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Tunneling states in Al-Li-Cu quasicrystals
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We report on measurements of the velocity of sound at low temperature in three samples of the alloy
Al-Li-Cu: a single crystal of the cubic approximant phaRend two samples of the imperfect icosahedral
phaseT2, one of them after annealing to improve its structural quality. All samples exhibit glasslike properties.
We analyze our results within the tunneling state model and show that the tunneling strength increases with the
degree of the quasicrystalline order in the sample.
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The low-temperaturéT<1 K) properties of amorphous are responsible for a discrepancy with the perfect quasicrys-
materials differ drastically from those of simple crystals. Intalline order. When annealed, the amplitude of the phason
the phenomenological tunneling state model, these specifistrain is reduced and the quasicrystalline order significantly
properties are explained by the presence in disordered matti#rcreases, even though a perfect icosahedral symmetry is not
of two-level systems, arising from the tunneling of atomsreached even after long heat treatménti. is therefore a
between nearly degenerate configuratibhslowever, a mi- good candidate for our purpose and we have studied three
croscopic description of theganneling state¢TS’s), which ~ samples of the ternary alloy Al-Li-Cu. Sampl@) is a
could account for their presence in all amorphous materialsentimeter-sized single grain of the cubic-approximant phase
and with almost the same density of states, is still missingR-AlsCuLiz. This phase is crystalline, with a large cubic unit
To address this long-standing question, it is interesting teell (a=1.39 nm) and a local order resembling that of the
study materials with an intermediate order between crystalselated icosahedrdl2 phasé® Sample(b) is a polycrystal of
and amorphous solids. Thus, one can hope to find out ththe T2 icosahedral phase. Samplesand(b) were prepared
necessary conditions for the existence of TS's. by slow solidification following the method described by

In 1984, the discovery by Shechtmanal® of quasicrys- Dubostet al'* Sample(c) was extracted from the same ingot
tals, a new class of materials, long-range ordered but withowas sampleb) in order to avoid any possible effect of a dif-
any periodicity, gave a new opportunity to fulfill this pro- ferent preparation or composition. It was then annealed for
gram. Several recent acoustic studies of high-quality quasiseveral days under helium pressiabout 50 barsto pre-
crystals i-AIPdMn*® i-AlCuFef and i-ZnMgY (Ref. 70  vent lithium evaporation. X-ray powder-diffraction patterns
showed the presence of TS’s with a density of states similapf samples(b) and (c) revealed that both samples consist
to what is found in amorphous metals, and it is now genermainly of theT2 icosahedral phase with a small contribution
ally accepted that the low-temperature lattice vibrations ofof a residual fcc aluminum phase.
perfect quasicrystals are amorphouslike. Therefore, a disor- All samples were slab shaped with a length of 5 mm, 9
dered network is not necessary for TS’s to exist. mm, and 7 mm for sample®), (b), and(c), respectively. A

However, some former experimental results on the firsgreat care was taken to obtain two parallel faces that were
discovered low-quality quasicrystals do not match this recenpolished, and two piezoelectric transducers were glued on
picture. Low-frequency measurements of the acoustic velochese faces. Longitudinal acoustic waves were produced by
ity and damping of several samples had revealed either BINbOj transducers and shear waves by AC-cut quartz trans-
very small density of state of TS’s or no TS's at &llSo,  ducers. The working frequencies were chosen for each
surprisingly, one is tempted to conclude that the presence cfample to get the best experimental accuracy. They finally
defects in quasicrystals reduces the number of ¥®s.the  ranged from 90 MHz to 420 MHz. The acoustic velocity and
contrary the introduction of defects in crystals, by ionthe attenuation variations were measured with a phase-
implantatiort® or neutron irradiatiorf! leads to a glasslike sensitive method. AHe-*He dilution refrigerator permitted
behavior. At this point it seems important to reinvestigate into cool the samples down to 20 mK.
detail the occurrence of TS’s in relation with structural de- Figure 1 shows the acoustic velocity variation of longitu-
fects in quasicrystals. The breakdown of the universality ofdinal waves in the three samples between 20 mK and 4 K.
the tunneling state model in the case of defective quasicrys-igure 2 focuses on the results obtained, in the same tem-
tals is indeed an opportunity to enlighten our understandingerature range, in the approximant phase for shear waves at
of the link between disorder and TS'’s, and more generally t®204 MHz and for longitudinal waves at two frequencies 222
clear up the microscopic nature of the TS's. MHz and 420 MHz. All samples exhibit a similar behavior.

