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Electromagnetically induced moiré optical lattices in a coherent atomic gas

3 Collaborative Innovation Center of Light Manipulations and Applications, Shandong Normal University, Jinan 250358, China

Zhiming Chen'??3, Xiuye Liu'%, Jianhua Zeng!*1

1 State Key Laboratory of Transient Optics and Photonics, Xi’an Institute of Optics and Precision Mechanics of
Chinese Academy of Sciences, Xi’an 710119, China
28chool of Science, East China University of Technology, Nanchang 330013, China

4 University of Chinese Academy of Sciences, Beijing 100049, China
Corresponding author. E-mail: tzengjh@opt.ac.cn
Received November 21, 2021; accepted February 15, 2022

Electromagnetically induced optical (or photonic) lattices via atomic coherence in atomic ensembles
have recently received great theoretical and experimental interest. We here conceive a way to generate
electromagnetically induced moiré optical lattices — a twisted periodic pattern when two identical
periodic patterns (lattices) are overlapped in a twisted angle () — in a three-level coherent atomic
gas working under electromagnetically induced transparency. We show that, changing the twisted
angle and relative strength between the two constitutive sublattices, the moiré Bloch bands that
are extremely flattened can always appear, resembling the typical flat-band and moiré physics found
in other contexts. Dynamics of light propagation in the induced periodic structures demonstrating
the unique linear localization and delocalization properties are also revealed. Our scheme can be
implemented in a Rubidium atomic medium, where the predicted moiré optical lattices and flattened
bands are naturally observable.
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1 Introduction

Spatial periodic structures, particularly the man-made
ones like waveguide arrays, photonic crystals and lat-
tices, as well as optical lattices, have great applications
in controlling the flow of light and matter waves because
of their intriguing structural properties (e.g., partial and
full photonic band gaps, symmetry-protected topological
spectrum) [1-11]. The fabrications of such artificial pe-
riodic structures and investigations of the peculiar wave
properties have been receiving great research attention in
past years. Of particular interest in the optics and pho-
tonic communities are the two fabricated methods, direct
femtosecond-laser writing technique and optically induced
ones, with the former being widely used in solid materi-
als where the induced photonic lattices have a permanent
refractive index (and the optical and thermal stability
of the laser machining method should be carefully pro-
cessed) and the latter applies both to solid materials and
gaseous media. The periodic structures manufactured by
the latter method are aliased as electromagnetically in-
duced gratings (EIGs), which are being extensively stud-

* arXiv: 2202.11275. This article can also be found at =
http://journal.hep.com.cn/fop/EN/10.1007/s11467-022-
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ied from both theoretical and experimental sides [12-23]
in recent years, owning to the highly tunable degree of
freedom of the induced periodic structures enabled by ex-
ternal and real-time changeable environments for both hot
atomic vapours under room temperature and ultracold
atoms (like Bose-Einstein condensates) in the nano-Kevin
regime.

Electromagnetically induced transparency (EIT) is a
unique quantum interference in coherent atomic ensem-
bles with multilevel electronic structures, where a strong
control (light) field dresses the field-coupled states and
then a weak probe field cannot feel the absorption, lead-
ing to the cancellation of strong absorption completely
in the induced transparency’s spectral region and thus
making the atomic medium transparent [24]. Interest-
ing properties and promising futuristic applications that
are closely associated with the EIT in an all-optical way
include (but are not limited to) coherent population trap-
ping, greatly enhanced nonlinear susceptibility, steep dis-
persion, slow and fast light, shape-stable coupled exci-
tations of light and matter (the so-called dark-state po-
laritons), light storage (including nonlinear wave localiza-
tion), communications and computations in both classic
and quantum regimes [25-38]. Particularly worth men-
tioning is the fact that, the EIGs with tunable optical
properties (lattice depth, periodicity, structural arrange-
ment, etc.) under EIT regime are pushing towards the
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realization of those application targets [12-23].

In very recent years, scientists are progressing toward
the realization of novel periodic structures, and partic-
ularly moiré patterns [39, 40] — two-dimensional (2D)
twisted structures of two identical periodic structures
overlapped in a twisted angle (§) — are entering the op-
tics and photonics communities while their fabrication by
means of EIGs in gaseous medium still remains blank.
Here a realizable all-optically way depended on the afore-
mentioned optically induced technique for fabricating the
moiré optical lattices in a three-level A-type atomic system
under EIT is conceived. Rich and interesting extremely
flat bands of the underlying band-gap structures are dis-
covered for the electromagnetically induced moiré optical
lattices, showing unique linear localization and delocaliza-
tion moiré physics for light propagation as displayed in
other 2D moiré structures reported elsewhere [39].

