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Abstract

We demonstrate controllable generation and destruction of pseudospin-mediated topological charges
(vortices) in the photonic analogy of graphene—optically induced honeycomb lattices (HCLs). When
only one of the two sublattices is selectively excited by the probe beams that are momentum-matched
onto the Dirac points, a singly-charged optical vortex emerges in the output of the symmetric conical
diffraction pattern. Furthermore, flipping of the topological charge is observed as the excitation shifts
from sublattice A to sublattice B. On the other hand, when both sublattices are simultaneously excited,
the conical diffraction pattern becomes highly asymmetric, accompanied by interesting phenomena
related to the generation of half-integer vortices and line singularities. We present four different cases
of selective excitation using two different approaches; one with three input probe beams that are
momentum-matched to the three K valleys, and the other with only two probe beams while the Bloch

modes surrounding the third valley are excited due to Bragg reflection. Our experimental results are
confirmed by numerical simulation of the paraxial wave equation with a HCL potential as well as by
theoretical analysis of the two-dimensional Dirac—Weyl equations directly. These studies indicate that
the lattice pseudospin is not just a mathematical formality, but rather it can manifest through its
angular momentum transferred to probing optical beams.

1. Introduction

Graphene, a single layer of two-dimensional (2D)
carbon material, has attracted numerous interests due
to its important role in understanding fundamental
physics and in various potential applications in
optoelectronics and photonics [1-3]. Due to its unique
band gap structure, such a material exhibits exotic
electron transport properties which are dramatically
different from usual semiconductor materials. The
conduction and valence bands are touching each other
at some particular points (the so-called Dirac points)
in the corner of the first Brillouin zone (BZ). In the
vicinity of the Dirac points, the dispersion is linear and
the dynamics of electrons is described by the Dirac

equation rather than the usual Schrodinger equation,
where the electrons behave as massless Dirac fermions
traveling at speeds close to that of light [3]. The unique
band gap structure not only results in many interesting
and fundamental phenomena in graphene such as the
anomalous quantum Hall effect at room temperature,
Klein tunneling, and the absence of back scattering, to
name just a few [1—4], but the 2D materials are also
gifted with many desired optical properties such as
giant optical Kerr nonlinearity [5] and broadband
nonlinear optical response [6]. Since much of the
underlying physics arises from the special symmetry of
the graphene honeycomb lattices (HCLs), it is natural
to explore the possibility of using artificial HCLs as a
platform to mimic the electron transport behavior in

©2015IOP Publishing Ltd
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Figure 1. Schematic of the graphene honeycomb lattice (a) and the band structure (b), (c). Panels (d), (e) show experimentally
generated photonic HCL and the corresponding BZ obtained with BZ spectroscopy with incoherent light. The three identical Dirac
points K are marked with blue dots and the other three K’ are unmarked.

carbon-based graphene. Indeed, ‘artificial graphene’
has been proposed and demonstrated in a number of
settings, including those for electrons, photons, polar-
itons, surface plasmons and even cold atoms [7]. Such
artificial graphene systems can be established utilizing
various techniques including nanopatterning of 2D
electron gases, assembling molecules on metal sur-
faces, trapping ultracold atoms in optical lattices, and
engineering coupled micropillars in semiconductor
microcavities [7-17].

The motivation for studying such artificial systems
is that not only they can provide a test bed for explor-
ing the fundamental phenomena in the graphene sys-
tem, but also they can lead to new findings beyond the
real carbon-based graphene. The reason is that artifi-
cial graphene systems can be easily controlled and
accessed even in regimes where it is difficult or impos-
sible for the natural graphene. In particular, photonic
graphene (a honeycomb array of evanescently coupled
waveguides) has proven to be a useful tool for investi-
gating graphene physics in various optical settings
[18-26]. The photonic analogy of graphene arises due
to the similarity between the paraxial equation
describing light propagation in HCLs and the Schro-
dinger equation for electrons in graphene, where the
wavefunction evolving with time t is replaced by the
optical field propagating along z in photonic lattices.
Conveniently, the honeycomb photonic lattices can be
optically induced in nonlinear photo-sensitive materi-
als [20, 21, 23] or written in bulk fused silica glass by
the femtosecond laser writing technology [23-26]. In
these classical optical settings, the Bloch modes with
desired momentum in photonic graphene can be
selectively excited and the wavefunction including the
phase can be directly measured. This has led to the
direct observation of a host of interesting phenomena
in photonic graphene, including defect-free Tamm-
like edge states [23], strain-induced pseudomagnatic
fields and photonic Landau levels [25], and photonic
Floquet topological insulators [26].

