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ABSTRACT: Waveguides for mechanical signal transmission in the megahertz to
gigahertz regimes enable on-chip phononic circuitry, which brings new capabilities
complementing photonics and electronics. Lattices of coupled nano-electro-
mechanical drumhead resonators are suitable for these waveguides due to their
high Q-factor and precisely engineered band structure. Here, we show that
thermally induced elastic buckling of such resonators causes a phase transition in
the waveguide leading to reversible control of signal transmission. Specifically,
when cooled, the lowest-frequency transmission band associated with the primary
acoustic mode vanishes. Experiments show the merging of the lower and upper
band gaps, such that signals remain localized at the excitation boundary. Numerical
simulations show that the temperature-induced destruction of the pass band is a result of inhomogeneous elastic buckling, which
disturbs the waveguide’s periodicity and suppresses the wave propagation. Mechanical phase transitions in waveguides open
opportunities for drastic phononic band reconfiguration in on-chip circuitry and computing.
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Unidirectional lattices made from mechanically coupled
arrays of nano-electromechanical systems’ (NEMS)

resonators act as high-Q phononic waveguides, which support
mechanical signal processing at megahertz to gigahertz
frequencies and, hence, can couple signals in the elastic,
radio frequency, and optical domains.1 These recent concepts
have been used in photonic-phononic memory2 and integrated
circuitry.3,4 These coupled NEMS oscillators also present
opportunities in tuning5 and topological systems.6 However,
despite these advancements, on-chip phononic waveguides
mostly rely on the linear elastic nature of microfabricated
materials and structures and take limited advantage of the
exquisite behavior of strongly nonlinear mechanics and
acoustics.
Indeed, elastic nonlinearity induces unusual acoustic wave

transmission behaviors in mechanical metamaterials, the
macroscale analogue of phononic crystals.7,8 For instance,
contact nonlinearity governs the dynamics of granular
materials leading to solitary waves,9 switching, and rectifica-
tion.10 Mechanically coupled buckling beams support elastic
wave propagation and mechanical logic circuits.11

Structural phase transitions−in the metamaterial sense−are
associated with a nonlinear buckling or distortion of the unit
cell. Structural phase transitions are exploited in macroscale
mechanical metamaterials to reconfigure their morphology,
elastic response, or phononic band structures. For instance,
phase-change materials such as chalcogenides are commonly
used in memory devices12 due to the large change in resistance

associated with their phase transition. The application of these
same concepts to mechanical metamaterials for use in specific
applications is still in its infancy. Recent demonstrations of
structural phase transitions in micro- or macroscale mechanical
metamaterials exploit the elastic reorientation of the unit cell to
control their static elastic response,13,14 with applications in
switching. Several reports demonstrate that buckling in
macroscale acoustic metamaterials effectively controls the
dynamic band structure with applications in vibration
control.15−17 Theoretical studies show that the coupling
between the unit cells can lead to unusual behaviors like
crossovers from a positive to negative group velocity.18

However, combining these concepts to show reconfiguration
(vs tuning) of a band structure in microsystems has not yet
been demonstrated. Leveraging these proposed ideas to realize
phase transitions in waveguides operating in the megahertz
regime would enable advanced concepts such as traveling wave
photonic-phononic translator (PPT),19 which relies on the on-
the-fly coupling/decoupling of coherent photonic-phononic
waves for multidomain information processing, in thermal
management systems,20,21 and unravels new opportunities such
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as the switching and storage of mechanical signals through
localization.
In this study, we exploit a thermally driven elastic buckling

to strongly reconfigure the band structure and wave trans-
mission in a one-dimensional phononic crystal, that is, a
NEMS waveguide. The structural phase change is associated
with a critical temperature and mechanical stress, and it not
only reconstructs the band structure of the NEMS waveguide
but also completely inhibits transmission via the fundamental
acoustic band. Owing to the NEMS size scale, this coordinated
buckling-induced phase transition is conveniently induced by a
practical temperature change of 10 K. This contrasts with
current common wisdom, which regards elastic instabilities as a
nuisance in NEMS, leading to unpredictable behaviors and
device variability.22

