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We study optomechanically induced transparency in a micro-resonator coupled with nanoparticles.
By tuning the relative angle of nanoparticles, exceptional points (EPs) emerge periodically in this
system and thus strongly modify both the transmission rate and the group delay of the signal. As a
result, controllable slow-to-fast light switch can be achieved by manipulating external nanoparticles.
This provides a new way to engineer EP-assisted optomechanical devices for applications in optical

communications and signal processing.

I. INTRODUCTION

Cavity optomechanics (COM), with rapid advances in
the last decade [1-4], has led to many important ap-
plications, such as optoelectronic quantum transducer
[5, 6], ground-state cooling of motion [7, 8], phonon las-
ing or squeezing [9-12], and weak-force sensing [13, 14].
Optomechanically-induced transparency (OMIT), as an
example closely relevant to COM, provides a new strat-
egy to realize coherent control or even quantum mem-
ory of light, which can be broadly applied to numerous
physical platforms, including solid-state devices [15-20],
atomic gases [21], and even liquid droplets [22]. In view
of the wide range of COM devices achieved nowadays,
OMIT provides a versatile platform to explore exotic ef-
fects such as nonlinear or cascaded OMIT effects [23-28]
and nonreciprocal physics [29-31], leading to many ap-
plications such as wavelength conversion [32] and highly
sensitive sensors [33].

In parallel, properties and applications of exceptional-
point (EP) systems, especially EP optics, have attracted
intense interests in recent years [34-41]. In such systems,
two or more eigenmodes coalesce at the EPs, leading to
a variety of unconventional effects observed in experi-
ments, such as loss-induced coherence [42, 43|, unidirec-
tional lasing [44], invisible sensing [45], robust wireless
power transfer [46], and exotic topological states [47, 48].
EP effects in COM have also been probed both theoret-
ically and experimentally [12, 49-51], such as low-power
phonon laser [12, 50], high-order EPs in COM [51], and
nonreciprocal COM devices [49, 52|, highlighting new op-
portunities of enhancing or steering coherent light-matter
interactions with the new tool of EPs.

Very recently, by coupling a whispering-gallery-mode
(WGM) microresonator with two external nanoparticles,
periodic emerging of EPs has been observed experimen-
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tally when tuning the relative positions of the particles
[53, 54]. Counterintuitive EP effects, such as modal chi-
rality [53] and highly-sensitive sensing [54], were revealed
in such an exquisite device. Based on these experiments,
here we study the new possibility of COM control by
tuning the relative positions of nanoparticles along the
circumference of the resonator. We find that due to
the particle-induced asymmetric backscattering between
two near-degenerate resonator modes [55, 56|, the OMIT
spectrum is strongly modified in the vicinity of EPs. In
particular, a slow-to-fast light switch can be achieved by
tuning the relative angle of the particles, which is prac-
tically useful in e.g., optical signal processing and com-
munications. Our work, without the need of any optical
gain or complicated refractive-index modulation [53, 54],
is well within current experimental abilities. More stud-
ies on e.g., nonlinear or topological COM [57-59] can also
be envisaged with this single-resonator EP device.

II. THEORETICAL MODEL

As in recent experiments [53, 54], we consider a WGM
microresonator (of resonance frequency w, and damping
rate 7,) coupled with two nanoparticles (see Fig.1). This
resonator is driven by a strong pump field at frequency w;
and a weak probe field at frequency w,. The amplitudes
of the pump and probe fields are

Ey = P/hwi, Ep=\/Pp/hwp,

where P, and P, denote the pump and probe power, re-
spectively. The resonator also supports a phonon mode
with the mechanical frequency w,, and damping rate 7,,.
Two silica nanotips as Rayleigh scatterers, which can be
fabricated by wet etching tapered fiber tips prepared by
heating and stretching standard optical fibers [53, 60],
are placed in the evanescent field of the resonator. The
position of each particle can be controlled by a nanoposi-
tioner, which tunes the relative position and effective size
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FIG. 1: (a) Optomechanics in a microresonator with two nanoparticles in the WGM field. The resonator supports a mechanical
mode at frequency wy,, which is driven by a pump field at frequency w;. [ is the relative angle between the two particles. The
complex frequency splitting Aw (b) and the relative photon number 7 (c) as a function of the angle 5. We choose P, = 1 mW

in (c).

