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ABSTRACT: Incorporation of a metasurface that involves spin-orbit
interaction phenomenon into a laser cavity provides a route to the
generation of spin-controlled intracavity modes with different
topologies. By utilizing the geometric phase, Pancharatnam-Berry
phase, we found a spin-enabled self-consistent cavity solution of a
Nd:YAG laser with a silicon-based metasurface. Using this solution
we generated a laser mode possessing spin-controlled orbital-angular
momentum. Moreover, an experimental demonstration of a vectorial
vortex is achieved by the coherent superposition of modes with
opposite spin and orbital angular momenta. We experimentally
achieved a high mode purity of ~95% due to laser mode competition
and purification. The photonic spin-orbit interaction mechanism
within a laser-cavity can be implemented with multifunctional shared-
aperture nanoantenna arrays to achieve multiple intracavity top-

ologies.
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M anipulation of the lasing mode has been achieved in the
past by inserting engineered optical elements inside a
laser cavity to control the properties of the output beam.'™®
Specific examples include (i) intracavity binary masks,
amplitude, and phase masks, and diffractive elements for
obtaining pure and high order laser modes,””* (ii) intracavity
polarization elements to obtain radial and azimuthal polar-
izations,” and (iii) intracavity optical elements to achieve
efficient phase locking and beam combining.'”"" Moreover,
intracavity elements in degenerate or near degenerate cavity
lasers enable to form large arrays of lasers'” with tunable spatial
coherence'”'* and to focus light through a rapidly changing
scattering medium. ?

Incorporation of a metasurface element, which involves
spin—orbit interaction phenomenon, into a laser-cavity may
leverage the generation of exotic modes that can be controlled
by coupling the spin and orbital angular momentum (OAM) of
photons traveling inside the cavity.”™'® A metasurface is an
engineered array of subwavelength nanostructures which
enhance light-matter interactions and modulate electromag-
netic wave scattering properties.lg_29 By varying the local in-
plane orientations O(x, y) of these nanostructures, a geometric
phase mechanism is obtained,’”*" forming Pancharatnam-Berry
phase optical elements (PBOEs).">'**" Specifically, the local
in-plane orientations 6(x, y) of the PBOE cause phase delays
according to (¥, y) = =200(x, y), where ¢ = 6. = +1 denotes
the sign of spin angular momentum of light (%c,). The
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polarization helicity of light is defined as right (left) circular
polarization if the direction of its spin is the same as (opposite
to) the direction of propagation.

Recently, reflective PBOEs were exploited as output couplers
in a solid state laser to obtain scalar vortex beams carrying
OAM and optical vectorial vortex beams.” As output couplers,
the PBOEs do not interact with the laser cavity and do not
affect the lasing mode. Also, single mode operation of THz
quantum cascade lasers was achieved by focusing light with
metasurfaces, and active metasurface waveguide arrays were
used to control and switch between the two polarizations of a
THz quantum cascade laser.””**

Here, we report on the incorporation of a PBOE into a laser
in order to achieve a topologically controlled intracavity mode,
as shown schematically in Figure 1. This work is the first
demonstration of intracavity mode control by the use of
dielectric metasurface. Specifically, we designed an efficient
dielectric PBOE based on silicon nanoantennas operating in
transmission mode shown in Figure 2a. The nanoantennas were
100 nm wide and 400 nm deep, arranged 300 nm apart from
each other (center to center) within a diameter of 200 um.
Finite difference time domain simulation predicted a theoretical
metasurface efficiency of 82% at a wavelength of 1.064 um,
whereas the experimental efficiency was found to be 73%, due
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Figure 1. Topologically controlled intracavity laser mode. (a—c)
Intracavity spin-controlled laser mode based on a PBOE that generates
modes with topological charge of (a) I = 1, (b) I = —1, and (c)
vectorial vortex. Red and blue helices denote scalar vortices of opposite
spin and OAM. The self-consistent solution of the topologically
controlled intracavity laser mode is a Gaussian emitted to the left and a
higher topology beam to the right.

to fabrication imperfections. This efficiency results from the
limited transmittance (experimentally ~77%) and internal
conversion efficiency from spin-up to spin-down (experimen-
tally ~95%). Thus, most of the reduction in efficiency is due to
reflections. To control the topological charge of the mode, the
nanoantennas were oriented according to 26 = I, where [ is the
topological charge and ¢ is the azimuthal angle, The spin-
enabled PBOE'® can be described by an operator Opgy,, where
OPBM|O-+> = exp(io,lp)lo,).

