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Evidence for finite conductivity of icosahedral AIPdRe atT=0 K
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Samples of icosahedral AIPdRe have been studied for a range of varying resistanc®apigs2 K)/
p(295 K). Structural characterization techniques used include x-ray diffraction, scanning electron microscopy,
and diffraction in transmission electron microscopy. The electrical resistance was measured down to 40 mK.
The conductivity aff=0 K, ¢(0), extrapolated from these results was nonzero for all samplesrd@)dvas
found to decrease exponentially with increasi®yover more than an order of magnitude uA(0).
[S0163-18207)51418-4

The question whether high-resistivity icosahedral quasic- In this paper we study the low-temperature conductivity
rystals are metallic or not has been strongly debated in recef high-qualityi-AlPdRe with the aim to determine whether
years. Soon after the discovery of stablalPdRel it be-  the zero-temperature conductivity is zero or not. The tradi-
came clear that previously known anomalous transport propional way to investigate such a problem is to extrapolate the
erties of quasicrystals often were even more anomalous. I6onductivity,o(T), to T=0 K and decide ifo(0) is zero or
fact, several observations might suggest that high-resistivitpjonzero. The main problem to address ifgkIPdRe is then
i-AlPdRe is on the insulating side of a metal-insulatiti) 0 control sample stoichiometry and any influence of pos-
transition? (i) the high resistivity itself” (ii) the strong SiPle impurities in the samples. _ .
temperature dependence of the resistivity, as measured, ed. In i-AlPdRe a range oR values can be obtained for dif-
by the resistance rati@=p(4.2 K)/p(295 K).%” (iii) the tran- erent samp_les, a_ll of which are of h_lgh quality in the sense
sition, with increasingR values from a giant positive that x-ray diffraction shows only a single-phase icosahedral

magnetoresistanBeéo small values of variable sigi®°and structure. A possible reason for these varyiRgalues may

of magnitude observed in some known metal-insulator tranpe strongly varying properties of the icosahedral phase, e.g.,

sition systems(iv) extrapolations of the conductivity on lin- due to small variations of the Re content in a solubility
y P y range'® i-AlPdRe samples offer an interesting possibility to
earT scale from temperatures above 0.4 K to zero conduc

- fini 810 4nd | h handle this problem, since the controlled variatiorRofal-
tivity at _|n|te temperatur€;™ and most recently(v) the ues to some extent resembles varying doping concentration
observation that the temperature-dependent part of the COf yraditional MI systems. If there is no solubility range in

ductivity can be described by variable range hopping eXPreShej-phase of AIPdRe, the varying values must be due to
sions for pure and Mn-dopeidAlPdRe:" impurities. We investigated if precipitates of a second phase,
On the other hand, the low-temperature specific heat igt a level consistent with the structural investigations, could
metallic with a low density of states also for samples withgive an erroneous interpretation of the results.
large values ofR.>** There is no gap observed in high- ~ In all cases we found that the conductivity ieAIPdRe
sensitivity photoemission experiments but instead, again, eemains>0. Furthermore a consistent trend was found for
reduced density of staté$.Recent tunnel spectroscopy re- the extrapolated values of T=0) with increasingR, which
sults display a similar single and narrow pseudotfapur-  leads us to conjecture that this conclusion remains valid also
thermore, with the exception @f’) above, where impurities for higherR values than those studied up to now.
were assumedd hocto account for a honzero conductivity Ingots of nominal composition A PdRe; 5 were pre-
at zero temperature, it has not been possible to account fgrared in an arc furnace in purified argon atmosphere. The
the low-temperature conductivity, either by activation acrossamples were then remelted in an electromagnetic levitation
a gap, or from established theories for nearest-neighbor arven to ensure homogeneity. Ribbons typically.88 thick,
variable range hopping. were prepared by melt spinning and subsequent annealing.
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FIG. 1. The resistivity at 4.2 K vs residual resistance ratio o
=p(4.2 K)/p(295 K) for several AIPdRe samples of the icosahedral 51 & -
phase. o & . . . 56.5I b

Different annealing temperatures in the range 800—-1020 °C
were used to improve sample homogeneity. The total anneal- T(K)

ing time was usually about 20 h, including furnace cooling to

room temperature. The more resistive samples were obtained FIG. 2. The conductivity below 10 K fdr-AlPdRe. TheR value
from annealing at the higher temperatuteStandard x-ray  for each sample is given in the figure. The full curves are expres-
diffraction techniques showed that the samples were of theions of the forms(T) ~ ¢, T* fitted to each curve. Insei of these
icosahedral phase. Electron diffraction on selected sampléis vsR™2.

