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Continuous-wave frequency upconversion with a
molecular optomechanical nanocavity
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Angela . Barreda®, Tobias J. Kippenberg?, Miroslavna Kovylina®, Ewold Verhagen®,
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Coherent upconversion of terahertz and mid-infrared signals into visible light opens new horizons for
spectroscopy, imaging, and sensing but represents a challenge for conventional nonlinear optics. Here,
we used a plasmonic nanocavity hosting a few hundred molecules to demonstrate optomechanical
transduction of submicrowatt continuous-wave signals from the mid-infrared (32 terahertz) onto the
visible domain at ambient conditions. The incoming field resonantly drives a collective molecular
vibration, which imprints a coherent modulation on a visible pump laser and results in upconverted
Raman sidebands with subnatural linewidth. Our dual-band nanocavity offers an estimated 13 orders of
magnitude enhancement in upconversion efficiency per molecule. Our results demonstrate that
molecular cavity optomechanics is a flexible paradigm for frequency conversion leveraging tailorable

molecular and plasmonic properties.

ontrol and analysis of electromagnetic
signals spanning the full spectrum from
radio waves to x-rays governs techno-
logical progress in areas ranging from
information processing, telecommuni-
cation networks, material characterization,
spectroscopy, and imaging to remote sensing.
The mid- and far-infrared (IR) frequency range,
from a few to 100 THz, finds applications such
as in homeland security, molecular analysis of
gases, chemicals and biological tissues (I),
thermal imaging and nondestructive material
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Fig. 1. Molecular optomechanical upconversion concept. (A) lllustration of a
nanoparticle-in-groove cavity confining IR (frequency vi,) and VIS (frequency vp) fields
into a ~1-nm-thick BPhT molecular layer (B) Au NP, gold nanoparticle (~150 nm
diameter). (C) The molecular vibration resonantly couples to the IR field and
parametrically couples (through the Raman polarizability) to the VIS field, realizing
an optomechanical cavity. (D) Vibrational levels and transitions involved in
upconversion. LDOS, computed radiative local density of state inside the
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inspection (2), and astronomical surveys (3).
However, IR detection technologies (4) do not
rival with visible and near-infrared (VIS/NIR)
detectors in terms of sensitivity, cost-effectiveness,
and integration, motivating new approaches
to perform IR spectroscopy with VIS/NIR
detectors. Such methods include nonlinear
interferometers (5, 6) and coherent frequency
upconversion (7, 8), which is compatible with
quantum technologies (9, 10). Coherent upcon-
version of IR signals can be accomplished with
bulk nonlinear optics using three-wave mix-
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ing processes, but delicate phase matching
and propagation in centimeter-long crystals
are needed to reach high efficiencies (71, 12).
Three-wave mixing may also occur at nano-
scale interfaces and is used to probe the
properties and dynamics of molecular layers
with ultrafast nonlinear spectroscopy (13, 14);
however, such techniques require substantial
peak powers only accessible with femto- or pico-
second pulses.

Optomechanical cavities have recently emerged
as promising candidates to realize quantum
coherent frequency conversion (9, 10, 15). In a
possible implementation, the signal of interest
resonantly drives a mechanical oscillator, itself
parametrically coupled to a laser-driven optical
cavity, which results in modulation sidebands at
the sum and difference frequencies (called anti-
Stokes and Stokes sidebands, respectively). This
approach offers a number of advantages, such
as the resonant enhancement of nonlinear
response at the mechanical frequency and
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Vp= 405 THz

VYm =32 THz

160

nanocavity. The measured Raman scattering and simulated molecular IR absorption
(compare supplementary materials, section 1.5) are overlaid. SFG/DFG, sum
frequency generation/difference frequency generation. (E and F) Cross-sectional
scanning electron microscope (SEM) image of a fabricated nanogroove (E) and top
view of a nanoparticle-in-groove (F). (G to J) Simulated electromagnetic field
enhancement factors for incident plane waves at v, = 405 THz [740 nm; (G) and (H)]
and vy, = 32 THz [9.3 um; (1) and (J)], both polarized orthogonally to the groove.
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the parametric enhancement of conversion
efficiency with intracavity pump power. It is
highly versatile and has been demonstrated
with mechanical resonance frequencies rang-
ing from Kilohertz (16) to gigahertz (17-2I). In
a different approach, modulations on terahertz
waves have been read out optically through a
megahertz-frequency mechanical resonator
(22). Molecular oscillators constitute a new
frontier in cavity optomechanics (23, 24) be-
cause they enable multi-terahertz resonant
frequencies and room temperature quantum
coherent operation (25). Moreover, they can
be coupled to plasmonic nanocavities with
deep-subwavelength mode volumes, thereby
enabling optomechanical coupling rates in
excess of 1 THz (26). Although plasmonic gap
modes have been demonstrated to substan-
tially enhance other nonlinear effects (27-29),
frequency conversion devices based on molec-
ular cavity optomechanics have yet to be
demonstrated.

