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Linear thermal expansivity „1–300 K…, specific heat„1–108 K…, and electrical resistivity
of the icosahedral quasicrystali -Al61.4Cu25.4Fe13.2

C. A. Swenson,* T. A. Lograsso, A. R. Ross, and N. E. Anderson, Jr.
Ames Laboratory, Iowa State University, Ames, Iowa 50011

~Received 27 June 2002; revised manuscript received 3 September 2002; published 18 November 2002!

Linear thermal expansivity (a, 1–300 K!, heat capacity (Cp , 1–108 K!, and electrical resistivity (r, 1–300
K! measurements are reported for single graini -Al61.4Cu25.4Fe13.2 quasicrystals as a function of sample pro-
cessing. Whiler(T) is sensitive to sample treatment, bothCp anda are relatively insensitive~to a few percent!
except at the lowest temperatures~below 4 K!, where an inverse correlation betweenr and the electronicCp

coefficientg appears to exist. Dispersion effects~deviations from Debye-like behavior! in both Cp and the
lattice Grüneisen parameterG are large and comparable with those for single graini -Al71Pd21Mn08 quasicrystal
and its Al72Pd25Mn03 approximant@Phys. Rev. B65, 184206~2002!#. Since the 0-K Debye temperature@Q0

5536(2) K# is in reasonable agreement with that from 4-K elastic constants@548~8! K#, a previous postulate
for AlPdMn that these large dispersion effects are associated with high dispersion lattice modes in off-
symmetry directions also appears to apply toi -Al-Cu-Fe. A comparison with otherCp data suggests that the
major effects of sample treatment~and composition! are reflected, with a few exceptions, in the values ofg,
with remarkably similar lattice contributions.

DOI: 10.1103/PhysRevB.66.184206 PACS number~s!: 61.44.Br, 62.20.Dc, 65.40.Ba, 65.40.De
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I. INTRODUCTION

The earliest quasicrystals were reported by Schectm
et al.,1 who discovered the unusual properties of rapidly
lidified binary alloys of Al and Mn, Cr and Fe. The chara
teristic property of quasicrystals is the existence of lon
range atomic order without the periodicity which
associated with crystalline symmetry. Although these fi
quasicrystals were metastable, and reverted to crystalline
terials upon annealing, other families of quasicrystals sub
quently were discovered which are single phase and st
on annealing.2 One of the earliest of these was the icosa
dral (i -) quasicrystali -Al65Cu20Fe15 which is formed after
quenching the liquid alloy to room temperature.3 Calvayrac
et al.4 summarized subsequent work with these alloys, a
using x-ray-diffraction pattern measurements, report th
while quenchedi -Al65Cu20Fe15 becomes two phase after a
nealing at 800 °C, thei -Al63Cu25Fe12 quasicrystal is single
phase, with properties which improve upon annealing.

The composition of the quasicrystal typically is written
for an alloy,5 since, as above, quasicrystal stoichiometry m
extend over a range of compositions. For Al-Cu-Fe,
1200 °C initial molten alloy is quenched rapidly to roo
temperature and then is heat treated to obtain a single p
quasicrystalline state which is stable for some stoichio
etries~no phase change on cooling after heat treatment! or,
more often, metastable~quenched in after heat treatmen
with a multiphase mixture occuring upon slow cooling!. This
complex Al-Cu-Fe high-temperature quasicrystal phase
gram has been studied extensively.6–11

The temperature-dependent physical properties of qua
rystals differ from those of normal crystalline or amorpho
materials in a number of ways. Quasicrystals, like am
phous solids, are elastically isotropic, with elastic proper
described completely by single longitudinalvL and doubly
degenerate transversevT sound velocities.12 The low-
0163-1829/2002/66~18!/184206~11!/$20.00 66 1842
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temperature heat capacityCp has a contribution which is
linear inT and, in magnitude, is similar to, but usually som
what smaller than, that for a metal. Quasicrystal electri
resistivities, however, often increase with decreasingT and
in magnitude resemble those for semimetals.13 The interpre-
tation of these results in terms of a pseudogap in the den
of states~DOS! at the Fermi level is supported by optic
reflectivity,14 photoemission,15 and tunneling
experiments.15–18 Tunneling data18 clearly show a zero-bias
anomaly~ZBA! in the pseudogap which is not understood

A number of papers have reported the effects of annea
and sample composition on Al-Cu-Fe temperature-depen
resistivities,19–27 magnetoresistivity,19,22,24 magnetic
susceptibility,19,20 Hall effect,19,21,25,26 thermoelectric
power,21,25,26 and thermal conductivity.26,27 These reports
show that significantqualitativedifferences exist in a num
ber of these properties between the compositio
i -Al63Cu25Fe12 and i -Al62Cu25.5Fe12.5 @~25,12! and
~25.5,12.5!#.20,22,24–27 Because of this potentially extrem
sensitivity to small composition differences, compositio
will be stated when comparing various results. Stated co
positions generally are those for the initially prepared m
alloy, with little change expected on quenching.

