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Outline

• Future of Optical Communications 
• Why are we interested in photon-phonon interaction? 
• Our work: Brillouin scattering self-cancellation effect 

• what else is going on in our lab… 
• Free-carriers dispersion and thermal phase shift in silicon 

waveguides 
• High-order modes in photonics bandgap fibers and 

tapers 
• Broadband & small footprint dielectric antenna
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Wavelength Division Multiplexing (WDM) Systems
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Wavelength Division Multiplexing (WDM) Systems
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• Example: 40 lasers, 25 Gb/s each (x2 polarizations): 2 Tb/s 
• 80 km spans
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Commercial system
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Space-division multiplex: how much data can a fiber transmit?
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2.15 Pb/s Transmission Using a 22 Core Homogeneous Single-
Mode Multi-Core Fiber and Wideband Optical Comb 

B. J. Puttnam(1), R. S. Luís(1), W. Klaus, J. Sakaguchi, J.-M. Delgado Mendinueta(1), Y. Awaji(1),  
N. Wada(1), Yoshiaki Tamura(2), Tetsuya Hayashi(2), Masaaki Hirano(2) and J. Marciante(3) 

(1) Photonic Network System Laboratory, National Institute of Information and Communications 
Technology (NICT), 4-2-1 Nukui-Kitamachi, Koganei, Tokyo 184-8759, Japan. E-mail:ben@nict.go.jp 
(2) Sumitomo Electric Industries, Ltd., 1, Taya-cho, Sakae-ku, Yokohama, 244-8588. Japan 
(3) RAM Photonics, 4901 Morena Blvd., Suite 128, San Diego, CA 92117, USA 

Abstract We use a wideband optical comb source with 10THz bandwidth for 2.15 Pb/s transmission 
over 31km of a new, homogeneous 22-core single-mode multi-core fiber using 399 x 25GHz spaced, 
6.468 Tb/s spatial-super-channels comprising 24.5GBaud PDM-64QAM modulation in each core.

Introduction 
Space-division multiplexing (SDM) technology 
offers several approaches to address the 
growing need for increased data network 
capacity. Recently, few-mode multi-core fibers 
(FM-MCFs) with over 100 spatial channels have 
been reported1,2 and higher than 1 Pb/s fiber 
capacity demonstrated. 
 To achieve multi-petabit capacity whilst 
maintaining practical implementation, we turn 
towards advancing single-mode multi-core fiber 
(SM-MCF) systems3. Such fibers have been 
shown to support high spectral efficiency (SE) 
modulation formats and wide band operation3 
without the complexity of high-order multiple 
input-multiple output (MIMO) based receivers. 
They also have relatively low SDM crosstalk 
(XT) compared to modal XT in FM-MCFs where 
transmission has thus far been limited to under 
10 km length with low-order modulation in the C-
band. In addition to longer spans, SM-MCFs can 
also be fabricated with a smaller core diameter 
than equivalent FM-MCFs, making splicing and 
handling easier.  
 Furthermore, the relative uniformity of cores 
in SM-MCFs with homogeneous cores supports 
spatial super channels (SSCs) for shared, 
transmitter hardware, DSP resources and 
simplified switching6. Additional system 
advantages can exploit the similar propagation 
characteristics of different SDM channels for 
self-homodyne detection7 or multi-dimensional 

modulation or coding8 across cores to equalize 
bit-error-rates (BERs) between channels. 
 Here, we demonstrate that such system 
advantages can be achieved in addition to multi-
Pb/s transmission by more than doubling the 
record per fiber capacity. We combine a 31 km 
span of newly designed, homogeneous 22-core 
SM-MCF with a novel wideband narrow 
linewidth optical frequency comb source 
providing dense wavelength division multiplexed 
coverage over 10 THz bandwidth with 25 GHz 
spacing and customized C and L band EDFAs 
to maximise transmission bandwidth. We use 
24.5 GBaud polarization-division multiplexed 
(PDM) - 64 quadrature amplitude modulation 
(QAM) to reach a record per MCF core capacity 
exceeding 97.75 Tb/s, assuming 20% forward-
error-correction (FEC) overhead. The combined 
SDM transmission capacity exceeds 2.15 Pb/s, 
over 2 times the current single fiber capacity 
record with a SE of 215.6 bit/s/Hz. It is shown 
that optical comb technology can complement 
advanced SDM systems using SM-MCFs to 
enable high-order QAM modulation and unlock 
multi-petabit per second transmission. 
Wideband Frequency Comb Source 
To enable wideband transmission, a custom 
designed frequency comb source, made by 
RAM Photonics, was used. It consisted of a 
narrow linewidth (5 kHz) seed laser at 1559 nm 
modulated with a low noise 25 GHz oscillator to 
provide 25 GHz spaced comb lines. The 

 
Fig. 1: Optical spectra of (a) Comb output without gain-equalization and its center band (Inset1), (b) Flattened comb output with 

test-band ‘notch’ (Inset 2), (c) Transmitted spectrum with test channel at 1547.25nm (Inset 3) and 1nm guard band (inset 4). 

modulated seed laser was then amplified and 
spectrally broadened in a dispersion-engineered 
fiber mixer9 to provide spectral coverage from 
1510 nm to 1620 nm, see Fig. 1(a). Although it 
is possible to use a gain flattening mixer10 to 
reduce the 20 dB power variations, our 
experiment used external flattening. The total 
output power was 29 dBm (≈1 dBm/line) and the 
measured optical signal-to-noise ratio (OSNR) 
was > 45 dB at 1535 nm and > 47 dB at 1554 
nm. Internal closed-loop controls maintain stable 
long-term operation over several weeks. 

22-Core Single-Mode Multi-Core Fiber 
The homogeneous 22-core MCF was based on 
a new 3-layer design, as shown in Fig. 2, with 2 
circular rings containing 7 and 14 cores around 
a centre core with a two-pitch layout with 
average core pitches of 41 μm and 48 μm. The 
cladding diameter was 260 μm giving a 33% 
smaller fiber area than the largest high-channel 
count FM-MCF1. Each core (with Δ=0.4%) had a 
diameter of 11 μm, surrounded by a 24 μm-
diameter trench (with Δ=�0.13%) with an 
enlarged trench on one core acting as a marker 
for splicing. The 31 km span was spliced from 5 
separately drawn sub-spans. The average fiber 
loss of each span was found to be under 0.21 
dB/km but alignment errors in splicing and 
variation in core pitch lead to much higher 
splicing loss for the outer cores resulting in a 
total insertion loss ranging from 8.4 dB for the 
centre core to 13.3 dB for the worst outer core. 
This loss included the laser-inscribed 3-D 
waveguides used as the SDM MUX/DEMUX. 
The highest aggregate inter-core-crosstalk was 
measured to be �45 dB/km. Table 1 shows the 
main properties of each fiber core group. 

Experimental set-up 
The experimental set-up for bit-error rate (BER) 

measurements is shown in Fig. 3. In the 
absence of an individual transceiver for each 
comb line, the channels were grouped in to a 
test channel band of 5 wavelengths over which 
high OSNR could be maintained with the 
remaining channels modulated together as 
dummy channels. To achieve this, the output of 
the optical comb source was split in a 3 dB 
power splitter. On one output, a tunable 
bandpass filter was used to select the test 
channel band before a WDM coupler directed 
the test-band to the appropriate C or L band 
EDFA. All C and L band EDFAs had gain 
bandwidth of over 40 nm and 50 nm respectively 
with each designed to provide flat gain at a 
specific input channel power number. 
 After amplification to 25 dBm, separate C or 
L band interleavers were used to split the test 
band into odd and even channels with 50 GHz 
spacing before the C and L band channels were 
recombined in 3 dB couplers. These were then 
fed to two motorized polarization controllers 
each followed by a polarization multiplexing dual 
parallel Mach-Zehnder (DP-QAM) modulator. 
Signal modulation was performed by driving the 
DP-QAM modulators with 4 independent 
arbitrary waveform generators (AWG). Each 
AWG had an analogue bandwidth of 14 GHz 
and used a sampling rate of 49 GS/s to 
generate pre-equalized PDM-64QAM signals at 
24.5 GBaud with root-raised cosine pulse shape 
and a roll-off of 0.01. After modulation, the 
signal was split and amplified in C or L band 
EDFAs before recombination. 
 The remainder of the comb spectrum was 
modulated in a single DP-QAM modulator 
before being split in a C/L band WDM coupler. 
Both bands had 2 EDFAs with a mid-stage VOA 
used to optimize the input power for gain 
flatness. Next, separate C and L band liquid-
crystal on silicon optical processors (OPs) were 
used to flatten the comb spectrum and block the 
channels corresponding to the test channel 
band, as shown in Fig. 1(b). To ensure high 
extinction ratio for the test-band ‘notch’, an 
additional OP was used before amplifying C-
band signals to pre-flatten the band around the 
seed wavelength. After combining C and L band 
signals in a WDM coupler, the dummy spectral 

 
Fig. 3: Experimental set-up for 2.15 Pb/s transmission in a 22-core fiber 

 
Fig. 2: 22-core 

MCF cross-section 

Table 1: MCF optical properties, 
measured at 1550nm 

     Parameter \ Core Centre 
Core 

Inner 
Ave. 

Outer 
Ave. 

Fiber loss  
(dB/km) 0.19 0.20 0.21 

Splice loss (dB) 0.1 0.4 1 
MUX/DEMUX  (dB) 0.95 0.85 0.95 

Aeff (μm2) 75 76 75 
Cutoff λ (μm) <1.48 <1.47 <1.45 

22 cores (~97 Tb/s per core)

European Conference on Optical Communications 2015

1 high-speed 10 Mb/s internet connection for each Brazilian (~200 million)

+ 15 million spare 

in one fiber
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Where do we go from here?
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The future

• Photonic technologies integrated into electronic chips
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Silicon as an optical material

• Silicon waveguide 
– Silicon is transparent at long wavelengths (>1.1 μm) 
– WG dimensions much larger than electrical lines limited by optical wavelength 
– Electron injection can be used to alter optical properties

16
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Basic building blocks
• Electronics and photonics on the same chip 
• Multiple optical functions integrated (laser, waveguide, modulators, mux/demux…) 
• Extensive research: most building blocks have been demonstrated but challenges remain

17

Intel.com

Optical delay line 
Nature Photonics 1, 65 (2007)

Grating coupler, Luxtera

Bends 
JSTQE 16, 33 (2010)

Add-drop filters 
Optics Express 14, 12814 
(2006) Nature 435, 325 (2005)
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Photonic Integrated Circuits (PICs)

• The dream

18

Infinera’s 500-Gb/s PIC transmitter (InP): 10 tunable DFBs (bottom), 40 
MZMs (top) and all sense and control functions required

• The reality
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Why EIC is so successful and PIC has been harder to do?

19

Electronic Integrated Circuits Photonic Integrated Circuits

• Planar FET – the building block; • Require a wide variety of different devices (e.g., lasers, 
detectors, modulators, multiplexers, attenuators);

• Ideal materials: single-element silicon substrate, silica 
insulator, and aluminum wiring;

• Based on binary, ternary and quaternary materials that 
are much harder to control than Si;

• Scalable circuit (CMOS): cost per transistor drops as 
density increases;

• Photonic device sizes are limited by the optical 
wavelength (micron), much larger than the electron size 
limit;

• Real applications (e.g., memory and microprocessors) 
that need continuous progress of integration;

• Few applications that require both large-scale 
integration and high volume, with attendant low cost, 
have been identified.

(I. Kaminow, 2008)
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Discrete vs. Integrated Photonic Circuit
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Components Discrete Integrated

Size 2	
  bays	
  (40×10Gb/s)	
  
3-­‐4	
  bays	
  (80×10Gb/s)

Half-­‐bay	
  (40	
  ×	
  10	
  Gb/s)	
  
1	
  bay	
  (80	
  ×	
  10	
  Gb/s)

Line	
  Card	
  Capacity 10	
  Gb/s 100	
  Gb/s

#	
  Orderable	
  Parts ≈	
  200 ≈	
  20

Line-­‐Side	
  Fibers	
  
(400G)

≈	
  50 5

Card level

System level

Infinera.com
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The future

• New’s room: IBM’s Silicon Photonics Technology Ready to 
Speed up Cloud and Big Data Applications (2015) 

21

100 Gb/s silicon photonics transceiver
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The future

• Intel’s silicon photonics 100 Gb/s prototype chips
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Outline

• Future of Optical Communications 
• Why are we interested in photon-phonon interaction? 
• Our work: Brillouin scattering self-cancellation effect 

• what else is going on in our lab… 
• Free-carriers dispersion and thermal phase shift in silicon 

waveguides 
• High-order modes in photonics bandgap fibers and 

tapers 
• Broadband & small footprint dielectric antenna
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Why do we care?

24

we can use this 
interaction to 
build devices!

⬌Light fields
generate 

elastic waves

Elastic waves 
alter 

the propagation 
of light
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Radiation pressure

25
E

k

Time varying perturbation in the 
materials refractive index
➠ Emission of radiation 
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Electrostriction force

26

Ek
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Electrostriction force
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• Energy conservation: creation or absorption of an acoustic phonon (elastic wave)

Brillouin scattering

29

• Momentum conservation: in waveguides and cavities, only backward and forward directions 
are allowed

Incident 
photon

Scattered 
photon

Creation phonon 
(elastic wave)

ω P

Ω
Stokes

Ω
anti-Stokes

Incident 
photon

Scattered 
photon

Absorption phonon 
(elastic wave)

β = ± βP + βS( ) ! ±2βPBackward Brillouin scattering: Propagating elastic wave

Forward Brillouin scattering: β = ± βP − βS( ) ! 0 Cut-off elastic wave

βp ,ωp

βp ,ωp

βs ,ωs

βs ,ωs

βac ,Ω

βac ,Ω

Foward

Backward
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Fundamental & Practical applications
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LETTERS
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Figure 1 General aspects of Brillouin scattering in small-core photonic crystal fibres. a, Spontaneous Brillouin back-scattering spectra for PCFs with core diameters
1.22 µm and 9.27 µm. The spectra (and also that in Fig. 2) were obtained using a heterodyne detection with 1 MHz of electronic resolution. The vertical scale is logarithmic,
and the baseline corresponds to the shot noise level (−66 dB m in this case). The large-core fibre yielded scattering at 11.12 GHz with full-width at half-maximum of
31 MHz. In contrast, in the small-core case three clear peaks are observed at 9.76, 9.95 and 10.22 GHz with full-width at half-maximum of 24, 38 and 25 MHz, respectively,
for an 84-m-long fibre. A short length (2 m) of the small-core PCF shows the same three peaks but with smaller linewidths: 19, 25 and 17 MHz, respectively. We attribute this
broadening for long fibre to structure fluctuations along the length. b, Characterization of the polarization dependence of back-scattering (BS) in the small-core PCF. The
scattered power is maximized when the pump is aligned within the fibre principal axis (slow or fast) and minimized for the pump making 45◦ with the axis. The principal
states of polarization were characterized using a polarimeter to measure the orientation of the axes with respect to the fibre structure, and short pulses (∼50 ps) were used
to measure the fibre birefringence. The fibre was then cleaved close to the fibre holder and inspected in a microscope at ×400 magnification to identify the orientation of the
fast and slow axes relative to the hexagonal cladding structure. The error bars indicate the experimental uncertainty. c, Stimulated Brillouin scattering intensity threshold
measurements for PCFs with different core diameters. The squares correspond to experimental data and the error bars were estimated to be 20%, arising from the cut-back
method used to measure the coupled input power (see the Methods section). For the smallest-core PCF, the threshold increases by a factor of ∼5 compared with large-core
PCFs. Inset: scanning electron micrographs of three typical PCFs used in the experiments, with core diameters 1.22 µm (1),2.36 µm (2) and 9.27 µm (3).

of the Brillouin spectrum (Fig. 1b). When the pump laser was
polarized parallel to the fast or slow principal axis, the Brillouin
back-scattered gain coefficient was twice that obtained when the
pump was polarized at 45◦ to the fibre axis, in broad agreement
with Stolen11. When the pump wave was polarized along the slow
axis, the frequency shift of the Stokes wave was measured to be
3.5 MHz larger than that obtained when the pump was aligned
along the fast axis. Using the measured value of birefringence, a
simple calculation shows that the difference in frequency shift is
!f = (2cL/l)!n = 3.1 MHz at l = 1.55 µm, in good agreement
with the experimental value.

The threshold power Pth for stimulated Brillouin scattering,
defined as the point at which the transmitted power begins
to saturate and a strong back-scattered signal appears, is an

important limiting parameter in nonlinear optical devices such
as parametric amplifiers and wavelength converters, which require
narrow-band high-power laser light in the fibre core12. Pth depends
on the effective area Aeff of the optical mode, which determines
the threshold intensity Ith = Pth/Aeff, and the fibre attenuation
α m−1, usually taken account of through an effective length
Leff = (1 − e−αL)/α, where L is the physical fibre length13. By
factoring out the ‘obvious’ dependence of threshold power on
core size, the product IthLeff highlights the effects of acoustic
confinement on Brillouin scattering. The results of a series of
experiments on many different PCFs, with core diameters in
the range 1–10 µm, are plotted in Fig. 1c (for the small-core
PCFs the threshold was measured with the pump aligned with a
principal fibre axis). The effective areas were calculated following
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Photon-phonon confinement in sub-wavelength structures
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Stimulated Brillouin scattering from
multi-GHz-guided acoustic phonons in
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*e-mail: russell@optik.uni-erlangen.de

Published online: 21 May 2006; doi:10.1038/nphys315

Wavelength-scale periodic microstructuring dramatically
alters the optical properties of materials. An example is
glass photonic crystal fibre1 (PCF), which guides light

by means of a lattice of hollow micro/nanochannels running
axially along its length. In this letter, we explore stimulated
Brillouin scattering in PCFs with subwavelength-scale solid
silica glass cores. The large refractive-index difference between
air and glass allows much tighter confinement of light than
is possible in all-solid single-mode glass optical fibres made
using conventional techniques. When the silica-air PCF has a
core diameter of around 70% of the vacuum wavelength of the
launched laser light, we find that the spontaneous Brillouin
signal develops a highly unusual multi-peaked spectrum with
Stokes frequency shifts in the 10-GHz range. We attribute these
peaks to several families of guided acoustic modes each with
different proportions of longitudinal and shear strain, strongly
localized to the core2,3. At the same time, the threshold power
for stimulated Brillouin scattering4 increases fivefold. The results
show that Brillouin scattering is strongly affected by nanoscale
microstructuring, opening new opportunities for controlling
light–sound interactions in optical fibres.

