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Thermal expansivity(a, 1–300 K), heat capacity(CP, 1–108 K), electrical conductivity(s, 1–300 K) and
magnetic susceptibility(x, 1–300 K) data have been obtained for a Bridgman-grown single grain
i-Al68.9Pd21.6Mn9.5 quasicrystal(BR) for direct comparison with data previously published for a flux-grown
single grain sample[Phys. Rev. B65, 184206(2002); PRB], and presents , x and CP data for a second
flux-grown sample described in an earlier publication[Philos. Mag. B 79, 1673 (1999); PM]. Fortuitously,
comparative analyses show these samples to have essentially the same composition. At all temperatures,s and
x for BR are, respectively, approximately one-third and one-quarter those for PRB. TheCP’s are the same
s±1%d down to 30 K, below which the BRCP decreases more rapidly to one-half that for PRB at 1 K. Thea’s
agree to ±2% from 300 to 40 K, with a more rapid decrease for BR below 30 K, eventually to 0.6aPRB below
4 K. The total Grüneisen parameters are similar at all temperatures. The two methods for sample growth differ
primarily in a quenching of the flux-grown sample to room temperature after growth, while the Bridgman-
grown sample cools very slowly, resulting in slightly different phases, and magnetic properties which are
associated with lattice defects. An attempt to convert the single grain flux-grown sample to the phase of the
Bridgman sample using an 800°C anneal and a slow cool to room temperature was not successful, with the
appearance of second phase inclusions. These inclusions are ascribed to slightly different compositions for the
two phases[see Boissieuet al., Philos. Mag. A78, 305 (1998)]. This suggests that a single grain flux-grown
sample with an Mn composition near 9% cannot be converted by annealing and slow cooling into a single grain
LT phase, and vice versa. These considerations may not apply to samples with Mn compositions closer to 8%.
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I. INTRODUCTION

Initially, quasicrystals, solids with long range symmetry
but without normal crystalline periodicity, were metastable
materials, and were discovered when certain binary alloys of
Al and Mn, Cr, and Fe were cooled rapidly from a high
temperature.1 Subsequently, systems of ternary alloy quasic-
rystals were found which are stable at room temperature, and
often can be obtained as large single grains.2 Al-Pd-Mn al-
loys, which have been studied extensively, are one of these
systems; see Ref. 3, where citations to previous work are
given, together with linear thermal expansivitysad, heat ca-
pacity sCPd, magnetic susceptibilitysxd and electrical resis-
tivity srd data for flux-grown4 single grain samples of quasi-
crystalline icosohedral AlPdMn(nominally i-Al71Pd21Mn08)
and itsj8 (nonquasicrystalline) approximant. While the low
temperature thermodynamic properties of most quasicrystals
are well-behaved(though unusual; see Ref. 5), those for
AlPdMn are complicated by the onset on cooling of a spin-
glass associated with a small fraction(less than a few %) of
the Mn.6–8

Préjeanet al.8 report low temperaturessTdf=1/rsTdg and
xsTd data as a function of annealing rate for Czochralski-
grown single graini-AlPdMn samples[ICP (Inductively
Coupled Plasma Atomic Emission Spectrometry) composi-
tions Al70.5Pd21.0Mn8.5 and Al70.6Pd21.5Mn7.9]. They show
that the electrical conductivity has a linear dependence on
the (very small) number of magnetic Mn ions which deter-
mine xsTd; xsTd, in turn, depends on the Mn composition of
the sample and the cooling rate after annealing for three

hours at 800°C. In particular, the low temperature suscepti-
bility (fraction of magnetic Mn ions) was 60% smaller when
a sample initially at 800°C was cooled slowlys10°C/hd to
room temperature than when it was quencheds150°C/mind.
This suggests that the low temperature thermodynamic prop-
erties of a flux-grown sample(as in Ref. 3), which is cooled
rapidly to room temperature after growth,4 should differ from
those for a Bridgman9- or Czochralski-grown10,11 sample,
since these are cooled slowly to room temperature in the
growth process; specifically, the Bridgman or Czochralski
samples should show significantly smaller effects associated
with the onset of the(magnetic) spin-glass state at low tem-
perature. The presenta, CP, x and s data were taken for a
large s10 mm,1.6 gd single grain Bridgman-grown nominal
i-Al69Pd21Mn10 sample for comparison with our earlier pub-
lished results for a flux-grown single grain sample.3

The earliest report of the effects of composition and heat
treatment on the physical properties ofi-AlPdMn was by
Lancoet al. who usedrsTd andxsTd data from 4 to 300 K
for melt-spun(quenched) samples of three different compo-
sitions to ascertain composition-dependent effects.12 They
showed that the magnitudes ofx and of r and their
temperature-dependences were very dependent on the Mn
composition. For Mn contents of 7.5%, 8.5% and 10%, re-
spectively, x at 200 K was −3, 0, and 13310−7 emu/g,
while the 4 K r sr4d decreased from 6400 to 3600 to
1600mV-cm, with sr4−r300d decreasing from 3000 to 300 to
(approximately) 0 mV-cm. Of relevance to the present re-
sults, they noted thatr4 for the Al70.5Pd22Mn7.5 sample in-
creased by 40% after warming slowly to and annealing at
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970 K s700°Cd, then cooling at the same rate; corresponding
x data were not reported. They ascribed this difference to an
annealing effect.

Ishimasa and Mori13 used electron microscopy to study
the structure of AlPdMn samples(and also samples with an
additional 1% to 3% Si) as a function of various heat treat-
ments. They found that while samples grown from the melt
(about 1180 K, 907°C), annealed at 1075 Ks802°Cd, and
quenched in water and liquid nitrogen, were standard F-type
(F1, or HT) quasicrystals, samples which were given a sec-
ond, lower temperature, anneal before being quenched
showed a new low temperature equilibrium icosohedral
phase(F2, F2M, or, generically, LT) which involved a super-
lattice formation. The transition temperature is given as be-
ing between 1021 and 876 K(roughly between 750 and
600°C).

