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Abstract

The unbounded dimension of orbital angular momentum of light has made it one of the most
vital parameters to store, control and transport information in optical communication. Along with
orbital angular momentum, frequency, polarization and intensity of light are also essential
degrees of freedom for encoding and multiplexing data streams in optical and quantum
information processing. Therefore, nonlinear generation and conversion of orbital angular
momentum have attracted considerable attention in recent years. Here, we theoretically and
experimentally demonstrate the nonlinear conversion of orbital angular momentum in atomically
thin tungsten disulfide monolayer at both of the second- and third-harmonic frequencies of the
fundamental vortex beam. Moreover, we also show that by taking advantage of the symmetry
properties of the crystal, the intensity and polarization state of the converted nonlinear vortex
beam can be precisely controlled and determined by the polarization state of the fundamental
beam. Our results can have a direct implication in building atomically thin optical multiplexers,

signal processors, and other prototypes in nonlinear optical conversion for future on-chip

photonic circuits, quantum memory and computing devices.

Keywords: 2D materials, tungsten disulfide, elliptical polarization, second-harmonic generation,

third-harmonic generation, orbital angular momentum

1. Introduction

The orbital angular momentum (OAM) of light is one of the
most important research topics in optical communication and
light—-matter interaction. In 1992, Allen et al first recognized
that an optical vortex beam with helical phase dependence of
exp(ilg) carries the OAM of /A for each photon and possesses
the doughnut-shaped spatial profile, with the topological
charge (TC) / and the azimuthal angle ¢ [1]. Since then, the
unbounded dimension of TC and the unique optical properties
of optical vortex beams have been harnessed for various
macroscale and on-chip applications such as large-scale
optical data transmission [2—4], high-capacity spatial-mode-
division multiplexing [5, 6], high-dimensional quantum
information processing [7-9], quantum memory [10-12],
cryptography [13], and nanoscale optical tweezers [14—18].
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Together with orbital angular momentum, frequency,
polarization and intensity of light are also considered as some of
the important parameters for encoding and multiplexing infor-
mation in optical communication. The generation and trans-
formation of OAM have been studied through different types of
nonlinear optical processes such as second-harmonic generation
(SHG) [19-22], third-harmonic generation (THG) [23], sum-
frequency generation [24-26], and coherent anti-Stokes Raman
scattering [27]. Apart from these, OAM addition and mixing
through SHG has also been demonstrated in nonlinear crystals
[28-30], plasmonic and dielectric chiral nanostructures [31]. In
all the cases, the TC and polarization of the converted beam
depend on those of the fundamental laser beam. However, most
of these studies only exploited linear and circular polarizations,
hence rarely considered elliptically polarized light [32] to
explore the possibility of using the parameters of the polariza-
tion ellipse as new degrees of freedom for further information
encoding and multiplexing. Recently, it has been demonstrated
that the propagation characteristics of an elliptically polarized

© 2019 IOP Publishing Ltd  Printed in the UK
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vortex beam strongly depends on the ellipticity and thus can
have many useful implications in long-range and short-range
optical communications [33, 34]. Furthermore, most OAM
conversion experiments mainly adopted bulky nonlinear crys-
tals as the nonlinear medium [20, 35-37] which hinders the on-
chip integration. The use of ultrathin plasmonic metasurfaces
has provided a breakthrough in realizing on-chip OAM con-
version devices [38—40], but low conversion efficiency and high
absorption loss remain a big challenge for their practical
implementation.

Recently, nonlinear optics with transition metal dichalco-
genide (TMDC) monolayers has drawn broad interest for rea-
lizing a wide range of photonic and optoelectronic applications
[41-45]. Apart from being a noncentrosymmetric hexagonal
lattice (D3, space group), the direct bandgap and trigonal wrap-
ping of one metal atom layer between two chalcogen atom layers
allow the unique TMDC materials to exhibit strong second-order
and third-order susceptibilities at the same time [46-48]. There-
fore, TMDC monolayers have not only been demonstrated to be
excellent ultrathin nonlinear medium for SHG and THG, but
recently spontaneous parametric down-conversion has also been
predicted [49, 50]. Moreover, negligible absorption loss and the
ability to be easily interfaced at the nanoscale [43, 44] make these
atomically thin TMDC monolayer crystals ideal candidates for
building on-chip nonlinear photonic devices.

With that hindsight, here we theoretically and experimen-
tally demonstrate the second- and third-harmonic (SH and TH)
nonlinear conversion of OAM from only one tungsten disulfide
(WS,) monolayer crystal. In addition to observing the doubling
and tripling of OAM during the SH and TH nonlinear con-
version, we also investigate how the ellipticity and orientation
of the polarization ellipse as well as the intensity variation of the
SH and TH vortex beams evolve depending on the polarization
state of the fundamental vortex beam. Our results not only
provide a better understanding of the light-matter interactions in
TMDC monolayers during the nonlinear conversion processes
but also can be harnessed to realize efficient frequency-,
polarization-, and OAM-based multiplexing, demultiplexing
and encoding prototypes for building miniaturized atomic-scale
optical communication and computing devices.

