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A B S T R A C T

Non-Hermitian systems based on anti-parity-time (PT) symmetry reveal rich physics beyond the Hermitian
regime. Here, the anti-PT-symmetric photonic lattice is effectively achieved in a four-level inverted Y-type 85Rb
atomic vapor. Such instantaneously reconfigurable anti-PT-symmetric photonic lattice possessing susceptibility
of 𝜒(𝑥) = −𝜒∗(−𝑥), is established by a one-dimensional standing-wave coupling field under the assist of
a standing-wave driving field. The input probe beam experiences a periodic refractive index modulation
when traveling through the photonic lattice, the evolution of output diffraction patterns with symmetric,
asymmetric, and lopsided intensity distribution is obtained by adjusting the relevant parameters of constructed
non-Hermitian system. Moreover, the anti-PT symmetry in two-dimensional case of both square and hexagonal
lattices are correspondingly realized. Our work promotes the development of non-Hermitian devices, and also
has some important applications in quantum simulation.
Introduction

Parity-time (PT) symmetry, which Hamiltonian satisfies the com-
mutation relation [𝐻,𝑃𝑇 ] = 0, are fruitful in many areas such as
acoustics [1,2], quantum field theory [3], and electronics [4] since it
shows the non-Hermitian Hamiltonian operator can exhibit entirely real
spectra [5]. In recent years, PT symmetry has been extended to the field
of optics by exploiting the mathematical isomorphism existing between
the quantum Schrödinger’s equation and the paraxial wave equation [6,
7]. In optical systems, PT symmetry can be easily established by
efficiently combining gain and loss, that is, the refractive index is equiv-
alent to complex potential role in quantum mechanics [8]. Based on this
unique property, numerous optical PT-symmetric systems have been
theoretically and experimentally realized in synthetic waveguides [9],
coherent perfect absorbers [10], microcavities [11], and cold-atom
gases [12,13]. Meanwhile, many novel optical phenomena have been
discovered, such as Bloch oscillation [14], single-mode laser [15],
unidirectional light propagation [16,17], spectral singularity [18], and
asymmetric Bragg diffraction [19].

With the deepening of research on non-Hermitian PT symmetry,
another non-Hermitian system, anti-PT symmetry, has attracted signif-
icant attention in selective mode amplification [20], optical energy-
difference conservation [21], and nonlinear crystals [22,23]. In contrast
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to the condition of the PT-symmetric Hamiltonian, the anti-PT sym-
metry requires the non-Hermitian Hamiltonian to be anti-commutative
with the PT operator, i.e., {𝐻,𝑃𝑇 } = 0, and the eigenvalues of the
Hamiltonian of anti-PT-symmetric systems are purely imaginary [24].
Therefore, the anti-PT-symmetric system satisfies the complex refrac-
tive index condition 𝑛(𝑥) = −𝑛∗(−𝑥), which means that the real part
of the refractive index must be an odd function of 𝑥 (i.e., 𝑛𝑟(𝑥) =
−𝑛𝑟(−𝑥)), while the imaginary part must be an even function of 𝑥
(i.e., 𝑛𝐼 (𝑥) = 𝑛𝐼 (−𝑥)) [25,26]. Since the first realization of anti-PT-
symmetric photonic structures with balanced positive and negative
index materials, spontaneous phase transition of the scattering ma-
trix, bidirectional invisibility, and a continuous lasing spectrum have
been observed in the optical system [27]. Additionally, the study
of anti-PT-symmetric optical systems has been extended to optical
fibers [28], coupled waveguides [29], and microcavity [30], lead-
ing to the realization of diversified novel optical phenomena, such
as lopsided Raman–Nath diffraction [31], unidirectional reflectionless
anti-PT-symmetric phenomenon [32], spectral singularities [33], and
asymmetric light scattering [34].