Audier et al.14 used solidification sequences in ingots
grown with both Bridgman and Czrochralski techniques to
determine the liquid AlPdMn phase diagram, and also noted
the F1 to F2(and F2M) transition region. In further investi-
gations, Ishimasa,15 Häussleret al.,16 Boissieuet al.,17 and
Audier et al.18 show that the equilibrium low temperature
phase(LT) for compositions near Al70Pd22Mn08 cannot be
described simply, and begins to form on cooling below
750°C(Ref. 18). Ishimasa15,19shows that quasicrystals with
compositions close to Al71Pd21Mn08 which have been
quenched to room temperature after a long period anneal at
600°C have a LT P-type phase rather than the F-type for
other compositions. Boissieuet al.,17 using samples from the
experiments of Audieret al.,14 give the relative compositions
of the three phases as; HT icosahedral(F or F1)
sAl68.8Pd22.0Mn9.2d, lower temperature(intermediate) F2
sAl69.8Pd21.4Mn8.8d and (LT equilibrium) F2M

sAl69.3Pd22.0Mn8.7d. The nominal(initial) composition of the
Bridgman ingot from which these three samples were ob-
tained was Al70.5Pd22Mn7.5.

18

The x investigations of Kobayashiet al.20 (Mn10,
quenched) and Matsuoet al.21 (nominal Mn8 and Mn8.5) in-
volved temperature- and time-dependent effects from liquid
helium temperatures to 600°C for samples which initially
were quenched from 800°C to room temperature. The results
are complex and are interpreted in terms of the discussion in
the previous paragraph; a general result is that the low tem-
peraturex for the equilibrium LT state is appreciably smaller
than that for the initial HT quenched-in state. Matsuoet al.21

also show that after cycling to high temperature to obtain the
equilibrium LT state, a subsequent anneal at 800°C and
quench reproduces the initial, quenchedx.

Rempelet al.22 describe the magnetic properties of single
grain Czochralski-grown Al70.2Pd21.3Mn8.5 from 4 to 1000 K
and magnetic fields up to 50 kOe, including slight anisotro-
pies. These suggest that their data, which qualitatively agree
with post-annealing LT results given in Refs. 20 and 21, refer
to the LT AlPdMn phase. The maximum temperature,
1000 K s727°Cd, fortuitously is below the 750°C tempera-
ture where the LT phase converts to the HT phase.18 Their
analysis of the low temperature magnetic data indicates that
only 0.008% of the Mn ions are participating, which is ap-
preciably smaller than that found earliers1% –1.4%d,6,7 al-

though thesexsTd data appear to be consistent with those of
Préjeanet al.,8 who find this fraction for a comparable
sample to be approximately 0.1%.

Hippertet al.23 report the magnetic properties of a number
of AlPdMn samples as a function of composition(Mn7.5 to
Mn8.65), structure and thermal history. The temperature-
dependences of these data have a common shape from ap-
proximately 6 K to 150 K when plotted asfxsTd−xs0dg /A,
wherexs0d is a temperature-independent term, andA24 is a
scaling factor which is 1 for an arbitrary standard set of data
and varies from 0.58 to 31.5 for the 19 samples. This corre-
lation is, to a great extent, independent of sample structure
and composition. The origin of the magnetism in AlPdMn in
terms of essentially nondetectable sample inhomogeneities is
discussed and an explanation of the deviations ofxsTd from
Curie-like behavior is given in terms of a Kondo effect com-
peting with Ruderman-Kittel-Kasuya-Yosida(RKKY ) inter-
actions. Extensive citations are given to related experimental
and theoretical literature.

II. EXPERIMENTAL DETAILS

The data reported in the present paper involve
i-AlPdMn samples from three different sources. Those for
the flux-grown4 single grain sample PRB(nominally
Al71Pd21Mn08), unless otherwise noted, were published pre-
viously in Physical Review B.3 Present data were taken for a
Bridgman-grown single grain sample,25,26 BR, and for a
single grain flux-grown sample, PM, from material involved
in an earlier Philosophical Magazine publication.4

Since the PRB and PM data were expected to characterize
the quenched-in HT phase and the BR data the equilibrium
LT phase, the logical next step was to transform the(HT)
PRB sample to the LT state with a 72 h 800°C anneal and a
slow cools12°C/hd to room temperature(PRBAN). The re-
sulting data were unusual(see below) and a subsequent met-
allographic analysis showed 2nd phase inclusions. Subse-
quent similar heat treatment(800°C anneal, slow cool) of a
PRB resisitivity samples13135 mm3d showed the same
effects, as did a BR resisitivity sample after an 800°C anneal
and quench to 300 K. When this BR sample was annealed
again at 800°C and cooled slowly to 300 K, the inclusions
disappeared. These effects can be interpreted using the dif-
ference between the compositions of the quenched-in HT 1
phasesAl68.8Pd22.0Mn9.2d and the LTsF2Md equilibrium phase
sAl69.3Pd22.0Mn8.7d reported by Boissieuet al.17 While gen-
eralizations probably are not appropriate, these results sug-
gest that, for AlPdMn samples such as ours with approxi-
mately 9% Mn, the conversion of a single grain(quenched)
HT sample to a single grain LT sample will involve a 0.5%
increase in the Al composition and a 0.5% decrease in the
Mn composition; that is, additional Al must be found, and
5% of the Mn must disappear. Clearly, this is not possible in
a solid sample with a fixed(HT) composition. The inverse
also must apply; a single grain LT sample cannot be con-
verted to a single grain HT phase by annealing at 800°C and
quenching. There are no indications of two-phase behavior in
the systematic annealing studies of Prejeanet al.,8 who used
Czochralski-grown single grain AlPdMn samples with 7.9%
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to 8.5% Mn. A possible explanation for the differences in
these two experiments is given by the report of Ishimasa15,19

that, for Mn compositions near 8%, the LT phase is P-type
rather than the F-type for larger fractions.

