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Mode splitting revealed by Fano interference
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An optical whispering gallery mode (WGM) resonator supports degenerate counter-propagating modes and the
degeneracy is lifted as mode splitting due to Rayleigh scattering. However, quantitative analysis becomes difficult

if the resonance experiences weak scattering. Here we develop a spectroscopical method to identify an arbitrary

small scatterer using the Fano interference-induced spectral response modification. Scattering information can be
revealed by fitting the responses as a function of the field’s phase and intensity. In addition, we show that this
modified response helps achieve an ultra-low detection limit for the mode-splitting-based nanoparticle detection

method. This approach may be promising in the characterization of high-Q-factor devices, novel sensing meth-

ods, and quantum coupling system investigation.
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1. INTRODUCTION

The whispering gallery mode (WGM) optical resonator is a
kind of a promising resonance photonic device because of
its ultra-long photon lifetime, i.e., Q-factor and highly localized
mode intensity. The resultant enhanced light—matter interac-
tion renders this resonator intensively explored in the fields
of nonlinear optics and integrated optics and sensing, including
biosensing, cavity optomechanics, and Kerr frequency combs
[1-5]. The WGM resonator supports a twofold degeneracy be-
tween clockwise (CW) and counterclockwise (CCW) propagat-
ing modes, whose loss rate and resonance frequency are
theoretically identical. If the nanoscale refractive index inhomo-
geneity spatially overlaps with the mode field, the resultant
Rayleigh scattering would lift this degeneracy, causing the
well-known mode-splitting phenomenon [6]. It manifests as
a doublet spectral response, i.c., two closely positioned sym-
metric Lorentzian responses with different linewidths, from
which the scattering information including the frequency sep-
aration and mode loss between the two modes can be derived
[7,8]. In practice, the exact knowledge and control of this scat-
tering is significant, not only for high-quality photonics device
characterization like SOI or Si;Ny-based integrated micro-ring
[9,10], but also for developing a novel sensing method like
mode-splitting self-referencing and exceptional point enhanced
methods for sensing [8,11-14]. However, the doublet becomes
obscured spectroscopically if an overlap between the mode
field and the scatterer is too small, such that it becomes difficult
to identify whether they are two closely positioned Lorentzian
responses or a single response with degraded Q-factor.
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For example, this sets the size limit of the mode-splitting-based
single nanoparticle detection to approximately 10 nm. There
have been two sorts of approaches proposed to solve this issue.
The first focuses on rendering the two modes lasing with
a wavelength-dependent gain, and the frequency separation
can be derived by detecting their beat frequency [15-17]. The
second tends to associate the Rayleigh-scattering-induced fre-
quency separation and mode loss with the modified doublet—
for instance, revealing the two Lorentzian lineshapes by
narrowing the linewidth with gain directly; exciting the dou-
blet’s ringing spectrum to obtain a finer spectral profile for a
better fitting or interfacing the CW and CCW propagating
modes for separable detection of each split mode; and deriving
mode loss from the broadened resonance linewidth [18—20]. In
all these spectroscopical methods, spectral profile’s key features,
i.e., the extremum and linewidth of a Lorentzian lineshape, are
required to quantify the mode splitting accurately.

In photonic systems, there is a kind of asymmetric optical
spectral response termed Fano resonance, when a discrete state
interferes with a continuum of states. It is intensively studied
because Fano’s asymmetry profile produces a steep spectrum,
which can improve the performance of a resonance-based sen-
sor; its complex lineshape changes also help to reveal the mode
interaction involving phase information [21-24]. In the per-
spective of appearance, Fano has two extrema as its feature
points, e.g., one local maximum (®;, 7'1) and one local mini-
mum (@,, 7,), and they are frequency shifted from the only
extremum of a Lorentzian dip (g, 7), as shown in Fig. 1(a).
Recently, monitoring the Fano profile evolution emerges as a
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feasible method to reveal an exceptional point in photonic
molecules and quantum coherence in the electron spin reso-
nance [25,26]. Inspired by this, here we demonstrate the
capability of Fano resonance in resolving ultra-small mode
splitting in a WGM resonator, which is not resolvable from
a Lorentz-based doublet. By introducing a coherent field onto
the Rayleigh-scattering-induced back-scattering field, the unre-
solvable Lorentz-based doublet is converted into a Fano-based
doublet, and both the frequency separation and mode loss in-
formation are revealed by fitting profile evolutions as a function
of the coherent field’s phase and intensity. In addition, we fur-
ther find that the frequency difference between the two key
points of a Fano-based doublet increases monotonously with
the increasing frequency separation, which shows potential
for multiple nanoparticles detection with an ultra-low detection
limit.

