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Ultrasonic attenuation in a quasicrystal studied by picosecond acoustics
as a function of temperature and frequency
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We report on the acoustic attenuation in an AIPdMn 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 proceqs@snon-phonon interactionsnust 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 nunifer61.44.Br, 62.65tk, 63.20.Ry
[. INTRODUCTION acoustic experiments performed in a singikelPdMn quasi-

crystal, between 15 and 300 K, in the tens of GHz range.
The lattice dynamics of quasicrystals is a challenging
problem in solid state physics. The structure of quasicrystals
exhibits a long range order which can be described using Il. EXPERIMENTAL PROCEDURE
periodic structures in a higher dimensional space. Neverthe- . ) .
less, no powerful concept, equivalent to the Bloch theorem in . 1 N€ Sample is a plate cut from a single icosahedral qua-
crystals, can be used to describe the vibrational excitations iﬁ'ﬁrﬁsﬁfn'ne ﬁqmaénTﬁg_?szz,gMng_o growr|1 using thfe Igzo-_
guasicrystals. However, much theoretical and experiment£ r(‘jas y tecl_nrl]ql:j 'f| te a(zjes are”n?rr_rllz; tothf_i TXVO 0 ix'tsr’]
work has been devoted to this probléfor a review, see Ref. and are polished flat and paraflel. 1nhe thickness ot the
. . sample is 11&m at room temperature. The wedge angle can
1). The general agreement is that the character of the Iatncg . . . ; o
e estimated using a mapping of the round-trip acoustic time

.excnaﬁodns IIS' T.tdmﬂé gtpea}kmga Cm('jcal n thr?ﬁ'd'mens'onlfaklversus the acoustic path location and is found to be about
ICosahedral solids. Lritical modes decay on the average Ikg, 14-4 rq The surface roughness was estimated using an

a power law around a main site but can peak locally at S€Vatomic force microscope. Small areas (155 um?) were

eral distant surrounding SiFéSThEY are neither extendees investigated and the rms roughness was found to be around 4
in periodic sol|ql$ nor I(.)cal'|zed(W|th an ?xponentlal decay nm. In order to compare the attenuation data, we also studied
around some site, as in disordered solidsowever, at low  yo s{100] crystalline samples with low impurity content
frequency, the modes cannot practically be distinguishegohosphorus dopantThe samples are 110 and 128n thick

from really extended modes and are similar to the acoustigiith resistivity p: 165<p<240 and 508p Qcm, respec-
modes of crystals. Inelastic neutfoand x-ray scatterify tively. The experiments are performed in a continuous-flow
experiments set the limit between high and low frequenciegryostat.

around a few THz. The acoustic attenuation and the thermal The experimental method we chose to perform sound ab-
properties(dilation, heat capacity, thermal conductivitgre  sorption measurements is the so-called picosecond ultrason-
intimately related to the lattice excitations. In dielectric crys-ics techniqu&’ which combines the use of short laser pulses
tals, they can be explained, at least qualitatively, in a comand an optical pump-probe technique. A Ti:sapphire mode-
mon framework dealing with extended lattice excitationslocked laser delivers linearly polarized pulses with a duration
(Bloch state phonons In disordered dielectric solids of 200 fs. A first laser pulséthe pump is focused to a
(glassey additional processedunneling states, thermal ac- diameter of 18um on a thin(30 nm) aluminum film depos-
tivated relaxations, soft modes, etoust be introduced to ited on the sample. The film absorbs a fraction of the energy
explain the thermal properties or the acoustic attenuation. land generates a longitudinal acoustic pulse. This pulse
quasicrystals, the thermal conductivity, internal friction andpropagates in the sample and gives rise to a series of echoes
sound velocity versus temperature are found to be glasslikethich are detected by a second, time delayed, laser pulse
at low temperature and have been explained within the phedthe probe. The probe is focused to a diameter of 2.
nomenological model of two level tunneling state#t  The pump and probe wavelength is 750 nm. This technique
higher temperature, thermal data are avaifableut, to our has been mainly used in very thin films where the typical
knowledge, no ultrasonic absorption experiment has been r@eund-trip time is in between a few tens up to a few hundreds
ported yet. Mechanical spectroscopy data from 100 to 100picoseconds. However it has been shbhat much thicker