Table I gives the compositions of these samples as deter-
mined by ICP(PRB, BR) and SEM(Scanning Electron Mi-
croscopy) (PRB, PM, BR) analyses. The SEM data(two se-
ries, I and II, different setups) were taken for samples
mounted in close proximity on a common substrate to give
reliable relative compositions. While no uncertainties are
given for the ICP compositions, the SEM uncertainties reflect
not only instrumental uncertainties but also deviations from
an average of data taken at a number of points on the sample.
The compositions of the three SEMI samples(fortuitously)
are very similar, with the only significant difference occur-
ring for the BR ICP composition which is barely within the

stated uncertainties; we have used a common molecular
weight, 46.80 g/mol, in the analysis of theCP data. The
composition of the PRB sample as given in Table I is to be
preferred to the estimatesAl71Pd21Mn08d in Ref. 3. Papers
cited in Sec. I refer primarily to a nominal 8% Mn compo-
sition, so the larger Mn compositions in Table I may be sig-
nificant in comparing results. See the end of the preceding
paragraph and Secs.III A and III B

The BR(B) and BR(C) samples in Table I represent the
two (equal, 30 mg) halves of a “resistivity” sample(1 mm2

cross-section, 4 mm long) which was cut from the base of
the Bridgmana sample and was broken accidentally in
preparations for a susceptibilitysxd measurement. The com-
mon compositions of the two halves of this sample are reas-
suring, but the differences from the BR SEMI composition
are larger than expected; the PM sample was common to
both SEM determinations. Subsequent metallographic in-
spection showed corresponding orientations for these two
samples, and no evidence of a second phase. Table I also
includes matrix and inclusion compositions for a portion of
the PRBAN sample which was included inadvertently in the
SEMII determinations.

The hardware and detailed procedures used for thes, x,
CP, anda measurements are identical with those described in
earlier papers, and will not be repeated.3,5 Susceptibility data
were taken using a superconducting quantum interference
device(SQUID) magnetometer. SinceMsHd data to 70 kOe
at 1.8 and 300 K showed linear behavior at low fields, the
susceptibilities were determined from the measured moments
MsTd usingxsTd=MsTd /H with H=1 kOe. The precision of
the conductivity data(sample dimensions approximately
1 mm31 mm35 mm) was better than 1%, with a system-
atic dimensional uncertainty of ±5%. TheCP anda samples
were irregularly shaped, with a flat base and approximately
10 mm height to accommodate the dilatometer. The masses
of the samples[PRB (PRBAN), PM, BR] were, respectively,
6.1, 4, and 1.6 g. TheCP data were taken from 1 to 108 K
using a standard tray-type isothermal calorimeter,27 while the
1 to 300 Ka data were obtained using a differential capaci-

FIG. 1. Electrical conductivitiesssd for the AlPdMn samples:
smd PM, from Ref. 4. Present data:s+dfor PRB; snd for PM; s•d for
PRBAN; sLd for BR.

TABLE I. Sample Compositions(in Atomic %) from ICP and(relative) SEM analyses; the corresponding
molecular weights are given in grams. The SEMI and the SEMII data were taken on common(but different)
substrates; the same PM sample was used in the two determinations. BR(B) and BR(C) are the two halves of
the broken resistivity sample. See the text for details.

Sample Al Pd Mn Mol Wt

PRB ICP 68.93 21.62 9.45 46.80

PRB SEMI 68.9(5) 21.6(2) 9.5(2) 46.8(5)

PM SEMI 69.0(3) 21.0(1) 9.9(2) 46.5(2)

PM SEMII 69.8(3) 20.9(3) 9.4(2) 46.2(4)

BR ICP 69.22 20.73 10.05 46.26

BR SEMI 69.1(3) 21.5 (4) 9.4(5) 46.7(5)

BR(B) SEMII 70.1(3) 20.1(2) 9.8(1) 45.7(4)

BR(C) SEMII 70.3(2) 19.9(4) 9.8(3) 45.5(4)

PRBAN(2-phase) SEMII

Matrix 68.6(3) 22.1(4) 9.4(3) 47.2

Inclusions 73.5(3) 19.6(4) 7.0(4) 44.5
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tance dilatometer which was calibrated using a high purity
copper standard.28

III. EXPERIMENTAL RESULTS

A. Electrical conductivities

Figure 1 gives the temperature-dependences of the elec-
trical conductivities of the present samples. The conductivi-
ties of the three single grain self-flux-grown samples[smd
from Ref. 4, and present data for this same PM materialsnd
and for PRBs+d] essentially are in agreement within the 5%
systematic uncertainty in these data. The conductivities of
the BR samplesLd are significantly smaller than those for
the flux-grown samples, in agreement with the results of
Préjeanet al.8 When compared with those data, the slightly
smaller conductivities and temperature-dependences of the
present data probably are associated with the larger Mn con-
tent [Mn9.5s3d vs Mn8.2s3d].12 The two-phase PRBANs•d data
lie between these two.

