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We report on resistivity, magnetic susceptibility, and very [6vepecific heat €,) of ai-AlPdRe quasi-
crytalline sample which, from resistivity measurements, is believed to lie on the insulating side of a metal-
insulator(MI) transition. We find an electronic contribution@ , which possibly obeys gT variation above
1 K but follows a powefT? law (a~0.1-0.3) below 1 K, in agreement with early results obtained for systems
crossing the MI transition. We point out the dependence of the lattice term on the method of sample prepara-
tion. Finally, from a comparative study ®fAlCuFe andi-AlPdMn systems, we show that the large nuclear
hyperfine specific heat in AIPdRe, dominant below 300 mK, is of quadrupolar origin, due only to the Re nuclei.

I. INTRODUCTION analyzed!’ the transport properties of a seriesioklPdRe
samples that approach and possibly cross the metal-insulator
The icosahedral phaseAlPdRe presents the most strik- transition?® The highly resistivé-AlPdRe samples provide a
ing electronic properties among the high structural qualityunique opportunity for studying the physical properties of a
quasicrystalline phases. IiRAIPdRe samples, the reported dquasicrystal believed to be on the insulating side of the
resistivity can reach values as high as for semiconductometal-insulator transition. It is the aim of the present paper
based systems on the insulating side of the metal-insulatd¥here we present specific heat, resistivity, and magnetic sus-
transition? with similar temperature dependendest-  ceptibility measurements on a sample characterized by a
tempts to understand this intriguing resistive behavior in arhigh resistivity ratio: ratigps / p3oa = 80.
alloy consisting only of metallic elements have taken into Three main conclusions can be derived from our analysis
account the specific structural aspects of icosahedral phasé¥. the specific-heat data. The first one is that we could not
These include the role of quasiperiodicity, of specific icosaShow evidence for the existence of a sizeable linear term in
hedral packing of atonfs® but also the role of possible re- the specific heaC,(T) below 1 K. A yT term could be
sidual disorder and electron-electron interactibrindeed, —€xtracted from theC, data only above 1 Ky~0.1 mJ/mol
no experiment so far indicates the opening of a gap as if" Which is in agreement with other studie,although
semiconductors. A reduced electronic density of states wasamples were there produced by different techniques and
however, reported iri-AlIPdRe by specific-heat measure- seemingly possess different transport properties. In contrast,
ments(about one-tenth of that of pure aluminyf®and by ~ belov 1 K down to 100 mK, we can well account for our
electron spectroscop¥’ There are also indications for a data by introducing a nonlinear terfif (a=0.1-0.3) which
rapidly varying electronic density of states around the Fermwe can attribute to the onset of localization and/or two-level
level, by tunneling spectroscop¥; 3 and nuclear magnetic Systems. The second conclusion, yielded by the latter analy-
resonanceé®*® sis, is that the electronic density of staté¢E) at the Fermi
However, it was noticed that the transport properties ofevel Eg is very small compared to normal metals, with a
the i-AlPdRe phase crucially depend on the conditions formaximum value N(Eg)~4x10 2 state/eV atom, corre-
sample preparation. For instance, the low-temperature deponding to a maximum estimate of thevalue deduced
pendence of resistivityp(T) can strongly vary between above 1 K. This is confirmed by the diamagnetic susceptibil-
samples prepared by different process¥&Even in the same ity of our i-AIPdRe sample. The third conclusion concerns
batch of samples, the ratip,« /pso Ccan be varied by a the hyperfine term o€ (T), which we can attribute unam-
factor more than 2 for different sampl&&rom conductivity ~ biguously to the Re nuclei, thanks to a comparison with
and magnetoconductivity measurements, we believe that trgpecific-heat data obtained previously on other close related
lower conducting i-AIPdRe samples (ratio p/pso  SYystems (-AlCuFe, i-AlPdMn).
=20-30 typically may be on the insulating side of the
met'al—insulator transition, whereas the higher conducting ON&, SAMPLE PREPARATION AND CHARACTERIZATION
(ratio pax/papx=10-15) would still be in the metallic
region?® It is thus of prime importance to measure all re- Pure Al (5N), Pd (4N), and Re (&) elements were
lated properties on the same sample. We previouslynelted together under purified argon atmosphere by arc
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FIG. 1. X-ray-diffraction pattern of theAIPdRe sintered pellets 0 o ———— i
used in the specific-heat measuremefds K« radiation. All the
peaks are indexed with thephase. 0 50 100 150 200 250 T(K)

. . . . FIG. 2. Temperature dependence of the resistivity of our
melting and by subsequent induction in an electromagnetic o|p4re sample.

levitation cold crucible. The ingots of hominal composition

Al,,Pd,Re; s were then melt spun into ribbons. Sintered characterized by their resistivity ratio.

