
Nanophotonics 2021; 10(16): 4067–4074

Research Article

Zhishen Zhang, Jiuyang Lu, Tao Liu, Jiulin Gan, Xiaobo Heng, Minbo Wu, Feng Li* and
Zhongmin Yang*

Azimuthally and radially polarized orbital angular
momentum modes in valley topological photonic
crystal fiber
https://doi.org/10.1515/nanoph-2021-0395
Received July 22, 2021; accepted September 16, 2021;
published online September 29, 2021

Abstract: Artificially tailoring the polarization and phase
of light offers new applications in optical communication,
optical tweezers, and laser processing. Valley topological
physics provides a novel paradigm for controlling elec-
tromagnetic waves and encoding information. The pro-
posed fiber has the inner and outer claddings possessing
opposite valley topological phases but the same refractive
indices, which breaks through the polarization constraints
of the traditional fiber. Robust valley edge states exist at
the domain walls between the inner and outer claddings
because of bulk edge correspondence. The valley topo-
logical fiber modes exhibit the unprecedented radial and
azimuthal polarization with high-order azimuthal index.
Those topological modes are robust against the disorder of
the fiber structure. These results enable guide and manip-
ulate the optical polarization and angular momentum in
fiberwithhighfidelity. Theproposedfiberhas thepotential
to become a powerful optical spanner for the application
of bio-photonics.
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1 Introduction
Polarization and phase are two important properties of
light and spatially arranging the polarization and phase
[1–3] leads to intriguing applications in optical communi-
cation [4, 5], optical tweezers [6, 7], and laser processing
[8, 9]. The azimuthally and radially polarized modes [10]
have the higher efficiency for the stable trapping of polar
nanoparticles [6] and the laser machining in the polar
materials [8]. The helically phased beams carry the orbital
angular momentum (OAM) [11, 12], which have the exten-
sive applications, such as high-capacity optical commu-
nications [5], multidimensional micro-manipulation [7],
and the three-dimensional microstructure machining [9].
Recent work [1, 2, 13] has shown that the polarization and
phase of light can be tailored arbitrarily in free space.
Compared with the free space, the fiber has advantages
in high beam quality and long transmission distance.
The azimuthally/radially polarized OAM fiber will com-
bine the advantages of the azimuthally/radially polarized
lights, the OAM lights, and the fiber lights, and leads to
the potential application as the low-energy great-strength
optical spanner into biological tissues. However, the arbi-
trary combination of polarization and phase in fiber is still
challenging. The polarization and phase of fiber modes
rely heavily on the azimuthal index. According to the
wave equation [14], the refractive indices contrast between
fiber core and cladding divides the fiber modes into three
categories, the linear or circular polarized modes, the
azimuthally polarized modes, and the radially polarized
modes. The latter two cases can only be achieved with
zero azimuthal index [14]. Due to the high-order azimuthal
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index of the OAM modes [12], there is no report about the
azimuthally and radially polarized OAMmodes in fiber.

Most recently, the concept of the band structure top-
ology [15–22] plays a new approach for controlling cha-
racteristics of the fiber modes and offers tremendous
opportunities in realizing the revolutionary photonic crys-
tal fibers (PCFs) [23–27] with low loss, novel mode field
and polarization distributions, and large bandwidth. The
Dirac fiber [23] modifies the envelope amplitude of fiber
mode by the Dirac equation. The one-way fiber [24] per-
fectly immunes the backscattering loss based on the Weyl
crystals. The Dirac-vortex fiber [27] supports the single
polarizationmodeoveroneoctavebandwidthby thevortex
winding number. The valley topological photonic crystal
[20, 28–35] provides an extra degree of freedom to encode
the information and has been investigated in the direc-
tional optical waveguide [30–33] and the robust photonic
delay line [20]. Furthermore, the paired valley topological
photonic crystals for guiding the valley topological states
have the same effective refractive indices, which is funda-
mentally different from the waveguides based on the total
internal reflection [14] or photonic bandgap [36]. The val-
ley topology may enable us to design waveguide without
refractive indices contrast and obtain novel optical fibers
with controllable polarization and phase.

