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Optomechanical Raman-ratio thermometry
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The temperature dependence of the asymmetry between Stokes and anti-Stokes Raman scattering can
be exploited for self-calibrating, optically based thermometry. In the context of cavity optomechanics, we
observe the cavity-enhanced scattering of light interacting with the standing-wave drumhead modes of a Si3N4

membrane mechanical resonator. The ratio of the amplitude of Stokes to anti-Stokes scattered light is used
to measure temperatures of optically cooled mechanical modes, down to the level of a few vibrational quanta. We
demonstrate that the Raman-ratio technique allows the measurement of the physical temperature of our device
over a range extending from cryogenic temperatures to within an order of magnitude of room temperature.
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Raman light scattering has proven to be a robust and
powerful technique for in situ thermometry. Many material-
specific properties governing Raman transitions, such as the
Stokes shift, spectral linewidth, and scattering rate vary with
temperature. However, for any Raman system the ratio of
spontaneously scattered Stokes versus anti-Stokes photons is
a direct measure of the initial population of the motional state.
For example, at zero temperature the process of anti-Stokes
scattering, which attempts to lower the motional state below
the ground state, is entirely suppressed; whereas the Stokes
scattering, which raises the motional state, is allowed. For
thermally occupied states, an absolute, self-calibrating temper-
ature measurement is possible by measuring this asymmetry
in Raman scattering. Distributed optical fiber sensors [1] and
solid state systems [2–4] make use of spontaneous Raman
scattering between optical phonon levels for temperature
measurements, and combustion chemistry diagnostics use
rotational-vibrational molecular levels in a similar fashion [5].

In principle, Raman scattering from any mechanical degree
of freedom in a solid-state environment has the potential
to provide local temperature measurements, but for low-
frequency micromechanical resonances, this is a considerable
challenge. Recent experiments in the field of quantum cavity
optomechanics [6–8] have used cavity enhancement to collect
Raman-scattered light from localized acoustic resonances
and demonstrate a Stokes/anti-Stokes asymmetry. However,
the potential for using this asymmetry to perform absolute,
self-calibrated thermometry remains relatively unexplored.
Here we measure the asymmetry of Raman scattering in a
membrane-in-cavity optomechanical system (Fig. 1) over a
wide range of physical temperatures between 4.8 and 50 K.
We find agreement with conventional thermometry over this
range to within 10%, and we discuss the sensitivity of the
measurement to a variety of parameters.

In our optomechanical system, the motional states are
the megahertz frequency vibrational levels of a membrane
mechanical resonator, and an optical resonance is provided
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by an optical cavity surrounding the membrane. Departing
from previous measurement schemes [6,8], the Stokes and
anti-Stokes peaks are simultaneously derived from a single,
resonant laser tone. The Raman asymmetry becomes more
pronounced in certain mechanical normal modes of the
resonator when they are optically cooled near their ground
state with a separate laser tone. We are able to realize a damped
displacement spectral density near the membrane resonance
frequency equal to that expected from a resonator with an
effective temperature as low as 150 μK (n̄ ∼ 2 vibrational
quanta) [9–12]. We then measure the physical temperature of
our device by extrapolating the Raman sideband asymmetry
to zero optical damping.

Raman-ratio thermometry is based on the idea that at a finite
temperature the ground state manifold of the Raman levels is
occupied according to a well-understood statistical weighting.
The ratio of Stokes to anti-Stokes Raman transitions is equal
to Rsa = e�ωm/kbT = (n̄ + 1)/n̄, where ωm is the mechanical
resonance frequency and T is the temperature [13,14]. The
spectrum of Raman scattered light transmitted through an
optomechanical cavity [Fig. 1(b)] is given by

S(ω) ∝ n̄
(

�m

2

)2 + (ωm − ω)2
+ n̄ + 1

(
�m

2

)2 + (ωm + ω)2
.

This expression holds when the laser is resonant with the
optical cavity, and the optical cavity linewidth is much larger
than the mechanical linewidth �m. The first (second) term
corresponds to the anti-Stokes (Stokes) scattering peak shifted
by ωm (−ωm) from the input laser frequency, and ω is the
frequency relative to the input laser frequency. Taking the ratio
of the amplitude of the Stokes and anti-Stokes peaks directly
yields the mechanical occupation, n̄ = 1/(Rsa − 1).