Cp data have been published for Al-Cu-Fe samples wit
range of compositions. Kleinet al.20 give results for a single
phase~25,12! sample for which subsequent data have be
obtained.24,28,29Wang and collaborators30,31measuredCp for
as-cast and annealed samples ofi -Al-Li-Cu ~1–7 K! and
~25.5,12.5! i -Al-Cu-Fe ~1–3 K!, and found that, while an-
nealing has little effect for Al-Li-Cu,Cp is reduced signifi-
cantly for Al-Cu-Fe. Pierceet al.25 show 1–4.5 K results for
several Al-Cu-Fe samples@ i -(26.5,11), ~rhombohedral!
r -(26.5,11), i -(24.5,13), and i -(24.5,12) from Ref. 21,
whereCp results forr -(24.5,12) are given also#. Lasjaunias
and his collaborators28,29 give Cp results for the common
i -(25,12) sample of Ref. 20~1.5–12 K! and Ref. 24~0.1–4
©2002 The American Physical Society06-1
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SWENSON, LOGRASSO, ROSS, AND ANDERSON PHYSICAL REVIEW B66, 184206 ~2002!
K! @designated as~25,12!-~a!#, for a second~better quality!
sample from the same original material@~25,12!-~b!# ~0.1–7
K and 4–40 K in separate calorimeters!, and for a
~25.5,12.5! sample~0.1–7 K!.

A direct relationship exists between low-temperatu
Cp(T) data and low-temperature sound velocities as de
mined both acoustically and from the limiting low-energ
slopes of inelastic neutron scattering~INS! acoustic disper-
sion relations.32 Vanderwalet al.33 obtained the longitudina
and transverse sound velocities~elastic constants! for
i -(24.5,12) from Brillioun scattering data. Tanakaet al.34

used resonant ultrasound spectroscopy~RUS! to obtain the
temperature-dependent elastic constants fori -(20,15) ~and
Al-Pd-Mn and Al-Cu-Fe-Ru! from 4 K to 800 °C. RUS
techniques35 are particularly useful for measurements
quasicrystals since resonances for many different direct
in a sample are used to determine the characteristic so
velocities ~elastic constants!, and can provide an excellen
confirmation of elastic isotropy.36 Bert et al.,37 in an investi-
gation of tunneling states ini -(25,12), give a 4-KvT which
is somewhat smaller than that from the other investigatio
This sample initially was characterized in a neutro
diffraction study.38

Neutron-scattering data not only give sound velociti
but also can be used to calculateCv(T). INS studies for
major symmetry directions of single graini -(25,12) by
Quilichini and co-workers39–41 are consistent with elasti
isotropy and show linear energy vs wave-number relati
~no dispersion! at energies from 1.4 to 2.5 THz~67 to 120
K!. These results are summarized in a review paper,42 where
400 °C sound velocities are given which are consistent w
ultrasonic data. Brand and co-workers43,44 discuss problems
with the generalized vibrational density of states~GVDOS!
which follows from the INS measurements, and describe
sults from a time-of-flight~TOF! inelastic neutron-scatterin
experiment usingi -(25.5,12.5) samples which~i! have natu-
ral isotopic abundances, or have been prepared with isot
cally pure ~ii ! 65Cu or ~iii ! 57Fe. Their resulting neutron
weighted GVDOS is used to calculate the temperature
pendence ofCp and which is in agreement with the results
Lasjauniaset al. to 7 K on the same sample which sho
unusual dispersion behavior.29 They conclude that a discrep
ancy between these directly measured and calculatedCp’s
and those calculated from sound velocities probably is du
‘‘nonacoustic vibrational elementary excitations.’’44 This
conclusion is associated with the observation by Lasjau
and his collaborators that the temperature dependenc
their Cp’s at low temperature are not consistent with Deby
like behavior.28,29

A previous paper32 describes data similar to the prese
for i -Al71Pd21Mn08 and itsj8 approximant. While the exis
tence of large single grain samples of Al-Pd-M
quasicrystals45 makes them attractive for both linear therm
expansivity (a) andCp studies, the formation of a spin glas
on cooling below 11 K~associated with a small fraction o
the Mn1) masks the quasicrystal properties. The Al-Pd-M
results gave precise quasicrystal~and approximant! a data
from 1 to 300 K, with complementaryCp , electrical resis-
18420
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tivity, magnetic susceptibility, and elastic constant data
characterize the samples.

The Cp anda data for AlPdMn suggest large dispersio
~non-Debye behavior! effects below 4 K which are inconsis-
tent with the much higher energy dispersion effects fro
inelastic neutron-scattering results.42 The neutron-scattering
data are for major symmetry directions~near strong Bragg
peaks!,42 since neutron-scattering intensity is highly depe
dent on the strength of the nearby Bragg reflections. T
RUS experiments34,32 show that low-frequency acousti
waves ~isotropic longitudinal, degenerate transverse! exist
for all directions in the crystal. If a standard lattice model
assumed, the zone boundaries which determine the en
gaps in the dispersion relations depend inversely on the m
nitude of the lattice repeat distances. These repeat dista
are small for the major symmentry directions, hence disp
sion effects occur at relatively large energies.42 The repeat
distances are highly variable and much greater away fr
the major symmentry directions, so it is reasonable to po
late that the generally much smaller zone boundaries
result in much smaller maximum energies for the phonon
these directions.46 Most of the phonons in these materia
will be associated with these off-major symmetry direction
so the lattice GVDOS will show large low-energy dispersi
effects with an initial~sound velocity determined! Debye-
like form.32 This will result in the excessively large dispe
sion effects inCv(T). While this low-energy behavior can
not be determined in INS experiments, the agreem
between theCv(T)’s of Lasjauniaset al.29 and those calcu-
lated from the neutron weighted GVDOS of Ref. 44 u
doubtedly includes these effects. These off-symmetry vib
tions are acoustic and are responsible for the extremely r
increase~with respect to a Debye solid! of the GVDOS with
increasing temperature.

