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Nanophononic Bloch oscillations and Wannier-Stark ladders have been recently predicted to exist in

specifically tailored structures formed by coupled nanocavities. Using pump-probe coherent phonon

generation techniques we demonstrate that Bloch oscillations of terahertz acoustic phonons can be

directly generated and probed in these complex nanostructures. In addition, by Fourier transforming

the time traces we had access to the proper eigenmodes in the frequency domain, thus evidencing the

related Wannier-Stark ladder. The observed Bloch oscillation dynamics are compared with simulations

based on a model description of the coherent phonon generation and photoelastic detection processes.
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A homogeneous static electric field applied to a crystal
induces an oscillatory motion of the electrons; this con-
stitutes one of the most striking and counterintuitive results
of quantum effects in solids: the electronic Bloch oscilla-
tions (BOs) [1,2]. This phenomenon was experimentally
demonstrated 60 years after the original theoretical pre-
diction, with the advent of semiconductor superlattices [3].
The frequency counterpart of BOs are the Wannier-Stark
ladders (WSLs) [4], a series of energy levels separated by a
constant value. During the last 15 years BOs and WSLs of
atoms [5,6], Bose-Einstein condensates [7], plasmons [8],
photons [9,10], and sound [11–13] were also demonstrated
proposing alternative ways to mimic the effects of the
periodic linear potentials. We have recently predicted the
existence of GHz-THz nanophononic BOs and WSLs
[14,15] in systems formed by a series of coupled acoustic
nanocavities [16,17]. Here, we report the first experimental
observation of this phenomenon. By performing coherent
acoustic phonon generation experiments [18–22], subtera-
hertz hypersound was generated and detected with light
inside the structure. These time resolved experiments al-
lowed us to analyze the acoustic phonon dynamics both in
the time and frequency domains.

Each time an electron fulfills the Bragg condition, it gets
reflected changing its propagation direction. In the case of
electronic BOs this is achieved by accelerating the elec-
trons using the electric field, and thus changing the electron
wavelength. An analogue result could be achieved by
changing the lattice parameter of the structure as a function
of the position, while keeping constant the electron wave-
length. Taking advantage of this alternative, it is possible to
extend the BO phenomenon to other excitations that do not
have an associated canonical potential as would be the
electric field for electrons, as is the case of photons and
phonons. Nanophononic BOs (NBOs) have been predicted
and studied theoretically, but not yet observed experimen-
tally [14,15]. In order to evidence the NBOs, a parallelism
between the attractive potential for electrons of single

atoms, and the phononic response of planar acoustic nano-
cavities, can be established [15,16]. The latter confine
hypersound both spectrally and spatially. We note that
acoustic phonons in nanocavities are confined through
weak multiple reflections and interference by distributed
Bragg mirrors. In addition, the coherence length of acous-
tic phonons is much longer than that of electrons. These
features make acoustic phonons attractive for the study of
BOs at room temperature. In this Letter we present experi-
mental results that evidence the existence of NBOs and
WSLs in the THz range. We note that previous experimen-
tal results in the study of photonic BOs rely on the tunnel-
ing of waves through the structures, and the use of standard
transmission experiments [9–13]. In contrast, with the
picosecond ultrasonics techniques described here acoustic
phonons are both generated and detected with light inside
the coupled nanocavity structure, thus bringing a much
closer parallel with the phenomena based on electrons.
An acoustic nanocavity consists of two phononic dis-

tributed Bragg reflectors (BRs) enclosing a spacer [16,23].
The BRs are formed by a periodic array of bilayers of two
materials with different acoustic impedance [24]. The
studied structure consists of a series of 15 coupled acoustic
nanocavities. A schematic of the sample is shown in Fig. 1.
Each unit cell of the superstructure is formed by 6.5 periods
of AlAs=GaAs (�c=4, 3�c=4) BR, and a GaAs acoustic
spacer (�c=2), where �c is the acoustic wavelength of the
confined cavity mode. Each spacer is thus enclosed by two
BRs, one corresponds to the same unit cell, and the other
corresponds to the cell immediately to the right. The
sample was grown on a (001) GaAs substrate by molecular
beam epitaxy, producing sharp and planar interfaces at the
atomic level. This is a strong requirement to study the THz
phonon dynamics (nm wavelengths). The coupling be-
tween the acoustic nanocavities will develop phononic
conduction bands and band gaps [15]. In order to mimic
the effects of a linear potential, the energy of the ith cavity
must differ from that of the (i� 1)th cavity in a constant
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value [14,15]. This is equivalent to linearly modifying the
energy levels of the individual atoms in a periodic array,
which coincides with the effect of applying a linear electric
potential. Such dependence with position of the phonon
cavity-mode energy can be obtained by tuning the cavity
widths. In our case, a linear shift of 10.8 GHz per cavity
was established, being the first cavity energy set at
0.654 THz. This gradient leads to BOs with a period of
�92:6 ps [15], the 15 nanocavities (building blocks) mak-
ing the structure amount to 209 nanometric layers, with
layer thicknesses varying from 2.17 to 7.14 nm. These
thicknesses were verified by high resolution x-ray diffrac-
tion, and simulations. The latter show an excellent agree-
ment with the experiments using the nominal values and no
fitting parameters.

