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Broadband unidirectional reflection amplification in a one-dimensional defective atomic lattice
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Assisted by the probe gain, we propose a scheme to realize the amplified unidirectional broadband reflection
in a one-dimensional defective atomic lattice. In this system, some lattice cells are intentionally designed to
prevent atom trapping and exhibit a periodic distribution, in order to break the spatial symmetry of light
propagation and form a well reflection band. While the filled lattice cells of 87Rb atoms are driven into the
closed three-level �-type configuaration, which can realize the amplification of the probe field. By optimizing
parameters and reasonable settings, it is obvious that our scheme not only yields a flexible and adjustable
broadband unidirectional reflection amplification, but also has reduced the requirement for probe gain and greatly
shortened the length of defective atomic lattices.
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I. INTRODUCTION

The optical nonreciprocity refers to allowing the one di-
rection transmission or reflection and prohibits the opposite
direction, which can be used to design all optical diodes,
isolators, and other nonreciprocity devices [1–5]. Optical
nonreciprocal devices need to both transmit information in
the desired direction while isolating the backscattered noise.
Therefore, they play an important role in optimizing system
performance by suppressing undesired signal paths, noises,
and spurious modes [6–8]. However, every quantum system
inevitably interacts with its environment, and the quantum
properties e.g., coherence, entanglement, etc. could be lost. It
is an urgent demand to manipulate optical nonreciprocity am-
plification in photonic circuits, which can amplify the optical
signals and reducing noise.

In general, it is relatively easy that the nonreciprocal and
gain devices are performingtheir own function separately.
Thus, that the nonreciprocity and signal amplification are
realized in one device has been the central goal in many
works, with the increasingly high requirements of integrated
devices. In recent years, significant progress has been made
in the nonreciprocal, even unidirectional amplification of
a signal, including electromagnetic wave radiation, trans-
mission, and reflection in various specific physical systems
[9–11]. For example, the unidirectional signal amplification
is mainly achieved in silicon waveguides based on Bril-
louin scattering [12–14], and it can also be realized by
adding non-Hermiticity into time-varying systems [15–17].
In addition, Josephson circuit [18,19], parity-time symmetric
structures [20–22], whispering-gallery microcavities [23,24],
fiber-guided system [25,26], and atomic ensembles [27,28]
are also the intensively studied fields in nonreciprocal am-
plification. Specifically, extensive research on nonreciprocal
amplification has been conducted on optomechanical sys-
tems [29–32]. For the transmission behavior of a weak signals
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can be enhanced significantly assisted by another strong con-
trol field [33–35], or a strong input field based on the nonlinear
interaction without introducing the additional strong control
field [36,37] based on optomechanical systems. The optical
cavity plays an important role in nonreciprocal amplification
for its feedback effect. Therefore, high-quality resonant cavi-
ties are needed. However, our recent works have achieved am-
plified unidirectional reflection in the coherent active atomic
system, based on a symmetry breaking caused by the spa-
tially linear variation of coupling fields [38–40]. Thus uniform
atomic schemes are able to be implemented in experiments.

Nonreciprocal amplification in a uniform atomic medium
requires a relatively strong gain, as there is no assistance
of optical cavity. However, one-dimensional (1D) atomic lat-
tices, like an optical cavity, can serve as a good distributed
feedback mechanism, in which the probe light can form
wide photonic bandgaps [41–46]. In addition, it has been
used to fabricate non-Hermitian optical materials satisfying
(anti-) parity-time symmetry [47–50] or spatial Kramers-
Kronig modulation [51], and achieve the manipulation of
optical nonreciprocity under appropriate modulation of stand-
ing wave fields. Recently, we found that the defects of
atomic lattices can disrupt the symmetry of probe light prop-
agation, which leads the nonreciprocity of left and right
reflections [52]. In further, under the specifically designed and
optimized parameters, a unidirectional photonic reflector can
be achieved in a defective atomic lattices, with all atoms in the
filled lattice cells driven into a three-level � type [53].