Another intriguing concept arises from the sub-
lattice degree of freedom in graphene HCLs, which is
referred to as ‘pseudospin’. The pseudospin has played
an important role in understanding many funda-
mental phenomena in graphene. It is commonly
believed that the introduction of pseudospin is just a

mathematical analogy and the pseudospin itself is not
a real physical quantity. However, a recent theoretical
work has shown that the sublattice pseudospin is also a
real angular momentum (AM) [27] which might be
detected through its transport and optical properties
[28]. So far this has not been experimentally demon-
strated; although in a recent experiment visualizing
electronic chirality and Berry phases in graphene sys-
tems has been realized using the photoemission with
circularly polarized light [29]. Thus, it remains an
open question whether it is possible or not to measure
the pseudospin AM in graphene and how this could be
accomplished, considering that unlike the electron
spin the pseudospin cannot be detected by Stern—Ger-
lach-type experiments.

Quite recently, we have successfully employed the
photonic graphene as a platform to study the pseu-
dopsin and its associated AM [30]. In this paper, we
elaborate further on controllable generation and
destruction of pseudospin-mediated topological char-
ges (vortices) in the optically induced photonic gra-
phene lattices. Furthermore, we report new results on
asymmetric conical diffraction and other phenomena
related to the generation of half-integer vortices and
line singularities, due to simultaneous excitation of
both sublattices. We present four different cases of
selective excitation using two different approaches;
one with three exciting beams which are momentum-
matched to the three K valleys, and the other with only
two exciting beams while the Bloch modes at the third
valley are excited due to the Bragg reflection. We find
that simultaneous excitation of both sublattices leads
to asymmetric conical diffraction and generation of
half-integer vortices in both spinor components, pro-
ducing no net vorticity in the overall output pattern.
By comparing our experimental results with numer-
ical and theoretical analyses of the linear massless
Dirac—Weyl equations, we show that the observed
orbital AM of optical vortices [31] (integer or half-
integer) are a direct consequence of the AM transfer
from the lattice to the probe beam. Our work may pro-
vide new insights on the pseudospin related phenom-
ena in both natural and artificial graphene systems.

As illustrated in figure 1(a), the honeycomb lattice
(HCL) has a unique symmetry, and its unit cell con-
tains two ‘atoms’ which are denoted as A and B. One
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Ar* Laser

waveplate

measurement of the phase of the output probe beam.

Rotating
diffusers

Figure 2. Schematic of the experimental setup. PBS: polarizing beam splitter. SBN: strontium barium niobate. The upper path is for
optical induction of photonic HCL, the middle path is for probing into the lattice, and the bottom path is for interference

SBN crystal

can picture the HCL as being composed of two inter-
penetrating triangular sublattices. The band gap struc-
ture B(k,, k,) plotted in figure 1(b) is calculated from
the following paraxial Schrodinger-type equation
describing light propagation through the lattice [20]:

0"[’ > )
iM — —LVZ'P(x, ¥, z)
0z 2k0
koAn (x,
_ Mtp(x’ y,2) = Hy¥, (1)
no

where ¥ is the electric field envelope of the probe
beam, (x, y) are the transverse coordinates, z is the
longitudinal propagation distance, ko is the wave-
number, 1, is the background refractive index of the
medium, and An(x, y) is the induced index change
forming the HCL as shown in figure 1(d), which in our
experiment results from optical induction in a non-
linear photorefractive crystal as articulated below. In
equation (1), Hy is the continuous Hamiltonian of the
system, whose eigenvalues are the wavenumbers along
the z-direction (i.e., the propagation constant /). From
figure 1(b) one can see clearly the merging of two
bands at the Dirac points, where the Floquet-Bloch
dispersion relation is linear (figure 1(c)). These Dirac
points are located at the corners of the first BZ of the
HCL, noted as Kand K" in figure 1(e).

