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In this Letter, we have investigated experimentally the pho-
tonic realization of a moving lattice with an instantaneously
tunable transverse velocity in a three-level A-type warm
85Rb atomic medium. The dynamic photonic lattice moving
along the direction of its spatial periodicity was constructed
by introducing a frequency difference (determining the
velocity) between two coupling beams, whose interference
pattern could optically induce a (spatial) periodic refractive
index change inside the atomic vapor under electromagneti-
cally induced transparency. When a Gaussian probe field
is launched into this optically induced lattice, the output
diffraction patterns can shift along the transverse direction,
indicating dynamical features of induced photonic struc-
tures. The realization of this effectively controllable moving
photonic lattice provides a new platform for guiding the
transportoflight. ©2021 Optical Society of America

https://doi.org/10.1364/0L.434164

Engineering photonic waveguides periodically can form pho-
tonic lattices with desired dispersive band structures so that the
spatial transport of light in photonic lattices exhibits a rather
unique advantage of directly mapping the temporal evolutions
of wave function in semiconductor crystals [1-3]. During past
few decades, great research efforts have been made to investigate
the interactions between light and linear/nonlinear photonic
lattices, and a variety of remarkable optical properties have
been demonstrated, including non-Hermitian phase transition
[4-6], photonic topological insulators and topological las-
ing [7-9], localized states [10,11], and edge states [12,13].
To date, the capability of manipulating light waves using
photonic lattices is still a current topic, and waveguides are
arranged in different geometries to form peculiar photonic band
structures. Recent studies have further extended research to
super-honeycomb lattices: hybrid fermionic and bosonic sys-
tems [14,15], sawtooth lattices with non-diffractive flat bands
[16,17], Moire lattices composed of two periodic photonic
structures [10,18], and even photonic lattices with synthetic
dimensions [19].

Most of the earlier works included static photonic lattices,
while the unique properties of moving photonic lattices remain
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to be explored further. Compared to traditional stationary
periodic structures, one interesting feature in a one-dimensional
moving photonic lattice (with a speed along the direction of
its spatial periodicity) is that the band gap can dynamically
shift to a different frequency range by controlling the moving
velocity [20]. In addition, the light travelling in a linear moving
photonic lattice may exhibit intriguing phenomena akin to
nonlinear effects under relativistic condition [21]. For example,
a moving photonic lattice was constructed in a coherently pre-
pared multi-level atomic system, and by measuring the output
reflection and transmission spectra, optical isolation is clearly
and visually demonstrated with the assistance of the relativistic
Doppler effect [22]. This kind of dynamic photonic lattices is
established by optically moving a standing-wave pattern (by
detuning the two counter-propagating components forming
the standing wave slightly) under electromagnetically induced
transparency (EIT) [23], instead of mechanically moving any
physical components forming the setup. Motivated by that early
work, the discrete transport dynamics is theoretically predicted
in a moving photonic lattice in a coherent atomic gas [24],
which opens the door for demonstrating the discrete character-
istics of optical waves in dynamic photonic lattices formed in
coherent multi-level atomic media.

Following the recent advances, such as parity-time symmetry
[25] and spin-orbit coupling based on pseudospin [26,27],
in static photonic lattices induced in EIT atomic systems
[12,28-30], we experimentally demonstrate the discrete
dynamic characteristics of a Gaussian probe beam passing
through a moving photonic lattice, established in a three-level
rubidium atomic vapor system. A coherent multi-level atomic
medium allows in situ reconfigurability of an optically induced
lattice, thus enabling the construction of a rapidly adjustable
moving photonic lattice. The transverse speed of the lattice is
introduced by a slight frequency difference between the two
coupling laser beams, whose interference pattern modulates the
refractive index in a spatially periodic manner under the EIT
condition. As a result, the output of the incident probe beam
exhibits discrete spatial patterns with the same periodicity as the
formed standing wave. By controlling the frequency difference
to effectively manipulate the moving velocity of the photonic
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lattice, the motion of the output-discretized probe field is
clearly observed along the direction of its spatial periodicity,
namely, the transverse x direction in the current work. Such
frequency-dependent motion of the output patterns advocates
the formation of an instantaneously reconfigurable moving
photonic lattice. In the meantime, the readily tunable moving
speed determined by the frequency difference also provides a
new degree of freedom to manipulate the discrete behaviors of
light beam propagation.

