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Measuring nanomechanical motion with an imprecision below the standard quantum limit
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We report a room-temperature measurement of nanomechanical motion with an imprecision below the
standard quantum limit (SQL), using cavity-enhanced optical near fields. Fundamental thermodynamical cavity
frequency fluctuation limits the total imprecision to 3 dB below the SQL at room temperature [corresponding
to (530 am/+/Hz)? in absolute units] and is expected to reduce to negligible values at moderate cryogenic
temperatures. Coupling strengths exceeding those required to reach the SQL by more than two orders of magnitude
are achieved, allowing a shot-noise limited imprecision more than 10 dB below the SQL. The transducer, thus, in
principle, allows access to the quantum backaction dominated regime, a prerequisite for exploring quantum back-
action, measurement-induced squeezing, and obtaining sub-SQL sensitivity using backaction evading techniques.
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The development of nanomechanical oscillators [1,2] has
enabled experiments ranging from precision measurements
[3-5] to studies approaching the quantum regime of me-
chanical oscillators [6-8]. All these experiments rely on the
sensitive detection of nanomechanical motion, and over the
past few decades a variety of transducers have been developed.
A natural scale for comparison, is their ability to achieve a
measurement imprecision sufficient to resolve a mechanical
oscillator’s zero-point motion, which coincides with the
sensitivity at the standard quantum limit (SQL) of continuous
position measurement [9-12]. At the SQL the sensitivity of a
displacement measurement S5 which arises from the balance
of detector imprecision and measurement quantum backaction
is equal to the quantum mechanical zero-point fluctuations
(ZPF) of the nanomechanical oscillator under scrutiny. On
resonance, these are given by SZPF = 2i/(mQmIy), where
m, 'y /2w, and /27 denote the effective mass, damping
rate, and resonance frequency of the nanomechanical oscillator
(single-sided spectra are used throughout this work).

Although, in principle, the measurement imprecision can
be made arbitrarily small by increased coupling strengths
between the transducer and the measured object (which
leads to a corresponding increase in quantum backaction)
[11], reaching an imprecision at the level of the ZPF (a
prerequisite for reaching SQL sensitivity) remained an elu-
sive goal for decades owing to both experimentally limited
coupling strengths and excess classical noise. The lowest
imprecision for nanomechanical motion (typically of the
order fm?/Hz) has been achieved by cryogenic transducers
based on superconducting devices such as single-electron
transistors [7,13,14], superconducting quantum interference
devices [15], or quantum point contacts [16,17], and has
approached the SQL [7,13—18], with the best value being S, =
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28 x SfQL [14]. The application of optical near fields [19,20]
has subsequently allowed access to sub-fm?/Hz imprecision
at room temperature [19,20] and enabled an imprecision at the
SQL [20]. Recently, using a cryogenic, a near quantum-limited
microwave amplifier [21] has allowed the measurement of
nanomechanical motion with an imprecision below the SQL,
reaching S, = 0.4 x SSQ- [22].

Here we show that using optical fields, sub-SQL impre-
cision for nanomechanical motion can also be achieved at
room temperature, i.e., with strongly simplified experimental
access. By using a cavity optomechanical near-field coupling
scheme [20] with more than one order of magnitude im-
proved optomechanical coupling coefficients combined with
homodyne detection we reach a room-temperature imprecision
of S, = (0.47 £0.1) x S5 [23], launching only 1 uW of
optical input power. The transducer allows coupling strengths
exceeding those required to reach the SQL by more than two
orders of magnitude and a measured quantum (shot-noise)
limited imprecision more than 10 dB below the SQL, i.e.,
Sshot < 0.1 x $5Q, Realizing this ultralow shot-noise limit
at room temperature is inhibited by fundamental thermore-
fractive cavity frequency noise. Its magnitude is in excellent
agreement with theory and is expected to decrease by > 25 dB
for operation below 30 K, i.e., to a negligible level. The
presented approach thereby paves the way to studying the
quantum backaction (QBA) of radiation pressure [12,24] that
ultimately enforces the SQL. Its observation in experiments
with solid-state mechanical oscillators is still lacking, to
date. Operating in the regime where QBA is the dominating
contribution to sensitivity may enable measurement-induced
squeezing [25] and leverage the use of backaction evading
techniques [26,27].

