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The manipulating of optical waves in a microcavity is essential to developing the integrated optical devices. Generally,
the two eigenmodes in a whispering-gallery-mode (WGM) microcavity possess chiral symmetry. Here we show the chiral
symmetry breaking is induced by the asymmetric backscattering of counter-propagating optical waves in a whispering-
gallery-mode (WGM) microcavity with a cavity-made slot filled with atomic vapor. Through tuning the dispersion relation
of the atomic vapor in the cavity-made slot, the chiral modes are continuously steered. The mode frequency splitting in
the transmission and reflection spectra stem from the chiral symmetry breaking of the two eigenmodes. The displacement
sensitivity of the proposed system in response to the length variation of cavity-made slot exhibits a high sensitivity value of

15.22 THz/nm.
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1. Introduction

Optical microcavity with high-Q factor and small mode
volume can significantly enhance light-matter interactions,
and plays an ideal platform for realizing micro/nano-scale in-
tegrated optical components including sensors, modulators,
and lasers. Generally, the two travelling wave modes, i.e.,
clockwise (CW) and counterclockwise (CCW), are sustained
in an optical microcavity with the geometry symmetry. The
mirror reflection symmetry of a microcavity can be broken by
the cross-coupling between CW and CCW waves induced by
a perturbation on the periphery of the microcavity. For ex-
ample, a particle on the edge of a whispering-gallery-mode
(WGM) microcavity leads to the cross-coupling between CW
and CCW waves due to the backscattering, and the two stand-
ing wave modes with equal weights are generated.!!! Because
of the mirror reflection geometry symmetry, the microcavity
with a pair of standing wave modes possesses chiral symme-
try, exhibiting that the transmission or reflection spectra are
identical at the two ports of the input—output taper fiber nearby
the WGM microcavity. The manipulating of optical waves to
break the chiral symmetry in a microcavity is vital to both
the research of microcavity photonics and the development
of integrated optical devices such as unidirectional lasers, >
highly sensitive sensors,>%! and all-optical memories. 78]

Chiral symmetry breaking is derived from breaking either

DOI: 10.1088/1674-1056/abb660

parity1-39101 or time-reversal symmetry.!'!=13] For the parity
symmetry breaking, deformed microdisks are first utilized to
realize the chiral behaviour and directional light emission. (1]
In an open quantum system, the asymmetric backscattering
of the propagating optical fields induced by the nanopar-
ticles adhering to the surface of the microcavity has been
demonstrated.!'! A strong chiral behaviour with unbalanced
contributions of the backscattering is shown in the micro-
cavity. For controlling the flow of light and laser emission,
Peng et al. used two nano-tips as Rayleigh scatterers to steer
optical modes at an exceptional point (EP).*l An open sys-
tem described by Non-Hermitian Hamiltonian exhibits many
intriguing physical phenomena at a singularity, called EP,
at which the eigenvalues and the corresponding eigenvec-

4-16] Chirality is a fascinating asymmetric phe-

tors coalesce. !
nomenon in the vicinity of the EP, where the cavity retains
only one mode (CW or CCW) and exhibits the maximum chi-

[3,17

rality value 1 or —1 1 On the other hand, chiral symmetry

breaking in an optical microcavity will also appear when the
time-reversal symmetry is broken such as rotation.[!!-13!

In this paper, we demonstrate that the chiral modes are
manipulated via a cavity-made slot filled with atomic vapor in
a WGM microcavity. We also analyze the displacement sen-
sitivity of our system in response to the length variation of

cavity-made slot for the sensing applications.

*Project supported by the National Natural Science Foundation of China (Grant Nos. 11574021, 61975005, and 11804017) and the Fund from Beijing Academy

of Quantum Information Sciences, China (Grant No. Y18G28).
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2. Theoretical mode and analysis

Two eigenmodes in a microcavity are excited by an
evanescent field with a coupling rate kex rooted from an input—
output bus waveguide as depicted in Fig. 1. A cavity-made slot

filled with atomic vapor is perpendicular to the light propagat-

(a) (b)

CW
Rslot < .

ing direction on the edge of the toroidal microcavity. Due to
the reflection of this slot, there is a cross-coupling rate ¥
between CW and CCW propagating WGM, where the CW
(CCW) mode represented by 1 (2) is coupled into CCW (CW)

mode.
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Fig. 1. (a) Schematic diagram of WGM microcavity coupled with (b) cavity-made slot and (c) filled with three-level atomic vapor.