2. Optical induction of photonic graphene

In our experiment, the HCL is created by the well-
known optical induction method which translates the
lattice intensity pattern into the refractive index
change through the nonlinearity in a photorefractive
crystal [32-36]. The experimental setup is shown in
figure 2. A laser beam operating at wavelength of
488 nm is divided into two parts by a polarization
beam splitter: the ordinarily polarized beam passes
through a rotating diffuser, and thus turned into a
partially spatially incoherent beam. To generate a
HCL, we use a specially designed amplitude mask to
spatially modulate the otherwise uniform partially
coherent beam from the diffuser. The mask is then

imaged onto the front facet of the photorefractive
crystal (SBN:61, with dimensions 5X5X20 mm),
thus creating a lattice beam, which propagates nearly
invariant in the crystal. By applying either a positive or
negative biased voltage, the lattice intensity pattern is
transformed into the honeycomb-type periodic refrac-
tive index potential. In our experiment, we use two
different induction methods to establish the honey-
comb photonic lattice. In the first method we use a
triangular lattice intensity pattern and apply a self-
defocusing nonlinearity [20, 23], whereas in the
second method we use a specially designed honey-
comb amplitude mask combined with a phase mask
and apply a self-focusing nonlinearity [30, 37].

The extraordinarily polarized beam from the laser
is reconfigured so to be used as the probe beam. In
order to selectively excite the two sublattices of photo-
nic graphene, the probe beam is constructed by inter-
fering either two or three broad beams, with their
wavevectors pointing at one set of three Dirac points.
This is realized by letting the extraordinarily polarized
beam pass through a mask with three holes equally
distributed on a ring, and then Fourier transformed by
a circular lens. By carefully shifting the lens laterally,
the position of the whole probe beam can be fine-
tuned to achieve different initial excitation conditions
for the HCL. The output facet of the crystal is ima-
gined by a CCD camera. When needed, a beam split-
ting from the probe beam is used to form a Mach—
Zehnder interferometer in order to measure the phase
structure of the output from the HCL.

3. Vortex generation in photonic graphene
lattices from three-beam excitation

We first discuss the case of three-beam excitation as
shown in figure 3(a), for which the probe beam is
constructed by interfering three beams with their
wavevectors pointing (or momentum-matched)
towards one set (three K valleys) of equivalent Dirac
points (figures 3(a) and (c)). The intensity pattern of
the probe beam exhibits a Gaussian-like truncated
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the probe beam are marked by red dotted circles.

Figure 3. [llustration of three-beam excitation in the photonic HCL. (a) schematic of three-beam excitation momentum-matched to
the three Dirac points K. (b), (c) The intensity pattern of the probe beam and its corresponding spatial spectrum (the white dashed
hexagon marks the first BZ). (d) The typical HCL from simulation, and (e) four different excitation conditions, where the positions of
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interferograms, respectively.

Figure 4. Simulation results of vortex generation and destruction under three-beam excitation. Panels (a)-(d) correspond to the four
cases of excitation shown in figure 3(e), where the top and bottom rows show the output intensity pattern and corresponding

SN
TR RN
o SN

triangular pattern (figure 3(b)) with its lattice spacing
matching that of the honeycomb
(figure 3(d)). Different pseudospin states can be
excited depending on the initial position of the probe
beam relative to the HCL. Here we only consider four
typical settings which are schematically shown in
figure 3(e) (I-IV). For case I and case III (on-site
excitation), the probe beam selectively covers sub-
lattice A and sublattice B respectively, thus only
pseudospin A state or B state is excited but not both. In
contrast, in case II, the probe beam sits halfway
between the sites of the two sublattices, and thus both
pseudospin A and B states are equally excited. As for
case 1V, the probe beam covers the center of the
hexagonal cell (i.e., the empty site of the HCL) without
overlapping/neighboring with any lattice sites, thus no
excitation of any pseudospin state is expected.