We experimentally investigated the intensity distribution
after a single and double pass through the PBOE, using
Nd:YAG laser light at a wavelength of 1.064 ym, as shown in
Figure 2b. After passing through the PBOE once, the incident
Gaussian beam of spin-up state lo,) is converted to a spiral
phase beam with spin-down according to Opyla,) = ¢lo_).
After reflection from a mirror, the dlrectlon of propagation is
reversed, but the spin is not affected.’”® Consequently, the
emerging beam is converted back to a Gaussian beam with

spin-state, Oppe™lo_) = l6,). Note, if the reflected beam does
not pass back through the PBOE, it maintains the converted
OAM state.

The PBOEs are therefore especially suitable for intracavity
mode shaping, as they easily supply a self-consistent solution
after every round trip (double pass) through the elements. For
comparison, a double pass through a standard spiral phase
element results in accumulation of twice the OAM. Therefore, a
self-consistent solution with a spiral phase element would
require two such elements, which would generate the OAM and
then cancel it out. Indeed, several methods that were previously
demonstrated for generating beams with OAM inside a laser
cavity were prone to use two elements inside the laser cavity,
which had to be carefully aligned.”

In order to demonstrate a topologically controlled intracavity
laser mode, the PBOE was placed inside a modified degenerate
cavity laser, as schematically shown in Figure 3a. The laser
cavity was comprised of two flat mirrors, a gain medium, a
circular aperture, and two lenses in a 4f telescope arrangement.
The two mirrors of the cavity had 80% reflectivities, so the
output power could be measured at either side of the cavity.
The gain medium was 10 cm long and had a diameter of 4 mm,
and it was pumped with a Xenon flash lamp in quasi-CW 100
us long pulses at 1 Hz repetition rate in order to avoid thermal
lensing effects. The lenses had a focal length of 15 cm, and the
diameter of the intracavity circular aperture was 200 um,
chosen to match the size of the PBOE and ensure that all
energy in the cavity propagates through it. The PBOE of 200
um diameter was placed at the Fourier plane between the two
lenses adjacent to the circular aperture and near the gain
medium. In order to enforce circular polarization of o, or o_
upon the lasing mode, a quarter-wave plate, a Faraday rotator,
and a linear polarizer were placed inside the cavity. The laser
polarization could be switched between o, and 6_ by changing
the orientation of the quarter-wave plate, and setting it at either
+45° or —45° relative to the orientation of polarization of the
incident beam. The circular aperture served as a spatial filter,
introducing loss to high order modes and forcing the laser to
operate with a single mode.

Figure 3a shows the experimental output intensity
distributions from the two sides of the laser cavity. As expected,
at one side the distribution has the shape of a doughnut,
whereas at the other side it has the shape of a Gaussian. The
OAMs of the doughnut shaped intensity profile were
determined using a Mach—Zehnder interferometer. Specifically,
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Figure 2. Spin-enabled self-consistent concept based on PBOE. (a) Side and top view of scanning electron microscope images of the fabricated
silicon-based spiral PBOE. (b) Operation and experimental results for single and double passes through the metasurface outside the laser cavity for
incident Gaussian beam (red). Red and blue denote spin-up and spin-down states, respectively.
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Figure 3. Spin-controlled OAM laser modes. (a) Spin-controlled modified degenerate laser cavity. Polarizer (Pol), Faraday rotator (FR), and
quarter-wave plate (QWP) serve to control the polarization of the intracavity mode. Experimental results of the spin-dependent intracavity laser
modes; OAM beam at left (mirror) and Gaussian beam at right (OC, output coupler). (b, c) Self-interference patterns of the OAM mode, indicating
(b) OAM of I = +1 for spin-up and (c) OAM of I = —1 for spin-down.
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Figure 4. Intracavity vectorial vortex mode for a laser with azimuthally polarized output beam. (a) Schematic illustration of the intracavity vectorial
vortex and the corresponding experimental intensity distribution. Red and blue helices denote opposite spin states, and the black scale-bar in the
colored scanning electron microscope image is 500 nm. (b) Experimental intensity distributions obtained at eight different linear polarizer
orientations and the resultant azimuthal polarization vector field, as obtained from measured Stokes parameters.

