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Tunneling states in a single-grain Al-Cu-Fe quasicrystal
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Velocity and attenuation of acoustic wavd®0 Mh2 have been measured in a phason-free single grain of
i-AlCuFe between 40 mK and 30 K. The results reveal the existence of tunneling (§tatsls The coupling
parametePy? (whereP is the TS density of states andis the phonon-TS couplings close to the one in
metallic glasses. The crossover temperature froniTthiaw to the plateau regime in the attenuation is well
defined. Hence, within the TS model, bdthand y can be calculated. The TS’s seem to be intrinsic to the
quasicrystal structure.

At low temperatures amorphous materials are known to The single-grain quasicrystal was obtained by starting
exhibit very distinct physical properties as compared to crysfrom a master alloy of nominal composition ACusFe;»
tals. These properties are usually explained within therepared by levitation melting in a helium atmosphere. Start-
tunneling-state model proposed by Andersenall and ing metals were of purity 99.99 wt. % Al, 99.99 wt. % Cu,
Phillips2 However this model is purely phenomenological and 99.95 wt. % Fe. The alloy has been rapidly quenched by
and gives no information on the microscopic nature of thes@lanar flow casting, resulting in brittle flakes about 20 mm
tunneling state$TS’s). To understand the nature of the dis- thick and 5—10 mm wide. Flakes were annealed in an alu-
order responsible for the particular properties of amorphousnina crucible under vacuum for 4 days at 860 °C just below
materials it is tempting to study materials with intermediatethe peritectic transformation, and rapidly cooled. This pro-
order. Quasicrystals are good candidates for this purposeess leads to the growth, in the partially melted alloy, of
they are long-range ordered, unlike disordered materials, bwrains of the icosahedral phase that can reach several milli-
contrary to crystals this order is not translational. meters and present a pentagonal dodecahedral morphology.

Few measurements of the acoustic properties of quasiFhese grains can be extracted from the solidified ingot which
crystals at low temperatures have been performed and raso contains regions with crystalline phases.
general answer could be found as for the presence of tunnel- The single grain used in this study was characterized by a
ing states in these materials. This strongly contrasts with theomplete neutron diffraction studyThe high structural per-
universality of the results in amorphous materials. Formefection of the sample was ascertained by studying the pro-
studies of three stable icosahedral quasicrystals AICuFe, Afiles of the diffraction peaks. The full widths at half maxi-
LiCu, and AIPdMn by various authors revealed very differ-mum are independent of the perpendicular momentum and
ent behaviors. The velocity variation of §Cw,gFes at low  correspond to the instrumental resolution. The profiles are
temperature did not show the usual TS signature, but thenly due to the instrumental divergence. The mosaicity of
sample was not a single-grain quasicryStah AILICu a  the single grain is~0.05°, which corresponds to a single
small density of states of TS’s was fouhtiand in the best crystal of very good quality for a metallic alloy. No addi-
quasicrystalline sample studied, AIPdMn, TS’s were foundtional reflection or diffuse scattering could be detected.
with a density of states close to the one in amorphoushese results imply a perfect quasicrystal without any pha-
metals® However, in the latter experiment there was a mag-son strain. This sample may be compared to the best Al-
netic field effect on the behavior of the acoustic propertiesPd-Mn icosahedral single grains, which are not often ob-
and this raises questions about the intrinsic nature of theained.
observed TS's. The sample was shaped to obtain two parallel faces,

To examine the question of the existence of intrinsic TS’swhich were separated by 1.35 mm. Y-cut quartz transducers
in perfect quasicrystals we report here on acoustic measurgere glued to these faces. They generated pure acoustic
ments in a single-grain, single phase of a perfect icosahedrahear waves at 190 MHz when excited on their third har-
quasicrystal AICuFe. Our results show unambiguously thenonic. The signal consisted of acoustic pulses of 150 ns
presence of elastic TS’s with a coupling constant similar taduration with a repetition rate varying between 0.1 and 30
those found in amorphous metals and-iaIPdMn. Besides, Hz depending on temperature, to avoid any heating of the
the TS density of stateB and the phonon-TS coupling  sample. The variation of the sound velocity was measured
have been measured separately. Both values are similar with a phase-sensitive device. The sample was cooled down
those found in amorphous metals. To our knowledge this i$o 40 mK in a Hé-He* dilution refrigerator. A magnetic
the first determination of both these quantities separately ifield of up b 5 T was produced by a superconducting mag-
quasicrystalline materials. net.
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FIG. 1. Velocity variation as a function of temperature, for 190  FIG. 3. Attenuation variation as a function of temperature, for
MHz shear acoustic waves in a single grain-#fiCuFe quasicrys- 190 MHz shear acoustic waves in a single grain-8iCuFe qua-
tal. The velocity reference is the velocity at the lowest temperaturgicrystal. The curve is arbitrarily shifted to have a zero attenuation
To=39 mK. The solid line is the best fit to E¢). at T=0 K. The solid line is a® law. The dashed line is a linear law

[see Eq(3)].

