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Time-resolved vibrations of two-dimensional hypersonic phononic crystals
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We fabricate e-beam lithographied two-dimensional lattices of nanometric metal cubes of various sizes and
lattice parameters. Using ultrafast laser acoustics, we time resolve two kinds of vibrations in such crystals:
individual cube vibrations and lower frequencies strongly dependent on the lattice parameter. From comple-
mentary experiments and an analytical model, we assign these modes to acoustic collective vibrations (i.e.,
acoustic phonons) of the artificial crystal. Their unprecedented detection takes advantage of another periodicity

effect acting on the optical field.

DOLI: 10.1103/PhysRevB.76.092301

Any wave which propagates in a periodic structure whose
lattice parameter is comparable to the wavelength experi-
ences similar “band” effects.! In that sense, there are analo-
gies between electronic states in a crystal or light modes in a
photonic crystal, the most common being the apparition of
forbidden energies also called band gaps. Elastic waves are
also expected to experience such periodic effects in so-called
phononic crystals (PCs). The perspective of designing an on
demand material by adjusting the lattice type and parameter
has recently motivated numerous studies on PC.%3 Most ap-
plications of PC have focused on low frequency ranges due
to technological constraints. In order to reach the hypersonic
range (i.e., beyond 1 GHz), the lattice constant must be be-
tween a few 100 nm and a few microns. Such crystals are
both phononic and photonic, from which new effects are
expected, in particular, concerning the acousto-optic
interaction.*

Basically, a hypersonic PC is made of a periodically re-
peated nanoscaled pattern. The vibration modes of the iso-
lated pattern lead to branches in the crystal due to the cou-
pling between structures. As in a molecular crystal, in the
case of a weak coupling such branches are almost flat around
the isolated frequencies. Much lower frequency modes exist
only in the crystal. They correspond to translations of the
rigid pattern from the equilibrium position. These second
kind of modes are similar to acoustic-phonon branches in
any crystal. Close to zero, the wave vector and the frequency
are proportional to a factor equal to the sound velocity. Con-
trary to the first type, the frequencies of these modes are
strongly dependent on the lattice.

Acoustic phonons in nanostructures have been investi-
gated both in the time domain and using Brillouin or Raman
spectroscopy. Most of the past studies have reported the ob-
servation of individual modes of various nanostructures:
nanospheres,>® nanoparticles,””!> or engineered objects.!3!4
A few studies have presented acoustic vibrations of periodic
structures: surface waves time resolved in micronic
structures'>!® and phonon modes in submicronic PC probed
by Brillouin light scattering.* Until now, collective modes
have never been observed in the time domain.

In this Brief Report, we report on a time-resolved study of
acoustic modes in two-dimensional (2D) hypersonic PC
made of square lattices of nanometric cubes. We demonstrate
the coexistence of two kinds of vibrations. We show that the
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first modes are those of the individual cube. Other modes
present a dependence on the step size and cube size, which
allow us to assign them to collective modes, reported here in
a time-resolved study. We show that these modes have a
specific detection mechanism, and we discuss the possible
role of photonics or plasmonics in our samples.

We fabricate 2D square lattices of aluminum (Al) paral-
lelepipeds using electronic lithography. This technique en-
ables designing patterns of various shapes and sizes with a
precision down to a few nanometers. This way we obtain
defect-free samples without dispersion of the dot size (d) or
variation of the lattice constant (a). The e-beam prints di-
rectly in a positive photoresist and the dots are formed by
lift-off of an evaporated Al layer. All these lattices lie on a
100 nm thick Al film deposited on a Pyrex substrate. A scan-
ning electron microscope (SEM) image of a 200 nm cubes
sample is shown in Fig. 1.

All the studied samples are listed in Table 1. Some
samples are made of homothetic 50, 100, and 200 nm sized
cubes with various step sizes. The other samples are made of
100 nm thick Al squares of 400 or 500 nm side.

The time-resolved experiments were conducted using a
one- or two-color pump and probe setup associated with a
tunable Ti:sapphire oscillator. The laser produces 120 fs op-
tical pulses at a repetition rate of 76 MHz, centered at a
wavelength adjustable between 700 and 990 nm. In the two-
color configuration, the probe is frequency doubled to pro-
duce a blue pulse. The spot size of laser beams on the sample
are about 50 wm in diameter. All the experiments are per-
formed at room temperature.

pump
(a) probe
d
>
‘cy'
underlayer
SiO, substrate z = e =i,

FIG. 1. (a) Schematic diagram of the samples. (b) SEM image
of a d=200 nm cube, a=400 nm step size sample.

©2007 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.76.092301

BRIEF REPORTS

TABLE 1. Sample list. The samples marked “c” (“s”) are cubes
(100 nm thick squares). The last two columns give N/a for a red
and a blue probe wavelength N. An asterisk appears when type II
modes have been observed.

