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Glasslike lattice vibrations in the quasicrystal Ak, Pdyo Mn -,
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The internal friction, speed of transverse sound, and thermal conductivity have been measured of a single
grain of icosahedral A} ;Pd,, Mn5, (composition in the meltthat was grown by the Czochralski technique
at Forschungszentrumlith. The three sets of data could be consistently described with the tunneling model
using the tunneling strengt@,= (0.5+0.1)x 10" “. This value ofC,, which is close to the one obtained by
speed of sound measurements by Vereteal. on a sample of-AIPdMn grown by the Bridgman technique,
and from thermal conductivity of a sample grown by the Czochralski technique by Legjaallt and of a
Bridgman sample measured by Chernikeival, is close to the range observed for most amorphous solids,
10 4-102. It is concluded that the lattice vibrations of this icosahedral quasicrystal, grown from the melt in
thermal equilibrium, are indistinguishable from those of amorphous solids, and of many chemically disordered
crystals.

. INTRODUCTION —MgsZn;Al, between~10 mK and 10 K on vibrating
reeds revealed temperature dependencies which qualitatively

The lattice vibrations of amorphous solids differ from resembled those observed in amorphous métatowever,
those of perfect crystals in characteristic ways. In perfecthe tunneling strength<, as defined in the tunneling
crystals, lattice vibrations are described by plane elastignodel’~2 determined to be X 10 ¢ and 1.4<10°° on the
waves or phonons. In amorphous solids, localized excitaribbons ofi-AlsLi;Cu andi — MgsZnsAl,, respectively, were
tions, often described as tunneling states, are needed in agmaller than observed in amorphous metals, for example
dition to the plane waves to describe the vibrations at frea-pd,eSi;Cus; (C=8.7x10"° measured on a vibrating
quencies below- 10" Hz. They determine the specific heat, reed?) and CygZro, (C=2.9x10"* measured through
thermal conductivity, and the acoustic properties at temperat-h | d t 't% E th. ller t
tures below several Kelvifi.® Furthermore, in the frequency ermal conductivity ). u,rﬁ ermore, an even smafler tun-

i neling strengthiC=3.6x 10 ° was found on a large, single-
regime above several terahertz, the phonon mean free path "Fain sample of Al,LisCu, which had been slowly cooldd
amorphous solids becomes so short that the wave pictu hi I P 1 | 3 t that ob di y‘d A "' d
becomes inapplicable, and has to be replaced with one qf IS V; uebc_:omestcloser:]_ Oh a bo bslerve tlr'] ac(;m er_lda 3{ Ie-
localized atomic vibrations with lifetimes on the order of the o eq CUDIC CTYS algwhich probably contained acci enta
vibrational period"® These short-lived excitations lead to a defecty, and it was therefore concluded that the density of

very small thermal conductivity. tvoically above50 K states of the tunneling defects in these icosahedral quasicrys-
y y, typically ’ tals was more a function of accidental disorder, for instance

called the minimum thermal conductivity. phason strain, rather than a result of the intrinsic structure as
With the discovery of quasicrystals, the question arosen amorphous solidst The same conclusion was reached in
whether their lattice vibrations resemble more closely thosgneasurements of the internal friction of a variety of icosahe-
of crystals or of amorphous solids. Early results were amdral ribbons'* It was suggested at that point that glasslike
biguous. In specific-heat measurements on superconductingcitations were more likely to occur in metastable alloys,
icosahedral as well as amorphous Jg;Al, above 0.1 K, @ rather than in well annealed, thermodynamically stable qua-
linear specific-heat anomaly could not be identified due tasicrystals. In light of the observations summarized above, the
the scatter of the dataMleasurements of the thermal conduc- availability of large, well annealed and thermally equili-
tivity of amorphous and icosahedrald8@J,q ¢Sihg s bEtWeen  brated quasicrystals of the composition AIPdMn and AlIPdRe
0.15 anl 2 K yielded very similar results, although neither of grown either by seed pulling from the mel€zochralski
them showed thel? dependence expected for amorphoustechniqué or by the gradient metho@ridgman offered the
solids® Here the icosahedral phase had been formed by arexciting opportunity of answering the question whether un-
nealing an amorphous ribbon, which resulted in quasicrystadler these conditions their lattice vibrations resemble those of
particles of size 1500-2000 A filling 80% of the volume, crystals or of glasses.
with particles ~100 A in diameter filling the remaining ~ Measurements of either thermal conducti¥ity® or
space. It seems likely that such ribbons contained considespeed of sountf on such single grain samples showed a
able structural disorder which might also lead to a thermabehavior similar to that of amorphous solids both in tempera-
conductivity resembling that of amorphous solids, as obture dependence and magnitude. However, what has been
served, for example, in plastically deformed alumintii. missing so far are measurements of thermal conductivity,
Thus the existence of glasslike excitationdiRdUSi could  speed of sound, and ultrasonic attenuation all on the same
not be concluded with certainty. sample, along with the successful description of all the data
Sound velocity measurements intAlsLizCu and i with the tunneling modelTM), using the same tunneling
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strengthC as fitting parameter. This is the purpose of the —~ ' ' ' "
present study. We will combine the presentation of our data < 2

