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Glasslike lattice vibrations in the quasicrystal Al72.1Pd20.7Mn7.2

EunJoo Thompson, P. D. Vu,* and R. O. Pohl†

Laboratory of Atomic and Solid State Physics, Cornell University, Ithaca, New York 14853
~Received 13 July 2000!

The internal friction, speed of transverse sound, and thermal conductivity have been measured of a single
grain of icosahedral Al72.1Pd20.7Mn7.2 ~composition in the melt! that was grown by the Czochralski technique
at Forschungszentrum Ju¨lich. The three sets of data could be consistently described with the tunneling model
using the tunneling strengthCt5(0.560.1)31024. This value ofCt , which is close to the one obtained by
speed of sound measurements by Vernieret al. on a sample ofi -AlPdMn grown by the Bridgman technique,
and from thermal conductivity of a sample grown by the Czochralski technique by Legaultet al., and of a
Bridgman sample measured by Chernikovet al., is close to the range observed for most amorphous solids,
1024–1023. 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.
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I. INTRODUCTION

The lattice vibrations of amorphous solids differ fro
those of perfect crystals in characteristic ways. In perf
crystals, lattice vibrations are described by plane ela
waves or phonons. In amorphous solids, localized exc
tions, often described as tunneling states, are needed in
dition to the plane waves to describe the vibrations at
quencies below;1011 Hz. They determine the specific hea
thermal conductivity, and the acoustic properties at temp
tures below several Kelvin.1–3 Furthermore, in the frequenc
regime above several terahertz, the phonon mean free pa
amorphous solids becomes so short that the wave pic
becomes inapplicable, and has to be replaced with on
localized atomic vibrations with lifetimes on the order of t
vibrational period.4,5 These short-lived excitations lead to
very small thermal conductivity, typically above;50 K,

called the minimum thermal conductivity.6

With the discovery of quasicrystals, the question aro
whether their lattice vibrations resemble more closely th
of crystals or of amorphous solids. Early results were a
biguous. In specific-heat measurements on supercondu
icosahedral as well as amorphous Mg3Zn3Al2 above 0.1 K, a
linear specific-heat anomaly could not be identified due
the scatter of the data.7 Measurements of the thermal condu
tivity of amorphous and icosahedral Pd58.8U20.6Si20.6 between
0.15 and 2 K yielded very similar results, although neither
them showed theT2 dependence expected for amorpho
solids.8 Here the icosahedral phase had been formed by
nealing an amorphous ribbon, which resulted in quasicry
particles of size 1500–2000 Å filling 80% of the volum
with particles ;100 Å in diameter filling the remaining
space. It seems likely that such ribbons contained consi
able structural disorder which might also lead to a therm
conductivity resembling that of amorphous solids, as
served, for example, in plastically deformed aluminum.9,10

Thus the existence of glasslike excitations ini -PdUSi could
not be concluded with certainty.

Sound velocity measurements ini -Al5Li 3Cu and i
PRB 620163-1829/2000/62~17!/11437~7!/$15.00
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2Mg3Zn3Al2 between;10 mK and 10 K on vibrating
reeds revealed temperature dependencies which qualitat
resembled those observed in amorphous metals.11 However,
the tunneling strengthsC, as defined in the tunneling
model,1–3 determined to be 731026 and 1.431025 on the
ribbons ofi -Al5Li 3Cu andi 2Mg3Zn3Al2, respectively, were
smaller than observed in amorphous metals, for exam
a-Pd78Si16Cu6 (C58.731025 measured on a vibrating

reed12! and Cu0.3Zr0.7 (C52.931024 measured through

thermal conductivity13!. Furthermore, an even smaller tun
neling strengthC53.631026 was found on a large, single
grain sample of Al5.1Li 3Cu, which had been slowly cooled.11

This value comes close to that observed in accidentally
formed cubic crystals~which probably contained accidenta
defects!, and it was therefore concluded that the density
states of the tunneling defects in these icosahedral quasic
tals was more a function of accidental disorder, for instan
phason strain, rather than a result of the intrinsic structure
in amorphous solids.11 The same conclusion was reached
measurements of the internal friction of a variety of icosa
dral ribbons.14 It was suggested at that point that glassli
excitations were more likely to occur in metastable allo
rather than in well annealed, thermodynamically stable q
sicrystals. In light of the observations summarized above,
availability of large, well annealed and thermally equi
brated quasicrystals of the composition AlPdMn and AlPd
grown either by seed pulling from the melt~Czochralski
technique! or by the gradient method~Bridgman! offered the
exciting opportunity of answering the question whether u
der these conditions their lattice vibrations resemble thos
crystals or of glasses.

