I. MEASURING PHASE MODULATOR V,

In Sec. 4 of the main text, we use the phase modulator
calibration method [1, 2] to measure the optomechanical
coupling gq of slot-mode optomechanical crystals. The V.
of the electro-optic phase modulator must be accurately
known in order to do this calibration.

To measure V;, we send the 980 nm laser signal
through the phase modulator, modulated at 3.5 GHz by
an RF signal generator, and into a scanning Fabry-Pérot
interferometer. The detected signal traces out the car-
rier and phase-modulator-induced sidebands in the opti-
cal signal, and we view them on an oscilloscope, as shown
in Fig. la.
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FIG. 1. (a) An example of the output of the scanning Fabry-
Pérot interferometer for a phase-modulated optical input sig-
nal, as read by an oscilloscope. Spectrum shows the carrier
peak and the first and second sidebands. (b) Carrier (blue)
and first sideband (red) peak heights with respect to RF sig-
nal voltage applied to the phase modulator. Points are the
measured values, with error bars indicating the voltage reso-
lution of the oscilloscope. Lines are the fits of the data.

Changing the power applied by the RF signal gener-
ator to the phase modulator changes the magnitude of
the carrier and sidebands. The RF power Pry is related
to the signal voltage Vi = v2ZPrr, where the phase
modulator input impedance Z = 50 €). Knowing this, we
can graph the peak magnitudes with respect to Vg, as
shown in Fig 1b. For a phase modulator, the carrier peak
magnitude should follow the curve A (Jy (7Viig/ V)2,
and the first sideband magnitude should follow the curve
A(Jy (ﬂ/sig/V,r))z, where A scales the amplitude of the
Bessel functions of the first kind Jy and J;. We fit data
from the carrier and first sideband to these functions in
Fig. 1b, and both fits result in V; = 2.78 +0.01 V, where
the uncertainty comes from the fit and is one standard
deviation. This value corresponds well with the vendor-
specified value for the phase modulator.

II. ADDITIONAL M-O-M DEVICE

In addition to the example M-O-M device in Sec. 6 of
the main text of this work, we fabricated and character-
ized an M-O-M device in which a 400 MHz band mechan-
ical beam and a 1.8 GHz band mechanical beam surround
an optical beam, with 80 nm slots between the beams,
shown in Fig. 2b. The resultant optical mode is concen-
trated in both slots simultaneously (Fig. 2a). We couple
to the optical mode by hovering the FTW a few hun-
dred nanometers above the optical beam. The measured
intrinsic Q, was (5.80 & 0.06) x 10* (Fig. 2c), and we si-
multaneously detect modulation of the transmitted opti-
cal signal from both the 400 MHz band and 1.8 GHz band
mechanical modes (Fig. 2d). For the same input optical
power, the detected 400 MHz band mode has a larger
amplitude than the 1.8 GHz band mode primarily be-
cause a lower frequency mode has a larger thermal noise
motional amplitude for the same temperature. As with
the other devices in this work, the mechanical spectrum
(Fig. 2d) includes other, less-well-coupled peaks that cor-
respond to additional breathing-type mechanical modes
from defects in the fabricated device [3] or harmonics of
lower-frequency flexural modes.

IIT. COUPLING TO HIGHER-ORDER SLOT
MODES

These slot-mode optomechanical crystals confine mul-
tiple optical modes in the slot in addition to the fun-
damental mode for which they were designed. We ob-
served some of these higher-order modes, as shown in
Fig. 3a and b. Because they are distributed more widely
along the slot, these modes couple less strongly to the
highly-localized breathing mode and more strongly to
other mechanical modes in the device, such as higher-
order breathing-type mechanical modes arising from fab-
rication defects [3].