Here, we achieve the unprecedented azimuthally
and radially polarized orbital angular momentum (OAM)
modes in valley topological photonic crystal fiber (TPCF).
The proposed TPCF has the inner and outer claddings with
the same refractive indices but opposite valley Chern num-
bers.Byeliminating the refractive indices contrastbetween
fiber core and cladding, the three characteristic equations
for the different polarized fiber modes now have the iden-
tical expressions, which breaks through the polarization
constraints of the azimuthal index in the traditional fiber.
The topological fibermodes are composed of the clockwise
andcounterclockwise resonanceof topologicallyprotected
states in the enclosed interface. The polarization of topo-
logical fiber mode is consistent with the corresponding
topological state that is parallel or perpendicular to the
interface. The topological fiber modes, characterized with
the azimuthal/radial polarization, have high azimuthal
index and synthesize the polarized OAM modes. Due to
the topological protection, the polarization characteristics
and the confinement losses of the fibermodes are robust to
the local perturbation. These findings may enable the cre-
ation of novel polarized orbital angular momentum fiber
for optical trapping and laser micromachining.

2 Results

2.1 Topological properties in quasi two
dimensional (2D) systems

As depicted in Figure 1a, the design consists of a triangular
lattice of the three-hole units in the transverse plane and
invariant structure in the longitudinaldirection. The lattice
constant, thehole radius, and thecenter-to-centerdistance
of the three-hole unit are set as a = 3.1 μm, r = 0.2a, and
h =

√
3a∕6, respectively. The rotation angle of the three-

hole 𝛼 controls the topological properties of the photonic
crystal. The refractive index of the substrate and holes are
set as 1.444 and 1. Compared with the in-plane propaga-
tion in the 2D photonic topological insulators, the light
can propagate in directions that lie outside the transverse

Figure 1: Topological gap and edge states with a non-zero kz. (a)
Topological bandgap (gray region) as kz varies. The black line
indicates the dispersion of the substrate material. The downright
inset shows the three-hole unit. The top left insets are the electric
field distributions of lower and upper bands at K point correspond to
labels p and q, respectively. The green cones denote the Poynting
vectors. (b) Interface formed by the upper phase A and lower phase
B. (c) Electric field distribution of the horizontally polarized edge
state. (d) Electric field distribution of the vertically polarized edge
state. The blue arrows indicate the polarization characteristics.
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section in quasi-2D systems due to the additional vertical
dimension. More specifically, both the topological pho-
tonic band gap (TPBG) and edge states can be constructed
under a non-zero longitudinal wave constant kz, just like
the ordinary (nontopological) photonic bandgaps and the
Dirac cones [14]. The band topology of quasi-2D valley
topological photonic crystal is analytically descripted by
the effective Hamiltonian K∕K′ = ±𝑣D(𝜎x𝛿kx + 𝜎y𝛿ky)±
(Δ1𝛿ky +Δ2)𝜎z (see Supplementary Information 1),where
K∕K′ are the corner points in the first Brillouin Zone,
𝑣D is the group velocity, (𝛿kx, 𝛿ky) = (kx − K(′)

x , ky − K(′)
y )

is the reciprocal vector measured from the K∕K′ points,
𝜎 (x, y, z) are the Pauli matrices.Δ1𝛿ky is considered as the
kz-induced perturbation, which does not break the degen-
erate states at K∕K′ points but change the bands near the
K points.Δ2 is the structure-inducedperturbation strength
because of the breakdown of inversion symmetry, will lift
the degenerate states at K∕K′ points and open a topologi-
cal nontrivial gap. The kz acts on the electromagnetic fields
of the pseudospin states (insets in Figure 1a), the gap size
andcenter frequencyof topological gap,whichwill expand
theparameter scopeof thephotonic topological insulators,
suchas reducing the requirementof thesubstrate refractive
index. Figure 1a shows the dependence of the topological
bandgap as kz varies. The topological gap is opened with
kza∕2𝜋 > 0.6, andgradually increases to themaximumwith
kza∕2𝜋 = 2.

