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Observation of elastic spin with chiral
meta-sources
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Jinfeng Zhao 2✉ & Jie Ren 1✉

Directional routing of one-way classical wave has raised tremendous interests about spin-

related phenomena. This sparks specifically the elastic wave study of pseudo-spin in meta-

structures to perform robust manipulations. Unlike pseudo-spin in mathematics, the intrinsic

spin angular momentum of elastic wave is predicted quite recently which exhibits selective

excitation of unidirectional propagation even in conventional solids. However, due to the

challenge of building up chiral elastic sources, the experimental observation of intrinsic spin

of elastic wave is still missing. Here, we successfully measure the elastic spin in Rayleigh and

Lamb modes by adopting elaborately designed chiral meta-sources that excite locally rotating

displacement polarization. We observe the unidirectional routing of chiral elastic waves,

characterize the different elastic spins along different directions, and demonstrate the spin-

momentum locking in broad frequency ranges. We also find the selective one-way Lamb

wave carries opposite elastic spin on two plate surfaces in additional to the source chirality.
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Spin angular momentum (SAM) provides fundamental
understanding of symmetrical and topological properties of
physics1–3, from quantum to classical aspects4–6. For electron,

it allows people to realize robust one-way edge states propagating
with spin-selected direction in what is known as topological
insulator7,8. While in classical wave systems, an analogue degree of
freedom called pseudo-spin is proposed by carefully designing
the meta-structures, such as in electromagnetism9–14 and
acoustics15–22, so that a time-reversal symmetry can be realized in
the mathematical sense to implement the pseudo-spin-dependent
topological phenomena. In particular, in the field of elastic topo-
logical metamaterials, the pseudo-spin has been synthesized by
joining two degenerate degrees of freedom mathematically, such as
using two inter-coupled vibrating oscillators23, combing symmetric
and antisymmetric elastic modes24,25, exploiting double degener-
ated Dirac cones26,27, and extracting elastic vortex feature with two
valley degrees of freedom28.

Different from pseudo-spin, the SAM of elastic wave has been
theoretically uncovered from the elastic wave equation in con-
ventional solids and describes the local rotation of displacement
polarization29. The SAM gives rise to the quantum spin Hall
effect (QSHE) for surface wave along the interface of conven-
tional medium with the spin-momentum locking and unidirec-
tional wave transport1,29. In contrast, the pseudo-spin relates
more to the synthetization of different states like clockwise and
anticlockwise energy flux in special structures or lattice
systems27,30. As such, the edge modes related with pseudo-spin
can be topological protected in their own states space. Recently,
the spin-based on-chip magnetic devices and sensors31,32 have
been shown to contain spin transfer between homogeneous elastic
and magnon systems without meta-structures, indicating that the
elastic spin must play a significant role in the magnetic dynamics
through elastic-magnetic SAM couplings. Yet, so far the direct
experimental observation of elastic spin is still absent. Due to the
large acoustic impedance, high operation frequency, and low
vibration amplitude of elastic wave in solid materials, it is
inevitably challenging to build an ultrasonic chiral source with
sufficient radiation power, not even to mention the observation of
rotating displacement polarization.

Here, by characterizing the displacement field and SAM on
conventional metal plate upon the ultrasonic chiral meta-
sources, we report the observation of intrinsic elastic spin
and experimental demonstration of its basic properties,
including the spin-resolved wave mode and the deterministic
spin-momentum locked one-way propagation. The results
advance the understanding of elastic spin and broadband
spin-dependent properties in general solids, provide people
more possibility and flexibility to design the on-chip elastic
device26–28, and pave a way for further revealing new phe-
nomena of chiral elasticity33–35, spin transfer36, and conversion
in coupled multi-physical systems31,32.

Results
Principle of elastic spin and chiral meta-sources. We first focus
on chiral Rayleigh wave that exhibits tight elastic spin-
momentum locking on the free surface of semi-infinite solid.
The displacement vector of surface Rayleigh wave is elliptically
polarized, whose SAM density is described by the elastic spin29,
as:

S ¼ ρω

2
Im½u� ´ u�; ð1Þ

where ρ is the density of elastic medium, ω denotes the circular
frequency, u= {ux, uy, uz} is the displacement vector, and *
represents the conjugate operation. It should be noted that the
elastic SAM describes a local rotating polarization in time domain

rather than the vorticity of a displacement field along x or− x in
space domain.

