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We introduce a novel ultracompact nanocapacitor of coherent phonons formed by high-finesse
interference mirrors based on atomic-scale semiconductor metamaterials. Our molecular dynamics
simulations show that the nanocapacitor stores coherent monochromatic terahertz lattice waves, which
can be used for phonon lasing—the emission of coherent phonons. Either one- or two-color phonon
emission can be realized depending on the geometry of the nanodevice. The two-color regime of the
interference phonon nanocapacitor originates from the different incidence-angle dependence of the
transmission of longitudinal and transverse phonons at the respective interference antiresonances. Coherent
phonon storage can be achieved by an adiabatic cooling the nanocapacitor initially thermalized at room
temperature or by the pump-probe optical technique. The linewidth narrowing and the computed relative
phonon participation number confirm strong phonon confinement in the ultracompact interference
nanocavity by an extremely small amount of resonance defects. The emission of coherent terahertz
acoustic beams from the nanocapacitor can be realized by applying a tunable reversible stress, which shifts
the frequencies of the interference antiresonances.
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Phonons, quanta of lattice waves, having significantly
shorter wavelengths than photons at the same frequency,
may allow us to pursue improved resolution in tomo-
graphic, ultrasonic, and other imaging techniques using
focused sound waves. In particular, the terahertz phonons
that have wavelengths comparable to the lattice constants
would allow us to detect microscopic subsurface structure
up to the atomic scale, also in opaque materials, with a
precision higher than what optical microscopes can pro-
vide. To this end, ultrahigh-frequency coherent phonon
sources are urgently desired. Coherent phonon emission
and lasing have been studied in semiconductor superlattices
[1–5], optomechanical systems [6–8], and electromechani-
cal resonators [9–11], as well as in a single-ion trap [12,13]
and ultracold atomic gas [14]. Coherent phonon manipu-
lations for energy transport in dynamical nanosystems
have been an emerging focus of research [15]. Various
functional components of nanophononic devices, such
as thermal diodes [16,17], thermal transistors [18], and
thermal memory [19], have been investigated theoretically
and experimentally.
Conventional sources of sound waves, such as piezo-

electric transducers, fail to operate efficiently above a few
tens of gigahertz. Coherent phonons were released during

electrons tunneling through the coupled quantum wells [4].
Similar emission was also observed in hybrid optomechan-
ical schemes in the range of megahertz [7] and gigahertz
[20] frequencies. For these systems, the need for strong
optical pumping or complex actuator tuning may limit
the development of phonon lasers because unavoidable
compromises have to be made in the design scheme.
In this Letter, we introduce a three-dimensional (3D)

interference phonon nanocapacitor based on atomic-scale
semiconductor metamaterials. The nanocapacitor allows
the confinement and storage of terahertz coherent phonons
with an ultrahigh monochromatic quality by an adiabatic
cooling of the nanodevice or by the pump-probe optical
technique [2,3]. We show that the nanocavity structure,
formed by two high-finesse interference phonon metamir-
rors (IPMs) [21–23], can efficiently store a large number of
coherent nonequilibrium phonons. The nanocapacitor can
emit coherent terahertz phonon beams upon application of
a tunable reversible stress. Such emission can be considered
as “phonon lasing.” Either one- or two-color phonon lasing
can be realized depending on the geometry of the nano-
device, in contrast to the usual one-color photon lasing.
The achievement of the storage and emission of coherent
terahertz phonons will provide an essential step towards
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active hypersound devices and nanophononic applications
of terahertz acoustics, including surgery with focused ultra-
and hypersound in medicine [24]. On the other hand, the
high sensitivity of the phonon interference antiresonance to
the applied stresses and strains makes it possible to use the
ultracompact capacitor also as a nanodetector of atomic-
scale displacements and strains in the surrounding material,
like a single molecule can be used as a detector of
nanomechanical motion [25,26].
A detailed atomistic presentation of the phonon nano-