sublattice

Our numerical results corresponding to the above
four cases of initial excitation are obtained by solving
the paraxial Schrodinger-type equation (1) and are
summarized in figure 4. Different pseudospin excita-
tion conditions can be realized by simply changing the
phase difference of the three interfering beams in k
space. For the cases illustrated in figure 3(e), the rela-
tive phase differences are 0, 57/3, 27/3 and 4x/3,
respectively. The top row in figure 4 shows the output
intensity pattern exiting the HCL, and the bottom row
is the corresponding interference pattern with an
inclined plane wave to identify the vortex generation at
the output [30]. When either sublattice A or sublattice
B is selectively excited (case I or III), the probe beam
evolves into a symmetric ring beam with a dark core in
the center, characteristic of the conical diffraction [20]
(figures 4(a) and (c)). Although the output intensity
patterns of the two cases are nearly identical, their
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Figure 5. Experimental results of vortex generation and destruction in the photonic HCL by three-beam excitation. (a) The intensity
pattern of the input beam (top) and its spatial spectrum (bottom), corresponding to figure 3(b), (c). (b)—(e) Output intensity patterns
(top) and interferograms (bottom) corresponding to the four different input conditions illustrated in figure 3(e).

interferograms are quite different. Specifically, a fork-
like fringe bifurcation in the center indicates that a
vortex is generated, but the bifurcation direction is
opposite, suggesting that the vortices generated in the
two cases have opposite topological charges. On the
other hand, if the probe beam is launched at off-site
locations such as in case II and case IV, there is no net
vorticity in the output pattern. In particular, when
both sublattices are equally excited (case II), the out-
put intensity changes to a half-ring conical diffraction
pattern (figure 4(b)). The fringes in the interferogram
are somewhat deformed but show no bifurcation,
meaning that no net vortex is created. In case IV, not
only there is no vortex identified in the output
(figure 4(d)), but interestingly the output pattern is
Gaussian-like rather than donut-like. This suggests
that the excited modes are no longer linear band
modes near the Dirac points, thus no conical diffrac-
tion occurs. For these typical simulation results, the
parameters are chosen close to our experimental set-
ting (the wavelength is 4 = 488 nm, the lattice spacing
is 12 um, the propagation distance is 20 mm, and the
strength of refractive index modulation is about
2x107%). These results show clearly that the vortex
generation and destruction in the HCL can be con-
trolled at ease merely by changing the input condition
of the probe beam.

Next, we present our experimental results corre-
sponding to the above four cases. The HCL is induced
in the SBN crystal under self-defocusing nonlinearity
[20]. The probe beam is constructed by interfering
three broad Gaussian beams with their wavevectors
aiming at the three Dirac points as illustrated in
figure 3(a). Typical experimental results are shown in
figure 5. The probe beam has a triangular lattice pat-
tern (figure 5(a)) with a lattice period the same as that
of the sublattice. The intensity of the probe beam is
very low so the probe beam propagates linearly
through the HCL. To selectively excite sublattice A and

B, we carefully shift the focus lens transversely in real
space, which is equivalent to introducing the phase
differences of the three beams in k-space. Just as found
from simulation, when only sublattice A or sublattice
B is excited, the output patterns are very similar, with
an intensity dip in the center due to the conical diffrac-
tion. Opposite vortices are identified from fringe
bifurcations (figures 5(b) and (d)).

In the case when both sublattices are equally exci-
ted (case II in figure 3(e)), there is no longer a fork
bifurcation in the interferogram (figure 5(c)), indicat-
ing that no net vortex is generated in this case. For the
off-site excitation of case IV (figure 5(e)), none of the
two sublattices is excited, thus the output shows nei-
ther conical diffraction in intensity pattern nor fringe
bifurcation in the interferogram. These results show
that the vortex generation crucially depends on the
HCL sublattice degree of freedom, i.e., the ‘pseudos-
pin’, as corroborated from our theoretical analysis
based on the Dirac equation [30].