B. Magnetic Susceptibilities

Figures 2 present the magnetic susceptibilitysxd data for
the samples which are characterized in Table I. At “high”
temperatures,x is expected to show a Cure-Weiss type be-
havior

x = x0 + C/sT − ud. s1d

where C is the Curie constant,u the Curie-Weiss tempera-
ture, andx0 a temperature-independent term, often diamag-
netic s,0d. Table II gives parameters for fits of Eq.(1) to
both the highT s100%T%300 Kd and low T sT,30 Kd
data; STD represents the standard deviations of the data from
the fits. The minima which determine these fits for the highT
data are very shallow; the numbers in parentheses for these
parameters show the effect ofdu= +1 K on the other param-
eters. The magnitudes ofx for the flux-grown samples(PRB,
PRBAN, PM) are significantly larger than those for the
Bridgman-grown samples(BR), leading to the different
y-axis scales in Fig. 2 The values ofx at 300 K(not shown)
vary from 7 to 2310−7 emu/g for the flux-grown samples to
−1.5310−7 emu/g for the average of the fits to the BR(B)
and BR(C) data[BR(BC)]; x=0 at 150 K for BR(BC). The
very strong Mn dependence ofx noted by Lancoet al.12 and
Lasjauniaset al.7 is qualitatively consistent with the relative
differences(an order of magnitude) between the lowT x’s
for the 7.9% and 8.5% Mn samples of Préjeanet al.8 (their
Fig. 1), which were selected to have small magnetic effects,
and the lowT data for the current(9.5% Mn) samples[Fig.
2(b)]. The highT fits of Eq. (1) to the data could have been
extended down to 65 K with a slight loss of precision, but
the practical upper limit of the lowT fits was approximately
35 K. Hippertet al.23 (and, earlier, Ref. 8) ascribe the inabil-
ity to represent AlPdMn susceptibility data with Eq.(1) to
the existence of a Kondo effect competing with RKKY in-
teractions, which, when included, allows the representation
their data from 5 to 150 K. Hence, the parameters in Table II
have no direct physical significance, and are useful primarily

to represent the data(from 100 to 300 K, and 2 to 30 K,
respectively). In particular, for a dilute magnetic system such
as exists for AlPdMn,u should be zero.

Figure 2(a) provides a test of Eq.(1), with 1/sx−x0d ap-
proximately linear inT for temperatures above 65 K, and the
slopes inversely related to the C’s in Table II. At low tem-
peratures,x0 is negligible, and the data are best presented by
xs1/Td in Fig. 2(b). This figure contains the datasLd which
were obtained when the BR(B) and BR(C) samples were
combined into a single sample, as well as the average(– – –)
[BR(BC)] of the fits of Eq.(1) to these data. The agreement
is quite satisfactory, and gives the basis for using BR(BC) to
represent the susceptibility at higher temperatures. For un-
known reasons, thexsTd data for highT were much better for
the individual BR pieces than for the combination(not

FIG. 2. Magnetic data for the AlPdMn samples: Fig. 2(a),
1 /fxsTd−x0g vs T; Fig. 2(b), xsTd vs 1/T; Fig. 2(c), magnetic mo-
mentM as a function of fieldH at 1.85 K. Symbols are as for Fig.
1, with: Open and solids>d representing individual data for BR(B)
and BR(C), respectively;(– – –) in Figs. 2 are a smooth average of
the BR(B) and BR(C) data; in Figs. 2(b) and 2(c), sLd are actual
data for the combined BR(B) and BR(C) samples. In these figures,
the flux-grown[PRB s+d, PRBAN s•d, PM snd] data use the left-
hand and the smaller Bridgman(BR) [sLd, open and solids>d]
data the right-hand scales. See the text for details.
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shown). Figure 2(c) gives the corresponding 1.85 K field de-
pendence of the magnetic moment for these BR samples, as
well as for the PRB sample. Again, the average of the data
for BR(B) and BR(C) (– – –) agrees well with the actual data
for the combined samplesLd. In each of Figs. 2(a) and 2(b),
xsTd for the two-phase sample[PRBAN, s•d] has a quite
different shape from that for the single phase samples. Note
that the average of the ratio of the values of C for the high
and low T fits for PRB, PM and BR(BC) in Table II is 1.53,10

and is consistent with that from Rempelet al.,22 1.65.
The differences between thex’s of BR(B) and BR(C)

present a puzzle. They are the two halves of the sample
which was used to obtain the BR conductivity data shown in
Fig. 1, have identical compositions(Table I), and metallo-
graphic inspection shows them to be single phase with a
common orientation across the break(no grain boundary).
The differences are not experimental, sincexs1/Td [Fig.
2(b)] and low temperatureMsHd [Fig. 2(c)] data for a com-
bination of the two samples are consistent with the sum of
the individual data. Following Préjeanet al.,8 but using the
high T values ofC in Table II, the fraction of the Mn ions
which are magnetic can be estimated to be 0.35% and 0.67%
for these two samples. The possibility of a localization or
highly nonuniform distribution of the magnetic ions is sug-
gested by these data.

C. Representation ofCP and a data

The bases for the presentation of the presentCP and a
data are given in previous papers,3,5 and are summarized in
the following. The basic equations used to represent low
temperature data are:

Cp/T = o
n=0

N

C2n+1T
2n, s2ad

a/T = o
n=0

N

A2n+1T
2n. s2bd

The lead parameters,C1 and A1, generally are ascribed to
electronic contributions, withC1=g, the electronic specific
heat coefficient, although, for amorphous solids, a linear
term also has been associated with a distribution of tunneling
states.29 In most instances, higher order terms are associated
with lattice propertiessCP

latd, with the characteristicT=0 De-
bye temperatureQ0 given by30

Q0
3 = fs12p4/5drR/C3g

= f1.9443 106rsmJ/g − mol − Kd/C3gK3, s3d

whereR andr are the gas constant and the number of atoms
per unit cell, respectively. This equation has no significance
for tunneling systems, where the“lattice” contribution,C3,
often is appreciably greater than would be calculated for a
Debye solid.29

Q0 also can be calculated from an average 0 K sound
velocity as30

sQ0
eld3 = sh/kBd3s3rN0/4pVmds1/k1/v3ld, s4ad

which for a quasicrystal(isotropic, only two sound veloci-
ties; vL and a twofold degeneratevT) is

TABLE II. Parameters for fits of Eq.(1) to the susceptibility data for the various samples in Fig. 2. See
the text for details.

