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The icosahedral (i-) AIPdRe is the most resistive quasicrystalline alloy discovered so far. Resistiv-
ities (p) of 1Qem at 4K and correlated resistance ratios (RRR = pak /p3so0k ) of more than 200 are
observed in polycrystalline samples. These values are two orders of magnitude larger than for the
isomorphous i-AIPdMn phase. We discuss here the controversial microscopic origin of the i-AlPdRe
alloy electrical specificity. It has been proposed that the high resistivity values are due to extrinsic
parameters, such as secondary phases or oxygen contamination. From comprehensive measurements
and data from the literature including electronic transport correlated with micro structural and mi-
cro chemical analysis, we show that on the contrary there is mounting evidence in support of an
origin intrinsic to the i-phase. Similarly to the other quasicrystalline alloys, the electrical resistivity
of the i-AIPdRe samples depends critically on minute changes in the structural quality and chemical
composition. The low resistivity in i-AlPdRe single-grains compared to polycrystaline samples can

be explained by difference in chemical composition, heterogeneity and thermal treatment.

I. INTRODUCTION

The icosahedral (i-) AIPdRe alloy has unique electronic
properties compared to all the other quasicrystalline al-
loys discovered so far. Specifically, some of the more resis-
tive i-AlPdRe polycrystalline samples lie on the insulat-
ing side of the metal-insulator transition (MIT) [1], with
conductivity at 4K as low as oux = 1Q tem ™! and resis-
tance ratios between 4K and 300K (RRR = pax/pso0k)
larger than 200 [2-4]. In other words, this alloy of metals
becomes an insulator, the origin for this remarkable result
being attributed to the specificity of the i-AIPdRe phase.
However, in the early 2000’s, electrical measurements
performed on i-AlPdRe single-grains [5, 6] showed signifi-
cantly higher conductivity o4z > 2002~ 'em~! and lower
RRR < 2.5, thereby placing i-AlPdRe single grains on
the metallic side of the MIT. These values are similar to
those observed in the i-AlCuFe and i-AIPdMn phases. A
controversy followed as to wether the high electrical resis-
tivities observed in some i-AlPdRe polycrystalline sam-
ples are intrinsic to the i-phase or due to extrinsic effects,
such as impurities, secondary phases or grain boundaries.

Extrinsic origin proponents argued [7] that the high re-
sistivities of polycrystalline i-AIPdRe ingots result from
a combination of a high porosity and the existence of
oxygen-rich insulating regions in the material. A granu-
lar model was further proposed [8] to describe the elec-
tronic properties of the i-AIPdRe polycrystalline samples.
Counter-arguments were raised later [9, 10], based on the
similarity of the temperature and magnetic field depen-
dence of the conductivity o (T, H) for polycrystalline rib-
bons and ingots, in spite of their different morphology.
The main point of the controversy [11] is that there is so
far no physical picture which includes all the i-AIPdRe
samples, i.e. single- and poly-grains.

In this paper, we comment on these recent publica-
tions and include unpublished results on a large num-

ber of melt-spun ribbons [12]. We give a comprehensive
overview of all types of i-AlPdRe samples (single-grains,
polycrystalline ingots, ribbons and thin films) from the
literature and our own work. In particular, quantitative
chemical composition analysis of ribbons and ingots shed
some new light on the origin of high resistivity values.
Our main point can be summarized as follows.

1. We provide arguments why the case for an extrin-
sic origin of the insulating behavior in i-AlPdRe
samples [6, 7, 11] is inconclusive. Specifically, our
chemical analysis shows that the composition range
common to highly resistive ribbons and ingots is
significantly different from that of the few metal-
lic single-grains measured. Detailed investigation
of existing data disproves the granular electronic
model [8], the role of porosity and questions the
oxidation effect.

2. Despite difference in their microstructure, ribbons
and ingots show insulating behavior, in agreement
with previous report by Poon and Rapp [10]. The
presence of defects and chemical inhomogeneity in-
fluences the electrical properties (especially at low
temperature), but cannot explain the difference be-
tween metallic and insulating samples.

II. THE DIFFERENT TYPES OF I-ALPDRE
SAMPLES

Different types of i-AlPdRe samples have been pro-
duced (see Table I and Ref. therein): single-grains, poly-
crystalline ingots, ribbons and thin films. Note that the
thin films have not been included in the recent discus-
sions about the origin of the high resistivity values.

Fabrication of ingots [13-17] and ribbons [13, 18, 19]
starts with arc-melting an ingot, containing the desired



proportion of Al, Pd and Re, as homogeneously as pos-
sible. The ingot then can be cut in small bars of typical
size 1mm x 1mm x 5mm (called “ingots”), or melt-spun
into ribbons of typical size 20um x 1mm X 5mm.

Thin films, typically 200nm thick, were made by us-
ing either co-evaporation [20] or sequential evaporation
techniques [21]. With the co-evaporation technique, Al-
Pd and Re sources are used, and depending on the sub-
strate position during evaporation, different Re content
can be achieved. With the sequential evaporation tech-
nique, layers of pure elements are evaporated sequentially
and the relative thickness of each layer determines the
chemical composition of the film. For all these polycrys-
talline samples, a subsequent annealing is necessary to
get a sample of high structural quality and high resistiv-
ity values (see subsection IV A).

Single-grains of millimetre size were grown by a slow
cooling technique starting from a homogeneous melt of
compositions close to the icosahedral phase domain [5,
6]. The single-grains can then be separated from the
remaining melt by decanting at low temperature.

III. ORIGIN OF THE HIGH RESISTIVITY
VALUES: SINGLE-GRAIN RESULTS

Based on their single-grain measurements, Fisher et
al [6] and Dolinsek et al [7, 11] have suggested that the
high resistivity values observed in some i-AlPdRe poly-
crystalline samples are extrinsic to the i-phase. In this
section, we critically discuss the different arguments lead-
ing to this conclusion, which are the following;:

e Argument 1: the i-AlPdRe single-grains show no
evidence of a metal-insulator transition as a func-
tion of either composition or structural perfec-
tion. Therefore the conductivity mechanism of the
i-AlPdRe phase cannot be dramatically different
from other quasicrystal families.

e Argument 2: The i-AlPdRe ingots have voids and
oxygen rich bridges which are responsible for their
high resistivity values.

e Argument 3: the density of states (DOS) of AIPdRe
and AIPdMn are only marginally different so that
electrical transport should be the same.

e Argument 4: the high resistivity values come from
secondary phases produced by an annealing at too
high temperature.

Some of the criticisms developed here were already
mentioned by Poon and Rapp [9].

A. Argument 1: no evidence of a metal-insulator
transition in i-AlPdRe single-grains

Clearly, all the i-AIPdRe single-grains that have been
made so far lie on the metallic side of the metal-insulator

transition, with resistivity values similar to what is ob-
served in high quality i-AlPdMn and i-AlCuFe samples.
This however doesn’t imply that i-AlPdRe samples can-
not have larger intrinsic resistivity values.

