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Orbital angular momentum (OAM) conversion is critical in understanding interactions between a structural sound field
and a planar lattice. Herein, we explore the evolution of a monochromatic acoustic vortex beam (AVB) that is scattered by
a phononic crystal (PnC) or a correlated random lattice. The phenomenon is ascribed to the enhanced orbit–orbit angular
momentum coupling induced by the band structure. By modifying the coupling condition, accurate and continuous micro-
manipulation of AVBs can be achieved, including the transverse/lateral gravity shift, the dynamics of the phase singularities,
and the spatial distribution of acoustic pressure, etc. This research provides insight to the inhomogeneous coupling of AVBs
with both propagating Bloch waves and localized Anderson modes, and may facilitate development of novel OAM-based
acoustic devices for active sound field manipulation.

Keywords: acoustic vortex beam, phononic crystal, Anderson localization, Imbert–Fedorov effect
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1. Introduction
Spin and orbital angular momenta (AM) are important

characteristics of various waves, ranging from light wave to
quantum matter wave.[1,2] Due to the analog between optics
and acoustics, much effort has been devoted to generate and
utilize AM-carrying acoustic beams.[3,4] Despite being curl-
free, the spin AM density of inhomogeneous acoustics wave is
generically nonezero,[5] which has been experimentally con-
firmed by observing the local particle’s rotation velocity.[6]

On the other hand, it is rather ubiquitous that acoustic wave
also carries orbital angular momentum (OAM), which plays
the key role in the wave–matter interactions.[7,8] This spiral
sound, referred as acoustic vortex beam (AVB), deserves spe-
cial attention for its academic importance and unique advan-
tages over optics. Based on the rotational Doppler effect,
a spatiotemporal acoustic communication system is experi-
mentally demonstrated by transforming the multiplexed OAM
channels into a temporal harmonic waveform, which can be
directly demultiplexed by a single sensor configuration.[9] A
reflective vortex focusing plate is applied to convert the in-
cident waves into vortex waves, which is further applied to
achieve high-speed rotation of objects. It is interesting to
note that the physical scale of acoustic non-contact manipu-
lation is greater than its optical counterpart.[10] Recent years,
scholars have witnessed a rapid growth of research on the

application of acoustic metasurfaces in the field of acoustic
OAM, ranging from generation, modulation and detection of
the AVBs.[11,12] A quasi-three-dimensional reflected metasur-
face is utilized to produce acoustic Bessel vortex beam with
long propagation distance and broad bandwidth.[13] A con-
tinuously tunable acoustic metasurface composing of multi-
ple layers is proposed to twist the acoustic wave and generate
multiple orders AVBs.[14] Meanwhile, interactions between
the conventional sound fields and various artificial structures
are also drawing attention for their scientific and practical im-
portance, especially for the potential micro-manipulation of
an ultrasound beam. For instance, a generalized phased array
is applied to excite and focus the ultrasonic guided waves by
designing each transducer array element.[15] It has been ex-
perimentally shown that the backward shift of acoustic waves
can be induced by the backward propagation in a periodical
structure.[16] The eigen mode coupling between parallel clade
acoustic waveguides is studied in details for its potential ap-
plications such as acoustic filters, couplers and switches.[17]

Using a thin plate with periodic grating, a large shift of ul-
trasonic beam is realized as the energy is coupled into Lamb
waves.[18] Quan et al. showed a way to achieve asymmetric
acoustic beam splitting via the anomalous diffraction in phase
gradient metasurfaces.[19]

In analogy with optics, the acoustic Goos–Hänchen (GH)
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effect and Imbert–Fedorov (IF) effect at the interface are man-
ifested as the lateral and transverse deviations of the spatial
centroid of the scattered acoustic beams from the origin. The
GH effect is due to the coherent superposition of infinite fre-
quency components,[20] while the IF effect is intimately re-
lated to the acoustic OAM Hall effect.[21] Much effort has been
devoted to enhance these effects via employing various artifi-
cial designed structures. For example, as an AVB is interact-
ing with a metasurface, the motion of the beam centroid is re-
lated to the phase gradient of the metasurface and the incident
OAM of the AVB.[22] Wang et al. investigated the reflection
and refraction of an AVB at an ultra-thin acoustic metasurface
theoretically, revealing the inner relation between the acoustic
Imbert–Fedorov effect and the topological charge.[23]

