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ABSTRACT

Understanding unidirectional and topological wave phenomena requires the unveiling of intrinsic geometry

and symmetry for wave dynamics. This is essential yet challenging for the flexible control of near-field
evanescent waves, highly desirable in broad practical scenarios ranging from information communication to

energy radiation. However, exploitations of near-field waves are limited by a lack of fundamental

understanding about inherent near-field symmetry and directional coupling at sub-wavelengths, especially

for longitudinal waves. Here, based on the acoustic wave platform, we show the efficient selective couplings

enabled by near-field symmetry properties. Based on the inherent symmetry properties of three
geometrically orthogonal vectors in near-field acoustics, we successfully realize acoustic Janus, Huygens,
spin sources and quadrupole hybrid sources, respectively. Moreover, we experimentally demonstrate fertile

symmetry selective directionality of those evanescent modes, supported by two opposite meta-surfaces. The

symmetry properties of the near-field acoustic spin angular momenta are revealed by directly measuring

local vectorial fields. Our findings advance the understanding of symmetries in near-field physics, supply
feasible approaches for directional couplings, and pave the way for promising acoustic devices in the future.
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INTRODUCTION

The near-field waves are confined in the close re-
gion around objects, that is scatters, sources and
waveguides, which usually decay exponentially with
distance from objects [1]. Owing to their highly
spatial confinement and intensive energy density,
the near-field waves have been widely exploited in
efficient communication [2,3] and wireless energy
transfer [4-6]. Among these practical applications,
one of the main goals is to achieve the selective direc-
tional coupling [7]. However, the near-field based
selective coupling is often difficult to realize because
it does not have directional properties like the far-
field propagating wave. For example, one can eas-
ily select the far-field wave receiver by pointing the
source to it directly or exploiting the meta-surface
to introduce extra phase gradients to the propaga-
tion phase [8-11]. In contrast, the selective direc-
tional couplings of near fields have so far been highly
based on the chiral incident waves [12] and the res-
onant anisotropic structures [13-17], which are re-
stricted to optical wave systems of divergence-free

transverse nature. Several selective-coupling pro-
posals about unidirectional particle scatterings on
planar interfaces have been also discussed [1,18,19],
which just reflect the functions of spin-orbit cou-
pling [20,21] and quantum spin Hall effect [22] for
optical surface evanescent modes. Near-field geo-
metrical relations are also drawing much attention
recently [23] and some transverse electromagnetic
excitation sources of selective directionality are pro-
posed in optics [24], which are highly dependent on
the electric and magnetic component matching.
Along with the transverse wave, the curl-free lon-
gitudinal wave as the other fundamental compo-
nent in wave families also plays an indispensable
role in many engineering applications or practical
scenarios, i.e. acoustic wave, compression elastic
wave and P-type seismic wave. Yet, the exploitations
of near-field longitudinal waves are severely lim-
ited by a lack of fundamental understanding about
symmetry essences. And some geometrical and dy-
namic properties about longitudinal waves are usu-
ally overlooked, for example the acoustic spin an-
gular momentum, which was not considered until
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recently [25-27]. Therefore, despite many optical
near-field research works [23,24,28], mapping the
near-field research from electromagnetics to acous-
tics is not a transparent and trivial task.

It is worth emphasizing the many fundamen-
tal differences between acoustics and optics:
(1) A longitudinal acoustic wave has different
physical origin, dynamic equation and geometrical
properties from a transverse optical wave. The
acoustic wave originates from the regular collec-
tive motions of molecules, satisfies the dynamic
equation based on Newtonian mechanics, and
has a geometrical curl-free nature. In contrast, the
optical wave is described by relativistic Maxwell
equations, composed of the synchronized oscil-
lated electric and magnetic fields, of a geometrical
divergence-free nature. (2) Basic properties of
source elements are totally different. There is a
monopole for acoustics, but, generally, this does not
hold for optics. Besides, unlike acoustics, there are
two dual types of multipoles in optics: the electric
and magnetic multipoles. (3) There is NO optical
magnetic vector field counterpart in acoustics.
As such, some necessary requirements of electric
and magnetic fields in optical sources [24,28]
cannot be simply mapped into acoustics. Thus,
the acoustical near-field sources must be achieved
without the help of magnetic fields. (4) The idea
for near-field acoustic sources will reversely provide
more insights on pure electric (magnetic-free)
near-field optical sources, to surmount the difficulty
of manipulating magnetic fields because of the
usually weak magnetic responses of optical media.
All of these differences reflect the fact that the
near-field research in longitudinal acoustic waves is
a meaningful research field to explore, not a simple
extension of related optical works, and will even
provide new insight for other near-field waves.

In this paper, based on the acoustic wave
platform, we unveil the inherent symmetry and geo-
metric properties of near-field waves experimentally.
Based on symmetry analysis, it is possible to achieve
selective near-field longitudinal wave coupling.
The near-field acoustics can be universally associ-
ated with three geometrically orthogonal physical
vectors: time-average energy flow (Poynting vec-
tor), reactive power and spin angular momentum
(SAM) [25-27], even for longitudinal waves of a
curl-free nature. Based on their symmetry properties
and geometrical orthogonal conditions, we realize
highly selective near-field couplings for the acoustic
‘plasmonics’: Janus source, Huygens source, and
spin source. By exploiting two opposite comb-like
meta-surfaces that support four different evanescent
modes, we experimentally demonstrate the rich
near-field symmetries by selectively exciting differ-

ent mode branch pairs. Moreover, the SAM densities
of the near-field acoustics have been fully discussed
and verified experimentally in terms of odd/even
symmetry properties. Based on verified symmetry
discussions, a quadrupole hybrid source is pro-
posed, which can achieve one-side uni-directional
excitations out of four branches. Our work provides
a new opportunity to achieve symmetry selective
directionality of near-field modes, regardless of the
transverse or longitudinal wave systems.