Tight confinement of both sound and light strongly enhances
acousto-optic interactions2,5–8, and is relevant in a range of different
phenomena such as all-fibre acousto-optic modulators8, stimulated
Brillouin scattering4,9 and optically controlled slow and fast light10.
Among these, stimulated Brillouin scattering is the phonon-related
nonlinear effect most commonly studied in conventional SMFs.
Axially propagating acoustic modes can Bragg-scatter guided laser
light into a counter-propagating optical mode, with a Doppler shift
equal to the acoustic frequency. In single-mode glass optical fibre
(SMF), in which a Ge-doped silica core is surrounded by a pure
fused silica cladding, the difference in acoustic properties between
the core and cladding is very small and there is little confinement

of acoustic energy. Furthermore, coupling between shear (S) and
longitudinal (L) waves at the core–cladding interfaces is extremely
weak and Brillouin scattering is dominated by L-acoustic quasi-
plane waves (S-strain does not produce significant modulation of
the refractive index). As a result, in SMF the Brillouin spectrum
is almost the same as in bulk glass, with a single Brillouin peak
corresponding to L-acoustic waves travelling along the fibre axis.

In contrast, in air–glass PCFs with large air-filling fractions and
micrometre-sized solid glass cores, the ‘hard’ glass/air interfaces
(the core is held in place by a lattice of fused silica nanowebs—
see insets of Fig. 1c) couple S and L waves together, and the
resulting acoustic modes contain proportions of both shear and
dilatational strain2,3. As L and S waves travel at widely different
phase velocities (cL = 5,970.7 m s−1 and cS = 3,764.8 m s−1 in
silica), this gives rise to families of hybrid (that is, mixed L &
S) modes with markedly different dispersion relations βAC(Ω ),
each with its own Brillouin frequency shift Ω/2π. Figure 1a shows
the measured spectra of the spontaneously back-scattered light
in two different PCFs (see the Methods section for experimental
details). The larger-core PCF (diameter 9.27 µm) showed just
one peak at 11.12 GHz, which corresponds to the value obtained
in bulk glass (for which the phase-matching condition occurs at
Ω/2π= 2νPnscL/c = 11.12 GHz, where ns is the refractive index
of silica at the pump laser frequency νP). In contrast, the smallest-
core PCF (core diameter 1.22 µm) yielded a family of distinct peaks
at 9.76, 9.95 and 10.22 GHz, each related to a different axially
propagating acoustic mode.

In this PCF, the scattering was found to be strongly dependent
on the polarization state of the light—a consequence of structural
anisotropy in the core11. The fibre birefringence was measured as
#n = 0.0004, and the principal birefringent axes of the fibre were
identified (Fig. 1b). By varying the pump polarization state (using a
polarimeter) it was possible to explore the polarization dependence
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axially along its length. In this letter, we explore stimulated
Brillouin scattering in PCFs with subwavelength-scale solid
silica glass cores. The large refractive-index difference between
air and glass allows much tighter confinement of light than
is possible in all-solid single-mode glass optical fibres made
using conventional techniques. When the silica-air PCF has a
core diameter of around 70% of the vacuum wavelength of the
launched laser light, we find that the spontaneous Brillouin
signal develops a highly unusual multi-peaked spectrum with
Stokes frequency shifts in the 10-GHz range. We attribute these
peaks to several families of guided acoustic modes each with
different proportions of longitudinal and shear strain, strongly
localized to the core2,3. At the same time, the threshold power
for stimulated Brillouin scattering4 increases fivefold. The results
show that Brillouin scattering is strongly affected by nanoscale
microstructuring, opening new opportunities for controlling
light–sound interactions in optical fibres.

Tight confinement of both sound and light strongly enhances
acousto-optic interactions2,5–8, and is relevant in a range of different
phenomena such as all-fibre acousto-optic modulators8, stimulated
Brillouin scattering4,9 and optically controlled slow and fast light10.
Among these, stimulated Brillouin scattering is the phonon-related
nonlinear effect most commonly studied in conventional SMFs.
Axially propagating acoustic modes can Bragg-scatter guided laser
light into a counter-propagating optical mode, with a Doppler shift
equal to the acoustic frequency. In single-mode glass optical fibre
(SMF), in which a Ge-doped silica core is surrounded by a pure
fused silica cladding, the difference in acoustic properties between
the core and cladding is very small and there is little confinement

of acoustic energy. Furthermore, coupling between shear (S) and
longitudinal (L) waves at the core–cladding interfaces is extremely
weak and Brillouin scattering is dominated by L-acoustic quasi-
plane waves (S-strain does not produce significant modulation of
the refractive index). As a result, in SMF the Brillouin spectrum
is almost the same as in bulk glass, with a single Brillouin peak
corresponding to L-acoustic waves travelling along the fibre axis.

In contrast, in air–glass PCFs with large air-filling fractions and
micrometre-sized solid glass cores, the ‘hard’ glass/air interfaces
(the core is held in place by a lattice of fused silica nanowebs—
see insets of Fig. 1c) couple S and L waves together, and the
resulting acoustic modes contain proportions of both shear and
dilatational strain2,3. As L and S waves travel at widely different
phase velocities (cL = 5,970.7 m s−1 and cS = 3,764.8 m s−1 in
silica), this gives rise to families of hybrid (that is, mixed L &
S) modes with markedly different dispersion relations βAC(Ω ),
each with its own Brillouin frequency shift Ω/2π. Figure 1a shows
the measured spectra of the spontaneously back-scattered light
in two different PCFs (see the Methods section for experimental
details). The larger-core PCF (diameter 9.27 µm) showed just
one peak at 11.12 GHz, which corresponds to the value obtained
in bulk glass (for which the phase-matching condition occurs at
Ω/2π= 2νPnscL/c = 11.12 GHz, where ns is the refractive index
of silica at the pump laser frequency νP). In contrast, the smallest-
core PCF (core diameter 1.22 µm) yielded a family of distinct peaks
at 9.76, 9.95 and 10.22 GHz, each related to a different axially
propagating acoustic mode.

In this PCF, the scattering was found to be strongly dependent
on the polarization state of the light—a consequence of structural
anisotropy in the core11. The fibre birefringence was measured as
#n = 0.0004, and the principal birefringent axes of the fibre were
identified (Fig. 1b). By varying the pump polarization state (using a
polarimeter) it was possible to explore the polarization dependence
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alters the optical properties of materials. An example is
glass photonic crystal fibre1 (PCF), which guides light

by means of a lattice of hollow micro/nanochannels running
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localized to the core2,3. At the same time, the threshold power
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microstructuring, opening new opportunities for controlling
light–sound interactions in optical fibres.
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acousto-optic interactions2,5–8, and is relevant in a range of different
phenomena such as all-fibre acousto-optic modulators8, stimulated
Brillouin scattering4,9 and optically controlled slow and fast light10.
Among these, stimulated Brillouin scattering is the phonon-related
nonlinear effect most commonly studied in conventional SMFs.
Axially propagating acoustic modes can Bragg-scatter guided laser
light into a counter-propagating optical mode, with a Doppler shift
equal to the acoustic frequency. In single-mode glass optical fibre
(SMF), in which a Ge-doped silica core is surrounded by a pure
fused silica cladding, the difference in acoustic properties between
the core and cladding is very small and there is little confinement

of acoustic energy. Furthermore, coupling between shear (S) and
longitudinal (L) waves at the core–cladding interfaces is extremely
weak and Brillouin scattering is dominated by L-acoustic quasi-
plane waves (S-strain does not produce significant modulation of
the refractive index). As a result, in SMF the Brillouin spectrum
is almost the same as in bulk glass, with a single Brillouin peak
corresponding to L-acoustic waves travelling along the fibre axis.

In contrast, in air–glass PCFs with large air-filling fractions and
micrometre-sized solid glass cores, the ‘hard’ glass/air interfaces
(the core is held in place by a lattice of fused silica nanowebs—
see insets of Fig. 1c) couple S and L waves together, and the
resulting acoustic modes contain proportions of both shear and
dilatational strain2,3. As L and S waves travel at widely different
phase velocities (cL = 5,970.7 m s−1 and cS = 3,764.8 m s−1 in
silica), this gives rise to families of hybrid (that is, mixed L &
S) modes with markedly different dispersion relations βAC(Ω ),
each with its own Brillouin frequency shift Ω/2π. Figure 1a shows
the measured spectra of the spontaneously back-scattered light
in two different PCFs (see the Methods section for experimental
details). The larger-core PCF (diameter 9.27 µm) showed just
one peak at 11.12 GHz, which corresponds to the value obtained
in bulk glass (for which the phase-matching condition occurs at
Ω/2π= 2νPnscL/c = 11.12 GHz, where ns is the refractive index
of silica at the pump laser frequency νP). In contrast, the smallest-
core PCF (core diameter 1.22 µm) yielded a family of distinct peaks
at 9.76, 9.95 and 10.22 GHz, each related to a different axially
propagating acoustic mode.

In this PCF, the scattering was found to be strongly dependent
on the polarization state of the light—a consequence of structural
anisotropy in the core11. The fibre birefringence was measured as
#n = 0.0004, and the principal birefringent axes of the fibre were
identified (Fig. 1b). By varying the pump polarization state (using a
polarimeter) it was possible to explore the polarization dependence
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Controlling photonic structures using optical forces
Gustavo S. Wiederhecker1, Long Chen1, Alexander Gondarenko1 & Michal Lipson1

The use of optical forces to manipulate small objects is well known.
Applications include the manipulation of living cells by optical
tweezers1 and optical cooling in atomic physics2. The miniaturiza-
tion of optical systems (to the micro and nanoscale) has resulted in
very compliant systems with masses of the order of nanograms,
rendering them susceptible to optical forces3–6. Optical forces have
been exploited to demonstrate chaotic quivering of microcavities7,
optical cooling of mechanical modes8–11, actuation of a tapered-
fibre waveguide and excitation of the mechanical modes of silicon
nano-beams12,13. Despite recent progress in this field14–17, it is
challenging to manipulate the optical response of photonic struc-
tures using optical forces; this is because of the large forces that are
required to induce appreciable changes in the geometry of the
structure. Here we implement a resonant structure whose optical
response can be efficiently statically controlled using relatively
weak attractive and repulsive optical forces. We demonstrate a
static mechanical deformation of up to 20 nanometres in a silicon
nitride structure, using three milliwatts of continuous optical
power. Because of the sensitivity of the optical response to this
deformation, such optically induced static displacement intro-
duces resonance shifts spanning 80 times the intrinsic resonance
linewidth.

The photonic structure is composed of two coupled ring resonators
with an optical response sensitive to small changes in the distance
between the rings. As shown in Fig. 1a, the structure is composed of
a pair of vertically stacked silicon nitride (Si3N4) rings held by very thin
spokes and a pedestal. The spokes are designed to reduce the mech-
anical stiffness of the cavity, increasing the sensitivity to the optical
forces between the rings, and at the same time induce only negligible
scattering for light circulating near the outside edge of the rings18 (see
Methods for fabrication details). The relatively small refractive index
of Si3N4 (n < 2.0) makes strong optical coupling possible for relatively

large gaps (g < 640 nm) between the top and the bottom resonator. As
a result of this coupling, the transverse mode profile splits into sym-
metric (S, Fig. 1b) and antisymmetric (AS, Fig. 1c) combinations,
leading to two distinct resonant frequencies. Figure 1d shows an
example of the resonance wavelength splitting (centred at 1,493 nm)
for the transverse electric (TE) mode of a 30-mm-diameter ring,
obtained from numerical simulations (see Supplementary Informa-
tion). The splitting clearly depends exponentially on the separation
gap. Such steep dependence of the resonant frequencies on the gap
between the rings translates into strong gradient optical forces (per
photon) between the rings5,6,10,17 (see Supplementary Information for
details). In contrast to very recent demonstrations of tunable bipolar
optical forces in waveguides15,16, where modulated light was used to
enhance the mechanical vibrational amplitude, optical forces in our
device can be tuned to attractive or repulsive by tuning a continuous-
wave laser frequency to either the S or AS resonance. Here we show that
continuous-wave laser light at milliwatt power levels can induce sig-
nificant static attraction or repulsion between two coupled resonant
cavities through gradient optical forces.

Both symmetric and antisymmetric optical modes can be observed in
the transmission spectrum of the fabricated structure, indicating the
coupling between the two cavities. To ensure efficient coupling to both
S and AS cavity modes, we use a monolithic integrated bus waveguide
(see Fig. 1a). In Fig. 2a we show the optical transmission for input light
with TE polarization for the 30-mm-diameter ring shown in Fig. 1a. The
strong coupling in our cavity makes the resonance frequency splitting
so large that it spans more than one cavity’s free spectral range. As a
result, the two neighbouring S and AS optical modes in Fig. 2a corre-
spond to two azimuthal orders. For this device, the coupling gap
between the bus waveguide and the rings is 650 nm. Each mode can
be identified by comparing its measured free spectral ranges with
numerical simulations (see Supplementary Information for details).
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Figure 1 | Design of a resonant cavity sensitive to optical gradient forces.
a, Scanning electron micrograph (SEM) of two vertically stacked ring
cavities. b, c, Cross-section of the ring region, showing the calculated electric
field profile for the symmetric (b) and antisymmetric (c) optical modes
supported by the cavity. The ring thickness is t 5 190 nm, width w 5 2.5 mm

and inter-ring gap g < 640 nm. The symmetric mode induces attractive
optical forces, and the antisymmetric mode induces repulsive forces.
d, Typical simulated resonant wavelength splitting of the S and AS optical
modes as the gap between the rings is changed.
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static mechanical deformation of up to 20 nanometres in a silicon
nitride structure, using three milliwatts of continuous optical
power. Because of the sensitivity of the optical response to this
deformation, such optically induced static displacement intro-
duces resonance shifts spanning 80 times the intrinsic resonance
linewidth.
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with an optical response sensitive to small changes in the distance
between the rings. As shown in Fig. 1a, the structure is composed of
a pair of vertically stacked silicon nitride (Si3N4) rings held by very thin
spokes and a pedestal. The spokes are designed to reduce the mech-
anical stiffness of the cavity, increasing the sensitivity to the optical
forces between the rings, and at the same time induce only negligible
scattering for light circulating near the outside edge of the rings18 (see
Methods for fabrication details). The relatively small refractive index
of Si3N4 (n < 2.0) makes strong optical coupling possible for relatively

large gaps (g < 640 nm) between the top and the bottom resonator. As
a result of this coupling, the transverse mode profile splits into sym-
metric (S, Fig. 1b) and antisymmetric (AS, Fig. 1c) combinations,
leading to two distinct resonant frequencies. Figure 1d shows an
example of the resonance wavelength splitting (centred at 1,493 nm)
for the transverse electric (TE) mode of a 30-mm-diameter ring,
obtained from numerical simulations (see Supplementary Informa-
tion). The splitting clearly depends exponentially on the separation
gap. Such steep dependence of the resonant frequencies on the gap
between the rings translates into strong gradient optical forces (per
photon) between the rings5,6,10,17 (see Supplementary Information for
details). In contrast to very recent demonstrations of tunable bipolar
optical forces in waveguides15,16, where modulated light was used to
enhance the mechanical vibrational amplitude, optical forces in our
device can be tuned to attractive or repulsive by tuning a continuous-
wave laser frequency to either the S or AS resonance. Here we show that
continuous-wave laser light at milliwatt power levels can induce sig-
nificant static attraction or repulsion between two coupled resonant
cavities through gradient optical forces.

Both symmetric and antisymmetric optical modes can be observed in
the transmission spectrum of the fabricated structure, indicating the
coupling between the two cavities. To ensure efficient coupling to both
S and AS cavity modes, we use a monolithic integrated bus waveguide
(see Fig. 1a). In Fig. 2a we show the optical transmission for input light
with TE polarization for the 30-mm-diameter ring shown in Fig. 1a. The
strong coupling in our cavity makes the resonance frequency splitting
so large that it spans more than one cavity’s free spectral range. As a
result, the two neighbouring S and AS optical modes in Fig. 2a corre-
spond to two azimuthal orders. For this device, the coupling gap
between the bus waveguide and the rings is 650 nm. Each mode can
be identified by comparing its measured free spectral ranges with
numerical simulations (see Supplementary Information for details).
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Figure 1 | Design of a resonant cavity sensitive to optical gradient forces.
a, Scanning electron micrograph (SEM) of two vertically stacked ring
cavities. b, c, Cross-section of the ring region, showing the calculated electric
field profile for the symmetric (b) and antisymmetric (c) optical modes
supported by the cavity. The ring thickness is t 5 190 nm, width w 5 2.5 mm

and inter-ring gap g < 640 nm. The symmetric mode induces attractive
optical forces, and the antisymmetric mode induces repulsive forces.
d, Typical simulated resonant wavelength splitting of the S and AS optical
modes as the gap between the rings is changed.
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resonances are obtained from the numerical simulation of the cavity’s
optical response. For a 640-nm inter-ring gap the numerical values are
kz

om 5 20.07 and k{
om 5 0.1. The maximum optomechanical shift

obtained for attractive forces is calculated to beDlz
om < 1.5 nm (about

80 linewidths) for the S mode; Dl{
om < 22 nm (about 30 linewidths)

for the AS mode. The thermo-optic contribution is similar for both
modes and is calculated to be Dl+

to < 0.6 nm.
The change in the gap between the two rings induced by the optical

force can also be estimated from the splitting curves shown in Fig. 2c and
d and the optomechanical tuning efficiencies. The maximum gap change
is found to be Dg1 5 220 nm for attractive forces and Dg2 5 1 nm for
repulsive forces. This difference is mostly due to the different quality
factors and extinction ratios of the modes. The tuning of this gap and
temperature increase with respect to the pump laser detuning is shown
in Fig. 3a and b. Using a spring constant of k 5 1.2 N m21, calculated
from numerical simulations of the cavity’s mechanical response, the
optical force on each ring can be estimated from the usual linear relation
F1 5 kDg1/2 < 7.5 nN. This value is of the same order of magnitude as
the value expected from the cavity energy U and the optomechanical
tuning efficiency5,6 Fz ~ (Uz=l)kz

om < 12 nN. For repulsive forces
this yields F2 5 kDg2/2 < 600 pN, whereas the predicted force is
F{ ~ (U{=l)k{

om <350 pN (see Supplementary Information for
details).