1. Single-grains versus polycrystalline samples: the
chemical composition

For a relevant discussion of the composition domains of
single-grains and polycrystalline samples, it is necessary
to compare the actual compositions of the final samples
(after annealing) and not the nominal ones. Such a com-
parison is difficult for at least two reasons. First, the
actual chemical composition of i-AIPdRe samples is not
necessarily known, and second significant spatial inhomo-
geneities are often present. According to our microprobe
analysis performed on some ribbons and ingots [12] (see
subsection IV B), the high resistivity values are observed
for 66-70 atomic (at.) % Al, 21-26 at.% Pd and 7-10 at.%
Re (the nominal composition was Alzg 5Pdai Res5). In
single-grains, Guo et al [5] have measured a RRR of 1.8
(300K =~ 300Q tem™1t) for a chemical composition of
Al71.7£0.9Pd19.4+1.6Reg.o+0.9. Fisher et al [6] have mea-
sured the electrical resistivity of six single-grains with
different compositions and found a maximum RRR value
of 2.5 (03005 ~ 30022~ tem~1). The composition of three
single-grains were determined to be in the range 71.6-
73.5 at.% Al, 17.1-19.6 at.%Pd and 8.8-9.4 at.%Re. The
compositions of the two most resistive single grains are
not known, but interestingly enough, it can be guessed
from Table 1 of Ref. [6] that these two single-grains are
the closest to the composition domain given above for
highly resistive ribbons and ingots. Thus it seems that
all the i-AlPdRe single-grains made so far have a chem-
ical composition different from highly resistive ribbons
and ingots, with slightly more Al and less Pd, the typical
difference being of a few at.%. Another hint of a composi-
tion difference between the single-grains and the ribbons
is the fact [6] that annealing the single-grains at 1000°C
results in a partial decomposition while no decomposi-
tion is observed in ribbons annealed up to 1020°C (see
Appendix A).

Can a difference in composition of a few at.% in Al,
Pd or Re change the RRR from 2 to more than 200, i.e.
increase the RRR by two orders of magnitude? From the
Pd dependence of the RRR plotted in Figure 8 of Ref.
[6] a change of about 3 at.% in Pd increased the RRR
by less than a factor of two, from ~ 1.3 to ~ 1.8, which
lead to the author’s conclusion that [6]: “there is no evi-
dence that this variation in the resistivity with changes
in composition could lead to RRR values as large as those
observed for some quenched and annealed samples”. This
conclusion is based on a linear extrapolation of the con-
ductance dependence on the driving parameter such as
the chemical composition. Such linear behavior would be
very unusual close to the MIT. In doped semi-conductors,
while the room temperature conductivity (or resistivity)



TABLE I. i-AIPdRe samples and their measured electrical resistivity. From left to right: first year of publication by the research
group, reference name of the group, type of samples, nominal (or * measured) composition giving the highest resistivities,
maximum RRR reached and the related reference.

1993 Takeuchi et al Ingots and ribbons Al7oPd2oRe1o 51 [13]
1993 Poon et al Ingots Al70.5Pd21 Res 5 280 3]
1993 Berger et al Ribbons Al79.5Pd21 Res 5 209 [4]
1995 Kimura et al Ingots Al70,5Pd22Re7A5 > 10 [15}
1996 Lin et al Ingots Al70Pd22,5R67,5 136 [16}
1996 Chernikov et al Ingots Al70Pd>1 4 Res 6 ~ 10 [17]
1997 Calvayrac et al Ribbons Alr7o.5Pd21 Res 5 130 [19]
1997 Haberkern et al Thin films Al79.3PdogoRer s ~ 20 [20]
1998 Grenet et al Thin films AlggPdos Reg 4 4 [21]
2000 Tsai et al Single-grains Al71.7Pdig.4aRes.ox 1.8 (5]
2002 Fisher et al Single-grains Unknown 2.5 [6]
changes slowly with the dopant concentration, the RRR i : | —— : :
varies much more rapidly across the MIT. For example, in 400 [
Si-As [22], a change of the room temperature resistivity X
from 7.7mQem to 8.7mQem corresponds to an increase r
of RRR from 4 to 300 (see Table 1 of Ref. [22]). _ 300 -

The same idea is illustrated in Figure 1, where the ‘é‘ C
conductivity of i-AlPdRe melt-spun ribbons with RRR o 200 F
between 2.4 and 175 is plotted below 300K. It is clearly %]'/ E
observed that a decrease of the room temperature con- E
ductivity from ~ 400Q " 'em ™! to ~ 320Q " 'em ™! corre- 1001 =
sponds to an increase of the RRR by a factor of 2-3 (RRR 1
goes from 2.5 to 6). A decrease from ~ 3209 tem ™! 0 e E—
to ~ 220Q 'em ™! multiplies the RRR by a factor of 0 50 100 150 200 250 300

5 (from 6 to 30). A further decrease from ~ 220 to
~ 1802 tem ™! (a relative decrease of only 20%) mul-
tiplies again the RRR by more than 5 (from 30 to 175).
In other words, there is about the same “distance” in
the room temperature conductivity between two sam-
ples with RRR = 2 and 6 as between two samples with
RRR =6 and 100. The RRR dependence on room tem-
perature resistivity across the MIT (the MIT occurs[23]
for RRR ~ 20) is far from linear but is close to an ex-
ponential law (see Figure 11 of Appendix B). Therefore
the small but monotonous increase of the RRR observed
as a function of the Pd content in the Figure 8 of Ref.
[6] doesn’t mean that a RRR as high as 100 cannot be
reached by further increasing the Pd concentration by
a few at.% (and with a suitable annealing, see below).
Interestingly in that plot, the RRR increases faster for
the highest Pd contents, in agreement with the approach
to a MIT. An increase of ~ 3 at.% in Pd has already
reduced the zero temperature extrapolated conductivity
by a factor of 3, from ~ 500Qtem ™! to ~ 150Q tem 1.
It is not clear if the highest Pd content reached in Ref.
[6] corresponds to the maximum Pd content possible for
single-grains or if single-grains with more Pd (and less
Al) could actually be made.

As final remarks, note firstly that all the single-grains
measured in Ref. [6] have different Al and Pd contents
but almost the same Re content. We know that the Re

T (K)

FIG. 1. Conductivity versus temperature for i-AlPdRe melt-
spun ribbons of different RRR [4, 12, 23, 24].

concentration strongly influences the resistivity of poly-
crystalline samples (see subsection IVB). Whether a
change in the Re content can result in single-grains with
larger resistivity and RRR values thus remains an open
question. Secondly a composition gradient of 0.5 at.% is
mentioned between the centre and the outer part of the
single-grains [6]. The central region has a slightly higher
Pd content whereas the edges have a slightly higher Re
content. It would be interesting to know how the single-
grain samples used for the electrical measurements were
cut relative to this composition gradient, since composi-
tion changes, even minute, certainly affect the measured
properties close to the MIT.