Measurements of either thermal conductivity15–18 or
speed of sound,19 on such single grain samples showed
behavior similar to that of amorphous solids both in tempe
ture dependence and magnitude. However, what has b
missing so far are measurements of thermal conductiv
speed of sound, and ultrasonic attenuation all on the s
sample, along with the successful description of all the d
with the tunneling model~TM!, using the same tunneling
11 437 ©2000 The American Physical Society
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11 438 PRB 62EUNJOO THOMPSON, P. D. VU, AND R. O. POHL
strengthC as fitting parameter. This is the purpose of t
present study. We will combine the presentation of our d
on a single grain sample of AlPdMn with a review of earli
studies of the thermal and elastic properties of this qua
rystal and ofi -AlPdRe. Since quasicrystals contain free ele
trons, their thermal and elastic properties should be co
pared with those of amorphous metals, rather th
amorphous dielectric solids. It is known that the low-ener
excitations of amorphous metals depend on the ther
history.13,20,21This is in contrast to dielectrics, in which th
effect of heat treatment is very small, as reviewed
Johari.22 A striking sample dependence will also be seen
i -AlPdMn quasicrystals, and will be connected to their h
treatment.

As the work to be reported here was in progress, B
et al.23 reported on a search for low-energy tunneling sta
in single grains of Al63Cu25Fe12 prepared by levitation melt
ing and subsequent annealing. Through measuremen
speed of sound and ultrasonic attenuation at 190 MHz, t
reported a speed of sound varying as the logarithm of
temperature, as predicted by the TM. However, in contras
the TM prediction, they did not observe a temperatu
independent plateau of the internal friction which, furthe
more, was one order of magnitude larger than predic
They concluded that tunneling states alone were inadeq
to describe the acoustic properties on this quasicrystal.
will return to these findings in Sec. VI.

II. EXPERIMENTAL MATTERS

The single graini -AlPdMn quasicrystal studied in thi
investigation was grown by the Czochralski method by D
M. Feuerbacher at the Institut fu¨r Festkörperforschung in
Jülich, Germany. The composition in the melt was 72.1 at
Al, 20.7 at. % Pd, and 7.2 at. % Mn. The sample was cut
spark erosion with all the edges parallel to twofold axes a
the long axis oriented along a fivefold direction. The surfa
were then sanded to a rod of 1.932.1 mm cross section an
a length of 20.9 mm. The internal friction and speed of sou
was measured simultaneously in torsion at 90 kHz, usin
composite oscillator technique described in Ref. 24, and
in detail in Ref. 9. Measurements below 2 K were made in a
dilution cryostat, and those from 1.5–200 K in an inserta
4He cryostat.25 The thermal conductivity of the same samp
was measured by the standard steady-state four-probe
nique using a heater, two thermometers, and a dry-clam
method as detailed in Ref. 26.

III. THERMAL CONDUCTIVITY

Our measurements on AlPdMn are shown in Fig. 1,
gether with previous measurements on one sample of A
dRe, and on three samples of AlPdMn. The sample
Al70Pd21.4Re8.6 was prepared by arc melting, subsequen
annealed at 950 °C~2 days! and 650 °C~2 days!, then rap-
idly cooled to room temperature.18 Average grain size, ac
cording to scanning electron microscopy, was;1
31023 cm. One sample of Al70Pd21Mn9 @labeled~a! in Fig.
1# was also produced by arc melting, annealed at 800 °C~2
days!, and then quenched in water.15 Another sample of Al-
PdMn @of unspecified composition, labeled~b! in Fig. 1#,
ta
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was of a single grain, Czochralski-seed pulled, with no s
sequent heat treatment.17 The third sample~c! was a single
grain grown by the Bridgman-~gradient! method, also with
no information on any subsequent heat treatment.16 Our own
measurements, shown as solid circles, as performed on
sample described in Sec. II, agree very well with those
tained on~c!.