4. Vortices and related phenomena from
two-beam excitation

We can also selectively excite the two sublattices of the
HCL by launching only two input beams instead of
three, provided that the two wavevectors are momen-
tum-matched to the two Dirac points as shown in
figure 6(a). In this case, the input pattern is an
interference fringe of the two beams (figure 6(b)), with
a spacing appropriately selected to excite sublattice A,
in between both sublattices, sublattice B, or neither
(see figure 6(e) for the four cases). Note that, because
the input beam is now more like a one-dimensional
lattice rather than 2D triangular lattice, there is no
perfect equivalence between the excitation conditions
in figure 6(e) and those in figure 3(e). Nevertheless, as
we shall show below, there is a striking similarity in the
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Figure 6. [llustration of two-beam excitation in the photonic HCL. (a) Schematic of the two-beam excitation momentum-matched to
the two Dirac points. (b) Input probe beam and (c) its spectrum at K; and K. (d) Output spectrum where a new spectral component
generated from Bragg reflection at K is circled. (e) Four different excitation conditions, where the positions of the probe beam are
marked by red dashed lines.

Figure 7. Numerical results from two-beam excitation in the photonic HCL. (a)—(d) Output corresponding to cases I-IV in figure 6.
Top row: diffraction pattern of the input beam; middle and bottom rows: intensity and phase distributions of the far field extracted

from the Bragg-reflected spectral component at the Dirac point K.

vortex generation, in the cases I and III (i.e., only one
of the two sublattices is excited).

For the two-beam excitation in the HCL, the two
components are momentum-matched to the Dirac
points K; and K, (figure 6(c)) and experience the
Bragg reflections from the lattice. Thus, a new spec-
trum component emerges at the third Dirac point K3
(figure 6(d)). Since the formation of Bloch modes can
be attributed to the Bragg reflection, it is reasonable to
consider that the new component should contain the
information of the excited modes. Thus, we extract
this Bragg-reflected K; component and make an

inverse Fourier transform from the momentum k-
space back to the real space, where the intensity and
phase of the excited mode can be better visualized.

We first present the numerical simulations for the
above described four different cases. The results are
shown in figure 7, where the first row shows the output
diffraction pattern of the input beam, while the second
and third rows are the intensity and phase distribu-
tions extracted from the Bragg-reflected spectral com-
ponent, respectively. For cases I or III, only sublattice
A or B is excited, and thus the output intensity still dis-
plays a conical diffraction pattern. More importantly,
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circles mark the locations of the phase singularities.

Figure 8. Experimental results from two-beam excitation in the photonic HCL. (al) Input k-space spectrum (top) and intensity
(bottom) of the probe beam; (a2) output spectrum where a new spectral component generated from Bragg reflection at Kj is circled;
(b)—(e) Output far-field intensity patterns (top) and interferograms (bottom) corresponding to figures 7(a)—(d), where the blue

the spiral phase structure shows the generation of
opposite vorticities (figures 7(a) and (c)), illustrating
again the honeycomb sublattice degree of freedom,
i.e., the pseudsopin. When the input fringe pattern is
launched at the narrow gaps between the two sub-
lattices A and B (case I in figure 6(e)), the output field
again displays a half-ring conical diffraction pattern
(figure 7(b)). Interestingly, the far-field pattern
from the K5 component resembles a dipole structure.
As for case IV, the input fringe is launched at the
widest gaps between the sublattice sites (case IV in
figure 6(e)), and there are two vortices with opposite
topological charges emerging at the far field
(figure 7(d)). This vortex-pair mode must have arisen
from a higher band rather than from the Dirac points,
simply because the output intensity now exhibits no
conical diffraction.

To experimentally observe the pseudospin-medi-
ated vortex generation shown above, we employ two
interfering beams as illustrated in figure 6(a), whose
interference pattern and Fourier spectrum are dis-
played in figure 8(a). As expected, a new spectrum
component at the third Dirac point K5 emerges due to
the Bragg reflection. To extract this component, a low-
pass filter is used together with a lens for inverse Four-
ier transform. The far-field intensity pattern is shown
in the top panels of figure 8. By interfering with
another plane wave, the phase of this output field can
be analyzed (see the bottom panels of figure 8). To
change the excitation from case I to case IV, we shift
the lattice-inducing beam slightly in the lateral direc-
tion. It can be seen that the experimental results agree
well with the numerical ones: by selective excitation of
the HCL, the far-field structure of the K3-point com-
ponent undergoes a transition from a vortex of posi-
tive charge, to a dipole, to a vortex of negative charge,
and finally to a vortex-pair with no net vorticity.