RESULTS

Considering the common harmonic near-field
acoustic wave form, v o eF*" eI and its
longitudinal nature V X v =0, one can obtain
the polarized velocity state of near-field acoustics
as v = vy(1, i%,O)e"k’“”’, where v, is the am-
plitude of acoustic velocity field, T is the decay
rate of the evanescent wave in y direction, and @
is the frequency. To describe the dynamic fea-
tures of near-fields, we can exploit three vectorial
quantities [23,24]: time-averaged energy flow
(Poynting vector) J = %Re[ p*v], reactive power
R = %Im[p*v] and acoustic SAM density [25-27]
s = £2Im[v* x v] (see Supplementary data),
shown in Fig. 1(a), where pg is the mass density
and p is the pressure field. Considering their parity
(P :r — —r), time-reversal (T :t — —t) and
parity-time (P Tir— —r,t— —t) transforma-
tions, respectively, one can obtain that:

PIJP '=—-J,PRP '=—R,PsP ' =5

TIT ' =-F, TRT =R, TsT7' = —s

PTI(PT) ' =J,PTR(PT) ' = -R
)=

A

Bis(BT) (1)
We can see that these quantities have different
symmetry properties from their inherent geometri-
cal properties, as shown in Fig. 1(b). Clearly, the
Poynting vector J, the reactive power R, and the
SAM s, are individually invariant under parity-time
(PT), time-reversal (T) and parity (P) transfor-
mations, respectively. Owing to the inherent ge-
ometry and symmetry of these vectorial quanti-
ties, the near-field acoustic modes carry their sym-
metry properties as well, as shown in Fig. 1(c),
where the waveguide evanescent waves are taken
as examples. Based on the same symmetry analy-
sis, we can obtain that Pv,P ' = v, Tv, T ! =
vy, PTv,(PT)™' = v, where v; is the acous-
tic field profile for the i-th branch. From these
symmetries, we can see that the mode pair vy +
v, has the P-symmetry with invariant SAM s,
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Figure 1. Geometry and symmetry properties of near-field waves. (a) The evanescent wave can be supported on the interface
between conducting (air in the acoustic case) and insulating media (gray block). The pressure field of surface wave is plotted
as the rainbow color wave and its velocity field is represented as the red arrow. There are three vector physical quantities
describing the near-field properties: time-average energy flow J, reactive power R and acoustic SAM density s. (b) The
three orthogonal vector quantities : J (yellow) R (blue), and s (green) have different symmetries under the PT, T, P
transformation. 7 is P-antisymmetric, T -antisymmetric, yet P T -symmetric; R is P -antisymmetric, yet T - symmetnc s is
P -symmetric, yet T -antisymmetric. The space mirror operation r — —r and —r — r will correspond to P operation, the
time mirror operation t— —tand —t— twill correspond to 7 operation. (c) Four evanescent wave modes on the interface
have been exploited to demonstrate the symmetry properties in the near fields. The selective couplings between the acoustic
source and these near field modes reflect the intrinsic symmetric characteristics and geometrical orthogonality. We can see
that PvsP~" = vy, TvaT =" = v, PTua(PT)"! = v, where v; is the acoustic field profile for the ith branch. Clearly, the
mode pair vy + v; has the P-symmetry with invariant SAM s, the mode pair vs + 5 has the T -symmetry with invariant
reactive power R, and the mode pair v, + v, has the 2T -symmetry with invariant Poynting vector 7. It is worth noting
that although exemplified in acoustics of longitudinal nature, the geometry and symmetry discussed here are universal for
general waves.

P (vi+v 4)15*1 = v, + vy; the mode pair v, +  metry properties, yet the near-field interference be-
v; has the T-symmetry with invariant reactive
power R, T(v3 4 v4)T~" = v3 + v4; the mode
pair v, + v, has the P T-symmetry with invari-
ant Poynting vector J, P T (v, 4 v,)(PT) ™!
v, + V4. One of the key points of our work is to

haviors of their super-positions have little been dis-
cussed.

Concretely, we introduce three near-field sources
=  based on the geometry and symmetry properties of
the near-field acoustics: (i) Acoustic Janus source:
achieve selective directional couplings of the evanes-
cent modes based on their vector geometry and sym-
metry relations.

