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The laser photoacoustic technique is used to generate and detect picosecond coherent acoustic
vibrations in gold film media deposited on Si substrates. As a consequence of the gold crystallites’
canted orientation, the pump-probe picosecond transient reflectivity shows oscillations at the
fundamental shear mode frequency. The shear character of the mode is suggested by its dispersion,
by the dependence of the signal on the probe laser wavelength, and by x-ray texture analysis.
© 2008 American Institute of Physics. �DOI: 10.1063/1.2841823�

The development of picosecond ultrasonics,1–3 in which
single-cycle acoustic wavepackets are generated through
sudden laser heating of a thin film and are detected optically
after propagation through one or more film and/or substrate
layers, has been exploited for thin film diagnostics and for
measurement of acoustic properties in the �50–500 GHz
frequency and �10–100 nm wavelength ranges. The method
has been applied to a wide range of materials, but in general
it has been restricted to generation and characterization of
longitudinal acoustic waves.4 High-frequency, short-
wavelength shear acoustic properties would be of great inter-
est in many materials, especially disordered and partially or-
dered systems such as supercooled liquids and glasses,
mixed ferroelectrics and multiferroics, and giant magnetore-
sistance or other correlated electron systems in which fast
relaxation dynamics or mesoscopic correlation lengths of
quantities that are coupled to shear play important roles. Re-
cently, examples have emerged in which the transverse iso-
tropic symmetry of the sample structure is broken in order to
permit shear wave generation through sudden laser heating.
Thus, shear acoustic wave components were generated in an
off-axis oriented Zn single crystal4–7 or by use of an off-axis
TeO2 transparent substrate coated by an Al layer.8 These ex-
amples illustrated possibilities for shear wave generation, but
their requirements for specialized material fabrication or
acoustic wave generation conditions reduce their versatility
for use with a wide range of materials. In the present letter,
we demonstrate shear wave generation and detection in an
extremely simple system: a thin gold film on a silicon single
crystal substrate. We describe experimental observation of a
fundamental shear mode of vibration in addition to the fun-
damental longitudinal mode observed ordinarily.1–3,9–14

X-ray texture analysis shows that shear wave generation re-
sults from the distribution of nanocrystallite orientations in a
gold layer that is fabricated through routine dc sputtering.

The samples are thin gold films of different thicknesses
deposited on silicon �100� single crystals by dc sputtering.
The current during deposition was set at 10 mA, pressure
before deposition was 6�10–2 mbar, argon pressure during
deposition around 10–1 mbar, and the gold target was at a
distance of about 7 cm from the substrate at room tempera-
ture. The thicknesses of the films were measured using x-ray

reflectivity,15 with an accuracy of �0.1 nm. X-ray combined
analysis16 has been used to quantitatively determine the crys-
tallographic textures, mean crystallite sizes, and cell param-
eters of the gold films. The full x-ray diagrams were col-
lected on a four-circle diffractometer in order to extract gold
pole figures. These were used as crystallographic texture in-
puts in order to refine the orientation distribution function17

�ODF� of the crystallites in the films, refined within reliabil-
ity factors of around 3%.18–20 The pole figures recalculated
from the ODF are expressed in multiples of a random distri-
bution unit �m.r.d.�, 1 m.r.d. being the value for a randomly
oriented sample. They are represented here as radial density
functions since all the textures we observed were axially
symmetric about the sample normals. The ODF was then
used to calculate the macroscopic elastic stiffness tensors of
the films starting from the tensor of the single crystal
weighted using the geometric mean approach.21 The macro-
scopic stiffness tensor obtained yielded longitudinal and
transverse acoustic velocities along the sample’s normals of
3300 and 1160 ms−1, respectively, with an uncertainty of
about 10%. For all films, iterative determination of the do-
main size converged closely to the film thickness, indicating
that only one crystallite is present along the entire thickness.
An axially symmetric texture component is observed with an
axis corresponding to the mean �111� direction aligned with
the normal of the sample surface �Fig. 1�a�� as a regular
columnar growth of fcc crystals. The orientation density
background of around 0.6 m.r.d. �Fig. 1�a�� indicates that
almost 60% of the crystallites are oriented differently from
the main �111� texture component. Several samples were also
prepared by rf sputtering technique for film deposition. The
rf sputtered films exhibited a much larger maximum orienta-
tion density than dc sputtered films, i.e., 33 m.r.d. �Fig. 1�b��
vs 3 m.r.d. �Fig. 1�a��, respectively, emphasizing the broad
orientation distribution in the latter films. Moreover, since
there is no orientation density background for the rf sputtered
films, no orientation other than �111� is present in significant
amount.