We verify that the impact of undesirable optically induced mech-
anical oscillations in our structure is not detrimental by measuring the
dynamic optical response (see Methods and Supplementary Informa-
tion). Owing to its higher optical Q such oscillations would be more
detrimental under symmetric pump excitation. However, because the
optical quality factor (Q 5 6 3 104) of this S mode is still not very high
and the mechanical quality factor (Qm < 2) is extremely low, the
optical power threshold for regenerative mechanical oscillations8 of
the fundamental mechanical mode is estimated to be Pth < 65 mW
and was not achieved in our experiment. The thermal brownian
motion of the cavity mechanical modes, however, can cause fluctua-
tions in the gap between the rings. At thermal equilibrium, this ampli-
tude can be calculated using the equipartition theorem to beffiffiffiffiffiffiffiffiffiffiffi

dx2h i
p

< 60 pm. This corresponds to the relative wavelength shift
Dlh i=dl ~ kom

ffiffiffiffiffiffiffiffiffiffiffi
dx2h i

p
=dl < 20%, where dl is the resonance line-

width. In our cavity, however, a giant optical spring effect19 greatly
reduces such fluctuations. The strong optical spring effect is due to the
small effective mass (meff < 85 pg) and relatively large optomechanical
tuning efficiency of the cavity. The frequency of the fundamental
mechanical mode is observed to increase by 14-fold in our structure
compared to its natural oscillation frequency, which corresponds to a
200-fold increase in the effective spring constant (see Supplementary
Information). Because the thermal fluctuation scales with the inverse
of the spring constant, the optical spring should reduce the thermal
fluctuation to

ffiffiffiffiffiffiffiffiffiffiffi
dx2h i

p
< 4 pm, corresponding to a relative wavelength

fluctuation Dlh i=dl ~ kom

ffiffiffiffiffiffiffiffiffiffiffi
dx2h i

p
=dl < 1%. The relative power

fluctuation of the transmitted pump laser was measured to be DPh i/
P < 0.05 at small pump detunings. This corresponds to a relative

wavelength shift of Dlh i=dl < 7%, which is larger than the predicted
value. This larger predicted fluctuation is attributed to the reduction
in the effective damping coefficient caused by the spring effect.
Although these fluctuations are quite small, they could be further
reduced by targeting an even lower mechanical quality factor cavity
using, for instance, a pressurized environment or specific spoke
design18.

We show that significant optical force actuation using continuous-
wave laser light is achievable by exploring interacting optical micro-
cavities. The particular cavity design explored in this work provides
high mechanical sensitivity to such forces. For instance, within the
optical and mechanical quality factors explored here, the static optical
force is dominant over both thermal effects and optomechanical oscil-
lations. Further reduction in the mechanical quality factors, through
squeeze-film damping20, should render our static actuation scalable to
even larger values. The demonstration of both attractive and repulsive
forces in a resonant microstructure is an important step towards
enabling recently proposed functionalities for optomechanically
based devices, such as self-aligning and optical corralling behaviour
in cavities6. Our monolithic integration with the bus waveguides also
provides a more compact device that is more likely to be integrated
into elaborate optical interconnect designs21. These advances on the
static actuation of photonic microcavity structures using optical
forces should enable future micro-optomechanical systems with novel
and distinct functionalities.

METHODS SUMMARY
We fabricated our devices using electron beam lithography of silicon nitride and
silicon oxide layers deposited over an oxidized silicon wafer. The patterned
structure was then released using a wet hydrofluoric acid etch.

The experimental set-up used to demonstrate optical force tuning consisted of
two external-cavity tunable lasers simultaneously launched into the bus waveguide
of our device using a lensed optical fibre. The pump laser power coupled to the
cavity was varied by changing the detuning between its frequency and the cavity
resonant frequency. To avoid the instabilities associated with the red-side of the
cavity resonance, the detuning was always to the blue-side (negative detuning).

The change in the separation gap between the two rings was obtained from the
experimental data by considering both thermal and optomechanical effects. The
optomechanical and thermal coupling parameters were obtained from experi-
mental evidence and numerical simulations.

The dynamic response of the cavity was obtained by detecting the transmitted
light with a 125-MHz bandwidth photodetector followed by a real-time oscil-
loscope and a radio frequency (r.f.) spectrum analyser. The oscilloscope was used
to determine the relative oscillation amplitude whereas the r.f. analyser was used
to identify the mechanical modes and their properties (see Supplementary
Information for details).

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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resonances are obtained from the numerical simulation of the cavity’s
optical response. For a 640-nm inter-ring gap the numerical values are
kz

om 5 20.07 and k{
om 5 0.1. The maximum optomechanical shift

obtained for attractive forces is calculated to beDlz
om < 1.5 nm (about

80 linewidths) for the S mode; Dl{
om < 22 nm (about 30 linewidths)

for the AS mode. The thermo-optic contribution is similar for both
modes and is calculated to be Dl+

to < 0.6 nm.
The change in the gap between the two rings induced by the optical

force can also be estimated from the splitting curves shown in Fig. 2c and
d and the optomechanical tuning efficiencies. The maximum gap change
is found to be Dg1 5 220 nm for attractive forces and Dg2 5 1 nm for
repulsive forces. This difference is mostly due to the different quality
factors and extinction ratios of the modes. The tuning of this gap and
temperature increase with respect to the pump laser detuning is shown
in Fig. 3a and b. Using a spring constant of k 5 1.2 N m21, calculated
from numerical simulations of the cavity’s mechanical response, the
optical force on each ring can be estimated from the usual linear relation
F1 5 kDg1/2 < 7.5 nN. This value is of the same order of magnitude as
the value expected from the cavity energy U and the optomechanical
tuning efficiency5,6 Fz ~ (Uz=l)kz

om < 12 nN. For repulsive forces
this yields F2 5 kDg2/2 < 600 pN, whereas the predicted force is
F{ ~ (U{=l)k{

om <350 pN (see Supplementary Information for
details).

We verify that the impact of undesirable optically induced mech-
anical oscillations in our structure is not detrimental by measuring the
dynamic optical response (see Methods and Supplementary Informa-
tion). Owing to its higher optical Q such oscillations would be more
detrimental under symmetric pump excitation. However, because the
optical quality factor (Q 5 6 3 104) of this S mode is still not very high
and the mechanical quality factor (Qm < 2) is extremely low, the
optical power threshold for regenerative mechanical oscillations8 of
the fundamental mechanical mode is estimated to be Pth < 65 mW
and was not achieved in our experiment. The thermal brownian
motion of the cavity mechanical modes, however, can cause fluctua-
tions in the gap between the rings. At thermal equilibrium, this ampli-
tude can be calculated using the equipartition theorem to beffiffiffiffiffiffiffiffiffiffiffi
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< 60 pm. This corresponds to the relative wavelength shift
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=dl < 20%, where dl is the resonance line-

width. In our cavity, however, a giant optical spring effect19 greatly
reduces such fluctuations. The strong optical spring effect is due to the
small effective mass (meff < 85 pg) and relatively large optomechanical
tuning efficiency of the cavity. The frequency of the fundamental
mechanical mode is observed to increase by 14-fold in our structure
compared to its natural oscillation frequency, which corresponds to a
200-fold increase in the effective spring constant (see Supplementary
Information). Because the thermal fluctuation scales with the inverse
of the spring constant, the optical spring should reduce the thermal
fluctuation to
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P < 0.05 at small pump detunings. This corresponds to a relative

wavelength shift of Dlh i=dl < 7%, which is larger than the predicted
value. This larger predicted fluctuation is attributed to the reduction
in the effective damping coefficient caused by the spring effect.
Although these fluctuations are quite small, they could be further
reduced by targeting an even lower mechanical quality factor cavity
using, for instance, a pressurized environment or specific spoke
design18.

We show that significant optical force actuation using continuous-
wave laser light is achievable by exploring interacting optical micro-
cavities. The particular cavity design explored in this work provides
high mechanical sensitivity to such forces. For instance, within the
optical and mechanical quality factors explored here, the static optical
force is dominant over both thermal effects and optomechanical oscil-
lations. Further reduction in the mechanical quality factors, through
squeeze-film damping20, should render our static actuation scalable to
even larger values. The demonstration of both attractive and repulsive
forces in a resonant microstructure is an important step towards
enabling recently proposed functionalities for optomechanically
based devices, such as self-aligning and optical corralling behaviour
in cavities6. Our monolithic integration with the bus waveguides also
provides a more compact device that is more likely to be integrated
into elaborate optical interconnect designs21. These advances on the
static actuation of photonic microcavity structures using optical
forces should enable future micro-optomechanical systems with novel
and distinct functionalities.

METHODS SUMMARY
We fabricated our devices using electron beam lithography of silicon nitride and
silicon oxide layers deposited over an oxidized silicon wafer. The patterned
structure was then released using a wet hydrofluoric acid etch.

The experimental set-up used to demonstrate optical force tuning consisted of
two external-cavity tunable lasers simultaneously launched into the bus waveguide
of our device using a lensed optical fibre. The pump laser power coupled to the
cavity was varied by changing the detuning between its frequency and the cavity
resonant frequency. To avoid the instabilities associated with the red-side of the
cavity resonance, the detuning was always to the blue-side (negative detuning).

The change in the separation gap between the two rings was obtained from the
experimental data by considering both thermal and optomechanical effects. The
optomechanical and thermal coupling parameters were obtained from experi-
mental evidence and numerical simulations.

The dynamic response of the cavity was obtained by detecting the transmitted
light with a 125-MHz bandwidth photodetector followed by a real-time oscil-
loscope and a radio frequency (r.f.) spectrum analyser. The oscilloscope was used
to determine the relative oscillation amplitude whereas the r.f. analyser was used
to identify the mechanical modes and their properties (see Supplementary
Information for details).

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.

Received 24 June; accepted 7 October 2009.
Published online 15 November 2009.
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Synchronization, the emergence of spontaneous order in coupled systems, is of fundamental importance

in both physical and biological systems. We demonstrate the synchronization of two dissimilar silicon

nitride micromechanical oscillators, that are spaced apart by a few hundred nanometers and are coupled

through an optical cavity radiation field. The tunability of the optical coupling between the oscillators

enables one to externally control the dynamics and switch between coupled and individual oscillation

states. These results pave a path toward reconfigurable synchronized oscillator networks.
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Synchronization processes are part of our daily experi-
ences as they occur widely in nature, for example, in firefly
colonies, pacemaker cells in the heart, nervous systems,
and circadian cycles [1]. Synchronization is also of great
technological interest since it provides the basis for timing,
signal processing, and microwave communication [2] and
could enable novel computing and memory concepts [3,4].
At the nanoscale, synchronization mechanisms have the
potential to be integrated with current nanofabrication
capabilities and to enable scaling up to network sizes
[5–8]. Among the major challenges with synchronized
oscillators on the nanoscale are neighborhood restriction
and nonconfigurable coupling which limit the control, the
footprint and possible topologies of complex oscillator
networks [9–13]. Recently, it is proposed that using cavity
field coupled oscillators could form an all-to-all coupling
that could overcome this restriction [10,14]. Here we dem-
onstrate the synchronization of two dissimilar silicon
nitride (Si3N4) self-sustaining optomechanical oscillators
coupled only through the optical cavity radiation field as
opposed to coupling through a structural contact or electro-
static interaction [15,16]. We externally control the dynam-
ics and switch between coupled and individual oscillation
states through tuning the optical coupling between the
oscillators. These results pave a path toward realizing
massive optomechanical oscillator arrays [17–19].

Optomechanical oscillators (OMOs) consist of cavity
structures that support both tightly confined optical modes
and long-living (high quality factor) mechanical modes
[20,21]. When optomechanical cavities are driven by a
blue detuned continuous wave (cw) laser, the radiation
pressure from the light can amplify the mechanical motion
via the dynamical backaction between the optical and
mechanical modes [22]. Above a certain threshold laser
power this optomechanical amplification can overcome the
intrinsic mechanical damping; the device evolves from an

optomechanical resonator to a self-sustaining OMO [11].
The laser signal fraction that is transmitted, or reflected,
from the optomechanical cavity becomes deeply modulated
at the mechanical frequency of the oscillator [20,23,24].
Recently it has been predicted that the mechanical oscil-

lations of a pair of OMOs could be synchronized if the
OMOs are optically coupled as opposed to mechanically
coupled [14,25]. Here we experimentally demonstrate the
synchronization of two optically coupled OMOs [right (R)
and left (L)] with different mechanical frequencies. The
optical coupling means the mechanical displacement of
one OMO will lead to a force on the other OMO through
the optical field. This force is responsible for the effective

FIG. 1 (color). Design of the optically coupled optomechan-
ical oscillators (OMOs). (a) Schematic of the device illustrating
the mechanical mode profile and the optical whispering gallery
mode. (b) False-colored scanning electron micrograph (SEM)
image of the OMOs with chrome heating pads (blue) for optical
tuning by top illumination. (c),(d) The symmetric (S) and anti-
symmetric (AS) coupled optical supermodes. The deformation
illustrates the mechanical mode that is excited by the optical
field. (e) The dynamics of the coupled OMOs can be approxi-
mated by a lumped model for two optically coupled damped-
driven nonlinear harmonic oscillators.
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between the two oscillators. While the distance between
the two OMOs is fixed (i.e., fixed !), their optical coupling
can be turned off (on) through increasing (decreasing) the
optical frequency mismatch " ¼ !R "!L between them.
For large optical frequency mismatch among the two
OMOs (" # !) the supermodes reduce to the uncoupled
optical modes of the individual OMO, ðbþ; b"Þ !
ðaL; aRÞ. This can be readily seen from the expression
of the optical supermodes amplitudes, which are given
by linear combinations of the uncoupled modes of the
left aLðtÞ and right aRðtÞ cavities: b'ðtÞ ¼ aLðtÞ "
aRðtÞi!=ð"( ð"2 " !2Þ1=2Þ. We tune " experimentally
using the thermo-optic effect, for which the optical fre-
quency dependence on temperature can be approximated

as !jðTjÞ ¼ !ðjÞ
0 " gthTj for j ¼ L, R, where !ðjÞ

0 is the
intrinsic optical frequency and gth is the thermal-optic
tuning efficiency. The thermo-optic tuning is accomplished
by focusing an out-of-plane heating laser on either OMO
(Fig. 2(a); see the Supplemental Material [28]). This setup
allows the optical coupling to be continuously tuned
through changing the relative temperature of the two
OMOs: at !T ¼ 0 the OMOs have identical optical reso-
nant frequencies and the optical coupling is maximized,
manifested by the almost symmetric resonance dips in the
optical transmission spectrum [Figs. 2(b) and 2(c)],
whereas for !T ¼ '25 K, the relative frequency differ-
ence is large (" # !) and the optical mode does not couple
the two OMOs. The OMOs follow the usual single-cavity
optomechanical dynamics [20].

We characterize the individual dynamics of the two
OMOs by switching their optical coupling off [T ¼
'25 K, Fig. 2(b)]. Each cavity is individually excited
with a cw laser through a tapered optical fiber. As the laser
frequency is tuned (from a higher to a lower frequency)
into the optical resonance, the transmitted laser signal is
detected by a photodiode (PD) and analyzed using a radio-
frequency spectrum analyzer (RSA). The rf spectra show the
mechanical modes have natural mechanical frequencies
of ðfL; fRÞ ¼ ð"L;"RÞ=2# ¼ ð50:283; 50:219Þ MHz, and

intrinsic quality factors of ðQðLÞ
m ;QðRÞ

m Þ ¼ ð3:4' 0:3;
2:3' 0:2Þ ) 103 [Figs. 3(a) and 3(b)]. Because of the
increased optomechanical backaction and intracavity opti-
cal power the OMOs have their frequencies increased
(optical spring effect) and amplitudes grown as the laser
is tuned into the optical resonance. Above a specific laser-
cavity detuning, indicated by the horizontal white dashed
lines on Figs. 3(a) and 3(b) the intrinsic mechanical losses
are completely suppressed by the optomechanical amplifi-
cation. At this point the optomechanical resonator starts
self-sustaining oscillations and becomes an OMO charac-
terized by sudden linewidth narrowing and oscillation
amplitude growth [10,11,14]. It is clear from Figs. 3(a)
and 3(b) that each cavity has only one mechanical mode in
the frequency range of interest. Because of the slight
difference in geometry, these frequencies differ by !f ¼
fL " fR ¼ ð70:0' 0:5Þ kHz.
We show the onset of spontaneous synchronization by

switching their optical coupling on. Using the heating laser,

FIG. 3 (color). rf spectra of the OMOs and synchronization (a), (b) rf power spectra of cavity L (a) and R (b) as a function of laser
frequency when the coupling is turned off. The horizontal white lines indicate the onset of self-sustaining oscillation. Power spectral
density (PSD). (c) When the coupling is turned on, at an input power Pin ¼ ð1:8' 0:2Þ $W cavities L and R do not synchronize and
oscillate close to their natural frequencies. (d) At Pin ¼ ð11' 1Þ $W synchronization occurs after the horizontal solid white line after
a brief region of unsynchronized oscillation (between the dashed and solid white lines). (e) The system oscillate directly in a
synchronized state at input optical power Pin ¼ ð14' 1Þ $W. (f), (g), (h) Corresponding numerical simulations for the OMO system
based on the lumped harmonic oscillator model described in the text. Normalized power spectral density (NPSD).
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to two pulse widths9, and breaking this deadlock remains a major 
challenge for research on slow light based on spectral resonances.

It should be noted that in the early experiments using atomic 
absorption lines a slow-light effect was obtained by creating a 
narrow transparent window within a spectral absorption line, using 
electromagnetically induced transparency3,10 or coherent population 
oscillation4. In this case the absence of loss turns out to behave 
similarly to a gain resonance in terms of the slope of the refractive-
index spectral change, and in the centre of the transparency window 
the group velocity is thus reduced. Propagation in the transparency 
window offers the advantage of a minimal change in the signal 
amplitude, and this approach has been recently adopted in optical 
fibres by operating in the valley between two resonances, as described 
in a forthcoming section of this review.