2. EVOLUTION OF SINGLE FANO RESONANCE

It is clear that the interference between two coherent beams in
free space produces pattern fringes, whereas coherent field
interference in a resonant photonic system alerts not only
the mode distribution, but also its spectral response. We first
explore a coherent field’s function on a single Lorentzian spec-
tral response before the one on the mode-splitting-induced
doublet profile. Considering the add-drop coupling configura-
tion composed of a microsphere resonator (diameter of approx-
imately 240 pm in experiments) and two evanescently coupled
tapered fibers as shown in Fig. 1(b), light from a tunable laser
(Newport TLB-6728) passes a fiber splitter (90:10) first, and
10 percent of it is used as the input field @y, to excite the res-
onance field &, @ = &, x A/Kexe/[IA® — (Ko + Kexe + Kexd) /2]
from the input port, and then the fields out of the through and
drop ports are E, = @i, + @ x A/Kege and E; = @ x /Keygs Te-
spectively. Here, K denotes mode’s instinct loss, and Aw de-
notes the frequency detuning between the resonance and input
light. Transmission spectrum from through port is the coherent
addition between the fields out of the resonator (a Lorentzian
peak) and the one passing the fiber directly (a flat baseline),
and it presents a Lorentzian dip due to their phase difference 7.
Nevertheless, it is noted that this z-phase-induced Lorentzian
dip shows no advantage compared to a Lorentzian peak in

Back-scattering coherent field

| B—

»

transmission

torentz N8 [N /. aa==""""

p-resonator

frequency detuning

Fig. 1. (a) Lineshape comparison between Lorentz (red line) and
Fano (blue dotted line) with the same Q-factor. (wy, Ty) is the ex-
tremum of the Lorentzian dip, and (@, T), (®,, T,) are the two
extrema of Fano. (b) Schematic diagram of the add-drop coupling con-
figuration used here and its optical spectral responses. Ky and Keq
denote the coupling rates of the in-through and add-drop fibers with
the resonator, respectively. If there is Rayleigh-scattering-induced un-
resolvable mode splitting, the add port shows an upward Lorentzian

peak.

discriminating ultra-small mode splitting. This is because their
key points are both the Lorentzian extrema, and they merge to-
gether when mode splitting is smaller than the resonance line-
width. Therefore, we let the other 90 percent of the split light
pass through a fiber-optic phase shifter (General Photonics) and
a fiber-optic attenuator (Thorlabs) successively to produce a
coherent field with varying phase and field intensity, and the
interference with the drop port field is monitored using a photo
receiver (Newport 1811-FC). The resulting spectrum obtained
by laser frequency sweeping reveals the coherent field’s modula-
tion on single Lorentzian response.