pellets were prepared from crushed ribbons and annealed at The resistivity measurement is only taken in this paper as
high temperaturdup to 1000 °C). Great care was taken to @ characterization for the sample quality. The transport be-
neous and highly resistive sampfegle have chosen to mea- elsewheré_: Figure 2 presents the temperature dependence
sure a sintered pellgfl15 mg massin order to obtain a of the resistivity for the sintered pellet. The absolute value
single piece of material large enough to be reliably measurey@S estimated to be,~0.5Q cm, and the temperature

in our specific-heat apparatus. This also allows resistivit/€Pendence yields tp,y/paoac=80. Such high resistivity

measurements, which is a crucial information to check thé’@lnd P4K/p300< ratio are indications for the hig_h stru_ctural
actual quality o'f the measured sample quality of the sample. Indeed, defects of stochiometric com-

Figure 1 presents the x-ray-diffraction pattern of the sin—pOSition or tiny fraction of secondary phaget detected by

tered pellets we measured. All the peaks can be indexed wi ray diffraction are expected to give a more metaliic be-

. . . havior.
the single icosahedral pha&so extra peaks, no shoulder in We note in Fig. 2 that the conductivity(T) of our

the peak profiles Note that no other phases are detected, 19_|pgre sample obeys to the first order a simple power law
the resolution of standard x-ray diffraction, that we were abIeO'(T):O'O+ATX with x~1.4 in the range 50—300 K. This

to detect in other types of sampl’egs.. , value of x for a sample of resistivity ratigx /psoe =80
No structural model is so far available for the icosahedrakg|iows our previously noticed correlatidrin a series of
phase of AIPdRe. However, it is reasonable to assume thata|pdRe ribbons for which the lower the conductivity, the
the structure is similar to that OfAlden, ConSidering an higherP4K/P300< and the h|gher the exponex]tTheX values
isomorphous substitution of Mn by the isoelectronic Re. In-range between 1 and 1.5 oty /psox ranging from 2 to
deed, all the peak positions of the x-ray-diffraction pattern of100, respectively. Contrary to reported data for the interme-
Fig. 1 can be exactly deduced from those of #k#PdMn, tallic Al,Ru, believed to be a semiconductor and exhibiting a
provided the six-dimensional unit-cell parametgy is in-  real gap in the electronic density of staféshe conductivity
flated in i-AIPdRe compared to AlPdMnag=6.53 and of i-AlPdRe does not follow the temperature activated law
6.452 A, respectively The latter value was determined for o(T)~exp(—A/T) in any temperature range between 2 and
AIPdMn in a high-resolution powder experiméfitAlso it 300 K. For ribbon samples of similaps/psox Value
was shown that the partial substitution of Mn by Re leads td psk / p30k=84), we recently showédthat o(T) at much
an icosahedral phase as W@l lower temperaturegbelow 600 mK drops similarly to dis-
ordered insulator systems with a Mott’s-type law for variable
range hopping. The overall conductivity featufes, value,
IIl. ELECTRICAL CONDUCTIVITY o(T) dependence in the whole 20 mK—300 K rahgee

Resistivity was measured from 2 to 300 K by the standardq”ite similar to those of insulating In-O close to the metal-
Insulator transition. Therefore it sounds reasonable that the

four-probe method in a continuous flux cryostat. The abso- o . . . e
lute value of the electrical resistivity was determined fromPresent Pe"et, also lies in the [nsulatlng region. Indeed, it is
weighting the sample, thus taking into account the exacfn_ade of |dent|c_al!y produced ribbons and has the same elec-
amount of material in the sample, which is generally overes!iC@l characteristicsdax , pax / pzoac X)-

timated by simple geometrical measurements. We already
pointed out'” a relation between the temperature depen-
dence of the resistivityp, summarized in the ratio Using a superconducting quantum interference device
pax ! p3ox » and its absolute value. Hence our samples can bemagnetometerMetroniqué of sensitivity 108 emu, we

IV. MAGNETIC MEASUREMENTS
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measured the susceptibility of our sample in the range
2-50 K in a fieldH=0.1 T. In Fig. 3 we present our data in
a y vs T diagram. The data can be fitted with a law including
a paramagnetic tern€/T superimposed to a diamagnetic
term xo:

FIG. 4. Temperature dependence of the specific Ggats T in
a log-log diagram. Data below 250 mK are obtained from an ap-
proximate analysis of the thermal response decay described in Sec.
VA.

X=xo+CIT. below 300 mK, the large increase @f,(T) at decreasing
temperatures is due to a large nuclear hyperfine term varying
asT 2.

