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Phason-strain-field influences on low-temperature specific heat
in icosahedral quasicrystals Al-Li-Cu and Al-Fe-Cu
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We investigated the phason-strain-field influences on electronic and vibrational properties of two icosahedral
quasicrystals, Al-Li-Cu and Al-Fe-Cu. For that purpose we performed low-temperature specific-heat measure-
ments on samples before and after annealing treatments that allowed strong phason-strain elimination. The
electronic specific heat for the two systems is found to be scarcely sensitive to the annealing treatments, while
the vibrational specific heat displays a different behavior: it remains unchanged in Al-Li-Cu, but is strongly
reduced in Al-Fe-Cu after annealing. We interpret this to arise from the correlation between the symmetry of
the phason-strain field and the electronic and vibrational propef8€4.63-182@7)02201-7

I. INTRODUCTION in the reciprocal lattic& how will such distortions affect the
lattice vibrational properties? Besides, reciprocal-lattice dis-

Phason strains describe particular structural disorders, dertions modify the electronic structure, will the Hume-
structure fluctuations, in quasicrystd®C). The possibility ~ Rothery stabilization conditidfl be consequently altered? In
of the phason-strain existence in QC’s was evoked soon aftdhis paper we discuss the situation of two families of icosa-
the discovery of the quasicrystalline Al-Mn phdsand was hedral QC's, in relation to our low-temperature specific-heat
later formulated based on a six-dimension space descriptioneasurements on the Al-Li-Cu and Al-Fe-Cu QC phases.
Phason excitations were also described in an order-paramefgfrts of this work have been published elsewhere in con-
spacé Structure fluctuations in icosahedral QC's can bedensed preliminary forms.
characterized by three bulk translation modes and three rela-
tive phase-shift modes associated with internal atomic posi-!l- PHASON-STRAIN FIELDS IN Al-Li-Cu AND Al-Fe-Cu

tioq rea_rrangements. These modes are, respectively, _ de- The Al-Li-Cu and Al-Fe-Cu icosahedral phases differ
scr_lbed |n_the parallel ar_1d the perpendicular spaces. Spatialkyom each other in many ways. In the cut-and-projection de-
uniform displacements in both spaces leave the system freﬁ:ription, the Al-Li-Cu QC phase belongs to a six-dimension
energy invariant. Spatially varying displacements in the parprimitif (P) cubic lattice, while the Al-Fe-Cu QC phase be-
allel space are described by the phonon strains, while that ifbngs to a face-centeredF) cubic lattice. As far as the
the perpendicular space by phason strains. In a continuoggowth mode is concerned, Al-Li-Cu grows preferentially
model, these displacements are described by hydrodynamatong twofold axes, and Al-Fe-Cu along fivefold axes. Fur-
modes*® thermore, the atomic structures of these two phases are con-
According to the group theory treatments, phason-strairsidered to be different: Al-Li-Cu is characterized by Berg-
field in an icosahedral QC system can be classified accordingpan clusters, while Al-Fe-Cu by Mackay clusters. The as-
to their symmetry properties. Two types of phason-straircast Al-Li-Cu samples, although obtained by slow cooling,
fields can be deduced, that transform, respectively, uliger contain considerable disord€rOn the contrary, Al-Fe-Cu
andT's, which are the four- and five-dimension representa-Sample quality can easily be improved after a relatively short
tions of the icosahedral grodis:’ From the structural point annealing time? _ o
of view, these two phason-strain fields break the icosahedral The as-cast Al-Li-Cu QC samples display deviations from
symmetry and lead to structures belonging to subgroups dhe icosahedral symmet§.Their diffraction spots are ob-
the icosahedral group I. For example, a phason-strain fiel§érved to be shifting along twofold ax€sMai et al'® and
transforming under thES representation, here after notﬁg Li et a.l.l7. have shown that the d|ffra'Ct|0n spOt shifts in as-
field, can lead toDs (pentagonal or D5 (rhombohedral ~ Cast Al-Li-Cu samples are characterized by the presence of a
structures, and a phason-strain field transforming under thénear phason-strain field. Using a tensor that acts on the
I', representation, here after not&q field, can lead tor ~ atomic positions in the physical space to describe the field,
(tetrahedral structure$:’ this tensor is characterized by the following matkix