on a single grain sample of AIPdMn with a review of earlier E, 107

studies of the thermal and elastic properties of this quasic- =

rystal and ofi-AlIPdRe. Since quasicrystals contain free elec- g 103+

trons, their thermal and elastic properties should be com- =

pared with those of amorphous metals, rather than §

amorphous dielectric solids. It is known that the low-energy B 10*t

excitations of amorphous metals depend on the thermal 8

history!32°21 This is in contrast to dielectrics, in which the =

effect of heat treatment is very small, as reviewed by £ 10°F

Johari?? A striking sample dependence will also be seen in 2 7 i-AIPdMn
i-AlPdMn quasicrystals, and will be connected to their heat = 1076 L ' , . .

treatment. 0.1 1 10 100
As the work to be reported here was in progress, Bert Temperature (K)

et al?® reported on a search for low-energy tunneling states

in single grains of AJ;Cu,sFe;, prepared by levitation melt- FIG. 1. Thermal conductivity of our-AIPdMn sample,(solid

ing and subsequent annealing. Through measurements gifcles together with previously published data, on three differently
speed of sound and ultrasonic attenuation at 190 MHz, thegreparedi-AIPdMn samples(a) inverted triangleRef. 15; (b)
reported a speed of sound varying as the logarithm of thepen circlesRef. 17; (c) open diamond$Ref. 16; AIPdRe, open
temperature, as predicted by the TM. However, in contrast tariangles (Ref. 18; a-As,S; and a-SiO, for comparison, solid

the TM prediction, they did not observe a temperature-curves. The short dashed curvg,,, is calculated for the AIPdMn
independent plateau of the internal friction which, further-sample and is almost identical to theg,;, of a-SiO, and AlPdRe.
more, was one order of magnitude larger than predictedThe two dashed lines indicate the glassy range, the range of the
They concluded that tunneling states alone were inadequatBermal conductivity of all amorphous solids measufRef. 31.

to describe the acoustic properties on this quasicrystal. We

will return to these findings in Sec. VI. was of a single grain, Czochralski-seed pulled, with no sub-
sequent heat treatmeHtThe third samplec) was a single
Il. EXPERIMENTAL MATTERS grain grown by the Bridgmafgradienj method, also with

no information on any subsequent heat treatm@ur own

The single graini-AlPdMn quasicrystal studied in this measurements, shown as solid circles, as performed on the
investigation was grown by the Czochralski method by Dr.sample described in Sec. II, agree very well with those ob-
M. Feuerbacher at the Institut fFestkaperforschung in  tained on(c).
Juich, Germany. The composition in the melt was 72.1 at.% The data shown in Fig. 1 are the total thermal conductiv-
Al, 20.7 at. % Pd, and 7.2 at. % Mn. The sample was cut byity A measured without corrections for heat transport by
spark erosion with all the edges parallel to twofold axes anlectrons, except for sampl®), for which only the lattice
the long axis oriented along a fivefold direction. The surfaceshermal conductivity has been published. However, since the
were then sanded to a rod of X2.1 mm cross section and electrical conductivity of these quasicrystai€® is on the
a length of 20.9 mm. The internal friction and speed of sountbrder of 16 QO 'cm ! (much smaller than that of
was measured simultaneously in torsion at 90 kHz, using a-PdSiCu® given as 13000Q ~*cm™?) the electronic con-
composite oscillator technique described in Ref. 24, and alsgibution to the heat flow is expected to be negligible, accord-
in detail in Ref. 9. Measurements bal@ K were made ina ing to the Wiedemann-Franz-Lorenz law. Therefore the dis-
dilution cryostat, and those from 1.5-200 K in an insertableinction between lattice and total thermal conductivity is
*He cryostaf® The thermal conductivity of the same sample concluded to be unimportant for all the quasicrystals shown.
was measured by the standard steady-state four-probe teabver the entire temperature range investigated, these data
nique using a heater, two thermometers, and a dry-clamping:semble closely those obtained on amorphous dielectric sol-