The main obstacle for the creation of narrow spectral resonances 
(well below 100 GHz) in conventional glass optical fibres is related to 
the highly disordered nature of amorphous silica, a material that does 
not exhibit narrowband atomic transitions unless it is doped. The 
most efficient approach to create a narrowband gain or loss in optical 
fibres is to exploit an optical interaction that requires a strict phase-
matching condition to be satisfied. This way the waves interact only 
over the very limited spectral range where their amplitudes couple 
mutually and constructively. This can be realized using the nonlinear 
optical response of the material, where the energy from one optical 
wave is transferred to another optical wave. For instance, a resonant 
coupling over a narrow frequency range is observed in parametric 
interactions, where the generation of a third idler wave is required to 
satisfy the phase-matching condition. The optical wave that benefits 
from the energy transfer experiences a linear gain and a light-slowing 
effect, whereas the depleted wave will undergo a linear loss and a 
fast-light effect5.

This review describes the different approaches that have been 
demonstrated experimentally so far to generate slow and fast light 
directly in optical fibres. Owing to length limitations, this is not 
an in-depth, comprehensive review of the entire topic, but instead 
designed to offer non-specialists in the area valuable insights into the 
phenomenon. Special attention is paid to research using stimulated 
Brillouin scattering (SBS) to generate spectral resonances, as this is a 
topic that has been extremely active in recent years and has numerous 
benefits. In particular, the SBS approach is able to generate long 
delays at any wavelength, only requires a moderate pump power 
and is compatible with standard fibres and multigigabit-per-second 
data rates.

APPROACHES FOR SLOW AND FAST LIGHT IN OPTICAL FIBRES

STIMULATED BRILLOUIN SCATTERING
Among all the parametric processes observed in silica, SBS turns 
out to be the most efficient, as a result of the long lifetime of acoustic 
phonons that can efficiently grow and sustain the interaction. In its 
simplest configuration the coupling is between two optical waves, 
propagating in opposite directions in a single-mode fibre, and a 
longitudinal acoustic wave (stimulated by electrostriction), which 
plays the role of the idler wave in the interaction11. The interaction 
is efficient only if the two optical waves have a frequency difference 
that is resonant with the acoustic wave. This acoustic wave induces a 
dynamic Bragg grating in the fibre core that diffracts the light from the 
higher-frequency wave back into the wave with the lower frequency. 

As a result of the slow velocity (around 5,800 m s–1) of the acoustic 
wave compared with the speed of light in silica, the phase-matching 
criteria requires that the two lightwaves must counter-propagate, 
and phase matching is only possible under very strict conditions. 
An efficient conversion to the acoustic wave is observed only if the 
frequency difference between the optical waves is precisely set to a 
value known as the Brillouin frequency shift, νB, which is determined 

by the acoustic velocity and the wavelength of the light in the fibre. 
The long lifetime of acoustic waves in silica (about 10 ns) results in a 
very narrowband resonant coupling that translates into narrowband 
gain or loss for the interacting lightwaves. In optical fibres, the gain or 
loss spectral distribution faithfully follows a Lorentzian distribution, 
which is centred at the Brillouin frequency shift νB (10–11 GHz at 
λ = 1,550 nm) and has a 30-MHz FWHM (ref. 12).

In practice, a very efficient narrowband amplification or 
attenuation can be created in any conventional silica single-mode fibre 
by propagating an intense monochromatic optical wave called the 
pump in the fibre, as shown in Fig. 1. A signal wave propagating in the 
opposite direction will experience a gain if its frequency is downshifted 
by νB with respect to the pump (so-called Stokes band or wavelength) 
or a loss if it is upshifted by νB to lie in the anti-Stokes band. An 
important property of the Brillouin interaction is that γ, introduced 
in equation (1), depends linearly on the pump intensity11,13:

 γ = goIp, (2)

where go represents the peak Brillouin linear gain in units of m W–1 
(around 2 × 10–11 m W–1 in silica optical fibres) and Ip is the pump 
intensity in W m–2. All other parameters in the interaction, such as 
Δν, do not depend on Ip. Thus, it is clear by inserting equation (2) 
into equation (1), that ΔT naturally depends linearly on the pump 
power. This behaviour holds only if the pump experiences a negligible 
depletion during the interaction.

This linear dependence has important consequences for real 
systems — ΔT can be simply and optically controlled by varying 
the pump power. This linear response is certainly an essential asset 
for implementations in analog systems. The only practical difficulty 
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of the two-frequency pump, the delay can be continuously tuned by 
changing the frequency separation between the two spectral lines 
instead of varying the pump power, and may even enable switching 
from slow to fast light propagation31.

Modifying the actual spectral shape of the resonance is also 
interesting for the optimization of the delay effect. For instance 
an index slope steeper than observed for a natural Lorentzian 
distribution can be produced within the same bandwidth by a 
properly shaped gain spectrum. In addition, this reshaping can also 
significantly reduce the distortion experienced by the signal. Through 
this approach, interesting studies were carried out by varying the 
relative amplitude and the frequency separation between evenly 
spaced frequency components and the best slow-light response was 
obtained for a three-tone pump spectrum with identical amplitudes 
for each line34,35, as depicted in Fig. 3d.

MODULATION USING A CONTINUOUS BROADBAND SPECTRUM
Nevertheless, all these experiments, which use a moderate 
number of discrete lines in the pump spectrum, do not completely 
overcome the limitation caused by the narrowband nature of SBS. 
However, the effective Brillouin gain spectrum can be continuously 
broadened using a randomly modulated pump source36, as depicted 
in Fig. 3e. A broadened smooth SBS gain spectrum with a FWHM 
of up to 325 MHz was generated by directly modulating the current 
of the pump laser diode using a pseudo-random bit sequence at 
38 Mbit s–1. The width of the pump spectrum is basically controlled 
by the amplitude and the bit rate of the modulating signal. The bit 
rate is set high enough to ensure that the pump spectrum seen by 
the counter-propagating pulse is homogeneous when integrated 
over the entire fibre length (6.7 km or 33 µs transit time) and that 
the pump time sequence does not therefore modulate the signal. 
Pulses as short as 2.7 ns could be delayed in this effective gain 
spectrum in a process formally identical to a natural resonance, 
but with a linewidth of the gain resonance that can potentially be 
arbitrarily extended.

This extension of the bandwidth has definitely removed a 
bottleneck that was previously considered impossible to overcome 
using the SBS approach. However, it must be pointed out that 
this bandwidth extension requires that the pump power is raised 
proportionally to the amount of spectral broadening to maintain the 
same normalized delay, and proportionally to the square of the relative 
spectral broadening to keep the same absolute delay. This is because 
on one hand the peak effective SBS gain is decreased proportionally 
to the broadening as a result of the convolution, and on the other 
hand the slow-light delay is inversely proportional to the resonance 
linewidth, as shown in equation (1).

Detailed studies of the broadband SBS delays have been 
conducted where the pump spectrum was broadened using an 
electrical noise source superimposed on the injection current of the 
pump laser diode37. Pulses 75 ps in duration could be delayed, proving 
convincingly that this type of delay line is compatible with a data rate 
of up to 10 Gbit s–1. The SBS gain spectrum could be broadened up to 
the point where the Stokes and anti-Stokes bands start to overlap and 
start to mutually neutralize, as shown in Fig. 3f. This effect prevents 
any further extension of the gain linewidth and can be seen as the 
limit to the actual broadening. This corresponds to an equivalent 
gain bandwidth of 12.6 GHz, which can be considered the maximum 
bandwidth obtained by SBS and a single broadened pump. In fact this 
limit can be overcome by using multiple pumps.

The effective SBS gain spectra obtained using the pseudo-
random bit generator or the noise source provide typical bell-shaped 
distributions that turn out to be not ideal as far as the phase gradient 
through the gain resonance and the signal distortion are concerned. 
An interesting implementation was realized in ref. 38, in which the 
gain spectral distribution was shaped to maximize the phase gradient 
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Slow and fast light in optical fibres
 

The ubiquitous role of optical fibres in modern photonic systems has stimulated research to realize 

slow and fast light devices directly in this close-to-perfect transmission line. Recent progress in 

developing optically controlled delays in optical fibres, operating under normal environmental 

conditions and at telecommunication wavelengths, has paved the way towards real applications 

for slow and fast light. This review presents the state-of-the-art research in this fascinating field and 

possible outcomes in the near future.
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The development of high-quality silica optical fibres with excellent 
transmission capabilities has directly contributed to the tremendous 
expansion of the global communication network. The success is due 
to their unrivalled low-loss performance (typically 50% of light is still 
present after a 15-km transmission distance), their wide bandwidth, 
which allows terabits per second of information to be transmitted 
over more than 1,000 km, and also their extremely low production 
cost. Realizing tunable delays for optical data signals directly in fibres, 
as well as integrating such devices into existing communication 
networks, is certainly a very attractive approach for optimizing 
the flow of data traffic in future networks. The approach may also 
enhance the capabilities of optical and microwave-on-optical-carrier 
signal processing. Given the limited possibilities for engineering the 
dispersion curve of standard single-mode fibres without creating 
complex photonic-crystal structures (see pages 448 and 465 of this 
issue1,2), much research on fibre-based delays has been directed 
towards solutions based on spectral resonances to generate slow and 
fast light.

The initial pioneering demonstrations of slow and fast light in 
various media all exploited narrow spectral resonances, typically 
created by electromagnetically induced transparency3 or coherent 
population oscillation4. Narrow spectral resonances have a dramatic 
effect on optical propagation, as any sharp spectral change in the 
medium’s transmission curve results in a steep quasi-linear variation 
of the effective refractive index with wavelength in the narrow spectral 
region near the resonance. This in turn results in a strong change in 
the group velocity at the exact centre of the resonance5. The velocity 
change is strongest for narrower spectral resonances (as explained 
in detail below) and for this reason, the early experiments were all 
carried out in special media, such as ultracold atomic gases or atomic 
transitions in a crystalline solid at a well-defined wavelength.

Within the resonance, the relationship between the change in the 
optical transmission and the delay can be determined as follows. The 
refractive-index change, Δn, as a function of the optical frequency, ν, 
is calculated using the Kramers–Kronig transformation, and the index 
change associated with the group velocity, Δng, is then found using 
the relationship Δng = Δn + ν(dΔn/dν) (ref. 5). Finally, the delay, ΔT, 
added to the normal transit time in the medium is deduced from Δng. 
Most spectral resonances can be described by a Lorentzian-shaped 

distribution, and in this important case the additional delay ΔT 
experienced by a signal placed at the centre of the resonance and 
spanning over a bandwidth well contained within the resonance is 
expressed as: 

 ΔT = Δng =L
c

G
2πΔv  with G = γL, (1)

where L is the propagation distance in the medium in metres, c is 
the speed of light in a vacuum, Δν is the full-width at half-maximum  
(FWHM) of the Lorentzian distribution in hertz and γ is the peak 
value of the linear gain/loss coefficient at the resonance centre in m–1. 
It must be pointed out that γ is positive in a gain situation, and so 
is ΔT, implying the existence of signal retardation and the creation 
of slow light. In the case of absorption, γ and ΔT are negative, and 
signal advancement is observed under fast-light conditions. Here, 
G represents the total linear transmission — positive in the case of 
optical amplification and negative for absorption — and the signal 
power changes by a factor of eG after propagation through the medium 
in the absence of saturation (small-signal regime).

Consequently, ΔT and changes in amplitude are closely related 
when using a single spectral resonance, indicating that creating 
delays with a flat amplitude response requires more sophisticated 
schemes. An important feature to acknowledge here is that for a gain 
or loss generated by optical pumping the amplitude of the coefficient 
γ is a direct function of the pump power, and a fast and all-optical 
control of ΔT can be realized, in contrast with other technologies1,2,6. 
Equation (1) also shows that the delaying strength is dependent on 
the linewidth, Δν, of the resonance and G, and that the strongest slow- 
and fast-light effect can be obtained in the centre of narrow and strong 
spectral lines. However the delay will only be effective for a signal 
with a spectral range that resides within the resonance; in other words 
the signal needs to be centred in the resonance and have a bandwidth 
smaller than Δν. Moreover, the signal bandwidth is further limited 
by the non-uniform transmission of a Lorentzian-shaped resonance; 
for example, in the situation of gain the spectral components of the 
signal near the centre of the resonance are favoured and have stronger 
transmission. This effect is further enhanced for high gains, as the 
power transmission depends exponentially on G, making the spectral 
range where the gain is nearly constant shrink as the gain increases. 
In most situations this effect manifests itself as a broadening of the 
optical pulses and sets a limit on the maximum delay7,8. As a result, 
the spectral widths of the signal and resonance must be carefully 
adjusted and must be of the same order of magnitude for optimum 
performance. In practice the maximum delay only amounts to one 
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medium’s transmission curve results in a steep quasi-linear variation 
of the effective refractive index with wavelength in the narrow spectral 
region near the resonance. This in turn results in a strong change in 
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in detail below) and for this reason, the early experiments were all 
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Within the resonance, the relationship between the change in the 
optical transmission and the delay can be determined as follows. The 
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is calculated using the Kramers–Kronig transformation, and the index 
change associated with the group velocity, Δng, is then found using 
the relationship Δng = Δn + ν(dΔn/dν) (ref. 5). Finally, the delay, ΔT, 
added to the normal transit time in the medium is deduced from Δng. 
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experienced by a signal placed at the centre of the resonance and 
spanning over a bandwidth well contained within the resonance is 
expressed as: 
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where L is the propagation distance in the medium in metres, c is 
the speed of light in a vacuum, Δν is the full-width at half-maximum  
(FWHM) of the Lorentzian distribution in hertz and γ is the peak 
value of the linear gain/loss coefficient at the resonance centre in m–1. 
It must be pointed out that γ is positive in a gain situation, and so 
is ΔT, implying the existence of signal retardation and the creation 
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signal advancement is observed under fast-light conditions. Here, 
G represents the total linear transmission — positive in the case of 
optical amplification and negative for absorption — and the signal 
power changes by a factor of eG after propagation through the medium 
in the absence of saturation (small-signal regime).

Consequently, ΔT and changes in amplitude are closely related 
when using a single spectral resonance, indicating that creating 
delays with a flat amplitude response requires more sophisticated 
schemes. An important feature to acknowledge here is that for a gain 
or loss generated by optical pumping the amplitude of the coefficient 
γ is a direct function of the pump power, and a fast and all-optical 
control of ΔT can be realized, in contrast with other technologies1,2,6. 
Equation (1) also shows that the delaying strength is dependent on 
the linewidth, Δν, of the resonance and G, and that the strongest slow- 
and fast-light effect can be obtained in the centre of narrow and strong 
spectral lines. However the delay will only be effective for a signal 
with a spectral range that resides within the resonance; in other words 
the signal needs to be centred in the resonance and have a bandwidth 
smaller than Δν. Moreover, the signal bandwidth is further limited 
by the non-uniform transmission of a Lorentzian-shaped resonance; 
for example, in the situation of gain the spectral components of the 
signal near the centre of the resonance are favoured and have stronger 
transmission. This effect is further enhanced for high gains, as the 
power transmission depends exponentially on G, making the spectral 
range where the gain is nearly constant shrink as the gain increases. 
In most situations this effect manifests itself as a broadening of the 
optical pulses and sets a limit on the maximum delay7,8. As a result, 
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We demonstrate a technique for generating tunable all-optical delays in room temperature single-mode
optical fibers at telecommunication wavelengths using the stimulated Brillouin scattering process. This
technique makes use of the rapid variation of the refractive index that occurs in the vicinity of the
Brillouin gain feature. The wavelength at which the induced delay occurs is broadly tunable by controlling
the wavelength of the laser pumping the process, and the magnitude of the delay can be tuned
continuously by as much as 25 ns by adjusting the intensity of the pump field. The technique can be
applied to pulses as short as 15 ns. This scheme represents an important first step towards implementing
slow-light techniques for various applications including buffering in telecommunication systems.
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A fundamental building block of communication net-
works or signal processors is a device that can buffer or
delay the arrival of information. For operation at ultra high
speeds, it is often desirable to use all-optical devices,
where information is encoded with pulses. Thus, it is
important to realize buffers where information is delayed
via light by light interactions in a nonlinear material. Many
potential applications require pulse delays of one to several
times the pulse duration in a tunable and controllable
fashion. Specific applications include random access mem-
ory, network buffering, data synchronization, and pattern
correlation [1].

One promising new approach to achieve all-optical buf-
fering with a simple device is to control the propagation
velocity of optical pulses using the large dispersion asso-
ciated with laser induced resonances, so called slow and
fast light [2]. Large normal dispersion results in a pulse
group velocity vg that is much less than the speed of light
in vacuum c. Early slow-light research used, for example,
electromagnetically induced transparency [3–5] or coher-
ent population oscillations [6,7], where a narrow trans-
parency window is created within an absorbing resonance
by an intense coupling laser field. Slow light is also pos-
sible using the dispersion associated with a laser induced
amplifying resonance such as that arising from stimulated
Raman scattering [8,9] and stimulated Brillouin scattering
(SBS).

In this Letter, we demonstrate optically controllable
slow-light delays at telecommunication wavelengths via
stimulated Brillouin scattering in a conventional single-
mode optical fiber. The fiber is pumped by a continuous
wave laser beam (frequency !p) that counterpropagates
through the fiber with respect to the delayed pulse (carrier
frequency !). The pulse delay is largest when ! is set to
the peak of the Brillouin resonance (! ! !p "!B, where

!B is the Brillouin frequency shift), and it can be varied
quickly and in a linear fashion by adjusting the intensity Ip
of the pump laser beam. We observe pulse delays as large
as 25 ns for a 63 ns long (full width at half maximum)
Gaussian-shaped optical pulse with only modest pulse
distortion. We also observe a pulse delay of 1.3 pulse
widths for 15 ns long input pulses. Our approach offers
several advantages: the slow-light resonance can be created
at any wavelength by changing the pump wavelength; the
use of an optical fiber allows for long interaction lengths
and thus low powers for the control beam; it is compatible
with existing telecommunication technology; and the pro-
cess is run at room temperature.

The SBS process leads to strong coupling between pump
and Stokes fields via an acoustic wave, which results in
exponential amplification of the Stokes field [10,11]. For
the case in which the Stokes field is traveling in the #z
direction and the pump field is traveling in the "z direc-
tion, the slowly varying amplitude of the Stokes field
Es$z; !%) at frequency ! is given by

Es$z;!% ! Es$0; !%egIpz ; (1)

where

g ! g0
1

1# 2i$!"!p #!B%="B
(2)

is the complex SBS gain factor, "B is the Brillouin
linewidth, and g0 is the line center gain factor.
Equation (2) is valid under conditions when !B & "B,
which is the case for standard optical fiber at telecommu-
nication wavelengths.

