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Strategically reducing the speed of waves, which greatly improves both the energy density and information capacity of carrier signals in space, is a key enabling factor for signal-processing devices. Among
these devices, especially in the prosperous wireless communication industry, surface acoustic wave (SAW)
devices based on interdigital transducers (IDTs) currently hold an essential status. However, velocity
reduction in traditional IDT-based SAW devices can be achieved only by using speciﬁc substrate materials
that are generally of lower hardness, which inevitably leads to an increase in device size and less-optimal
electromechanical coupling coeﬃcients. Here, we demonstrate a technological means of realizing slow
on-chip SAWs that is relevant for practical rf signal processing, gyrometers, sensing, and transduction.
This method takes advantage of the gradual ﬂattening of a Rayleigh-type dispersion band due to the spatial lattice evolution of a surface phononic crystal. In our experiment, the speed of an ultraslow SAW is
measured to be approximately 200 m/s, which is even slower than the speed of sound in air and equivalent
to 1/17.4 of the speed of the original Rayleigh waves in LiNbO3 . Such ultraslow SAWs may have promising applications in time-dependent SAW modulation, high-sensitivity SAW sensors, and SAW nonlinear
even quantum-dynamic systems. Additionally, our technique can be similarly applied to a broad range of
other two-dimensional or quasi-two-dimensional wave structures, e.g., in electronic, optical, acoustic, and
thermal systems.
DOI: 10.1103/PhysRevApplied.14.064008

I. INTRODUCTION
Slow waves, e.g., slow light and slow sound, are of
great interest from both scientiﬁc and technological perspectives [1–13]. The ability to slow down waves has
two main advantages: (1) as information or signal carriers, slow waves are capable of providing considerable data
buﬀering and enabling better time-domain processing of
signals [14–19] in miniaturized devices, and (2) as pumping sources, they can be leveraged to generate high intensities, thus leading to enhanced wave-matter interactions
[20–23]. An eﬀective approach for generating slow waves
is to use Bloch waves [24] in periodic media, e.g., photonic crystals (PCs) [25–27] or phononic crystals (PnCs)
*
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[28–30]. In these artiﬁcial crystals, the group velocity of
the Bloch waves can be engineered to slow down at speciﬁc frequencies, where the slopes of the dispersion curves
are relatively small. This behavior is realized in PCs with a
number of diﬀerent conﬁgurations, e.g., line-defect modes
[31,32], resonant modes [9–11], and Bloch modes near
the band edge [33]. However, considerably less attention
has been paid to investigating slow-wave phenomena in
acoustics. There have been only a very limited number
of studies on this subject, which have reported resonantmode-assisted slow Lamb waves in periodic membranes
[11], slow airborne sound in a periodically loaded resonator waveguide [9,10] or in groove-perforated [12] or
helical-structured [13] metamaterials, and slow guided
modes in a two-dimensional sonic crystal [34] or phoxonic crystal [35] (periodic structures that show simultaneous photonic and phononic bandgaps [36]), among other
phenomena. It is important to note that most of these
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studies have so far remained on a theoretical level
with only a few experimental demonstrations. Also, their
performance may suﬀer from a limited bandwidth and/or
a large insertion loss due to (1) relatively high acoustic transmission losses in a ﬂuid system (i.e., air [37] or
water [38]) compared with in solids [39], and (2) relatively low energy-conversion eﬃciency, e.g., the conversion of incident plane-wave modes into two-dimensional
line cavity modes [40,41] or resonant modes [42,43],
which somewhat diminishes their value in practical
applications.
Surface acoustic waves (SAWs), especially the Rayleigh
waves predicted by Lord Rayleigh in 1885 [44], are
an important class of waves that are commonly utilized
in modern wireless communication systems. Controlling
SAWs with electroacoustic interdigital transducers (IDTs)
[45] enables vital electric-signal-processing functionalities
that are diﬃcult to attain solely with all-electrical components. A representative application example is a highfrequency narrow-linewidth bandpass rf ﬁlter for isolating
diﬀerent signal channels. Recently, with the rapid development of artiﬁcial surface microstructures, such as surface
phononic crystals (SPnCs), the ability to manipulate SAW
transport [46–52] has been greatly expanded. However,
as a key enabling factor for signal-processing functionalities, an experimental demonstration of slow SAWs is still
missing.
Here, we present a systematic investigation of the
acoustic dispersion engineering of Rayleigh-type SAWs in
SPnCs and the corresponding SAW transport under spatial lattice optimization. Theoretically, as such a material
approaches a certain intrinsic geometrical lattice factor,
the dispersion of Rayleigh-type SAWs will undergo a
noticeable change, giving rise to an optimal ﬂat dispersion ideal for slow SAW transport. We experimentally
demonstrate that, in a material with this optimized conﬁguration, the SAW speed can be dramatically reduced by
a factor of 17.4, down to 200 m/s, a speed even slower
than the speed of sound in air. Compared with the original unoptimized lattice, the optimized SPnC possesses a
signiﬁcantly broadened operation bandwidth, within which
the SAW speeds are all less than 340 m/s. When applied to
manipulate dispersion and generate slow waves, our technique enables the easy implementation of time-dependent
modulation to realize advanced signal-processing functionalities, e.g., designable long-time acoustic delay lines
and nonreciprocal acoustic transmission, and it may help to
enhance the sensitivity of acoustic based sensors [53–59],
acoustic nonlinear even quantum-dynamic interactions
[60,61], and the control of microﬂuidics-based lab-on-achip systems [51,62]. Our ﬁndings may have broad implications for two-dimensional or quasi-two-dimensional
wave systems (especially those localized on a surface) and
semiconductor excitations using acoustic ﬁelds [63].

