3cÞ

_ρ10 ¼ iδρ10 þ i
gIR
2

ðρ11 − ρ00Þ −
Γtot

2
ρ10; ðC3dÞ

with δ ¼ ωIR − ων the detuning between the IR drive and
the vibrational resonance.
These equations are often described with the help of the

Bloch vector components:

u ¼ 1

2
ðρ01 þ ρ10Þ; ðC4aÞ

v ¼ 1

2i
ðρ01 − ρ10Þ; ðC4bÞ

w ¼ 1

2
ðρ11 − ρ00Þ: ðC4cÞ

The components u and v of the Bloch vectors
are related to the average dipole value [24]: hd⃗i ¼
2d⃗νðu cosωIRt − v sinωIRtÞ. We derive the master equa-
tions as a function of these components:

_u ¼ δv −
Γtot

2
u; ðC5aÞ

_v ¼ −δu − gIRw −
Γtot

2
v; ðC5bÞ

_w ¼ gIRv − Γtotw −
Γtot

2
: ðC5cÞ

The steady-state solutions of these equations are

ū ¼ gIR
2

δ

δ2 þ ðΓ2
tot=4Þ þ ðg2IR=2Þ

; ðC6aÞ

v̄ ¼ gIR
2

Γ=2
δ2 þ ðΓ2

tot=4Þ þ ðg2IR=2Þ
; ðC6bÞ

w̄þ 1

2
¼ g2IR

4

1

δ2 þ ðΓ2
tot=4Þ þ ðg2IR=2Þ

: ðC6cÞ

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

dn̄IRb
dt

¼ dW̄IR

dt
1

ℏωIR
¼ E⃗n cosωIRt · h _d⃗i

ℏωIR
: ðC7Þ

If the detuning and coupling are much smaller than the
vibrational damping rate (δ; gIR < Γtot), the average num-
ber of absorptions over an IR period can be written as
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dn̄IRb
dt

¼ gIRv̄ ¼ g2IR
2

Γtot=2
δ2 þ ðΓ2

tot=4Þ þ ðg2IR=2Þ
≃
g2IR
Γtot

: ðC8Þ

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

n̄IRb ¼ dn̄IRb
dt

1

Γtot
¼ g2IR

Γ2
tot

¼ g2IR;0
Γ2
tot

n̄IR ¼ g2IR;0
Γ2
tot

κIRex
δ2 þ ðκIR=2Þ2 S̃

in
IR

¼δ≪κIR 4g2IR;0
Γ2
tot

ηIR
κIR

jhâinIRij2: ðC9Þ

The condition δ ≪ κIR is satisfied in realistic scenarios,
since the IR antenna decay rate κIR is typically faster than
the vibrational damping rate Γtot. We note that the average
number of excited phonons n̄IRb can also be simply derived
from the steady-state population of the upper TLS state
n̄IRb ¼ w̄þ 1

2
.

APPENDIX D: SIMULATION OF
MOLECULAR PARAMETERS

The infrared absorption intensity of fundamental vibra-
tional transitions IIRν can be obtained by DFT calculations
[32,52] of the derivatives of the electric moment compo-
nents μiν with respect to the normal coordinates representing
the vibrational mode of interest. They are usually expressed
in [km · mol−1]. For a nondegenerate and harmonic vibra-
tional mode, the absorption intensity averaged over all
orientations is given by

hIIRν i ¼ NA

12ε0c2
X3
i¼1

�∂μiν
∂Qν

�
2

; ðD1Þ

with NA the Avogadro number.

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 ν
and are given in atomic units; i.e., the electric moment is
given in bohr-electron (2.54 D=8.48 × 10−30 C · m) and
the displacement in bohr (0.529 Å). The quantities
∂μ⃗ν=∂Qν can be converted to other systems of units:�∂μ⃗ν

∂Qν

�
2

½D2 · Å−2 · amu−1�

¼
�
2.54
0.53

�
2

·

�∂μ⃗ν
∂Qν

�
2

½atomic units� ðD2Þ

and, finally, linked to the absorption intensity IIRν of an
incoming field of polarization e⃗i:

IIRν ½km · mol−1� ¼ 126.8 ⋅
�
e⃗i ·

∂μ⃗ν
∂Qν

�
2

½D2 · Å−2 · amu−1�:

ðD3Þ

2. Cross section

This expression can be linked to the absorption cross
section IIRν ¼ NA

R
σν0;absdν0. If we assume a Lorentzian

profile for the transition considered, the on-resonance value
of the cross section is

R
σν0;absdν0 ¼ ðπ=2Þσabsðν0 ¼ νÞδν ¼

ðπ=2Þσabsðν0 ¼ νÞðΓtot=2πcÞ.
Thus, the absorption cross section can be inferred from

DFT calculations:

σν;abs ½cm2� ¼ 4c
NAΓtot

IIRν ½km · mol−1� × 107: ðD4Þ

3. Effective dipole moment

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

dν ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3ℏε0cΓtotσν;abs

2ων

s
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
6ℏε0c2103

NA

s ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
IIRν ½km · mol−1�

ων

s
:

ðD5Þ

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 ∂αν=∂Qν averaged over
randomly oriented molecules. To simplify the notation,
we introduce the Raman tensor Rν ¼ ð∂αν=∂QνÞ, and we
refer to the scalar ðe⃗i · Rν · e⃗jÞ as Rij

ν . Taking e⃗i ⊥ e⃗j and
averaging over random orientations of the molecules, one
can obtain

hjRii
ν j2i ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
45ᾱν

2 þ 4γ̄ν
2

45

r
; ðD6Þ

hjRji
ν j2i ¼

ffiffiffiffiffiffiffiffiffi
3γ̄ν

2

45

r
; ðD7Þ

with ᾱ2ν¼1
9
½Rxx

ν þRyy
ν þRzz

ν �2 and γ̄2ν ¼ 1
2
½ðRxx

ν −Ryy
ν Þ2 þ

ðRyy
ν −Rzz

ν Þ2þðRzz
ν −Rxx

ν Þ2� þ 3½ðRxy
ν Þ2 þðRxz

ν Þ2 þðRyz
ν Þ2�.