Phason strains are considered to play an important role in

the atomic structural properties of QC’s. For example, they -10 0
can be related to special structure distortfoasd structure M= O 0 -1,
imperfections, such as dislocatiohslowever, what are the 0 1 0

physical implications of the phason-strain-field presence in

QC'’s, since physical properties of condensed matters are rdhis matrix can be compared with the orld ) obtained by
lated to their corresponding atomic structures? In a mordshii,® that describes a phason-strain-field invariant under the
limited way, a phason-strain field in QC’s causes distortiond’, symmetry operations:
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1 0 0 most everywhere. A pseudogap is then opened in the elec-
tronic density of stateDOS) at the Fermi level. The elec-
Mr=a; 0 1 0, tronic cohesive energy is thus increas@d.
0 0 1 A phason-strain field in QC’s causes distortions to the
. o . . . reciprocal lattice by shifting the wave vectors, this will de-
where a, is a constant describing the field magnitude. It iS¢o:m the PBZ which is built upon the wave vectors close to
straightforward to check that these two matrices are equivane Fermi sphere. In other words, a phason-strain field modi-
lent, and that the difference between them is simply due Gjeg the structure relation between the Fermi surface and the
the choice of the orthonormal set of six-dimension vectors. pg7 by making the later less spherical, since any deviation

Furthermore, the phason-strain-field symmetry in theiom the perfect icosahedral lattice reduces the point symme-
Al-Li-Cu QC phase can also be analyzed in relation to they,,

symmetry properties of its approximant phase. The Spot” rqor given chemical compositions, the icosahedral struc-

shifts along the twofold icosahedral directions for Al-LI-CU y,r¢ remains stable down to room temperature. This implies
are associated with the structure transformation between thg; it can be considered as the fundamental state. It is there-
QC phase and th& phase, which belongs to thE point = fore not ambiguous to assume that, by deforming the PBZ, a
group® and is considered as an approximant phase, in thghason-strain field affects the pseudogap at the Fermi level,
sense that a rational number is an approximant to an irratiogng that consequently it costs cohesive energy. The observa-

nal one. Such a structure transformatiqn, from icosahedrall tBon that annealing treatments improve the structure quality
tetrahedral symmetry, can actually be induced by developingy, e|iminating the phason strains supports this proposition.

a I'y phason-strain field in the icosahedral phaSdhese The quasiperiodicity implies another specificity for the

analyses show that the phason-strain field in the as-cast Abc's. At variance with crystals, the Fourier transform of a
Li-Cu can essentially be described by a field invariant undegy,asiperiodic lattice is characterized by a dense set of Bragg
the I'; symmetry operations. _ _ vectors. This situation has an original consequence on the
For the Al-Fe-Cu case, although there is no direct characg|ectronic structure of icosahedral QC's: the Fermi surface
terization of the phason-strain field, it has been observed th‘i’:fisplays a hierarchy of gaps with different width. All the

the phason strains in this system show transformation trendéaps close to the Fermi surface contribute to the electronic
towards either pentagonal or rhombohedral phaSéstu-  ophesive energy, but they undergo different shifts under a
ally, both of these two phases are approximant phases of tg';ﬁjason—strain field. As we will see below, this has some par-

icosahedral one, and can be related to the later througfijar consequences on the relationship between the elec-
phason-strain fields that are invariant underlflgsymmetry  .onic structure and the phason-strain field.
operations. As an example,I& field can induce structure

modulations along one of the fivefold axes and leadB 0
subgroup structures, that is a pentagonal pfAdse.
Further, it has been observed by high-resolution electron The elastic free energy is the product of the strain by the
microscopy that the structure transformation from icosahestress. In Hook’s approximation, the stress is proportional to
dral to pentagonal symmetries in Al-Fe-Cu can be describethe strain, so the elastic free energy is expressed by a qua-
by the phason-strain field effect which is associated to thelratic form of the elastic deformations, and it has the follow-
following matrix MDg (a, being a constant and describing ing general from for QC's:
the field magnitude?

B. Elasticity

1
Fums [ 680K T 0T KT T

1 17 0
I\/|D5:a2 -7 —1 0. +Kil'}Y<V|VinVkW|), (1)
0 0O O

where{K} is elastic tensor, whil&;u; and V;w; describe,
According to Ref. 6, this matrix describes exactly a phasonfespectively, phonon and phason deformations.

strain-field invariant under thEs symmetry operations. All The six-dimension representation of the icosahedral group

this suggests that the phason-strain field in Al-Fe-Cu Has a A can be decomposed into two irreducible representations,

character. respectively, in the physical and the perpendicular sphces:
A=T3+T73. 2

IIl. PHASON-STRAIN FIELDS, ELECTRONIC

STRUCTURE, AND ELASTICITY The gradient operatdv transforms ad’;. Thus, in Eq.(1),
the deformation&/;u; andV;w; are, respectively, described
by the representatioriS;xI'; andI';XT'3. These two rep-

_Itis now generally agreed that the stabilization of the gsentations can in turn be decomposed as follows:
icosahedral structure has an electronic origin, which can be

A. Electronic structure

explained within a Hume-Rothery-like framework. The wave [axT3=T+T3+Ts, (3)
vectors in the reciprocal space display a large multiplicity,
due to the high symmetry degree of the icosahedral lattice. [aXT4=T,4+T5. (4)