When a coherent field with amplitude £,y and phase differ-
ence @, relative to the drop port field’s zero-detuning point
is added, the output becomes E.y x ¢/ + a x y/Keq. Here,
the frequency-dispersion-induced phase shift is ignorable be-
cause of WGM’s narrow linewidth (as narrow as several MHz
for Q-factor higher than 107). As shown in Fig. 2(a), the
addition of a coherent field modifies the spectral response
profile into Fano at a period of 27, and the experimental evi-
dence is presented in Fig. 2(b). The two extrema of the Fano
profile, i.e., one minimum and one maximum, on both sides
of the zero-detuning point, show opposite change tendencies
as @ increases. Specifically, as ¢, increases from 0 to 7z, the
Lorentzian dip converts into Fano and becomes a Lorentzian
peak at ¢y = x. During this process, the maximum shifts to
zero-detuning point gradually, whereas the minimum  shifts
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Fig. 2. (a) Dependence of the Fano profile on phase difference ¢,.
The black dot denotes the maximum and the gray dot denotes the
minimum. The extrema far away from the zero-detuning point are
lost due to the limited plot range. (b) Fitted experimental results of
a Fano periodical evolution. The fitting parameters are x, =
0.14 MHz and E o : a;, = 1.6. ke = 1.92 MHz and kg = 2.4 MHz
are uniquely determined by fitting the transmission spectrum and
the Fano profile simultaneously. The Q-factor of this resonance is ap-
proximately 4.34 x 107. (c), (d) Dependence of the frequency shift
and intensity magnitude of the maximum, the minimum, and their
difference on the amplitude ratio when ¢y = 87/5. This phase is
chosen as an example to illustrate the dependence, and for other
phases except the integral multiple of 7, the key points show similar
dependence.
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away from it. Further increase of ¢, from 7 to 27 turns the
profile to Fano with opposite symmetry and finally back to
the Lorentzian dip, where motions of the two extrema show
opposite regularity compared with [0, z]. Particularly, it is noted
that either the maximum or minimum locates out of the range
of FWHM/2 (FWHM, full width at half maximum) for an
arbitrary phase. In addition, the amplitude ratio between two
interference fields £,y and a;, has a strong influence on the
lineshape. It manifests as the frequency shift of the key points,
including the maximum, the minimum, as well as their differ-
ence |@, - m,|. Specifically, for ¢, = 2mmn, the drop spectrum
changes from the Lorentzian peak to the Lorentzian dip as
the ratio increases, whereas the drop spectrum maintains a
Lorentzian peak for ¢y = (2m + 1)z with  as an integer, the
extreme experiences no shift. Otherwise, the extremum shifts
monotonically away from or close to the central frequency of
the initial Lorentzian peak and finally tends to a certain point
when £ increases, as shown in Fig. 2(c). The amplitude ratio
also changes the magnitude of the key point, as shown in
Fig. 2(d). Both of the maximum and the minimum increase
quickly with the increase of £, but their difference |7; - 75|
only experiences a slow increase. In summary, a high amplitude
ratio can produce a more observable Fano profile. Therefore,
it is anticipated that this kind of modification, i.e., the fre-
quency shift and intensity change of key points, would bring
new feature points to two closely positioned resonances, which
would facilitate ultra-small mode splitting identification.

3. IDENTIFICATION OF MODE SPLITTING

Following this process, we further demonstrate the influence
of a coherent field on spectral responses consisting of two
Lorentzian peaks. When they are far from each other in the
frequency domain, i.e., when the frequency separation between
two Lorentzian peaks exceeds their FWHMs, the two peaks
seem to be independent, that is, each peak interacts with
the coherent field individually like Fig. 2(a). Moreover, when
the frequency separation is within their FWHMs, coherent
field interference leads to complex profile evolutions, which
ambitiously depends on the phase difference between the
two resonances. For the Rayleigh-scattering-induced counter-
propagating modes in a WGM resonator, they form symmet-
rical and asymmetrical standing wave modes around the
scatterer, resulting in a phase difference 7 between them [8].
In the coupling system of Fig. 1(b), resolvable mode splitting
manifests as two Lorentzian dips at the through port and two
Lorentzian peaks in both the drop port and add port. The
back-scattering spectrum (i.e., add port here) indicates the two
splitting modes inside the resonator directly are proved to ex-
perience lower noise [27], and thus, it is preferred to interact
with a coherent field. When input field a;, excites the CCW
mode @, scattering-induced back-propagating intracavity
field amplitudes a,, can be described by [8]
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where 2¢ and 2I' denote the frequency and linewidth
differences between the two resonances, respectively. In the
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parameter space of (.., and @, the back-scattering field from
add port is ey, x A/Kexgs and it becomes E.y x €0 + a, x
/Keed with a coherent field added on, where the phase
difference ¢y is relative to the asymmetrical mode.

