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We investigate theoretically optomechanically induced transparency in a whispering-gallery-mode microres-
onator coupled with three nanoparticles. We find that the presence of the third nanoparticle makes the
transmission rate more sensitive in the vicinities of exceptional points (EPs). In addition, we also find that
adjusting the relative position of the nanoparticles so that the system is near or far from the EPs can realize the
switching of the probe light between slow and fast light. Our finding not only provides an alternative way to tune
the spread of light but also can identify the existence of the third particle by detecting the change in the output
spectrum of light so as to achieve particle detection. Our work may have potential application value in optical

signal processing and communication.
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I. INTRODUCTION

Cavity optomechanics is a frontier field that studies the
interaction between the optical field and mechanical oscilla-
tor [1]. Due to the optomechanical nonlinearity, the cavity
optomechanical system provides an ideal platform for explor-
ing many interesting quantum [2-12] and classical [13-27]
phenomena. With the advancement of micro- and nanotech-
nology, the optical microcavity quality factor has consistently
improved, and the mode sizes have been reduced, propelling
the rapid development and applications of cavity optomechan-
ics [28-36]. Optomechanically induced transparency (OMIT),
a prominent phenomenon in cavity optomechanics, arises
from the destructive interference between the Stokes field
and the anti-Stokes field, which opens up novel avenues for
coherent light control and even quantum memory applica-
tions [37-39]. Hence it has sparked widespread interest and
has been thoroughly studied, such as exploring higher-order
sidebands in OMIT [40,41], investigating its intriguing mani-
festations in hybridized optomechanical systems [42-51], and
investigating nonreciprocal OMIT [52,53].

In recent years, properties and applications of exceptional
points (EPs) have attracted much attention and shown great
potential in optomechanical systems [54-61]. The physical
mechanism of EPs leads to many novel and counterintuitive
physical effects, such as the single-mode laser [62,63], the
parity-time-symmetric (PP7 -symmetric) phonon laser [64],
P T -symmetry-breaking chaos [65], sensitivity enhancement
[66-69], and nonreciprocal optical transmission [70]. In par-
ticular, a phenomenon of EPs emerging periodically has been
experimentally observed by coupling a whispering-gallery-
mode (WGM) microresonator with two external nanoparticles
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and tuning their relative position of nanoparticles [71]. Re-
cently, relevance theory also suggests that tuning the relative
position of nanoparticles not only can achieve switching be-
tween slow and fast light but also can significantly change
the OMIT spectrum in the vicinities of EPs [72]. Natural
questions, when we consider the mode of a WGM microres-
onator coupling with three nanoparticles, are whether the
transmission spectrum is affected by the presence of the third
nanoparticle and whether this effect can be used to detect said
nanoparticle. These questions remain unexplored in cavity
optomechanics, which may have potential application value
in optical signal processing and communication.

In this paper, we theoretically investigate OMIT in an
optomechanical system consisting of a WGM microresonator
coupled with three nanoparticles. Physically, the presence
of nanoparticles causes the asymmetrical backscattering of
resonator modes, leading to significant changes in the opti-
cal properties in the vicinities of EPs [66,67]. Therefore we
propose utilizing the phenomenon of OMIT in the vicinities
of EPs to detect the third nanoparticle by tuning the relative
position of the nanoparticles. To date, although a number of
studies have investigated the impact EPs have on OMIT, there
are few theories to explore the influence of the third nanopar-
ticle on the phenomenon. The study of the phenomenon is
valuable for optical signal processing and communications.
In order to clearly show the impact of the third particle on
OMIT and group delay, we derive the expressions of the trans-
mittance rate and discuss in detail the influence of the third
nanoparticle on the phenomenon. On these bases, our findings
demonstrate that the third nanoparticle increases OMIT sensi-
tivity and results in the emergence of the slow-light effect in
the vicinities of EPs, which not only offers a means to control
light propagation but also provides a method to detect the
existence of the third nanoparticle by utilizing the change in
the output spectrum. Our work may offer an alternative avenue
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FIG. 1. Schematic of the optomechanical system consisting of
a tapered fiber and a WGM microresonator coupled with three
nanoparticles. The microresonator also supports a mechanical mode
with frequency w,, and damping rate y,,. The system is driven by a
pump field with frequency w; and a probe field with frequency w,,.
B and B, represent the relative angles between the three particles.

for improving precision measurement and its application in
optically sensitive detection.