Our membrane-in-cavity optomechanical system [15] con-
sists of a high-tensile-stress, silicon nitride membrane in
the standing wave of a Fabry-Perot optical resonator [16]
[Fig. 1(a)]. The system is operated in a helium flow cryostat,
with a temperature, T0, that is set in the range of 4.8–50 K.
The mechanical modes that couple to the optical resonance
are those of a square drum described by mode indices (m,n),
which count the number of antinodes along each axis of the
square. We have employed two devices for our measurements.
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FIG. 1. (Color online) Optomechanical Raman-ratio thermome-
try. (a) Two orthogonally polarized laser beams are coupled into
a cryogenic membrane-in-cavity optomechanical system. Raman
scattered light from the resonant probe beam is analyzed with
balanced heterodyne detection. The red detuned damping beam
Raman sideband cools membrane motion [Beam splitter (BS),
polarizing beam splitter (PBS), and piezoelectric transducer (PZT)].
(b) The spectrum of transmitted probe beam light shows Raman
scattering peaks shifted by ±ωm, where ωm is the mechanical
resonance frequency. The asymmetry in the spectral peaks, dependent
on the effective thermal occupation of the mechanical mode, forms the
basis for a self-calibrating thermometer. Also indicated is the spectral
response of the optical cavity (dashed curve). (c) Spatial profile of
the (2,2) and (3,2) drumhead mode of the membrane.

The data shown in Figs. 2 and 3(a) focus on the (2,2)
mode of a 500-μm square by 40-nm-thick membrane, with
resonance frequency ω(2,2)

m /2π = 1.509 MHz and intrinsic
linewidth �

(2,2)

0 /2π = 0.46 Hz. The data shown in Figs. 3(b)
and 4 are primarily from the (3,2) mode of a 375-μm
square by 100-nm-thick membrane, ω(3,2)

m /2π = 2.637 MHz,
�

(3,2)

0 /2π = 0.84 Hz, which is supported by a silicon substrate
patterned into a square-lattice phononic crystal (device A of
Ref. [17]). The acoustic band structure is engineered to provide
a gap in the substrate mechanical mode density around the
(3,2) mode, which diminishes noise from thermally occupied
modes of the substrate [17,18].

The optical cavity consists of two mirrors separated by
3.5 mm, each with 10−4 fractional transmission. The optical
linewidth, κ , is dependent on the location of the membrane
in the cavity [19], and is on the order of a few megahertz.
Optomechanical coupling is achieved as the optical resonance
frequency is modulated by the displacement of the vibrating
membrane along the optical standing wave. This interaction is
characterized by a single photon coupling rate of g

(2,2)

0 /2π =
33 Hz for the data in Fig. 2 or g

(3,2)

0 /2π = 18 Hz for the data
in Fig. 4. The cavity is driven with two orthogonally polarized
laser beams derived from the same 1064 nm laser source
[Fig. 1(a)] (see Supplemental Material [20]). The probe beam
is actively stabilized to be resonant with the optical cavity. The
transmitted Raman scattered light from this beam is analyzed

FIG. 2. (Color online) Peak amplitude of Stokes Sz(−ωm) (red
circles) and anti-Stokes Sz(+ωm) (blue squares) Raman peaks of
the (2,2) mode. Spectral densities are expressed in units of mode
displacement. The scale Szp

z (−ωm) = Sz(−ωm)|n̄=0 corresponds to
one quanta of vibrational motion. The solid red and blue lines are
fits. The statistical error is smaller than the size of the markers. Pp =
5 μW and κ/2π = 1.8 MHz. The upper (lower) inset shows the
Raman spectra for Pd = 1.5 μW (7.7 μW), along with Lorentzian
fits (including only the frequency range above ∼1.50 MHz) in black.
Noise from thermally occupied mechanical modes of the substrate
is visible from 1.47 to 1.50 MHz. The sharp features at 1.46 and
1.49 MHz are electromagnetic interferences.

with an optical heterodyne detection system. The orthogonal
polarization mode is driven by the damping beam, which is
tuned to a frequency lower than the optical resonance.

For the red-detuned damping beam, the anti-Stokes scat-
tering rate is resonantly enhanced by the cavity [13,14].
Each anti-Stokes scattered photon that exits the cavity carries
one vibrational quantum of energy out of the system. The
mode reaches an equilibrium when the optical cooling rate
is matched by the rate at which thermal excitations enter the

