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Monochromatic acoustic waves are produced in a single crystal of PbMoO, by periodic heating of a
deposited Au film over an area about 40 xm in diameter by two interfering single-frequency dye lasers.
Detection of these waves at optical difference frequencies up to 4 GHz is accomplished by Brillouin
scattering. The generated power depends on the film thickness by acoustic interference within the film.
Besides weak phonon defocusing effects, the divergence of the generated acoustic wave is limited by

Fraunhofer diffraction.

PACS numbers: 63.20.—e¢, 78.35.+c¢

Progress in the physics of high-frequency phonons has
been governed by the availability of suitable phonon
generators and detectors. The simplest phonon generator
is the plain heater [1], providing a Planckian spectrum,
and so is the bolometer as detector. Various more
sophisticated techniques have been developed, including
microwave ultrasonics [2], electrostrictive mixing of laser
beams [3], superconducting tunnel junctions [4], and
transient heating [5]. These have yielded a wealth of
information on subjects such as heat transport [6], Kapitza
resistance [7], and phonon imaging [8]. Nevertheless,
a technique capable of generating a monochromatic and
directional high-frequency acoustic wave that is tunable in
frequency is very much in need, if only because it would
make genuine phonon spectroscopy feasible.

In this Letter, we present a new method for generating
a monochromatic, tunable, and directional beam of high-
frequency phonons. The method is based on thermomodu-
lation, i.e., periodic thermal expansion of, in the present
case, a metallic transducer. To achieve thermomodula-
tion at high frequencies, the transducer is illuminated by
two interfering single-frequency lasers operating at about
equal intensities, but slightly different frequencies. The
light incident on the transducer is accordingly modulated
in intensity at the optical difference frequency. It produces
a periodic variation in the temperature of the transducer,
which in turn is converted into a strain wave via thermal
expansion. It will first be demonstrated that thermomodu-
lation indeed produces monochromatic phonons at the op-
tical difference frequency. Subsequently, it is shown that
the transducer acts as an acoustic interferometer, and that
the acoustic beam injected into the crystal can serve to
study “physical acoustics” quite analogously to physical
optics. In particular, the beam is seen to diverge with dis-
tance according to Fraunhofer diffraction in conjunction
with phonon focusing effects.

In the experiments, the beams of two cw frequency-
stabilized single-frequency ring dye lasers are aligned
to coincidence, and focused on the free surface of a
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thin (~400 nm) Au transducer deposited onto the single-
crystalline specimen. For better adhesion, first a 4 nm
thick intermediate layer of Cr was applied. The lasers
operate with rhodamine 6G dye at a wavelength near
580 nm, and each of them produces light limited to a
bandwidth of ~1 MHz with an output power of about
250 mW. The illuminated area of the metal film has
a diameter of about 40 wum, and the modulation depth
typically is 80%. All experiments were performed at
room temperature, and so the generated monochromatic
phonons coexist with a background of thermal phonons.

To investigate the intensity, the frequency, and the di-
rectionality of the generated phonons, reliance was made
on Brillouin light scattering, using a setup of conven-
tional design. The primary Brillouin beam was provided
by a single-mode argon-ion laser delivering a power of
~200 mW. Optimal scattering efficiency was ensured
by choosing as specimen a single crystal of lead molyb-
date (PbMoQy; tetragonal unit cell; dimensions 10X11X
9 mm?), which features a high acousto-optic constant.
The acoustic wave reflects a minute fraction of the incom-
ing laser beam, and, for anti-Stokes Brillouin scattering,
the light frequency therefore is Doppler shifted upward by
the phonon frequency. The scattering geometry, which
is essentially determined by wave-vector conservation, is
adjusted through the orientations of the primary Brillouin
laser beam and the optical axis of the interferometer. It
was set for the observation of longitudinal phonons of
the desired frequency propagating along [001]. The scat-
tered light was analyzed by the use of a quintuple-pass
Fabry-Pérot interferometer, followed by a monochroma-
tor filtering out the laser plasma lines, and detected with a
photomultiplier and standard photon counting techniques.
The transmission curve of the interferometer was actively
locked onto the position of the anti-Stokes line.

To demonstrate that thermomodulation generates a
monochromatic acoustic wave, the anti-Stokes Brillouin
scattering intensity was measured for a fixed Brillouin
scattering geometry versus the frequency difference of the
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two ring dye lasers (Fig. 1). Note here that it is more
practical to scan the optical difference frequency than the
Brillouin geometry. The intensity is seen to reach its
maximum at an optical difference frequency of 2.5 GHz,
which indeed is the frequency for which the wave vector
of the longitudinal phonons best fulfills the Brillouin
condition pertaining to Fig. 1. The monochromaticity of
the generated phonons is expected to be determined by
the frequency spread of the dye lasers (~1 MHz [9]).
Indeed, the width of the “line” in Fig. 1 (90 MHz) is
essentially the instrumental resolution inclusive of the
frequency selectivity of the interferometer and the finite
opening angles of the optics. Brillouin scattering also
detects thermal phonons of the appropriate wave vector,
so that the generated phonons are seen on top of thermal
ones. The ratio of the peak intensity over the thermal
background was found to depend on the frequency, the
temperature, the distance from the transducer, and the
transducer thickness. At 300 K, ratios as high as 200
were observed.