To show the spin-momentum locking from the point-view of
elastic wave equation, we combine Eq. (1) and the equation of
Rayleigh wave (see Method Eq. (8)), and we obtain the SAM of
Rayleigh wave on the solid–air interface as:

SR ¼ ẑ
ρω

2
Im½u�xuy � u�yux�

¼ �ẑkRκlρωA
2 ðk2R � κ2t Þðk2R þ κ2t � 2κlκtÞ

ðk2R þ κ2t Þ2
;

ð2Þ

where ux and uy are the displacements along x-axis and y-axis,
respectively, ẑ is unit vector along z-axis, and kR is the wave number

of Rayleigh wave. Here, κl ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2R � k2l

q
and κt ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2R � k2t

q
are the

bulk wave numbers of longitudinal and transverse wave, respec-
tively. Obviously, the sign of SR is tightly correlated with the sign
of kR at y= 0, demonstrating the spin-momentum locking of
Rayleigh wave.

The existence of spin-dependent edge modes can also be
confirmed by the specific spin Chern number of homogeneous
solids. Considering a pair of basic elastic wave states, i.e., the
normalized longitudinal wave ul ¼ ð1; 0; 0Þeiklx and circular
polarized transverse wave ut ¼ 1ffiffi

2
p ð0; iσ; 1Þeiktx where kl and kt

are wave numbers of longitudinal and transverse waves,
respectively, and σ= ±1. One can obtain the Berry curvatures
of these two basic states as Fl ¼ ∇k ´ ½�iðulÞ� � ð∇kÞul� ¼ 0 and
Fσ
t ¼ ∇k ´ ½�iðuσt Þ� � ð∇kÞuσt � ¼ σ kt

k3t
, respectively. The topological

Chern numbers are Cl ¼ 1
2π

H
Fld

2k ¼ 0 and Cσ
t ¼ 1

2π

H
Fσ
t d

2k ¼
2σ for the longitudinal and transverse wave, respectively. The
total Chern number is C = Cl þ∑σ¼±1C

σ
t = 0 due to the time-

reversal symmetry, but the spin Chern number of elastic wave is
Cspin ¼ Cl

spin þ Ct
spin ¼ 0þ∑σ¼±1σC

σ
t ¼ 4, leading to the exis-

tence of two pairs of edge modes with opposite spins29. Note that,
these elastic surface modes are not robust against sharp corners or
defects due to their trivial topological Z2 invariant (Cspin/2 mod
2= 0). So that, these surface modes are lacking of backscattering
immunity. Similar topological discussion is also presented in the
quantum spin hall effect of light1.

To excite chiral Rayleigh mode and observe this spin-
momentum locking effect, we design an elastic spin source with
four vibrating rods. As shown in Fig. 1a, a chiral elastic source
whose elastic spin is positive (resp. negative) can only excite
the left-going (resp. right-going) wave that has the positive
(resp. negative) elastic SAM. This tight coupling between SAM
and propagating direction of Rayleigh wave can be understood
according to Rayleigh wave equation (see Methods, Eq. (8)), i.e.
the positive (resp. negative) S along z-axis only supports negative
(resp. positive) wave vector k along x-axis. Consequently, the
one-way Rayleigh wave can be selectively excited by the elastic
sources with chirality.

To construct such an effectively chiral elastic source in solids
applicable for broad ultrasonic frequency regime, we elaborately
design an array of sub-wavelength meta-sources with clockwise or
anticlockwise phase shift, as shown in Fig. 1b, instead of adopting
the macroscopic mechanical stirring in soft matters34. The chiral
meta source constitutes four breathing rods labeled with Rod 1 to
Rod 4. The displacement vectors around a single rod all point to
the rod center or all away from the rod center, which allows the
polarization of displacement vector to be always opposite between
the inner and outer area. As such, the sign of SAM is opposite
between the inner and outer area of the chiral meta-sources.
Considering the elastic meta-sources couples with neighboring
field through its outer area, we call the source whose elastic SAM
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in outer area is positive as elastic spin-up source while the
negative one as elastic spin-down source. To set rods into
breathing vibration, we symmetrically fix two lead zirconate
titanate piezoelectric ceramic (PZT) rings on two laterals of each
rod (Supplementary Fig. 1a, b). Then five-cycled tone burst pulse
signal, as shown in Fig. 1d, is simultaneously imposed on the PZT
ring pair from Rod 1 to 4 in order. The input signal phase
difference, being π/2 versus the central frequency of burst signals,
is adjusted between Rod 1 to 4 in the clockwise or anticlockwise
way to get elastic spin-down or elastic spin-up source,
respectively. Notice that the choice of tone burst signal allows
us to distinguish the initial wave package from the reflective ones,
so as to observe the SAW locked transportation clearly.

