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Ultrasonic attenuation in a quasicrystal studied by picosecond acoustics
as a function of temperature and frequency

J.-Y. Duquesne and B. Perrin
LMDH, UniversitéPierre et Marie Curie, CNRS (UMR 7603), Boıˆte 86, 4 Place Jussieu,

75252 PARIS Cedex 05, France
~Received 4 March 2003; published 7 October 2003!

We report on the acoustic attenuation in an AlPdMn icosahedral quasicrystal between 15 and 300 K, in the
tens of GHz range. High frequency coherent longitudinal acoustic waves are excited and detected by an optical
‘‘pump and probe’’ technique, in an interferometric configuration. Our results reveal that, at high temperature
(T.100 K), the acoustic attenuation is rather small, close to the attenuation in crystals and much smaller than
in disordered solids. We stress that Akhieser processes~phonon-phonon interactions! must be active in quasi-
crystals and give the correct behavior and order of magnitude of the acoustic attenuation, at high temperature.
At low temperature, departure from the standard behavior arising from phonon-phonon interaction is not
understood.

DOI: 10.1103/PhysRevB.68.134205 PACS number~s!: 61.44.Br, 62.65.1k, 63.20.Ry
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I. INTRODUCTION

The lattice dynamics of quasicrystals is a challeng
problem in solid state physics. The structure of quasicrys
exhibits a long range order which can be described us
periodic structures in a higher dimensional space. Never
less, no powerful concept, equivalent to the Bloch theorem
crystals, can be used to describe the vibrational excitation
quasicrystals. However, much theoretical and experime
work has been devoted to this problem~for a review, see Ref
1!. The general agreement is that the character of the la
excitations is, strictly speaking, critical in three-dimension
icosahedral solids. Critical modes decay on the average
a power law around a main site but can peak locally at s
eral distant surrounding sites.2 They are neither extended~as
in periodic solids! nor localized~with an exponential decay
around some site, as in disordered solids!. However, at low
frequency, the modes cannot practically be distinguis
from really extended modes and are similar to the acou
modes of crystals. Inelastic neutron3 and x-ray scattering4

experiments set the limit between high and low frequenc
around a few THz. The acoustic attenuation and the ther
properties~dilation, heat capacity, thermal conductivity! are
intimately related to the lattice excitations. In dielectric cry
tals, they can be explained, at least qualitatively, in a co
mon framework dealing with extended lattice excitatio
~Bloch state phonons!. In disordered dielectric solids
~glasses!, additional processes~tunneling states, thermal ac
tivated relaxations, soft modes, etc.! must be introduced to
explain the thermal properties or the acoustic attenuation
quasicrystals, the thermal conductivity, internal friction a
sound velocity versus temperature are found to be glass
at low temperature and have been explained within the p
nomenological model of two level tunneling states.5 At
higher temperature, thermal data are available6,7 but, to our
knowledge, no ultrasonic absorption experiment has been
ported yet. Mechanical spectroscopy data from 100 to 1
K ~1 Hz to 3 kHz! are also available and reveal therm
activated processes.8 In the present paper, we report o
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acoustic experiments performed in a singlei-AlPdMn quasi-
crystal, between 15 and 300 K, in the tens of GHz range

II. EXPERIMENTAL PROCEDURE

The sample is a plate cut from a single icosahedral q
sicrystalline domain Al68.2Pd22.8Mn9.0 grown using the Czo-
chralsky technique.9 The faces are normal to a twofold ax
and are polished flat and parallel. The thickness of
sample is 118mm at room temperature. The wedge angle c
be estimated using a mapping of the round-trip acoustic t
versus the acoustic path location and is found to be ab
431024 rd. The surface roughness was estimated using
atomic force microscope. Small areas (7.537.5 mm2) were
investigated and the rms roughness was found to be arou
nm. In order to compare the attenuation data, we also stu
two Si@100# crystalline samples with low impurity conten
~phosphorus dopant!. The samples are 110 and 198mm thick
with resistivity r: 165,r,240 and 500,r V cm, respec-
tively. The experiments are performed in a continuous-fl
cryostat.