The objectives of the present experiment were twofo
The first was to ascertain whether or not the large dispers
effects inCp ~and a very different temperature dependen
for a at low temperature! for i -Al-Pd-Mn and itsj8 approx-
imant also exist ini -Al-Cu-Fe. The second was to determin
the effect of sample processing and treatment onCp anda.
The present data for single grain samples
i -Al61.4Cu25.4Fe13.2 show behavior very similar to that fo
Al-Pd-Mn, and a relative insensitivity to sample state. T
large, unique, dispersion effects for bothi -Al-Pd-Mn and
i -Al-Cu-Fe suggest a universal characteristic of quasicrys
which is associated with their unique structure.

II. EXPERIMENTAL DETAILS

The single grain samples studied in the present pa
were grown by a liquid-assisted grain growth technique
scribed in detail elsewhere.47–49 Appropriate quantities of
aluminum, copper, and iron (99.99% purity, metals bas!
were arc melted into buttons of nominal compositi
Al 62Cu25.5Fe12.5. The buttons were chill cast into cylindrica
ingots which were roughly 25-mm diameter and 70-m
length. The ingots were placed in an alumina crucible, sea
in quartz under ultrapure argon and subjected to multi
heat treatments at 835 °C. Following heat treatment
6-2
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LINEAR THERMAL EXPANSIVITY ~1–300 K!, . . . PHYSICAL REVIEW B 66, 184206 ~2002!
single-crystal grain, exhibiting fivefold facets and appro
mately 0.5 cm3 in size, was harvested from the ingot an
represents the as-grown condition. In this condition, the c
tal is porous~up to 10%) and contains a small fraction
second phase.49

This as-grown crystal was subjected to two further tre
ments. The first used hot isostatic pressing~HIP, argon gas!
at 800 °C and 315 MPa for 4 h~pressurizing at temperature!,
followed by a furnace cool~uncontrolled, furnace power off!
as the pressure was released, to reduce the porosity to 1
better. Subsequently, the sample was sealed in a fused q
ampoule with a partial pressure of argon and was anneale
800 °C for 6 h and furnace cooled to eliminate the seco
phase.48

Cp and a data were taken at various stages for tw
samples from the same boule which were treated using
ferent variations of the HIP cycle. The first sample was m
sured in the as-grown~initial! state~sample 1!, then under-
went HIP as above and a second~sample 2! set of data taken
Finally, the sample was annealed for a third~sample 3! set of
data. The second sample underwent HIP as above, bu
pressure was released isothermally at 800 °C and the sa
annealedin situ at this temperature for another 4 h, aft
which it was furnace cooled and a fourth~4! set of data
taken. A final~5! set of data was taken after the sample w
given a standard anneal. To summarize for the following p
sentation of the data, 1, 2, and 3 refer to subsequent tr
ments of the same physical sample, 4 and 5 to treatmen
a second physical sample from the same boule. A subseq
ICP ~inductively coupled plasma atomic emission spectro
etry! analysis of the sample material gave the composit
Al61.40Cu25.44Fe13.23, which will be rounded off in the fol-
lowing as Al61.4Cu25.4Fe13.2, or ~25.4,13.2!.

The hardware and procedures used for the resistivity,Cp ,
anda measurements are identical with those described in
earlier paper.32 Two resistivity samples~approximately 1
3135 mm) were measured, one of which was included
each of the above sample procedures. The precision of t
data was better than 1%, with a systematic uncertainty
5% due to dimensional uncertainties. TheCp anda samples
were irregularly shaped, with a flat base and approxima
12 mm in height to accommodate the dilatometer. T
masses of the first samples~1, 2, 3! were approximately 3.5
g, while those for second sample~4, 5! were of the order of
1.9 g. TheCp data were taken from 1 to 108 K using
standard tray-type isothermal calorimeter,50 while the
1–300 K a data used a differential capacitance dilatome
which was calibrated with high-purity copper.51

III. EXPERIMENTAL RESULTS

A. Resistivities

The temperature dependences of the resistivities (r) for
the various sample treatments are shown in Fig. 1. Samp
(s) is for the large, porous, single grain starting mater
and probably is overestimated since no correction was m
for the porosity.49 Sample 2 (h) is for the same sample afte
undergoing HIP;r(T) has increased significantly, presum
18420
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ably due to the generation of phasons~strains! in the HIP
process. Sample 3 (n), sample 2 after annealing, shows
substantial decrease to ar(T) relation which is essentially
the same~due to dimensional uncertainties! as that for
sample 4~for the second physical sample after a combin
HIP and annealing!. Because of this correspondence, this
sistivity sample was not included in the subsequent 5 h
treatment, after which additionalCp anda data were taken.

The present sample 3~25.4,13.2! resistivity results are
very similar to publishedr(T) results for~25,12! composi-
tions which are in substantial agreement, withr54.7(3) and
2.7(2) mV cm at 4 and 300 K, respectively,19,20,22–26and are
appreciably smaller than those published for similar@nomi-
nal ~25.5,12.5!# compositions. The largest published 4 K val-
ues ofr appear to be for~25,12.5! (11 mV cm);20,23,24 the
values for ~25.5,12.5! @7.5(15) mV cm# are somewhat
smaller.20,23,24,26These differences between the~25,12! and
~25–25.5,12.5! compositions have been interpreted to ind
cate an extreme sensitivity to composition and proximity t
metal-insulator transition.20,24 A similar qualitative sensitiv-
ity to composition is found in thermoelectric power, therm
conductivity, and Hall-effect data.25–27

B. Representation ofCp and a data

The bases for the presentation of thei -Al63Cu25Fe12 Cp
anda data are given in a previous paper,32 and are summa-
rized in the following. The basic equations used to repres
low-temperature data are

Cp /T5 (
n50

N

C2n11T2n, ~1a!

a/T5 (
n50

N

A2n11T2n. ~1b!