Observation of elastic spin for chiral Rayleigh wave. Figure 2a
shows the simulation results on the half-infinite plate with elastic
spin sources. Obviously, the elastic spin-up/down source excites
the Rayleigh wave along−x/x direction, which agrees well with Eq.
(2). Figure 2b shows the experimental setup whereby the chiral
elastic meta-sources is implemented around center (x, y) = (0,
1.2 cm). The aluminum plate has thickness 120 cm along y axis,
i.e., ~8 times of the largest Rayleigh wavelength in this work, to
ensure the Rayleigh mode propagating on x–z surface at y= 0.
Figure 3a–d show the measured spatiotemporal pattern of uy and
the mapped FFT component at each point around the central
frequency 28 kHz. Obviously, the elastic spin-up source prefers to
excite Rayleigh wave with negative k, while the elastic spin-down
source mainly generates Rayleigh wave with positive k. These
results are consistent with theory (see Methods), magnifying the
tight coupling between the source spin and the propagating
direction of Rayleigh wave, as well as the elastic SAM of Rayleigh
wave itself.

Quantitatively, Fig. 3e presents the rectified amplitude of ∣uy∣ of
the unidirectional wave upon the elastic spin-down and spin-up
source on free x – z surface (y= 0). Unambiguously, the larger ∣uy∣
occurs at x < 0 side when using elastic spin-up source (red) but shifts
to x > 0 side with elastic spin-down source (blue). We then tune the
central frequency of input signal, modify the phase difference, and

measure the out-of-plane displacement uy on free x–z surface from
x=−55 to −25 cm (uy(x<0)) and x= 25 to 55 cm (uy(x>0)) within a
broad ultrasonic frequency range. Figure 3f shows that the
rectification ratio of ∣uy(x<0)/uy(x>0)∣ (red, elastic spin-up source)
and its counterpart of ∣uy(x>0)/uy(x<0)∣ (blue, elastic spin-down
source) are always larger than 1 in the working frequency range.

Figure 4a, b then show the measured spectrum of ∣uy∣ with
input signal frequency centered at 28 kHz, which are well
matched to theoretical Rayleigh wave branch (red solid line).
Figure 4a (resp. b) is obtained when excited with elastic spin-up
(resp. down) source and presents higher energy density on the left
(resp. right) branch, respectively. Similar phenomena are
observed when input signals are tuned in the broad frequency
range 21–37 kHz. It is worth emphasizing that here not only the
source chirality but also the SAM of the chiral wave itself is tightly
locked to the wave propagation direction.

We further measure the SAM of chiral Rayleigh wave to
confirm the spin-momentum locking. To this end, we perforate
small V-shape grooves in the surface of plate to obtain the out-of-
plane displacement uy and the in-plane displacement ux
(Supplementary Fig. 1c for details). Figure 4c, d show the
measured temporal profiles of normalized ux and uy at position
x=−45 cm (elastic spin-up source) and x= 45 cm (elastic spin-
down source), respectively. In Fig. 4c, the phase of ux (blue solid
line) at x=−45 cm is earlier than the one of uy (red dash line)
before 1.6 ms. Due to wave reflection at the structure terminal, the
signal after 1.6 ms gradually contains the information of reflected
wave package. The wave vector k of reflected wave is opposite
with the original one, so is the direction of SAM. Thus, the phase
of ux is gradually later than the one of uy after 1.6 ms. The inset
shows the anticlockwise rotation of displacement polarization u
which corresponds to a positive S. The situation is reversed with
elastic spin-down source excitation, where the phase of ux at
x= 45 cm is later than that of uy while the rotation direction of
polarization u is clockwise, resulting in negative S.

