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We propose to achieve manipulation of mechanical vibrations at the micron scale by exploiting the
interaction of individual, isolated mechanical resonators with surface acoustic waves. We experimentally
investigate a sample consisting of cylindrical pillars individually grown by focused-ion-beam-induced
deposition on a piezoelectric substrate, exhibiting different geometrical parameters and excited by a longwavelength surface elastic wave. The mechanical displacement is strongly confined in the resonators, as
shown by field maps obtained by laser scanning interferometry. A tenfold displacement field enhancement
compared to the vibration at the surface is obtained, revealing that the energy is efficiently coupled. The spatial
distribution of the elastic energy at the surface is governed by the geometrical characteristics of the resonators
and can therefore be controlled by frequency tuning the elastic wave source. The results show the potential of
the proposed approach to achieve dynamic control of surface phonons at the microscale or nanoscale.
DOI: 10.1103/PhysRevApplied.8.034016

I. INTRODUCTION
In this era of microtechnology and nanotechnology,
mechanical resonators have again emerged as rich physical
objects at the core of thriving research fields such as microand nano-electro-mechanical systems or optomechanics
[1–3]. This resurgence of interest has been partly motivated
by the possibility to fabricate microscale or nanoscale
resonators with tailorable properties. In addition to their
obvious use as low-mass objects allowing for the realization of highly sensitive detectors ranging from motion
sensors or accelerometers to chemical or biological detectors, mechanical resonators open exciting vistas for the
investigation of basic quantum-mechanical concepts [4–6].
They have also made their way toward phononics where
they lie at the heart of acoustic or elastic metamaterials.
Acoustic local resonances were first introduced as a way to
obtain phononic band gaps at frequencies significantly
lower than those induced by Bragg diffraction for an
equally sized crystal period [7]. Since then, the phononic-crystal literature has witnessed significant progress
in the understanding of the hybridization mechanisms
underlying the coupling between resonant scatterers and
waves propagating in the surrounding continuous medium
in both classical periodical phononic crystals and disordered media. This concept has been applied to surface
acoustic waves (SAW), for instance to investigate contact
resonance effects at the micron scale in granular materials
[8,9] or band-gap properties and hybridization mechanisms
in locally resonant SAW phononic crystals [10,11]. These
approaches can be seen as extensions of earlier works
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exploiting coupling between SAWs and arrays of mechanical surface resonators to slow down wave propagation by
creating corrugations on the surface of the substrate [12].
Theoretical investigations of the interaction between propagating Rayleigh waves with mechanical oscillators randomly distributed on the surface have shown interesting
dispersion characteristics, including anticrossings due to
mode repulsion resulting from coupling of the surface wave
with the resonator eigenmodes [13]. These features are very
close to those observed when considering surface plasmon
polaritons at single interface [14]. In acoustics or phononics, however, the local resonance concept has mostly
been tackled as a way to control wave propagation through
a collection of resonators, and works dealing with resonant
elements are scarce [15]. The interaction of isolated resonators with a supporting surface is usually considered in the
light of micromechanics where it is seen as an intense source
of losses and considered as detrimental. Yet, similarly to
what has been achieved in plasmonics [16], such an
approach could make it possible to conceive phononic
chains capable of carrying the elastic energy in subwavelength structures. Here, we experimentally demonstrate that
resonator-to-surface coupling can be deliberately used to
excite discrete micron-scale mechanical resonators and to
confine elastic energy. Using focused-ion-beam-induced
deposition (FIBID), we fabricate sets of isolated cylindrical
pillars of independent, arbitrary shapes and sizes to investigate the possibility of coupling surface acoustic waves
propagating on the homogeneous substrate with each
resonator independently. This coupling occurs through a
hybridization mechanism of the supporting continuum with
the resonator eigenmodes. The sample considered comprises cylindrical pillars 3–5 μm in diameter excited by a
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ten-times longer wavelength surface elastic wave. The
elastic field distributions in the resonators and at the
substrate surface are characterized by laser scanning interferometry, a method that allows a direct visualization of the
out-of-plane component of the displacement field. This
experiment is used to demonstrate that the elastic energy
distribution at the substrate surface can be dynamically
controlled at a subwavelength scale by addressing each
resonator independently as a function of the elastic wavesource frequency.
II. RESONATOR FABRICATION AND ELASTIC
SOURCE INTEGRATION
The resonators shown in Fig. 1 are platinum-based
cylindrical pillars fabricated by FIBID, a unique technology providing a full control, along the three space dimensions and with nanometer accuracy, of the fabricated
structures [17,18]. FIBID allows us to control individually
the geometrical parameters of each pillar, making this
process particularly well suited for the fabrication of
complex systems of isolated resonators exhibiting different
shapes and sizes on the same substrate. An FEI Helios
Nanolab 600i Dualbeam FIB-SEM system is then used to
produce seven pillars with diameters and heights ranging
from 3 to 5 μm. The pillars are grown on a bulk piezoelectric substrate, here a 500-μm-thick LiNbO3 wafer in the
Y-crystallographic orientation, to ensure electroacoustic
transduction through direct integration of elastic wave
sources. The choice of resonator dimensions is driven by
the need to distinctly map the displacement field at the

