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Vortex Laser Based on a Plasmonic Ring Cavity
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Abstract: The orbital angular momentum (OAM) of the structure light is viewed as a candidate for
enhancing the capacity of information processing. Microring has advantages in realizing the compact
lasers required for on-chip applications. However, as the clockwise and counterclockwise whispering
gallery modes (WGM) appear simultaneously, the emitted light from the normal microring does not
possess net OAM. Here, we propose an OAM laser based on the standing-wave WGMs containing
clockwise and counterclockwise WGM components. Due to the inhomogeneous intensity distribution
of the standing-wave WGM, the single-mode lasing for the OAM light can be realized. Besides,
the OAM of the emitted light can be designed on demand. The principle and properties of the
proposed laser are demonstrated by numerical simulations. This work paves the way for exploring a
single-mode OAM laser based on the plasmonic standing-wave WGMs at the microscale, which can
be served as a basic building block for on-chip optical devices.
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cryst11080901 1. Introduction

After the knowledge about the linear momentum and spin angular momentum of
light, a breakthrough is the recognition of the orbital angular momentum (OAM) of light [1].
The OAM is a completely new degree of freedom. In theory, the OAM light provides infinite
orthogonal modes. As a result, the OAM states can greatly expand the information capacity,
which has directed attention to applications for optical communication [2] and quantum
information [3]. Since the first demonstration of a laser in 1960 [4], various lasers have been
investigated, such as the plasmonic nanolaser [5], the random laser [6-8], the photonic
crystal nanocavity laser [9], and the exciton-polariton laser [10], and so forth. Advances in
nano-technology make it possible to manipulate the light on a chip [11-15]. Because the
published maps and institutional affil- ~ $€N€ration of micro-scale OAM light is of great significance to on-chip applications, it has
{ations. received extensive attention.

Optical vortex beams with helical phase front carry OAM. In order to obtain OAM

light, one can modulate the wave front of a coherent light. The wave-front modulations

are mostly based on changing the optical path difference, employing a geometry phase,
or controlling diffraction on demand with suitable optical elements, such as spiral phase
plates, lens, Pancharatnam—Berry phase elements, and holograph [16-23] and so forth. In
addition, the direct generation of OAM light within the laser cavity has been developed, to
the great attention of researchers [24-34]. Microring has advantages in realizing compact
conditions of the Creative Commons _1asers. However, the conventional microring cavity supports the standing-wave WGM with
Attribution (CC BY) license (https://  the same weight of clockwise (CW) and counterclockwise (CCW) components, resulting
creativecommons.org/licenses /by / in a net zero OAM of the emitted light. In order to obtain emitted light with OAM, much
40/). attention is paid to breaking the rotation symmetry between the two counter-propagating
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WGMs in the ring cavity. For instance, the OAM laser can be made based on the traveling-
wave WGM at the non-Hermitian exceptional point of a ring cavity [34]. Despite these
impressive advances, designing controllable single-mode OAM lasers at the microscale are
still challenging.

Here, we propose a vector OAM laser based on the plasmonic standing-wave WGMs.
In this framework, the OAM light is constructed by modulating the scattered waves from
the standing-wave WGM in the plasmonic ring cavity, and the desired single-mode lasing
can be achieved.