According to the acoustic radiation theory [29],

)

which can be constructed by in-phase combination

Qjanus =M= Dyv

i . of acoustic monopole and dipole. This composite
acoustic sources may be regarded as the superposi- . . .
] ] ) source can radiate symmetric far-field waves, but will
tion of acoustic monopole, dipole and quadrupole, ) ) ] )
. selectively couple with only single-side near-field
represented in a general form as: . ) : .
modes leaving the opposite side uncoupled. This

near-field Janus source is associated with the reactive
)

power R, whose P -antisymmetry and T-symmetry
properties are the physical reasons for ‘two face’

where Q, represents the wave vector of acous-

tic source; M, D and T denote the acoustic
monopole, dipole and quadrupole; o, B and ¥ are
the corresponding constant, vector and matrix co-
efficients, respectively. Acoustic monopole, dipole
and quadrupole are well-known sources that are usu-
ally exploited to excite fertile acoustic far-field wave
modes [29]. For example, monopole excites far-
fields equally for all directions, dipole will not radiate
equally and make sound cancel in some regions, and
quadrupole has a clover-leaf like radiation pattern.
These complex far-field radiation behaviours can be
understood well by their inner geometry and sym-

properties of acoustic Janus source similar to the op-
tical version [24]. (ii) Acoustic Huygens source:

(4)

which is the 77 /2 out of phase combination of acous-

QHuygens =M=+ lia

tic monopole and dipole. It can be associated with
the time-averaged Poynting energy flow J of PT-
symmetry and induce the far-field wave in a given di-
rection (more details in Supplementary data), which
is still valid for near-field directional couplings. (iii)
Acoustic spin source:

Qspin = Dx + iDyr (5)
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Figure 2. Symmetry properties by Janus, Huygens and spin sources. (a) The source is placed on the center between two effective media: pes =
—1.5kg/m?, ¢t = 500 m/s. The gap between two media is 10 cm. (b) The dispersion of surface evanescent waves. The excitation frequency is f=
2 kHz. (c) The symmetry properties of these three acoustic sources. PMP—' = M, TMT~" =M, PDP~'=—p,TDT~" =D, TiT ' = —i.
T QuanssT ' = Quans PT QuygensPT)™" = Quinygens, P QspinP ' = €™ Qspin. It should be mentioned that the extra phase 6 < [0, 2] for the sources
will not change their excitation behaviours, namely e Q ; will be the same as Q. The physical quantities J,, R, and s, have been plotted for these
sources: Janus source (d), Huygens source (e), spin source (f). We plot these value distributions in the air region.

which can be associated with non-zero SAM density
s % 0 that is of T-antisymmetry and P-symmetry
properties. The transverse SAM of the near field
acoustics is induced by their circularly polarized ve-
locity fields, only recently revealed for longitudinal
waves [25-27].

Based on the near-field modes depicted in Fig. 1,
we calculate the pressure field of excited acoustic
evanescent waves to show the symmetry-selected di-
rectionality in Fig. 2. We place above three sources
into the central air sandwiched between two media,
as shown in Fig. 2(a). The medium here is an acous-
tic meta-material with effective negative mass den-
sity and effective phase velocity, which can support
surface evanescent wave modes on the interface with
air [30] [see Fig. 2(b)]. The symmetry properties
of the three sources are summarized in Fig. 2(c).
We have calculated the J, R and s for these three
sources, as shown in Fig. 2(d-f). From the results,
we can see that Janus, Huygens and spin sources
will excite the modes with the same R, J and s,
respectively.

Besides the symmetry-based analysis, the direc-
tional properties can also be described by calculating
the coupling coefficient C for surface wave modes,
following the similar spirit of Fermi golden rule. We
introduce the description vector of the acoustic wave
field F = (v,, vy, Uz, —ﬁp) and the source vec-
tor £ = (B, By, Bz, @). According to the Fermi

golden rule, the coupling coeflicient C can be de-
scribed as: C ~ F* - £. For the Janus source, its
coupling strength is |C|* ~ (ko F 7)* with ky =
/co, which is strongly associated with the decay
rate 7 of the evanescent wave from the T-symmetry
of R. For the Huygens source, |C|* ~ (ko &
k)2, which reflects the relation between the cou-
pling and energy flow from the P T-symmetry of J .
For the spin source, |C|* ~ (14 £)* oc (1 & kizs .
e.)? is associated with the acoustic SAM density s,
which reflects the spin-momentum locking and the
P-symmetry of s (see Method “The coupling the-
ory of acoustic sources’, and ‘Acoustic spin angular
momentum’).

To realize these sources in experiments, we ex-
ploit five speakers placed in a cross bending shape
and excite them with specific amplitude and phase
settings {¢;}, as shown in Fig. 3(a), which will
be functional to achieve arbitrary combinations of
acoustic monopole and dipole at sub-wavelength
scale (see Method ‘Experimental proposal for ar-
bitrary acoustic sources’). The amplitude of effec-
tive monopole and dipoles are related to the con-
crete geometrical settings of the speaker array. The
excitation schemes for these monopoles to induce
the target sources are shown in the inset of fig-
ures in Fig. 3. For example, i means the normal-
ized amplitude with 7 /2 phase delay, —1 means the
normalized amplitude with 7 phase delay and the
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Figure 3. Experimental proposal of Janus, Huygens and spin sources. (a) Five acoustic speakers (monopole) can be exploited
to achieve these acoustic sources. The insets in plots (b-g) describe the corresponding strength and phase of these speakers.
The radiative far-field behaviours: (b) Janus source, (c) Huygens source, (d) spin source. The pressure fields have been plotted.
The near-field excitation behaviours (same materials in Fig. 2): (e) Janus source, (f) Huygens source, (g) spin source. The
pressure field amplitudes have been plotted. Here, d = 1 c¢m, and the frequency f= 2 kHz.