However, due to the small mass of the sample, the relative
contribution of addenda tG,, measured in separate experi-
ments, appears to be important above 1 K. It is about 65% of
. . . the total heat capacity between 1 and 7 K, which explains the
clude that the electronic density of stategatis very small. scattering of data as seen in Fig. 4. At loWethe increasing

) . > g
We found a quite small Curie constanC=1.5x10 ontribution of a nuclear hyperfine term in the sample re-

emu/g, which is howe".er 23 times ]arger than that calculate uces the relative addenda contribution to less than 10% be-
for the nuclear magnetism, taking into account the values of\ o >

the nuclear magnetic moments of the different elements: Al,
Pd, Re. Thus the origin of the Curie tel@T is to be found

We obtain a large negative value afy: —4.6x10 "’
emu/g. This implies that the positive Pauli susceptibity,
which adds to the diamagnetism, is very small. Asis due
to the conduction electrons at the Fermi letgl, we con-

As we will show in the following, we encountered serious
) 7 " : roblems to extract accurate values of the specific heat at the
in the presence of paramagnetic impurities. As we will sho

in the followi h " K that th i owest temperatures, due to nonconventional thermal re-
mt efo OV\;'ng’ \Il;le avti 0 ma(\j € tsu:je a i %Imagnel ICsponse of the sample. This requires to outline a specific prop-
atoms are of smail quantity In order 1o draw refiable Con_c_u'erty of our sample arrangement. Several nylon pins are used
sions from the specific-heat data. We know that impuritie

: . L ; ) Yo press the sample between two silicon pldtase equiped
exist .already m_the initial consntuents_,. For instance, t.hewith the heater, and the opposite one with the thermoreter
chemical analysis of Al, Pd, and Re given by the SUppIIerThe thermal resistivityp;,(T) of the nylon pins which are

altlows us to est|mr|;1te ,f\ll concentratlor; of 'ab?ut 9 ppm of F.‘ﬁnked to the cold sourc&emperaturd ) determines essen-
atoms In our sample. AlSo, some contamination can occur Ilf\ally the thermal resistancB, between the sample and the
the preparation of the Saf.“p'?- It remains that the small magesiq sourceR,=Gp,(T). The geometric facto6G depends
nitude of Curie constant implies the presence of only a Ve the length of the pins and the pressure at the contact

I?W m]:':\gnetm :Zl_toms. For tlnsta}ncz, bi’ fgsumlng a cfo_ ngentrghrface which can vary quite largely between different ex-
lon of magnetic momen . Of abod ppm, we find a periments, following the thickness and stiffness of the
reasqn?ble fvalue Tqr".S'“B'fTh's aIIo_vvs us to rulr::‘ out th.? sample. But the thermal dependencepgf(T) remains un-
Eg:'b' ity of contributions of magnetic origin to the specific changed. This has been verified over several tens of experi-
: ments using the same experimental equipment. With our
method, once the heat puléenergyE, duration 0.1-0.2)s
V. SPECIFIC HEAT—EXPERIMENTAL RESULTS has been applied at time=0, the temperature, initially at
value Ty, increases rapidly. The characteristic time of the
rise is governed by the diffusivity of the sample and the
Specific-heat measurements were performed with theoupling to the phonon bath of all the ingredieflsttice,
same transient heat-pulse technitfuen a dilution refrigera-  electrons, nuclei, . ).which rapidly absorb the energy. Sub-
tor between 0.1 and 7.2 K, as previously for other quasicryssequently the temperature decreases down to the equilibrium
telline sample$® The data are shown in a log-log plot of temperatureT,. Then, in the simplest case, the decay
Cp(T) vs T in Fig. 4. As we will show in the next section, obeys an exponential lawl=Ty+ AT exp(-t/7). The total
the rapid increase d€,(T) with the temperaturd above 1  heat capacityC, o, of the sample+ addenda is given by
K can be attributed to the contribution of the lattice, whereasC, o= E/AT, and the relaxation time by=R,C, ;o;. This

A. Experimentals, problems due to time effects
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FIG. 5. Left side: schematic diagram of the experiment. Right  FIG. 6. Temperature dependence of specific {@atT vs T?
side: temperature dependence of the characteristic time of the thesetween 1 and 3.6 K. The fit of the data between 1 and 3.6 K
mal response to a heat pulse involved in @jrmeasurement. corresponds taC,=yT+ BT, with y=0.11 mJ/mol R and B

=0.15 mJ/mol K.
behavior is well observed in the present experiment above
300 mK, and we check the self-consistency of our analysigiensity of statedN(Ef) at the Fermi leveEg. Third, other
by verifying that7/Cy o follows accurately the temperature Jow-T excitations can contribute noticeably @,(T), for
dependence giy(T) observed in previous experiments. For instance, those due to electronic localization or to the low-
information, in the present experiment, the time constant energy configurational excitations such as two-level tunnel-
decreases from 13 ¢ & K to 0.7 s at 0.7 K(minimum of  ing states(TLS). Both these contributions generate terms
time constant At decreasing temperatures below 0.5 K, thewhich can follow power laws off in a given temperature
occurence of a large contribution of the nuclear term has inange, with a value of the exponent which can be different
consequence a rapid increase ©fR/C, o (See Fig. 5 from 1. The presence of a nonlinear term was already evi-
since not onlyC, 1, but alsoR; increases rapidlyasT *%  denced by the low-temperature specific heat-8fCuFe?
below 300 mK at decreasing temperatures. Let us first discuss the possible TLS contribution to the spe-