The icosahedral 2-phase AJCulLi; was the first stable The acoustic velocity increases from the lowest temperatures
quasicrystal to be discovered. Contrary to more recent quand is proportional to the logarithm of the temperature. It
sicrystalline alloyge.g.,i-AIPdMn ori-AlCuFe), it does not reaches a maximum at about 0.9 K for sam(@eand about
show a perfect icosahedral symmetry and it is described asaK for both samplegb) and(c). Then, it decreases linearly
phason-strained quasicrystal. Phason strains are long-rangeith temperature until about 10 K as shown in Fig. 3. Above
static defects specific to the quasicrystalline structure, whicl0 K, the acoustic velocity decreases more rapidly.
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FIG. 1. Low-temperature acoustic velocity variation of longitu-
dinal waves in R-Al;CulLi; [sample (a)] at 222 MHz (),
i-AlgCuLi; [sample(b)] at 160 MHz (A\), and annealettAl gCulLis
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FIG. 3. High-temperature acoustic velocity variation of longitu-
dinal waves in R-Al;CuLi; [sample (8)] at 420 MHz (),
i-AlgCuLi; [sample(b)] at 90 MHz (A) and 160 MHz @\), and

[sample(c)] at 90 MHz (©). The curves have been shifted arbi- annealed-AlgCuLi; [sample(c)] at 90 MHz (O). The curves are
trarily for clarity. The solid lines are the best logarithmic fits with shifted arbitrarily. The solid lines are the best linear fits for the data
the low-temperature data.

below 10 K.

These behaviors are characteristic of amorphous materia¥ghere the subscriptstands for the polarizatiort for trans-
and differ strongly from simple crystals where the acousticverse and for longitudina) of the acoustic wave anf, is a
velocity is constant at low temperatures, and decreases as'eference temperature. The slo@g in Eq. (1), called the
power law of the temperature at higher temperatures. Thugunneling strength, is directly proportional to the TS's den-
we will analyze our results in the framework of the tunneling sity of statesP and is equal to
state model, which was first introduced to explain the

anomalous low-energy excitations of glasses. In this model, Pyiz
TS's interact with the incident acoustic wave via a resonant Ci=—7, (3]
process that leads to the characteristic acoustic velocity PUi
variation; where v, is the average deformation potential of the TS's,
which describes the coupling of the TS’s with the acoustic
vi(T)—vi(To) T wave andp is the density of the material. In the tunneling
Vi res_ C In(TO)’ state modelP is assumed to be constant. In dielectric mate-
rials and for ultrasonic waves, the resonant processes are
dominant below about 1 K. In addition, in metallic glasses,
1.6 ——————— . . .
L R-ALLICU conduction electrons provide an effective channel for the re-
1.4} 5T laxation of the TS’s even at the lowest temperature. These
5 sl ; :rans' waves (222%4'\;/':2) relaxation processes are responsible for a logarithmic de-
5 | . Ig:g' x:::: E420MH3 crease of the acoustic velocity with a slope equal to half the
S 10f 9 tunneling strength. In metallic glasses, the total velocity
> variation is therefor®
> 0.8}
S osl vi(T)—vi(To) | ™ T, G (T} G [T
@ 1}7 *Cilan—Elanfglan.
> 04} ' tot 0 0 0
10 )
o 02} . o . :
- In quasicrystals, the resistivity can be much higher than in
0.0 . metallic glassé€ and it is not obvious whether we should
Y use Eq.(3) rather than Eq(1). If the relaxation by electrons
Temperature (K) is efflc!ent the_re should be no shift of the maximum of the
acoustic velocity with frequency and the acoustic attenuation
FIG. 2. Low-temperature acoustic velocity variation in Should be constarif. In i-AIPdMn (Ref. 5 those conditions

R-AlsCuLi; [sample(a)] for longitudinal waves at 222 MHz{)
and 420 MHz @), and for shear waves at 204 MH®]. The

were fulfilled and Eq.(3) was used, whereas irAlCuFe
(Ref. 6 the acoustic-attenuation measurements were in favor

curves have been shifted arbitrarily for clarity. The solid lines areof a relaxation by phonons and E() was used. Unfortu-

the best logarithmic fits for the low-temperature data.

nately, in our samples the results on the acoustic attenuation
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TABLE I. Numerical values of the tunneling strengi@s, cou-

pling parameter®y; , and linear slopeg; , as deduced from Figs.
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tunneling strengthC,=1.2x10"® (from sound velocity or
C,=3.1x10"® (from damping for a single crystal of

1,2,and 3. R-AILiCu, and C;=3.8x 10 ® (velocity) or C,=6.5x10

— : (damping for a quasicrystalline ribbori-AlLiCu. These
Sample R-AlsCulis i-AlgCuli;  Annealed values agree well with our measurements on samfdgs

@ (b) -AlsCULi3 (© a1 (b).