method as detailed in Ref. 26. ids with data ona-As,S; and a-SiO, shown here for com-
parison. Below~1 K, the data for all samples ofAlIPdMn
IIl. THERMAL CONDUCTIVITY lie in the range found for all amorphous solids measured to

date (the glassy range, see Ref.)3ihdicated by the two
Our measurements on AIPdMn are shown in Fig. 1, to-dashed lines.

gether with previous measurements on one sample of AlP- Conduction electrons not only carry heat; they also reduce
dRe, and on three samples of AIPdMn. The sample othe heat flow by scattering the heat carrying phonons. In
Al;oPd, Res s Was prepared by arc melting, subsequentlya-PdSiCu, it has been shown that phonon scattering by elec-
annealed at 950 °@ daysg and 650 °C(2 dayg, then rap- trons dominates above-1 K, while below this tempera-
idly cooled to room temperatufé.Average grain size, ac- tures, the scattering is dominated by tunneling stté%En-
cording to scanning electron microscopy, wasl  couraged by this separation of the two scattering
X102 cm. One sample of A)Pd,;Mnq [labeled(a) in Fig.  mechanisms acting in the amorphous metal we conclude that
1] was also produced by arc melting, annealed at 8002 C the observed thermal conductivity in the quasicrystals which
days, and then quenched in watBrAnother sample of Al-  varies asT? below ~1 K, and which has the same magni-
PdMn [of unspecified composition, labeldgth) in Fig. 1], tude as observed in amorphous solids, is also the result of
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FIG. 3. The tunneling strengt@, for a-PdSiCu, as determined
from the thermal conductivity in the temperature region where it
varies asT?, using Eq.(3). Data for the 300 K/s quench rate are
from Ref. 21, all others from Refs. 30 and 32. The arrows point

) ) o towards data obtained after anneals at 573(Kh for the 3
FIG. 2. Comparison of the predicted minimum thermal conduc-y 1 3.k/s sample, 6 h for the others

tivity, Eq. (1), to that measured at 300 K on amorphous solids and
of highly disordered crystals containing glasslike excitati(Refs.

31 and 33. Also shown is the comparison for the quasicrystals at
the highest temperature of measurement at 100 K.

Measured Conductivity (mW/cm/K)

® Amorphous Solids
O Disordered Crystals
B Quasicrystals

claim that their high-temperature thermal conductivity is
close to the minimum thermal conductivity.

On the basis of the arguments presented here, we con-
clude that the thermal conductivities observed on the five
quasicrystals shown in Fig. 1 are very similar to those ob-
served in amorphous dielectric solids. There is, however, one
important difference: In amorphous dielectrics, the thermal
conductivity(if we concentrate on the measurements below a
Few K) and the tunneling strength is largely independent of
sample preparation and heat treatnfénthis independence
is clearly not observed in the quasicrystals, which in this
respect resemble amorphous metals. As an example of the
latter we show in Fig. 3 the variation of the tunneling
strengthC; determined from the thermal conductivity for
samples ofa-PdSiCu prepared at different quench rates and
after subsequent annedtbe subscript refers to transverse

two-level systems. Any scattering by electrons will be ob-
served only at higher temperatures, if at all.

