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In canonical optomechanical systems, mechanical vibrations are dynamically encoded on an optical
probe field, which reciprocally exerts a backaction force. Because of the weak single-photon coupling
strength achieved with macroscopic oscillators, most of the existing experiments were conducted with
large photon numbers to achieve sizable effects, thereby hiding the original optomechanical nonlinearity.
To increase the optomechanical interaction, we make use of subwavelength-sized ultrasensitive suspended
nanowires inserted in the mode volume of a fiber-based microcavity. By scanning the nanowire within the
cavity mode volume and measuring its impact on the cavity mode, we obtain a map of the 2D
optomechanical interaction. Then, by using the toolbox of nanowire-based force-sensing protocols, we
explore the backaction of the optomechanical interaction and map the optical force field experienced by the
nanowire. These measurements also allow us to demonstrate the possibility to detect variations of the mean
intracavity photon number smaller than unity. This implementation should also allow us to enter the
promising regime of cavity optomechanics, where a single intracavity photon can displace the oscillator by

more than its zero-point fluctuations, which will open novel perspectives in the field.

DOI: 10.1103/PhysRevX.11.021009

I. INTRODUCTION

The field of optomechanics has gone through many
impressive developments over the last decades [1]. The
coupling between a probe light field and a mechanical
degree of freedom (namely, an oscillator), possibly assisted
by a high-finesse cavity, was early proposed as an ideal
platform to explore the quantum limits of ultrasensitive
measurements, where the quantum fluctuations of light are
the dominant source of measurement noise [2-5]. The
measurement backaction was also employed to manipulate
the oscillator state through optical forces and dynamical
backaction, leading to optomechanical correlations
between both components of the system. In this framework,
ground-state cooling, mechanical detection of radiation-
pressure quantum noise, advanced correlation between
light and mechanical states or optomechanical squeezing
were reported [6—19].
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All of these impressive results were obtained in the
linear regime of cavity optomechanics, making use of large
photon numbers, where the interaction Hamiltonian is
linearized around an operating set point. However, the
optomechanical interaction possesses an intrinsic Kerr-like
nonlinearity [20] operating down to the single-photon level,
which has, for the moment, remained far from experimental
reach due to the weak single-photon coupling strength
achieved with macroscopic oscillators.

This regime is achieved when a single photon in the
cavity pushes the static rest position of the mechanical
resonator by a quantity dx(!), which is larger than its zero-
point fluctuations ox,,;. A very strong optomechanical
interaction is indeed needed to fulfil this condition since
it requires g, > Q,,, where g, is the single-photon opto-
mechanical coupling and Q, the resonant angular fre-
quency of the mechanical oscillator. The above criteria is a
static (vs dynamic) metric of the interaction strength, and
while the terminology is not yet fully consistent across the
literature, it represents a prerequisite to enter into the
single-photon regime of cavity optomechanics, a major
experimental challenge pursued by the community.

Depending on the relative scaling of the cavity linewidth,
oscillator frequency, and single-photon coupling strength
(k, Qun» go), different novel dynamical phenomena can be
anticipated [21-32], leading, for example, to the possibility of

Published by the American Physical Society
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observing a single-photon blockade [24] if the photon lifetime
in the cavity is long enough (g > k) or cooling beyond the
Lamb-Dicke regime. At present, only atom-based optome-
chanical experiments [33,34] could approach such a regime,
while recent developments with highly deformable photonic
crystals [35,36] or trampoline [37] resonators represent
interesting platforms in that perspective.

In our approach, we employ subwavelength-sized nano-
wires, which produce significant photon scattering out of
the cavity mode, so we operate in the single-photon
adiabatic regime (2, < gy < k), where the cavity field
instantaneously follows mechanically induced perturba-
tions. This regime opens perspectives for exploring the
optomechanical interaction at the single mean intracavity
photon level, which should be within experimental reach at
cryogenic temperatures. It represents an interesting re-
source for quantum optics since the optomechanical inter-
action to the nanowire is sufficient to generate nonclassical
states of light down to very small mean photon numbers
and in a broad frequency range, not restricted to the vicinity
of the mechanical resonance [5,20]. Furthermore, signifi-
cant deviations from the commonly employed semiclass-
ical description can be expected since the optical field
fluctuations can have an optomechanical impact compa-
rable to the mean field at low photon number, which should
also open the road towards the investigation of vacuum
Casimir forces in confined optical resonators.

In our experiment, we make use of an ultrasensitive
force sensor, a suspended silicon carbide nanowire with
subwavelength-sized diameter whose vibrating extremity is
inserted in the optical mode volume of a high-finesse fiber
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FIG. 1. Experimental setup. (a) Vibrating extremity of a silicon
carbide nanowire piezo positioned in the optical mode volume of
a high-finesse fiber microcavity to produce a large parametric
coupling between the cavity optical mode and the oscillator
position. (b,c) Lateral objective serving to align the experiment
and collect part of the side-scattered light [dark spot in (b)].
(d) Sketch of the experiment. AOM: acousto-optic modulator;
WDM: wavelength dividing module.

microcavity [see Fig. 1(a)]. This “nanowire-in-the-middle”
configuration  decouples  mechanics from  optics
[8,9,11,17,38-46] and makes use of ultrasensitive nanowires
as mechanical resonators [47-52] coupled to very-short-fiber
Fabry-Pérot microcavities [53-55]. This experimental setup
is versatile and allows us to study various aspects of the
optomechanical interaction. We first explore the optical
properties of the cavity field with a subwavelength-sized
probe, using scanning probe imaging techniques. We mea-
sure the dependence on the nanowire position of the resonant
frequency and linewidth of the cavity mode. This measure-
ment allows us to spatially map the parametric optomechan-
ical coupling strength, which acquires a vectorial character
due to the ability of the nanowire to vibrate along both
transverse directions in the cavity mode. This exploration
allows us to identify locations within the cavity mode, close to
the nodes, where the optomechanical coupling is maximized
and where the light scattered out of the cavity mode by the
nanowire, due to the enhanced light-nanowire interaction
mediated by internal optical Mie resonances, has a reduced
impact on the cavity linewidth. Then, we investigate the other
facet of the optomechanical interaction and realize, for the
first time, a full mapping of the optomechanical force
experienced by the nanowire inside the cavity mode.
Those force measurements are realized using pump-probe
techniques [48], operating down to intensity modulation
levels corresponding to less than one mean intracavity photon
change. They provide a novel analytic tool of the intracavity
field, complementary to optical measurements [55,56].

Contrary to the case of canonical optomechanical model
systems, those force measurements are essential here to
fully understand the optomechanical interaction: It is not
possible, in general, to obtain a complete knowledge of the
electromagnetic field around the nanowire—and of the
optical force it experiences—from a limited set of external
optical measurements (transmission, reflection scatter
channels and parametric coupling strength).

We then discuss the perspectives of this approach, or
which allowing us to largely enter the emerging field of the
single-photon and adiabatic regimes of cavity optome-
chanics and introduce some of the phenomena that would
become accessible when working with cryogenically
cooled nanowires.

II. FORMALIZATION

The optomechanical interaction between an optical cavity
mode and a single mechanical vibration mode (pulsations @,
and Q,; ladder operators &,a’ and b, b, respectively) is
canonically described by the coupling Hamiltonian
H, = th&T&(ls + ZAJT), which formalizes the parametric
dependence of the optical cavity resonance pulsation (%)
on the oscillator position ¥ = 5xzpf(13 + b"), where Oyt =
\/1/2M Q. is the spatial spreading of the oscillator zero-
point fluctuations (effective mass M). The single-photon
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parametric coupling strength g, = 0,y 60X, is maximum
for oscillators featuring large zero-point fluctuations—moti-
vating the shift towards ultralight nanowires—interacting with
small-mode-volume cavity modes. For a purely para-
metric coupling, a single-photonic excitation ({(a'a) = 1)
generates an optical force of F(!) = —ng,/ Ox,p, Which

causes a static displacement of &x(V) = F()/MQ2 =
—29o/Qm0x ¢ As such, a single intracavity photon can be
expected to have an appreciable impact on the oscillator state
when 8xV) > 8x,.¢, which requires gy > Q,/2. In the
presence of position-dependent optical losses (dissipative
coupling), the magnitude of the force may differ from the
above expression, which underlines the importance of spa-
tially mapping the optical force experienced by the oscillator.

Furthermore, this static deformation will, in turn, para-
metrically shift the cavity resonance by a quantity dw(!) =
godxV) [5x4 If it exceeds the cavity linewidth, 5w > «,
the system can thus present a static optomechanical non-
linearity (bistability here) at the single intracavity photon
level. Its observability thus requires large single-photon
parametric cooperativities, C!") = 2¢3/Qx > 1.