Here, we experimentally demonstrate the
upconversion of continuous wave IR signal
at ~32 THz (9.3 um wavelength) into the
visible domain using a subwavelength mo-
lecular optomechanical cavity at ambient
conditions. Our upconversion scheme oper-

Fig. 2. Molecular optomechanical transduction
from 32 THz to the visible domain. (A) Sche-
matic of the setup. A reflective objective with
numerical aperture (NA) 0.78 focuses the IR beam
from a quantum cascade laser (QCL) through

the Si substrate while a refractive objective

(NA 0.9) focuses the visible pump beam and
collects the Raman signal, which is directed to a
spectrometer after blocking the pump light with
spectral filters (SF). The polarization of pump and
IR radiation is perpendicular to the nanogroove
(black arrows). BS, beam splitter. (B) Low-
resolution broadband Raman spectra from a single
nanocavity under 10 uW pump power (740 nm
wavelength) without (black line) and with (green
line) incoming IR radiation (530 uW) near resonant
with the BPhT vibration at 32.4 THz (1080 cm™).
The inset shows the vibration patterns of some
Raman-active modes labeled with orange, blue, and
green triangles. Acquisition time was 10 s. (C) Zoom on
anti-Stokes sideband plotted on a logarithmic vertical
scale. (D and E) High-resolution (0.23 cm™,

7 GHz) Stokes (D) and anti-Stokes (E, logarithmic
vertical scale) spectra measured when tuning the IR
frequency (range limited by the QCL), all normalized
to 175 uW of incoming IR power (pump: 10 uW).

The gray lines and areas are the spectra without IR
radiation and their Lorentzian fits. The inset of (D)
shows an enlarged view of the resolution-limited
upconverted peak (compare figs. S7 and S8). Acqui-
sition times for the upconverted signals,

ates with microwatt-level continuous wave
signal and pump beams and allows high-
resolution spectroscopy of the IR signal because
of the coherent nature of optomechanical
transduction. This regime of operation is
achieved by coupling a molecular monolayer
to a doubly resonant plasmonic gap nano-
cavity, which supports deep-subwavelength
mode volumes and simulated field enhance-
ment factors in excess of 500 and 100 at IR
and VIS frequencies, respectively, from which
an overall enhancement of upconversion effi-
ciency per molecule by >13 orders of magni-
tude compared with free space is predicted
and experimentally validated.

A molecular optomechanical platform for
upconversion was proposed in (23) and its
theoretical performance was analyzed in (8),
showing the feasibility of single-photon sen-
sitivity at frequencies down to a few terahertz
at ambient conditions. The mechanical reso-
nator consists of a collective molecular vibra-
tion, which is parametrically coupled to the
nanocavity through its Raman polarizability
(23). This approach allows reaching mechan-
ical frequencies in the 1 to 100 THz range.
Our experiment is conceptually presented
in Fig. 1, A to D. A dual-band “nanoparticle-

in-groove” plasmonic nanocavity (Fig. 1, E
and F) is realized by placing a single Au nano-
particle (150 nm nominal diameter) inside
a nanogroove etched in a gold film and cov-
ered by a monolayer of biphenyl-4-thiol (BPhT)
acting as spacer and molecular oscillator (Fig,. 1,
B and C). Being non-centrosymmetric, BPhT
supports vibrational modes that are both IR
and Raman active (fig. S13 and supplementary
materials, section 1.5), and we used such a mode
at 32.4 THz. Our structure is engineered to
support colocalized plasmonic resonances at
IR and VIS frequencies, which can be excited
under normal incidence illumination (fig. S12
and supplementary materials, section 1.4)
and correspond to near fields confined in the
nanometer-wide gaps formed by the molecular
layer (Fig. 1, G to J). The IR resonance fre-
quency is governed by the length of the nano-
groove (30) (fig. S2), which was chosen as 2 um
to match the vibration frequency of BPhT
at vy, ~ 32.4 THz.