2. Single-grains versus polycrystalline samples: effect of
annealing

Annealing of single-grains by keeping them at 900°C
in the melt during few days prior to decanting didn’t



lead to significant change in the RRR or in the struc-
tural quality[6] (but according to the Figure 8 of Ref.
[6], these samples have the largest RRR). Annealing of
single-grains post-growth outside the melt resulted in
partial decomposition of the material [6]. In compar-
ison, post-growth annealing was found to be essential
to get high resistivity in all polycrystalline samples (see
subsection IV A). The optimal annealing parameters de-
pend on the type of samples, i.e. ingots, ribbons or thin
films. Whether the i-AIPdRe single-grains resistivity can
be increased by annealing, like for polycrystalline sam-
ples, is still an open question, but the comparison with
i-AlPdMn single-grains is suggestive.

In i-AlPdMn, single-grains with conductivities as low
as that found in best quenched and annealed i-AlPdMn
ribbons [25] was a many year effort. Not only chemi-
cal composition tuning but also single-grains post-growth
annealing are crucial [26]. Depending on the annealing
parameters (annealing plateau temperature, cooling rate,
etc.) the room temperature conductivity can be reduced
from ~ 50092~ tem ™! to ~ 3009 'em ™! for a given com-
position. This conductivity decrease was shown to be
related to subtle changes of the icosahedral order, the
lower the number of local defects, the smaller the con-
ductivity [26]. We come back to this question below (see
subsection IV B).

3. i-AlPdRe versus i-AlPdMn alloys

Beyond any sample type consideration (ribbons, in-
gots, thin films or single-grains), the resistivity values of
different i-Al based alloys points to a lower conductiv-
ity in AIPdRe than AIPdMn. In Table II, the lowest
conductivity and corresponding highest RRR values are
compared for i-Al-Cu-TM and i-Al-Pd-TM alloys (TM
is a transition metal with an incomplete d band). The
table clearly shows that an increase of the TM atomic
number is associated with a decrease of the conductivity
and a corresponding increase of the RRR [27]. It has
been suggested that heavier TM elements give rise to a
stronger scattering and favour electron localization. The
effect is more pronounced in the i-Al-Pd-MT alloys but
is consistent with what is observed in the i-Al-Cu-MT
alloys.

B. Argument 2: the role of voids and oxygen rich
bridges in ingots

In Ref. [7], the morphology and chemical composi-
tion of a single-grain and of an ingot with RRR=154
were investigated by scanning electron microscope imag-
ing (SEM) and energy dispersive X-ray spectroscopy
(EDXS). SEM images of the ingot shows a porous mor-
phology with voids and oxygen rich bridges. The co-
occurrence of these two features was then argued to be
the reason for the measured high resistivity. We propose

below an alternative explanation for the observed oxygen
enrichment in the ingot bridges, and a counter argument
to an oxide-induced high resistivity in the i-phase.

1. The oxygen-rich bridges: an alternative interpretation

The reported oxygen increase [7] in the narrow bridges
of a polycrystalline ingot can be questioned and here we
explain why. The composition of the i-AlPdRe phase
was locally investigated using EDXS and according to
the authors, a subsurface volume of 0.6um diameter was
probed. This size is of the same order as the width of the
narrow bridges (typically 1um, see Figure 4 of Ref. [7]).
The “background” oxygen contribution of the polished
surface was found to be of 2 at. % for a single-grain and
3-4 atomic % for the polycristalline ingot far from the
bridges. According to the authors of Ref. [7], this “back-
ground” contribution represents the oxygen content near
the surface. If this is true, we expect an oxygen increase
when the bridges are measured due to the additional sur-
face contribution of the bridge edges. Moreover, only the
top surface of the sample is polished and not the edges
surrounding the bridges on all sides. Due to the high T
treatment of the ingot, a thicker oxide build up is thus
expected on the edges than on the reference polished sur-
face. Since in Ref. [7] this “edge” oxide contribution was
not quantified, it is difficult to know by how much the
“bulk” of the ingot bridges is effectively enriched in oxy-
gen.

2. The resistivity of the oxidized i-AlPdRe phase

Due to their porous morphology, the ingots can be
viewed as a network of large islands connected by nar-
row bridges. Take the case where bridges and islands
have different electrical properties. If the narrow bridges
are much more resistive than the islands, their contri-
bution will dominate the measured resistivity. But the
opposite is also true: if the islands are much more resis-
tive than the narrow bridges, the islands will dominate
the resistivity. Thus, the observation of high resistivities
cannot indicate if the narrow bridges are more resistive
than the islands or vice-versa, or of a different mechanism
altogether.

Now assuming, for the sake of the argument, that the
bridges are actually more oxidized than the islands. It is
often the case that oxidized materials are more electri-
cally insulating than pure elements and alloys. For exam-
ple, in granular aluminium, crystalline aluminium grains
are separated by amorphous alumina layers. In that case
there is a mixing of two different materials (there is no
solubility of oxygen in aluminium). An increase of the
oxygen content leads to thicker insulating alumina bar-
riers between the metallic grains and thus to an increase
of the resistivity [28]. But in lack of further evidence,
it cannot be absolutely ruled out that oxygen atoms are



TABLE II. The lowest 4K conductivities and the highest RRR for selected Al-based ternary icosahedral alloys (reproduced

from Ref. [27]).

Al-Cu- Fe Ru Os
oure = 1002 Yem ™ oux = 40Q tem ™ ouxg = 7Q tem ™!
RRR =22 RRR =14 RRR =45
Al-Pd- Mn Re
oux = 100Q tem ™! oux =10 tem ™t
RRR =23 RRR > 200

diluted in the icosahedral structure (although that would
be a unique situation). Even in that unlikely case, the
inclusion of oxygen atoms impurities would most proba-
bly decrease the i-phase resistivity. Foreign atom in the
i-phase structure should act like any other defect that
decrease the resistivity, according to the “inverse Math-
iessen rule” largely demonstrated in Al-based i-phase, in-
cluding i-AlPdRe ingots (see subsection IV B).

There are a number of experimental results which in-
deed suggest that an oxidation of an i-AlPdRe sample
reduces its electrical resistivity. In their comment [9] to
Ref. [7], Poon and Rapp mentioned that a reduction of
the base pressure during the fabrication of i-AIPdRe in-
gots leads to a strong increase in the resistivity and the
RRR values (see also Ref. [3]). In an i-AlPdRe ribbon,
we have observed that the RRR is gradually reduced from
100 to 6 after three successive heat treatments in air up
to 700°C' (see Ref. [19] and Figure 2).