We would like to put it clear that the displacement polarization at
x = ±45 cm is recorded by alternatively using two elastic spin
sources for the convenience of illustration. Considering the
measured unidirectional wave propagation and the obtained signs

Fig. 1 Schematic diagram of elastic spin and chiral meta-sources for surface elastic wave. a Illustration of elastic spin of chiral Rayleigh wave. Here, the
x–z surface at y= 0 is seen as the interface between solid bulk and air, and the bulk size along y axis is large enough to be seen as semi-infinite condition.
The green vectors show the displacement polarization u for both the left-going (k < 0) and right-going (k > 0) Rayleigh wave on top of semi-infinite solid.
The thick red/blue arrows denote the positive/negative SAM of surface wave, which describes the spiraling of displacement field. b The SAM distribution
of the synthesized elastic spin-up source with input signals loaded on Rod 1 to 4, respectively. The red/blue color denotes the normalized positive/negative
elastic SAM in the outer/inner area. The green arrows denotes the snapshot of displacement vector at a particular moment. c The time evolution (from left
to right) of the displacement polarization at the center of the elastic spin-up source. During each period, the displacement vector between four rods rotates
one cycle, as shown by the black arrows. d The input five-cycled tone burst signals for elastic spin-up source, with an incremental π/2-phase delay from
Rod 1 to 4.
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of S at both x < 0 and x > 0 sides, we find that the opposite
unidirectional wave carries opposite elastic spin and the dispersion
of Rayleigh wave in Fig. 4a, b are spin-resovled in the broad
frequency regime. The chiral selection of one-way propagation relies
on the angular momentum matching between the source spin and
the elastic spin of wave itself on particular direction, which clearly
demonstrates the spin-momentum locking effect (see Methods).

Observation of elastic spin for chiral Lamb wave. We next turn
to investigate the elastic spin and spin-momentum locking for the
lowest-order antisymmetric Lamb (A0) wave. Different from
Rayleigh wave, A0 wave contains a couple of opposite SAM on
x–z surfaces y= 0 and y= 6 cm (see Methods, Eqs. (12) and
(13)), e.g., the left-going wave possess negative SAM at the back
x–z surface y= 6 cm due to the antisymmetric nature of A0 wave,
as shown in Fig. 5b. To demonstrate this point, we carried out
measurement on both x–z surfaces where uy is recorded for both
the left (x=−55–−25 cm) and right (x= 25–55 cm) sides every
1 cm. When using then elastic spin-up source with central exci-
tation frequency 14 kHz, Fig. 6a, b illustrate the measure spec-
trum of ∣uy∣ on the front and back x–z surfaces, respectively.
Evidently, the components are very large for A0 wave but very
minor for the lowest-order symmetric Lamb (S0) wave, which
confirms the efficient generation of A0 wave. The primary
density-of-state spot overlaps on the left A0 branch over its right
counterpart, showing the SAM-dependent coupling between
the elastic spin-up source and A0 wave with negative k on
surface y= 0. The mapping of normalized uy on x-z surfaces
y= 0 and y= 6 cm in frequency domain are shown in Fig. 5a, c,

respectively, magnifying also the tight spin-momentum locking
effect. These are well consistent with the numerical results in
Fig. 5b and theoretical results derived from A0 wave equation
(see Methods, Eqs. (12) and (13)).

To observe the elastic spin in chiral A0 wave, small V-shape
grooves are also truncated on the x–z surfaces at y= 0 and
y= 6 cm. As such, we can measure the SAM profiles from the
temporal signals of displacements ux and uy, shown in Fig. 6c, d.
The displacement polarizations at x=−45 cm on the front and
back x–z surfaces are shown by insets of Fig. 6c, d, respectively.
The rotations of displacement polarization are the same in the
excited wave on y= 0 and in the outer area of chiral source, being
akin to the SAM matching between chiral source and Rayleigh
wave mode. Furthermore, the measurement demonstrates the
positive S at front x–z surface y= 0 and negative S at back x–z
surface y= 6 cm, which confirms the opposite SAM between two
x–z surfaces indicated by Eqs. (12) and (13). This phenomenon is
absent in Rayleigh wave but unique for Lamb wave system.