Below 250 mK, an additionnal problem arises for the cific heat. In the present case, a TLS contribution can exist
present experiment: the recovery of the equilibrium temperasince TLS excitations have been detected in perfect quasi-
ture deviates from an exact exponential behavior at botlerystals, either by acoustic measurements-APdMn?® or
short and long times. These deviations are more and morgy thermal conductivity measurements iAIPdMn?® and
pronounced when the temperature is decreased. So the 6xAIPdR€ or from NMR2” We recall that TLS excitations
perimental determination of, depends on the time span. give rise to Shottky anomalies in the specific heat. It results
This question of anomalous thermal dynamics and the conin a T” term at low temperatures in the case where there
sequences on the value Gf, will be discussed in detail in a exists a broad distributiof(A) of the splitting energies.
forthcoming papef? In order to minimize this problem, we The value of the exponent depends on the exact distribu-
have to use the following method to analyze our data: firstion P(A). It is easy to calculate the exponentt tempera-
we estimate the value &(T) in this range of temperature. tures much smaller than the width B{A): for a flat distri-
Indeed, since we know the temperature dependen&g(d) bution P(A), we haver=1 (i.e., Cr s= yr.s T), While for
in all the temperature rangsee above we could extrapo-  P(A)~(A) ™Y, with 0<u<1, we haver=1—u<1. For in-
late with confidence th&, value below 250 mK, fronR;  stance, a value of=0.5 has been reported in amorphous
values well defined in the highér range. Second, we im- metallic alloys?®
posed to fit the temperature relaxation by a single exponen- Now a contribution specific to the electronic localization
tial of time constantr, in a time window chosen to recover could also occur. Indeed, there are indications for localiza-
the order of magnitude d&(T) from 7/C, o These values tion of electrons in electrical transport measurements in
of = are reported in Fig. 5. We have used a time span afteir AIPdRe phases of high resistivity’ And for systems other
the heat pulse of the same order as the relaxation time than QC’s, known to be close to a metal-insulator transition,
itself, i.e., from about 15 s at 150 mK to 60 s at 110 mK. the specific heat has been observed to deviate broadly from a

linear T behavior at low temperatures. For instance, it is the
B. Possible contributions toC, case of Si:P below 1-2 K where the electronic specific heat

reveals to depend very little on the temperature down to 0.2

In or(_jer to analyze our da}ta presenteq in _Fig. 4, we hav%_ In that caseC, can be expressétlin terms of a power
to take into account all the different contributions which canw of T C (T),~pC T, u<1.In consequence, we can ex-
. p e 1 . ’

be expected for this system. First, we attribute _the_large lJp[f)ect that the specific heat for our sample obeys in the more
turn of C,(T) at low temperatures to the contribution of a
: : : 5 .~ “ general way the law
nuclear hyperfine term which yieldsTa < term. It can origi-
nate in effective hyperfine magnetic fields or in electrical- Cp=CNT 2+ yrLsT"+ Co T4+ Cpay(T), (1)
field gradients. Second, we have to consider both the lattice
contributionC,,;(T) and a linearT term (y,T) due to the where the standard termg T is recovered foru=1 (then
conduction electrons, with,, proportional to the electronic Cg=7,). Now we present two types of analysis. The first
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TABLE |. Results of different specific-heat analyses performed in different temperature intervals, as described in the text.

Electronic+ TLS term Hyperfine term Lattice terms
T range b% A Cy B )
Analysis (K) (mJ/mol K)  (mJ/mol K*3) a (d K/mol) (mJ/mol K (mJ/mol K&)
yT+BT3 1-3.6 0.11 0.15
yT+BT3+ 6T° 1-7.2 0.11(fixed) 0.15 1.3x10°3
yT+C\T 2 0.107-0.2 ? 9.70.3
C\T?+AT3+ T3 0.14-1.6 0.14 0.250.05 7.5 0.16
0.3-1.6 0.13 0.£0.05 6.5 0.16
C\T 2+ AT+ BT3+6T°  0.14-7.2 0.14 0.25 7.5 0.16 K103
one is the standard one, used for most metallic alloys: nuclear term at the lowest temperatures. For instance, at 100
_, mK, we calculate a value ofT as low as 1.1% of the total
Cp=CnT "+ yT+Cia(T) 2 specific heat. Second, the precision of Qyrdata below 250

with the usual Debye law for the lattice contribution. The MK is lowered due to the time constant effects as explained
second type of analysis takes into account the possibility of? S€c. VZA_and in Ref. 24. At this stage, we couldzonly note
contributions givingT?, T# terms(with »,u<1) and of ad- that C,T* is rather constant below 170 mK,T*~9.7

Cn- Now, in the 0.3-1.6-K range of temperature, we can
C. Standard analysis expect to extract a more reliable value @f Indeed, in this

) temperature range, no complication due to the thermal dy-
The standard analysis allows us to compare our result§amics occurs and the hyperfine as well as the lattice terms

with those of previous authors who used expres&®ro fit  5re not too large. In a first attempt, we calculated the ampli-

with the simplest case of=1: Cn.,7, and 8 deduced abovésee Table)t it is represented
U by a dashed curve in Fig. 7. It appears to differ widely from
Y= YelT VTLs: the experimental data in the 0.5-K region. No other set of the