K (1 Hz to 3 kH2 are also available and reveal thermal films corresponding to round-trip times above 100 ns can
activated processésin the present paper, we report on also be studied with such a technique if the repetition rate of
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FIG. 1. “Pump and probe” picosecond acoustics setup, in a;he pla'ge.bAfter thﬁ Iog_p dthe tV\(IjO heams mrt]erf;ere r?nd are
Sagnac interferometric configuratiof\/2, half-wave plate;\/4, etected by two photodiodesandB. Due to then/2 phase

quarter-wave plate; PBS, polarizing beamsplitter; NPBS, nonpolarShift introduced by the quarter-wave plate between the beams

izing beamsplittey. propagating in opposite directions it can be shown, assuming
that the nonpolarizing beamsplitter is perfect, that the photo-

the laser has a good stability. The time delagetween two diode signals are

successive pulses of our laser source is typically around 12.2

ns, which means that for a delapetween the probe and the Sa(h) =Pe(t) + (1), 1)
pump we can detect any event occuring at times T (n is _
an integey. The thickness of our AIPdMn sample was ad- Sg(t)=pe(t) F &(1), (2)

justed to get travel times for the first and second echoes of 35 _ ~

and 70 ns, respectively. In such a way the echoes are d¥nere pe(t)=pe(t+6)+pe(t) and ¢(t)=¢(t+6)— ¢(t).
tected withn=3 or 6 and appear, on the records, in an areal’he imaginary part is measured froBy—Sg==*=2¢. The
where the thermal background is quite flat just before thesign depends on the orientation of the quarter-wave plate.
time where pump and probe coincide. Acoustic echoes inThe pump is modulated at 1 MHguty factor 20% and the
duce changes in the refractive index of the aluminum filminduced changdar/r is detected with a lock-in amplifier; the
(photoelastic effegtbut also displacement of the surface; the sensitivity in surface displacement detection is estimated to
photoelastic effect contributes to both real and imaginarybe 5x10 ¢ nm.

parts of the relative changes or the reflection coefficient Due to the very low thermal conductivity of AIPdM@.1
which can be written asAr/r)(t) = pe(t)+i¢(t) while the to 1.5 Wni 1K~ from 10 to 300 K (Refs. 5 and Yand the
surface motion contributes only to the imaginary partn-  small volume of the sample, special care must be payed to dc
terferometric detectidd*® can independently measuge,  and ac heating problems. On the one hand, the ac he@ing
and ¢. At low frequency the displacement contribution to the 1 MHz) contributes toAr/r much more than the acoustic

reflectivity change becomes larger than the deformation corechoes but fortunately the differential detection/gt) gives
tribution and consequently is expected to be larger than a natural way to subtract this thermal background. On the
pe- Since high frequencie~100 GH32 are highly damped  other hand, low energy laser pulses must be used to reduce

at room temperature we use an interferometric detection te¢he dc heating. The dc heating is evaluated using the acoustic
measure the imaginary part. To overcome the fluctuations of

the refractive index due to the helium flow in the cryostat & - -
cell we also chose a Sagnac interferometer already describe’é vor
in Ref. 14 and in Fig 1. g
After the polarizing beamsplitter, the probe beam is split <
by a nonpolarizing beamsplitter in two equal parts which §
propagate in the same loop along opposite directions. Thé& °°
sample is located within the loop in a nonsymmetrical posi- §
tion in such a way that the two beams reach the sample ag
different timest and ¢+ 6) compared to the pump beam; the §
delay 6 between the two beams is 800 ps. Another asymme*- 00
try is introduced by the half- and quarter-wave plates: the
half-wave plate rotates the beam polarization by 90 degrees

in such a way that the counter propagating beams in the loop FIG. 3. Fourier transforms of the firsuppe) and second
pass through the quarter-wave plate with a polarization eitheftower) echoes at 15 and 295 K.