C, (x1079) 7.5 The new point appearing in our study is the strong in-
Py? (X10° J m?) 3.1 crease of the tunneling strength after anneallsample(c)].
C, (X107 36 55 11.2 From our stu_dy, it is not possible to attribute_this behavior to
Py2 (x10° 3 m?) 3.8 55 11.3 a change irP or vy, separately. A measure &f alone is, in
B (X10°° K1) _55 principle, achievable through low-temperature specific-heat
B (1078 K} 38 1.7 5.6 measurements. TS’s are indeed responsible for a linear in-

crease of the specific heat with temperature, the slope being

proportional toP. The annealing treatment was found to
are too imprecise to draw any conclusion. The comparaisoRave no influence on the linear term of the specific heat of an
of Fig. 1 with a former low-frequency stullyndicates that jcosahedral quasicrystal Al-Li-Ci. However, the lowest
there is a shift of the maximum velocity with frequency, but qemperature in this experiment was 1.5 K, which is too high
it is much smaller than what is expected for a phonon+, sydy precisely the influence of TS’s. Moreover, in metals,
assisted relaxation and depends too much on the sample 8qyction electrons also lead to a linear term and both con-
be conclusive. Moreover, in Ref. 8 the authors claim that thgihytions can not be separated. This difficulty is all the more

acoustic attenuation in their samples is dominated by a résmphasized in quasicrystals since the electronic contribution
laxation process involving conduction electrons. On this bajg nclear.

sis, and according to the small resistivity of low-quality

i-AlLiCu quasicrystals’ we will use Eq.(3) to analyze our  ¢rease of the velocity above the maximum. In Fig. 3 the

results. , acoustic velocity for samplé) is represented at two work-
The tunneling strengths deduced from the low-j g frequencies, 90 MHz and 160 MHz, and shows that the

temperature measurements shown in Fig. 1 and Fig. 2 ar§ope of the linear variation does not depend on frequency.
summarized in Table I. The density of tReAlsCuLis crys-  gych a linear variation, independent of the working fre-

tal is p=2.464 g cm? according to Ref. 13. Due to the quency, is a common feature of glagSesand of
small difference in composition between the approximanyyasicrystalé:®® However, it is here much smaller than usu-
and the quasicrystalline phase, we also take this value for th&|y observed and it also extends on a reduced temperature
quasicrystal. The absolute acoustic velocities in the icosahqange For comparison, iRAIPdMn the velocity variation is

— =1 — =1 ' '
dral phaséo arep;=6400 m s* andv;=3800 m s~ In  |jinear until at least 25 K and the slope i8=—1.7
the cubm-e?ase R-AlLiCu we have measuredv,  x10°5 K14 This linear variation probably arises from
=6600 m s~ andv;=4090 m s . With these values and {hermally activated processes, but it is not yet fully under-
the measured tunneling strengths, we have calculated i&oo0d. Our results on samplés) and (c) show that the in-
Table | the coupling parameteRsy? . For comparison, with  crease of the tunneling strength after annealing comes with
the same experimental method, in a typical amorphousn increase of the linear slope. This is in favor of a connec-
metal a-PdSi?! 5%2:6.4>< 10 J m2 and 57523,8 tion between the TS’s and the processes responsible for the
x10° J m 2 and in high-quality quasicrystatAlPdMn,*  high-temperature beh_avi%?. However, this link is not
P7t2:3-2>< 10° J m3. The coupling parameters in all straightforward since in samplé) (the sample with the

samples are much smaller than those typical values. This i mallest tunneling strengththe slopes, falls in between

in agreement with a former study on the same alloy Al-Li-cuythat of sampleb) and (c).

