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We propose a core rotation-sensing element for improving the sensitivity of the micro-optical gyroscope using the
large nonreciprocal effect with a photonic crystal. The sharp transmission peak of electromagnetically induced transparency
in photonic crystal generated from a periodic distribution of cold atoms is sensitive to the rotation. Our numerical results
show that the sensitivity of relative rotation is about 50 times higher and the sensitivity of absolute rotation is more than
two orders higher than that of the traditional resonant optical gyroscope. Also, the sensitivity of the gyroscope can be
manipulated by varying the atomic density, modulation frequency, probe pulse width, and photonic crystal length, etc.

Keywords: optical nonreciprocal effect, photonic crystal, micro-optical gyro, high sensitivity
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1. Introduction
Inertial sensors for rotation such as ring laser gyros

(RLG), interferometric optical gyroscopes (IOG), and micro-
electro-mechanical system (MEMS) gyros are now widely
used in commercial and military fields. Miniaturized iner-
tial measurement units enable small platforms for a variety
of emerging applications, such as unmanned air and under-
water vehicles, as well as navigation in subterranean struc-
tures. As MEMS-based sensors do not provide sensitivity
that competes with optical gyros, a variety of micro-optical
gyros, such as ring micro-laser gyros,[1] fiber ring resonator
micro-optical gyros,[2] micro-resonator Brillouin gyros,[3,4]

parity time (PT) symmetric microscale optical gyros,[5,6] non-
Hermitian ring laser gyroscopes,[7] and waveguide micro-ring
resonate gyros[8–12] have been recently demonstrated.

While many researchers make great efforts in micro-
optical gyros, the ultimate goal of high sensitivity has not been
previously realized.[13,14] IOG and RLG with high sensitivities
are difficult to be miniaturized,[15] so resonant micro-optical
gyro (RMOG) and Brillouin micro-optic gyro (BMOG) with
a chip-based optical resonator were introduced as the ideal
candidates for new generation optical gyros with high sensi-
tivity, miniaturization.[1,3,16,17] However, immature detection
technique[18] and low signal-to-noise ratio[19] result in the
RMOG and BMOG still in the stage of laboratory research
with lower sensitivities compared with the mature RLG and
IOG. Therefore, it is very important and urgent to propose a
new structure or detection method to improve the sensitivity
of micro-optical gyros.

Electromagnetically induced transparency (EIT),[20] a
quantum interference effect induced by a strong coupling

field, based on which the optical absorption of a weak probe
field can be largely suppressed in a small frequency range
while the large-dispersion property remains. Recently, the
study of EIT has been extended to atoms confined in opti-
cal cavities[21,22] and impurities doped in photonic bandgap
(PBG) materials,[23,24] and singular electromagnetic modes in
cavities and at band edges may be utilized to control and mod-
ify EIT features. Petrosyan’s work[25] showed that very nar-
row bandgap and transmission peak might arise within the
transparent window.

Great efforts have been made to achieve optical non-
reciprocity, such as using media with P-T symmetry,[26–28]

with acousto-optical effects[29] or magneto-optical effects,[3]

using spinning resonators,[31–34] and using nonsymmetric
photonic crystals.[35] Recently, it has been found that the
nonreciprocal transmission can be achieved by setting the
photonic crystal[36] and periodically distributed atoms into
motion.[37,38] When a photonic crystal moves, the counter-
propagating light is blueshifted and the co-propagating light
is redshifted in the reference frame of the moving photonic
crystal due to the Doppler effect.[38]

According to the working principle of RMOG, the reso-
nance frequency difference related to angular velocity is de-
termined by the Sagnac effect, while the detection sensitivity
depends on the fineness of the resonator (namely, the slope
of the demodulation curve).[11] The resonance frequency dif-
ference is fixed when the size of the resonator is defined, so
improving the fineness of the core sensing element is a good
way to improve the sensitivity of gyros.

