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Interorbital coupling refers to the possibility of exciting orbital states by otherwise orthogonal non-
interacting modes, a forbidden process in photonic lattices due to intrinsic propagation constant detuning. In
this Letter, using a femtosecond (fs) laser writing technique, we experimentally demonstrate that fundamental
and excited orbital states can couple each other when located at different spatial positions. We perform a full
characterization of an asymmetric double-well-like potential and implement a scan method to effectively map
the dynamics along the propagation coordinate. Our fundamental observation also constitutes a direct solution
for a spatial mode converter device, which could be located in any position inside a photonic glass chip. By
taking advantage of the phase structure of higher-order photonic modes and the effective negative coupling
generated, we propose a trimer configuration as a phase beam splitter, which could be of great relevance for
multiplexing and interference-based photonic concatenated operations.
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The way in which atoms assemble and interact with each
other determines their potential to form molecules and
matter [1]. These interactions are characterized by different
atom states called orbitals. In order to understand and
explore otherwise occulted properties, diverse areas of
research have proposed the creation of artificial atoms in
different physical contexts [2-9]. This includes numerical
and experimental research suggesting new materials and
the possibility of observing new exotic interactions as
solutions for transport and localization of energy, key
scientific goals in science. However, although theoretical
researchers have assumed the basic and fundamental
concept of interorbital interactions as obvious and trivial
[10,11], no systematic experimental evidence is found in
literature. In this Letter, we demonstrate, both numerically
and experimentally, that orthogonal orbital states, located at
different 2D photonic atoms, couple each other by an
evanescent interaction. We show that symmetric S-like
wave functions could couple to P-like orbitals and also to
higher-order states. We use a femtosecond (fs) laser
technique [12] to fabricate elliptical 2D waveguides having
different propagation constants, which are analogous to
different orbital energies. We construct double-well pho-
tonic asymmetric potentials [13], such that the on site
energies of orthogonal orbitals can be finely tuned and
coupling between them becomes possible. Our results
offer a new way of studying lattice dynamics where,
historically, S-like orbitals have mostly been assumed.
An interorbital coupling gives the opportunity of tun-
ing the sign of hopping between atoms, increasing the
available tools for researchers of different areas and,
also, amplifying the possibilities to discover new
phenomena [14,15].
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The paraxial wave equation in optics and the Schrédinger
equation in quantum mechanics have exactly the same
mathematical form and, therefore, their mathematical
solutions must be equivalent [2]. Theory tells us that a
potential-well structure will always have a bound state
[1,16], independent of its size (width and depth). However,
if we want to excite and observe higher-orbital states, we
must satisfy a specific condition that, for one-dimensional
structures, reads as

8mV,a*> = h* and 8n,Anw? > )? (1)
for quantum mechanics and optics, respectively. Here m is
the particle mass; V, and a are the potential depth and
width, respectively; and £ is the Planck constant, while n,,
corresponds to the bulk refractive index, An is the refractive
index contrast, w is the waveguide width, and A the
wavelength. We notice that both relations are equivalent
and depend on phenomenologically similar parameters: if
the size of atoms or waveguides is larger than some lower
bound, higher orbitals are allowed to exist. Specifically in
optics, we notice that a larger index contrast and/or a wider
waveguide facilitates the generation of a larger number of
eigenstates, and waveguides could become multimode
depending on the excitation wavelength [16,17].

Resonance is a key concept in physics, and many
interactions can be well understood by finding conditions
for matching the eigenfrequencies of a given system. Of
course, complex resonance problems including different
types of interactions [18] are neither trivial nor simple to be
described, but the fundamental idea continues to rely on
matching or tuning a set of system parameters. Similar to
what happens in any physical problem having waves and
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restrictions, eigenmodes are classified by their symmetry,
where the ground state [10] is always symmetric with
respect to the center of the atom or waveguide. This state is
the so-called TEOO mode in optics [19] (where TE refers to
transverse electric) or ground state in quantum mechanics
[1], and has a Gaussian-like profile and larger propagation
constant 5 (lower energy). A second state corresponds to a
wave function which has a node at the center and, as a
consequence, a different phase at different lobes. In optics
this state is called TEOl or TE10 depending on its
orientation [19], while in atom physics, it is usually called
a P state, having also some variations depending on spatial
orientation [20]. For simplicity we use the Hydrogen
atomlike nomenclature: § and P states for TEOO and
TEO1/TE10 modes, respectively.