II. RESULTS AND DISCUSSION
A. Theoretical investigation of SAW dispersion with
four basic SPnC configurations
Our chip-scale SPnCs are formed of solid pillars on
a semi-inﬁnite elastic substrate (see material details in
Appendix A), through which planar SAWs pass, as shown
in Fig. 1(a). To identify a nontrivial lattice conﬁguration for these SPnCs that would be suitable for investigating the dispersion evolution, we initially consider
four basic conﬁgurations, all with mirror symmetry about
the SAW injection direction. They are, as shown in
Figs. 1(b)–1(e), square-lattice SPnCs with the SAW injection direction aligned parallel to the -X or -M directions
and triangular-lattice SPnCs with the SAW injection direction aligned parallel to the -M or -K direction, all with
the same lattice constant a0 . The calculated band structures all contain a ﬂat dispersion curve (solid gray) near the
same normalized frequency of approximately 1670 Hz m,
which corresponds to a LR mode, as shown in Fig. 2 The
characteristics of this mode depend only on the material
and geometrical properties of the solid pillars, which are
the same in all four cases. Although this full-spectrum ﬂat
dispersion curve indicates a near-zero group velocity, this
kind of mode is diﬃcult to use in practice due to (1) weak
coupling with incident Rayleigh waves and (2) the fact that
any incident pulse must lie within a certain bandwidth; otherwise, smoothing or expansion of the pulse will occur [4].
In addition to the LR dispersion band, another dispersion
band, labeled as S0 , also exists in all four conﬁgurations.
The corresponding Bloch modes, shown in Fig. 2, clearly
indicate that this dispersion band, S0 , originates from the
substrate Rayleigh mode, and thus, these two corresponding modes eﬃciently couple with each other at the SPnC
boundaries. The discussion that follows focuses primarily
on this particular dispersion band.
In the ﬁrst three conﬁgurations [Figs. 1(b)–1(d)], the
S0 dispersion possesses a positive but diminishing slope
with an increasing Bloch momentum. Near the boundary


of the ﬁrst period along the SAW injection direction (kx ) in
reciprocal space (notably, although it is a two-dimensional
lattice, the dispersion over one whole period in each direction should be investigated independently), the dispersion
becomes very ﬂat with a near-zero slope, thanks to the
intense Bragg scattering at the Brillouin zone (BZ) boundary. In the fourth conﬁguration [Fig. 1(e)], however, the S0
dispersion band contains two subbranches, S0 + and S0 −,
each varying monotonically with the Bloch momentum but
with opposite slopes. These subbranches are continuously
diﬀerentiable at the boundary between them, i.e., the K


point of the triangular lattice, where |kx | = 4π/3a0 . Hence,
the S 0 dispersion curve exhibits two ﬂat regions: one near


the boundary of its ﬁrst period (|kx | = 2π/a0 ) and one
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FIG. 1. SAW dispersion in four basic SPnC conﬁgurations and symmetries. This research is based on the platform shown in (a),
namely, a chip-scale SPnC consisting of solid pillars on an elastic substrate, through which planar SAWs pass. Calculated band
structures of the four considered cases of SAW incidence (along directions of high symmetry with respect to the SPnC) are shown:
(b),(c) correspond to cases in which the SAWs are incident on a square-lattice SPnC in the -X and -M directions, respectively;
(d),(e) correspond to cases in which the SAWs are incident on a triangular-lattice SPnC in the -M and -K directions, respectively.
All surface modes lie below the sound line (black), which represents the slowest bulk acoustic modes. The ﬂat dispersion curves (gray)
near the frequency of 1670 Hz m are the localized resonant (LR) modes. S 0 dispersion bands are manifestations of the Rayleigh modes
in the SPnCs.