5. Theoretical analysis from the Dirac
system

Our numerical and experimental results clearly show
that the AM of the probe is not conserved when only
one sublattice is excited due to the fact that a vortex
(with orbital AM [31]) is generated at the output after
propagating through the HCL. To better understand
the underlying physics of this intriguing phenomenon,
we analyze directly the Dirac—Weyl equations. In fact,
the Schrodinger equation with a honeycomb potential
can be simplified into the 2D Dirac-like equations
around the Dirac points [22, 30, 38, 39]. Applying the
coupled-mode theory (under the tight-binding
approximation) to equation (1), one can obtain a two-
band simplified description of the paraxial model. In
the continuous limit and for excitations near the Dirac
points, the coupled mode equation turns into the
linear Dirac equations typically used for describing
massless Dirac particles in graphene:

0.y, + (0, — iud, )y = 0,
10,y — (ax + iﬂay)wA =0, (2)

where = (-1" =+1, and m=0, ..., 5 is the
index of the six Dirac points shown in figure 1(e). The
associated Hamiltonian can be written as
H = o,p. — koyp,, where p = (p, p,) is the Bloch
momentum measured from the Dirac points, 6 = (o,
o,) are the Pauli matrices. Thus, an optical beam with
Bloch momentum at the close vicinity of Dirac points
is governed by the Dirac—Weyl equation, akin to
massless Dirac Fermions in graphene. The optical
wave in the spatially separated sublattice sites (marked
as A and B in figure 1(a)) is modeled by the two-
component spinor function y = (y,, y5). As such,
the sublattice A and B states play the same role as those
of electron spin, thus typically referred to as the
‘pseudospin’.
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Figure 9. Theoretical results for the case when both sublattices are equally excited. (a) Output field amplitude. (b) Phase interferogram
of the optical wave. Panels (¢), (d) show the interferograms of the same output field when sublattice A and B are isolated.

Detailed theoretical analysis of the above Dirac
system that leads to the understanding of the pseudos-
pin AM, by breaking the sublattice degeneracy in a
photonic HCL, is presented in [30] and the accom-
panying supplementary information. The main con-
clusion is that, by selective excitation of only one of the
two sublattices (cases I and III), symmetric conical dif-
fraction and the generation of singly charged vortices
in otherwise vortex-free beams (probe) are observed
due to the transfer from the lattice pseudospin to the
orbital AM of the probe. Here, we focus on the under-
standing of the case of simultaneous excitation of both
sublattices (case II) near the Dirac points that leads to
surprisingly different behavior.

In case II where both of the sublattices are equally
excited, we can analyze the behavior of the system via
superimposing the dynamics in which sublattice A and
sublattice B are solely excited at the input. As a result of
the excitation of sublattice A, a vortex with vorticity —1
is generated in sublattice B. In addition, due to the
equal excitation of sublattice B, a vortex is generated in
sublattice A with vorticity +1. As revealed by the stee-
pest descent asymptotics (see the supplementary
material of [30]), when exciting a single spinor com-
ponent with a Gaussian beam, asymptotically for rela-
tively large propagation distances, both of the
sublattices are associated with the same amplitude. As
a result, the output wave on sublattice A in this case
consists of a vortex beam with vorticity +1 and an
additional beam without vorticity; both of which have
almost the same ring amplitude ¥(r, z), where
r= (x2 4+ y»)Y2 is the radial coordinate. Thus, the
asymptotic form of the total field on sublattice A
becomes ¥y = 2e'¥/2¥,(r, z) cos(¢/2). The ampli-
tude profile now has the semi-ring structure that
explains the asymmetric conical diffraction pattern
discussed before. We note that, unexpectedly, in this
case the vortex in sublattice A actually has a semi-inte-
ger vorticity +1/2. In addition a line singularity
is obtained where the beam acquires an additional
7 phase difference [40]. Following similar arguments
we can obtain the field on sublattice B as
¥ = 2e 7129 (r, z) cos(¢p/2). Thus we can see that
there are two semi-vortices generated in the two sub-
lattices A and B with opposite semi-integer vorticities
+1/2 and —1/2 along with two line singularities.

