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In this Letter, we introduce a new paradigm for achieving robust asymmetric generation of acoustic
vortex field through dual-layer metasurfaces by controlling their intrinsic topologic charges and the parity
of geometry design. The underlying physics is contributed to the one-way process of orbital angular
momentum (OAM) transition ensured by the broken spatial symmetry and the external topologic charge
from the vortex diffraction. We further experimentally demonstrate this novel phenomenon. Our findings
could provide new routes to manipulate the asymmetric response of vortex fields, including one-way
excitation and propagation, and promise potential applications in passive OAM-based diodes.
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Asymmetric wave propagation has attracted significant
interest due to its fundamental importance in many appli-
cations with one-way performance [1–4]. Many schemes in
recent years have been proposed to realize optical or
acoustic asymmetric effects [5–15], including magneto-
optical materials [5], nonlinearity [6,7], non-Hermitian
modulation [8,9], topological insulators [10,11], and meta-
surfaces [12–15], which leads to numerous phenomena,
e.g., one-way mode conversion [16], asymmetric diffrac-
tion [17], and unidirectional excitation of surface plasmon
polaritons [18]. However, previously reported efforts are
almost limited to the low-freedom planar wave fields (e.g.,
plane waves), which are greatly challenged by these
complex structured fields with higher degree of freedom,
such as vortex beams with orbital angular momentum
(OAM).
Since the discovery of OAM carried by waves, vortex

fields have been widely studied because vortex fields with
OAM offer unique opportunities to realize numerous
interesting phenomena and promising applications [19]
beyond the trivial plane waves, including vortex tweezers
[20,21], optical microscopy imaging [22] and high-capacity
communications [23,24]. Among these vortex-based stud-
ies, the generation of vortex fields is a fundamental issue,
which has been widely investigated [25], particularly in the
field of phase gradient metasurfaces (PGMs) [26–32].
PGMs are associated with intrinsic topological charge
(ITC, denoted as lξ) to create the effect of a twisting phase,
which is essentially the conventional conversion of topo-
logical charge, i.e., lrðtÞ ¼ lin þ lξ, where lrðtÞ and lin are
topological charges of the reflected (transmitted) vortex and
the incident vortex, respectively. Although great progress

has been made in optical or acoustic vortex generation with
metasurfaces, how to generate vortex fields with highly
asymmetric responses is still an open question. The
exploration of asymmetric vortex generation and propaga-
tion is significant for realizing new asymmetric effects and
OAM-based applications [19].
In this Letter, we theoretically propose and experimen-

tally demonstrate, for the first time, asymmetric generation
of acoustic vortex through dual-layer PGMs with different
ITCs. Recently, acoustic vortex diffraction law has been
proposed in a cylindrical waveguide with a single PGM
[33], which enables an external topologic charge (ETC)
induced by multiple internal reflections [34–36] to manipu-
late vortex fields in a more flexible way. By employing this
additional degree of freedom in the PGM, we will reveal
how the dual-layer PGMs are implemented to break the
conventional conversion of topological charge and produce
extremely asymmetric generation of acoustic vortex fields.
The underlying physics is contributed to the one-way
process of OAM transition ensured by the broken spatial
symmetry and the vortex diffraction law. One PGM,
engineered with the reflected ETC, blocks back the
incoming plane wave from one side to forbid the OAM
transition, which generates a low-efficiency acoustic vor-
tex. While for the incidence from the opposite side, the
effective combination of ITC and ETC in the two PGMs
allows the OAM transition, leading to the vortex generation
with high efficiency. Distinguished from previous works,
this asymmetric effect could be manifested by not only the
one-way transmission efficiency but different OAM states.
Thanks to the robust ETC, which is physically guaranteed
by the parity design of the cell number in the PGM, the
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revealed asymmetric feature is also robust, making it
difficult to realize with the common method that only
involves the twisting phase elements, e.g., spiral phase
plates. Our work, therefore, provides an effective way
for asymmetric vortex generation using the dual-layer
metastructures.
Figure 1(a) schematically shows the proposed concept

