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The diffraction pattern of a two-dimensional optically in-
duced atomic lattice is reported experimentally in a three-
level atomic system. Such a two-dimensional optical lattice
is established by two orthogonal standing-wave fields in-
duced by the interference of two pairs of coupling laser
beams. When the probe beam is launched into it, a spatially
modulated discrete diffraction pattern can be obtained at
the output plane of the vapor cell under the electromagneti-
cally induced transparency condition. We investigate the
diffraction pattern under different experimental parameters
and find that it can be effectively controlled by tuning the
coupling laser power and two-photon detuning. Our work
may potentially pave the way for studying the control of
light and other intriguing physical phenomena based on
such a periodically modulated atomic lattice. © 2019
Optical Society of America

https://doi.org/10.1364/OL.44.004123

In the past few decades, artificial periodic dielectric structures,
such as photonic crystals [1] and waveguides [2,3], have at-
tracted enormous interest due to their unprecedented capacities
of engineering the transmission and reflection properties of
waves. Such periodic structures provide a powerful tool for con-
trol of the fundamental aspects of light propagation, hold an
immense potential to design and realize new optical devices
[4–6], as well as explore novel topological photonics [7,8].
In addition to studying optical analogs of many fundamental
quantum mechanical effects [2], a number of intriguing physi-
cal effects, such as controlling spontaneous and thermal emis-
sion [9,10], localization of light [11], optical lattice solitons
[12], and photon–atom bound state [13] have also been pre-
dicted. Nevertheless, the photonic band properties in conven-
tional solid materials are hard to adjust once the periodic
dielectric structures are formed, which limits their further
investigation and application. As a result, it is necessary and
important to experimentally achieve artificial periodic
structures with tunable optical properties [14,15].

A coherently prepared multilevel atomic medium may be a
qualified candidate because of its easy reconfiguration, flexible

tunability, and especially the various coherence control tech-
niques enabled by electromagnetically induced transparency
(EIT) [16]. Applying a standing-wave field in an EIT medium,
the absorption and dispersion of the probe field may become
spatially periodic, and the atomic medium acts as a grating,
which is called electromagnetically induced grating or lattice
[17]. Compared with traditional periodic structures, such as
atomic density gratings [18], such an induced nonmaterial lat-
tice is established by interfering laser beams, and consequently
the optical response of the weak probe field to the atomic
medium becomes periodically modulated. Recently, one-
dimensional optically induced atomic lattices have been exper-
imentally demonstrated [19–23]. In fact, two-dimension (2D)
optical lattices play a crucial role in exploring exotic physical
phenomena and implementing quantum information, such
as topological phase transition [24], chiral edge currents
[25], photonic Floquet topological insulators [26,27], topologi-
cal defects [28], solitons [29,30], and so on. However, the ex-
perimental realization of 2D optically induced atomic lattices
has not been achieved yet.

In this Letter, we report the experimental realization of such
a 2D optically induced atomic lattice in a three-level 85Rb
atomic medium under the EIT condition. Such induced 2D
lattices are established by the interference of two pairs of cou-
pling fields with the same frequency, and a probe beam is
launched into it. As a result, a 2D discrete diffraction pattern
can be obtained at the output plane of the vapor cell, reflecting
the formation of the spatially modulated susceptibility of the
probe beam inside the atomic medium. We also show that
the diffraction pattern can be effectively manipulated and opti-
mized by controlling the experimental parameters such as in-
tensity of the coupling laser and two-photon detuning. Our
work provides a fertile platform to study the control of light
and explore exotic physical phenomena based on such 2D
periodically modulated atomic lattices.