2. SHG and THG from WS, monolayer

Single-crystal WS, monolayer triangles grown by the low-
pressure chemical vapor deposition method on a c-cut (0001)
sapphire substrate (2D Semiconductors) are used for the
experiment. Figure 1(a) is the schematic illustration of the
experimental setup. The circularly polarized femtosecond laser
beam at the wavelength of 1560 nm (Calmer fiber laser, pulse
width 90 fs) is passed through a zero-order vortex half-wave
plate (Thorlabs) to generate a Laguerre-Gaussian (LG) beam of
TC =1 which is focused on the WS, monolayer sample
through a 10x objective lens of numerical aperture (NA) 0.2.
The combination of a linear polarizer (LP) and a quarter-wave
plate (QWP) is used to obtain the desired polarization state in
the fundamental excitation vortex beam. The transmitted beam
consisting of fundamental, SHG and THG responses is then
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Figure 1. (a) Schematic diagram of the experimental setup. (LP:
linear polarizer; QWP: quarter-wave plate; VHWP: vortex half-wave
plate; BPF: band-pass filter; CL: cylindrical lens.) (b) Top-view of
the WS, monolayer crystal lattice. The y-direction represents the
armchair direction while the x-direction corresponds to the zigzag
direction along which the mirror symmetry is broken.

collected using another objective lens (20x, 042 NA) and
focused on an electron multiplying charge-coupled device
(EMCCD) camera (Andor iXon) for imaging. The SHG and
THG responses are filtered out using 780 nm and 520 nm band-
pass filters, respectively. To monitor the spectral profile of the
nonlinear signal, an optical spectrometer (iHR 550, Horiba) is
used instead of the EMCCD. Figure 1(b) represents the
experimental coordinate system in terms of the hexagonal
crystal structure of the WS, monolayer. While the yellow
spheres represent the vertically separated layers of the S atoms,
the blue spheres indicate the W atoms. The armchair direction
of WS, crystal is oriented along the vertical direction (y-axis)
whereas the zigzag direction with reflection symmetry is along
the horizontal direction (x-axis).

First, the SHG and THG emission from the WS, mono-
layer is characterized. Figure 2(a) is a transmission-optical
microscope image of the WS, monolayer used in the experi-
ment. Figure 2(b) shows the dark-field image of the linearly
polarized TC = 1 fundamental vortex beam focused on the
WS, monolayer sample, with the polarization set along the
armchair direction of the crystal. Figure 2(c) plots the optical
spectrum of the nonlinear signal from the WS, monolayer for
the pump power of 30 mW where the SHG and THG signals
are observed at the wavelengths of 780nm and 520 nm,
respectively. The THG intensity is found to be almost twice of
that of the SHG where the THG and SHG conversion efficiency
for this particular pump power are estimated to be 1.4 x 10~°
and the 6.3 x 10", respectively. Figure 2(d) shows that the
SHG and THG responses follow the expected quadratic and
cubic dependences with the pump power, respectively.

3. Theoretical analysis for nonlinear conversion of
vortex beam

Next, it is explored how the OAM and polarization properties
of the converted nonlinear vortex beam get transformed
depending upon the polarization state of fundamental vortex
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Figure 2. (a) Transmission-optical microscope image of the WS, monolayer crystal used in the experiment. The white-dashed arrow
represents the armchair direction of the crystal lattice. (b) Dark-field image of the linearly polarized fundamental vortex beam with TC = 1
focused on the WS, monolayer sample. The linear polarization is along the armchair direction. Scale bar is 10 ym. (c) The nonlinear response
spectrum under fundamental vortex excitation of WS, monolayer showing SHG and THG signals at the wavelengths of 780 and 520 nm,
respectively. (d) Double log-scale plots of the measured SHG and THG power from WS, monolayer as a function of the incident

fundamental pump power.

beam. The fundamental pump beam is considered to be an
elliptically polarized vortex beam of TC = /; at the funda-
mental frequency of w, where the major axis of the polar-
ization ellipse is oriented along the armchair direction (y-axis)
of the crystal, with the electric field expressed as

2 I
E@ — B, exp[—(r—2 + il@)]( rﬁ)
We we

% iff i+ 1 ),}\ ,
J1+ €f J1 + €f
where r is the radial distance from the beam center, ¢ is the
azimuthal angle, wy is the radius of the Gaussian beam, and ¢
defines the ellipticity of the polarization ellipse. X and y are
the unit vectors in the experimental coordinate system as
defined in figure 1.