The out-of-plane topological edge states are supported
at the interface between two photonic crystals with the
opposite valley Chern number. In quasi-2D valley topo-
logical photonic crystal, the band inversion occurs when
the rotation angle (𝛼) changes its plus-minus. So the
photonic crystal with −60◦ < 𝛼 < 0◦ (phase A) and 0◦ <
𝛼 < 60◦ (phase B) have the opposite valley Chern num-
ber. Figure 1b schematically shows the interface that is
formed by the upper phase A and lower phase B. Two edge
states (Figure 1c and d) with the horizontal and vertical
polarizationareachievedwith kza∕2𝜋 = 2.6372.Due tobulk-
boundary correspondence, there should be only one edge
state with hybrid polarization at the interface. However,
the horizontally and vertically polarized component will
have different longitudinal wave constant because of the
shape birefringence of the interface. So this hybrid polar-
ized edge state is further split into two horizontally and
vertically polarized states. The electric fields of the edge
states [37] with the out-plane propagation are expressed as

𝝋x = (c1𝜓1x + c2𝜓2x) ⋅ ei(𝛿kx⋅x+𝛿ky⋅y) ⋅ e−|m𝑣Dy|⋅
ei(KDx⋅x+KDy⋅y+kz ⋅z) ⋅ e−i𝜔xt ⋅ ex

(1)

𝝋y = (c1𝜓1y + c2𝜓2y) ⋅ ei(𝛿kx⋅x+𝛿ky⋅y) ⋅ e−|m𝑣Dy|⋅
ei(KDx⋅x+KDy⋅y+kz ⋅z) ⋅ e−i𝜔yt ⋅ ey

(2)

where𝜓 1,2 is the electric field of counterclockwise or clock-
wise pseudospin states at the K points, subscript x∕y
represents the electric field component parallel or perpen-
dicular to the interface, e(x/y) is the unit vector,m = 𝜔DΔ∕

𝑣

2
D

is the equivalentmass, and𝜔D is theDirac frequency.𝜔(x∕y)
is the frequency of edge state, which is influenced by the
wave vector (kx, ky, kz) and the polarization. (kDx, kDy, kz) is
the wave vector at K∕K′ points.

2.2 Topological fiber modes formed by the
out-of-plane edge states

When the interface is rolled into the tubular structure, the
forward (backward) edge state will form a stable clockwise
(counterclockwise) propagation fiber mode. Mathemati-
cally, the interface contour of the TPCF is converted into
the equal-perimeter circle with the coordinate transforma-
tion (lx, ly) ⇔ (𝜃, r − ly), where lx = L𝜃∕2𝜋 is the length of
interface related to the arc angle 𝜃, L is the perimeter of
the enclosed interface, and ly is the least length to the
interface. In succession, the wave vector (kx, ky) is also
converted into ( 2𝜋k𝜃L , kr). The key of this transformation is
that the global formation mechanisms of topological fiber
modes are changeless although the local mode field distri-
butionmay have some deviation. So themode is described
by a cylindrical wave function [14].

(
d
dr2 +

1
r2

d
d𝜃2 +

1
r
d
dr

)
Φ+ (k2

𝜃

+ k2r )Φ = 0 (3)

It is important that the core is zero-thickness and the
inner and outer claddings have the same (k

𝜃

, kr). So the
mode field distributionΘ is proportional to R(r)eiv𝜃, where

R(r) =
⎧
⎪⎨⎪⎩

I
𝑣

(√
k2
𝜃

+ k2r ⋅ r
)
, 0 ≤ r ≤ r0

K
𝑣

(√
k2
𝜃

+ k2r ⋅ r
)
, r ≥ r0

(4)

I
𝑣

and K
𝑣

are the 𝑣-th modified Bessel functions of the first
and second kinds, and r0 = L∕2𝜋 . Due to the same subex-
pressions inside the I

