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We demonstrate the realization of an anti-parity-time (PT)-
symmetric photonic lattice in a coherent three-level Λ-type
85Rb atomic system both experimentally and theoretically.
Such an instantaneously reconfigurable anti-PT-symmetric
photonic lattice is “written” by two one-dimensional cou-
pling fields, which are arranged alternately along the x
direction and can modulate the refractive index of the atomic
vapor in a spatially periodical manner via controllable
atomic coherence. By properly adjusting the relevant atomic
parameters, the phase shift between two adjacent lattice
channels occurs in the constructed non-Hermitian photonic
system. Such a readily reconfigurable anti-PT-symmetric
photonic lattice may open the door for demonstrating the
discrete characteristics of the optical waves in periodic anti-
PT-symmetric photonic systems. © 2023 Optica Publishing
Group

https://doi.org/10.1364/OL.502932

The formal equivalence between the optical paraxial wave equa-
tion and the quantum Schrödinger equation has proven that the
optical systems can serve as a fertile ground to investigate
the intriguing properties of non-Hermitian systems [1], par-
ticularly the parity-time (PT)-symmetric ones. These systems
remain constant under the combined effects of parity and time-
reversal operators. Thus, PT-symmetric optical systems require
that the real part of the refractive index is an even function of the
space, while its imaginary part is an odd one, i.e. n(x) = n*(−x)
[2,3]. Another important feature of the PT-symmetric system is
the phase-transition point, beyond which not only the eigenval-
ues but also the corresponding eigenvectors become the same
[4,5]. Based on this property, a variety of novel phenomena
and applications have been explored under the PT-symmetric
optical system in the past decade, such as double reflection [6],
nonreciprocal light propagation [7,8], power oscillations [9,10],
and unidirectional invisibility [11], to name a few.

In recent years, an anti-PT symmetry has emerged as a new
platform to investigate the non-Hermitian physics. Contrary to
the PT symmetry, the optical systems satisfying anti-PT sym-
metry require n(x)=−n*(−x), namely, the real (imaginary) part
of the refractive index should be odd (even) function of the space
[12,13]. This characteristic reveals that anti-PT-symmetric

optical systems can be realized without the need of an opti-
cal gain [14]. Also, unlike PT-symmetric systems possessing
real eigenvalues, the eigenvalues of anti-PT-symmetric systems
are purely imaginary, which brings about surprising effects and
extraordinary utilities [15], such as constant refraction [16], opti-
cal energy-difference conservation [17], coherent switch [18],
and multimode phonon lasing [19].

Since the first experimental demonstration of anti-PT-
symmetry in an optical system via flying hot atoms [20], the
study of anti-PT-symmetric optical systems has been extended
to optical fibers [21], coupled waveguides [18,22], and micro-
cavity [16]. Very recently, a periodic anti-PT-symmetric optical
lattice has been experimentally prepared in a thermal atomic sys-
tem [23], which is assisted by the electromagnetically induced
transparency (EIT) [24]. By taking advantage of the multiple
tunable parameters of such system, the spectral characteristics
have been studied, and the unidirectional reflectionless light
propagation has been observed. However, the discrete transport
behaviors (one of the most fundamental effects of periodical
photonic structures) in anti-PT-symmetric optical lattices have
not yet been experimentally explored.

In this Letter, we propose an experimental method to construct
a one-dimensional anti-PT-symmetric photonic lattice under the
EIT condition in a coherently prepared three-level Λ-type 85Rb
atomic configuration, which is excited by two standing-wave
coupling fields arranged alternately (their bright fringes do not
overlap with each other) along the x direction and one weak
co-propagating probe field. In the experiment, the induced spa-
tially periodic photonic lattice can satisfy anti-PT-symmetry
under certain experimental parameters. The phase evolution of
anti-PT-symmetric Hamiltonian under different non-Hermitian
degrees is manifested by monitoring the relative phase shift
between two adjacent lattice channels. Furthermore, we calcu-
lated the band structure of the constructed anti-PT-symmetric
photonic lattice by using the plane wave expansion method,
and the typical features in non-Hermitian systems are demon-
strated. The experimental realization of such instantaneous
adjustable anti-PT-symmetric photonic lattice may open the
door to explore the underlying discrete dynamic characteristics
of light in anti-PT-symmetric photonic lattices.