In this paper, we extend the previous works[37,38] and
improve the sensitivity of micro-optical gyros by using the
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photonic crystal. 87Rb atoms driven into a three-level Λ

configuration, periodically trapped into the photonic crystal,
may create a sharp transmission peak of electromagnetically
induced transparency. We discuss the generation of large
clockwise-counterclockwise (CW-CCW) nonreciprocal trans-
mission, which leads to improving the sensitivity of the gyro
system. In addition, it is discussed that the sensitivity depends
on the slope of nonreciprocal curve could be controlled by
varying the atomic density, modulation frequency, probe pulse
width, and photonic crystal length, etc.

2. Theoretical models and equations
Refer to the D2 of 87Rb atoms, we study a threelevel

Λ atomic system where levels |1⟩, |2⟩, and |3⟩ correspond
to states |5S1/2,F = 2⟩, |5S1/2,F = 1⟩, and |5S3/2,F = 2⟩,
respectively, as shown in Fig. 1(a). The atomic transition
between level |3⟩ and level |1⟩ is coherently driven by a
probe (coupling) field. The probe field ωp is detuned from
atomic transition |3⟩ → |1⟩ by ∆p = ω31 −ωp, and the cou-
pling field ωc is detuned from atomic transition |3⟩ → |2⟩ by
∆c = ω32 −ωc.

Under the electric-dipole and rotating-wave approxima-
tions, the interaction Hamiltonian can be rewritten as

H(t) = }
[
∆p|1⟩⟨1|+

(
∆p −∆c

)
|2⟩⟨2|

−Ωc|2⟩⟨3|−Ωp|1⟩⟨3|+ c.c.
]
, (1)

from which it is straightforward to attain 16 dynamic equa-
tions for the mutually coupled density matrix elements ρhk

with h,k ∈ {1,2,3}. In the weak probe limit, the above density
matrix equations can be reduced into

∂tρ12 =−[γ12 − i(∆p −∆c)]ρ12 − iΩcρ13, (2a)

∂tρ13 =−(γ13 − i∆p)− iΩ *
c ρ12 − iΩ *

p . (2b)

Here, γhk is the decay rate of atomic coherence on transition
|h⟩↔ |k⟩. Thus, we can solve Eq. (2) analytically in the steady
state (∂tρhk) to obtain the probe susceptibility

χp(x) =
N(x)|d13|2

2ε0h̄
· ρ13

Ωp

=
N(x)|d13|2

2ε0h̄
·

iγ12 +(∆p −∆c)

[γ12 − i(∆p −∆c)](γ13 − i∆p)+Ω 2
c
, (3)

where N(x) is the inhomogeneous atomic density as a periodic
function of the photonic crystal length x.

Photonic crystal is generated from a periodic distribution
of 87Rb atoms as shown in Fig. 1(b), while each period of
the photonic crystal exhibits a small Gaussian density distri-
bution Na(x) ∝ 1/

√
2πσxN0 exp[−(x− a/2)2/2σ2

x ] with rms
width σx = λ31/(2π

√
2η) along the photonic crystal length

x in −a/2 ≤ x ≤ a/2, and a = d/n being the length of each

period. Figure 1(c) shows a core sensing element of gyro
for relative rotation sensing. Due to the Doppler effect, the
photonic crystal may lead to a strong nonreciprocity[37,38] to
enhance the sensitivity of relative rotation between the prop-
agation medium and the rest of the gyro. Figure 1(d) shows
a core element of gyro for absolute rotation sensing of the
frequency splitting ROG.[6,39] Brillouin optical gyros,[3,4] PT-
symmetric optical gyros,[5,6] self-injection locking gyros,[40]

etc., could lead to the frequency splitting due to the Sagnac ef-
fect. A weak frequency difference produced in the frequency
splitting system could result in an intensity difference of trans-
mission beams from counterpropagating directions.[2,11] Pho-
tonic crystal in the propagation medium is indeed be used to
enhance the sensitivity of detecting the relative and absolute
rotation. The working principles of them are discussed below.