In order to explicitly show interorbital coupling, we
follow a simple theoretical idea suggested for cold atom
systems [13], as sketched in Fig. 1(a) considering a
photonic dimer configuration. Single and multimode wave-
guides have, in principle, different propagation constants
for different orbital states where, for example, fp < fg (in
general, propagation constants are always lower for higher-
order modes). Therefore, by modifying the local structure
of a given waveguide, we can tune its properties and find
conditions for an optimal orbital interaction, such that
orthogonal states located at different sites have a closer—if
not equal—propagation constant. This process would
imply an effective dynamical transformation from an S-S
interaction into an S-P one, which is the main goal of the
present work. We investigate this theoretical concept by,
first, numerically integrating a paraxial wave equation
considering a coupler (dimer) configuration, which consists
of two vertically oriented elliptical waveguides separated
by a given distance d [see sketch in Fig. 1(b) and
Supplemental Material [21] for details]. We define a
relative contrast Aiz = An, — An;, where An; and An,
correspond to refractive index contrasts at waveguides 1
and 2, respectively. When both waveguides are equal, a
perfect evanescent coupling occurs between S states
[2,12,26]. In Fig. 1(b) we show that for Az = 0 almost
100% of power is effectively transferred to waveguide 2, as
expected considering a coupled-mode (discrete) approach
[2], which is governed for coupling constant Cg (see
Supplemental Material [21]). By increasing the relative
contrast A7, an effective detuning is produced in between
the § modes at different waveguides. This diminishes the
effective interaction between S states at different positions,
and the transferred power is drastically reduced as Fig. 1(b)
shows. We observe a minimum transference for a contrast
At = 0.25 x 1073, This occurs at the parameter region
where the second waveguide starts supporting two modes,
as condition (1) suggests. A detuning in propagation
constants produces a tendency to localization, due to the
creation of a nonsymmetric dimer system with correspond-
ing nonsymmetric eigenstates. On site detuning reduces the
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FIG. 1. (a) Propagation constant tuning concept. Cg and Cgp

correspond to coupling constants in a discrete approach, and
define an interaction dynamical scale proportional to 1/Cggp.
(b) Numerically computed normalized maximum power at wave-
guide 2 versus refractive index contrast A7, for two waveguides
separated a distance d = 20 ym. Insets: numerical intensity
profiles at indicated regions. White, light gray, and gray shaded
areas indicate one, two, or three modes supported at waveguide 2,
respectively. A sketch of a vertically oriented dimer configuration
is included.

effective coupling interaction, and the energy tends to
remain trapped at the input site. This is phenomenologi-
cally similar to a nonlinear dimer [27,28], where the
nonlinear response of the system effectively decouples
the waveguides due to an effective refractive index change.

By further increasing the refractive index contrast at site 2,
in a region where waveguide 2 already supports two modes,
we find that the power transfer increases abruptly. We notice
that this enhanced transfer is now occurring due to an
interaction between the S and P states, as the inset profiles
show in Fig. 1(b). This implies that the effective interorbital
interaction is switched on, with a coupling constant Csp now
governing the dynamics. We find a new peak at
Aji ~0.53 x 1073, where the S power at the first waveguide
is almost completely transferred to a P mode at waveguide 2.
This sharp peak is an indication that an exact condition for a
perfect energy transfer is hard to be achieved numerically
and, even more, experimentally (peak at An = 0 is sharp,
too, but easier to calibrate as both waveguides are equal).
Before and after this peak, the transferred energy at site 2
decreases abruptly due to a detuning between the S and P
propagation constants, as described in the Supplemental
Material [21] for a nonsymmetric dimer model. By further
increasing contrast A7i, we observe that the transferred power
reduces to a minimum again, this time at Aii ~ 1.0 x 1073, in
aregion where the lower waveguide starts supporting a third
state as expected from condition (1). By further increasing

066601-2



PHYSICAL REVIEW LETTERS 127, 066601 (2021)

the relative index contrast, we find a new resonant peak at
A#i ~ 1.5 x 1073, Now, the enhanced transfer of energy at
site 2 is due to an interorbital coupling between an S state and
a third mode, which we simply call a “Tripole” or “D” state
(TE20 or TEO2 in optics [19]). This mode possesses three
lobes and two nodes, with the corresponding phase structure
and a vertically oriented profile, due to the waveguide
ellipticity. Again, the enhanced peak is quite pronounced,
and the condition for perfect conversion is hard to be
achieved numerically, and even more so experimentally.
So, in principle, this concept could be applied for the
excitation—and controlled generation—of any excited state,
as soon as the propagation constants at different sites match
(see Supplemental Material [21] for more details).