Above ~50 K, the thermal conductivities approach that
measured ira-SiO,. In amorphous solids, the high tempera-
ture thermal conductivity has been found to be close to th
minimum thermal conductivity ,;, calculated for these sol-
ids. We calculated the minimum conductivity for

Al Py Mn5 5, sample using the method outlined in Ref.
33 and the expression
> (T)2 foi/T x3eX
vil = ——dXx,
T N6 o (er-1)2
(1) waves, the dominant carriers of heakccording to the TM,
the low temperature lattice thermal conductivityis given

where the sum is taken over the three sound mdtes |
transverse and one longitudipalsing the speed of sound
v{=3.8x10° cm/s (from our present measurement which
agrees with Ref. 19andv,=6.5x10° cm/s from Ref. 34;
n=6.73x 107> atoms/cm is the number density of atoms
found from the mass densipy=5.08 g/cni; 6; is the cutoff
frequency for each polarization expressed in K:

T 1/3
Amin:(g) anZIS

T?=B,T?, 3

where v, is the transverse speed of sound;%£1.797

X 10° cm/s), and some simplifying assumptions have been
made regarding the longitudinal phonons and their influence
on the heat transport, as described, e.g., in Ref. 35. The
sources for the data shown are listed in the caption of Fig. 3.
Depending on the sample preparatid, can vary by as
much as a factor of 4. Returning now to the quasicrystals, a
the minimum conductivity of-AIPdMn andi-AlPdRe(cal-  similar variation appears to be found iirAIPdMn, depend-
culated in Ref. 18 are all very similar to that of-SiO,. ing on its growth conditions. We list in Table | the prefactor
Although the measurements do not extend much above 108, of the best fit of the formA =8,T? to the five curves

K, an extrapolation to higher temperatures naturally apshown in Fig. 1, and the tunneling strendth derived from
proaches the theoretical curve df,;,. Figure 2 shows a gS,.

comparison of the predicted thermal conductivity,;, at To summarize: in the three single grain AIPdMn samples
300 K to that measured in amorphous solids and in disorwhich were slowly grown from the melt, either by seed pull-
dered crystalline solids containing glasslike excitatidfifie  ing or by the gradient method, the thermal conductivities are
data points lie close to the dashed line which indicates pemearly sample independent, vary Bsbelow 1 K, lie in the
fect agreement between the value predicted by (Egand  glassy range and have tunneling strength of similar magni-
the experiment. It is seen that the data for the two quasicrysude. Their thermal conductivities approach the minimum
tals also lie close to the dashed line, thus confirming thehermal conductivity above~100 K. In the intermediate

f
0"t:U"t<k_B)(67T2n)1/3' (2

In Fig. 1, we have only shown one curve far,;, since
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TABLE I. The first and second columns list the composition of the quasicrystal measured and their
growth method; column 3 is the prefactor of théthermal conductivity using Ed3); columns 4—6 are the
tunneling strengttC, determined from the thermal conductivity, from the acoustic attenuatid® *, and
from the speed of sound of the transverse waves, respectively, as indicated with the second subscript;
column 7 gives the reference for each measurement. Note that the tunneling strengths for all quasicrystals
grown under thermal equilibrium range within a factor of 2 regardless of the measurement from which they
were determined.

Growth B, (1074 Cia Cio-1 Ci, Reference
Composition method Wicm K% (1004 (1074

Al7, PdyMn,,&  Czochralski 16 0.57 0.38 0.380 kH2 this work
Algg Pthy Mng ¢° Bridgman 0.3(28 MH2) 19

Algg Ph; Mng 6P Bridgman 0.3394 MH2) 19

Algg Phy Mng6° Bridgman 0.43(423 MH2 19
Al7oPdh;Mng ° arc melt® 4.0 2.2 15
Al70PhoMn ;P Bridgman 15 0.6 16
AIPdMn © Czochralski 12 0.8 17
Al;0Pdy Res 6° arc melt® 1.1 3.8 18

dComposition in the melt.

Composition in the solid.

“Unspecified composition.

dArc melt at 800 °C and water quenched.
€Arc melt at 950 °C, 600 °C and air cooled.