The data shown in Fig. 1 are the total thermal conduc
ity L measured without corrections for heat transport
electrons, except for sample~b!, for which only the lattice
thermal conductivity has been published. However, since
electrical conductivity of these quasicrystals27–29 is on the
order of 102 V21 cm21 ~much smaller than that o
a-PdSiCu,30 given as 13 000V21 cm21) the electronic con-
tribution to the heat flow is expected to be negligible, acco
ing to the Wiedemann-Franz-Lorenz law. Therefore the d
tinction between lattice and total thermal conductivity
concluded to be unimportant for all the quasicrystals sho
Over the entire temperature range investigated, these
resemble closely those obtained on amorphous dielectric
ids with data ona-As2S3 and a-SiO2 shown here for com-
parison. Below;1 K, the data for all samples ofi -AlPdMn
lie in the range found for all amorphous solids measured
date ~the glassy range, see Ref. 31! indicated by the two
dashed lines.

Conduction electrons not only carry heat; they also red
the heat flow by scattering the heat carrying phonons.
a-PdSiCu, it has been shown that phonon scattering by e
trons dominates above;1 K, while below this tempera-
tures, the scattering is dominated by tunneling states.30,32En-
couraged by this separation of the two scatter
mechanisms acting in the amorphous metal we conclude
the observed thermal conductivity in the quasicrystals wh
varies asT2 below ;1 K, and which has the same magn
tude as observed in amorphous solids, is also the resu

FIG. 1. Thermal conductivity of ouri -AlPdMn sample,~solid
circles! together with previously published data, on three differen
preparedi -AlPdMn samples,~a! inverted triangles~Ref. 15!; ~b!
open circles~Ref. 17!; ~c! open diamonds~Ref. 16!; AlPdRe, open
triangles ~Ref. 18!; a-As2S3 and a-SiO2 for comparison, solid
curves. The short dashed curve,Lmin , is calculated for the AlPdMn
sample and is almost identical to theLmin of a-SiO2 and AlPdRe.
The two dashed lines indicate the glassy range, the range o
thermal conductivity of all amorphous solids measured~Ref. 31!.
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two-level systems. Any scattering by electrons will be o
served only at higher temperatures, if at all.

Above ;50 K, the thermal conductivities approach th
measured ina-SiO2. In amorphous solids, the high temper
ture thermal conductivity has been found to be close to
minimum thermal conductivityLmin calculated for these sol
ids. We calculated the minimum conductivity fo
Al72.1Pd20.7Mn7.2 sample using the method outlined in Re
33 and the expression

Lmin5S p

6 D 1/3

kBn2/3F(
i

v i S T

u i
D 2G E

0

u i /T x3ex

~ex21!2
dx,

~1!

where the sum is taken over the three sound modes~two
transverse and one longitudinal! using the speed of soun
v t53.83105 cm/s ~from our present measurement whic
agrees with Ref. 19! and v l56.53105 cm/s from Ref. 34;
n56.7331022 atoms/cm3 is the number density of atom
found from the mass densityr55.08 g/cm3; u i is the cutoff
frequency for each polarization expressed in K:

u l ,t5v l ,tS \

kB
D ~6p2n!1/3. ~2!

In Fig. 1, we have only shown one curve forLmin since
the minimum conductivity ofi -AlPdMn andi -AlPdRe ~cal-
culated in Ref. 18! are all very similar to that ofa-SiO2.
Although the measurements do not extend much above
K, an extrapolation to higher temperatures naturally
proaches the theoretical curve ofLmin . Figure 2 shows a
comparison of the predicted thermal conductivityLmin at
300 K to that measured in amorphous solids and in dis
dered crystalline solids containing glasslike excitations.5 The
data points lie close to the dashed line which indicates p
fect agreement between the value predicted by Eq.~1! and
the experiment. It is seen that the data for the two quasic
tals also lie close to the dashed line, thus confirming

FIG. 2. Comparison of the predicted minimum thermal cond
tivity, Eq. ~1!, to that measured at 300 K on amorphous solids a
of highly disordered crystals containing glasslike excitations~Refs.
31 and 33!. Also shown is the comparison for the quasicrystals
the highest temperature of measurement at 100 K.
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claim that their high-temperature thermal conductivity
close to the minimum thermal conductivity.