FIG. 3. (Color online) Effective mode occupation at mechanical
resonance. Numerically integrating the Raman peaks over a 4 kHz
span around the mechanical resonance and taking their ratio yields a
measure of the mode effective temperature (orange circles) for (a) the
(2,2) mode of the non-phononic-crystal device and (b) the (3,2) mode
of the phononic-crystal device. Due to decreased optomechanical
coupling, the (3,2) mode does not reach as low a mechanical
occupation as the (2,2) mode. Gray bands are the prediction of
Raman sideband cooling whose width stems from uncertainty in T0

as measured by the diode thermometer. Vertical error bars represent
estimated statistical standard deviation.
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FIG. 4. (Color online) (a) Stokes–anti-Stokes peak ratio for the (3,2) mode at four cryostat temperatures. Solid curves are linear fits to the
data. Pp = 26 μW and κ/2π = 2.7 MHz. (b) Stokes (red) and anti-Stokes (blue) spectra near the (3,2) mode for Pd of 3.2 μW (top), 14 μW
(middle), and 28 μW (bottom). Resolution bandwidth is 100 Hz. (c) Comparison of Raman-ratio thermometry with silicon diode thermometer
for the (3,2) mode (brown squares) and (5,2) mode (green diamonds). The dashed line indicates agreement between the two methods.
(d) Raman spectra of (2,3) and (3,2) mode at Pd = 25 μW. Black curves are fit Lorentzians excluding the region around the (2,3) mode.
(e) Extracted temperature, T0, for various probe powers. Vertical error bars in (a), (c), and (e) represent estimated statistical standard deviation.
Horizontal error bars in (c) and width of gray band in (e) represent a combination of the diode thermometer accuracy (±0.5 K) and inaccuracy
introduced by drift and oscillations in the temperature over the span of the measurement.

system. The effective temperature of a mode is approximately
Teff = T0

�0
�m

, in the experimentally relevant case where �0 �
�m � κ; here �m is the optically induced mechanical damping
rate, and �0 is the intrinsic mechanical damping rate. The
cooling is more efficient when the resolved sideband parameter
ωm/κ � 1. However, such a ratio will suppress the Raman
peaks generated by the resonant probe beam. We build our
system with ωm/κ ∼ 1 so that we can maintain cooling
efficiency and detect the Raman signals generated by one probe
beam.

By varying the power of the damping beam, we are able to
damp motion and reduce the effective mode temperature by
up to a factor of 3 × 104. Figure 2 shows the Stokes and anti-
Stokes peak amplitudes generated by the resonant probe beam
as the damping beam power, Pd , is increased. The power of
the transmitted probe beam, Pp, is held constant. As expected,
the height of the anti-Stokes peak decreases with damping
beam power as the mode is cooled. For weak damping the
two Raman peaks are equal in amplitude, whereas at strongest
damping the Stokes peak is 50% larger than the anti-Stokes
peak as the mode approaches its quantum ground state.

To compute the effective temperature of the mode, we nu-
merically integrate the Raman peaks over a 4 kHz span around
the mechanical resonance and calculate their ratios. This
narrowband analysis minimizes the effect of noise from the
thermally occupied mechanical modes of the non-phononic-
crystal substrate (Fig. 2, inset; e.g., 1.47–1.50 MHz) [16,17].
In addition, the mechanical occupation near the resonance is a
relevant figure of merit for many applications of optomechan-
ics, including resonant force sensing and the generation of
optomechanically squeezed light [21]. The analysis indicates
that the (2,2) mode reaches n̄(ωm) = 2.1 ± 0.2. We stop at this
number because the extraneous noise is significant. Integrating
the excess noise over the entire frequency span of Fig. 2 (inset)
results in slightly less than one quantum of apparent motion. In
addition, for this mode, the occupations measured over a wide
range of damping beam power are systematically ∼15% larger

than predicted by Raman sideband cooling. This discrepancy,
which is absent in the phononic-crystal-isolated (3,2) mode
[Fig. 3(b)], is likely due to the influence of substrate motion.

Ultimately, the mechanical occupation one can reliably
measure with Raman-ratio thermometry is limited by the
Heisenberg measurement-disturbance uncertainty principle.
As we increase the probe beam power to increase the signal-
to-noise ratio, the optical forces from the shot noise [radiation
pressure shot noise (RPSN)] [22] will increase as well. The
RPSN-driven motion set the lowest temperature one can
measure. In the data of n̄(ωm) = 2.1, the signal-to-noise ratio
is ∼1 dB. The contribution from RPSN is 0.2 quanta.

We next consider Raman-ratio thermometry as a means
to determine the physical temperature of the device. The
Raman asymmetry of undamped modes is small (∼10−4)
and precludes directly ascertaining the physical device tem-
perature. Nevertheless, with our ability to perform strong
optomechanical cooling, we can extrapolate the temperature
of the undamped membrane modes from measurements of the
asymmetry as a function of optical damping [Fig. 4(a)]. The
undamped occupation of the mechanical mode is given by
(dRsa/dPd )−1(d�m/dPd )(1/�0).