temperature range, around 20 K the conductivity shows @'3in accordance to the TM. On the low-temperature side of
maximum as observed in disordered crystals, a point notethe peak in Fig. 4, the velocity changes logarithmically with
previously! In rapidly quenched samples, the thermal con-temperaturéthe solid line$, except for an anomaly observed
ductivity is strongly depressed belowl K. in all curves at the lowest temperatures. By measuring the
speed of sound in a magnetic field, Verni¢ral ° made this
anomaly disappeafopen symbols thus showing its mag-
netic character, and revealing a clear logarithmic dependence
The linear specific heat together with thermal relaxationof Av/v, to the lowest temperatures. We fit an expression to
ought to be a particularly clear indicator of the broad specthese low-temperature data of the form given by the TM for
trum of tunneling states which occur in amorphous solidsamorphous metaf<:
Unfortunately, no convincing evidence has been found in
either AIPdMn or AIPdRe(Refs. 18, 36 and 37by this v_UOZA_UZEC Inl (4
technique, since at low temperatures not only electrons but Vo v 2 1T,
also magnetic effects dominate the specific l@&atPeaks of whereC, is the tunneling strength, and, is the transverse
speed of sound at some reference temperatugg=8.8

IV. SPECIFIC HEAT

Cp/T3 were observed at 20 K and~30 K in these solids,
respectively, and also evidence fofTa specific heat in ex-

cess of that expected on the basis of the speeds of sound 15F . ' R X
using the Debye model. Similar anomalies have also been -AlPdMn o e
reported for amorphous solid&but neither can be viewed as 10} 423 MHz |
convincing evidence for glasslike lattice vibrations. There . TP N
appears to be little hope of a clear identification of a linear E i 94 MHz |
specific heat anomaly until thermodynamically stable quasi- 3 5 Y LN
crystals become available which are nonmagnetic and super- “’9 . 28 MHz
conducting. For the time being, the identification of glasslike or * i
excitations in quasicrystals will therefore have to rely on /g;:z ..
thermal conductivity and acoustic measurements. 51 -

V. ACOUSTIC PROPERTIES 0.01 0.1 1 10

The transverse speed of sound measured on our sample at Temperature (K)

90 kHz is shown in Fig. 4. A comparison with previous  giG. 4. Relative variation of the transverse speed of sound in
measurements at higher frequentieshows very similar be- single graini-AlPdMn at 90 kHz(solid circles, this studyand at
havior. The velocity peaks at the same temperature, regargigher frequenciegRef. 19 (open symbols: with magnetic field,
less of the measuring frequency and resembles that of amogtosed symbols: witholit The velocity maximum is independent of
phous metals. In contrast, the temperature of the peak fahe measuring frequency which is also observed in amorphous met-
dielectric amorphous solids would depend on the frequencyils.
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FIG. 5. Internal friction of single graim-AIPdMn quasicrystal 0 P " — e 5
measured in torsion at 90 kHz in this stu@plid circleg and at 3 10 10 ) 10 ‘ 10 10
Hz (open circles from Ref. 39 In the temperature of overlap, the Strain Amplitude ¢ _
agreement is excellent for the two samples. The solid line which fits ] ] .
the data very well belw 2 K is conputed from the TM using the FIG. 6. Strain amplitude dependence on a normalized scale of a

tunneling strengtC, as determined from the speed of sound mea-I-AIPdMn quasicrystal measured at 70 mK compared ai8iO;
sured on the same samyiiig. 4). Equally good agreement with the (4.5 K) and a 6N aluminum deformed 1985 mK). Both the qua-
TM prediction using the parameters from speed of sound measur&icrystal and silica show no strain amplitude dependence. Therefore
ments is shown for-SiO, (Ref. 24 at 90 kHz(dashed curve and disloc_:ation tunneling as seen in the Al sample is unlikely in the
open triangles and for a-PdSiCu (Ref. 12 at 1038 kHz(long ~ guasicrystal.
dashed curve and open diamohdehe measurements of a crystal-
line quartz sample, background, are shown as a dotted line. em Was increased by two orders of magnitude t6 0Such
a dependence is absent in amorphous solids, as shown for

iy ) , a-Sio, in Fig. 6. Since dislocations have been observed in
x 10" cm/s fori-AlPdMn). The tunneling strength§, de- lastically deformed-AlPdMn,** we decided to search for