of the nanotip in the WGM fields. The non-Hermitian
optical coupling of the clockwise (CW) and counterclock-
wise (CCW) traveling waves, induced by the nanoparti-
cles [54], can be described by the scattering rate [54]

_ 2m
Ji2 = €1 + epe T2

corresponding to the scattering from the CCW (CW)
to CW (CCW) modes, respectively. Here, m is the az-
imuthal mode number, and § is the relative angular po-
sition of the two scatterers, and €; (j = 1,2) is half of
the complex frequency splitting induced by the j-th scat-
terer. We note that €;, depending on the volume of the
j-th particle within the WGM fields, can be tuned by
controlling the distance between the particle and the res-
onator with nanopositioners [53, 60]. Steering the angle
B can bring the system to EPs, as already observed ex-
perimentally [53, 54]. The purpose of our work here is to
show the role of EPs, achieved by tuning 5 [53, 54], in
the OMIT process.

In the rotating frame at the pump frequency, the total
Hamiltonian of the system can be written at the simplest
level as

H :HO + Hm + Hint + Hdru

Hy =Aal, acy + Aaly cew + J1aly acew + J2a] e,
2

p 1 2 2
H, = —MegWo, T,
M ey | 2 e
Hine = — gz(al e + al oy acow)
cw CW ccw VCCW /5

Hy, =i/ Yex [(El + Epefigt)aiw — h.c.] , (1)

where { = w), — w; and

A:Aa+Re(€1+€2), Aa:wa—wl.

In consideration of a small change of the cavity length,
the COM coupling coefficient can be written as g = w,/R
[11], where R is the radius of the resonator. ey is the loss
induced by the resonator-fiber coupling, meg is the effec-
tive mass of the mechanical mode, adcw ccw are the optical
annihilation operators for the CW and CCW modes, and

z and p denote the displacement and momentum opera-
tors, respectively.

The nanoparticles induce frequency splitting of the op-
tical modes, and the corresponding eigenfrequencies can
be derived as

W12 = Wq — Y + €1 + €2

:I:\/ef + €3 + 2€1€62 cos(2mp). (2)

Since €; » are complex numbers, the complex eigenvalue
splitting Aw is allowed to be zero by tuning the angle
8, which brings the system to an EP. For J; = J, = 0,
i.e., the two scatterers are absent, Hy has two orthogonal
eigenstates with the same frequency. For J; # J2 and
JiJa = 0, Hy has only one eigenvalue and one eigenvec-
tor, indicating the emergence of an EP [55, 56]. In this
case, the critical value of 8 can be obtained as

Im  arg(e1) — arg (e2)
o F :
2m 2m

ﬂc:

(I=+1,43,..), (3)

where F correspond to J; = 0 or Jy = 0. Here, |¢1| = |ea],
required for the realization of EPs, can be achieved in ex-
periments by tuning the distance between the resonator
and the particles [53, 54]. By continuously tuning 3, 8.
emerges periodically, as demonstrated in recent experi-
ments [53, 54]. We note that the particles are not neces-
sarily identical, and EPs can be achieved in the situation
with two particles having a tiny difference in the electric
permittivity. In fact, as already demonstrated in previous
works [53], this can be achieved by adjusting the relative
position of the scatterers and the resonator, so that each
scatterer has the same spatial overlap with the evanescent
field [53]. Figure 1(b) shows the frequency splitting Aw as
a function of B, in which we choose experimentally acces-
sible values €1 /v, = 1.5—0.14, €2 /v, = 1.4999—0.1014893,
and m = 4 [53]. We find that, agreeing well with the ex-
periments, the real and imaginary parts of Aw oscillate
with the same period [53, 54]. The EPs correspond to the
points where Aw = 0, (e.g., for 8. = 0.392575, we have
J1 =0, Ja/v. = 0.000201 + 0.002978i). In the following
we focus on exotic features of OMIT in the vicinities of
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FIG. 2: Transmission of the probe light as a function of the optical detuning A, (a-c) and the relative angle 8 (d). (e)
Transmission as a function of the optical detuning A, and the angle 8. We choose P, = 1mW and Ay/w, = 1 in all these

figures.