The diffusion potentials defined upon such vectors, lead to a
highly spherical pseudo-Brillouin zorn®B2) near the Fermi The number of second-order invariants in Ed) can be
surface, upon which the electronic states are perturbed abbtained from these two decompositions. In the decomposi-



252 K. WANG AND P. GAROCHE 55

tion of Eq. (3), I'; represents a rotation, and has no continu-approach the ones expected for a perfect icosahedral struc-
ous symmetry associated to*iff; andI's describe phonon ture. This indicates that the samples before and after anneal-
modes, they represent, respectively, the dilatation and thiag differ from each other by the magnitude of the phason-
shear.I'; andI's in Eq. (4) represent the two phason-strain strain field, the phason-strain field present in the samples
fields. Since thd’s phason-strain field and thEs phonon  before annealing are strongly eliminated by the thermal treat-
field both belong to the same representation, there can beraents(more details are given elsewh&be

coupling effect between these two fields. Thus the lattice The Al-Fe-Cu samples, of nominal composition
vibrational properties in icosahedral QC’s can be affected byl ,,Cu, e, 5 are elaborated at the CECM/CNRS in Vitry
the I's phason-strain-field presence. As far aslhghason-  (France. They are obtained by planar flow casting and then
strain field is concerned, no coupling is possible between thisubmitted to various thermal treatments. This composition
field and any of the two phonon fields, as neither of theseproduces different structural states according to the thermal

two phonon fields transform under tihg representation. treatment: an annealing at 600 °C leads to a single-phased
but phason-strained QC structure; whereas a further anneal-
IV. EXPERIMENTAL ing up to 812 °C eliminates the phason strain.

L Two samples, obtained, respectively, after the 600 °C and

In order to study the phason-strain influence on the elecge g12 oc annealing, are studied. High-resolution x-ray-
tronic and vibrational properties of the Al-Li-Cu and giffraction experiments show that both of them are single
Al-Fe-Cu QC phases, we have investigated the lowpnased. For the 600 °C annealed sample, the x-ray Bragg
temperatu_re_specmc-heat evolution on phason-strained a’}?eaks are shifted and broadened. This sample can thus be
phason-eliminated QC samples of these two phases. considered to contain essentially frozen-in phason stfdins,

The low-temperature specific-heat measurement enablggo,gh powder-diffraction investigation does not allow us to
experimental investigations of the phason strain influence ognaracterize directly the phason-strain field symmetry. For
the electronic structure and the elastic behavior. On ong,e 812 °C annealed sample, the phason strains are elimi-
hand, the electronic specific heat for metals is directly proyyateq. The x-ray-diffraction peak width is of the order of the
porthnal to the electronic de_:nS|Fy of statdd09) at t_he instrumental resolutiofAgq~ 103 A~?), and the peak posi-
Fermi level. The DOS evolution is therefore susceptible tons are almost those of an ideal icosahedral lattice. This
reveal eventual electronic-structure alterations due to th%ample remains stable through out the whole temperature

phason-strain-field presence. o _range, from 812 °C down to room temperattite.
On the other hand, the specific-heat vibrational term is

determined by thermodynamic properties, which are inti-
mately related to the elastic properties of solids. At low tem- B. Specific-heat measurements

perature, long-wavelength vibrational modes are excited, and - .
the later are related to macroscopic elastic constants in a |N€ low-temperature heat capacity is measured using an

continuum model approximation. This vibrational term &€ calorimetric method. For the Al-Li-Cu samples, the ex-
therefore enables the investigation of phason-strain-field ef€riments are performed at a working frequency of about 1

fects on the quasilattice long-wavelength vibratiofedéstio 12 @nd in between a temperature range of 1 to 6 K. For the
properties. Al-Fe-Cu samples they are performed at frequencies from 2