∆p ∆c

>

>>

ωcωp

r

d
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↼d↽↼c↽
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Ω

r

Ec

Ep
Ep

Ep

Ec
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Fig. 1. (a) Energy level diagram form of a three-level Λ-type atomic
system interacting with probe field ωp and coupling field ωc. (b) The
atoms are trapped periodically with Gaussian distribution in the pho-
tonic crystal of period and length a = λ31/2 and d = na. (c) The core
element for relative rotation sensing using Doppler effect with station-
ary source and frame, rotating medium. (d) Whispering gallery mode
resonator (WGMR) setup for absolute rotation sensing using frequency
splitting effect with corotating source and frame, stationary medium. The
core rotation-sensing element can be composed of micro-resonators such
as WGMR, waveguide-type ring resonator (WRR), and micro-fiber res-
onator. The radius of the micro-resonator is r.

In this photonic crystal structure, the probe field may ex-
perience PBG with transmission peak, which can be verified
by utilizing the transfer-matrix method.[24] In brief, the first
step is to construct a transfer matrix M j of the j-th single pe-
riod, which should be decomposed into, e.g., 100 sublayers
of the same thickness δx (≪ a) but of different atomic den-
sities N(xl) with (l ∈ 1,100). The transfer matrix m j(xl) of
each sublayer is the product of a propagation matrix with a
discontinuity matrix, whose coefficients are given by the Fres-
nel coefficients,[41] and is related to the elementary reflection
and transmission coefficients, r j and t j, as follows:

m j(zl) =
1

t j(zl)

[
t2

j (xl)− r2
j (zl) r j(zl)

−r j(zl) l

]
. (4)

Then M j = m j(z1) · · ·m j(zl) · · ·m j(z100). The second step is to
attain the transfer matrix for the whole atomic sample of length

044208-2



Chin. Phys. B Vol. 30, No. 4 (2021) 044208

d = na. Then it is easy to calculate the probe transmissivity

Tn(ω
′
p) = |1/M22|2 , (5)

with M(i, j) being one matrix element of the total transfer ma-
trix M.

In the rest frame, the frequency-dependent transmissiv-
ities 𝒯 (ω). from CW and CCW directions are reciprocal.
However, in the lab frame (the core sensing element is set
to rotate with an angular velocity Ω ), at a given incident fre-
quency ω ′, the transmissivities 𝒯 (ω ′) are different between
the CW and CCW directions due to the frequency difference.
Doppler effect can give rise to two different rest frame fre-
quencies, or the frequency splitting system can lead to the
frequency difference from the Sagnac effect. Generally, for
Gaussian pulse of central frequency ω ′

p and pulse bandwidth
∆ω = c/ℒ′ (c is the velocity of light in a vacuum, ℒ′ is the
spatial length of pulse) propagating through the rotating mul-
tilayer along CW and CCW directions, the corresponding lab
frame transmissivity need to be written as[38]

T±(ω ′
p) ≃ ℒ′

c
√

2π

∫
∞

−∞

dω
′ e−[(ω ′−ω ′

p)
2/2∆ω2]

×𝒯 (ω ′∓∆ωf). (6)

As expected from the Doppler effect or frequency splitting
from the Sagnac effect, the transmission peaks experienced
by the CW and CCW monochromatic probe light of frequency
ω ′ is shifted by ∆ωf. Here, the multilayer structure we consid-
ered has a smooth frequency dependence of the transmissivity
over the pulse bandwidth ∆ω . Thus, CW-CCW asymmetry in
pulse transmission can be characterized by the nonreciprocity
parameter ∆T (ω ′

p)≡ T+(ω ′
p)−T−(ω ′

p)

From the Doppler effect, transmission peaks experienced
by the CW and CCW monochromatic light of frequency ω ′ are
shifted by ∓ω ′ ·Ωr/c, then the frequency difference between
them is