Figure 1(a) schematically depicts the experiment setup in a
three-level cascade-type 85Rb atomic configuration, which in-
volves a ground state 5S1∕2 (j1i), metastable state 5P3∕2 (j2i),
and excited state 5D5∕2 (j3i) [Fig. 1(b)]. The coupling beam
(with wavelength λc � 776 nm and frequency ωc) is
obtained from a diode laser (DL1) and can be detuned by
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an acousto-optical modulator in a double-pass configuration. It
is split into horizontally and vertically polarized beams by a
polarization beam splitter (PBS2). The horizontally polarized
beam is used as the coupling beam for setting an EIT reference
signal, while the vertically polarized beam is transformed into
an elliptical profile by an anamorphic prism pair. After passing
through PBS5, this elliptically shaped coupling beam is split
into two beams with the same intensities and spatial shapes.
To construct a 2D periodic modulated optical field, each beam
is split into two beams with a small angle after experiencing the
standing-wave (SW) configuration [see the black box in
Fig. 1(a)]. These four beams (with amplitude Ec and Rabi fre-
quencyΩc for each beam) recombine at the beam splitter (BS5)
and propagate toward a rubidium vapor cell along the z direc-
tion, driving the transition j2i → j3i. Figure 1(c1) shows the
configuration of the lasers inside the cell. Two coupling beams
in the x–z plane being symmetrically placed with respect to the
z axis are incident upon the atomic sample at a small angle 2θ
[Fig. 1(c2)]. Its intersection generates a standing wave along the
x direction within the atomic ensemble. In the same way, the
intersection of another two coupling beams, which is formed at
2θ 0 in the y–z plane, generates a standing wave along the y
direction [Fig. 1(c3)]. That is to say, these four coupling beams
induce an effective 2D periodic modulated optical field
in the x–y plane [Fig. 1(c4)]. In the experiment, we take θ ≈
θ 0 ≈ 0.2° for convenience. Thus, the spatial periodicity of the

coupling lattices is d x�y� � λc∕�2 sin θ� ≈ 110 μm. When the
weak Gaussian probe beam (with wavelength λp � 780 nm,
frequency ωp, Rabi frequency Ωp, and amplitude Ep) connect-
ing the transition j1i → j2i counter-propagates through this
coupling lattice, it experiences a spatially modulated index of
refraction during propagation under the EIT condition. A dis-
crete diffraction pattern can be observed at the output plane of
the cell by a charge-coupled device camera. The 10 cm long
atomic vapor cell is wrapped with μ-metal sheets to shield
the magnetic field and is heated in an oven.

The key point of the experiment is to periodically modulate
the refractive index experienced by the probe beam. Before pro-
ceeding, we present a theoretical analysis on how to construct
this refractive index. With the EIT condition satisfied, the
atomic medium modifies the transmission and dispersion pro-
files of the weak probe beam. As shown in Fig. 1(c), an effective
periodic coupling field is generated by two orthogonal
standing-wave fields with the same frequency, and its effective
Rabi frequency can be written as jΩeff �x, y�j2 � 4jΩc j2
�j cos�πx∕d x�j2 � j cos�πy∕d y�j2� [31]. The Rabi frequency
is defined as Ωc � μ32Ec∕ℏ, where μij is the transition dipole
momentum between the levels jii and jji. The susceptibility,
which is associated with the optical properties (specifically the
dispersion and absorption of the probe laser) of the atomic
medium can be written as χ � 2Nμ21ρ21∕�ε0Ep�, where N
is the atomic ensemble density, ε0 is the vacuum dielectric
constant [32], and ρ21 is the density-matrix element for the
transition j1i → j2i. By utilizing the density-matrix method
[16], the spatially modulated susceptibility can be given by [31]

χ � iN jμ21j2
ℏε0

�
γ21 − iΔp �

jΩeff �x, y�j2∕4
γ32 − i�Δp − Δc�

�
−1

, (1)

where γij is the coherence decay rate between jii and jji, and
Δp � ωp − ω21 and Δc � ω32 − ωc are detunings of the probe
and coupling field, respectively. Equation (1) shows that when
the intensity of the effective coupling field has an amplitude
and space modulation [Fig. 2(a)], the susceptibility can be peri-
odically modulated. To illustrate this point explicitly, in
Figs. 2(b) and 2(c), we plot the optical properties of the probe
beam at the nodes and antinodes of the optically induced
lattice. From the absorption curve (see the blue solid lines
in these figures), it is found that the probe beam is absorbed
strongly at the nodes and almost transmitted at the antinodes.
On the other hand, the dispersion within the EIT window is
positive to the probe beam at the nodes but negative at the
antinodes, or vice versa, as shown by the red dashed lines in
these figures. This feature may open the possibility of a phase
modulation across the probe beam [17].