near the region where the subbranches S0 + and S0 − meet.
These unique dispersion characteristics are very promising
for the generation of broadband slow waves, since these
two ﬂat regions may start to merge as the lattice undergoes continuous variation, i.e., compression or stretching,
along the direction perpendicular to the wave propagation


direction kx .
B. Evolution of the SAW dispersion under lattice
deformation
The theoretical deformation process of the
triangular-lattice SPnC is schematically illustrated in
Fig. 3(a). The original undeformed triangular lattice has a

lattice constant of a0 , and b0 denotes the distance between
each unit cell
√ and its next nearest neighbor in the y direction (i.e., 3a0 ). During the deformation process (as the
gray arrow indicates), spatial compression or stretching
along the y direction changes only the spacing between two
unit cells in the y direction, i.e., results in a separation distance of b = rb0 (where r is the deformation ratio), while
the thickness, L, of the SPnC and the unit cell spacing in the
x direction remains unchanged. The corresponding surface
acoustic dispersion relations in the x direction before and
after the lattice deformation are illustrated in Figs. 3(b) and
3(c), respectively. Obviously, during the deformation process, since the geometric and elastic parameters of the solid
pillars remain unchanged, the LR dispersion also remains
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FIG. 2. Distributions of elastic ﬁelds in the modes and dispersion bands of the four diﬀerent conﬁgurations. (a),(b) correspond
to square-lattice SPnCs with SAWs incident along the -X and
-M directions, respectively; (c),(d) correspond to triangularlattice SPnCs with SAWs incident along the -M and -K
directions, respectively.

unchanged near the normalized frequency of 1670 Hz m.
The initially nonmonotonic S0 dispersion, however, undergoes a dramatic change, as the deformation ratio r varies
from 1.05 to 0.60. In particular, reducing the deformation
ratio has the predominant overall eﬀect of reducing the
negative slope of the S0 − subbranch. Eventually, once a
certain deformation ratio, rt , is reached, this negative slope
completely vanishes, and the S0 dispersion transforms into
a completely monotonic band with a positive slope.

Notably, rt can be theoretically shown to exist in the
deformation process of a two-dimensional triangular lattice by means of the tight-binding model (see Appendix B),
but its value can vary from case to case, depending on
the actual geometric and material elastic parameters of
the solid pillars and substrate. We note that the theoretical ﬁndings agree well with ﬁnite element method (FEM)
calculations (see Fig. 8 in Appendix B). These ﬁndings
indicate that, during the lattice deformation process, a
gradual change will occur in the coupling strength between
nearest-neighbor pillars (except in the x direction). Speciﬁcally, when this coupling strength increases to nearly twice
its original value, the S0 − subbranch (which initially has a
negative dispersion slope) will merge into the S0 + subbranch (the positive dispersion slope of which remains
unchanged) to form a completely monotonic S0 dispersion
curve throughout the whole reciprocal region of kx a0 ∈
[0, 2π ]. Unlike the traditional method of using strong scattering at the BZ boundaries to produce slow waves, our
approach can, in principle, produce a slow-wave region
that is no longer restricted to the BZ boundaries, thanks to
the deformation-induced dispersion transition, potentially
leading to a highly superior delay bandwidth for practical
slow-wave applications [4].
C. Chip-scale experiment and device based on a
LiNbO3 substrate
The prototype SPnCs experimentally tested in this
work are formed by electrochemically growing microscale
nickel (Ni) pillars on a LiNbO3 substrate. The fabricated
pillars show a consistent cone-shaped geometry due to
the thick resist used in the lithography step, as illustrated
in Fig. 4(d). The elastic parameters of LiNbO3 and the
electroplated Ni pillars are taken from Refs. [64,65]. The
piezoelectric module in the three-dimensional (3D) FEM
using COMSOL Multiphysics is applied to calculated the
band structures of our practical samples. An accurate diagram of the phase-change behavior as a function of the
deformation ratio is calculated using these parameters and
is shown in Fig. 4(a), where the red hexagons indicate the
boundary in reciprocal space dividing the subbranches S0 +
and S0 −. Clearly, with the theoretical compression of the
lattice, the boundary is pushed towards kx = 2π /a0 . As a
result, subbranch S0 − gradually merges with subbranch
S0 + and eventually completely vanishes beyond a certain
phase-change point, which lies at a deformation ratio of
rt ≈ 0.80 in this case.
A schematic of an on-chip signal delay line constructed
with these slow-SAW structures is illustrated in Fig. 4(b);
a corresponding photograph of a representative device during testing is shown in Fig. 4(c). A pair of identical broadband chirped electroacoustic transducers, one serving as a
SAW generator and the other as a SAW receiver, are fabricated on the left and right sides of a piezoelectric LiNbO3
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FIG. 3. Theoretical evolution of the SAW dispersion under lattice deformation. Deformation of the SPnC lattice is schematically
illustrated in (a): in a triangular lattice of thickness L (left), the distance from each unit cell to its next-nearest neighbor in the x direction
remains constant, while the distance in the y direction is evenly spatially compressed such that b0 → b = rb0 (right). Corresponding
band structures before and after the lattice deformation are illustrated in (b),(c), respectively. During the lattice deformation process,
the initial S0 − dispersion curve (with a negative slope) is gradually integrated into S0 + (with a positive slope) and eventually vanishes
when r reaches a certain value (near 0.75). In this exact conﬁguration, the now-uniﬁed dispersion band S0 possesses the smallest but
positive mean group velocity over the broadest frequency range, from the lower frequencies to the band edge.