Figure 1 shows the considered one-dimensional lattice,
consisting of coupled silicon nitride (SiNx) drumhead

resonators, having also been used in previous studies.4,5,23

The lattice is composed of 61 suspended circular SiNx films
having a 60 nm nominal thickness suspended over a silicon
substrate by a 150 nm thick silicon dioxide supporting layer.
An advantage of this construction is that it utilizes standard
semiconductor processes with no novel materials, which allows
for the construction of on-die integrated phononic structures.
We probe the phononic band structure of the waveguide by an
electrostatic actuation at one end, while varying the device
temperature between room temperature (RT) and 80 K.
Figure 1a represents a schematic drawing of a waveguide along
with the electrostatic actuation via a Cr−Au electrode
deposited on the first and last unit cells in the waveguide
and optical detection.24,25

Figure 1b shows an optical image of the waveguide where
the dotted line represents a unit cell. Each unit cell within the
waveguide is a circular membrane with an outer diameter of
9.7 μm, with a small 1.2 μm release hole at the center. The
pitch between the membranes is 7 μm, so adjacent circular
membranes overlap by 1.35 μm, forming a lattice of elastically
coupled unit cells. The spacing and geometric parameters of
the waveguide determine the resulting band structure. Each
unit cell shows a faint interferometric ring, corresponding to a
nonuniform distance between the membrane and the under-
lying silicon substrate.
Figure 1c shows an isometric topography map of the

waveguide measured by atomic force microscopy (AFM).
Figure 1d,e shows the profiles along and across the waveguide,
as indicated by the black and red dotted lines in Figure 1c. In
this waveguide device (W1), the maximum deflection at the
center of the unit cell is 13 ± 2 nm. All cells show the same
degree of deflection within the waveguide. This initial
deflection at room temperature is a result of bending in the
membrane under a compression from a residual thin-film
stress, due to an asymmetric taper in the membrane thickness.
We note that this study used commercially purchased nitride
films, so we did not have a deterministic control over the film
stress. Supporting Information Figure S1 shows the cross-
sectional scanning electron microscopy (SEM) image of a
waveguide with the thickness of the membrane varying as a
continuous taper from 50 nm at the center of the chip to 65
nm at the outer edge. This taper in the thickness is caused by
an imperfect selectivity in the etchant chemistry and breaks the
symmetry of the membrane. Importantly, as detailed in the
Supporting Information Section S2 and later simulations, this
initial deflection is not due to buckling but is, instead, due to
the bending moment resulting from the compression of the
asymmetrically tapered membrane. This initial out-of-plane
deformation is elastically stable (similar to the deflection of a
cantilever beam due to an inclined compressive load). Under
an additional compression, the membrane will undergo an
elastic buckling instability transition. This causes a smooth
transition between the prebuckled and postbuckled states as
the membrane is compressed versus the sudden transition of
an ideal symmetric structure. As a result, in our simulations
and interpretation, we must treat the waveguide as a
membrane under an initial deflection, a common case in
buckling mechanics and NEMS.
We report on three representative waveguides, which we

label W1, W2, and W3. First, we investigate the dynamic band
structure of waveguide W1 at room temperature. Figure 2a
shows the frequency response probed on the middle cell (#30)
due to an excitation of cell #1. This waveguide displays three
pass bands and two band gaps over the measured range. Band
1 spans 12.8−13.7 MHz, Band 2 spans 21.7−33.1 MHz, and
Band 3 starts at 36 MHz. The band gap between bands 1 and 2
is 8 MHz, while the band gap between bands 2 and 3 is 2.9
MHz. This band structure is robust, yet the exact bounding
frequencies vary with the fabrication conditions, as evidenced
by measurements on the other waveguides (Supporting
Information Figure S2). To understand the nature of these
bands, we extract the amplitude and phase of all unit cells of
the waveguide during the actuation at a specified frequency
and Fourier-transform the spatial data to the reciprocal space.
Figure 2b shows the band dispersion inside the first Brillouin
zone, while Figure 2c shows the details of the first band. The

