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Abstract: The photonic graphene in atoms not only has the typical photonic band structures
but also exhibits controllable optical properties that are difficult to achieve in the natural
graphene. Here, the evolution process of discrete diffraction patterns of a photonic graphene,
which is constructed through a three-beam interference, is demonstrated experimentally in a
581/2=5P32—5Ds), 85Rb atomic vapor. The input probe beam experiences a periodic refractive
index modulation when traveling through the atomic vapor, and the evolution of output patterns
with honeycomb, hybrid-hexagonal, and hexagonal geometric profiles is obtained by controlling
the experimental parameters of two-photon detuning and the power of the coupling field. Moreover,
the Talbot images of such three kinds of periodic structure patterns at different propagating planes
are observed experimentally. This work provides an ideal platform to investigate manipulation
the propagation of light in artificial photonic lattices with tunable periodically varying refractive
index.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Propagation of light in dielectric media with a periodically varying refractive index can mimic
the physical properties in discrete systems [1,2]. Artificial photonic lattice is a kind of periodic
dielectric structure, which possesses all essential characteristics of a nature photonic crystal
(e.g., Brillouin zones, and bandgap) but with more beneficial advantages such as the arbitrarily
fabricated geometric structuers and simulations of peculiar physics that can not be realized in
nature [3—5]. When light injects into a few neighboring sites of lattice, it couples to more and
more sites, leading to a spatial broadening of its initial intensity profile [6,7]. Such process is
so-called discrete diffraction, which can be deliberately engineered by modifying configuration
of the lattice [2,8], allowing one to manipulate the light propagation.

The artificial photonic lattices are mainly investigated in solid materials by the femtosecond
laser writing technique. The continuous variation of the refractive index can be achieved by
moving the sample transversely to the beam due to the high energy densities in the focal region
[9,10]. It has advantages of on-demand and convenient operation but inevitable faces the
limitation that the refractive index of the resulting lattices lacking of tunability. On the other hand,
the optically induced method in atomic medium has recently emerged as promising alternatives
to construct photonics lattices, which arises from utilizing a multi-beam interference dressing
field to periodically manipulate the optical response of the medium under the condition of
electromagnetically induced transparency (EIT) [11-13]. Such multi-beam interference method
can also be used to construct lattices with inversion symmetry broken, which proves a novel
platform for research of valley Hall effect and topological insulators in atomic vapors [14,15].
Owing to the instantaneous reconfigurability of coherent multilevel atomic systems, the resulting
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photonic structure are highly tunable, which makes such a structure becoming a good carrier
for allowing the manipulation of parameters that are not alterable in solid materials [16—18].
Very recently, some complex electromagnetically induced photonic lattices, such as Kagome and
Lieb lattices with localized flatband states, had made preliminary explorations in atomic medium
based on spatial light modulator [19,20]. The superior tunability of discrete diffraction patterns
of electromagnetically induced photonics lattices has been researched widely in one-dimensional
(1D) and square lattice for two-dimensional (2D), which promise realizations of all-optical device
[21-25], formation of vector dipole solitons [26,27], and simulation of non-Hermitian physics
[28-30].

The photonic graphene, also named as honeycomb lattice, is a kind of artificial photonic
lattices with a periodic refractive index of honeycomb profile [9]. Analogous to physical
single-layer graphene, the honeycomb lattice has a prominent important role in optics for potential
applications in optical capture, optical control, optical communication, and optical integrated
circuits [31]. The three-beam interference induced photonic graphene in atomic vapor leading
to the observation of topological defects [32], edge states [33], and spin-orbit coupling [34].
Remarkably, the periodic refractive index with honeycomb profile is theoretically adjusted by
optical parameters, which can modulate the photonic band structure topology [18,35], resulting
the discrete diffraction patterns with honeycomb and hexagonal profiles [13]. Very recently, the
inversion of the diffraction patterns from honeycomb to hexagonal profiles was preliminarily
investigated [36]. However, the two kinds of patterns are not existed separately. They have a
dynamic evolution process that involves complicated hybrid states (the pattern includes both
honeycomb and hexagonal profiles, i.e., hybrid-hexagonal profile), which have been theoretically
predicted [36] but without experimental observation until now to our best knowledge. This
dynamic evolution originates from the refractive index transition of the system, which is exhibited
by the continue transformation of discrete diffraction pattern geometry on the space. The hybrid-
hexagonal states contain more complex structure, provide driving force in the advancement of
atomic topological systems. A complete evolution of discrete diffraction patterns can reveal
clearly the dynamic modulation of the medium, and makes the manipulation of light propagation
more fascinating.

