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Parity-Time-Symmetric Optical Lattice with Alternating Gain
and Loss Atomic Configurations

Zhaoyang Zhang, Liu Yang, Jingliang Feng, Jiteng Sheng, Yiqi Zhang, Yanpeng Zhang,*
and Min Xiao*

Since the periodic parity-time (PT)-symmetric potential can possess unique
properties compared to a single PT cell (with only two coupled components),
various schemes have been proposed to realize PT symmetry in optical
lattices. Here, a PT-symmetric optical lattice is experimentally constructed
with simultaneous gain and loss in an atomic medium. The gain and loss
arrays are created in the four-level N-type configurations excited by spatially
alternating strong and weak pump fields, respectively, which do not require
discrete diffractions and can be realized more easily with more relaxed
operating conditions. Also, the gain and loss coefficients can be modified
independently. The dynamical behaviors of the system are investigated by
measuring the phase difference between two adjacent gain and loss channels.
The demonstrated PT-symmetric lattice with easy accessibility and better
tunability shows obvious advantages in exploiting more peculiar properties
and great improvements in practical applications of periodic PT-symmetric
potentials.

1. Introduction

The studies on non-Hermitian Hamiltonians with entirely real
eigenvalue spectra have advanced significantly in the past decade
after the concept of parity-time (PT) symmetry[1,2] was intro-
duced into optics, due to the formal equivalence between the
Schrödinger equation in quantum mechanics and the parax-
ial wave propagation equation in optics.[3,4] Such equivalence
causes the complex PT-symmetric potential to be easily realized
in an optical setting by spatially arranging the real and imaginary
components of the refractive index in even and odd symmetric
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manners, respectively. The experimental
demonstrations of exact PT symme-
try have been made most in pairs of
coupled optical components (such as
microresonators and waveguides) with
respective gain and loss.[5] Given that
a single PT cell (one pair of gain–loss
elements) can exhibit many unconven-
tional optical properties,[6–13] interesting,
exotic features are expected in non-
Hermitian optical lattices.[14–33] The
proposed behaviors for light travelling
through non-Hermitian lattices include
non-Hermitian optical solitons,[15,16]

non-Hermitian Bloch oscillation,[17,18]

unidirectional invisibility,[20] and PT-
symmetric Talbot effect.[25] Studying
these novel effects in periodic non-
Hermitian optical settings may pro-
vide new routes for exploring useful

applications in non-Hermitian synthetic materials and further
constructing on-chip optical integrated devices.
So far, experimental realizations of periodically arranged

PT-symmetric potentials have been limited only to a few optical
settings, such as a time-domain lattice realized in a network
of coupled gain/loss fiber loops,[18,21] and an optical waveguide
array with a lossy (without gain) background.[22] The known
exact PT-symmetric optical lattice with spatially periodic gain
and loss channels was realized in a four-level N-type atomic
configuration.[34] In that experiment, two pairs of laser beams
(coupling and pump fields) form the lattice with alternative
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Figure 1. a) Experimental setup. The gain–loss modulated signal field and the phase information are detected by a CCD camera. E ′
s and Es are signal

beams from the same laser ECDL1 and the pump beams E ′
p and Ep are from ECDL3. The four laser beams (Es, E ′

s, Ep, and E ′
p) are shaped as ellipses

with approximate axial diameters of 1.5 and 4.5 mm, respectively, by two pairs of anamorphic prisms. Although the two signal beams separate out of the
cell in the schematic diagram, the two beams actually keep the interference pattern for a long distance even out of the cell. The reference beam intersects
with the standing-wave signal field to generate the reference interference along the y direction. The double-headed arrow represents the horizontal
polarization of a beam while the dot represents the vertical one. CCD, charge coupled device; ECDL, external cavity diode laser; λ/2, half-wave plate; HR,
high-reflectivity mirror; PBS, polarization beam splitter. b) The four-level N-type energy-level configuration. c) The spatial arrangement of the laser fields
inside the medium. The symbol z represents the propagation direction of light.

