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The ultimate limits of performance for any classical optical system are set by sub-wavelength fluctuations within the host
material, which may be frozen-in or even dynamically induced. The most common manifestation of such subwavelength
disorder is Rayleigh light scattering, which is observed in nearly all waveguiding technologies today and can lead to both
irreversible radiative losses as well as undesirable intermodal coupling. While it has been shown that backscattering
from disorder can be suppressed by breaking the time-reversal symmetry in magneto-optic and topological insulator
materials, common optical dielectrics possess neither of these properties. Here, we demonstrate an optomechanical ap-
proach for dynamically suppressing Rayleigh backscattering within dielectric resonators. We achieve this by locally
breaking the time-reversal symmetry in a silica resonator through a Brillouin scattering interaction that is available
in all materials. Near-complete suppression of Rayleigh backscattering is experimentally confirmed through two inde-
pendent measurements—the elimination of a commonly seen normal-mode splitting or “doublet” effect and by mea-
surement of the reduction in intrinsic optical loss. Additionally, a reduction of the back-reflections caused by disorder is
also observed. Our results provide new evidence that it is possible to dynamically suppress Rayleigh backscattering
within any optical dielectric medium using time-reversal symmetry breaking, for achieving robust light propagation

in spite of scatterers or defects.
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1. INTRODUCTION

Rayleigh scattering is routinely encountered in nanostructured
photonic devices [1,2], as it limits microresonator quality (Q) fac-
tors [3-5], affects the stability of frequency combs [6,7], causes
Anderson localization [8], and limits the performance of metasur-
faces [9]. It can be induced by inhomogeneities in the form of
internal stresses, point defects, density variations, dislocations,
and even surface roughness, which are unavoidable due to manu-
facturing limitations, but may also occur thermodynamically. In
particular, back-reflections arising from Rayleigh scatterers in
nanostructured devices create prominent reflections in silicon
photonics [10] and a well-known mode splitting or “doublet”
phenomenon in resonators [3—5,11], both of which impose severe
technological constraints. While isolators and circulators can
certainly block reflections, they are essentially dissipative in nature
and only serve as a fix that does not suppress the original scatter-
ing event.

An elegant proposal to counteract disorder-induced backscat-
tering of electromagnetic waves is to break the time-reversal sym-
metry (TRS) of the medium [12,13]—so that modes available for
opposite, i.e., time-reversed, propagation are simply not symmet-
ric in energy—momentum space. In other words, backscattering
can be suppressed at the point of origin by establishing a large
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contrast in the optical density of states for propagation in the op-
posing directions. This effect has been experimentally confirmed
in Faraday rotator (magneto-optic) materials biased with large
magnetic fields [14] but cannot be extended to common dielec-
trics. A similar effect, in which broken TRS suppresses electron
backscattering, is also seen in the chiral edge currents of two-
dimensional electron systems exhibiting the quantum Hall effect
(QHE) [15,16]. More recently, there has been a flurry of activity
on backscattering suppression via TRS-breaking in photonic
topological insulator metamaterials after the analogy to the QHE
was established [17], with successful demonstration in a magneto-
optic photonic crystal [18] and through Floquet pumping [19].
Unfortunately, since common photonic materials do not have
magneto-optical activity and are topologically trivial insulators in
their bandgaps, how these lessons may be mapped to any mono-
lithic dielectric waveguide remains an open question.