Figure 1 shows the experimental setup. A small mode
volume and high optical Q (Q > 108) silica toroid microres-
onator [28] [Fig. 1(a)] is fiber coupled using a fiber taper.
The strained SiN nanomechanical oscillator [29,30] [Fig. 1(b),
typical eigenfrequencies 2,,/27 ~ 10 MHz] interacts with
the microresonator via the evanescent field [20,31] of its
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FIG. 1. (Color online) Optical and scanning electron micrographs
of (a) a 16 um radius microresonator and (b) a 100 nm x 500 nm x
15 pum strained SiN nanomechanical oscillator. (c) Schematic of the
quantum-limited optical homodyne detection scheme. The samples
are mounted in a vacuum chamber. A continuous wave (cw) titanium
sapphire laser emitting at A = 850 nm is fiber coupled.

optical whispering gallery modes. The interaction is described
by the dispersive optomechanical coupling coefficient g =
dw/dx and the reactive contribution y = dk/dx (where
w/2m is the cavity resonance frequency and «/2m is the
cavity energy decay rate). Both coupling coefficients scale
inversely with wavelength (1) and cavity mode volume (V)
and exponentially depend on the separation x between the
microresonator and the nanomechanical oscillator, which is
controlled using piezoelectric positioners. Both are calibrated
statically and dynamically, as detailed elsewhere [20]. By
employing a short wavelength (A = 850 nm) and a small
mode volume [V ~ (4 um)?], dispersive coupling coefficients
g/2m > 200 MHz/nm can be achieved corresponding to a
more than tenfold improvement compared to previous work
[20]. For the respective vacuum optomechanical coupling rate
80 = g X Xz one then obtains go/2m > 4 kHz for typical
values of x,pr (X,pr = /SZPFT,/4). At the same time, the
reactive coupling y is negligible with y < g/20 throughout
this work.

Thus, the near-field interaction dispersively transduces
the nanomechanical oscillator’s Brownian noise displacement
spectrum S7[€2] into frequency noise of the microresonator
SEIQ] = g% x S?[2]. The implemented measurement sys-
tem consists of a shot-noise limited (for frequencies Q2 >
500 kHz), cw titanium sapphire laser combined with a bal-
anced homodyne interferometer, as shown in Fig. 1(c). The
balanced homodyne detection enables quantum (shot-noise)
limited measurements of the microresonator’s frequency noise,
as opposed to previous work [20] not limited by detector
background noise even for very weak probe powers (~1 uW).
We employ two individual feedback loops controlling the
phase difference of the interferometer arms and locking the
laser strictly to the line center of a microresonator mode,
independently [cf. Fig. 1(c)]. Thus, dynamical backaction
due to nonzero laser detuning is avoided, which could lead
to linewidth-narrowing and artificially increased displacement
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FIG. 2. (Color online) Frequency noise background of the mi-
croresonator. The measured equivalent frequency noise caused by
shot noise (gray lower spectrum) lies far below the predominant
broadband noise. The latter is due to thermorefractive cavity
frequency noise according to Eq. (2) (thick red line, no adjustable
parameters, also includes the measured shot noise). For a bath
temperature of 30 K, a 25 dB reduction of thermorefractive noise is
expected (dashed line). The mechanical modes of the microresonator
(dotted line) have negligible off-resonant contributions (8 MHz:
calibration marker).

spectral densities of the nanomechanical oscillators [20]. This
is particularly important, since due to the strongly increased
optomechanical coupling, the threshold for the parametric
instability [32,33] can be reached for only 400 nW of input
power.