Given that n � ffiffiffiffiffiffiffiffiffiffiffi
1� χ

p
≈ 1� χ∕2, χ � χ 0 � iχ 0 0, and

n � n0 � nR � inI, the real (dispersion) and imaginary
(absorption) components of the refractive index are written,
respectively, as nR � χ 0∕2 and nI � χ 0 0∕2, where n0 is the
background index of the atomic medium. With the spatially
modulated coupling intensity, nR and nI behave as periodic
functions of (x, y), as shown, respectively, in Figs. 2(d) and
2(e). Such modulated index profiles clearly indicate the forma-
tion of a 2D optically induced atomic lattice. Under the slowly
varying approximation, the propagation of the probe beam in
the atomic medium is governed by the following Schrödinger-
type equation:

Fig. 1. (a) Sketch of the experimental setup. DL, diode laser;
PBS, polarization beam splitter; λ∕2, half-wave plate; L, lens; DP,
double-pass configuration; SW, standing-wave configuration; M,
high-reflection mirror; AP, anamorphic prism; BS, beam splitter; SAS,
saturation absorption spectroscopy; CCD, charge-coupled device.
(b) Cascade-type energy-level configuration in the 85Rb atomic vapor
and their transitions. The probe beam Ep is applied to drive the 5
S1∕2�j1i� → 5P3∕2�j2i� transition with the detuning Δp, while the
coupling beam Ec governs the 5 P3∕2�j2i� → 5D5∕2�j3i� transition
with the detuning Δc . (c) Configuration of the lasers for generating
a 2D optically induced lattice inside the vapor cell.
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∂E
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� −
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2k0n0
∇2

⊥E − k0Δn�x, y�E, (2)

where E is the electric field envelope of the probe beam, ∇2
⊥ �

∂2∕∂x2 � ∂2∕∂y2 is the transverse Laplacian, Δn�x, y� � nR �
inI is the “effective potential” induced by the effective coupling
field according to Eq. (1), and k0 � 2π∕λp. By eliminating the
transverse term, the transmission function of the probe field at
z � L can be calculated analytically using Eq. (2) and is given
by T �x, y� � Ep�x, y, 0�e−k0Lχ 0 0∕2eik0Lχ 0∕2 [17]. In Fig. 2(f ), we
numerically simulate the 2D diffraction pattern by using beam
a propagation method [19]. It can be seen that a weak Gaussian
probe beam will be diffracted into a periodic pattern after
propagating in such a 2D optical lattice.

Figure 3 shows the experimental observation of the output
intensities of a weak Gaussian probe beam. In the absence of

the coupling beams, the output of the probe beam still remains
Gaussian with normal diffraction, as shown in Fig. 3(a). When
turning on the two coupling beams in the x–z and y–z planes,
respectively, a stripe pattern appears in the outputs of the probe
beam, as shown in Figs. 3(b) and 3(c). This is because discrete
diffraction occurs when the probe beam passes through the op-
tical lattice induced by the interference of the coupling beams.
When the four coupling beams are present simultaneously, a
square lattice pattern appears in the output of the probe beam,
as shown in Fig. 3(d).

According to Eqs. (1) and (2), the refractive index can be
controlled by system parameters, such as the power of the ef-
fective coupling field and the frequency detunings. This means
that the diffraction pattern can also be manipulated by these
tunable parameters. Figure 4 is the observed diffraction patterns
with the different powers of the coupling laser. For a weak
coupling laser (P � 4 mW), the diffraction intensity is weak,
as shown in Fig. 3(a). With increasing power, the diffraction
pattern gradually becomes strong, as shown in Figs. 4(b)
and 4(c). When the power increases to 16 mW [Fig. 4(d)],
the diffraction pattern can be clearly seen. This is within
our expectation because as the power increases, the EIT effect
gradually opens up the individual antinodes, making more light
available for diffraction. However, with further increasing
power, a strong coupling field renders the majority part of
one period of the lattice transparent, and thus the visibility
of the diffraction pattern is reduced, as shown in Figs. 4(e)
and 4(f ). Such a wide opening period concentrates the light
on the forward direction and limits the chances of light to stray
into the higher order.