‘When a pump laser tuned at 405 THz (740 nm)
is focused on the sample (Fig. 2A), the para-
metric interaction with the molecular vibra-
tions generates Raman sidebands at lower
(Stokes) and higher (anti-Stokes) frequencies
(Fig. 2B). The giant enhancement factor described

spontaneous Stokes spectra, and anti-Stokes spectra were 10, 300, and 600 s, respectively.
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Fig. 3. Dependence of thermal and upconverted signals on IR and VIS powers. (A) Gray and green
circles represent the rates of thermal (k%) and upconverted (ksrq: for 600 pW IR power) anti-Stokes
photons, respectively, as a function of VIS pump power (tuned at 740 nm). The ratio of thermal
anti-Stokes to Stokes signals (without IR input) is plotted as orange squares. Solid lines are linear
functions; the dashed line is a constant. The blue shaded area denotes the power range used in other
upconversion measurements. (B) IR-driven anti-Stokes coherent occupancy nggh (green circles) extracted
from the sharp peak area [compare with (C)], together with the thermal occupancy inferred from

the area of the broad anti-Stokes emission (gray circles) as a function of incident IR power (VIS pump
power 10 uW, tuned at 740 nm). The green line is a linear fit; the dashed line is a constant. To
convert peak area to phonon occupancy, we assumed that the molecules were at 25°C without IR input.
(C) Detection of submicrowatt IR signals using high-resolution spectroscopy on the anti-Stokes

sideband. Acquisition time was 600 s.

above makes it possible to detect the Raman
signal from few hundred molecules, as esti-
mated from the VIS mode area (fig. S12) and
molecular layer density (see the supplemen-
tary materials, section 1.6). Without IR beam
incident on the device (black solid line in
Fig. 2B), the Stokes signal is dominated by
spontaneous emission of phonon-photon pairs,
whereas the anti-Stokes signal originates from
the upconversion of thermal vibrations (31).
At room temperature (7" = 25°C), the thermal
occupancy of the vibrational mode at v, =
32 THz is

hvim ! 3
= — ] —1) =58x10"
= (ooli) 1) o

where & and kg are Planck’s and Boltzman’s
constants, respectively.

When the IR beam from a quantum cascade
laser was focused through the Si substrate
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onto the back side of the device (Fig. 2A), we
observed two new peaks at the correspond-
ing Raman shift on the Stokes and anti-Stokes
sidebands (green line in Fig. 2, B and C), the
linewidth of which was much narrower than the
natural linewidth of the spontaneous Raman
scattering peaks (Fig. 2, D and E). Altogether,
these observations are compatible with a co-
herent upconversion process as pictured in
Fig. 1D. As we tuned the frequency of the
incoming field, the upconverted signal shifted
accordingly, and its measured linewidth was
found to be limited by that of our spectrometer,
with a value of 7 GHz or 0.23 cm™ (compare
fig. S8), which is well below that of single-
molecule Raman linewidths typically observed
at room temperature (see the supplementary
materials, section 2.2). The relative conversion
efficiency versus detuning is plotted in fig. S7
and confirms that upconversion is assisted by
the vibrational mode.

3 December 2021

We interpret these results as being the mani-
festation of optomechanical transduction, in
which a collective molecular vibrational mode is
resonantly driven by the nanocavity-enhanced
incoming IR field. Because of the ~50 times
larger mode volume in the IR versus VIS
domain (compare Fig. 1, G to J, and fig. S12),
many of the molecules covering the groove
may be vibrationally excited yet remain silent
in Raman scattering. In the following, we
consider only the subset of molecules that
are in the region where IR and VIS near
fields strongly overlap, which contains a few
hundred molecules at most (see calculation in
the supplementary materials, section 1.6). We
can describe their collective vibrational state
by a displaced thermal state with a coherent
amplitude o and a corresponding coherent
0CCUPANCY Neon = |0> This coherent, IR-driven
oscillation is mapped onto the Raman side-
bands of the pump laser, where the IR signal
can be analyzed and detected using Si-based
detectors. Without IR drive, the Stokes and
anti-Stokes photon rates are proportional to
1 + ny, and ny, respectively; with IR drive,
these rates become proportional to 1+ ny,+
nS,, and n& + neen, respectively. We added
the superscripts “S” and “aS” to highlight
that the observed value of n.,, depends on
the overlap between Raman scattered and IR
near fields. Knowing ny,, we can extract "Eé;s
from the measured Raman count rate with
and without IR drive or, equivalently, from
the area subtended by the sharp upconverted
peak versus that of the broad spontaneous
or thermal emission. Moreover, under the ap-
proximation 7y, < 1, the Stokes sideband offers
a self-calibrated measurement of n° .. For

coh’
most nanocavities, we found 0.1 75, <0.5

coh =

for 500 to 600 uW IR power (compare table
S2), corresponding to 20 to 24 uW/pm2 IR
power density at the spot’s center (fig. S17).
This figure is compatible with an enhance-
ment of IR absorption cross section per mole-
cule by more than five orders of magnitude, as
predicted from field enhancement simulations
and detailed in the supplementary materials,
section 1.6.