Also we use the usual expressiéq, (T) = T3+ 6T for parameters could provide a fit of the data of better quality in

the lattice contribution. We found that expressi@ could ~ the 0.3—1.6-K temperature range.
account for our results only abevl K and below 0.3 K.
Above 1 K, where we neglected thie ? term, a singleT?
term appears to be sufficient up to 3.6 K to analyze the lattice
contribution. This is shown in Fig. 6 where the data, plotted While an accurate fit of the data could not be done in the
in aC,/T vs T2 diagram, are aligned on a straight line. We previous analysis below 1 K, we could nicelyd@}, once we
found a large value 08=0.15 mJ/mol K. Consequently, it replaced theyT term by a power law off with an exponent

is difficult to extract a precise value gfwhich reveals to be different from 1:

very small. Thus we can give only an approximate value of
:0.11+0.05 mJ/mol K. To account for the data at higher 1
temperatures, we have to add a usTiaterm: Cp

D. Alternative analysis

Cp(T)=yT+BT3+ 55T ®)

In order to analyze our data up to 7.2 K where the lattice
contribution is overdominant, we fixed the value to 0.11
mJ/mol K as deduced previously. Then we recovered the
previous value of3 and foundé=1.3x 10" mJ/mol K.

At the lowest temperatures, say below 300 mK, the lattice
contribution becomes totally negligible. For instance, at 300
mK, taking for 8 the value deduced above, we predict that
Ciat €quals 3% of the measured specific heat. Thus we ex- .
pect to be able to fit our data by the restricted law N ‘

mJd/mol K

Cp:’yTJ’_CNT,z 0-1 1 1 1 L1 1 1 II

which should provide the values of bojhandC,. Actually, 0.1 ! T (K)

it is difficult to deduce reliable values of these two param-  F|G. 7. Specific heat in the range 0.1-1.6 K. Open circles: ex-
eters in the range of temperature 0.1-0.3 K, for the followingperimental data; dashed curve: calculated value including a lihear
reasons. First, the predicted valueoF (by using the value  term[formula(2)] and matched to the value 6%, at 108 mK; solid

of 0.11 fory determined above 1)Xs much smaller than the curve: fit including aT® term [formula (4)].
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Co(T)=CpT 2+ AT+ Cy(T). (4) crystals (see Ref. 31 and references quoted therefnd
p N lat . . 2
_ _ _ _even the empirical relatiomr(4 K)~N“(Eg), found for a
This expression allowed us to fit very accurately our data Narge series of quasicryst&$®and argued to follow Mott's

the range 140 mK-1.6 Ksee Fig. 7, with the simplest : ;
. ’ . theory for systems witheg in the pseudogap, seems not to
assumption for the temperature dependence of the lattic Y 4 F P gap

contribution: C,,(T) = 8T3. We found a value of the expo- gpply to the AlPdRe case.
nenta~0.25+0.05, i.e., much smaller than 1. The value of
Cy:7.5x10 3 mJ K/mol, is found to be smaller than our
previous estimate by 20%. However, we find a valug dor
the lattice contribution close to that deduced in the standard In our alternative analysis, we found that the addition of a
analysis. It is also the case for the paramétessed to fit the ~ contribution of the formAT® is necessary to account for the
data up to 7.2 K. The values of the parameters, reported idata below 1.6 K. The small value of the exponarmplies
Table |, allow us to fit the data over the 140-mK—-7.2-K that this contribution varies very little witi in the range
temperature rangésee solid curve in Fig. )4 300 mK-1.6 K. We note that it was not necessary to main-
Here we note that the same analysis restricted to data fdain an additional lineafl term to fit our data accurately.
which no anomalous dynamics are observieel, above 300 Two scenarios are then possible. First, Tieerm originates
mK) provides even smaller values afandCy:a~0.1Cy  in TLS excitations. Then, we deduce that the electronic den-
~6.5x 10 3 mJ K/mol (see Table)l. Finally, we note that a sity of states at the Fermi level is too small to give a sizeable
different expression fo€,, like B T3P, as it was discussed T term. Second, th&? term is due to the localization of
in Ref. 23 fori-AlCuFe, allows a fit of equal quality to our electrons. Then, the electronic density of states at the Fermi
data over the whole range of temperatuf®$0 mK—7.2 ¥  level is not necessarily so small, but the electronic specific
with b=0.4 and a value for the exponemt~0.5-0.7 heat can present an unusual behavior. It is the case of doped
slightly different from the previous one. semiconductors, for instance, for SFPwhen the density of
carriers is smaller than a critical value. In that case, the spe-
cific heat is found to be rather flat in tHerange 200 mK—
1.5 K, while theyT term defined by the density of states at
Eris recovered above 1.5 K. This behavior is quite similar to
A. Linear T term above 1 K that which we deduced for our sample in the same range of
First, we discuss the amplitude of the lindaterm which ~ témperature: in the 100-mK-1-K temperature range where
we could extract only above 1 K, using the standard analysif€ €lectronic specific heat is almost constant and also above
of C,. It yields a very small value ofy (= ye/+ y19: ¥ 1 K where the s_tandard analysis GL applies well, _Wr_uch
~0.11 mJd/mol B, which is about one order of magnitude means the possible recovery of a linGarerm. The similar-