2 Theoretical model

Our fundamental theory relates to light propagation in a
three-level A-type coherent atomic ensemble working in
EIT regime, as described in Fig. 1(a). A weak probe field
with half-Rabi frequency 2, and center angular frequency
wp dresses ground state |1) to excite state |3), and a very
strong continuous-wave control field with half-Rabi fre-
quency (). and center angular frequency w., modulated
periodically in spatial, connects metastable state |2) to
excite state |3). The spontaneous emission decay rates of
transitions |3) — |1) and |3) — |2) are represented by
I'13 and I'y3, and the detunings Ay = wp — we — way and
A3z = wy,—ws respectively, here w;; = (E;—E;)/h with E;
being the eigen energy of state |j). To obtain the electro-
magnetically induced moiré optical lattices under the EIT
condition, the control field (after simplification) is chosen
as the periodic function of spatial coordinates (z, y), i.e.,

Qc(xa Z/) = QcO[1 + f(xa y)] (1)

Here Q.o is a constant describing the magnitude of the
control field, and f(z,y) = €;(cos? x+cos? y)+ez(cos? 2’ +
cos?y’), €1,2 > 0 being the modulation depth (amplitude)
of the two optical lattices with the same periodicity .
The rotated (z’,y’) plane at a rotating angle 6 yields

'\ _ [cos —sinf x
<y’> o <sin9 cosf > (y) ’
For discussion, we define the strength contrast as p =
€1/€2. The contour plot of the control field Q.(z,y) given
by Eq. (1) taken as moiré square lattice is displayed in Fig.
1(b), showing a spatial twisted displacement compared to
the conventional square lattice.

By adopting the standard Maxwell-Bloch equations
that describe the propagation of probe field €2, and after

(2)
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Fig. 1 (a) Theoretical configuration of a A-type three-level
atomic system that induces moiré optical lattices under EIT.
A weak probe field Q,, couples the ground state |1) to the ex-
cite state |3), and a strong space-dependent control field €.
couples the metastable state |2) to the excite state |3). The
spontaneous emission decay rates of transitions I'13, 23 and de-
tunings Ag 3 are defined in the text. The combined effect of
weak probe and strong control fields, 2, and €., kindles the
standard EIT regime. (b) Contour plot of the spatial peri-
odic modulated control field Q.(z,y) that is taken as a moiré
pattern (shaded blue, pattern minima; shaded red, pattern
maxima) at € = ez = 1 with rotation angle § = arctan(3/4).
The black arrows denote the primitive vectors.

substitution as detailed in Supplement Information, we
have the dimensionless 2D envelope equation:

JO0u 1/ 0? 02

8762 + (9772> u + VOL(T‘)U,

where the dimensionless variables are defined as spatial
coordinates r = (&, n) = (z, y)/R, u = Q, /Uy, and propa-
gation distance s = z/Lps with typical diffraction length
Lpis = waQ/c. Here Uy and R are the typical Rabi
frequency and beam radius of the probe field. The coef-
ficient of the last term in Eq. (3) represents the induced
moiré optical lattice potential with lattice depth Vj [See
Supplement Information]:

Vo

Vou(") =~ e e

(4)