Up to now, the achieved single-photon coupling strength g
remained too faint to have any impact of a single photon on
the oscillator state, and all experiments were thus realized
with large photon numbers to enhance the optomechanical
interaction. In that situation, the system dynamics can be
described by the linearized Hamiltonian: gya(da + da')x
(b+b"), where the effective coupling strength goa is
formally enhanced by the mean intracavity field a.
However, by doing so, the fundamental optomechanical
nonlinearity (the optomechanically induced optical dephas-
ing is proportional to the intracavity intensity like in the Kerr
effect) gets diluted, and the regime of single-photon opto-
mechanics remains, for the moment, out of experimental
reach. Our approach is based on subwavelength-sized nano-
wires hosting internal optical Mie resonances [57,58] (which
enhances the light-nanowire interaction), inserted in small-
mode-volume microcavities, allowing us to achieve
extremely large optomechanical interaction, at the condition
to precisely microposition the nanowire extremity within the
intracavity field. This approach thus requires a careful
analysis of the spatial structure of the optomechanical
interaction, which is a central result of this article.

ITII. THE EXPERIMENT

The fiber microcavity is made of two single-mode fibers
with concavely laser-machined extremities covered with
high-reflectivity dielectric coatings (approximately 28 um
radii of curvature) [59]. The optical finesse can be adjusted
from 400 to 45000 by tuning the laser wavelength from
760 nm to 820 nm. The cavity geometry (fiber angles,
lateral position, and coarse axial length) is adjusted using
motorized supports, while the cavity length can be finely

tuned using a set of piezo elements for fast and slow
actuation (see the Appendix A). To minimize the optical
mode volume, we operate with cavity lengths down to
10 um—which still allows us to safely insert the nanowire
between the fibers [see Figs. 1(a) and 1(b)]—producing an
optical cavity waist of wy = 1.8 ym. Our nanomechanical
probes are silicon carbide nanowires [48-50,52], mounted
on sharp metallic tips, whose vibrating extremity can be
finely positioned within the cavity mode using an XYZ piezo
stage. The employed nanowires oscillate in the 10-100 kHz
range, with effective masses around 1 pg and subwave-
length-sized diameters (100-200 nm). The experiment is
conducted in static vacuum (below 1072 mbar), where
quality factors of around 5000 are achieved, in a suspended
vacuum chamber to avoid vibrations and thermally insulated
to improve its long-term stability. The microcavity is
pumped by a low-noise tunable infrared Ti:saphire laser.
We record the transmitted and reflected signals, but also the
side-scattered photons, which are collected through a
laterally positioned microscope objective [see Figs. 1(c)
and 1(d)]. A digital feedback loop acting on the cavity piezos
allows us to lock the cavity length on resonance.

IV. OPTOMECHANICAL COUPLING STRENGTH

We first determine the parametric optomechanical cou-
pling strength by measuring the dependence of the cavity
resonance @y (r) on the nanowire position r. To do so, we
scan the cavity length with the slow piezo stack around a
mean value of L = 12 ym and insert the nanowire in the
optical mode volume. Figure 2(a) represents the cavity
transmission recorded when pumped at 767 nm in the
vicinity of a TEMy, mode while scanning a 130-nm-thick
nanowire across the optical mode volume (along e, ). The
nanowire causes a cavity frequency shift, a modification of
its linewidth, and a change of the resonant transmission
level. The nanowire diameter being much smaller than the
optical wavelength, one recognizes the lateral Gaussian
shape of the TEM,, cavity mode, with a fitted optical waist
of 1.8 um. When fully inserted (below the optical axis), the
nanowire parametrically shifts the resonant cavity length by
AL = —12 nm, corresponding to an equivalent frequency
shift of Awy = —wyAL/L =27 x 400 GHz. It corre-
sponds to a 1073 relative cavity shift, in agreement with
the relative increase of the optical mode volume (see
Appendix C). Similar measurements can be realized
while scanning the nanowire along the optical axis (e,)
[see Fig. 2(c)], revealing the standing-wave structure of the
cavity mode, with 1/2 periodicity. When the nanowire is
positioned on a node of the optical mode, the cavity field
remains almost unperturbed.

Those measurements allow us to spatially map the para-
metric coupling strength. Since the nanowire can move
identically along both transverse (xz) directions, it is neces-
sary to adopt a vectorial coupling strength G = Va)0|r0,

which has to be evaluated at the nanowire rest position r.
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FIG. 2. Nanowire-based scanning probe exploration of the intracavity field. (a) Transmission stack of the cavity measured while
scanning its total length with the slow piezo, in the vicinity of a TEM,, mode and moving the nanowire across the optical mode (x axis).
The dashed line is a Gaussian fit of the measured resonance length shifts (1.8-ym waist). The change in linewidth is reported in (b).
(c) Similar measurement realized while scanning the nanowire along the optical axis, revealing the standing-wave structure of the cavity
mode. (d) Transmission and scatter maps measured when scanning the nanowire in the horizontal XZ plane while locking the cavity on
resonance. The cavity-length shift map is obtained via the correction of the feedback loop, after substraction of the slow experimental
drift. (e) Similar measurements obtained when scanning the nanowire in the vertical YZ plane (X = 0). The optical axis is marked with a
dashed line. The parametric coupling strength G, is obtained by spatial derivation of the cavity shift map along e,.

The maximum slopes observed amount to G,/27 =
0.3 GHz/nm and G,/27z~3 GHz/nm. Those measure-
ments were realized with a nanowire featuring zero-point
fluctuations spreading over or 5 = /1/2M 2, ~ 0.4pm,
so the single-photon vectorial coupling strength (gy=
Gorypy) is as large as g§/27x = 1.2 MHz. This value, already
rather large compared to other implementations [1], is
significantly larger than the nanowire fundamental frequency
(Q.,/27 = 50 kHz here), thus largely entering the single-
photon regime of the parametric interaction (g,/Q,, = 25).
The maximum linewidth broadening caused by the nanowire
thermal noise [36], spreading over Ar" = /kpT /M Q2% ~
7 nm, amounts to G,Ar" ~ 2z x 23 GHz at 300 K, which
becomes comparable to the broadened optical resonance [see
Fig. 2(b)] but remains small compared to the observed
parametric shift (400 GHz).

V. NANOWIRE-BASED CHARACTERIZATION
OF THE INTRACAVITY FIELD

In view of its subwavelength-sized diameter, the nano-
wire can be used to map the intracavity mode structure.

Because of the finite-laser mode-hop-free tunability
(approximately 30 GHz), we choose to lock the cavity
on the laser wavelength and thus compensate the nanowire-
induced optical resonance shift with the cavity piezos. The
error signal is synthesized from the cavity transmission
signal using a 250-kHz lock-in. We use a dual feedback
loop acting on the fast and slow piezo elements with a
bandwidth intentionally restricted to a few kHz in order not
to compensate for resonant mechanical vibrations of the
nanowire. Figures 2(d) and 2(e) represent the experimental
transmission, scatter (laterally collected through the objec-
tive), and correction signals recorded when scanning the
nanowire in the horizontal XZ (vertical YZ) plane. These
measurements permit a direct visualization of the intra-
cavity standing wave, as revealed in the transmission maps.
The intracavity nodes (antinodes) appear as regions of large
(low) transmission.

The scatter maps reflect a different behavior. Progressively
inserting the nanowire in the cavity mode, closer to an
antinode, first causes an increase of the scattered light, as
expected. However, this increase is followed by a reduction
(white central areas), which simply originates from the
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reduction of the cavity finesse due to the increased loss rate.
This transition from a nanowire scattering rate that is smaller
or larger than the bare cavity loss rate is responsible for the
ring shapes observed in Fig. 2(d). The same considerations
also explain the signatures observed on the vertical maps,
where the dispersive and dissipative optomechanical cou-
pling rates can be tuned by adjusting the vertical insertion of
the nanowire extremity in the cavity mode. As long as the
nanowire stays out of a scatter ring, the cavity finesse remains
almost unchanged. Interestingly, positions on each side
(along e,) of the optical nodes where the cavity finesse
remains almost unchanged also feature large parametric
coupling strength, as shown in Fig. 2(e) (panel G,), and
are where the largest optomechanical backaction can be
expected.

Those multichannel scanning probe maps are impacted
by several parameters, such as the nanowire diameter, laser
wavelength and polarization, cavity geometry (curvature,
length, alignment), and finesse. They can all be tested
quantitatively through this approach, which thus presents a
unique opportunity to investigate the intracavity field in
confined microcavities.

VI. NANO-OPTOMECHANICAL INVESTIGATION
OF THE INTRACAVITY FORCE

The above measurements allowed us to investigate how
the oscillator perturbs the intracavity field, which repre-
sents one facet of the optomechanical interaction. To fully
quantify an optomechanical system, it is essential to
characterize the second facet of the interaction and measure
the action of the intracavity light field on the oscillator. This
dual characterization is essential, in particular for the
“oscillator in the middle” approaches, when the nature
and excitation level of the optical mode involved in the
interaction Hamiltonian (described by the @, a" operators)
strongly depends on the oscillator position (optical mode
spatial profile, oscillator induced losses,...) and on the
pumping conditions. We show here that the large force
sensitivity of the nanowire, combined with the large
coupling strength achieved thanks to the small-mode-
volume microcavity mode allows us to detect optical forces
corresponding to modulations of the mean intracavity
photon number smaller than unity.