On the basis of the arguments presented here, we
clude that the thermal conductivities observed on the fi
quasicrystals shown in Fig. 1 are very similar to those o
served in amorphous dielectric solids. There is, however,
important difference: In amorphous dielectrics, the therm
conductivity~if we concentrate on the measurements below
few K! and the tunneling strength is largely independent
sample preparation and heat treatment.22 This independence
is clearly not observed in the quasicrystals, which in t
respect resemble amorphous metals. As an example o
latter we show in Fig. 3 the variation of the tunnelin
strengthCt determined from the thermal conductivity fo
samples ofa-PdSiCu prepared at different quench rates a
after subsequent anneals~the subscriptt refers to transverse
waves, the dominant carriers of heat!. According to the TM,
the low temperature lattice thermal conductivityL is given
by

L5
2.66kB

3

6p\2

1

Ctv t
T25boT2, ~3!

where v t is the transverse speed of sound (v t51.797
3105 cm/s), and some simplifying assumptions have be
made regarding the longitudinal phonons and their influe
on the heat transport, as described, e.g., in Ref. 35.
sources for the data shown are listed in the caption of Fig
Depending on the sample preparation,Ct can vary by as
much as a factor of 4. Returning now to the quasicrystal
similar variation appears to be found ini -AlPdMn, depend-
ing on its growth conditions. We list in Table I the prefact
bo of the best fit of the formL5boT2 to the five curves
shown in Fig. 1, and the tunneling strengthCt derived from
bo .

To summarize: in the three single grain AlPdMn samp
which were slowly grown from the melt, either by seed pu
ing or by the gradient method, the thermal conductivities
nearly sample independent, vary asT2 below 1 K, lie in the
glassy range and have tunneling strength of similar mag
tude. Their thermal conductivities approach the minimu
thermal conductivity above;100 K. In the intermediate

-
d

t

FIG. 3. The tunneling strengthCt for a-PdSiCu, as determined
from the thermal conductivity in the temperature region where
varies asT2, using Eq.~3!. Data for the 300 K/s quench rate ar
from Ref. 21, all others from Refs. 30 and 32. The arrows po
towards data obtained after anneals at 573 K~1 h for the 3
3103-K/s sample, 6 h for the others!.
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TABLE I. The first and second columns list the composition of the quasicrystal measured and
growth method; column 3 is the prefactor of theT2 thermal conductivity using Eq.~3!; columns 4–6 are the
tunneling strengthCt determined from the thermal conductivityL, from the acoustic attenuationQ21, and
from the speed of soundv of the transverse waves, respectively, as indicated with the second subs
column 7 gives the reference for each measurement. Note that the tunneling strengths for all quas
grown under thermal equilibrium range within a factor of 2 regardless of the measurement from whic
were determined.

Composition
Growth
method

bo (1024

W/cm K3)
Ct,L

(1024)
Ct,Q21

(1024)
Ct,v Reference

Al72.1Pd20.7Mn7.2
a Czochralski 16 0.57 0.38 0.38~90 kHz! this work

Al68.7Pd21.7Mn9.6
b Bridgman 0.3~28 MHz! 19

Al68.7Pd21.7Mn9.6
b Bridgman 0.33~94 MHz! 19

Al68.7Pd21.7Mn9.6
b Bridgman 0.43~423 MHz! 19

Al70Pd21Mn9
b arc meltd 4.0 2.2 15

Al70Pd20Mn10
b Bridgman 15 0.6 16

AlPdMn c Czochralski 12 0.8 17
Al70Pd21.4Re8.6

b arc melte 1.1 3.8 18

aComposition in the melt.
bComposition in the solid.
cUnspecified composition.
dArc melt at 800 °C and water quenched.
eArc melt at 950 °C, 600 °C and air cooled.
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temperature range, around 20 K the conductivity show
maximum as observed in disordered crystals, a point no
previously.17 In rapidly quenched samples, the thermal co
ductivity is strongly depressed below;1 K.

IV. SPECIFIC HEAT

The linear specific heat together with thermal relaxat
ought to be a particularly clear indicator of the broad sp
trum of tunneling states which occur in amorphous soli
Unfortunately, no convincing evidence has been found
either AlPdMn or AlPdRe~Refs. 18, 36 and 37! by this
technique, since at low temperatures not only electrons
also magnetic effects dominate the specific heatCp . Peaks of
Cp /T3 were observed at;20 K and;30 K in these solids,
respectively, and also evidence for aT3 specific heat in ex-
cess of that expected on the basis of the speeds of s
using the Debye model. Similar anomalies have also b
reported for amorphous solids,38 but neither can be viewed a
convincing evidence for glasslike lattice vibrations. The
appears to be little hope of a clear identification of a line
specific heat anomaly until thermodynamically stable qua
crystals become available which are nonmagnetic and su
conducting. For the time being, the identification of glassl
excitations in quasicrystals will therefore have to rely
thermal conductivity and acoustic measurements.

