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Microcavity Sensor Enhanced by Spontaneous Chiral Symmetry Breaking
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An optical microcavity provides a prominent platform for single-nanoparticle detection with ultrahigh
sensitivity. Recently, microcavity sensors working at the exceptional point have caught great attention
due to their ability to enhance sensitivity, but suffer from simultaneously amplified noise. Here, we pro-
pose employing a nonlinear microcavity to enhance the sensitivity of single-nanoparticle detection based
on spontaneous chiral symmetry breaking. It is found that sensors operating at the symmetry-breaking
threshold experience a gigantic enhancement in sensitivity, which is caused by the square-root response
to perturbation in a lossless microcavity. Through the analysis for a realistic microcavity, a 30-fold sensi-
tivity enhancement is demonstrated by working at the threshold, and the enhancement is also confirmed
by numerical simulation. Furthermore, the noise performance is analyzed to be superior in thermorefrac-
tive noise and quantum noise performance in comparison to a conventional microcavity-sensing scheme.
Merging the spontaneous chiral symmetry-breaking effect with practical sensing applications, the results
pave a universal way for high-performance microcavity sensing with enhanced sensitivity and reduced
noise.
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I. INTRODUCTION

Single-nanoparticle detection plays an increasing role in
applications such as biological and chemical sensing [1].
While various techniques, such as tunable resistive pulse
sensing [2–4], nanoparticle-tracking analysis [5,6], and
interferometric scattering microscopy [7–9], have grown
mature, it is still challenging but desirable to push the
detection limit of single nanoparticles down to nanometer
size in a portable-scale device. Optical whispering-gallery-
mode (WGM) microcavities, with the merit of ultrahigh-Q
factor, are widely used in chip-scale optical sensors for
the detection of single nanoparticles [10–19]. Previous
research in WGM microcavity sensors has demonstrated
the superior sensitivity of detecting single molecules or
even single ions, with an unprecedented molecular weight
of 2.35 kDa [18,19]. In order to further improve the
detection limit, much effort has been made to enhance sen-
sitivity for small perturbation, including using a hybrid
microcavity [20–22], an active microcavity, mode-locking
techniques [23] and detecting mode-broadening signals.
In particular, introduction of exceptional points (EPs) in
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a non-Hermitian system improves the sensitivity to small
perturbations to an unprecedented level [24–30], leading
to the development of devices such as nanoparticle sensors
[24,26,28], gyroscopes [29], and optomechanical sensors
[30].

Although the sensitivity of EP microcavity sensors are
proved to be enhanced theoretically and experimentally,
with analysis of Hamiltonian dynamics [31,32], Fisher
information [33–35] and Petermann factor [36], the quan-
tum SNR performance of current EP microcavity sensors
are calculated to be not improved because of the simulta-
neously magnified quantum noise. Besides the EPs with
respect to parity-time symmetry breaking, another opti-
cal singularity caused by spontaneous chiral symmetry
breaking (SCSB) [37] is recently observed experimen-
tally in WGM microcavities [38,39]. When the intra-
cavity intensity exceeds the threshold at the singularity,
the counterpropagating clockwise (CW) and counterclock-
wise (CCW) waves inside the microcavity evolve into
a chiral state due to the Kerr-effect-induced nonlinear
coupling, with unbalanced intensities in CW and CCW
directions. This spontaneous chiral symmetry breaking
can lead to many phenomena and performance enhance-
ment in a wide range of optical devices, such as sensors
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[40–43], logic gates [44], switches [45,46], and nonre-
ciprocity devices [47].

In this work, we propose employing a nonlinear micro-
cavity to enhance the sensitivity of single-nanoparticle
detection based on SCSB. When a tiny perturbation occurs
in the evanescent field of the microcavity, the coupling
strength between CW and CCW waves changes slightly,
leading to a measurable contrast in the intensity of counter-
propagating waves. It is further found that intensity differ-
ence response can be significantly enlarged near the SCSB
threshold, with a square-root relationship to the exter-
nal perturbation. Moreover, the SNR is analyzed and is
compared with the backscattering-based sensing scheme,
demonstrating a better performance in overcoming the
thermorefractive noise and quantum noise.