In recent years, the band structure of layered meta-
structure or elastic metamaterials is an attractive subject.[24,25]

This work focuses on the angular momentum conversion dur-
ing the coupling of AVBs into various layered lattices, ranging
from phononic crystal (PnC) to disordered lattice with long
range correlation.[26] The PnC exhibits a succession of pass
bands separated by bandgaps, whilst the random lattice in-
duces the well-known Anderson localization.[27,28] Both struc-
tures can be effectively excited as the phase match conditions
are fulfilled, resulting in successive or discrete resonant peaks

in the transmission spectrum. The OAM conversion between
the reflected and transmitted beams results in the transverse
shifts of the AVBs, which can be significantly enhanced by ef-
ficient coupling with the structure. However, enhanced trans-
verse shift is usually accompanied by significant distortions,
since the asymmetric distribution of the twisted energy flux
in a tilted reference frame results in the inhomogeneous cou-
pling. This work provides deep insight into the coupling of
acoustic OAM into artificial layered lattices, and has implica-
tions in designs of novel multi-functional acoustic vortex de-
vices and various practical applications such as passive struc-
tural health monitoring.[29,30]

2. Scattering of an AVB by a planar lattice
Let us begin with the reflection and refraction of a parax-

ial Gaussian acoustic beam carrying topological charge l im-
pinging from homogeneous medium onto the surface of a one-
dimensional layered structures. As schematically illustrated in
Fig. 1(a), the incident beam lies in the xOz-plane, and local co-
ordinate frames are introduced for individual beams with each
z-axis attached to the propagation directions. Due to the angu-
lar momentum conservation, the scattered beams demonstrate
both lateral shift δx and transverse shift δy, which resemble
their optical counterparts of the GH effect and IF effect.
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Fig. 1. Schematic diagram of the scattering of an AVB at an artificial layered lattice. (a) Reflection and refraction of an AVB at a
one-dimensional planar lattice. Here δx and δy denote the transverse and lateral shifts, where the superscripts refer to the reflected and
transmitted beams, respectively. The superscripts r and t refer to the reflected and transmitted beams, respectively. (b) Schematic of
the one-dimensional periodic or disordered layered samples. (c) The mean transmissivity of disorder lattices corresponds to different
long range correlation strength α as a function of slab number N.

The spatially varying layered lattices are generated in the
form of impedance profiles by placing slabs Z1 with variable
thickness di in a homogeneous medium Z2. The slabs are
placed at the marked positions with fixed interval ∆ for sim-
plicity. If all the slabs have the same thickness, the system
would be purely periodic, resulting in a PnC. For the random
lattice, a disordered sequence consisting of N slabs with cor-

related random thickness di can be obtained using the method
described in Ref. [31]. First, we create a random sequence
η(i) via generating N random numbers ϕm that are uniformly
distributed in the range [0, 2π]:

η(i) =
N/2

∑
m=1

√
m−α

∣∣∣2π

N

∣∣∣1−α

cos
(2πim

N
+ϕm

)
. (1)
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Then the thickness of each slab is rescaled as

di = 0.96
(

1− η(i)
ηmax

)
∆ +0.02∆ , (2)

where ηmax is the maximum of the sequence |η |. The above
process creates a sequence of slab thickness di varying be-
tween 0.02∆ and 0.98∆ . The strength of long-range corre-
lation α determines the Anderson localization effect, which is
distinct for small values of α . Generally, the sample would be
less localized as the value of α increases, and become fully
delocalized when α exceeds 2. Figure 1(c) depicts the trans-
missivity 〈T 〉 averaged over 400 realizations versus N for dif-
ferent values of α , where the incident angle is fixed at θ = 0