The experimental setup is shown in Fig. 1(a). The coupling
beam Ec emitted from the external cavity diode laser (ECDL 1)
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Fig. 1. (a) Experimental setup. The coupling beams Ec1 and Ec2
are both emitted from ECDL1 but with different frequencies, which
is due to the presence of the frequency shift system for Ec2. These
two coupling beams are both transformed into 1D periodic fields
with the same periodicity by a SLM. The probe field Ep from
ECDL2 is divided into two parts by a PBS: one part co-propagates
with two coupling beams and its output diffraction pattern is imaged
onto the CCD camera through an imaging lens, while the other part
serves as a reference beam Eref to generate the reference inter-
ference. ECDL, external cavity diode laser; λ/2, half-wave plate;
TA, semiconductor tapered amplifier; HR, high-reflectivity mirror;
SLM, spatial light modulator; PBS, polarization beam splitter; BS,
beam splitter; detector, photodiode detector; CCD, charge-coupled
device. (b) Three-levelΛ-type 85Rb atomic structure. (c) The spatial
arrangement of two 1D coupling fields in 85Rb cell, in which the
periodicities dc1 and dc2 of the two coupling fields are both 200 µm.
(d) Observed transmitted probe pattern on the CCD camera without
Eref .

is divided into two parts by a polarization beam splitter (PBS)
together with a half-wave plate: one part directly enters the
semiconductor tapered amplifier 1 (TA1) and serves as the cou-
pling field Ec1 (frequency ωc1), while the other part enters the
TA2 after being modulated by the frequency shift system and
serves as another coupling field Ec2 (frequency ωc2). Here the
frequency shift system consists of two acousto-optic modulators
(AOMs): one AOM shifts the frequency of the laser with a fre-
quency of 140 MHz, while the other AOM shifts the laser with
a frequency ranging from −120 MHz to −160 MHz under the
double-pass configuration. The frequency difference between
two coupling fields can be tuned by varying the driven fre-
quency of the double-pass AOM. By dividing the screen of the
phase-controlled spatial light modulator (SLM) into two parts
and loading appropriate phase holograms, the Gaussian cou-
pling fields Ec1 and Ec2, launched into the left and right halves
of the SLM screen with an angle of about 6°, respectively, are
modulated into one-dimensional (1D) periodic intensity profiles.
The required hologram is calculated by the weighted Gerch-
berg–Saxton algorithm. The output two modulated coupling
fields are set as vertical polarization and then sent into the atomic
medium. The atomic vapor cell, with a diameter of 2.5 cm and
a length of 3 cm, is packaged with a µ metal to shield the effect
of external magnetic field and is heated to 363 K by a heat
tape to provide appropriate atomic density. The weak Gaus-
sian probe field Ep (frequencyωp) from ECDL 2 co-propagates
with the coupling fields and is incident into the vapor cell to
detect the susceptibility profile of the medium. Consequently,
a three-level Λ-type atomic structure shown in Fig. 1(b) is pre-
pared to generate EIT, in which the probe field Ep drives the
transition between the excited level 5P1/2 (|3⟩) and the ground
level 5S1/2, F= 2 (|1⟩), while the two coupling fields Ec1 and
Ec2 drive the same transition from another ground level 5S1/2,

F= 3 (|2⟩) to 5P1/2 (|3⟩) with different frequencies. The out-
put wavelength of two ECDLs is ∼795 nm. Here, the frequency
detuning ∆p (∆c1, ∆c2) is considered to be the difference between
the laser frequency ωp (ωc1, ωc2) and the natural frequency
of the corresponding atomic energy levels. By setting the fre-
quency detuning of the laser fields to satisfy the two-photon
resonance condition ∆p−∆c1 = 0 (∆p−∆c2 = 0), an EIT window
with a spectral width of ∼30 MHz will occur. A PBS cube is
placed behind the rear surface of the vapor cell to filter out the
vertically polarized coupling fields, and only horizontally polar-
ized probe field can be received by the capturing system. Then,
the probe field is divided into two parts: one part is received by a
charge-coupled device (CCD) camera to observe the spatial dis-
tribution of the output probe field, while the other part is injected
into a photodiode detector to monitor the transmitted spectrum
with EIT.