7 T T T T

End of cycle 1

End of cycle 2
End of cycle 3

R ()
S~
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FIG. 2. Resistance versus temperature for an i-AlPdRe melt-
spun ribbon during three temperature cycles in air between
25 and 700°C (temperature ramps of 100°C/h), starting from
a resistance of R3gox = 6.6€2 to end at 4.20)

To demonstrate that the high resistivity values of the
polycrystalline ingots are due to a high oxygen content of
their narrow bridges would require to show a systematic
morphology or oxygen content correlation with the RRR
(only one ingot was studied in Ref. [7]). Furthermore
one also has to understand the case of ribbons and thin
films. Extensive SEM imaging (see Appendix A) shows
that ribbons have no porosity. But because ribbons are

only a few tens of micrometres thick, we have to con-
sidered if oxygen could diffuse to the bulk of the ribbon
during melt-spinning and subsequent high temperature
annealing. Firstly deep oxidation is unlikely because rib-
bons are annealed in sealed quartz tubes that are first
pumped down to high vacuum. Secondly we have ob-
served ribbons melt-spun from the same melt, annealed
together in the same tube and at the same temperature
with RRR as different as 2 and 200 (see subsection IV A
and Appendix A). It is hardly conceivable that samples
processed in the exact same batch would contain the very
large difference in their oxygen content required to solely
explain their change in RRR.

The oxidation state of the i-AlPdRe samples and its
influence on the resistivity values is nonetheless an im-
portant question that has been rarely considered and de-
serves further studies. Nothing is known about the oxy-
gen atoms position in the structure. Are they diluted
in substitution to the i-phase? Are they concentrated in
the grain boundaries? The answers to these questions
are interesting but far beyond the resolution of previous
SEM investigations.

C. Argument 3: the DOS of AIPdRe compared to
AlPdMn

In Ref. [7] Dolingek et al compared the NMR measure-
ments on a single-grain of RRR ~ 1.2 and on an ingot of
RRR = 154. The local DOS at the Al sites are about the
same in both samples, which cannot explain the large dif-
ference observed in the resistivity values. They also per-
formed ab-initio calculations on isomorphous i-AIPdMn
and i-AlPdRe alloys, which show that the DOS around
the Fermi level (E'r) of the two compounds are very sim-
ilar. They concluded that similar DOS cannot explain
the large difference observed in the resistivity values that
should therefore be attributed to an extrinsic origin. We
show below why this conclusion is questionable by dis-
cussing first other DOS measurements in i-AlPdRe that
we then put into context of the MIT in disordered insu-
lators.

Firstly, the DOS of the icosahedral alloys has been
measured by several techniques (NMR, specific heat, pho-
toemission and tunneling spectroscopy) and the experi-
mental situation is more complex, and even sometimes
controversial, than a single NMR measurement on only



two samples may indicate (the same is also true for the-
oretical studies of the DOS). In NMR measurements, no
significant difference is usually found between highly re-
sistive i-AlPdRe, i-AlCuFe or i-AIPdMn samples [29, 30].
But difficulties in the interpretation of the results were
raised [29]. According to specific heat measurements,
the DOS around EFr is lower in i-AlPdRe than in the
other quasicrystals. The DOS is one tenth that of pure
aluminium for i-AIPdRe compared to one third for i-
AlCuFe and i-AlPdMn samples [14, 31, 32]. The ab-
sence of a linear term below 1K in a ribbon of RRR =
80 was ascribed to the localized nature of the electronic
states [32]. In tunneling spectroscopy measurements, the
zero bias anomaly observed in the dI/dV curves is more
pronounced in the i-AlPdRe samples than in the other
i-phases [23, 33]. In low temperature photoemission mea-
surements, the comparison between the different samples
is more difficult due to the strong influence of the surface
preparation [34]. But for samples prepared similarly, a
significantly lower spectral intensity at Ep is observed
for i-AlPdRe compared to i-AlCuFe and i-AIPdMn [35].
Moreover, several authors have underlined problems in
interpreting the specific heat and tunneling spectroscopy
measurements as usual DOS when the system is close to
the metal-insulator transition [23, 32].

Secondly, we emphasize that small change in the DOS
at Er does not preclude large increase in the low temper-
ature resistivity. According to the Einstein’s formula, the
conductivity is proportional to the DOS at Ep, but also
to the electron diffusivity. In the theoretical framework of
the Anderson MIT, the DOS at Er remains finite in the
insulating state as the electronic wave functions become
localized. It is thus the electron mobility and not the
DOS that vanishes at zero temperature. The non semi-
conducting behavior (no band gap) of i-AlPdRe samples
and the strong similarities between the electronic prop-
erties of i-AlPdRe samples and disorder systems close
to the MIT clearly indicates that the electron diffusivity
plays the crucial role.

Like for the DOS measurements, the interpretation of
the thermoelectric power must be taken with great cau-
tion. In Ref. [7], the authors have found that an insulat-
ing i-AlPdRe polygrain has a large and positive Seebeck
coefficient while this coefficient is small and negative in
a metallic single-grain. But large and positive Seebeck
coefficients are also found in some metallic i-AlCuFe and
i-AIPdMn samples [36, 37], and thus cannot be used to
differentiate the insulating i-AlPdRe polycrystalline sam-
ples from all the other metallic i-Al based alloys.

D. Argument 4: the role of secondary phases

A minority of secondary phases are indeed found in in-
gots and ribbons [38—40](the existence of such secondary
phases is not mentioned in thin films). But contrary
to the claim in Ref. [6], these secondary phases can-
not explain the high resistivity values observed. Firstly,

from the SEM images they don’t percolate across the
samples and have a small volume fraction. Reminding
that the ribbon samples are non porous (see discussion
above), a small fraction of secondary phase cannot in-
duce an insulating character of the samples. Secondly,
these secondary phases are alloys of metals (composition
close to Al7sResr in the bulk of the ingots [39, 40] and
to AlsoReso at the surface of the ribbons [38, 40]). They
are most likely less resistive than the i-phase itself (the
opposite would be noteworthy!). Thirdly, no correlation
between the amount of secondary phases and the sample
RRR could be found.

IV. ORIGIN OF THE HIGH RESISTIVITY
VALUES: THE POLYCRYSTALLINE SAMPLE
RESULTS

Following the arguments in the previous section, the
low resistivity of single-grains doesn’t imply an extrinsic
origin of the high resistivity of polycrystalline i-AIPdRe.
In this section, we propose a short review of the large
set of results obtained by different groups on polycrys-
talline samples. We show that there are indeed a num-
ber of experiments in favour of an intrinsic origin. Even
if the parameter(s) that control the MIT have yet not
been clearly identified, the chemical composition and the
structural order quality of the i-AlPdRe sample seem to
play a determining role in the high resistivity.