The lead parameters,C1 and A1, generally are ascribed to
electronic contributions, withC15g, the electronic specific-
heat coefficient, although, for amorphous solids, a lin
term also has been associated with a distribution of tunne
states.52 In most instances, higher-order terms are associa

FIG. 1. The temperature dependence of the resistivities
samples with various heat treatments: (s) 1, (h) 2, (n) 3, (!) 4,
(L) 5 ~not shown!. See the text for details.
6-3
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SWENSON, LOGRASSO, ROSS, AND ANDERSON PHYSICAL REVIEW B66, 184206 ~2002!
with lattice properties (Cp
lat), with the characteristicT50

Debye temperatureQ0 given by53

Q0
35@~12p4/5!rR/C3#

5@1.9443106r ~mJ/g mol K!/C3# K3, ~2!

whereR andr are the gas constant and the number of ato
per unit cell, respectively. This equation has no significa
for tunneling systems, where the ‘‘lattice’’ contributionC3
often is appreciably greater than would be calculated fo
Debye solid@see Eqs.~3! below#.52

Q0 also can be calculated from an average 0 K sound
velocity as53

Q0
35~h/kB!3~3rN0/4pVm!~1/̂ 1/v3&! ~3a!

which for an isotropic quasicrystal~two sound velocities;vL
and a twofold degeneratevT) is

5~h/kB!3~3rN0/4pVm!vT
3$3/@21~vT /vL!3#% ~3b!

5~2.514231023!3~r /Vm!vT
3$3/@21~vT /vL!3#%, ~3c!

whereh is Planck’s constant,kB the Boltzmann constant,N0
Avagadro’s number ~/g mol!, Vm the molar volume
@m3/(g mol)#, r the number of atoms in a unit cell, and th
sound velocities are in m/sec. These velocities are relate
the elastic constants asCT5C445%vT

2 , and CL5C11

5%vL
2 . Note that the density% enters into Eqs.~3! only

through the definition of the molar volume. At ‘‘high’’ tem
peratures (.30 K), power series similar to Eqs.~1! are used,
with Tn rather thanT2n; the parameters for these series ha
no physical significance.

At low temperatures~belowQ0/10), the extremely strong
temperature-dependence ofCp presents difficulties in the
display of data for any range of temperatures. Since the
bye function approximates this temperature dependence,
reasonable to use the Debye function as the basis for disp
ing Cp results; one procedure for accomplishing this is
relate experimental latticeCv(T)’s @Cv

lat5Cv(T)2gT# ~see
Ref. 54! directly to the Debye function using equivalent D
bye Q ’s.55 For a Cv

lat datum atT, Q(T) is the Debye tem-
perature which, when used in the Debye relation forCv
(CDebye, Ref. 53!, will give the sameCv at that temperature

Cv
lat~T!5Cv~T!2gT5CDebye@Q~T!/T#. ~4!

A plot of Q(T) vs T shows deviations of the data from th
Debye function, or the effects of dispersion; a decreasingQ
represents an increasing positive deviation ofCv from Debye
behavior. When comparing materials with significantly d
ferent Q0’s, a normalized plot ofQ(T)/Q0 vs T/Q0 will
display clearly differences in the shapes of theCv(T) rela-
tions.

The volume thermal expansivity (b53a for an isotropic
solid! is related directly to Cv(T) by the Grüneisen
relation:55,56

b53a5G~Cv /BTV!5G~Cp /BSV!. ~5a!
18420
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where BT and BS are the isothermal and adiabatic bu
moduli, V is the molar volume,G is the dimensionless Gru¨n-
eisen parameter, andCp /Cv5BS /BT .54 If independent
~separable! contributions~electronic, lattice, magnetic, etc!
to the thermodynamics of an isotropic solid can be identifi
each contribution will have aCv i and aG i associated with it,
and the individual thermal expansivities will be additive
give for an isotropic material,

b5( b i53( a i5( G iCv i /BTV. ~5b!

In this model, theG i ’s are given by

G i53BTV~a i /Cv i !52d ln F i /d ln V, ~6!

where the characteristic energyF i may beQ0 for the lattice,
the Fermi energy for free electrons, the Curie temperature
a magnetic system, etc. Values ofG typically range from61
to 64, althoughG will have much larger magnitudes whe
F has a large volume sensitivity, such as that associated
tunneling.52,56 The latticeG, G lat, generally has a tempera
ture dependence similar to that ofQ(T), since the lattice
modes which are excited with increasingT may have signifi-
cantly different volume dependences. By analogy w
Q(T), G0

lat is the limiting, T50 value ofG lat(T), and, at
high T, G lat approaches a constant valueG`

lat . Since G0
lat

52d ln Q0 /d ln V, Q0
lat also can be calculated from the vo

ume~pressure! dependence of the sound velocities@Eqs.~3!#.

C. Cp and a data

The presentCp anda data plotted as a function of tem
perature in Fig. 2 have been normalized byT to reduce the
temperature dependence. Above 20 K, the major differe
between the five sets ofCp data@13(1)%# occurs for the
as-received@(s)1# sample at the highest temperatures, w
the HIP sample@(h)2# showing a small@21.5(5)%# sys-
tematic deviation~not evident! between 20 and 70 K. The
agreement above 20 K between theCp’s for the final treat-
ments of the original~3! and the second~5! samples suggest
that these should be accepted as characteristic of a ‘‘pu
sample. The fit to sample 3@barely visible as a solid line in
Fig. 2~a!# is an excellent representation for these data ab
20 K. The situation for thea data @where the fit to the
sample 3 data is given by the solid line through the (n)
in Fig. 2~b!# is not as clearcut, with the four other se
of data differing systematically from this line by23(1)%
above 60 K.