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 tensorR2 ¼ hjRii

ν j2i þ
hjRji

ν j2i ¼ ð45ᾱ2ν þ 7γ̄2ν=45Þ and can be derived directly
from DFT calculations.
We also introduce the depolarization ratio ρ ¼

hjRji
ν j2i=hjRii

ν j2i 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 ≤ ρ ≤ 3=4. In the SERS scenario, the outgoing field is
solely polarized along the direction of the local cavity field
e⃗L. For randomly oriented molecules, the magnitude of the
Raman tensor is thus rescaled by a factor dependent on the
depolarization ratio:

hjRLL
ν j2i ¼ R2

1

1þ ρ
; ðD8Þ

5. Local overlap—ηpol
The factor ηpol 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:

ηpol ¼
e⃗L · ∂μ⃗ν∂Qν

k ∂μ⃗ν∂Qν
k

RLL
ν

kRνk
ðD9Þ

with the label L designating the direction of the near field
at the location of the molecule. To compute hηpoli (see
Table II), we numerically average ηpol 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

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 VIR=opt (given
below), the molar mass (M ¼ 0.1102 kg=mol), volume
density (ρ ¼ 1077 kg=m3), or surface density (ρS ¼
6.8 × 1018 m−2) of thiophenol to estimate the number NIR
(Nopt) 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 ¼ 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 l). In our
design, the 24-nm-high nanostructure lies on top of a gold
substrate. They are separated by an inactive dielectric layer
(n ¼ 1.47) of 8 μm 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 ¼
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

TABLE II. 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 κIR.

Mode ½cm−1� IIRν ðhIIRν iÞ ½km · mol−1� RLL
ν ðhRLL

ν iÞ ½Å4 · amu−1� ηpolðhηpoliÞ Coverage gðNIRÞ
IR;0 =κIR

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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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 III.

2. Spatial overlap—ηmode

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

ηmode ¼
ðR jE⃗IR · E⃗optjdAÞ2

ðR jE⃗IR · E⃗IRjdAÞð
R jE⃗opt · E⃗optjdAÞ

: ðE1Þ

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.

APPENDIX F: LINEAR ARRAY
OF CONVERTERS

We discuss the different contributions to the optical noise
starting from the expression for n̄f, Eq. (5) in the main text.
When Γopt ≪ Γ�

ν, the equation for the vibrational popula-
tion splits into three different factors identified as thermal
n̄th, dynamical backaction n̄dba, and quantum backaction
noises n̄qba, respectively:

n̄f ≃ n̄th −
Γopt

Γ�
ν
n̄th þ

Aþ

Γ�
ν

�
1 −

Γopt

Γ�
ν

�
: ðF1Þ

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 Nconv optomechanical converters. For
simplicity, we consider identical converters separated uni-
formly with a spacing d < λopt < λIR 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 jαðiÞj2 ¼ ð1=NconvÞjαð0Þj2 and the optome-
chanical coupling rate scales as 1=Nconv, i.e., A�ðiÞ ¼
ð1=NconvÞA�ð0Þ. 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. Thermal regime

If the backaction effects are weak at a single-converter
level Γð0Þ

opt < Γ�;ð0Þ
ν , the power dilution leads to ΓðiÞ

opt ≪ Γ�;ðiÞ
ν .
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FIG. 6. (a) Geometry of the dual antenna considered in our manuscript. The parameters W ¼ 70 nm, L ¼ 2.25 μm, l ¼ 90 nm, and
S ¼ 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).

TABLE III. Antenna parameters as obtained from our FEM
simulations. κIR=opt are the total decay rates of IR (respectively,
optical) energy stored in the antenna, ηIR=opt are the respective

radiative efficiencies defined as κIR=optex =κIR=opt, and VIR=opt are the
mode volumes.

Parameter Mid-IR VIS/NIR

κIR=opt=2π [THz] 3.2 26.7
ηIR=opt 0.52 0.73
VIR=opt [m3] 2.6 × 10−21 1.0 × 10−21
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The expression of the final population n̄f [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

converted signal in this direction scales as [57] Sout;ðNconvÞ
IR→opt ¼

ðarray factorÞ2 · Sout;ðiÞIR→opt, which results in Sout;ðNconvÞ
IR→opt ≃

N2
convS

out;ðiÞ
IR→opt along the direction of maximum radiation

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:

SNRðNconvÞ≃N2
conv ·

Sout;ðiÞIR→opt

Sout;ðiÞth

¼N2
conv ·

1

Nconv
·
Sout;ð0ÞIR→opt

Sout;ð0Þth

: ðF2Þ

2. Zero-temperature limit

In the case where the thermal population of the vibra-
tional mode is negligible (n̄th ∼ 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

SNRðNconvÞ ≃ N2
conv ·

Sout;ðiÞIR→opt

Sout;ðiÞba

¼ N2
conv · 1 ·

Sout;ð0ÞIR→opt

Sout;ð0Þba

: ðF3Þ
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