for the asymmetric generation of acoustic vortex. It is a
cylindrical waveguide consisting of two PGMs with the
same thickness of h but different ITCs. The radius of the
waveguide is R, and there are finite vortex modes at a fixed
working frequency, with the maximum topological charge
denoted as lM. It implies that the topological charge of the
propagating vortex mode survived in the waveguide
belongs to ½ − lM; lM�, where the sign of “þ” (“−”) defines
the clockwise (counterclockwise) helicity. The acoustic
pressure field of each propagating vortex mode in the
waveguide is expressed as

p ¼ Jlðkl;νrÞ=Jlðkl;νRÞ expðilθ þ ikzzÞ; with

− lM ≤ l ≤ lM; ð1Þ

where kl;v and kz are the transverse and longitudinal wave
vectors, respectively, l is the topological charge (OAM
order), k0 ¼ 2π=λ is the wave vector in air, 1=Jlðkl;νRÞ is a
normalized factor, ∂Jl;νðkl;νrÞ=∂ðkl;νrÞjr¼R ¼ 0, and
k2l;ν þ k2z ¼ k20. The PGM-1 and the PGM-2 provide
ITCs of lξ1 and lξ2, respectively, and they are realized by
lξ1 and lξ2 groups of fanlike supercells whose azimuthal
phase distribution covers 2π [33]. The phase distribution of
2π over the supercell is discretized and realized by multiple
unit cells. The number of these discretized unit cells in the
PGM-1 (PGM-2) is denoted as m1 (m2), and the phase

difference of two adjacent unit cells in each supercell is
Δϕ ¼ 2π=m1ð2Þ. For the sake of discussion, we set lξ2 >
lξ1 > 0 in this work.
First, let us examine the physical condition of generating

a low-efficiency acoustic vortex for the incidence from
the right side of the waveguide [see Fig. 1(a)]. Considering
the incoming wave lin ¼ 0, it is twisted by the PGM-2
into a vortex mode with lξ2. If l

ξ
2 > lM, this vortex mode is

forbidden in the waveguide [see the red solid arrow in
Fig. 1(c)], because its longitudinal wave vector becomes
an imaginary number. As a result, multiple internal
reflections [34–36] with the propagation number L happen
inside the PGM-2. Consequently, the scattering vortex
mode diffracted from the PGM-2 follows the diffraction
law [33], i.e.,

�
lt ¼ lin þ nlξ2; L ¼ odd

−lr ¼ lin þ nlξ2; L ¼ even;
ð2Þ

where lrðtÞ is the topological charge of the reflected
(transmitted) vortex, n is the diffraction order, and
L ¼ m2 þ n. Note that the diffraction order in Eq. (2) is
higher order, belonging to n ≤ 0, because n ¼ 1 is the
lowest diffraction order corresponding to the conventional
conversion of topological charge. If the higher diffraction
order is taken, the PGM-2 can provide an equivalent ETC
of nlξ2. As l

ξ
2 > lM and lin ¼ 0, the higher diffraction order

of n ¼ 0 is available to obtain a propagating guided mode.
For the PGM-2 designed with an even number of unit cells,
i.e., m2 is even, the even propagation number of L ¼ m2

happens in the PGM-2. Then, the incident wave is blocked
back with lr ¼ 0 [see the red dashed arrow in Fig. 1(c)]
owing to the reflected ETC in the PGM-2 with even unit
cells. In fact, this ETC, physically guaranteed by the parity
design [36] of the cell number in the PGM, is very robust to
block the incoming wave [37]. In this case, the low-
efficiency vortex generation can happen on its transmitted
side by involving the PGM-1 [see Fig. 1(a)].
Moreover, based on the condition of lξ2 > lM and

m2 ¼ even, let us reveal the condition of generating a
high-efficiency vortex for the left incidence [see Fig. 1(b)].
Two different cases are considered; i.e., two PGMs are laid
with the opposite or same helicity, as indicated, respec-
tively, by a pair of yellow circles with arrows in Figs. 1(a)
and 1(b). For PGMs with the opposite helicity, e.g., ITCs of
the PGM-1 and the PGM-2 are −lξ1 and lξ2, the direct
process of the twisting phase is the most convenient way to
generate a high-efficiency vortex, as schematically illus-
trated in Fig. 1(c). The left incidence with lin ¼ 0 is first
twisted by the PGM-1 into a vortex with lt ¼ −lξ1 and then
twisted by the PGM-2 into another vortex with lt ¼ −lξ1 þ lξ2
[see the blue solid arrows in Fig. 1(c)]. When the converted
vortex modes are both allowable in the waveguide,