The Cp /T vs T2 representations@see Eq.~1a!# in Figs. 3
and 4 show that the general agreement between the va
Cp data extends down to 1 K. The lower temperature data
Fig. 4~a! @below 4 K (T2,16 K2)] tend to be high for the
as-received sample 1 (s), and to be somewhat low for the
HIP sample (h); this correlates inversely with the resistiv
ties in Fig. 1. The solid lines~—-! represent fits of Eq.~1a!
~with nine parameters! to the sample 3Cp data from 1 to 35
K, with g50.285(1) mJ/mol K2 and Q05536(2) K. A
three-parameter fit to the sample 3 data from 1 to 10 K gi
values ofg and Q0 within these uncertainty limits. Simila
6-4
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LINEAR THERMAL EXPANSIVITY ~1–300 K!, . . . PHYSICAL REVIEW B 66, 184206 ~2002!
FIG. 2. Cp /T ~a! and a/T ~b! vs T for the present data. The
symbols indicate various heat treatments, as in Fig. 1: (s) 1, (h)
2, and (n) 3 for the original, (!) 4 and (L) 5 for the second
samples. The solid lines~——-! are from fits to the sample 3 data
See the text for details.

FIG. 3. a/T ~left! and Cp /T ~right! vs T2, with markers as in
Fig. 2, without 4 (!). ~—! and~– – –! are fits to the sample 3 an
sample 5 data, respectively,~– — –! are dispersionless~Debye!
extrapolations from 0 K using the two lead parameters in Eqs.~1!.
Note the different origins fora andCp .
18420
fits to the sample 5 data suggest a slight upturn below 3
@not evident in Fig. 4~a!#, with a fit of Eq. ~1a! to the data
from 3 to 35 K~– – –! giving g50.296(1) mJ/mol K2 and
Q05541(1) K. The differences are small, and within th
experimental scatter at the lowest temperatures. The con
tency in the values ofg andQ0 for fits of Eq. ~1a! for very
different maximum temperatures~1–10, 1–35 K! suggests
that it is unlikely that the large dispersion effects are asso
ated with a low-lying optical mode.44

The first part of Table I summarizes the results of fits
Eq. ~1a! to the various data; the uncertainties stated forg
(C1) and Q0 (;C3

21/3) for a stated maximum fit range re
flect the spread of parameter values for the several fits~var-
ied maximum temperatures, number of parameters requi!
involved. A dependence of the results on the minimum te
perature indicates a possible excess curvature at low t
perature, as for sample 5 above. In general, the smallerg ’s
are associated with smallerQ0’s @a larger slope in Fig. 4~a!#,
since the latticeCp’s are very similar above 3 K.

Because of its internal consistency, the 1–35 K repres
tation of sample 3 has been chosen, somewhat arbitrarily
the standard for the current presentation. The two le
sample 3 parameters in Eq.~1a! @C1 (g) andC3 (;Q0

23)]
were used to generate the~– — –! lines in Figs. 3 and 4~a!
which representCp /T vs T2 for a Debye solid. The differ-
ences between these lines and the data reflect the extre
dispersive, or non-Debye, nature of the lattice excitations
these quasicrystals.

FIG. 4. Cp /T ~a! anda/T ~b! vs T2 for the lower-temperature
region of the data plotted in Fig. 3. Note the differentT2 axes for
the two plots.
6-5
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TABLE I. A summary of Cp-related parameters from the present experiments and from various
ences.gnorm has been determined from a normalization to the present higherT data for sample 3. WhereQ0

andg are~–!, curvature of the low-temperatureCp /T vs T2 data precluded the direct determination of the
quantities. See the text for details.

Q0 g gnorm Sample Comments
c ~K! (mJ/mol K2)

560~35! 0.32~2! – i -(25.5,13.2) present 1, 3–30 K
480~3! 0.227 – i -(25.5,13.2) present 2, 1.2–35 K
503~4! 0.253 – i -(25.5,13.2) present 2, 3.4–35 K
536~2! 0.285 0.285 i -(25.5,13.2) present 3, 1–35 K
530~6! 0.280 – i -(25.5,13.2) present 3, 4–35 K
573~4! 0.27~2! – i -(25.5,13.2) present 4, 1.4–30 K
631~5! 0.317 – i -(25.5,13.2) present 4, 3–30 K
554~1! 0.305 – i -(25.5,13.2) present 5, 1–30 K
541~2! 0.296 – i -(25.5,13.2) present 5, 3–30 K
370 0.30 – i -(25,12)@-(a)# Klein ~Refs. 20,24,29!
273~5! 0.33 – i -(25.5,12.5) as recd., Wang~Refs. 30 and 31!
350~5! 0.30 – i -(25.5,12.5) annealed, Wang~Refs. 30 and 31!
539 0.31 0.29 i 2(24.5,12) Biggs~Refs. 21 and 25!
583 0.29 – r -(24.5,12) Biggs~Refs. 21!
560 0.32 0.33 i 2(26.5,11) Pierce~Ref. 25!
555 0.25 0.25 r -(26.5,11) Pierce~Ref. 25!
560 0.35 0.35 i -(25,12)-(b) Lasjaunias~Ref. 29!
– – 0.37 i -(24.5,13) Pierce~Ref. 25!
– – 0.41 i -(25.5,12.5) Lasjaunias~Ref. 29!
– – 0.40 i -(23,12) Poon~Ref. 57!
– – 2.12 i -(20,15) as cast, Poon~Ref. 57!
– – 0.77 i -(20,15) annealed, Poon~Ref. 57!
518~5! – – i -(24.5,12) Brill. Scat. Vanderwal~Ref. 33!
529~8! – – i -(20,15) RUS: 300 K, Tanaka~Ref. 34!
548~8! i -(20,15) RUS: 4 K, Tanaka~Ref. 34!
501 i -(25,12) INS: 673 K, Quilichini~Ref. 42!
us