In the left panel of Fig. 1 we present the schematic band
structure, calculated as described in Ref. [15]. This phonon
band structure represents a practical way to identify the
tilted bands and spatial localization of the modes. Black
(white) regions represent the phononic band gaps (bands).
The central miniband (indicated in grey) arises from the
coupling of the individual nanocavities. It is worth noting
that without cavity-mode energy shift, this band would be
horizontal. We label the enclosing broader minigaps as the
lower (L) and upper (U) minigaps. The frequencies for
which both minigaps limit the grey nanocavity band de-
termines the region in which the nanowaves are spatially
confined, thus leading to the apparition of the WSL energy

levels. Acoustic phonons with appropriate energies will
bounce back and forth between the lower and upper tilted
minigaps. The BO period is determined by the energy
gradient imposed on the nanocavity energies: by increasing
the gradient, the period will be smaller and the acoustic
phonon packet will be more localized in space. The hori-
zontal arrow indicates the confinement region (�3 spacers)
for a given energy. The right panel of Fig. 1 shows the
calculated acoustic reflectivity of the structure considering
a semi-infinite GaAs medium at both sides of the structure.
The high reflectivity band between 0.480 and 0.674 THz is
determined by the superposition of the individual stop
bands of the unit cells. The equidistant central dips corre-
spond to the phononic WSL. Each nanocavity has an
associated resonance frequency determined by its thick-
ness. The red triangles indicate the confined mode frequen-
cies of the isolated nanocavities (�c ¼ v=�c, where v is
the sound velocity in the spacer). The coupled states cor-
respond to collective modes of the complete structure. We
emphasize that due to the coupling effects the isolated
nanocavity frequencies do not match the dips, which reflect
the proper modes of the WSL.
In order to evidence the NBOs and WSL, acoustic

phonons need to be generated and detected as they interact
with the structure. Pump-probe coherent phonon genera-
tion experiments [18–22] were performed using a Ti:sap-
phire laser which delivers 100 fs pulses. The pump pulse
impinges the sample generating the acoustic phonons,
while the delayed probe pulse senses the optical reflectivity
changes. Pump and probe pulses were focused superim-
posed on a �50 �m spot, with typical powers of 55 and
10 mW, respectively. The experiments were performed at
room temperature and with the laser wavelength set at
815 nm. For this wavelength the laser energy is above
the gap, but penetrates the whole structure. A typical
time trace is shown in Fig. 2(a). A slowly varying back-
ground related to the thermal and electronic responses of
the system has been subtracted for clarity. The measured
signal starts at t ¼ 0 ps with a rapid reflectivity variation,
originated by the fast electronic response of the structure.
Clear �22:5 ps period oscillations can be observed. They
are related to the Brillouin scattering of propagating acous-
tic waves both in the nanostructure and the GaAs substrate.
By filtering the signal, we can get rid of the low frequency
part of the spectrum and analyze the high frequency pho-
non dynamics. In Fig. 2(b) we show the signal after apply-
ing a bandpass filter between 0.517 and 0.636 THz, i.e.,
covering the region of the WSL. The low frequency oscil-
lations have been eliminated, unmasking a very rich high
frequency time trace (see the insets). It is possible to
identify beatings in the amplitude of the signal with an
approximate period of�95 ps. As wewill show below, this
is directly related to the BOs experienced by the
hypersound.
As both the generation and the detection of acoustic

phonons are distributed over the whole device, by Fourier
transforming the time dependent reflectivity signal it is

FIG. 1 (color online). Top: Schematic of the coupled nano-
cavities nanostructure. Bottom left: Phonon band structure. The
central grey region (indicated with a double arrow) limited by
the thicker black forbidden bands corresponds to the cavity-
mode band. L, U, and WSL indicate the lower and upper
minigaps, and the acoustic WSL region. Bottom right:
Calculated acoustic reflectivity. Red triangles indicate the reso-
nance energies of the isolated nanocavities.
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possible to sense the acoustic eigenstates of the full cavity
system. Figure 3 shows the Fourier transform (E-FT) of
the experimental signal shown in Fig. 2. Notably, it is
characterized by a series of equidistant peaks between
0.53 and 0.62 THz, plus some additional features. For
clarity reasons, the calculated acoustic reflectivity is also
included in the top panel. Note the coincidence between
the measured acoustic modes and the dips in the reflectivity
corresponding to the phononic WSL, without any fitting
parameter in the latter.