T=15K | | T=295K

20 40 60 0 20 40 60 80
Frequency ( GHz) Frequency ( GHz )

134205-2



ULTRASONIC ATTENUATION IN A QUASICRYSTAL . .. PHYSICAL REVIEW B 68, 134205 (2003

150 T T 1000 H T T T
40GHz @ O 15K
- 30GHz © . A 100K
™ ° 20GHz A - O 207K
S 100 | . 10GHz O E jo0f| ® 295K L a A |
- o o g g o
.8 o fo) 5 Q 8 o .
5 * *oo 2 5 8 g
2 sof @ OO o A, A M Al 2 1wf o .
& O~ O A LA & o
pid o) A A A [0}
= A A A A +=
< OAAAAA A A ogoo b o
AN po 00 By goo o o oo o
0 1 1 1 1 1 1
0 100 200 300 10 20 30 40
Temperature (K) Frequency ( GHz)

~ FIG. 4. Attenuation of longitudinal waves vs temperature in  FIG. 5. Attenuation of longitudinal waves vs frequency in
i-Algg Pdh, dMng o at various frequencies. i-Algg b, Mng o at various temperatures. The full line displays a

. L. . uadratic variation.
velocity variation versus incident mean energy. Above 100q

K, the pump energy incident on the sampléjs=0.7 nJ per _ o S

pu|se7 and each probe pu|5e energ&ég 0.04 nJ. At 295 K, attenuation and extrinsic sources originating from macro-
the steady-state heating is found to be about 10 K. Belovpcopic defects, giving an apparent attenuatjpwor parallel-

100 K, we reduce the incident energies down to the pointsm, surface roughness, gtcThe nonparallelism effect was
where no acoustic velocity change is observed at 15: computed and found to be negligidtein principle, the sur- -
=0.3 andE¢=0.03 nJ, per pulse. The temperature of theface roughness contrlbl_mon can be est_lmqted !oy making
sample is then estimated to be only a few degrees above tffBeasurements on a series of samples with identical surface

thermometer temperature. condition and different thickness. We did not performed such
experiments but we notice that the rms surface roughffess
Il. RESULTS nm) is much smaller than the shortest investigated acoustic

) ) i wavelength(160 nm at 40 GHg Altogether, the effect of the

Figure 2 displays the first and second echoes that we Obyiterent extrinsic sources can be assumed as temperature
serve at 15 and 300 K. We checked that no nonlinear effect ig,qenendent and their contributions can be estimated, at ev-
induced. For that purpose, we varied the energy of the pumpy frequency, as a residual attenuation at 0 K. Unfortunately,
pulses while adjusting the _modulat|on duty factor in order tog experiments do not extend to sufficiently low tempera-
keep a constant mean incident energy and, then, a constafite 1o make it possible to measure this residual attenuation.
steady-state heating. No echo deformation is observed andeyertheless, we observe that the attenuation at 15 K is
the magnitude of the echoes is proportional to the energy cfajier than the attenuation at high temperature. At 20 GHz
the pump pulses. We expected the echoes to superpose on,a4 above 100 K (T) — a(15 K)] is more than 70% of the
flat baseline because the round-trip acoustic time is such that,, attenuationa(T). Therefore, above 100 K, the main

they are probed more than 9 ns after the last pump pulse.,nyinytion to the attenuation comes from intrinsic pro-
Under such conditions, the shift that we observe between t Cosses. It is interesting to compare the attenuation in

baselines before and after the acoustic echoes does not COMR | pdMn with the attenuation in other solids. Table | gives

fro.m .the thermal backgrounq but from the eChC? slhape. ThiSarious data at room temperature. We have quoted an amor-

shift is attributed to the details of the echoes building up and,,, 0 /s metallic film &-TiNi), covalent glassesa(Sio,