We measure the intracavity force field using a pump-
probe scheme [48] realized by modulating the intracavity
intensity at frequencies close to the mechanical resonances
while recording the laser-driven nanowire trajectories with
a separate probe laser.

The visible probe laser (few yW at 633 nm falling
outside of the microcavity coating reflection window) is co-
injected in the cavity fibers. The reflected power map
Pg(r), which is recorded on a separate photodiode [see
Fig. 1(d) and Appendix A], presents an interference pattern
(between reflections on the nanowire and input fiber
extremity) that strongly depends on the nanowire position

r = ry + or. The vibrations of its extremity dr(z) are dy-
namically encoded as photocurrent fluctuations 5Pg(z) =
or(t) - VPgly,, which allows us to measure the nanowire
vibrations &r4(t) = or(z) - e; projected along the local
measurement vector €5 = VP /|VPp|. Following the read-
out protocols described in Refs. [48,50,52], we can probe
the nanowire thermal noise [see Fig. 3(a), grey curve] to
determine its effective mass and verify its proper thermal-
ization, but also its response to an external force such as the
one exerted by the intracavity light field. During those
measurements, the cavity is locked on the pump laser,
whose intensity is partially time modulated using an
acousto-optic modulator: Py 4 6P cos Qt, with an ampli-
tude 6P around a mean value P. The modulation frequency
Q/27x is swept across both eigenmode frequencies using a
vectorial network analyzer [48], and we record the optically
induced driven displacement 6r4[Q] as shown in Fig. 3(a)
(black dots). The individual responses of each transverse
mechanical mode are well distinguishable. The responses
are well fitted in amplitude and phase with the complex
expression

orpQ] = ey - in[ﬂ} (e; - oF)e;,
i=12

where y71Q] = M 4(Q2 — Q? —iQIN) (i =1, 2) are the
inverse mechanical susceptibilities of each eigenmode. The
measurement vector e is independently determined using
the standard calibration protocols [48,50]. The eigenmode
orientations, frequencies, damping rates, and effective
masses are independently determined by fitting the
Brownian motion spectra in the absence of light modulation
(see Appendixes A and B). Mode 1 is pointing at +20°
from the optical axis e,. As such, the only fitting parameter
for the response measurement is the modulated force
complex vector 6F caused by the intensity modulation
OoP of the input light, which is modulating the mean
intracavity photon number. Since the experiment is realized
in the adiabatic cavity regime (L2, < k), pure optical forces
instantaneously follow (on mechanical timescales) the
input light modulation, while photothermal forces [48]
will be in quadrature (see Appendix B). The amplitudes and
orientations of the instantaneous optical force are reported
in Figs. 3(b) and 3(c) for increasing modulation depth of the
intracavity photon number (produced by a modulation 6P
of the pump intensity). Thus, we can verify the linearity of
the system response and demonstrate its sensitivity to
variations of the mean intracavity photon number smaller
than unity. We measure a transduction efficiency of
approximately 340 aN/photon for the optical force per
intracavity-photon-number change (or a 2 fN/uW trans-
duction efficiency related to the input optical power) at a
given position of the nanowire extremity in the optical
mode [indicated by ® in Figs. 2(d) and 2(e), slightly beside
a node]. As expected, the optical force is aligned with the
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FIG. 3. Nanomechanical measurement of the intracavity optical force. (a) Thermal noise (gray line, 30-Hz resolution bandwidth) and
response measurements (dots) measured with the red probe laser (5 W), providing a projective measurement of the nanowire vibrations
along the e axis (inset), for a cavity locked at resonance at position © in Figs. 2(d) and 2(e). The response measurements are realized
with a vectorial network analyzer, whose output channel serves to intensity modulate the infrared cavity pump laser. The phase
difference is measured between the recorded displacement and the generated intensity modulation. Fitting of the data (see text) allows us
to determine the eigenmode orientations €, , and the instantaneous optical force vector. (b,c) Evolution of the magnitude and orientation
(with respect to ey) of the optical force vector plotted with respect to the amplitude of the intracavity-photon-number modulation
(6{a’a)), down to unity, and to the corresponding input power modulation amplitude (using P, = 3 xW, which corresponds to 17
intracavity photons at that position; see Appendix D). (d) Dependence of the instantaneous force F, with the position along the optical
axis for increasing input powers (70% modulation depth). The nodes of the electromagnetic modes are indicated as vertical lines and
correspond to maxima in the transmission plots shown in (e), expressed in terms of mean intracavity photon number. (f) Measured
relative frequency shifts (dashed lines) obtained for 5 yW compared to the shifts expected from the measured optical-force-field

gradients (—1/2Q,, M ;)0 F. (red dots).

optical axis (e,), as reported in the inset of Fig. 3(a). The
magnitude of the measured force per intracavity photon is
in good agreement with numerical simulations (see
Appendix D and Fig. 18), predicting a 260 aN/photon
transduction efficiency. At this position, the nanowire
thermal noise limits its sensitivity to variations of the mean
intracavity photon number at the level of 0.07 photon/+/Hz
at 300 K.

Identical response measurements were subsequently
realized at various locations along the optical axis. The
resulting instantaneous optical force is reported in Fig. 3(d).
It was measured with a fixed modulation depth 6P/P, ~
0.7 for increasing average input powers P, (from 1 to
5 uW). The measured optical force is 1/2 periodic due to
the standing-wave periodicity. This type of force measure-
ment inside a cavity is original. We found that it presents a
repulsive character in the vicinity of the nodes of the
intracavity field and, on the contrary, is found to be weakly
attractive towards the antinodes of the intracavity field.
Because of the multipolar character of the nanowire optical
response, the interpretation of the force map can be
delicate. However, the phenomenology is well explained

by theoretical modeling (see Appendix C) and can be
understood by the following qualitative argument, which
also holds for membrane-in-the-middle experiments [38],
for which the optical mode can be split into two subcavities
located on each side of the oscillator. Regions of positive
(resp. negative) dispersive shifts, G, > 0 (< 0), are then
associated with situations where a larger amount of light is
stored in the second (resp. first) subcavity, so the total force
is found to be negative (resp. positive). Also, the approx-
imately 30% positive-negative asymmetry observed in the
force extrema is connected to the laser pumping direction
(along e,) and mirror asymmetries. The “sawtooth” pattern
visible in the force variation along the optical axis is a
consequence of the finesse reduction observed in the
antinode areas. There, the force deviates from the oscil-
latory pattern that is expected from the parametric meas-
urement of G, shown in Fig. 2.

The intracavity force field exerted on the nanowire F(z)
presents some large spatial variations of J,F, ~ 1.5 x
1077 N/m for 54W input power in the vicinity of the
intracavity nodes. They add up to the intrinsic nanowire
stiffness, k = M Q2 ~ 10~ N/m, and are responsible for
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FIG. 4. Nano-optomechanical mapping of the intracavity force
field. We show horizontal (XZ) and vertical (YZ) maps of the
intracavity force field (anisotropic length scales), measured for an
injected power of 3 yW at 767 nm. The pump laser is injected
along e,, and the dashed line represents the optical axis. The color
code indicates the force component along the optical axis F,. Inset:
parametric coupling strength G, derived from the correction of the
cavity lock. The transmission isovalues are superimposed as gray
lines to help visualize the intracavity field structure.

frequency softening at the node locations. The measured
frequency shifts are shown in Fig. 3(f) and are in good
agreement with the ones deduced from the gradient of force
measurements, which validates the force measurement pro-
tocol exposed above. We point out that those force measure-
ments were realized using a largely frequency-split nanowire
(approximately 20%), in order not to experience eigenmode
rotations, which would have otherwise required a vectorial 2D
readout of the nanowire displacements [50,52].

We pursue those measurements by mapping the intra-
cavity 2D force field in 3D. Here, we employ a faster
measurement scheme in order not to suffer from spatial
drifts, which should remain smaller than 10 nm over a few
hours (corresponding to a 0.01° temperature stability).
Instead of a full response measurement [Fig. 3(a)], we
realize a simultaneous multifrequency excitation drive at
each position. A triplet of three optical drive tones is
employed per mechanical mode, separated by 50 Hz,
whose central frequency is locked onto the nanowire
eigenfrequency with a soft-peak tracking loop (see
Appendix B 4). Thus, we can simultaneously determine
the local force, the mechanical frequencies, and quality
factors while reducing the measurement time per point to
100 ms, 100 times faster than full response measurements.
The measurement vector ey is also locally recorded in real

time using a two-tone (80-85 Hz) lock-in detection scheme
(see Appendix B 4 and Fig. 12).