In this paper, we propose a well designed scheme to
achieve and modulate a unidirectional amplified broadband
reflection, utilizing the coherent driven three-level �-type
active atomic system for amplifying a week probe field, 1D
defective atomic lattices (DALs) for destroying the symmetry
of left and right reflections, and provide a distributed feed-
back mechanism. To be more specific, the DAL we used was
comprised of both filled lattice cells (trapping atoms) and
vacant lattice cells (not trapping atoms), which is different
from the parity-time symmetry [47–50] and the spatial sym-
metry broken of probe susceptibility [38–40]. The symmetry
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FIG. 1. (a) Energy level diagram of a three-level �-type atomic system driven by a weak probe field, a strong coupling field and
a microwave field, respectively. (b) The absorption spectrum of the probe field vs detuning �p with or without microwave field, where
�c = 20 MHz, �p = 0.3 MHz, φ = π/2, �c = 0, N0 = 7 × 1010 cm−3, d31 = 1.0357 × 10−29 C m, �31 = �32 = 5.75 MHz. (c) The 1D
DAL with the width λ0 for each period, which comprises part I and part II. The probe filed Ep is incident from either the left side (denoted by
Ei

pl ) or the right side (denoted by Ei
pr) with a small incident angle θ relative to the x axis, the relevant reflected fields are denoted by Er

pl and
Er

pr . The parameters: λLat = 796.8 nm, �λLat = 0.9 nm, λ31 = 794.978 nm, η = 5.0, ε0 = 8.8541878 × 10−12.

is destroyed by the asymmetric distribution of vacant cells
in the atomic lattices. In addition, the vacant lattice cells are
periodically distributed in the front of the medium, ensuring
that probe light in the low gain region can still form a sig-
nificant amplified bandgap by the distributed feedback, this is
impossible to achieve in a uniform atomic medium. Moreover,
the combination of the active atomic system and defective
atomic lattice not only reduce the requirement for probe gain
but also greatly shorten the length of lattices.

II. THEORETICAL MODEL AND EQUATIONS

As shown in Fig. 1(a), the cold 87Rb atoms are driven into
a closed three-level �-type system, by a weak probe field,
a strong coupling field and a microwave field. The probe
beam of Rabi frequency (detuning) �p = Ep · d31/2h̄ (�p =
ω31 − ωp) and the coupling field of Rabi frequency (de-
tuning) �c = Ec · d32/2h̄ (�c = ω32 − ωc) drives the dipole
allowed transition |1〉 ↔ |3〉 and |2〉 ↔ |3〉, respectively,
the resonant microwave field of Rabi frequency (detuning)
�w = Ew · d21/2h̄ (�w = ω21 − ωw = 0) couples the dipole
forbidden transition |1〉 ↔ |2〉. The matrix element di j =
〈i|d| j〉 is used to denote the dipole moment of transition |i〉
to | j〉. Specifically, the energy levels |1〉, |2〉, and |3〉 refer to
states |5S1/2, F = 2, mF = −2〉, |5S1/2, F = 2, mF = 0〉, and
|5P1/2, F = 2, mF = −1〉 of cold 87Rb atoms’ D1 line broken
by static magnetic fields, respectively. The probe field can be
amplified in our coherent active atomic system, due to the
closed-loop transition with the help of microwave field, which
has been exhibited by the imaginary part of probe susceptibil-
ity in Fig. 1(b). Figure 1(c) shows a 1D DAL engineered into
two periodic structural parts: Part I with period p1 , consisting
of af filled lattice cells and av vacant lattice cells; Part II with

period p2 of filled lattice cells. The optical lattice is formed by
a red-detuned standing-wave field of wavelength λLat = 2λ0,
with λ0 being the lattice period. Thus, the total length of DAL
L = Sλ0, for S = (af + av )p1 + p2 .

With the electric-dipole and rotating-wave approximations,
the interaction Hamiltonian of atom-field can be written as

HI = −h̄

⎡
⎢⎣

0 �∗
w �∗

p

�w �c − �p �∗
c

�p �c −�p

⎤
⎥⎦. (1)

Then, the equations of the density matrix are written as

ρ̇11 = �31ρ33 + i�∗
pρ31 − i�pρ13 + i�∗

wρ21 − i�wρ12,

ρ̇22 = �32ρ33 + i�∗
cρ32 − i�cρ23 + i�wρ12 − i�∗

wρ21,

ρ̇12 = (i�p − i�c − γ12)ρ12 + i�∗
pρ32 − i�cρ13

+ i�∗
w(ρ22 − ρ11),

ρ̇13 = (i�p − γ13)ρ13 + i�∗
p(ρ33 − ρ11) − i�∗

cρ12 + i�∗
wρ23,

ρ̇23 = (i�c − γ23)ρ23 + i�∗
c (ρ33 − ρ22) − i�∗

pρ21 + i�wρ13.