In this work, we demonstrate a simple optomechanical ap-
proach by which we can dynamically suppress electromagnetic
backscattering in any dielectric. The approach relies on a normal-
mode splitting process supported by Brillouin light scattering,
which is a high-gain optical nonlinearity available in all phases
of matter, and has been established as a highly effective and
generalizable tool for breaking TRS in dielectric waveguides
and resonators [20-23]. The most convenient system in which
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to demonstrate this principle is a high-Q microresonator, since modes, which are time-reversed partners, can be coupled through
these can tremendously lower the power threshold required for backscattering from inhomogeneities or defects, resulting in a
nonlinear optical processes, especially for Brillouin optomechanics well-known “doublet” mode if the coupling rate is comparable
[21,22,24]. We experimentally demonstrate near-complete sup- to the optical loss rate [3-5]. For lower backscattering rates,
pression of Rayleigh backscattering within monolithic silica micro- the mode only appears slightly broadened from its intrinsic line
resonators, with dynamic control provided by an external optical width. Figure 1(b) exhibits this backscattering-induced hybridi-
pump. The effect is confirmed through the elimination of the back- zation, measured in a silica microsphere WGR. The measurement
scattering-induced normal-mode formation (or “doublet” mode) is performed via evanescent probing through a tapered fiber wave-
between degenerate cw and cew modes of the symmetric resonator, guide [Fig. 1(a)] such that the optical resonances appear as a dip in
as well as improved coupling to a waveguide due to the reduced transmission. Optical probing in both directions through the
optical loss. Our experiments exhibit a restoration to the intrinsic waveguide confirms that the 2, modes are hybridized due to
material loss rate of an optical resonator in spite of the presence of Rayleigh backscattering [3—5] and have lost their distinguishable
scattering defects. directionality. It is this detrimental mode splitting and broadening

effect that we wish to mitigate.
In order to experimentally shut down the effect of the back-
scattering channel between «, and a_, we break time-reversal

2. PRINCIPLE

The system under consideration [Fig. 1(a)] is a symmetric whis- symmetry within the bandwidth of these modes. Specifically,
pering-gallery resonator (WGR) that supports two degenerate op- we employ a Brillouin-scattering-induced normal-mode splitting
tical modes, 2., associated with clockwise (+ or cw) and counter- process [21] that, due to intrinsic momentum conservation rules,
clockwise (- or ccw) photon propagation. Such degenerate allows us to only modify the susceptibility, y,. (@), of the a,
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Fig. 1. Rayleigh backscattering in a whispering-gallery resonator (WGR) and concept for optomechanical suppression. (a) Optical WGRs support
degenerate modes () that are time-reversed partners (cw/ccw) and can be individually accessed via directional probing. Rayleigh backscattering from
disorder intrinsic to the WGR can couple these modes, leading to loss of their distinguishable directionality. (b) Experimentally, this results in normal-
mode splitting or “doublet” (measured here in a silica WGR) when the disorder-induced backscattering rate is comparable to the intrinsic optical loss rate.
Such doublets are routinely observed in high-Q resonator systems and impose a technological constraint. In this representative example, we observe a
Rayleigh-backscattering-induced coupling rate of about V' = 0.33 MHz. (c) We suppress Rayleigh backscattering by breaking time-reversal symmetry
within the bandwidth of the @1 optical modes. This is achieved through a Brillouin scattering process [21,25], in which a high-coherence cw mechanical
mode, &, , is coupled to the cw 2, mode by a cw directional pump, ¢, . The interaction is subject to the phase-matching constraint illustrated by the grey
triangle. The momentum-matching requirement implies that the cw pump does not directly induce any effect for the ccw optical mode, 4_. (d) Toy model
for the WGR and waveguide system, in which we distinguish the two directional subsystems and indicate both Rayleigh (V) and optomechanical (G)
couplings. All variables are defined in the main text. The directional Brillouin optomechanical coupling significantly reduces the susceptibility of the 2,
mode only and “open-circuits” the backscattering channel, thereby suppressing Rayleigh scattering.
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mode while leaving the 2_ mode nominally unaffected [Fig. 1(d),
bottom]. Similar to other optomechanically induced transparen-
cies [26,27], the Brillouin-induced normal-mode splitting arises
due to coherent coupling [28] between an optical mode with a
long-lived propagating mechanical state that is enabled through
radiation forces and photoelastic scattering. When the coupling
rate between light and the mechanics is sufficiently large, the op-
tical mode exhibits normal-mode splitting, which reduces the
on-resonance optical density of states over a wide bandwidth
and inhibits absorption from the waveguide. Production of the
Brillouin normal-mode splitting requires a Stokes-detuned pump
optical field (on a different optical mode, ¢, ) that co-propagates
with the mode of interest, 2, and a high-Q mechanical whisper-
ing-gallery mode, & , within the WGR. These three modes must
together be subject to the Brillouin phase-matching condition on
both frequency, w, = @, + w;, and momentum, £, = k. + k,,
as illustrated in Fig. 1(c). In our experiment, we use ¢, pumping
only, although a ¢_ pump could also be invoked to independently
control the susceptibility for the 2_ mode [25]. It is the unique,
momentum-selective feature of this process that allows us to break
TRS of the optical states within the resonator.