Sample u C x0 STD

K 10−4 emu-K/g 10−7 emu/g 10−9 emu/g

T.100 K

PRB −20.4s10d 1.772(18) −0.06s−4d 0.704(1)

PM −12.5s10d 1.795(20) −2.96s−5d 0.97(12)

PRBAN −55.0s10d 2.82(2) −0.37s−5d 9.19(5)

BR(B) −18.3s10d 0.610(6) −2.55s−2d 4.67(1)

BR(C) 0.5(10) 0.313(4) −3.07s−1d 7.29(1)

BR(BC) −9.9s10d 0.455(5) −2.80s−1d 0.02(13)

T,30 K

PRB −1.2 1.23 1.20 373

PM −0.60 1.19 4.10 92

BR(B) −0.88 0.334 1.54 54

BR(C) −0.79 0.214 −0.27 32

BR(BC) −0.85 0.274 0.64 0.05

BRIDGMAN-GROWN i-Al68.9Pd21.6Mn9.5… PHYSICAL REVIEW B 70, 094201(2004)

094201-5



=sh/kBd3s3rN0/4pVmdvT
3 f3/s2 + svT /vLd3dg s4bd

=s2.51423 10−3d3sr/VmdvT
3f3/s2 + svT/vLd3dg, s4cd

whereh is Planck’s constant,kB the Boltzman constant,N0
Avagadro’s numbers/g-mold, Vm the molar volumefm3/
sg-moldg, r as above, and the sound velocities are in m/s.
These velocities are related to the elastic constants asCT
=C44=%vT

2, andCL=C11=%vL
2. Note that the density,%, en-

ters into Eqs.(4) only through the definition of the molar
volume.

The onset of the spin-glass state below approximately
10 K (Ref. 3) masks the behavior implied by Eqs.(2), and
makes it impossible to determineQ0 and g through fits to
CPsTd data for i-AlPdMn. For convenience, power series
similar to Eqs.(2) were used to represent the data, withTn

rather thanT2n; the parameters for these series have no
physical significance.

At low temperatures (below Q0/10), the rapid
temperature-dependence ofCP presents difficulties in the
display of data. Since the Debye function approximates this
temperature dependence, it is reasonable to use the Debye
function as the basis for displayingCP results; one procedure
for accomplishing this is to relate experimental lattice
CVsTd’s fCV

lat=CVsTd−gTg31 directly to the Debye function
using equivalent DebyeQ’s.32 For aCV

lat datum atT, QsTd is
the Debye temperature which, when used in the Debye rela-
tion for CV (CDebye, Ref. 30), will give the sameCV

lat at that
temperature

CV
latsTd = CVsTd − gT = CDebyefQsTd/Tg. s5d

A plot of QsTd vs T shows deviations of the data from the
Debye function, or the effects of dispersion(non-Debye-like
behavior); a decreasingQ represents an increasing positive
deviation ofCV from Debye behavior. When comparing ma-
terials with significantly differentQ0’s, a normalized plot of
QsTd /Q0 vs T/Q0 will display clearly differences in the
shapes of theCVsTd relations and forms the basis for the
normalization of theT.20 K PRBCP data to non-magnetic
AlPdMn j8 approximantCP data to obtain an estimate of the
i-AlPdMn latticeCPsTd at lower temperatures.3

The volume thermal expansivity(b=3a for an isotropic
solid) is related directly to CVsTd by the Grüneisen
relation,32,33

b = 3a = GsCV/BTVd = GsCP/BSVd, s6ad

where BT and BS are the isothermal and adiabatic bulk
moduli, V is the molar volume,G is the dimensionless Grü-
neisen parameter, andCP/CV=BS/BT.31 If independent
(separable) contributions to the thermodynamics of an isotro-
pic solid can be identified(such as electronic, lattice, mag-
netic, spin-glass, etc.), each contribution will have aCVi and
a Gi associated with it, and the individual thermal expansivi-
ties will be additive to give for an isotropic material

b = o bi = 3o ai = o GiCVi/BTV. s6bd

In this model, theGi’s are given by

Gi = 3BTVsai/CVid = − d ln Fi/d ln V, s7d

where the characteristic energy,Fi, may beQ0 for the lattice,
the Fermi Energy for free electrons, the Curie temperature
for a magnetic system, etc. Values ofG typically range from
±1 to ±4 (Ref. 33), althoughG will have much larger mag-
nitudes whenF has a large volume sensitivity, such as that
associated with tunnelling.29,33 The latticeG, Glat, generally
has a temperature-dependence similar to that ofQsTd, since
the lattice modes which are excited with increasingT may
have significantly different volume-dependences. By analogy
with QsTd, G0

lat is the limiting, T=0 value ofGlatsTd, and, at
high T, Glat approaches a constant value,G`

lat. Since G0
lat

=−d ln Q0/d ln V, G0
lat also can be calculated from the

volume-(pressure-) dependence of the sound velocities[Eqs.
(4).

D. CP and a data

Figures 3, in which thea andCP data have been normal-
ized byT to compensate partially for their rapid temperature-
dependence, present an overall picture of these data, while
Figs. 4 use the format suggested by Eqs.(2) to display the
low temperature data. TheQsTd plot in Fig. 5, which is

FIG. 3. a /T (a) andCP/T (b) vs T data for Al-Pd-Mn quasic-
rystals: s+d PRB, data from Ref. 3;s•d, present annealed PRB
(PRBAN); sLd present BR;snd present PMCPsTd (sample from
Ref. 4). The lines, where shown, represent fits to the data. TheCP

data are indistinguishable in Fig. 3(b). TheT scales are different for
the two figures.
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based on the DebyeCP function [Eq. (5)], provides a more
sensitive presentation of the data from 7 to 105 K; between
15 and 40 K, the marker sizes correspond to approximately
5% in CP. In these figures, data for the flux-grown PRBs+d
sample are from Ref. 3, with present data shown for the
Bridgman-grown sample[BR, sLd], the two-phase PRBAN
samples•d, andCP only for the flux-grown PM material de-
scribed in Ref. 4snd.