Now, SHG from the WS, monolayer is related to both
the incident electric field and the second-order nonlinear
susceptibility (x?) tensor of the crystal. Assuming that the
crystallographic coordinate system is defined by (x, y, z) as
shown in figure 1, x'® can be defined as
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where the first subscripts 1, 2, 3 refer to x, y, z respectively
and the second subscript signifies the following:

1234 5 6
XX Yy 22 YZ ZX X).

Since the WS, monolayer belongs to the D3, space
group, there is only one independent nonvanishing x® tensor
element [51]:
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Therefore, the second-order nonlinear polarization com-
ponents in WS, monolayer is expressed as
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which yields the expression of the second-order nonlinear
polarization as
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Correspondingly, SH electric field can be expressed as
E®Y o P2% 4+ P2y and thus by using equations (1) and
(5), the expression of the SH vortex beam is obtained as

2
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Therefore, the SHG of a fundamental vortex beam with
arbitrary elliptical polarization will generate a vortex beam
with the doubled TC I, = 2/; and a reduced w, = wy /2.
Equation (6) also indicates that the ellipticity of the SH vortex
beam egyg is transformed from that of the fundamental vortex
beam into the following

26f
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while the orientation of the polarization ellipse remains
unchanged along the armchair direction. Note that a different
scenario can occur if the fundamental vortex beam has an
elliptical polarization oriented along the zigzag direction. In
that case, a 90° rotation of the SHG polarization ellipse from
the polarization orientation of the fundamental beam is
expected, which can be attributed to the reflection symmetry
in the crystal along the zigzag direction. In equation (7), the
change in the sign of the ellipticity means that the handedness
of the SH polarization ellipse is flipped, which is generally
expected for any noncentrosymmetric crystal with three-fold
rotational symmetry. Moreover, equation (6) suggests that the
intensity of the SH signal depends on the ellipticity of the
fundamental pump beam by the relation of Isyg o< (1 +
sin22ﬁf) where 3; = tan~! ¢ is the ellipticity angle. Thereby,
the intensity of the SH vortex beam under the circularly
polarized fundamental excitation with Gy = 45° + m - 90° is
expected to be twice of that under the linearly polarized
excitation with 3, = 0° 4+ m - 90°.

Similarly, the THG from the WS, monolayer in case of
the fundamental vortex excitation will depend on the third-
order nonlinear susceptibility of the material which is repre-
sented by
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with the first subscripts 1, 2, 3 representing the crystal-
lographic axes x, y, z and the second subscript signifying:

1 23 4 5 6 7 8 9 0
XXX YYY Z2Z YZZ YYZ XZZ XXZ XYy XXY XYZ.

Due to the D}, symmetry of the WS, monolayer crystal,
there is only one independent nonvanishing x® tensor ele-
ment represented as [51, 52]

XY = X5 = 3T = 3x% ©)

Thus, the third-order nonlinear polarization of the WS,
monolayer is given by
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and the electric field of the TH vortex beam has the form
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This indicates that the TH vortex beam will have the TC
I3 = 3l with a reduced w5 by a factor of J3 from wy. Unlike
the SH vortex beam, the TH vortex beam has the same
polarization state as the fundamental vortex beam and the
intensity is given by Iug o cos*23. Hence, it implies a
maximum TH intensity in case of the linearly polarized fun-
damental excitation as well as a vanishing THG intensity in
response to the circularly polarized excitation.

4. Measurements for nonlinear conversion of
vortex beam

The intensity profiles of the converted SH and TH vortex
beams from the WS, monolayer are measured with linearly
polarized fundamental vortex beam with TC = 1 where the
incident polarization is set along the armchair direction of
the crystal. Figure 3(a) is the recorded transmission image of
the doughnut-shaped intensity pattern for the fundamental
vortex beam. The associated TC of the fundamental vortex
beam is confirmed by performing an astigmatic transforma-
tion of the recorded image using a cylindrical lens placed
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Figure 3. (a) EMCCD image of the fundamental vortex beam with TC = 1 focused on the WS, monolayer sample. Scale bar is 5 um. (b)
Cylindrical lens image of the fundamental vortex beam confirming the TC to be 1. (c) False-color EMCCD image of the converted SH vortex
beam. (d) Cylindrical lens image of the SH vortex beam indicating the TC to be 2. (e), (f) False-color EMCCD images of the converted TH
vortex beam showing the TC to be 3. (g) Measured line profiles of the square root of intensity for the fundamental, SH and TH vortex beams
with TC =1, 2 and 3 (solid curves), fitted by the calculated electric field profiles of E“ EC9 and E® (dashed curves).