∆ωdop =

(
1−

√
1−Ωr/c
1+Ωr/c

)
· c

λ
≈ r

2λ
Ω , (7)

where λ is the wavelength in the core rotation-sensing ele-
ment. According to the principle of the Sagnac effect, the re-
lationship between angular rate Ω and frequency shift ∆ωsag

of ring resonator can be written as

∆ωsag =
2r

nsλ
Ω , (8)

where ns is the refractive index of the resonator. The frequency
difference ∆ωdop and ∆ωsag can be used to sense the relative
and absolute rotation rate, respectively. The detection of fre-
quency difference is crucial for the sensitivity of gyro, and the
sensitivity of gyro can be greatly improved by a sharp trans-
mission peak.

3. Results and discussion
In this section, we explore, via full numerical calcula-

tions, how to generate and manipulate the nonreciprocal trans-
mission in a coherently driven photonic crystal in terms of the
sharp transmission peak. We first examine the probe transmis-
sivity profiles in the rest frame (Ω = 0) where the CW and
CCW propagating transmission T+ and T− are reciprocal, as
shown in Fig. 2(a). The sharp edges of the transmission peak,
which are contributed by the coupling field, are useful to ob-
tain the large nonreciprocal effects for a probe pulse with a
full linewidth of ∆ω = 1.0 MHz. Meanwhile, we show the
CW-CCW nonreciprocity in Fig. 2(b), where two resonance
transmission peaks T+ and T− are split with a frequency dif-
ference.

In order to show the advantages of our scheme in fre-
quency difference detection, we compare the results with
the traditional RMOG. For traditional RMOG, transmissivity
without considering the transmission loss of optical fiber can
be written as[42]

Ttra± =
(
R′)2

[
1+

2Q[cos(ω ±∆ωf)τ −Q]

1+Q2 −2Qcos(ω ±∆ωf)τ

+
(Q′)2

1− (Q′)2 · 1−Q2

1+Q2 −2Qcos(ω ±∆ωf)τ
, (9)

where the delay time τ = 2πrns/c; Q′ =C(1−αC), R′ = (1−
C2)(1−αC), C and αC are the coupling coefficient and the at-
tenuation coefficient of resonator; Q = Q′ e−∆ω , R = R′ e−∆ω ,
∆ω is the linewidth of free-running laser. We show the tra-
ditional resonance curve (dashed line) with the same cavity
size and laser linewidth, where the transmission peak of the
photonic crystal is far sharper than the resonance curve in
Fig. 2(a).
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Fig. 2. (a) Rest frame transmissivity and (b) laboratory frame transmis-
sivities under ωf = 0.3γ for a photonic crystal. Other parameters are
ℒ′ = 300 m, γ31 = γ32 = γ = 6 MHz, γ12 = 0.008γ , Ωc = 2γ , ∆c = 0,
Nave = 3.0×1010 cm−3, µ13 = 1.0×10−29 C·m, λ = λ31 = 794.969 nm
and d = 3.0 mm.
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Fig. 3. Transmission nonreciprocity parameter ∆T (red soild line) with
ωm = 2 MHz and demodulation curve of traditional RMOG ∆Ttra (gray
dashed line and inset) with ωmtra = 150 MHz as functions of the detun-
ing of the probe central frequency ω ′

p/γ13 from the atomic resonance
ω31. C = 0.95, αC = 0.01, r = 1 cm and other parameters are the same
as in Fig. 2.