Smooth AlPdMnj8 approximant data from Ref. 3 are
shown in Figs. 4s–h–d to illustrate for a similar material the
temperature-dependences ofa /T andCP/T in the absence of
the spin-glass contribution; spin-glass contributions to the
quasicrystala andCP data clearly are important. In Ref. 3,
the shapes of the quasicrystal PRB andj8 approximant
CPsTd relations are very similar above 20 K, which allowed
the approximant data to be normalized to the quasicrystal
data from 20 to 105 K and extrapolated to lower tempera-
tures to approximate the behavior of a similar nonspin glass
quasicrystal[see the discussion following Eq.(5)]. This nor-
malizedQsTd for the approximant is shown in Fig. 5s–h–d
to illustrate qualitatively the effect of the spin-glass state on
CP for the quasicrystals. The value ofQ0 for PRB as calcu-
lated from the elastic constants[Eqs. (4)], Q0

el=505s1d K
(Ref. 3), also is shown in Fig. 5 to provide qualitative con-
firmation that the shape of the normalized relation is rel-
evant; the largerQ0 and systematically largerQ’s from 10 to
20 K for all of the quasicrystals suggest that PRB is elasti-
cally more rigid than the approximant,3 since, for a fixedT, a
largerQ corresponds to a smallerCP.

All of the quasicrystalCP data are in essential agreement
s±1%d above 30 K[Figs. 3(b) and 5], with differences ap-
pearing at lower temperatures[Figs. 4(b) and 5] which, for
PRB, PM and BR can be associated with differences in the
spin-glass contribution, and, for PRBAN, this contribution
plus the second phase. When compared to PRBs+d, CPsTd’s
for the (very similar) PM samplesnd and for the two-phase
PRBAN s•d show deviations below 9 K, with 1 K magni-
tudes 94% and 48%, respectively, of PRB[see Fig. 4(b)].
The BR CP datasLd begin to deviate from those for PRB
below 30 K, with the differences becoming significant
s−5%d below 20, and are 47% ofCP for PRB at 1 K.

A comparison with the normalized approximant data
suggests that the lattice contribution toCP is only a few
percent at 3 K and rapidly becomes negligible at lower
temperatures,3 so the relative 1 K magnitudes ofCP/T for
PRB, PM and BR can be associated with differences in the
magnetic(spin-glass) contribution and should be related to
the corresponding values ofx in Fig. 2(b) (Table II). The
relationship is not direct, since in Table II, the ratio of the
Curie parameterssCd is approximately 4, while the corre-
sponding 1 KCP ratio is close to 2. The small differences
between the PMsnd and PRBs+d CP’s which occur below
9 K (to −6% below 4 K) possibly are related qualitatively to
the relative low temperature values of C in Table II[see Fig.
2(b)]. No obvious explanation exists for the temperature-
dependence ofCP for two-phase PRBAN, which, on cooling,
deviates from that for PRB at approximately the same tem-
perature as the break in thexs1/Td relation in Fig. 2(b); this
break suggests magnetic ordering below 10 K. The compo-
sition of the matrix in PRBAN is approximately that of the
other quasicrystals(Table I).

In Ref. 3, the maximum inQ (or, more correctly, the
inflection point) for PRB (see Fig. 5, approximately 11 K)
was associated with the onset of the spin-glass contribution,
but the differences between PRB and BR(previous para-
graph) suggest a higher temperature(20 to 30 K). For all of
these data, a possible electronic contribution to the quasi-

FIG. 5. An equivalent Debye theta[QsTd, Eq. (5)] representa-
tion of the CPsTd data, with symbols as in Fig. 3(b); here,
s––h ––d is from a normalization of the highT AlPdMn j8 ap-
proximantCP data to the PRB data, from Ref. 3.sld are a recal-
culation of the BR data assumingg=0.25 mJ mol−1 K−2. Q0

el

=505 K is from Ref. 3. See the text for details.

FIG. 4. a /T (a) and CP/T (b) vs T2 for the lower temperature
data in Fig. 3. Symbols are as for Fig. 3, withs–h–d smooth rep-
resentations of the AlPdMnj8 approximant data from Ref. 3. The
T2 scales are different for the two figures.
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crystalCP has been ignored[g=0 in Eq.(5)]. Thesld sym-
bols in Fig. 5 show the effect onQsTd for BR when a “rea-
sonable” value forg (=0.25 mJ/mol-K2, Ref. 3) is assumed.
The difference is significant, but affects only slightly the es-
timated temperature for the onset of spin-glass effects.

A discussion of previousCP anda data is given in Ref. 3.
The low temperatureCP data for PRB agree well with those
of Chernikovet al. for a quenched nominali-Al70Pd21Mn09
sample.34 Although their 1.9 K M(H) data are very similar to
those in Fig. 2(c), the data from 50 to 200 K were repre-
sented by a Curie constantsC=7310−4 emu/gd and Curie-
Weiss parametersu=−108 Kd which are very different from
those for PRB in Table II. The differences from the present
CP data of the 1 to 7 K data for a Bridgman-grown sample
(nominally i-Al69.5Pd21.5Mn9.5) from Lasjauniaset al.7 are
larger, possibly because of the higher Mn content.35 This
would be consistent with a low temperatureC=1.6
310−4 emu/g which is appreciably larger than those for the
flux samples in Table II, and with MsHd at 2 K also larger
than those in Fig. 2(c).7

Thea’s for PRBs+d in Figs. 3(a) and 4(a) are from Ref. 3,
while those for BRsLd and PRBANs•d are present data;a
data were not taken for the PMCP sample. As for theCP
data, thea data are in reasonable agreements±2%d from 300
to 45 K; at lower temperatures, the BR(and PRBAN) data
show a significantly stronger temperature-dependence than
those for PRB and, below 5 K, are only 60% ofaPRB [Fig.
4(a)]. The BR and PRBasTd data show approximately the
expected dilatometer precision(±10−9 K−1, Ref. 3). As for
the CP data in Fig. 4(b), the shapes of theasTd /T relations
are similar for BR and PRB, but, because of spin-glass for-
mation, are qualitatively different from those of thej8 ap-
proximant s–h–d. Reference 3 discusses previous AlPdMn
thermal expansivity data, none of which have comparable
accuracy at low temperature.