This work is organized as follows: In Sec. II, we provide
a detailed introduction to the system model and Hamiltonian.
We then identify the EPs by solving the system’s eigenvalues
and reveal the periodic occurrence pattern of these points.
Furthermore, we present the OMIT solution by calculating the
Heisenberg-Langevin equations and utilizing the input-output
relation. In Sec. III, based on the analytical calculations, we
discuss the phenomenon of OMIT and exploit the sensitive
characteristic in the vicinities of EPs to realize nanoparticle
detection. In Sec. IV, we finally summarize our work.

II. MODEL

We consider a WGM microresonator coupled to a fiber-
taper waveguide, which supports clockwise-traveling (CW
traveling) and counterclockwise-traveling (CCW traveling)
modes and contains a mechanical breathing mode, as shown
in Fig. 1. In the resonator, three nanoparticles as Rayleigh
scatterers are introduced in the evanescent field to tune the
coupling between CW and CCW modes to impact the system
property. The optical coupling strengths between the CW and
CCW modes caused by the nanoparticles can be expressed as
[68]

J] — E] + eze—iZmﬁl +€367i2mﬂ2’
]2 =€ + 62ei2m/f3| + E3€i2mﬁz, (1)

where J; (J,) quantifies the strength of the reflection of light
from the CW (CCW) mode to the CCW (CW) mode. Here, ¢/
(j =1, 2, 3) denotes half of the complex frequency splitting
caused by the jth nanoparticle, m is the azimuthal mode
number, and the phase angles 8; and §, represent the relative
positions of nanoparticles, as shown in Fig. 1. These nanopar-
ticles can be fabricated by heating and stretching standard

optical fibers, and the relative phase angles 8; and 8, can be
controlled by nanopositioners. The resonator (with resonance
frequency w,) is driven by a strong pump field with frequency
w; and a weak probe field with frequency w,. In a rotating
frame with the pump frequency wy, the total Hamiltonian of
the system can be written as

H = Hy + Hip + Hy,, 2)
with
AD 1
Ay = 2 4 Smegl 2 + hAG] aey + HAG], 2
0= Mt 2meffwmx Ay lew Aeowleews
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Hy = ih/nyal(El + Eye ®al, —H.c.l, (3)

where * (p) is the dimensionless displacement (momentum)
operator of the mechanical breathing mode with the effective
mass Mmegr and frequency wy,. Gew (@) and dceyw (@l,,,) are the
annihilation (creation) operators of the CW and CCW modes,
respectively, with the same resonance frequency w, and damp-
ing y,. The detuning between the cavity field and the pump
laser A = w, — w; + Re(e; + €; + €3), where Re(e; + €, +
€3) is the perturbation frequency of the cavity mode induced
by nanoparticles [71,73]. The Hamiltonian Hiy represents the
interaction between the CW field, the CCW field, and mechan-
ical deformation, which affect each other through the optical
coupling strength and optomechanical interaction. The cou-
pling strength between the cavity modes and the mechanical
oscillator is represented by g = w,/R, where R denotes the
radius of the resonator [29]. The resonator is driven by a pump
laser with frequency w; and amplitude E; = /P;/hw;, and a
probe laser with frequency w, and amplitude E,, = /P, /liw,,
where P; and P, are the driving power of the pump and probe
light, respectively. y, is the loss rate consisting of an external
loss rate y.x induced by the resonator-fiber coupling and an
intrinsic loss rate yy. The parameter = yex/¥,, Which can be
continuously adjusted [38]. The detuning between the probe
field and the pump field is given by § = 0, — w;.

The presence of the nanoparticles results in frequency
splitting of the optical modes, with the corresponding eigen-
frequencies