Figure 1. Design and structure of the phononic waveguide (W1). (a)
Schematic drawing of the phononic waveguide along with the
electrostatic actuation and optical detection apparatus. (b) Optical
image of the waveguide. The image shows interferometric rings in the
SiNx membrane due to the out-of-plane deflection. The dotted line
represents a unit cell. Scale bar = 7 μm. (c) Isometric topography map
of the waveguide acquired using an atomic force microscope, showing
an out-of-plane deflection. (d, e) Topographic profiles taken along the
lines shown in (c) corresponding to the profile (d, red) perpendicular
to and (e, black) along the waveguide. The SiNx membrane’s
maximum deflection is 13 ± 2 nm.
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analysis of an additional waveguide from a different chip is
presented in the Supporting Information Figure S3.
To further understand each band, we examine the Bloch

modes at the band edges (i.e., the bounding frequencies of
each band). We perform a spatial mapping of the modes by
rastering the laser along the waveguide while driving at a fixed
frequency and monitoring the dynamic amplitude and phase at
each position (unit cell) with a lock-in amplifier. Figure 2d
shows spatially resolved phase maps of the Bloch wave
propagation at A1 (12.8 MHz) and A2 (13.7 MHz) for the
acoustic band and O1 (22 MHz) and O2 (33 MHz) for the
optical band. We observe a consistent behavior with Bloch
waves, with a short-wavelength component at the level of the
unit cells and a long-wavelength component distributed over
many unit cells, corresponding to the wavenumber of the
mode. As expected, the low-wavenumber modes correspond
with the low-frequency acoustic (A1) and the high-frequency
optical (O2) band edges. Conversely, the high-wavenumber
modes correspond with the high-frequency acoustic (A2) and
low-frequency optical (O1) band edges. In the same device
tested after a few days, we mapped the Bloch modes taken at
intermediary frequencies inside the bands (Supporting
Information Figure S4), showing wavelengths corresponding
to few unit cells. We note that the frequencies drift slightly in
the span of days. By examining the repeating mode shapes in
each unit cell, the first two bands are composed of Bloch waves

rising from the first and second Bloch modes of each unit cell
(also validated in COMSOL simulations discussed in Figure
4b). At room temperature, the band dispersion is similar to
previous waveguide studies.4,5,23

The in situ observation of the membrane deflection due to
temperature changes is enabled by our optical setup (Figure
3a). As the temperature is lowered, we observe the deflection
of the membrane due to light interference between the
membrane and the substrate. From the same underlying
principle of the dynamic resonance measurements, the
sensitivity of the optical contrast to interferometry enables
the detection of deflections with sub-nanometer sensitivity.
The right insets of Figure 3a show optical images of the
waveguide deflection at 290 and 140 K, while the left
schematic illustrates qualitatively the expected change in
deflection. This deflection is indicative of thermoelastic
buckling due to cooling-induced compressive stresses resulting
from the mismatch of the coefficient of thermal expansion
(CTE), α, between the nitride membrane and the underlying
silicon substrate. Discussed further in the Supporting
Information Section S3, for αSiNx < αSi, cooling leads to
buckling.
Along with the buckling, we observe an unusual reconfigura-

tion of the phononic band structure. Temperature-dependent
frequency responses of waveguide W2 (similar to Figure 2a)
are combined to construct Figure 3b. The extracted band edge