FIG. 1. Measurement of the out-of-plane component of the
displacement field generated by a chirped annular interdigitated
transducer for an excitation frequency of 75 MHz. A microscope
picture of the fingers and pads overlays the measurement data as a
guide for the eye. Inset: scanning-electron-microscope image of the
fabricated pillars. The geometrical dimensions of pillars P1 to P7
are as follows: diameter d ¼ ½5.1; 5.1; 5.2; 4.2; 4.0; 3.1; 3.2 μm;
height h ¼ ½5.2; 4.7; 3.9; 3.7; 3.2; 3.6; 3.0 μm.

pillar surface using optical interferometry in order to
retrieve the resonance mode shape. The pillar height is
subsequently defined through finite element simulations,
further detailed in Sec. IV, to allow operation above
50 MHz and to ensure that we remain well in the
Rayleigh wave regime given the substrate thickness. A
gas injection system dedicated to platinum deposition is
used to locally inject the trimethyl-(methylcyclopentadienyl)-platinum(IV) precursor on the sample. The pillars
are grown with an accelerating voltage of 30 kVand a probe
current of 40 pA, carefully chosen to limit the roughness of
the structures on the sidewalls and on the top surface. The
atomic composition of the deposited material is characterized by energy-dispersive x-ray spectroscopy showing a
ratio of 53% of platinum, 18% of gallium, and 29% of
carbon.
A scanning-electron-microscope (SEM) image of the
resulting sample is reported in Fig. 1. The surface of
the pillars is tilted with an angle of about 7° with respect to
the substrate surface. This tilt angle is partly due to the
injection nozzle position during the growth process. The
distance between adjacent pillars is 20 μm, large enough to
avoid potential coupling between neighboring resonators.
Broadband interdigitated transducers (IDTs) are used
for SAW generation at the substrate surface. In their
most classical form, IDTs consist of interleaved periodic
metal electrodes deposited atop a piezoelectric substrate.
Excitation of the pillar array requires a wide band operation
that can be achieved by chirping the IDT period at the
expense, however, of the displacement field amplitude for
each frequency component [19]. To partially overcome this
limitation, we propose to focus the elastic energy through
the use of quasiannular interdigitated transducers (AIDTs)
based on the principle reported in Ref. [20] designed so that
the electrode shape follows the elastic wave surface. We
focus in the present work on the generation of Rayleigh
waves with sagittal polarization. The fabricated transducers
then consist of 200-nm-thick aluminum electrodes
designed to operate at a wavelength ranging from 34 to
68 μm, leading to a center frequency equal to 70 MHz and
a relative emission bandwidth of 75% expected to cover the
required frequency range. Figure 1 shows a typical displacement field distribution obtained by laser scanning
interferometry, here given for an excitation frequency of
75 MHz. The scan covers an area of 500 μm × 500 μm
with a 2-μm step size. Convergence of surface waves at the
center of the transducer is clearly obtained. The area of
interest that hosts the pillar array is therefore illuminated by
a broadband stationary elastic wave source with a maximum amplitude of displacement of the order of 1 nm.
III. COUPLING OF ELASTIC ENERGY IN
DISCRETE PHONONIC RESONATORS
The fabricated platinum pillars can be seen as discrete
mechanical resonators deposited on the surface. The sheer
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FIG. 2. Frequency response of the fabricated pillars, obtained
by retrieving the maximum amplitude of vibration of each
resonator as a function of excitation frequency. The frequency
step is 1 MHz.