2.1. Cavity-made slot with three-level atomic system

The cavity-made slot is filled with a three-level Rb atomic vapor and develops into a dispersive cavity when we manipulate

the dispersive relation of atoms by optical pump and driving field. Through adjusting the optical pump rate r acting on energy
levels 1) — |2) and strong driving field Rabi frequency €2, acting on [1) — |3), it will lead the probe light in the slot to undergo

normal or anomalous dispersion.!!®] The cavity-made slot with normal dispersion displays a narrower resonance linewidth than

an empty slot cavity without atomic vapor. Hence, the effective reflectivity R

CCW,CW

slot of the cavity-made slot will be changed

more to the resonance frequency in the condition of normal dispersion. The effective reflectivity of the cavity-made slot is

Rccw,cw _ 12

2.1
(1 — mlrr) Tinire@slot *

e2i(d1/0)[1-(A/0p)lnga(4) |*

slot | mirr 1—7L

where 0o is the loss coefficient and agor = exp(—Qiord /2)
is the propagation amplitude attenuation. The refractive index
nglor 18 related to the susceptibility ngior & 14 ) /2. The decla-
rations of variables see Table 1. When the surface reflectivities
of the cavity-made slot satisfy RL. = R2. | the effective re-
flectivities RS&W and RSXY are identical for the both CW and
CCW waves in the microresonantor, and now this is a recipro-
cal structure. Once the surface reflectivities ernm #+ Rmm, the
reciprocity of the microresonator is broken. Thus, the cavity-
made slot can be seen as an optical isolator, the isolation ratio

(IR) of this structure is given by

RCCW

RCW

IR = 10 x logy, < Slot) 2)
slot

In order to exhibit a larger value of IR, we set a surface reflec-

tivity of the slot Rmlrr to be a high value of 0.999. Scaning the

mirr (0 achieve the maximal value

of IR with different values of atomic pump rate r and driving

other surface reflectivity R!

field Rabi frequency £,.

CCW
slot

slowly declines from one due to the increase of R.. and in-

CCW 1
tersects with Ry." when R,

minimal value approaching to zero for the effective reflection

In Fig. 2, the effective reflection rate of CW wave R

is 0.999. There is always a

2
mirr! mirr@slot *

e/ Ao @ | M

rate of CCW wave RS&W , and the corresponding value of Rmlrr
is close to one with the decrease of pump rate r or increase of
driving field ;. Thus, it can be deduced that the maximal

isolation ratio IR« Will appear at this point.

Table 1. Simulation parameters.

Symbols Meaning
Kex external coupling between microresonator and waveguide
Ko intrinsic loss in the microresonator
Y12 cross-coupling rate between CW and CCW waves
r pump rate acting on energy levels [1) — |2)
Q driving field Rabi frequency acting on |1) — |3)
Y decay rate from state |1) — |2)
SZY’CCW effective reflectivity of cavity-made slot
Rlln'izrr reflectivity of slot surface
Ry radius of microresonator
Olslot field propagation loss into atomic vapor
Aglot propagation amplitude attenuation when light travels through slot
no refractive index of microresonator
X susceptibility of atomic vapor
[P transition frequency from |2) — [1)
@, frequency of probe field
Yiotal total loss rate for microresonator
IS absorption loss rate of atomic vapor
T optical round-trip time in microresonator
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Fig. 2. The slot reflection to the CCW and CW waves varying with the slot
surface reflection RK'nirr at panel (a) r = 2y and £ = v, panel (b) r =2y
and £ =27, panel (¢) r = 0.1y and £, = 17, and panel (d) r = 0.1y and
Qy = 27. The length of the cavity-made slot is set to be Ly = 6¢7/ @12
which is 3 wavelengths at @;,.
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Fig. 3. The slot reflection to the CCW and CW waves varying with the
pump rate r at panel (a) £, = y and Rini" = 0.79, panel (b) 2, =2y ad
Rl =0.94, panel (c) 2, = 1y and R.;,. = 0.95, and panel (d) Q, =2y
and R, = 0.99.

