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% Check for updates Magnetic-free nonreciprocal optical devices that prevent backscattering of

signals are essential for optical information processing. The achieved non-
reciprocal behaviors mostly rely on various optical dispersive effects, leading
to dispersive modulations of the spatial beam profiles, such as broadening and
discretization, of incident signals. Such deformation inevitably reduces the
matching with subsequent functional components. Here, we experimentally
demonstrate the nonreciprocal transverse localization of light in a moiré
photonic lattice in atomic vapors. When the probe field co- or counter-
propagates with the forward coupling field with a honeycomb moiré profile,
the output pattern can exhibit localized or dispersive behavior. The non-
reciprocal behaviors (in both beam size and transmitted intensity) are from the
atomic thermal motion. A backward Gaussian coupling field is also introduced
to modulate the size and intensity of the backward probe, which experiences
dispersive propagation. The current work provides an approach to control the
transverse beam profile in nonreciprocal transmission.

The development of integrated optical information processing techni-
ques promotes the quest for magnetic-free nonreciprocal optical devi-
ces, which usually break the time-reversal symmetry to earn the desired

spatially discrete photonic structures®*. In most adopted non-
reciprocal optical platforms, the behaviors of light are essentially gov-
erned by the dispersion of optical media, which can give rise to

capability in enforcing the unidirectional transmission of optical
waves'™. Up to now, the design of high-performance nonreciprocal
optical functionalities has been realized with plenty of approaches
without the presence of bulky magnets but bypassing Lorentz recipro-
city, including valley polarization pumping®, optical nonlinearity’,
Autler-Townes splitting", Sagnac effect in resonators>”, chiral light-
matter interactions'", optically-induced magnetization' and Brillouin
scattering”, to name a few. In the meanwhile, optical nonreciprocity has
also been proposed under the frame work of obeying time-reversal
symmetry'®, The implementations of magnet-free optical non-
reciprocity, irrespective of satisfying time-reversal symmetry or not,
mostly lie in homogeneous bulk media**%, optical resonators®** and

dispersive modulations (such as spatial broadening and discretization)
on the incident light, yet with high nonreciprocal contrast of transmitted
intensities. Such deforming effects from nonreciprocal optical devices
can reduce the matching between the signals and subsequent compo-
nents for information processing and transmission.

In 2018, the concept of nonreciprocal localization of photons was
proposed in a 1D moving photonic lattice with an embedded static
defect®. Such a dynamical periodic configuration based on electro-
magnetically induced transparency (EIT)* in an atomic system produces
a localized state or scattering mode for photons traveling in opposite
directions, leading to nonreciprocal transmission. Very recently, non-
reciprocal 1D solitons were reported in a spinning Kerr resonator* and in
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active metamaterials®. Optical solitons, resulting from the balance
between dispersion and nonlinearity®, can also cancel the dispersive
effects but with a threshold for the input power. This indicates that
nonreciprocal solitons are applicable for situations involving relatively
strong signals. However, no transverse effects were studied in these
works. The transverse beam profile is important for beam matching
between the nonreciprocal devices and follow-up optical components.
Transverse localization could be promising in counteracting the dis-
persive propagating effects in magnetic-free nonreciprocal optical
devices, but it has not been experimentally observed so far.