speakers that are not used can be regarded as the
zero amplitude (not shown in the insets). The far-
field radiation modes of these sources are shown in
Fig. 3(b-d). In Fig. 3(e), we can see that the Janus
source is achieved to selectively couple to a sin-
gle side surface mode. The phenomenon originates
from side-dependent topologically protected cou-
pling of Janus source [24]. This selective coupling as-
sociated with the reactive power R is based on its
T-symmetry and P -antisymmetry, which can dis-
tinguish the branch pairs {vy, v,} and {v;, v4}.
Different from ‘two face’ properties of Janus source,
the acoustic Huygens source, as shown in Fig. 3(f),
can excite uni-directional surface modes because of
the directional transport character of energy flow J .
Huygens source can achieve the non-symmetric ex-
citation along a single propagation direction, which
reflects the P T symmetry that can distinguish the
branch pairs {v;, v3} and {v,, v4}. The acoustic spin

source, as shown in Fig. 3(g), will couple to the
near-field modes in diagonal-paired directions. The
selected couplings of the spin source result from
‘spin-momentum locking’ in longitudinal waves (see
Method ‘Acoustic spin angular momentum’), which
are universal for evanescent modes and reminiscent
of the quantum spin Hall effect (QSHE) [22,23,26],
independent of the transverse or longitudinal na-
ture. This spin-momentum Iockmg relationship re-
flects the P-symmetry and T-antisymmetry of the
near-field acoustic SAM, which can distinguish the
branch pairs {v;, v4} and {v,, v3}.

Now, we implement the experiments to ver-
ify the symmetry-selected directional near-field
excitations, as shown in Fig. 4. The detection
areas for the pressure field (blue dashed rect-
angle) are shown in Fig. 4(b). To support the
near-field waveguide evanescent wave, comb-like
structures (fabricated by metal aluminum) as
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Figure 4. Experimental observations of the selective couplings of acoustic Janus, Huygens and spin sources. (a) Snapshot of
Janus source made by the speaker array controlled by the external circuit. Huygens and spin sources are not shown here. (b)
The detection areas of pressure field are shown in the blue dashed rectangle. (c) Photograph of the experimental setup. The
comb-like aluminium structure is constructed as an acoustic meta-material with effective negative parameters, which thus
supports fertile surface near-field acoustic wave modes. The numerical simulations and experimental results are shown,
respectively: (d) Janus source, (e) Huygens source and (f) spin source. The experimental frequency is f = 2660 Hz. (More

experimental details in Supplementary data.)

shown in Fig. 4(c), were used because of their
acoustic  resonant [11,26,31-37].
For the Janus source Q=M — D,
formed by the field {¢9 = 1, ¢1 = ¢35 = 0,
¢4 = —¢, = 1} shown in Fig. 4(d), it will

excite two branches of near-field acoustics sat-

structures

isfying T-symmetry. For the Huygens source
QHuygens = M — i D, formed by the field {po=1,
O1=—¢3=—i,py =, =0} shown in Fig. 4(e),
it will excite two branches satisfying P T-symmetry.
For the spin source Qgin = D, — i D, formed by
the field {¢0 = 0, ¢1 = —¢3 = —i, ¢2 = —¢4 = 1}
shown in Fig. 4(f), it will excite two paired branches
satisfying P-symmetry. The experimental results are
in good agreement with the theoretical analysis and
numerical simulations. Because of the intrinsic ther-
moacoustic damping in actual experiments [38-40],
observed surface waves will suffer from attenuations
and have complex wave vectors. The amplitude of
attenuations is related to the resonant strength of
meta-structures [38-40]. Nevertheless, these selec-
tive excitation phenomena of our designed sources
are still clearly observed, despite these loss effects.
In addition to the observation of these direc-
tional phenomena, we measure the SAM density

in the near-field acoustics and verify the sym-
metry properties experimentally. We couple the
different sources of specific symmetries to the
near-field modes with selected directionality. By
exploiting the acoustic velocity sensor, we directly
measure the amplitude and phase of the acoustic
velocity field v,/v, of the area shown in Fig. 5(a)
and observe the circularly polarized velocity
fields. Based on the definition of the SAM density
s = ;—S)Im[v* x v], one can obtain the SAM
density distribution. According to the results in
Fig. S(b-d), we can conclude that: the opposite
SAM densities s for Janus source in different areas
L\R reflect that acoustic SAM is T-antisymmetric;
the opposite s profiles for Huygens source exci-
tations mean that the SAM is P T-antisymmetric;
and the same s profiles for spin source excitations
represent that the SAM is P -symmetric. Moreover,
we can see that the SAM is strongly associated with
its momentum for the two T-symmetric branches:
the case of the Janus source in Fig. 5(b), which
is also the experimental evidence for acoustic
spin-momentum locking.

One more directional coupling case is to selec-
tively couple the uni-directional one-side surface
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Figure 5. Experimental verifications of the symmetry of spin angular momentum in the
acoustic near field of three different excitations. (a) The areas L\R (two red dashed
rectangles) are the velocity detection regions. (b—d) The measured SAM densities of
Janus, Huygens and spin sources with the same settings in Fig. 4 are plotted in the
normalized colorbar. From the measured SAM densities, we can conclude that the
near-field acoustic SAMs of the three sources have T-symmetry, P T-symmetry and
P -symmetry, which are in good agreement with Fig. 2.

wave out of four branches. Symmetry breaking of
all of them P, T, PT could result in this effect
and to achieve this goal, we need to take the acous-
tic quadrupole into account. Because the linear
combinations of acoustic monopole and dipole for
a point source can be rewritten as linear combina-
tions of Janus, Huygens and spin sources, namely

Qs = ¢1 Qjanus + €2 QHuygens + €3 Qspin,  Where
¢; is the arbitary constant, and there is not such
a combination {¢;} that will result in excitations
of uni-directional one-side surface wave out of
four branches. The quadruple-related geometrical
symmetry and topological characteristics have
been explored and discussed in recent research
works [41,42]. One can therefore realize one-side
uni-directional excitation mainly based on spin-
momentum locking and near-field interference
between the spin source and quadruple one. This
quadruple hybrid source will correspond to more
complex geometrical conditions and the four
different evanescent wave profiles in Fig. 1(b)
will become distinguishable so as to be coupled
independently (see Supplementary data).