II. SENSITIVITY ANALYSIS

As shown in Fig. 1(a), the counterpropagating CW and
CCW traveling waves in a microcavity can be intrinsi-
cally coupled due to the surface scattering and form a
pair of standing-wave supermodes [48–50]. In the linear
regime, the supermodes consist of equal intensity CW
and CCW traveling waves and are distinguished by the
phase difference between the counterpropagating waves.
Specifically, the low- (high-) frequency symmetric (anti-
symmetric) supermode has a phase difference of 0 (π )
between the counterpropagating waves. When the Kerr
nonlinear effect is introduced, an intensity-dependent non-
linear coupling comes into force [Fig. 1(a)], where the
evolution of CW and CCW modes acw and accw can be
described by the coupled-mode equations

dam

dt
= iωcam + ig0am′ + iM (|am|2 + 2|am′ |2)am, (1)

where m �= m′ stands for CW and CCW, ωc is the eigen-
frequency of the waves, g0 is the intrinsic linear coupling
strength, and M is a constant related to the Kerr non-
linearity of the cavity. The Kerr nonlinearity induces a
self-phase modulation term iM |am|2am and a cross-phase
modulation term 2iM |am′ |2am, where the cross-phase mod-
ulation is twice as strong as the self-phase modulation. By
rewriting Eq. (1) (see Appendix 1), we can obtain the effec-
tive coupling between the counterpropagating waves geff =
g0 + Ma∗

ccwacw. As for the antisymmetric mode, when the
intracavity intensity reaches the threshold A2

th, the intrin-
sic coupling strength can be entirely compensated by the
Kerr nonlinearity (geff = 0), and the chiral symmetry of the
counterpropagating optical field breaks spontaneously with
a vanished frequency splitting between the supermodes
[38]. Note that here the order parameter is conventionally
defined as the chirality C = (|acw|2 − |accw|2)/(|acw|2 +
|accw|2). Beyond the threshold at the critical point [red star
in Fig. 1(b)], two chiral states emerge randomly, corre-
sponding to the two dashed branches in Fig. 1(b), and the
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FIG. 1. (a) Schematic of the microcavity sensor enhanced by
spontaneous chiral symmetry breaking. Left: visualization of
the chiral optical field in a disk microcavity with χ(3) Kerr
nonlinearity, where red and blue dashed curves represent the
unperturbed CCW and CW traveling waves with an effective
coupling strength of geff. εeiφ is the perturbation induced by an
attached nanoparticle, which changes the traveling waves into
the chiral optical fields marked by solid curves. Right: coupling
mechanism between CW and CCW waves. (b) The dashed (solid)
curves show the dependence of the chirality C on the intracavity
intensity A2 before (after) perturbation. (i)–(iii) The intensity of
CCW and CW waves at different intracavity intensities.

CW-CCW intensity difference D = Pcw − Pccw becomes
larger with the increased intracavity intensity.

When a nanoparticle enters the evanescent field of the
microcavity, an extra coupling is introduced by the scatter-
ing between CW and CCW waves, resulting in a perturba-
tion to the linear coupling strength. Thus, the nanoparticle
shifts the symmetry-breaking threshold and the CW-CCW
intensity difference D can be changed, shown as the solid
line in Fig. 1(b), so that the variation of the intensity dif-
ference �D is used as the sensing signal. Compared to
the case when the intracavity intensity A′2 is away from
threshold, the relative signal �D/A2 [gray line in Fig. 1(b)]
is significantly enhanced when the intracavity intensity
is chosen at the symmetry-breaking threshold A2

th, which
leads to a greater sensitivity to perturbations. In the follow-
ing subsections, we analyze the sensitivity enhancement
first in a lossless microcavity in Sec. A, and then verify the
results with consideration of a realistic lossy microcavity
(Sec. B) and numerical simulation (Sec. C).

A. Theoretical results with a lossless microcavity

We first consider a closed microcavity where the opti-
cal loss is neglected. The steady-state solutions of Eq. (1)
demonstrate that the intensity difference of the CW (CCW)
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waves is

D =
√

A4 − 4
(g0

M

)2
, (2)

where D becomes nonzero when the intracavity intensity
A2 is greater than the threshold intensity A2

th = 2g0/M .
When a nanoparticle is attached to the microcavity, the
real part of the perturbation for the linear coupling strength
reads ε cos(φ) [51], where the phase φ depends on the
azimuthal position of the nanoparticle and would experi-
ence a change from 0 to π while the position of the analyte
particle changes between adjacent antinodes.

In order to characterize the best performance with a max
possible signal of this sensor, we take φ = π as an exam-
ple, and the variation in the CW-CCW intensity difference
at the threshold A2

th is expanded as �D =
√

8εg0/M 2

with ε � g0, where the effective coupling strength remains
zero as well as the modal splitting. It is found that this
square-root response leads to the significant enhancement
of sensitivity for small perturbations (Fig. 2). Note that the
perturbation induced by an attached nanoparticle can also
increase the initial linear coupling strength. To respond
to such a positive perturbation strength, the sensor has to
work at an intracavity intensity slightly higher than SCSB
threshold.