In this work, by combining the Doppler frequency shift from the
thermal motion of atoms and flat bands from moiré structures, we
demonstrate the nonreciprocal optical transverse localization in a
honeycomb moiré photonic lattice optically induced in a three-level
Rb atomic vapor cell. Actually, thermal atoms with Doppler effect,
which can produce direction-dependent frequency shift on involved
laser fields to destroy the EIT effect, have acted as a powerful platform
in conducting nonreciprocal propagation of light”*® in the long-
itudinal z direction. Also, the optical diode made from a 1D moving
photonic lattice has been experimentally demonstrated in atomic
vapors, where the motion of the lattice breaks the time-reversal
symmetry®’. However, the extra dispersive modulation in the forward
case in the nonreciprocal systems relying on atomic vapors has always
been inevitable. Here we establish a moiré photonic lattice***>, which
is characterized by flat bands with considerably suppressed transverse
dispersion*™*¢, by coherently superposing two honeycomb photonic
lattices with a twist angle of 27.8° in the x-y plane. The required hon-
eycomb lattices are induced under the condition of EIT*>° by two
identical honeycomb coupling beams from a spatial light modulator
(SLM). This experimentally verifies the formation of instantaneously
reconfigurable moiré photonic lattices with the assistance of EIT,
which has been exploited to theoretically design various moiré
structures® . By selectively launching the probe beam in the same
(forward case) or opposite (backward case) direction to the forward
coupling field with the moiré profile, which produces EIT for the co-
propagating probe but not for the counter-propagating one, the out-
put can exhibit localized or dispersive feature. The imbalanced output
probe intensities in the forward and backward cases are also achieved,
since EIT can effectively suppress the resonant absorption, as in the
non-Hermitian skin effect™’. To optically control the nonreciprocal
contrast in both the intensity and size between the two output probe
beams, a backward Gaussian coupling field is introduced in the
opposite direction of the moiré field to excite the backward EIT, which
can effectively modify the transmissivity and width of the backward
output probe exhibiting broadening. In principle, the behavior of the
forward (backward) probe beam is governed by only the forward
(backward) EIT, but is immune to the other. With two probe beams
simultaneously injected into the moiré lattice in opposite directions,
the obtained maximum isolation ratio is about 20.1dB, and the non-
reciprocal contrast of the beam size can be manipulated in the range of
2.79 to 4.25.

Results

Scheme of nonreciprocal transverse localization within a hon-
eycomb moiré lattice

Figure 1a depicts the experimental principle. A forward coupling field
E. (frequency w.) with a moiré intensity profile is established by
superposing two identical honeycomb light beams generated from a
phase-type SLM*%, The twist angle 0 between the two honeycomb
substructures can be controlled by loading different desired holo-
graphs, which possess the phase information of the targeted moiré
structure (the detailed experimental setup and holography are pro-
vided in Supplementary Fig. 1). A backward Gaussian coupling field E./
(w) counter-propagates with E. inside the atomic sample. Then the
weak forward probe beam E,, (w,,) is focused onto one site of the moiré

pattern at normal incidence, and a three-level A-type energy-level
structure is established inside atomic vapors.

The three-level atomic configuration for EIT contains two hyperfine
ground states F=2 (level 1)) and F=3 (|2)) of 55, and an excited state 5P;,
(13)), as given in Fig. 1b, c. The field E,, (E. or E.’) drives the transition from
the ground state [1) (12)) to the excited state |3) with detuning A, (A. or
A/), which is denoted by the difference between the probe (forward or
backward coupling) frequency w, (w. or w) and the natural frequency
between the two energy levels it connects. For atomic vapors, the
inevitable random thermal motion of atoms can bring Doppler fre-
quency shift for incident laser fields™*. The frequency shift is described
by kw, with k; being the wave vector of the corresponding beam and v
being the velocity of the atoms moving towards the beam. The ampli-
tude of kw is positively related to the atomic temperature and usually of
the order of hundreds of megahertz. In the forward case (Fig. 1b) of E,
co-propagating with forward E. but traveling oppositely with backward
E/, A, Ac and A/ become Ay+kyv, Ac+kv and A~k v, respectively.
Considering the very minor difference in wavelengths of the probe and
coupling beams, we have k,=k,’~k~k: and the two-photon detunings
interacting with the co- and counter-propagating coupling fields are
(Aptkp)—(Actk)=Ap—Ac and (Ap+k,v)—(A—kV)=Ap—Ad+2K,v, respec-
tively. As a result, the influence of Doppler frequency shift is canceled in
the co-propagating case, which is also viewed as the Doppler-free
situation that allows EIT, while Doppler shift destroys the two-photon
resonant condition for EIT in the counter-propagating case®. This gives
rise to the fact that the forward probe feels only the EIT (Ap—Ac~0)
arising from the forward moiré coupling field, but fails to generate EIT
with the backward Gaussian coupling field. Under the EIT condition, the
output forward probe can exhibit varying transverse distributions and
localization after passing through the moiré photonic lattices with dif-
ferent twist angles, when the two-photon detuning is set around
Ap—-A=0 for exciting the EIT effect. The transverse localization appears
due to the peculiar profiles of potential and the band structures char-
acterized by suppressed dispersions in moiré photonic structures*.