Similar selective-directionality phenomena can
be found in related optical works [24,28] and these
similarities in near-fields are a consequence of the
fundamental wave symmetry. We note that mag-
netic dipoles are still core components in these op-
tical source realizations [24,28]. However, it should
be mentioned that one can achieve alternative opti-
cal near-field sources without introducing magnetic
dipoles. These near-field phenomena can be excited
using only all electric dipoles or other flexible elec-
tric approaches with symmetry features, just follow-
ing the design scheme we proposed in Fig. 3.

CONCLUSION

To summarize, we have unveiled the inherent sym-
metry and geometric properties in near-field waves
based on the acoustic wave platform. We have ex-
perimentally achieved efficient selective near-field
wave coupling via acoustic Janus, Huygens and spin
sources. The general physics behind these direc-
tional near-field couplings is based on their inher-
ent geometry and symmetry-related mechanisms,
not restricted to the special transverse wave sys-
tem [23,24]. Our work could guide the direc-
tional design of promising applications of general
near-field waves, especially for efficient coupling
of wave energy transport, selective functions of
acoustic/phononics devices, and new kinds of novel
near-field sources. The symmetry-based source de-
sign approach could be generalized into other wave
research fields, for example quantum optics [43] and
elastic waves [25].

METHODS
The coupling theory of acoustic sources

In this section, we will show how to calculate the cou-
pling strength C. The acoustic wave equation can be



described as using the following equations:

d
Vp+po—v=0
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where p is the pressure, p, is mass density, c is the
acoustic speed, and v is the velocity. To unveil the
far-field radiations and near-field couplings of acous-
tic sources, the acoustic wave equation can be writ-
ten in the following form:

5 1 9%
MR
1 9%
VZP—CTEP:—Q;” (7)

where the pressure p and velocity v satisfy the
relation V- v + #% p = 0, which has a similar
form to the Lorentz gauge for electromagnetic wave.
Eq. (7) has the same forms as D’Alembert’s equa-
tions, which describe the radiation and excitation of
electromagnetic waves. The terms { Q,, Q , } are the
acoustic sources.

Introducing the source vector &€ = (Qux,
Quy» Quz» Q) and the wave descriptor vector F =
(Vs vy, V2, —ﬁp), we can thus calculate the cou-
pling coefficient C based on the Fermi golden rule:

wa*'SZU:QUx+U;QUy
i

+0IQu:+—p"Q,. (8)
Poc

The |C|* will unveil the strength of coupling and
predict the radiation patterns and couplings of
sources. The source Q; = oM + B - D will result
in the source vector:

&= (:Bxsﬂyvﬁz’a)- (9)

For the cases in Fig. 1, their pressure fields and
velocity fields have evanescent forms as:

p= poei(kx—mt)—ry
k
v= P | i |eitksen-tr (1)
Pow 0

And thus, their corresponding wave descriptor
vector can be written as:

k i T i
‘7:=p0 <_’l_’09_l_>
Pow  Pow Poc
= PO kit 0, —iky)
Pow

~ (k,it,0, —iko), (11)

where ko = .
Janus source has the form M + D,, so its near-
field coupling coefficient can be calculated as:

C~F-&
= (k,it,0, —iky)* - (0, £1,0,1)

=i(ko F 1), (12)

where |C|* ~ |i(ky F 7)|* = (ko F 7).
Huygens source has the form M = iD,, so its
near-field coupling coeflicient can be calculated as:

C~F €
(k, iT, O, —lko)* . (:I:lv 0,0, 1)
i(ko k),

(13)

where |C|* ~ |i(ky £ k)|* = (ko £ k)>.
Spin source has the form D, & iD,, so its near-
field coupling coeflicient can be calculated as:

C~F-&
= (k,it,0,iky)" - (1, i, 0,0)

=k=+rT, (14)
where |C> ~ k£ 1> = (k+1)%

Thus the near-field couplings of these sources can
be written as:

|C_]amus|2 ~ (kO + T)z
|CHuygens|2 ~ (kO + k)2

2 212 32
|Copinl* ~ (k£ 7)* =k (u:k) .

(15)

From the result, we can see that the Janus source ex-
cites the evanescent wave based on the decay rate
7, which reflects the reactive power o Im[pv*].
The Huygens source excites the evanescent wave
based on the wave vector k, which is associated with
the time-averaged energy flow o« Re[ pv*]. The spin
source excites the evanescent wave based on the ra-
tio 7 /k, which can be described by acoustic SAM
density s o« Im[v* X v]. Moreover from these cal-
culated results, we can see that the near-field cou-
plings of sources could be totally different from their
far-field patterns (see Supplementary data).