-

ich

at
d

tic
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ith
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th

lid

ch
The last four rows in Table I contain citations to vario
acoustic velocity determinations from whichQ0

el can be cal-
culated @Eqs. ~3!#. Vanderwalet al.33 estimated the room
temperature acoustic velocities ini 2(24.5,12) from Bril-
louin scattering spectroscopy of surface waves, from wh
accepting the stated precision,Q0

el5518(5) K. Tanaka
et al.34 used RUS~resonant ultrasound spectroscopy35! data
to obtain the elastic constants ofi -(20,15) from 4 to 800 K,
from which Q0

el5548(8) and 529~8! K at 4 and 290 K,
respectively; the uncertainties are associated with estim
impurity phases in this sample. Finally, Quilichini an
Janssen42 give sound velocities from earlier 400 °C inelas
neutron-scattering data39 from which Q0

el5501 K, with no
uncertainties given. The 4 KQ0

el5548(8) K from Tanaka
et al.34 ~Table I! is in reasonable agreement with our res
@536~2! K#. The difference, in part, can be associated w
the smaller atomic weight of the RUS sample. Unfortunate
a lack of sufficient quality samples prevented elastic cons
measurements for the present material.

Figure 5 gives the equivalentQ(T) representation@Eq.
~4!# of the latticeCp of sample 3 (n) for the full tempera-
ture range of the data. This relation shows graphically
18420
,

ed

t

,
nt

e

large dispersion effects in this material, with a Debye so
corresponding to a horizontal line atQ0 . Q(T) for the
i -(25,12)-(b)Cp data of Lasjauniaset al.29 also are shown in
Fig. 5 (h); these are the only other Al-Cu-Fe data whi

FIG. 5. EquivalentQ ’s for the present~sample 3! ~25.4, 13.2!
Al-Cu-Fe data (n), the~25, 12!-~b! data from Ref. 29 (h), and for
the Al-Pd-Mnj8 approximant, as normalized usingQ0 (s). ~Refs.
32 and 58!. See the text for details.
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extend to‘‘high’’ temperatures, and show even greater disp
sion effects than for the present data. Similar behavior w
reported for theCp’s of i -Al71Pd21Mn08 and itsj8 approxi-
mant, with the suggestion that a uniquely rapid onset of d
persion is a property of quasicrystals.32 An adjusted58 Q(T)
relation for this Al-Pd-Mn approximant (s), which should
resemble closely that for the quasicrystal, also is shown
Fig. 5.

In Figs. 3 and 4~a!, the a data for the various treatmen
of the first sample@original (s), HIP (h) and final (n)]
are in good agreement, and are systematically smaller
those for the final second sample final@(L)5#, and, not
shown, 4 results. In these figures, the solid lines~—-! are
from a six-parameter fit~using absolute differences! of Eq.
~1b! to the sample 3a data from 1.3 to 22 K, and a nine
parameter power series (a/T vs T) fit from 22 to 300 K. The
dashed~– – –! lines represent similar fits to the sample
data. Apparently, there are no othera results for comparison
with these present data. At 293 K,a51.385(8)
31025 K21.

The small difference between thea data for the two
samples in Fig. 3 disappears at lower temperatures@Fig.
4~b!# where a becomes negative. The scatter in the lo
temperaturea data in Fig. 4~b! is consistent with a precision
in the determination of length changes of60.15 Å (1.5
31029 cm) for these 1.2 cm long samples and a 0.5 K te
perature change. The~– —– –! in Figs. 3 and 4~b! represent
an extrapolation to higher temperatures using only the
two terms in Eq.~1b!, and represent low-temperature Deby
like (G, Q constant! behavior ofa for a metal. In contrast
with the behavior forCp in Figs. 3 and 4~a!, dispersion ef-
fects are small for the quasicrystala ’s, and are negative
This implies a significant decrease of the Gru¨neisen param-
eter @Eq. ~6!# with increasing temperature.

Figure 6 shows the temperature dependences of the la
Grüneisen parameters,G lat @Eq. ~6!#, for the present sample
1, 2, 3, and 5. The 4 K value of the bulk modulus,34 BT
5108 GPa, density54500 kg/m3, and gram atomic weigh
50.039 59 kg/g mol give for Eq. ~6!, 3BTV52.85
3109 J/g mol, which should be effectively independent
temperature for the present data. TheG lat data points in these
figures were calculated from the actuala data @a lat5(a
2A1T), by analogy with Eq.~4!# andCp’s from the corre-
sponding smooth relations. Hence the scatter in the d
points in Fig. 6 reflects directly the scatter in the~lattice! a
data, as in Fig. 4~b!. Equation~6! was used to calculate th
smoothG lat curves from the fits to thea and Cp data for
sample 3~——! and sample 5~– – –!, respectively. The
rapid decrease ofg lat from a relatively large extrapolate
value ofG0

lat56.8(3) at 0 K to1.69~3! above 30 K is a direct
result of the very different temperature dependences ofa and
Cp in Figs. 3 and 4.