In contrast, in the backward case with probe field E,’ (has the same
parameters as E, but is sent into the vapor cell oppositely) turned on,
the two-photon detuning can be expressed as (A,~k,V)
—(Actk)=Ap—-A—2k,v and (Ap—k,'v)-(A—kv)=A,—A, see Fig. 1c.
Thus, the backward probe E;,” experiences only the modulation of EIT
(Ap—-A=0) arising from the backward coupling field. When the two-
photon detuning Ap,-A. is set far away from the EIT window by
changing A/, E,’ behaves as the case without E.’ and experiences a
strong resonant absorption together with a usual beam broadening,
resulting in a weak and broad Gaussian pattern after dispersive
propagation. With the two-photon detuning approaching towards
A,-A/=0, the backward EIT effectively suppresses the resonant
absorption of E,” and enhances its dispersion, leading to the mod-
ification on size of the backward Gaussian output. As a consequence,
the output characteristics for the forward and backward probe beams
are nonreciprocal in both intensity and transverse profile, see the
upper two insets in Fig. 1a, and both nonreciprocal contrasts are
controllable via the backward coupling-field detuning.

Nonreciprocal dynamics of the forward and backward signals
In the forward case, the moiré coupling field generates EIT effectively
for the co-propagating forward probe. It experiences a spatial periodic
susceptibility distribution inside the atomic vapors, but suffers negli-
gible impact from the backward coupling field due to the strong
Doppler effect. The resulted forward linear susceptibility with both
coupling fields simultaneously present is described as*:
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Fig. 1| Scheme of nonreciprocal transverse localization. a Experimental scheme.
A SLM is employed to modulate the vertically polarized forward coupling field E.
into a moiré pattern consisting of two honeycomb substructures. A backward
coupling field E.’ (vertical polarization, frequency w.” and wavevector k., from a
different laser source with E.) with a Gaussian profile counter-propagates with E.
(frequency w. and wavevector k.). Two horizontally polarized probe beams E,
(forward case, frequency w, and wavevector k) and E,’ (backward case) are sent

into the Rb atomic vapor cell in opposite directions, and their output patterns
passing through the atomic medium are imaged onto two cameras (CCD1 and
CCD2). Ap, Acand A/ are the frequency detunings of corresponding fields. HR: high
reflective mirror, BS: beam splitter, CCD: charge-coupled device camera. b, ¢ The
A-type energy-level atomic configurations for forward and backward cases with
Doppler effect considered.

In the above expression, gm, and Iy, are the respective dipole
moment and decay rate between states |[m) and |n) (m, n=1, 2, 3); N is
the atomic density; &y is the vacuum dielectric constant; Q.(x, y)
=tmnEc(x, ¥)/h and Q. (x, y)=pmnE (X, y)/h are the spatially distributed
Rabi frequencies of the moiré (E.) and Gaussian (E.’) coupling fields,
with E. (E.) being the amplitude of the corresponding electric field;
e/ ju /1 is the Maxwell-Boltzmann distribution of velocity, with u
being the most probable velocity, and v being the atomic velocity.

According to Eq. (1), the simulated real parts of the susceptibility
of the moiré photonic lattices obtained by superposing two honey-
comb substructures with different twist angles 0 are shown in
Figs. 2a-d. When 0 is 0, the susceptibility exhibits a honeycomb dis-
tribution. As 0 increases to 16.4°, 27.8° and 54.0°, which are Pytha-
gorean angles corresponding to the commensurate phases of moiré
lattices*?, the profiles of the susceptibility are clearly distinct from
each other, but the translational symmetry is present in three cases
with primitive cells of very different sizes, advocating the establish-
ment of moiré photonic lattices. The imaginary susceptibilities are

over 2 orders of magnitude smaller than the real parts (Supplementary
Fig. 2), and can cause only a very weak absorption of the probe. It’s
worth noting that the susceptibility profile felt by the forward probe is
immune to the change of detuning A.’. In principle, the formed moiré
lattices at these three non-zero rotation angles remain periodic and all
eigenmodes are expanding slightly over time. Nevertheless, it is
enough to make the beam expansion suppressed on the scale of the
established system.