(2)

According to the definition, the density matrix
element ρi j = 〈i|ρ| j〉 is the product of the probability
amplitude of the population between states |i〉 and | j〉,
and it indicates the state of coherence. Additionally, γi j =
(�i + � j )/2 denotes the complex coherence dephasing rate
on the transition |i〉 to | j〉, with population decay rates �i =
�n�in and � j = �n� jn; n = 1, 2 and 3 describes the
inevitable dissipation. The above equations constrained by
ρ11 + ρ22 + ρ33 = 1, conjugate conditions ρi j = ρ∗

ji and the
steady-state condition ρ̇i j = 0.
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We note that the Rabi frequencies of all fields cannot be
treated as real numbers, because of the phase variation caused
by microwave field. Thus, we make the standard transfor-
mation of the equations as follows: First, setting the initial
phases of the probe, the coupling and microwave field are
φp, φc, and φw, respectively. Then, the corresponding Rabi
frequencies are redefined as �p = Gpeiφp , �c = Gceiφc and
�w = Gweiφw , where Gp, Gc and Gw are all real numbers;
Finally, the atomic variables are rewritten as σii = ρii, σ13 =
ρ13eiφp , σ23 = ρ23eiφc and σ12 = ρ12ei(φp−φc ). Therefore, it is
not difficult to obtain the following density matrix equations:

σ̇11 = �31σ33 + iGp(σ31 − σ13) + iGw(e−iφσ21 − eiφσ12),

σ̇22 = �32σ33 + iGc(σ32 − σ23) + iGw(eiφσ12 − e−iφσ21),

σ̇12 = (i�p − i�c − γ12)σ12 + iGpσ32 − iGcσ13

+ iGwe−iφ (σ22 − σ11),

σ̇13 = (i�p − γ13)σ13 + iGp(σ33 − σ11) − iGcσ12

+ iGwe−iφσ23,

σ̇23 = (i�c − γ23)σ23+ iGc(σ33− σ22)− iGpσ21 + iGweiφσ13,

(3)

where φ = φw + φc − φp is the relative phase of the three
fields. The steady-state probe susceptibility χp of each filled
cell can be obtained by solving the density matrix equation of
�-type atoms, given by

χp(x) = Re(χp) + Im(χp) = Nx|d31|2σ31eiφ

ε0h̄�p
. (4)

Here, Re(χp) and Im(χp) represent the real and imaginary
parts of susceptibility, corresponding to dispersion and ab-
sorption lines of probe beam, ε0 is the dielectric constant
in vacuum. All atoms are of Gaussian distribution along x
direction in each filled lattice cell, the atomic density Nx can
be expressed as

Nx = N0λ0

δx

√
2π

· e[−(x−x0 )2/2δ2
x ], (5)

where N0 is the average atomic density, x0 is the trap center,
δx = λLat/(2π

√
η) is the half-width with η = 2U0/(κBT )

related to the capture depth U0 and temperature T , with λLat

being the wavelength of a red-detuned retroreflected laser
beam forming optical lattices. In the Bragg condition, the in-
cident angle is given by θ = arccos(λp/λLat0), where λLat0 =
λLat − �

λLat with the geometric Bragg shift �λLat. It is worth
emphasizing that the condition for trapping atoms is λLat >

λ31 with λ31 being the wavelength of the transition |3〉 ↔
|1〉. In addition, we use the imaginary part of the average
susceptibility Im(χp) = (N0|d31|2σ31eiφ )/(ε0h̄�p) to describe
the absorption of the probe field by the whole medium.

The reflection and transmission properties of the DAL
can be characterized by a 2 × 2 unimodular transfer ma-
trix [54–56]. For filled lattice cells, we divide each cell into
enough thin layers that can be regarded as homogeneous me-
dia. In general, the reflection coefficient depends in a complex
way on the layer thickness for layers of finite size. However,
the method of transfer matrix is valid in 1D atomic lattices
for the transfer matrix of vacuum layer is unit. With the

transfer matrix m(x j ) of a single layer, we can obtain the trans-
mission and reflection amplitudes t (x j ) = 1/m(2, 2), rl (x j ) =
m(1, 2)/m(2, 2) [rr (x j ) = m(2, 1)/m(2, 2)] on the left (right)
side of this layer, depending on the Fresnel coefficients which
are determined by the refractive index n f (x) = √