𝑣

and K
𝑣

, the characteristic matrix of
the equations formed by the boundary condition of con-
tinuity is singular and the polarization of fiber mode is
not determined (see Supplementary Information 2). The
polarization properties of fiber modes are directly derived
from the out-of-plane edge states in the enclosed interface
between the inner and outer claddings. The horizontally
and vertically polarized edge states are converted into the
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radially and azimuthally polarized modes in TPCF. The
longitudinal electric field in TPCF is

Ez(𝜃, r)∝ ue(𝜃, r) ⋅ ei𝜃e(𝜃,r) ⋅ e−|m𝑣D(r−r0)|⋅
ei(k𝜃 ⋅𝜃) ⋅ ei[kr(r−r0)] ⋅ R(r)

(5)

where ue(𝜃, r) ⋅ ei𝜃e(𝜃,r) is the initial distribution of the edge
state. When the 𝜃 ranges from 0 to 2𝜋, the additional
phase difference induced by the edge state is 0. So the
k
𝜃

should be the integer 𝑣 for keeping the periodicity in
the azimuthal direction, which coincide with the phase
distribution of the OAMmodes in TPCF (Figure 3). In other
words, only the edge states that meet the resonance condi-
tion can form the fiber modes. The vector modes in TPCF
are the interference patterns resulting from the clockwise
and counterclockwise rotation of topologically protected
states in theenclosed interfacebetween the innerandouter
claddings.

2.3 Radially and azimuthally polarized OAM
modes in TPCF

Figure 2a shows thecross-sectionof valley topologicalpho-
tonic crystal fiber, whose inner and outer claddings are the
phase A and phase B, respectively. The fiber core interface
is set as the triangle-clique insteadof thehexagon to avoid-
ing that two kinds of interfaces appeared alternately. The
layers of the inner and outer claddings are respectively set
as 2 and 5, and the parameters of units are the same as
Figure 1a. The optimization of the fiber structural param-
eters is shown in Supplementary Information 3. The fiber
vector modes at 1550 nm are computed by the finite ele-
ment method. As shown in Figure 2, the proposed TPCF
supports multiple fiber modes in topological gap. The
topological fiber modes are classified as the azimuthally
polarized (APe∕o

𝑣m ) and radially polarized (RPe∕o
𝑣m ) modes,

as the HEe∕o
𝑣m and EHe∕o

𝑣m modes in conventional fibers,
where the subscript 𝑣 and m are the azimuthal and radial
indices, the superscript e and o represent the even and
odd vector modes. It is important that those unique radi-
ally and azimuthally polarizedmodes in TPCF are resulted
from the single polarization of the topologically protected
edge states, but not the enclosed contour shape of fiber
core. To prove that assertion, the triangle-clique core
fiber is designed and multiple hybrid polarized modes are
observed (Supplementary Information 4). Also, the polar-
ized modes in TPCF can be the higher azimuthal index,
which are fundamentally different from theTE0m andTM0m
mode in conventional fibers, whose eigenvalue equations
limit the zero azimuthal index. For each azimuthal index,
there are two degenerate modes (the even and oddmodes)

Figure 2: Azimuthally and radially polarized modes in TPCF. (a) Fiber
dispersion in topological gap. The top left inset is the structure of
the valley topological photonic crystal fiber. The downright inset is
the enlarged view of fiber dispersion in solid line box. (b)
Dispersions and the electric field distributions of the RPo11, RP

e
21, and

RPo21 modes. (c) Dispersions and the electric field distributions of the
APo11, AP

e
21, and AP

o
21 modes. The blue arrows indicate the

polarization characteristics.

with the same propagation constant due to two comple-
mentary interference patterns of the clockwise and coun-
terclockwise edge states. However, when the number of
bright spots in fiber mode is the multiples of three, this
degeneracy is lifted due to the C3𝑣 symmetry of the fiber
cross-section. As shown in Figure 2b and c, the APvm and
RPvmmodeshave the similar electric fielddistributionsand
orthogonal polarization distributions, for both fundamen-
tal modes (APo11 and RPo11) and the high order modes (AP21
and RP21). All the modes in the proposed fiber have the
confinement loss no more than the magnitude of 5 × 10−4
dB/km. The higher azimuthal index (𝑣) of mode is, the
larger confinement loss is. The APe∕o