Figure 5 is the observed diffraction patterns of the probe
beam for the different two-photon detunings Δ � Δp − Δc ,
when the frequency detuning of the probe beam is fixed at
Δp � 0. It can be seen that the clearest and brightest diffraction
pattern is obtained when Δ � 20 MHz, as shown in Fig. 5(d).
As Δ moves far away from this optimal point [Figs. 5(a) and
5(f ) with Δ � −10 and 40 MHz, respectively], the dispersion
is weakened, and thus the resolution of the diffraction pattern
becomes much weaker. When Δ � 0 [Fig. 5(b)], a simple in-
spection of Eq. (1) reveals that the real part of the susceptibility
vanishes, and a 2D optical lattice with pure amplitude modu-
lation is formed. On the other hand, in the non-resonant case
(Δ ≠ 0), both phase (χ 0 ≠ 0) and amplitude (χ 0 0 ≠ 0) modu-
lations are introduced to adjust the probe beam. It is observed
that more energy of the probe beam is transferred to a higher

Fig. 2. (a) Periodical modulation of the effective coupling field
due to the four-beam interference pattern with Ωc � 2π × 6 MHz.
(b), (c) Absorption and dispersion spectra at the nodes and antinodes
of the periodic field, with Δc � 0 MHz and γ21 � γ32 � 1 MHz.
(d), (e) Spatially modified real (nR) and imaginary (nI) parts of the
refractive index modulation, with Ωc � 2π × 6 MHz, Δp � 0 MHz,
and Δc � 10 MHz. (f ) Numerical simulation of the intensity
image of the probe beam’s output, with the same parameters as those
in (d), (e).

Fig. 3. Detected image profile of a weak Gaussian probe beam
through the cell. (a) Output of the Gaussian pattern without the cou-
pling beams. (b), (c) Outputs of the strip pattern in x and y directions,
respectively. (d) Output of the 2D discrete diffraction pattern in the
x–y plane. The powers of each coupling beam and the probe beam are
given, respectively, by 16.0 mW and 3.0 mW, and the two-photon
detuning Δ � Δp − Δc � 20 MHz.

Fig. 4. Experimentally observed diffraction patterns of a
weak Gaussian probe beam propagating through 2D optical lattice
with the different powers of each coupling beam. (a) P � 4 mW,
(b) P � 8 mW, (c) P � 15 mW, (d) P � 16 mW, (e) P � 20 mW,
and (f ) P � 28 mW. The other experimental parameters are the same
as those in Fig. 3.
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diffraction pattern in such a hybrid lattice [Figs. 5(c)–5(e)] than
that in the pure amplitude lattice [Fig. 5(b)].

It should be noted that the period or lattice constant of the
2D atomic lattice can be, in principle, adjusted by varying the
angle between the coupling beams. However, the Doppler ef-
fect due to the ballistic or diffusive behaviors of moving thermal
atoms will hinder the observation of the diffraction pattern. In
our experiment, we adopt this small-angle paraxial arrangement
(θ ≈ θ 0 ≈ 0.2°) to suppress the severe Doppler effect and ob-
serve a more discrete diffraction pattern. In addition, increasing
the temperature of the Rb cell can effectively enhance the
atomic density and can thus generate a larger refractive index
constant. Here, the temperature is controlled at about 377 K
with an atomic density of ∼7.68 × 1012 cm−3. In addition to
the square lattice, other types of complex lattice structures, such
as honeycomb lattice, kagome lattice, and Lieb lattice, can
also be constructed in the current system by choosing an
appropriate configuration of lasers.

In conclusion, we have experimentally realized a 2D opti-
cally induced atomic lattice in a coherently prepared three-level
85Rb atomic medium inside a vapor cell. The changes in the
discrete diffraction patterns of this 2D lattice under different
coupling laser intensities and two-photon detunings have also
been investigated. We have found that there are optimal con-
ditions for the observation of diffraction patterns. Our work
may pave the way for studying not only the control of light
based on the periodically modulated medium, but also studying
interesting physics, such as optical solitons [30], electromag-
netically induced Talbot effect [33], and parity-time-symmetric
related phenomena [34,35].
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