The dependence of the sensing signal �D on the intra-
cavity intensity A2 and the perturbation strength ε is plotted
in Fig. 2(a). When the intracavity intensity is lower than
A2

th = 2, small perturbations do not break chiral symme-
try and therefore the sensing signals are zero [gray zone in
Fig. 2(a)], and the sensing signal emerges only for pertur-
bation strength ε > g0 − MA2/2. Increasing the intracavity
intensity to the threshold, the sensing signal reaches its
maximum for any perturbation strength. Further increas-
ing the intracavity intensity higher than A2

th, the sensing
signal starts to drop. This emphasizes that the signal
magnification is induced by the emergence of the SCSB

singularity, but not the increase in the intracavity inten-
sity. Specifically, the dependence of the sensing signal to
perturbation at interfaces A2 = 1.5, 2, 2.5 in Fig. 2(a) is
illustrated in Fig. 2(b). The sensing signal at threshold
intensity A2

th = 2 is enhanced for all perturbation strength.
Moreover, the response of the signal to small perturba-

tion in the logarithm plot exhibits a slope of 1/2 at A2
th = 2,

confirming the square-root response given by the theory. In
contrast, the signal has no response to small perturbations
at lower intensity A2 = 1.5 and linear responses to small
perturbations at higher intensity A2 = 2.5. This square-root
response at SCSB threshold A2

th leads to enhancement in
the sensitivity �D/ε for small perturbations, which can
be seen in Fig. 2(c). In contrast to sensors operating away
from threshold intensity, the sensitivity is enhanced when
the intracavity intensity is at threshold A2

th [red line in
Fig. 2(c)]. For small perturbation ε → 0, the sensitivity at
A2

th = 2 is trended to infinity under the lossless model.

B. Theoretical results with a lossy microcavity

In a realistic microcavity with coupling loss and intrinsic
loss, the sensitivity of the single-particle detection is ana-
lyzed based on the add-drop structure shown in Fig. 3(a).
Continuous-wave input light is evanescently coupled to the
microcavity from a bus waveguide to excite cavity modes,
and the counterpropagating output waves are separately
collected through a drop waveguide. Note that here in order
to excite the antisymmetric mode, the input light is injected
bidirectionally with the same intensity Pin and a phase dif-
ference of π . The output spectra collected with a frequency
down scan demonstrate the SCSB phenomenon. As shown
in Fig. 3(a), under the configuration of Appendix 2, when
the input intensity is lower than the SCSB threshold power
of 95 μW, the CW and CCW output spectra have a tri-
angularlike shape due to the mode shift induced by Kerr
nonlinearity, while their intensities remain the same. When

(a) (b) (c)

FIG. 2. Sensing analysis in a lossless microcavity. (a) The response of the signal �D to the perturbation strength ε/g0 and the intra-
cavity intensity A2. The gray zone represents �D = 0. (b) A logarithmic plot of the relationship between �D and ε/g0 at intracavity
intensities A2 = 1.5, 2, 2.5. The gray dashed lines are linear fitting functions for perturbations ε/g0 < 0.01. (c) The response of the
sensitivity �D/ε to the perturbation strength ε/g0 at A2 = 1.5, 2, 2.5. The intensities are normalized by g0/M .
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the input intensity is higher than the threshold, the anti-
symmetric mode field randomly falls into the CW or CCW
chiral state and the counterpropagating wave intensities
become unbalanced.

The dependence of the sensing signal �D on the input
power Pin and the intrinsic coupling strength g0, shown
in Figs. 3(b) and 3(c), demonstrates the sensing-signal
enhancement at the SCSB threshold. For a certain linear
coupling strength g0, the sensing signal �D reaches a peak
at the threshold Pin,th. As the linear coupling strength g0
increases, the SCSB threshold raises accordingly, and the
signal �D is further enhanced around the threshold. As
shown in Fig. 3(c), the SCSB threshold input power is
demonstrated in the gray dashed line and matches with
the peak of the sensing signal, confirming the signal is
enhanced by SCSB effect. For a perturbation as small as
ε/2π = 0.05 MHz (approximately a polystyrene nanopar-
ticle with a radius of 10 nm [52]), the output signal
�D can be magnified to more than 1 μW at threshold
Pin = 95.3 μW, which is strong enough for commonly
used detectors to discriminate. The sensitivity enhance-
ment is calculated to be 30 times larger than a sensor
working at 200 μW, where the sensing signal linearly
responses to the perturbation as in many other microcavity-
sensing schemes. The dependence of the output signal �D
on the perturbation strength ε is further calculated at the
SCSB threshold (g0/2π = 4.5 MHz and Pin = 95.3 μW)
[Fig. 3(d)]. The sensing-signal response to the perturbation
is fitted with a power function, exhibiting a relationship
of �D ∝ ε0.65, where the sensitivity �D/ε is confirmed
to be enhanced for small perturbation. The sensing-signal
response varies from a square-root response due to the loss
of the system.