1 + χp(x).
For the homogeneous and thin layer rl (x j ) = rr (x j ) ≡ r(x j ),
Then m(x j ) can be written as

m(x j ) = 1

t (x j )

[
(t (x j )2 − r(x j )2) r(x j )

−r(x j ) 1

]
. (6)

Here, t (x j ) and r(x j ) are the transmission and reflection coef-
ficients of jth layer in each lattice cell with j ∈ [1, 100]. The
transfer matrix of one filled lattice cell can be expressed as

M f = �100
j=1m(x j ). (7)

For a perfect atomic lattices with the same length L, where
each cell trapped atoms with the identical distribution as
Eq. (7), the total matrix can be written as

Mp = �s
k=1M f . (8)

It is evident that the probe light exhibits the reciprocity, when
it is incident from right- and left-side of this perfect atomic
lattice, respectively.

The refractive index nv = 1 for vacant lattice cells. Thus,
the transfer matrix of a vacant lattice cell can be written as

Mv = 1

t (x)

[
t (x)2 0

0 1

]
=

[
eikλ0 0

0 e−ikλ0

]
. (9)

Then, the total transfer matrices of the incident light on both
sides are represented as

Ml = [(M f )a f ∗ (Mv )av ]p1 ∗ (M f )p2 , (10)

Mr = (M f )p2 ∗ [(Mv )av ∗ (M f )a f ]p1 . (11)

Further, we can calculate the reflection coefficient rl (rr ) on
the left (right) of the lattice, which are given by

rl = Ml (1, 2)

Ml (2, 2)
, rr = Mr (1, 2)

Mr (2, 2)
. (12)

The reflectivities on both sides of the 1D DAL can be ex-
pressed as follows:

Rl = |rl |2 =
∣∣∣∣Ml (1, 2)

Ml (2, 2)

∣∣∣∣
2

, (13)

Rr = |rr |2 =
∣∣∣∣Mr (1, 2)

Mr (2, 2)

∣∣∣∣
2

. (14)

Thus, with the reflectivities of Eqs. (14) and (15), we can get
the high reflection band in the Bragg condition:

ωp

c
[p1 (a f λ0n f (x) + avλ0nv ) + p2λ0n f (x)] = kπ . (15)

The nonreciprocity between left and right reflections and can
be expressed by contrast factor:

C =
∣∣∣∣Rl − Rr

Rl + Rr

∣∣∣∣. (16)

An important figure of merit to check the nonreciprocity.
Obviously, the reasonable value of contrast satisfies the re-
lation 0 � C � 1 in an optical response system. If and only
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FIG. 2. (a), (b), (c), and (d) the left reflectivity (blue solid line with circular mark) and right reflectivity (red dotted line with diamond mark)
of the probe field vs detuning �p, with different relative phases, for �w = 6 MHz, af = 2, av = 45, p1 = 13 and p2 = 35. Other parameters
are the same as Fig. 1.

if C = 0, the left-side and right-side reflections are reciprocal,
otherwise, they are nonreciprocal. And when C → 1, almost
perfect nonreciprocal reflection (unidirectional reflection) can
be achieved.

In addition, we can obtain the defect rate ξ of part I

ξ = av

av + a f
, (17)

which is used to analyze the effect of lattice defect configura-
tions on the nonreciprocity of right and left reflectivities.

III. NUMERICAL RESULTS AND DISCUSSIONS

Our purpose in this section is to optimize and modulate
the unidirectional amplified reflection in a 1D DAL. We first
check the right and left reflecitivities with different relative
phase φ, as shown in Fig. 2. With setting af = 2, av = 45,
p1 = 13, and p2 = 35, our system yields the nonreciprocity of
reflections, that the probe light that enters from the right side
is incompletly reflected, while the left side is well reflected,
based on the symmetry breaking effect. It is worth noting that
the closed-loop transition with the help of microwave field
not only provides a flexible phase control, but also generates
an active system. We can clearly see that the left reflection is
not amplified (Rl < 1.0) for φ = 0 [see Fig. 2(a)], but can be
amplified for φ = π with the maximum value of Rl almost 1.8
[see Fig. 2(c)]. Especially, when φ = 3π/2, there appears two
amplified nonreciprocal regions with the maximum value of
Rl reaching 5.8 [see Fig. 2(d)]. However, the right reflection is
not well suppressed with above relative phase φ. It is surpris-
ing that an amplified unidirectional reflection of broadband
can be achieved for φ = π/2, with one reflectivity almost
reaching 8 while the other being vanishing (Rr < 0.01) for
a wide linewidth of 5 MHz [see Fig. 2(b)].