A coherently prepared multilevel atomic medium is a qualified
candidate for the study of optical PT symmetry and anti-PT symmetry
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because of its easy configuration, flexible tunability, and especially the
various coherence control techniques enabled by electromagnetically
induced transparency (EIT) [35–37]. Furthermore, the standing-wave
field replacing the traveling wave field of EIT can modulate the refrac-
tive index, the gain-absorption coefficient, or the spatial distribution of
the atomic media to form a photonic lattice [38–40]. In recent years,
numerous compelling theoretical mechanisms for achieving PT symme-
try have been proposed in atomic medium. The lopsided Raman–Nath
diffraction was realized in one-dimensional (1D) and two-dimensional
(2D) photonic lattices with periodic PT-symmetric refractive index
theoretically in three-level 𝛬-type [41] and four-level N-type struc-
ures [42]. An all-optical-control scheme can simultaneously realize
T-symmetric susceptibilities along the propagation direction of beam
y applying an external magnetic field [43]. And the PT symmetry and
lopsided optical diffraction can be realized just with the combina-

ion of single spatially periodic modulation and loop-phase [6]. The
bove theoretical studies predominantly focus on lopsided diffraction,
owever, the transition process from symmetric to lopsided diffraction
n nontrivial photonic lattice, especially the asymmetric diffraction in
his process, have not yet been theoretically explored to the best of our
nowledge.

In this work, a four-level inverted Y-type 85Rb atomic system is
utilized to realize a non-Hermitian anti-PT-symmetric photonic lattice
under the condition of EIT. Here, the non-Hermitian system has an
anti-PT-symmetric Hamiltonian being anti-commutative with the PT
operator ({𝐻,𝑃𝑇 } = 0). Moreover, the probe beam passing through
the nontrivial lattice demonstrates several intriguing optical properties,
including symmetric diffraction, asymmetric diffraction and lopsided
diffraction. When the real part of the refractive index is an even or
odd function, it corresponds to symmetric and lopsided diffraction. As
the real part of the refractive index deviates from being strictly even
or odd functions, the diffraction pattern becomes complex, leading to
asymmetric diffraction. Last but not least, by adjusting the relevant pa-
rameters, the anti-PT symmetry of the square and the hexagonal lattices
are theoretically obtained in 2D case. Due to the highly controllable
nature of the system, it offers a platform for exploring non-Hermitian
physics within a coherent atomic system. In addition, the far-field
diffraction patterns of proposed lattice are focused in our work, the
Talbot effect in near-field of PT- or anti-PT-symmetric photonic lattices
can further promote the rapid development of light field regulation,
which is the great significance for further investigation of simula-
tions and applications based on the electromagnetically induced Talbot
effect [44].

Model and equations

Taking 85Rb atoms for the realization of an anti-PT-symmetric pho-
tonic lattice, a four-level inverted Y-type atomic system is schematically
depicted in Fig. 1(a). A weak probe field 𝐸𝑝 with Rabi frequency 𝛺𝑝 =
⃖⃖⃖⃖⃖⃗𝜇13 ⋅ ⃖⃖⃗𝑒𝑝𝐸𝑝∕2ℏ resonates to the transition |1⟩ → |3⟩. The standing-wave
coupling field 𝐸𝑐 with Rabi frequency 𝛺𝑐 = ⃖⃖⃖⃖⃖⃗𝜇34 ⋅ ⃖⃖⃗𝑒𝑐𝐸𝑐∕2ℏ stimulates
the transition |3⟩ → |4⟩, while the transition |2⟩ → |3⟩ is driven by a
standing-wave driving field 𝐸𝑑 with Rabi frequency 𝛺𝑑 = ⃖⃖⃖⃖⃖⃗𝜇23 ⋅ ⃖⃖⃖⃗𝑒𝑑𝐸𝑑∕2ℏ,
where 𝜇𝑖𝑗 (𝑖, 𝑗 = 1, 2, 3) is the transition dipole momentum between the
levels |𝑖⟩ and |𝑗⟩, and ⃖⃖⃗𝑒𝑝, ⃖⃖⃗𝑒𝑐 , ⃖⃖⃖⃗𝑒𝑑 represent the unit polarization vectors
of the probe, coupling, and driving fields, respectively.