A theoretical analysis may be based on concepts
of classical physics [10]. Oscillatory heating causes a
periodic expansion of the transducer, which in turn brings
about an acoustic wave. In the present case of laser-
induced heating, the energy is absorbed close to the
surface, and next diffuses into the transducer. The skin
depth associated with the oscillatory part of the heating

15+ J
£ | ]
o
o
Q
3
=
=
& 10t 1
2 :

s . 3 |
= . .
& . °
L .
i : .
.g S5t : -.. 4
= s s
A H :
J
0 g‘

2400 2600
Difference frequency (MHz)

2200 2800

FIG. 1. The anti-Stokes Brillouin intensity versus the optical
difference frequency. The 660 nm thick Au transducer is
deposited on a (001) surface of a PbMoO, crystal. The
intensity is maximum when the wave vector of the generated
longitudinal phonons fulfills the Bragg condition. The thermal
background is about 200 counts per dwell period of 200 ms.
The inset schematically shows the geometry of the interfering
laser beams (a), the Brillouin-scattering detection (b), and the
crystal (c).
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amounts to § = 2K/wCy)'/2, where K is the thermal
conductivity, Cy is the specific heat, and w is the angular
optical difference frequency. For w/27 = 4 GHz, § is
of order 100 nm, which is less than the thickness d of
the transducer (d = 220 nm). To simplify matters, we
therefore adopt the approximation § << d. The oscillatory
part of the temperature distribution may then be written

®o
Bz, 1) (wKCy)1/2
where ¢( is the amplitude of the total incident laser
energy flux and the coordinate z measures the depth from
the surface.
We next calculate the atomic displacement associated
with 9(z,7) from the acoustic wave equation with the

exp(—z/8 + iwt), (hH

gradient of the thermal expansion as source. For the
transducer this equation reads
92u 1 92%u 0 (z, ¢
0 Lo v .
az vy 912 dz

where u; is the atomic displacement in the z direction,
B is the thermal expansion coefficient, and v, is the
longitudinal sound velocity. A similar equation without
source term holds for the atomic displacement u, in the
crystal. These two equations are solved for u, under
the boundary conditions of a stress-free outer surface and
balancing displacements u; and stresses C;du;/dz across
the transducer-crystal interface. Here, C; denotes the
appropriate elastic constant C33 of the transducer (i = 1)
or the crystal (i = 2). To derive the acoustic power
flux ®,. injected into the crystal, we convert u, to the
associated strain du,/dz, and note that quite generally
b, = %p v3e2, in which & is the amplitude of the strain,
p is the mass density, and v is the longitudinal sound
velocity. Using w = g v; = qav,, with ¢, and g, the
moduli of the phonon wave vectors, we finally find
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As already pointed out, the acoustic waves are pro-
duced near the free surface of the transducer, and sub-
sequently travel toward the crystal. Because of acoustic
mismatch they are reflected in part by the interface with
the crystal, and next by the free surface [11]. By in-
terference, therefore, a standing wave builds up, which
shows itself in the denominator of Eq. (3). The gener-
ated acoustic power scales with ¢j. The efficiency of the
generation furthermore scales with « as long as § < d
and 8§ <« 27/q, i.e., the phonon wavelength. Inserting
[12] B =14 X 100° K™}, K =318 W/mK, Cy = 2.5 X
10° J/m’K, C; = 203 GPa, and v; = 3.24 km/s for the Au
transducer, and p, = 6.95 X 10 kg/m?, C, = 91.7 GPa,
and v, = 3.63 km/s for the PbMoO, crystal, we find at
acoustic resonance (q,d = ) the result ®,. = 8 W/m?
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for 4 GHz and ¢y = 10® W/m?. Measurements of the
Brillouin intensity have confirmed this estimate of ®,. as
well as the quadratic dependence of ®,. on ¢.