3
Va
a)],zzA—l?—i-jZl:Gji\/JlJz, (4)

where + (—) corresponds to w; (wp). JiJ» = Zi:ﬁ?"’
2€1€62c08(2mpPy) + 2€1€3c08(2mpPBr)+2€ee3c08[2m(B — B2)].
The frequency splitting is defined as Aw = w; — w;.
Equation (4) clearly shows that Aw is dependent on B
and B,. Therefore one can steer the angles 8; and B, to bring
the system to an EP. In Fig. 2, we present the variation of
Aw as a function of B, when B, is fixed. Figure 2 clearly
illustrates the periodic oscillations of the frequency splitting
Aw with changes in the angle ,, which are evident due to the
complex property of €;_; 5 3. Importantly, Fig. 2 also reveals
that adjusting the angles can push the system close to the
EPs. Interestingly, the system exhibits two sets of EPs. One
set is as follows: When tuning g; ~ 0.215,1.01, 1.79...,
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FIG. 2. (a) and (b) Diagrams of the complex frequency split-
ting Aw induced by the relative angles of the nanoparticles 8, and
B2, where the blue solid curves and pink dashed curves represent
the real and imaginary parts of the complex frequency splitting
of optical modes, respectively. The experimentally feasible values
are w, = 193 THz, w,, = 125 MHz, y, = 2y = 12.86 THz, y,, =
3.82 x 10* Hz, €1/yex = 1.5 = 0.1i, €2/Vex = 1.4999 — 0.101 4891,
€/Yex = 1.9499 — 0.1319i, R = 34.5 um, g = w,/R, mexr = 50 ng,
and the azimuthal mode number m = 4 [71,72].

EPs emerge around 8, =~ 0.5, 1.28,2.07..... The other set is
as follows: With the values B, ~ 0.57,1.355,2.14..., EPs
periodically emerge around S, ~ 0.28,1.07, 1.85.... Here,
we only present the cases of ) =~ 0.215 and S; ~ 0.57, as
shown in Figs. 2(a) and 2(b). The figure clearly elucidates the
role of the relative angles 8; and B, in EPs. Therefore the
relative positions of nanoparticles have an important effect on
the absorption of probe light. In the following, our primary
goal is to investigate the influence of the third nanoparticle on
OMIIT in the vicinities of EPs.

Since we focus on the mean response of the system, any
operator 0 can be simplified to a numerical value o, which
allows us to describe the dynamical property of the system by
using the semiclassical Langevin equations

Gew = —(IA —igx + ¥Y)acw — iJ10cew + A/ YexEl

+ Vepre_isly
dccw - _(ZA - lgx + V)accw - iJ2acw»
hg

eff

(azwacw + azcwaccw) (5)

. . 2
X = —YmX — W, X+

Here, we have safely ignored the photon-phonon quantum cor-
relations in the semiclassical approximation. The parameter
y = v./2 — Im(e; + €, + €3) represents the total decay rate
of the cavity mode, where Im(e; + €, + €3) is the perturba-
tion loss of the cavity mode induced by nanoparticles. From
Egs. (5), we can obtain the steady-state values

_ A VexEI(iA - igx + V)

dew = — T ,
(A —igt+y)P + )
— A/ VexEl-IZ
Aecw = - - 3 , (6)
(IA—igk +y) + i/
o _ gyl EIPIAP + 72 + (A — g¥)’]

Meir @2, [(iA — igk + v )? + 1ol

Since the intensity of the pump field is far greater than that of
the probe field, i.e., E, < Ej, one can regard the probe field
as a perturbation to study the impact on the OMIT. Expanding
each variable o as the sum of its steady-state and perturba-
tion values, i.e., 0 = 0 + do, and substituting the ansatz into
Egs. (6), the perturbed dynamical equations read as follows:

8acy = —O8Aey — iglcwSy — iJ180cew + /VexEpe ™,
Slcew = —O8dcey —
hg
Meff

ng

+aa&waaccwa @)

i8hccw Oy — 1280y,

déx =

- * — % - *
(Gcwbagy, + A%, 0acy + Acewlag,)

where ® = iA — igk + y and ® = % + ym% +a)31. In what
follows, we ignore the higher-order perturbation terms and use
the following ansatz:

8acy = Sag,e ! + Sa e,
Sacew = Sa,, e " + 8a e, 8)