Two coupling beams are symmetrically propagated with respect to
the 𝑧 axis and intersect at the center of the 85Rb cell at a small angle
2𝜑 to establish a standing-wave coupling field along the transverse
direction 𝑥 inside the cell. The lattice constant is 𝑑𝑐 = 𝜆𝑐∕(2𝑠𝑖𝑛𝜑),
where 𝜆𝑐 is the wavelength of the coupling laser. Similarly, two driving
beams, incident from opposite directions and overlap with coupling
field, enter the cell at same angle 2𝜑 to generate gain and loss. The
spatial-shift distance between the two light fields is 𝑑𝑐∕5. In order to
2

construct a nontrivial photonic lattice with asymmetric or lopsided
diffraction patterns, the 𝛺𝑐 and 𝛺𝑑 are periodically modulated in a 1D
configuration [42]

𝛺𝑐 (𝑥) = 𝛿𝛺𝑐𝑠𝑖𝑛[2𝜋(𝑥 − 𝑥𝑖)∕𝑑𝑐 ], (1)

𝛺𝑑 (𝑥) = 𝛺𝑑0 + 𝛿𝛺𝑑𝑠𝑖𝑛[2𝜋(𝑥 − 𝑥𝑖)∕𝑑𝑑 ], (2)

here, 𝛺𝑑0 is a fixed background amplitude, 𝛿𝛺𝑐 and 𝛿𝛺𝑑 are modu-
lation amplitudes, 𝑑𝑐 and 𝑑𝑑 is the lattice constant. The probe beam,
characterized by a Gaussian intensity profile, propagates through the
nontrivial photonic lattices, as shown in Fig. 1(b). The structure of a
1D lattice is formed by the intersection of two strong coupling fields of
the same characters at a small angle 𝜑 [see Fig. 1(c1)]. Similarly, 2D
square lattices are established by two orthogonal standing-wave fields
induced by the interference of two pairs of coupling laser beams [see
Fig. 1(c2)], and a hexagonal lattice is constructed by three coupling
fields interfering with a small angle 𝜑 along the 𝑧 direction under EIT
condition [see Fig. 1(c3)] [39,45]. By properly adjusting the parame-
ters, the parity of the real part of the refractive index changes, which is
a crucial requirement for achieving exact anti-PT symmetry in optical
systems.

Under the electric-dipole and rotating-wave approximations, the
interaction Hamiltonian of the inverted Y-type atomic system is given
by

𝐻 = −ℏ
2

⎡

⎢

⎢

⎢

⎢

⎢

⎣

0 0 𝛺𝑝 0

0 2
(

𝛥𝑝 − 𝛥𝑑
)

𝛺𝑑 0

𝛺𝑝 𝛺𝑑 2𝛥𝑝 𝛺𝑐

0 0 𝛺𝑐 2
(

𝛥𝑝 + 𝛥𝑐
)

⎤

⎥

⎥

⎥

⎥

⎥

⎦

, (3)

where 𝛥𝑝 = 𝜔𝑝 − 𝜔13, 𝛥𝑐 = 𝜔𝑐 − 𝜔34, and 𝛥𝑑 = 𝜔𝑑 − 𝜔23 are the
detunings of the probe, coupling, and driving fields, respectively. The
dynamics of the atomic system can be described by using the density
matrix approach as [38]
𝜕𝜌
𝜕𝑡

= − 𝑖
ℏ
[𝐻, 𝜌] + 𝐿 [𝜌(𝑡)] , (4)

ere, the Liouvillian matrix 𝐿 [𝜌(𝑡)] indicating the relaxation by spon-
aneous decay can be written as

[𝜌(𝑡)] =

⎡

⎢

⎢

⎢

⎢

⎣

𝛤3𝜌33 −𝛾12𝜌12 −𝛾13𝜌13 −𝛾14𝜌14
−𝛾21𝜌21 𝛤3𝜌33 − 𝛤2𝜌22 −𝛾23𝜌23 −𝛾24𝜌24
−𝛾31𝜌31 −𝛾32𝜌32 𝛤4𝜌44 − 𝛤3𝜌33 −𝛾34𝜌34
−𝛾41𝜌41 −𝛾42𝜌42 −𝛾43𝜌43 −𝛤4𝜌44

⎤

⎥

⎥

⎥

⎥

⎦

, (5)

where 𝛤𝑖(𝑖 = 1, 2, 3, 4) is the spontaneous-emission decay rate of each
energy level, and 𝛾𝑖𝑗 = 𝛤𝑖+𝛤𝑗

2 (𝑖, 𝑗 = 1, 2, 3, 4) are coherence decay rates
between the levels |𝑖⟩ and |𝑗⟩.