The experimental method we chose to perform sound
sorption measurements is the so-called picosecond ultra
ics technique10 which combines the use of short laser puls
and an optical pump-probe technique. A Ti:sapphire mo
locked laser delivers linearly polarized pulses with a durat
of 200 fs. A first laser pulse~the pump! is focused to a
diameter of 18mm on a thin~30 nm! aluminum film depos-
ited on the sample. The film absorbs a fraction of the ene
and generates a longitudinal acoustic pulse. This pu
propagates in the sample and gives rise to a series of ec
which are detected by a second, time delayed, laser p
~the probe!. The probe is focused to a diameter of 24mm.
The pump and probe wavelength is 750 nm. This techni
has been mainly used in very thin films where the typi
round-trip time is in between a few tens up to a few hundre
picoseconds. However it has been shown11 that much thicker
films corresponding to round-trip times above 100 ns c
also be studied with such a technique if the repetition rate
©2003 The American Physical Society05-1
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the laser has a good stability. The time delayT between two
successive pulses of our laser source is typically around
ns, which means that for a delayt between the probe and th
pump we can detect any event occuring at timest1nT (n is
an integer!. The thickness of our AlPdMn sample was a
justed to get travel times for the first and second echoes o
and 70 ns, respectively. In such a way the echoes are
tected withn53 or 6 and appear, on the records, in an a
where the thermal background is quite flat just before
time where pump and probe coincide. Acoustic echoes
duce changes in the refractive index of the aluminum fi
~photoelastic effect! but also displacement of the surface; t
photoelastic effect contributes to both real and imagin
parts of the relative changes or the reflection coefficienr
which can be written as (Dr /r )(t)5re(t)1 if(t) while the
surface motion contributes only to the imaginary partf. In-
terferometric detection12,13 can independently measurere
andf. At low frequency the displacement contribution to t
reflectivity change becomes larger than the deformation c
tribution and consequentlyf is expected to be larger tha
re . Since high frequencies~;100 GHz! are highly damped
at room temperature we use an interferometric detectio
measure the imaginary part. To overcome the fluctuation
the refractive index due to the helium flow in the cryos
cell we also chose a Sagnac interferometer already desc
in Ref. 14 and in Fig 1.

After the polarizing beamsplitter, the probe beam is s
by a nonpolarizing beamsplitter in two equal parts wh
propagate in the same loop along opposite directions.
sample is located within the loop in a nonsymmetrical po
tion in such a way that the two beams reach the sampl
different timest and (t1u) compared to the pump beam; th
delayu between the two beams is 800 ps. Another asymm
try is introduced by the half- and quarter-wave plates:
half-wave plate rotates the beam polarization by 90 deg
in such a way that the counter propagating beams in the
pass through the quarter-wave plate with a polarization ei

FIG. 1. ‘‘Pump and probe’’ picosecond acoustics setup, in
Sagnac interferometric configuration.~l/2, half-wave plate;l/4,
quarter-wave plate; PBS, polarizing beamsplitter; NPBS, nonpo
izing beamsplitter.!
13420
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parallel to the ordinary or to the extraordinary optical axis
the plate. After the loop the two beams interfere and
detected by two photodiodesA andB. Due to thep/2 phase
shift introduced by the quarter-wave plate between the be
propagating in opposite directions it can be shown, assum
that the nonpolarizing beamsplitter is perfect, that the pho
diode signals are

SA~ t !5 r̃e~ t !6f̃~ t !, ~1!

SB~ t !5 r̃e~ t !7f̃~ t !, ~2!

where r̃e(t)5re(t1u)1re(t) and f̃(t)5f(t1u)2f(t).
The imaginary part is measured fromSA2SB562f̃. The
sign depends on the orientation of the quarter-wave pl
The pump is modulated at 1 MHz~duty factor 20%! and the
induced changeDr /r is detected with a lock-in amplifier; the
sensitivity in surface displacement detection is estimated
be 531026 nm.

Due to the very low thermal conductivity of AlPdMn~0.1
to 1.5 W m21 K21 from 10 to 300 K! ~Refs. 5 and 7! and the
small volume of the sample, special care must be payed t
and ac heating problems. On the one hand, the ac heatin~at
1 MHz! contributes toDr /r much more than the acousti
echoes but fortunately the differential detection off̃(t) gives
a natural way to subtract this thermal background. On
other hand, low energy laser pulses must be used to red
the dc heating. The dc heating is evaluated using the acou

a

r-

FIG. 2. First~upper! and second~lower! acoustic echoes at 15
and 295 K. For clarity, the echoes are arbitrarily translated along
time and amplitude axis.

FIG. 3. Fourier transforms of the first~upper! and second
~lower! echoes at 15 and 295 K.
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ULTRASONIC ATTENUATION IN A QUASICRYSTAL . . . PHYSICAL REVIEW B 68, 134205 ~2003!
velocity variation versus incident mean energy. Above 1
K, the pump energy incident on the sample isEp50.7 nJ per
pulse, and each probe pulse energy isEs50.04 nJ. At 295 K,
the steady-state heating is found to be about 10 K. Be
100 K, we reduce the incident energies down to the po
where no acoustic velocity change is observed at 15K:Ep
50.3 andEs50.03 nJ, per pulse. The temperature of t
sample is then estimated to be only a few degrees above
thermometer temperature.