C. Numerical simulation results

The SCSB enhanced sensing scheme can be experimen-
tally carried out in a silica microtoroid resonator under
continuous-wave input, where the SCSB effect is observed
[38]. Since Kerr nonlinearity is a universal effect, the
SCSB enhanced sensing is a versatile scheme adaptable
to microcavities of many materials, such as silicon nitride
[53], and various geometries, including microspheres [54],
microring resonators [53], and even fiber resonators [55].
Based on the proposed setup, we conduct a numerical
simulation by the finite-element method (FEM) to further
confirm this theoretical model. Considering the comput-
ing resources, we adopt a two-dimensional (2D) circular
silica microcavity with a radius of 3.5 μm, which is side
coupled with two waveguides, similar to the setup in
Fig. 3(a) (see Appendix B). Here due to the large radia-
tion loss of a small cavity (Q ∼ 105), the intrinsic linear
coupling strength g0 = 25.7 GHz is initially set much
larger than the value in the theoretical model. To avoid
the random emergence of the chiral states, two-sided anti-
symmetric input is coupled to the resonator with a 10%
bias in the CW input power to drive the system to the
CW chiral state [38]. Nanoparticles with a radius of a
few nanometers are placed near the surface of the cavity
to induce a perturbation ε to the linear coupling strength.
The typical output spectra before and after perturbation
near the SCSB threshold are shown in Fig. 4(a), where
the change of the intensity difference at the resonance fre-
quency demonstrates that the perturbation has broken the
chiral symmetry.

In the absence of a nanoparticle perturbation, the CW-
CCW intensity difference D is shown as the dark blue dots
in Fig. 4(b). With increase of the input power, D barely
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FIG. 3. (a) Top: a lossy microcavity sensor with an add-drop coupling structure. The red (blue) curve represents the CCW (CW)
wave. A nanoparticle attached to the cavity induces an extra coupling strength ε. Bottom: typical drop-port spectra with input power
Pin of 50 and 200 μW from each port of the the bus waveguide. (b) Dependence of the output signal �D on the input power Pin and
the linear coupling strength g0, under a perturbation strength of ε/2π = 0.05 MHz. (c) The output signal �D versus the input power at
the intrinsic coupling strength of g0/2π = 4.5 MHz, corresponding to the dashed line in (b). (d) Dependence of the output signal �D
and the sensitivity �D/ε on the perturbation strength ε at the chiral symmetry-breaking threshold. The blue dots are the signal from
calculation and the red line is a fitting curve with a power function, and the blue line is the calculated sensitivity. The experimental
adaptable parameters used in this calculation are κ1,0/2π = κ2,0/2π = 2.8 MHz, κin = κout = 0.2κ1,0, M = 1.33 × 1013 MHz/J.
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(a) (b) (c)

FIG. 4. Sensitivity analysis with two-dimensional numerical simulation results. (a) Output spectra obtained during the frequency
scanning before (top) and after (bottom) perturbation. The dots and lines are simulation results and theoretical fitting, respectively. (b)
The dependence of the intensity difference between CW and CCW outputs before (D, dark blue) and after perturbation (D′, light blue)
on the input power Pin under a perturbation strength of ε/g0 = 0.05. The sensing signal �D is denoted in the orange dots. (c) Plots of
the signal �D versus the perturbation strength ε at the SCSB threshold in linear coordinate and logarithm coordinate (inset). Output
intensity results are normalized by the input intensity and the perturbation ε is normalized by g0.

changes below the SCSB threshold (white regime) and
increases rapidly beyond threshold (gray regime), corre-
sponding to the symmetry-breaking effect. Perturbed by a
nanoparticle placed near the wave node of the original opti-
cal field distribution, the intensity difference D′ changes
into the light blue dots in Fig. 4(b). The sensing signal
�D, illustrated by orange dots, reaches a peak at the SCSB
threshold. At the chiral symmetry-breaking threshold, the
sensing signal �D responses to the perturbation strength ε

with a nonlinear behavior [Fig. 4(c)]. The signal response
to the perturbation with a slope of 0.69 for small perturba-
tions (ε < 0.1g0) in the logarithm plot, which demonstrates
sensitivity enhancement compared to linear response.

III. NOISE ANALYSIS

So far we prove the sensitivity enhancement of a non-
linear microcavity sensor working at the SCSB thresh-
old. Furthermore, we investigate the noise performance
of this sensor to demonstrate its validity. Analysis of
the noise behavior is carried out with comparison to the
backscattering-based sensor [13], which has been demon-
strated with a prominent SNR among various microcavity-
sensing schemes.