2. Principle and Results

Figure 1a shows the schematic of an OAM laser. The ring cavity is a coaxial cylindrical
structure with a silver-InGaAsP-silver geometry. The bottom of the cavity is encapsulated
by silver, so only the upper face of the ring is reserved as the port of the OAM-light emission.
This microcavity supports plasmonic mode, for which the electric field component with
polarization along the radial direction in the cavity plane (x-y plane) is dominant. We
construct the OAM light based on the standing-wave WGMs. For the standing wave,
the oscillations between two adjacent nodes are in phase, while the oscillations on the
opposite sides of a node are in anti-phase, that is, there is a 7 phase jump at each node.
However, the OAM light beam possesses helical phase fronts. In order to obtain OAM light,
we introduce tiny effective-refractive-index perturbations at discrete positions along the
azimuthal direction of the InGaAsP ring (the effective-refractive-index perturbations are in
the region with ripper <7 < 7outer and 0 < z < hinGaasP, Where Finner, outer and hinGaasp
are the inner radius, outer radius, and height of the InGaAsP ring, respectively). The tiny
effective-refractive-index perturbations will couple the standing-wave WGM to the OAM
mode by extracting the phase of the standing wave and shifting it to the phase of the
OAM mode. In detail, we introduce 2m effective-refractive-index perturbations at discrete
parts in the ring. Each individual section of the effective-refractive-index perturbations has
an angular width A6 = 7r/2m along the azimuthal direction of the ring. The azimuthal
coordinates at the centrals of these 2m sections are 61(n) = mtn/m (n=1,2, 3, ..., 2m),
respectively. For convenience, we define these 2m sections of the ring as region 1, and
define other parts of the ring as region 2 (region 2 of the ring also consists of 2m sections,
where each individual section has an angular width A8, and the azimuthal coordinates at
the centrals of these sections are 6,(n) = mn/m+ A0 (n =1, 2, 3, ..., 2m), respectively).
In this framework, the standing-wave WGM with azimuthal mode number ! = m can be
coupled to the desired OAM light. The effective refractive indexes in the ring (fipper < 7 <
Touter, 0 < z < hinGaasp) along the azimuthal direction (6) are

NinGaasP + 8 + 8i + 8¢, 0;(n) — 48 <0 <6, (n)+48(n=1,35...2m—1)
NInGaasp + 8 + 8i + 8¢/t 0y (n) — 82 <0 < 60;(n) + 82 (n =2,4,6...2m) (1)
NinGaasp + 1", 02(n) — 52 <0 < 0x(n) + 28 (n=1,2,3...2m)

where the tiny perturbations 8e'®" and 8¢/(?7+™) will couple the standing-wave WGMs
with I = m into the desired OAM light. Because the oscillations of the standing-wave
WGMs jump a 7t phase at each amplitude node, a 7 is needed in the term Set(Pnt7),
¢n = qn/m (n=1, 2,3, ..., 2m). The OAM carried by the emitted light is related
toq (g=0,%£1,%£2, ...). The ¢, and ¢, + 71 can be controlled by tuning the real and
imaginary part of the perturbation terms. Researchers have explored some methods to
modulate the effective dielectric constant or effective refractive index [34,35]. The loss
n”i can be used to suppress the lasing of the competing modes. It is worth noting that
the 6 4 i is not required. However, in order to facilitate the practical effective refractive
index modulations, & + 8i is used in our theoretical model. In this case, & + &i + d¢/®" and
§ + 8i + 8¢!(?1+7) (§ > 0) can be achieved without resorting to gain and negative real parts.
In this paper, we adopt the following definition: the material corresponds to loss material
when the imaginary part of the refractive index of the material is positive.
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Figure 1. The cavity mode and the emitted mode of the OAM laser for I = 11. (a) Schematic of
an OAM laser. The z = 0 is at the bottom of the InGaAsP ring, and the (x =0,y = 0) is at the
center of the ring. (b1)—(g1), mode 1 inside the cavity [(b1)-(d1)] and the corresponding emission
mode [(e1)—(g1)]. (b2)—(g2). Mode 2 inside the cavity [(b2)-(d2)] and the corresponding emission
mode [(e2)—~(g2)]. (b1),(b2), the intensity distributions |E;|/Ey of the radial component of the electric
field inside the cavity (the |E;|/Ep and the phase of E, in the area marked by rectangular box is
also presented in the enlarged figures). (c1),(c2), the intensity distributions |Ey|/Eg of the azimuthal
component of the electric field inside the cavity (the |Eg|/ Eg and the phase of Ey in the area marked by
rectangular box is also presented in the enlarged figures). (d1),(d2), the intensity distributions |E; |/ Eg
of the z -component of the electric field inside the cavity (the |E;|/Ey and the phase of E; in the area
marked by rectangular box is also presented in the enlarged figures). (b1)—(d1), (b2)—(d2) are the
mode properties at z = hngaasp/2. (€1)-(g1), (e2)—(g2) are in the cross section (the radius of the area
is 5000 nm) of the emission modes at 2 um above the upper surface of the cavity. E is the maximum
of the | E; | in the (b1). The green lines in the enlarged figures are the boundaries of different sections.
The g = 2 is used. The eigenfrequencies of the two modes are 1.9999 x 10 + i6.25 x 10! Hz and
2.0031 x 1014 +79.45 x 1011 Hz, respectively. These results are calculated by the Comsol Multiphysics.