V. ACOUSTIC PROPERTIES

The transverse speed of sound measured on our samp
90 kHz is shown in Fig. 4. A comparison with previou
measurements at higher frequencies19 shows very similar be-
havior. The velocity peaks at the same temperature, reg
less of the measuring frequency and resembles that of a
phous metals. In contrast, the temperature of the peak
dielectric amorphous solids would depend on the freque
a
d

-

n
-
.
n

ut

nd
n

r
i-
er-

at

d-
or-
or
y

f 1/3 in accordance to the TM. On the low-temperature side
the peak in Fig. 4, the velocity changes logarithmically w
temperature~the solid lines!, except for an anomaly observe
in all curves at the lowest temperatures. By measuring
speed of sound in a magnetic field, Vernieret al.19 made this
anomaly disappear~open symbols!, thus showing its mag-
netic character, and revealing a clear logarithmic depende
of Dv/v0 to the lowest temperatures. We fit an expression
these low-temperature data of the form given by the TM
amorphous metals:12

v2v0

v0
5

Dv
v0

5
1

2
Ct ln

T

To
, ~4!

whereCt is the tunneling strength, andvo is the transverse
speed of sound at some reference temperature (v053.8

FIG. 4. Relative variation of the transverse speed of sound
single graini -AlPdMn at 90 kHz~solid circles, this study! and at
higher frequencies~Ref. 19! ~open symbols: with magnetic field
closed symbols: without!. The velocity maximum is independent o
the measuring frequency which is also observed in amorphous
als.
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3105 cm/s for i -AlPdMn). The tunneling strengthsCt de-
termined are also listed in Table I. They are independen
frequency, as predicted by the TM, and show no sam
dependence.

Acoustic attenuation at low temperatures has only b
measured on our sample, see the solid circles in Fig. 5. N
that our data agree well with those reported above 100 K
Feuerbacheret al.39 at a frequency of 3 Hz on an identicall
prepared but different AlPdMn sample, open circles. B
tween 10 K and 0.05 K, the lowest temperature of our m
surement,Q21 is constant, as also found in amorphous m
als, and illustrated in Fig. 5 with measurements ona-PdSiCu
by Raychaudhuri and Hunklinger.12 The dropoff of the inter-
nal friction below 1 K occurring in amorphous dielectrics
~shown in Fig. 5 with measurements ona-SiO2), can be
understood in the framework of the TM with the assumpt
that the relaxation of the tunneling defects occurs only
one-phonon processes. In amorphous metals, the absen
a similar drop-off has been explained by the fact that c
duction electrons provide an effective channel for relaxat
at the lowest temperatures.12 The same explanation is ex
pected to apply for quasicrystals. From the magnitude of
internal friction plateau,Q215631025, the tunneling
strengthCt50.3831024 is determined, in perfect agreeme
with the value determined from the speed of sound;
Table I.

The physical nature of the intrinsic low-energy excitatio
in the i -AlPdMn is, of course, as unknown as it is in th
amorphous solids. In plastically deformed crystalline alum
num, we have recently identified tunneling dislocations
the defects causing ultrasonic attenuation at l
temperatures.40 Their motion resulted in a strain-amplitude
dependent internal friction, as shown in Fig. 6 for
99.9999%~6N! Al rod which had been annealed prior to
1% plastic deformation by stretching. At 85 mK, the intern
friction increased fourfold as the ultrasonic strain amplitu