Acoustic spin angular momentum

In this section, we provide details on the spin angu-
lar momentum of near-field acoustics. For the acous-
tic wave, the acoustic momentum can be described
by the time average Poynting momentum vector



P = #Re[p*v], which can be called the momen-
tum density of acoustic wave. It is well known that
the momentum density P can be expressed as the
expectation value of momentum density operator
p in quantum mechanics. For harmonic acoustic
wave v(r, t) = v(r)e'*!, the momentum density
P can be written as:

1 . 2
P = Re|P (V-v")v
2c? 1)
£o

= Zm[(V-v)v*], (16)
2w

with the relation p = —%V - v, po is the mass
density. With mathematical expansion Im[(V -
v)v*] = Im[v* - (V)] + 1Im[V x (v* x v)],
the momentum density P can be regarded as the
combination of two parts with different physical
meanings P = P° + P°, where P° and P*
are orbital and spin momentum density, respec-
tively [22,25,26,44]. For acoustic waves, these two
terms will have the following forms:

P = Dimlv* - (V)0]
2w

P = Py« Im[v* x v].

4w (17)

The spin momentum density of acoustic waves can
be regarded as the curl of spin angular momentum
density, P* = %V X s [45]. The spin angular mo-
mentum density s for acoustics will be [25-27]:

Lo

s = —Im[v* x v].
2w

(18)

Alternatively, the time-averaged acoustic angular
momentum A M can be separated as:

AM :/(r X pv), dr’

_ ;—;/r « Im[(V - v)v*]dr
_ ;—;/r « <1m[v* (V)]

1
+ EV x Im[v* x v])dr3

) r X Re[v* - (=i V)v]dr?
2w
+ Lo Im[v* x v]dr’
2w
=L+S, (19)

where r is the position vector, (-); is the time-
averaged operation, and the mass continuum con-
dition 3;0 + po(V - v) = 0 has been used. § =
fsdr3isthe SAM, with density s = f—s)lm[v* X v].
L = [ Idr®isthe OAM with density | = 22Re[v* -
(—ir x V)v] =r x P°.

Introducing the state vector about acoustic field,

|v) = %(vx’v}“UZ)T’ one can represent the
spin angular momentum density in concrete and

clear quantum form:

s = (v|8]v), (20)

where v* - (§)v = Im[v* x v] is the spin angular
momentum density operator. The spin angular mo-
mentum density of acoustic wave can be described
by taking the following spin-1 operator on state vec-
tor |v):

0 0 0 0 0

Sc=lo o —i|,§, =10 o0 o],
0 i 0 —i 0 0
0 —i 0

S, = o o], (21)
0 0 0

where (v|$|v) o Im[v* x v]. The spin operator $
satisfies the fundamental commutation relations of
angular momentum: [S;, §;] = i€ Sy.

For Fig. 2, the surface mode can be described as
(set y = 0 as the interface between air and effective

media):
k
v, = Po i ol (kx—ot)—n1y
p1w 0
k
v, = Po —it, ei(kx—wt)+zzy’ (22)
Prw 0

where v; and v, are the velocity field for air and me-
dia, respectively, c; and c, are the acoustic speeds,
p1 and p, are the mass densities, specially p, < 0,
k?— 1= ’:4; and k? — 1} = ‘c%z, k is wave vector.
The acoustic wave satisfies the dispersion relation-

ship : k? = 2292 2 which could be obtained
PrE = qat-m

by considering boundary conditions on the inter-
face. According to the acoustic spin, the spin density

of the corresponding acoustic surface mode can be
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Figure 6. Feasible experimental scheme to realize the general near-field acoustic
source. The designed speaker array can be regarded as an acoustic meta-source be-
cause of its subwavelength scale.

represented as:

R C2p2
$1 = (v1|S|v1) = 1—0327:1ke Zrl’ve
pP1w
. C2p2
s2= (0al$l02) = — 2P0 ap ke, (23)
P

From Eq. (23), we find thats o kTe,, which reflects
spin-momentum locking of surface wave. From the
calculated s, the sign of total spin density § = | sdy
will become opposite for different wave vector k:
S, >0fork>0,S, <0 for k < 0, as shown in
Fig.SS of the Supplementary data, which has sim-
ilar properties to that in quantum spin Hall effect
(QSHE) [46] and 3D topological insulators for elec-
trons [47]. Thus this spin momentum locking phe-
nomena can be seen as the QSHE of the acoustic
wave [26,27]. Similar to the QSHE of light [22],
these modes cannot be immune with backscatter-
ing induced by impurity and disorder without time-
reversal broken.

Based on the acoustic SAM, % = Z—’f x %s - ey,
the near-field excitation of the spin source in Eq.
(15) can be written as:

1 2
|C5pm|2 o' <1 + ﬁs . ez) . (24)

The near-field coupling strength of the spin source
can be associated with the acoustic SAM density car-
ried in the evanescent wave. Obviously, this coupling
is strongly locked with the sign of acoustic SAM.

Experimental proposal for arbitrary
acoustic sources

In this section, we will supply one feasible experi-
mental scheme to achieve a general near-field acous-
tic source, and give a practical example to realize
Janus, Huygens and spin sources.