In the example of Fig. 3, a device with a designed,
stress-tuned slot width of 20 nm has an optical mode at ~
949 nm with an intrinsic optical @ = (3.96 +0.09) x 10*
as well as an optical mode at &~ 971 nm with an intrin-
sic optical Q = (3.57 £ 0.08) x 10*. When pumped at
the 949 nm fundamental optical mode, it self-oscillates
at the ~ 3.52 GHz mechanical breathing mode, and we
begin to see sidebands due to mixing with the modu-
lation from the low-frequency flexural beam modes, as
described in Sec. 4 of the main text. However, even with
50 % more optical power, the mechanical breathing mode
does not self-oscillate when pumped at the 971 nm optical
mode. In addition, the mechanical spectrum reveals an-
other peak at ~ 3.48 GHz with about the same optome-
chanical coupling to the 971 nm mode as the ~ 3.52 GHz
mode, suggesting that this higher-order optical mode is
also coupling to some higher-order, less-well-confined me-
chanical mode.
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FIG. 2. (a) FEM simulation of the optical mode of an M-O-M device designed for coupling to 1.8 GHz band (bottom beam)
and 400 MHz band (top beam) mechanical breathing modes. The optical mode is in both slots simultaneously. (b) SEM image
of a fabricated M-O-M device. (c) Optical spectrum of M-O-M device. Measurement is in gray, and the Lorentzian fit is in red.
Measured intrinsic Q, = (5.80 + 0.06) x 10* (d) Both mechanical modes measured simultaneously, FTW input power ~ 2 mW.
Data are in gray and Lorentzian fits are in red. At this optical input power, 400 MHz mode has effective @Q.,, = 1030 £ 20, and

1.927 GHz mode has effective Q,,, = 1450 & 20, where uncertainty comes from 95 % confidence interval of fit.

(insets) FEM

eigenmode simulations of corresponding mechanical breathing modes.

%1'0 %1 0 (b)
@ 0.9} {ia" Y
£0.8} A= 1 £0.9f 4= 1
50,71 () 949 nm | E%l 971 nm

zZzv 208

=50-25 0 25 50
Detuning (pm)

-50-25 0 25 50
Detuning (pm)

S-70F — A~ 949nm '

e

— A~ 971 nm (C) 1
= -80} ;

350 355  3.60

Frequency (GHz)

FIG. 3. (a) Fundamental optical slot mode at ~ 949 nm with
intrinsic Q, = (3.96 £ 0.09) x 10*. (b) Higher-order optical
slot mode in the same device at & 971 nm with intrinsic Q, =
(3.57 £ 0.08) x 10*. (c) Mechanical spectra measured while
coupled to the fundamental optical mode (red) and higher-
order optical mode (black). The optical power input to the
fiber taper waveguide was =~ 2.2 mW at the 949 nm mode and
~ 3.5 mW at the 971 nm mode. This power spectral density
plot is referenced to a power of 1 mW = 0 dB.

3.45

IV. THERMO-OPTIC EFFECTS

As the optical power coupled into a slot mode device
increases, we see a shift in its resonant wavelength. This
shift has been observed in other optical cavities, and
is usually attributable to thermal expansion and index
change [4].

In the case of the SizN, slot-mode optomechanical
crystals, we generally see a larger effective thermo-
optic shift with respect to power than we see in single-

nanobeam SizN,4 optomechanical crystals [5], as shown in
Fig. 4. Also, unlike in the single-nanobeam optomechan-
ical crystals, there is some increase in the on-resonance
transmission with respect to input power. We observe
that the magnitude of these effects can vary greatly de-
pending on device slot width and @,, which suggests that
non-thermal effects may also be playing a role; we are
continuing to investigate these matters.

Because of the extent of the optical-power-dependent
resonance shift, red-detuned measurements will require
some kind of active feedback to lock the laser to the cav-
ity. Adding electrostatic functionality to these devices
may facilitate this locking by enabling direct, on-chip
tuning of the cavity wavelength.
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FIG. 4. A comparison of the effective thermo-optic shifts in
a single-nanobeam SizN4 optomechanical crystal (left) and
a SigNy slot-mode optomechanical crystal (right). These de-
vices have Qos of (7.9 4 0.1) x10* and (5.4 + 0.1) x 10*, respec-
tively. Optical spectra are traced out by a tunable laser scan-
ning from shorter to longer wavelengths, with the dropped
optical power Py = (1 — T'(Ao)) P given in the legend.
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