to 6 Hz and in between a temperature range of 1 to 3 K. The
sample masses are about 10 mg for Al-Li-Cu and about 1.5
mg for Al-Fe-Cu. The thermal oscillation amplitude was
The Al-Li-Cu samples, of composition Ali,Cu, are first about 0.1 K. The samples are glued on a sample hdttar
elaborated using the method described by Dutmisil?®  sapphire slabs of 2¥86x0.2 mm, on which a heater, a ther-
They are obtained in the form of triacontahedral dendritesmometer, and thermal links are deposjtading the M-Bond
embedded in eutectic phas@sainly a-Al and T;-Al,LiCu). adhesive of Measurements Group Inc. Taking into account
Then, in order to eliminate these eutectic phases, the samplése weak heat capacity of these samplesdow 20 nJ/K at 1
are remelted and once more solidified through slow coolingK for Al-Fe-Cu), the heat capacity of the sample holders
taking advantage of the fact that the QC phase floats on itwith glue are measured in separate runs and their contribu-
eutectic liquid. The samples obtained are single phased ation (several nJ/K at 1 Kis subtracted from the total heat
cording to the x-ray-diffraction experiments. The final stagecapacity. The molar specific he& of the Al-Li-Cu and
consists of annealing the samples at 575 °C during severdll-Fe-Cu samples, before and after annealing, is presented in
days. In the last two stages, the samples are maintained uRigs. Xa) and Xb) as a function of the temperature.
der an inert gas pressufagbout 50 bars at 575 9Go prevent The plots in the insets show that in the measuring tem-
lithium evaporation. The structure evolution is characterizegerature ranges, the specific heat for all the samples can be
by transmission electron microscopy investigation. Twodescribed within 1% by the classical la®= yT+ BT>. This
samples, obtained, respectively, by slow cooling and by anenables the separation between the electronic contribution
nealing (10 day$ are investigated, in comparison with our 3T and the vibrational on@T®. We notice that tha tem-
previous observations on the as-cast samfjles. perature dependence of the vibrational term suggests a De-
Electron-diffraction patterns show that, through spot dis-bye model description for all the samples. Theand 3 val-
placements along twofold directions, the diffraction-spotues for these two alloys are obtained by a best fit of the data,
shifts observed for the as-cast samples, as well as for thend listed in Table I. The error on the absolute value is
slow-cooled ones, are strongly reduced on the 10 days armstimated to be within 2% foy and 5% forg, taking into
nealed sample. The spot positions for the annealed sampéecount all the experimental uncertainties.

A. Sample preparations
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where\ is a constant related to the ratio between the electron

1.o-c',|T' —" ,”,ﬁ' I I . thermal effective mass a_mq th_e free electron mkgds t.he
—~ 6o o i_m RO Boltzmann constant. This indicates that the electronic DOS
i.(; e e - o at the Fermi level is scarcely sensitive to the phason-strain
g 4% L P & elimination in these two systems.
A 0 20 82 e’ ..-' The T=0 Debye temperaturefy,, can be calculated
E 2L et T 44 from the 8 values using the following relatiof:
~ o * .
O L " ...." ' IR _ 127 Nkg
Vo AlLiCu =5 .. (6)
T we® DO
1 | 1
1 2 3 4 5l é 70 whereN is the Avogadro number. For both of the Al-Li-Cu
(@) Temperature (K) samples we obtaifp,=465+5 K, which is close to the
values given by Wagneet al?* This value can be compared
14— - ' b, to our previous observation on as-cast Al-Li-Cu sampfes,
3r ol &F R . T where thef, value for the whole sample was estimated as
N . . i 450*10 K. However, if we take into account the presence of
g L 067 -"’/".: ] K | about 15 to 20% of foreign phasegnainly a-Al and
v B2y R o Tl-AIZL_|Cu) in these samples! thépy value for t_hg Q_C
=k RO S i phase in the as-cast samples is about4BD K. This indi-
£ L RS cates that the vibrational contribution, as well as the Debye
@) ,..0';."" ] temperature at low temperature remain nearly unchanged
= oo *® AlFeCu - from as-cast sample to annealed one passing by slow-cooled
0 | . | . one, while the phason-strain field is strongly eliminated.
1 2 3 The situation for the Al-Fe-Cu samples is totally different,
(b) Temperature (K) the B value changes from 0.115 mJ/khole for the phason-

strained sample to 0.045 mJ/kole for the 812 °C annealed

FIG. 1. The molar specific he of the icosahedral Al-Li-cu  ©One. This implies that the Debye temperatégg increases
(a) and Al-Fe-Cu(b) samples, beforé#) and after(®) the anneal-  from 273+5 K to 350+5 K after the 812 °C annealing treat-
ing treatments that allowed phason-strain-field eliminations. In thanent. We can notice that théy, value for the annealed

insets are presented the data replotted @& versusT? diagram. ~ Sample is somewhat lower than the one obtained by Biggs,
Li, and Poor® but is in agreement with the value given by

V. DISCUSSION Klein et al?®
According to Table I, the electronic contribution remains _
the samey=0.33 mJ/K mole) for Al-Li-Cu before and after A. Electronic
the annealing treatment, while for Al-Fe-Cu, thealue only The electronic DOS at the Fermi level remains nearly

changes slightly from 0.33 to 0.30 mJ/kwole after the unchanged in all the samples before and after the annealing
812 °C annealing. These results are close to the ones ofreatments, which allowed phason-strain-field elimination.
tained in other observatiori$-°All of these values actually This indicates that the pseudogap at the Fermi level is
represent about one third of that predicted by a free-electrogcarcely sensitive to the phason-strain fields of these two
model. systems. The Fermi level remains in the pseudogap, which
It is well known that they value is proportional to the suggests that the PBZ deformations due to the phason-strain
electronic DOS at the Fermi level(Eg) according to the fields have no significant effects on the neighborhood rela-

classical relatiort? tion between the Fermi sphere and the PBZ.
In order to explain this observation, we notice two aspects
_ I+ 5, in the Hume-Rothery stabilization mechanism for QC’s. The
Y a kB n(EF), (5) i .
3 first one concerns the electronic structure: all the vectors

constructing the PBZ do not contribute by the same magni-
tude to the total electron energy. A Bragg plane correspond-
ing to a potentialV , leads to a gap of ¢ width in the