The resulting XZ and Y Z maps of the intracavity force field
are shown in Fig. 4, superimposed on the transmission maps
encoded as isovalues to help localize the intracavity field
structure. The color code shows the measured optical force
projected along the optical axis (F',), shown as colored arrows
in the maps. Those measurements are realized using
400 x 400 pixels, lasting over 4 hours, and the signal
processing routine described in Appendix B 4 employs signal
averaging up to 10 neighboring pixels, which correspond to a
spatial resolution of 25 nm along the z axis. One can recognize
the antitrapping or trapping structures in the vicinity of
the nodes or antinodes, and the vanishing of the optical
force when the nanowire is extracted out of the intracavity
mode volume, both transversally (x) and vertically (y).
The parametric coupling map (G,) is derived by calculating
the gradient of the cavity-lock correction signal map [see
Fig. 2(d), “cavity shift” panel], recorded during the same XZ
measurement sequence. On each side of the antinodes, it is
possible to identify locations of simultaneous, large optical
backaction and large parametric coupling strength. Those
regions are clearly of great interest for future experiments in
the single-photon regime.

We note that operating with a quasifrequency-degener-
ated nanowire and a full 2D readout scheme will allow
future investigations of the possible nonreciprocal (non-
conservative [52]) character of the intracavity force field
and its impact on the nanowire dynamics.

VII. CONCLUSION AND PROSPECTIVES

We have realized a dual characterization of the optome-
chanical interaction, via nanowire-mediated scanning probe
measurements of the intracavity field and mapping of the
intracavity optomechanical force field using intracavity-
photon-number modulations smaller than unity. This
method permits us to explore confined optical fields
and provides a novel exploration tool, complementary
to purely optical scanning probe measurements. The use
of nanowires with subwavelength-sized diameters permits
us to operate with ultrasensitive force sensors, but as a
counterpart, it generates a large optical scattering.
However, this does not prevent us from largely entering
the single-photon regime at the condition to properly map
the optomechanical interaction and to operate in the
vicinity of the intracavity field nodes.

For consistency, all the experiments described in the paper
were obtained with the same nanowire, but larger coupling
strengths, up to g5 /27 = 2.6 MHz ~ 100 x Q,, /2, were
reached with different nanowires (see Fig. 8). We note that the
light-nanowire interaction can be further engineered and
enhanced by exploiting higher-order internal optical resonan-
ces (Mie) of the nanowire [57,58], benefiting from their
multipolar optical response. Since we operate in the adiabatic
regime, many perspectives of this work are found in quantum
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optics, where the large optomechanical interaction serves as a
nonlinear resource operating down to the single intracavity
photon level. In particular, it will allow us to investigate the
deviations from the semiclassical approximation—where the
fluctuations of the intracavity field have a similar impact as
the mean field—and reaching a static bistability regime for less
than one intracavity photon. To do so, one needs to reduce the
oscillator thermal noise down to a level where the single-
photon recoil sx(1) becomes visible.

Operating with ultrasensitive kHz nanowires (see Table I,
NW3), such as the ones developed for operations at dilution
temperatures [60], should permit us to reach approximately
7-MHz single-photon coupling strength while reducing their
thermal noise down to /ny =~ 500 times their zero-point
fluctuations when thermalized at 20 mK. A single intra-
cavity photon should then produce a static deformation of
sx!) = 8000 0x,p¢, Which would be largely detectable on top
of the nanowire residual rms thermal noise.

Furthermore, the exotic regime of single-photon bist-
ability should be achievable in our system since large
single-photon parametric cooperativities C!) = 262 /Q « ~
10 can be achieved even with a modest cavity linewidth
(6 GHz). We also note that single-photon cooperativities [1]
as large as g% /T ok ~ 4.2 x 10° are within reach.

Finally, one can estimate the possibility to detect the
quantum fluctuations of the radiation-pressure force noise
in the single-photon regime, which become observable if
they exceed the Langevin force fluctuations. For a single,
mean intracavity photon (see Appendix E), the ratio of the
spectral densities of their respective force noise can be
expressed [5] as 2C()Q/ny, which could reach approx-
imately 30 at dilution temperatures.

Those considerations are thus strong incentives for
pushing the developments towards dilution temperatures
to explore, with mesoscopic oscillators, the regime of
single-photon cavity optomechanics and possibly open
the road towards scanning probe measurements of vacuum
Casimir forces within confined optical resonators.
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APPENDIX A: EXPERIMENT

1. Description of the experiment

A complete scheme of the experimental setup is given
Fig. 5. The infrared laser source is a tunable and low-noise
Ti:sapphire laser, with sub-100-kHz linewidth. It is
employed between 760 and 820 nm depending on the
optical finesse needed. The finesse can thus be tuned
between 200 and 45 000. Its output is spatially filtered
using a monomode fiber, and its intensity is controlled with
an acousto-optic modulator. A nonpolarizing 90: 10 beam
splitter is employed to collect the light reflected from the
cavity, and the injection polarization is controlled by a 1/2
wave plate. The experiment is operated in a vacuum
chamber to eliminate acoustic damping. A pressure below
1072 mbar can be statically maintained over several days,
which is sufficient to realize the long-term acquisition
needed. The vacuum chamber is suspended above an
optical table using four bungee cables to reduce acoustic
vibrations, and it is inserted in a thermal and acoustic foam
insulation chamber to improve its temperature stability and
further reduce acoustic vibrations.

The injection fiber is directly attached to a breadboard
in the vacuum chamber, while the transmission fiber is
mounted on a motorized XYZ stage and on a gimbal mount
to adjust the fiber lateral position and its orientation with
respect to the injection fiber. Both fibers are supported by
annular piezo elements, which are used to control and
dither the cavity length. A coarse piezo stack enables an
approximately 1.1-um scan range, which is sufficient to
cover several free spectral ranges of the cavity. A rapid
piezo element is employed to dither the cavity length by
approximately 0.1 nm at 250 kHz, in order to provide the
error signal for the cavity lock.

The cavity transmission is detected outside of the optical
chamber, while a 20x/0.4NA microscope objective, posi-
tioned perpendicularly to the optical axis, serves to collect
the light scattered by the nanowire. The later is focused on a
photodiode positioned on the vacuum chamber support.

The nanowire is mounted on a XYZ piezo stage,
providing travel ranges of 30 x 30 x 10 ym along the
XYZ axes. It is supported by a motorized XYZ stage used
for coarse positioning. The nanowire support can be rotated
in order to align the nanowire with the XY plane, which
allows us to insert the nanowire in small-mode-volume
optical modes. In practice, we first optimize the second
fiber angles in the absence of nanowire; we then open the
cavity up to a length of 200 um, insert the nanowire in the

021009-8



MAPPING THE CAVITY OPTOMECHANICAL INTERACTION ...

PHYS. REV. X 11, 021009 (2021)

DAC+VNA+PLL
Intensity
modulation

O

Ti:sapphire
laser

Spatial 90:10
1 filtering PBS  Aom
PC Intensity
control
ADC IR .
Reflection
Intensity
regulation
lDAC
PBS
Intensity
control
ADC Probe
Vg‘AA Reflection
PLL
FIG. 5.

Thermal and acoustic Suspended
enclosure . frame
Q\ ,,,,,,,,, f{;l Correction
Vacuum ADC
WDM N ~>I< ‘ i Cavity
7 l Ampli lock

- 3 D)
i : >
Piezos | : F. ADC

IR

0bj. Transmission

ccD Scattering

Detailed experimental setup. (F.: filters, ADC/DAC: inputs/outputs of the acquisition card; Dichr.: dichroic filter; WDM:

wavelength combiner; IR: infrared.) The core experiment is realized in a vacuum chamber, mounted on a suspended plate, which hosts
the lateral IR scatter detector. The experiment is mounted in a multilayer acoustic and thermal isolation box.

mode volume area, and progressively close the cavity while
continuously optimizing the angles and lateral position of
the second fiber. All of these prealignment steps can be
realized by monitoring the transmission signals.

Since the optical shifts induced by the nanowire are
extremely large (400 GHz), significantly larger than the
mode-hope free scan range of the laser (30 GHz), we
choose to lock the cavity length on the laser frequency. The
error signal and the feedback gains are produced and
processed by a Field Programmable Gate Arrays card
based on the PyRPL [61] code developments. We dither
the cavity length using the rapid piezo element and give
feedback on the piezo stack at low frequencies (up to
approximately 200 Hz), while a second loop employs the
fast piezo (up to a few kHz). The lock is rather robust and
agile, and allows us to maintain the cavity at resonance for
days, even in the presence of the nanowire, which can
largely reduce the transmission level (down to 5%). The
lock bandwidth is intentionally limited in order not to
compensate for the dynamical parametric cavity shifts
induced by the nanowire motion. As such, mechanical
motion remains visible in the lock error signal, which
provides a complementary readout channel for mechanical
vibrations. Depending on the experiments envisioned, one
can also increase the lock bandwidth beyond the nanowire
mechanical resonance (the first internal resonance of the

TABLE L.

fast piezo ring element is around 300 kHz) in order to
compensate for position fluctuations so that the cavity
remains dynamically locked.