The propagation dynamics of the light inside the formed photonic
lattices is checked by employing the Schrodinger-like paraxial
equation®®:

pyz) 1 &8k 2
T e TR Tp, MY @

n
where ¢ is the envelope of the incident probe field E,; z is the propa-
gation distance; ko=2mny/A, and A, are the probe-field wavenumber
and wavelength, respectively, with ng=1 being the background
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Fig. 2 | Simulations of nonreciprocal dynamics. a-d The real part of the sus-
ceptibility of moiré lattices with different twist angles of 6 = 0,16.4°, 27.8° and 54.0° in
the forward case. The dash circles mark the injecting position of the probe beam.
e-h Simulated output patterns of the forward probe. i, j The real part of the sus-
ceptibility and output pattern in the backward case with 8 = 27.8° when the backward
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coupling detuning is A’ =-32 MHz. k, 1 are the same as i, j but with A’ = 60 MHz. The
amplitudes of the Rabi frequency of the forward moiré and backward Gaussian
coupling fields are 165 MHz and 190 MHz, respectively. A.= 60 MHz and A, = 68 MHz.
The exhibited intensity (Ip) of the output pattern in j is artificially enhanced 10? times
to improve its visibility, while the other images show the original intensities.

refractive index; An=x/2 is the modulation of the refractive index
arising from the coupling fields.

The simulated output patterns of a narrow Gaussian forward-
propagating probe in the transverse x-y plane corresponding to dif-
ferent rotating 0 of the forward coupling beams are given in Fig. 2e-h.
The setting of 6=0 shows the expected honeycomb profile. The beam
expansion is due to the evanescent coupling between neighboring
waveguide channels, allowing a direct mapping to the honeycomb
lattice of graphene. For the moiré lattices of 820, only in the case of 6 =
27.8° a localized wavepacket is clearly seen, while the other twist
angles lead to expanding patterns, with intensity modulation corre-
sponding to the profile of Re(x;).

The susceptibility y, experienced by the backward probe modu-
lated by two coupling fields has the same format as Eq. (1), but with the
term kv replaced by —k,v. Obviously, when the two-photon resonance
Ap-A/=0 is satisfied, the term A,—A-+2k,v is hundreds of megahertz
away from the resonance. As a result, the propagation of the backward
probe is dominated by the EIT from backward E_’. Figure 2i shows the
simulated real part of y,, in the backward case with 6=27.8° and A,-A. =
100 MHz. It possesses a uniform distribution and is independent on 6,
since the Doppler frequency shift suppresses the interaction with the
forward moiré coupling field E. Also, considering that detuning Ap—-A.’ is
far away from the resonance, the imaginary part of x,(Supplementary
Fig. 2) is about two orders of magnitude larger than that of the forward
case, similar to the situation without E.". Therefore, the backward output
based on Eq. (2) is much weaker, as simulated in Fig. 2j, where the
exhibited intensity (Io) of the output pattern is artificially enhanced 10
times to improve its visibility. Then A/ is increased to 60 MHz and
Ap—A; = 8 MHz (approaching the two-photon resonance), the modula-
tion in both real and imaginary parts of x,, from E.” is much stronger. The
simulated Re(x,) and corresponding backward output are shown in
Fig. 2k, I. Please see more details on the evolutions of the susceptibility
and transmission of the backward probe in Supplementary Figs. 2 and 3.
Compared to the localized state in Fig. 2g, the backward transmitted
pattern in Fig. 21 is much broader and exhibits a comparable intensity. In
this sense, the nonreciprocal behavior in the transverse profile occurs in
the designed atomic system. Also, the nonreciprocal contrast in forward
and backward transmission is optically controllable.

Mechanisms of the forward localization
In general, the dispersionless (flat) band in photonic moiré structures
can lead to localization, but the factors that can produce localization in

periodic photonic structures are often much more complicated and go
far beyond the flat-band effect, considering the fact that the achieved
flat bands in photonic lattices rarely exhibit absolutely zero dispersion.
Figure 3a-d show the corresponding energy bands, obtained by
Fourier-transforming the solution of Eq. (2) with a narrow Gaussian
input. The Dirac cones, typical for the honeycomb lattices, can be seen
in Fig. 3a with 0 = 0. By increasing 6 to 16.4°,27.8° and 54.0°, the moiré
lattices in Fig. 3b—d all demonstrate the formation of flat bands (the
width of the narrowest band is 8E=6] for a honeycomb lattice, 6E
=0.13] in Fig. 3b, 8E =0.4 ] in Fig. 3¢ and 8E =0.55] in Fig. 3d) from the
original s band of the honeycomb lattice. In principle, bands with low
dispersion could effectively suppress the spreading of incident probe
beams, if the beams were exciting only these flat bands. However,
according to the simulations in Fig. 2e-h, only 8 = 27.8° brings about a
strong localization effect.