From this, the density matrix equations are straightforward to fur-
ther obtain as following
𝜕𝜌12
𝜕𝑡

= 𝑖
2
[

𝛺𝑝𝜌32 − 2
(

𝛥𝑝 − 𝛥𝑑
)

𝜌12 −𝛺𝑑𝜌13
]

− 𝛾12𝜌12
𝜕𝜌13
𝜕𝑡

= 𝑖
2
[

𝛺𝑝𝜌33 −
(

𝛺𝑝𝜌11 +𝛺𝑑𝜌12 + 2𝛥𝑝𝜌13 +𝛺𝑐𝜌14
)]

− 𝛾13𝜌13
𝜕𝜌23
𝜕𝑡

= 𝑖
2
[

−2𝛥𝑑𝜌23 +𝛺𝑑𝜌33 − (𝛺𝑝𝜌21 +𝛺𝑑𝜌22 +𝛺𝑐𝜌24)
]

− 𝛾23𝜌23
𝜕𝜌41
𝜕𝑡

= 𝑖
2
[

𝛺𝑐𝜌31 + 2
(

𝛥𝑝 + 𝛥𝑐
)

𝜌41 −𝛺𝑝𝜌43
]

− 𝛾41𝜌41
𝜕𝜌42
𝜕𝑡

= 𝑖
2
[

𝛺𝑐𝜌32 + 2
(

𝛥𝑐 + 𝛥𝑑
)

𝜌42 −𝛺𝑑𝜌43
]

− 𝛾42𝜌42
𝜕𝜌43
𝜕𝑡

= 𝑖
2
[

𝛺𝑐𝜌33 + 2𝛥𝑐𝜌43 − (𝛺𝑝𝜌41 +𝛺𝑑𝜌42 +𝛺𝑐𝜌44)
]

− 𝛾43𝜌43

. (6)

Therefore, under the weak probe field approximation, the steady-
state solution of the density matrix element is

𝜌13 =
−2𝑖

(

𝛥𝑝 − 𝛥𝑑
)

(𝑖𝛾41 + 𝛥𝑝 + 𝛥𝑐 )𝛺𝑝

𝑖
(

𝛥𝑝 − 𝛥𝑑
) [

4
(

−𝑖𝛾13 + 𝛥𝑝
)

(𝑖𝛾41 + 𝛥𝑝 + 𝛥𝑐 −𝛺2
𝑐 )
]

+
[

𝛾41 − 𝑖(𝛥𝑝 + 𝛥𝑐 )
]

𝛺2
𝑑

.

(7)
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Fig. 1. (a) Energy level diagram of a four-level inverted Y-type atomic system. (b) Diagram of three laser fields interacting with an atomic system. (c1-c3) The schematic diagram
of generating the periodically modulated 1D lattice, 2D square lattice, and the hexagonal lattice inside the vapor cell.
Fig. 2. The real and imaginary parts of susceptibility in a trivial photonic lattice with (a1) 𝛺𝑑 = 0, 𝛥𝑑 = 0 and the nontrivial photonic lattice with (b1) 𝛺𝑑 = 10 MHz, 𝛥𝑑 = 6 MHz.
The symmetric diffraction patterns (a2) and lopsided diffraction patterns (b2) correspond to (a1) and (b1). Other parameters are chosen as 𝛺𝑝 = 2 MHz, 𝛺𝑐 = 5 MHz, 𝛥𝑝 = 0 MHz,
𝛥𝑐 = −6 MHz, 𝛺𝑑0 = 2 MHz, 𝛿𝛺𝑐 = 1 MHz, and 𝛿𝛺𝑑 = 1 MHz.
The corresponding susceptibility 𝜒 = 𝜒 ′ + 𝑖𝜒 ′′ is