from the same batches confirmed the icosahedral strutture. ] )

The resistivity of the samples was measured with a stanCO'WO_rlierS‘? However, the closely linear relation between
dard four-probe technique in a dilution refrigerator below 1.58ndR™~ shown in the inset of Fig. 2 suggests that a strictly
K and in a Hé cryostat at higher temperatures. Resistivity"”ear‘T(T) is not obtained in this temperature range for any
measurements on small samples of irregular surface shapgs ) ) ] ) )
are quite inaccurate. However, it can be seen in Fig. 1ghat We also investigated an alternative expression, which
at 4.2 K is closely linear ifR. Accordingly we can us& as  Sometimes has been us€dof the form o(T)=0(0)

a convenient parameter to characteiizslPdRe samples. It +B8YT+yT, where the lineall term would arise from weak

is interesting to note that the relation in Fig. 1 is differentlocalization effects. Although good descriptions ofT)
from that obtained previousl§ for icosahedral AlCuFe, could be obtained by this function, the variable signs ob-
AlPdMn, and AICuRu, where it was found that4.2 K) was  tained fory, and the trend foig would seem unphysical.
linear in o(300 K). Fitting this expression to the smoothly varying(T) of

Detailed x-ray diffraction studies were made in the regioni-AlPdRe therefore appears to be overflexible and this at-
of one of the major diffraction peaks of the icosahedraltempt was discarded.
phase, (230012, for samples with differenR values in the The relation shown in Fig. 2 cannot be used for reliable
range 2—6G> Small shifts in this peak with varying could  extrapolations td =0 since there is a change of curvature in
be observed, corresponding to shiftsdir A/2 sind of 0.1% & (T) at the lower-temperature end, barely visible on the
or below. This result indicates sont@mall) solubility range  scale of Fig. 2. Results in the temperature region 40—300 mK
of the icosahedral phase. are shown in Fig. 3. It is seen that(T) for all samples

For the low-temperature measurements the thermometejynroach finite values a&—0.
and the samples were attached to a copper block of high' \/ayes ofo(0) were estimated from these data by fitting
thermal conductivity to _ensure_good thermal contact. TWQexpressions of the type(T)=o(0)+ o, T. Good descrip-
different sets of measuring equipment were used. The resigg, s ot the results were obtained, as illustrated by the curves

E%?f:n?fciﬂgf:tgg'tﬁﬁzg Vr\rll?r?inTSr?\Sl(J:Ler(rje\;\thtgfidg\;u:l?:ne in Fig. 3, which provides for a useful way to extrapolate data
P y to T=0 K. However, in this cas& was found to vary be-

more resistive samples, this current could produce self: ; . . .
heating of the samples. We then used a Keithly currenfween 1.3 and 2.6 in a way which did not depend systemati-

source, with currents in the range 10—100 nA and a picovolt€ally onR. _ _
Figure 4 illustrates a remarkably simple apparent linear

meter as voltage sensor. : ,
The conductivity of five samples witlR in the range relation between the logarithm of the extrapolated values of

10.4-56.5 is presented in Fig. 2 for temperatures up to 10 ko(0) and 1R. The full circle is a sample witiR=94 mea-