FIG. 5. Internal friction of single graini -AlPdMn quasicrystal
measured in torsion at 90 kHz in this study~solid circles! and at 3
Hz ~open circles from Ref. 39!. In the temperature of overlap, th
agreement is excellent for the two samples. The solid line which
the data very well below 2 K is computed from the TM using the
tunneling strengthCt as determined from the speed of sound m
sured on the same sample~Fig. 4!. Equally good agreement with th
TM prediction using the parameters from speed of sound meas
ments is shown fora-SiO2 ~Ref. 24! at 90 kHz~dashed curve and
open triangles!, and for a-PdSiCu ~Ref. 12! at 1038 kHz~long
dashed curve and open diamonds!. The measurements of a crysta
line quartz sample, background, are shown as a dotted line.
of
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em was increased by two orders of magnitude to 1026. Such
a dependence is absent in amorphous solids, as show
a-SiO2 in Fig. 6. Since dislocations have been observed
plastically deformedi -AlPdMn,41 we decided to search fo
their low-temperature motion by measuring our~unde-
formed! sample with increasingem . As is seen in Fig. 6, the
absence of any strain amplitude dependence gives no
dence for any dislocation tunneling in this solid.

VI. DISCUSSION

Low-temperature measurements of the thermal conduc
ity, speed of sound, and ultrasonic attenuation, were mad
the same sample of a single grain ofi -AlPdMn cut from a
boule grown by seed pulling from the melt~Czochralski!.
These measurements are well described with the TM, us
the tunneling strengthCt5(0.560.1)31024 as the only free
parameter, summarized in Table I. The sameCt also de-
scribes the earlier speed of sound measurements at m
higher frequencies by Vernieret al.19 on a Bridgman-grown
sample. Thermal conductivity measurements on a Bridgm
grown and on a Czochralski-grown sample, performed
Legault et al.16 and by Chernikovet al.,17 respectively, can
also be described with nearly the sameCt . All these results
provide convincing evidence that glasslike excitations ex
in the most carefully grown icosahedral samples and are
trinsic to this thermodynamically stable quasicrystal, thus
swering a long-standing question of whether the lattice
brations of quasicyrstals resemble those of amorphous so
We repeat that the same conclusion had been reached e
by Vernier et al.,19 Legault et al.,16 and by Chernikov
et al.,17 based on their measurements of either thermal c
ductivity or speed of sound only. The present work, ho
ever, provides convincing evidence by combining the th
mal with acoustic measurements. The tunneling stren
determined here lies at the lower limit of that found for mo
amorphous solids, which span roughly the range fr
1024–1023, as reviewed in Ref. 42. It is, however, close
that of annealed amorphous metals. As shown in Fig. 3

ts

-

re-

FIG. 6. Strain amplitude dependence on a normalized scale
i -AlPdMn quasicrystal measured at 70 mK compared witha-SiO2

~4.5 K! and a 6N aluminum deformed 1%~85 mK!. Both the qua-
sicrystal and silica show no strain amplitude dependence. There
dislocation tunneling as seen in the Al sample is unlikely in t
quasicrystal.
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a-PdSiCu values ofCt ranging from 0.731024–2.531024

have been observed in thermal conductivity measurem
with the smaller values observed on the slower cooled
annealed samples~similar values have been reported
acoustic measurements~reviewed in Ref. 9!. Thus the range
of Ct observed on the different slowly grown boules
i -AlPdMn may have variations in sample growth as th
origin. In the very rapidly cooled arc-melted sample, t
large value ofCt52.231024 may have a similar origin~see
also the large value observed for the arc-melted AlPd
sample, Table I!. However, no firm conclusion can be draw
from the arc-melted samples until acoustic measurem
confirm this value ofCt , since the reduced thermal condu
tivity could also result from scattering mechanism other th
resonant scattering by the tunneling states, e.g., disloca
or small angle grain boundaries.

On a sample of Al63Cu25Fe12 produced by levitation melt-
ing followed by a 4-day anneal at 860 °C, and a rapid que
to room temperature, Bertet al.23 recently measured the low
temperature speed of transverse sound at 190 MHz. From
logarithmic temperature dependence below 0.4 K, we de
mine Ct50.6831024 with the use of Eq.~4!. Without mea-
surements of the thermal conductivity, no comparison w
the tunneling strengths obtained oni -AlPdMn is possible,
although the general agreement is encouraging~we mention
again that the acoustic attenuation observed by Bertet al.did
not agree with the prediction of the tunneling model, us
the tunneling strengthCt determined from the speed o
sound!.