‘electron dispersion relation, thus the gap width varies with

TABLE I. Coefficients of the low-temperature specific hegt,
(electronig and B (vibrationa), obtained for the icosahedral
Al-Li-Cu and Al-Fe-Cu samples before and after annealing treat

ments. the vectors. The second aspect is specific to the QC structure:
in the presence of a phason-strain field, the reciprocal vector
b% B . . . . .
MmIKEmole  (MI/K® mole) shift AK varies accordmg_to the co_rrespondlng perpendicular
vectorsK | in the perpendicular reciprocal space. The vectors
Al-Li-Cu: before annealing 0.33 0.019 correspond to largeK, undergo stronger shifts, it is those
after annealing 0.33 0.019 vectors that correspond to weakéy values in thgphysica)
Al-Fe-Cu: before annealing 0.33 0.115 reciprocal space.
after annealing 0.30 0.045 Now let us consider the Al-Li-Cu and Al-Fe-Cu QC
Error +204 +504 phases. The Hume-Rothery stabilization implies for the PBZ

vectorsK pg the following conditiont?
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FIG. 2. The pseudo-Brillouin zong®B2) for Al-Li-Cu (a tri-
sicosahedron truncated by a dodecahedi@h and Al-Fe-Cu(a
dodecahedron truncated by a triacontahegrdn) icosahedral

phasesA2, A3, andA5 indicate, respectively, the two-, three-, and n(E) | :
fivefold symmetry axes. | |
|
l
I
|

Kpez~ 2K, ' E
wherekg is the Fermi vector. Taking a free-electron model, & ZVK:
we estimate for the Al-Li-Cu QC phasg~1.9 A~ and for I
the Al-Fe-Cu QC phask-~1.56 A", We can construct for ’M
the Al-Li-Cu QC phase a PBZ formed by a trisicosahedron ! :
which is built upon 60 26-41 vectors, and is truncated by a - Ep E
dodecahedron built upon 12 28—44 vectd¥ig. 2(a)]. In the
same way, we can construct for the Al-Fe-Cu QC phase a )

PBZ formed by a dodecahedron, built upon 12 18-29 vec-
tors, and truncated by a triacontahedron built upon 30 20—32 FIG. 3. Schematic representation of the opening of a gap/pf 2
vectorgFig. 2(b)]. Here we use the Cahn-Shechtman-Gratiagn width at the Fermi leve(a), leading to a minimum in the electron
N-M notation®® where the magnitude of a vectd-M in  total energye (b).
the physical(paralle) space is given by
2V
27 [N+M7 AK=—, 9

NM_ " - v
K = V2zray ™ F

. . . . . wherev is the unperturbed Fermi velocity,:=2Eg/Kg .
while the magnitude of its perpendicular vector is given by 14 /i gap induces two kinks in the electronic D@EE),
o Nr—M and a minimum in the electronic total ener§y [ n(E)dE
KT’M:— \/ (8) [Fig. 3(b)]. The width of this minimum is determined by the
As 2(2+m) gap width 2/, , which is related ta\K through Eq(9). The
where A, is the six-dimension lattice parameter,is the ~System has the maximal cohesive energy gain if the gap is
golden numberN andM are both integers. The 28—44 and Situated at the Fermi level. So, if the vector shift is weak
20-32 vector sets are characterized by larger perpendicul§fmpared taAK, which measures the gap width in the re-

vectorsK , than the 26—41 and 18—29 ones: ciprocal space, the Fermi level remains within the total-
energy minimum, and the potentisl’'s contribution to the

K20-32 K 28.44 electron cohesive energy will not be significantly modified.
KT ~1.7, Eiﬁﬁl-l- But on the contrary, if the shift is stronger thaK, the

Fermi level goes out of the minimum, and the contribution of

Therefore they correspond to weaker diffraction intensity,the correspondiny to the cohesive energy will be strongly
and thus to weake¥ , that lead to narrower gaps than the decreased. Therefore, a phason-strain field affects the elec-
26—41 and 18-29 sets. Furthermore, the magnitudes of theiiron cohesive energy first through the shift of weakgs
perpendicular vector&, being larger, the 28—44 and 20—32 vectors near the Fermi surface, which correspond to stronger
vectors undergo stronger shifts under a given phason-straid, and narrower gaps. For strong vectors, the phason-
field. strain-field-induced shifts are weak due to the weaker mag-