Figure 1 shows the sound velocity variation as a function o . .
of temperature below 4 K. The velocity increases with thethe logarithmic slope of Fig. 1 we deduce a coupling param-
logarithm of the temperature from 40 mi L K where it €terPy;=2.1x10" ergcm *. This value is very similar to
reaches its maximum. Abev4 K it decreases linearly up to the one found in i-AlPdMn (Ref. 5 (Py{=16
at least 30 K as shown in Fig. 2. These variations are typicak 10" ergcn ®) with the same experimental method. It is
of disordered matteffor a review see Ref.)7 The logarith- ~ also close to the usual coupling constants in amorphous met-
mic variation is the signature of the TS’s. They have beerals, a typical case of which is-PdSi wherePyt2=1.9
introduced to explain the low-temperature properties of dis-< 10" ergcm 2.°
ordered mattet? A resonant interaction between them and At higher temperatures the linear decrease of the acoustic
the acoustic wave gives a variation of the acoustic veldéity velocity with increasing temperatures is also a common fea-

according t8 ture of amorphous materiafsand also of quasicrystafsBy
contrast a power law is observed in crystals in this tempera-
Vi(T)=Vi(Te) Py2 [T ture range. Thermally activated processes can give such a
Vi(—TO):ﬁ n(ﬂ)’ (1) linear law!® However, it has been shown that these pro-
1

cesses do not account well for the observed frequency de-

whereP is the density of states of the TS’g,is a deforma- Pendence of the velocity variatidf.This behavior has also
tion potential which describes the coupling of the acoustideen explained within the framework of the phenomenologi-
wave with the TS’sp is the specific masg, is a reference cal model of the soft atomic potential, which predicts a

temperature, and the subscripholds fort transverse ot crossover from TS’s to excitations of higher energies around
longitudinal waves. In our sample we havg 5 K. Discussion of the origin of this linear law is out of the

= 4400 kg 3 andV,=3.6x10°* m s *. From Eq.(1) and  Scope of thi_s report. Neverthglgs;, since Fhis effect is charac-
teristic of disordered matter, it is interesting to compare our

Jmm ; T y T y . y results with other studies. Some results obtained in various
0 1 materials show a linear temperature dependence of the sound
r ° 1 velocity!? In amorphous solids the slopes are in a range

2 . extending from B=-0.3x10% K! to Bg=-7.2

S 1 X104 K1, The smallest slopes in absolute value corre-

}‘E 4T 1 spond rather to amorphous metals and the highest rather to

g 7 T amorphous insulators. Thus, the slope we measured fere

Z 6 o 7 =—-3.2x10 *K™! (Fig. 2 resembles more the one in

3 I amorphous insulators. This value is nearly one order of mag-

> 8r 1 nitude larger than the one obtained in a former study of a

° o 1 i-AlCuFe sample of different composition and in polygrain
10 . . . 7 structure?

The results for the acoustic attenuation are reported in
Fig. 3. At low temperature the attenuation followd 4 law
(the solid line in Fig. 3 At T,=3.6 K there is a sharp
FIG. 2. Velocity variation as a function of temperature above 1change towards a linear lathe dashed line in Fig.)3
K, for 190 MHz shear acoustic waves in a single grain-8fCuFe  Above 15 K the curve deviates from the linear variation, and
quasicrystal. The velocity reference is the velocity at the lowesthis is due probably to some additional thermally activated
temperaturel =39 mK. The solid line is the best linear fit. processes.
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The linear behavior of the attenuation can arise from therparameter$ andy we obtain ini-AlCuFe are very close to
mally activated processes. Assuming that these process#sose obtained in amorphous metals. However, there are at
have relaxation times following the Arrhenius law higher temperatures several differences with amorphous met-
als which must be underlined. At first, the slopeof the
linear temperature dependence of the acoustic veldEity.