mirr

1

According to the values of R . corresponding to the

maximal IR,x in Figs. 2(a)-2(d), we plot the variations of ef-
fective reflection of counter-propagating waves on the cavity-
made slot in the microresonator with pump rate at differ-
ent driving field Rabi frequencies: £, = y or £, = 2y in
Figs. 3(a)-3(d). With the increase of pump rate in Figs. 3(a)—

RCW

st are raised

CCW ;
Rslot sig-

nificantly decline to nearly zero and increase slightly to reach

3(d), the values of effective reflection rate

slowly, while the values of effective reflection rate

a steady value.
Next, in Fig. 4 the curves for IR of the cavity-made slot

versus pump rate r are plotted at the different optimum val-
1

ues of R ;.. obtained in Fig. 2. The maximal value of isola-

tion ratio IRp,x can be obtained to be as high as 113 dB at
Rl =0.79and Q, =7.

mirr

120

113 dB

Rlyire = 0.79

Ry =0.94 0 &
Rl =005 7 0:95
1.5 2.0 25 3.0
/v
Fig. 4. The IR values adjusted by controlling pump rate r at four optimum

values of ernm obtained in Fig. 2 when the driving field Rabi frequency is
Q,=v.
i

k R%lirr =0.99

0 05 1.0

2.2. Cavity-made slot WGM mircoresonator

As shown in Fig. 1, due to the reflection of the CW
and CCW waves on cavity-made slot in the resonator, the
cross-coupling between CW and CCW occurs. A pair of de-
generate modes supported in WGM resonator are turned into
non-degenerate WGMs, exhibiting mode broadening or split-
ting in transmission spectrum and reflection spectrum. In a
WGM resonator, the asymmetric backscattering of counter-
propagating optical wave on the cavity-made slot can be re-
lated to chiral behaviour, such as in the process of achieving
maximal chirality and unidirectional emission. Hence, the chi-
rality behaviour in the slot microresonator we proposed can be
controlled by the reflection characteristic of the cavity-made
slot. To be specific, through adjusting the pump rate and driv-
ing field acting on atomic vapor into the cavity-made slot,
the susceptibility of the atomic vapor can be artificially con-
structed to control the reflection of the cavity-made slot.

The coupled mode equations of the propagating CW and
CCW modes are

dew = —[1A®+1%1 + Yotal) dew

- [im + Fz“} oo —VVRoxtin, )
eew = —[1A® +1%2 + Yotal] deew

- [i%z + Fz“} e, @

where Aw = @ — @ is the optical frequency detuning from the
microresonator’s resonant angular frequency @.. The total loss
rate iS Yotal = (Iilot + Ko + Kex ) /2, where I is the absorption
loss rate derived from atom vapor into the cavity-made slot.
According to the input—output relation of microresonator
and bus waveguide, the output transmission and reflection

spectra from the bus waveguide are
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T — a(c)\lleI ? _ ‘1+ Kex(iAw+i%2+%otal) 2
din (i’}/cl +1—;10t/2)(i'yc2 +1—;lot/2) - (1ACO—|— iycl + %otal)(iAw+ i’)/C2 + ’ytotal)
2 .
R= —agg‘t” = —Kex (%2 + 15, /2) ’ 5)
Qin (i%l +1—;lot/2)(i'}’02 +Fs]ot/2) - (iA(D + i%l + }’total)(iAw + i}/c2 + Ytotal)

The cross-coupling rate .1 > between CW and CCW waves is

CCW,CW

Ye12= |Rslot (6)

|/TO — Yhotals

where 7o = 27tngneRo/c is the optical round-trip time in the
resonator with a radius Ry. When the %> < 0, the counter-
clockwise mode ac.w Will be depleted due to the total loss rate
Yotal in the WGM resonator and cannot be reflected by the
other side of the cavity-made slot. Therefore, neither of the

clockwise mode a.y and counterclockwise mode ac.y can ex-

CCW,CW
slot should

be large enough or the total loss rate %o should be reduced to

ist simultaneously. The effective reflectivity R

ensure the ¥ is positive, and the two modes can both exist
in the cavity simultaneously. Due to cross-coupling rate %12
two new eigenmodes with eigenfrequencies are

+ .
01 = Ao+ <%12%2> — 1%otal

1
i\/4(%1 —¥2)? + (Y1 — iL510t/2) (Ye2 — iL510t/2)-
@)