the output of the laser was split into two arms and a slight angle substantially higher gain and is, therefore, the only lasing mode
and shift was introduced in one of the arms, and then the light due to mode competition.
from the two arms were combined and detected as an Moreover, placing the PBOE also improves its effective
interference pattern. The experimental interference patterns are efficiency. To see this, notice that the basic mechanism of the
shown in Figure 3b,c. As is evident, two shifted “forks” are cavity is based on the notion that any beam returns to its initial
clearly visible, indicating a spin-dependent topological charge of state after a double pass through the PBOE, as explained above.
+1, where the sign of the OAM is inferred by the relative As a result, the noninteracting reflected light is identical in spin
orientation of the “forks”. The purity of the mode, defined as and OAM to the light that went through the element twice, and
the normalized overlap integral between the detected and it therefore does not reduce the purity of the output beam. The
expected intensity distributions, was measured to be 95.7%. reflected light is not lost, but rather is injected back into the
In a cavity with no gain (“cold cavity”), there is no preference cavity for further buildup of the lasing mode, thereby increasing
to having the vortex beam on one side of the cavity or on the the effective efficiency of the PBOE.
other. There is perfect degeneracy between these two solutions, The PBOEs can also form vectorial vortices," thereby
and consequently, a superposition of Gaussian and vortex increasing the realm of intracavity topological effects. For
beams are expected to lase on either side of the cavity. example, vectorial vortices with spiral PBOE can be obtained by
However, the presence of the gain breaks the degeneracy, and tailoring the relative phase of two opposite spins according to
strongly prefers the solution where the vortex beam overlaps Opg(l0,) — lo_)) = e™l6_) — ¢™l5,). When placing a PBOE
the gain, as was indeed measured experimentally (Figure 3a). inside a laser cavity of linearly polarized light, the emerging field
Since the vortex beam has a larger mode area as compared to a consists of two opposite spin and OAM states. Experimentally,
Gaussian beam (by a factor of e ~ 2.71), this solution has the quarter-wave plate and Faraday rotator were removed from
1819 DOI: 10.1021/acsphotonics.7b01525
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the cavity. The intracavity superposition of / = 1 and [ = —1
resulted in a mode having azimuthal polarization, as shown in
Figure 4a. The polarization state of the output beam was
measured by projecting the vectorial vortex on a linear polarizer
(Figure 4b). By measuring the Stokes parameters, we
determined that the average deviation of the expected
azimuthal angle is 13° and the average ellipticity angle 16°,
indicating polarization purity of ~94%.

The implementation of the spin—orbit interaction mecha-
nism within a laser-cavity provided the route to control the
topology of the lasing mode in a spin-dependent manner. As we
showed, the intracavity PBOE interacted with the laser cavity
and improved performances: the effective efficiency of the
PBOE was improved and the output power was increased due
to an enhanced mode area on the gain. The Pancharatnam-
Berry phase is wavelength-independent,”* so unlike other
phase elements, the PBOEs are also suitable for tunable and
ultrafast (femtoseconds) lasers. Moreover, the PBOEs are flat
so they are CMOS compatible, and can be incorporated into
microlasers and serve as novel nanophotonic devices. Our
investigations and results can be extended to multifunctional
share-aperture metasurfaces in order to achieve multispectral
mode shaping.**~**
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