In order to deal with the nonlinear system, we separate
the output intensity to its mean value D̄ and its fluctu-
ation δD, which is widely adopted in the analysis of a
backscattering-based sensor [13]:

D = D̄ + δD. (3)

The output intensity D̄ is calculated by neglecting the
noise terms, and the fluctuation of the output intensity

δD is calculated by expanding the nonlinear coupled-
mode equations to the first order of the fluctuation terms
(see Appendix 2). We analyze the frequency noise spec-
trum of the sensing signal

〈|δ(�D)|2〉 (ω) and calculate
its dependence on the noise spectrum of different noise
sources:

〈|δ(�D)|2〉 (ω) = cth(ω)Sth(ω) + cRIN(ω)PinSRIN(ω)

+ cξ (ω)PinSξ (ω) + cq, (4)

where Sth(ω) is the thermorefractive noise spectrum,
SRIN(ω) and Sξ (ω) are the power spectrum of the rel-
ative intensity noise and relative phase noise of the
input laser. The coefficients cth(ω), cRIN(ω), cξ (ω), and
cq demonstrate the dependence of the noise spectrum
of the sensing signal on different noise sources, where
cq represents quantum noise. To analyze the noise
level compared with the signal, we define parameters√

cth/�D,
√

PincRIN/�D,
√

Pincξ /�D, and √cq/�D, and
they characterize the relative noise dependence of the sig-
nal on the thermorefractive noise, laser-intensity noise,
laser-phase noise, and quantum noise. Here the noise spec-
trum of different noise sources Sth(ω), SRIN(ω), and Sξ (ω)

are not included in the comparison because they are irrel-
evant to the sensing method used and remain the same as
long as the sensing device is unchanged.

Although cth, cRIN, cq are related to the noise frequency
ω, the calculation is carried out in the realistic limit of
ω � κ . However, the frequency dependence of cξ can-
not be neglected and is demonstrated in Fig. 5(d). For
both sensing schemes (the nonlinear effect is ignored in
the backscattering case), the calculation is carried out
with the same parameters as in Fig. 3 at g0/2π = 5.835
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MHz, with only input from the CW side. The detuning
is taken to be zero for the backscattering-based sensor to
suppress laser-phase noise. It is shown that the nonlinear-
based sensing scheme has a better behavior in overcoming
thermorefractive noise near threshold in Fig. 5(a). For all
of the intensities calculated, the nonlinear-based sensing
scheme has a better performance in suppressing quantum
noise, while the backscattering-based sensing scheme has
a better performance in suppressing laser-intensity noise,
as shown in Figs. 5(b) and 5(c). At low noise frequency
(below 0.6 MHz in the given parameters), an improve-
ment in the laser-phase noise performance is shown for
the SCSB-enhanced sensing scheme [Fig. 5(d)]. The noise
performance improvement can be understood by the self-
referencing property of the CW-CCW intensity difference.
The results confirm the advantage of using the SCSB-
enhanced sensing scheme when the SNR is not limited
by laser-intensity jitters. Compared to the EP-enhanced
sensor, using the SCSB-enhanced sensing scheme has
the potential to enhance sensitivity as well as suppress
quantum noise.

IV. CONCLUSION

In conclusion, we propose and demonstrate theoretically
an optical microcavity-sensing scheme working at the

chiral symmetry breaking threshold. With theoretical
analysis and numerical simulation, we find that for suf-
ficiently small perturbation, the sensing-signal responses
to the perturbation with a power function at the chiral
symmetry-breaking threshold, which magnifies the sensi-
tivity. Furthermore, with comparison to the backscattering-
based sensing scheme, the noise performance of low-
frequency laser-phase noise, thermorefractive noise and
quantum noise is proved to be enhanced. Compared to
the EP-enhanced sensor, these results pave the way for an
intensity-detection-based optical sensor to enhance sensi-
tivity as well as noise performance. Since Kerr nonlinearity
is a universal effect, the SCSB-enhanced sensing scheme
can be widely adapted in all materials and microcavity
structures. Aside from single-nanoparticle sensing, SCSB-
enhanced sensing can be used to enhance the sensitivity
of many other physical quantities, and could be widely
applied in biological sensing, environmental monitoring,
and rotation sensing.

ACKNOWLEDGMENTS

The authors thank Y.-J. Qian for helpful discussions.
This project is supported by Key R&D Program of
Guangdong Province (Grant No. 2018B030329001), the
National Natural Science Foundation of China (Grants No.
11825402, No. 11654003, No. 12174010, No. 12104059,
and No. 62005231). Q.-T. Cao is supported by the National
Postdoctoral Program for Innovative Talents (Grant No.
BX20200014) and China Postdoctoral Science Foundation
(Grant No. 2020M680185). X.-C. Yu is supported by the
Fundamental Research Funds for the Central Universities.
Y.-Y. Li is supported by the China College Innovation
Training Program.