𝜒 =
𝑁 |

|

𝜇13||
2

ℏ𝜀0𝛺𝑝
𝜌13 =

𝑁 |

|

𝜇13||
2

ℏ𝜀0

×

(

−𝛥𝑝 + 𝑖𝛾13 +
𝛺2

𝑑∕4
𝛥𝑝 − 𝛥𝑑 + 𝑖𝛾12

+
𝛺2

𝑐∕4
𝛥𝑝 + 𝛥𝑐 + 𝑖𝛾41

)−1

,

(8)

where 𝑁 is the atom number density, 𝜀0 is the permittivity of free
space, and 𝜇13 is the transition dipole momentum between levels |1⟩
and |3⟩. The real and imaginary parts of the susceptibility are employed
to represent the dispersion and absorption characteristics of probe field,
respectively. The two terms reflect the degree of interaction between
atoms and three laser fields in the four-level atomic system.

The interaction between laser fields and atomic medium can be
used to achieve optical anti-PT-symmetric photonic lattice possessing
𝜒𝑝(𝑥, 𝑦) = −𝜒∗

𝑝 (−𝑥, 𝑦). The relevant refractive index can be obtained via
𝑛𝑝 =

√

1 + 𝜒 ≈ 1 + 𝜒∕2.
The output probe surface at 𝑧 = 𝐿 can be expressed as

𝐸𝑝(𝑥, 𝐿) = 𝐸𝑝(𝑥, 0)𝑒𝑥𝑝
[

−
𝑘𝑝
2
𝐼𝑚(𝜒)𝐿 + 𝑖

𝑘𝑝
2
𝑅𝑒(𝜒)𝐿

]

, (9)

where 𝐸𝑝(𝑥, 0) is the input probe profile and 𝑘𝑝 = 2𝜋∕𝜆𝑝, 𝜆𝑝 being the
wavelength of the probe field.
3

By solving Eq. (6), the transmission function of the modulated probe
field at 𝑧 = 𝐿 can be calculated analytically and is given by

𝑇 (𝑥, 𝑦) = 𝑒𝑥𝑝
(

−2𝜋𝐿
𝜆𝑝

𝐼𝑚(𝜒) + 𝑖 2𝜋𝐿
𝜆𝑝

𝑅𝑒(𝜒)
)

. (10)

The amplitude of the far-field diffraction pattern can be expressed
as [46]

𝐼(𝑥, 𝑦) = |

𝑒𝑥𝑝(𝑖𝑘𝑝𝑧)
𝑖𝜆𝑝𝑧

𝑒𝑥𝑝
[

𝑖
𝑘𝑝
2𝑧

(𝑥2 + 𝑦2)
]

× 𝐹
[

𝐸𝑝(𝑥′, 𝑦′) × 𝑇 (𝑥′, 𝑦′)
]

|

2, (11)

where 𝐹 represents the Fourier transform, (𝑥, 𝑦) is the coordinate of the
field, and (𝑥′, 𝑦′) is the coordinate of the lattice.