This unexpected result is understood by analyzing the profiles of
potential inside different moiré cells, as given in Fig. 3e-g, rather than
only the band structures. On the one hand, the simulated moiré bands
are not completely flat and still exhibit slight non-zero dispersions, and
the probe beam is exciting multiple bands, which will unavoidably lead
to the broadening of beams. On the other hand, the moiré lattice
obtained by interference of the coupling beams via EIT exhibits an
important peculiarity: contrary to other moiré structures studied in
electronics and photonics®’, the sites of our lattices exhibit different
potential depths. During the probe beam propagation, tunneling is
only possible between sites (waveguide channels) which have a com-
parable depth of potential. Our probe beam is always focused on the
site with the deepest potential (the largest susceptibility), see
Fig. 2a-d. For 6 = 27.8°, the potential of the second deepest site is only
79% of that in the deepest one. Whereas in 6=16.4° (6=54.0°), the
second deepest potential in the vicinity of the excited site is 91% (97%)
of the deepest one, respectively. A smaller difference of the suscept-
ibility between two sites makes tunneling much easier.

By analyzing the difference of the susceptibility between two
adjacent sites, one can understand the output results in Fig. 2e-h of
different moiré lattices much better. With 0 = 16.4°, the probe beam is
not fully localized and slightly couples into surrounding waveguides,
due to the similar susceptibilities of the incident site and circu-
mambient sites. The further enlargement of the difference in 6 = 27.8°
suppresses the coupling of the light between adjacent channels: the
transverse localization occurs. A very minor portion of the probe
expands outside the incident site. Compared to that in © = 0 with large
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Fig. 3 | Analysis of the bands and potential profiles. a-d The energy bands of the
moiré photonic lattices with different twist angles. e-g The profiles of potential

inside different lattices according to Fig. 2b-d. The red and blue vertical lines mark
the deepest and the second deepest potentials, respectively. Uee(y) is the effective
potential, with Uy being peak potential of individual moiré lattice. According to Eq.

(2), the potential of the lattice is —ko/noxAn(x, y)¢, indicating that it has the same
profile as the refractive index An(x, y), but with an opposite sign. y/a, is the nor-
malized coordinate with a; being the minimum distance of two sites with the
deepest potential in corresponding moiré lattices.

dispersion, the localization in 6 = 27.8° improves the output peak
intensity ten times. The transmitted pattern in 6 = 54.0° exhibits the
strongest broadening, because the involved sites have almost the same
potential. It's worth mentioning that the suppression of the broad-
ening of wave packets from the formed flat bands in all cases is verified
by the fact that the sizes of the output patterns in 60 are smaller than
in the case of 6=0 with dispersive bands. Therefore, moiré lattices can
give rise to flat bands, but the slight deviations from flatness can
induce minor dispersive behaviors. The degree of expansion of the
incident light is then dependent on the potential difference between
neighboring sites.

Observation of nonreciprocal transverse localization

Figure 4a-h show the experimentally established spatially periodic
forward coupling field composed of two honeycomb substructures
with different twist angles. As shown in Fig. 4a with 0 = 0, the resulted
compound pattern still shows a honeycomb distribution. The coupling
fields with different moiré patterns by changing 0 are presented in
Fig. 4b-d, which support the predictions in Fig. 2b-d well. The wave-
guide channels are optically induced at the positions with the largest
intensity of the structured coupling field.