The existence of glasslike low-energy excitations in
thermodynamically stable icosahedral AlPdMn is now firm
established. We now turn to the question whether we

FIG. 7. Tunneling strengthCt of crystals with glasslike excita
tions, determined from thermal conductivity~solid circles! and from
sound attenuation or internal friction~open circles!. Chemical for-
mulas of the crystals plotted along with their references are as
lows: KBrCN: (KBr)0.25(KCN)0.75 ~Ref. 35!; NaClCN:
(NaCl)0.9(NaCN)0.1 ~Ref. 35!; BaLaF:(BaF2)0.54(LaF3)0.46 ~Ref.
35!; CaLaF: (CaF2)0.74(LaF3)0.26 ~Ref. 35!; ZrCaO:
(ZrO2)0.89(CaO)0.11 ~Ref. 35!; ZrYO: (Zr02)12x(Y203)x , 0.10,x
,0.18~Ref. 44!; GdB: GdB62.5 ~Ref. 35!; YB: YB63 ~Ref. 35!; TiV:
Ti0.67V0.33 ~Ref. 35!; TiNb: Ti0.63Nb0.37 ~Ref. 35!; Plag.: Plagioclase
Feldspar~Refs. 33,35!; 9623:Corning type 9623, ceramicized, the
mal conductivity~Ref. 45!, internal friction~Ref. 46!; SBN: stron-
tium barium niobate~Ref. 47!; Na-bAlO: sodium-b-alumina, ther-
mal conductivity ~Ref. 48! ultrasonic attenuation~Ref. 49!; BC:
B9C ~Ref. 42!.
ts
d

r

e

ts

n
ns

h

its
r-

h

g

e

n

utilize our knowledge of the structure of quasicrystals in
der to develop a picture of their physical nature which m
also apply to amorphous solids. These quasicrystals are
the only nonamorphous solids with low-energy excitatio
resembling those of amorphous solids both qualitatively a
quantitatively. A review of the most thoroughly studied di
ordered crystals with glasslike lattice vibrations has be
given by Topp and Cahill,35 see also Ref. 24. In Fig. 7, w
summarize the tunneling strengthCt observed in these dis
ordered crystals, as obtained by thermal conductivity a
acoustic attenuation measurements, together with those
tained here oni -AlPdMn. Note that the two techniques yiel
values ofCt which usually differ by a factor of 2 or less
Probably the most convincing evidence that the lack of lo
range order is irrelevant for the occurrence of the low-ene
excitations was given with a study of internal friction an
thermal phonon scattering in ion-implanted silicon.43 De-
pending on the ions used, the silicon either amorphized~by
Si1 ion bombardment! or it remained crystalline (B1 ions!.
Yet, in either case the tunneling strength saturated with
creasing dose at the same value, 0.2131024. In an attempt to
understand this startling result, it was suggested that w
increasing dose, the buildup of point defects leads to a lo
increase of random strains. The atoms in the neighborh
of the spikes of such strains then may become unstable,
can tunnel between different potential minima. The satu
tion of these tunneling centers, and with that, of the tunn
ing strengthCt , is reached when the stress spikes begin
overlap, i.e., when the solid locally rearranges or ‘‘yields
Conceivably, the amorphous structure is determined by
same upper limit of the local stresses. By mentioning it in
present context, we want to raise the question whet
enough is known about the structure and local stresse
quasicrystals to either support or refute it as an origin of
glasslike excitation in the quasicrystals.

Finally, we turn to the high-temperature thermal condu
tivity of the quasicrystals. As discussed in Sec. III in amo
phous dielectric solids the thermal conductivity abo
;50 K approaches its minimum value, in which the he
flow is best described by a random walk from one atom to
neighbor, with a jump time on the order of1

2 its vibrational
period. In disordered crystals with glasslike low-energy e
citations, the same heat-flow mechanism appears to preva
high temperatures, and can be understood by their ato
disorder. In quasicrystalsi -AlPdMn andi -AlPdRe, the ther-
mal conductivity at high temperatures also approaches
minimum value. However, in these solids, order is observ
over many atomic distances. It is not understood why t
order should not lead to larger thermal conductivities.

VII. CONCLUSION

Through thermal and acoustic measurements, we h
clearly confirmed earlier suggestions that the lattice vib
tions of i -AlPdMn are glasslike. By extending the existen
of such excitations beyond chemically disordered or io
implanted crystals to quasicrystals, we conclude that
physical nature of these excitations is becoming even m
restricted, although it still defies our understanding.
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