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We present a theoretical description and results of the ﬁrst experimental observation of
Bloch oscillations, Wannier–Stark ladders, and resonant Landau–Zener tunneling of surface
acoustic waves in perturbed grating structures made of gold stripes on a LiNbO3 substrate.
Our model provides a quantitative description of all the relevant features of the experimental observations, including multiple resonant Landau–Zener transitions between anticrossed
surface acoustic Wannier–Stark states, which originate from neighboring acoustic minibands.
PACS numbers: 62.65.+k, 63.22.-m, 43.35.+d

I. INTRODUCTION

Bloch oscillations (BOs) and Landau–Zener tunneling (LZT) are the fundamental
phenomena associated with the quantum dynamics of a particle in a periodic potential
subjected to an external static force. BOs of the wave packet group velocity result from
the interplay between the particle-like acceleration caused by a constant driving force and
the wave-like Bragg reﬂection in the periodic potential. These BOs lead to the formation
of a Wannier–Stark ladder (WSL) of localized states in a perturbed periodic potential.
LZT to higher-energy bands is responsible for anticrossing between the WSLs originating
from neighboring bands, which in turn causes spatial delocalization of the WS states. BOs
and LZT of electrons have been impressively demonstrated after the advent of semiconductor superlattices [1, 2]. Subsequently, these investigations have been extended to various
physical systems such as cold atoms and Bose–Einstein condensates in accelerating optical
lattices [3, 4] and optical waves in photonic lattices [5, 6].
In general, Bragg reﬂections can cause BOs of waves of any nature (electronic, optical,
acoustic, or matter waves) in a lattice with a weak linear gradient of the lattice potential,
e.g., [7, 8]. Recently, considerable eﬀorts have been made by researchers in the ﬁeld of
phononics to observe BOs, WSLs, and LZT [9]. For instance, BOs and WSL states have
been predicted for semiconductor multilayer solid structures based on acoustic-phonon cavities [10]. Vibration WSLs have been observed in one-dimensional (1D) elastic chains [11].
The existence of acoustic BOs, WSLs, and LZT has been demonstrated in the ultrasonic
superlattice made of layers of a solid polymer, with 1D water cavities between the layers
[12]. The existence of acoustic BOs, WSLs, and LZT has also been demonstrated in 2D
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phononic crystals made of rigid cylinders in water [13, 14]. However, such phenomena
have not been observed in solid-state devices based on phononic structures fabricated by
standard lithography techniques.
We demonstrated that the fundamental phenomena related to quantum wave transport in a perturbed periodic potential, such as BOs, WSLs, and LZT, can be studied by using surface acoustic waves (SAWs) in a solid (see also Ref. [15]). We developed a theoretical
model for providing a quantitative description of our experimental observations, including
multiple Landau–Zener-like transitions between anticrossed surface acoustic Wannier–Stark
states. As opposed to previous studies in which bulk superlattices were used for carrying
out observations, the present study involves the use of planar geometry for the realization of
surface acoustic BOs, WSLs, and LZT, and hence enables direct measurement of the elastic
ﬁeld distribution of the corresponding Wannier–Stark and Landau–Zener eigenstates.

II. THEORY

In our approach, we employ SAW cavities separated by acoustic Bragg reﬂectors
(BRs). BRs are eﬃcient barriers and show high reﬂectivity for an incoming wave-packet,
despite the fact that the reﬂection amplitude (r) of a single thin stripe is usually very small:
r ∼ h/λ for h ≪ λ, where h is the thickness of the stripe and λ is the SAW wavelength. The
appropriate number of stripes Ns in a BR can be determined from the condition rNs ∼ 1.
By performing transfer-matrix (TM) calculations, we model SAW propagation in grating
structures as the propagation of a scalar acoustic wave through the 1D multilayer system,
which consists of two distinct types of layers having the same eﬀective shear modulus
but diﬀerent eﬀective densities. The diﬀerence between the eﬀective densities of the two
layers causes a diﬀerence in the acoustic wave velocities in the corresponding layers. This
velocity diﬀerence in turn causes a diﬀerence ∆VR in the velocities of the Rayleigh SAWs
at a free surface and a surface perturbed by mass loading [16]: ∆VR /VR ∼ −4h/λ, as has
been observed in the case of a gold-stripe grating on a LiNbO3 substrate [17]. The scalar
displacement in this model is proportional to the vertical and in-plane elastic displacements
of the Rayleigh SAWs, e.g., Ref. [18]. This nonperturbative model, which is valid for
gratings made of a material with relatively high mass density and low transverse acoustic
velocity when h ≪ λ, accounts for and quantitatively describes the main features of SAW
transport in the perturbed periodic potentials considered.

III. EXPERIMENT

The unperturbed grating structure used in our experiment consists of six BRs separated by ﬁve identical free-surface LiNbO3 3λ/2 cavities (see [15] for details of the setup).
Each BR consists of 20 λ/4 gold stripes (corresponding to a width of ∼ 2.8 µm) separated
by a λ/4 free-surface LiNbO3 spacing. In order to emulate the driving force for SAWs,
structures with perturbed cavities are produced. Namely, the lengths of the cavities are
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FIG. 1: Logarithmic-scale plot of measured (a) and calculated (b) spectra for surface acoustic wave
transmission through weakly coupled cavity structures for various design gradients δ. Total thickness
of composite gold stripes with 10 nm NiCr adhesion layers is 60 nm in the experiment, and that
for pure gold stripes is 50 nm in the simulations. Vertical dashed-dotted lines indicate the region
corresponding to the Wannier–Stark ladder states.