A scheme to achieve a general near-field acous-
tic source is shown in Fig. 6. Firstly, in numerical
simulations, we can set several collection points sur-
rounding the theoretic general acoustic source com-
pactly, in smaller-than-wavelength scale (<17 cm
for 2 kHz), to record the strength and phase of
the acoustic near-field. Secondly, we can place the
acoustic speakers at the corresponding positions of
these collection points. Thirdly, we play these speak-
ers (can be regarded as monopole) with the strength
and phase recorded by the corresponding collec-
tion points. This scheme is based on Huygens prin-
ciple in optics. The number and spatial distribu-
tion of collection points or speakers depends on
the practical engineering requirements and work-
ing frequency. Because the scale of the designed
speaker array is smaller than the wavelength in air,
this speaker array can be regarded as an acous-
tic meta-source. This meta-source can be functional
to achieve any combination of acoustic monopole,
dipoles and quadrupoles.

To exemplify one experimental scheme, we will
exploit speaker array to realize the Janus, Huygens
and spin sources in the main text. The physical
mechanism of these sources can be understood as a
linear combination of different kinds of basic acous-
tic sources v, = oM + B, D, + B, D, and the co-
efficient set «, B, B, will be responsible for achiev-
ing these sources. Thus, we can design such a source
device shown in Fig. 3, in which the five speakers are
placedin a cross bending shape and excited with spe-
cific strength and phase settings. The center speaker
@ plays the role of acoustic monopole M. The other
four speakers ¢, @2, 3, ¢4 will behave as effective
acoustic dipoles D,, D, when they are set as:

¢ = —¢3 —> D,
¢ = —¢s — D,. (25)

Thus, it’s easy to construct Janus, Huygens and spin
sources as:

Janus source:

(¢0’ ¢19 ¢2’ ¢39 ¢4) = (la 0, il’ 0, :Fl)

Huygens source:

(¢07 ¢lv ¢27 ¢37 ¢4) = (17 :IZl, 0’ :Fl’ 0)

Spin source:

(¢0s ¢1» ¢2v ¢3v ¢4) = (07 11 :l:is _1’ :Fl)
(26)

SUPPLEMENTARY DATA

Supplementary data are available at NSR online.


https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaa040#supplementary-data

1034 |

Natl Sci Rev, 2020, Vol. 7, No. 6

FUNDING

This work was supported by the National Key Research
and Development Program of China (2017YFA0303702,
2016YFA0301101), the National Natural Science Foundation of
China (11775159, 61621001, 11625418, 11890700, $1721001),
the Natural Science Foundation of Shanghai (18ZR1442800,
18JC1410900), and the Opening Project of Shanghai Key
Laboratory of Special Artificial Microstructure Materials and
Technology.

AUTHOR CONTRIBUTIONS

Y.L, JR, DM.Z and H.C are responsible for the theory and
numerical simulations. H.G, X.Y.X, M.H.L, M.B and Y.F.C are
responsible for the experimental measurements. Y.L and J.R
conceived the idea and derived the theory. All authors con-
tributed to discussion, the data analysis and the writing. J.R,
M.H.L, H.C and Y.F.C guided the research.

Conflict of interest statement. None declared.

REFERENCES

. Kuznetsov Al, Miroshnichenko AE and Brongersma ML et al. Op-

tically resonant dielectric nanostructures. Science 2016; 354:
aag2472.

2. Ozbay E. Plasmonics: merging photonics and electronics at

nanoscale dimensions. Science 2006; 311: 189-93.
3. Tame MS, McEnery KR and Ozdemir SK et al. Quantum plasmon-
ics. Nat Phys 2013; 9: 329-40.

4. Zhu L, Fiorino A and Thompson D et al. Near-field photonic cool-
ing through control of the chemical potential of photons. Nature
2019; 566: 239-44.

. Kurs A, Karalis A and Moffatt R et al. Wireless power transfer
via strongly coupled magnetic resonances. Science 2007; 317:
83-6.

6. Assawaworrarit S, Yu X and Fan S. Robust wireless power

(&3]

transfer using a nonlinear parity—time-symmetric circuit. Nature
2017, 546: 387-90.

7. Yao W, Liu S and Liao H et al. Efficient directional excitation of
surface plasmons by a single-element nanoantenna. Nano Lett
2015; 15: 3115-21.

8. Yu N, Genevet P and Kats MA et al. Light propagation with
phase discontinuities: generalized laws of reflection and refrac-
tion. Science 2011; 334: 333-7.

9. Xie Y, Wang W and Chen H et al. Wavefront modulation and
subwavelength diffractive acoustics with an acoustic metasur-
face. Nat Commun 2014; 5: 5553.

10. Ma G, Yang M and Xiao S et al. Acoustic metasurface with hy-
brid resonances. Nat Mater 2014; 13: 873-8.

11. Cummer SA, Christensen J and Alu A. Controlling sound with
acoustic metamaterials. Nat Rev Mater 2016; 1: 160071.

12. Lin J, Mueller JPB and Wang Q et al. Polarization-controlled tun-
able directional coupling of surface plasmon polaritons. Science
2013; 340: 331-4.

13. Shitrit N, Yulevich | and Maguid E et al. Spin-optical meta-
material route to spin-controlled photonics. Science 2013; 340:
724-6.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

RESEARCH ARTICLE

. Sun S, He Q and Xiao S et al. Gradient-index meta-surfaces as a

bridge linking propagating waves and surface waves. Nat Mater
2012;11: 426-31.

. Fu YH, Kuznetsov Al and Miroshnichenko AE et al. Directional

visible light scattering by silicon nanoparticles. Nat Commun
2013; 4:1527.