gain/loss channels in the atomic medium, and a Gaussian
signal beam travelling through the medium experiences discrete
diffractions from this spatially modulated PT-symmetric lattice.
Such observation in solid materials is not easy to do due to
various restrictions in material properties including the limita-
tion on engineering desired periodic gain in certain materials
as well as the connection between the real and imaginary
parts of the index as imposed by Kramers–Kronig relations.[35]

Different from solid-state systems, atomic media are quite easy
and efficient in constructing desired real/imaginary refractive
index profiles.[36,37] By making use of the laser-induced atomic
coherence, particularly with the electromagnetically induced
transparency (EIT)[38,39] technique, one can easily construct con-
trollable and desired linear (dispersion, gain/loss) and nonlinear
properties in coherently prepared multi-level atomic media.[40,41]

In this article, we experimentally demonstrate a new scheme
to construct a spatially extended PT-symmetric optical lattice
based on the periodical gain and loss channels induced in the
four-level N-type atomic configuration driven with respective
strong and weak pump fields, which appear alternately along the
transverse x direction in the 85Rb atomic medium. The four-level
N-type system is driven by a signal field (Es), a coupling field
(Ec), and a pump field (Ep), as shown in Figure 1b. The strong

pump field can introduce Raman gain on the signal field while
the weak pump field provides a modifiable loss under the EIT
condition. With the intensity of the pump field set to zero, the
four-level system even reduces down to a three-level one. The
alternative strong and weak pump fields are achieved by injecting
two pump beams with a small angle to establish a standing wave
in the transverse (x) direction. The pump-field intensity has its
maximum and minimum (basically zero) at the interference
peak and valley, respectively. When the coupling beam is sent
in with an extended uniform (Gaussian) profile and two signal
beams are injected in the same directions as the two pump
beams, the detected signal-field profile exhibits interference
pattern with the peak experiencing gain due to the four-level
Raman gain process and the valley experiencing loss due to
three-level EIT (with the weak pump field). This scheme is quite
different from the one adopted in our previous work,[34] and con-
sequently requires a distinct laser configuration. In the current
work, the refractive index along the x direction can be spatially
engineered in a periodic way with the assistance of an EIT
window generated by the co-propagating standing-wave signal
field (formed by two signal beams with different intensities) and
Gaussian coupling field. Based on this periodic EIT configura-
tion, with the standing-wave pump field turned on and adjusted
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to completely overlap with the signal field, gain and loss can be
effectively generated at the bright and dark fringes of the signal
field, respectively. Such periodic gain–loss pairs can be exploited
to construct a spatially distributed PT-symmetric optical lattice
by appropriately tuning the gain/loss ratio, which can be easily
manipulated by adjusting the pertinent parameters including
the atomic density, the periodicity of the standing waves, the
frequency detunings, and Rabi frequencies of corresponding
fields.
One of the key advantages of the current system is that

the parameters responsible for the gain and loss in different
channels can now be modified separately, so it is easier to
control the gain/loss ratio. To be specific, the signal and pump
lattices are completely overlapped and one can modify only
the gain (loss) coefficient by setting proper intensity for the
bright (dark) fringe of the lattices. Also, the coupling strength
can be changed without affecting the gain/loss ratio by slightly
adjusting the angles between the beams for inducing the lattices.
Consequently, the current system is easy accessible and provides
better tunability. To demonstrate the characteristic features of
the system, we measure the relative phase difference between
two adjacent gain/loss channels by utilizing a reference beam
to interfere with the signal field (along the y direction). All the
experimental observations can be explained by the numerical
simulations.