The a data for the two-phase annealed PRB(PRBAN)
sample Figure 4(a) are not of the same quality as those for
PRB and BR, and, although in agreements−1%d with those
for BR above 40 K, show excess scatter below 10 K, as well
as a reproducible spike near 7 KsT2=50 K2d. At higher tem-
peratures, small isothermal drifts(sample shortening) ap-
peared on warming and data-taking was not possible from 35
to 50 K. An anneal at 50 K and an overnight cooling to 28 K
allowed drift free data to be taken to 56 K, which were in
agreement with earlier data taken on cooling from 300 K. In
contrast, theCP data for this sample(which initially was
cooled slowly from 77 to 4 K) show smooth behaviors±1%d
at all temperatures, and only deviated fromCP for PRB be-
low 10 K [Fig. 4(b)].

The Grüneisen parameter[G, Eqs.(6a) and(6b)] provides
a dimensionless relationship betweenCP and a and a mea-
sure of the volume-dependences of the characteristic ener-
gies of a material[Eq. (7)]. Figure 6 gives the temperature
dependence of the totalG (ignoring specific electronic con-
tributions) for PRBs+d, BR sLd and PRBANs•d; here, actual
a data and smooth representations ofCPsTd were used
to calculate GsTd for each sample, with 3BTV=3.41
3109 mJ/g-mol(Ref. 3, corrected for the molar volume in
Table I). The scatter inGsTd reflects sensitively the relative

scatter in thea data; contrast the behavior of the PRBAN
datas•d and that of the other two samples.GPRB andGBR are
in essential agreement above 15 K, where spin-glass contri-
butions are small, and below 6 K, where spin-glass contribu-
tions predominate for both samples, withG at 1 K giving
Gspin–glass=6s1d. In Fig. 6, the small differences inG at inter-
mediate temperatures is a result of the relatively smaller BR
spin-glass contribution. The implication is thatGsTd in the
absence of spin-glass effects increases rapidly as the tem-
perature decreases.

GsTd in Fig. 6 is constant at above 50 K, but begins to
increase with decreasing temperature at lower temperatures.
This behavior is unusual, since an increase inG with decreas-
ing temperature usually occurs at temperatures approaching
the minimum inQsTd (25 K in Fig. 5). The basis for this
rapid increase inG with decreasing temperature is shown in
Fig. 7, whereasTd /T and CPsTd /T have closely similar
shapes, but at all temperatures(to 25 K), asTd is offset by a
relatively large contribution linear in T(see Eqs.(2)].

IV. DISCUSSION/SUMMARY

The initial objective of the present experiments was to
obtain CpsTd and asTd data for a single grain Bridgman-
grown AlPdMn quasicrystal(BR) for comparison with pre-
vious data for a similar single grain flux-grown AlPdMn qua-
sicrystal (PRB).3 The primary difference between these
materials is that the final flux-grown sample is quenched
from the growth temperatures800+ °Cd to room tempera-
ture, while the Bridgman-grown sample is cooled very
slowly from the same temperatures and should have smaller
inhomogeneities. Low temperatureCp and a data for
AlPdMn quasicrystals show an anomalous contribution(that
is, a deviation from normal lattice or metallic behavior)
which is ascribed to the onset of a spin-glass which is asso-
ciated with the magnetism of a small fraction of the Mn
ions;3,6,7 these magnetic ions, in turn, are related to inhomo-
geneities(defects) in the material.8,23 The low temperature
xsTd gives a direct measure of this magnetism, and the re-

FIG. 6. Total Grüneisen parameters,G, for the thermal expan-
sion samples, with symbols as in Figs. 3. Note the split temperature
scale.
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sults of Prejeanet al.8 and Hippertet al.23 show thatx is
sensitive to both annealing procedures and, presumably, Mn
composition. Fortuitously, our three samples(see Table I)
have very similar compositions, so differences between the
flux-grown (PRB, PM) and Bridgman-grown(BR) samples
would be expected to be associated primarily with a smaller
concentrations of defects for the latter.

Figures 3 and 4 present theCp and a data for the flux-
s+ ,nd and Bridgman-snd grown samples. While theCP and
a are very similar for all samples above 25 K, the BR data in
each case are smaller than those for the flux-grown samples
at lower temperatures, in qualitative agreement with the de-
creased susceptibilities in Table II and Fig. 2. Thus, the ef-
fects of spin-glass formation become significant on cooling
below 25s5d K for the flux-grown PRB, and, from Fig. 5,
near 15 K for BR.

In Fig. 5, theQsTd relations for the experimental data
were calculated from the totalCP data, neglecting electronic
contributions[g=0 in Eq.(5)]. The relatively small effect of
including these is shown by a recalculation of the BR rela-
tion using a “reasonable” value ofg sld. TheT=0 value of
Q, Q0=505 K, as calculated from the elastic constants Eqs.
(4) is shown also in Fig. 5, so, for the BR lattice, theQsTd
relation would rise sharply from 335 at 15 K toQ0 s505 Kd
at T=0. To emphasize this behavior, the normalizedQsTd for
the nonquasicrystalline, nonmagneticj8 approximant of
AlPdMn s–h–d3 also is shown. TheQsTd relation for
i-AlCuFe (not shown) has a similar shape.5 This abrupt de-
parture from Debye behavior(constantQ) on increasing
temperature appears to be a basic characteristic of quasicrys-
talline and related materials, and implies that it is very diffi-
cult (impossible?) to obtain low temperatureCP parameters
from fits of Eq. (2a) to a range of data for temperatures
above 5 or 10 K.