Figure 2. Phononic band structure of the waveguide (W1) at room temperature. (a) Frequency response of the unit cell at the center of the
waveguide. Three bands are evident in this picture. As shown in (b), these bands correspond to the acoustic, optical, and a higher acoustic band.
(b) Band dispersion of the waveguide obtained by the discrete Fourier transform of the amplitude response collected at every unit cell, where a = 7
μm is the unit cell pitch of the waveguide. The color scale is the magnitude of the transformed signal corresponding to a certain wavenumber for
each particular frequency. (c) Detailed plot of the dispersion at the first band showing its acoustic character (positive dispersion). The white dashed
lines indicate the frequencies at which mode mapping is performed. (d) Phase mappings of the waveguide for different frequencies. The modes A1
(12.8 MHz) and A2 (13.7 MHz) correspond to the lower and upper edges of the acoustic band, respectively, as indicated in (c). Similarly, modes
O1 (22 MHz) and O2 (33 MHz) are located at the lower and upper edges of the optical band as shown in (b).
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frequencies are plotted in Figure 3c. Remarkably, the first
acoustic band gradually narrows as the temperature is cooled,
until we no longer detect any signal below 220 K; this is shown
in the frequency responses at 280, 220, and 180 K of Figure 3d.
Below the critical transition of 220 K, there is no observable
wave transmission, suggesting the inactivity of the acoustic
band. This phenomenon is robust and observed on four other
waveguides (Supporting Information Figures S2 and S3),
though variations from the fabrication process affect the exact
band frequencies and transition temperatures. Furthermore,
the second pass band shows continuous tuning, with a kink in
the direction near the buckling transition around 220 K. The
frequency tuning and kink of the second pass band are
consistent with the thermomechanical buckling of individual
circular plates and beams with an initial small deflection.26,27

Under a more negative stress (increasing compression), the
frequency of the second pass band of a flat or initially deflected
membrane decreases, until the resonator reaches the critical
compression to buckle.27−32 Once in the postbuckled state, the
second pass frequency rises with additional in-plane
compression due to an increase in the total bending. To our
knowledge, such a complete inhibition of wave transmission
through the acoustic band has not been previously reported.
To unravel the effect of temperature on the buckling of the

individual cells and the reconfiguration of the band structure,
we performed two types of dynamic simulations using finite
element method. The first simulation type considers a single
unit cell with periodic boundary conditions, which we use to
calculate the acoustic band structure including the effect of
cooling-induced buckling. The second type of simulations is on

a finite length waveguide, consisting of 60 unit cells similar to
the waveguide used in the experiments to reveal a buckling-
induced aperiodicity in the waveguide, which leads to
suppression of the band transmission.
Figure 4a shows the simulated static deflection of the center

point of a single unit cell with periodic boundary conditions as
a function of the applied temperature change ΔT. The
simulated material is assigned a negative coefficient of thermal
expansion (CTE) ≈ (αSiNx − αSi) < 0 to account for the
difference in contraction between the silicon and the nitride
during cooling due to the isothermal equilibrium within the
chip. With a negative CTE, a cooling of the simulated unit cell
(i.e., ΔT < 0) induces compressive stresses due to the imposed
clamping and periodic boundary conditions depicted in the
inset of Figure 4a. Simulation details are present in Supporting
Information Section S4 and Figure S6. Under the simulated
cooling, the cell deflects into an out-of-plane equilibrium shape
(at ΔT = −20, −120, and −180 K, corresponding to (I)
before, (II) at, and (III) after the buckling transition,
respectively). The buckling transition manifests as a kink in
the deflection versus compression at case II. As noted earlier, a
small bending-induced deflection before the buckling tran-
sition results from asymmetry.
Figure 4b shows the computed band structure of the three

different cooling cases I, II, and II and the color-coded shapes
of the corresponding eigenmodes, where the wavenumber of 0
m−1 is shown on the left and π/a is on the right (a being the
unit cell width, cf. inset of Figure 4a). For each case, we
simulated the band structure of the cooled waveguide by using
the equilibrated static shape and imposing the Bloch periodic

Figure 3. Effect of temperature on the frequency response of the phononic waveguide (W2). (a) Illustration of the buckled SiNx films with cooling
(left). Optical image of the waveguide at RT and at 140 K indicating a change in the out-of-plane deflection (right). These images were captured
inside the cryostat used for the measurement. (b) Two-dimensional map of measured response vs frequency and temperature for the buckled
waveguide. VRF = 0 dBm, VDC = 2 V, and laser power = 50 μW are kept constant during the measurement. Color scale is the measured dynamic
optical reflectance, which is a convolution of the amplitude of motion and changes in the optical interferometric path. (c) Extracted frequency band
edges for Bands 1, 2, and 3 vs temperature. The vertical dashed line represents the critical temperature, where the lowest pass band vanishes, and
the direction of the frequency tuning changes. (d) Frequency responses for three temperatures: T = 280, 220, and 180 K. The frequency responses
are artificially shifted in the vertical direction for visualization purposes.
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boundary condition (see the Supporting Information Section
S4). At the prebuckled state, case I, the lowest pass band is the
acoustic mode. At the buckling transition, case II, the acoustic
pass band is flat. At the postbuckled state, case III, the first
(lowest-frequency) band curvature inverts in comparison with
case I, going from a positive to negative group velocity. In
contrast, the higher bands only shift along the frequency axis.
We computationally track the evolution of the band

structure under the effect of cooling and relate the numerical
to the experimental findings. Figure 4c plots the bounding
frequencies of each pass band at the wavenumber of 0 m−1