and the parameter α varies from 0 to 2 in steps of 0.5. For

small value of α , the mean transmissivity 〈T 〉 decreases ex-

ponentially with increasing lattice length, indicating that only

localized states exist in these disordered lattices. For large

α , the mean transmissivity mainly oscillates, since the sepa-

rated Anderson modes become wider and start to merge into

each other. For all the illustrations in this study, the follow-

ing configuration settings are used: the interval is ∆ = 0.02 m,

the fluid density and the sound speed of the first medium are

ρ1 = 1000 kg/m3 and c1 = 1149 m/s, whilst the parameters of

the second medium are ρ2 = 1180 kg/m3 and c1 = 2175 m/s.
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Fig. 2. The GH and IF effect of an AVB at a PnC’s surface. (a) The phonon band diagram for one-dimensional PnC with slab number
N = 12. For further usage, two selected frequencies of f = 1.3× 105 Hz and f = 2× 104 Hz are drawn by the white dashed lines,
where three selected incident angles θ = 11◦, 18.5◦, 45◦ are marked by white squares. (b) The transmission through the PnC as a
function of θ corresponding to the two selected frequencies. (c) The intensity pattern over the cross section of the reflected acoustic
beam ( f = 1.3×105 Hz) at the surface of the PnC, simulated for topological charges l = 0,1,−2, respectively.
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3. Mode excitation and beam shifts
This study concentrates on the OAM conversion between

the reflected and refracted AVBs, which induces the related
GH and IF effects during the mode coupling of the planar lat-
tices. Section A in the supplementary materials formulates the
basic definitions, including the lateral shift δxa, the transverse
shift δya of the beam centroid 𝑅a = (xa

0 ya
0)

T and the decom-
position of the total OAM Ja

z into its intrinsic and extrinsic
parts Ja

int, Ja
ext, whereas the superscripts a= i, r, t refer to the in-

cident, reflected, and transmitted beams, respectively. For the
first illustration, a PnC with only 12 slabs is considered, whose
dispersion diagram exhibits discrete pass bands separated by
bandgaps [Fig. 2(a)]. For comparison, the reflected pattern at
the sample surface is numerically simulated for different topo-
logical charges l = 0,1,−2. By varying the incident angle, the
scattering of the incident AVB is considered in three different
cases, i.e., the passband, the band edge, and the bandgap. For
the passband (θ1 = 11◦), most energy is effectively coupled
into the propagating guided modes, leading to a minimum re-

flectivity. For the bandgap (θ3 = 45◦), most energy is totally
reflected, so the beam profile is less distorted and no obvious
shift can be discerned in the bandgap, i.e., both GH and IF ef-
fects are trivial. For the most interesting case of the band edge
(θ2 = 18.5◦), the energy is partly coupled and partly reflected,
accompanied by the severe distortion of the beam pattern and
enhanced displacement of the beam centroid. The centroid of
the incident beam is fixed at the origin o, and we compare it
with the position of the maximum intensity “M” instead of the
beam gravity center for a more intuitive demonstration of the
beam shift. The lateral and transverse displacements of M with
respect to the origin o are labeled as δx and δy and indicated
by blue arrows in Fig. 1(c). At the band edge, no transverse
shift can be observed for a pure Gaussian beam, while the re-
flected pattern is stretched along the propagation direction of
the excited guided modes, resulting in a certain lateral shift
δx. For the AVBs, both lateral and transverse shifts can be
detected, and the direction of the transverse shift δy is deter-
mined by the sign of topological charge.[23]
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third columns correspond to the random arrays with α = 0.5 and α = 2.5, respectively. The topological charge is l = 1.
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Notably the direction of transverse shift is reversed as the
incident angle varies gradually from the pass band to the band
edge, revealing the intimate relation between the IF effect and
the mode coupling condition. Comparing the cases of l = 1
and l = −2, it shows that the beam profile becomes more
complicated for larger value of |l|. Thus the IF effect of the
AVBs depends on both the topological charge and the mode
coupling, and the band edge brings significant distortions to
the beam profile. The underlying physics can be attributed to
the asymmetric coupling into the sample, which stems from
the twisted flux distribution on the sample surface in a tilted
frame during oblique incidence. A detailed model devoted to
the asymmetric coupling is presented in Section B. The math-
ematics model for the scattering of the AVBs at the surface of
the planar lattice can be found in Section C of the supplemen-
tary materials.

Next, the disorder is induced by randomly chosen thick-
ness di of slabs Z1, and three realizations on a lattice of length
N = 40 with different correlated disorder are displayed in
Fig. 3(a). A periodic PnC of the same length is also plotted for
comparison. When the phase match condition of the layered
structure is fulfilled, the incident energy may be coupled into
the guided or localized mode, resulting in a resonant peak in
the transmission spectrum. Transfer matrix method is applied
to calculate the transmissivity for all the samples in Fig. 3(b);
and the corresponding wave functions inside the structures are
depicted in Fig. 3(c). The simulation shows that the state in the
pass band of the PnC extends over the whole samples, leading
to high transmission probability in the pass band. In contrast,
the states in the disordered systems are localized in space, re-
sulting in nearly zero transmission for most incident angles.