Sized  Stepa Na Na
Sample Shape (nm) (nm) (800 nm) (400 nm)
A c 50 100 8.00 4.00
B c 100 200 4.00 2.00
C c 200 400 2.00 1.00"
D c 50 150 5.33 2.66
E c 100 400 2.00 1.00"
F s 400 900 0.89" 0.44"
G s 400 1400 0.57" 0.28"
H s 500 1000 0.80" 0.40"
I c 200 450 1.78 0.89"
J c 200 500 1.60 0.80"
K c 200 600 1.33 0.67"
L c 200 700 1.14" 0.57"
M c 200 800 1.00" 0.50"
N c 200 1000 0.80" 0.40"
o) c 200 1200 0.67 0.33"

We first focus on the cubic shape homothetic samples
(samples A—C), in which both size and spacing are propor-
tional. The signals obtained using a pump and a probe both
centered at 905 nm are presented in Fig. 2(a). The transient
reflectivity exhibits a sudden change at zero time delay,
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FIG. 2. (a) Transient reflectivity of d=50, 100, and 200 nm
sized cube lattices measured at 905 nm. (b) The period of the ob-
served oscillation is proportional to the cube size. (c) Signals at
800 nm from two d=50 nm cube samples with different lattice pa-
rameters a (samples A and D). (d) Sample B transient reflectivity
measured at 800 and 905 nm.
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FIG. 3. (a) Transient reflectivity of F, G, and H samples obtained
with an 800 nm probe. (b) Fourier transform.

which relaxes on a nanosecond time scale. Superimposed on
this base signal, we notice strongly damped oscillations
whose period is found to increase linearly with the dot size
[as shown in Fig. 2(b)]. This is the size dependence expected
for the normal modes of any elastic structure.!” We, thus,
assign these oscillations to the dot vibrations.

Two other arguments support this interpretation. First, the
signals were found to be independent of the step size. Figure
2(c) presents the results obtained at 800 nm on samples A
and D, which are both lattices of 50 nm cubes but with dif-
ferent step sizes a. The curve shape and the period measured
are identical for both samples. Second, Fig. 2(c) also shows
that the signal amplitude is proportional to the dot density
[the signal obtained on sample D on Fig. 2(c) has been res-
caled to be comparable to those obtained on sample A].

A sign change in the reflectivity of samples A-E is ob-
served when the laser is tuned from 800 to 905 nm. This is
visible for sample B in Fig. 2(d). This sign change is an
evidence of the photoelastic detection of the vibrations. In-
deed, the detection of acoustic contributions in metals is usu-
ally governed by the photoelastic couplings. Previous works
have shown that these couplings strongly depend on the op-
tical wavelength, especially in the vicinity of interband
transitions.'® One of us has reported a sign change in Al
detection around 850 nm, which well accounts for the
present observation and demonstrates that the cube vibra-
tions are detected through the photoelastic mechanism in
ALY

In spite of the very narrow size distribution, a strong
damping is observed as expected since the dots and the un-
derlayer are both composed of Al and, furthermore, the
acoustic contrast between the underlayer and the substrate is
small.

We obtained strongly different results on the next sample
set (samples F~H, middle part of Table I). Figure 3(a) pre-
sents the corresponding transient reflectivities at 800 nm.
There are major differences compared to the previous results.
First point to notice, the oscillations last for at least 8 ns
(note the change in the time scale). Second, the signals have
a much higher amplitude and a much lower damping rate.

The Fourier transform visible on Fig. 3(b) exhibits several
sharp peaks for each sample. The frequency content here is
lower and more intricate than in previous experiments. The
most noticeable discrepancy with results obtained in samples
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FIG. 4. Transient reflectivity of samples C, E, and J obtained
using a blue probe. Samples C and J have the same dot size but
different lattice parameters. Samples C and E have different dot
sizes but identical lattice parameters.

A-E is the dependence of the frequencies on the lattice pa-
rameter. This is visible in Fig. 3, on which the results ob-
tained on samples F and G, both composed of 400 nm dots
but with different lattice parameters, are compared.

One can note that the amplitude of the signal is not pro-
portional to the number of dots per unit of surface. This
indicates that the collected signal cannot come only from the
dots. We did not observe any sign change in the reflectivity
tuning the laser from 800 to 905 nm, which attests that the
Al photoelastic detection is not involved in that case.

From all these results we identify two different vibrational
phenomena, hereafter labeled as type I and type II. Type I is
clearly identified as the individual cube vibrations coherently
excited and detected via photoelastic couplings. This obser-
vation is similar to previous works on individual vibrations
of various nanostructures. Type II modes are also related to
the dots, but the most noticeable point is their dependence on
the lattice constant. This suggests that type II modes present
a collective character resulting from the interdot coupling.
Moreover, the signals are qualitatively different, which re-
quires us to investigate another detection mechanism. The
rest of the Brief Report is devoted to this last kind of oscil-
lation.