A. The essential role of annealing

According to the literature, high resistivity values can
only be obtained after a specific annealing process. Since
annealing is used to homogenize the chemical composi-
tion and to improve the structural order, it is already a
strong indication that a well defined chemical composi-
tion and a high structural quality are associated with the
high resistivity values.

After melt-spinning, ribbons are not homogeneous and
contain a large amount of secondary phases, as high-
lighted in the SEM picture of Figure 8 in Appendix A.
These ribbons have room temperature conductivities in
the range 1000 — 30002~ tem™!, i.e. about ten times
larger than after annealing, and RRR around 1. A heat
treatment is necessary for the atoms to interdiffuse and
homogeneize and to obtain quasicrystalline grains. De-
tails are given in Appendix A. There isn’t a single way
to get RRR values larger than 100. The ribbons can
either be annealed for a long time (~ 6h) at a not too
high T (~ 900°C) (“low T” ribbons) or be annealed for a
much shorter time (~ 10mn) but closer to their melting
point (up to 1020°C') (“high T” ribbons). The latter case
includes slow temperature ramps (50 — 100°C/h). The
highest temperature reached during the heat treatment
clearly influences the RRR distribution among samples
annealed in the same batch (see Figure 10 of Appendix



A). It is noteworthy that “high T” ribbons that are melt-
spun from the same ingot and annealed at the same time
can have RRR ranging from 2 to 200.

Before annealing, as-cast ingots are mainly composed
of crystalline phases with compositions relatively far from
the icosahedral domain [41, 42] and a heat treatment is
necessary. There is an agreement in the literature on the
heat treatment to get high resistivity and large RRR val-
ues. An annealing at high temperature (between 860°C
and 980°C') during about ten hours gives X-ray diffrac-
tion patterns that can be indexed by an icosahedral phase
[43-45] and maximum RRR around 30 [44]. A full chemi-
cal homogeneity of the ingots is however not achieved (see
subsection IV B) and porosity can reach 40%. An addi-
tional annealing to lower temperature (a few hours be-
tween 600°C' and 750°C') is needed to increase the resis-
tivity values (the 4K resistivity is multiplied by about 5)
and RRR above 100 (the record being 280) [14]. This low
temperature transformation was found to be reversible
since a further annealing of the ingots above 750°C re-
stores RRR around 20 [14]. We will come back to the
possible interpretation of these findings at the end of
subsection IV B. Nothing similar was observed in our
ribbons: a further annealing step at 600°C leads to a
decrease of the RRR (see Table IIT of Appendix A).

For thin films, the annealing parameters are very dif-
ferent. The films obtained by the co-evaporation of Al-
Pd and Re are amorphous before annealing [20]. After a
few hours at 730°C, the films are composed essentially of
the icosahedral phase with a large distribution of grains
sizes from 40nm to 1um. Haberkern et al have observed
an increase of the 4K resistivity by a factor of 30 after
annealing and an increase of the RRR up to 20 [20]. A
similar heat treatment is reported in the films made by
the sequential evaporation of Al, Pd and Re, with a max-
imum RRR of only 4 [21].

B. Chemical composition versus structural order

The strong sensitivity of the electrical resistivity to
chemical composition and presence of defects has been
studied in details in i-AlCuFe and i-AlPdMn alloys. In
both alloys, the highest resistivity values (and the highest
RRR) are observed for a well defined chemical composi-
tion. Any departure from this composition, even by only
1 at.%, leads to a lower resistivity. For example, in i-
AlCuFe, a change in the Fe concentration by only 0.5
at.% doubles the 4K conductivity [46]. Moreover, for a
given chemical composition, the smaller the defect den-
sity, the larger the resistivity [47]. This so-called “inverse
Mathiessen rule” was clearly demonstrated in i-AIPdMn
single-grains where defects are associated with the ap-
parition of Mn magnetic moments and can be probed
by magnetic measurements down to very low concentra-
tions [26]. Subtle changes in the structural order of the
i-AlPdMn phase (F, F2 and F2M structures) were also
found to be at the origin of significant resistivity changes

[26]. We show below clear indications that the resistiv-
ity in i-AlPdRe samples is also very sensitive to chemical
composition changes and the presence of defects.

1. Role of chemical composition

The most convincing evidence for a direct relation be-
tween the chemical composition of the i-AlPdRe phase
and its resistivity was obtained in thin films made by
the co-evaporation of Al-Pd and Re [20, 48]. With this
technique, the chemical composition of the thin films can
be systematically varied (the absolute composition is not
precisely known since the composition is only estimated
from the relative thickness of the elemental components).
In Figure 6.1 of Ref. [20], the low temperature conduc-
tivity value (1.3K) is the lowest at a Re content of 7.5
at.%. A deviation of the Re content from this value by
only 0.5 at.% increases the low temperature conductiv-
ity by a factor of 4. The room temperature conductivity
shows a monotonous increase with the Re content.

In ribbons and ingots, there is an agreement in the lit-
erature that high resistivity and RRR values are obtained
only for a given nominal composition. The reported “op-
timal” nominal composition has sometimes changed over
time and is not universal (see Table I and Ref. [2]).
Moreover, large sample to sample resistivity and RRR
variations are often observed for a given nominal compo-
sition. This apparent contradiction can be resolved not-
ing that reported nominal compositions may differ sig-
nificantly from the actual ones and the samples are not
perfectly homogeneous. Due to the high melting point
of Re (3186°C') compared to that of Al (660°C") and Pd
(1558°C), the fabrication of homogeneous i-AlPdRe in-
gots and ribbons with a controlled chemical composition
is more difficult than for i-AlCuFe and i-AlPdMn alloys.

In i-AlPdRe ingots, Sawada et al [15] have explored a
large composition range within and around the single i-
phase domain. The higher resistivity and RRR values are
found in the single i-phase region and within this region,
for a “e/a” ratio (electron per atom ratio [49]) approach-
ing 1.78 and when the Al concentration decreases. For
some samples, the actual chemical composition was mea-
sured and presents systematic shifts of the order of 1 at.%
relative to the nominal ones. The shifts are not always
reproducible [15].

We have performed local chemical investigations of i-
AlPdRe ribbons and ingots having different RRR. Our
goal was to evaluate quantitatively the homogeneity of
the samples and to possibly identify a common composi-
tion range for samples having high RRR. We have used a
Castaing microprobe which probes a volume of only a few
pum3. This provides measurement of the chemical compo-
sition at the scale of individual grains. The accuracy on
the chemical composition (systematic and random errors)
is of the order of 1 at.%, and the precision (random er-
ror) is a fraction of 1 at.%. We have performed chemical
composition profiles in the length, width and thickness



of polished samples, both ribbons and ingots.
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FIG. 3. Chemical composition domains explored by six

i-AIPdRe ribbons of nominal composition Al7g.5Pd21 Ress.
Cross symbols: “low T” ribbon (RRR = 100). Other sym-
bols: “high T” ribbons (Tma> = 1020°C"). Empty symbols:
RRR > 90; half-filled symbols: RRR = 25; filled symbols:
RRR < 5. The accuracy is about 1 at.% for the different
chemical elements. The precision is 0.5 at.% for Al, 0.2 at.%
for Pd and 0.15 at.% for Re.