(a) (c)

(b) (d)

FIG. 1. Concept of asymmetric generation of acoustic vortex.
Schematic diagram of a cylindrical waveguide with the dual-layer
PGMs, which support the low-efficiency (a) and high-efficiency
(b) generation of acoustic vortex for the left and right incidences,
respectively. The physics process of asymmetric generation of
acoustic vortex for the dual-layer PGMs with the opposite helicity
(c) and the same helicity (d), respectively. In the plots, the solid
(dashed) arrow denotes the process of ITC of the twisting phase
(ETC of the vortex diffraction), and the red (blue) circle represents
the forbidden (allowable) vortex mode in the waveguide.
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i.e.,lξ1 ≤ lM and−lξ1 þ lξ2 ≤ lM, a high-efficiency vortex with
lt ¼ lξ2 − lξ1 is generated on the right side. While for PGMs
with the same helicity (lξ1 and l

ξ
2), the physical mechanism for

high-efficiency vortex generation is different from that in the
case of the opposite helicity.After the left incidence is twisted
by the PGM-1 into a vortex with lt ¼ lξ1 ≤ lM, it cannot be
twisted again by thePGM-2 due to lt ¼ lξ2 þ lξ1 > lM [see the
blue solid arrow with red circle in Fig. 1(d)]. However,
instead of the twisting phase effect from n ¼ 1, the PGM-2
can provide the ETCof−lξ2 via the higher diffraction order of
n ¼ −1. As m2 ¼ even, L ¼ m2 − 1 is an odd number, the
diffracted vortex is a transmitted one with lt ¼ lξ1 − lξ2 [see
the blue dashed arrow in Fig. 1(d)], which is an allowable
OAM for jltj ≤ lM.
These physical processes could be qualitatively

described by overlying the corresponding transmission
efficiency of OAM transition. For two opposite incidences
without OAM, i.e., ψ in ¼ ½1; 1�, the corresponding trans-
mitted vortex fields are approximately

TL ¼ t1t2 exp½þiðσlξ1 þ nlξ2Þθ�; ð3aÞ

TR ¼ δ2δ1 exp½−iðσlξ1 þ nlξ2Þθ�; ð3bÞ

where t1 and t2 (δ1 and δ2) are the corresponding trans-
mission coefficients of OAM transition through the PGM-1
and the PGM-2 for the left (right) incidence. σ ¼ −1 and 1
represent the cases of two PGMs with the opposite and
same helicity, respectively. For the left incidence, n ¼ 1
(n ¼ −1) is for the opposite (same) helicity, while it is
n ¼ 0 for the right incidence. Both cases of helicity
follow the same condition, i.e., lξ1 ≤ lM < lξ2 ≤ lM þ lξ1
and m2 ¼ even. The diffraction law of Eq. (2) enables
jt1j ¼ jδ1j ≈ 1 for plane waves passing through the PGM-1
from both sides. Because of the broken spatial symmetry
from the PGMs with different ITCs, the PGM-2 can serve
as a one-way mirror, i.e., jt2j ≈ 1 for the left incidence and
jδ2j ≈ 0 for the right incidence, to achieve asymmetric
vortex generation. Therefore, by implementing the dual-
layer metasurfaces in a cylindrical waveguide, asymmetric
generation of acoustic vortex could be realized, which is
manifested by not only unidirectional transmission effi-
ciency but different OAM states tailored by ITCs. Note that
these results are difficult to realize with the conventional
way that only involves the twisting phase elements [25],
e.g., spiral phase plates, as they cannot provide robust
ETCs to achieve the one-way OAM transition [37].
To demonstrate the above theory, we take the case of

lM ¼ lξ1 ¼ lξ2=2 ¼ 1 and m2 ¼ 4 for illustration. We set
R ¼ 0.4λ to obtain lM ¼ 1 and the working wavelength is
λ ¼ 10.0 cm. As m2 ¼ 4 and lξ2 ¼ 2, the angular width
of the fanlike unit cells in the PGM-2 is ϑ2 ¼
360°=m2l