GsTd [Eq. (7), Fig. 6] plays the same normalized role for
a as QsTd for CP, and is a measure of the volume depen-

dence of the density of states and its variation withT. In spite
of the almost factor of two differences inCP and a at low
temperature in Figs. 4, the magnitudes of theGsTd relations
for PRB and BR in Fig. 6 are very similar. This suggests that
the G which is associated with the spin-glass state is similar
in magnitude[6(1)] to the latticeG’s at low temperature.
TheseGsTd relations are very similar to that for an AlCuFe
quasicrystal in both temperature-dependence and relatively
large magnitude, suggesting again a common quasicrystal
characteristic.5 These similar shapes can be associated with a
large G for the high density of very low frequency modes
which are responsible for the rapid decrease inQsTd on
warming.3,5 A determination of the pressure-dependence of
the elastic constants for AlPdMn36 does not appear to sup-
port this hypothesis.3

Lattice contributions will be small at 1 K(Ref. 3), so the
PRB/BR ratios ofCP (1.9) and a (1.7) (Fig. 4) represent
relative spin-glass contributions at 1 K. These ratios do not
correlate directly with the factor of 4 ratio of the low tem-
perature Curie parmeters(C) in Table II. This difference may
not be significant, since theCP and a data represent bulk
sample averages, while thex data refer to a small fraction of
the sample. Hippertet al.23 show that small composition and
significantx variations can occur along the growth axis of a
Czochralski-grown sample. The presentx data for the two
halves(BRB, BRC) of the BR conductivity sample(Tables I
and II, Figs. 2, and the end of Sec. III B) present another
complication, since these data suggest that significant varia-
tions in the inhomogeneities which are associated with the
Mn magnetism can exist over relatively large(mm) distances
in a single grain sample. This is consistent with the report by
Härtwig et al.,37 that anomalous x-ray transmission data for a
“highly perfect” single grain AlPdMn sample show the exis-
tence of a non-uniform distribution of bulk defects on a mm
scale.

The close similarity of the compositions[Mn, 9.6(2)%] of
the flux- and Bridgman-grown samples in this investigation
(Table I) should minimize any effects due to the rather strong
reported dependence of the susceptibility and spin-glass re-
lated properties on Mn composition.7,12 The systematic study
of Hippert et al.23 includes the effects onxsTd of the struc-
ture, sample compositionfMn8.0s5dg, method of preparation
(Czochralski- and Bridgman-grown, rapidly cooled ribbons)
and heat treatment(slow-cool, quench, intermediate anneal).
After subtracting smallx0 and ferromagnetic terms, the 5 to
150 K xsTd results for the various(19) samples could be
made to coincide when a scaling factor,A,24 was used, with
A =1 for thexsTd of an arbitrarily chosen single grain mate-
rial. The variation ofA for these samples ranged from 0.58
to 31.5. For comparison, single point(at 1/T=0.15 K−1) nor-
malizations to this relation for the current(as grown) PRB
and BR samples giveA =32 and 4, respectively. In Ref. 23,
the values ofA for as grown single crystal AlPdMn samples
are 1.85 for a Bridgman samplesMn8.0d and range from 7.45
to 31.5 for four as grown Czochralski samplesfMn8.5s2dg.
While the differences between the present(quenched) PRB
and (slow-cooled) BR x’s can be understood in terms of a
smaller density of inhomogeneities(defects) for the BR
sample, the differences between the Bridgman-grown

FIG. 7. A comparison ofa /T and CP/T vs T2 for the single-
grain Bridgman sample. Thesld representa /T (left scale), the
sLd CP/T (right scale).
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samples[1.85 (Ref. 23), 4 (present)] may represent a depen-
dence on Mn composition; the differences from(and be-
tween) the as grown Czochralski single crystal samples ap-
pear to be large.

The above discussion has not included data for the two-
phase annealed PRB(PRBAN) sample[Tables I and II and
s•d in Figs. 3–6]. While PRBAN, when compared with the
other samples, shows an enhanced magnetism above 100 K
[Fig. 2(a)] and a relatively constant but smallerx below
10 K [Fig. 2(b)], theCP anda data are in reasonable agree-
ment above approximately 20 K, and it is at lower tempera-
tures that differences arise. These data have little inherent
significance, since the physical properties of this sample can-
not be characterized, although the relative insensitivity of the
higher temperature data to sample structure and impurity
also was found for icosahedral AlCuFe.5 The data are pre-
sented here because, whilexsTd in Fig. 2(a) could be de-
scribed as “normal,” that in Fig. 2(b) is definitely unusual.

The origin of the two-phase state of the annealed PRB
sample(PRBAN) also is of interest. It occurred in an attempt
to transform PRB from its initial quenched-in HT icosahedral
state to the equilibrium LTsF2Md state of the BR sample by
slow cooling from 800°C to room temperature. When the
data in Figs. 4s•d were obtained, a subsequent metallo-
graphic examination of the sample revealed second phase
inclusions (Table I). Boissieuet al.17 have shown that for
i-AlPdMn samples with Mn compositions similar to those in
the present samples(9%), the structures and compositions of
the two phases are slightly different. At 300 K equilibrium,
the quenched-in HT phase is icosohedralsF1d with the com-
position Al68.8Pd22.0Mn9.2, while the LT phase is F2M, with

the composition Al69.3Pd22.0Mn8.7, making it impossible for a
single grain of one state to be annealed(or quenched) into a
single grain of the other. To demonstrate this, a BR sample
quenched from 800°C contained inclusions; when this
sample then was annealed and slow-cooled to 300 K, the
inclusions disappeared. This problem apparently does not ex-
ist for Mn compositions near 8%, where the LT phase is
P-type.15,19 Prejeanet al.8 report reversible behavior in the
heat treatment(quenching vs slow annealing) of their
[8.2(3)% Mn] samples, and no evidence of the unusualxsTd
behavior which is shown in Fig. 2(b) for our two-phase
sample PRBAN.
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