2. Experimental Section

The experimental scheme is shown in Figure 1a. The standing-
wave signal field and the other laser fields (standing-wave pump
field and large-size Gaussian coupling field) propagate along the
same z direction to establish this periodical alternating gain and
loss atomic configurations. The N-type four-level 85Rb atomic
energy-level structure (see Figure 1b), consisting of two hyper-
fine states F = 2 (level |1〉) and F = 3 (|2〉) of the ground state
5S1/2 and two excited states 5P1/2 (|3〉) and 5P3/2 (|4〉), can provide
gain or loss under different parametric regimes.
To be specific, two elliptically shaped signal beams Es and E ′

s
(wavelength λc = 794.97 nm, frequency ωs, Rabi frequencies �s,
and �′

s [�s � �′
s], respectively) from the same external cavity

diode laser (ECDL1) are symmetrically arranged with respect to
the z axis and intersect at the center of the rubidium cell with
an angle of 2θ � 0.4° to establish a periodical signal field in
the x direction. Due to intensity difference between the two sig-
nal beams, the intensity of the interference valley is not zero.
The 7.5 cm long cell is wrapped with μ-metal sheets to shield
the magnetic field and heated to 75 °C by the heat tape. The
small-angle arrangement can make the signal beam maintain
a standing-wave field for a relatively long distance (over 20 cm)
along the z direction. With the frequency of the strong Gaussian
coupling beam Ec (λc = 794.97 nm, ωc, �c) tuned to be near res-
onant with the transition |2〉 ↔ |3〉, a�-type EIT configuration is
achieved in the |1〉 ↔ |2〉 ↔ |3〉 subsystem. As the coupling beam
is large enough to cover the entire standing-wave signal field, the
spatially periodic EIT (along the x direction) can be observed at
the output surface of the cell. Namely, both the bright and dark
fringes on the signal field experience certain losses (with differ-
ent signal-field intensities). Next, the two pump beams Ep and

E ′
p (λp = 780.24 nm, ωp, �p and �′

p, respectively) are incident
into the cell with almost the same angle of 2θ � 0.4° to build
the periodical pump field with �p = �′

p, that is, the intensity of
the interference valley point is nearly zero. The presence of the
standing-wave pump field with proper intensity can introduce an
alternating Raman gain on the signal field under the four-level
N-type configuration.[42] The schematic diagram for the spatial
arrangement of the three fields inside the cell is shown as Fig-
ure 1c, where the signal-field array completely overlaps with the
pump-field array. The gain is generated when the pump field is
strong enough (corresponding to the configuration in the bright
fringes) while the signal experiences loss with a weak pump field
(corresponding to the configuration in the dark fringes). Since
the signal field has orthogonal polarization from the pump and
coupling fields, we can reject the pump and coupling fields with
a polarization beam splitter and monitor only the signal field on
a charge coupled device (CCD) camera.
With the gain–loss modulated periodic signal field obtained,

we introduce a reference beam (from the same ECDL1 as Es)
to interfere with the signal beam and determine the relative
phase difference (representing the internal phase difference of
the eigenvectors in the system) between the adjacent gain and
loss channels. Here the reference beam is coupled into the sig-
nal light path via a 50/50 beam splitter along the y direction (see
Figure 1a). Both the output signal beam and the phase informa-
tion are monitored by the CCD camera.

3. Theory

Theoretically, the signal field and the coupling field can drive a
three-level EIT configuration to modulate the refractive index for
the signal field. In the presence of the intensity-modulated (pe-
riodic) pump field, the imaginary part of the index as seen by
the signal field can be alternately above (absorption/loss) and be-
low (gain) zero along x. In detail, based on the density-matrix
equations for the four-level atomic configuration,[31] the suscep-
tibility for describing the optical response of the signal field can
be obtained through the expression χ = (2Nμ13/ε0Es) × ρ31.
Here ρ31 is the density-matrix element for the transition |1〉↔|3〉;
N is the atomic density; μij (i, j = 1, 2, 3, 4) is the dipole mo-
ment between |i〉 ↔ |j〉; ε0 is the permittivity of vacuum; and Ef
(f = s, c, p) is the electric-field amplitude of Ef. Given that n =√
1 + χ ≈ 1 + χ/2, χ = χ ′ + iχ ′′, and n = n0 + nR + inI