In this work, we demonstrate a complete evolution of a light wave discrete diffraction in
photonic graphene in a three-level cascade-type 8Rb atomic configuration. The evolution is
achieved by spatially engineering the refractive index of the photonic graphene, which is optically
induced in atomic vapor by the interference of three identical laser beams. By launching a
probe beam into the vapor cell, the discrete diffraction patterns under the EIT condition are
obtained. A complete evolution of the discrete diffraction patterns from honeycomb to hexagonal
profiles is observed by varying the two-photon detuning. In this process, the near resonance of
two-photon detuning and large power of coupling field ensure the acquisition of patterns with
hybrid-hexagonal profile. Finally, these diffraction patterns, as typical periodic structures, whose
Talbot effects are also studied experimentally. This work paves a way for precisely manipulating
of light dynamics in photonics lattice with tunable spatially modulated refractive index.

2. Experimental setup

Figure 1(a) shows the experimental setup in a three-level cascade-type 3>Rb atomic configuration,
which consisting of |1) = [5S812)(F = 2), |2) = [5P32)(F = 3), and |3) = [5D5,,)(F = 4)
[Fig. 1(b)]. The coupling field E, (with wavelength A, = 776 nm, frequency w,), from a
tapered-amplified diode laser (TA pro, Toptica), is first split into two beams by the combination
of a half-wave plate (HWP1) and a polarization beam splitter (PBS1). One beam is used for EIT
reference. As shown in the inset of Fig. 1(a), the EIT spectrum is obtained by locking the probe
beam frequency on the transition of |1) — |2) and scanning the frequency of coupling beam
around the transition of |2) — |3) to ensure the frequency of coupling field. The other beam,
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frequency shifted by an acousto-optical modulator in a double-pass configuration, is split by
beam splitters (BS1-BS6) into three beams E,1, E,2, and E 3 with detuning of A; = w, — w23,
where wj; (i,j = 1,2, 3) are the resonant frequencies between the levels |i) and |j). As shown
in Fig. 1(c), these three beams propagate along z-direction with a small angle between each
other, forming an interference coupling field in atomic vapor to induce the photonic graphene.
Figure 1(d) is the simulated intensity distribution of the three-beam interference coupling field,
which shows a hexagonal profile in the x — y plane but with dark-triangular sites around bright
sites to form a honeycomb profile [13,18]. Here, the Rb vapor cell is heated by an oven to provide
an atomic density of about 3.56 X 10'> cm™3 at 92 °C, and the elastic collisions are predominant
under this condition. The corresponding experimental observation by a charge-coupled device
(CCD) shown in Fig. 1(e) agree well with the theoretical simulation, and a definite period of
d ~ 202 um is given by experimental measurement.
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Fig. 1. (a) Experiment setup, HWP: half-wave plate; M: high reflection mirror; PBS:
polarization beam splitter; EIT: electromagnetically induced transparency; BE: beam
expander; BS: 50/50 beam splitter; SAS: saturation absorption spectroscopy; L: lens; CCD:
charge-coupled device; TS: translation stage. (b) Relevant energy levels of the cascade-type
three-level configuration in 85Rb atoms. (c) Schematic plot of the photonic graphene
by three-beam interference method. (d), (e) Theoretical simulated and corresponding
experimental observed intensity distribution of interference coupling field.