The theoretical model considered here can be realized
in realistic physical systems. Specifically, the energy levels
1), |2), and [3) can be selected respectively as 52S; jo(F =
1), 5281 /2(F = 2), and 5°Py5(F = 2) states of 5Rb
atoms tuned to D1-line transition [41], and the decay rates
are given by I'y ~ 1.0 kHz, and I's ~ 5.75 MHz, and
Ip13| = 2.54 x 10727 C-cm. To achieve the dimensionless
2D envelope equation (3), other parameters are chosen as
N, =3.69 x 10'°V em~3 (14 is a real constant denoting
lattice depth), Q. = 1.0 x 107 Hz, R = 36 um, A; = 0,
Ay = 1.0 x 10° Hz, and Az = 1.0 x 10* Hz, and thus
the typical diffraction length is Lpir = 1.0 cm. Note that
these parameters are used in all our calculations reported
below.
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Fig. 2 Contour shapes of the electromagnetically induced moiré optical lattice potentials (shaded blue, potential minima;
shaded purple, potential maxima) with different parameters: (a) twisted angle 8 = arctan(3/4) and strength contrast p = 1
(1 = e2 = 1), (b) 0 = arctan(3/4) and p = 0.25 (e1 = 0.4, e2 = 1.6), (c) 6 = arctan(5/12) and strength contrast p = 1. We
have set Vy = 20 for panels (a—c). (d) The first Brillouin zone of the induced lattice potentials in the reciprocal space; signed are
high symmetry points (I, M, X). The linear Bloch-wave spectra (expressed by propagation constant /) of the induced optical
lattice at twisted angle 6 = arctan(3/4) with (e) varying Vo and p = 1, (f) different ratios p and Vo = 20. Band-gap structures
of the lattices at p = 1 and Vp = 20 and under different twisted angles: (g) 6 = arctan(3/4) and (h) 8 = arctan(5/12).
(i) Band-gap structure with p = 0.25 and Vp = 20 at § = arctan(3/4). I and II in panels (e-i) represent the first and second

finite band gaps, respectively.

3 Numerical results

We stress that once again the electromagnetically induced
moiré optical lattices [given in Eq. (4)] provide a rotational
degree of freedom for the periodic structures, in contrast
to those conventional periodic optical patterns formed also
under the EIT condition. As pointed out elsewhere [42],
when Pythagorean angle is satisfied, § = arctan(a/b),
cos ) = a/c and natural numbers (a, b, ¢) obey a?+b* = ¢?,
the moiré optical lattices Eq. (4) can be defined as periodic
structures in the first Brillouin zone, and then the corre-
sponding band gap structures can be easily obtained using
the Bloch theory. To this end, the probe field v can be
written as u = U(r) exp(i8s), where § is the propagation
constant, and the stationary envelope U(7) can be sought
as the form U(r) = ¢g(r) exp(ik - r), here the wave vec-
tors k = (kg, ky) are confined to the first reduced Brillouin
zone of the moiré optical lattices, and ¢g(r) = ¢dr(r + d)
is a periodic Bloch function having the same periodicity
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d as the lattices. Then the dispersion relation of the 2D
Bloch waves, §(k), can be found by calculating the linear
eigenvalue problem:

B (% + ikz>2 —Vou(r)

Numerically, we adopt the plane wave expansion
method [2] to calculate the eigenvalue problem (5), pe-
riodic boundary condition is applied based on the Bloch
theory. Such processing way is matured in optics con-
text for processing photonic crystals, more details could
be referred to Ref. [2].

Figures 2(a)—(c) display the shapes of the induced moiré
optical lattices under different Pythagorean angles 6 and
strength contrast as p = €1/e2 with V) = 20. To calcu-
late the associated band gap structures, we have given the
first Brillouin zone in the momentum (reciprocal) space
(kz, ky) in Fig. 2(d), whose exact values can be tuned to
portray the electromagnetically induced moiré lattice po-
tentials with varying twisted angles 6. The linear band-

o(r) = B(k)Pr(r). (5)
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gap structures of the lattices, described as propagation
constant g versus lattice depth Vj and versus strength con-
trast p (= €1/ea), are respectively displayed in Figs. 2(e)
and (f). It is observed from the former that the width of
the first finite band gap widens and more higher band gaps
emerge with an increase of V. At Vy = 20 while increas-
ing p, the first finite band gap widens whereas the second
gap narrows, according to the latter. The rich spectra
(and the variation rule with changing V; and p) of the
moiré lattice potentials in Figs. 2(e) and (f) supplement
and enrich the band-gap properties of the moiré patterns
in other optics backgrounds [39, 40, 42], implying the pos-
sibility of finding flat band feature of the induced lattices
in our model.

At a defined V) and p, the underlying band-gap struc-
tures of the induced moiré lattice potentials change dra-
matically with different twisted angle 6, comparing the
Figs. 2(g) and (h); interestingly, there are a lot of flat-
ten bands, which are a unique feature of moiré pat-
terns [39, 40, 42]. One can see that at § = arctan(3/4),
there exists a wide first band gap and the second gap
is in a moderate width; keeping other conditions con-
stant while setting § = arctan(5/12), a much wider first
gap is emerged and the second gap shrinks greatly. The
strength contrast p is also an important parameter that
can change the band-gap structure of the induced moiré
lattices, through changing it, the widths of the first finite
band gap and the second one can be tuned almost by will,
according to Fig. 2(i) and as compared with Fig. 2(g). As
emphasized above, the electromagnetically induced peri-
odic structures have a tunable advantage, since the power,
structural arrangement, and dimensionality of the laser
fields could be modulated based on the experimental re-
quirements; in this respect, not only the moiré square lat-
tices described here, but also the moiré aperiodic lattices
and the hitherto unexplored spectrum property can also
be envisaged, which will be the future direction.