Here we employ a membrane resonator embedded in
a phononic crystal substrate, which reduces the effects of
substrate motion to a level below the statistical noise. Ther-
mometry is performed on the (3,2) mode with the cryostat
held at several different temperatures between 4.8 and 50 K.
In Fig. 4(c) the extrapolated temperatures are compared to
the temperature as measured by a silicon diode thermometer
attached to the cryostat. The results agree within the statistical
uncertainty with an average deviation of less than 10%. As an
additional confirmation, we perform the same thermometry
procedure on the (5,2) mode, which is also located in a
phononic band gap of the substrate and find agreement with
the previous measurements. However, the statistical error on
the (5,2) mode measurement is much larger because the
optomechanical coupling is smaller than the (3,2) mode.
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Thermometry relying on sideband asymmetry does not
require accurate knowledge of often-difficult-to-measure sys-
tem parameters such as the optomechanical coupling rate,
effective modal mass, circulating optical power, or optical
detection efficiency. Additionally, the single-resonant-probe
method [7] employed in this work reduces the sensitivity to
many systematic errors as compared to techniques that employ
multiple off-resonant probe tones [6,8]. Such effects include
drift in the relative amplitude of the probes, optomechanical
modification of the mechanical susceptibility, coherent op-
tomechanically induced interference between the probes [23],
and increased sensitivity to classical laser noise [24]. However,
many systematic effects in our system can lead to error in
temperature determination, and we now discuss several of
these potential error sources.

A necessary external input parameter to extract the physical
temperature is the intrinsic mechanical linewidth, which is
measured via mechanical ringdown with an uncertainty of
a few tenths of a percent. However, long-term drift in the
mechanical linewidth can be at the percent level. The intrinsic
linewidth is recorded at each cryostat temperature, and found to
increase from 0.84 Hz at 4.8 K to 1.07 Hz at 50 K. The optically
damped mechanical linewidths are obtained by Lorentzian fits
to Raman spectra.

Heating induced by absorbed laser light can cause thermal
gradients between the membrane and silicon diode thermome-
ter and increase n̄. We see no evidence for absorptive heating,
which would cause deviations from linearity in the data of
Fig. 4(a) and from the power-law fit of the anti-Stokes data of
Fig. 2(a). Another, more fundamental, systematic effect is the
RPSN drive motion, as discussed above. It contributes 0.2 K to
T0 for Pp = 26 μW probing the (3,2) mode (see Supplemental
Material). We apply this correction to the extracted physical
temperature data in Fig. 4(c) and the theoretical expectation
bands of Fig. 3.

In addition to the quantum noise of the probe beam,
optomechanically mediated correlations in the classical laser
noise can also lead to systematic error. Such noise-squashing or
noise-cancellation effects can change the relative heights of the

Raman peaks leading to an underestimate of the effective mode
occupation [8,24,25]. To assess this systematic, we have inde-
pendently measured the classical phase and amplitude noise as
well as the detuning of the input probe beam (see Supplemental
Material). These measurements constrain the potential er-
ror [24] on temperature due to classical laser noise correlations
to be at the percent level or less under all operating conditions.
Additionally, we have reduced the probe beam power by an
order of magnitude and observed only a weak trend in extracted
temperature [Fig. 4(e)], which confirms that the effects of both
classical laser noise and absorptive heating are small.

The (3,2) membrane mode is nearly degenerate with the
(2,3) mode, with a frequency difference between the two
modes of 7.2 kHz [Fig. 4(d)]. For all values of employed
optical damping the (3,2) mode and (2,3) mode are well
resolved in the spectrum. For thermometry, Raman peaks are
always compared within ±2 kHz of the peak of (3,2) mode
resonance. Thus we believe the presence of the (2,3) mode is
a negligible perturbation on the thermometry data shown in
Fig. 4. Increasing the optical damping well beyond the level
presented here could cause mode hybridization and complicate
the interpretation of the Raman spectra [26].

In conclusion, we have shown that Raman asymmetry is
a viable technique to diagnose both the effective mode tem-
perature of an optically damped membrane resonator and the
physical temperature of the same device. These measurements
demonstrate the self-calibrating nature of the method and
elucidate many of the systematic uncertainties. Our results
show that the quantum effects governing the asymmetry [8,27]
are visible in a membrane-in-cavity optomechanical system
operated within an order of magnitude of room temperature.

Note added. Recently, we became aware of parallel stud-
ies [28].
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