The probe field E, (with wavelength 4, = 780 nm, frequency w,) from an external cavity
diode laser (DL pro, Toptica) is also spilt into two beams by the combination of a half-wave plate
(HWP2) and a polarization beam splitter (PBS2). One beam is used for saturation absorption
spectroscopy (SAS) and EIT reference. The frequency of probe beam is locked by the SAS
accurately. While the other beam with detuning of A, = w), — w2 counter-propagates with the
coupling field inside the atomic vapor. It experiences a spatially modulated refractive index under
the EIT condition, and the discrete diffraction pattern of probe beam is imaged onto a CCD via an
imaging lens. Here, the focal length of the imaging lens is 100 mm, and the distance between the
lens and the CCD is twice of focal length. A translation stage (TS) is used to move simultaneously
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the imaging lens and CCD along the z-direction to obtain the propagating behaviors of the output
patterns at different observing planes in free space.

3. Results and discussions

The optical response of the probe field in this three-level cascade-type atomic configuration can
be described through the spatially modulated susceptibility as [16]

|Qeﬁ'|2

iN|pia|*
Y31 — i(Ap + AL')
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X heo ['}/21 [ZAV)
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where N is the atomic density, gy is the permittivity of free space, ujs is the transition dipole
momentum between levels |1) and [2), y; = %(Fi + I;) with I'; are the spontaneous decay rates of
the population from the excited states to ground state during the transition, which are I'j = 0
(since level |1) is ground state), I, = 27 X 6.06 MHz, and I'; = 27 X 0.45 MHz, respectively,

and Q.5 = 2,3":] chxp[ikob_n: ~7] is the effective Rabi frequency of the three-beam interference

coupling field, in which Q. represents the Rabi frequency of each coupling beams, E) =(1,0),
b= (=4, %) and by = (-1, - ),
2 2272 /) 3 2> 772

The key point of the experiment is to periodically modulate the refractive index experienced
by the probe beam. Figure 2 shows the simulated spatial refractive indices, mainly determined by
the real part of susceptibility [Re(y)] with a negligibly small imaginary part [/m(y)] [32], for
different two-photon detunings of A = A, + A.. In Figs. 2(a) and 2(b), with A<Q0, the refractive
index exhibit honeycomb profiles. Its values at the honeycomb sites are big and in the hexagonal
ones are small. When A>0, as shown in Figs. 2(c) and 2(d), the sites with the maximum
and the minimum values of refractive index are inverted with those for A<O, but still exhibits
honeycomb-like profiles [18,35,37]. In other words, the refractive index can be modulated by the
two-photon detuning, which will further determine the observed geometric profile of discrete
diffraction patterns.
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Fig. 2. Simulated spatial refractive indices of the probe beam experienced in photonic
graphene with different two-photon detunings of (a) A = —2I, (b) A = —I, (¢) A = 0.5I;,
and (d) A = I',. The other parameters are Q. = 3, I'| =0, and I'3 = 0.071;.
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According to the Fresnel-Kirchhoff diffraction and under the paraxial approximation, the
diffraction intensity distribution of the probe beam at the observation plane with a distance of z
from the output surface can be expressed as [12]

+y2  xX+yY +X2+Y2
2z 27 2z

400 +00 xZ
I(X,Y,z7) o< / / T(x, y)expliky(z + )dxdy, )
where (x,y) and (X, Y) are the coordinates in the object and observation planes, respectively,
T(x,y) = exp[—kpIm(x )L+ ik,Re(x)L] is the transmission function of the probe field, k, = 27/ A,
is the wavenumber of the probe beam, and L is the thickness of atomic medium. For completing
the integral in Eq. (2), the T(x, y) can be expanded into a 2D Fourier series as [13]

Tery)= ) Cuexpli2n(Sx+ ——y)l. 3)
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where C,,, is a 2D Fourier coefficient. By substituting Eq. (2) into Eq. (3), we can obtain the
diffraction intensity distribution along z as
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+00 2
. n - m n
I(X,Y,z) < Cy § ;w Cmnexp[—m/lpz(ﬁ + ﬁ)] X exp[z27r(EX + @Y)], @)

where the irrelevant terms have been absorbed into Cy. As the refractive index information are
contained in the 2D Fourier coefficient, the discrete diffraction patterns of probe beam can be
modulated through the parameters of photonic graphene.