termined are also Ii;ted in Table I. They are independent ofaiy low-temperature motion by measuring o(nde-
frequency, as predicted by the TM, and show no samplgormeg sample with increasing,,. As is seen in Fig. 6, the
dependence. absence of any strain amplitude dependence gives no evi-
Acoustic attenuation at low temperatures has only beegence for any dislocation tunneling in this solid.
measured on our sample, see the solid circles in Fig. 5. Note
that our data agree well with those reported above 100 K by
Feuerbacheet al>° at a frequency of 3 Hz on an identically
prepared but different AIPdMn sample, open circles. Be-
tween 10 K and 0.05 K, the lowest temperature of our mea- Low-temperature measurements of the thermal conductiv-
surementQ ! is constant, as also found in amorphous met-ity, speed of sound, and ultrasonic attenuation, were made on
als, and illustrated in Fig. 5 with measurementsaeRdSiCu  the same sample of a single grainieAlPdMn cut from a
by Raychaudhuri and Hunklingé# The dropoff of the inter-  Poule grown by seed pulling from the mel€zochralski.
nal friction belov 1 K occurring in amorphous dielectrics, 1hese measurements are well descnbij with the TM, using
(shown in Fig. 5 with measurements @SiO,), can be the tunneling strengt_ﬁt=(_0.5to.1)>< 10" as the only free
understood in the framework of the TM with the assumptionpar.ameter' sum_manzed in Table |. The sa@ealso de-
that the relaxation of the tunneling defects occurs only viaﬁCrlbes the earlier speed of sound measurements at much

one-phonon processes. In amorphous metals, the absence égher frequencies by Vermeat al.™ on a Bridgman grown
e . sample. Thermal conductivity measurements on a Bridgman-
a similar drop-off has been explained by the fact that con- .
rown and on a Czochralski-grown sample, performed by

duction electrons provide an effective channel fqr reI_axatiorEegaultet al’® and by Chernikowet al,*” respectively, can
at the lowest temperatu.ré%.The same explanaﬂqn IS €X" also be described with nearly the sa@g All these results
pected to "’_‘DP'V for qua5|cry§t1als. Frorr_15the magnltude_ of th‘forovide convincing evidence that glasslike excitations exist
internal friction pIatea_u,Q =§><10. , the tunneling i\ the most carefully grown icosahedral samples and are in-
strengthC,=0.38x 10" * is determined, in perfect agreement grinsic to this thermodynamically stable quasicrystal, thus an-
with the value determined from the speed of sound; se@wering a long-standing question of whether the lattice vi-
Table I. brations of quasicyrstals resemble those of amorphous solids.
The physical nature of the intrinsic low-energy excitationswe repeat that the same conclusion had been reached earlier
in the i-AIPdMn is, of course, as unknown as it is in the by Vernier et al,’® Legault etal,’® and by Chernikov
amorphous solids. In plastically deformed crystalline alumi-et al.*” based on their measurements of either thermal con-
num, we have recently identified tunneling dislocations aguctivity or speed of sound only. The present work, how-
the defects causing ultrasonic attenuation at lowever, provides convincing evidence by combining the ther-
temperature&’ Their motion resulted in a strain-amplitude- mal with acoustic measurements. The tunneling strength
dependent internal friction, as shown in Fig. 6 for adetermined here lies at the lower limit of that found for most
99.9999%(6N) Al rod which had been annealed prior to a amorphous solids, which span roughly the range from
1% plastic deformation by stretching. At 85 mK, the internal 10 %—10"3, as reviewed in Ref. 42. It is, however, close to
friction increased fourfold as the ultrasonic strain amplitudethat of annealed amorphous metals. As shown in Fig. 3, in

VI. DISCUSSION
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sound attenuation or internal frictidiopen circles Chemical for-
mulas of the crystals plotted along with their references are a

lows: KBrCN: (KBr)y,dKCN)g75 (Ref. 35; NaCICN:
(NaCl)y (NaCN),; (Ref. 35; BalaF:(Bak)qsdLaFs)o4s (Ref.
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Tig eV o33 (Ref. 35; TiNb: Tig gdNby 57 (Ref. 39; Plag.: Plagioclase

FeldsparRefs. 33,35 9623:Corning type 9623, ceramicized, ther-

mal conductivity(Ref. 49, internal friction (Ref. 46; SBN: stron-
tium barium niobatéRef. 47; Na-8AIO: sodiumB-alumina, ther-
mal conductivity (Ref. 48 ultrasonic attenuatioriRef. 49; BC:

BoC (Ref. 42.