capacitor is depicted in Fig. 1(a). The nanocapacitor
consists of two parallel IPMs separated by a spacer made
of bulk silicon (Si). Each IPM is composed of an atomic-
scale metafilm: an internal (001) crystal plane in a cubic Si
lattice partially filled with germanium (Ge) impurity atoms,
as shown in Fig. 1(a). The confinement of phonon modes in
the cavity results from the two-path destructive phonon
interference in the metamirrors [21–23]. Ge atoms in a
crystal plane of the IPM force phonons to propagate
through two paths: through unperturbed (matrix) and
perturbed (defect) interatomic bonds. The resulting destruc-
tive phonon interference yields transmission antiresonances
(zero-transmission dips) for terahertz phonons, traversing
the IPM. The random distribution of the defects in the
IPM plane and the anharmonicity of atom bonds do not
deteriorate the interference antiresonances [23]. Laser-
assisted molecular beam epitaxy has achieved atomically
sharp interfaces in a superlattice [27] and can hence provide
a possible experimental implementation for the proposed
nanocapacitor since this technique can reach the resolution
of a single unit cell in the lattice. In the molecular dynamics
(MD) simulations,wemodel the covalent Si:Si/Ge:Ge/Si:Ge
interactions by the Stillinger-Weber potential [28]. All our
MD simulations [29] were performed with the LAMMPS
code package [33].
We first study the storage of coherent phonons by

cooling the nanocapacitor initially thermalized at room
temperature, implemented by MD simulations [29]. Two
heat sinks are coupled to the capacitor on the two facets of
the mirrors, as shown in Fig. 1(b). The phonons, leaving the

capacitor, are dissipated once entering the sinks, which are
modeled by the Langevin heat baths [34], which provide
the effects of inelastic scattering on the phonon transport.
The capacitor was initially thermalized homogeneously at
T ¼ 300 K to ensure that the material approaches the state
of energy equipartition. The classical approximation
remains relevant for Si at T ¼ 300 K ≈ 1=2ΘD, where
ΘD¼645K is the Debye temperature of Si. In Figs. 2(a)
and 2(b), the power spectral density of the atomic kinetic
energy in the capacitor is shown, which was calculated
from the windowed Fourier transform to demonstrate that
all phonon modes were excited. Then, the temperature of
the heat sinks was set below 40 K to cool down the
capacitor [35]. In Fig. 2, the linewidth narrowing at zero
temperature of the heat sinks is shown to clarify the
physical mechanism. The effect of the finite temperature
of the sinks is shown in Ref. [29]. In practice, liquid helium
(at ∼4 K) can be used for the heat sinks and Dewar flasks
can be considered to prevent heat conduction and radiation
from the free side surfaces in experimental implementations
of the interference phonon capacitor.
We have found that the nanocapacitor can function in

two regimes: in a dual-mode regime and in a single-mode
regime, depending on the aspect ratio of the capacitor
p defined as p ¼ Lx=Lz ¼ Ly=Lz. For a quasi-one-
dimensional (quasi-1D) capacitor with a small aspect ratio
p ≈ 1=4, after t ¼ 5 ns of cooling we notice the linewidth
narrowing at the frequencies ω1=2π ¼ 3.5 THz and
ω2=2π ¼ 6.31 THz, which corresponds to the dual-mode
regime with the storage of both transverse and longitudinal
coherent lattice waves. The power spectral density for all
phonon modes in the capacitor has decayed during the

FIG. 1 (color online). Silicon phonon nanocapacitor composed
of two interference phonon metamirrors separated by a spacer.
(a) The atomistic view of the phonon capacitor and mirrors. The
atoms in brown are Ge impurity atoms and the green ones are Si
atoms of the host lattice. (b) Phonon capacitor coupled to two
heat sinks under the applied uniaxial stress σzz. The dimensions
of the capacitor are Lc

x ¼ Lc
y ¼ 8 nm and Lc

z ¼ 35 nm.