(n0 = 1 is the background index of the atomic medium), the
real and imaginary parts of the refractive index can be writ-
ten as nR ≈ χ ′/2 = Nμ13/(ε0Es) × Re(ρ31) and nI ≈ χ ′′/2 =
Nμ13/(ε0Es) × Im(ρ31). To achieve the PT-symmetric condition
in the current setting, the imaginary part Im(ρ31) should be nega-
tive (gain) and positive (loss) in the corresponding four-level con-
figurations, while the real part Re(ρ31) should be the same (sym-
metric). By making use of the advantage of this multi-parameter
tunable system, in which the loss and gain can be independently
adjusted by the parameters (mainly the Rabi frequency�f) of the
signal and pump beams, we can construct the desired refractive
index profile satisfying n(x)=n�(−x) as shown in Figure 2. Here
the frequency detunings for the signal, coupling, and pumpfields
are defined as
s = ω31 − ωs,
c = ω32 − ωc, and
p = ω41 − ωp,
respectively.
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Figure 2. a) Real and b) imaginary parts of the refractive index
for the signal field as a function of position x when the intensi-
ties of the signal field and the pump field are both spatially modi-
fied. �c = 2π × 2.2 MHz, �s = 2π × [7.5 + 3cos(πx/2)] MHz,
�p = 2π × 5.1 × [1 + cos(πx/2)] MHz, 
p = 58.2 MHz,

c = −85.626 MHz, and 
s = −2π × 15.16 MHz. d is the periodicity
of the signal and pump fields. The intensity of the pump field at positions
−d, 0, and d is zero.

4. Results and Analysis

Figure 3 depicts the detected signal field on the CCD camera un-
der different conditions. First, with the frequency detuning of
the signal field tuned far away from the atomic resonance, one
sees the simple interference fringes of Es and E ′

s in Figure 3a. As
the signal frequency is tuned to be near resonant with the transi-
tion |1〉 ↔ |3〉, it is dramatically absorbed (Figure 3b). When the
large Gaussian coupling field Ec is turned on, it induces EIT on
the signal field and reduces its absorption (Figure 3c) under the
two-photon resonance satisfying 
s − 
c = 0. The amount of
residual absorption is determined by the coupling beam param-
eters. Then, by injecting the standing-wave pump field shown in
Figure 3d into the cell, alternative gain and loss channels with
a controllable contrast are obtained on the signal field by care-
fully arranging the coupling- and pump-field parameters. Inside
the cell, the two standing-wave fields with the same period com-
pletely overlap with each other. The presence of the pump field
(with enough intensity) can couple a four-levelN-type system and
therefore can lead to a gain on the signal field.[42] Notice that the
intensity of the pump field at the dark-fringe channels is weak
and almost zero at the exact valley, which indicates that a control-
lable loss exists in dark-fringe channels. As shown in Figure 3e,
one can clearly find the alternate gain (bright fringes with strong
pump field) and loss (dark fringes with weak/no pump field) in
the middle region of the periodic field by comparing it with the
original intensity profile of the signal field shown in Figure 3a.
Figure 3f shows the transmission spectra of the signal field under
different conditions from another auxiliary Rb cell for calibrating
the detuning of the lasers.

Figure 3. a) Observed image and intensity profiles of the signal field Es without interacting with atoms. b) Signal field after propagating through the
atomic medium under the resonant condition (simple atomic absorption). c) Reduced absorption with the generated EIT when the Gaussian coupling
field Ec is turned on. d) The standing-wave pump field. e) Alternating gain and loss profiles on Es with both Ec and pump field Ep turned on. (a–e) share
the same color bar as (d). The units of the color bar are mW. f) Reference spectra of the signal field in the frequency domain. The middle and lower
curves are the observed EIT signal and the absorption spectrum corresponding to the transition of 85Rb, F = 3 → F′, respectively. The upper curve with
a high peak represents the Raman gain.
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Figure 4. a) The initial intensity profile of Es without absorption. b1–b5) Typical evolution of the gain/loss (γ G/γ L) ratio versus the coupling frequency
detuning 
c. All the pictures share the same color bar as (a). The units of the color bar are mW.