APPENDIX A: COUPLED-MODE EQUATIONS

1. Lossless coupled-mode equations

The electric fields of the two standing-wave supermodes
are assumed to be E1,2(r, t) = a1,2(t)A1,2(r)e(i∗ω1,2∗t),
where ω1,2 are the eigenfrequencies of the two standing-
wave supermodes. A1,2(r) are the normalized spacial part
of the high-frequency and low-frequency supermodes and
a1,2(t) are the state amplitudes. Changing to the CW-
CCW mode basis acw = (a1 + ia2)/

√
2 and accw = (a1 −

ia2)/
√

2, the coupled-mode equation, Eq. (1), in the main
text can be written into
{

acw
dt = iωcacw + igeffaccw + iM (|acw|2 + |accw|2)acw

accw
dt = iωcaccw + ig∗

effacw + iM (|accw|2 + |acw|2)accw
,

(A1)

where geff = g0 + Ma∗
ccwacw is the effective coupling coef-

ficient, and g0 is the linear coupling strength, M =
2ωcχ

(3)/(ε0n4Vm) ∝ χ(3) is a constant related to the Kerr
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nonlinearity of the cavity, where n is the refractive index
of the material, ε0 is the vacuum dielectric constant, and
Vm is the second-order mode volume

Vm =
[∫ (

ε0n2

2
Acw · A∗

cw

)2

d3r

]−1

(A2)

and Acw(r) is the normalized spacial part of the CW
eigenmode electric field.

The CW and CCW waves are parametrized with Bloch-
sphere parameters

{
acw = Aeiα cos θ

2
accw = Aeiα sin θ

2 eiφ , (A3)

where 0 ≤ θ ≤ π , 0 ≤ φ ≤ 2π , and Aeiα is the intracavity
complex amplitude. The steady-state solutions of Eq. (1)
show that the intensity of CW (CCW) waves |acw|2, |accw|2
are the two distinct roots of the quadratic equation

(|a|2)2 − A2|a|2 +
(g0

M

)2
= 0. (A4)

When the intracavity intensity A2 ≥ 2g0/M , Eq. (A4) has
two different real roots |a|2± = A2/2 ±

√
(A2/2)2− (g0/M )2,

corresponding to the different intensities of the two coun-
terpropagating waves, respectively. The intensity differ-
ence of the CW (CCW) waves is

D = |a|2+−|a|2−=
√

A4 − 4(
g0

M
)2, (A5)

which is the same as Eq. (2).
At the threshold A2

th, the sensing signal corresponding to
a perturbation ε can be calculated by taking the difference
in D before and after perturbation. When ε � g0, the sens-
ing signal at threshold can be expanded into a square-root
response function

�D =
√

A4
th − 4

(
g0 − ε

M

)2

−
√

A4
th − 4

(g0

M

)2

≈ A2
th

√
2ε/g0 (A6)

as given in the main text. Note that here the perturbation
changes the steady-state solution of the CW and CCW
intensities, such that the perturbation will not be eliminated
by nonlinear stabilizing effects such as mode locking or
gain spiking [56].

2. Lossy coupled-mode equations

The considered open system is characterized by
coupled-mode equations with loss, detuning and input

terms:

dam

dt
= −κ1

2
am + am′

2
− κ2

2
am − am′

2
+ i�inam + ig0am′ + iM (|am|2 + 2|am′ |2)am

+ √
κinam,in, (A7)

where m �= m′ stands for CW and CCW, κμ = κμ,0 + κin +
κout (μ = 1, 2) are the decay rates of the symmetric mode
and the antisymmetric mode, �in is the detuning of the
input laser.

The output signal can be calculated with the input-
output relations:

am,out = −√
κoutam. (A8)

APPENDIX B: SIMULATION METHODS

In the two-dimensional FEM simulation with COMSOL
Multiphysics, the setup is similar to Fig. 3(a), where a cir-
cular silica microcavity with a radius of 3.5 μm is side
coupled with two silica waveguides. The waveguides have
a 0.3 μm width and the gap between the waveguide and the
cavity edge is 0.5 μm. To introduce linear coupling, two
30-nm-radius silica nanoparticles are placed symmetrically
at the near field of the cavity. The perturbation is intro-
duced by symmetrically placing silica nanoparticles with a
radius of Rε. Here the nanoparticles are placed symmetri-
cally to reduce the effect of mesh asymmetry. The perturba-
tion strength ε can be calculated by ε/g0 = α(Rε)/α(Rg0) ·
f 2(
rε)/f 2(
rg0), where α(R) ∝ R2 is the polarizability of
the circular nanoparticle and f 2(
r) represents the normal-
ized distribution of the electrical field magnitude at the
location 
r of the nanoparticle [11]. In the simulation, all
the nanoparticles are placed at wave nodes with a 80-nm
gap between the nanoparticles and the cavity edge such
that f 2(
r) are the same for all nanoparticles. Therefore,
the induced perturbation strength ε/g0 = (Rε/30 nm)2 can
be controlled by changing the radius Rε of the additional
nanoparticles.