When varying the power of the pump laser
at 740 nm, we observed a linear dependence
of the upconverted Raman signal from 0.1
to 100 uW (green circles in Fig. 3A), which
is consistent with the expected parametric
upconversion process. In this power range,
the spontaneous Stokes and thermal anti-
Stokes signals also grow linearly with pump
power, and their ratio remains constant (gray
circles and yellow squares in Fig. 3A; see also
fig. S10). An optomechanical description of
plasmon-enhanced Raman scattering (8, 23, 32)
predicts three main regimes for the pump
power dependence of the spontaneous Stokes
and anti-Stokes signals: (i) at low power, a
linear regime dominated by thermal noise;
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then (ii) a quadratic increase of anti-Stokes in-
tensity as the vibrational population increases
linearly with laser power due to quantum
back action, yet remains small against unity
(also called vibrational pumping) (24, 26, 33);
and finally (iii) a phonon-stimulated regime
is expected, dominated by dynamical back-
action amplification of the vibration (23),
where both Stokes and anti-Stokes powers
diverge and the harmonic potential approx-
imation breaks down. The data in Fig. 3A
are compatible with regime (i) except >100 uW,
where signatures of regime (ii) may be in-
ferred; however, the behavior is not always
reversible at such powers, suggesting that
permanent changes in the nanocavity af-
fected the observations. Figure 3B shows
that the upconverted anti-Stokes signal scales
linearly with incoming mid-IR power, as ex-
pected for a resonant drive well below satu-
ration. We also plotted with gray circles the
area of the thermal incoherent anti-Stokes
peak, which shows a slight increase with IR
power. As detailed in fig. S16, we deduced
that the effective temperature of the mole-
cules did not rise by >10°C for the highest
IR powers.

Finally, we quantified the external IR to
visible conversion efficiency of our device by
spectrally filtering the anti-Stokes sideband
and sending it to a single-photon-counting
module with independently calibrated de-
tection efficiency (results are summarized in
table S2). We inferred that the upconverted
anti-Stokes photon rate collected by the ob-
jective reaches up to 200 kHz per nanocavity
for 600 uW incident IR power (correspond-
ing to nr ~ 2.8 x 10’ photons/s) at 10 yW
pump power. Direct comparison of these
incoming and upconverted fluxes yields a
conversion efficiency from incoming IR pho-
ton to outgoing visible photon collected by
our objective on the order of 10712 (fig. S5),
or 107/W of pump power. Only 6% of the
power emitted in the near field was collected
by our objective, as simulated in Fig. S12E, so
that the internal efficiency is at least 15 times
larger. Despite the low efficiency, the co-
herent nature of the process allowed us to
reliably detect incoming IR powers densities
down to tens of nanowatts per square mi-
crometer, as shown in Fig. 3C, a figure that
would further improve with the increasing
resolution of the spectrometer.

Chen et al., Science 374, 1264-1267 (2021)

We present an optomechanical nanocav-
ity leveraging molecular vibrations that
are both IR and Raman active for coher-
ent frequency conversion between the mid-
infrared and visible domains. Subwavelength
device dimensions elude the need for phase
matching and permit the extension of spec-
tral coverage by the mere choice of mole-
cule (34) (figs. S14 and S15) and adjustment
of plasmonic resonance (fig. S2). We iden-
tified several parameters that can be im-
proved to increase conversion efficiency,
notably a better overlap between IR and VIS
near fields, a larger number of nanocavity-
coupled molecules, and a higher resilience to
Raman pump power. Operating our device
in the vibrational strong coupling regime
may enable efficient bidirectional IR < VIS
operation (see the supplementary materials,
section 2.1). Finally, our concept is compati-
ble with photonic integrated circuits and
with the realization of chip-scale pixel arrays
used as IR spectrometers and hyperspectral
imagers.

Note added in proof: Related experiments
are independently reported (35).
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Optomechanical upconversion

Molecules have rich signatures in their spectra at infrared wavelengths and are typically accessed with dedicated
spectroscopic instrumentation. Chen et al. and Xomalis et al. report optomechanical frequency upconversion from the
mid-infrared to the visible domain using molecular vibrations coupled to a plasmonic nanocavity at ambient conditions
(see the Perspective by Gordon). Using different nanoantenna designs, one with a nanoparticle-on-resonator and the
other with nanoparticle-in-groove, both approaches show the ability to upconvert the mid-infrared vibrations of the
molecules in the nanocavity to visible light wavelengths. The effect could be used to simplify infrared spectroscopy,
possibly with single-molecule sensitivity. —ISO
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