Now, we carry out 3D full wave simulations (via the commercial software COMSOL
Multiphysics) to demonstrate the OAM laser. We take a standing-wave WGM with | = 11
in the microcavity as an example. The effective-refractive-index perturbations in region
1 consist of 2m discrete sections with an angular width A = 7r/2m, where m = 11. The
azimuthal coordinate at the center of each section of region 1 is 01(n) = nm/11, where
n=1,2,3, ..., 22. Then, the effective refractive indexes in the ring are

NinGasp -+ 0.006 4 0.006i + 0.006¢n, 4T — 88 <9 < ux 4 80y =1,3,5...21)
NinGaasp + 0.006 + 0.006i + 0. 006e‘(¢n+ﬂ) nr A0 <g<nr g My =2, 4,6. ..22) )
NinGaAsP + 1”1, +A9 SGST?+#(11:1,2,3...22)
where ¢, = gnm/ 11, NiGaase = 3.34, and n” = 0.012. In the simulations, we con-

sider the condition that the silver is at a low temperature, and use the refractive index
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nag = 0.0014 +10.9741i at 4.5 K [5], which has low metal loss. In this paper, we adopt the
following definition: the mode corresponds to loss mode when the imaginary part of the
eigenfrequency of the mode is positive. The inner radius, width and height of the InGaAsP
ring are 620 nm, 50 nm and 200 nm, respectively.

Figure 1 presents the details of the standing waves in the cavity and the emitted modes
for | = 11. Here, the laser cavity with g = 2 is taken as an example, and the z-direction
mode number and radial mode number of the cavity mode are fixed. The |E;|, |E;|, and |Eg|
show obvious nodes along the azimuthal direction of the ring [Figure 1(b1)—(d1),(b2)-(d2)],
which is the typical character of the standing wave modes. Besides, the standing-wave
nature of the cavity modes is further confirmed by the phases of E;, E,, and Eg of the cavity
modes (the last figures of the Figure 1(b1)-(d1),(b2)—(d2)). Because the cavity mode is
coupled into the emitted OAM light by the tiny perturbations in region 1, mode 1 and
mode 2 with different distributions in the cavity exhibit distinct emission characteristics.
For mode 1, the azimuthal antinodes of E, (the dominant component of the electric field)
match the sections of region 1 (Figure 1(b1),(d1)). Besides, the phase of the E, of mode 1 in
each individual section of region 1 is the same, and the E; of mode 1 has a phase difference
7t between adjacent sections of region 1 (Figure 1(b1)). Thus, mode 1 is coupled to the
desired OAM mode as shown by Figure 1(e1)—(gl), in which the E,, E; and Ejy all show
phase characteristics of the OAM light. For mode 2, only the azimuthal antinodes of Ey
match the sections of region 1 (Figure 1(c2)), while the azimuthal antinodes of E, and E,
match the sections of region 2 [Figure 1(b2),(d2)]. Besides, the E,, Eg, and E, of mode 2
in each individual section of region 1 all simultaneously contain mode oscillations with
opposite phases. Thus, the emission from mode 2 to the OAM mode is suppressed as
shown in Figure 1(e2)—(g2) (the intensity of mode 1 and mode 2 in the cavity is nearly
the same. However, compared with the bright color of the emitted light from mode 1
(Figure 1(el)-(gl)), the emitted light from mode 2 (Figure 1(e2)—(g2)) shows a nearly dark
color, indicating the suppression of the emitted light from mode 2.) This property will help
suppress unwanted components in the emitted light.

