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1, 59655 Villeneuve d’Ascq, France
dInstitut des NanoSciences de Paris, CNRS (UMR 7588), Université Pierre et Marie
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Abstract

We report on the occurrence of strong nonlinear acousto-optic interactions
in phoxonic structures, that support, simultaneously, acoustic and optical
localized resonant modes, under the influence of acoustic losses. Deploy-
ing a detailed theoretical investigation of the acousto-optic coupling in the
specific case of a one-dimensional phoxonic cavity, realized by homogeneous
SiO2 and Si layers, we demonstrate the possibility for an enhanced modu-
lation of light with sound through multi-phonon exchange mechanisms. A
full electrodynamic and elastodynamic multiple scattering approach is em-
ployed to describe the optical and acoustic modes, and to account for their
mutual interaction and the underlying effects both in time and frequency
domains. In particular, we discuss the influence of hypersonic attenuation
on the acousto-optic interaction by considering typical acoustic losses in the
GHz regime.
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The acousto-optic (AO) interaction has been widely used to process light
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signals in homogeneous materials for years [1]. Moreover periodic multilay-
ers, with or without defects, provide further possibilities for tailoring the
AO effect and allow one to observe new, interesting, and potentially useful
physical phenomena [2, 3]. On the experimental side, ultrafast acoustics tech-
niques [4, 5] can probe in a straightforward and controllable manner the AO
interaction in nanostructures [6, 7] by monitoring the transmission of light
perturbed by a picosecond strain pulse [8]. Such an approach has gained
interest the last few years, either for identifying collective acoustic modes
that could lead to light modulation in photonic crystals [6, 9] or, to obtain
ultrafast control of optical resonances in nanostructures [3, 6].

Potential candidates for exploring the AO interaction between localized
photons and phonons in the same region of space are structures identified as
dual spectral gap materials [10], also termed phoxonic crystals [11, 12]. These
structures, because of their dual gap behavior, can be used to design phoxonic
cavities that support both photonic and phononic localized modes. Coupling
between such modes was anticipated in the case of a one-dimensional (1D)
hypersonic phononic crystal [13], while strong Raman scattering was demon-
strated in the case of a planar phonon cavity embedded within an optical
nanocavity realized by a semiconductor heterostructure [14]. In a recent the-
oretical investigation [2] we demonstrated the occurrence of enhanced AO
interactions in a model phoxonic resonant cavity realized by Bragg mirrors
consisting of homogeneous SiO2 and Si multilayers. We assumed a 1D phox-
onic crystal consisting of a periodic series of units described as (SiO2 − Si)N

and a SiO2 layer of different width in the middle followed by the exact mirror
series (Si− SiO2)

N of the same units stacked along the z direction. In par-
ticular, the number of units were chosen to be 6 (N=6) and each unit had
a width a, where the widths of the SiO2 and Si layers were 2a/3 and a/3,
respectively, while the defect SiO2 layer had a width 2a [see Fig. 1(b)]. The
relevant material properties for SiO2 (Si) were characterized by the index of
refraction n = 1.46 (3.46), photoelastic coefficient p12 = 0.27 (0.01), mass
density ρ = 2.20 (2.33) gr/cm3 and longitudinal sound velocity cl = 5970
(8430) m/s. We have analyzed the time evolution of the scattered optical
field when the structure is excited by an acoustic wave and pointed out the
differences in the AO interaction between resonant and nonresonant modes.
At the acoustic resonance, we provided evidence for strong nonlinear AO ef-
fects in the phoxonic cavity leading to efficient enhanced modulation of light
with sound through multi-phonon exchange mechanisms.

Nevertheless, in an actual experiment, wave damping, which arises from
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either material absorption or fabrication imperfections by transferring energy
from the coherent beams to other degrees of freedom, should be taken into
account. While optical absorption in SiO2 and Si at infrared and longer
wavelengths is generally small, attenuation at hypersonic frequencies may
be rather strong [15, 16] and finite phonon lifetime effects can significantly
downgrade the multi-phonon exchange mechanism in the case of very-high-
Q acoustic resonances. In this respect, acoustic losses should be carefully
considered in the design of functional phoxonic nanocavities. The present
work, appears as a follow-up investigation of how hypersonic attenuation
moderates the strong AO interactions of a specific realization of a phoxonic
nanocavity.