mechanical contact between resonator and substrate makes
the system radiative. We aim here at showing that it is
anyway possible to couple and confine the elastic energy
inside the resonator through hybridization of the pillars’
eigenmodes with the supporting continuum.
Although the compression mode is most probably the
easiest to investigate using optical heterodyne interferometry, as the corresponding displacement field is only
polarized in the out-of-plane direction, we choose to focus
on the first flexural mode, for which radiation to the bulk is
intrinsically low because of the dipolar character induced by
modal symmetry. The response of the mechanical resonators
is, therefore, measured via optical interferometry over the
entire transducer emission band with 1-MHz steps. The
maximum amplitude of vibration as a function of excitation
frequency for all seven pillars is displayed in Fig. 2. Each
resonator responds at a specific frequency dictated by the
geometrical characteristics of the fabricated structures. Five
out of seven pillars exhibit a clear response in the frequency
range of interest. The vibration amplitude of P5 and P7 is
seven-to-eight times lower, as their resonance frequency is
very close to the emission edge of the surface acoustic-wave
source. For pillars P1 to P4 and P6, the out-of-plane
displacement is of the order of 8–10 nm for a maximum of
1 nm at the substrate surface. There is, therefore, a seven-totenfold increase in amplitude, compared to the one measured for the incident Rayleigh wave. An estimation of the
typical quality factor Q of such resonators is obtained by
refining the measurements performed on pillar P1 by setting
the frequency acquisition step to 100 kHz. Figure 3 displays
the corresponding data. The quality factor is estimated to be
about 40, as inferred from nonlinear least-square fitting of
the experimental data with a Lorentzian line shape, hence
leading to a quality factor and frequency product (Q − f) of
the order of 109 Hz at room temperature and ambient
pressure. This value may be limited by the resonator
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FIG. 3. Frequency response of pillar P1, obtained by retrieving
the maximum amplitude of vibration as a function of excitation
frequency. The frequency step is refined to 100 kHz around the
resonance, while a 1-MHz step is used outside resonance. The
associated Lorentzian fit, displayed in the dotted line, leads to a
quality factor of 43  3. Inset: scanning-electron-microscope
image of pillar P1.

roughness and geometrical irregularities, in particular by
the overall structure and top surface tilts that break the
resonator symmetry, as illustrated by the SEM image
featured as the inset in Fig. 3.
Figure 4 presents the displacement field maps obtained for
excitation frequencies of 54, 77, and 95 MHz, corresponding
to the resonance frequencies of pillars P1, P3-P4, and P7,
respectively. The first two frequencies are well within the
AIDT operation range; 95 MHz is at the edge of the
transducer bandwidth. A significant elastic field enhancement in the pillar with respect to the surface is revealed by
the measurements, showing that the elastic energy can be
efficiently coupled through the substrate surface in the
resonators under potentially radiative conditions. The pillars
are addressed independently as a function of drive frequency:
the ability to control individually the geometrical properties
of the resonators further provides a direct way to control
dynamically the energy distribution at the substrate surface.
The vibration at the pillar surface features a nodal line at the
center, as expected for a first-order flexural mode, further
highlighted by the cross section of the displacement field
amplitude at 54 MHz. This observation suggests that the
excited mechanical resonances correspond to natural
eigenmodes of the phononic resonators.
IV. NUMERICAL MODELING
To relate the excited mechanical resonances to eigenmodes of the pillars, two numerical models are implemented
and compared. The first one consists of solving a simple
eigenvalue problem. The model considers a Pt cylinder
deposited on a lithium-niobate substrate consisting of a half
sphere of a diameter equal to half a wavelength with
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FIG. 4. Out-of-plane displacement for excitation frequencies of (a) 54 MHz, (b) 77 MHz, and (c) 95 MHz. The scans cover an area of
60 μm × 60 μm with a 0.5-μm step size. Inset of (a), cross section of the vibration amplitude for pillar P1 along the dotted line.