a-PdSiCu values o€, ranging from 0.X10 4-2.5x10™4
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utilize our knowledge of the structure of quasicrystals in or-
der to develop a picture of their physical nature which may
also apply to amorphous solids. These quasicrystals are not
the only nonamorphous solids with low-energy excitations
resembling those of amorphous solids both qualitatively and
quantitatively. A review of the most thoroughly studied dis-
ordered crystals with glasslike lattice vibrations has been
given by Topp and Cahif® see also Ref. 24. In Fig. 7, we
summarize the tunneling streng@ observed in these dis-
ordered crystals, as obtained by thermal conductivity and
acoustic attenuation measurements, together with those ob-
tained here om-AlPdMn. Note that the two techniques yield
values ofC; which usually differ by a factor of 2 or less.
Probably the most convincing evidence that the lack of long-
range order is irrelevant for the occurrence of the low-energy
excitations was given with a study of internal friction and

s Polihermal phonon scattering in ion-implanted silié6nDe-

pending on the ions used, the silicon either amorphiibsd

Si* ion bombardmentor it remained crystalline (B ions).

Yet, in either case the tunneling strength saturated with in-
creasing dose at the same value, X2D“. In an attempt to
understand this startling result, it was suggested that with
increasing dose, the buildup of point defects leads to a local
increase of random strains. The atoms in the neighborhood
of the spikes of such strains then may become unstable, and
can tunnel between different potential minima. The satura-
tion of these tunneling centers, and with that, of the tunnel-
ing strengthC,, is reached when the stress spikes begin to
overlap, i.e., when the solid locally rearranges or “yields.”
Conceivably, the amorphous structure is determined by the

have been observed in thermal conductivity measuremenigme upper limit of the local stresses. By mentioning it in the
with the smaller values observed on the slower cooled andresent context, we want to raise the question whether

annealed samplegsimilar values have been reported in gnough is known about the structure and local stresses in

acoustic measurementeviewed in Ref. 8 Thus the range

quasicrystals to either support or refute it as an origin of the

of C; observed on the different slowly grown boules of glasslike excitation in the quasicrystals.

i-AlIPdMn may have variations in sample growth as their

Finally, we turn to the high-temperature thermal conduc-

origin. In the very rapidly cooled arc-melted sample, thetjyity of the quasicrystals. As discussed in Sec. Ill in amor-

large value ofC,=2.2x 10" % may have a similar origitisee

phous dielectric solids the thermal conductivity above

also the large value observed for the arc-melted AlIPdRe_50 K approaches its minimum value, in which the heat

sample, Table)l However, no firm conclusion can be drawn fio\y is best described by a random walk from one atom to its
from the arc-melted samples until acoustic measurementseighpor, with a jump time on the order &fits vibrational
confirm this value ofC;, since the reduced thermal conduc- period. In disordered crystals with glasslike low-energy ex-
tivity could also result from scattering mechanism other tharbitations, the same heat-flow mechanism appears to prevail at
resonant scattering by the tunneling states, e.g., dislocationggh temperatures, and can be understood by their atomic
or small angle grain boundaries. o disorder. In quasicrystaisAlPdMn andi-AlPdRe, the ther-

~ On asample of ACl,gFe,, produced by levitation melt-  ma| conductivity at high temperatures also approaches this
ing followed by a 4-day anneal at 860 °C, and a rapid quenclinimum value. However, in these solids, order is observed
to room temperature, Beet al™ recently measured the low- oyer many atomic distances. It is not understood why this

temperature speed of transverse sound at 190 MHz. From itsyder should not lead to larger thermal conductivities.
logarithmic temperature dependence below 0.4 K, we deter-

mine C,=0.68x 10™ % with the use of Eq(4). Without mea-
surements of the thermal conductivity, no comparison with
the tunneling strengths obtained orAIPdMn is possible,
although the general agreement is encoura@vg mention
again that the acoustic attenuation observed by &eat. did Through thermal and acoustic measurements, we have
not agree with the prediction of the tunneling model, usingclearly confirmed earlier suggestions that the lattice vibra-
the tunneling strengthC; determined from the speed of tions ofi-AIPdMn are glasslike. By extending the existence
sound. of such excitations beyond chemically disordered or ion-
The existence of glasslike low-energy excitations in theimplanted crystals to quasicrystals, we conclude that the
thermodynamically stable icosahedral AIPdMn is now firmly physical nature of these excitations is becoming even more
established. We now turn to the question whether we carestricted, although it still defies our understanding.

VIl. CONCLUSION
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