Here, the spectral modulation of the coherent field on an
unresolvable mode splitting is emphasized. We first focus on
the dependence of profile evolution on phase difference ¢.
It manifests as on-resonance profile changes as ¢, increases
from 0 to 27, as shown in Figs. 3(a)-3(d). Each profile can
be understood as a combination of two individual lineshapes
that are termed L-resonance and R-resonance for convenience
of description. During the combination process, the original
feature points within the frequency-overlapping region are re-
placed by new features; meanwhile, the feature points out of the
overlapping region are preserved. Here, the L-resonance
corresponds to the asymmetrical mode. At ¢, = 0(x), the
L-resonance (R-resonance) presents a Lorentzian peak, whereas
the R-resonance (L-resonance) presents a Lorentzian peak
under a low coherent field amplitude, and it turns to a
Lorentzian dip as the amplitude increases. As a consequence,
for ¢y near 0 and 7, the combination of a Lorentzian peak
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Fig. 3. (a)—(d) Transmitting (yellow) and back-scattering (green)
spectral responses for different relative phases ¢,. Solid lines are ex-
perimental results, and dotted lines are theoretical fittings. The mis-
match is attributed to the laser power fluctuation and background
modification induced by the fiber connectors. The parameters used
in fitting are xy = 10.8 MHz, ¢ = 0.52 MHz, I" = 0.18 MHz,
E.y = 0.985 normalized to the input field intensity, and k.q =
3.7 MHz and k. = 15.2 MHz are slightly changed due to vibra-
tion-induced coupling condition changes. The Q-factors are approx-
imately 6.43 x 10° for the symmetrical mode and 6.51 x 10° for the
asymmetrical mode, respectively. Note that to achieve an unresolved
doublet caused by a machining defect, a new microsphere resonator
with a similar diameter was utilized. (e) Back-scattering spectral re-
sponses for different coherent field intensities (0.138, 0.196, and
0.285 normalized to the input field intensity) with a relative phase
@o around 0.57. The profile becomes easily identifiable and immune
against noise as the intensity increases. (f) Dependence of the intensity
difference | 7 4 = T 'min| on the amplitude ratio. The red dotted line is
the theoretical result using the experimental parameters.
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and dip produces a standard Fano lineshape, and they are mir-
ror symmetric in Figs. 3(b) and 3(d). For ¢ near /2 (37/2),
each resonance individually shows the Fano profile with its
minimum (maximum) out of the overlapping region, and their
combination manifests as electromagnetically induced transpar-
ency (absorption)-like profile, as shown in Fig. 3(c) [Fig. 3(a)].
We then demonstrate the influence of the field amplitude ratio
on spectral profile. Similar to the influence on a single Fano
profile, an increase of the amplitude not only elevates the
baseline, i.e., off-resonance response, but also highlights the
on-resonance response as shown in Figs. 3(e) and 3(f), which
makes the modified profile more observable and easily fitted.
From these profiles, scattering information covered by the barely
observed mode splitting in the transmission spectrum is revealed,
giving the frequency separation 2¢ = 10.4 MHz and mode loss
2I' = 0.36 MHz. Furthermore, it is found that these features
are applicable to arbitrary small frequency separation because
the key points out of the frequency overlapping region are always
preserved theoretically, whereas spectral fluctuations caused by
the instability of coherent field’s intensity and phase, coupling
condition change, and baseline oscillating determine its detection
limit in practical applications. Therefore, the introduction of a
coherent field on the back-scattering spectrum modulates the
spectral response of ultra-small mode splitting, that is, a single
Lorentzian dip in the transmission spectrum as shown in
Fig. 3(a) into a periodical Fano-based doublet, from which an
accurate frequency separation 2¢ and mode loss 2I" are feasible
to derive by fitting these profiles. Additionally, this spectroscopic
method is wavelength independent, i.e., applicable to any reso-
nance experiencing Rayleigh scattering, and it provides another
spectral analysis approach by relating the mode splitting to the
Fano doublet’s extreme value frequency difference, as demon-
strated in Section 4.