The length profile results (step size between 25 and
100pm) obtained on five “high T” i-AlPdRe ribbons
melt-spun from the same ingot are plotted in Figure 3
(all but cross symbols). Conclusion are as follows. First,
the actual composition is significantly different from the
nominal one, which was Al7g5Pds Reg 5 for all the rib-
bons. The Al content is lower (67.5-69.5 at.%) and the Pd
and Re contents higher than expected (21.5-23.5 at.% for
Pd, 8.5-9.2 at.% for Re). Second, the Pd and Al concen-
trations are strongly correlated, while no clear correlation
appears between the Re and the Pd contents. Compo-
sition variations can occur either on the length scale of
a millimetre or on a much smaller scale (of the order of
the grains size). A composition gradient is often present
in the thickness of the ribbons with typical variation of 1
at.% for Al and Pd but no significant change for Re (data
not shown). Third, high RRR ribbons cannot be asso-

ciated with a single composition. Forth, the high RRR
values are not necessarily observed in the samples which
are the most homogeneous. Low RRR ribbons often have
smaller composition fluctuations than the high RRR rib-
bons. These conclusions are solid and have been con-
firmed (not shown) by the microprobe analysis of many
more “high T” ribbons that were melt-spun from differ-
ent ingots.

The role of the maximum annealing temperature on
the chemical homogeneity of ribbons is also presented in
Figure 3. The composition domain spanned by a “low T”
ribbon annealed 6h at 900°C' and of RRR = 100 (cross
symbols) is compared to “high T” ribbons (other sym-
bols). The “high T” ribbons have much smaller Re and
Pd content fluctuations than the “low T” ones, whatever
their RRR values. The slopes of the Al - Pd and the Re
- Pd correlations seem also to be different between the
two types of ribbons. The results of Figure 3 demonstrate
that high RRR can be found in quite inhomogeneous rib-
bons.

We have also measured the composition fluctuations
on 4 ingots, with RRR between 27 and 85. The composi-
tion variation of the main phase is quite large and ranges
between 67 to 69 Al at. % , 21-27 Pd at.% and 7-10 Re
at.% (see the SEM picture of Figure 4). We did not find
any significant difference either in the amplitude of the
fluctuations or in the composition range between ingots
of different RRR (see Figure 5). Interestingly, the com-
position domain of ingots is similar to that of the “low T”
ribbon of Figure 3. This indicates that composition of the
i-phase has to do with the maximum annealing temper-
ature more than the sample type, i.e. ingots or ribbons
(all the ingots of Figure 4 and 5 have been annealed to
a maximum temperature of ~ 900°C'). The composition
domain in Figures 3 and 5 coincides roughly with that of
the single i-phase in the ternary phase diagram [15] which
explain why the X-ray diffraction peaks can be indexed
by the i-phase, despite composition variations.

The fact that high resistivity values are found in in-
homogeneous ribbons and ingots seems contradicting the
existence of a well defined optimal composition for the
highly resistive i-phase. However the effect of the compo-
sition fluctuations on the resistivity have to be considered
together with the microstructure of the samples; more
precisely the typical length scale of the composition fluc-
tuations should be compared with the microstructure. In
a porous sample, even a small volumic fraction of highly
resistive areas can dominate the sample resistivity if their
extend is larger than the “bridge” length scale (see argu-
ment above). Due to the microstructure of the sample,
the current will pass through these highly resistive zone.
In ingots, important chemical composition fluctuations
are observed within the dendrites which may include the
optimal composition associated with the high resistivity
values. The results on the ribbons which have no poros-
ity are more difficult to reconcile with the hypothesis of
an optimal chemical composition. If any departure from
this optimal composition gives rise to a strong decrease



FIG. 4. SEM picture (backscattered electron mode) of a pol-
ished ingot of RRR = 59. The contrast visible in the main
phase (in grey) corresponds to chemical composition fluctua-
tions of a few at.%. The microprobe analysis at the location
of the x’s in the picture give for Al, Pd and Re in at.%: point
1: 68.4, 22, 9.7; point 2: 68.7, 22.8, 8.6; point 3: 66.9, 25.9,
7.2; point 4: 68.1, 23.6, 8.3. The precision of the compositions
is estimated to be a few 0.1at.%.

of the resistivity, inhomogeneous samples like the “low
T” ribbon of Figure 3 can only be highly resistive if the
low resistivity regions do not percolate. We will give in-
dication for electrical inhomogeneities in the ribbons in
subsection IV C.

2. The role of defects

Like in any other crystalline material, defects in a qua-
sicrystalline sample can be chemical (impurities, substi-
tution of an atomic species by another, etc.) or struc-
tural (atomic position displacement, vacancies). As we
will shortly review below, many experiments performed
on i-AlPdRe polycrystalline samples suggest that, like
for the other quasicrystalline alloys, the lower the defect
density, the larger the resistivity.

Following subsection IV A, annealing of ingots and rib-
bons modifies not only the structural order but also the
composition homogeneity. It is therefore difficult in these
samples to distinguish the respective effect of structural
improvment and of composition homogeneization. In i-
AlPdRe thin films made by the co-evaporation of Al-Pd
and Re, the situation is different. Co-evaporated films
are amorphous and undergo a transition to a quasicrys-
talline film upon anneling. This can be followed as a
function of annealing time [20, 48]. Like in the i-AlCuFe
and i-AIPdMn alloys, the resistivity increases when the
icosahedral order quality is improved. The resistivity of
the amorphous phase at room temperature is about one
order of magnitude lower than that of the icosahedral
phase, and a clear inverse Mathiessen rule is observed in
the conductivity.
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FIG. 5. Chemical composition range of 4 ingots with RRR
between 27 and 85. The “low T” ribbon of Figure 5 annealed
at 900°C (RRR = 100) is also plotted for comparison (x sym-
bols).

The role of structural defects in reducing the resistivity
and RRR of i-AIPdRe phases was also revealed by neu-
tron irradiation studies of ribbons and ingots [50, 51].
The resistivity of AIPdRe samples was found to decrease
strongly with neutron irradiation: the larger the dose,
the lower the resistivity. The RRR can decrease from
a value of 100 before irradiation down to ~ 1 in irradi-
ated samples. Analysis of X-ray diffraction peaks indi-
cates that neutron irradiation preserves the icosahedral
symmetry but introduces structural defects in the icosa-
hedral phase and decreases the coherence length of the
icosahedral order. Relatively low temperature annealing
of the irradiated samples (below 600°C') shouldn’t affect
the overall composition of the sample yet it increases the
resistivity and RRR (up to ~ 2) [51].