smaller than that expected for the contribution of free elec

B. T2 (a<1) contribution and metal-insulator transition

VI. DISCUSSION OF THE FOUR MAIN CONTRIBUTIONS
TO THE SPECIFIC HEAT

ity between the specific heat of our sample and that of Si:P
trons. It means a very small electronic density of stated@Y not be fortuitous. Indeed, we believe that our sample, of
N(Ep) at the Fermi level, when it is compared to normal "€SISUVIty ratio p4« /pso~80, is on the insulating side of
metals: N(Ep)~37ye(mks) 2<4X 1072 state/eV atom. the metal-.msulato(MI_) transmon...ln contrast, we expect a
This value ofy comparates well to those found alaol K by standard lineal term in the s_pecn‘lc heat dovv_n to the lowest
other groups:’ But in contrast with our case, Chernikov temp.e.ratures'for systems lying on the rr‘l‘etalllc .‘Qf',‘,je of the MI
et al” could account accurately for their data with this linear fansition. This should be the case for “metallicAlPdRe

T term down to 70 mK for a sample of nominal composition samples, i.e., of smaller rafio p4t</p300<<10_15' Such a
slightly different from the one studied here. We will discuss ¥ t€rm has beer;sobserved previodsipwn to 65 mK for a
this point in Sec. VIB. We outline that our value gfis of ~ AlPdRe sampl&*® of pa/paoec< 10, which is consistent
the order of magnitude expected for TLS contributions inWith our interpretation.

amorphous materials, such as oxide insulators or metallic
alloys2° It is therefore possible that only a part fis actu-

ally due to the electronic contribution as already pointed out
in Ref. 7. This would imply an even lower electronic density ~We could account for the lattice contribution with a stan-
of states aEr. Nevertheless, if we assume thats only due  dard law,C,,(T) = 8T3+ 8T, in our two previous types of

to the conduction electrons, we note that the conductivity isanalyses: standard and alternative. We deduced nearly the
not simply proportional to the electronic density of states atsame values foB and § in both analysegsee Table)l The

the Fermi level, i.e., toy. Indeed, in the present case, wevalue of B implies a Debye temperature 6y
found a value of y not so different from that:y  =(127*Nkg/58)Y of 235 K which is surprisingly small
~0.3mJ/mol ¥ of i-AlCuFe (from different groups: see compared to several previous resi80 K (Ref. 7 and 450

Ref. 23 and references quoted thejeaithough the resistiv- K (Ref. 1)]. Indeed, the preseift term is anomalously high:

ity at 4 K of i-AlCuFe is about two orders of magnitude from four to seven times larger than that reported by other
smaller than that of the presenAlPdRe. The nonpropor- groups. Also we deduced &value seven times larger than
tionality betweeny and the conductivity for two different that found by Pierce, Guo, and Paobn.

QC states of-AlPdRe has been also pointed out by Pierce, We recall that our sample is a sintered pellet prepared
Guo, and Poon.Actually, the conductivity depends not only from crushed ribbons and not an ingot. Previously, we have
on N(Eg) but on the electronic diffusivity which could play observed a similar enhancement Gf,; for ribbons of

a major role to explain the very low conductivity in quasi- i-AIPdMn andi-AlCuFe obtained by melt spinning, in com-