We study optical waveguides as an analogous of 2D
photonic atoms by using a fs-laser writing technique [12]
(see Supplemental Material [21] for fabrication details). We
fabricate several photonic dimer configurations as the
examples presented in Fig. 2(a), where bottom waveguides
become multimode as the writing power increases (see
arrow). In order to characterize the asymmetric dimers, we
define the following procedure: (i) single-mode waveguides
are fabricated using a fixed writing power P; = 78 mW
along the whole sample (50 mm long) and (ii) we set a
writing power (P,) for waveguide 2 and fabricate eight
dimers for this power, having eight different final lengths
(Az) in the interval {6,20} mm, with a step of 2 mm, as
sketched in Fig. 2(b). From a discrete model, we expect a
cosinelike dynamics along the propagation coordinate,
which strongly depends on the coupling constant and
effective detuning. As a consequence, the maximum trans-
ferred power is obtained at different z values, and the
implementation of a z-scan configuration is mandatory in
our experiment. We characterize these dimers by focusing a
horizontally polarized HeNe laser beam at the input single-
mode waveguide, as described in Fig. 2(b). In Fig. 2(c) we
show an example of the oscillatory (cosinelike) dynamics
for AP ~ 23 mW. We clearly observe how light from the S
(upper) waveguide starts to, first, weakly excite a P state at
the bottom waveguide, while for a larger propagation
distance the transferred power increases, with a maximum
transference at Az = 14 mm. Figure 2(c) directly and quite
clearly shows the effective transformation from an § mode
into a P state. This observation demonstrates experimen-
tally the theoretical concept described in Fig. 1 and gives
strong experimental support for the existence of interorbital
coupling in any physical system having orbital-like states.
We clearly observe a dynamical oscillation along z as proof
of a periodic energy transfer mechanism between neigh-
boring coupled waveguides, which is also strong support
for the study of tight-binding (discrete) models including
interorbital interactions.

In order to construct a complete parameter space, we
analyze several intensity profiles [see the examples shown
in the insets of Fig. 2(d)] for 23 different writing powers P,.
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FIG. 2. (a) Microscope image after white light illumination of
dimer examples fabricated using a fixed (variable) writing power
for upper (bottom) waveguides. (b) Experimental setup for
characterizing waveguides and dimers. P (lower, orange) wave-
guides have a shorter propagation length Az. (bl) Photograph of
the experimental setup. (c) z scan showing interorbital coupling
oscillation at different propagation lengths Az (indicated below
each subfigure). (d) Maximum normalized transferred power at
waveguide 2 versus fs average laser power difference (AP).
Every data point was taken at a different distance. Insets:
experimental output intensity profiles at parameters indicated
by arrows.

Then, we look for the maximum transferred power at
waveguide 2, which naturally occurs at different distances
[21]. We integrate the intensity at the upper and lower
halves of each image and obtain a normalized value. Then,
we look for the maximum transference for the eight
different propagation lengths, as a result of the z-scan
configuration. Figure 2(d) shows our compiled experimen-
tal results for maximum transferred power at waveguide 2
versus the fs average laser power difference, which is
defined as AP = P, — P;. For AP = 0, we clearly observe
that two identical single-mode waveguides have an excel-
lent transference of energy, with almost 100% of efficiency.
Then, by continuing to increase the writing power P,, we
observe how the transferred power decreases abruptly,
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which is in perfect agreement with direct numerical
simulations [see Fig. 1(b)], and with a discrete theoretical
approach [21].

As our main goal is the observation of interorbital
coupling, we continue increasing P, and, therefore, An
(in our experiment, Aii ~ AP [21]). For AP =7 mW, we
observe that the transferred power starts to increase weakly
[see Fig. 2(d)]; however, this increment is in the order of the
experimental error. We observe a transition region with less
than 10% of transfer, for a large AP range. However, for
AP = 19 mW we observe a clear increasing tendency and
the excitation of a weak P mode at the second waveguide,
as a first indication of interorbital interaction. While
continuing to increase the writing power P,, we observe
an abrupt increment of energy at the bottom waveguide,
with a clear peak at AP = 23 mW, with more than 95% of
transference. This peak constitutes concrete experimental
proof for the excitation of an orthogonal state at a neighbor
waveguide, based on the theoretical concepts described in
the previous section. This observation is a result of trans-
forming a given single-mode waveguide into a multimode
one, at a given wavelength. We are indeed observing
experimentally a propagation constant tuning process,
which allows switching on the effective interaction between
otherwise noninteracting orthogonal states. The experimen-
tal intensity image at peak [inset profile in Fig. 2(d)] shows
a perfect generated dipole at the bottom waveguide. This
simple observation constitutes two main outcomes of our
work: the demonstration of interorbital coupling and a
photonic mode converter. The first one is quite a funda-
mental result: it gives support to different theoretical ideas
[10,13,14] coming from diverse research areas [2-9], and it
suggests the possibility of studying new lattice configura-
tions considering hybridized interactions [29-33]. Without
the demonstrated tuning mechanism, orthogonal states
simply do not interact on a lattice, and hybridized physics
is simply not possible on a linear regime. The second
outcome of our observation is the generation of a simple
and concrete method for exciting higher-order spatial states
inside a photonic chip, with perfect spatial controllability
that can be a key to success for concatenated photonic
operations [34-39].