In this temperature range a simple power la{T)~ o, T¢ sured with different thermometers and instruméfttt. is
describes data well as illustrated by the curves in the figureseen to follow the trend described by the other samples. The
Howevera does not assume a constant value, é.gs often  results suggest that(0)>0 also for samples of larg&. In
observed in barely metallic doped semiconductéis. con-  fact, the lower bound oi{(0) for any of our samples of
trast, « varies gradually withR, and o((T) becomes more i-AlPdRe would appear to be 0.2%)(cm)~ %, considerably
linear with increasindr, as observed previously by Poon and larger than a previous estim&ief 0.01(Q cm)~*. However
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circle was obtained from a separate measurertiRet. 18. For the
T(K) square, data foo(0) and & were given in Ref. 22, giving a corre-
spondingR™? from the inset of Fig. 2. The straight line is a guide to
FIG. 3. The conductivity in the range 40—-300 mK for the samethe eye suggesting a simple exponential dependence(®f on
samples as in Fig. 2. The curves are fits used to extrapeldtg to R°1.
T=0 K.
been studied in various models. Spherical particles of con-
that estimate was obtained from measurements above 0.4fictivity og and concentratiofig in an insulating phase can
K. give a resulting conductivitg™ >0 only above a percolation
We discuss various circumstances which might raise obthreshold offz=3 or 0.25 in different calculatior®. More
jections to these conclusions. First, loss of thermal contactomplex geometrical forms considered by YosRidgave
between sample and sample holder is a notorious problem igimilar results. In our samples no impurities were observed
low-temperature measurements. For the high-resistivityn standard x-ray diffraction, suggesting an upper limit for
samples we measured the resistance at low temperatures fiyr of 0.1, which is considerably smaller than these estimates.
a series of different currents in the range 10—100 nA, thus One must also ask if a conducting phase could develop a
varying power dissipation by two orders of magnitude. Thepercolating network, e.g., in grain boundaries, and at a small
sample resistance was the same, as illustrated in Fig. 3 by t@ncentration escaping detection in our various analyses. If
overlapping data points for three samples at the lowest tens0, the measured resistivity would reflect that of the conduct-
peratures. ing phase. However, for the sample wi=10.4, quantum
Another point of concern is the possibility of thermal de- interference effect§QIE’s) still account quantitatively for
coupling of the electrons at low temperatures. This wouldhe magnetoresistance. In fact, when the resistivity of this
happen if, e.g., the phonon scattering relaxation time besample was used as a fitting parameter in the analysis of
comes long enough that the electron gas cannot cool over tHIE’s, a result forp was obtained which agreed, within ex-
finite length of a sample. Observations in two-dimensional Sperimental accuracy, with the measured v&Téis fact as-
metal-oxide field effect transistors have been interpretegures that the scale of the conductivity is due to the icosahe-
along these line&’ We do not believe that this mechanism is dral phase for this sample, and makes it unlikely that this
relevant in our case. Saturation due to this mechanism wouldould change for samples with larg& values, where the
occur at higher temperatures with increasing mobility. Forconcentration of a second phase is expected to be smaller.
our samples one expects a decreasing mobility with incread¥e conclude that impurities cannot account for the observa-
ing p, but the trend of the saturation region in Fig. 3 istions of o(0 K)>0.
opposite; saturation seems to occur at higher temperatures In addition, our analysis is supported by the consistent
for the most resistive samples, as is also confirmed for theelations obtained foR™* vs « in the inset of Fig. 2 as well
sample withR=942 as fora(0) vs R™1 in Fig. 4. In fact these relations appear to
Questions about the reason for varyiRgralues in icosa- provide for a useful way to empirically characterize different
hedral samples must also be addressed. A small solubiliti-AIPdRe samples. An example is given by the resistance
range in the icosahedral phase was indicated by the x-rajeasurements of Ref. 22, where a sample of nominal com-
diffraction results as mentioned above, and vanjihgalues  position ALPd Re ¢ Was measured to low temperatures.
would thus, at least to some extent, be an intrinsic propertyThis is close to but not identical to our nominal composition.
Can the residual conductivity be due to impurities? Investi-R was not given in Ref. 22, but(0) and an exponent in a
gations in a scanning electron microsci®EM),° in fact  temperature range above the saturation region were ex-
showed that a small concentration of precipitates of size ofracted. Using the result at=0.5 from Ref. 22 in the inset
order 1 um could be detected in several samples. Thesef Fig. 2 suggest®~ 20, and the corresponding coordinates,
spherical-like particles are presumably rich in Re. No apparshown by the square in Fig. 4, are seen to fit well into our
ent correlation was found with thR value of the samples. relation betweenr(0) andR™ 1.
The effective conductivity of two-phase composites has Summarizing, we have studied a series of high-quality
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i-AlPdRe samples of varying resistance ratios. By extrapo- We are grateful to G. Fourcaudot and J. C. Grieco for help
lating the measured conductivity below 300 mKTe-0 K, in the sample preparation and to C. Paulsen for the low-
a nonzero conductivity was found in all our samples. Thistemperature measurements of one sample. Financial support
zero-temperature conductivity decreases exponentially witis gratefully acknowledged from EC, Contract No.
increasingr, in a way that suggests a finite valued®) for =~ ERBCHRX-940528, The Region Rhes Alpes, and the

all values ofR. Swedish Natural Science Research Council.
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