The model Hamiltonian for this system includes both
Rayleigh backscattering and the Brillouin coupling as follows:

Hi = W(Gdib, + Ga,bl) + hV(dia +4la)). (1)

Here, V' is the Rayleigh-backscattering-induced coupling rate be-
tween the 2, modes, while G = g,,/7,1 is the pump-enhanced
clockwise-only optomechanical coupling rate between the 2 op-
tical mode and the 4, mechanical mode. g, represents the single-
photon optomechanical coupling rate, and 7., represents the
average number of intracavity photons in the ¢, mode. Since
no ccw pump is applied to the system, an optomechanical inter-
action between #_ and 4. need not be considered. A detailed
analysis presented in Section 1 of Supplement 1 additionally in-
corporates the effects of disorder-induced backscattering within
the pump modes, ¢, which can be distinct from the Rayleigh
coupling between 4. due to differences of mode shape and polari-
zation. However, as we show in Supplement 1, Sections 1.G-1.F,
there is no evidence for this additional scattering effect within the
pump modes, in the experiments that we discuss in this paper. In
certain cases, the effective cw—ccw scattering rate also need not be
symmetric [5,29,30]. However, this asymmetry is insignificant in
cases where the scatterers are of deep subwavelength size and are
randomly distributed, e.g., for intrinsic Rayleigh scattering occur-
ring from material imperfections or surface roughness. In this
study, we observed no evidence of asymmetric scattering, and
a single scattering rate, V/, is found to be adequate.

Figure 1(d) presents a toy model of the system, in which we
explicitly distinguish between forward and backward subsystems.
The degenerate optical modes, ., are modeled with intrinsic loss
rate, k;, which includes all absorption and scattering mechanisms
that leak light out of the mode, but excludes the influence of the
backscattering channel, V. These modes, 2., couple to the wave-
guide with an extrinsic coupling rate defined by ., that is sym-
metric in both forward and backward directions. For light
propagating in the waveguide from Port 1 — Port 2 (forward di-
rection), the interaction with the resonator occurs through the for-
ward subsystem described as the optomechanically coupled 4,
optical and 4, mechanical modes. Conversely, for light propagat-
ing from Port 2 — Port 1 (backward direction), light primarily

interacts with the #_ optical mode. Due to the different optical
susceptibility of the forward and backward subsystems for any non-
zero optomechanical coupling, the system exhibits broken time-
reversal symmetry for transmission measurements. For reflections
to take place in this system, i.e., Port 1 — Port 1, or Port 2 —
Port 2, light must interact in series with both the forward and back-
ward subsystems while passing through the Rayleigh backscattering
channel (see illustration in Supplement 1, Fig. S1). Thus, the re-
flection coefficients measured at each port are necessarily identical.

We can analytically obtain the waveguide transmission coeffi-
cients (7’5, in the forward direction, 7'}, in the backward direc-
tion) and reflection coefficients at each port (R, = Ry, = R)
using the Heisenberg—Langevin equations for motion for this sys-
tem in the rotating wave approximation (Supplement 1, Section 1).
In any side-coupled resonator-waveguide system, the total optical
loss rate, k, is defined by both the extrinsic losses (from waveguide
loading) and intrinsic losses through the expression k = k; + k.
The condition for “critical coupling”—defined as the point where
on-resonance transmission reaches zero—can be derived as
K = 2K, Typically, this situation occurs when the intrinsic cou-
pling rate, ., and the intrinsic loss rate, ;, are matched. However,
in the case where both Rayleigh backscattering, V', and the opto-
mechanical coupling, G, are acting on the modes [Fig. 1(d)], the
optical loss rates for the 2. modes are no longer identical, and the
critical coupling conditions must also change. In the simplest case,
in which all fields are on-resonance, the total effective loss rates for
the 2y modes can be evaluated as (details in Supplement 1,
Section 1.B)

2

K =«k(1 —i—C)—i—%, (2a)

o 4v?