The mirror curvatures are measured during the micro-
fabrication phase. The determination of the cavity length is
realized by measuring the spectral distance between two
optical resonances using the large tunability of the pump
lasers and by measuring the spectral arrangement of the
transverse mechanical modes. Measurements were realized
with two sets of almost identical fibers, with radii of
curvature 29 ym and 60 ym. All of the measurements
shown in this article are obtained with the first set of fibers.
We have also investigated the parametric coupling and the
force-field structure of other transverse modes, as well as
cross-couplings induced by the nanowire. The nanowires
allow for a clear identification of the nature intracavity
modes. Also, we employ the nanowire in order to carefully
align the intracavity mode: Depending on the fiber posi-
tions and orientations, the optical mode can be twisted with
respect to the fiber axes.

In order to probe the nanowire vibrations independently
from the cavity mode, we make use of a visible 633-nm laser,
which is coinjected in the cavity fibers using fibered wave-
length dividing modules (WDM) and whose reflection is
collected using a 90:10 nonpolarizing beam splitter. The
partial reflections on the fiber extremity (falling outside of the

Nanowires discussed in this work. NW1 and NW2 were tested at room temperature in the cavity. NW3 is an estimation

based on the typical nanowires investigated at dilution temperatures [60] with a 10-um cavity length.

NW L (gm) d@m) Q,/2r (kHz) Mer (pg)  dFuin (aN/HZ'?)  g8/27 (MHz)  go/u
NW1 (article) 70 130 50-60 2000 0.7 25 (300 K) 13 25
NW?2 (SI Fig. 8) 90 160 27.2-27.6 2700 2 30 (300 K) 2.6 96
NW3 400 160 1.6 100 000 6.6 0.02 (20 mK) 7 4300
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reflectivity window of the mirror coatings) and the one
coming from the nanowire interfere and are responsible for
a spatial XZ structuration of the red reflection image. When
the nanowire oscillates, it dynamically modulates the
reflected signal, and the principles of projective readout
[48,50] can be similarly employed (see Fig. 12). The experi-
ment is interfaced by software that controls the nanowire
position in 3D and the cavity length, and records the different
optical signals, as well as demodulation signals produced by
the phase locked loop (see below). The nanowire vibrations
are recorded using signal and network analyzers and a dual
phase locked loop that is employed for the multifrequency
response measurements (see below).

The experiment is prealigned at room pressure by taking
special care on the fiber tilt angles in order to produce an
optical cavity mode presenting a good mode matching to
the fibers, oriented perpendicularly to the nanowire axis
(and, if possible, along the Z axis of the piezo stage moving
the nanowire). Before pumping the chamber, we retract the
fibers by approximately 100 um so that the pump vibra-
tions do not make the nanowire stick to the fiber end faces,
and the system is realigned at low pressure. It is important
to stop the side illumination during the fine alignment
phase, in order to limit spatial drifts in the experiment. On
some occasions, we observe electrostatic charging in the
system, which causes the nanowire to stick to the fiber
extremities. In general, after a few hours, the effect
disappears. The fiber sides are metal coated to sustain
the optical coating, which also serves to partly shield the
fiber extremities from the stray electric field produced by
the closest piezo elements (0-100 V, at 1-cm distance).
Their impact on the nanowire dynamics—the nanowire is
attracted to regions of large electric field—could occasion-
ally be detected for very small cavities, as a residual force-
field gradient, but, most of the time, are far smaller than the
optical forces involved in the experiment.

2. Internal Mie resonances

Figure 6 illustrates the role of internal Mie resonances on
the light-nanowire interaction.

3. Nanowire samples

Several nanowires are employed in this project (see
Table I). For a given cavity mode, the parametric coupling

strength (G) only depends on the nanowire diameter. We
employ different nanowires with diameters ranging from
100 to 250 nm. All the results presented in the article are
realized with a 130-nm-diameter nanowire, while the
largest coupling strengths could be achieved using a
160-nm-diameter nanowire, as shown in Fig. 8.

The NW3 line represents an extrapolation at dilution
temperatures based on recent results obtained [60],
where we could detect the thermal noise of SiC nanowires
thermalized down to 20 mK using a single-path optical
readout. Using a modest 6-GHz cavity linewidth (2000
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FIG. 6. Nanowire multipolar optical response: Mie resonances.
Scattering cross sections for infinite SiC cylinders under plane-
wave illuminations incoming from the left-hand side, for in-
creasing nanowire diameters. The reflection, transmission, and
scatter components are integrated in the backward, forward, and
lateral angular segments, respectively. The total linear cross
section can largely exceed the nanowire diameter (indicated by
a black line) and varies rapidly with the nanowire diameter due to
the Mie resonances. The nanowire optical response can be
assimilated to a dipole for diameters smaller than approximately
100 nm, while its multipolar character must be taken into account
for the nanowires employed in that work (130 and 160 nm in
diameter).

finesse), this nanowire should permit us to reach a single-
photon parametric cooperativity of C!!) = 203/ Qumk = 9.5
and a single-photon cooperativity of ¢3/T",x = 426 000.

4. Aspect ratio of the scanning images

Figure 7 illustrates aspects ratio considerations of the
scanning images.

FIG. 7. Aspect ratio of the scanning images. Representations of
the Fig. 2(d) scatter channel are shown with their true aspect ratio
on the left. In the lower-left plot, a tilted perpendicular grid has
been added. The tilt angle is —1.7°. The black circle represents the
dimensions of a 150-nm-diameter nanowire, given for compari-
son. The image axes (XZ) are the ones set by the XYZ piezo stage
moving the nanowire. Right: the same image shown with the
squeezed aspect ratio employed in Fig. 2 on the right. The
deformation of the perpendicular grid is an artefact of the aspect
ratio chosen.
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FIG. 8. Coupling strength with a 160-nm-diameter nanowire
(NW2). Left: thermal noise at 300 K of a 160-nm-diameter
nanowire, measured along two measurement channels [50]. It
presents an effective mass of 2 x 10~1° kg, oscillates at 27200
and 27580 Hz, with a I',,/27z = 10 Hz damping rate. In this
measurement, the lower eigenmode orientation is oriented
perpendicular to the optical axis, to be ideally read by the
differential channel &. It conveys a 30 aN/+/Hz force sensitivity,
with thermal noise spreading over Axy = 7.8 nm (64 pm) at
300 K (20 mK) and zero-point fluctuations spreading over
0x,pr = 0.4 pm. Right: cavity resonant length shifts measured
at 767 nm while scanning the nanowire transversally (x axis)
across the cavity mode, through an antinode (fitted optical waist
of wy = 1.6 ym). The maximum parametric shifts amount to a
cavity length change of —24.7 nm (total length 12 pm), corre-
sponding to an equivalent +800-GHz resonance frequency
increase. The corresponding maximum slopes are G,/2z =
0.6 GHz/nm and G./27z = 6.5 GHz/nm, and they lead to a
single-photon coupling strength of gy = (0.24,2.6) MHz, which
represents a maximum ultrastrong coupling ratio ¢o/Q,, of
approximately 100. The dynamical rms broadening of the cavity
resonance is approximately G,Axy, ~ 2z 50 GHz in frequency, or
1.6 nm in effective resonance width, which is slightly smaller
than the 4-nm line broadening observed [36].

5. Optomechanical coupling to nanowire NW2

Figure 8 illustrates the coupling strength obtained with a
160-nm-diameter nanowire.

APPENDIX B: FORCE MEASUREMENTS

The optical force measurements are realized using a
pump-probe technique. The nanowire vibrations are read
out using the red probe beam, while the optical force is
intensity modulated around a mean static value.

1. Optical readout of the nanowire vibrations

Because of the interference between the probe light
reflected from the input cavity mirror and the one reflected
from the nanowire and collected back into the fiber, the
reflected intensity [Pg(r)] presents spatial variations that
depend on the nanowire position. When the nanowire
oscillates with a vectorial deflection or around its rest

position r, it generates a modulated output voltage of
Pg(ry + or(t)) = Pg(ry) + 0r(1) - VPg|, . The fluctua-
tions of the photodiode output let us realize a projective
readout of the nanowire motion dr along a measurement
vector e, which is defined as ey = VPg|, /|VPg|,, |- The
latter is determined by measuring the local gradient of the
reflected power map. To do so, we employ two methods: a
static one and a dynamical one. In the static mode, we
record the reflected signal for different positions of the
nanowire, placed on a 20-nm grid around the measurement
position. We then compute the local tangent plane to the
surface Pg(r), from which we extract the local gradient
[48,50]. In the dynamical mode, which permits a faster
evaluation of the measurement angle, we dynamically
modulate the nanowire rest position in the XZ planes at
two different frequencies (80 and 85 Hz) and demodulate
the reflected signal. The amplitude and phase of both
signals are then used to determine the local slope and
orientations of the gradient along the two axes. Figure 12
shows a map of the measurement vectors measured during
the multifrequency XZ map shown in Fig. 4. The oscil-
lation amplitudes employed for the dynamical calibration
of the measurement vectors are of a few nanometers. These
calibration tones are interrupted during the measurement
phase, in order not to additionally shake the nanowire
during the measurement process.