substrate, which is chosen to be y-z cut to ensure better electromagnetic-to-acoustic coupling and lower SAW
propagation loss in practice. These transducers have the
same operation bandwidth, ranging from 66 to 86 MHz.
By applying ac electrical power of this bandwidth to the
left transducer, a Rayleigh-type SAW can be eﬃciently
launched towards the right side to interact with the SPnCs.
D. Optimized slow SAWs with a broad operation
bandwidth
Two diﬀerent samples, one with an unoptimized triangular lattice to serve as a reference and the other with
the optimized lattice corresponding to the phase-change
point, are fabricated separately to study their SAW transmission characteristics. The corresponding scanning electron micrographs (SEMs) of these two samples are shown
in Figs. 5(a) and 5(b), respectively. A vector network
analyzer (Agilent 4396B) is used to acquire the amplitude

response (transmission characteristics) and phase response
(time delay) of our samples. All measurements are performed within the spectral window from 66 to 86 MHz
in frequency increments of 100 kHz. The corresponding


calculated band structures in the kx direction of the two
samples are shown in Figs. 5(c) and 5(d), respectively. The
response of the pair of transducers responsible for generating and detecting SAWs is characterized in a back-to-back
measurement (without any SPnCs on the substrate); the
corresponding power transmission results are shown as
black circles in Figs. 5(e) and 5(f), and the time delay
results are shown as black diamonds in Figs. 5(g) and 5(h).
It is clear that the response of our transducers is almost
perfect, being nearly ﬂat within the spectral range of interest. With the presence of the SPnCs on the substrate, a


directional forbidden band in the kx direction appears for
both samples, as shown by data plotted as blue diamonds
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FIG. 4. Chip-scale experiment and device based on a LiNbO3
substrate. For the materials used in our practical experiment, i.e.,
electroplated nickel (Ni) pillars on a LiNbO3 substrate, the calculated diagram of the transformation of the S0 dispersion during
the theoretical lattice deformation process is illustrated in (a).
Red hexagons indicate the boundary between S0 + and S0 −. With
compression of the lattice, dispersion subbranch S0 − is gradually integrated into S0 + and eventually vanishes at rt = 0.80, the
phase-change point. Structure of a practical SPnC-based transmission line is schematically illustrated in (b). On y-z cut lithium
niobate substrate, a broadband SAW ranging from 66 to 86 MHz
is generated from one electroacoustic transducer; transmitted
through the SPnC, in which the SAWs are slowed; and eventually received in the crystallographic z direction. Real device,
prepared with practical SPnCs composed of electroplated nickel
pillars attached to the substrate, is shown in (c); these pillars all
have the same geometry, which is shown in (d). Typical sidewall angle θ for these pillars is approximately 84° (limited by
the sample-processing technology). Top radius rtop and height H
of the pillars are measured to be 6.0 and 7.4 µm, respectively.