is not _further analyzed. In ord_er to perform a quant|tat|\_/ea_ASZSeg) and crystalline dielectric solid(SiO,, c-Si). At

analysis, we compute the Fourier transform after subtractlor:'_;’00 K_the attenuation iirAlPdMn is much smaller than in

of a linear backgrfom;]nd frc;}m th? rr?whdata. ICIearIy, the fre’the amorphous metal or in the covalent glasses. On the con-

gyencygcc&ntert 0 th N EC 0€S 1S Ilg Zr at Tor\]N tempergturqrary, it is quite close to the attenuation we measured in crys-
igure 3 displays the Fourier amplitudes. The acoustic alg,ine gj |t s also close to the attenuation in crystalline

tenuation is then computed from the ratio of the Fourier am-Sioz (To our knowledge, no data are availablechSiO, at

plitude O.f the first and second echdéﬁgyre 4 displays_the 20 GHz and 300 K. However, using existing data and assum-
attenuation versus temperature, at various frequencies, b@— !

- . - a quadratic variation of the attenuation versus frequency,
tween 15 and 295 K. The attenuation decreases linearly wit gad q y

ne predicts 60—120 cnt at 20 GHz and 300 K ig-SiO,.)
temperature between 300 and 30 K. It seems that below 30 - o
. . . oreover, we have previously noted that extrinsic processes
(at 20 GHz the attenuation decrease is becoming steepe ver, W Ve previously Xnsic p

Unfortunatel Id not perf . ts below 15 KEould give a small contribution to the total attenuation. Then
—niortunately we could not pertorm expenments below 15 Kyna 4ctyal intrinsic attenuation inAIPdMn could still be
in order to test this point. Figure 5 displays the attenuatlorgh53

f tvari ; i bet 10 and ghtly smaller than measured. Therefore, from the point of
VErsus Irequency, at various temperatures, between LU an w of the acoustic attenuationrAIPdMn compares to di-
GHz. The variation of attenuation is roughly quadratic.

electric crystalline solids, not to disordered solids, at room
temperature.
In crystalline solids, the interaction of acoustic waves
Two sources of acoustic attenuatianmust be consid- with the thermal phonons is an efficient process for sound
ered: intrinsic microscopic processes giving a true acoustiabsorptior:=2It can be described at high temperature using

IV. DISCUSSION
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TABLE I. Longitudinal wave attenuation in different solids, at 300 K. PU, BS, and BPU stand for
picosecond ultrasonics, Brillouin scattering, and Brillouin scattering using picosecond ultrasonics, respec-

tively.
a-TiNi a-Sio, a-Sio, a-As,Se c-Sio, Si i-AlPdMn
(film) (bulk) [100]
a (cm b 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

a Boltzmann equation approathWithin the collision time  the phonons. In quasicrystals, the nature of the lattice exci-
approximation the attenuatiom of an acoustic wave writes, tations is different so that the second part of Eg). is no
if wr<1, longer valid as it stands and should be modified. But this
term can still be estimated by the macroscopic expression
CTw?r

a_
2ps®

()= () +

U2
<7>2<S—2>H, 3)

whereC is the specific heat per unit volume of the crystal,
the temperaturep the mass densityy the mean lifetime of . )
the thermal excitationsw/27 and s are the frequency and WhereCi andCy, are the elastic modulug; is the thermal
velocity of the sound wave. Here, tié brackets stand for Cconductivity, ands the linear dilation coefficient.