In Fig. 3, we show the CW-CCW nonreciprocity param-
eter ∆T (ω ′

p) ≡ T+(ω ′
p)− T−(ω ′

p) (red solid line) and the de-
modulation curve of traditional ROG ∆Ttra ≡ Ttra+−Ttra− with
the same modulation frequency ωm, cavity size, and laser
linewidth (gray dashed line). As we can see, a sharp slope, de-
scribed as η = d[∆T (ω ′

p)]/dω ′
p, appears within the EIT win-

dow region, which corresponds to the sharp edge of the trans-
mission peak. The transmission nonreciprocity peak |∆T | may
reach around 90% at modulation frequency ωm = 2 MHz. Far
from the turning point, the slope of the curve η = 3.3 MHz−1

can be regarded as linear with the normalized and dimen-
sionless ∆T . When gyro rotates at Ω , the frequency differ-
ence caused by the Sagnac effect ∆ωsag or the Doppler ef-
fect ∆ωdop will lead to the change of output light intensity
|∆T |, which can be used to obtain the angular velocity rotation
information.[42] Besides, the slope of the normalized transmis-
sion coefficient η = 0.026 MHz−1 (gray dashed line), which
is two orders smaller than that of the photonic crystal struc-
ture in Fig. 1. Modulation frequency ωm moves the detection
area to the linear area to enhance the detecting sensitivity. In
addition, the direction of rotation can be easily distinguished
by comparing the shifting frequency with the modulation fre-
quency.

For the detection of relative rotation, although the fre-
quency difference produced by the Doppler effect is slightly
smaller than that produced by the Sagnac effect, the sensi-
tivity resulted from the construction in Fig. 1(c) is about 50
times better than that of traditional resonator gyro. The fre-
quency difference produced by the frequency splitting effect
is equal to the traditional one. Thus, for the detection of abso-
lute rotation, the sensitivity resulted from the construction in
Fig. 1(d) is more than two orders better than that of traditional
resonator gyro. Detecting the range of gyroscope depends on
the linear region of the transmission nonreciprocity parameter
∆T highlighted in Fig. 3. As we can see, the frequency range

is about 0.1γ . Then the detecting range is about ±2600 ∘/s for
r = 1 cm, which is sufficient for the gyros.

The CW-CCW nonreciprocity from a photonic crystal
mentioned above can be generated by the Doppler effect for
relative rotation sensing or by the frequency splitting effect
for absolute rotation sensing. The underlying physical reason
for the changes in optical response is that the probe suscep-
tibility will experience a frequency shift along the direction
of rotation. The probe transmissivity and absorption coeffi-
cient of the rotating atomic ensemble will be changed due to
the Doppler frequency shift or splitting frequency shift expe-
rienced by the probe susceptibility. Then, if the CW-incident
probe frequency is within the EIT window, the CCW-incident
frequency may locate at the absorption region, which will give
rise to CW-CCW nonreciprocity in probe transmission and ab-
sorption.

It is worth noting that the existence of transmission peak
and rotation-induced nonreciprocity are not unique to this pho-
tonic crystal setup. Similar nonreciprocal effects can also be
achieved, for example, by using the traditional rotating PBG
medium. But the nonreciprocal output is low, since the trans-
mission peak is not sharp enough.[24] In our scheme, the slope
η can be enhanced by using laser-induced quantum interfer-
ence because the deeply narrow EIT window can be generated
by using laser-induced quantum interference. This will further
give rise to transmission peak sharp enough, which is the key
to high nonreciprocal output.

In Fig. 4, we further show the dependence of the slope η

on the detecting sensitivity of gyro, namely, on the length of
photonic crystal d, atomic density ωm, modulation frequency
ωm, and the linewidth of free-running laser ∆ω . In Fig. 4(a),
η increases with the increase of d when d < 2 mm, decreases
with the decrease of d when d < 2 mm, and reaches a maxi-
mum value when d is about 2 mm; In Fig. 4(b), η increases
with the increase of N0 when N0 < 3.5× 101 cm3, decreases
with the decrease of N0 when N0 > 3.5 × 101 cm−3, and
reaches a maximum value when N0 is around 3.5×101 cm−3.
In Fig. 4(c), η increases with the increase of ωm when ωm <