(a)

(b)

(c)

(d)

FIG. 2 (color online). Power spectral density of atomic kinetic
energy in the nanocapacitor initially thermalized at T ¼ 300 K as
a function of time delay t after the adiabatic cooling onset.
Nanocapacitor dimensions are Lc

x ¼ Lc
y ¼ 8 nm and Lc

z ¼ 35 nm
(a), and Lc

x ¼ Lc
y ¼ 33 nm and Lc

z ¼ 35 nm (b). (c),(d) Gaussian
fit of the capacitor phonon peaks to measure FWHM Δω at
t ¼ 100 ns for the peaks in (a) and (b), respectively.
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cooling process by more than 2 orders of magnitude except
for the two modes, as shown in Figs. 2(a) and 2(c). With a
cooling duration of t ¼ 100 ns, which is very long for an
atomic system, the coherent phonon peaks at ω1;2 show a
decrease of only 10% with respect to that at t ¼ 5 ns while
all the other phonon modes have practically escaped the
capacitor. This high monochromatic quality makes the
interference cavity an ideal candidate for a coherent phonon
source—the phonon laser [4,5,7,20].
The single-mode regime was achieved in a 3D capacitor

with p ≈ 1: after the same cooling process, only the
longitudinal mode at ω2=2π ¼ 6.31 THz is stored, as
shown in Figs. 2(b) and 2(d). Since the capacitor phonons
are in a single-mode state at low temperature of the heat
sinks, the phonon number nC and total elastic lattice energy
Eel are related as Eel ¼ ℏω2ðnC þ 1

2
Þ. We thus obtain the

phonon number nC ≈ 57000 for Eel ¼ 77.8 eV stored in
the present nanocapacitor. In the limit of nC ≫ 1, nC and
ω2 play, respectively, the role of the effective charge and
potential of the phonon nanocapacitor. For a large phonon
number nC ≫ 1, the classical equations of motion are valid
for ensemble averaging in the semiclassical limit [36,37].
By the MD-based phonon wave-packet (WP) method

[23], we computed the energy transmission coefficient
αðω; ξÞ for the Si:Ge interference mirror, for transverse
and longitudinal waves. To compute αðω; ξÞ, we excited a
3D Gaussian wave packet centered at the frequency ω and
wave vector k in reciprocal space and at r0 in real space,
with the spatial width (coherence length) ξ. The WP
generation was performed by assigning the displacement
for the atom i:

ui ¼ AeiðkÞei½k·ðri−r0Þ−ωt�e−½ri−r0−vgt�2=4ξ2 ; ð1Þ

where A is the wave amplitude, eiðkÞ is the phonon
polarization vector, and vg is the phonon group velocity
at the WP center frequency ω. The WP energy transmission
coefficient αðω; ξÞ is defined as the ratio between the
energy carried by the transmitted and initial wave packets,
which are centered at the given phonon mode ðω;kÞ with
the spatial extent ξ. It is determined by the convolution
of the transmission coefficient for the plane wave
αpwðωÞ ¼ αðω;∞Þ, described in Ref. [23], with a
Gaussian WP in the frequency domain with the full width
at half maximum (FWHM) Δω ¼ vg=ð2ξÞ: αðω; ξÞ ¼
R
ωmax
−ωmax

αpwðω0Þe−½ðω−ω0Þ2=2Δω2�ðdω0=Δω
ffiffiffiffiffiffi
2π

p Þ. We have con-
firmed that the phonon modes, trapped in the capacitor
after the cooling, correspond to the antiresonance modes of
the IPM, as shown in Figs. 3(a) and 3(b). Therefore, the
capacitor phonons, initially excited by the external thermal
or optical pumping, will experience linewidth narrowing
during the cooling and concentrate at the transverse and
longitudinal modes, with ω1 and ω2 eigenfrequencies,
respectively, since the interference mirrors totally reflect

the antiresonance-mode phonons but allow the other
phonons to be transmitted.
The interference cavity carries out significant phonon

confinement through the two-path interference in the IPMs.
For a quantitative measure of phonon confinement, we
introduce the relative phonon participation number N :