The intensity dependent refractive index associated with
the SBS process is related to the imaginary part of the gain
factor. From the refractive index, we find that the Stokes
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The Stokes pulse enters a 500 m long laser-pumped
optical fiber which serves as the slow-light medium, where
the fiber (Corning SMF-28e) has angled ends to prevent
SBS laser oscillation. From measurements described be-
low, we find that !B=2! ! 70 MHz, which is about a
factor of 2 larger than that measured in SMF-28 fibers
[14]. The origin of the broader SBS linewidth in SMF-
28e fibers is under investigation. The output from the other
circulator counterpropagates through the slow-light fiber
and serves as the SBS pump beam, where a FPC is used to
optimize the gain. The delayed and amplified pulses
emerging from the slow-light fiber are recorded using an
InGaAs photodiode (35 ps rise time) and a digital oscillo-
scope. The value of G is obtained by measuring the con-
tinuous wave gain of Stokes light propagating through the
slow-light fiber.

Figure 3 shows our observation of SBS mediated slow
light at telecommunications wavelengths for the case of a
long ("in!B=4 " 1) and a moderately short ("in!B=4 ! 1)
input Stokes pulses. Figure 3(a) shows the temporal evo-
lution of a Gaussian-shaped pulse with "in # 63 ns in the
presence and absence of the pump beam with G # 11,
corresponding to a gain of 48 dB. We observe "Td #
25 ns, or a relative delay of "Td="p # 0:4, and a small
amount pulse broadening (B # 1:05). The observed values
compare favorably with those predicted by Eqs. (5) and
(6): "Td # 25 ns and B # 1:07.

To demonstrate all-optical controllable slow-light de-
lays, we vary the pump beam power. Figure 4 shows "Td
as a function of the gain parameter G for "in # 63 ns. It is
seen that the slow-light delay varies linearly with the pump
beam power, as expected from Eq. (5). The slope of the line
reveals that !B=2! ! 70 MHz, from which we infer the
relatively broad SBS linewidth for the SMF-28e fiber.
Although we vary the pump power slowly using a manually
adjusted attenuator, the reconfiguration time of the delay
can, in principle, be much faster and is limited by the
longer of either the transit time of the pump beam through
the fiber (2:5 #s for our conditions) or the SBS lifetime
(1=!B # 2:3 ns).

We find that it is possible to induce larger relative slow-
light pulse delya using an input pulse width that is moder-
ately short ("in > 1=!B). Figure 3(b) shows the temporal
evolution of Gaussian-shaped pulses with "in # 15 ns. We
observe that "Td # 20 ns, which is less than that obtained
for "in # 63 ns and predicted by Eq. (5). However, the
relative delay is "Td="p # 1:3, which is a factor of 3.3
times larger than that obtained for the longer pulse. The
improvement in relative pulse delay comes at the price of
increased pulse broadening; we find that B # 1:4 for the
15 ns long input pulse. Figure 4 shows the variation in "Td
as a function of G, where it is seen that the broader spectral
bandwidth of the pulse yields smaller delay for all G in
comparison to the case of the longer pulse and the slope is
slightly shallower. We observe significant pulse distortion
when "in < 10 ns.

In conclusion, we have demonstrated that SBS in a
single-mode fiber can be used to induce tunable all-optical
slow-light pulse delays with a relative delay greater than a
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FIG. 3 (color online). Observation of slow light via SBS in a
room temperature optical fiber at telecommunication wave-
lengths. Temporal evolution of the Stokes pulses (with a gain
parameter G # 11) emitted from the fiber in the absence (dotted)
and presence (solid) of the pump beam for (a) 63 ns long and
(b) 15 ns long input Stokes pulses.
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pulse length for pulses as short as 15 ns. We are not con-
strained to work near any material resonance to achieve the
delays because the greatest delays occur at the peak of the
Brillouin resonance, whose location can be controlled by
changing the pump frequency. Therefore, delays can be
induced at any wavelength, including those within the
telecommunication band. Our observations represent a
significant improvement in terms of relative delay and
bandwidth over previous demonstrations of slow light
in solids. In addition, these results strongly suggest that
analogous delays can be achieved using stimulated
Raman scattering at telecommunication data rates
(>10 Gbits=s).
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where v = 8,433 m s−1 is the longitudinal speed of sound in silicon
and w = 450 nm is the waveguide width.

To create the pillar structure we began with an SOI wire fabri-
cated by deep-ultraviolet lithography33 using the silicon photonics
platform ePIXfab (www.ePIXfab.eu). We next performed an
additional oxide etch with hydrofluoric acid. By carefully control-
ling the etching speed, a narrow pillar was left under the wire
(Fig. 1a–c). With this simple fabrication method we obtained
wires up to 4 cm in length. To retain compactness, wires longer
than 3 mm were coiled into a low-footprint spiral (Supplementary
Fig. 2). Despite the additional etch, the wires still exhibited optical
propagation losses α of only 2.6 dB cm−1.

In the experiments (Fig. 2) we investigated straight and spiral
waveguides with lengths L ranging from 1.4 mm to 4 cm. We
coupled 1,550 nm TE light into the waveguides through focusing
grating couplers34 and performed both gain (Fig. 2a,b) and cross-
phase modulation (Fig. 2c,d) experiments. The resonances
(Fig. 2a,c) observed in these experiments thus allowed characteriz-
ation of the photon–phonon coupling in two independent ways.

We first monitored the power in a Stokes seed as a function
of frequency spacing Ω/2π with a strong co-propagating
pump wave (Fig. 2a,b). We observed a Lorentzian gain profile at
Ωm/2π = 9.2 GHz, as expected in the low-cascading regime (see
Supplementary Information). Similarly, we observed an identical
depletion profile on an anti-Stokes seed (Fig. 2a). The Stokes seed
experiences amplification as long as the pump remains undepleted.
Exactly on resonance, the on/off gain is given by 2γSBSPpLeff , where
2γSBS =GSBS(Ωm) is the Brillouin gain coefficient, Pp is the input
pump power and Leff = (1 – exp(−αL))/α is the effective interaction
length. The effective length has an upper limit of 1/α = 1.7 cm in
our wires. To extract the Brillouin parameter γSBS we swept the
pump power in a 2.7-mm-long wire (Fig. 3a). Above 25 mW
on-chip power, nonlinear absorption saturates the on/off gain.
Free carriers, created by two-photon absorption (TPA), then
result in a power-dependent optical loss α(Pp). We extracted
2γSBS = 3,218 W−1m−1 below this threshold. The Lorentzian fit
yielded an acoustic linewidth of Γm/2π = 30 MHz and thus
a quality factor of Qm =Ωm/Γm = 306 and a phonon lifetime of
τ = 1/Γm = 5.3 ns in the same short wire. The largest on/off gain of
0.6 dB below the TPA threshold falls narrowly short of the linear
loss αL = 0.7 dB (Fig. 3a). The wire is therefore close to net optical
amplification, which is necessary for lasing. The on/off gain

reached 175% in the 4-cm-long wires (Fig. 2a), an improvement
of a factor of 19 on previous results in silicon32.

Similarly, we observed backward SBS (see Supplementary
Information) for counter-propagating pump and Stokes waves,
which generate elastic waves with a large wavevector K ≈ 2k0
(where k0 is the pump wavevector). However, we achieved the
giant light–sound overlap only for forward SBS, for co-propagating
pump and Stokes waves that generate low-group-velocity acoustic
phonons with small wavevector K ≈Ω/vg (where vg is the optical
group velocity). Therefore, we focus on forward SBS here.

We next measured the strength of the cross-phase modulation
(XPM) imprinted on a weak probe by a strong intensity-modulated
pump (Fig. 2c,d). The experiment yielded a distinct asymmetric
Fano signature at Ωm/2π = 9.2 GHz caused by interference
between the resonant Brillouin and the non-resonant Kerr response
(see Supplementary Information). The lineshape follows
|(γXPM(Ω))/(2γK)|

2, where γK is the Kerr parameter, and

γXPM(Ω) = 2γK + γSBSL(Ω)

L(Ω) = 1
−2Δr + i

Δr =
Ω − Ωm

Γm

We deduced the ratio γSBS/γK to be 2.5 and Qm = 249 from the
fit. The Kerr parameter γK of similar silicon wires has
been studied extensively, with values reported at γK = 566 W−1m−1

for our cross-section35. Because of the pillar etch, the light is
more confined to the high-index silicon core. In simulations we
found that this yields a slight increase in the Kerr effect (by 8%)
to γK = 611 W−1m−1. Thus, we have 2γSBS = 3,055 W−1m−1, within
5% of the value obtained from the gain experiments. This nonlinear-
ity is roughly a factor of 103 stronger than in photonic crystal and
highly nonlinear fibres15,36,37.

Furthermore, the resonance frequency, quality factor and inter-
action strength are in good agreement with the models. To study
the frequency we performed the XPM experiment for waveguide
widths from 350 nm to 500 nm (Fig. 3b). Both a simple Fabry–
Pérot (Ωm/2π = v/2w) and a sophisticated finite-element model
match the observed resonances. The finite-element model takes
into account the exact geometry of the wires (obtained from scan-
ning electron microscopy; Fig. 1c). This includes the waveguide
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Interaction between light and highly confined
hypersound in a silicon photonic nanowire
Raphaël Van Laer1,2*, Bart Kuyken1,2, Dries Van Thourhout1,2 and Roel Baets1,2

In the past decade there has been a surge in research at the boundary between photonics and phononics. Most efforts
have centred on coupling light to motion in a high-quality optical cavity, typically geared towards manipulating the
quantum state of a mechanical oscillator. It was recently predicted that the strength of the light–sound interaction would
increase drastically in nanoscale silicon photonic wires. Here we demonstrate, for the first time, such a giant overlap
between near-infrared light and gigahertz sound co-localized in a small-core silicon wire. The wire is supported by a tiny
pillar to block the path for external phonon leakage, trapping 10 GHz phonons in an area of less than 0.1 μm2. Because our
geometry can also be studied in microcavities, it paves the way for complete fusion between the fields of cavity
optomechanics and Brillouin scattering. The results bode well for the realization of optically driven lasers/sasers, isolators
and comb generators on a densely integrated silicon chip.

The diffraction of light by sound was first studied by
Léon Brillouin in the early 1920s, and such inelastic scattering
has long therefore been called ‘Brillouin scattering’1. The effect

is known as stimulated Brillouin scattering (SBS) when the sound is
generated by a strong intensity-modulated light field. This sets the
stage for a feedback loop in which (1) the beat note between two
optical waves (called the ‘pump’ and the ‘Stokes seed’) generates
sound, and (2) this sound writes a travelling index grating that scat-
ters light. On the quantum level, the process annihilates pump
photons while creating acoustic phonons and Doppler redshifted
Stokes photons.

In a seminal experimental study2, Brillouin scattering was viewed
as a source of intense coherent sound. Later, the effect became better
known as a noise source in quantum optics3 and for applications
such as phononic band mapping4,5, slow and stored light6,7,
spectrally pure lasing8–10 and microwave signal processing11,12.

Traditionally1–4,6–19, the photon–phonon interaction was
mediated by material nonlinearity. Electrostriction drove phonon
creation, and phonon-induced permittivity changes scattered
photons. This conventional image of SBS as a bulk effect, without
reference to geometry, breaks down in nanoscale waveguides. In
such waveguides, boundary effects can no longer be neglected20.
Thus, both electrostrictive forces and radiation pressure create
acoustic waves. The former generate density variations and the
latter transfers momentum to the waveguide boundaries.
Equivalently, the new theory20 takes into account not only bulk per-
mittivity changes but also the shifting material boundaries. The
impressive progress in engineering radiation pressure in micro-
and nanoscale systems21–28 recently inspired the prediction of enor-
mously enhanced SBS20,29–31 in silicon nanowires. The strong optical
confinement offered by these wires boosts both bulk and boundary
forces. However, destructive interference between the two contri-
butions may still completely cancel the photon–phonon coupling.
The giant light–sound overlap arises particularly when both types
of optical force align with the acoustic field20,30.

Unfortunately, typical silicon-on-insulator (SOI) wires provide
only weak acoustic confinement because there is little elastic mis-
match between the silicon core and the silicon dioxide substrate.

The large SBS strength was thus thought to be accessible only in
silicon waveguides that are fully suspended in air20,29–32. This
requirement severely compromises the ability to make centimetre-
scale interaction lengths, which are essential to reduce the required
pump power. Hence, Brillouin scattering has remained elusive in
silicon photonic nanowires.

Results
Here, we take the middle ground between these conflicting
demands. By partially releasing a silicon wire from its substrate
we drastically improve acoustic confinement (Fig. 1a–c). There is
still some leakage through the pillar, but it is sufficiently limited
to tap the large overlap between the optical forces and the hyperso-
nic mode (Fig. 1d). Moreover, in this way it is straightforward to
increase the interaction length. Building on this compromise, we
demonstrate an order-of-magnitude performance leap in the
light–sound coupling strength.

The observed mechanical mode strongly interacts with the
fundamental quasi-transverse electric (TE) optical mode (Fig. 1e).
The main contribution to the coupling stems from the good
overlap between the horizontal optical forces and the horizontal
displacement profile. In particular, the bulk electrostrictive forces
fes and the boundary radiation pressure frp both point in the same
direction as the acoustic field u (Fig. 1d), so they interfere construc-
tively, leading to a total overlap 〈f , u〉 = 〈f es, u〉 + 〈f rp, u〉 that is up
to twice as large as each individual component. Because the SBS
gain GSBS(Ωm) at the phonon resonance frequency Ωm scales as
|〈f , u〉|2, the total scattering from pump to Stokes photons may be
up to four times as efficient as by electrostriction or radiation
pressure individually.

Such force interference20,30 was previously studied in hybrid
silicon nitride/silicon waveguides32. In that case, the light was con-
fined to the silicon core but the sound to the silicon nitride mem-
brane. In the present work, both light and sound are compressed
to the same silicon core. The elastic mode (Fig. 1d) can be under-
stood as the fundamental mode of a Fabry–Pérot cavity for hyper-
sonic waves (Fig. 1b) formed by the silicon/air boundaries. Its
frequency can therefore be estimated as Ωm/2π = v/2w = 9.4 GHz,

1Photonics Research Group, Ghent University–imec, Sint-Pietersnieuwstraat 41, Gent 9000, Belgium. 2Center for Nano- and Biophotonics, Ghent University,
Sint-Pietersnieuwstraat 41, Gent 9000, Belgium. *e-mail: raphael.vanlaer@intec.ugent.be
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boundary of the simulation domain (see Methods). As predicted
by such a model, the observed quality factors diminish rapidly
with increasing pillar size. The pillar should be seen as a moving
acoustic membrane38, not as a fixed point. It therefore affects
neither the acoustic field profile nor its associated stiffness keff to
any great extent. We regard a short phonon lifetime as the
prime reason why SBS has not been observed so far in typical
SOI nanowires.

Finally, we show that the photon–phonon coupling is a con-
structive combination of bulk (electrostriction) and boundary
(radiation pressure) effects (Fig. 4c). The resonant Brillouin gain
coefficient is given by GSBS(Ωm) = 2γSBS = ω0Qm|〈f , u〉|2 /(2keff )
(see Supplementary Information), so the non-resonant part
2γSBS/Qm is a direct measure of the photon–phonon overlap20,30.
In our finite-element simulations of 〈f , u〉 and keff , we take into
account the mechanical anisotropy of silicon but not the pillar.
We also approximate the cross-section as rectangular, neglecting
the small sidewall angle. Even so, the simulations match the
experimentally determined coupling strength. Neither electro-
striction nor radiation pressure separately explain the experimental
values of 2γSBS/Qm ≈ 12 W−1m−1. These values are a factor of
10 larger than in on-chip chalcogenide19 and silicon nitride/silicon
waveguides32, showing the benefit of compressing light and sound to
the same nanoscale core.

Discussion
Our observations provide robust evidence for incredibly strong
photon–phonon coupling in silicon nanowires. The simulations of
the interaction strength match the experiments, indicating that the
new nanoscale SBS theory20 is on the right track. Moreover,
simple finite-element models accurately capture both the phononic
resonance frequency and lifetime.

Building on the good light–sound overlap, some typical SBS
applications are now squarely in reach. For lasing, the gain must
exceed the loss over an optical cavity roundtrip. Currently, we
achieve 0.6 dB on/off gain in a wire with 0.7 dB propagation loss
(Fig. 3a). We note that lasing—as opposed to sasing—also requires
a resonator that is less optically than acoustically damped10,39–41.
Another example is the microwave filter12, as such filters can be
driven by even sub-1 dB gain42.

For other devices, such as isolators16,43 and slow light7, the per-
formance in terms of optical losses and SBS strength must be
improved more substantially. Optical losses below 1 dB cm−1 have
already been demonstrated in comparable silicon wires, by
moving from a 200 mm to a 300 mm wafer CMOS pilot line with
more advanced lithography tools44. Significant net gain should be

accessible in such low-loss wires, in which effective interaction
lengths up to Leff = 5 cm may be obtained.

Furthermore, free-carrier absorption saturates the SBS gain above
a pump power of 25 mW (Fig. 3a). This means that the SBS gain has
to be improved by other means, and either the phonon lifetime τ or
the photon–phonon overlap 〈f , u〉 should be enhanced. Currently
limited by the phonon leakage, the lifetime could be increased—at
the cost of smaller bandwidth—by exciting asymmetric elastic
modes45. It has been predicted that such modes can be generated
efficiently by cross-coupling between the quasi-TE and quasi-
transverse magnetic (TM) optical modes30. Alternatively, the
overlap 〈f , u〉 may be increased by trapping light in a narrow
horizontal air slot between two specially designed silicon wires31.
Such ideas may further boost the Brillouin nonlinearity to a level
sufficient for milliwatt-threshold lasing39,40, frequency comb gener-
ation15,46 and fully non-resonant optomechanics47.

In fact, each application comes with a specific figure of merit. For
comb generation with a dual pump15, the forward SBS gain is critical.
It is then equivalent to increase the lifetime τ or the overlap 〈f , u〉. In
other cases, such as for slow light7, the bandwidth is equally important.
Furthermore, it is often desirable to have the acoustic resonance in the
gigahertz range12, which implicitly sets the stiffness keff given a certain
mass. Even so, a large light–sound overlap 〈f , u〉—clearly manifested
in this work—is greatly beneficial in all cases.