By taking advantage of the atomic coherence, the ratio between
the induced gain and loss can be easily controlled by carefully ad-
justing the experimental parameters. The ratio γ G/γ L (γ G and
γ L representing the gain and loss coefficients, respectively) for
describing the non-Hermitian system can be directly measured
from the generated gain and loss components. In the current
atomic configuration, the intensity for the detected signal field
can be written as I = I0 − I0e−aL � I0 − I0(1 − aL), where
a = (2π/λs)χ ′′, and I0 is defined as the initial intensity of the sig-
nal field and L as the cell length. The loss or gain is determined
by the sign of χ ′′, namely, the negative (positive) nI represents the
gain (loss). Consequently, we have I � χ ′′ = 2nI, which means
that the ratio between the observed gain and loss intensities can
be equivalent to the ratio γ G/γ L. Figure 4a gives the original in-
tensity profile of the standing-wave signal field, and Figure 4b1–
b5 shows the typical evolution of the ratioγ G/γ L versus the detun-
ing 
c of the coupling field with the signal-field detuning tuned
to be near resonant with the transition 5S1/2, F= 3→ 5P1/2, F′ = 3
of 85Rb. As the detuning
c is tuned from the far detuned points
(
c = ± 20 MHz) to the resonant point (
c = 0), the gain can be
greatly enhanced, which can be attributed to the better satisfying
of the two-photon resonant condition 
s − 
c = 0.
The results in Figure 4 show that the ratio γ G/γ L can be in

the range of 0–1.5, covering the required condition of γ G/γ L = 1
(balanced gain and loss) for exact PT symmetry. Actually, even
for an unbalanced gain–loss case (namely, γ G � γ L), it can
be mathematically transformed into an exact PT-symmetric one
(γ G = γ L) by using the gauge transformation[6] inWick space, and
be understood as “quasi-PT symmetry.”[43] A quasi-PT-symmetric
Hamiltonian possesses a characteristic eigenvalue pattern with
a new offset center instead of the original zero point (for the
balanced case), and can present the same (below threshold) or

similar (above threshold) dynamic behaviors to its PT-symmetric
counterpart.[44] Consequently, an unbalanced gain–loss case can
also demonstrate the dynamic behaviors similar to the exactly bal-
anced case.
The dynamic behaviors of the established non-Hermitian sys-

tem below and above the symetry breaking threshold are demon-
strated by the relative phase difference ν between two neighbour-
ing gain and loss channels. A reference beam from the same
laser as the signal beam is introduced to interfere with the gen-
erated gain–loss lattice, and the reference pattern looks like a
2D lattice with bright (in gain channels) and dark (in loss chan-
nels) squares. Figure 5a shows the case without gain, namely, the
phase difference is ν = 0. In Figure 5a, two black solid lines are
added to mark the center of two adjacent fringes along the y di-
rection, and the distance between them is defined as 2π . The dis-
tance mentioned in the current work is along the y direction. The
black dashed line indicates themiddle between the two solid lines
and justmarks the center of the dark square in the case of no gain.
Consequently, the distance between the marked bright square
(indicated by the upper black solid line) and dark square is π .
With the gain introduced, the relative distance between the dark
and bright regions will be modified by changing the gain/loss
ratio.
As shown in Figure 5b–e, the relative phase difference