changed according to the constant gradient δ in the resonant frequency of the uncoupled
cavities.
The experimental results obtained for SAW propagation through 60-nm-thick grating
structures whose design gradient is in the range 0 ≤ δ ≤ 30% are shown in Fig. 1(a). The
plot presents the transmission amplitude through the structure on a logarithmic scale. The
vertical and horizontal axes show the SAW frequency and δ, respectively. The grid on the
horizontal scale has steps of δ = 0.25%, and each step corresponds to a diﬀerent device consisting of a grating structure inserted between a pair of interdigital transducers. The SAW
transmission is measured by means of a network analyzer, which is normalized by a refer-
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ence signal obtained from a delay line without any grating. The vertical dashed lines divide
the plot into three regions. In the region δ ≤ 4%, the gradient is small and the transmission
in the band gap is governed by miniband wave transport, where the Fabry–Perot peaks are
associated with the coupled cavities. The wave functions within this frequency range are
extended throughout the structure. For the 4% ≤ δ ≤ 8%region, the resonant frequencies
show a linear dependence on the design gradient, as is typically observed for WSLs; in this
region, the coupling between the cavities is suppressed and the wave functions associated
with the ladder states are localized mainly at individual cavities. The phenomena observed
in the δ > 8% region are highly complex because several states originating from the higher
and lower transmission bands undergo anticrossing with the WSL states generated by the
cavities. These anticrossings correspond to the brighter regions in the Fig. 1(a) since the
corresponding transmission amplitudes are high owing to resonant LZT. Apart from the
ordinary anticrossings between two WSL states, multiple Landau–Zener transitions are observed in these graphs: a few triple anticrossings (for δ ≈ 16%) and one quadruple LZT
(for δ ≈ 25%).
Figure 1(b) shows the results of the TM calculations carried out for pure gold stripes
with a thickness of 50 nm. There is excellent qualitative and quantitative agreement between
the experimental and calculation results. All the relevant features of the experimental plot,
including the positions of the main single and multiple anticrossings, can be clearly assigned
to the corresponding features determined from the calculations. It is worth mentioning that
we use only two parameters in our TM calculations. One is the gold-stripe thickness h,
which deﬁnes the width and depth of the band gap produced by the BRs, as well as the value
of the center frequency of the unperturbed miniband fC . The best ﬁt of the experimental
data is obtained when h is assumed to be 50 nm in the calculations, whereas the actual
thickness of the metal grating is approximately 60 nm. The other parameter used in our
calculations is the SAW velocity in the unperturbed LiNbO3 layer. The velocity of SAWs
vSAW in metal grating structures is between the velocities of SAWs in completely metallized
surfaces and free surfaces [19]. The vSAW value used in the present calculation (3920 m/s) is
between the experimentally determined free-surface velocity v0 (3983 m/s) and the velocity
at a completely metallized surface vM ET (3880 m/s), as determined for LiNbO3 in the
propagation direction [19]. This vSAW is chosen by ﬁne-tuning the calculated fC so that it
becomes close to the experimental fC . Thus, the aforementioned vSAW value is obtained
by taking into account the piezoelectric eﬀect and partial surface metallization, in addition
to the surface mass loading eﬀect caused by the metal grating.
In order to conﬁrm the presence of surface acoustic BOs for the frequency region in
which the WSL is observed, we used the time-domain conﬁguration of the network analyzer
and measured the amplitude of the Fourier-transformed transmission signal for samples
with diﬀerent δ values. The observed dependence of the frequency of surface acoustic BOs
on δ is in good agreement with the TM modeling results (see [15]). Our model also gives
a quantitative explanation of the observed eﬀective acoustic field screening in the designed
perturbed SAW cavities, which are separated by unperturbed acoustic BRs. Namely, the
dimensionless gradient of the resonant frequency of the coupled cavities δf is proportional
to δ but is substantially diﬀerent from δ. This diﬀerence between δf and δ is due to the fact
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that in our design, the BRs remain unperturbed, and hence, the driving force is present only
in the cavities. Thus, the average driving force acting on the SAW wave packet propagating
through the structure is reduced owing to the eﬀective acoustic ﬁeld screening. From the
TM calculations, we obtain δ = 7.3δf and δ = 7.1δf for the 120- and 60-nm-thick samples,
respectively. The obtained δ/δf ratios are very close to the structural ratio (7.5), i.e., the
ratio of the spatial period d = 45λ/4 and the length of the unperturbed cavities L0 = 3λ/2.
Distribution along the surface of the vertical component of the elastic displacements
has been measured directly by means of Michelson interferometry [20]. Both surface acoustic
Wannier–Stark eigenstates and Landau–Zener eigenstates have been studied (see [15]).

IV. DISCUSSION

We demonstrate that the fundamental eﬀects of wave transport in a perturbed periodic potential, such as acoustic BOs, WSLs, and LZT, can be studied by using surface
acoustic waves on a solid substrate. We used perturbed surface gratings of gold stripes on a
LiNbO3 substrate to observe these time- and frequency-domain dynamical surface phenomena. Our numerical simulations provide a quantitative description of the relevant features
of our experimental observations, including multiple Landau–Zener transitions between the
anticrossed surface acoustic Wannier–Stark states, which originate from diﬀerent acoustic
minibands. The planar geometry used for the realization of surface acoustic BOs and LZTs
enables direct measurement of the elastic ﬁeld distribution of the corresponding Wannier–
Stark and Landau–Zener eigenstates.

V. CONCLUSIONS

Our observations demonstrate that surface acoustic waves on a solid substrate can
be used for the detection and visualization of the surface acoustic analogs of fundamental
quantum-mechanical phenomena. In addition, the grating structures used in this study allow us to observe and manipulate the eﬀective acoustic ﬁeld screening eﬀect and determine
the acoustic analog of the dielectric constant, knowledge of which is important for a comprehensive interpretation of the surface acoustic analogs of fundamental quantum-mechanical
phenomena.
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