The most relevant conclusions from the x-ray analysis
are that on average the individual crystallites occupy the
whole thickness of the films and that the orientations of 60%
of the crystallites are different from the high symmetry tex-
ture �111� orientation. In other words, these dc gold sputtered
structures can be seen as the transposition at the nanometrica�Electronic mail: pezeril@mit.edu.
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scale of the results obtained earlier for a polycrystalline zinc
sample,4,7,22 and the theoretical arguments that justify shear
generation and detection in both samples are similar. Simu-
lations of photoacoustic wave generation24 in gold single
crystals show substantial quasishear amplitude for a broad
range of orientations, to as much as �0.6 for �=30° ,60°
�see Fig. 1�a� inset; �=0° when the �111� direction is collin-
ear with the sample normal�. Thus many of the nanocrystal-
lite orientations in the dc sputtered sample are expected to
have significant shear generation efficiency. On the detection
side, it is the deviation from isotropy in the photoelastic in-
teraction that enables detection of the shear waves. Indeed,
for any canted cubic medium, the change in dielectric coef-
ficient ��S from shear strain �S is proportional to p44− �p11

− p12� /2.22,23 Since p44� �p11− p12� /2 and � is statistically
nonzero in more than 60% of the film, the reflectometric
detection of shear acoustic waves is qualitatively justified as
well.24

For the picosecond photoacoustic experiments, we used
a conventional pump-probe technique with a Ti:sapphire la-
ser operating at 800 nm. The output is split into a pump and
a variably delayed probe beam that are focused and crossed
at the sample. Each pump pulse induces a thermal stress in
the absorptive gold film that is responsible for photoacoustic
excitation. The time-dependent probe reflectivity is sensitive
to the acoustic perturbation of the dielectric coefficient ��,
proportional to the strain. Results of reflectivity changes �R
for the sample of thickness H=16.6 nm are presented in Fig.
2. The two modes of vibration that we assume to be of
mainly longitudinal �L� and shear �S� acoustic character are

clearly visible for an 800 nm probe wavelength. It is worth
emphasizing that in gold films of �111� texture, as in the rf
sputtered gold samples, no frequency except the longitudinal
L frequency has been observed.13 While probing with a
probe wavelength of 400 nm instead of 800 nm, the shear
wave is undetected in this case. This drastic difference sug-
gests that the dispersion of the photoelastic coefficients pij
with the probe wavelength results in a strong reduction at
400 nm in the magnitude of the combination p44− �p11

− p12� /2 on which shear detection depends while the magni-
tude of the coefficient p12 that dictates the detection sensitiv-
ity for longitudinal strains is comparable at 400 and 800 nm
probe wavelengths.

The longitudinal and shear resonance frequencies �L and
�S, respectively, for all the film thicknesses have been ex-
tracted through Fourier analysis of the reflectivity signals
and plotted versus 1 /2H as shown in Fig. 3. The longitudinal
frequencies follow the linear dispersion relation �L=cL /2H,
where cL=3340 ms−1 is the mean longitudinal acoustic ve-
locity deduced from the slope of the L mode of the disper-
sion curve of Fig. 3. This dispersion behavior is expected
since the acoustic impedance ZL

Au /ZL
Si�3.3	1. The shear

mode frequencies follow the dispersion relation �S=cS /4H,
where cS=1040 ms−1 is the mean shear acoustic velocity.
This value is in close agreement with the expected shear
speed of sound that corresponds to the broad maximum of
the simulated quasishear photoacoustic excitation ��=30°
and 60°�. This dispersion behavior is expected if ZS

Au /ZS
Si


1. The values that we determine for cS and the gold film

FIG. 1. �Color online� Radial distributions of the �111� crystallographic
directions for two gold samples deposited by �a� dc sputtering and �b� rf
sputtering. � is the angle between the sample normal and the �111� crystal-
lographic directions. The two lateral peaks at �70° reveal the multiplicity of
the �111� directions for cubic symmetry. Orientation density units are in
multiples of m.r.d. The simulated quasishear �QS� to quasilongitudinal �QL�
photoacoustic amplitude ratio for different gold crystalline orientations is
shown in the inset of �a�.

FIG. 2. �Color online� Picosecond dynamic reflectivity changes recorded for
a gold film of thickness H=16.6 nm. The laser pump wavelength is set to
800 nm, whereas the probe wavelength is either set to 800 or 400 nm. The
Fourier transform of each reflectivity signal shown in the inset allows de-
termination of the ringing frequencies �L and �S for each film thickness H.

FIG. 3. �Color online� Dispersion curves of both longitudinal and shear
modes from a set of seven gold films of different thicknesses H. The slopes
give the average acoustic speeds in the films. The intercepts are zero within
experimental uncertainties.
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density �from the x-ray data� as well as the same parameters
for Si would yield the opposite result, i.e., ZS

Au /ZS
Si�1.6

	1. We believe that this shear dispersion discrepancy could
be a signature of poor adhesion of gold to silicon, as sug-
gested by ultracentrifuge technique.25 Alternatively, the low
frequency response could represent the vibration of the entire
film against the substrate,12 with the frequency determined
by the film thickness and the density as well as a force con-
stant describing the van der Waals bonds25 at the film-
substrate interface. Such a model would yield a plausible
value of the interface modulus. However, we do not see how
the discrepancy between low-frequency and high-frequency
signals from a modification of the probe wavelength can be
rationalized in this model �see Fig. 2�.

In summary, we have demonstrated an extension of pi-
cosecond shear wave generation and detection in gold films
deposited on a silicon substrate through routine dc sputter-
ing. The canted inhomogeneous nanostructure of the gold
films, as revealed by x-ray reflectivity and diffraction, permit
the generation and detection of picosecond quasishear
waves. Innovative possibilities for generation and detection
of ultrahigh-frequency shear waves are suggested by these
results. The next step in this challenging problem will be the
exploration of different deposition conditions and techniques
and different materials to determine the extent of possible
control over the asymmetric structure of the layers and the
ranges of shear acoustic wave parameters that might be
reached. We note that our results also suggest that thin film
morphology may be assessed in some cases through picosec-
ond photoacoustics.
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