EPs, including the transmission rate and the group delay
of the signal.

For this purpose, we write down the equations of mo-
tion of the system, i.e.,

acw - _(ZA - ng + V)acw - Z-Jlaccw + vV ’YexEl
v/ Yex Epe

Geew = —(A —igx 4+ ¥)acew — 1200w,
T = _’sz - (.U?ni]' + (O’ZWOJCW =+ aICWaCCW)7(4)

eff

where v = 7, —Im(e1 + €2) is the total optical loss, from
which we obtain the steady-state values of the dynamical
variables as

_ VexBEi(y +iA —igx)

o T A —ign)? + Ay
a _ _i\/’YexElJ2
cow (’Y 4 9A — igfc)Q + J1Js ’
ex|E1|? [|2]” + 7% + (A — g2)°
- _9elEl (|2 + 72 + (A — g2)?] %)

Megw2, |(7 + 1A —igZ)2 + J1Jo|?

We see that the S-dependent optical coupling rate indeed
affects both the intracavity optical intensity and the me-
chanical displacement. To see this more clearly, we define

the relative photon number

(6)

g Bl ‘ T

v+ iA — T

= A =

For the single-particle case, i is a constant; however, by
introducing another nanoparticle, this situation changes.
In this case, 7 is a periodic function of S [see Fig.1(c)].
The CCW mode is absent around 8 = 0.4. At this point,
we have Jo = 0, indicating that the scattering from the
CW to CCW modes is prohibited. This means that the
effective COM coupling or the mechanical oscillations can
be tuned by the nanoparticles, which as a result, leads to
strong modifications of OMIT.

To calculate the optical transmission rate, we expand
every operator as the sum of its steady value and a small
fluctuation, i.e., x = & + dxe %t 4 fz*eist, and

Qj(i—cw,cow) = Qi + 5a;e_i5t + 5a?‘ei5t.

(7)
Substituting Eq. (7) into Egs. (4) leads to

X Moz — g Y (ajda; +aida}™) =0,

1=cw

(8)



and
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fl (é)aa(;:w + i‘]26acw - ig(_zccw(sx :0
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with f12(§) = £ (A —igZ) — i€ and
X H(E) = mer (wi, — €% — i&ym). (10)
By solving Egs. (8) and (9) we obtain
— VB Ex(&h1(&)hs(€)
Sa=. —
=T | mome -exong) Y
where
11 (€) = i + rcow/ F1(€) 854 F1(6) = e o]
ha(§) = [ibcew [1(§) + J2lew] [acy f1(§) — iaccy 2] s
hs(€) = f5(&) + Ji J5,
ha(§) = f1(§) + J1J2/ f1(€),
hs(é) - Jf x (I,CW + J2 anaCCW - Zﬁf2(§)7
h (5) = Joa chacw + Jlazwaccw + lﬁfl(f),
§) =

h3(§)he (&) + f1(§)ha(§)hs(S), (12)

with 7 = |Gew|? + |Geew|?. With these at hand, the ex-
pectation value of the output field can then be obtained
by using the input-output relation

Vv ’yex(sac_w7 (13)

where ai, Or aoy; is the input or output field operator,
respectively. The transmission rate of the probe field is
then

Gout = @in —

2
T = |t,[* = |22 (14)

2
_ ‘1 _ \/’Yex(sac_w
Ep

in

This sets the framework for our discussions of the impact
of EPs on the transmission rate and the group delay of
the probe light.

III. RESULTS AND DISCUSSIONS

Figure2 shows the transmission rate as a function of
the angle 8 and the probe detuning

Ap = wp — Wg.

We choose here experimentally feasible values, i.e. R =
34.5 um, w, = 193THz, 74 = Yex = 6.43MHz, meg =
50 ng, wy, = 147 MHz, ~,, = 0.24 MHz, €1 /v, = 1.5-0.14,
€2/va = 1.499900 — 0.1014897, and m = 4 [38, 53]. As in
standard OMIT (without any particle), when the pump is
detuned from the resonance by wy,, a single OMIT peak

(a) Ap =0
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FIG. 3: (a) Group delay of the probe light 74 (in the unit
of us) as a function of the pump power P, and angle 8. (b)
Group delay 74 as a function of the pump power P,. We
choose A, /wm =1 in both (a) and (b).

emerges around A, = 0, due to the destructive interfer-
ence of two absorption channels of the probe photons (by
the resonator or by the phonon mode) [15]. For complete-
ness, we also plot the case with a single nanoparticle [see
Fig.2(a)], i.e., a deformed spectrum due to mode split-
tings of both the pump and the probe, which is similar
to the case with coupled two resonators [1, 23].