in the delay time as the frequency approaches the edge of
the forbidden band. However, the time delay for the latticeoptimized sample near the band edge is almost twice that
for the unoptimized reference sample, and the bandwidth
for a given time-delay value, e.g., 0.9 µs, for the latticeoptimized sample is much larger than that for the reference
sample. These ﬁndings suggest that our approach of delaying SAWs by means of an optimized lattice is indeed
eﬀective and advantageous compared with the exploitation
of strong Bragg scattering at the BZ boundary.
The additional time delay observed in these SPnCs can
be correlated with the group delay of the SAWs, which
can be characterized by the group indexes ng ≡ vo /vg
of the two samples, where v0 = 3488 m/s is the velocity
of Rayleigh-type SAWs in the y-z cut LiNbO3 substrate
(which is invariant within the frequency range of interest)
and vg is the group velocity of the SAWs in the SPnCs.
ng can be experimentally estimated from the measured
time-delay spectra as ng = (t − t0 )v0 /L + 1, considering
that the Rayleigh mode does not experience any dispersion
in the frequency range of interest, where t and t0 are the
time delays with and without the SPnCs, respectively. In
addition, ng can also be deduced directly from the numerically calculated dispersion relation, in accordance with its
deﬁnition, ng = v0 (dk/dω), where k is the Bloch momentum and ω is the angular frequency. The corresponding
results are plotted in Figs. 5(i) and 5(j). Experimental data
will be considered in the following discussion. First, our
experimental results agree very well with theory. For the
lattice-optimized sample, an extra-large measured groupindex value of 17.4 occurs at the frequency of 78.4 MHz,
which is close to but not within the forbidden band; thus,
considerable SAW transmittance is still maintained. This
ﬁnding means that the velocity of the elastic SAWs is
slowed to 1/17.4 of the value for the plain substrate,
reaching a remarkably low speed of 200 m/s, which is
even slower than the speed of sonic waves in air, i.e.,
340 m/s. Moreover, compared with the unoptimized reference SPnC sample with the original triangular lattice, the
lattice-optimized SPnC sample possesses a signiﬁcantly
broader operation frequency range (with a bandwidth of
approximately 1.4 MHz), in which the velocities of the
slow SAWs are all less than 340 m/s, as indicted by the
yellow highlighted region in Fig. 5(j).
E. Dynamic transduction and delay of signals in wave
packets

in Figs. 5(e) and 5(f). The band edge lies at 73.6 MHz for
the reference sample with the unoptimized lattice, while it
is blueshifted to 78.8 MHz for the lattice-optimized sample. Notably, these two values match well with our FEM
calculation results, as indicated by the shaded regions in
the plots. The time-delay spectra, shown as blue diamonds
in Figs. 5(g) and 5(h) for both samples, reveal an increase

After demonstrating the transmittance properties of the
SPnCs for slow SAWs, we further verify their dynamic
transduction properties for signals with arbitrary waveforms. Several deliberately designed SAW Gaussian pulses
with identical bandwidths of 1 MHz, but diﬀerent center frequencies fc , are experimentally injected into the
lattice-optimized sample [depicted in Fig. 5(b)], and the
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FIG. 5. Optimized slow SAWs with a broad operation bandwidth. Comparative experiments are conducted using one reference
sample with the original triangular lattice (b = b0 ) and one lattice-optimized sample (b = 0.78b0 ), slightly over the point of total
transition (rt b0 = 0.80b0 ). The corresponding results are shown in (a),(c),(e),(g),(h) and (b),(d),(f),(h),(j), respectively. (a),(b) present
SEMs of the SPnCs. (c),(d) present the calculated band structures along kx (-K direction). Transmittance spectra in (e),(f) conﬁrm
that SAW-forbidden bands (gray) start at 73.6 and 78.8 MHz, respectively. In (g),(h), time-delay spectra of the whole transmission
line are plotted. Group-index spectra are plotted in (i),(j), indicating the extent of SAW slowdown. In the lattice-optimized sample,
SAWs are slowed down to a greater extent and over a much broader range, from frequencies of higher than 77.6 MHz to the forbidden
band, as indicated by the yellow highlighted region. Ultraslow SAW is measured at 78.4 MHz, near the forbidden band but still with
an appreciable transmittance (>−10 dB); its velocity reaches 200 m/s, even slower than the speed of sound in air.
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after passing through the time-delay line, and a considerable amplitude of 50 mV is maintained. In contrast,
at 78.4 MHz, since this frequency is very close to the
SAW forbidden band, the bandwidth of the transmitted
signal is somewhat reduced; hence, the waveform of the
restored Gaussian pulse is slightly broadened, although its
amplitude is still appreciable, with a value of 30 mV.

(SPnCs)
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FIG. 6. Dynamic transduction or delay of signals in wave
packets. SAW Gaussian pulses with identical bandwidths
(1 MHz) and diﬀerent center frequencies, fc , are injected into the
lattice-optimized sample depicted in Fig. 5(b), and corresponding
time-dependent transmission spectra are shown. (a),(b) correspond to the case of fc = 68 MHz; (c),(d) correspond to the case
of fc = 77.6 MHz; (e),(f) correspond to the case of fc = 78.4 MHz.
Spectra presented in (a),(c),(e) serve as references, representing
the scenario without any SPnCs placed in the transmission and
time-delay line; here, amplitudes of the transmitted electrical signals reach approximately 115 mV. Net time delays in these three
cases are measured to be 0.13, 0.48, and 0.89 µs, respectively.
All cases exhibit near-perfect properties of signal restoration
and still-appreciable transmittance, with measured amplitudes of
approximately 100, 50, and 30 mV, respectively.