Figure 2 shows that the OAM of the emitted light can be tuned by tuning the tiny
modulation of the effective refractive index (tuning g in the ¢,,). The emission modes for
g =1,2, and 3 are presented in the first, second and third row of Figure 2, respectively. It
can be found that the phase repeats one, two, and three times from 0 to 277 upon one full
circle around the center of the emitted light beam for g = 1,2, and 3, respectively, which
means the OAM can be designed on demand.

Now, we show that this OAM laser can naturally ensure the single-mode operation
of desired mode. Here, we make a comparison between the modes with the same field
distribution in the vertical cross section of the bend waveguide of the microring but with
different field distributions in the azimuthal direction. For the standing-wave WGM, one
mode (mode 1) of the pair of modes with [ = m is mainly confined in region 1, and the
other mode (mode 2) is mainly confined in region 2. In addition, the cavity modes with
I # m all have nearly the same distribution weight in two regions. Thus, the desired
mode 1 experiences the lower loss from region 2 than other modes, that is, enhancing the
loss in region 2 can relatively suppress the lasing of other competing modes. In order
to demonstrate this principle, we conduct the 3D full-wave simulations. We take the
laser cavity with ¢ = 2 and m = 11 as an example. Figure 3a shows the ratios of the
volume integral of |E|* confined in region 1 to the volume integral of |E ? confined in
region 2. Obviously, the electric fields of the desired mode 1 are mainly confined in region
1(I'1/Ty ~ 4.2). In contrast, the electric fields of mode 2 are mainly confined in region
2 (I'1/I'y ~ 1/4.2). For other WGMs (for instance the mode pair with / = 10 and mode
pair with [ = 12.), electric fields are nearly equally distributed in region 1 and region 2
(I'1 /Ty ~ 1). Thus, as the loss in region 2 increases, the quality factor of mode 1 (red line in
Figure 3b) decreases slower than other modes (blue line and black lines in Figure 3b). As a
result, the single-mode lasing of the desired mode will be benefited when the perturbation
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loss of region 2 is relatively large. It is worth noting that the OAM natures of the emission
mode will not change as the loss in region 2 increases as shown in Figure 3c.

(al) 11x107* (b1) wlx 107+ x |c1) 11x 1074 ™
Nﬂ' 0 N1'[ —

Phase of E,. |Eg|/E, Phase of Eg |E,1/Ey Phase of E,
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Figure 2. Tuning the OAM of the emitted light. The first row [(al)—(c1)], second row [(a2)—(c2)],
and third row [(a3)-(c3)] of the figure present the simulation results of the modes for g =1, 2 and 3,
respectively. These results are in the cross section (the radius of the area is 5000 nm) of the emission
modes at 2 pum above the upper surface of the cavity. It is worth noting that the corresponding modes
inside the cavity (mode 1) have nearly the same field intensity.

5
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Figure 3. Suppressing the lasing of the competing modes. (a) The n” dependence of the ratios of the
volume integral of |E|* confined in the region 1 to the volume integral of | E|* confined in region 2,
which is calculated as I'1 /T, = fffRegion 1 |E|*dv/ fffRegmn 2|E|2clv. Here, n" is the modulation in
Equation (2). (b) The quality factors of the modes as a function of the n”. (c) The intensity (|E:|/Eo,
|Eg|/Ep, and |E;|/Ep) and phase distributions of the emission mode at P1 and P2 of the (a). The
(c) are in the cross section (the radius of the area is 5000 nm) of the emission mode at 2 um above
the upper surface of the cavity. In this example, § = 2 and m = 11. The red lines correspond to
the desired mode 1 with [ = 11, the blue lines correspond to mode 2 with | = 11, the black lines
correspond to the modes with [ = 10, and 12.
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MinGaasp + 711 + 8+ 8i + 8¢, 61(n) — 82 <9 <0,(n) +2¢(n=1,35...2m—1
NinGaasp + 111 + 8 + 8i 4+ 8¢/@t7) 9y (n) — B2 <9 < 0(n) + 28 (n=2,46...2m
MinGaasp + 772 + 8 + 8i 4+ 8¢, 0y(n) — B2 <9 < 6y(n) + 2(n=1,3,5...2m — 1