KCE =K + m
Here, we have introduced C = 4G? /«T" as the optomechanical co-
operativity, which is proportional to the intracavity photon number
in the ¢, mode, 7., . These expressions show that even if C = 0,
the Rayleigh backscattering introduces an additional intrinsic op-
tical loss of 412 /k to each mode, a loss channel formed through
the counterpropagating mode. Moreover, we can see that as the
optomechanical coupling rate is increased in the cw direction, light
on-resonance in the ccw mode experiences a reduction in optical
loss (kg reduces) as an indirect effect. In the limit of large opto-
mechanical coupling, C — o0, the optical loss in the ccw mode
approaches «, i.e., the effective intrinsic loss, k¢ - k., approaches
the purely intrinsic loss rate, x;. In this case, the reflection should
also approach zero since no backscattering occurs.

(2b)

3. RESULTS

In order to test the predictions of the theoretical model, we per-
form a series of experiments using silica microsphere WGRs.
Such resonators are easily produced by melting a tapered
SMEF-28e silica optical fiber through an arc discharge process,
to result in a “ball-on-stick” geometry. In our first experiment
with a 90 pm radius resonator, the Brillouin interaction is medi-
ated by a mechanical whispering-gallery mode of frequency w, =
116.3 MHz, having an azimuthal order of M = 17 around
the resonator equator (corresponding to phonon wavenumber
0.030 pm™!) and mechanical damping rate I'= (14.4+
0.2) kHz. Experimental measurements of the optical doublet
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resulting from Rayleigh backscattering in this device, without any
optomechanical influence, were previously shown in Fig. 1(b).
The pump (for controlling ) and probe (to observe a..) are pro-
duced using a 1550 nm tunable external cavity diode laser and are
evanescently coupled to the optical modes using a tapered fiber
waveguide, as illustrated in Fig. 1(a). Further details on the
experimental setup and calibration of the transmission and reflec-
tion coefficients are provided in Section 2 of Supplement 1. In
Fig. 2, we present the measured transmission and reflection

mechanical sideband. A transparency window in the forward sub-
system can be clearly observed as the relative detuning, A, ap-
proaches zero. Simultaneous measurements of the backward
subsystem—the direction in which no pumping is performed—
show that the - mode moves closer to critical coupling within
the bandwidth of the nonreciprocal effect. At the same time,
the reflection coefficient, |R|, measured from Port 1 shows a sig-
nificant reduction on resonance due to the transparency-induced
reduction of incoupling into mode . However, as mentioned

previously, this reflection coefficient is mathematically identical

coefficients versus relative detuning, A = @, - (Opump + @),
to the reflection measured at Port 2 [see also Eq. (S3¢) and

between the a, optical mode and the pump laser anti-Stokes
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Fig. 2. Demonstration of dynamic optomechanical suppression of Rayleigh backscattering. (a) General configuration of optical pump, probe, and
mechanical sidebands with respect to the ¢, and @, optical modes in the cw direction—used throughout this work. (b) This experiment uses a 116 MHz
mechanical mode in a 90 pm radius silica WGR. The Rayleigh-scattering-induced doublet is readily observed in probing of the ;. optical modes for an
off-resonance pump. As the pump is brought on-resonance, the Brillouin-scattering-induced transparency is generated for the cw mode only (its on-
resonance susceptibility is reduced), which breaks time-reversal symmetry within the bandwidth of the 2. modes. These observations show two key
predictions of the model—improved coupling of the 2_ mode to the waveguide and the elimination of the doublet—both confirming the suppression of
Rayleigh backscattering within the WGR. The reflection measurement at Port 1 represents a suppression of light coupling into the resonator due to the
transparency. However, this Port 1 reflection should be identical to the reflection measured from Port 2 (Supplement 1, Section 1), which corresponds to a
reduction in Rayleigh backscattering. Solid lines are simultaneous fits to the theoretical model. The reflection is very large due to resonant enhancement.
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Fig. S1], which would actually correspond to a reduction in
Rayleigh scattering from mode #_ into mode #, . Unfortunately,
we were unable to directly measure the Port 2 reflection coefficient
since the large forward pump signal, ciﬂ, at only 116 MHz offset
makes this measurement technically very challenging. The detailed
model presented in Supplement 1 allows extraction of the intrinsic
optical loss rate [x; = (0.35 £ 0.03) MHz], the extrinsic
optical loss rate {k, = (0.54 = 0.01) MHz [the optical mode
is over-coupled]}, and the Rayleigh backscattering rate [V =
(0.34 £ 0.01) MHz] for this experiment by simultaneously fitting
all the measured traces. At resonance (A = 0 MHz), we estimate
G = (0.17 £ 0.01) MHz with an intracavity (pump) occupation
number of 7., ~1x 10'" and a single-photon optomechanical
coupling rate, g, = (1.6 £ 0.09) Hz. All uncertainties in this
manuscript correspond to 95% confidence intervals of the fitted
value.