We performed numerical simulations using a theoretical
model based on a spatially dependent impulsive generation
of hypersound, followed by a photoelastic detection pro-
cess [18,22]. The generated spectrum is calculated assum-
ing that at time zero an ultrafast electromagnetic pulse
defines a strain that is distributed along the structure and
depends on the material light-sound transduction constant.
Since the laser energy is near (far from) the fundamental
electronic transition of the GaAs (AlAs) layers, the main
contribution to the electron-hole pair generation and pho-
toelastic mechanism will be localized only in the GaAs
quantum wells. We thus consider this constant �0 for
AlAs but finite for GaAs. To characterize the detection
properties of the device we evaluate the time dependent
change in reflectivity induced through a photoelastic
mechanism. Standard values for the materials properties
were used, without any adjustment parameter [25]. The
simulated spectrum (GþD) is displayed in Fig. 3. The
simulation reproduces all the main features of the experi-

mental spectrum with a remarkable agreement, in particu-
lar, the spectral position of the peaks corresponding to the
WSL. The theoretical FT was performed over 800 ps to
take into account the finite experimental integration time.
The spectra differs, however, in the linewidth of the modes.
In fact, the simulations do not consider acoustic absorption
effects that could be significant at room temperature, elec-
tronic resonances with individual quantum wells [26], or
light absorption effects. In addition, surface roughness,
particularly at the air-sample interface, could lead to an
additional broadening mechanism [27]. The generated
phonons (shown in Fig. 3, labeled with G) are exactly the
same as the ones experiencing the BOs. That is, the pho-
nons do not have to tunnel the band gaps to start oscillat-
ing; they are created in the spatial region confined by the
tilted upper and lower minigaps, in close analogy with the
classical electronic BOs.
One of the most important advantages of the method

used to study the NBOs with respect to other techniques is
that the time domain information is directly available. In
our case, it is possible to filter the signal in order to analyze
an individual acoustic wave packet experiencing BOs,
isolated from the ensemble of acoustic phonons oscillating
within the whole structure. To further understand the nature
of the time response of our system, we filtered the mea-
sured time trace using a bandpass filter between 0.554 and
0.585 THz. This band comprises three peaks of the pho-
nonic WSL, which can be related to specific regions of the
sample. In the right panel of Fig. 4 we show the resulting

FIG. 2 (color online). Time resolved reflectivity measured on a
structure formed by 15 coupled acoustic nanocavities.
(a) Measured signal using a laser wavelength of 815 nm without
a slowly varying background. (b) Signal after applying a band-
pass filter set between 0.517 and 0.636 THz. The insets show a
zoom of the time trace between 200 and 300 ps.

FIG. 3 (color online). Upper panel: calculated acoustic reflec-
tivity of the studied structure. The dips correspond to the nano-
phononic WSL energy levels. Lower panel: Fourier transform of
the derivative of the experimental signal shown in Fig. 2 (E-FT),
simulated spectrum (GþD), and computed acoustic phonon
generation spectrum (G).
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filtered experimental time trace. Note that oscillations can
be clearly observed, and have a very well defined period of
95.3 ps, in agreement with the expected theoretical BO
period � ¼ h=�! of 92.7 ps. These oscillations can be
related to the beatings observed in Fig. 2(b). In order to
analyze the time dependence of the experimental signal we
compare it with the time evolution of the simulated gen-
eration spectrum. We computed the time evolution of the
simulated generated phonon pulse as

uðz; tÞ ¼
Z !2

!1

uðz; !Þe�i!td!; (1)

where u is the atomic displacement, ! the phonon fre-
quency, and !1 and !2 are the same limits defined for the
filtering of the experimental signal. The uðz; !Þ functions
are the set of eigenstates of the elastic equations governing
the atomic displacement [15]. juðz; tÞj2 is shown in the left
panel of Fig. 4, where clear (dark) zones indicate maxima
(minima) in the displacement amplitude. The vertical
white lines indicate the position of the acoustic spacers
in the structure. Observing the simulations, it is possible to
identify the spatial region where the BOs take place. In this
particular case, phononic BOs develop between cavities 7
and 9, in agreement with the band structure scheme shown
in Fig. 1. By shifting the filter window, the region where
BOs developed would also be changed. The horizontal
dotted lines in Fig. 4 are a guide to the eye indicating the
maxima in the filtered experimental time trace. In this case,
comparing the simulations with the experimental time
signal it is evident that the detection is maximum when
the phonon packet passes through cavity number 7. This
can be understood considering that there must be a phase
matching between the electromagnetic field, acoustic
strain, and photoelastic pattern, which determines which

modes are more efficiently detected [22,24]. The result
presented in Fig. 4 is consistent with the conceptual design
of the sample.
In conclusion, we have experimentally demonstrated

NBOs and WSLs in coupled acoustic nanocavity struc-
tures, generating and detecting THz acoustic nanowaves
using femtosecond laser pulses. The experiments reflect
the presence of the proper modes of the artificially engi-
neered phononic potential. Our results constitute a clear
example where the capability to generate and detect ultra-
high frequency phonons, and the ability to fabricate
samples with specifically engineered nanometric modula-
tions and atomic level interface quality, added to the po-
tentiality to manipulate electronic, magnetic, and optical
properties with hypersound open new possibilities in the
field of nanophononics.
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