More subtle effects may be important. Beeli et al [52]
have compared the structural order of i-AIPdRe ingots
by transmission electron microscopy (TEM). The sam-
ples had two different heat treatments: annealed only at
high T (“HT” ingots), with RRR below 30, or annealed
at high and subsequently low T (“LT” ingots) with RRR
above 100. While the “HT” ingots are close to a perfect



i-state with only some random phason strain, a strongly
phason-disturbed i-phase was observed in the “LT” in-
gots. These results have not been confirmed by any other
group since. It would be interesting to perform similar
investigations to know if high RRR ribbons have also a
phason-perturbed i-phase. By comparison, the resistiv-
ity of AIPdMn single-grains was found to be sensitive to
the existence of icosahedral superstructures (F2, F2M).
Whether similar superstructures play also a role in the
resistivity values of i-AlPdRe samples remains an open
question.

The role of defects was more specifically studied for
chemical substitution in i-AlPdRe samples, with Re sub-
stituted by Mn [53, 54] or Ru [55]. All reports agree
on a decrease of both resistivity and RRR with an in-
crease of the Mn or Ru content. The resistivity change
is less pronounced for Ru than for Mn substitution and
high RRR values could still be observed for high Ru con-
tents (a RRR of 38 was observed in Ref. [55] for a 40%
Ru substitution). Unfortunately in this case the disorder
was not well characterized and it is not clear if the sub-
stitution results in a mixture of different phases or in a
“true” microscopic chemical disorder.

The presence of a small amount of chemical impurities
also influences the maximum RRR values. Poon et al [3]
indicate that the maximum RRR depends on the “clean-
ness” of the environment during the melting of the metal-
lic elements and during annealing. After cleanness im-
provement (not precisely quantified), the maximal RRR
are in the range 170-280 compared to 100-170 before. A
similar trend was also observed in our ribbons. In a set
of ribbons containing 0.3 at.%$Si, 0.25 at.%Cu and 0.1
at.%Fe, the maximum RRR was about 130, compared to
more than 200 in an other set of ribbons having only 0.1
at.%Si and no detectable Cu and Fe (below 0.05 at.%Fe
and below 0.06 at.% Cu -these values were measured with
the Castaing microprobe). The statistical significance of
these results has to be taken with caution though, since
we have measured the impurity levels only in a small
number of ribbons. Note that most reports on AIPdRe
samples give only the purity of the starting metallic ele-
ments (Al, Pd, Re) as a cleanness criterion, and do not
account for possible impurities introduced during the fab-
rication and annealing process.

C. Non universal behavior of highly resistive
i-AlPdRe samples

We reported in the previous subsection that the mor-
phology and chemical homogeneity are very different for
ribbons and ingots: porosity and large chemical com-
position fluctuations are observed in ingots, whereas no
porosity and smaller chemical composition fluctuations
with gradients in the thickness for the “high T” ribbons.
Therefore the o(T") curves of ingots and ribbons shouldn’t
be exactly the same, unless the chemical composition
plays no role at all in the resistivity (which would be in
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contradiction with many experimental findings, see sub-
section IVB). We show below that ¢(T") indeed differs
slightly for ingots and ribbons at low temperature. In
particular, although ¢(T") and RRR correlate relatively
well [9], we do observe some difference in o(T") between
ribbons and ingots even for the same RRR. This differ-
ence, sometimes already visible at room T, is amplified
at low T or for samples of large RRR.

A typical difference between ingots and ribbons of high
RRR is shown in Figure 6, where the o(T) curves of
three ingots with RRR between 59 and 105 and one rib-
bon (“high T”) with a RRR at 96 are compared in the
1.5K — 300K range at different T scales. At large T scale
(0K — 300K), the overall o(T) curves are rather similar
between ribbon and ingots of similar RRR. Notable dif-
ferences are observed however by zooming in (0K — 50K
or 0K — 5K): the temperature dependence of the con-
ductivity is much more pronounced below ~ 10K in the
ingots than in the ribbon. Moreover, there is an inflex-
ion point for all the ingots in the range 5K — 10K that
is not present for the ribbon in this temperature range
(see also Ref. [4]). This inflexion point is the onset of
a stronger conductivity decrease at low T and was ob-
served in ribbons of high RRR, but only below 1K [56].
We specifically do not discuss here the mK temperature
range where discrepancies in o(7T) dependences are pre-
sumably related to questions of cooling [12]. The dif-
ferences shown in Figure 6 are also found in Figure 11
of Ref. [40] that compares o(T) for a larger number of
ribbons and ingots with RRR between 62 and 119. In-
terestingly, a careful study of ribbons (see Appendix B)
shows similar o(T) differences between “high T” (more
homogeneous) and “low T” (less homogeneous) ribbons.
This strongly suggests that the o(T) differences observed
between ingots and ribbons indeed come from differences
in their chemical homogeneity (and morphology). The
chemical composition gradient observed in the thickness
of the ribbons may favour somewhat parallel conduction
of layers with different conductivity behaviors, whereas
the ingots morphology may favour a conduction in se-
ries of small size domains with different resistivity val-
ues. This picture is in qualitative agreement with the
fact that the o(T) variations are less pronounced at low
T in the ribbons than in the ingots of high RRR. Simi-
lar non-universality of the electronic properties have also
been observed in some disordered systems close to the
metal-insulator transition [57].

The reported o(T') similarity between ribbons and in-
gots of the same RRR [10] may therefore apply only for
samples of moderate RRR value (below 60 in Ref. [10]),
i.e. in a RRR range where the differences between ingots
and ribbons are less pronounced [40]. In this respect, it
would be interesting to compare o(T") for the ingot of
RRR = 250 [10] with a ribbon of the same RRR. Simi-
larly to our observations, in Ref. [10] an inflexion point
is found in the ingots of high RRR around 10K and not
in the ribbons.

In thin films, the RRR doesn’t exceed ~ 20. In this
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FIG. 6. Normalized o(T') curves for three ingots (RRR = 59,
76 and 105) and one ribbon (RRR = 96) in different T ranges.
These curves have been measured in Stockholm (KTH) by O.
Rapp and M. Rodmar.

case also there is indication that the electronic properties
are not solely determined by the RRR value. In Figure 6
of Ref. [20] the room temperature conductivity increases
regularly as a function of the Re content, whereas the 1K
conductivity goes through a minimum for a Re content
of 7.5 at.%. This alone indicates there is no one to one
correspondence between the RRR and ¢(T"). Even more

11

interesting are the measurements of the Hall coefficient
and the Hall mobility of thin films as a function of their
Al content [48]. When the Al content increases from
69 to 76 at.%, the RRR goes through a maximum for
72.5 at.% Al whereas the Hall coefficient changes its sign
precisely at this composition. Clearly, samples on both
sides of the maximum RRR can have the same RRR and
different Hall coeflicient signs.