The fluctuations of the photodiode output are recorded
on the spectrum and network analyzers, as shown in Fig. 8
and in Fig. 3 of the main text. In the absence of an external
drive, we can record the thermal noise of the nanowire,
which allows us to determine the effective mass M.,
eigenfrequencies Q;, ,, damping rate I',,,, and eigenmode
orientations eq,e, of the two fundamental transverse
eigenmodes [50]. In those experiments, we only rely on
a single measurement channel, meaning that we have to
assume that the eigenmode orthogonality is preserved
[50,52]. In practice, we intentionally employ a nanowire
presenting a large-frequency splitting (50-60 kHz) to
reduce the eigenmode rotation caused by the force field.
After mapping the force field, we can verify that its spatial
variations do not generate appreciable eigenmode rotations.

2. Nanowire dynamics, thermal noise, and response
measurements

The nanowire dynamics can be written in the Fourier
domain:

51‘[9} = X[Q] : (5Fth + Fopt [QD’ (Bl)
where the 2D mechanical susceptibility is given by
‘I[Q]—M (Q%—QZ—iQFm 0 )
XA = et 0 Q2 - Q2 —iQr,
(B2)
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in the (eq,e,) basis. The Langevin force vector 5Fy =
(SF™, F1) is composed of two Langevin forces, inde-
pendently driving the nanowire along the eigenmode
orientations. They present a zero mean value and a
white-noise spectral density given by the fluctuation dis-
sipation theorem of Sp = 2M I, kzT. The optical force
vector is given by F,(¢) and depends on the injected IR
light intensity P(¢). It can be time modulated at a frequency
Q/2x with an amplitude 6P around a mean value P using
an acousto-optic modulator P(t) = Py + 6P cos(Q¢). In
that case, the optical force will present a static component
(which can displace the nanowire rest position, but can be
neglected in practice) and an oscillating counterpart
6F g cos(Qt 4 ¢). In the case of a pure optical force
and in the adiabatic cavity limit (Q,, < «) where we
operate, the intracavity force instantaneously follows, on
mechanical timescales, the time fluctuations of the input
intensity (¢ = 0). In the case of thermal-optical forces, the
establishment of the force may be delayed. Previous
analyses [48] have shown that the thermal dephasing is
of 90 degrees at room temperature (thermal cutoff around
1 kHz for the nanowires employed in that work). As such,
the Fourier component of the time-modulated optical force
vector can generally be written as
SF o [Q] = 6Fey + idFej. (B3)

The projective readout permits us to record dr4[C] given
by
orplQ] = e5 - or[Q] = ey x[Q] - (5Fy + Fope[Q]).  (B4)

In the absence of optical modulation, one can record the
thermal noise of the nanowire, whose spectral density is
given by

Sk

S‘S’ﬂ[g} - Z (e - ei)zMgff((ng - Q) 4+ Q%)

i=12

(BS)

This expression is used to adjust the thermal noise spectra,
and it allows us to determine the mechanical parameters of
the nanowire (frequencies, damping rates, effective mass)
and the effective temperature of the modes. One can verify
their proper thermalization, at 300 K, by varying the optical
readout power. In the presence of the IR cavity light field,
the mechanical properties can evolve because of the spatial
gradients of the optical forces. If one uses a single
measurement channel, one needs to assume that the
eigenmodes remain orthogonal to correctly evaluate their
response to an external force; this is why we employ a
largely frequency split nanowire, which is protected against
eigenmode rotations [52]. In practice, we realize optical
measurements mainly on the reflected red channel, but we
complement it using the scatter IR light and the IR
transmission channel.

In the presence of an external optical drive, we employ a
network analyzer to measure the steady-state trajectory of
the nanowire while sweeping the drive frequency across
both eigenmodes. To correctly estimate the overall delays in
the VNA measurement, one can simply remove the IR filter
in front of the detector collecting the probe-laser reflection
(the WDM does not perfectly cancel the IR signal). This
approach allows us to compensate for the electronic delays
in the detection channel and in the drive channel. In that
situation, we then directly record the magnitude of 6r4[Q]
and its dephasing with respect to the intensity modulation.
The response data are thus adjusted by

(e - €;)(SF[Q] - &;)
i=1.2 Meff(sz - Q- lQFm) .

orplQ] = (B6)

All of the mechanical and readout parameters are already
independently determined, so the only fitting parameter is
the complex drive vector SF[Q], which possesses 4 degrees
of freedom (real and imaginary parts of both spatial
components). In practice, we employ expression (B3), so
the fitting parameters are the magnitudes (6F,5F) and
orientations (e, ef) of the instantaneous and delayed force
components. They are shown in Fig. 9. The gradients of the
delayed photothermal forces modify the nanowire damping
matrix, so the nanowire mechanical damping rates must be
determined in each position. At the end of the article, we
focus on the instantaneous optical force, the one of interestin
cavity optomechanics, whose spatial gradients can generate
mechanical frequency shifts and eigenmode rotations, as
analyzed in Fig. 3(f).
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FIG. 9. Delayed photothermal forces. We add the delayed
optical forces, of photothermal origin, to Fig. 3. The open
symbols represent the magnitudes and orientations of the delayed
force vectors, at the measurement position, for increasing
modulation depth. The solid symbols represent the instantaneous
optical forces.
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FIG. 10. Nanowire-based scanning probe exploration of the
intracavity field and higher-order transverse modes. Cavity IR
transmission and reflection stacks are measured while scanning
its total length with the slow piezo and moving the nanowire
across the optical mode (x axis). For this cavity configuration, in
addition to the TEM,,; mode (top), higher-order modes are also
visible (bottom), and cross-couplings can be induced by the
nanowire diffusion.

3. Higher-order optical cavity modes

It is possible to investigate the optomechanical coupling
between the nanowire and higher-order transverse modes of
the cavity, whose transverse structure can be identified by
scanning the nanowire within the cavity mode (see Fig. 10).
The optomechanical force field experienced when pumping
the TEM;, mode is shown in Fig. 11.

4. Multifrequency response measurements

The above procedure based on full response measure-
ments requires at least a duration of 1/I",, per frequency
point (100 ms), so the full acquisition requires at least 20—
30 s per point before fitting the response data, which allows
us to determine the local optical force vector. It is possible
to largely accelerate the measurement duration by exploit-
ing the large linearity of the apparatus and driving the
nanowire simultaneously with several (6) frequencies and
demodulating the different driven trajectories. In order to
simultaneously determine the eigenmode frequencies and
damping rates and to compensate for possible variations
due to force-field gradients or thermal drifts, we choose to
employ three tones per mechanical mode, at frequencies
Q?’il separated by 50 Hz, which is comparable to the
eigenmode linewidth (see Fig. 13). The central frequency
Q! is maintained close to the mechanical resonance using a
soft tracking via a peak detection mode on a fast spectrum
analyzer. These measurements are realized using a multi-
frequency synchronous detector (Zurich Instrument
HEF2LI), and they permit us to reduce the measurement
duration to 100 ms per point, at least 100 times faster than
the above response measurements.

The interference pattern measured in the reflection of the
red probe laser, which is exploited to read out the nanowire
vibrations, presents positions (interference extrema) featur-
ing no spatial gradient, which prevent us from correctly
measuring the nanowire vibrations. It is important to
properly estimate the local measurement vectors, but this

(N}) z4 “"|dwe 8210} [eondo

E
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€ 7]
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o )
o . o
w40 100 nm =
0

- 7 J
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| —_ | o®
o o
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% g
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‘ ‘ ‘ ‘ ‘ 3

Nanowire z-position (nm)

FIG. 11. Optomechanical force field obtained with a TEM;,
mode. Top: multifrequency force-field measurement realized
when locking the cavity on a higher-order transverse mode.
The map is interpolated from a 400 x 400 measurement grid. The
gray lines are isotransmission lines. Middle: cuts along the z
direction (dashed line in the map, on the side of the optical axis)
of the force components. Bottom: force divergence deduced from
mechanical frequency shifts (blue) and spatial derivation of the
force map (orange), evaluated along the same cut in the map.

may become delicate close to those extrema. In order to
compensate for this potential source of errors, we have
applied a local barycentric correction to the data: The force
measurements are spatially averaged and weighted by the
norm of the measurement vector magnitude:

i = P
Zj:i—A.i+A |ﬂj|

where F; represents the force estimated at position i. We
employ a sliding average over 2A + 1 neighboring points
spreading over 25 nm (A is adjusted depending on the map
grid). Figure 14 illustrates this mechanism. The upper curve
represents the cavity transmission, which allows us to
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FIG. 12. Maps of the measurement vectors. We shows the XZ
maps of the measurement vectors (f,,,) obtained with the
spatial interference measured on the red-probe-laser reflection
photodiode signal Pg(ry). Measurement vectors defined as f =
VPj are measured dynamically, by modulating the piezo stage
supporting the nanowire with constant tones at 80 and 85 Hz
along the x and z axes (approximately 5 nm of amplitude) and
demodulating the photodiode output signal (1-104W of 633-nm
probe laser are typically employed). Those measurements are
acquired simultaneously during the multifrequency response
maps shown in Fig. 4 of the main text, on a 400 x 400 pixel
map, with 100 ms acquisition time per point. The z periodicity
observed corresponds to half the probe-laser wavelength
(633 nm). In most positions, the measurement vectors ez =
B/|B| are almost aligned with the optical axis e,.