clamped boundary conditions at the bottom. The second
model implements a time-harmonic excitation of a pillar
deposited over a rectangular-shaped substrate. The model
integrates perfectly matched layers on the four sides and at
the bottom of the computation domain to absorb radiation
to the bulk. An external, circular line source presenting all
three polarizations is placed in the near field of the
resonator and used as an excitation signal. The two models
rely on the finite element method, through the COMSOL
MULTIPHYSICS software, and take into account anisotropy
and piezoelectricity of the substrate. In both cases, a density
of 104 kg m−3 , inferred from independent characterizations, is used to perform the computations; the Young’s
modulus and the Poisson coefficient are set to 130 GPa and
0.38, respectively.
Solving the eigenvalue problem first allows identifying
typical eigenmodes and eigenfrequencies expected for such
low-aspect-ratio mechanical resonators. An example of a
parametric sweep obtained for a pillar with a diameter of

d ¼ 3.1 μm and a varying height is displayed in Fig. 5. The
eigenfrequencies of the first three modes along with the
corresponding mode shapes are reported. The first mode is
a flexural mode with eigenfrequencies ranging between 40
and 120 MHz, depending on the pillar height. The second
mode is a purely in-plane mode, appearing at frequencies of
the order of 140 MHz for a 3-μm-high pillar. The third one
is a compression mode, with an essentially out-of-plane
polarization and strong coupling to the bulk. This mode
would appear at frequencies of about 180 MHz in the range
of dimensions corresponding to the fabricated resonators.
The first flexural mode is therefore the only eigenmode
responding in the frequency range of the elastic wave
source used in the experiments. Time-harmonic simulations
are then performed and compared to eigenvalue solving to
determine whether the experimentally observed resonances
are indeed due to a hybridization of a pillar eigenmode with
an elastic wave excited through the surface. First, the
resonance frequencies of the flexural mode for all fabricated pillars are calculated using both numerical models.
The obtained results are reported in Table I. The good
agreement on the resonance frequencies obtained through
the two simulation methods is expected: radiation to the
bulk substrate is intrinsically low for the first flexural mode,
which makes it less sensitive to reflections caused by the
TABLE I. Comparison between experimental resonance
frequencies (exp), eigenfrequencies (ef) and obtained through
time-harmonic simulations (TH). The Young’s modulus is set to
130 GPa, the Poisson’s ratio to 0.38.
Pillar

FIG. 5. Simulated eigenfrequencies of the first free natural
modes of a 3.1-μm-diameter pillar as a function of pillar height.
The corresponding computed total field distributions are given in
the insets.

P1
P2
P3
P4
P5
P6
P7
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d (μm)

h (μm)

f res exp
(MHz)

f res ef
(MHz)

fres TH
(MHz)

5.1
5.1
5.2
4.2
4
3.1
3.2

5.2
4.7
3.9
3.7
3.2
3.6
3

54
63
76
78

75
94

56
64
81
82
98
76
100

56
64
81
81.5
97
76.5
99
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FIG. 6. (a) Total displacement distribution obtained by finite
element simulations for pillar P6. The resonator is excited by
a circular line source with displacements along the three possible
polarization directions. (b) Out-of-plane component of the
displacement field. All dimensions are in millimeters.

clamped boundary condition at the bottom of the computational domain. This characteristic probably accounts for the
fair accordance observed between experimentally measured and numerically simulated resonance frequencies.
The elastic energy distribution in the pillar and on the
surrounding surface is then calculated through timeharmonic simulations. As an example, Fig. 6 displays
the distribution of the total displacement and of the outof-plane component of the displacement field for pillar P6
(diameter d ¼ 3.1 μm and height h ¼ 3.6 μm) at resonance
(f ¼ 75 MHz). The numerically obtained energy distribution exhibits a clear nodal line that corresponds well to the
one optically measured. These simulations then confirm
that the experimentally measured vibrations correspond to
intrinsic flexural modes of the mechanical resonator excited
through the substrate surface.
V. ELASTIC ENERGY CONFINEMENT IN
SUBWAVELENGTH PHONONIC RESONATORS
Both experimental elastic field maps and numerical
simulations point at a tight confinement of the elastic
energy in the proposed subwavelength resonators. To
support these observations, an additional sample hosting
a single pillar is fabricated and characterized. The resonator
now exhibits a diameter of 3.2 μm, a height of 3.3 μm, and
is again excited with a surface wave emitted by an AIDT.
The obtained measurements are opposed to characterizations of the elastic field performed on a reference, pillarfree sample.
Figure 7 reports the maximum amplitude measured at the
surface for different radial distances x from the pillar center.
Elastic field maps are first taken at different excitation
frequencies. Circles of increasing radius are created on each
field map, taking the pillar center as the centroid. The
maximum amplitude outside each circle is then extracted to
build the data set used for Fig. 7. It should be noted here
that as the laser probe spot size is 1.5 μm, the data only
become significant when the radial distance is at least half a
spot size away from the pillar edge, or 2.25 μm from the
center. For smaller distances, the spot size and the scanning