The expected differences in the values ofQ0 from 300
and 4 K elastic constants can be calculated using Eq.~6!,
d ln Q052Glat3d ln V, since the volume changes are sma
and G lat essentially is constant for most of the volum
change@Figs. 2~b! and 6~a!#. The integrateda data give
@V(0)2V(300)#/V527.8031023 which, with G lat51.69,
18420
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givesd ln Q050.0132, orQ0(0)2Q0(300)57 K. This dif-
ference compares with 19 K from the data of Tanakaet al.34

in Table I. A similar discrepancy exists for Al-Pd-Mn.32

The linear~electronic! Grüneisen parameters,G l in @which
are obtained using the ratioA1 /C1 in Eq. ~6!#, are predomi-
nantly negative, and depend on the extrapolation of thea/T
plot @Fig. 4~b!# to 0 K. Their values@0.8 ~sample 1!, 28.5
~sample 2!, 23.8 ~sample 3!, 21.6 ~sample 4!, and 22.1
~sample 5!# appear to be sensitive to sample strain, with t
largest~0.8! associated with the initial sample, and the sma
est with the unannealed HIP sample (28.5). A rather
normal55,56 G l in523(1) probably is appropriate. If tunnel
ing were to make a significant contribution toa, these values
of G would be expected to have a much greater magnitu

D. Cp comparisons

Table I also contains data and citations to papers and o
sources ofCp data for Al-Cu-Fe. TheCp data usually are
presented in the form ofCp /T vs T2 plots, with Q0 and g
~columns 1 and 2! given if the data can be analyzed in term
of Eq. ~1a!. An upturn in these plots at low temperatur
suggests an additional contribution toCp , and Q0 and g
cannot be determined.

The compositions~column 4! typically are those of the
melts~approximately 1200 °C) from which the initial samp
ingots ~often ribbons from ‘‘planar flow casting’’ or ‘‘melt
spinning’’! are formed by quenching to room temperatu
These initial materials are annealed at 800 °C or so to ob

FIG. 6. Temperature dependences of the latticeG ’s @Eq. ~6!#.
The markers and lines are as in Figs. 3 and 4.
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the final quasicrystal samples. Figure 7, which is from Fig
in Ref. 9 ~see also Refs. 6–8,10, and 11!, presents an ap
proximately 800-°C phase diagram for Al-Cu-Fe for the qu
sicrystalline and other related phases. X-ray-diffraction sp
tra generally are used to determine the quality of
quasicrystal sample, and to detect secondary phases; mo
the samples mentioned in Table I have been characterize
this manner.

In Fig. 7, the quasicrystalline state is stable at all tempe
tures on cooling to room temperature for compositions i
narrow meniscus around the upper (—s—) line. In Table I,
the ~24.5,13! (!),25 ~25.5,12.5! (l),29 and ~25.5,13.2;
nominally 25.5,12.5! (m) present data are close to this m
niscus. The pure quasicrystal which exists in a second
row meniscus around the lower line ( ––h ––) is metastable
when quenched to room temperature, but converts to a st
rhombohedral phase when annealed near 600 °C. Thus
~24.5,12! (!),21 and ~26.5,11! (!),25 data are for both the
quasicrystalline and rhombohedral phases. The~20,15! (!)
~Ref. 57! material has been described as a quasicrystal w
quenched which downgrades when a second, Al3Fe-type
phase, appears upon annealing.4 The ~25,12! (l) ~Ref. 29!
material is close to the lower meniscus, while the~23,12! (!)
~Ref. 57! material is definitely outside either of the menis
The actual phase diagram of Al-Cu-Fe is more complex t
the above suggests;10,11these complexities have been ignor
for present purposes.

The data for the first three ‘‘external’’ citations in Table
~associated with Klein,20,24,29Wang,30,31 and their collabora-
tors! are puzzling, with standard characterizations and ‘‘r
sonable’’ g ’s but very large~small Q0) Debye-like lattice
contributions. They are anomalous for reasons which are
apparent.

The agreement between the parameters and shapes~1–4.5
K! for quasicrystali- and rhombohedralr- ~26.5,11! ~Ref.
25! samples~see Fig. 2, Ref. 25! suggests an interestin
similarity in the lattice properties. To further investigate th
similarity, Fig. 8~a! gives aCp /T vs T2 plot of variousCp

FIG. 7. ‘‘Phase diagram’’ for Al-Cu-Fe near 800 °C, from Fig.
in Ref. 9. (—s—) concentrations giving quasicrystals which a
stable at all temperatures, ( ––h ––) quasicrystals at 800 °C, meta
stable after quenching to 300 K, but rhombohedral after 600
anneal. (m) present data; (l) Lasjauniaset al. ~Ref. 29!; (!)
Refs. 21, 25, and 57. See Table I.
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data which are cited in Table I, including only sample 3~—-!
from the present data as a reference, and excluding the
scale as-spuni -(20,15) data.57 Many of these data were rea
from single column journal plots, so the representations
only approximate, and conclusions drawn from them
qualitative; the lines connecting markers are for visual as
tance only.

The data in Fig. 8~a! have been normalized in Figs. 8~b!
and 9 by adjusting the value ofg ~resulting in thegnorm in
column 3 Table I! until the data were~visually! superim-
posed symmetrically on the sample 3~—-! curve. The three
figures cover maximum temperatures to 7, 10, and 16
with the 16–40 K~25,12!—~b! data of Lasjauniaset al.29

given in theQ(T) plot of Fig. 5. The superposition is no
perfect; slightly different shapes are apparent in Fig. 2
Pierceet al.25 The qualitative agreement, however, is surpr
ing, since the correlations include quasicrystals and rhom
hedral approximants of the same~26.5,11! composition,25

‘‘as spun’’ and annealedi -(20,15) to 16 K,57 and the presen
data at various stages.