2) is higher than in amorphous metals. Then, the acoustic
attenuation in amorphous metals shows a linear temperature
and taking a distribution of activation energigg roughly  dependence at low temperature corresponding to the relax-
flat, the relaxation attenuation is found to'be ation of the TS’s by electrons. By contrast,itAlCuFe aT?®
law is observed and explained by the relaxation of the TS’s
I'=CoT, 3 by phonons like in amorphous insulators. This can be corre-
whereC is a constant depending only on the material andated with the very high resistivity of high-quality
proportional to the distribution of the energy barriers of thequasicrystaf® and could be explained by a strong localiza-
activated processes. Taking the slope of the linear variatiotion of the electrons which are therefore unable to relax the
shown in Fig. 3 and using Eq23), we calculateC=2.2 TS's.
x10 ° dBecm tsK™ 1, which is close, for instance, to the ~ We can get a new insight into the TS’s in quasicrystals
slope found in amorphous selenidfrtlowever, the subtrac- from our results. Unlike AIPdMn where the magnetic field
tion of this contribution from the attenuation leaves a con-acts on the TS’S,AICuFe does not exhibit such an effect.
stant attenuation abovE,,. This plateau and th&® law are  The behavior of AIPdMn in a magnetic field can be ex-
well explained within the TS mode?. The processes giving plained not by a change of the TS density of states with the
these behaviors are TS relaxation assisted by phonons. Thgagnetic field but rather by a change of the TS coupling due
crossover temperatufg, from the power law to the plateau to some magnetoelastic coupling with magnetic impurities.
satisfies the conditidf Apart from this magnetic effect, both these two high-quality
o (2kaT o)~ 1 4) quasicrystals show nearly the same acoustic pro_perties at low
mim 7B Tm temperatures. In other respects, our results differ strongly
where 7,,i,(E) is the relaxation time of a TS of enerdy  from the ones obtained in a former studyieflgsCu,gFe;s
(i.e., the splitting of its fundamental doubletssociated with by a vibrating-reed technique where TS’s are not obsetved.
a symmetrical double-well potential. For a one-phonon reHowever, it has often been noticed that the physical proper-
laxation mechanisniwhich is the main one at low tempera- ties of quasicrystals are highly sensitive to the composition,

=10 eXp(E,/KgT), 2

ture) one get® preparation, and quality of the samples. In this respect, the
5 3 sample of Ref. 3 was not of the same composition as ours

- (E)= E i E cot)’( E ) 5) and it was not a single grain, which means it was not free

min T VP 2mpht 2kgT from defects. The comparison of our results with those in

AlLiCu can be more significant because this material has
dheen also studied in a single-grain fofnT.S’s have been
observed in these materials and they have been correlated
with the amplitude of phason strain, i.e., the quality of the

i B P R h samples: The coupling parameter increases with the ampli-
y|e|ds_P—_2.1>< 10° (Sarg cm™ and %, =0.2 ev. tude of the phason strains but it always remains smaller by
tenLljgltlilgi 'éﬁfgg’:g'ci t\;/v?/:r?z:t?;\ég \Tw?neghgrjlgri;gr?ggz ]Eig? dat— nearly one order of magnitude than the one we measured in
. . X X i-AlCuFe? Thus, the TS’s observed in AlLiCu could be con-
is applied. Thus, there is no doubt as to the elastic nature of. g . : I
the TS's responsible for our results. sidered as arising from phason strain. Besides, it is known

It is interesting to compare our values with those found inthat even the best AlLiCu samples do not reach the structural

amorphous matter. In fused silica, with the same methoddu2lity (defined by the width of the diffraction peaksf the
one obtainsP=0.83x 10° erg"*cm ™2 and 7,=0.65 eV}’ high-quality AICuFe or AIPdMn samples. Unlike AlLiCu,
The comparison with amorphous metals is more difficult be AlICuFe seems to have a TS density of states which increases

cause the TS’s are strongly relaxed by the electrons, and tH¥éith the quasicrystalline quality. There could exist in this
attenuation is not due to the phonon-TS coupling aloneduasicrystal free of phason strain intrinsic tunneling states,
Hence, we cannot use the same method to separate the t@Bd the tunneling of these states could be quenched by the
parameters® and y. However, by choosing an amorphous phason strain, i.e., by the defects introduced in the quasi-
superconductor the specific heat can be measured and givesstalline structure.

TS density of states ai=2.7x10° erg * cm 228 This pa- To conclude, we have observed tunneling states in a
rameter is not the same as our param@tebecause there is single grain of AICuFe quasicrystal. The grain was a perfect
a large distribution of the TS relaxation times, and it is notquasicrystal without any phason strain. The density of states
the same TS’s which are observed in a specific heat measurend the TS-phonon coupling have been measured and are
ment or in an acoustic experiment. With typical values of theclose to the ones in amorphous metals. The comparison of
different parameters one finde=10xP, i.e., P=2.7  our results with former studies shows that, contrary to qua-
X 10* erg tcm 3.2 As a consequence, from the slope of sicrystals with internal phason strain, there are intrinsic tun-
the sound velocity one obtaing=0.25 eV. Hence, the TS neling states in quasicrystals free of phason strain.

Our results exhibit a well-defined crossover temperature
T,=3.6 K. Using the value oPyt2 obtained from the veloc-
ity variation at low temperatures and the fact thét
>V, (V,=7.2x10° cm s ! according to Ref. 16 Eq. (4)
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