FIG. 7. Displacement amplitude measured at the surface of a
substrate hosting a 3.2-μm-diameter, 3.3-μm-high Pt pillar,
obtained by retrieving the maximum amplitude of vibration as
a function of excitation frequency and measured at different radial
distances x to the pillar center (respectively, x ¼ 0, 2.5, 5, and
8.5 μm). The response of the surface elastic wave excitation
source obtained from a pillar-free sample is given as a reference.

step lead to an integration of the signal including a direct
contribution from the pillar.
Figure 7(a) (label x ¼ 0) corresponds to an extraction
performed strictly on the pillar. The frequency response of
the resonator therefore shows an amplitude of vibration at a
resonance of the order of 9 nm, a value comparable to those
obtained for the pillar ensemble previously discussed. The
measured resonance frequency is about 82.5 MHz, while
numerical simulations predict a frequency of about
86 MHz. At a radial distance of 2.5 μm from the pillar
center [i.e., 1 μm from the pillar edge, Fig. 7(b)], the
displacement field amplitude is about 1 nm, versus 0.77 nm
for the free surface. At 5 μm from the pillar center, the
amplitude is at the same level as the one measured for
the pillar-free sample and the pillar no longer contributes to
the elastic energy distribution at the substrate surface. This
trend is confirmed as the radial distance increases, as shown
in Fig. 7(d), corresponding to a distance of 8.5 μm.
In order to evaluate precisely the energy decrease outside
the resonator, time-harmonic numerical simulations are
performed and compared to experimental data. Cross
sections of the modeled elastic energy distribution of the
out-of-plane component of the displacement field are
reported in Fig. 8(a). The two-dimensional cross section
clearly shows that the pillar acts as a secondary dipolar
elastic wave source with limited radiation towards the bulk.
A cross section taken in the direction orthogonal to the
nodal line confirms the strong energy decrease outside the
resonator. The displacement amplitude reaches a maximum
at the pillar edge and the elastic energy decays exponentially outside of the pillar, leading to an amplitude level
tending toward zero at a distance of about 8 μm from the
pillar center when removing the contribution of the surface
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elastic energy at the substrate surface can be controlled by
addressing each pillar independently as a function of drive
frequency, hence opening the door for coherent, highfrequency elastic wave distribution and confinement at the
microscale or nanoscale. Potential outcomes may lie in
devices with acousto-optical or acoustoplasmonic functionalities or in charge transport.
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FIG. 8. Elastic energy decay at the substrate surface as a
function of distance to pillar center: (a) Simulation results
obtained by cross sectioning the elastic field maps obtained
through time-harmonic simulations. The two-dimensional cross
section in the inset shows the spatial distribution of the elastic
energy within the pillar and beneath the substrate surface.
(b) Comparison between experimental measurements and
numerically convoluted simulation data.
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VI. CONCLUSION
In conclusion, we have experimentally demonstrated
the possibility of coupling independently elastic energy
in individual mechanical resonators excited by a longwavelength surface acoustic wave. The elastic energy is
efficiently confined in micron-scale cylindrical pillars,
leading to an energy localization in dimensions at least
ten times smaller than the excitation wavelength. A strong
field enhancement as compared to the one hosted by the
wave propagating on the substrate surface is reported. The
pillars are fabricated individually using FIBID, a technological process that intrinsically allows a three-dimensional
control of the resonator geometrical properties at an
individual level. The proposed experimental configuration
is therefore used to show that the spatial distribution of the
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