More interestingly, Fig.2(b) shows the S-dependent
transmission rate with two nanoparticles, featuring a
Fano-like spectrum around the resonance, due to the in-
terference between the probe and the scattered control
field. For 8 = 0.2 or 0.6, a transparency window emerges
around A,/w,, = 0.13, corresponding to the frequency
shifts induced by the particles [see also Fig.1(b)]. How-
ever, by tuning the system close to the EP (with 5 = 0.4),
strong absorption of the probe can be achieved; see the
red curve in Fig. 2(b). Hence the relative angle between
two nanoparticles can be steered to achieve not only the
EPs but also the optical switch [see the highlighted zone
in Fig.2(b)]. In Fig.2(c), we see that for A, /w,, = 0.13,
the transmission of the probe changes periodically with
0, and particularly, the probe can be blocked at the EPs
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FIG. 4: (a) Transmission of the probe light as a function of
the optical detuning A,. (b) Group delay of the probe light
Tg (in the unit of us) as a function of the pump power P, and
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(a,b).

[see also Fig.2(d)]. This could be of practical uses in
making a passive EP device for optical engineering and
communications.

Accompanying the OMIT process, the slow light effect
also can emerge [16, 17], as characterized by the optical
group delay

darg(t,)
Tg = dAp . (15)
Figure3 shows that 74 can be tuned by changing the
angle 8 and the pump power P,. For A, = 0, the group
delay can be tuned to be positive or negative, which is
clearly different from the case without any particle (i.e.,
Tg > 0). The means that the nanoparticles can not only
induce the optical mode shift, but also strongly modify
the dispersion of the system. Figure 3(b) shows the group
delay at A, /w,, = 0.13, where strong absorption can be
achieved by tuning the angle close to the EP. Around
the EP (8 = 0.4 or 1.2), the fast light can be achieved,
corresponding to strong optical absorptions as shown in

Fig.2(b).This indicates a new way to achieve slowing or
advancing signals by tuning the relative positions of the
nanoparticles around a single WGM resonator [53].

The nanoparticle-induced frequency shifts weakens the
OMIT effect for A, /wy, = 1; this situation, however, can
be changed if the effective detuning of the pump is chosen
as

A=A, + Re(el + 62) = Wpm,-

Figure4 shows the transmission and group delay of the
probe light with A,/w,, = 0.87. Around the EP (e.g.,
B8 ~ 0.4), an OMIT window emerges at A,/w,, = 0.13,
which is similar to the standard OMIT (i.e., without any
nanoparticle), but with an effective detuning of the pump
A/wp, =~ 1. Figure4(b) shows that in this case, the slow
light always exists, which is distinet from the A, /w,, =1
case as shown in Fig. 3(a).

Our results also reveal that near the EPs, by tuning
the pump power, the group delay or advance of the probe
can be manipulated in a large scale, i.e., 1.6 us or 2.8 us
in Fig. 3 or Fig. 4, respectively. This demonstrates a non-
trivial advantage of tuning the system to EPs, where the
state and responses of the optomechanical system man-
ifest a high sensitivity in response to the input power,
and thereby could be of practical uses in controlling the
propagation of light in COM systems.

IV. CONCLUSION

In conclusion, we have studied OMIT in a single res-
onator coupled with two nanoparticles. We find that by
tuning the relative position of the nanoparticles, EPs
can emerge periodically and result in significant mod-
ifications of both the intracavity optical intensity and
the OMIT spectrum. Also, controllable switch from
slow to fast light can be achieved in such a system (for
other schemes, see e.g., a recent experiment with circuit
nanomechanical device [17]). These results provides a
highly sensitive way to tune the light propagation. Be-
sides this, EP-assisted COM devices can also be used
for other applications such as EP force sensing [54, 61],
topological energy transfer [49], and mechanical amplifi-
cations [12].
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