C. Lattice contribution
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parison to what we measured for single QC grainwhen we restricted our second analysis to the temperature
(i-AlPdMn) or for several polyquasicrystalline ingots range where no anomalous dynamics are obseived,
(i-AlCuFe).® It is worth noting that the specific heat of rib- above 300 mK This is well understood, taking into account
bons of various phasdstable QC's: AlCuFe, AIPdMn, the the thermal dynamical effects at the lowest temperat(ses
present AlIPdRe, as well as metastable A)Nwvery similar ~ Sec. V A and Ref. 24 which reveal a delayed response of a
abowe 4 K whereC,,, dominates. Then, it is found that a part of Re nuclei. Now, we demonstrate that @g/T? term
typical value of 100 mJ/mol K at ¥5-6 K. This value is is of quadrupolar origin, due to the Re nuclei. Concerning
independent on th€, behavior at low temperatures which the origin of Cy, only two possible sources of nuclear spe-
depends broadly on the compound. At 5-6 K, the value ofific heat exist: namely, magnetic and quadrupolar origins.
C,(T) for ribbons exceeds that of ingots of the same comWe now discard the former which is due to the presence of
position by a factor of 4 in the case of AIPdMn and even bymagnetic atoms. In this casgéy comes from the interaction,
a factor of 10 fori-AlCuFe systeni’ One could imagine the at the nucleus site, between the nuclear spin and the effective
large magnitude o€,,; for ribbons to be due to a less high magnetic field induced by the electronic magnetization of the
structural quality, compared to that of ingots, although noatom. For instance, such magnetic hyperfine interaction
differences can be detected from x-ray-diffraction patternsarises for magnetic Mn atoms in crystals as Cu-Mn as well as
But it seems not to be the case when one considers the oftém quasicrystals Al-Mn and AIPdM? It was found in pre-
accepted resistivity criterion: the larger the electrical resistivvious C,(T) and susceptibility studié$a ratio of Cy, to the
ity, the better the structural quality. Indeed, differ€g;(T) concentration of magnetic Mn’s nearly equal to 4.5 mJ
contributions are reported forAIPdRe samplegone ingot ~ K/mol of Mn. Therefore our present value 6 is equiva-
and the present sintered pelldtaving similar temperature lent to that due to the presence of 2000 ppm of magnetic
dependence of resistivity. And in the casei#fICuFe, the Mn’s, i.e., orders of magnitude larger than the concentration
Cit(T) term is much higher in a ribbon samplep,  of magnetic atoms deduced from our magnetic measure-
~10000u ) cm for AICuFeg, 5 than for an ingot having a ments.
much lower resitivity p 4« ~ 44000 cm for AICUFg, (Ref. So, we conclude that, as in pure hexagonalRibe ac-
23)]. Also, the presence of magnetism does not explain théual origin of Cy is due to the other possible source of hy-
enhancement of,,;. Indeed, we found a much largé,; perfine interaction which is that of the quadrupolar moments
for ribbons ofi-AlIPdMn; 5 (Ref. 36 than for an ingot con- Q carried by the different nuclei with local gradients of elec-
taining 9.6 at. % Mn, which is 40 times more magnéfic.  tric field. Nuclei of AP/,Re'®>Re'®” and Pd® carry a
Now, considering the thickness of ribbons of about 30nuclear spinl =5/2 and a quadrupolar mome@t which is
um, we cannot attribute the unexpected large vibrationalarge for R&%(Q=2.7 barn, 37% of natural abundanead
contribution to standard surface modes as could be expectdE®’(Q=2.6 barn, 63% of natural abundancand rather
in nanoparticules since the ratio of the number of atomsveak for Pd°°(Q=0.8 barn, 22% of natural abundanead
strictly at the surface to that in the volume is small. The same\l?’ (Q=0.15 barn, 100% of natural abundanéelt results
conclusion applies for the possible surfacelike modes of then a Schottky anomaly due to the splitting of nuclear energy
small quasicrystalline graingypical linear size: a fewum) levels and which can be expanded in powerdof on the
which compose the ribbons. Then the number of atoms at thkigh-temperature side. The leading term of the nuclear spe-
border of a grain is about 10 times that in the volume. A cific heat is given by the expression
possible explanation for the large value®fould be found
in an ano_malous phasonlike coptribution@). Its orig_in CNT*2=E CHT*Z,
could be in the atoms located in the grain boundaries al- 7]
though the latter have been observed to be thin. Already, it
has been stressed that a quasicrystalline single grain of ) R (I+1)(21+3)
AlCuFe with the presence of volume phason-strain fields ex- Cy= @35 [21-1)
hibits a value ofg which is 2.5 times larger than that of an )
identical phason-free sampigln our case, due to the grain whereC] T~ 2 is the contribution of one nucleus of species
boundaries, there exists a fraction of the total volume of gconcentrationx;) located at sitg, kg is the Boltzmann’s
ribbon, which is of the order of a few 16, which does not constantR is the gas constant. Hess, is the largest com-
obey the strict quasiperiodic structure of the bulk. Thus thigponent at sitg of the electric-field-gradient tensor in the
volume fraction, even small, could give a large additionallocal set of axes, known as the principal axes of the electric-
contribution to vibrational specific heat. More studies arefield gradient(EFG). These axes are not necessarily con-
necessary to give a definite explanation to this anomalougected to the crystallographic axes or local cluster directions.
specific-heat behavior. They are chosen such that the off-diagonal terms of the ten-
sor of the local electric-field gradient equal zero. In the lit-
erature,eq is also denoted/,,=(9°V/9z%), whereV is the
electric potential. In the simplest case, where the electric