Picosecond ultrasonics measurements suggest a propagation length of the
order of 100 microns for SiO2 [15, 16] around 10 GHz, following an Ω2 depen-
dence of the attenuation coefficient. For different types of SiO2 the hypersonic
attenuation can be somewhat different but in any case of the same order of
magnitude. On the other hand, the attenuation in Si is well below that in
SiO2 [16]. Therefore, if interface diffusion arising from fabrication imperfec-
tions is not very strong, the propagation length is not a major limitation in
SiO2-Si nanostructures around 10 GHz. Ultrasonic losses can be accounted
for through complex propagation velocities [17, 18]. We assume cl(1− 0.01i)
for both materials, which is an overestimate, to simulate a realistic structure
with a lattice constant of 300 nm, i.e., a width of 200 nm (100 nm) for the
individual SiO2 (Si) layers and a width of 600 nm for the defect SiO2 layer.

Our calculations are carried out by the layer-multiple-scattering method,
which is well documented for both elastodynamics [19] and electrodynam-
ics [20]. This powerful tool describes accurately the acoustic and the optical
response of composite structures made of a number of different layers having
the same 2D periodicity in the x− y plane (parallel to the layers). The ad-
vantage of such an approach is that it does not require periodicity in the z
direction (perpendicular to the layers). In our case, we deal with the simple
situation where all layers are homogeneous. We choose to inject the structure
with a compressional acoustic wave, at normal incidence. The correspond-
ing hypersonic transmission spectrum is presented in Fig. 1(a) where both
lossless and attenuated cases are considered. The localized phononic defect
mode appears at f = Ω/2π = 10.86 GHz. The acoustic displacement input
level u0 produces the amplitude profiles throughout the structure presented
in Fig. 1(b). It can be seen that the attenuated acoustic profile is much lower
than that in the lossless case.
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The photonic response of the structure exhibits a frequency gap as well,
with a high-Q resonance (Q=3100) inside the gap at a wavelength λ =
1555.18 nm, as shown in Fig. 2. The acoustic wave field induces a quasi-static
perturbation on the electromagnetic (EM) field by means of two distinct con-
tributions via the AO interaction [8]. One is the interface (size) contribution
due to the displacement of the boundaries of each layer, while the other con-
tribution comes from the bulk AO effect, responsible for the inhomogeneous
modulation of the dielectric function due to the spatial and temporal evolu-
tion of the strain field. We note that the choice of a resonant compressional
acoustic feedback has been made because of the more pronounced pertur-
bation of the AO interaction in the optical parameters of the system. The
overall spectral features and the position of the gap do not change much as
time evolves, whereas the position of the optical defect mode oscillates with
a maximum wavelength shift ∆λ ≃ 0.5 nm, at the driving frequency of the
attenuated resonant acoustic excitation (see Fig. 2). We note that the res-
onant lossless acoustic mode induces an optical wavelength shift of 1.6 nm.
The modulation of the optical defect mode by the acoustic excitation can be
understood as follows. Assuming that the acoustic wave does not affect dras-
tically the structure under consideration so that both photonic band gap and
defect mode are maintained, the induced periodic variation of the refractive
index and thickness of the defect layer results in a periodic oscillation of the
position of the optical defect mode in the gap with the same period. If both
optical and acoustic defect modes are involved, the corresponding photon-
phonon interaction is enhanced because of the simultaneous concentration of
the respective fields for a long time period in the defect region. In the wave
picture this is manifested as a larger-amplitude oscillation of the position of
the optical resonance. Correspondingly, in the particle picture, one expects
strong inelastic light scattering with considerable probabilities for absorp-
tion and emission of many phonons by the photon [2]. In the presence of
ultrasonic attenuation these effects are considerably reduced because of the
shorter lifetime of the acoustic mode.