In the Hume-Rothery stabilization mechanism, the elechitude of the perpendicular vectét, , and, moreover, the
tron cohesive energy is more sensitive to the positions oforresponding gaps are large, therefore less sensitive to small
narrower gaps than that of larger ones at the Fermi level. Tshifts.
illustrate this mechanism in a schematic manner, let us con- In order to cost less electron cohesive energy, a phason-
sider the opening of a\2; width gap that perturbs the elec- strain field should thus shift as little as possible the wave
tronic states in an intervalK of the reciprocal spacksee vectors corresponding to stronger near the Fermi surface.
Fig. 3@ This consideration enables us to discuss the relationship be-
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tween the phason-strain field and the electronic structure, by A5

. . . S : A2 A5
simply using symmetry arguments, without going into details y
of atomic and band structures. In the following, we apply ARL(T's)
this simple model to the Al-Li-Cu and Al-Fe-Cu case. AKo(T's) | AK(T'4)
Let us consider the two phason-strain field matritves AKz(FA

and Mps, describing, respectively, B, and al's phason-
strain field(see Sec. )l The shiftAK of the vectors 20—-32 LY Ki
and 28-44 under these two fields can be easily calculated
using Eq.(10):®

AK=M-K, . (10) A2
AN
The 12 vectors of the 28—44 set, parallel to the fivefold axes
and generating the dodecahedron of the Al-Li-Cu PBZ are (a)
indexed by(2/2,2/4,0/9, (2/2,2/4,0/0) ..., andtheir per-
pendicular vector& , by (2/2,4/2,0/0), (212,4/2,0/0), . .. .
It is straightforward, using Eq10), to check that these vec-
tors undergo a\K shift that is perpendicular to themselves
underM+, while theM 5 field leads to stronger vector mag-
nitude variations with a component along tKedirections AS
[see Fig. 48)]. Hence, for weak phason-strain-field magni- \
tude, the induced magnitude variation of the 12 vectors of AKx(T¥)
the 28—44 set is much weaker under a cubjdield, com- K>
pared to a pentagonhl one: these vectors just “slide” on a
sphere undel’,, while they move away from the sphere
underI's. A 'y phason-strain field will therefore cost less
cohesive energy than B; one in the case of the Al-Li-Cu z  AKid5)=0 AK3(I'5) =0
icosahedral phase. A2 5 K K
o . . 1Ty

We can apply similar considerations to the 20—32 set vec- AN
tors (2/4,0/0,0/0, (0/0,2/4,0/0, (0/0,0/0,2/4, ..., that are
parallel to the twofold axes and_generating the triacontahe- (b)
dron of the Al-Fe-Cu PBZ, with (4/®/0,0/0), (0/0,4/20/0),
(0/0,0/0,4/3, . .., asperpendicular vector& , . Using Eq. FIG. 4. Typical PBZ vector shiftaK under the phason-strain
(10), we can check that aM ; field shifts all the 30 vectors. figigs 1, (M7) and 'y (Mps): two vectors of the 28-44 set,
While anM s field has no effect on the ten vectors that arex,—(2/2,2/4,0/0, K,=(2/2,2/4,0/0) (a), and three of the 20-32
perpendicular to the preserved fivefold axis, that is just theset, K ,=(0/0,0/0,2/3, K,=(0/0,2/4,0/0, and K;=(0/0,0/0,24)
fivefold axis of the resultindd 5 structure[see Fig. 4b)]. SO (b), are presented. The magnitudes of the phason-strain fields are
in the case of Al-Fe-Cu, for weak phason-strain-field magni+taken for unity in the calculation of the module for all th&. A2
tude (small @), a pentagonal’s phason-strain field costs less andA5 indicate, respectively, the two- and fivefold symmetry axes.
cohesive energy than a culig field, which causes stronger A5 in (b) represents also the fivefold axis of tBg structure en-
PBZ deformation. gendered by th&'s phason-strain field.

The above consideration implies certain symmetry con- ) ) o -
straints on the phason-strain field development: it is easigfuces the vibrational contrlbu'_uon to the _total specmc h_eat by
for a cubicT’, phason-strain field to develop in the Al-Li-Cu @ factor of 2 for Al-Fe-Cu, while for Al-Li-Cu this contribu-
icosahedral phase thanla pentagonal one, andce versa 10N remains almost the same. o ,
for the Al-Fe-Cu icosahedral phase. This is in agreement In order to better |IIustrate_th¢ V|bra_t|o_nal _densny evolu-
with our discussion on experimental observati¢sse Sec. ton through the phason-strain-field elimination for the Al-
I1): the phason-strain field in Al-Li-Cu is described by the ge-Cg sampleg, we 2rep_|ot their vibrational specific-Hegaj
representation, while Al-Fe-Cu can containg phason- ata in aC\,ip/T vsT d_|agram,_th|s after the subtraction of
strain field related to a pentagonal subgroup structure.  the elgqtronlc contributioryT (F'gz- 5). In the Debye model,

Finally, this mechanism explains the electronic specific-Cvip/T" iS proportional toD (w)/w”, whereD () is the pho-
heat observations: the vectors with strofigare hardly sen- 10N spectra ana is the corresponding mode frequ_er‘?@y._
sitive to phason strains, and the weaRég vectors are Thus this graph shows the vibrational density evolution with
shifted in such a way as to remain close to the Fermi surfacdn® sample structure states.