Figures 3(a-e) are the numerically simulated diffraction patterns according to Eq. (4) under
different two-photon detunings at the output plane of the vapor cell (z = 0). The competition
between the intensities of honeycomb and hexagonal sites in modulated refractive index leads to
the geometric profile evolution of diffraction patterns. As shown in Fig. 3(a), the pattern with a
clear honeycomb profile is obtained for A = —2I%, since the refractive index at the honeycomb
sites is the biggest and in the hexagonal sites is nearly zero [see Fig. 2(a)]. The hybrid-hexagonal
profile, which presents as the hexagonal distribution appears in the honeycomb profile, is obtained
as shown in Fig. 3(b) of A = —I',. In this case the refractive index at the honeycomb sites
becomes small while in the hexagonal sites increases [see Fig. 2(b)]. The hexagonal intensity in
hybrid-hexagonal profile increases with the two-photon detuning more closer to the resonance,
as shown in Fig. 3(c) of A = —0.5I;. Further, the refractive index at the hexagonal sites is
stronger than that in honeycomb sites when A>0 [see Fig. 2(c)]. Thus, the hexagonal intensity in
hybrid-hexagonal profile is stronger than honeycomb intensity, as shown in Fig. 3(d) of A = 0.5I;.
Finally, the pattern with a clear hexagonal profile is obtained as shown in Fig. 3(e) of A = I,
since the refractive index at the hexagonal sites is biggest while in the honeycomb sites is nearly
zero with the two-photon detuning far from the resonance [see Fig. 2(d)]. Figures 3(f-j) are
the experimental observations by varying the two-photon detuning. A complete evolution of
diffraction patterns from honeycomb to hexagonal profiles in photonic graphene is obtained
experimentally, which agree well with numerical simulations graphically.

The patterns with hybrid-hexagonal geometric profile in the above evolution process, to the
best of our knowledge, are first discovered in our proposed system. In fact, in addition to the
near-resonant two-photon detuning, the power of the coupling field, determined by Q.4 in Eq. (1)
affects the intensity distribution of the refractive index experienced by the probe beam, also plays
a key role in the acquisition of such hybrid-hexagonal profiles. Figure 4 shows the observed
diffraction patterns with the different powers of the coupling field P, when A = -5 MHz. A
fuzzy honeycomb profile is observed when P, = 12 mW [see Fig. 4(a)]. Such a weak coupling
field results the refractive index with a small value, which is not strong enough to guide the whole
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Fig. 3. (a-e) Numerically simulated diffraction patterns of probe beam at z = 0 [Eq. (4)]
with different two-photon frequency detuning of (a) A = —2I", (b) A = -1, (c) A = —0.5T,
(d) A = 0.5I'7, and (e) A = I';. (f-j) Experimentally observed diffraction patterns with (f)
A = -30 MHz, (g) A = -15 MHz, (h) A = -5 MHz, (i) A = 5 MHz, and (j) A = 15 MHz.
Here, the powers of the coupling and probe fields are P = 75 mW and P, = 7 mW in
experiments, respectively.