However, the transmission could be very close to unit for
some specific incident angles, which manifest as discrete sharp
peaks in the transmission spectrum. These situations are ex-
tremely sensitive to small variations of the structural arrange-
ment, and a slight change to the lattice configuration would
remove the peak completely. We are particularly interested in
such cases, which allow us to investigate the orbit-orbit cou-
pling between the reflected and transmitted beams via the ex-
citation of localized modes. To be utilized later, two cases
of near unit transmission in Fig. 3 are selected with θ = 17◦

for α = 0.5, and θ = 19.8◦ for α = 2.5, respectively. The
long-range correlation determines the full width half maxi-
mum (FWHM) of the resonant peaks, where small α usually
corresponds to small FWHM, and the related wave function
becomes more tightly localized in space. It would be clear
later that the OAM conversion is significantly enhanced at
these abrupt variations in the transmission spectra, like the
band edge of the PnC and the resonant peaks of the disordered
lattices.

4. The OAM conversion

Scattered by the layered sample, the orbit–orbit coupling
of the angular momentum transforms between the reflection
and transmission. Take the mode leakage into consideration,
the reflected beam is generated via the interference of two
parts: the direct reflection at the sample surface and the leak-
age of the coupled modes. In contrast, the transmitted beam
originates only from the mode leakage from the bottom. In
Fig. 4, we depict the lateral and transverse shifts, the intrinsic
and extrinsic OAMs for the three examples designed in Sec-
tion 3 of the supplementary materials, including the PnC, the
two disordered systems with α = 0.5 and α = 2.5. The topo-
logical charge is l = 1, while the case of l =−2 is presented in
Section C of the supplementary materials. All the centroid
shifts are calculated and normalized to the beam waist. In
view of Fig. 4(b), it is obvious that mutual conversion exists
between the Jr

ext and Jt
ext, and the underlying physics can be at-

tributed to the asymmetric coupling effect induced by oblique
incidence. The spatial distribution of localized incident an-
gle θL (defined in Section B of the supplementary materials)
is asymmetric along the y-axis. Thus the centroids of the re-
flected and transmitted beams are transversely shifted, which
gains insight into the acoustic Imbert–Fedorov effect.

Consider the details of the mutual conversion between
the extrinsic OAMs of the reflection and transmission chan-
nels, the simulated OAM conversion of the PnC is one order
larger than the disordered sample with α = 2.5, and two orders
larger than the disordered structure with α = 2.5. For the re-
flected beams, the transverse shifts for the disordered lattices
are much smaller than that of the PnC; whereas the transverse
shifts of the transmitted beams are of the same order for all the
examples. This can be well understood by considering the low
transmission probability of random lattices, since only a small
portion of the twisted wave front possesses the required wave
vector to excite the localized mode. For the disordered lattice,
the transverse shift of the reflected beam is small since most
reflected energy has not participate the OAM conversion. In
contrast, the transmitted beam induced by the mode leakage
is fully influenced by the orbit–orbit coupling, guaranteeing
a large transverse shift. At the band edge of a PnC, the trans-
verse shifts of both reflected and transmitted beams are signifi-
cant, since a large portion of energy participates the orbit–orbit
coupling.

Another key factor underlying the conversion mechanism
is its connection with the structure of the transmission spec-
trum, which is simulated in Fig. 4. For the PnC, there exists
a step-like structure in the transmission spectrum at the band
edge. In the region of pass band of the PnC, only refracted
beam carries intrinsic OAM, and no beam carries extrinsic
OAM. As the incident angle approaches the band edge, the

094301-6

https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad57ad
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad57ad
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad57ad
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad57ad
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad57ad