We now turn to the nuclear hyperfine contributiog/T?.  field is of axial symmetry, the coefficient in Eq. (5) is
We have found &y value:(9.7+0.3) uJ K/mol and 7.54J  equal to 1A priori, it is difficult to guess the relative weight
K/mol of alloy from the first and second analysis, respec-of the contribution of each elemef(al, Pd, and Re¢to Cy.
tively, in good agreement with the value (828.04 xJ Indeed, to point out the large magnitude @ffor Re, com-
K/mol) obtained by Chernikoet al.” in i-Al;gPd; Reys. pared to that of Al and Pd, does not prove that Re provides
We note that we found a smaller value®f (6.5 «J K/mol)  the dominant contribution t&€y. First the concentratio;
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D. Quadrupolar origin of the nuclear hyperfine contribution
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of each element in the compound is very different: for in-total spatial distribution of the electric chargésoth elec-
stance X, ~8x%gre. Moreover, the value of the electric-field trons and nuclgj the symmetry of which may not coincide
gradienteq can be very different at Al, Pd, and Re nuclear With that of the atomic positions. Thus, to find a large EFG
sites, due to EFG origins possibly specific for each atomi¢loes not discard the possibility for Re to lie at a crystallo-
species or for each type of local environment. It exists a wa@raphic site of high symmetry. It is probably the case since
to estimate the Al and Pd contributions@g,, based on the I-AlPdRe contains atoms of three different species of differ-
comparison of our present results with those obtained irent valencies, i.e., of different ionic charges, which should
closely related quasicrystalsAlPdMn andi-AlCuFe. Our lead to a low symmetry in terms of ionic charges even
approach is based on the isomorphism of the structures arifiough of a high symmetry for the atomic positions. Also we
the similarity of the chemical composition for these threenote that even the first nearest neighbors of Reollowing
i-phasegsee Sec. )l Thus we assume that the origin and the €xtended X-ray-absorption fine structure resdjtsan pro-
magnitude of the EFG at the Al and Pd nuclear sites ar&ide a large EFG even if they are of the same species and
rather similar in these three phases. This allows us to discar@ven if they lie at the vertices of a geometrical object of high
the possible sizeable contribution @ due to Al and Pd symmetry. It is the case for instance in the structural model
nuclei in the present case. Indeed, let us refer to specific-he&f Katz and Gratias, developed initially fosAICuFe;™ and
data which we obtained farAIPdMn ribbons and AlCuFe generalized foi-AlPd(Mn,Re).*® The same applies for the
ingotsy using the same experimenta| method and about tH@OdE' of Boudardet al* built for i-AlIPdMn. There, the Re
same time span at loW. In the case of-AlPdMn, to avoid atom is at the center of a dodecahedron which is of hlgh
the magnetic hyperfine term due to magnetic Mn’s, we aréymmetry. But due to steric constrairite/o atoms cannot be
interested in the less magnetic phase of composition first nearest neighboxsthe probability of atomic occupancy
i-Al;o Ph,Mn, s, almost similar to that of our sample at the yertice; o_f the QOdecahedro_n is_ not equal to 1, which
i-Al 70 PdRey 5. Then, we found a slight upturn i6,(T) results in an ionic environment which is of low symmetry.
below 100 mK3® probably due to the occurence of a mag-
netic orderind™® This upturn cannot be fitted by B2 law
but the presence o.f a hyperfine contr_ibgtion_ cannot be eX- \we have investigated the loW- specific heat of an
cluded with a maximum value o€y, if it exists, of 0.2 j.AlPdRe sample, also characterized by magnetic susceptibil-
uJ Kimol. This value is smaller than that @fy found in ity and electrical resistivity. From resistivity measurements,
i-AlPdRe by a factor 40. This allows us to conclude that thewe believe that our system lies on the insulating side of a
Al and Pd nuclei cannot contribute sizeably @y in  metal-insulato(MI) transition. We have shown that no size-
AlPdRe. Concerning Al, the latter conclusion is reinforcedaple T-linear term can be extracted from our specific-heat
by the comparison of the prese@t data with those previ- data obtained below 1 K. In contrast, the specific heat exhib-
ously obtained for two different ingots #fAlg:ClhsFer»,*®  its a nonlinear termnT? (a~0.1-0.3) below 1 K, while a/T
then we found values oEy<2x10"2 uJ K/mol, which are  term of low value can be recovered above 1 K. This behavior
smaller by orders of magnitude than that foundifédPdRe. s similar to that previously observed for systems lying on
Thus we conclude that the hyperfine nuclear term inthe insulating side of a Ml transition. Concerning the hyper-
i-AlPdRe originates almost totally in Re atoms. From Eq.fine term, we showed that it is of quadrupolar origin and can
(5), we find the order of magnitude of the EFG at Re site: be unambiguously attributed to the Re nuclei, from a com-
parison with specific-heat data 6fAICuFe andi-AlPdMn.
((etrd)?)!?~210" esu/cmi. This shows the existence of large electric-field gradients at
Re sites, which, nevertheless, cannot discard available struc-
awral models which involve a high symmetry of Re sites in
[spatial average.

VII. CONCLUSION

Here((eq)?) is the value of the square of tleay's for Re
atoms which has to be averaged over the EFG distribution
all Re sites, due to the expected multiplicity of nonequivalen
sites in quasicrystals. Now, let us discuss the magnitude of
the EFG. It is large, even larger than that of pure hexagonal ACKNOWLEDGMENTS
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the quadrupole coupling vanishes if the nucleus is surprecious help in preparing the samples. We warmly acknowl-
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