3.4 MHz, decreases with the decrease of ωm when ωm >

3.4 MHz, and reaches a maximum value when ωm is around
3.4 MHz. Figure 4(d) shows that η will be enhanced mono-
tonically with decreasing the pulse linewidth ∆ω . Specifically,
it increases quickly when ℒ′ < 300 m (∆ω > 1 MHz), changes
slowly when ℒ′ > 300 m (∆ω < 1 MHz), and remains invariant
when ℒ′ > 400 m (∆ω < 0.75 MHz). Thus, the detection sen-
sitivity of η can be manipulated by modulating the length of
photonic crystal d, atomic density N0, modulation frequency
ωm, and the linewidth of free-running laser ∆ω properly. The
linear range highlighted in Fig. 3 will also be changed when
these parameters are changed. Then we need to consider both
the sensitivity and measurement range when modulating the
parameters.
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Fig. 4. The slope η of ∆T (ω ′
p) as functions of (a) the length of photonic crystal d, (b) atomic density N0, (c) modulation frequency

ωm and (d) pulse length ℒ′. Other parameters are the same as in Fig. 2.

At last, any level configuration leading to EIT windows
can, in principle, give rise to a sharp transmission peak in
a photonic crystal, which further allows for the emergence
of similar nonreciprocity due to the Doppler effect or fre-
quency splitting. However, the nonreciprocal effect depends
on whether the EIT window is narrow enough and whether
the transmission peak is sharp enough. The Λ configuration
we considered here is the simplest and most available one to
obtain the EIT window, which can lead to transmission peak
sharp enough under proper parameter conditions. Thus, it can
be used to achieve the ideal nonreciprocity. The nonreciproc-
ity experienced by the probe field will arise within the fre-
quency regions where the PBGs and transmission peak exist,
namely where the two-photon resonant conditions between the
probe and coupling fields are satisfied.

In an experiment, the optically controllable photonic crys-
tal based on an EIT medium can be driven by a standing wave
control laser field.[36,43] Schilke et al. experimentally inves-
tigated the Bragg reflection, reported the measurements of
transmission and reflection spectra and their dependence on
the experimental parameters.[43] According to these reported
works, the scalable product of the atomic density and the sam-
ple length in our scheme can be easily realized in the experi-
ment. What’s more, in Ref. [44] the atoms could be acceler-
ated from 0 to 10 m/s (0 to 1000 rad/s for radius r = 1 cm) in
100 µs with a constant transportation efficiency of more than
95%. Also, many related nonreciprocal experimental works
have been reported with moving and spinning the core sensing

element.[33,38] The scheme proposed in this paper is feasible
in the experiment.

4. Conclusion and perspectives
In summary, the sensitivity of micro-optical gyro is en-

hanced utilizing the photonic crystal generated from a periodic
distribution of 87Rb atoms. The sharp transmission peak of
electromagnetically induced transparency in a photonic crystal
is sensitive to the rotation, leading to opposite frequency shifts
in clockwise and counterclockwise transmission spectrums,
which gives a boost to the sensitivity of the gyro system. We
find that the sensitivity of gyro could be easily controlled by
modulating the atomic density, modulation frequency, probe
pulse width, and photonic crystal length. In this paper, we
only show the working principle of the core sensitive element
but do not show the design details of the gyroscope configura-
tion, such as laser frequency locking and signal detection. We
hope that high-sensitivity, miniaturized gyros can be produced
based on the excellent advantages of the core sensitive element
shown here with a little engineering.

References
[1] Lai Y H, Suh M G, Lu Y K, Shen B Q, Yang Q F, Wang H M, Li J, Lee

S H, Yang K Y and Vahala K 2020 Nat. Photon. 4 1
[2] Ma H L, Zhang J, Wang L, Lu Y, Ying D and Jin Z H 2015 Opt. Lett.