Figure 2 shows a spectrum of the frequency noise of a
microresonator (radius R = 18 um) alone, without coupling
to the nanomechanical oscillator. Owing to the quantum-
limited detection scheme, the background of the measurement
is only given by laser shot noise [20],

2
stor) = "0K 1 4402, (1)

Py 8
By using sufficiently large input power (P > 5 uW), its
magnitude can be lowered far below both measured frequency
noise sources: First, the intrinsic mechanical motion SX[$2]
of the microresonator itself [34] causes the contribution
SHQ] = (w/R)* x S{[Q]. This source of frequency noise
can be confined to narrow frequency bands by tuning the
frequency and mechanical quality factor of the microresonator
modes [34,35]. The second contribution is broadband and
is given by the fundamental temperature fluctuations S7[€2]
within the cavity mode volume [36] which lead to thermore-
fractive frequency noise ST [Q] = [(w/n)(dn/dT)]* x St[Q]
(where n denotes the silica refractive index). For fundamental

microtoroid modes, it is given by

sy = (@dn) Uem kT VT2 o
® ndT VpC [1—}—(91’)3/4]2’

where C and p are the heat capacity and density of silica,
respectively. The optical modes with angular mode number
¢ are approximated by Gaussian ellipses with semiaxes
b =0.77R/¢*? and d = R3*r'/4/¢'/2 (where r denotes the
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FIG. 3. (Color online) Optical measurement of nanomechanical
motion with an imprecision below the SQL. The total measure-
ment imprecision for an 8.3 MHz nanomechanical oscillator (4 x
101 kg), using P, = 1 uW (triangles) and P;,, = 8 uW (circles),
reduces with increased optomechanical coupling g/2m according to
Eq. (3). Both power levels allow an imprecision below the SQL,
achieving a best value of S, = 0.47 x S5 Inset: Spectrum with the
lowest imprecision at an input power of 1 uW (calibration marker
at 8 MHz, first-order in-plane mode of the string at 8.4 MHz, and
mechanical modes of the optical microresonator at >9 MHz).

minor toroid radius). The thermal cut-off time t is given by
™' = @4/m)*D(®? + d~?), where D denotes the thermal
diffusivity of silica. Good agreement between Eq. (2) and the
measured data is found, as shown in Fig. 2 (no adjustable
parameters). Thus, this source of frequency noise, which
may also be of relevance for other nano-optomechanical
transducers [19,37], is well understood.

Next, we place a SiN nanomechanical oscillator in the
optical near field. The total measured spectrum S,[€2] thus
consists of the following contributions:

1 2
5. [Q] = S{ Q]+ — (S;‘“”[Q] + Sl + ‘%Sﬁ[ﬂ]) :
g R

3)

Increasing the optomechanical coupling g (i.e., reducing
the distance between the nanomechanical oscillator and the
cavity) equally reduces all background noises, independent
of their origin. This is shown in Fig. 3, where the measure-
ment imprecision (i.e., the full background of the measure-
ment) obtained for the first fundamental out-of-plane mode
of a 30 um x 700 nm x 100 nm nanomechanical string is
depicted as a function of g /2. Increasing the optomechanical
coupling allows one to obtain an imprecision ~3 dB below the
SQL both for 1 and 8 uW input powers. This represents the
first optical measurement of nanomechanical motion with an
imprecision below the SQL. A closer inspection of the different
background noise contributions reveals that the employed
power levels are already far beyond the power level needed
to reach the SQL (Psqr), thus falling in the regime where
QBA should be the dominating contribution to sensitivity.
In an ideal measurement with a lossless cavity, Psqr is
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given by

(i /4)? 402
PSQL/hw:gZSZPF T+ =50 ). @)

Equation (4) reveals that a photon flux of one photon per
second allows the SQL to be reached if the ZPF modulate the
cavity resonance by more than a quarter linewidth. Since ex-
perimentally available power levels are limited and high power
levels, in addition, lead to thermal effects, minimizing Psqy. is
generally desirable. Interestingly, the threshold power for the
parametric oscillation instability [32,33] Py, or alternatively,
the power needed to cool the mechanical oscillator by a factor
of 2, scales similarly: Py, = (4 + k2/4Q2%) x Psqr, with Py =
4 x Psqr in the resolved sideband regime [38]. Therefore, the
figure of merit Psqp, describes a transducer’s ability to both
manipulate the mechanical oscillator via dynamical backaction
and to reach the SQL. Owing to a tenfold improvement in
optomechanical coupling, we were able to reduce Psqp, by two
orders of magnitude compared to previous work [20]. Indeed,
power levels of a few microwatts already correspond to Pj, >
100 x Psqr.. Taking into account that in our measurements an
impedance-matched cavity is used, the added noise quanta due
to QBA are calculated to be ngga ~ 20. However, these are
currently not measurable due to the large thermal occupation of
it ~ kT /(hQm) = 7.5 x 10°.