. Curto AG, Volpe G and Taminiau TH et al. Unidirectional emis-

sion of a quantum dot coupled to a nanoantenna. Science 2010;
329: 930-3.

. Kosako T, Kadoya Y and Hofmann HF et al. Directional control

of light by a nano-optical yagi-uda antenna. Nat Photon 2010;
4:312-5.

. Petersen J, Volz J and Rauschenbeutel A. Chiral nanophotonic

waveguide interface based on spin-orbit interaction of light. Sci-
ence 2014; 346: 67-71.

. Rodriguez-Fortufio FJ, Marino G and Ginzburg P et al. Near-field

interference for the unidirectional excitation of electromagnetic
guided modes. Science 2013; 340: 328-30.

Bliokh KY, Rodriguez-Fortufio FJ and Nori F et al. Spin—orbit in-
teractions of light. Nat Photon 2015; 9: 796-808.

Gong SH, Alpeggiani F and Sciacca B et al. Nanoscale chiral
valley-photon interface through optical spin-orbit coupling. Sci-
ence 2018; 359: 443-7.

Bliokh KY, Smirnova D and Nori F. Quantum spin Hall effect of
light. Science 2015; 348: 1448-51.

Van Mechelen T and Jacob Z. Universal spin-momentum locking
of evanescent waves. Optica 2016; 3: 118-26.

Picardi MF, Zayats AV and Rodriguez-Fortufio FJ. Janus and Huy-
gens dipoles: near-field directionality beyond spin-momentum
locking. Phys Rev Lett 2018; 120: 117402.

Long Y, Ren J and Chen H. Intrinsic spin of elastic waves. Proc
Natl Acad Sci USA 2018; 115: 9951-5.

Shi C, Zhao R and Long Y et al. Observation of acoustic spin.
Natl Sci Rev2019; 6: 707-12.

Bliokh KY and Nori F. Transverse spin and surface waves in
acoustic metamaterials. Phys Rev B2019; 99: 020301.

Picardi MF, Neugebauer M and Eismann Jorg S et al. Experi-
mental demonstration of linear and spinning janus dipoles for
polarisation-and wavelength-selective near-field coupling. Light
Sci Appl 2019; 8: 52.

Morse PM and Ingard KU. Theoretical Acoustics. Princeton:
Princeton University Press, 1986.

Ambati M, Fang N and Sun C et al. Surface resonant states and
superlensing in acoustic metamaterials. Phys Rev B 2007; 75:
195447.

Zhu J, Chen Y and Zhu X et al. Acoustic rainbow trapping. Sci
Rep 2013; 3: 1728.

Lu J, Qiu C and Ke M et al. Directional excitation of the
designer surface acoustic waves. Appl Phys Lett 2015; 106:
201901.

Jia H, Lu M and Ni X et al. Spatial separation of spoof surface
acoustic waves on the graded groove grating. J Appl Phys 2014,
116: 124504.

Christensen J, Fernandez-Dominguez Al and de Leon-Perez F
et al. Collimation of sound assisted by acoustic surface waves.
Nat Phys 2007; 3: 851-2.



RESEARCH ARTICLE

35.

36.

37.

38.

39.

40.

He Z, Jia H and Qiu C et al. Nonleaky surface acoustic waves on a textured
rigid surface. Phys Rev B2011; 83: 132101.

L, Allard JF and Lauriks
rectangular-groove gratings.

W. Ultrasonic surface waves
J Acoust Soc Am 1998; 103:

Kelders
above
2730-3.
Zhu J, Christensen J and Jung J et al. A holey-structured metamaterial for
acoustic deep-subwavelength imaging. Nat Phys 2011; 7: 52-5.

Stinson MR. The propagation of plane sound waves in narrow and wide circular
tubes, and generalization to uniform tubes of arbitrary cross-sectional shape.
J Acoust Soc Am 1991; 89: 550-8.

Schwan L, Geslain A and Romero-Garcia V et al. Complex dispersion relation
of surface acoustic waves at a lossy metasurface. App/ Phys Lett 2017; 110:
051902.

Liu T, Liang S and Chen F et al. Inherent losses induced absorptive acous-
tic rainbow trapping with a gradient metasurface. J App/ Phys 2018; 123:
091702.

41.

42.

43.

44.

45.

46.

47.

Long etal. | 1035

Serra-Garcia M, Peri V and Siisstrunk R et al. Observation of a phononic
quadrupole topological insulator. Nature 2018; 555: 342-5.

Vazquez-Lozano JE, Martinez A and Rodriguez-Fortufio FJ. Near-field direction-
ality beyond the dipole approximation: electric quadrupole and higher-order
multipole angular spectra. Phys Rev Appl 2019; 12: 024065.

Lodahl P, Mahmoodian S and Stobbe S et al. Chiral quantum optics. Nature
2016; 541: 473-80.

Bliokh KY and Nori F. Transverse and longitudinal angular momenta of light.
Phys Rep 2015; 592: 1-38.

Belinfante FJ. On the current and the density of the electric charge, the energy,
the linear momentum and the angular momentum of arbitrary fields. Phys D
1940; 7: 449-74.

Kane CL and Mele EJ. Quantum spin Hall effect in graphene. Phys Rev Lett
2005; 95: 226801.

Hasan MZ and Kane CL. Colloquium: topological insulators. Rev Mod Phys
2010; 82: 3045-67.