The spatial beam arrangement inside the 85Rb vapor cell is
depicted in Fig. 1(c), and the periodicity of two 1D coupling
fields are the same (dc1 = dc2 = 200 µm). The fringes of two
coupling fields are alternately arranged along the x direction,
and the centers (along the x direction) of the bright fringe
of Ec1 and the dark fringe of Ec2 overlap with each other.
By elaborately controlling the frequency detuning to satisfy
the condition (∆p−∆c1)= −(∆p−∆c2), two partially overlapped
EIT windows will occur and an anti-PT-symmetric photonic
lattice can be prepared; the output probe pattern is shown in
Fig. 1(d). Further, we introduce a reference beam Eref to inter-
fere with the output probe field in the y direction to exhibit
the phase shift between two adjacent bright and dark channels.
Here, the Eref is obtained from the same laser source as the
probe beam, and they intersect at the plane of the CCD camera
(see Fig. 1(a)). The current work adopts different experimental
configurations from the atomic-coherence-based PT-symmetric
photonic lattices [25–27], which employ the multi-beam interfer-
ence method to generate periodic laser fields to drive a four-level
atomic system with Raman gain.

Theoretically, the refractive index n in the atomic
medium under the EIT condition can be expressed as
n= (1+ χ)1/2 ≈ 1+ χ/2. Meanwhile, considering n= n0+∆n, in
which n0= 1 represents the background refractive index of
the atomic gas, the variation of the refractive index caused
by the EIT effect can be expressed as ∆n≈ χ/2. According
to the density-matrix equations under the Λ-type energy-level
atomic configuration, one can obtain the susceptibility χ =
(2Nµ31 / Epε0) × ρ31 under the rotating-wave approximation [28],
where N is the atomic density, ε0 is the vacuum dielectric con-
stant, and Ep is the electric-field intensity of the probe field Ep.
µ31 and ρ31 are the dipole moment and the density-matrix ele-
ment corresponding to the transition from |1⟩ to |3⟩, respectively.
Thus, the spatially modulated susceptibility can be described as
[29,30]

χ =
iN |µ31 |

2
/(ℏε0)(︂

Γ31 + i∆p +
|Ωc1 |2

Γ32+i(∆p−∆c1)
+ |Ωc2 |2

Γ32+i(∆p−∆c2)

)︂ , (1)

where Γij is the decay rate between two states |i⟩→ |j⟩, -h is the
reduced Planck constant, and Ωc1 (Ωc2) is the Rabi frequency of
the coupling field Ec1 (Ec2). Here, the Rabi frequency is defined
as Ωc1(c2) = µ32Ec1(c2)/-h. According to Eq. (1), the distribution
of the susceptibility can be effectively controlled by chang-
ing the parameters such as two-photon detuning and the Rabi
frequency.
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Fig. 2. (a) Theoretical calculation of the real (blue) and imag-
inary (red) parts of the susceptibility of the constructed anti-
PT-symmetric photonic lattice under the frequency detuning
∆c1 =−6 MHz and ∆c2 = 6 MHz with ∆p = 0. (b) The real and imag-
inary parts of the band structure corresponding to the susceptibility
are shown in (a). Other parameters used in the theoretical simu-
lations: the atomic density N≈ 5× 1014 cm−3, the Rabi frequency
Ωc1 =Ωc2 = 80 MHz.

Figure 2(a) shows the calculated spatial susceptibility of
the constructed photonic lattice under ∆c1 =−∆c2 = 6 MHz and
∆p = 0. One can clearly see that the real (imaginary) part of the
susceptibility is an odd (even) function of position x, indicating
that an anti-PT-symmetric lattice χ(z) =−χ*(−z) can be estab-
lished in such atomic configuration under the condition (∆p−∆c1)
=−(∆p−∆c2). In addition, to reveal the energy-momentum dis-
persion properties, we calculated the band structure of the
constructed periodic anti-PT-symmetric photonic lattice with
plane–wave expansion method [31], as shown in Fig. 2(b), from
which the typical features in non-Hermitian systems can be
observed. As marked by the dashed boxes, the degeneracy of
band2 and band3 in Re(β) and the separation in Im(β) imply
that the spontaneous symmetry breaking will occur when this
region is excited.