III. RESULTS

Figure 2 displays the first and second echoes that we
serve at 15 and 300 K. We checked that no nonlinear effe
induced. For that purpose, we varied the energy of the pu
pulses while adjusting the modulation duty factor in order
keep a constant mean incident energy and, then, a con
steady-state heating. No echo deformation is observed
the magnitude of the echoes is proportional to the energ
the pump pulses. We expected the echoes to superpose
flat baseline because the round-trip acoustic time is such
they are probed more than 9 ns after the last pump pu
Under such conditions, the shift that we observe between
baselines before and after the acoustic echoes does not
from the thermal background but from the echo shape. T
shift is attributed to the details of the echoes building up a
is not further analyzed. In order to perform a quantitat
analysis, we compute the Fourier transform after subtrac
of a linear background from the raw data. Clearly, the f
quency content of the echoes is higher at low temperat
Figure 3 displays the Fourier amplitudes. The acoustic
tenuation is then computed from the ratio of the Fourier a
plitude of the first and second echoes.15 Figure 4 displays the
attenuation versus temperature, at various frequencies
tween 15 and 295 K. The attenuation decreases linearly
temperature between 300 and 30 K. It seems that below 3
~at 20 GHz! the attenuation decrease is becoming stee
Unfortunately we could not perform experiments below 15
in order to test this point. Figure 5 displays the attenuat
versus frequency, at various temperatures, between 10 an
GHz. The variation of attenuation is roughly quadratic.

IV. DISCUSSION

Two sources of acoustic attenuationa must be consid-
ered: intrinsic microscopic processes giving a true acou

FIG. 4. Attenuation of longitudinal waves vs temperature
i -Al68.2Pd22.8Mn9.0 at various frequencies.
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attenuation and extrinsic sources originating from mac
scopic defects, giving an apparent attenuation~poor parallel-
ism, surface roughness, etc.!. The nonparallelism effect wa
computed and found to be negligible.21 In principle, the sur-
face roughness contribution can be estimated by mak
measurements on a series of samples with identical sur
condition and different thickness. We did not performed su
experiments but we notice that the rms surface roughnes~4
nm! is much smaller than the shortest investigated acou
wavelength~160 nm at 40 GHz!. Altogether, the effect of the
different extrinsic sources can be assumed as tempera
independent and their contributions can be estimated, at
ery frequency, as a residual attenuation at 0 K. Unfortunat
our experiments do not extend to sufficiently low tempe
ture to make it possible to measure this residual attenuat
Nevertheless, we observe that the attenuation at 15 K
smaller than the attenuation at high temperature. At 20 G
and above 100 K,@a(T)2a(15 K)# is more than 70% of the
total attenuationa(T). Therefore, above 100 K, the mai
contribution to the attenuation comes from intrinsic pr
cesses. It is interesting to compare the attenuation
i-AlPdMn with the attenuation in other solids. Table I give
various data at room temperature. We have quoted an a
phous metallic film (a-TiNi !, covalent glasses (a-SiO2 ,
a-As2Se3) and crystalline dielectric solids (c-SiO2 , c-Si!. At
300 K, the attenuation ini-AlPdMn is much smaller than in
the amorphous metal or in the covalent glasses. On the
trary, it is quite close to the attenuation we measured in cr
talline Si. It is also close to the attenuation in crystalli
SiO2. ~To our knowledge, no data are available inc-SiO2 at
20 GHz and 300 K. However, using existing data and ass
ing a quadratic variation of the attenuation versus frequen
one predicts 60–120 cm21 at 20 GHz and 300 K inc-SiO2.)
Moreover, we have previously noted that extrinsic proces
could give a small contribution to the total attenuation. Th
the actual intrinsic attenuation ini-AlPdMn could still be
slightly smaller than measured. Therefore, from the point
view of the acoustic attenuation,i-AlPdMn compares to di-
electric crystalline solids, not to disordered solids, at ro
temperature.