Relevant results of chiral selective generation of right-going A0

wave, by using the spin-down source, is demonstrated in
Supplementary Fig. 2. Lastly but importantly, the chiral selective
routing of A0 wave is dependent on the elastic spin of wave
itself, and occurs in a broad frequency range whenever using the
elastic spin-up or spin-down source, as shown in Fig. 5d, e and
Supplementary Fig. 3.

Discussion
In conventional solid structures, we have experimentally
demonstrated the intrinsic spin in elastic waves, by measuring the

Fig. 2 Simulation and experimental setup of elastic spin and chiral selection of Rayleigh mode. a The simulation of spin-momentum locking in Rayleigh
wave. By using elastic spin-up/down source, the Rayleigh wave will selectivity transport along -x/x-axis, respectively. The magnitude and direction of
displacement polarization at the free boundary are shown with black arrows. b Schematic of measurement setup. The plate thickness (along y axis) is
effectively infinite, much larger than the skin depth of Rayleigh wave in ultrasonic frequency range 21–37 kHz. Rayleigh wave is observed by characterizing
the out-of-plane displacement uy on x–z surface.
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SAM according to the rotating displacement polarization in
Eq. (1). The chiral selective excitation of unidirectional wave
propagation has been observed in experiments for both Rayleigh
and Lamb wave systems without the help of any meta-structure,
but by using the elaborately designed elastic chiral meta-sources.

In particular, the tight spin-momentum locking is confirmed
by the fact that the locally rotating displacement polarization of
the surface wave field itself determines the propagating direction.
Moreover, we have observed the opposite elastic spin carried by
the one-way Lamb wave on two-side surfaces in additional to the
source chirality. These results agree well with the theoretical
predictions and numerical simulations, in broad ultrasonic fre-
quency ranges. Note that the present chiral elastic source, by
elaborating specific phase on each PZT and rod from delaying
signals (Supplementary notes D and E, and ref. 29), is also gen-
eralized to study the acoustic spin37, selective routing of near-field
acoustics38 and optics39. Besides, one may alternatively construct
different chiral meta-source, by naturally adjust the underlying
meta-structure40 or multi-beam superposition to cope with dif-
ferent scenarios.

The experimental observation of elastic spin demonstrates the
validity and feasibility of intrinsic spin angular momentum in

elasticity, which offers a promising platform for future investi-
gation on integrative spin physics among electron41, phonon42,
photon4, and magnon31,32,36, and provides new perspectives and
means to the integrative on-chip surface-acoustic-wave devices
that have shown the great potential in quantum acoustics43,44.

Methods
In continuum isotropic elastic media, the displacement filed can be represented by
potential fields as:

u ¼ ∇ψ þ ∇ ´Ψ; ð3Þ
where ψ is the scalar potential function of longitudinal displacement field, and Ψ is
the vector potential function of transverse displacement filed. Under 2D simplifi-
cation, the z-component of displacement filed is uz= 0, and the elastic wave
equation can be written as follows:

∇2ψ ¼ 1
cl

∂2ψ

∂t2
;

∇2Ψz ¼
1
ct

∂2Ψz

∂t2
;

∂ψ

∂z
¼Ψx ¼ Ψy ¼ 0;

ð4Þ

where cl and ct stand for the elastic wave speed of longitudinal and transverse
waves, respectively. We set the free surface as x–z plane (y= 0) for which the stress