increases from 0.16π to π with the gain/loss ratio adjusted from
0.1 to 1. The phase difference is obtained by measuring the
relative distance between the black and white dashed lines. The
added white dashed line represents the center of the shifted dark
square. By comparing the measured distance with the reference
length (in unit of π ) as defined in Figure 5a, one can determine
the value of the phase difference. This phase difference directly
reflects the internal phase difference of the eigenvectors in a
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Figure 5. Measured phase difference between two neighboring gain and loss channels, which aremarked byG and L, respectively. a) The phase difference
ν = 0 for the case without gain. The double-sided arrow between the two black solid lines marks the distance between two adjacent fringes along the y
direction and its length is defined as 2π . b–e) The measured ν at different gain/loss ratios for the cases below the PT-symmetry breaking threshold. The
white dashed line marks the center of one dark square in the loss channel, and the distance between the white and black dashed lines represents the
relative phase difference ν between the gain and loss channels. f–g) The measured ν is fixed at π/2 when PT symmetry is broken. (b–g) share the same
color bar as (a). The units of the color bar are mW. The reference beam keeps unchanged for every picture. h) The simulated phase difference with 10
gain–loss channels coupled. Term κ is the coupling coefficient between two adjacent gain and loss channels.

PT-symmetric system, while the eigenvalues are the basic criteria
to determine whether the system is operating below or above the
symmetry breaking threshold.[3,6] Theoretically, the correspond-
ing phase difference below and above such threshold should be
different.[6] For the case below the phase-transition point, the
relative phase differences ν can increase (from the initial values
0) with the gain/loss ratio. For the cases at and above the phase-
transition point, the phase differences remain at π/2 even with
further increase of the gain. The phase information for above
PT-symmetry breaking point is given at points γ G/γ L = 1.2 and
1.5, as shown in Figure 5f,g, respectively. Actually, when the
ratio γ G/γ L is increased to 1.2, the phase difference jumps from
π (γ G/γ L = 1) to ν = π/2. When the ratio further increases to
γ G/γ L = 1.5, the measured phase difference remains at π/2.
Figure 5h theoretically predicts the evolution of the phase

difference in a PT-symmetric lattice with ten coupled gain–
loss channels. The dynamical behaviors of the system is calcu-
lated based on the paraxial wave equation i∂E/∂z+ ∂2E/∂x2 +
V (x)E = 0, where V(x) is the potential of the periodic gain–
loss structure and E is the electric field envelope in each
channel.[3,6,28,34] The results from this theoretical simulation can
well explain our experimentally observed phase difference jump
across the threshold point. Particularly, for the points below but
very close to the threshold, the phase difference is predicted to
take the π value in a very small range, which is also confirmed
by the experiment.

5. Conclusion

In summary, PT-symmetric optical lattice with a controllable
gain/loss ratio and the phase transition at the symmetry breaking
threshold are experimentally demonstrated based on four-level
atomic configurations excited by spatially alternating strong and
weak pump fields in the same 85Rb atomic medium. The gain–
loss profiles are generated by the active Raman gain andmodified
(EIT) absorption due to laser-induced atomic coherence effects.
Compared to the previous work based on discrete diffraction for
the signal field,[34,45] the current scheme is much easier to oper-
ate in real experiment. More importantly, the gain and loss coef-
ficients can be adjusted more independently, which will be eas-
ier to control the gain, loss, and coupling coefficients to realize
the PT-symmetric condition and study related effects. Further-
more, by taking advantage of the large parametric space in multi-
level atomic configurations, such newly demonstrated periodic
gain/loss optical lattices can provide a more flexible platform to
investigate the diverse effects such as solitons in PT-symmetric
nonlinear lattices[46] and unidirectional light transport[47] result-
ing from the interplay between non-Hermitian Hamiltonian and
nonlinear effects,[48,49] and various beam dynamical properties
such as non-Hermitian Bloch oscillation[17,18] predicted in non-
Hermitian optical lattices. Also, this EIT-based scheme can be
extended to various atom-like solid materials, and hopefully cre-
ate useful PT-symmetric optical devices.
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