In crystalline solids, the interaction of acoustic wav
with the thermal phonons is an efficient process for sou
absorption.21–23It can be described at high temperature us

FIG. 5. Attenuation of longitudinal waves vs frequency
i -Al68.2Pd22.8Mn9.0 at various temperatures. The full line displays
quadratic variation.
5-3
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TABLE I. Longitudinal wave attenuation in different solids, at 300 K. PU, BS, and BPU stand
picosecond ultrasonics, Brillouin scattering, and Brillouin scattering using picosecond ultrasonics, r
tively.

a-TiNi a-SiO2 a-SiO2 a-As2Se3 c-SiO2 Si i -AlPdMn
~film! ~bulk! @100#

a (cm21) 600 3200 5600 1500 1000 6900 230 380 80 50
F ~GHz! 30 30 40 35 30 30 40 35 20 20
Method PU PU PU BS BPU PU BS BS PU PU
Ref. 16 15 15 17 18 10 19 20 This work This work
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a Boltzmann equation approach.23 Within the collision time
approximation the attenuationa of an acoustic wave writes
if vt!1,

a5
CTv2t

2rs3 F ~^g2&2^g&2!1S ^g&2 ^v2&

s2 D G , ~3!

whereC is the specific heat per unit volume of the crystalT
the temperature,r the mass density,t the mean lifetime of
the thermal excitations.v/2p and s are the frequency and
velocity of the sound wave. Here, the^ & brackets stand for
thermal averages. For example, we have

^g&5(
l

Cl

C
gl , ~4!

and similar expressions for^g2& and ^v2& wherel indexes
all the vibrational modes.Cl , gl andvl are respectively the
specific heat, the Gru¨neisen parameter~relative to the longi-
tudinal deformation induced by the wave! and the group ve-
locity of the l mode.

Equation~3! displays two contributions to sound absor
tion, corresponding to the two sets of~ ! brackets. The first
one corresponds to the Akhieser process and the second
to the thermoelastic effect. In the Akhieser mechanism,
acoustic wave acts as an external field which modulates
energies of the thermal lattice excitations through the Gr¨n-
eisen parameters. These excitations readjust their energy
tribution via anharmonic interactions on the time scale of
collision timet and this delay gives rise to sound absorptio
In the derivation of the Akhieser contribution, the charac
of the thermal lattice excitations does not play any part. T
we stress that the Akhieser mechanism must be active
room temperature, whatever the true nature of the lat
thermal excitations is~extended, localized, critical, etc.!. In
particular, it must be active in quasicrystals and the first p
of Eq. ~3! gives correctly the contributionaA of the Akhieser
mechanism,

aA5
CTv2G2t

2rs3
, ~5!

whereG25^g2&2^g&2. The thermoelastic absorption aris
from heat flow between the regions of compression and
efaction induced by the acoustic wave. In crystals, the he
carried by extended and propagating lattice excitations. T
shows up in Eq.~3! through the average group velocityv of
13420
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the phonons. In quasicrystals, the nature of the lattice e
tations is different so that the second part of Eq.~3! is no
longer valid as it stands and should be modified. But t
term can still be estimated by the macroscopic expressio

a th5S C1112C12

C11
D 2 xrTb2v2

2sC2
, ~6!

whereC11 andC12 are the elastic modulus,x is the thermal
conductivity, andb the linear dilation coefficient.

Using Eq.~6! and existing data,5,7,24we find that the ther-
moelastic contribution is negligible (a th,1 cm21, at 20
GHz, over the whole temperature range!. Thus, we now only
consider the Akhieser contributionaA . We notice that the
experimental results are in accordance with the quadratic
quency variation displayed by Eq.~5!. At room temperature,
the specific heat is close to the Dulong-Petit expectation
the specific heat due to lattice excitations:6 C52.7
3106 J m23 K21. Using r55130 kg m23, s56500 m s21,
and a550 cm21 at 20 GHz and 300 K, we findG2t51.1
310212 s at 300 K. This value compares to typical values
crystals whereG andt are of the order of 100 and 10213 s,
respectively~in c-Si, usinga580 cm21 at 20 GHz and pub-
lished data, we findG2t52.4310212 s at 300 K!. Moreover,
the Grüneisen constant̂g&51.7 which can been extracte
from dilation24 is also close to typical values in crystals. W
can check that our result is consistent with the assump
vt!1. When the temperature is lowered, the same calc
tion can be performed consistently down toT;100 K. Fig-
ure 6 displays a logarithmic plot ofG2vt between 100 and
300 K, derived using the attenuation at 20 GHz and the