The agreement to 10 K in Figs. 8~b! and 9 between the
present~12.4,13.2! sample 3 smooth relation and the as sp
(L) and annealed (l) ~20,15! data57 is interesting, and

C

FIG. 8. A comparison of variousCp data for AlCuFe quasicrys-
tals. ~a! gives the actual data,~b! the data as normalized by adjus
ing the individualg ’s (gnorm , Table I!. ~—! represents the presen
smooth relation for the present sample 3i -(25,12); (j)
i -(25.5,12.5), (h) i -(25,12)-(b), Ref. 29; (n) quasicrystal, (m)
rhombohedral~26.5,11!, (s) i -(24.5,13), Ref. 25; (!) i -(24.5,12),
Refs. 25, and 21; (d) i -(23,12), (L) as spun, (l) annealed
i -(20,15), Ref. 57; small (s) and (d), phason rich and anneale
i -(25.5,12.5), Refs. 30 and 31. Not all symbols will appear in Fi
8~b! and 9 because of overlapping by other symbols.
6-8
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LINEAR THERMAL EXPANSIVITY ~1–300 K!, . . . PHYSICAL REVIEW B 66, 184206 ~2002!
continues for the as spun data to 16 K, while the annea
data deviate systematically to lower values with increas
temperature, presumably because of the effects of the se
phase. The quenched-in strain undoubtedly contributes to
largegnorm ~2.12, Table I! and an upturn inCp /T which is
barely apparent in Fig. 8~b!. This correspondence betwee
the very different present sample and both the as spun
annealed samples suggests that the low-temperature la
properties are insensitive to the state of the sample.

The ~25.5,12.5! and ~25,12! Cp data given by Lasjaunia
et al.29 show greater dispersion effects than those for
correlations. Their 0.07–6 K~25.5,12.5! data@Figs. 8~b! and
9~a!# also exhibit an upturn inCp /T below 1 K~not apparent
in Fig. 7!. The composition of this sample is comparab
with that of the present samples. The low-temperat
~25,12!-~b! Cp data~from 0.07 to 7 K and 4 to 40 K, using
different techniques!29 are consistent with Eq.~1a!, with pa-
rameters given in Table I. They show dispersion effects~Fig.
5! which are comparable to or greater than those for
present samples, and magnitudes ofCp which are increas-
ingly larger than the present at all temperatures@Figs. 5, 8~b!,
and 9~a!#.

IV. SUMMARY AND CONCLUSIONS

The present data are in agreement with conclusions f
similar Cp data for Al-Pd-Mn that inconsistencies betwe
Cp and inelastic neutron-scattering results are related to
extreme dispersion~deviations from Debye behavior! in
Cp(T) for these materials which probably is associated w
the many phonons which correspond to nonmajor symm

FIG. 9. As in Fig. 8~b!, with extended temperature ranges.
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directions in these materials~see Sec. I.!. In Figs. 3 and 4,
the ~- — - —! lines represent Debye~constantQ, G lat) be-
havior, as would a constantQ in Fig. 5. The deviations from
Eq. ~1a! of Cp for Al-Cu-Fe as discussed by Lasjaunia
et al.29 are directly related to these large dispersion effec
as are the neutron-scattering discrepancies discussed
Brand et al.44 Cp data should cover a relatively large tem
perature range to determine the magnitudes of the hig
order parameters in Eq.~1a!. This extreme dispersion doe
not apply to thea data in Figs. 3 and 4~b!; dispersion effects,
however, appear as an abnormally strong temperature de
dence for the lattice Gru¨neisen parameter,G lat in Fig. 6,
from a relatively largeG056.8 ~suggesting a strong volum
dependence of the elastic constants! to a very normalG`

51.69.
The present data also show that, while the annealing

the i -Al61.4Cu25.4Fe13.2 quasicrystal has significant effects o
the resistivity@r(T), Fig. 1#, it has only a small effect onCp
anda except at the lowest temperatures, whereg, the elec-
tronic Cp coefficient, appears to show a similar but inver
sensitivity~Table I and Figs. 2–4!. The magnitudes of bothr
and g are related to the existence of a pseudogap in
density of states at the Fermi level,13,15–18so it is reasonable
that the pseudogap would be more sensitive to the stat
the sample than the lattice properties. The comparisons
other data in Figs. 8 and 9 also show an insensitivity ofCp

lat

to crystal composition, structure~quasicrystal, rhombohe
dral! and state~quenched, annealed!, and sample porosity
Contrary evidence exists in the data of Wang and
collaborators30,31 ~see Table I and Fig. 8!, which show large
changes in the lattice properties of Al-Cu-Fe on anneali
with little dispersion and much larger latticeCp’s. The
i -(25.5,12.5) andi -(25,12) Cp data of Lasjauniaset al.29

@Table I and Figs. 8~b! and 9# show considerably greate
dispersion effects than the present data, for reasons which
not understood. While the correlations in Figs. 8~b! and 9
support the postulate that the present latticeCp results rep-
resent those fori -Al-Cu-Fe, we have no basis in an absolu
sense for making that postulate.

Electronic and transport properties appear to indic
qualitative differences between the compositions~i!-~25-12!
and i -(25.5,12.5).20,22,24–27The present data are for a nom
nal ~25.5,12.5! composition, which quantitative analys
shows actually is~25.4,13.2!. r(T) data ~Fig. 1! resemble
closely those published for the~25,12! composition, which
are appreciably smaller than those published for~12.5,25.5!.
This similarity, the correlations in Figs. 8~a! and 9, and the
disagreement with other~25,12! and~25.5,12.5! Cp data, are
puzzling.
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