When the forward probe beam is focused onto one site (marked
by the green circle) of the moiré coupling field, the output patterns are
obtained as Fig. 4e-h. Here the size of the probe wave packet at the
input surface of the vapor cell is comparable to that of one lattice site.
Figure 4e shows a clear honeycomb profile under the condition of 6 =0
and confirms the formation of a honeycomb photonic lattice inside the
cell. By setting 8 = 16.4°, the moiré pattern in Fig. 4b shows that the
primitive cell contains several honeycomb units and is quite different
from that at 0 = 0. As a result, the output probe in Fig. 4f is broadened
and demonstrates a modulation corresponding to the moiré lattice.
With the angle further increased to 6 = 27.8°, the output probe in
Fig. 4g shows a narrow wave packet, whose size is close to that of the

incident probe beam. This is the transverse localization caused by the
suppressed band dispersion and the relatively large difference of
potential between the incident and surrounding channels. For the
result of Fig. 4h, the expansion of the probe beam is recovered and its
output pattern shows a clear hexagonal modulation, agreeing well with
the moiré pattern of 0 = 54°. All the experimental observations coin-
cide with the simulated Fig. 2e-h.

Figure 4i-k show the output patterns of the backward probe beam
for 6 = 27.8°, displaying broad Gaussian profiles due to the inherent
dispersion. One can see that both the intensity and beam width of the
backward output evolves obviously, with A/ discretely increased from
-32MHz to 60 MHz. At A/ =-32MHz of Fig. 4i, the two-photon
detuning A,—A.” is 100 MHz away from the resonant condition and the
backward coupling field can suppress little of the absorption. This is
similar to the case without backward E_. . Here the backward pattern
does not exhibit obvious change with modifying 6, because the
backward probe field is immune to the modulation of the forward EIT.

In Figs. 4j, k, as A,—A.” gets closer to zero, both the intensity and
diameter of the backward output increase gradually. On the one hand,
moving closer to the two-photon resonance can result in a smaller
Im(x,) (see Supplementary Fig. 2), indicating more reduction of the
resonant absorption. Thus, with Ap-A.” = 8 MHz, Fig. 4k depicts that
the backward output intensity ultimately becomes comparable to that
of the forward output in Fig. 4g. On the other hand, the real part of x,
could be larger near the resonance compared to that at far detuning,
leading to more obvious dispersive effect and a broader profile. More
backward transmitted patterns for varying A. are shown in Supple-
mentary Fig. 4b. In contrast, the variation of A.’ imposes no obvious
effect on the forward output, which maintains the localized state with
strong transmission (see Supplementary Fig. 4a). These observations
advocate the effect of nonreciprocal transverse localization with
optical controllability. As a result, when both probe beams are oppo-
sitely but collinearly sent into the medium under 6=27.8°, we obtain
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Fig. 4 | Experimental observation of nonreciprocal transverse localization.
a-d The obtained intensity patterns of moiré coupling field superposed of two
honeycomb substructures with different twist angles of 0, 16.4°, 27.8° and 54.0°.
The green circles indicate the incident position of the probe beam. e-h The cor-
responding output patterns of the forward probe beam. i~k The transmission of the
backward probe beam with A, increased from -32 MHz to 60 MHz at A, = 68 MHz
and twist angle 6 = 27.8°. Since the backward output is too weak to observe, the gain

Wy/w;=4.25
A.'=60 MHz

10l0go(T;/Tp)

Experiment
Fitting curve

g of the camera CCD2 was set as 15 dB for larger A.’. To avoid the saturation of the
CCD2 at smaller A/, g was then adjusted to 3 dB. In the forward case, g = 0 means no
gain on CCD1. w,/wyrepresents the nonreciprocity between the backward and
forward output beam sizes. | The dependence of the isolation ratio 10log;o(7//T5)
on the input power Pwhen both probe beams with the same parameters are present
simultaneously but without backward coupling field (experimental measurements
- circles). The curve is a guide to the eye.

that the nonreciprocal contrast w,/wron the beam width ranges from
2.79 to 4.25 by setting Ap-A. from 100 MHz to 8 MHz via easily
changing A.'. Here w,, (wp denotes the full width at half maximum of
the backward (forward) output probe patterns.

In addition, we measure the isolation ratio of the formed system
performing nonreciprocal transverse localization. When A,-A. is far
from the resonance, the forward and backward outputs exhibit
the maximum contrast in intensity. Considering the behavior of the
backward probe under the far-detuning condition can be viewed as the
case without the backward E/, we investigated the isolation ratio at
different forward probe power P with the backward E. blocked. Figure 41
shows the dependence of isolation ratio on the input power P when both
probe beams present under 8=27.8°. The transmitted intensities of the
forward and backward probe are defined as Trand T, and the isolation
ratio is obtained as 10log;o(74/Tp). Here Trand T, are acquired by inte-
grating the intensity in the capturing region of the cameras. The
experimentally transmitted patterns of the forward and backward probe
beams are shown in Supplementary Figs. 5 and 6, respectively.