3. Tuning chiral modes

The cavity-made slot is seen as a tunable reflector and
generates two standing wave modes in the mircoresonator,
symmetric mode (SM) and asymmetric mode (ASM),[!"]
which are manifested by the doublet in the transmission and
reflection spectra in Fig. 5. The SM experiences a significant
frequency redshift, and the ASM has no shift. The curves of
transmission and reflection versus A for four different value
of pump rate r, i.e., 0.1y, 0.27. 0.3y, and 0.4y are shown
in Fig. 5(a), and those for four different values of driving
field frequency €, i.e., 7y, 8y, 9y and 10y are displayed in
Fig. 5(b). With the increase of pump rate r, the frequency
splitting between SM and ASM decreases in Fig. 5(a) and the
ASM modes are broadened (see the inset of Fig. 5(a)), re-
sulting from the weakness of cross-coupling between CW and
CCW waves. Narrow resonance linewidth of the cavity-made
slot induced by normal dispersion is sensitive to the reflec-
tion response and enhances the cross-coupling between CW
and CCW waves in the microresonator.!?’! In Fig. 5(b), the
frequency splitting increases with driving field frequency £,
increasing, the linewidth of SM and ASM modes are narrowed
due to the enhancement of normal dispersion of atomic vapor
into the cavity-made slot.

1.0
(a)
= L
.9 0.5 r=0.1v, r=0.27,
g | 7=0.3vy, r=0.4y
(-‘,__: x P
5]
= [0 SIS
< _ox10m
g
w 1.0
4 (b)
= 0.5
n
=}
]
;‘ 0.5 N 4
2,=107,2,=9v, | N
2, =87, £
0 H
0 beeeennn . 1><1011--'I S
—2x1013 0

Fig. 5. (a) Transmission and reflection spectra versus Aw for four values of
pump rate r (0.1, 0.2y, 0.3y, and 0.4y) and driving field frequency £, = 77y.
(b) Transmission and reflection spectra versus A for four values of driving
field frequency £, (7v, 8y, 97, and 10y) and r = 0.1y. [(a) and (b)] Insets
show magnified details of no shifted peaks of transmission and reflection
spectra.

The chirality ar of a resonator is defined as follows:

_ [ IR]]

o = .
T+ [R]

®)
In order to ensure the existence of the cross-coupling rate

Ye1,2 between CW and CCW waves in the microresonator, we

1 —
mirr

use the value of driving field frequency £, = 7y with R
0.99 in Fig. 5. The slot IR denoting asymmetric backscat-
tering on each of sides of the cavity-made slot is shown in
Fig. 6(a). The normal dispersion condition is represented by
the green shaded area. The curves of chirality orrr versus r/y
for different driving field frequencies are plotted in Fig. 6(b),
and the maximum chirality approaches to 1. The asymmet-
ric backscatterings on both sides of the cavity-made slot bring
about the asymmetric cross-coupling between CW and CCW
waves. Through steering the pump rate » acting on atomic
vapor, the chirality induced by the asymmetric cross-coupling
between CW and CCW waves is continuously tuned. The chi-
rality with the value Q,, = 7y represented by the black curve
has an evident elevation with the increase of pump rate r in the
normal dispersion condition (r < y) and reaches a steady state
value with a maximum chirality of 0.999 in the anomalous dis-
persion condition (r > ¥) as indicated in Fig. 6. The variation
range of the chiral behavior decreases when the driving field
strengthens.

It is necessary to introduce the frequency splitting quality
factor Qy, to evaluate the experimental observability of the real
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frequency splitting.[>!] The frequency splitting quality factor
Osp is defined as

| Re(0.) ~Re(0.)
—Im(o) —Im(w-)

Osp )

The Qp is plotted in Fig. 6(c) and decreases with the in-
crease of pump rate r since the asymmetric backscatterings are
enhanced under the normal dispersion condition of the atomic
vapor. On the other hand, the larger the driving field frequency,
the smaller the adjustable range of Qs is. In the normal disper-
sion region in the shaded area of Fig. 6, the chirality and QO
prominently vary with the increase of pump rate. In Fig. 6, it
is also confirmed that as the chiralityincreases, the frequency
splitting quality Oy, decreases. Moreover, in a passive system
it is difficult to observeexperimentally if the frequency split-
ting quality Qgp < 1.1 It needs to introduce the gain into sys-
tem, such as doping Er3* in the WGM microcavity, to narrow
the resonance linewidth for overcoming this experimental dif-
ficulty. However, in our slot microresonator system the Qg is
larger than 25 as shown in Fig. 6(c), it not only avoids intro-
ducing gain into the system, but also has a distinct frequency

splitting.
M
16
T Pl(a)
= sf
S 0] . . .
©» 0.0l 0.1 I 10
o b
= 0.8F (5]
£o04f QMZZV
< E — {7, =3y
0 . . i
© 001 0.1 I Y
60 318
2, =10y
c- 50N
o 40&
30F (c) . ) :
0.01 0.1 1 10
r/Y