Coupled-mode theory [2] and tight-binding approxima-
tion [1] show that modes at different sites (atoms) evan-
escently interact by a coupling constant C. In Fig. 3(a) we
show an experimental characterization of coupling coef-
ficients for different separation distances and for different
orbital states [see examples of SP dimers at the inset of
Fig. 3(a) and [21] for more details]. We observe a clear
exponentially decaying tendency [12] for all coupling
coefficients. As the profiles in Fig. 2(c) show, the S mode
wave function, although being broad, is very well trapped
at the waveguide region, while the P mode, in general,
occupies a larger vertical area. Therefore, we expect that
|Cs| < |Csp| < |Cp|, as our experimental data show in

S

FIG. 3. (a) Absolute coupling constant |C| versus distance for
S-S (red dots), S-P (black dots), and P-P (purple dots) inter-
actions, with lines representing exponential fits. Inset: a white
light microscope image for S-P dimers having different separa-
tion distances d. (b) SP dimer + SPS trimer configuration to
demonstrate a phase beam splitter. (c) White light microscope
image for an SP dimer and an SPS trimer. Inset: the output profile
for the SP dimer only. (d1)—(d3) Output images, for Az, = 2, 4,
6 mm, respectively, after laser excitation of an S waveguide at the
input facet. Top and bottom images correspond to intensity and
phase profiles, respectively.

Fig. 3(a) for any distance d (in general, Cg > O and Cp < 0,
while the Cgsp sign depends on orbital orientation
[15,17,32,33]). This is the first time that this tendency
and dependence are clearly and directly shown experimen-
tally for S and P states, giving strong support for theoretical
studies considering different and more complex spatial
configurations. It is worth mentioning that the tendency
shown in Fig. 3(a) strongly depends on waveguide ori-
entation, which in our case is vertical [see the inset of
Fig. 1(b)].

As an application of the interorbital coupling, we
experimentally show the different phases induced due to
hybridized interactions. As it has been suggested theoreti-
cally [13,33], an interorbital interaction produces the
appearance of negative coupling constants, which could
be of great impact to the study of topology and effective
magnetic fields on lattices [15,40]. Therefore, our method
looks to be a promising and simple way of generating
synthetic magnetic fields [41] on lattices, which could have
an important impact when considering topological proper-
ties [42] as well. In order to show experimental evidence for
this effect, we fabricate a setup consisting of an SP dimer
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plus an SPS-trimer configuration, as sketched in Fig. 3(b).
We focus a HeNe laser beam at the single-mode (white)
waveguide and generate a perfect P state at the multimode
(orange) waveguide, after a coupling distance of Az, =
14 mm [Fig. 3(c), left, shows an SP dimer]. Afterward, the
P state propagates freely along the z direction for about
30 mm. Then it acts as an input excitation for an SPS-trimer
configuration [see Fig. 3(c), right] and interacts symmet-
rically with both neighboring single-mode waveguides.
As expected, interorbital coupling occurs again, and new
S modes are generated back in waveguides 1 and 3, as shown
in Fig. 3(d), top. Interestingly, by taking advantage of the
phase structure of the P state we are able to induce a z phase
shift in between the two generated S states. Figure 3(d),
bottom, shows different interferograms (see Supplemental
Material [21] for details) with a clear z phase shift in
between the right and left parts of the output profiles. This
clearly indicates that the coupling interaction to the right and
to the left single-mode waveguides are effectively opposite
in sign, which is direct proof for a negative coupling
constant [15]. This system is also an example for a
phase # beam splitter, which could be quite useful for
interferometric quantum optics [38,43,44], considering
concatenated operations [34]. The output profile also
coincides with the flatband mode of a rhombic lattice
[45], which is an important subject of research nowadays
in photonic lattices.

In conclusion, we have demonstrated numerically and
experimentally an interorbital coupling interaction between
S and P states on a photonic platform. We first corroborated
a resonance picture by numerically integrating a paraxial
wave equation and clearly observed the coupling between
different orbitals, as a consequence of asymmetrizing a
double-well-like potential photonic structure [13]. This
process was implemented with high precision using a fs-
laser writing technique, allowing the excitation of higher-
order states and experimentally probing negative coupling
interactions. Our method also offers a new technique for
exciting higher-order spatial states inside an optical chip,
which could have a great impact on multiplexing applica-
tions [46,47]. The possibility of locating the mode con-
version system in any arbitrary position is a direct advantage
compared with lithographiclike techniques [43,48-52]. Our
observation constitutes a fundamental validation of inter-
orbital coupling, which could be an important new ingre-
dient for further studies in lattice science, but, also, a key tool
for concatenated or multiplexing photonic operations in the
classical and quantum regimes.
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