time-dependent transmission spectra are measured, with
the results presented in Fig. 6.
Figures 6(a) and 6(b) correspond to cases with fc equal
to 68.0 MHz, Figs. 6(c) and 6(d) correspond to cases with
fc equal to 77.6 MHz, and Figs. 6(e) and 6(f) correspond
to cases with fc equal to 78.4 MHz. The results shown in
Figs. 6(a), 6(c), and 6(e) act as references, representing
the scenario without any SPnCs placed in the transmission line; in these cases, the amplitudes of the transmitted
electrical signals reach the same value of nearly 115 mV.
The electrical time delays of the received Gaussian pulses
in these three cases are measured to be 0.13, 0.48, and
0.89 µs, respectively, which are consistent with the theoretically calculated values. At 77.6 MHz, the features
of the transmitted Gaussian pulse are perfectly restored

III. CONCLUSION
We propose an eﬀective method of engineering a designable shallow dispersion band structure in a tightbinding-type two-dimensional periodic medium. Theoretically, when a wave is propagating along the -K direction
in a conventional triangular lattice, if the lattice is spatially
compressed in the direction perpendicular to wave propagation, then the negative slope of the initial dispersion
subbranch S0 − in reciprocal space will gradually diminish. In the exact conﬁguration in which the S0 − dispersion
eventually vanishes, a ﬂat dispersion curve that is promising for the creation of ideal slow-wave devices is achieved.
Whether for electrons, photons, or phonons, this method
can give rise to dispersions with ultrasmall but positive
values (group velocities) over a relatively broad operation
bandwidth. In a comparative experiment, on-chip SAW
transmission lines integrated with microscale SPnCs composed of elaborate nickel pillars attached to a LiNbO3
substrate are fabricated. In the lattice-optimized sample,
with a compression ratio of 0.80, an ultraslow SAW transmission is measured at a frequency of 78.4 MHz, showing
a remarkable ultraslow surface elastic velocity below even
the speed of sound in air. More importantly, compared
with the unoptimized reference sample with the original
triangular lattice, the lattice-optimized sample possesses
a signiﬁcantly broader operation bandwidth of approximately 1.4 MHz, in which the SAW velocities are all less
than 340 m/s. Our approach lays the foundation for versatile delay lines that can achieve signal restoration with
relatively low energy consumption. Additionally, for surface wave devices, our approach oﬀers the possibility of
real-time tunability, if a ﬂexible or stretchable substrate
were to be introduced [66]. Furthermore, such man-made
ultraslow waves are excellent candidates for use in timeand phase-varying devices and high-sensitivity detectors
in the ﬁelds of telecommunication and medical, biological,
and environmental research.
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APPENDIX A: SURFACE ACOUSTIC BAND
STRUCTURES OF FOUR BASIC SPnC
CONFIGURATIONS
In the initial design phase, we consider the practical
cases of Rayleigh-type SAWs stimulated by IDTs and normally incident on an SPnC (in which the SAWs are slowed
down). Because the incident SAWs should experience no
deﬂections in the SPnC, their direction of incidence or
propagation should be parallel to one of the most highly
symmetric orientations of the SPnC. Put simply, the orientation of the two-dimensional SPnC should exhibit mirror
symmetry with respect to the incident waves. Consequently, we consider the four basic conﬁgurations illustrated in Fig. 1 of the main text. Figures 1(b) and 1(c)
correspond to the cases of SAWs incident on squarelattice SPnCs in the -X and -M directions, respectively;
Figs. 1(d) and 1(e) correspond to the cases of SAWs incident on triangular-lattice SPnCs in the -M and -K
directions, respectively.
The corresponding surface acoustic band structures in
−
→
the wave propagation direction ( kx ) are calculated via 3D
FEM using COMSOL Multiphysics, and the results are illustrated in Fig. 1 below the conﬁguration schematics. All
surface acoustic modes lie below the solid black sound line
in each plot, which represents the slowest bulk dispersion,
corresponding to the boundary between the bulk and surface modes. In the 3D FEM calculations, both the squareand triangular-lattice SPnCs have the same lattice constant
(equal to the normalized value rsquare = rtriangular = 1 m) and
are made of identical metal pillars with the same elastic and
geometric properties (with a mass density, Young’s modulus, and Poisson’s ratio equal to 8906 kg/m3 , 1.1 × 1011 Pa,
and 0.31, respectively, and with a top radius rtop and height
H equal to 0.22 and 0.35 m, respectively) attached to a
theoretically isotropic elastic substrate (with a mass density, Young’s modulus, and Poisson’s ratio of 4650 kg/m3 ,
2.0 × 1011 Pa, and 0.33, respectively.).
In all of these cases, an identical ﬂat (solid gray) dispersion curve appears at a frequency of approximately
1670 Hz m. This dispersion experiences barely any spatial
inﬂuence, except near the sound line; in fact, it corresponds
to a LR mode (as illustrated in Fig. 2) with characteristics
determined only by the pillar parameters, with little relation to the bottom substrate and lattice symmetry. This LR
mode has a near-zero group velocity throughout the whole
spectrum and weak conversion eﬃciency with respect to
the incident Rayleigh waves.