N
�
k
ω

�

¼
�XN

i¼1

EiðkωÞ
�

2

=N
XN

i¼1

�

Ei

�
k
ω

��
2

; ð2Þ

where EiðkωÞ, the mean kinetic energy of atom i for a normal
mode ðkωÞ defined by the wave vector k and the frequency
ω, can be found from the corresponding eigenvector ϵiðkÞ,
N is the total atom number in the system. N ∈ ½0; 1� and
measures the fraction of atoms participating in the normal
vibration mode ðkωÞ, cf. Ref. [38]. Figures 3(d) and 3(e)
present a comparison between the computed N ðωÞ in a
mirror-free Si sample and in a capacitor formed by two
IPMs. Most of the modes in the spectral range ω=2π ∈
½0; 8� THz are propagative since N ≳ 0.5 is characteristic
for the typical extended phonon modes in a perfect crystal
[38]. But in the sample with the two atomic-scale

(a)
(b)

(c)

(d) (e)

FIG. 3 (color online). (a),(b) Spectra of the energy transmission
coefficient αðω; ξÞ through the interference mirror obtained by
MD simulations for phonon WPs with different coherence
lengths ξ in Eq. (1) and incidence angles θ. Transmission of
normally incident WP (θ ¼ 0) with long coherence length
ξ ¼ 100λc (plane-wave approximation, red circles) and with
short coherence length ξ ¼ 8λc (yellow circles) in comparison
with the convolution of the plane-wave transmission spectrum
αpwðωÞ with a frequency-domain Gaussian WP (green curve)
with longitudinal (a) and transverse (b) polarization. (c) Trans-
mission of the oblique-incident WP (θ > 0) with ξ ¼ 100λc at the
antiresonances ω ¼ ω1;2 for transverse (T) and longitudinal (L)
polarizations. (d),(e) Relative phonon participation number
(RPPN) N ðωÞ, Eq. (2), in a mirror-free Si sample (d) and in a
capacitor formed by two IPMs (e).
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interference metamirrors, confined modes with very low
N ðωÞ (<0.1) are observed at ω1=2π ¼ 3.51 THz and
ω2=2π ¼ 6.3 THz, which correspond exactly to the trans-
verse and longitudinal antiresonance frequencies of the
mirrors. These plots demonstrate the strong effect of
an extremely small amount of Ge atoms, ∼0.7%, on the
phonon confinement and explain the origin of the ultra-
compactness of the proposed interference phonon cavity.
We note that N ðkωÞ also describes phonon correlations in
the system: it is the frequency-domain classical counterpart
of the inverse time-domain second order phonon-phonon

correlation function 1=gð2Þph ¼ hb†bi2=hb†b†bbi [39,40],

where b† and b are the creation and annihilation operators
of the vibrational modes, in the quantum-mechanical
description of phonon confinement and correlations in
the considered interference cavity.
The two-color regime of the capacitor originates from

the different incidence-angle θ dependence of the trans-
mission coefficient αðω; ξ; θÞ for the transverse and
longitudinal phonons at their respective antiresonances
ω ¼ ω1;ω2, as shown in Fig. 3(c). By modeling the oblique
incidence of the plane-wave phonon (WP with ξ ¼ 100λc),
we found that αTðω2; ξ; θÞ > αLðω1; ξ; θÞ for θ > 0, show-
ing that the oblique-incident transverse phonon has a
higher transmittance through the mirror than the longi-
tudinal counterpart. Therefore, in a 3D nanocapacitor with
p ≈ 1, IPMs are more transparent for transverse phonons
among all the phonons, incident at large angles θ. Hence,
only the longitudinal phonon modes remain in the capacitor
after the cooling process, see Figs. 2(b) and 2(d). By
contrast, in a nanocapacitor with a small aspect ratio
p ≪ 1, when the system is quasi-1D and phonons are
incident upon IPMs almost normally (with θ close to 0),
both the longitudinal and transverse modes are confined in
the nanocapacitor [41], see Figs. 2(a) and 2(c). The two-
color operation may pave the way for the dual-mode single
phonon source, which is of crucial potential interest for
quantum computing with phonons [42–44].
The confining effect of acoustic modes could also be