Up to now, the two types of oscillations have been pre-
sented on separate samples. By changing the probe wave-
length, it is possible to detect both kinds of oscillations in
some cubic samples. Figure 4 compares the results obtained
on samples C, E, and J when probed at 400 nm. The use of a
blue probe gives a radically different transient reflectivity. In
the first 400 ps, we retrieve the type I oscillations which are
identical to those observed with a red-infrared probe
(20 GHz peak on the Fourier transform). The most notice-
able point is the detection of strong oscillations which
present the characteristics of the type II modes. First, the
oscillation is more intense and lasts on the nanosecond time
scale. Second, the frequency content is lower and the Fourier
transform exhibits two sharp peaks. The frequencies obtained
in the three samples are different, which demonstrates that
the type II modes do depend on the dot size (samples C and
E have the same lattice parameter but different dot size) and
on the lattice parameter (samples C and J are both composed
of 200 nm size dots).
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FIG. 5. Frequency of type II modes as a function of the inverse
of the lattice constant obtained from the d=200 nm cube set. Solid
line: modeling using an analytical model described in the text.

In order to determine the role of the probe wavelength (\)
in type II detection, we studied all the samples using a red
probe then a blue probe. The observation of type II modes is
indicated in Table I by an asterisk ( ). Looking at Table I, we
reach two conclusions. One first notices that the type II
modes are only detected if the \/a ratio is lower than a value
close to 1. That is the reason why they are not observed in
the infrared experiments. Second, the wavelength does not
affect the frequency content of type II modes (samples F-H
present the same type II frequencies using a blue or a red
probe). Provided the \/a condition is satisfied, the type II
modes appear and do not change with the wavelength.

The dispersion of type II modes could help in clarifying
their nature. Changing the angle of incidence has no impact
on the frequencies and, thus, does not permit to explore the
reciprocal lattice. A way of building a dispersionlike curve
for these modes is to explore a series of d=200 nm samples
with increasing step sizes a. Type II modes are detected us-
ing a blue probe for the whole set (samples C and I-O in
Table I), as expected from the previous criterion. Each
sample gave several frequencies which are reported with re-
spect to the wave number g=1/a in Fig. 5.

Type I modes are found close to the same frequency for
any lattice parameter. On the contrary, type II modes present
a strong dispersion. We first examine the extrapolated fre-
quencies when ¢ gets close to 0, which corresponds to more
and more spaced dots. We note that the curves pass through
the origin as expected, since collective modes should disap-
pear when the dots are infinitely separated. Around zero, the
lower curve presents a slope (3.07 nm/ps) very close to the
Rayleigh wave velocity in Al (cg=3.01 nm/ps).?° The other
curves are deduced from the lower curve by rescaling it with
quantified factors (\5'2, 2, and \5) The pump excites several
frequencies corresponding to the same mode excited along
different directions related to the sample periodicities. The
wave vector k of the wave excited in the (i, /) direction sat-
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isfies (k\i>+j?)a=2r, from which we retrieve the rescaling
factors. The previous analysis confirms the acoustical nature
of the collective modes and reveals that they behave as sur-
face acoustic waves in the limit of small g. However, they do
not reduce to a surface acoustic wave in the Al underlayer as
testified by the strong deviation observed for realistic 1/a
values. We can reproduce such a high dispersion using a
simple oscillator model, in which a change in the lattice pa-
rameter first affects the mass of the unit cell. Assuming a
constant stiffness, we can derive the frequencies f as a func-
tion of the wave number g:

h 2
f(q):C\/rszga (1)

where £ is the underlayer thickness, d is the dot size, and ¢ is
a sound velocity which will be used to fit experimental data.
For small values of ¢, this expression reduces to f(g)=cgq, as
expected for acoustic phonon modes. As shown in Fig. 5,
such a simple model perfectly reproduces all the experimen-
tal data assuming ¢=3.07 nm/ps. The three upper branches
are deduced from the first according to the excitation of mul-
tiple wave vectors [(1,0), (1,1), (2,0), and (2,1)]. Such an
agreement finishes with a demonstration that type II modes
well originate from an acoustic mode of the periodic struc-
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ture which propagates in various directions at the sample
surface.

The detection of type II modes is based on a different and
more efficient mechanism compared to type I. This mecha-
nism for which a laser-wavelength condition has been iden-
tified may involve plasmonic effects. Indeed, the nanostruc-
tured metallic surface of our samples can couple the incident
light to plasmons propagating along the surface.”! As shown,
type II modes also propagate along the surface, leading to a
simultaneous localization of electromagnetic and acoustic
fields. This can enhance the acousto-optic interaction, which
is consistent with the high efficiency of type II mode
detection.’> A treatment of the plasmonic nature of our
sample is needed to investigate quantitatively the role of sur-
face plasmon in type II mode detection, which is beyond the
scope of this Brief Report.

In this Brief Report, we coherently excite and detect hy-
personic vibrations in nanometric phononic crystals. Two
kinds of modes are identified. First, individual vibrations are
detected through the photoelastic mechanism. Second, the
periodic arrangement of the dots leads to other modes whose
frequencies depend on both the dot size and the lattice pa-
rameter. A simple elastic model perfectly reproduces the dis-
persion curve and shows that these collective modes propa-
gate along the sample surface in different directions. Their
detection is very efficient and based on a specific mechanism
which may involve plasmonic effects.
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