40 5862
[3] Li J, Suh M G and Vahala K 2015 Optica 4 346
[4] Lai Y H, Lu Y K, Suh M G, Yuan Z Q and Vahala K 2019 Nature 576

65

044208-5

http://doi.org/10.1038/nphoton.2009.238
http://doi.org/10.1364/OL.40.005862
http://doi.org/10.1364/OL.40.005862
http://doi.org/10.1364/OPTICA.4.000346
http://doi.org/10.1038/s41586-019-1777-z
http://doi.org/10.1038/s41586-019-1777-z


Chin. Phys. B Vol. 30, No. 4 (2021) 044208

[5] Kondratiev N M, Lobanov V E, Cherenkov A V, Voloshin A S, Pavlov
N G, Koptyaev S and Gorodetsky M L 2017 Opt. Express 25 28167

[6] Ren J, Hodaei H, Harari G, Hassan A U, Chow W, Soltani M,
Christodoulides D and Khajavikhan M 2017 Opt. Lett. 42 1556

[7] Hokmabadi M P, Schumer Alexander, Christodoulides D N and Kha-
javikhan M 2019 Nature 576 70

[8] Biberman A, Shaw M J, Timurdogan E, Wright J B and Wattset M R
2012 Opt. Lett. 37 4236

[9] Khial P P, White A D and Hajimiri A 2018 Nat. Photon. 12 671
[10] Ma H L, Zhang J J, Wang L L and Jin Z H 2015 Opt. Express 23 15088
[11] Wang J J, Feng L S, Tang Y C and Zhi Y Z 2015 Opt. Lett. 40 155
[12] Wang J J, Ma H L, Li H Z and Jin Z H 2017 Opt. Lett. 42 3658
[13] Matsko A B, Liang W, Savchenkov A A, Ilchenko V S and Maleki L

2017 Phys. Lett. A 382 2289
[14] Shahriar M S, Pati G S, Tripathi R, Gopal V, Messall M and Salit K

2007 Phys. Rev. A 75 053807
[15] Zhang E K, Yang L, Xue B, Gao Z X and Zhang Y G 2018 Opt. Eng.

57 085106
[16] Xie C F, Tang J, Cui D F, Wu D J, Zhang C F, Li C M, Zhen Y Q, Xue

C Y and Liu J 2016 Opt. Lett. 41 4783
[17] Liang W, Ilchenko V S, Savchenkov A A, Dale E, Eliyahu D, Matsko

A B and Maleki L 2017 Optica 4 114
[18] Li H Z, Lin Y, Liu L, Ma H L and Jin Z H 2020 Opt. Express 28 18103
[19] Wang J J, Feng L S, Wang Q W, Jiao H C and Wang X 2016 Opt. Lett.

41 1586
[20] Harris S E 1997 Phys. Today 50 36
[21] Lukin M D, Fleischhauer M, Scully M O and Velichansky V L 1998

Opt. Lett. 23 295
[22] Li J H, Qu Y, Yu R and Wu Y 2018 Phys. Rev. A 97 023826
[23] Zhang Y, Liu Y M, Tian X D, Zheng T Y and Wu J H 2015 Phys. Rev.

A 91 013826
[24] Artoni M, La Rocca G C and Bassani F 2005 Phys. Rev. E 72 046604
[25] Petrosyan D 2007 Phys. Rev. A 76 053823

[26] Hua S Y, Wen J M, Jiang X S, Hua Q, Jiang L and Xiao M 2016 Nat.
Commun. 7 13657

[27] He B, Yang L, Jiang X S and Xiao M 2018 Phys. Rev. Lett. 120 203904
[28] Zhang H L, Huang R, Zhang S D, Li Y, Qiu C W, Nori F and Jing H

2020 Nano Lett. 20 7594
[29] Kang M S, Butsch A and Russell P St J 2011 Nat. Photon. 5 549
[30] Zaman T R, Guo X and Ram R J 2007 Appl. Phys. Lett. 90 023514
[31] Maayani S, Dahan R, Kligerman Y, Moses E, Hassan A U, Jing H, Nori

F, Christodoulides D N and Carmon T 2018 Nature 558 569
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