: Our results shed a new light on our understanding of the
at low frequency. In Ref. 8, the damping and the Young- _ -~ . o .
modulus sound velocity were measured with a vibrating- TS's. First, the presence of TS's in samfd, a single crys-

reed technique. A quantitative comparison with our results iéal’ conﬁrm; a former expenmental study on smg!e mineral
not straightforward. Indeed is related to the longitudinal crystals, \.Nh'Ch p(esented an Increase of the delnS|ty of §tates
and transverse velocities bi/E of TS’s with the size of the unit cefft The conclusion of this

work was that if the unit cell of a crystal is large enough, one
12
30?0,2—41):1
V=Vl —— 55| -

Table | also summarizes the slopgs of the linear de-

can find within the cell some neighboring configurations for
tunneling. Our results oR-AILICu, a crystal with a complex
vi—viv? local order and a large unit cell, extend this observation to
the case of metallic compounds.
From our measurements we deduﬁéyf: 1.25 for sample The second point to be noticedttse strong enhancement
(a). Since the local order is similar in the approximant andof the tunneling strength in the icosahedral phase after an-
the quasicrystalline phase we can assume this ratio to beealing This contrasts clearly with the behavior of amor-
roughly equal in the quasicrystal. With this assumption andgphous materials. Indeed, among other studies, thermal-
Eq. (4), the results of Ref. 8 would lead to a longitudinal conductivity measurements in amorphous s, _, (Ref.

(4)
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25 and ultrasonic-attenuation measurements in neutromally the corresponding approximant crystalline structure.
irradiated quart? show a strong decrease of the coupling This has been shown experimentally in the system Al-Li-Cu

parameterPy? after annealing below the glass transition (Ref. 29 and theoretically’ In Ref. 12, it is concluded
temperature. In glasses this was attributed to a structural réhat the annealing treatment in Al-Li-Cu quasicrystal reduces
laxation induced by the annealing treatm&hthe effect of the amplitude of the phason strain through thermal activa-
annealing on Al-Li-Cu quasicrystals has been investigated ition. Thus, we get a coherent picture of our results. The
detail in Ref. 12. The first effect is the growth of the quasi-progressive decrease of the amplitude of the linear phason
crystalline grains through a coalescence process. In the slowtrain from sampléa) to sample(b) and to sampléc) comes
cooled samples, the grain size is roughly below 0.1 mnmyith an increase of the observed tunneling strength. In the
whereas in the annealed Samples it can reach O§7n:rm|5 extreme case of phason_free quasicrysta|s sudhAd€uFe
grain growth maya priori, lead to a change in the observed or j-A|PdMn, the tunneling strength reaches the value usu-
density of states of TS’s. Indeed, lebe the volume fraction ally observed in amorphous metals. This explanation dis-
of the quasicrystalline grains amf* the intrinsic density of agrees with Ref. 8 in which TS’s were attributed to phason
states of TS's of the-AlLiCu phase. Then, the observed strains. We think that the difference between the tunneling
density of states in a polygrain sample, if there is no contristrengths measured in Ref. 8 in a quasicrystalline ribbon and
bution of the grain boundaries, B=xP*. The grain-growth  a single crystal ofi-AlLiCu are mainly due to a different
process modifiex and thereforeP. However, even in the Sample preparation or composition. Our results emphasize
slow-cooled sample, the grain boundaries are much smalléhe role of symmetry in relation with the occurrence of TS’s.
than the typical size of a gréihand thusx is already close Indeed, the presence of a symmetry of higher order than
to unity in sample(b). Therefore, the change afupon an-  the cubic symmetry seems to be favorable for the existence
nealing cannot reach the factor 2 needed to explain thef TS's.

changes in the coupling parameters between safhpland In conclusion, we have measured the acoustic velocity
sample(c), and the grain-growth effect alone cannot ac-variation in a single crystal of the approximaRtAILiCu
count for our results. The second effect is a general reducphase and two samples of the related icosahedil
tion of structural defects as seen by'the enhanceq ”Umb%ase. One of them was annealed to improve its struc-
and shazrpness pf Bragg _peaks in electron-_dlffractlortura| quality. All samples show a glasslike behavior. The
patterns® The third effect is specific to quasicrystals; tynneling strength increases with the perfection of the
electron-diffraction patterns of-AlLiCu samples show  qyasicrystalline order in the sample. Our results point
small misalignments of the spots with respect to real icosag,t the importance of the presence of a symmetry of

hedral symmetry. After anneali_ng treatment, these deviation[s"gher order than the cubic symmetry for the occurrence
are clearly reducet?: Such distorted diffraction patterns of TS’s.

were explained by the introduction of a linear phason strain

in the six-dimension description of imperfect quasicrystils.  The authors wish to thank Dr. C. Degand, Dr. K. Wang,

By tuning the amplitude of this linear phason strain one carand Dr. P. Garoche for providing the samples studied in this
induce a structural transformation from the idealizedwork, and Dr. N. Vernier for sharing his preliminary results

icosahedral quasicrystal to imperfect quasicrystals, and fien the approximant sample.
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