𝑣m modes have the less
confinement loss than the RPe∕o

𝑣m modes.
The unprecedented radially and azimuthally polar-

ized orbital angular momentum (OAM) fiber modes are
created based on the synthetic formula [38] (even mode
± i⋅ odd mode) for the degenerate modes. For example,
Figure 3 shows the electric field and phase distributions
of the azimuthally and radially polarized OAM modes
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Figure 3: Azimuthally and radially polarized orbital angular momentum fiber modes. (a–e) Azimuthal electric field, radial electric field,
propagating electric field, phase distribution, and propagating phase of APOAM+

11; (f–j) Azimuthal electric field, radial electric field,
propagating electric field, phase distribution, and propagating phase of RPOAM+

11. The blue lines in (a) and (g) donate the location of the
vertical sections for the propagating fields.

in TPCF with topological charge l = 1, which are syn-
thesized by APOAM±

l−1,1 = APel1 ± i ⋅ APol1 and RPOAM
±
l−1,1 =

RPel1 ± i ⋅ RPol1. The differences among the effective indices
of the adjacent modes are larger than 1 × 10−4, which
will greatly decrease the mode coupling. The spiral phase
distribution (Figure 3d and i) validates that the topologi-
cal charge of OAM mode is l = 1. As shown in Figure 3a
and b, the energy mainly concentrates to the azimuthal
component. The polarization extinction ratio is defined
as PER = P1∕P2 , where P1 and P2 are the power of major
and minor polarization components, respectively. For the
APOAM+

11 mode, the polarization extinction ratio is 20
dB. For the RPOAM+

11 mode (Figure 3f and g), the energy
mainly concentrates to the radial component and the
polarization extinction ratio is 17.9 dB. To investigate the
propagation feature of APOAM+

11 and RPOAM
+
11 modes, we

further simulate the transmissionsofOAMmodesalong the
proposed TPCF (100 μm long) based the finite-difference
time-domain method. As shown in Figure 3c and h, both
polarized OAM modes propagate stably without attenua-
tion. The helical phase distributions (Figure 3e and j) are
coincident with Figure 3d and i, which indicate that both
modes have the helical wavefront and propagate in spi-
ral manner. The azimuthally and radially polarized OAM

modes are remarkably different from the linear and cir-
cular polarization OAM modes in the reported OAM fiber.
Proposed valley topological photonic crystal fiber brings
new development potential for the OAM fiber applications
such as the optical trapping and laser micromachining.

Themodes inTPCFare topologically robustagainst the
structure disorder. In order to show this stability, we intro-
duce the random offset ∈ (−𝛿, 𝛿) to TPCF in the random
directions (Figure 4a inset). For each 𝛿, 40 simulations are
conducted. Figure4 shows thepolarizationextinction ratio
and confinement loss of AP21 mode in the defective TPCFs.
The fluctuating ranges of both two cases slowly increase
with the increasing 𝛿. When 𝛿∕h is 3%, the polarization
extinction ratio is higher than 15 dB and the confinement
loss is less than 0.003 dB/km, which is enough for most
OAM applications. The performance deterioration in the
defective TPCFs is because of the coupling between the
AP21 mode and the leakymodes triggeredby thedisordered
fiber claddings. This coupling effect is greatly inhibited for
two reasons. First, the defect modes are not allowed in the
topological gap unless the symmetry for the topological
protection is broken. Therefore, the difference between the
equivalent refractive indicesof theAP21 modeand the leaky
modes increases. Second, there is the phase mismatch
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Figure 4: Fiber modes against the in-plane disorder. (a) Confinement loss of AP21 mode of TPCF. All holes in fiber occur the random offsets 𝛿
and inset shows the disorder cell with the red dashed lines. h is the distance between the hole and the center of cell. (b) Polarization
extinction ratio of AP21 mode of TPCF. Insets are the azimuthal and radial electric field of the perturbed AP21 mode, whose polarization
extinction ratio is labeled by the star.