(solid circle) and π/a (open circle) as a function of
temperature change ΔT. For a better visualization, we only
plot the first (blue), second (green), and fourth bands
(purple), chosen based on the modes most visible in the
experimental measurements. Figure 4d shows an enlarged view
of the frequency tuning of the first pass band, along with
predictions of which modes will propagate from finite
simulations discussed later.
Both the first mode and the higher modes qualitatively

match the experimental measurements in Figure 3b. First, the
direction of frequency tuning of all the bands (blue, green,
purple) has a kink in direction near a critical crossover
temperature. Second, the limiting frequencies of the first pass
band (blue) have a different rate of tuning with cooling, which
causes a continuous narrowing of the band, until there is a
crossover at ΔT ≈ −120 K, corresponding to a transition from

a positive to negative group velocity. The model does not
match the precise experimentally measured frequencies, which
is expected given that the band structure is sensitive to process
parameters that were difficult to precisely control during the
fabrication.
The kink in the pass bands near the critical temperature is

reminiscent of the behavior of the individual eigenmodes in
single membranes29,31,32 and was observed more recently in
the theoretical analysis of linear waveguides undergoing
buckling.33 This behavior confirms that a decreasing temper-
ature leads to a compression and buckling of the individual
unit cells. If the membrane thickness was constant and
symmetric with respect to the neutral axis, this kink would be
very sharp. However, a taper-induced asymmetry softens the
influence of buckling on the frequency tuning. The periodic
unit cell simulations show the narrowing and flattening of the
acoustic band leading up to the buckling transition and the re-
emergence of the acoustic pass band post-transition with a
negative group velocity. This re-emergence is not observed in
experiment. The simulation of the unit cell with periodic
boundary conditions (i.e., Bloch modes), shown in Figure 4,
captures most of the measured features of the band structure,
except the loss of transmission at low temperatures. As the
Supporting Information Figures S10 and S11 show, this
behavior is robust over a wide range of stress states, including
strong anisotropy, and is shown to be present for different
geometries (Supporting Information Figure S12).

Figure 4. Numerical simulation of the buckling-induced phase transition. (a) Simulated transverse deflection of the membrane center (wCenter)
under static equilibrium vs temperature change (ΔT). Top right inset depicts the simulated membrane. Insets next to the data points show the
resulting equilibrium configuration for (from right to left): ΔT = −20 K (I), −120 K (II), and −140 K (III). (b) Frequency dispersion curves vs
wavenumber of the Bloch modes simulated for the three cases of stress: I, II, and III. Insets depict the mode shapes of the unit cell at different
frequencies corresponding to the wavenumber limits of 0 m−1 (left) and π/a (right). (c) Simulated frequency limits (wavenumber ∈ {0 m−1, π/a})
for the considered values of temperature change. (d) Eigenfrequency (data points) of the finite system having 60 cells superimposed on top of the
pass bands (the shaded regions) predicted by the Bloch modes of Figure 4c. The enlarged blue dots correspond to the eigenfrequencies that
transmit waves based on the frequency sweep simulations (cf. Figure 5 and Supporting Information Figure S9). Labeled points B1 and B2 refer to
the modes of the 60-cell system depicted in Figure 5f,g.
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To understand the loss of transmission of the acoustic band,
we compare the response of all the unit cells along a waveguide
both experimentally and via simulations of the full 60 cell
waveguide. Figure 5a shows the experimentally measured
amplitude versus cell number at RT for a waveguide device
(W3). We observe the transmission of energy through the
entire waveguide for all bands. As shown in Figure 5b, when
the temperature is lowered below the critical transition to 225
K, there is no transmission along the first band, and energy is
localized to only the first few unit cells. Figure 5c plots the log-
scale amplitude versus the unit cell number of the lowest band
at 13.2 MHz at 225 K. The inset shows the relative frequency
response of the lowest band in the third unit cell at room
temperature and at 225 K. Below the transition, the first few
unit cells show a single resonance corresponding to the
excitation of the first unit cell. An exponential decay in
amplitude occurs along the waveguide with a decay length of
0.79 unit cells. These data, along with the mode mappings
shown in the Supporting Information Figure S5, indicate that
the buckling of the unit cells does not strongly affect the modes
of individual unit cells but strongly affects the transmission of
waves along the waveguide.
Next, we simulate the frequency response of a finite