In order to simulate this SCSB effect, we build a
computational model based on the nonlinear Maxwell
equation for one component of the electrical field E(r, t) =
u(r, t)e−iωt. Under the slow-varying envelope approxima-
tion |∂2u/∂t2| � ω|∂u/∂t|, the equation reads

−2in2 ω

c2
0

∂u
∂t

= ∇2u + (n2 + χ(3)|u|2)ω2

c2
0

u. (B1)

where c0 is the speed of light. By adding an energy flux at
both sides of the bus waveguide, bidirectional continuous-
wave input is coupled to the resonator around the cavity
resonant wavelength at 695 nm. The phase difference of
the CW and CCW input light is set to π to drive the system
into the antisymmetric supermode and a 10% bias is added
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in the CW input side to drive the system into the CW chi-
ral state. The output spectra are collected from the drop
waveguide with frequency down scan. From the output
spectra without nonlinearity, we obtain the linear coupling
strength g0 = 25.7 GHz, the loss rates κ1 = 25.5 GHz and
κ2 = 23.8 GHz.

APPENDIX C: NOISE ANALYSIS

1. Introduction of the backscattering-based sensing
scheme

In the backscattering-based sensing scheme, the input
light is coupled to the cavity from the CW port of the
drop waveguide, and the output backscattering light is
detected from the same port of the waveguide. Neglecting
nonlinearity, the system can be described by

dam

dt
= −κ1

2
am + am′

2
− κ2

2
am − am′

2
+ i�inam + ig0am′ + √

κinam,in, (C1)

where accw,in = 0. The backscattering intensity is Pback =
κin|accw|2, and the sensing signal is the change in the
backscattering intensity before and after perturbation
�Pback.

2. Details of noise analysis

To analyze the noise of the SCSB enhanced sensor,
we first add all the considered fluctuation terms into the
coupled-mode equations

dam

dt
= −κ

2
am + i(�in + gs

th)am

+ i(g0 + Rc
th ± iI c

th)am′ + iM (|am|2 + 2|am′ |2)am

+ √
κinam,in + √

κlδal + √
κoutδam,out, (C2)

where m �= m′ stands for CW and CCW. Here we assume
κ1 = κ2 = κ , κl = κ − κin − κout. The terms gs

th, gc
th =

Rc
th + iI c

th, are the zero-mean fluctuations induced by ther-
morefractive noise, and their variances can be described
by

Sth =
〈
gs

th
2
〉
= 2

〈
I c
th

2
〉
= 2

〈
Rc

th
2
〉

. (C3)

As described in the main text, we separate the optical oper-
ators a into its mean value α and its fluctuation δa, where
a = α + δa. The terms δal, δam,out are the zero-mean vac-
uum noise input terms. By breaking each input term into its
amplitude X and phase Y quadratures as a = (X + iY)/2,
all of the input terms contribute to the quantum noise due to
the uncertainty principle. Assuming a coherent light input,
the variance

〈
δX 2

input

〉
=

〈
δY2

input

〉
= �ωinput. In addition to

quantum noise, the classical noise from the input laser

must be considered as well. Because the classical noise and
the quantum noise are uncorrelated, we get

〈
δXin(ω)2〉 = �ωin + SRIN(ω)Pin, (C4a)〈
δYin(ω)2〉 = �ωin + Sξ (ω)Pin, (C4b)

where SRIN(ω) and Sξ (ω) are the relative intensity noise
spectrum and the relative-phase-noise spectrum, respec-
tively.

To deal with the nonlinear system, we first calculate
the mean optical fields αcw, αccw with Eq. (A7) and thus
calculate the intensity difference D. We then turn to the
frequency domain and expand Eq. (C2) to the first order of
the fluctuation terms as

iωδam = −κ

2
δam + i�inδam + igs

thαm

+ ig0δam′ + i(Rc
th ± iI c

th)αm′

+ iM (2|αm|2 + 2|αm′ |2)δam + iMα2
mδa†

m

+ i2Mαmαm′δa†
m′+i2Mα∗

m′αmδam′

+ √
κinδam,in + √

κlδal + √
κoutδam,out. (C5)

By solving these linear equations, we find the linear depen-
dence of the variance of the intensity difference

〈|δD|2〉 on
the variances of fluctuations.