between the AP21 mode and the leakymodes. Although the
disorder only causes less coupling between two oppositely
directed topological modes, the clockwise topological res-
onance modes propagating in the disordered TPCF can
turn into the counterclockwise modes. The disorder will
destroy the degeneration of the evenmode and oddmode,
and introduces the additional phase difference. Based on
the synthetic formula (evenmode± i ⋅ oddmode), the rota-
tiondirection ofmodewill be changedwhen the additional
phase difference equal to 𝜋. It is worth emphasizing that
the TPCF is not a one-way waveguide due to the invariant
structurealong thepropagatingdirection. Thebackscatter-
ing wave can be excited with the longitudinal nonuniform
defects.

3 Discussion
For experimental considerations, the proposed TPCF can
be realized by the stack-and-drawmethod,which has been
used for fabricating various PCFs with circular holes array.
Due to the non-zero longitudinal wave constant, the TPBG
is formed with the relatively low index contrast. So the
TPBG can be constructed by numerous glasses, such as
SiO2, Schott SF4, and As2S3. The operatingwavelength can
be turned toarbitrary transparentbandof substratemateri-
alsbyadjusting thesizeofprimitivecell incladdings.While
the above analysis has been limited to the valley topolog-
ical photonic crystal with three-holes units, other 2D pho-
tonic topological insulators, such as the photonic crystals

withC6𝑣-symmetricunit cells [18], canalsobe implemented
for the TPCF with the same guiding mechanism.

In conclusion, a novel TPCF is proposed with the radi-
ally and azimuthally polarized orbital angular momentum
(OAM) fiber modes. The proposal TPCF is composed of
inner and outer claddings that are the honeycomb lat-
tices with the upwards and downwards three-holes units.
The guiding mechanism based on the topologically pro-
tected edge state is established and the topological fiber
modes are studied systematically. Due to the topologi-
cal protection, the modes of the TPCF are robust against
the in-plane disorder. The proposal TPCF further enriches
the principles of fiber design, by enhancing the perfor-
mances through controllable modes, polarization, and
defect-immune propagation feature. It also offers a new
platform for exhibiting the novel topological phenomena
in quasi-2D systems.

4 Methods
Our simulations were performed by the COMSOL RF module and the
Lumerical FDTD Solutions. The bandgaps in Figure 1a was calculated
by a hexagonal primitive cell with different kz-vector under the Flo-
quet periodic boundary conditions. The electric field distributions
of the edge states (Figure 1c and d) were calculated by the inter-
face formed by the upper phase A (1 × 10 units) and lower phase
B (1 × 10 units) with (kx, ky, kz) = (2𝜋∕3a,0, 2𝜋∕2.6372a). The dispersions
and the electric field distributions of fiber modes (Figures 2 and 4)
were calculated by the cross-section (Figure 2a inset) with the per-
fectly matched layer. In the defective fiber simulations, all holes in
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fiber occur the random offsets 𝛿. The confinement loss was calcu-
lated by Lloss = 20

ln 10
⋅ 2𝜋
1.55×10−6 ⋅ Im[neff] × 103(dB∕km), where Im[neff]

was the imaginary part of the mode equivalent refractive index.
The OAM fiber modes (Figure 3a, b, and d) were synthesized by
APOAM+

11 = APe21 + i ⋅ APo21 and the modes (Figure 3f, g, and i) were
synthesized by RPOAM+

11 = APe21 + i ⋅ APo21. The propagating electric
field and phase of OAM fiber modes (Figure 3c, e, h, and j) were calcu-
latedbya three-dimensional FDTDmodel (theproposedfiberwith 100
μm long) and the perfectly matched layer boundary conditions were
used. The mode sources were set as APe21 + i ⋅ APo21 and RP

e
21 + i ⋅ RPo21,

respectively.
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