By increasing the probe power P from 80 pW to 240 puW, the iso-
lation ratio grows from 13 dB to 20.1 dB. For the forward case with EIT,
the enhancement of the input probe intensity can lead to a stronger Tj,
since the absorptive coefficient is determined by the imaginary part of
the susceptibility, which does not rely on the probe intensity according
to Eq. (1). For the backward case, the probe beam experiences a very
strong loss due to the relatively large atomic density and absence of EIT
from the both coupling fields, and the transmission T, approaches

nearly 0. Even when the probe power is increased to 240 pW, the
backward transmission is still very weak. This is probably due to the non-
linear susceptibility (both real and imaginary), which is also different in
the forward and backward cases. As a result, the isolation ratio can
increase with the probe power. The measurement with two probe beams
turned on together advocates that the demonstrated nonreciprocal
localization can counteract dynamic reciprocity.

Discussion

In summary, by exploiting a SLM to build superposed patterns consist-
ing of two honeycomb substructures, moiré photonic lattices under
different twist angles are effectively established inside atomic vapors
with the presence of EIT. Such moiré lattice is a monolayer structure
obtained by interfering two involved sublattices, and is distinct from the
moiré structure realized by twisted 2D materials*, which is bi-layered. In
particular, the moiré photonic lattice with a selective twist angle can give
rise to desired transverse localization for the probe beam. By jointly
employing the intrinsic Doppler effect from thermal motion of atoms
(which is usually considered to be detrimental in the formation of var-
ious coherent effects) and the established transverse localization, our
work provides an effective route to realize nonreciprocal localization of
photons with all-optical controllability of nonreciprocal contrasts in
both intensity and transverse profile. What's more, the isolation ratio of
the current regime can be promisingly improved by introducing gain
with an additional pump beam®®®, In addition, the current work devel-
ops an additional optical functionality with moiré photonic lattices and
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opens the door for engineering optical nonreciprocity in twistronics®.
The nonreciprocal transverse localization that we have demonstrated
can be used in magnetic-free nonreciprocal optical devices bypassing
dispersive effects for the incident beams, and promisingly improving the
matching between the output beams and subsequent optical compo-
nents for signal processing, with such a wide range of applications as
one-way optical imaging or sensing, directional optical communications,
and nonreciprocal traps.

In principle, other schemes that can suppress the transverse dis-
persion can potentially be employed to realize such nonreciprocal
transverse localization®®. For example, light can be localized by excit-
ing flat-band modes in Lieb or Kagome lattices, but their excitation
requires a structured beam with well-designed phase difference®,
instead of a Gaussian beam, which could overlap with dispersive sub-
bands and lead to delocalization. In the perspective of applications,
Gaussian profiles are the output of most laser sources and the common
information carriers in optical information processing. Moiré lattices
provide the capacity of localizing a Gaussian beam. Thus, the non-
reciprocal localization formed with moiré lattices has the advantage of
better universality in the design of nonreciprocal photonic devices that
can suppress the dispersive effects.

Methods

Experimental settings

The probe beam and the backward coupling beam are from two dif-
ferent external-cavity diode lasers, while the forward coupling beam is
derived from a semi-conductive tapered amplifier seeding with abeam
from the third external-cavity diode laser. Both the wavelengths of the
probe and coupling fields are ~-795.0 nm, and their frequency differ-
ence is around 21 x 3.03 GHz. The frequency of the two coupling fields
can be controlled separately by their own drivers. The forward cou-
pling field with a moiré intensity pattern and backward coupling field
with Gaussian profile have almost the same power of 40 mW. The
adopted phase-type liquid crystal SLM has a resolution of 1920 x 1152.
The Rb cell with a length of 5cm is heated to 120 °C by a home-made
temperature controller.

Data availability

The data generated in this study have been deposited in the Open
Science Framework (OSF) database https://doi.org/10.17605/OSF.10/
VSEA9%,
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