4. DETECTION OF MULTIPLE NANOPARTICLES

In addition to the Fano doublet evolution, we further investi-
gate the Fano-based mode-splitting-sensing capability for
multiple ultra-small non-absorptive nanoparticles detection be-
cause of its potential in the identification of the tiny doublet.
For particles smaller than tens of nanometers, the successive
adsorption of nanoparticles is proved to result in an consecutive
increase of 2¢ and 2I" [8,28,29] and the ratio between the scat-
tering-induced linewidth difference and frequency separation,
i.e., 2I'/2g is on the order of 10°~1072. It is thus important to
get monotonous changes of spectral lineshape subject to 2g.
From the perspective of profile, a Fano-based doublet can
be classified into two sorts, one with three feature points like
Fig. 3(a), and the other with two like Fig. 3(b). Here we explore
the relationship of frequency difference Aw = |w; - @;| be-
tween the maximum and the minimum with 2g, especially
for the range 2¢ <T' 4 k. + K + Ko under the condition
of ¢y = 0 because of its easier identifiable extrema. As shown
in Fig. 4, the frequency difference A gives detectable signals
for arbitrary small 2¢, and it increases monotonously as 2¢ in-
creases (solid line) for each coupling condition. The fitting
shows that they have quasi-quadratic dependence on 2¢ (dotted
line), which are undoubtedly determined by the specific cou-
pling coefficients. In addition, it is worth noting that though
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Fig. 4. Frequency difference between the two extrema of the Fano-
based doublet for ¢y = 0. Here 2¢ starts from 0.2 MHz, I' = 0.05g,
and k., equals 0.4, 14.5, and 20 for under-, critical-, and over-
coupling conditions, respectively, and other parameters are the same
as in the experiment. The fitting curves are 8.56 + 0.061 x (2¢)1.787,
16.66 4 0.037 x (2¢)1.781, and 19.82 + 0.032 x (2¢)1.781, respec-
tively. The length of the fitting curve denotes the range 2¢ <
I' 4 Keye + Kexe + Ko for each condition.

high k.., i.e., over-coupling, can enhance Aw, it flattens the
whole profile, making the extrema easily disturbed by the base-
line fluctuations and reducing the spectral sensitivity at the
same time. Therefore, Fano-based doublet provides us with
multdiple key points to deal with, and it not only preserves
the self-referencing capability, which is immune to common-
mode noises, but it also reveals conventionally unresolvable in-
formation. It is noted that there are more relationships that can
be explored from these profiles, such as the intensity difference
between the extreme, which may find applications in detecting
absorptive medium.

5. CONCLUSIONS

In conclusion, we demonstrate the spectral feature of the Fano
profile resulting from direct addition between a coherent field
and one WGM resonance, and we further highlight the capabil-
ity of Fano interference to identify arbitrary small-mode splitting
caused by Rayleigh scattering in a WGM resonator. Analytical
prediction and experimental results are developed and evidenced
in a tapered fiber-microsphere coupling configuration. Finally,
we illustrate theoretically the monotonous response of the
Fano-based spectrum to the successive adsorption of ultra-small
nanoparticle. It is known that there are many methods to achieve
Fano resonance in a photonic coupling system [30,31], whereas
the key to utilize Fano lies in the individual control of the
coupled modes. Focusing on the approach introduced here,
we believe that the Fano-interference-induced spectral modula-
tion can be further investigated in the following fields: (i) it can
be developed as a spectral method for ultra-small scatterer quali-
fication in a high-Q-factor resonator [9,10,32-35]; (ii) it can be
used for mode identification in coupled photonic resonance sys-
tems, especially the phase information when they have close res-
onance frequencies [36]; and (iii) it may be a promising approach
for a weakly coupled quantum system investigation [37,38].
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