To nevertheless demonstrate operation far beyond Psqr,
we analyze the different contributions to the measurement
sensitivity. We emphasize that thermorefractive and shot-noise
contributions can be measured individually in our experimental
configuration by decoupling the nanomechanical oscillator
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FIG. 4. (Color online) Shot-noise limited imprecision more than
10 dB below the SQL. The total measurement imprecision is approx-
imately at the SQL. The shot-noise level (gray, lower line), however,
lies >10 dB lower at S, = 0.09 x S5 or (250 am/+/Hz). Inset:
Sensitivity versus normalized optical input power. Full (dashed) gray
lines mark shot noise and QBA for an ideal, lossless measurement
(for an impedance-matched cavity). The solid blue line shows the
total sensitivity. Stars mark the full imprecision for the spectra
shown in Figs. 3 (inset) and 4 with different thermorefractive noise
levels (owing to different optomechanical coupling). The measured
shot-noise limited imprecision (squares) lies far below the value of the
SQL, reaching 0.09 x S5 for P, = 130 x Psqr. The corresponding
QBA noise (empty squares) is estimated to contribute ngga ~ 20
noise quanta. The full line (black) fits the measured shot-noise
contribution.
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from the microresonator and detuning the measurement laser
from cavity resonance, respectively. The inset of Fig. 3 shows
a spectrum of the nanomechanical string with the lowest
imprecision [at S, = 0.47 x SfQL or (530 am/ «/E)Z], which
is dominated by shot noise, whereas the thermorefractive
contribution is small. This trace was recorded with P, =
1 wW. Increasing P, allows for a reduction in the shot-noise
level and already an input power of P, = 8 uW enables a
shot-noise limited imprecision of 0.09 x S*@ (i.e., > 10 dB
below the SQL, as shown in Fig. 4). Owing to the previously
mentioned close connection between dynamical backaction
and Psqr, small imperfections in the laser detuning can lead to
strong dynamical backaction effects. Reliably ruling these out
requires slightly reducing the optomechanical coupling when
working with increased power levels, g/27 = 15 MHz/nm in
the case of Fig. 4. Consequently, this higher power measure-
ment is partly limited by thermorefractive noise [S™[Q] =
(2 124/Hz)? at Q/27 ~ 8.5 MHz, which as opposed to shot
noise, does not reduce for higher laser power]. With the well-
known material parameters of silica, the thermorefractive noise
according to Eq. (2) is suppressed by >25 dB when operating
at <30 K instead of ambient temperature (see Fig. 2). Thus,
thermorefractive noise will be negligible at low temperatures
(without even taking into account the strongly increased
mechanical Q at low temperatures, increasing the SQL)
and the demonstrated shot-noise limited imprecision S, <
0.1 x S3Q may be realized. This represents a major advantage
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compared to even the most sensitive cryogenic transducers
based on microwaves which are currently also limited by cavity
frequency noise albeit operating at 130 mK [22].

The inset of Fig. 4 shows the position of both measurements
with respect to the SQL. The highest measurement power
(8 wW) corresponds to P, = 130 x Psqr, and thus the contri-
bution of QBA (ngga & 20) should be the dominating contri-
bution to sensitivity, much larger than the imprecision caused
by thermorefractive (ny, & 0.5) and shot noise (ngor < 0.1).
However, in the current experiment this contribution is masked
by the large number of thermal quanta (7 ~ 7.5 x 10°). By
using mechanical oscillators with narrower linewidths (e.g.,
I'm/2m = 1 Hz as shown in Ref. [39] compared to I'y, /27 =
300 Hz used here) and accessing the already demonstrated
larger optomechanical coupling g/27 > 200 MHz/nm by
improved stability of the measurement setup, the QBA could,
however, be enhanced by a factor of 3 x 10* to NnQBA =
6 x 10°, i.e., to values comparable to the thermal occupa-
tion, even at room temperature. This would allow quantum
optomechanical experiments [24] at room temperature.
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