Sx = dxje ¥ + SXTE[SI,

where Sa_, (8af,) and da_, (3al.,) are the first-order upper

(lower) sidebands of CW and CCW modes, respectively. Here,
éx; is the first-order sideband of mechanical mode. Substitu-
tion of Egs. (8) into Egs. (7) leads to

fidag, +iJi8ag, — igacwdx1 = \/VexEp,

frdal, +iJidal, — iga.dxf =0,

fidag., +ihdag, — ighccwox) =0, 9
frdal,, +ihdal, — igacewdxf =0,

E8x; — hg Z (@da; + ada™) =0,

i=CW,cCcwW

where fi, = © Fif and E| = me(—£> — iy + ). By
solving Egs. (9), we obtain

ihgz|c_lccw|2f3 - f1f3 El + hnglfS
—fif3f4B1 + hg’f

Say,, = VexEp , (10)
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FIG. 3. The transmission rate 7" as a function of the probe de-
tuning A, and the relative angle 8,. The parameters used are P; =
1 mW, A,/w,, = 1, and B; = 0.57; other parameters are the same as
in Fig. 2.

where
fi=f 005,
fa=fi+ 0L/ fi.
fs = K@ e + 385 dcew — if2(1ew|® + 1acew]?),
fo = Dy ew + N3 ey + ifi(1Gew|” + |Gcew?).
f=ff+ fifsfs. (11)

By using the input-output relation, we obtain the transmission
rate of the probe field

2
. 12)

2
T = |[p| =

1 — A/ Vex
E

P

dag,

In the following, we discuss in detail the impact of the
nanoparticles on the transmission rate and group delay in the
vicinities of EPs with experimentally feasible parameters.

III. RESULTS AND DISCUSSION

The generation of OMIT highly depends on the detun-
ing A, and can be influenced by the relative positions of
nanoparticles 8; and B, where A, = w, — w; is the probe
detuning between the probe and cavity fields. Therefore the
influence of both (i.e., A, and f;,) on OMIT is mainly dis-
cussed in the following. First, we investigate the dependence
of the transmission rate on the detuning A, while keeping the
relative position of nanoparticles fixed, as shown in Fig. 3.
The figure shows the emergence of a Fano-like spectrum
around the resonance due to the interference between the
probe and the scattered control field. When A, increases,
a transparency window emerges at A,/w, ~ 0.255 for B,
values of 0.08 or 0.58. However, when steering the position
of the third nanoparticle to bring the system close to the EPs
(e.g., B> = 0.28), the transmission rate decreases steadily until
it drops below 0.07 with increasing A, indicating that the
system experiences strong absorption of the probe light in the
vicinities of EPs, as indicated by the pink curve in Fig. 3.
This intriguing result means that by adjusting the relative
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FIG. 4. Transmission rate 7 as a function of the probe detuning
A, and the relative angle 8,. The parameters are the same as in Fig. 3
except for (a) B; = 0.4 and (b) B; = 0.57.

positions of three nanoparticles to bring the system close to
EPs using a nanopositioner, one can effectively control the
transmission rate of the probe light and achieve optical switch-
ing at A, /w, ~ 0.255. Furthermore, using the property of the
transmission rate in the vicinities of EPs enables us to infer the
presence and approximate positions of the nanoparticle, facili-
tating particle detection. Our findings may provide theoretical
guidance for optically sensitive detection.

To fully investigate the impact of the detuning A, and the
relative positions of the third nanoparticle 8, on the transmis-
sion rate, in Fig. 4, we present the phase diagram in terms
of the A, and B,. In Fig. 4(a), we fixed the relative positions
of two nanoparticles at §; = 0.4, where the system exhibits a
large eigenfrequency splitting, indicating that it is far from
the EPs (not shown). Due to the minor influence of 8, on
the complex frequency splitting, the transmittance rate shows
insensitivity to change in ;. Hence the transmission rate has a
minor change, regardless of the chosen value of 8,, when the
detuning A, is fixed. As a result, manipulating the position
of the third nanoparticle cannot impact the transmittance rate
of the probe light, making it impossible to accurately detect
the third nanoparticle when f; is not within an appropriate
range. Furthermore, the transmittance rate demonstrates lim-
ited sensitivity to the detuning of A ,, which is inadequate for
detecting the third nanoparticle. However, when B, is in a
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FIG. 5. Transmission rate T as a function of the relative angles §;
and B,. The parameters are the same as in Fig. 3 except for A, /w,, =
0.255.