FIG. 6. G2vt derived from Eq.~5!, using the attenuation mea
surement at 20 GHz~see the text!. The full line is aT21 function.
5-4
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ULTRASONIC ATTENUATION IN A QUASICRYSTAL . . . PHYSICAL REVIEW B 68, 134205 ~2003!
perimental specific heat.6 In that range, we notice thatG2vt
varies roughly asT21. Thus, assuming thatG is constant
between 100 and 300 K,t is found to vary asT21 at high
temperature. That kind of behavior is well known in crysta
and arises from the density of phonons being proportiona
the temperature, at high temperature.25 In quasicrystals, the
density of lattice excitations must also be proportional to
temperature, at high temperature, so that theT21 variation of
t is also expected. Then, at high temperature (T.100 K),
we suggest that anharmonic processes exhibit similar
tures in crystals and quasicrystals. The Akhieser mechan
alone can explain the observed acoustic attenuation in
frequency range. The Gru¨neisen constants and the therm
excitations lifetimet have the usual order of magnitud
Moreover,t behaves asT21. In contrast with the acoustic
attenuation, the thermal conductivities in quasicrystals
crystals have very different behaviors. In quasicrystals,
thermal conductivity is mainly dominated by the localizati
length of the vibrational modes and cannot be used to de
the thermal excitations mean lifetime.

Equation~3! is only valid if vt!1. When the temperatur
is lowered, the Boltzmann equation approach remains v
but the absorption can no longer be clearly divided
Akhieser and thermoelastic contributions. In crystals,
vt@1 the Landau-Rumer regime is reached. In this regim
the acoustic wave is regarded as a collection of phon
decaying because of their anharmonic interaction with
thermal phonons. The transition between the Akhieser
Landau-Rumer regimes has been described by various m
els which rely on a detailed analysis of the phonon-phon
interactions. In this case, the true nature of the lattice e
tations is important for a rigorous calculation of the abso
tion. For this reason, the interpolation formulas cannot
used in quasicrystals; a detailed theory would require a
cise knowledge of the thermal modes, as well as of th
coupling and mean lifetimes. However, we still expect t
attenuation to drop below some temperature because o
depletion of the thermal lattice modes. From our measu
ments, it seems that there is an attenuation drop around 3
but additional experiments extending to much lower te
perature should be performed to confirm this point.

While the attenuation at room temperature has the s
order of magnitude as in dielectric crystalline solids, w
should notice26 that this is no longer true below 100 K
Moreover, the attenuation still varies asv2 down to 15 K so
that, surprisingly, no crossover to a new regime is observ
Then, clearly, at low temperature, the attenuation does
behave as in crystalline dielectric solids.

The discrepancy may be searched for either in the part
lar features of the phonon-phonon interaction in quasicrys
.

.
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or in other sound absorption sources. At low temperatu
other possible sources are the electronic scattering and
tunneling states scattering. The extrinsic residual attenua
due to macroscopic defects~surface roughness, etc.! must
also be considered. The acoustic attenuation by interac
with conduction electrons is proportional tonle wheren and
l e are the conduction electrons density and mean free p
respectively.21 This value can be derived from measureme
of the electronic conductivity. Using typical values,7 we find
that nle is small and that the contribution of the electron
processes to the attenuation is negligible~of the order of
1022 cm21 at 20 GHz!. Acoustic experiments27–29 in quasi-
crystals at low temperature have revealed tunneling st
~two-level systems! with a broad distribution of energy split
ting, responsible for sound absorption. Above a few Kelv
the acoustic attenuation is dominated by a relaxation proc
and can be computed using the phenomenological theory
rived for glasses,30 given the deformation potentialB and the
tunneling states densityP. Using28 PB2/rs252.23105 and a
densityP5231045 J21 m23 which is typical of amorphous
metals,29 we find that the tunneling states contribution to t
absorption is negligible in our temperature range. Finally
low temperature, the extrinsic residual attenuation could b
possible phonon-phonon interactions. To settle this po
further experiments at lower temperature or on series
samples with different thicknesses are necessary in orde
evaluate both contributions.

V. CONCLUSION

We have measured the acoustic attenuation in the ic
hedral quasicrystal Al68.2Pd22.8Mn9.0, between 15 and 300 K
and in the tens of GHz range. We find that, above 100 K,
attenuation behavior compares more to crystals than to am
phous solids. In disordered solids, the Akhieser process a
cannot explain the acoustic attenuation. Other relaxation p
cesses are active~thermal activation of localized excitations
structural relaxation etc.!. In a quasicrystal, we stress that, o
the contrary, the attenuation behavior between 100 and
K is consistent with an Akhieser relaxation process involvi
the relaxation of lattice modes perturbed by the acou
wave. In this temperature range, the mean lifetime of
thermal excitations varies in the same way as in crystals,
according to aT21 law , and with the same order of magn
tude (G2t;10212 s). Below 100 K, the frequency depen
dence of the attenuation is still quadratic so that we do
observe a crossover to a low temperature regime simila
the Landau-Rumer regime which exists in crystals. The
havior of the attenuation is not clearly understood in t
temperature range. It would be interesting to perform exp
ments down to much lower temperature (T;1 K).
on-
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