In addition to the LR dispersion band, another distinct
dispersion band appears in each of these four cases. From
an examination of the elastic ﬁeld distributions of the
modes in these dispersion bands (as illustrated in Fig. 2), it
is clear that all of these modes possess similar symmetric
features with respect to the propagation direction (thus, we
name them S 0 modes or dispersion bands), and their energies are mostly conﬁned within 1–2 wavelengths of the
substrate surface. These modes are actually manifestations
of the Rayleigh modes in the SPnCs; incident Rayleigh
waves can be spontaneously converted into these modes
at the SPnC boundaries, and thus, these modes are of high
value for practical applications.
In the cases depicted in Figs. 1(b)–1(d), the S 0 dispersion bands exhibit consistent monotonicity, with a
positive slope throughout the entire Bloch momentum


range. Near the boundaries of the ﬁrst period along the kx
direction, because of intense Bragg scattering, these dispersion curves are ﬂattened, with their dispersion values
rapidly approaching zero. However, in the case depicted in
Fig. 1(e), the S 0 dispersion band exhibits entirely diﬀerent
features. This dispersion curve is not monotonic throughout the entire Bloch momentum range; instead, it consists
of two independently monotonic subbranches, S 0 + (red)
and S 0 − (blue), as labeled in Fig. 1. These subbranches
are both monotonic, with opposite slopes. They are continuously diﬀerentiable at the boundary between them, at


|kx | = 4π/3a (the highly symmetric K point in a standard
triangular lattice). Therefore, overall, the corresponding
dispersion curve in Fig. 1(e) is ﬂattened not only at its


band edge, where |kx | = 2π/a0 , but also at the boundary
between S 0 + and S 0 −.
APPENDIX B: TIGHT-BINDING THEORY OF
LATTICE DEFORMATION
.
After lattice deformation, as illustrated in Fig. 7, the
basis vectors in real space are
a
êx −
2
a
a2 = êx +
2

a1 =

b
êy ,
2
b
êy .
2

(B1)

a and b are the distances between nearest-neighbor unit
cells. Let β = b/a, then, the basis vectors change to
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a
(êx − β êy ),
2
a
a2 = (êx + β êy ).
2

a1 =

(B2)
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−
→
E( k ) = En − J (0) −

s

s0

s0

s0

s

According to tight-binding band theory, when there is
only one wave function in the unit cell, the approximate
formula for the dispersion is

s

s0



nearest−neighbors

−
→−
→
−
→
J ( R s )e−i k · R s ,

Rs =0

(B7)
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FIG. 7. Tight-binding model of lattice deformation. a1 and a2
are the basis vectors in real space. a and b are the distances
between nearest-neighbor unit cells in the x and y directions,
respectively. s0 and s are the coupling strengths between pillars
in the x direction and diagonal direction, respectively.

−
→
where En − J (0) can be regarded as zero energy and R s is
the vector diﬀerence between lattice points.
In the ﬁrst-order tight-binding approximation, we consider only the couplings between nearest-neighbor pillars
in the SPnC, i.e., s0 and s, as illustrated in Fig. 7. Thus,
when only the nearest-neighbor terms in Eq. (B7) are
preserved, the dispersion changes to


−
→−
−
→−
→
→
−
→
E( k ) = −s0
e−i k · R s − s
e−i k · R s
±(a1 +a2 )



1
ex − ey ,
β


b2 = 2π (êz × a1 ) = 2π ex + 1 ey .

a
β

where μ = s/s0 . Since we consider only the dispersion in


(B3)



Then, the boundary point of the ﬁrst BZ in the kx direction
can be calculated as



2π
1
1
k=
+
,0 .
(B4)
2 2β 2 a
With the spatial deformation of the SPnC, the S 0 − dispersion ﬁnally disappears at
k = (2π/a, 0).