ξ
2 ¼ 45°. The fanlike unit cell [see Fig. 2(a)] is

designed by rotating its azimuthal section [Fig. 2(b)] along
the z axis with ϑ2 ¼ 45°, and the azimuthal section is

designed using the coiling-up space structure [38].
The transmission and phase parameters of the fanlike unit
cell are tested in a fanlike waveguide, as shown in Fig. 2(a).
By changing the number, length, and space of the building
blocks, four fanlike unit cells are designed to achieve the
required phase profile (Δϕ ¼ π=2) and nearly unity trans-
mission [37]. The PGM-2 is designed by assembling these
four unit cells [see Fig. 2(c)], which can provide the ITC of
lξ2 ¼ 2 for the incident wave propagating along the þz
direction. For the PGM-1, the angular width of its fanlike
unit cell is ϑ1 ¼ 360°=m1l

ξ
1. A similar process could be

performed to obtain the PGM-1 by designing m1 groups of
unit cells. However, here we provide a neat way to directly
design a PGM-1 in which new unit cells are not needed
anymore. Owing to lξ2 ¼ 2lξ1, the angular width of the fanlike
unit cells in the PGM-1 is ϑ1 ¼ 2ϑ2 for m1 ¼ 4. Therefore,
the fanlike unit cell of the PGM-1 is implemented by placing
twice the corresponding unit cell of the PGM-2.
Conveniently, the PGM-1 is designed [see Fig. 2(d)], and
the PGM-1 provides the ITC of lξ1 ¼ −1 as its phase gradient
is opposite that in the PGM-2 (see the gradient color). A
similar design principle could be extended to other dual-
layer or multilayer metasurfaces [39,40], as long as their unit
cells have an integral-multiple relationship. By appropriately
implementing these unit cells, the PGMs could be con-
structed with different properties, which could enable
multifunctional manipulation on vortex fields.
Based on the designed metasurfaces, we perform

numerical simulations using COMSOL to verify the proposed
asymmetric generation of acoustic vortex. When the dual-
layer metasurfaces are placed with the opposite helicity,
the corresponding simulated results are shown in Fig. 3(a).
For the left incidence [see the upper plot of Fig. 3(a)], the
incident plane wave is twisted into an acoustic vortex with
l ¼ −1 in the air gap (Δ ¼ λ) between the PGMs and then
it is twisted again into a vortex with lt ¼ −1þ 2 ¼ 1 on the
transmitted side. However, for the right incidence [see the
lower plot of Fig. 3(a)], the incident wave is almost blocked

(a) (b)

(c) (d)

FIG. 2. PGM design. (a) Fanlike unit cell design in a fanlike
waveguide. (b) Azimuthal section of a fanlike unit cell. Topog-
raphy of the designed PGM-2 (c) and PGM-1 (d), where they are
both constructed from four different fanlike unit cells.
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back by the PGM-2. Because of the imperfect design of the
PGM structures (92% transmission in one cell is lower than
these in others with the average transmission of 98.3%
[37]), some weak waves mainly composed of l ¼ 0 leak out
from the PGM-2, and it is twisted by the PGM-1 into a
weak vortex with lt ¼ 1. The asymmetric generation of
acoustic vortex is seen from the corresponding amplitude
and phase on the transmitted sides (z ¼ �2λ) for both
incidences in Fig. 3(b). The high-efficiency acoustic vortex
with lt ¼ 1 for the left incidence is revealed from the high
amplitude with null core and the perfect spiral phase
distribution at the cross section of z ¼ 2λ. While for the
right incidence, the weak amplitude and the imperfect spiral
phase are found at z ¼ −2λ, implying that a low-efficiency
and imperfect acoustic vortex is generated. The imperfect
phase profile of lt ¼ 1 is mainly caused by other weak
vortex or guided modes in the waveguide. We numerically
calculate the transmission efficiencies (square root of the
outgoing to incoming sound power) as 98.1% and 5.9% for
the left and right incidences, respectively, which quantita-
tively shows the one-way performance of the vortex
generation, even though the designed PGMs are not so
perfect and a few unit cells are used. Similar results are also
found for the designed metasurfaces with the same helicity.
As shown in Fig. 3(c), a strong vortex with lt ¼ −1 is
generated for the left incidence, and it is a weak and
imperfect vortex with lt ¼ −1 for the right incidence.
These results are revealed by the corresponding phase
and amplitude on the transmitted sides [see Fig. 3(d)]. Their
transmission efficiencies of the left and right incidences are
numerically calculated as 92.9% and 6.1%, respectively.
Therefore, numerical simulations confirm the proposed
asymmetric generation of acoustic vortex.