Fig. 3 Experiment results about chiral transmission of Rayleigh wave. The mapping of normalized uy measured by laser Doppler vibrometer along the
segment (x=−55–−25 cm and x= 25 – 55 cm every 1 cm) in time (a, b) and frequency (c, d) domain, and they present the amplitude of Rayleigh wave
with negative or positive k, respectively. The elastic SAM of excited source is positive (a, c) and negative (b, d), respectively. The central frequency of input
signal is fc= 28 kHz. e The rectified amplitude of the ∣uy∣ along x axis at 28 kHz, which all normalized to the ∣uy∣ recorded at point x=−55 cm with elastic
spin-down source. The red and blue dots represent results with elastic spin-up and spin-down sources, respectively. f The average ratios of measured ∣uy∣
at x=−55–−25 cm and x= 25–55 cm, in a broad ultrasonic frequency regime. The red dots are for the ∣uy(x<0)/uy(x>0)∣ when using elastic spin-up source
while the blue dots stands for ∣uy(x>0)/uy(x<0)∣ with the elastic spin-down source. The bars at each frequency are defined as the average ratio plus and/or
subtract standard deviation of ratios derived at every group of points. The difference between two rectification ratio profiles comes from the imperfection
of chiral sources during the manual installation.
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Fig. 4 The spin-momentum locking of Rayleigh wave. a, bMeasured spectrum of Rayleigh wave on the x–z surface y= 0 cm with the elastic spin-up (a) or
elastic spin-down source (b) with fc= 28 kHz, correspondingly. The red solid line is the theoretical dispersion for Rayleigh wave branch on semi-infinite
aluminum solid. The red and blue circular arrows show the elastic spin direction of the left- and right-going waves. c, d The time evolution of ux (blue solid
line) and uy (red dash line) measured at x=−45 cm (c) and x= 45 cm (d) when using elastic spin-up or spin-down source, respectively, normalized to the
maximum amplitude of uy at each effective point. By extracting FFT components, i.e., amplitude and phase information, from displacement signals ux(t) and
uy(t) at particular frequency, the elastic SAM is obtained in experiment. The insets show the anti-clockwise (c) and clockwise (d) rotation of displacement
polarization u= (ux, uy).

Fig. 5 Experimental observation of chiral transmission of antisymmetric Lamb wave. a, c The mapping of normalized uy measured along
x=−55–−25 cm and x= 25–55 cm every 1 cm on back x–z surface y= 6 cm and front x–z surface y= 0 in frequency domain, respectively. Leftward
unidirectional propagation is clearly observed in a broad frequency range. Here a 6 cm thick aluminum plate that occupies y= 0–6 cm along y axis (depth
direction) is chosen as the experimental sample, as shown in Supplementary Fig. 1a. And the chiral source is implemented at (x, y)= (0, 1.2 cm), near the
front x–z surface y= 0. d, e The average ratios of measured ∣uy∣ at x=−55–−25 cm and x= 25–55 cm, in a broad ultrasonic frequency regime. The dots
are for the ∣uy(x<0)/uy(x>0)∣ with elastic spin-up source on x–z surface y= 6 cm (d) and y= 0 (e). b Simulated unidirectional A0 wave upon the chiral source
excitation propagates mainly towards left side with opposite elastic SAM on two parallel x–z surfaces at y= 0 and y= 6 cm, which confirms the
experimental observations.
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τyy, τxy and τyx are:

τyy ¼ λ
∂2ψ

∂x2
þ ∂2ψ

∂y2

� �
þ 2μ

∂2ψ

∂y2
� ∂2Ψz

∂x∂y

� �
¼ 0;

τxy ¼ τyx ¼ μ 2
∂2ψ

∂x∂y
� ∂Ψz

∂x
þ ∂Ψz

∂y

� �
¼ 0;

ð5Þ

Here, λ and μ are Lame constants.
According to Eq. (4), the potential function of Rayleigh wave can be written as45:

ψR ¼ Ae�κl yeiðkRx�ωtÞ;

ΨRz ¼ Be�κt yeiðkRx�ωtÞ:
ð6Þ

ω is the circular frequency, A and B are wave amplitude of longitudinal and
transverse waves, respectively. kR is the x-component of Rayleigh wave vector. kl and
kt are the wave numbers of longitudinal and transverse waves in bulk solid,
respectively, whereby the κl ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2R � k2l

q
and κt ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2R � k2t

q
. Typically, Rayleigh

wave decays exponentially along y-axis.
Considering the free boundary condition at y= 0, together with Eqs. (5) and (6),

the ratio B/A can be written as:

B
A
¼ 2iκlkR

κ2t þ k2R
: ð7Þ

By accounting for Eqs. (3), (6) and (7), the displacement field of Rayleigh wave
in x–y plane can be expressed as:

ux ¼ ikRψR � κtΨRz

¼ iAkR e�κl y � 2κlκt
k2R þ κ2t

e�κt y

� �
ei kRx�ωtð Þ;

uy ¼ �κtψR � ikRΨRz

¼ �Aκl e�κl y � 2k2R
k2R þ κ2t

e�κt y

� �
ei kRx�ωtð Þ:

ð8Þ

Through the combination of Eqs. (1)29 and (8), one can obtain the SAM of
Rayleigh wave at y= 0, which is shown in Eq. (2).