identify nodes and antinodes of the intracavity field; the
bottom curve represents the norm of the measurement
vector, which presents blind positions (marked by gray
dashed lines). The central panel shows the force measured
before (dots) and after (line) the barycentric correction. We
note that because of the large signal-to-noise ratio observed
in our measurement conditions (force signal 20 dB above
the thermal noise and 60 dB above the background for 5-Hz
resolution bandwidth), it is always possible to detect the
driven force, even very close to the blind positions. The
barycentric averaging thus serves to compensate for the
errors arising in the evaluation of the measurement vectors
close to the blind positions.
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FIG. 13. Principle of multifrequency response. The nanowire is

simultaneously driven by the intracavity field at six different
frequencies, in order to accelerate the measurement time of the
local force vector. Three tones are driving each eigenmode, the
central tone of which is locked on the eigenmode resonance,
while the two sidebands are separated by 50 Hz, which is
comparable to the eigenmode linewidth. Recording the ampli-
tudes and dephasing for each tone permits us to determine the
quality factors and eigenmode frequencies, as well as the local
complex driving force vector.
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FIG. 14. Correction for blind measurement positions in multi-
frequency responses. We give an illustration of the local bar-
ycentric smoothing employed in the data analysis to compensate
for the reduction of readout sensitivity observed in the readout
channel at the interference extrema. The cavity transmission is
shown on top, while the bottom curves represent the norm of the
measurement vector. Blind positions are marked by gray dashed
lines. The central panel shows the force measured before (dots)
and after (line) the local weighted averaging explained in the text.

APPENDIX C: MODELING

1. Orders of magnitude: Coarse estimation

The change in path length Al accumulated in the
presence of the nanowire can be roughly evaluated as a
geometric evaluation, where part of the vacuum is replaced
by the nanowire dielectric. When the nanowire of diameter
d,, 1s positioned in the middle of a Gaussian beam of waist
wy, it can be expressed as

dnw/z

2 - ,
Al = (nSiC - l)dnw —2/ d)C/ dy€_2<x2+y2)/wa.
Wy J— —0

an/2

Thus, the relative cavity path-length change amounts to
Al/L =1.1x107 for d,, =130 nm, wy, = 1.7 ym,
ngic = 2.7, and L = 12 ym. This order of magnitude is
in good agreement with our measurements (see main text).

2. Model

Here, we briefly describe the ingredients employed in the
model. It is based on a transmission matrix formulation, as
standardly employed for membrane-in-the-middle experi-
ments [37,62], with the difference that one has to describe a
nanowire instead of a membrane.

The waist and the Rayleigh length of the cavity mode are
determined by the cavity length, the mirror curvature radii,
and the laser wavelength. For simplicity, the cavity is
assumed to be only resonant with the TEM,, Gaussian
mode. In practice, cross-couplings between the different
eigenmodes are easily obtained and can be employed for
enhancing the quadratic coupling strength if needed, but the
experimental results exposed in this paper were obtained in
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a situation where no cross-couplings were observed. The
cavity is pumped from the left side. Several approaches
were employed to compute the transfer matrix of the
nanowire, with different degrees of refinement (possibility
of transverse coupling, description of the internal Mie
resonances of the nanowire,...). A simple approach is
described below, which permits us to understand most of
the experimental signatures we have observed.

We assume that the nanowire dimensions are sufficiently
small compared to the optical waist, so the incoming field
presents wavefronts that are homogeneous over the nano-
wire extension and thus employ a “square” nanowire of
lateral dimensions Lyw X Lyw. To integrate the nanowire
in the input-output formalism, we need to compute its
effective reflection, transmission, and loss coefficients. We
thus define a nanowire effective layer, with reflection and
transmission coefficients, that depends on r,, the trans-
verse coordinate. When r; belongs to the nanowire, these
coefficients are taken to be identical to the reflection and
transmission coefficients of the equivalent infinite layer,
with refractive index n and thickness Lyw:

B (1 — n?) sin(nkLyw)
 2incos(nkLyw) + (1 + n?) sin(nkLyw)

. (C1)

2in

= .(C2
2in cos(nkLyw) + (1 4 n?) sin(nkLyw) (€2)

If r; does not belong to the nanowire, we assume a plane-
wave propagation (which is valid for a nanowire close to
the middle of the cavity) such as C, = 0 and C, = e*lxw,
The final reflection and transmission coefficients of the
Gaussian beam through the nanowire effective layer are
obtained by assuming that the only parts of the fields
contributing to the intracavity field are the projections on
the TEM,), mode since they are the only ones assumed to be
resonant inside the cavity. They read as

10 = //erEz(U,ZNw)[E(()R)(H,ZNW)]*» (©3)

% _//er_E (1, Zyw) [EY) (. Zaw)]". (C4)

TEM,, normalized modes

[//drl\E?i) (r,,z)|* = 1] propagating along +z.

In practice, the simulations are done in two steps. First,
we compute the transfer matrix of the nanowire effective
layer for all positions of the nanowire inside the cavity
(both axially and vertically). Then, we use these transfer
matrices to propagate the field through the system,
obtaining the transmission and reflection coefficients of
the full cavity (see Figs. 15 and 16). Using the energy
conservation, we also extract the amount of light scattered
out of the cavity due to the presence of the nanowire.

where E?i) are the
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FIG. 15. Typical results of simulations. The transmitted, re-
flected, and scattering coefficients, as well as the cavity finesse,
are computed for various positions of the nanowire in the XZ
plane and for three different vertical insertions in the mode
volume. From left to right: the nanowire bottom extremity is
located at 1.8, 1, and 0.2 um above the optical axis (optical waist
of wy = 1.8 ym). The other bare cavity properties are 500
finesse, symmetric mirrors, and 12 pym length.

Those simulations are realized for different laser
frequencies (or, equivalently, for different cavity lengths)
in the vicinity of the system resonance, which can be used
to compute the strength of the parametric shifts of the
cavity as well as modifications of its linewidth. Also, it is
possible to track the cavity resonance to compute the
optical signal or optical forces in the presence of a cavity
lock, as realized experimentally [Figs. 2(d), 2(e), 3, and 4].

Moreover, we subsequently determine the field inside the
two subcavities surrounding the nanowire (see Fig. 17).
Once the fields around the nanowire are known, we can
estimate the optical force exerted by the intracavity field on
the nanowire and, in particular, its impact on the dynamics
of the two transverse fundamental eigenmodes of the
nanowire. To do so, one needs to convolve the optical
force density with the eigenmode deformation profile.
Since the optical field is essentially located close to its
vibrating extremity, where the eigenmode deformation
profiles are locally uniform and can be assimilated to a
simple translation on the extent of the optical waist, the
effect of the optical forces can be assimilated to the integral
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Reflection

Scatter

0 B 0

. 500

FIG. 16. Typical results of simulations. Same simulations as in
Fig. 15 in the vertical YZ plane above the optical axis (x = 0).
The optical axis is located at the bottom of the image, and the
three dashed lines correspond to the NW elevations in the
previous figure.

of the Maxwell stress tensor on the nanowire surface.
Assuming a nanowire positioned on the cavity axis, we can
then compute the optical force along z applied by the
intracavity field on the nanowire for different positions and
cavity properties.

Figure 17 shows a typical result of the axial force-field
pattern measured for varying positions along the optical axis
obtained with this modeling (square nanowire of
115-nm dimensions). The right panels illustrate the spatial
profiles of the electromagnetic field intensity in the system,
for two positions of the oscillator on the left and on the right of
anode. For both positions, the parametric shiftis identical, but
the optical force changes sign. This case can be explained by
the different amount of light stored in the left or right
subcavities. Furthermore, the positive or negative asymmetry
observed in the force profile is due to the asymmetric
pumping conditions: It is easier to pump the left cavity

a )80 Mirror
s
s 1 3
N 2
w &
8o z %
2 S Mirror  NW|
= 220
S =
Z -1
fe) i
®
A2 0 Af2 - %p 0 L2
Nanowire z position Z axis

FIG. 17. Simulations of the optical axial force computed for
different nanowire positions along the optical axis. The right
panels illustrate the shape of the intensity distribution in the
system for two positions of the oscillator, on the left and right
sides of an optical node of the intracavity field. The left-right
distributions of the field intensity in the two subcavities allow us
to understand the repulsive character of the force profile observed
in the vicinity of optical nodes.

compared to the right cavity when the system is pumped from
the left-hand side. In those simulations, both mirrors were
taken to be identical; in practice, this asymmetric behavior
also depends on the mirror reflectivities.