The most recent theoretical predictions and experimen-
tal progresses of moiré lattices in optics community have
proven the spectacular linear localization mechanism pro-
vided by the flat bands of the lattice [39, 43-47]. It is thus
natural to ask whether such new localization paradigm or
regime can be complied with in our electromagnetically
induced moiré optical lattices. Our answer is a definitely
yes. Figure 3 demonstrates such linear localization and
delocalization properties of light propagation in the moiré
optical lattices introduced here when it propagates to
s = 2, 4, 6, respectively. Under delocalization paradigm,
light propagation in the moiré lattice undergoes the typi-
cal diffraction pattern along the propagation distance, as
seen in Figs. 3(a)—(c) for such evolutions at twisted angle
0 = arctan(3/4) with strength contrast p = 1 and lattice
depth Vy = 1; under the localization regime offered by
the flat bands, both the shape and strength of the input
light could be well conserved, as displayed by two typical
examples in the second line and the third one of Fig. 3 at
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Fig. 3 Linear propagations of light (module, |u|) in the in-
duced moiré optical lattices at twisted angle § = arctan(3/4)
and different propagation distance s [s = z/Lpis, as given be-
low Eq. (3)] displaying delocalization [(a—c)] and localization
[(d—f)), (g—i)] properties. Other parameters: (a—c) strength
contrast p = 1, lattice depth Vo = 1; (d-f) p = 1, Vo = 20;
(g-1) p = 0.25, Vo = 20. (j—1) show the linear propagations
of light in the induced moiré optical lattices at twisted angle
0 = arctan(5/12) with p = 1, V5 = 20 for the light propagating
to s =2, s =4, and s = 6, respectively. £, n € [—12, 12] for
all panels.

twisted angle § = arctan(3/4) and Vp = 20 with p = 1
and p = 0.25, respectively. It is seen that the localized
light in Figs. 3(g)—(i) has more weak side patterns com-
pared to that of Figs. 3(d)—(f), this difference is induced
by the different configurations of the moiré optical lattices
[as comparing the Figs. 2(a) and (b)], apparently, there is
a stronger Bragg diffraction since the existence of several
higher sublattices around the lattice minima for the case
of p = 0.25. We also demonstrate that the twisted angle of
the moiré optical lattices has a great impact on the light
propagation, Figs. 3(j)—(1) display the linear propagations
of light at twisted angle 6 = arctan(5/12) with p =1 and
Vo = 20, which reveals that the shape and position of light
change as the twisted angle changes in the localization and
delocalization mechanisms. It is relevant to mention that
the light evolutions in Fig. 3 are produced by means of
both the fast-Fourier transform and fourth-order Runge-
Kutta methods, and both methods can smoothly match.
The initial light input we used is the 2D Gaussian beam
with appropriate amplitude and waist.

4 Conclusion

Summarizing, we have conceived a way to generate 2D
moiré lattice potentials in a coherent atomic ensemble us-
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ing the optically (electromagnetically) induced method.
We find that the lattice depth Vj, twisted angle 6, and
strength contrast p could have great influences on the
shapes and the band-gap structures of the resulting moiré
lattice potentials, emphasizing the flat band property.
The extraordinary localization and delocalization abilities
of the induced moiré lattice are also confirmed. Consider-
ing the fact that our theoretical analyses are based on the
realistic atomic media with realizable parameters, the pre-
dicted electromagnetically induced moiré lattices and the
associated moiré physics can be readily observed in exper-
iments. Future research interests may be paid attention to
the moiré aperiodic lattices at non-Pythagorean angles 6
and in nonlinear situation where the nonlinear localization
of light in atomic gases is yet to be explored.
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materials are available in the online version of this article at
https://doi.org/10.1007/s11467-022-1153-6 and http://journal.hep.
com.cn/fop/EN/10.1007/s11467-022-1153-6 and are accessible for

authorized users.
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