Therefore, the electronic DOS at the Fermi level remains According to Fig. 5, for the Al-Fe-Cu samples, the low-
almost the same in the Al-Li-Cu and Al-Fe-Cu icosahedral€N€rgy vibrational DOS is enhanced in the phason-strained

phases, in spite of the presence of the phason-strain fieldsS@MPple as compared to the annealed one. This enhancement
is obviously associated with the phason-strain field, which is

strongly eliminated through the annealing at 812 °C.
Low-energy mode density enhancements have also been
The situation for the vibrational term is totally different observed by inelastic neutron scattering for Al-Fe-Cu QC

compared to that of the electronic one. The annealing resamples of close chemical compositions. But these observa-

A2
} AK(Ty)

AK3(Ty)

B. Vibrational
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0.15 : l : . : ' The application of this isotropic model is justified by the
. large number of symmetry elements of the icosahedral struc-
) . Before annealing ture.
g HRETAEAE DU P eSS For solids(even liquids, the elastic bulk modulu8 is
v %I ] essentially related to the mean atomic volume. It is hardly
E sensitive to structure variations, if no strong atomic volume
= After annealing difference is involved. This is indeed the case for the two
"E 0.05F8® o Lo ceses,se®0®® *¢00 *] samples considered here, for which the lattice parameter is
2 only changed by about 0.03% through annealing at 812 °C,
@) AlFeCu according to the x-ray-diffraction experimerfsTo illustrate
0 ; L ! ) ) ! this point, let us estimate the possible bulk modulus change
r 2 3 4 5 6 7 8 due to parameter difference using Efj4), which is devel-
T2 (K?) oped for intermetallic alloyd?
FIG. 5. The vibrational specific hea€,;, of icosahedral AB Aa a' dF(a’)
Al-Fe-Cu samples beforeé#) and after(®) the 812 °C annealing B == a m da’ ' (14

treatment in &C,;,/T3 vs T2 diagram.

) Serh ] wherea is the mean interatomic distance aad the inter-
tions were made on as-cast sampfesvhich can éc{:gontam atomic distance related to structure variation. The function
various structural defaults as well as foreign phasésur  £(5') results from the Friedel oscillation, it has the asymp-
observations, however, enable a direct comparison betweggtic form ~sin(2kga’)/a’? with ke the Fermi vector. Tak-
monophased QC samples before and after the annealingy for Aa/a the value estimated from the x-ray-diffraction
treatment that allows phason-strain elimination. Moreoverypservation 0.03%, foa anda’ the mean interatomic dis-
the low-temperature specific-heat measurements explore t8nce (of the order 6 3 A for metals and forke the free-
much lower energy range. ) electron valuekg foe~1.56 A1, we estimate, using Eq.
Figure 5 shows that th®(w)/»” term for each sample (14) that the relative change of the bulk moduld®/B is

remains constant in the measuring temperature range. Thigow 1%. Obviously, this is too weak to account for the

demonstrates well that the phonon dispersion follows a lineapepye temperature difference between these two Al-Fe-Cu
relation (the mode frequency varies linearly following the samples.

wave ve_cto), and justifies t_he utilization of the Debye ap- Hence, thedp, decrease in the phason-strained sample
proximation. In the measuring temperature range,0if®@)  should be attributed to the decrease of the elastic shear
enhancement cannot be attributed to the phason hopping, ffdulus . This implies a softening of the phonon shear
the linear dispersion relation does not support resonancepodes. Indeed, by neglecting the mass density variation, we
mode contributions. Moreover, phason hopping is 3(())bser"eean relate the change of the Debye temperature directly to
to occur at much higher temperatuggbove 600 °C" In {hat of the shear modulus using EG13): Afpyl 0po
fact, as shown below, this anomaly can be attributed to & A ,,/2,,. This relation enables us to estimate an elastic
softening of the phonon shear modes. This implies a softeshear modulus difference of about 40%, between the phason-
ing of the shear elastic modulus, in agreement with the grougrained sample and the 812 °C annealed one. This result can
theory analysigsee Secs. Il and )lj and leads to a decrease pe compared with Jaric and Mohanty’s calculation, accord-
of the Debye temperature. ing to which phason strains reduce elastic shear modulus in

TheT=0 Pebye temperature can be related to the sounggsanedral QC’s. They also proposed that phason strains can
velocities by be related to a martensitic instabil#ywhich implies pho-

non shear mode softening.