To explore the limits of how strongly Rayleigh backscattering
may be suppressed, we performed a second experiment on a
101 pm radius resonator (Fig. 3), mediated by a 229.5 MHz
mechanical mode having azimuthal order M = 39 (corresponding
to phonon wavenumber 0.062 pm™') and damping rate I’ =
(39.1 £ 1.3) kHz. Here, we use a higher optical pump power

to bring the system into the Brillouin strong-coupling regime
[25,28], where the optomechanical coupling exceeds the total op-
tical loss rate (G > k/2). We first detune the pump sufficiently so
that the optomechanical coupling is negligible [G' = 0, Fig. 3(a)].
The 2. modes exhibit the doublet characteristic, as expected from
Rayleigh backscattering within the resonator. Fitting to the
theoretical model allows us to discern the backscattering
strength at V' = (0.3 £ 0.01) MHz, intrinsic loss x; = (0.45 +
0.02) MHz, and extrinsic coupling for the experiment at
Kee = (0.17 £ 0.003) MHz, all of which contribute to the mea-
sured line shape. Strong optomechanical coupling occurs when the
laser is near zero detuning and manifests as an avoided crossing in
both optical and mechanical spectra as a function of pump detun-
ing. This is confirmed by experimental measurements for a for-
ward-directed pump and probe in Fig. 3(c). Mechanical spectra
are measured using the beating between the pump and the forward
scattered light on a photodetector [31]. The experimental observa-
tion of the avoided crossing closely matches the theoretically mod-
eled eigenfrequencies [A. in Fig. 3(c), right]. A detailed discussion
on this observation is provided in Section 1.F of Supplement 1.

We now bring the cw pump laser exactly on resonance
(A = 0 MHz) such that 272 pW optical power is absorbed into
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Fig. 3. Near-complete suppression of Rayleigh backscattering with Brillouin strong coupling. (a) This experiment was performed with the 229.5 MHz
mechanical mode of a 101 pm radius silica WGR. By initially detuning the pump laser we observe the Rayleigh-backscattering-induced optical doublet.
Fitting to the theoretical model (solid line) indicates intrinsic loss, k;, extrinsic loss, k., and backscattering rate, V. (b) We now set the pump to zero
detuning so that strong cw optomechanical coupling is achieved (with G = 0.5 MHz), resulting in a prominent change in susceptibility for the cw (2,)
mode only. The time-reversed (2_) mode, which we did not modify, simultaneously exhibits much narrower line width, and the backscattering-induced
doublet is eliminated. (c) The avoided crossing due to Brillouin strong coupling is observed in both the optical transmission spectrum and the mechanical
spectrum for various detunings of the pump. The data closely match the theoretical eigenfrequencies (see Section 1.F of Supplement 1). Mechanical
spectra are measured from the beating between the pump and scattered light on a photodetector [31].
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resonator and waveguide, k., we are able to explore the point of critical coupling for the ccw mode, «_. Critical coupling is the point where on-resonance
transmission reaches zero and occurs when the extrinsic coupling rate, ., and the intrinsic loss rate, ;, are matched. (b) We use experimentally measured
parameters in the theoretical model [Supplement 1, Eq. (S8)] to establish theoretical predictions for the on-resonance transmission as a function of
extrinsic coupling rate. When optomechanical coupling is zero (i.e., Rayleigh backscattering is active) the predicted critical coupling point is at
0.75 MHz. Experimental data points (blue) are well matched to this predicted curve. On the other hand, with an optomechanical coupling of
G = 0.5 MHz, we estimate a ccw effective intrinsic loss rate of 0.46 MHz, a very close match to the purely intrinsic loss rate of 0.45 MHz. The
measured on-resonance transmission (red) from the experimental measurements in (a) are also very well matched to the theoretical predictions from
the model. We additionally plot the theoretical case where Rayleigh scattering does not contribute (occurs when either V' — 0 or G — ).