found in a subterahertz acoustic nanocavity [1,2] placed
between two Bragg reflectors (BRs). The nanocavity mode
corresponds to the Fabry-Pérot resonance in the inhibited
band gap background of the surrounding BRs [1,3]. Such a
Fabry-Pérot mode gives rise to the total transmission peak
lying inside the wide phonon band gap, which can be
identified as “resonance tunneling.” The interference pho-
non cavity has several differences from the acoustic cavity
placed between two BRs [29], and the important advantage
is related to the fact that BRs are made of several periods
of the semiconductor superlattice with a total thickness of
several dozen nanometers [1–3], while IPMs in the inter-
ference phonon cavity require only single-atom crystal
planes, which enables the potential realization of ultra-
compact nanophononic devices.

To understand better the generation mechanism of the
capacitor phonons, we have studied the evolution of lattice
dynamics in the nanocapacitor after its excitation in the
form of a phonon WP (see also Ref. [29]). We demonstrate
through the mapping of the power spectral density of the
atomic kinetic energy in the capacitor, shown in Fig. 4, that
the Gaussian phonon WP, initially centered at (ω;k),
finally transforms into coherent monochromatic standing
wave composed of the two plane waves with the same
frequency ω and opposite wave vectors �k along the
normal to the mirrors (when ξ ≫ Lc

z). Between the free side
surfaces of the capacitor, a standing wave with the wave-
length λ ¼ 2Lc

x of the sinusoidal envelope is formed. In
practice, the pump-probe optical technique [2,3] can be
used to excite the capacitor phonons, and the considered
WP excitation mimics this technique.
We now turn to the controllable emission of the coherent

phonons from the capacitor. Figure 5 shows the shift of the
interference antiresonance spectral loci for transverse and
longitudinal phonons caused by the uniaxial stress σzz,
applied in the [001] direction to the interference cavity as
shown in Fig. 1(b). The resulting strain ϵ produces the
change in the local force constants between the Ge and Si
atoms in the mirrors, which shifts the antiresonance frequen-
cies ω1;2 of the capacitor, according to the value of the
Grüneisen parameter of Si. Through such a mechanism, we
are able to emit coherent phonons by applying a tunable
reversible uniaxial stress at the tips of the device [45] (and
the resulting strain can be rather small, ϵ ¼ 1%, see
Ref. [29]). Once the external stress is released, the phonon
emission is switched off due to the recovery of the

(a)

(c) (d)

(b)

FIG. 4 (color online). Power spectral density of atomic kinetic
energy in the capacitor after excitation of the transverse (a)
and longitudinal (b) phonon WP as a function of time delay t.
The peaks centered at ω1;2 demonstrate a continuous linewidth
narrowing as a function of t. At t ¼ 5 ns, the widths narrow down
to Δω1=2π ¼ 1.2 × 10−3 THz and Δω2=2π ¼ 1.5 × 10−3 THz,
which correspond to the cavity Q factors of Q1 ¼ 2916 and
Q2 ¼ 4208, respectively. Gaussian fit of the capacitor phonon
peaks to measure FWHM Δω at t ¼ 5 ns for the transverse
(c) and longitudinal (d) modes.
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interference metamirrors back to the original antiresonance
frequencies. Therefore, the directional and coherent phonon
emission from the interference cavity, which can be con-
sidered as phonon lasing [10,13], is flexibly switched by the
external stress. The two- or three-color phonon lasing of both
longitudinal and transverse coherent lattice waves can be
realized from the quasi-1D nanocapacitor [41].
The interference phonon capacitor may be a new

component for constructing and controlling macroscopic
artificial quantum systems based on sound. The tunable
strain-engineered discharging of the nanocapacitor and
the two- or three-color phonon emission may also be
relevant for quantum computing with phonons: to inhibit
decoherence and to yield single phonons. Moreover,
phonons from the nanocapacitor can be coupled to optical
fields and an electronic subsystem, which enables the
ultracompact interference phonon capacitor to play an
important potential role in a hybrid quantum computing
architecture [42–44].
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