Finally, we investigate the switch of the OAM of the emitted light. In order to control
the OAM of the emitted light, we modulate the effective refractive index of region 1 to
couple one standing-wave WGM (mode 1) to an OAM mode, and modulate the effective
refractive index of region 2 to couple the other standing-wave WGM (mode 2) to the other
OAM mode. Then, the losses of region 1 and region 2 are used to select the lasing mode
between mode 1 and mode 2. Here, the effective refractive indexes in the ring are

®)

where A8 = 7t/2m,6/(n) =mn/m(n=1,2,3,...,2m),6n) =mn/m+A0(n=1,213, ..., 2m),
op = qnr/m (n=1,2,3,...,2m), & = gnr/m (n=1,2,3, ..., 2m). The electric field |E|
of mode 1 and mode 2 are mainly localized in region 1 and region 2, respectively. Thus,
the lasing of mode 1 or mode 2 can be selectively suppressed by tuning the additional
material loss (1717) in region 1 and the additional material loss (#27) in region 2, which
enables the switch of the emission mode between two different OAM modes. Now, we
present the results of the 3D full-wave simulation. In our example, we used the parameters
m =11, 6 = 0.006, q; = 2, g2 = 3. We assume that the parameters (71, #2) are tuned from
(11 =0, 72 = 0.006) to (r7; = 0.006, 7, = 0). The gain of the InGaAsP can be achieved
when being pumped. The homogeneous pumping gain of the InGaAsP ring is mimicked
by adding an additional background imaginary part Ai (A < 0) to the effective refractive
index of the InGaAsP ring. It is worth noting that we do not consider the effect of the
specific gain spectrum of the gain material for the sake of simplicity. Figure 4a shows that
the loss of mode 1 is compensated for before the loss of mode 2 with the increase of the
homogeneous pumping gain of the InGaAsP for (71 = 0, 7, = 0.006). Thus, mode 1 will
be the lasing mode. In this case, the phases of E,, E, and Ey of the emitted lasing beam all
repeat two times from 0 to 27t upon one full circle around the center of the emitted light
beam (Figure 4c). After tuning the system parameters (171, #2) from (77 = 0, 7 = 0.006)
to (71 = 0.006, 17, = 0), the loss of mode 2 is compensated before the loss of mode 1 with
the increase of the homogeneous pumping gain of the InGaAsP as shown by Figure 4b.
Thus, the lasing mode switches from mode 1 to mode 2. In this case, the emitted lasing
beam is switched to the other OAM mode as shown in Figure 4d, in which the phases of
the E;, E; and Ej all repeat three times from 0 to 27t upon one full circle around the center
of the emitted light.
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Figure 4. Switching the OAM carried by the emitted light. (a), (b), The homogeneous background
gain dependence of the imaginary part of the eigenfrequencies of modes for the system with parame-
ters (71 = 0, 72 = 0.006) (a), and (77 = 0.006, 772 = 0) (b). (c) The emitted lasing beam corresponding
to PO in (a). (d) The emitted lasing beam corresponding to PO in (b). The phases of the emission
modes in (c) and (d) are in the cross section (the radius of the area is 5000 nm) of the emission mode
at 2 um above the upper surface of the cavity.

3. Conclusions

In this paper, we propose a mechanism for constructing OAM light by modulating the
scattered waves from the standing-wave WGM in the plasmonic ring cavity. Within this
framework, the single-mode lasing can be realized. Moreover, the OAM of the emitted light
can be designed on demand. This work provides a mechanism for exploring a single-mode
OAM laser with tunable OAM at the microscale.
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