We now assume an EM wave at the optical resonance wavelength, inci-
dent normally on the phoxonic structure, which is continuously excited by the
resonant compressional acoustic wave also propagating along the z direction.
While hypersonic attenuation is on, we display the calculated amplitude of
the reflected electric field in the upper panel of Fig. 3 together with the re-
flected field in the lossless case, induced by the acoustic wave at the resonance
frequency. We choose the reflected electric field, because it practically carries
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only the AO interaction terms, since in the unperturbed situation the opti-
cal wavelength corresponds to a transmission resonance. We observe sharp
structures in the amplitude of the reflected field Erf (t) when the oscillating
optical resonance passes through the observation wavelength. This temporal
variation is also reflected in the corresponding Fourier spectrum (lower panel
of Fig. 3) where, in addition to the strong first harmonics (n = ±1), there
are also significant higher-order terms. Similar results are also obtained if
we consider the transmitted, instead of the reflected, field. The scattering
process is nonlinear in the AO interaction which, in the particle picture,
implies strong probability amplitudes for multi-phonon absorption and emis-
sion processes. Obviously the effect is somewhat diminished, as compared
to the lossless acoustic case, but still the assumption of a strong inelastic
light scattering process is valid [2]. We also note that there is a small elastic-
scattering component, which should be ascribed to multi-phonon processes
with simultaneous absorption and emission of the same number of phonons.
Finally, as expected, at an off-resonance acoustic frequency of 9.15 GHz, both
real and imaginary parts of Erf have a smooth sinusoidal-like variation with
time (not shown here). The corresponding Fourier spectrum is essentially
dominated by the first-order term while all higher-order terms are at least
one order of magnitude smaller. This is the behavior expected in a usual
pump-probe or Brillouin/Raman scattering experiment where single-phonon
processes are involved and expansion up to first order is sufficient (Stokes and
anti-Stokes components) [8, 21]. The situation is the same at any wavelength
off the optical resonance with the acoustic excitation being either off or at
resonance. On the contrary, if the optical and acoustic modes involved in
the inelastic light scattering process are both simultaneously localized in the
same region (defect region) for a long time period, strong interaction takes
place. These results conform exactly with the conclusions drawn in Ref. [2],
where no hypersonic attenuation was considered.

In conclusion, we have demonstrated that, even in the presence of hy-
personic attenuation in the phoxonic nanostructure under study, localized
phonons can still trigger nonlinear AO interactions, beyond single phonon
absorption and emission processes, leading to strong modulation of light with
sound.
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Figure 1: (a) Phononic transmission spectrum of a compressional acoustic wave normally
incident on the phoxonic crystal under consideration without (thin line) and with (thick
line) losses. (b) Displacement amplitude profile, normalized to the input displacement level
u0, at the acoustic resonance without losses (thin line) and with hypersonic attenuation
taken into account (thick line). White and gray stripes in the background show the regions
of SiO2 and Si, respectively.
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Figure 2: (a) Optical transmission spectrum of the phoxonic crystal under study, at normal
incidence, without the AO interaction. The optical resonance appears at 1555.18 nm. (b)
Oscillatory behavior of the optical resonance as a function of time for the attenuated
acoustic excitation at resonance (thick line) compared to the lossless acoustic excitation
(thin line). The input displacement level is u0 = 0.1 nm in both cases.
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Figure 3: Optical reflection through the given phoxonic structure under a continuous
acoustic excitation of input level u0 = 0.1 nm, for normally incident light at the resonance
wavelength with electric field amplitude Einc. Time variation of the perturbed reflected
optical field (upper diagrams) and intensities associated with the corresponding Fourier
components (lower diagram). The perturbation refers to the AO interaction with the
acoustic excitation at the resonance frequency of 10.86 GHz with hypersonic attenuation.
For comparison, the corresponding lossless acoustic excitation graphs are shown as thin
lines in the upper diagram and as grey background bars in the lower one. The Fourier
components on the lower panel are normalized with respect to the first order component
with a resonant acoustic excitation without losses.
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