With the anti-PT-symmetric photonic lattice is “written” in
the atomic medium under the EIT condition, the propagation
of the probe field in such a system is guided by the following
Schrödinger-like paraxial equation [32]:

i
∂ψ(x, z)
∂z

+
1

2k0

∂2ψ

∂x2 +
k0

n0
∆n(x)ψ = 0, (2)

where ψ represents the envelope of the probe field Ep, k0 is
the wavenumber, and ∆n(x) describes the distribution of the
refractive index under the combined modulation of two partially
overlapped EIT windows. According to Eq. (2), the intensity
profiles of the output probe field under different two-photon
detuning values can be obtained, and the dependence of the
intensity ratio on two-photon detuning is shown by the solid
line in Fig. 3(a), which indicates that with the increase of
|∆p−∆c1(c2) |, the output diffraction intensity ratio gets larger
accordingly. According to Eq. (1), with the growing of the two-
photon detuning, both the real and the imaginary parts of the
susceptibility will increase, leading to the improvement of the
localization of light into each channel and the enhancement
of the absorption in each channel, respectively. The improve-
ment of the localization effect will lead to increased peak
intensity inside each channel, while the presence of absorp-
tion can weaken the overall output intensity and plays a minor
role in affecting the increasing trend of the output peak inten-
sity. Actually, for a simple EIT system, the probe can experience
stronger absorption (corresponding weaker output) when the
two-photon detuning is set to far away from the resonance due
to the Gaussian-like profile of the EIT window [24]. Here the
increase of the output intensity for larger two-photon detuning

Fig. 3. (a) Intensity ratio of the diffraction patterns under different
|∆p−∆c1(c2) |. The blue solid curve is the theoretical prediction, and
the red squares represent the experimental measured results. (b)–(d)
Observed output diffraction patterns under the two-photon detuning
|∆p−∆c1(c2) | = 4, 6, and 8 MHz, respectively.

indicates the different properties of light in an anti-PT sym-
metric system compared to a simple EIT system. The intensity
ratio is defined as the relative intensity of one selected bright
fringe (marked by the ellipses in Figs. 3(b)–3(d)) on the output
diffraction pattern under different two-photon detuning values
divided by that of the same fringe at |∆p−∆c1(c2) | = 4 MHz. In the
experiment, by tuning the frequency of two AOMs and ECDL1
simultaneously to maintain the two-photon detuning condition
of (∆p−∆c1) =−(∆p−∆c2), the anti-PT-symmetric photonic lat-
tice with reconfigurable dispersion (Re[χ]) and loss (Im[χ]) can
be experimentally constructed, and the experimental measured
results are shown by the squares in Fig. 3(a), which is consistent
with theoretical predictions. The observed output diffraction
patterns under |∆p−∆c1(c2) | = 4, 6, and 8 MHz are depicted in
Figs. 3(b)–(d), respectively, in which the white curve (from the
software of the CCD camera) at the bottom of each figure shows
the relative intensity of the region marked by the dashed line and
the height of the peak represents the relative output intensity at
each individual channel. As a consequence, the experimental
results demonstrate that the photonic lattice we constructed is
instantaneously adjustable and the distribution of the refractive
index always maintains the anti-PT-symmetry under different
two-photon detuning values.