Chin. Phys. B 33, 094301 (2024)

reflected beam gains positive extrinsic OAM, while the trans-
mitted gains negative extrinsic OAM. The extrinsic OAM con-
version reaches its maximum at θ = 18.6◦, which matches
well with the position of the band edge. As the incident an-
gle further increases, the extrinsic OAM conversion decreases
gradually to zero. Meanwhile, the intrinsic OAM is totally
transferred from the transmitted beam to the reflected beam
after passing the band edge. The above described process
can be denoted as a OAM conversion at the falling edge of
the transmission spectrum. Similarly, the sharp resonant peak
of the disordered lattice can be treated as a combination of
two abrupt steps, i.e., a rising edge and a falling edge. Thus
there exist two OAM conversion processes around the reso-
nant peak, while the middle position θ = 19.8◦ coincides with

the resonant peak. The above statements can serve as a strong
evidence that the mode coupling process significantly boosts
the OAM conversion. The positions of the band edge and the
resonant peaks are marked out as vertical dashed lines, and the
distributions of the intrinsic and extrinsic OAM density corre-
spond to these critical angles are also simulated in Fig. 4(c).
The case of topological charge l = −2 can be found in Sec-
tion D of the supplementary materials. To sum up, during
the interaction with the layered lattice, the gravity center of
the reflected and refracted beams shift due to the OAM con-
version, which is significantly enhanced as the transmission
varies abruptly. These findings may be helpful for manipula-
tion of beam shifts via adjusting mode coupling condition of
the layered lattices.

Fig. 5. Topological events on the cross section during the evolution of a reflected AVB by varying the incident angles. (a) The evolution
of the beam patterns and the trajectories of the vortex cores (lines) as an AVB (l = 1) is reflected at the surface of the PnC. (b) The
phase profiles in the cross sections, where the small black arrows indicate the distribution of the transverse linear momentum. The
white circles indicate the vortex core with l =±1, respectively. (c) and (d) Similar to (a) and (b) except that the topological charge of
the incident AVB is l =−2.
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5. Vortices dynamics
Similar to the singular optics, the instantaneous pattern of

the AVB is organized by its singular “skeleton”, which con-
sists of various singularities, such as vortex, saddle and ex-
trema. Therefore, the evolution of the scattered AVBs in the
coupling of the planar lattices can also be investigated from
different perspectives of topological events of these singular-
ities. In this context, the dynamics of vortices in the cross
section of the beam plays the key role, such as generation,
splitting, collision, annihilation, and drift. Apparently, the se-
vere distortions of the reflected beam is due to the sophisti-
cated dynamics of the vortex cores with null-pressure center.
Figure 5 shows the simulated results for the PnC with topo-
logical charge l = 1,−2, and the related results for the two
random samples can be found in Section E of the supplemen-
tary materials. The generation and annihilation of the vortex
pairs with opposite handedness are marked with blue dashed
circles, whilst the beam patterns and the corresponding phase
profiles are simulated at certain propagation distances. As the
incident angle increases continuously around the band edge,
the reflected beam can gain or loss vortices from void. In
contrast, the transmitted beam is less distorted, since it car-
ries only one vortex for all the incident angles. Similarly,
the underlying physics can be attributed to their formation
mechanisms: the reflected beam originates from the interfer-
ence, while the transmitted beam results from the mode leak-
age alone. Thus, vortices are produced or annihilated in pairs
in the reflected beam, obeying the angular momentum con-
servation. The dynamics of the vortices can be predicted by
considering the transverse flux distribution over the cross sec-
tion, which demonstrates the particle-like nature. Finally, the
above-described dynamics also relies crucially on the abrupt
variation of the transmission, which opens up the exchange
channel of the OAM between the reflection and refraction.
In Section F of the supplementary materials, we compare the
scattering of AVBs with higher order topological charges. In
Section G of the supplementary materials, the transmission is-
sue is discussed in detail.

6. Conclusion
In conclusion, the OAM is converted between the re-

flected and transmitted beams as an AVB interacting with an
artificial layered structure, resulting the acoustic IF effect. The
acoustic GH effect is due to the mode coupling and indepen-
dent of the acoustic OAM. The extrinsic OAM is generated
due to the asymmetric coupling of the sample in a tilted frame,
and the conversion can be adjusted by the mode excitation con-
dition. By coupling with the guided modes in PnC or localized
modes in random lattices, it shows that the OAM conversion
can be effectively enhanced at abrupt transmission variations,

accompanied by large transverse shift. By actively adjusting
the mode coupling condition of the artificial layered lattices,
our scheme provides a methodology for micro-manipulation
of the AVBs with high precision.
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