(B5)



The distance in the kx direction between Eqs. (B4) and (B5)
is


1
1
+ 2
2 2β



2π
1 − β 2 2π
2π
−
=
.
a
a
2β 2 a




kx a ky aβ
= −2s0 cos(kx a) + μ cos
+
2
2


kx a ky aβ
+ μ cos −
+
,
(B8)
2
2

These basis vectors in reciprocal space are
2π
2π
b1 =
(a2 × êz ) =

a

±a1 ,±a2



(B6)

the direction of kx , ky = 0, Eq. (B8) can be simpliﬁed to



kx a
E(kx ) = −2s0 cos(kx a) + 2μ cos
.
(B9)
2
At the inﬂection points, we have
∂E
= 0.
∂kx

(B10)

By combining Eq. (B10) with Eq. (B9), we ﬁnd that the
inﬂection points should satisfy




kx a
kx a
= sin
sin(kx a) + μ sin
2
2




kx a
× 2 cos
+ μ = 0.
2
(B11)
There are three inﬂection points in the region of (kx a/2) ∈
[0, π ]:
kx = 0,

During the spatial deformation process, as shown in Fig. 2,
the value√of β is always larger than one (when b = 0.60b0 ,
β = 0.6 3 ≈ 1.039); therefore, the value of Eq. (B6) is
always larger than zero. Thus, it is clear that, except in the
case √
of the nondeformed standard triangular lattice when
β = 3, the boundary between the dispersion subbranches
S 0 + and S 0 − is not the boundary of the ﬁrst BZ.

2π
kx =
,
a


kx a
μ
cos
=− .
2
2

(B12)

To assess the convexity-concavity of these inﬂection
points, we calculate the second-order derivative of
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FIG. 8. Results of the tight-binding analysis. (a) Relationship between the coupling strength and spatial compression ratio. (b),(c)
Band structures according to 3D FEM calculations and two-dimensional tight-binding theory, respectively.

(2) If μ ≥ 2, there are two inﬂection points:

Eq. (B9),



kx a
∂ 2E
μ
2
cos
=
2s
a
cos(k
a)
+
0
x
∂kx2
2
2
⎧
μ
⎪
2s0 a2 1 +
, kx = 0,
⎪
⎪
2
⎪
⎪
⎨
μ
2π
2
= 2s0 a 1 − 2 , kx = a ,
⎪




⎪
⎪
⎪
μ2
kx a
μ
⎪
⎩2s0 a2 1 −
, cos
=− ,
4
2
2

kx = 0,
kx =

(B13)
Then, we can analyze the situation by considering the
value of μ in Eq. (B13)
(1) If μ < 2, there are three inﬂection points:
kx = 0,
2π ∂ 2 E
,
> 0,
a ∂kx2

(B14)

μ ∂ 2E
= − , 2 < 0,
2 ∂kx

(B15)

kx =


kx a
cos
2



2π ∂ 2 E
< 0.
,
a ∂kx2

(B16)

From the above, it can be seen that, during the lattice
deformation process (along the y direction of the SPnC),
the coupling strength between nearest-neighbor pillars
will change. When the coupling strength between nearestneighbor pillars in the diagonal direction (not along the x
direction) changes to twice its original value, i.e., when
μ = 2, in the region of (kx a/2) ∈ [0, π ], the S 0 − subbranch (initially with a negative slope) will be totally
integrated into the S 0 + subbranch (with a positive slope).
We refer to this conﬁguration as the point of total transition in the spatial compression of the (original) triangular
lattice.
By comparing the results of tight-binding theory with
those of the 3D FEM calculations, the relationship between
the coupling strength and spatial compression ratio can
be ﬁtted, as plotted in Fig. 8(a). The following overall
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conclusions can be drawn: during the compression process (b/b0 < 1.0), the coupling strength between nearestneighbor pillars in the diagonal direction (not along the
x direction) increases approximately linearly; during the
stretching process (b/b0 > 1.0), the coupling strength
between nearest-neighbor pillars in the diagonal direction
decreases monotonically, but the decreasing trend slows
down when b/b0 > 1.1.
Figures 8(b) and 8(c) show the band structures obtained
from the 3D FEM calculations and tight-binding theory,
respectively. Because the two-dimensional tight-binding
model cannot capture the dimension normal to the surface of the SPnC, the band structures shown in Fig. 8(c) do
not reﬂect the distinction between bulk acoustic waves and
SAWs, meaning that no sound line exists here. For ease of
comparison, however, we still indicate the sound line and
the radiation area [which are the same as those in Fig. 8(b)]
in Fig. 8(c). It is clear that, near the radiation area (for small
wave vectors), the results of the tight-binding method are
not consistent with the 3D FEM results. However, far from
the radiation area, especially for wave vectors close to the


band edge at |kx | = 2π/a, the results of the tight-binding
method agree well with those of the 3D FEM—during the
lattice deformation process, the diminishment of S 0 − can
be clearly observed in both sets of results.
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