6

_(Cut 2C12) 2xpTB%w’
®th=

Cu 2sC?

thermal averages. For example, we have Using Eq.(6) and existing data,”?*we find that the ther-
moelastic contribution is negligibleag,<1 cm !, at 20

C, GHz, over the whole temperature rafgehus, we now only

<7>:; T " (4 consider the Akhieser contributiom,. We notice that the

experimental results are in accordance with the quadratic fre-
and similar expressions fdry?) and(v?) where\ indexes quency variation displayed by E(p). At room temperature,
all the vibrational mode<C, , v, andv, are respectively the the specific heat is close to the Dulong-Petit expectation for
specific heat, the Gneisen parametdrelative to the longi- the specific heat due to lattice excitatichsC=2.7
tudinal deformation induced by the wavand the group ve- X 10° Jm K™, Using p=5130 kgm ®, s=6500 ms*,
locity of the A\ mode. and a=50 cm * at 20 GHz and 300 K, we find?7=1.1

Equation(3) displays two contributions to sound absorp- X 10~ 12 5 at 300 K. This value compares to typical values in

tion, corresponding to the two sets Of brackets. The first crystals wherd™ and 7 are of the order of 1band 10 s,
one corresponds to the Akhieser process and the second orespectively(in ¢-Si, usinga =80 cm ! at 20 GHz and pub-
to the thermoelastic effect. In the Akhieser mechanism, thdished data, we find'?7=2.4x 10" 2 s at 300 K. Moreover,
acoustic wave acts as an external field which modulates théne Grineisen constanty)=1.7 which can been extracted
energies of the thermal lattice excitations through théncru from dilatior?* is also close to typical values in crystals. We
eisen parameters. These excitations readjust their energy digan check that our result is consistent with the assumption
tribution via anharmonic interactions on the time scale of thaw7<<1. When the temperature is lowered, the same calcula-
collision time 7 and this delay gives rise to sound absorption.tion can be performed consistently downTe-100 K. Fig-
In the derivation of the Akhieser contribution, the characterure 6 displays a logarithmic plot df?w between 100 and
of the thermal lattice excitations does not play any part. Thu800 K, derived using the attenuation at 20 GHz and the ex-
we stress that the Akhieser mechanism must be active, at
room temperature, whatever the true nature of the lattice 1 . T .
thermal excitations isextended, localized, critical, ejcIn
particular, it must be active in quasicrystals and the first part
of Eq. (3) gives correctly the contributioa, of the Akhieser
mechanism,

0.5

r‘er
T

CTw?T?r 5 L
ap=———,
A 2ps®

whereI'2= (%) —(y)% The thermoelastic absorption arises ~ * - 200 - 200

from heat flow between the regions of compression and rar-
efaction induced by the acoustic wave. In crystals, the heat is
carried by extended and propagating lattice excitations. This FIG. 6. 2w derived from Eq.(5), using the attenuation mea-
shows up in Eq(3) through the average group velocityof ~ surement at 20 GHesee the teyt The full line is aT~?! function.

Temperature ( K)
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perimental specific he&tln that range, we notice thit?wr  or in other sound absorption sources. At low temperature,
varies roughly asT 1. Thus, assuming thdf is constant other possible sources are the electronic scattering and the
between 100 and 300 K; is found to vary asT ! at high ~ tunneling states scattering. The extrinsic residual attenuation
temperature. That kind of behavior is well known in crystalsdue to macroscopic defectsurface roughness, etanust
and arises from the density of phonons being proportional t&@|so be considered. The acoustic attenuation by interaction
the temperature, at high temperatfitdn quasicrystals, the With conduction electrons is proportional nd, wheren and
density of lattice excitations must also be proportional to thde aré the colndu_ctmn electrons density and mean free path,
temperature, at high temperature, so thatfthé variation of respectively. This value can be derived from measurements
7 is also expected. Then, at high temperatufe-(100 K), of the electronic conductivity. Using typical valuéwe find