waveguide formed by 60 unit cells. We explore two geometries,
namely, (1) waveguides where all the membranes have the
same thickness profiles and (2) waveguides having a small
thickness gradient expected to result from a 5% variation in the
etching rate (cf. Supporting Information Figure S7). As

expected, the uniform thickness waveguide fully agrees with
the infinite periodic system shown in Figure 4. The simulations
of the waveguides with thickness gradient are more insightful.
Figure 5d,e shows the simulated amplitude vs cell number at
−20 and −120 K for the 60-cell waveguide with a thickness
gradient. As shown in Figure 4d, the frequency evolution of
these modes is depicted as data points superimposed on the
periodic simulation to show that the two simulation
approaches quantitatively agree. However, by computing the
full 60 cells, we discovered that some of the modes are
localized and are not excited, because they do not extend
across the waveguide. In close agreement with experiment, the
simulation shows the waveguide transmits waves only within a
narrower frequency range of the lower band predicted in
Figure 4d (corresponding to acoustic modes) for ΔT = −20 K
(Figure 5d) and then gradually loses transmission upon further
cooling. We use ΔT = −20 K because the membranes are
under a small stress at RT in the experiments as shown in
Figure 1. Transmission is completely lost at ΔT = −120 K
(Figure 5e). Hence, under strong compression and buckling
(case II in Figure 4), the simulation of the finite waveguide
with thickness gradient captures the experimentally observed
loss of transmission in the acoustic band.
Taken together, the loss of transmission results from an

aperiodic disorder, the effect of which is nonlinearly magnified
at a higher compression and buckling. To further visualize the
origin of the transmission loss, Figure 5f shows the strain
energy density E distribution along the waveguide from Cell 5

Figure 5. Spatial mapping of the frequency response as a function of temperature in the waveguide (W3) at (a) RT and (b) 225 K. The color scale
is the measured dynamic optical reflectance scaled for clarity. The corresponding band dispersion curves are available in the Supporting
Information Figure S3. (c) Spatial decay of the amplitude at 225 K. The extracted amplitudes are normalized with respect to the first unit cell
(extracted frequencies are between 13.08 and 13.17 MHz). Inset: frequency response of the third (n = 3) unit cell at RT (red) and 225 K (blue).
Spatial mapping of the frequency response simulated via COMSOL of the 60-cell waveguide at (d) prebuckling with ΔT = −20 K (I) and (e)
postbuckling with ΔT = −120 K (II) (cf. Figure 4). The color map corresponds to the normalized steady-state amplitude of the transverse
displacement due to the harmonic forcing with the respective frequency. (f, g) Color map on the top surface of cells from 5 to 30 (from left to
right) showing (top) the residual strain energy density E resulting at a static equilibrium and (bottom) the mode shape of the indicated eigenmodes
B1 and B2 on Figure 4c of the 60-cell waveguide simulated at (f) prebuckling with ΔT = −20 K (I) and (g) near critical buckling at ΔT = −120 K
(II). In the eigenmode color maps, peaks and valleys are colored with blue and red, respectively; while nodes of zero displacement are colored with
gray.
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to 30 (of 60) induced by the simulated cooling at −20 K (I)
and a representative eigenmode B1 at the frequency of 10.7
MHz (point indicated in Figure 4d). Correspondingly, Figure
5e shows the strain energy density at the critical temperature of
−120 K (II) and an eigenmode B2 at the frequency of 7.096
MHz. In Figure 5f, the prebuckled case (I), the residual strain
energy density E near the center etch holes is nearly periodic
between the unit cells. Because the thickness gradient is only
5%, the gradient in energy density is very subtle. The
eigenmode B1 is uniform and propagates along the entire
waveguide. In contrast, Figure 5g shows a more pronounced
gradient in E in case (II), where E is slightly lower toward the
center of the waveguide (cell 30) which, while still small,
effectively breaks the waveguide periodicity. This creates what
resembles a global stress distribution spanning the length of
the waveguide. This aperiodic residual strain energy affects the
modes of the 60-cell system. For example, the simulated
eigenmode B2 is a localized nontransmitting mode (cf. Figure
5g). Supporting Information Figure S9 shows the frequency vs
unit cell position at additional temperatures. The Supporting
Information includes videos of the mode shape evolution for
different frequencies and cooling ΔT. As shown in the
Supporting Information Figure S8 and videos, we additionally
show that a waveguide with uniform thickness transmits waves
at values of compressive stresses.
The localized, nontransmitting modes are only observed for