In the present case we have C/v; > C,/v,, ie., the
transducer-crystal interface acts as a fixed end, and so @,
is maximum when a multiple of half the acoustic wave-
length equals d. These resonances have been observed
at various phonon frequencies by measuring the Brillouin
intensity for a selection of d values. To accomplish this,
a stepped gold transducer was deposited onto the crystal,
providing thicknesses of 220, 330, 440, and 660 nm, and
the crystal was displaced perpendicularly to the scattering
plane over distances equal to the step width. This pro-
cedure conserves the Brillouin scattering geometry, and
thus allows us to compare the intensities from one d to
the next at a given phonon frequency. In Fig. 2, the ex-
perimental results are shown for phonon frequencies rang-
ing from 2.5 to 4.0 GHz. The acoustic power is indeed
found to peak at a smaller 4 for a larger phonon fre-
quency, and in fact the resonances occur at the expected d.
The wavelength of longitudinal 3.7 GHz phonons in Au,
for instance, amounts to 27v;/w = 880 nm, and so the
first resonance occurs for d = 440 nm. In view of the in-
evitable paucity of d values, the resonances are best borne
out by the agreement of Eq. (3) with the complete set of
data. To show this, the theoretical ®,. as calculated from
Eq. (3) vs d are inserted in Fig. 2, where for each plot
only the vertical axis has been adjusted. Note that the
approximation § < d underlying Eq. (3) becomes invalid
below d = 100 nm.
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FIG. 2. The Brillouin intensity arising from the generated
longitudinal phonons vs the thickness of the Au film at
phonon frequencies of 2.5, 3.0, 3.7, and 4.0 GHz. The solid
lines represent the intensity calculated from Eq. (3). Full-
scale intensities are 15, 20, 30, and 40 X 10° counts/200 ms,
respectively.

We have finally measured the divergence of the acous-
tic beam, to find that, apart from phonon focusing ef-
fects, it is essentially limited by Fraunhofer diffraction.
Here, the Brillouin detection volume was narrowed down
to the shape of a pencil, less than 10 um in diameter
and approximately 400 pm in length. This detection vol-
ume was scanned transversely through the beam and the
Brillouin intensity was recorded for frequencies ranging
from 1.2 to 4.0 GHz vs the displacement y at several dis-
tances z from the transducer. The results for 2.5 GHz are
presented in Fig. 3. Note that the width increases only
minutely over distances as large as ~1 mm. In the actual
experiments, the position of the illuminated disk at the
transducer was moved by shifting the illuminating laser
beams. It is furthermore noted that the wave-vector con-
servation inherent to Brillouin scattering is not limiting
the intensities observed for the larger y in Fig. 3, as it
is sufficiently relaxed by the narrowness of the Brillouin
detection volume in proportion to the phonon wavelength
Ag. For 2.5 GHz, Ay = 1.45 pum in PbMoO,.

The measured profiles in Fig. 3 are, within the experi-
mental errors, of Gaussian shape. They represent the in-
tensity profile of the acoustic beam convoluted with the
intensity profile of the primary Brillouin laser beam. Note
that both of these profiles are Gaussian, the acoustic one
because the profiles of the dye-laser beams are so. The
full 1/e width 2w(z) of the strain wave may thus be found
from the relation w2 (z) = %wz(z) + w3, in which 2w,, is

Brillouin intensity (10° counts/200 ms)
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FIG. 3. The Brillouin intensity arising from the acoustic beam
generated at 2.5 GHz vs the lateral position y at distances
of 100, 400, and 800 um from the transducer. The intensity
is integrated over the x coordinate. The inset schematically
shows the acoustic beam propagating along the z axis (a)
and the primary Brillouin beam with the detection volume
indicated (b).
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TABLE I. Asymptotic angle of divergence a vs the phonon
frequency v. In calculating ay,, wo has been set to 18 um.

14 dexp (£}

(GHz) (mrad) (mrad)

1.2 84 £ 3 82

1.7 59 +3 58

2.5 40 = 3 39

4.0 24 + 3 25

the measured 1/e width, 2wg = 10 = 2 um is the 1/e
width of the focused Brillouin laser beam, and the factor
% accounts for the fact that the acoustic power is propor-
tional to the strain squared. For each frequency thus a
series of w(z) at various depths z is obtained. The grad-
ual increase of their width with z may be characterized by
the angular divergence at large depths @ = dw(z)/dz|«.
The results are collected in Table I. Note that aey, is in-
versely proportional to v.

Also inserted in Table I is the asymptotic angular diver-
gence that follows from the acoustic analog of Fraunhofer
diffraction in physical optics [13]. For a diffusive screen
at z = O illuminated with a cylindrical Gaussian intensity
profile of full 1/e width 2w, we have

am = Ao/mwo(l — 2p). “)

Here, phonon focusing effects, which result from
anisotropy in the phonondispersion [14], are, for small
angles, accommodated in the parameter p effectively
modifying the length scale. The parameter p can be ex-
pressed in the elastic constants [15]. For longitudinal
phonons propagating near the ¢ axis in PbMoO,, we find
p = 0.17, i.e., the phonons are subjected to weak defocus-
ing. Good agreement between «ay, and a.., is achieved
for wp = 18 um, which is only marginally larger than the
value wy = 16 um associated with the diffraction-limited
focus of the dye-laser beams.

In summary; we have generated monochromatic high-
frequency acoustic beams by periodic laser heating of a
metallic transducer. These beams are tunable in frequency
simply by varying the frequency of one of the dye lasers
and are Fraunhofer diffracted with divergences of order
0.01 rad.
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