before the EMCCD. During the astigmatic transformation, the
high-TC optical vortex splits into its constituent elementary
vortices with TC = 1 to form an extended pattern of tilted
dark stripes near the focal plane of the cylindrical lens. The
number of dark stripes in the cylindrical lens converted image
indicates the TC of the vortex beam [53]. Figure 3(b) shows
that the fundamental pump beam has TC = 1. Figure 3(c)
gives the recorded image of the SH vortex beam from the
WS, monolayer and the corresponding cylindrical lens image
in figure 3(d) confirms that the SH vortex beam has TC = 2.
Similarly, figures 3(e) and (f) show that the converted TH
vortex beam has TC = 3. Figure 3(g) further plots the mea-
sured line profiles of the square root of intensity for the
fundamental, SH and TH vortex beams, which are fitted by
the calculated electric field profiles of E“’, E®“) and EC*,
respectively. It indicates that the measured %: 0.75 and
i—: = 0.62 which are close to the expected values of %

and %

Next, the dependence of the SH and TH vortex intensity on
the ellipticity of the fundamental vortex beam is characterized.
The desired incident elliptical polarization of the fundamental
vortex beam is obtained by placing a linear polarizer along the
armchair direction (y-axis) of the WS, crystal and a rotating
QWP. Depending on the rotation angle J; between the linear
polarizer and the QWP fast axis, the fundamental vortex beam
varies from linearly polarized (G = 0° + m - 90°) to circularly
polarized (G; = 45° + m - 90°). The polar plot in figure 4(a)
shows the evolution of the SH vortex intensity as a function of

the ellipticity angle ;. The observed nearly doubled intensity
under the circularly polarized excitation compared to that of the
linearly polarized excitation is in good agreement with the
theoretical prediction of Isyg o< (1 + sin22,8f). The ellipticity
esug of the SH vortex beam as a function of the ellipticity ¢; of
the fundamental vortex beam is also measured by using the
Stokes parameters of the SH signals as Sy = |[EZ|> + |[E?,
S; = |EXP — |EPP, S, = 2Re{ECVEY} and S; =
—ZIm{EfC2“)E§,2“)}, from where the ellipticity angle and the

. . . L s
orientation can be obtained as [syg = 5 sin I(S_S) and
0

Osig = %tan*' (i—:), respectively. The ellipticity of the SH

vortex beam is then calculated as esyg = tan Bsyg. As shown
in figure 4(b), when ¢ is gradually changed from —1 to +1 with
Br = —45° to 45° signifying from right-handed circular polar-
ization to left-handed circular polarization, the measured esyg is
always opposite to ¢ and is consistent with the theoretical
calculation shown in equation (7). The slight deviation of the
experimental values from the theoretical calculations may be
attributed to the defects and deformation in the WS, monolayer
crystal. Figure 4(c) plots the variation of the TH vortex intensity
as a function of the ellipticity angle G;, showing that the THG
signal follows the theoretical prediction of Ityg o cos23;,
which has a maximum under the linearly polarized fundamental
excitation and nearly vanishes under the circularly polarized
excitation. As plotted in figure 4(d), the measured ey of the
TH vortex beam is found to be almost the same as ¢ of the
fundamental vortex beam, which matches with the theoretical
calculation of etgg = €.
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Figure 4. Dependence of the SH vortex intensity on the ellipticity angle Gy of the fundamental vortex beam. 0°, 90°, 180° and 270°
correspond to the linear polarization whereas 45°, 135°, 225° and 315° correspond to the circular polarization. The measured data are fitted
with (1 + sin22ﬁf). (b) Evolution of the SH vortex ellipticity espg as a function of the ellipticity €, of the fundamental vortex beam. (c)

Dependence of the TH vortex intensity on 3. The measured data are fitted with 00522@. (d) Evolution of the TH vortex ellipticity ety as a

function of ¢;.

5. Conclusion

In summary, we have theoretically and experimentally
demonstrated the nonlinear conversion of the elliptically
polarized fundamental vortex beam from atomically thin WS,
monolayer through both SHG and THG processes. It is shown
that the TCs of the converted SH and TH vortex beams get
doubled and tripled, respectively. Moreover, it is demon-
strated that the intensity and polarization properties of the
nonlinear vortex beams can be precisely controlled by the
polarization state of the fundamental vortex beam due to the
symmetry properties of the WS, monolayer crystal. The fact
that the same TMDC monolayer crystal can be used for both
SH and TH vortex beam conversion with the determined
OAMs and the well-specified polarization and intensity

makes the TMDC monolayers an effective platform for
making nonlinear optical devices used for efficient frequency-
, polarization-, and OAM-based multiplexing, demultiplexing
and encoding information in optical communication and
quantum information processing. In addition to that, the
TMDC monolayers with atomic-scale thickness can be har-
nessed for future on-chip nonlinear applications in integrated
photonic circuits and quantum memory devices.
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