probe beam into individual channel to diffract. A clear honeycomb profile is observed when
P, is increased to 21 mW [see Fig. 4(b)]. In this case, the refractive index at the honeycomb
sites becomes strong while in the hexagonal sites is nearly zero. The hybrid-hexagonal profiles
gradually appear shown in Figs. 4(c)—4(e), for the increasing P, that makes the refractive index in
hexagonal sites begins to increase. The larger P,, the stronger the intensity of the hexagonal sites
in refractive index, and the hexagonal intensity in hybrid-hexagonal profile reaches the maximum
under a large power of P, = 75 mW [see Fig. 4(f)]. Moreover, the diffraction patterns will be
destroyed with further increasing P, which is mainly because stronger coupling field will render
a wide opening individual channel that concentrates the light on the forward direction and limits
the chances of light to stray into the higher order [16]. Note that, the diffraction patterns can’t
evolve from honeycomb to hexagonal profiles with only varying P, since coupling field only
changes the intensity distribution of refractive index while not invert it like two-photon detuning.

The photonic graphene in atomic vapor, as a typical periodic structure, whose diffraction patterns
can propagate periodically along the z-direction and reproduces the initial patterns at certain planes.
Such process is so-called Talbot effect [38,39], in which the self-imaging planes are located at
integer multiples of the Talbot length, calculated in our system as Z7 = m x 3d*/ (24,) = mx78.5
mm, where d is the spatial period of photonic lattice and m is a positive integer [40]. The Talbot
image of three typical periodic structure patterns of honeycomb, hybrid-hexagonal, and hexagonal
profiles [Figs. 3(f), (h), and (j)] are further investigated by moving the imaging lens and CCD
simultaneously along z-direction. As shown in Fig. 5(a), the pattern with honeycomb profile at
z = 80 mm reproduces the pattern at z = 0, indicating the measured Talbot length is about 80 mm
basically agreeing with the theoretically calculation. A slight error from the measured position
and the calculated one is coming from the measurement deviation of length. The relatively weak
intensity of reproduced pattern is caused by the divergence of the probe beam in transmission.
The hybrid-hexagonal and hexagonal profiles are observed respectively at z = 20 mm and 40
mm [41,42], and more complicated Talbot sub-images are obtained at z = 50 mm and 65 mm.
Figures 5(b) and 5(c) are the observed Talbot images of initial pattern with hybrid-hexagonal and



Research Article Vol. 31, No. 7/27 Mar 2023/ Optics Express 11341 |

Optics EXPRESS N ‘

1

— 0
(@) (b) (©

1

. . .Io
(d) (e) (H

Fig. 4. Experimentally observed diffraction patterns of probe beam with different coupling
field powers of (a) 12 mW, (b) 21 mW, (c) 30 mW, (d) 45 mW, (e) 60 mW, and (f) 75 mW.

hexagonal profiles respectively. They also show the reproduction at z = 80 mm, and have the
similar dynamic evolution of that shown in Fig. 5(a) [43].

z=0 z=20 mm z=40 mm 7z=50 mm 7z=65 mm z=80 mm

(2)
200 pm |
(b). . - . . . ]
|()
0

Fig. 5. Talbot images of diffraction patterns with (a) honeycomb [Fig. 3(f)], (b) hybrid-
hexagonal [Fig. 3(h)], and (c) hexagonal profiles [Fig. 3(j)] at different propagation distances z.

4. Conclusions

In conclusion, the evolution of discrete diffraction patterns of light wave in photonic graphene is
demonstrated in a three-level cascade-type 8°Rb atomic configuration. Three coupling beams
propagating along the z direction are responsible for optically inducing the photonic graphene.
The input probe beam traveling through photonic graphene with a tunable spatially modulated
refractive index, and the discrete diffraction patterns are observed at the output plane of the cell.
A complete evolution of patterns from honeycomb to hexagonal profiles is observed owed to
the variation of the spatial refractive index by changing two-photon detuning. And the large
coupling field power over 45 mW in near two-photon resonance case ensures the acquisition
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of hybrid-hexagonal profiles. Moreover, the diffraction patterns with three typical periodic
structures are all reproduced, and complicated Talbot sub-images are also observed. This work
can be used to investigate intriguing nonlinear and quantum beam dynamical features that are
predicted for constructed periodic optical systems.
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