The simulated and experimentally measured force fields
are observed to be very repulsive in the vicinity of the
optical nodes (large slopes) but, respectively, less attractive
to the optical antinodes (smaller inverse slopes) even if the
parametric coupling strength G, presents the same magni-
tude at both positions. This is a consequence of the
reduction of the cavity finesse observed when the nanowire
enters the scatter rings visible in the scatter maps:
Therefore, the intracavity field benefits from a lower cavity
enhancement, thus reducing the magnitude of the optical
force exerted on the nanowire.

APPENDIX D: INTRACAVITY
PHOTON NUMBER

The intracavity photon numbers employed in the response
measurements are experimentally deduced using the
input-output formalism, modeling the overall nanowire-
in-the-middle system as an equivalent, dual-port, 1D opto-
mechanical system with an input mirror of transmissivity T
(in intensity) and a back mirror featuring a transmissivity P
(taking into account the second mirror transmissivity as well
as the nanowire-induced optical losses). The intracavity
photon number N is related to the intracavity photon flux /
(in photon/s) by I = N/(2L/c), where 2L/ c is the photon
round-trip duration in the cavity, while the latter is related to
the input photon flux I;, = P;,/hvby I = I;,[4T /(T + P)?|
in the case of a perfect injection efficiency. The cavity
finesse is connected to the overall cavity losses by
F =2x/(T + P). In our experiment, the injection effi-
ciency # is limited by the fiber injection efficiency (80%
including splices and fiber connector losses) and the mode
matching from the fiber to the cavity fundamental mode
(70%) to an overall value of # = 0.56. The connection
between the incoming power P, and the intracavity photon
number is thus given by

2L _ 2T Py, 2L _, Py
N_nﬂc]:T—i-th _HHZCJT Thv'
The cavity parameters (7, P) are deduced from optical
measurements of the cavity finesse realized by scanning
the cavity length around a resonance. In the absence of the
nanowire, we operate with a symmetric cavity (P =T),
while the cavity external losses P are increased in the
presence of the nanowire and are computed in each position.
InFigs. 3(a)-3(d), at the position where the response linearity
is verified, a modulation of the input power of 100 nW
generates a modulation of the intracavity photon number of
0.6 [F =202,4T/(T + P) = 1.05, L = 12 pm], so we can
largely detect modulations of the mean intracavity photon
number smaller than unity.
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The advanced numerical simulations [58] of the system
(see Fig. 18) show that this assimilation of the nanowire-in-
the-middle setup to an equivalent 1D optomechanical system
is valid to estimate the intracavity photon number in the case
of a response measurement where the system is pumped
from one single port. In this approach, after having evaluated
the intracavity fields, the photon number is deduced by
computing the overall energy stored in the optical resonator
and dividing it by the energy of a single photon (hv). The
numerical simulations also permit us to estimate the
expected force per intracavity photon change, at the level
of 260 aN/photon, whose magnitude is in good agreement
with our measurements (340 aN/photon). We underline the
fact that the model employed here assumes that the nanowire
optical response can be assimilated to the one of an infinite
cylinder (so the description of light scattering in the
framework of Mie scattering remains analytical), inserted
perfectly transversally to the optical mode. In practice, we
operate, in general, only a few microns above the nanowire
tip, which may not be sufficiently far away from the tip, and
we often suffer from a residual tilt (typically a few degrees)
of the nanowire with respect to the optical axis. Finally, the
delicate estimation of the optical pumping efficiency will
always remain one of the most important sources of
discrepancy between our measurements and the ideal pre-
dictions of the model.

Cavity transmission

Cavity shift (nm)

In both the theoretical and experimental cases, those
single-photon forces are comparable to but about 0.4 times
smaller than the value of F(!) expected from the coupling
strength gy. The understanding of the origin of this slight
discrepancy and the modeling of the contribution of all the
other vacuum modes (Casimir forces) will be the subject of
future work.

APPENDIX E: OBSERVING QUANTUM
RADIATION-PRESSURE NOISE AT THE
SINGLE-PHOTON LEVEL

The goal of this section is to derive, in the semi-
classical framework, a dynamical criterion comparing the
impact of the radiation-pressure force fluctuations 6F;
and of the thermal fluctuations 6Fy on the oscillator
dynamics in an optomechanical system. For that purpose,
we consider the simple case of a high-finesse and single-
port optical cavity pumped by a monochromatic laser,
where the second mirror can oscillate around its equi-
librium position. Following the methodology of Ref. [5],
the oscillator displacement in frequency space is shown
to be

5x[Q] :)(eff[QKﬁFth[Q] + 5Frad [Q])’ (El)

Cavity finesse

= 1 0
g r*
] X 400
8 .
o
>< 05 " . N
[} " .
5 | . . ; . . ' 200
3 "
C
©
z
Force along z (fN) Gz/27 (GHz/nm) Photon number
g §Z V4 20
= -2 X
@ 0.5 1
o
Q
>< 0‘ | 0 i i i i O 10
[
= 05 -1
g 2
©
z . T
-0.4 0 0.4 -0.4 0 0.4 -0.4 0 0.4
Nanowire Z position (zm) Nanowire Z position (ym) Nanowire Z position (yvm)
Photon number on the cavity axis Force along z Force per intracavity photon
5 10{ —— From fields Z 5 ’l\\ F=-hG,N [\ . Simulation 1] //"\ 720 aN/phot. /7 ™\260 aN/phot.
s} - From finesse ~ | \\ I \\ s / \ * \
5 N \ 1~ ° / \ !
S o 1 N \\ _8 \ / \
c = 04 Q0 /
c 51 ° 1
S @ SO\ SO = \ / M
o [0} A N = N \ /
i o A \ N AN \
£ 2?7 \ \ ! 191 —kG, \ / Simulation \ /
o v v - N
-0.4 0 0.4 -0.4 0 0.4 0.4 0 0.4

Nanowire Z position (zm)

FIG. 18.

Nanowire Z position (um)

Nanowire Z position (um)

Numerical simulations of the experiment. We show the results of the complete simulation [58] of the experiment, accounting

for internal Mie resonances in the nanowire. We employ the following parameters: L.,, = 12 ym; R, = 65 nm; radius of curvature of
the mirrors, 28 um; mirrors reflectivities, 0.994; perpendicular polarization; wavelength 4 = 770 nm; and input power P;,. = 400 nW,
with perfect mode matching. The lower panels are slices taken along the optical axis.
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where y.; is the effective susceptibility of the oscillator
dressed by the light verifying y.u[—Q] = yi[Q]. The
expression of the radiation-pressure force fluctuations is

2 2192 _jyQ
6Fal€d) = 2kla] | (L2 0] — i
PP\ (y —iQe)> + ¥
¥Qr
X m 0Gin [Q]> > (E2)

where Jp;, and dg;, are the quadratures of the intensity
and phase fluctuations, whose noise spectral densitites
will be set to 1 since, in the following, we consider a
cavity pumped with a coherent state. In Eq. (E2), k is the
wave vector of light, |@|? the intracavity photon flux, y <
1 characterizes the cavity losses (r = 1 —y, t ~+/2y), 7 =
2L/c is the intracavity round-trip time, and ¥ is the
cavity-laser detuning.
Since 6F,,q and 6F, are uncorrelated, the position noise
spectrum reads as
S5.[Q] = e[ QP (Ssr,, [ + S5r,,[Q]),  (E3)
so the quantum radiation-pressure noise will dominate if
the following criterion is fulfilled:
Nrad = Sor,,, [Ql/ S5y, Q] > 1. (E4)
In the case of an adiabatic cavity (Q2,, < Q., with Q. being
the cavity cutoff frequency), the noise spectral density of
the optical force is given by

872 k%|al|?y
SF ]:W (E5)
while the Langevin noise spectral density is

Ssp[Q] = 2MT  kzT, where M is the effective mass of
the oscillator, I',, its decoherence rate, and 7' the temper-
ature of the bath. At the optical resonance (¥ = 0), the
dynamic criterion becomes

4nk?|a)?
Mrad = ]Wl—‘mk|37|1y ’ (E6)
where |@|*> = Nc/2L is expressed in terms of the intra-
cavity photon number N and of the cavity length L (¢ being
the light velocity). Using y/k = x/G and L/k = 1/G, with
G = w/L = 0,w the optomechanical coupling strength of
the system, we get

2

Nrad = 2NCV =,

: (E7)

where we have also used gy = Gox,¢ and the expression of
the single-photon optomechanical parametric cooperativity

C) =2g2/kQ,, introduced in the main text. In Eq. (E7),
ny = kgT/hQ,, is the initial thermal phonon number, and
0 = Q,, /T, is the nanowire quality factor. In the case of an
adiabatic cavity, the latter is only weakly affected by the
optomechanical effects, and it can be assimilated to its
value in the absence of light.

When the system is bistable at the single-photon level,
Cc") > 1, the dynamical criterion simply requires
Q > ny/2. Both conditions would be fulfilled if one could
reproduce the present experiment in a dilution fridge, using
the nanowires already employed in such a cold environ-
ment [60]: 2Q/ny ratios above 2.5 were already achieved,
while cooperativities larger than 10 can be envisioned. This
experiment is challenging but feasible, and the orders of
magnitude are clearly encouraging.
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