3N\ 11 For the Al-Li-Cu samples, the vibrational contribution re-
anv] v 1D mains the same before and after the annealing treatment. The
L corresponding Debye temperature, which is found, in both
wherev is the mean sound velociti{ is the Avogadro num- cases, to have a value of 465 K, is thus insensitive to the
ber, andV is the molar volume. For an isotropic substance,phason-strain elimination. We can also notice that this Debye
we havev 3=(2v13+v [ ®)/3,vr andv, being the trans- temperature value can be compared to that obtained in ex-

h
HD(O)ZK—B(

verse and longitudinal sound velocities. periments other than specific-heat measurements, such as ul-
The velocitiesv+ andv, can be related to the shear and trasound velocity characterizatidh.This observation indi-
the bulk elastic modulix andB) by®! cates that the phason-strain field has no significant influence
on the vibrational properties of the Al-Li-Cu quasilattice,
m B+ 4 u contrary to the AI—Fe-Cq case. _
vy= \ﬁ o=\ ——, (12) The above observations can be well explained by the
P P group theory analysis presented in Sec. Il B: for icosahedral

) , QC'’s there is no phason-phonon coupling for thephason-
wherep is the mass density. We can thus express the Debygyain field, while thd's phason-strain field can be coupled to

temperature as a function of the two elastic moduli: phonon shear modes. As we have mentioned in Sec. II, the
phason-strain field in the Al-Li-Cu samples before annealing
0p(0)ocp V2,324 (B+ 4 u)~%~13  (13) is essentially of’, character, it has therefore no influence on
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vibrational properties. In the Al-Fe-Cu case, various obserphason-strain field affects less the PBZ. This may indicate
vations suggest that its phason-strain field Ragharacter. some relationship between the electronic structure and the

TheI's phason-strain field is coupled to thig phonon shear growth mode.
mode, so the Debye temperature, as well as the elastic prop-

erties, are strongly affected by the phason strains. VI. CONCLUSION
The results of low-temperature specific heat, measured on
C. Remarks Al-Li-Cu and Al-Fe-Cu quasicrystalline samples before and

Phason strains are likely to develop in QC samples durinﬁﬂer phason-strain-field elimination through annealing, are

the growth process, thus the phason-strain-field symmetr naIyzed.lThe electronic specific heat for .b.Oth Al-Li-Cu and
should be related to the growth direction, i.e., to the growt -Fe-Cu is obseryed to be scarcely sensitive to the anneal-
morphology. The Al-Li-Cu QC phase grows in the form of Ing treatments, th.'s can be explained within the Hume-
triacontahedron, the presenceldf strain fields in Al-Li-Cu Rothery s_tab|I|zat|on framework: th? phason-stram-fleld
can be related to the twofold axis growth direction. Duringsymmetry is related to the pseudo-Brillouin-zone morphol-

the growth process, anisotropic phason-strain fields may d 9y, a phas.on—strain.field should modify as little as possible
velop preferentially along twofold axes, leading to corre- he electronic cohesive energy, and consequently, leads to

sponding distortions in the icosahedral structure, which ar hhe WiakeSt a}{lte'ra?olnd Ofﬂ;[hf pselykdcl)gf;lp ;t the Fe{m' lﬁvel.
described byl', representation. The Al-Fe-Cu QC phase '€ Phason-strain fields that are fikely to be present in these

grows as dodecahedron, and the phason-strain field iystems[’, for Al-Li-Cu and s for Al-Fe-Cu satisfy such a

Al-Fe-Cu can also be related to the growth direction Forcondition. The annealing treatments have no influence on the

' : ibrational specific heat of the AI-Li-Cu samples, but
Zﬁg@gﬁ 'ég% ?gv;lo&:l;égtrfsft;iﬁ:hﬁ:%n field along a fIVEfOI%’trongly decrease that of the Al-Fe-Cu ones. This can also be

related to the phason-strain-field symmetryI'a phason-

Also, as shown by the above analysis, the Hume-Rothery_ =™~ . ! .
stabilization mechanism in QC's implies that the phason-gtram field is not coupled to any of the phonon fields, while

strain field should affect as little as possible the PBZ vector ‘?FE’ one can be coupled to tiig phonon field.
especially those of weaker intensity. This will induce certain
constraints to the phason-strain-field symmetry, imposed by
the electronic structure. It is interesting to notice that the We thank Dr. P. Donnadieu and Dr. Y. Calvayrac for
preferential growth directions of the two alloys studied hereelectron and x-ray-diffraction analyses of the samples, and

correspond to the directions in which the development of &r. M. Kléman for fruitful discussions.
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