Now consider a plate that occupies from y=−d/2 to y= d/2. The potential
functions of antisymmetric Lamb wave can be written as45:

ψA0
¼ A sinhðκlyÞeiðkA0 x�ωtÞ;

ΨA0z
¼ B coshðκtyÞeiðkA0 x�ωtÞ;

ð9Þ

where the hyperbolic function sinhðκlyÞ (resp. coshðκtyÞ) ensure that ux (resp. uy) is
opposite (resp. same) between surface y=− d/2 and y= d/2. A and B are wave
amplitude of longitudinal and transverse wave, respectively. kA0

is the x-component
of wave vector of A0 mode. kl and kt are the wave numbers of longitudinal and
transverse waves in bulk medium, and they are κl ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2A0

� k2l

q
and

κt ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2A0

� k2t

q
.

Then the displacement ux and uy can be expressed as:

ux ¼ ikA0
ψA0

þ κt tanhðκt yÞΨA0z
;

uy ¼ κl cothðκlyÞψA0
� ikA0

ΨA0z
;

ð10Þ

Being similar to Rayleigh wave, the stress τyy, τxy and τyx vanish on the free
boundary at y=− d/2 and y= d/2. We then obtain the ratio B/A of antisymmetric
Lamb wave by solving Eqs. (5), (9) and (10):

B
A
¼ 2iκlkR coshðκl d2 Þ

ðκ2t þ k2RÞ coshðκt d2 Þ
: ð11Þ

By accounting for Eqs. (1), (10) and (11), the SAM of A0 wave propagating in
this plate is:

SA0
¼� ẑkA0

κlρωA
2
k2A0

� κ2t

k4t
cosh

κld
2

� �
k2t sinh

κld
2

� ��

�2κlκt cosh
κld
2

� �
tanh

κtd
2

� �� ð12Þ

at y=− d/2, but becomes:

SA0
¼ẑkA0

κlρωA
2
k2A0

� κ2t

k4t
cosh

κld
2

� �
k2t sinh

κld
2

� ��

�2κlκt cosh
κld
2

� �
tanh

κtd
2

� �� ð13Þ

at y= d/2. Clearly, SA0
ðy ¼ �d=2Þ ¼ �SA0

ðy ¼ d=2Þ. The sign of SA0
is tightly

Fig. 6 Experimental observation of the spin-momentum locking of antisymmetric Lamb wave. a, bMeasured spectrum of the chiral Lamb waves on front
x–z surface y= 0 and back x–z surface y= 6 cm, respectively, upon the elastic spin-up source. Red solid and magenta dash lines stand for the theoretical
dispersion of A0 and S0 wave branches in a 6 cm thick aluminum plate, respectively. Both densities of state significantly locate on the left A0 wave branch,
indicating the chiral selecitve excitation of one-way A0 mode. c, d The time evolution of ux (blue solid line) and uy (red dash line) measured at x=−45 cm
on x–z surfaces y= 0 and y= 6 cm, respectively, when using elastic spin-up source. The insets show their corresponding clockwise and anti-clockwise
rotation of displacement polarization u at frequency 14 kHz, for left-going wave. As such, the positive SAM of chiral source couples with the positive elastic
SAM at front x–z surface, which leads to the left-going A0 wave.
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correlated with the sign of kA0
, which shows the spin-momentum locking of A0

wave. Notice that the choice of y from−d/2 to d/2, instead of the case from 0 to d
in both experiment and simulation, is just for the convenience of presenting the
spin-momentum locking of A0 wave as shown in Eqs. (12) and (13), while the
physical relationship keeps unchanged.

Regarding the simulation, we use 2D elastic model in simulation software to
illustrate the elastic spin-momentum locking for both Rayleigh and Lamb wave
systems. The numerical meta-source is the same as the four-point source shown in
Fig. 1b. For example, the simulation results when using the elastic spin-up and/or
down excitation in Rayleigh wave are shown in Fig. 2a. Although the profile of
displacement polarization on both sides are similar, the propagation direction is
different. Hence, the rotation direction of local displacement polarization are
opposite between the left and right sides. As such, the elastic spin-up (resp. elastic
spin-down) source only excite Rayleigh mode in left (resp. right) side, while the
wave mode in the other side is forbidden due to the mismatching in SAM.

Data availability
The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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