Overall, this leads to no net vorticity in the output.
These asymptotic results are in excellent agreement
with the numerical results and the experimental
observations. As we can see in figure 9(a), the field
amplitude exhibits the predicted characteristic semi-
ring structure and becomes zero along the positive y-
axis. In addition, the interferogram in figure 9(b)
clearly shows the z-phase line-singularity. By selec-
tively isolating sublattices A and B, the semi-vortex
structure with opposite vorticities (+1/2 and —1/2) is
revealed (figures 9(c) and (d)). As for the Case IV, the
Gaussian-type amplitude profile at the output is an
indication that we are not close to the Dirac cone. In
this case, the input beam could excite modes in the
vicinity of the BZ center (I" point) or higher band
modes but with no net vorticity at the output. These
results agree well with our previous simulation results
from the Schrodinger equation and with our experi-
mental results.

6. Discussion and summary

Before closing, a few issues merit further discussion.
Firstly, we want to clarify why the two-beam excitation
results (figures 7 and 8) show a dipole-like pattern for
equal excitation (case II), but not a half-vortex pattern
as expected from theory (figure 9). One might under-
stand this intuitively: the key is the filtering at K3 point
(figure 6(d)). For the two-beam excitation, the conical
diffraction output indeed resembles a half-vortex
(figure 7(b1)). After extracting the K5 component, the
output looks more like a dipole pattern. According to
the theory in section 5, the output field with excitation
of only one sublattice, e.g. sublattice A, contains two
parts: one is a vortex with vorticity —1 in sublattice B
that comes from the Bragg reflection; the other is the
remaining original field in sublattice A without
vorticity. Then the semi-vortex emerges with excita-
tion of both sublattices simultaneously as explained
above. However, in our two-beam excitation
approach, when extracting K; component which
comes from the Bragg reflection, the remaining
original field is removed, and thus it should be a full
(integer) vortex. Therefore, when exciting both sub-
lattices, the extracted K3 component contains both the
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+1 and -1 vortices from sublattices A and B,
respectively, leading to a dipole-like intensity pattern
due to the superposition.

Secondly, we want to emphasize that in all our
experiments we excite the same set of Dirac points, i.e.
the same K valleys, with the topological charge of the
vortex depending on the sublattice degree freedom on
the same valley. Studies of the valley degree of freedom
[41] in our optical setting of photonic graphene are
certainly interesting for our future work. As predicted
theoretically, the pseudospin should be a real AM,
since the orbital AM itself is not conserved in the Dirac
equation [27]. The vortex AM observed in our experi-
ments must origin from the AM transfer from the
initial pseudospin in the HCL. We also want to men-
tion that, recently, relevant theoretical work has also
shown that pseudospin in the Lieb lattice is not a
mathematic formality but has real physical effects
[42]. Thus, it is reasonable to believe that the pseudos-
pin-mediated vortex phenomena will also appear in
Lieb lattices, Kagomé lattices [43] and other lattice
structures or 2D material systems [44].

In summary, we have demonstrated that the pseu-
dospin-mediated vortex generation can be controlled
in photonic graphene simply by selective excitation of
the two HCL sublattices. The vortex generation can be
observed only when one of the two sublattices is exci-
ted, and the topological charge of the vortex depends
on the sublattice degree of freedom. When both sub-
lattices of photonic graphene are equally excited near
the Dirac points, asymmetric conical diffraction is
observed, accompanied by generation of pseudospin-
mediated non-integer phase singularities. The results
obtained in our optical system can also be applied to
other natural graphene and artificial graphene sys-
tems. Moreover, our work also reveals a new physical
mechanism for generating and controlling optical
beams with orbital AM which may find applications in
photonics.
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