Results and discussion

The spatial susceptibility at 𝛺𝑑 = 0 and 𝛥𝑑 = 0 is calculated under
a three-level cascade systemic EIT condition, and a trivial photonic
lattice is realized in Fig. 2(a1) (i.e., the proposed inverted Y-type atomic
system lacks a driving field) [47]. In this case, the real and imaginary
parts of the susceptibility are simultaneously even functions of position
𝑥, and the corresponding far-field diffraction pattern [according to
Eq. (11)] is highly symmetric in positive and negative orders as shown
in Fig. 2(a ). Notably, the introduction of the driving field constructs
2
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Fig. 3. (a) Normalized diffraction intensity 𝐼𝑝 versus the amplitude 𝛺𝑑 and lattice position 𝑥. (b) The variation trend of symmetric parameters and the detail numerical simulations
near exceptional point with 𝛺𝑑 . Here, the other parameters are same as in Fig. 2. (c) The real part and (d) the imaginary part of the refractive index versus the amplitude 𝛺𝑑
and lattice position 𝑥. The other parameters are the same as Fig. 2(b1).
Fig. 4. (a1-b1) The influence of the detuning of both two standing-wave fields (𝛥𝑑 and 𝛥𝑐 ) on the lopsided diffraction spectra. (a2-b2) The intensities of the corresponding 0th,
-1st, and -2nd diffraction orders versus detuning 𝛥𝑑 and 𝛥𝑐 . The other parameters are the same as Fig. 2(b1).
a nontrivial photonic lattice. The nontrivial photonic lattice with real
(imaginary) part of the susceptibility is odd (even) function of position
𝑥 is generated under properly adjusting the parameters of 𝛺𝑑 = 10
MHz and 𝛥𝑑 = 6 MHz, as shown in Fig. 2(b1), indicating that an
anti-PT-symmetric lattice with 𝜒𝑝(𝑥, 𝑦) = −𝜒∗

𝑝 (−𝑥, 𝑦) is established. This
intriguing lattice is achieved through a precise sinusoidal modulation
of standing-wave driving field in terms of intensity (Rabi frequency)
4

or frequency (atom-field detuning) in the inverted Y-type configu-
ration [48,49], and the far-field diffraction of probe field shown in
Fig. 2(b2) exhibits a distinctly lopsided pattern, whose high orders
only distributed into the negative range since the anti-PT-symmetric
susceptibility corresponds to strongly unbalanced probe reflectivity in
the presence of significant loss [50].
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The standing-wave driving field plays an important role in trans-
forming a trivial lattice into a nontrivial one. The dependence of the
normalized diffraction spectra of photonic lattice to the Rabi frequency
𝛺𝑑 of driving field is shown in Fig. 3(a) with 𝛥𝑐 = −6 MHz and
𝛥𝑑 = 6 MHz. It is evident that there exist a dynamic evolution process
involves asymmetric diffraction between the symmetric and lopsided
diffractions, which has not been studied in detail. In order to quantita-
tively demonstrate the occurrence of the anti-PT-symmetric transition,
we plot the symmetry parameter obtained from the intensities at two
opposite orders for 𝐼+1 (+1st-order) and 𝐼−1 (−1st-order). The sym-
metry parameter written as 𝑆 = 𝐼+1−𝐼−1

𝐼+1+𝐼−1
, gives 𝑆 = 0 for a trivial

lattice with symmetric diffraction and 𝑆 = ±1 for a nontrivial lattice
ith lopsided diffraction. The corresponding symmetry parameter of
ig. 3(a) is shown as the blue dotted line of Fig. 3(b), while the red
otted line in Fig. 3(b) represents the conditions opposite to those
epicted by the blue dotted line with respect to 𝛥𝑐 = 6 MHz and 𝛥𝑑 = −6

MHz.
The anti-PT-symmetric systems conform to the anti-commutative

relations of PT operator, which the anti-PT Hamiltonian is described
as [26,51]

𝐻 =

[

|𝛥| − 𝑖𝛾12 𝑖𝛤

𝑖𝛤 − |𝛥| − 𝑖𝛾12

]

, (12)

where |𝛥| = |

|

|

𝛥𝑝 − 𝛥𝑐
|

|

|

is the two-photon detuning, 𝛤 =
𝛺2
𝑑

𝛾23
is the ground-

state-coherence coupling rate. Here, |𝛥| = 6 MHz, 𝛾23 = 𝜋 × 5.75 MHz,
𝛾12 = 2𝜋 × 7.5 Hz, and 𝛺𝑐 = 5 MHz.

The eigenvalues of the anti-PT symmetric system can be analytically
calculated and expressed as

𝜆± = −𝑖𝛾12 ±
√

𝛥2 − 𝛤 2. (13)

When 𝛺𝑑 > 10.4 MHz (i.e., |𝛥| < 𝛤 ), the eigenvalues of the systems
are purely imaginary, which corresponds to anti-PT-symmetric phase.
As 𝛺𝑑 = 10.4 MHz (|𝛥| ∕𝛤 ≈ 1), the two eigenmodes degenerate,

hich corresponds to exceptional point (|𝛥| = 𝛤 ). When 𝛺𝑑 gradually
decreases (corresponding to |𝛥| > 𝛤 ), there exists a transient state of
equilibrium, and then the EIT window gradually narrows due to the
properties of atomic medium.