In conclusion, we have demonstrated efficient interaction
between near-infrared light and gigahertz sound trapped in a
small-core silicon photonic wire. The structure exhibits an extra-
ordinary light–sound overlap, at the same time allowing for a centi-
metre-scale Brillouin-active interaction length. The combination of
both opens the door to practical Brillouin devices integrated on a
CMOS-compatible silicon chip.

Methods
Device fabrication and characterization. The SOI wires were fabricated by 193 nm
deep-ultraviolet lithography on a 200 mm wafer CMOS pilot line at imec. The
wires were underetched with 2% diluted hydrofluoric acid at an etching rate of
10 nm min−1. Platina (Pt) was deposited on the wire and the cross-section (Fig. 1c)
was milled by a focused ion beam. Platina deposition ensured a straight cross-section
and prevented charging effects when the cross-section was viewed by a scanning
electron beam. The straight wires had lengths of 1.4 and 2.7 mm, and the spirals
were 1, 2 and 4 cm long (Supplementary Fig. 2). The 1, 2 and 4 cm spirals
had footprints of 275 µm × 100 µm, 775 µm × 90 µm and 1,570 µm × 90 µm,
respectively. Adjacent wires were spaced by 1.55 µm inside the spiral. We found a
propagation loss α of 2.6 dB cm−1 and a coupling loss of 6 dB per grating coupler
by the cut-back method.

Experimental set-up. The following abbreviations are used (Fig. 2): erbium-doped
fibre amplifier, EDFA; band-pass filter, BPF; fibre polarization controller, FPC;
intensity modulator, IM; electrical spectrum analyser, ESA; light trap, LT; fibre Bragg
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height, pillar size, sidewall angle and the 〈110〉 crystal orientation of
our wires (see Methods). We found that the waveguide width alone
pins down the resonance frequency, with other geometrical par-
ameters inducing only minor shifts. For a 450-nm-wide waveguide,
the frequency sensitivity to width changes is 19.2 MHz nm−1

(Fig. 3b). In contrast, the calculated sensitivity to height changes
is only 2.3 MHz nm−1. This supports the intuitive Fabry–Pérot
view, in which the height does not appear at all.

The large sensitivity to waveguide width implies that a 2 nm
width fluctuation shifts the resonance by more than a linewidth.
Accordingly, inhomogeneous broadening may affect both the line-
shape and linewidth, similar to Doppler broadening in gain
media. Surprisingly, we achieve acoustic quality factors above 250,
even in the 4-cm-long wires (Fig. 4a). This suggests that there is,
if at all, only limited length-dependent line broadening (see
Supplementary Information). This large sensitivity can be exploited
to tailor the resonance frequency.

By sweeping the pillar size in a short 450-nm-wide waveguide we
established leakage through the pillar as the dominant phononic loss
mechanism (Fig. 4b). The pillar acts as a channel for elastic waves
that propagate down into the substrate. We rigorously modelled
this mechanism by adding an artificial absorbing layer at the
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The generation of low-phase-noise radio, microwave and
optical signals relies upon resonant devices that feature large
storage times or equivalently high-Q factors1,2. Maintaining

large storage time, in compact or integrated circuits, becomes
increasingly challenging with decreasing size and increasing
frequency3,4. These two scaling laws of performance create
challenges for compact or integrated microwave and millimeter-
wave sources, wherein performance (in terms of phase noise at a
given offset frequency) steadily degrades with increasing oscillation
frequency4. As a result, state-of-the-art microwave oscillators are
larger, discrete devices based on dielectric resonators5. The
introduction of optical fibre for long-distance communication
had a positive impact on the frequency scaling side of this problem.
First, the distribution of microwaves over optical fibre has led to
remarkable progress on transfer of low-phase-noise microwaves
onto optical carrier waves3,6. Second, fibre delay lines provided a
way to create long storage time with no frequency-dependent
attenuation in hybrid optoelectronic oscillators7. These high-
performance optoelectronic oscillators represented a paradigm
shift in the generation of microwaves and were followed by optical
resonator-based versions that employed an optical microcavity to
achieve the requisite oscillator storage time8,9. Generally, the ability
to achieve long storage times in compact, high-Q resonators has
experienced a major leap forward during this same period10–15.

On another front, both fibre and optical resonators have also
been applied to create microwaves by heterodyne of coherent
laser lines16,17. In this case, co-oscillation occurs within the same
cavity so that a high level of common-mode noise suppression
leads to good performance microwave generation16,18. Sideband
injection locking in a master-slave laser configuration has also
been applied to enable broadband multiplication of a supplied
electronic microwave signal19. A remarkable, recent advance has
been the introduction of optical dividers in the form of frequency
combs to create record low close-to-carrier phase-noise
microwave signal sources20. Frequency combs have previously
been applied to stabilize optical carrier frequencies for
distribution of microwaves over optical fibre21–23, however, in
this new approach an optical signal serves as the root for the
ultra-high-stability microwave signal itself. Although the
technique is complex, emerging technologies like frequency
microcombs24,25 and compact reference cavities26–29 could one
day lead to chip-based photonic microwave sources that exceed
the performance of the best electronic sources. In a related
development, microcavity-based microcombs and parametric
oscillators are providing a new way to synthesize microwaves
directly30–35. Although the performance is well off from the
optical divider approach, the method is less complex.

In this work, we report the application of cascaded Brillouin
oscillation to microwave frequency synthesis at a level comparable
to mid-range commercial, all-electrical synthesizers. Although
fibre-based Brillouin lasers have been studied for microwave
generation36–40, the present device is the first chip-based Brillouin
microwave source. Moreover, the device has a record low-white-
phase-noise floor (! 160 dBc Hz! 1) for any microcavity-based
microwave source (even including non-Brillouin-based methods).
It can also generate coherent microwave power in excess of 1 mW
without any optical or radio frequency (RF) amplification, a
significant simplification as it eliminates the need for microwave
amplification stages after the photodetector. Moreover, being chip-
based devices, the current sources offer integration opportunities
for control and additional functions.

Results
Microwave generation using chip-based Brillouin lasers. An
ultra-high-Q planar silica-on-silicon disk resonator15 is used for

cascaded Brillouin oscillation and microwave generation.
Microcavity-based Brillouin lasers have only recently been
demonstrated41–43. The present devices are silicon-chip based
and they feature very high coherence and high quantum
efficiency15,44. Both high-power and low-phase-noise microwave
generation from the disk resonator are achieved by cascaded
stimulated Brillouin lasing and subsequent photomixing of pairs
of Brillouin laser as illustrated in Fig. 1a. A narrow-linewidth fibre
laser (effective linewidth 1 kHz) is used as the pump laser and is
coupled to the disk resonator (see photomicrograph in Fig. 1b)
through a taper fibre technique45. The size of the disk resonator
(B6 mm) is carefully designed such that the free spectral range of
the cavity matches the Brillouin gain shift15,44. Once the coupled
pump power reaches the stimulated Brillouin threshold, the first-
order Stokes wave is excited in the backward direction and is
routed through a fibre circulator to an optical spectral analyser,
a monitor photodetector (bandwidth 125 MHz) and a fast
photodetector (bandwidth 50 GHz). Further increase of the
pump power leads to cascaded Brillouin lasing, for example,
9th-order Stokes has been demonstrated in our previous work44.
These cascaded lines feature Schawlow–Townes noise
o0.1 Hz2 Hz! 1 (refs 15,44) and low technical frequency noise.
As a result, they are suitable for high-stability microwave
synthesis by photomixing. Fine control of this frequency is
possible by adjustment of the pump frequency using acousto-
optic modulation. The detected Brillouin laser can therefore
function as the voltage-controlled oscillator (VCO) in a
microwave synthesizer as illustrated in Fig. 1c.

Φ
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filter
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frequency
reference oscillation

RF out

µDisk

PDVtune

AOMLaser

µDisk
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3rd 2nd

Pump1st

1/N

Figure 1 | Explanation of microwave synthesizer using chip-based
Brillouin laser. (a) A Brillouin microwave oscillator showing pump (blue)
and second Stokes (orange) waves, and the first (green) and third
(red) Stokes waves incident on the detector for microwave generation.
(b) Photograph of an B6 mm ultra-high-Q planar silica disk resonator on a
silicon chip. Scale bar, 1 mm. (c) Block diagram for a closed-loop Brillouin
microwave oscillator. The open-loop Brillouin microwave oscillator (shown
in the upper dashed box) functions as a voltage-controlled photonic
oscillator. All hardware in the upper dashed box replaces an electrical
VCO in a conventional electrical synthesizer. Components in the upper
box include a pump laser, acousto-optic modulator (AOM), circulator,
high-speed detector and ultra-high-Q disk resonator. PD, photodetector.
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stabilization using a low-frequency reference oscillator but also
converts the SBS microwave signal into nearly any microwave
signal frequency o21.8 GHz. As a result, this device constitutes a
microwave synthesizer with performance comparable to good
commercial electrical synthesizers. The essential elements of the

SBS microwave synthesizer are shown in the experimental
schematic of Fig. 3a. The synthesizer is analysed by a phase-
noise analyser and an Allan deviation tester (ADEV), and a mutual
time base is shared between the frequency reference, phase-noise
analyser and the ADEV.
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Figure 3 | Performance of the synthesizer for both open and closed-loop operation. (a) Experimental schematic for the closed-loop Brillouin
microwave oscillator. AOM, acouto-optic modulator; f/N, frequency divider; PD, photodetector; OSA, optical spectrum analyzer. A mutual time base is
shared between the phase-noise analyser (PNA), low-frequency reference oscillator and the ADEV. (b) Open-loop (red curve) and closed-loop (blue curve)
single-sideband phase noise of the Brillouin oscillator at 21.7 GHz. The green dashed line is the phase noise of the reference oscillator scaled up to 21.7 GHz.
(c) Optical spectrum of the 1st-Stokes and 3rd-Stokes laser emission lines. The pump wave is also visible, but is weak on account of propagation opposite to
the direction of the 1st and 3rd Stokes lines. Also visible is the 5th Stokes line in the spectrum as well as the first anti-Stokes wave. (d) RF spectrum of an
open-loop Brillouin oscillator at 21.7 GHz. The span is 200 kHz and the resolution bandwidth (RBW) is 100 Hz. (e) RF spectrum of a closed-loop Brillouin
oscillator at 21.7 GHz. The span is reduced to 200 Hz and the RBW is 1 Hz. (f) Allan deviation (ADEV) of the Brillouin microwave oscillator. Circle markers
represent the open-loop operation, square markers represent the residual Allan deviation for the close-loop operation and the diamond markers give the
counter limit.
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Brillouin oscillator
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Low-phase-noise microwave oscillators are important to a wide range of subjects, including

communications, radar and metrology. Photonic-based microwave-wave sources now provide

record, close-to-carrier phase-noise performance, and compact sources using microcavities

are available commercially. Photonics-based solutions address a challenging scaling problem

in electronics, increasing attenuation with frequency. A second scaling challenge, however, is

to maintain low phase noise in reduced form factor and even integrated systems. On this

second front, there has been remarkable progress in the area of microcavity devices with

large storage time (high optical quality factor). Here we report generation of highly coherent

microwaves using a chip-based device that derives stability from high optical quality factor.

The device has a record low electronic white-phase-noise floor for a microcavity-based

oscillator and is used as the optical, voltage-controlled oscillator in the first demonstration of

a photonic-based, microwave frequency synthesizer. The synthesizer performance is com-

parable to mid-range commercial devices.
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Generation of Frequency Combs

of the corresponding comb component. Note that the laser
system exhibits sidebands at !210 kHz relative frequency,
which are, however, suppressed by more than 53 dB relative
to the main laser line and cannot seed any optomechanical
sidebands due to the frequency mismatch. The spectrum at
4.8 mW exhibits, on either side of the pump peak (at zero
relative frequency and ∼70 dB above the background noise),
small S and AS peaks (∼10 dB above the noise level) at
!6.022 MHz, corresponding to the fundamental flexural res-
onance of the structure. As the input power is increased to
5.3 mW, six sidebands spaced by 6.022 MHz can already
be distinguished. At 7.8 mW, the number of sidebands
increases to ten. When the launched power is raised above
∼8 mW, a fine structure of the comb lines with a frequency
spacing of 39 kHz appears, and at 10.2 mW, four to six sec-
ondary comb lines can be observed around each of the main
peaks. When the air pressure inside the fiber is increased to a
few mbar, viscous damping of the flexural vibrations causes the
threshold power for the onset of comb generation to rise con-
siderably, until above ∼100 mbar it is no longer possible to
generate a frequency comb at the power levels available in
the experiment.

To further characterize the system, we measured the SRLS
gain spectrum using the copolarized dual-frequency (pump+S)
excitation technique [8]. This involved inserting an electro-
optic modulator driven by a function generator before the
EDFA, its DC bias adjusted so that two equal amplitude side-
bands are synthesized and the carrier wave strongly suppressed.

Fig. 2. RF spectra of the transmitted optical signal measured at different CW input powers. The frequency was scanned over 500 kHz around each of
the comb sidebands at multiples of!6.022 MHz. (a) Initial amplification of first-order S and AS components at 4.8 mW input power. (b) At 5.3 mW,
three sidebands appear on each side of the pump peak. (c) S and AS components up to fifth order are detected at 7.8 mW input power. (d) At 10.2 mW, a
fine structure of lines with a spacing of 39 kHz appears around each of the main comb components. The tick spacing on the frequency axis of each pane is
39 kHz.

Fig. 3. Energy transfer from pump to Stokes as a function of the fre-
quency spacing of the dual-frequency light (50% pump and 50% Stokes)
at 2 mW launched total power.
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together, increasing the effective index of the mode. If the odd
mode is instead excited, the webs are pushed apart, but the
modal index still rises [11].

In a previous study, the frequency response of this nonlin-
earity was measured at different gas pressures [12]. When
driven by a laser beam intensity-modulated at the frequency
of the fundamental flexural resonance of the nanowebs, effec-
tive optomechanical nonlinearities !m−1 W−1" some 60,000
times higher than the Kerr-related nonlinearity were measured.

Something more intriguing is observed, however, when the
gas pressure is reduced to the μbar range (thus eliminating vis-
cous damping and squeezed-film effects) and the structure is
pumped with CW light. Above a sharp threshold of a few milli-
watts, the output signal begins to oscillate in intensity and side-
bands appear in the optical frequency spectrum [13].
Unlike in previous experiments with CW light where optical
cavities with high Q factors (for example, in highly nonlinear
fibers [14] or whispering gallery mode resonators [15]) were
used to generate frequency combs via the electronic Kerr effect,
the underlying mechanism in our case is SRLS. As we will
show, this effect is initiated by scattering of light at thermally
excited phonons. This gives rise to weak uncorrelated
Stokes (S) and anti-Stokes (AS) signals. For certain combina-
tions of the randomly fluctuating phases of these signals, the
beat note with the pump light drives the acoustic resonance
more strongly, further enhancing scattering into the sidebands.
An optical frequency comb spaced by the acoustic resonant
frequency (∼6 MHz) is created. Symmetry between S and
AS scattering causes suppression of pump-to-Stokes Raman
gain in gases in the special case when both S and AS are
phase-matched to the same coherence wave [16]. In our case,
however, because of the much stronger thermal vibrations at
6 MHz (kT-driven molecular excitations are vanishingly weak
at the multiterahertz frequencies typical of gases) enhanced by
the high mechanical Q factor, a substantial population of
stochastic thermal phonons is available to stimulate Stokes
photon creation, or to cause frequency up-shifting to the
anti-Stokes. As a result, no gain suppression is seen.

Here, we report in detail on this new phenomenon,
which can be viewed as the first example of noise-seeded,

optomechanical SRLS; the dual-nanoweb structure behaves
like a sort of “artificial Raman-active molecule.”

2. STRUCTURE, SETUP, AND EXPERIMENTAL
RESULTS

The ∼22 μm wide waveguide region of the dual-nanoweb
fiber consists of two optically coupled nanowebs with slightly
convex thickness profiles. The thicknesses of the upper and
lower nanowebs are ∼460 nm and ∼480 nm at the center,
and the gap between them is ∼550 nm wide [Fig. 1(a)]. In
the experiment, a 12 cm long sample was used, mounted in
a gas cell with windows at each end and evacuated to a pressure
of ∼1 μbar. This strongly enhanced the Q factor of the acous-
tic vibrations and the strength of the resonant optomechanical
nonlinearity [12]. As explained above, the system began oscil-
lating when a few milliwatts of CW laser light at 1550 nm was
launched into the fiber [13]. The resulting RF spectrum was
measured with high resolution using the heterodyne setup
depicted in Fig. 1(b).

The laser system comprised a narrow-linewidth single-mode
fiber laser (3 dB linewidth ∼3 kHz) and an erbium-doped fi-
ber amplifier (EDFA). Using a combination of λ∕2 plate and
polarizer before and after the polarizing beam splitter, the
power and polarization state in both the sample and the local
oscillator (LO) paths could be controlled. TE-polarized light
was launched into the sample and the transmitted signal, con-
taining the pump and the optomechanically created sidebands,
was coupled into a single mode fiber and mixed with the LO
signal at a fiber coupler. In the LO path, an acousto-optical
modulator was used to upshift the optical carrier frequency
by 200 MHz. The beat note between the signals transmitted
through the sample and LO path was then detected using a fast
photodiode and visualized using a radio-frequency spectrum
analyzer. The RF power PRF

n of the beat note between the
nth comb component with power Pn and the LO with power
PLO is proportional to the product of both optical powers, i.e.,
PRF
n ∝ PnPLO [17].
In Fig. 2, a series of four RF spectra are shown, measured at

different launched pump powers PIN and constant PLO, the
RF power therefore being proportional to the optical power

Fig. 1. (a) Scanning electron micrograph of the fiber core region: the width w of the dual-nanoweb waveguide is ∼22 μm, the upper and lower web
thicknesses in the center are hu ∼ 460 nm and hl ∼ 480 nm, and the gap thickness is hg ∼ 550 nm. The sample length L is 12 cm. (b) Schematic of the
heterodyne detection setup with an evacuated dual-nanoweb fiber sample. FL, fiber laser; EDFA, erbium-doped fiber amplifier; L, lens; P, polarizer; PBS,
polarizing beam splitter; AOM, acousto-optical modulator; SMF, single mode fiber; PC, polarization controller; FC, fiber coupler; PD, photodiode;
RF-SA, radio-frequency spectrum analyzer; PM, power meter.
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Recent experiments in the field of strong optomechanical interactions have focused on either structures that
are simultaneously optically and mechanically resonant, or photonic crystal fibers pumped by a laser in-
tensity modulated at a mechanical resonant frequency of the glass core. Here, we report continuous-wave
(CW) pumped self-oscillations of a fiber nanostructure that is only mechanically resonant. Since the mecha-
nism has close similarities to stimulated Raman scattering by molecules, it has been named stimulated
Raman-like scattering. The structure consists of two submicrometer thick glass membranes (nanowebs),
spaced by a few hundred nanometers and supported inside a 12-cm-long capillary fiber. It is driven into
oscillation by a CW pump laser at powers as low as a few milliwatts. As the pump power is increased above
threshold, a comb of Stokes and anti-Stokes lines is generated, spaced by the oscillator frequency of
∼6 MHz. An unprecedentedly high Raman-like gain of ∼4 × 106 m−1 W−1 is inferred after analysis of
the experimental data. Resonant frequencies as high as a few hundred megahertz are possible through
the use of thicker and less-wide webs, suggesting that the structure can find application in passive
mode-locking of fiber lasers, optical frequency metrology, and spectroscopy. © 2014 Optical Society of America

OCIS codes: (200.4880) Optomechanics; (190.5890) Scattering, stimulated; (060.4005) Microstructured fibers; (190.4370) Nonlinear
optics, fibers.

http://dx.doi.org/10.1364/OPTICA.1.000158

1. INTRODUCTION

In recent years, a major thrust in optomechanics has been the
observation of light–matter interactions at the single quantum
level [1,2]. Remarkable microstructures have been developed
in which both light and acoustic vibrations are tightly confined
within a small volume for relatively long periods of time, and
thus forced to interact strongly. An extensive review of the
recent progress in this field can be found in [3].