the first pass band acoustic modes (blue band in Figure 4d)
and are believed to result from the global buckling-induced
strain distribution along the waveguide. In contrast, higher-
frequency bands transmit waves even postbuckling as
illustrated by experiments and simulations (Figure 5b,e,
respectively). We hypothesize that the reason only the first
band is affected is due to the relative shape of the global stress
distribution vs the eigenmodes. The fundamental mode
corresponding with the first band has the same shape as the
buckling or stress distribution of each unit cell. Static
distributions and dynamic modes with similar shapes are
strongly coupled due to effective projection from one shape
onto the other. However, the dynamic eigenmodes in the
higher-frequency bands are characterized by higher-order
harmonics (i.e., having a different symmetry with additional
nodes in each unit cell) and hence are nearly orthogonal (w.r.t.
shape) to the global static stress distribution leading to weak
coupling. We note that not all features are perfectly captured
by the simulations. For example, the experimentally observed
band gap between modes 2 and 3 does not appear in
simulations. We hypothesize that these higher-order differ-
ences are due to an imperfect knowledge of system parameters
or nonsimulated variations like gradients in diameter or initial
stress along the waveguide.
Returning to Figure 4d, the dots show every predicted

eigenfrequency of the waveguide in the first pass band.
However, as seen in Figure 5g, many of these modes are
localized. The bold blue dots show the modes that extend
across the waveguide, while the remaining black dots indicate
localized modes, which do not propagate waves. At a low
compression (higher temperature), most of the modes
propagate, while at a higher compression, the majority of
modes is localized. In the postbuckled regime (III) there are
some propagating modes. However, we note that the existence
of propagating modes in the postbuckling regime is a function
of the assumed etch gradient. Here we assumed a 5% gradient.
For greater than 25% gradient all modes were localized at every

temperature. In experiments, there are other sources of
inhomogeneity, for example diameter changes from etch
variations, which could easily suppress remaining modes.
The realization of engineered phase transitions in phononic

waveguides can be further controlled and harnessed in
advanced phononic devices. Precisely tailoring the phase
transition temperature (e.g., close to room temperature) is
readily attainable by controlling the stoichiometry and
deposition stress of the SiNx membranes. Alternatively, control
of the buckling could be attained by an electrostatic gating,
which would allow fast and on-demand reconfigurability in
mechanical circuits. The summary of our new findings is that
the loss of acoustic transmission, described as a phase
transition, is a multiscale effect combining a nonlinear elastic
buckling at the individual unit cell scale (local buckling) with
an aperiodic residual stress distribution along the full
waveguide scale. Integrating such waveguides into on-chip
phononic circuits will realize topologically protected states,
switches, delay lines, and persistent memory through a
localization. Moreover, photonic and phononic traveling
waves can be coupled/decoupled on demand to reconfigure
the circuit connectivity. Accordingly, phase transitions in
phononic NEMS devices provide a critical future capability for
phononic and coupled multidomain computing.
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