Experiments to verify the asymmetric generation of
acoustic vortex are conducted in a cylindrical waveguide
with two PGMs, as shown in Fig. 4(a). The metasurfaces
are fabricated by 3D printing with commercial photo-
polymer materials [see Fig. 4(b)], which can be regarded
as impenetrable for airborne acoustics. The fabricated
metasurfaces are placed in the cylindrical waveguide with
a diameter of 8.0 cm and the distance between two PGMs is
10.0 cm. In experiments, the incident plane wave is
generated by a speaker (HiVi M3N). The transmitted field
is scanned using a moving acoustic pressure probe (Brüel &
Kjær 4939 0.25-in microphone) with a step of 2.0 mm.
Because of the limitation of the experimental conditions
inside the waveguide, the overall scanning area is slightly
smaller than the cross section of the tube, which is
4.8 × 4.8 cm. The scanning area is operated at the position
of z ¼ �2λ in the waveguide. For the metasurfaces placed
with the opposite helicity, the experimentally measured
phase and amplitude distributions for both incidences are
shown in Fig. 4(c). A strong vortex with lt ¼ 1 is generated
for the left incidence, and while a weak vortex with lt ¼ 1
occurs for the right incidence. For the metasurfaces with the
same helicity, the asymmetric generation of acoustic vortex
with lt ¼ −1 is also realized [see Fig. 4(d)]. The exper-
imentally measured amplitude and phase of the transmitted
vortices slightly deviate from these in simulations, which
is mainly caused by the intrinsic losses in the PGMs and
fabrication errors. We numerically introduce empirical
losses in the air areas of the PGMs to mimic the viscous
and thermal dissipation, and the corresponding simulated
results [37] are almost consistent with the experimental
ones. Furthermore, we numerically calculate the corre-
sponding transmission efficiencies of the left and right

(a) (c)

(b) (d)

FIG. 3. Numerical demonstration for asymmetric generation of
acoustic vortex. The simulated total field patterns of an incident
plane wave from the left (upper) and right (lower) sides of the
waveguide for the PGMs with the opposite (a) and the same
(c) helicity. The corresponding amplitude and phase on the
transmitted sides of the left and right incidences for the PGMs
with the opposite (b) and the same (d) helicity.

(a)

(c) (d)

(b)

FIG. 4. Experimental demonstration for asymmetric generation
of acoustic vortex. (a) Experimental setup. (b) Fabricated sam-
ples. (c) and (d) are experimentally measured phase and ampli-
tude distributions at z ¼ �2λ of the waveguide for the PGMs
with the opposite and the same helicity. The measured field is
normalized to the acoustic field at the same distance in an empty
waveguide.
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incidences for the lossy metasurfaces with the opposite
(same) helicity as 60.6% and 15.1% (40.1% and 6.1%),
respectively. The transmission efficiency of the left inci-
dence in the case of the same helicity is lower than that in
the opposite one, which results from multiple internal
reflections in the PGM-2 that bring more absorption. All
in all, even considering the effect of losses, asymmetric
generation of acoustic vortex via the dual-layer metasur-
faces is numerically and experimentally demonstrated.
In conclusion, by involving the dual-layer metasurfaces

in a cylindrical waveguide, we have numerically and
experimentally demonstrated the asymmetric generation
of acoustic vortex. Based on the vortex diffraction rule of a
single PGM [33], a general scheme developed from both
ITC and ETC in the dual-layer PGMs has been proposed
for this novel asymmetric effect. Beyond showing the
asymmetric generation of the first-order acoustic vortex
in our experiments, the proposed approach can be applied
to the case of higher-order acoustic vortex [37]. Our work,
therefore, provides a feasible way to realize asymmetric
generation for acoustic OAM, which can enrich the study of
acoustic OAM and might have asymmetric applications in
particle manipulation [41] and OAM-based communica-
tions [42]. For example, one-way OAM-based communi-
cations could be potentially used in intelligence
communication to protect the instruction publisher. Our
findings are essentially general wave physics, and therefore
could be extended to other types of waveguides, such as
optical fibers [43,44].
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