25

relatively appropriate position, 8, can be calculated through
spectral analysis, thus detecting the position. For example,
when 81 = 0.57, the system can experience EPs with increas-
ing angle B, [see Fig. 2(b)], which leads to the transmittance
rate reaching the minimum value in the vicinities of EPs, as
shown in Fig. 4(b). This clearly shows that the transmittance
rate changes periodically and coincides with the periodic ap-
pearance of EPs with the regulation of the angles 8, and B,
as indicated by the white dashed lines in Fig. 4(b). This result
further demonstrates the role of EPs in the transmittance rate.
Moreover, Fig. 4(b) also reveals the impact of the detuning A,
on the transmittance rate, and one can see that the minimum
value is reached only when A, /w,, = 0.255, which coincides
with the result of Fig. 3. The above results further confirm
the advantage of tuning the system to the EPs for nanoparticle
detection.

Toward a more comprehensive understanding of the im-
pact of the relative position of the three nanoparticles on
the transmission rate, we present a phase diagram in Fig. 5,
which effectively elucidates the intricate relationship be-
tween the transmission rate and the angles f; and B,. Note
that the intersectionswhere the white dashed lines meet
and the intersections where the black solid lines meet signify
the system being in the EPs state. Figure 5 clearly shows
the emergence of EP periodicity when tuning the angles
B1 and B,, which is consistent with the results of Fig. 2.
Moreover, it is evident that by fixing 8; near the EPs, such
as B ~ 0.215, 0.57, 1.01, 1.355, 1.79, 2.14, rotating the third
nanoparticle (i.e., changing the angle B;) will significantly
affect the change in the transmission rate. For example, tun-
ing the angle B, towards EPs causes a significant reduction
in dropping below 0.1 and potentially reaching O, i.e., the
probe light is significantly absorbed or even completely ab-
sorbed. Conversely, when the system is away from EPs, the
transmission rate exceeds 0.9, indicating a state of probe
light transparency. These findings not only validate the results
illustrated in Fig. 3 but also offer a more comprehensive elu-
cidation of the influence of the relative positions of the three
nanoparticles on the transmission rate. Based on the above
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FIG. 6. Group delay 7, (in units of microseconds) as a function
of the pump power P; and the relative angle 8, when fixing the the
relative angle B, = 0.57. (a) A,/w, =0 and (b) A,/w,, = 0.255;
the other parameters are the same as in Fig. 2.

results, we can ascertain the existence and approximate loca-
tion of the third nanoparticle by manipulating the positions of
the two known nanoparticles, thereby achieving nanoparticle
detection.

With the generation of OMIT, the slow-light effect can also
occur, which is related to the anomalous dispersion of light
and can be described by the optical group delay

T = d arg(tp)’ (13)
dA,
where arg(z,) represents the phase of t,. This implies that a
more rapid phase dispersion leads to larger group delays, and
vice versa. The relationship between group velocity 7, and
group delay v, is T, = L(1/v, — 1/c), where L is the distance
that light travels and c is the speed of light in a vacuum.
This clearly shows that 7, > 0 (v, < ¢) and 7, < 0 (v > ©)
correspond to the slow light and fast light, respectively. Fig-
ure 6(a) shows that the group delay 7, changes significantly
when tuning the relative angle of nanoparticles 8, and the
pump power P;. For A, = 0, it is possible to adjust the group
delay to have either a positive or a negative value, indicating
that by controlling the angle of the nanoparticles, one has
the ability to not only cause a shift in the optical mode but
also significantly alter the dispersion of the system. In order
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to show the impact of the detuning A, on group delay, in
Fig. 6(b) we demonstrate how the group delay varies with
the angle B, and P, when A, /w,, = 0.255. The figure clearly
shows that when steering the angle of B, to the vicinity of
EPs, fast light emerges. However, slow light occurs when
steering the angle B, away from the EPs. This means that
the transition between slow and fast light can be achieved by
manipulating the relative positions of the nanoparticles when
A, /wy, = 0.255. Furthermore, one can use this property to
detect the existence of nanoparticles.

IV. CONCLUSIONS

In conclusion, we have theoretically investigated OMIT in
a WGM microresonator coupled with three nanoparticles. We
showed that the transmission rate becomes more sensitive in
the vicinities of EPs when the third nanoparticle is present.
Additionally, by adjusting the relative position of the nanopar-
ticles, we can switch the probe light between slow and fast

light, depending on whether the system is near or far from the
EPs. Our work may not only offer an alternative method to
control the propagation of light but also enable the detection
of a third particle by observing alterations in the output light
spectrum, thus achieving particle detection. Our research may
have a potential application for optical signal processing and
communication.
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