As shown in Fig. 3(a) and (b), the diffraction pattern of probe beam
keeps symmetrical (i.e., 𝑆 = 0) when 0 ≤ 𝛺𝑑 ≤ 3.0 MHz. Such relatively
small driving field brings less effects on the characteristics of the origi-
nal three-level cascade system, and the real part of the refractive index
shown in Fig. 3(c) are still even function. The negative orders have a
stronger intensity than that in positive when 3.0 MHz < 𝛺𝑑 < 10.4 MHz
shown in Fig. 3(a), and the corresponding symmetry parameter shown
in Fig. 3(b) falls within the range 0 < 𝑆 < 1. In this case, the system
is gradually close to the anti-PT symmetry. As 𝛺𝑑 gradually increases,
the enhanced driving field induces a nonlinear shift in the real part of
the refractive index along the −𝑥 direction, making it becomes non-
odd and non-even functions, as shown in Fig. 3(c). This change makes
the reflection on both sides of the system asymmetrical [42], thereby
leading to the asymmetric diffraction of probe beam.

The lopsided diffraction is achieved at 9.6 MHz ≤ 𝛺𝑑 ≤ 10.4 MHz,
where the real parts of the refractive index shift to odd function [see
Fig. 3(a) and (c)]. In this case, there is a transient state of equilibrium
as shown in the illustration in Fig. 3(b). The corresponding symmetry
parameter shown in the blue dot line of Fig. 3(b) reaches the peak of
𝑆 = 1.

With further increasing 𝛺𝑑 , the eigenvalues of systems are purely
imaginary, which corresponds to anti-PT-symmetric phase, the real
parts of the refractive index continue undergo nonlinear shift along the
−𝑥 direction until shift by half a pried to became even functions, this
results in 𝑆 gradually decrease to 0, and the asymmetric diffraction
occurs again until it becomes symmetric [see Fig. 3(a–c)]. It is worth
mentioning that, the excessive driving field destroys the EIT condition
5
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of the system, resulting in the disappearance of higher-order diffraction.
In all the above processes, the imaginary part of the refractive index
shown in Fig. 3(d) is always an even function, since the anti-PT symme-
try is inseparable from the balance optical property, where is associated
with the balance of negative dispersion and positive dispersion (i.e., the
anti-PT-symmetric system satisfies condition 𝑛 (𝑥) = −𝑛∗ (−𝑥)) [27].

The Eq. (8) also reflects that the detunings of laser fields can
significantly influence the diffraction intensities of this non-Hermitian
photonic lattice. In the following, we investigate the influence of the
detuning of both two standing-wave fields (𝛥𝑑 and 𝛥𝑐) on the lopsided
diffraction spectra. As shown in Fig. 4(a1), the increase of 𝛥𝑑 stimulates
higher-order diffraction fields in the negative-order direction and leads
to a redistribution of the diffraction intensities within the negative
orders in the lopsided diffraction range of 6.0 MHz ≤ 𝛥𝑑 ≤ 6.2
MHz, and when 𝛥𝑑 beyond this range, the anti-PT symmetry will be
destroyed, the positive orders appear. Fig. 4(a2) shows the intensities
of the corresponding 0th, -1st, and -2nd diffraction orders as a function
of 𝛥𝑑 . It can be observed that the intensity of −1st order is higher than
that of 0th when 𝛥𝑑 ≥ 6.1 MHz. In this case, the phase modulation
[𝑖 2𝜋𝐿𝜆𝑝 𝑅𝑒 (𝜒) included in the transmission function of Eq. (10)] becomes
dominant in modulating the optical lattice. The phase modulation is a
unique characteristic of atomic medium, which disperses energy into
higher diffraction orders and distinguishes the photonic lattice from
solid material mediums [46,52]. Fig. 4(b1) and (b2) show the same as
that of Fig. 4(a1) and (a2) but as a function of 𝛥𝑐 . A reversal of the trend
of 0th and -1st orders intensities in Fig. 4(b2) than that in Fig. 4(a2) is
observed, since the effective phase modulation is introduced by detun-
ing the frequencies of laser fields away from the resonance frequency
but operates within the EIT window [31].