The experimental scheme is illustrated in Fig. 1(a). Two laser
fields co-propagate inside an atomic vapor cell to suppress the
first-order Doppler effect, and an EIT window can be effectively
generated in the driven A-type atomic configuration shown
in Fig. 1(b). The three-level atomic setting is composed of the
hyperfine states F = 2 (level |0)) and F = 3 (]2)) of the ground
state 5572, and one excited state 5 Py 5 (|1)) of Rb atoms. The
coupling field connecting the transition |2) — |1) is a standing
wave formed by two elliptical Gaussian coupling beams E,
(frequency w;, Rabi frequency €25, wavelength A, 2 795.0 nm)
and E) (0}, 25) from the same external cavity laser diode.
They are arranged to propagate in the same angle of 6 = 0.25°
with respect to the z-axis and intersect at the center of the vapor
cell to establish an interference pattern in the transverse x
direction. One coupling beam EY is set to pass through two
acoustic optical modulators (AOMs) successively to obtain
small frequency modification. The first AOM provides a fre-
quency shift of ~200 MHz, while the second AOM gives a shift
of approximately —200 MHz in a double-pass configuration,
which guarantees a constant output direction of the required
E’, when the frequency shift changes. As a result, the frequency
difference § = w)—w; between the two coupling components
can be tuned in the range of 0 to 1 MHz, necessary for the gen-
eration of the moving lattice. With the Gaussian probe field
E, (w1, A1 ~795.0 nm, driving the transition [0) — |1))
from the other ECDL injected into the lattice, a discrete
diffraction patterns with the same period as the standing-wave
coupling field can occur around the EIT window, requiring
the two-photon resonance condition A;—A; =0 [6,31]. The
transmitted probe field is monitored by a charge-coupled device
camera.

The probe beam experiences discrete behaviors because it can
be confined at the lattice sites (individual waveguide channels)
of the electromagnetically induced photonic lattice, which
is accomplished by engineering the periodic refractive index
with a high nodes—antinodes contrast. Such spatially modified
refractive index as a function of the transverse coordinate x
is caused by the periodical modulation of the coupling field
intensity from the two-beam interference. The refractive index
is given as 7 =[14+xM]/2 ~ 1+x1V /2, and by considering
that #n = no + An, where ny =1 is the background index of
the atomic medium and Az is the refractive index modulation
arising from the coupling field, the refractive index modulation
in the current EIT system is Az ~ x (1) /2.

Theoretically, the first-order susceptibility of the EIT
medium is expressed as xV =i N|wio|*[heo(dio+|2 +
Q)|2/dr)]1™" [23], where N is the atomic density;
Q= w;E;/h is the Rabi frequency of a transition |7) — | /),
with E; being the electric field from the laser beam and
being the electric dipole momentum (7, 7, and / being integer
numbers); 4y =119 +iA1 and drg =Tyg + (A — Ay), with
I defined as the decay rate between the energy levels |¢) and
| 7). Considering the frequency difference 8 between the two
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Fig. 1. (a) Experimental setup. The polarizations of the probe
beam E; and coupling beams E, and E) are perpendicular, and
double-headed arrows and filled dots represent horizontal and ver-
tical polarizations of the beams, respectively. HW, half-wave plate;
QW, quarter-wave plate; HR, high-reflectivity mirror; PBS, polari-
zation beam splitter; BS, beam splitter; CCD, charge-coupled device
camera; AOM, acoustic optical modulator; P, polaroid; L, lens; LB,
light barrier. The standing-wave coupling field exhibits a periodicity
of d=»x,/(2sinf) ~ 91 um along the transverse x direction. The
7.5-cm-long atomic cell is wrapped by pt-metal sheets and a heat tape,
to shield magnetic fields and control the atomic density, respectively.
(b) Three-level A-type atomic configuration. There is a small fre-
quency difference 8 between E; and E),. The term A (resp. A or A))
denotes the frequency detuning between the resonant frequency for
transition |0) — |1) (resp. |2) — |1)) and the frequency of E; (resp.
E,orE}).

coupling beams, the standing wave acting as the coupling field
E. can bewritten as

190 + Q) * = (u12/)[E5 + ES + 2E, E) cos(8t + 2k.x) ],
(1)

where k. = (ky + #)(sinf)/2, with k, (#)) defined as the
wave vector of E; (E}). Clearly, when the two coupling beams
have no frequency difference (8§ =0), the interference term
|Q, + Q5|? can exhibit a periodic intensity distribution along
the transverse x direction, as shown in Fig. 2(a), where the pho-
tonic lattice channels always keep parallel to the z-axis. Such a
standing-wave coupling field can lead to the spatially periodic
distribution of the susceptibility under the EIT condition, and
an immediately reconfigurable photonic lattice (an exact static
lattice) is effectively induced in the atomic vapor. In addition,
the probe beam will propagate along the z-axis. However, for
8 #0, the lattice waveguides gradually depart the z-axis at a
transverse speed v = —8/2k, during propagation, and a moving
lattice is formed. If § is constant, the lattice moves along x at
a fixed speed. When § is positive and negative, the lattice will
move along +x and —x, respectively [Figs. 2(b) and 2(c)]. Note
that since the frequency difference 8§ is much smaller than w,,
the variation of § affects 4, negligibly. Further, if § increases
linearly with time #, i.e., 8 = or# (where « is the measure of accel-
eration), theoretically, the lattice will move along x at a linearly
increasing speed and will exhibit a parabolic trajectory inside the
atomic vapor along the propagation direction [24]. However, in
experiment, due to the limited length of the medium and high
speed of light, the curvature of the parabolic lattice can be so
small that demonstrating unique features of bending lattices is
quite challenging.