The physical essence is that the periodic distribution of the
vacant lattice cells in part I disrupts the spatial symmetry of
the DAL while maintaining the periodic structure of part I.
Thus, the reflectivities of the probe light incident from both
sides of the DAL are nonreciprocity. However, the probe light
passes through part I and part II, respectively, as long as the
Bragg condition is satisfied, a perfect band-gap structure can
be formed in different frequency ranges [which can be easily
seen by Eq. (15)]. In short, this specially designed DAL is
used to induce nonreciprocity and form a perfect reflection
band. In addition, the reflection band can be amplified in the
active system caused by the closed-loop transitions, and be
modulated by the relative phase.

In the following, we first plot in Fig. 3(a) the imaginary
part of average susceptibility in each filled lattice cell Im(χp)
against the relative phase φ, to check the amplification of
probe light with three sets of �p. It is clear that Im(χp)
exhibits the periodic variation with φ, it means that the gain
and the absorption can be modulated by the relative phase. We
should note and emphasize that the gain amplitude reaches its
maximum [|Im(χp)| > 0.005] for φ = π/2, at �p = 0, cor-
responding to a large unidirectional amplified reflection band
around resonance point [see Fig. 2(b)]; when φ = 0, �p =
−14 MHz, there is a slight probe gain for |Im(χp)| < 0.0025,
which is not large enough to amplify the probe reflectivity [see
Fig. 2(a)]; we can also see that |Im(χp)| is more than 0.0025
(almost 0.003), at �p = 22 MHz, for φ = π , while a couple
of amplified nonreciprocal reflection bands arose around this
point [see Fig. 2(c)]. To reveal the feature of phase modula-
tion more specifically, we plot the imaginary part of average
susceptibility Im(χp) against both detuning �p and relative
phase φ in Fig. 3(b). It is found that the maximum value of
|Im(χp)| is less than 0.0025, for φ = 0 in a large frequency
region �p ∈ (−40 MHz, + 40 MHz); when φ = π , |Im(χp)|
is always below 0.0025, except a small region about �p ∈
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FIG. 3. The imaginary part of the average susceptibility in each
filled lattice cell Im(χp) (a) vs the relative phase φ with different
probe detuning �p; (b) vs probe detuning �p and relative phase φ.
Other parameters are the same as Fig. 2.

(21 MHz, 23 MHz) with |Im(χp)| > 0.0025. However, there
is one (two) large frequency region of |Im(χp)| > 0.0025
around φ = π/2 (φ = 3π/2).

In further, we plot in Fig. 4 the left and right reflection
spectra against both detuning �p and relative phase φ, for the
parameters used in Fig. 3. As can be seen from Figs. 4(a)
and 4(b), the regions of nonreciprocal amplified reflections
perfectly correspond to the probe gain regions as Fig. 3(b)
shows. It should be emphasized that both right and left re-
flectivities cannot be amplified for φ = 0; when φ ∈ (0, π/2),
although the left reflectivity can reach 10, the right reflectivity
is almost close to 2. However, a wide unidirectional amplified
reflection band can be observed for φ ∈ (π/2, 3π/4), with
the maximum of one side reflectivity reaching 8 while the
other side is vanishing, which can be more clear in Figs. 4(c)
and 4(d). Especially, the unidirectional amplified reflection
spectrum can split into double distinct bands then degener-
ates into a single one, during the phase φ increased from π

to 2π . Thus, it is easy to see that the nonreciprocal ampli-

FIG. 4. (a) Left reflectivity and (b) right reflectivity vs detuning
�p and relative phase φ. (c) and (d) are magnified views of (a) and
(b), respectively. Other parameters are the same as Fig. 2.

FIG. 5. (a) Left reflectivity and (b) Right reflectivity vs detuning
�p and defect rate ξ . (c) Reflectivities Rl,r and contrast rate C vs
defect rate ξ for �p = 0. other parameters are the same as Fig. 2.

fied reflections well correspond to these probe gain regions
(|Im(χp)| > 0.0025). To be more specific, appropriate phase
modulation yields the amplified unidirectional reflections.