To demonstrate the universality of the proposed non-Hermitian
anti-PT-symmetric photonic lattice, we extend the study from 1D to
2D lattice [39,45]. Fig. 5 shows the diffraction spectra of two kinds
typical 2D lattices, square and hexagonal lattices, for different values
of 𝛥𝑑 under proposed non-Hermitian system. When 𝛥𝑑 = 0.5 MHz,
the diffraction spectrum of the 2D lattice is symmetrically distributed
across the four quadrants, as shown in Fig. 5(a1) and (a2), and the real
and imaginary part of the refractive index being even functions. As 𝛥𝑑
increases to 3 MHz, the real and imaginary parts of the corresponding
refractive index are non-odd and non-even functions of the diffraction
gradually approaching the first quadrant in Fig. 5(b1) and (b2). As
shown in Fig. 5(c1) and (c2), in the case of 𝛥𝑑 = 5.5 MHz, the diffraction
is concentrated in the first quadrant and lopsided diffraction is realized
by the 2D lattices with real (imaginary) part of the susceptibility is odd
(even) function. Besides, we can also accurately control the relative
intensities of the diffraction fields of the four quadrants via adjusting
the other parameters except 𝛥𝑑 when the probe field passes through the
2D lattices.

Before concluding, an experimental realization of this four-level
inverted Y-type atomic system is proposed in 85Rb atomic vapor cell.
The suggested states are as follows: |1⟩ = |

|

|

5𝑆1∕2, 𝐹 = 3
⟩

, |2⟩ =
|

|

|

5𝑆1∕2, 𝐹 = 2
⟩

, |3⟩ = |

|

|

5𝑆3∕2, 𝐹 = 2
⟩

, and |4⟩ = |

|

|

5𝐷5∕2, 𝐹 = 1
⟩

. To
itigate the Doppler broadening effect in thermal atoms, wherein the
robe and coupling (driving) beams are counter- (co-) propagating. The
ransition of |1⟩ → |3⟩ can be stimulated by a weak probe field with
avelength 780.24 nm, while the driving and coupling standing-wave

ields with wavelength of 780.03 nm and 776 nm excites the transition
f |2⟩ → |3⟩ and |3⟩ → |4⟩, respectively. The external cavity diode lasers
an provide these laser fields that are required for the experiment.

onclusion

In conclusion, we have theoretically investigated the asymmetric
iffraction in an non-Hermitian photonic lattice. The realization of
opsided diffraction in this nontrivial photonic lattice, compared to a
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Fig. 5. The two-dimensional diffraction spectra for different 𝛥𝑑 of square lattice (a1-c1) and hexagonal diffraction lattice (a2-c2). Here, (a1-a2) 𝛥𝑑 = 0.5 MHz, (b1-b2) 𝛥𝑑 = 3 MHz,
(c1-c2) 𝛥𝑑 = 5.5 MHz. The other parameters are the same as Fig. 2(b1).
trivial photonic lattice, highlights the significant role of the standing-
wave driving field in transforming a trivial lattice into a nontrivial one.
A dynamic evolution process involves asymmetric diffraction, between
the symmetric and lopsided diffraction. With phase modulation being
a unique characteristic of atomic medium, which disperses energy into
higher diffraction orders and distinguishes the photonic lattice from
solid material mediums. The results all show, the parity of the real
(imaginary) part of the refractive index is crucial for achieving the
anti-PT symmetry of the square and the hexagonal lattices in 2D theo-
retically, and this can be realized by adjusting the relevant parameters.
This work provides a rich tunable experimental platform for the study
of versatile non-Hermitian optical devices.
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