The transport dynamics of the probe field £ inside the mov-
ing lattice is governed by the Schrodinger-like equation [32,33]:

a 92
i—E(x,2)=

k
oz B = TxVEix 9, (@)
1



4098 Vol. 46, No. 17 / 1 September 2021 / Optics Letters

Fig. 2.  Schematic diagrams of optical lattices inside the medium
with the frequency difference set as (a) § =0, (b) § = —1 MHz, and
(c) § =1 MHz. (d) Simulated propagation behaviors of the Gaussian
probe field inside the moving lattice with § =1 MHz, A; =0, and
Az =—10 MHz.

Fig. 3. Output patterns of the probe beam (captured at the output
surface of the vapor cell by a CCD camera) depicting different moving
lattice waveguides, for different § values.

where E; is the electric-field envelope of the incident probe
beam, and #; = 2w ny/A; is the wavenumber with 7y = 1 being
the background refractive index. The simulated propagating
dynamics of the probe beam in a moving lattice is shown in
Fig. 2(d), which demonstrates that the probe beam travelling
inside the lattice gradually departs from the initial x position and
experiences an oblique trajectory in the (x, z) plane.

We first observe the propagation of the probe beam in the
moving lattice at different speeds via the frequency difference
8. By launching the Gaussian probe beam into the coupling
lattice, a clear discrete light pattern can be observed at the out-
put plane of the cell with the two-photon detuning A; — A,
ranging from —30 MHz to 30 MHz. Figure 3 depicts the output
distributions of the probe field for different § values. In experi-
ment, by adjusting the controlling voltage on the driver of the
double-pass AOM for coupling beam E, Al is set to make
8= A}, — A, discretely change from —30 kHz to 40 kHz with
A} — A; =10 MHz at A; = 0. Compared to the situation of
8 =0, the output diffraction patterns at positive and negative
8 values move along respective —x and +x directions, and the
displacement is more obvious for larger |8]. This observation
is easily understood if one recalls that v = —§/24,, so that the
photonic lattice moves in opposite directions for § > 0 and
8 <0, as the simulation is shown in Figs. 2(a)-2(c), and the
bigger |8| results in a higher speed v, as well as in larger dis-
placement along x for the same propagating length. Excellent
agreement between the observations shown in Fig. 3 and the
theoretical explanation indicates that frequency difference &
can certainly give rise to a moving photonic lattice, to guide the
discrete propagation dynamics of the incident probe beam.

Another advantage of such induced photonic lattice based on
atomic coherence is that the increase of atomic density (deter-
mined by the temperature of the atomic sample) is translated
directly into the extension of the propagation path length of the

Fig. 4. Observed propagation dynamics of a Gaussian probe beam
inside the moving lattice with § = —65 kHz. For the top-to-bottom
sequence, the panels demonstrate the output probe patterns by
increasing atomic temperature.

probe beam inside the lattice [34]. Thus, increasing the temper-
ature of the medium allows us to easily detect detailed dynamical
behaviors of the probe beam inside a moving photonic lattice.

As shown in Fig. 4, by adding proper voltages to the two
AOM drivers for E), to make the frequency difference fixed at
8 = —65 kHz, we increase the temperature of the medium from
95°C to 125°C and observe the transport dynamics of the probe
beam. Apparently, the output discrete pattern moves uniformly
along the x-axis, and the transverse displacement increases with
the rising of the atomic temperature (denoting the expansion
of travelling distance), which agrees well with the predictions
shown in Fig. 2(c), where the discrete patterns gradually get
far away from the z-axis with the expansion of propagation
distance. The observations advocate that the photonic lattice
has acquired a transverse speed, namely, realizing a moving
optical lattice with a readily tunable speed established via atomic
coherence.

In summary, in this Letter, we have experimentally demon-
strated the discrete propagation dynamics in an easily
reconfigurable moving photonic lattice induced in an EIT
atomic system. The induced moving photonic lattice, regulated
by the frequency difference between the two beams “writing”
the lattice in the atomic system, provides a unique platform
for manipulating the discrete behaviors of light in a periodic
environment. Furthermore, the moving lattice can potentially
exhibit accelerating behaviors by linearly increasing (chirping)
the frequency difference between the two coupling beams.
Actually, from the viewpoint of experiment, the improvement
in the linewidth of coupling laser beams can result in a clear
interference fringe for a larger frequency difference, far beyond
hundreds of KHz (limited by the ~1 MHz linewidth of the
laser sources) adopted in the current work. A larger frequency
difference can lead to a higher moving speed, and the acceler-
ating characteristics of the moving lattices may become more
apparent. Therefore, the current work paves the way for demon-
strating the predictions such as optical Bloch oscillation, Zener
tunneling [24], and light scattering [35] in accelerating lattices.
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