Another goal of optomechanics has been the design of
micro/nanostructures that display very high optomechanical
nonlinearities, through either electrostrictive changes in refrac-
tive index [4,5] or radiation-pressure-driven changes in mor-
phology [6,7]. For example, in small-core silica–air photonic
crystal fibers, it has been shown that acoustic core resonances at

few-gigahertz frequencies can be excited electrostrictively by
pumping with dual-frequency laser light [8]. These core res-
onances then act back on the light, resulting in the generation
of an optical frequency comb. This process, which was named
stimulated Raman-like scattering (SRLS), has been used to pas-
sively mode lock a fiber ring laser at gigahertz frequencies [9].

Another example is the dual-nanoweb fiber (the subject of
this work), a structure that displays a giant optomechanical
nonlinearity as a result of the high mechanical compliance
of two very thin, wide, and closely spaced glass “nanowebs”
mounted inside a fiber capillary [see Fig. 1(a)] [10]. When
light of only a few milliwatts is launched into the nanowebs
so that the phase across them is constant (i.e., the even mode
is excited), optical gradient forces cause the webs to be pulled

2334-2536/14/030158-07$15/0$15.00 © 2014 Optical Society of America
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Laser cooling of a nanomechanical oscillator

In the resolved-sideband limit, where vm/k . 1, driving the system
with a laser (frequency, vl) tuned to the red side of the optical cavity
(detuning, D ; vo 2 vl 5 vm), creates an optically induced damp-
ing, cOM, of the mechanical resonance25. In the weak-coupling
regime (cOM=k), the optical back-action damping is given by
cOM 5 4g2nc/k, where nc is the average number of drive-laser photons
stored in the cavity and g is the optomechanical coupling rate between
the mechanical and optical modes. This coupling rate, g, is quantified
as the shift in the optical resonance for an amplitude of motion equal to

the zero-point fluctuation amplitude (xzpf~(B=2mvm)1=2, where m is
the motional mass of the localized acoustic mode and B is Planck’s
constant divided by 2p). The optomechanical damping, which is a
result of the preferential scattering of drive photons into the upper-
frequency sideband, also cools the mechanical mode. For a quantum-
limited drive laser, the phonon occupancy of the mechanical oscillator
can be reduced from nb~kBTb=Bvm?1 to !n~nb= 1zCð Þznmin,
where kB is Boltzmann’s constant and C ; cOM/ci is the cooperativity.
The residual scattering of drive photons into the lower-frequency
sideband limits the cooled phonon occupancy to nmin 5 (k/4vm)2,
which is determined by the level of sideband resolution25.

The drive laser, in addition to providing mechanical damping and
cooling, can be used to measure the mechanical and optical properties
of the system through a series of calibrated measurements. In a first set
of measurements, we use the noise power spectral density (PSD) of
the drive laser transmitted through the optomechanical cavity to
perform spectroscopy of the mechanical mode. As shown in Sup-
plementary Information, the noise PSD of the photocurrent generated
by the transmitted field of the drive laser with red-sideband detun-
ing (D 5 vm) yields a Lorentzian component of the single-sided
PSD proportional to Sb vð Þ~!nc

!
v{vmð Þ2z c=2ð Þ2

" #
, where

c 5 ci 1 cOM 5 ci(1 1 C) is the total mechanical damping rate. For a
blue laser detuning of D 5 2vm, the optically induced damping is
negative (cOM 5 24g2nc/k) and the photocurrent noise PSD is pro-
portional to Sb{ vð Þ~ !nz1ð Þc

!
v{vmð Þ2z c=2ð Þ2

" #
. Typical mea-

sured noise power spectra under low-power laser drive (nc 5 1.4,
C 5 0.27), for both red detuning and blue detuning, are shown in
Fig. 3a. Even at these small drive powers, the effects of back-action
on the measured spectra are evident, with the red-detuned drive
broadening the mechanical line and the blue-detuned drive narrowing
the line. The noise floor in Fig. 3a (shaded in grey) corresponds to the
noise generated by the EDFA used to pre-amplify the transmitted
drive-laser signal before photodetection, and is several orders of mag-
nitude greater than the electronic noise of the photoreceiver and the
real-time spectrum analyser.

Calibration of the EDFA gain, along with the photoreceiver and
real-time spectrum analyser photodetection gain, makes it possible
to convert the measured area under the photocurrent noise PSD into
a mechanical mode phonon occupancy. As described in detail in
Supplementary Information, we perform these calibrations, along with
measurements of low-drive-power (C= 1), radio-frequency spectra of
both detunings (D 5 6vm), to provide accurate, local thermometry of
the optomechanical cavity. An example of this form of calibrated mode
thermometry is shown in Fig. 3b, where we plot the optically measured
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Figure 2 | Experimental set-up. A single, tunable, 1,550-nm diode laser is
used as the cooling and mechanical transduction beam sent into the nanobeam
optomechanical resonator cavity held in a continuous-flow helium cryostat. A
wavemetre (WM) is used to track and lock the laser frequency, and a variable
optical attenuator (VOA) is used to set the laser power. The transmitted signal
is amplified by an erbium-doped fibre amplifier (EDFA) and detected on a
high-speed photodetector (D2) connected to a real-time spectrum analyser
(RSA), where the mechanical noise power spectrum is measured. A slowly
modulated probe signal used for optical spectroscopy and calibration is
generated from the cooling laser beam using an amplitude electro-optic
modulator (EOM) driven by a microwave source (RFSG). The reflected
component of this signal is separated from the input by an optical circulator
(CIRC), sent to a photodetector (D1) and then demodulated using a lock-in
amplifier (LIA). Paddle-wheel fibre polarization controllers (FPCs) are used to
set the laser polarization at the input to the EOM and the input to the
optomechanical cavity. For more detail, see Supplementary Information.
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Figure 1 | Optomechanical resonator with phononic shield. a, Scanning
electron microscope (SEM) image of the patterned silicon nanobeam and the
external phononic bandgap shield. b, Enlarged SEM image of the central cavity
region of the nanobeam. c, Top: normalized electric field (colour scale) of the
localized optical resonance of the nanobeam cavity, simulated using the finite-
element method (FEM). Bottom: FEM simulation of the normalized
displacement field of the acoustic resonance (breathing mode), which is
coupled by radiation pressure to the co-localized optical resonance. The

displacement field is indicated by the exaggerated deformation of the structure,
with the relative magnitude of the local displacement (strain) indicated by the
colour. d, SEM image of the interface between the nanobeam and the phononic
bandgap shield. e, FEM simulation of the normalized squared displacement
field amplitude of the localized acoustic resonance at the nanobeam–shield
interface, indicating the strong suppression of acoustic radiation provided by
the phononic bandgap shield. The colour scale represents log[x2/max(x2)],
where x is the displacement field amplitude.
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mechanical mode bath temperature, Tb, as a function of the cryostat
sample mount temperature, Tc (independently measured using a
silicon diode thermometer attached to the copper sample mount).

Figure 3b shows that the optical mode thermometry predicts a mode
temperature in good correspondence with the absolute temperature of
the sample mount for Tc . 50 K; below this value, the mode temper-
ature deviates from Tc and saturates to a value of Tb 5 17.6 6 0.8 K
owing to thermal radiative heating of the device through the imaging
aperture in the radiation shield of our cryostat.

In a second set of measurements, we determine the mechanical
damping, c, and the cavity–laser detuning, D, by optical spectroscopy
of the driven cavity. By sweeping a second probe beam, of frequency
vs, over the cavity, with the cooling beam tuned to D 5 vm, spectra
showing electromagnetically induced transparency26 (EIT) are mea-
sured (Fig. 3c). Owing to the high single-photon cooperativity of the
system, an intracavity population of only nc < 5 switches the system
from reflecting to transmitting for the probe beam. The corresponding
dip at the centre of the optical cavity resonance occurs at a two-photon
detuning of Dsl ; vs 2 vl 5 vm and has a bandwidth equal to the
mechanical damping rate, ci(1 1 C). In Fig. 4a, we plot the measured
mechanical linewidth as a function of intracavity photon number,
showing good correspondence between both mechanical and optical
spectroscopy techniques, and indicating that the system remains in the
weak-coupling regime for all measured cooling powers. From a fit to
the measured mechanical damping rate as a function of nc (Fig. 4a,
dashed red line), the zero-point optomechanical coupling rate is deter-
mined to be g/2p5 910 kHz.

In Fig. 4b, we plot the calibrated Lorentzian noise PSD area, in units of
phonon occupancy, as a function of red-detuned (D 5 vm) drive-laser
power. Owing to the low effective temperature of the laser drive, the
mechanical mode is not only damped but is also cooled substantially.
The minimum measured average mode occupancy for the highest drive
power (corresponding to nc < 2,000) is !n~0:85+0:08, putting the
mechanical oscillator in a thermal state with ground-state occupancy
probability greater than 50%. The dashed blue line in Fig. 4b represents
the ideal back-action-cooled phonon occupancy estimated using
both the measured mechanical damping rate in Fig. 4a and the
low-drive-power intrinsic mechanical damping rate. Deviation of the
measured phonon occupancy from the ideal cooling model is seen to
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Figure 3 | Mechanical and optical response. a, Typical measured mechanical
noise spectra around the resonance frequency of the breathing mode for low
drive-laser power (nc 5 1.4). The blue and red curves correspond to the spectra
measured with the drive laser blue- and, respectively, red-detuned by a
mechanical frequency from the optical cavity resonance. The black trace
corresponds to the measured noise floor (dominated by EDFA noise) with the
drive laser detuned far from the cavity resonance. b, Plot of the measured
(squares) mechanical mode bath temperature (Tb) as a function of cryostat
sample mount temperature (Tc). The dashed line indicates the curve
corresponding to perfect following of the cryostat temperature by the mode
temperature (Tb 5 Tc). c, Typical reflection spectrum (normalized power
reflection) of the cavity while driven by the cooling laser (D 5 vm, nc 5 56,
C 5 11), as measured by a weaker probe beam at two-photon detuning Dsl. The
signature reflection dip on resonance with the bare cavity mode, highlighted in
the inset, is indicative of EIT caused by coupling of the optical and mechanical
degrees of freedom by the cooling laser beam.
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Laser cooling of a nanomechanical oscillator into its
quantum ground state
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The simple mechanical oscillator, canonically consisting of a coupled
mass–spring system, is used in a wide variety of sensitive measure-
ments, including the detection of weak forces1 and small masses2. On
the one hand, a classical oscillator has a well-defined amplitude of
motion; a quantum oscillator, on the other hand, has a lowest-energy
state, or ground state, with a finite-amplitude uncertainty corres-
ponding to zero-point motion. On the macroscopic scale of our
everyday experience, owing to interactions with its highly fluctuat-
ing thermal environment a mechanical oscillator is filled with many
energy quanta and its quantum nature is all but hidden. Recently, in
experiments performed at temperatures of a few hundredths of a
kelvin, engineered nanomechanical resonators coupled to electrical
circuits have been measured to be oscillating in their quantum
ground state3,4. These experiments, in addition to providing a
glimpse into the underlying quantum behaviour of mesoscopic
systems consisting of billions of atoms, represent the initial steps
towards the use of mechanical devices as tools for quantum
metrology5,6 or as a means of coupling hybrid quantum systems7–9.
Here we report the development of a coupled, nanoscale optical and
mechanical resonator10 formed in a silicon microchip, in which radi-
ation pressure from a laser is used to cool the mechanical motion
down to its quantum ground state (reaching an average phonon
occupancy number of 0:85+0:08). This cooling is realized at an
environmental temperature of 20 K, roughly one thousand times
larger than in previous experiments and paves the way for optical
control of mesoscale mechanical oscillators in the quantum regime.

It has been known for some time11 that atoms and ions nearly
resonant with an applied laser beam (or series of beams) may be mech-
anically manipulated—even trapped and cooled down to the quantum
ground state of their centre-of-mass motion12. Equally well known1 is
the fact that radiation pressure can be exerted on ordinary (that is, non-
resonant) dielectric objects to damp and cool their mechanical motion.
In ‘cavity-assisted’ schemes, the radiation pressure force is enhanced by
coupling the motion of a mechanical object to the electromagnetic field
in a resonant cavity. Pumping of the cavity by a single-frequency
electromagnetic source produces a coupling between the mechanical
motion and the intensity of the electromagnetic field built up in the
resonator. Because the radiation pressure force exerted on the mech-
anical object is proportional to the field intensity in the resonator, a
form of dynamical back-action results1,13. For a lower-frequency (‘red’)
detuning of the pump source from the cavity, this leads to damping and
cooling of the mechanical motion.

Recent experiments involving micro- and nanomechanical resonators
coupled to electromagnetic fields at optical and microwave frequencies
have demonstrated significant dynamic back-action due to radia-
tion pressure13. These structures have included Fabry–Pérot cavities
with mechanically compliant miniature end mirrors14–18 or internal
nanomembranes19, whispering-gallery glass resonators20, nanowires
capacitively coupled to co-planar microwave transmission line
cavities6,21 and lumped-circuit microwave resonators with deformable,

nanoscale, vacuum-gap capacitors22. The first measurement of an
engineered mesoscopic mechanical resonator predominantly in its
quantum ground state, however, was performed not using back-action
cooling but rather using conventional cryogenic cooling (bath temper-
ature, Tb < 25 mK) of a high-frequency and, thus, low-thermal-
occupancy oscillator3. Read-out and control of mechanical motion at
the single-quantum level was performed by strongly coupling the
gigahertz-frequency piezoelectric mechanical resonator to a resonant
superconducting quantum circuit. Only recently have microwave sys-
tems, also operating at bath temperatures of Tb < 25 mK, used radiation
pressure back-action to cool a high-Q-factor, megahertz-frequency
mechanical oscillator to the ground state4,21.

Optically coupled mechanical devices, although they allow for control
of the mechanical system through well-established quantum optical
techniques23, have thus far not reached the quantum regime owing to
a great number of technical difficulties20. A particular challenge has
been maintaining efficient optical coupling and low-loss optics and
mechanics in a cryogenic, subkelvin environment. The optomechanical
system studied in this work allows large optical coupling to a high-Q,
gigahertz-frequency mechanical oscillator, offering both efficient back-
action cooling and significantly higher operating temperatures. As
shown in Fig. 1a, the system consists of an integrated optical and
mechanical nanoscale resonator formed in the surface layer of a
silicon-on-insulator microchip. The periodic patterning of the nano-
beam is designed to result in Bragg scattering of both optical and
acoustic guided waves. A perturbation in the periodicity at the centre
of the beam results in co-localized optical and mechanical resonances
(Fig. 1b, c), which are coupled through radiation pressure10. The funda-
mental optical resonance of the structure occurs at a frequency of
vo/2p5 195 THz (l 5 1,537 nm), whereas, owing to the speed of
sound being much less than the speed of light, the mechanical res-
onance occurs at vm/2p5 3.68 GHz. To minimize mechanical damp-
ing in the structure, an external acoustic radiation shield is added in the
periphery of the nanobeam (Fig. 1d, e). This shield consists of a two-
dimensional ‘cross’ pattern, which has been shown both theoretically
and experimentally to yield a substantial phononic bandgap in the
gigahertz frequency band24.

We use a fibre-taper nanoprobe, formed from standard single-mode
optical fibre, to optically couple to the silicon nanoscale resonators.
As shown in Fig. 2, a tunable laser (New Focus Velocity swept laser;
200-kHz linewidth) is used to cool optically and transduce the mech-
anical motion of the nanomechanical oscillator. Placing the opto-
mechanical devices into a continuous-flow helium cryostat provides
pre-cooling down to Tb < 20 K, reducing the bath occupancy of the
3.68-GHz mechanical mode to nb < 100. At this temperature, the
mechanical Q-factor increases up to a measured value of Qm < 105,
corresponding to an intrinsic mechanical damping rate of
ci/2p5 35 kHz. The optical Q-factor is measured to be Qo 5 4 3 105,
corresponding to an optical linewidth of k/2p5 500 MHz, slightly
reduced from its room-temperature value.
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The interaction between light and acoustic phonons is strongly modified in sub-wavelength

confinement, and has led to the demonstration and control of Brillouin scattering in photonic

structures such as nano-scale optical waveguides and cavities. Besides the small optical

mode volume, two physical mechanisms come into play simultaneously: a volume effect

caused by the strain-induced refractive index perturbation (known as photo-elasticity), and a

surface effect caused by the shift of the optical boundaries due to mechanical vibrations. As a

result, proper material and structure engineering allows one to control each contribution

individually. Here, we experimentally demonstrate the perfect cancellation of Brillouin

scattering arising from Rayleigh acoustic waves by engineering a silica nanowire with exactly

opposing photo-elastic and moving-boundary effects. This demonstration provides clear

experimental evidence that the interplay between the two mechanisms is a promising tool to

precisely control the photon–phonon interaction, enhancing or suppressing it.
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Sub-wavelength confinement of optical and elastic waves
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Sub-wavelength confinement of optical and elastic waves
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Photo-elastic effect
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Moving boundary perturbation
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Perturbation theory for Maxwell’s equations with shifting material boundaries

Steven G. Johnson, M. Ibanescu, M. A. Skorobogatiy,* O. Weisberg, J. D. Joannopoulos,
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Perturbation theory permits the analytic study of small changes on known solutions, and is especially useful
in electromagnetism for understanding weak interactions and imperfections. Standard perturbation-theory tech-
niques, however, have difficulties when applied to Maxwell’s equations for small shifts in dielectric interfaces
!especially in high-index-contrast, three-dimensional systems" due to the discontinous field boundary
conditions—in fact, the usual methods fail even to predict the lowest-order behavior. By considering a sharp
boundary as a limit of anisotropically smoothed systems, we are able to derive a correct first-order perturbation
theory and mode-coupling constants, involving only surface integrals of the unperturbed fields over the per-
turbed interface. In addition, we discuss further considerations that arise for higher-order perturbative methods
in electromagnetism.