Last, we add the perturbation ε and do the above calcu-
lation again and we find the sensing signal �D = D′ − D
and the variance of the sensing signal

〈|δ(�D)|2〉 (ω) =〈|δD′|2〉 (ω) + 〈|δD)|2〉 (ω) in the form of Eq. (4).
Although the noise spectrum of different noise sources

SRIN(ω), Sξ (ω), Sth(ω) depend highly on the microcavity
and the laser used in the sensor, here we present a brief
discussion on the frequency dependence of these noise
sources. The frequency dependence of the thermorefrac-
tive noise spectrum in optical microcavities is a Lorentzian
shape spectrum: Sth(ω) ∝ �T/(�

2
T + ω2), where ω is the

noise frequency and �T is the single-mode thermal decay
rate. More detailed consideration of the thermorefractive
noise can be done for specific cavity geometries, while the
spectrum converges to the Lorentzian shape spectrum at
high frequencies [57]. The relative intensity noise SRIN(ω)

highly depends on the type of laser used in experiments,
and a past measurement of a laser source used in opti-
cal microcavity sensing revealed a 1/ω2 dependence [13].
The relative phase noise Sξ (ω) can be related to the rela-
tive frequency noise by Sξ (ω) = Sf (ω)/ω2, which simply
gives Sξ (ω) ∝ 1/ω2 when considering white frequency
noise alone. These results assure the validity of consid-
ering cth, cRIN in the realistic limit of ω � κ while the
frequency dependence of cξ (ω) cannot be neglected. Nev-
ertheless, the normalized noise spectrum Si(ω) is irrelevant
to the sensing method, so that the SNR of different methods
depend on the coefficient in ci(ω) · Si(ω). Therefore, here
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we discuss only the coefficients ci(ω) to compare the SNR
performance, instead of normalized noise spectrum Si(ω).
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[51] J. Zhu, Ş. K. Özdemir, L. He, and L. Yang, Controlled
manipulation of mode splitting in an optical microcav-
ity by two rayleigh scatterers, Opt. Express 18, 23535
(2010).

[52] B.-B. Li, W. R. Clements, X.-C. Yu, K. Shi, Q. Gong, and
Y.-F. Xiao, Single nanoparticle detection using split-mode
microcavity Raman lasers, Proc. Natl. Acad. Sci. U.S.A.
111, 14657 (2014).

[53] K. Ikeda, R. E. Saperstein, N. Alic, and Y. Fainman, Ther-
mal and Kerr nonlinear properties of plasma-deposited
silicon nitride/silicon dioxide waveguides, Opt. Express 16,
12987 (2008).

[54] F. Treussart, V. S. Ilchenko, J. F. Roch, J. Hare, V. Lefevre-
Seguin, J. M. Raimond, and S. Haroche, Evidence for
intrinsic Kerr bistability of high-Q microsphere resonators
in superfluid helium, Eur. Phys. J. D 1, 235 (1998).

[55] B. Garbin, J. Fatome, G.-L. Oppo, M. Erkintalo, S. G.
Murdoch, and S. Coen, Asymmetric balance in symmetry
breaking, Phys. Rev. Res. 2, 023244 (2020).

[56] Y. Zheng, T. Qin, J. Yang, X. Chen, L. Ge, and W. Wan,
Observation of gain spiking of optical frequency comb in a
microcavity, Opt. Express 25, 31140 (2017).

[57] C. Panuski, D. Englund, and R. Hamerly, Fundamental
Thermal Noise Limits for Optical Microcavities, Phys. Rev.
X 10, 041046 (2020).

044016-10

https://doi.org/10.1103/PhysRevLett.123.180501
https://doi.org/10.1088/1367-2630/ab32ab
https://doi.org/10.1038/s41467-020-15341-6
https://doi.org/10.1103/PhysRev.127.1918
https://doi.org/10.1103/PhysRevLett.118.033901
https://doi.org/10.1038/srep43142
https://doi.org/10.1364/OL.6.000590
https://doi.org/10.1109/JLT.2015.2464105
https://doi.org/10.1364/OL.39.004376
https://doi.org/10.1364/OPTICA.426018
https://doi.org/10.1109/JLT.2020.2975119
https://doi.org/10.1103/PhysRevLett.126.043901
https://doi.org/10.1364/OPTICA.5.000279
https://doi.org/10.1364/JOSAB.17.001051
https://doi.org/10.1364/OL.27.001669
https://doi.org/10.1103/PhysRevLett.99.173603
https://doi.org/10.1364/OE.18.023535
https://doi.org/10.1073/pnas.1408453111
https://doi.org/10.1364/OE.16.012987
https://doi.org/10.1007/s100530050087
https://doi.org/10.1103/PhysRevResearch.2.023244
https://doi.org/10.1364/OE.25.031140
https://doi.org/10.1103/PhysRevX.10.041046

	I. INTRODUCTION
	II. SENSITIVITY ANALYSIS
	A. Theoretical results with a lossless microcavity
	B. Theoretical results with a lossy microcavity
	C. Numerical simulation results

	III. NOISE ANALYSIS
	IV. CONCLUSION
	ACKNOWLEDGMENTS
	A. APPENDIX A: COUPLED-MODE EQUATIONS
	1. Lossless coupled-mode equations
	2. Lossy coupled-mode equations

	B. APPENDIX B: SIMULATION METHODS
	C. APPENDIX C: NOISE ANALYSIS
	1. Introduction of the backscattering-based sensing scheme
	2. Details of noise analysis

	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