It is also necessary to examine what would happen for
reflectivities Rl and Rr , when the number of vacant lattice cells
av is increased, which determines the defect rate ξ based on
Eq. (17). In Figs. 5(a) and 5(b), it clearly shows that although
Rl 
= Rr , the perfect nonreciprocal reflection cannot be real-
ized since both left and right reflectivities are amplified, when
ξ < 0.95 with the contrast factor C <0.9. After ξ > 0.95, Rl

and Rr exhibit quasiperiodic variation with increased ξ . Then
we focus on �p = 0, to plot the left and right reflectivities
and the contrast factor in Fig. 5(c), which are consistent
with the results obtained by Figs. 5(a) and 5(b). The contrast
factor C increases with ξ firstly, and is almost nearly to 1.0
(C = 0.998511) at ξ = 0.957447 (for av = 45), then both the
contrast and the reflectivities Rl,r arise along the quasiperiodic
oscillation lines. This is because the variation of vacant lattice
cells can satisfy the Bragg conditions of different periods.
Thus, the amplified unidirectional reflection can be achieved
with choosing a suitable defect rate ξ .

Last but not least, it is also worth checking the period of
part I p1 how to modulate the amplified unidirectional reflec-
tion band, with the chosen defect rate ξ = 0.957447. We plot
the logarithms of probe reflectivities Rl and Rr corresponding
to Figs. 6(a) and 6(b), while we plot the reflectivities and the
contrast at �p = 0 in Fig. 6(c). It is easy to see that these
spectra can be divided into three regions: (I) p1 < 10, a near
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FIG. 6. Logarithms of probe reflectivities on the left-side in
(a) and on the right-side in (b) vs detuning �p and the period p1,
the left and right reflectivities Rl,r and the contrast C vs the period
p1 at �p = 0 in (c), the defect rate ξ = 0.957447. Other parameters
are the same as Fig. 2.

reciprocity region (0 � C � 0.75), where the nonreciprocity
is not obvious in the left and right reflectivities; (II) 10 <

p1 < 18, a perfect nonreciprocity region (C � 1), where the
amplified unidirectional reflection band can be achieved and
it undergoes a redshift with the increase of p1; (III) p1 >

18, an imperfect nonreciprocal reflection amplification region
(0.65 � C < 0.9), where both of the right and left reflectiv-
ities can be enhanced, which exhibits a well nonreciprocal
reflection amplification. The physical essence of these mean-
ingful results can be explained as: the period p1 is too small to
destroy the spatial symmetry of light propagation, if it is large
enough, the increased filled lattice cells will enhance the gain
of the probe light. From this, it can be seen that the period p1

is also an important factor in modulating the amplification of
unidirectional reflection.

IV. CONCLUSION

In summary, it is found that, assisted by the probe gain,
a unidirectional reflection of broadband can be amplified in
the 1D DAL by intentionally designing some lattice cells to
prevent atom trapping. In short, the origin of unidirectional
reflection amplification depends on both the active atomic sys-
tem and the DAL. Specifically, the atoms trapped in the lattice
cells are driven into three-level �-type configuration, which
provides the probe gain based on the closed-loop transition.
Then, we engineer the 1D DAL into two parts of periodic
structures: part I, is a periodic structure where vacant lattice
cells appear periodically, while part II is a periodic structure
where all lattice cells are filled. The spatial symmetry is
broken due to the distinct positions of the two parts, which
is for realizing the nonreciprocal reflections. Furthermore, by
optimizing the parameters e.g., the relative phase φ, the defect
rate ξ and the period of part I p1, our system not only yields an
amplified unidirectional reflection band with one reflectivity
closing to 8 while the other is vanishing, but also the width,
height, and quantity of the reflection band can be modulated
freely. What should be stressed is that a main advantage of
our system is the amplification of reflection can be achieved
with a very small probe gain (|Im(χp)| > 0.0025) due to the
distribution feedback of periodic structures, while the length
of defective atomic lattices that can form a high reflection
band is greatly shortened assisted by the active atomic system.
It is not difficult to see that our scheme is more effective and
feasible to control the unidirectional reflection amplification,
which gives rise to potential avenues for realizing some all-
optical nonreciprocal circuits and devices used in integrated
photonic circuits.
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