In an anti-PT symmetric system, the evolution of the eigen-
values can be used to determine the non-Hermitian degree of
the system [9,27]. Here we employ the coupling-mode theory to
conduct a qualitative analysis of the anti-PT-symmetric system
[33]:

i
[︃
dEi/dz
dEj/dz

]︃
=

[︃
−α − iγ iκ

iκ α − iγ

]︃ [︃
Ei

Ej

]︃
. (3)

The real part α and the imaginary part γ of the wave vector
β correspond to the real and imaginary parts of the suscepti-
bility, respectively, and κ is the coupling coefficient between
two adjacent channels. According to Eq. (3), the Hamiltonian
of the system can be obtained and the eigenvalues λ± =−i[γ ±
(κ2−α2)1/2] can be analytically calculated. When κ>α, the sys-
tem lies in the anti-PT-symmetric phase, and the corresponding
eigenvectors are ψ± = (±e ± iφ ,1)T with sinϕ=α/κ [16]. So, the
relative phase difference between supermodes in two adjacent
channels varies from 0 toπ continuously as the ratio α/κ changes
under different two-photon detuning values. This is similar
to that in a PT-symmetric system due to the formal equiva-
lence of the eigenvectors [27], but the eigenvectors ψ± in the
PT-symmetric system rely on the ratio γ/κ.

In the experiment, the behaviors of the eigenvectors can
be reflected by the evolution of the relative phase difference
between two adjacent channels. So, we introduce the reference
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Fig. 4. (a) Reference interference. The distance between two adja-
cent fringes (marked by two solid lines) is defined as 2π, and
the white dotted line represents the center of the two solid lines.
(b)–(d) Measured phase differences ν between two adjacent chan-
nels (marked by two white one-way arrows, respectively) under the
two-photon detuning |∆p−∆c1(c2) | = 4, 6, and 8 MHz, respectively,
in which the solid yellow line marked the center of the dark region.

interference (interfering of two Gaussian beams, see Fig. 4(a))
to measure the relative phase difference between two adjacent
bright and dark channels. Two solid lines marked the center
of two adjacent bright fringes (along the y axis), and the dis-
tance is defined as 2π. The white dotted line is at the center
of two solid lines, and its distance from each solid line is π.
With the probe field being spatially discretized by the induced
anti-PT-symmetric photonic structure, the reference interfer-
ence pattern is transformed into a net-like square lattice (as
shown in Figs. 4(b)–(d)), so that the phase difference between
two adjacent channels can be measured by the relative shift
along the y axis between the centers of the bright and dark spots
(marked by two solid yellow circles). Considering that both the
wave vectorβ and the coupling coefficient κ directly relate to the
refractive index, the ratio α/κ in the above Hamiltonian can be
tuned by varying the two-photon detuning ∆p−∆c1(c2), which can
influence the relative phase between supermodes in two adja-
cent channels, as depicted in Figs. 4(b)–4(d). From these figures
one can clearly see the relative phase that varies from π/5 to π,
which reflects our constructed anti-PT-symmetric system that
remains below the breaking threshold.

In theory, when the ratio α/κ decreases to exceptional point
κ =α, two eigenmodes degenerate with a relative phase of
π/2. When κ<α, the system undergoes a transition into the
symmetry-broken phase and the eigenvectors are λ± = (ie±φ ,1)T

with coshϕ=α/κ, from which it is deduced that the relative
phase difference remains locked at π/2. Since the symmetric
breaking position (the region of energy bands degeneracy in
Fig. 2(b)) is on the second and third energy bands, the exci-
tation condition cannot be reached, and the fixed phase at π/2
(symmetry-breaking point) is not observed in the experiment.

In conclusion, we have experimentally demonstrated an anti-
PT-symmetric photonic lattice under the EIT condition in a
coherent three-level Λ-type 85Rb atomic assemble. Such a pho-
tonic lattice can maintain an anti-PT symmetry under specific
two-photon detuning condition, and the calculated band struc-
ture exhibits clear non-Hermitian features. The observed relative
phase change between two adjacent bright and dark chan-
nels under the anti-PT symmetry is proved both theoretically
and experimentally. Such an effectively controllable anti-PT-
symmetric photonic lattice paves the way to investigate the
unique beam dynamics in periodical anti-PT-symmetry optical
potentials.
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31. Y. Kang, H. Zhong, M. R. Belić, Y. Tian, K. Jin, Y. Zhang, F. Li, and Y.
Zhang, Ann. Phys. 531, 1900295 (2019).

32. Y. Zhang, D. Zhang, Z. Zhang, C. Li, Y. Zhang, F. Li, M. R. Belić, and
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