the resonator, leading to an estimated optomechanical coupling
rate of G = (0.5 % 0.02) MHz. The resulting Brillouin-induced
normal-mode splitting in the 2, mode can be observed through
forward transmission measurement [Fig. 3(b), left]. Since the
TRS broken bandwidth now encompasses nearly the whole
of the counterpropagating 2. mode, the backscattering will
be significantly suppressed. Simultaneous measurement of
backward transmission [Fig. 3(b), right] reveals that the Rayleigh-
backscattering-induced doublet indeed does disappear when
measuring the 2. mode, and there is a significant improvement
in the resonance line width. Furthermore, the on-resonance op-
tical transmission in this direction dips lower, as evidence of re-
duced optical losses within the resonator. Next, we quantitatively
verify this reduction in resonator loss.

As discussed above in Eq. (2b) (see also Supplement 1,
Fig. §3), in the limit of large optomechanical coupling, the
Rayleigh backscattering can be mitigated completely, and the ef-
fective intrinsic loss of the ccw 2. mode must converge to its
purely intrinsic loss rate, k; = 0.45 MHz. This is experimentally
verifiable, provided that we observe critical coupling in the
waveguide—resonator system when extrinsic coupling k. &
0.45 MHz. In fact, measurement of the critical coupling point
through a sweep of k., is the only directly accessible measurement
of the on-resonance intrinsic optical loss since the optical mode
shape is non-Lorentzian. First, we use the loss rates and coupling
rates extracted earlier to establish that critical coupling for G = 0
will occur when k., = 0.75 MHz due to the increased intrinsic
loss (+4V?/k) from the Rayleigh backscattering channel.
Experimental data points for zero optomechanical coupling
match well to this theoretical prediction [see Fig. 4(b)]. Then,
we experimentally test the case when G = 0.5 MHz by sweeping
Kex from 0.14 to 0.62 MHz. Here, k., is increased by moving the
tapered fiber close to the resonator [32]. Note that the Rayleigh
contribution to the ccw effective intrinsic loss (4V?/k(1 + C))
also reduces with increasing k... Measurements of the ccw mode
in Figs. 4(a) and 4(b) show the evolution of the ccw resonance, as
it proceeds from undercoupling to overcoupling while passing
through the critical coupling point. The theoretical model and

experimental data both indicate that critical coupling must occur
at K. ~ 0.46 MHz. This is extremely close to the estimated
purely intrinsic loss rate of k; = (0.45 £ 0.02) MHz and is well
within the error bars. This indicates that the TRS-broken system
achieves nearly complete suppression of the undesirable Rayleigh
backscattering in the limit of large G. As predicted by the
theoretical model (Supplement 1, Section 1.D), an even higher
optomechanical coupling rate could enable recovery of the
Lorentzian line shape of the ccw optical mode.

4. DISCUSSION

Our experiments demonstrate the fundamental concept that local
time-reversal symmetry-breaking interactions can suppress
Rayleigh backscattering from disorder within dielectrics. While
we have used a specific narrowband optomechanical approach in
this work, the principle can readily be translated to other TRS-
breaking techniques encompassing nonlinear optics [20,33,34],
chirally pumped atoms [35], parity-time symmetry breaking
[36,37], spatiotemporal modulation [38], electro-optic interaction
[39], and even magneto-optic nonlinearity [40]. We anticipate
applications of this principle for fiber networks and integrated wave-
guides, where broadband TRS-breaking has already been demon-
strated via nonmagnetic and Brillouin approaches [23,38,41],
but suppression of disorder-induced backscattering has not.
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