DOI: 10.1103/PhysRevE.65.066611 PACS number!s": 41.20.Jb, 02.30.Mv

I. INTRODUCTION

Perturbation theory, a class of techniques to find the effect
of small changes on known solutions to a set of equations, is
as important a tool for classical electromagnetism as it is for
quantum mechanics and other fields. Not only does it allow
one to apply the computational efficiency of idealized sys-
tems to more realistic problems, or to study effects too small
and weak to easily characterize numerically, but it also pro-
vides a window of analytical insight into complex systems
otherwise accessible only via opaque numerical experiments.
Surprisingly, the standard forms of perturbation theory for
electromagnetism #1–3$ have serious limitations, rarely re-
marked upon, when handling material-boundary perturba-
tions #4–6$ as depicted in Fig. 1. Since Maxwell’s equations
for lossless media can be cast in the form of a generalized
Hermitian eigenproblem in the frequency % #6,7$ or, for a
waveguide, the axial wave number & #5,6$, it might, at first,
seem that the general algebraic machinery of perturbation
theory developed in quantum mechanics #8$ could apply di-
rectly. We show, however, that the vectorial nature of the
electromagnetic field and its peculiar boundary conditions at
discontinuous material interfaces require that special care be
taken in applying perturbative methods to the common prob-
lem of slightly shifted interfaces !e.g., from fabrication dis-
order". In fact, ordinary perturbation theory produces expres-
sions that are ill defined, and we demonstrate how correct
general expressions can be derived using a limit of anisotrop-
ically smoothed systems. !We do not consider shifting me-
tallic boundaries, for which accurate methods are already
available #9$." Finally, we remark on further considerations
that arise in evaluating perturbation theory for Maxwell’s
equations beyond the first order.
A clear statement of the problem with the usual perturba-

tion theory when it is applied to shifting dielectric bound-
aries can be found in Ref. #4$, similar to our discussion in
Sec. II A. They constructed a Green’s function formulation

for rough-surface scattering, limited to one-dimensional un-
perturbed systems '(z). Here, in contrast, we treat com-
pletely arbitrary, three-dimensional unperturbed systems, and
derive the perturbed eigenvalue and the eigenmode coupling
coefficients rather than an integral equation for scattered
light. In the special case of a shifted flat boundary in a wave-
guide of uniform cross section, our result for the eigenvalue
is equivalent to a variational approach that was postulated,
without proof, in Ref. #10$. For another particular case, that
of a waveguide with a slowly z-varying cross section, our
mode-coupling coefficients are the same as previous expres-
sions derived by matching boundary conditions #1,11$. More-
over, our result reduces to the conventional perturbative ex-
pressions in the limit of low index contrast, where those
expressions have been most commonly employed !e.g., as in
Ref. #12$".

II. PERTURBATION THEORY IN ELECTROMAGNETISM

We first review the application of standard perturbation-
theory techniques to electromagnetism, employing an ex-
plicit analogy with the algebraic eigenproblem framework

*Electronic address: maksim@omni-guide.com

FIG. 1. Schematic of a perturbation due to a shifting interface
between two dielectrics '1 and '2, where the shift !to the dashed
boundary" is by some small amount h !measured perpendicular to
the unperturbed boundary", which may vary across the surface. For
Large index contrasts, a modified perturbation theory is required to
obtain the correct change in the eigensolutions.
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Brillouin Self-Cancellation effect (BSC)
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Exact computation of coupling coefficients
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Brillouin Self-Cancellation effect (BSC)
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4 Optical fields tune m.b. and p.e. relative contributions

3 Two competing physical mechanisms

2 Strong surface vibrations

1 Light field “sees” the nanowire surface
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Experimental setup
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Experimental setup
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Experimental results: full spectrum
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Figure 1 General aspects of Brillouin scattering in small-core photonic crystal fibres. a, Spontaneous Brillouin back-scattering spectra for PCFs with core diameters
1.22 µm and 9.27 µm. The spectra (and also that in Fig. 2) were obtained using a heterodyne detection with 1 MHz of electronic resolution. The vertical scale is logarithmic,
and the baseline corresponds to the shot noise level (−66 dB m in this case). The large-core fibre yielded scattering at 11.12 GHz with full-width at half-maximum of
31 MHz. In contrast, in the small-core case three clear peaks are observed at 9.76, 9.95 and 10.22 GHz with full-width at half-maximum of 24, 38 and 25 MHz, respectively,
for an 84-m-long fibre. A short length (2 m) of the small-core PCF shows the same three peaks but with smaller linewidths: 19, 25 and 17 MHz, respectively. We attribute this
broadening for long fibre to structure fluctuations along the length. b, Characterization of the polarization dependence of back-scattering (BS) in the small-core PCF. The
scattered power is maximized when the pump is aligned within the fibre principal axis (slow or fast) and minimized for the pump making 45◦ with the axis. The principal
states of polarization were characterized using a polarimeter to measure the orientation of the axes with respect to the fibre structure, and short pulses (∼50 ps) were used
to measure the fibre birefringence. The fibre was then cleaved close to the fibre holder and inspected in a microscope at ×400 magnification to identify the orientation of the
fast and slow axes relative to the hexagonal cladding structure. The error bars indicate the experimental uncertainty. c, Stimulated Brillouin scattering intensity threshold
measurements for PCFs with different core diameters. The squares correspond to experimental data and the error bars were estimated to be 20%, arising from the cut-back
method used to measure the coupled input power (see the Methods section). For the smallest-core PCF, the threshold increases by a factor of ∼5 compared with large-core
PCFs. Inset: scanning electron micrographs of three typical PCFs used in the experiments, with core diameters 1.22 µm (1),2.36 µm (2) and 9.27 µm (3).

of the Brillouin spectrum (Fig. 1b). When the pump laser was
polarized parallel to the fast or slow principal axis, the Brillouin
back-scattered gain coefficient was twice that obtained when the
pump was polarized at 45◦ to the fibre axis, in broad agreement
with Stolen11. When the pump wave was polarized along the slow
axis, the frequency shift of the Stokes wave was measured to be
3.5 MHz larger than that obtained when the pump was aligned
along the fast axis. Using the measured value of birefringence, a
simple calculation shows that the difference in frequency shift is
!f = (2cL/l)!n = 3.1 MHz at l = 1.55 µm, in good agreement
with the experimental value.

The threshold power Pth for stimulated Brillouin scattering,
defined as the point at which the transmitted power begins
to saturate and a strong back-scattered signal appears, is an

important limiting parameter in nonlinear optical devices such
as parametric amplifiers and wavelength converters, which require
narrow-band high-power laser light in the fibre core12. Pth depends
on the effective area Aeff of the optical mode, which determines
the threshold intensity Ith = Pth/Aeff, and the fibre attenuation
α m−1, usually taken account of through an effective length
Leff = (1 − e−αL)/α, where L is the physical fibre length13. By
factoring out the ‘obvious’ dependence of threshold power on
core size, the product IthLeff highlights the effects of acoustic
confinement on Brillouin scattering. The results of a series of
experiments on many different PCFs, with core diameters in
the range 1–10 µm, are plotted in Fig. 1c (for the small-core
PCFs the threshold was measured with the pump aligned with a
principal fibre axis). The effective areas were calculated following

2 nature physics ADVANCE ONLINE PUBLICATION www.nature.com/naturephysics
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Theory

58

R
01

R
02

5 6 7 8 9 10 11 12
0

1

2

3

4

5

Frequency (GHz)

In
te

n
s
it
y
 (

a
.u

.)

TR
21

Nanowire

Transitions

SMF 
input

SMF
ouput

R
03



SPSAS on Nanophotonics (July-16)

Comparison
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Theory Vs. Experimental results
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Theory Vs. Experimental results
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BSC effect
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Theory Vs. Experimental results
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Theory Vs. Experimental results

Brillouin scattering arising 
ONLY from the moving 

boundary effect
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Understanding net-zero Photo-Elastic effect
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Understanding net-zero Photo-Elastic effect
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Outline

• Future of Optical Communications 
• Why are we interested in photon-phonon interaction? 
• Our work: Brillouin scattering self-cancellation effect 

• what else is going on in our lab… 
• Free-carriers dispersion and thermal phase shift in silicon 

waveguides 
• High-order modes in photonics bandgap fibers and 

tapers 
• Broadband & small footprint dielectric antenna

66
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Two-photon absorption, Free-carrier dispersion and Self-heating  

67
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I. Aldaya, A. Gil-Molina, H.L. Fragnito, and P. Dainese, "Time-domain Interferometric 
Characterization of Nonlinear and Thermal-induced Phase-shift in Silicon Waveguides”, Conference 
on Lasers and Electro-Optics, SM3R. 7 (2016);
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Δn measurement in non-resonant structures 
• A straightforward phase discrimination method is a pump-and-probe MZI
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Characterization method 

69
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Characterization method 

70

0
21

21

)(2
)(

arccos ϕϕ −#
$

%
&
'

(

⋅

−−
=Δ

tPP
tPPPout



SPSAS on Nanophotonics (July-16)

Results 
• We applied the method to a 4-mm long fully-etched waveguide  
• The cross-section was 220 nm x 450 nm 
• The waveguide had silica cladding 

71

Off
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Off-- Phase shift due to FCD

Total phase shift: FCD + thermal



SPSAS on Nanophotonics (July-16)

Results 

72

• We propose a simple interferometric characterization method.  

• Given the different time scales, the method allows the simultaneous measurement of FCD 
and self heating phase-shift. 

• For a 4-mm long fully-etched waveguide with silica cladding, we found that for 650 mW, 
the contribution of self-heating is %70 higher than the FCD, resulting in a net positive 
phase-shift of 1 rad. 
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Low-nonlinearity (~1000x)
Potentially low-loss (<0.1 dB/km?)

Multi-core Few-moded Hollow-Core 
Photonic Bandgap

Parallel multiplexing

Understanding modal content vs. offset launch in novel fiber designs

73



Glass

Air

>99% of light  
propagates in air

Courtesy of Corning Inc.
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Structural deformations: simulation

75

• Pressure applied inside the 
core inner boundary

• Motion is constrained
• Static solid mechanics 

model is solved.
• Material model is linear 

elastic, but can be changed



SPSAS on Nanophotonics (July-16)

0 0.5 1

x 10
−5

0

2

4

6

8

x 10
−6

x (m)

y
 
(
m
)

1.4 1.6 1.8
0

0.2

0.4

0.6

0.8

1

Wavelength (um)

P
o
w
e
r
 
f
r
a
c
t
i
o
n

1.4 1.6 1.8

0.975

0.98

0.985

0.99

0.995

1

Wavelength (um)

E
f
f
e
c
t
i
v
e
 
i
n
d
e
x

1.4 1.6 1.8
10

−5

10
−4

10
−3

10
−2

10
−1

Wavelength (um)

L
o
s
s
 
(
d
B
/
m
)

(a) core_deformation = 0.00, fr_co_sur = 0.10,deff
core

= = 11.88µm

0 0.5 1

x 10
−5

0

2

4

6

8

x 10
−6

x (m)

y
 
(
m
)

1.4 1.6 1.8
0

0.2

0.4

0.6

0.8

1

Wavelength (um)

P
o
w
e
r
 
f
r
a
c
t
i
o
n

1.4 1.6 1.8

0.975

0.98

0.985

0.99

0.995

1

Wavelength (um)

E
f
f
e
c
t
i
v
e
 
i
n
d
e
x

1.4 1.6 1.8
10

−5

10
−4

10
−3

10
−2

10
−1

Wavelength (um)

L
o
s
s
 
(
d
B
/
m
)

(b) core_deformation = 0.00,fr_co_sur = 0.14,deff
core

= = 11.88µm

0 0.5 1

x 10
−5

0

2

4

6

8

x 10
−6

x (m)

y
 
(
m
)

1.4 1.6 1.8
0

0.2

0.4

0.6

0.8

1

Wavelength (um)

P
o
w
e
r
 
f
r
a
c
t
i
o
n

1.4 1.6 1.8

0.975

0.98

0.985

0.99

0.995

1

Wavelength (um)

E
f
f
e
c
t
i
v
e
 
i
n
d
e
x

1.4 1.6 1.8
10

−5

10
−4

10
−3

10
−2

10
−1

Wavelength (um)

L
o
s
s
 
(
d
B
/
m
)

(c) core_deformation = 0.00,fr_co_sur = 0.19,deff
core

= = 11.88µm

0 0.5 1

x 10
−5

0

2

4

6

8

x 10
−6

x (m)

y
 
(
m
)

1.4 1.6 1.8
0

0.2

0.4

0.6

0.8

1

Wavelength (um)

P
o
w
e
r
 
f
r
a
c
t
i
o
n

1.4 1.6 1.8

0.975

0.98

0.985

0.99

0.995

1

Wavelength (um)
E
f
f
e
c
t
i
v
e
 
i
n
d
e
x

1.4 1.6 1.8
10

−5

10
−4

10
−3

10
−2

10
−1

Wavelength (um)

L
o
s
s
 
(
d
B
/
m
)

(d) core_deformation = 0.00,fr_co_sur = 0.23,deff
core

= = 11.88µm

0 0.5 1

x 10
−5

0

2

4

6

8

x 10
−6

x (m)

y
 
(
m
)

1.4 1.6 1.8
0

0.2

0.4

0.6

0.8

1

Wavelength (um)

P
o
w
e
r
 
f
r
a
c
t
i
o
n

1.4 1.6 1.8
0.97

0.98

0.99

1

Wavelength (um)

E
f
f
e
c
t
i
v
e
 
i
n
d
e
x

1.4 1.6 1.8
10

−5

10
−4

10
−3

10
−2

10
−1

Wavelength (um)

L
o
s
s
 
(
d
B
/
m
)

(e) core_deformation = 0.00,fr_co_sur = 0.28,deff
core

= = 11.88µm

Figure 1.9: geotype = 1.0,pitch = 4.0,ring_f = 6.0,d_pitch = 1.0,fr_cl = 0.3,T =
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r = 260 nm 

Surface modes: termination of the photonic crystal lattice becomes 
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Output beam projected image
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Output beam projected image

78



SPSAS on Nanophotonics (July-16)

Spectral response at a fixed position (x,y)
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Fourier Transform at a fixed position (x,y)
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(31 ps/m, -9 dB)
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Direct measurement of guided modes (amplitude and phase)
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Experimentally recovered mode amplitude and phase

82
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Figura 5: Porcentagem de potência versus raio para buraco preenchido com ar. 

 

Amostras 

 Amostras de fibras com buraco foram fabricadas por colaboradores da empresa 

Corning Incorporated (Estados Unidos). As Figuras 6 e 7 mostram uma imagem de 

microscopia eletrônica e também imagens diversas de microscopia óptica. Medições dos raios 

dos buracos foram feitas, e encontramos os seguintes raios que satisfazem as condições ótimas: 

0,545Pm e 1,125Pm. Estamos no momento preparando estas amostras para enviar para nosso 

colaborador na Universidade de Aveiros (Portugal) para que as grades de Bragg sejam 

gravadas. As amostras serão então enviadas de volta para nosso laboratório, e caracterizadas. 

 

 

Figura 6: Imagem de microscopia eletrônica de uma fibra com buraco. 

E. Lamilla, I. Aldaya, C. M. Serpa, P. Jarshel, and P. Dainese, “Modal Content in a 7-cell 
Hollow-Core Photonic Bandgap Fiber and its Dependence with Offset Launch Conditions”, 
accepted Latin-America Optics and Photonics Conference, oral presentation (2016);
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Sensors Microscopy

Optical communications Phased arrays

Metallic antennas: 

• Small footprint 
• Incompatible with 

the CMOS 
technology 

Dielectric antennas: 

• Large footprint 
• Wavelength-

dependent 

 J. Pita, P. Dainese, H. Hernandez-Figueroa, and L.H. Gabrielli, "Ultra-
Compact Broadband Dielectric Antenna” Conference on Lasers and 
Electro-Optics, SM3R. 7 (2016); 
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  1. SNOPT (Sparce non-linear optimization)

 

1 2 3

Topology optimization: 

• SNOPT algorithm 
• Silicon/Silicon dioxide 
• Maximize the far-field in the 

perpendicular direction 

Foundry constrains: 

• Minimum enclosure 
• Minimum spacing 
• Singular point 

1
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1 2Grating antenna

Grating antenna taken from: J. Sun, et al. “Large-scale nanophotonic phased 
array,” Nature, vol. 493, no. 7431, pp. 195–199 (2013). 

Laboratory of Electronics, MIT.

Optimized antenna

Silicon

Silicon dioxide
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Optimized 
 antenna

Grating  
antenna
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Grating antenna far-field pattern
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1475nm

1550nm
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Antenna far-field pattern
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Grating antenna

Grating antenna taken from: J. Sun, et al. “Large-scale nanophotonic phased 
array,” Nature, vol. 493, no. 7431, pp. 195–199 (2013).

Experimental setup: 
4-f systemOptimized antenna

1.78 um

1.78 um

3.0 um

2.8 um

SEM images
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Optimized antenna near-field
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Optimized antenna near-field
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our “expanded” team

Cristiano Cordeiro

Thiago Alegre
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Prof. Thiago Alegre
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