we suggest that anharmonic processes exhibit similar fedhatnle is small and that the contribution of the electronic
tures in crystals and quasicrystals. The Akhieser mechanisﬁé?%ecsrsne_s_{ ;(: ;geeﬁt;rk’:;fsrliésezegrl:g:gfég%ir?rdS;S?_f
alone can explain the observed acoustic attenuation in o : P d
frequency range. The Gmeisen constants and the thermal crystals at low temperature ha\{e r_eve_aled tnneling states
excitations lifetime = have the usual order of magnitude. (Fwo-level sysgem)swﬂh a broad dlstrlbutlon of energy spht-'
Moreover, 7 behaves ag 1. In contrast with the acoustic ting, respo_n5|ble for .SOUT‘O' abs_orp'uon. Above a fe_w Kelvin,
attenuation, the thermal conductivities in quasicrystals angqnedi?nuggccztrfnljjgéogs'; d(t)rr]rgn?:go?%/eig%aﬁgﬂugfczzs_
crystals have very different behaviors. In quasicrystals, thé& '8 : 9 pher 9 y
fived for glasses? given the deformation potenti& and the

thermal conductivity is mainly dominated by the localization ) : e b2 o
length of the vibrational modes and cannot be used to deriv%mne.IIng states d?”?'ﬁ- 935'”92. PB /ps_—2.2>< 10°and a
ensityP=2x 10" J 1 m~3 which is typical of amorphous

he thermal excitations mean lifetime. i ) A

t ethSatisn(g) (i:stonly valid if o7<1. When the temperature metals?® we find that the tunneling states contribution to the

is lowered, the Boltzmann equation approach remains vali bsorption is negligible In our temperature range. Finally, at
Y ow temperature, the extrinsic residual attenuation could blur

but the absorption can no longer be clearly divided in ) ) ) ) .
Akhieser and thermoelastic contributions. In crystals ifpOSSIble phonon—phonon interactions. To setle this point,
' __further experiments at lower temperature or on series of

w7>1 the Landau-Rumer regime is reached. In this regime o ) .
the acoustic wave is regarded as a collection of phonong"’mpIes with d|ﬁergnt Fhmknesses are necessary in order to
decaying because of their anharmonic interaction with theevaluate both contributions.
thermal phonons. '_I'he transition betwegn the Akhi_eser and V. CONCLUSION
Landau-Rumer regimes has been described by various mod-
els which rely on a detailed analysis of the phonon-phonon We have measured the acoustic attenuation in the icosa-
interactions. In this case, the true nature of the lattice excihedral quasicrystal A} Pd, Mng 5, between 15 and 300 K,
tations is important for a rigorous calculation of the absorp-and in the tens of GHz range. We find that, above 100 K, the
tion. For this reason, the interpolation formulas cannot bettenuation behavior compares more to crystals than to amor-
used in quasicrystals; a detailed theory would require a pregphous solids. In disordered solids, the Akhieser process alone
cise knowledge of the thermal modes, as well as of theicannot explain the acoustic attenuation. Other relaxation pro-
coupling and mean lifetimes. However, we still expect thecesses are activéhermal activation of localized excitations,
attenuation to drop below some temperature because of tretructural relaxation etg.In a quasicrystal, we stress that, on
depletion of the thermal lattice modes. From our measurethe contrary, the attenuation behavior between 100 and 300
ments, it seems that there is an attenuation drop around 30 K is consistent with an Akhieser relaxation process involving
but additional experiments extending to much lower tem-the relaxation of lattice modes perturbed by the acoustic
perature should be performed to confirm this point. wave. In this temperature range, the mean lifetime of the
While the attenuation at room temperature has the sam#mermal excitations varies in the same way as in crystals, i.e.,
order of magnitude as in dielectric crystalline solids, weaccording to a ! law , and with the same order of magni-
should noticé® that this is no longer true below 100 K. tude [(27~10"'2s). Below 100 K, the frequency depen-
Moreover, the attenuation still varies @ down to 15 K so  dence of the attenuation is still quadratic so that we do not
that, surprisingly, no crossover to a new regime is observedbserve a crossover to a low temperature regime similar to
Then, clearly, at low temperature, the attenuation does nahe Landau-Rumer regime which exists in crystals. The be-
behave as in crystalline dielectric solids. havior of the attenuation is not clearly understood in this
The discrepancy may be searched for either in the particuemperature range. It would be interesting to perform experi-
lar features of the phonon-phonon interaction in quasicrystalments down to much lower temperature~<1 K).
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