Fig. 6. (a) Slot IR representing asymmetric backscattering of cavity-
made slot, (b) chirality continuously tuned via steering pump rate r,
(c) frequency splitting quality Qgp versus pump rate, with shaded re-
gions representing normal dispersion, and blank regions referring to
anomalous dispersion. Some parameters used here are as follows:
Ko = Kex = 1 x 101 Hz, R =0.99, R2. = 0.999, radius of WGM

mirr mirr

microcavity Ry = 304 /(27nyg), and refractive index ng = 1.5.

Next, we consider the length variation of the cavity-made
slot in our system in response to a measurable perturbation
for displacement sensing applications, such as cavity optome-
chanical mode or pressure induced expansion of the cavity.
Here, to avoid redundancy, we mainly discuss the frequency
splitting in the transmission spectrum induced by the change
of the length of cavity-made slot. The mode degeneracy of
WGM microcavity is lifted due to the cavity-made slot, which
creates two standing wave modes (SM and ASM) discussed in
the above section. The SM is mainly affected by the change of
slot length, while it has almost no influence on ASM.
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Fig. 7. Curves of frequency split versus Ly @p in transmission with (a)
driving field frequency £, = 7y for r = 0.1y, 0.2y, 0.3y, and 0.4y, and (b)
pump rate r = 0.4y for ,, =7y, 8y, 97, and 107y.

The modes splittings of transmission spectrum, induced
by the variation of the length of slot Lg, are shown in Fig. 7
with different values of pump rate r in Fig. 7(a) and differ-
ent values of diving field frequency £, in Fig. 7(b). Fig-
ures 7(a) and 7(b) show that the increases of frequency split-
tings gradually decrease with the length of slot Lo increasing.
The frequency splitting increases with pump rate r decreas-
ing in Fig. 7(a) due to the enhancement of normal dispersion
of the atomic vapor into the slot. In Fig. 7(b), the frequency
splitting decreases with driving field frequency €2, increas-
ing due to the weakening of the normal dispersion of the va-
por. According to Fig. 7(b), the maximum splitting response
is 15.22 THz/nm at £, =7 and r = 0.4y. Hence, an equiv-
alent length resolution can be estimated by the linewidth of
the transmission spectrum in Fig. 5. The linewidth of SM at
£, =7 and r = 0.4y is 0.465 THz, thus, the equivalent length
resolution is

AWFwHM

— WM 3% 107" m. 1
1522 THz/nm > <107 m (10)

ALpyin =

Finally, the future experimental realization of the pro-
posal will be discussed primarily. The Q-factor of microres-
onator can be calculated by O = m, /2% otal = 8.3 X 103 through
the simulation parameters in this paper. In addition, the vapor
slot may be more easily implemented in experiment on fiber.
And we find that the nanofiber with several-hundred nanome-
ter in diameter can be surrounded by atoms, and the evanescent
field of the propagating mode in the nanofiber can interact with

the atoms. 2223
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4. Conclusions and perspectives

In this work, the chiral symmetry breaking in a WGM
microcavity with a cavity-made slot filled with atomic vapor
is present. A pair of tunable chiral modes are engineered via
controlling pump rate acting on atomic vapor to change disper-
sion relation in the cavity-made slot. The maximum isolation
ratio between CW and CCW waves is approximately 113 dB.
To evaluate the experimental observability of the real fre-
quency splitting in our system, the frequency splitting quality
Osp > 25, it does not need to introduce gain into our system for
observing a conspicuous frequency splitting. The system ex-
hibits a high displacement sensitivity value of 15.22 THz/nm
in response to the variation of the length of cavity-made slot,
and the equivalent length resolution is 3x 10~'! m. Operating
chiral modes in WGM microcavities has important implica-
tions to realize the high-performance on-chip sensors.
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