The models developed for homogeneous disordered sys-
tems, like Mott’s variable-range-hopping conduction the-
ory, have been extensively used in i-AlPdRe insulating
samples. But what is the validity and the physical mean-
ing of the extracted parameters if the samples are hetero-
geneous? Note that in ribbons and ingots of high RRR,
the analysis of o(T') by variable-range-hopping laws gives
“anomalous” parameters. In ribbons for instance, the
Mott’s law is observed [56], but in a temperature range
where the variable range hopping theory should not ap-
ply (Mott’s temperature below the measurement tem-
perature range). In ingots, o(7T") can only be fitted by
variable-range-hopping law if a constant is added, which
physical meaning is unclear [16, 53, 58]. Deviations from
electrical homogeneity in the i-phase may play a role in
these anomalies.

D. Highly resistive i-AlPdRe samples as granular
metals?

Even if the i-AlIPdRe samples present some electri-
cal inhomogeneity, they cannot be treated as a granular
metal with nanometer size islands, contrary to the sug-
gestion of Ref. [8]. In a typical granular metal, metallic
grains of nanometric size are usually separated by thin
(Inm or so) layers of insulating material. A typical TEM
picture of a granular Al film is shown in Figure 7 below.
In this case, crystalline Al grains are embedded in an
amorphous insulating alumina matrix which occupies a
large volume fraction. No such amorphous phase is ob-
served in structural studies of the diffraction spectra of
highly insulating i-AlPdRe samples, either in diffraction
or TEM images. The chemical heterogeneity revealed
by SEM or microprobe analysis in Ref. [7] occurs at a
much larger scale (the quasicrystalline single grains have
a typical size of a few micrometers). Moreover, it would
be quite extraordinary that such electrical heterogeneity
would extend from a good metal (like Al) to a good insu-
lator (like alumina), and again no experimental evidence
points in that direction. In any case, the actual role of
grains boundaries in the observed resistivity values and
o(T) still has to be clarified.

V. CONCLUSION

In conclusion, a comprehensive study of the experi-
mental results obtained on i-AlPdRe samples (ribbons,
thin films, ingots and single crystals) for this work and



FIG. 7. TEM picture of a granular Al film, 10nm thick and
close to the metal-insulator transition. The electrons that
have excited the Al plasmons have been selected: the Al grains
thus appear in white and the alumina matrix in black. Cour-
tesy of M. C. Cheynet (SIMAP, Grenoble, France).

from the literature indicates that the high resistivity
values observed in polycrystalline samples are intrinsic
to the i-phase. In particular, the high resistivity ratio
RRR = psx/psook in polycrystalline samples cannot be
explained by the presence of oxide or other secondary
phases [6, 7, 11]. In agreement with results in other qua-
sicrystalline alloys like i-AlPdMn and i-AlCuFe, the re-
sistivity of i-AlPdRe samples appears to depend on small
composition change in the icosahedral phase and on the
presence of structural or chemical defects. Specificities
of i-AIPdRe samples may also complicate the picture.
Firstly, the chemical composition of the samples is not
well controlled and the samples are never perfectly homo-
geneous for metallurgical reasons. Secondly, the samples
are on both sides of a MIT, which amplifies the sensitivity
of transport properties to any MIT-driving parameter,
especially at low temperature. This probably explains
why RRR values from 2 to 200 can be observed in batches
of i-AlPdRe polycrystalline samples of the same nominal
composition and subjected to the same heat treatment.
We confirm previous findings that RRR correlates rel-
atively well with the conductivity value and its overall
temperature dependence, but the o(7T") curve may vary
at low T between ribbons and ingots of the same RRR.
This we attribute to microscopic fluctuations and differ-
ence in microstructure. The origin of the intrinsic insu-
lating behavior of the exemplary i-AlPdRe samples re-
mains a valid, open and challenging question, which will
require a microscopic knowledge of the samples electronic
properties. These results re-open the discussion on the
role of quasiperiodic versus periodic order and disorder
for electronic propagation.
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Appendix A: Annealing of i-AlPdRe ribbons

After melt-spinning, the ribbons are not homogeneous
and contain a large amount of secondary phases (see
the SEM picture of Figure 8). They are far from a
MIT, with room-temperature conductivity in the range
1000 — 300092 'em ™! and RRR around 1. In this ap-
pendix, we give details on how the heat treatment mod-
ifies the chemical homogeneitity of ribbons and their re-
sistivity.

FIG. 8. SEM picture (backscattered electron mode) of a pol-
ished melt-spun ribbon before annealing. Bar scale: 15um
(top); 2um (bottom).

We have studied the influence of annealing parameters
on the RRR values of ribbons made by the group of Y.
Calvayrac et al (CECM, Vitry, France). The results are
listed in Table III. For ribbons melt-spun from ingot A,
the highest RRR values are obtained after a heat treat-
ment at 900°C' during few hours (ribbons “CECMA1”
and “CECMAZ2”). However, the SEM picture on top



of Figure 9 reveals that important inhomogeneities are
still present in these ribbons. These ribbons are called
“low T” ribbons in the main text. After additional heat
treatment at a lower temperature of 600°C' (“CECMA4”)
the RRR slightly decreases, contrary to what was ob-
served in ingots (see subsection IV A). This change in
RRR with a low T annealing is not reversible: the ini-
tial high RRR can not be recovered by a heat treatment
at 900°C' (“CECMAS”). The “CECMA3” ribbons which
have been annealed two hours at 1010°C' display the best
X-ray diffraction pattern [59] and are more homogeneous
(see subsection IV B) but do not have the highest RRR.
One possible explanation could be that too long an an-
nealing close to the melting point of the alloy (estimated
to be around 1025°C), leads to Al partial evaporation
that changes the average composition compared to low
T annealed ribbons. Note that the RRR values don’t ex-
ceed 30 for the “CECMB” ribbons melt-spun from ingot
B, probably due to a composition difference with ingot

These results explain the choice of a different heat
treatment: a slow heating rate (100°C'/h) up to a short
(~ 0.1h) plateau at a temperature just below the melt-
ing point (~ 1000°C) to avoid any significant composi-
tion change and a slow cooling rate (50 — 100°C'/h) to
room temperature. A slow cooling rate should favour a
good relaxation of the structure. With such heat treat-
ments, we were able to get (almost) homogeneous ribbons
of high structural quality (see picture at the bottom of
Figure 9). These ribbons are called “high T” ribbons in
the main text . The remaining composition fluctuations
are then of the order of 1 at.% for the different elements
(see subsection IV B).

Using the “high T” heat treatment described above,
we have studied the influence of the maximum annealing
temperature T},., on the RRR values, all the other an-
nealing parameters being the same (time spent at T,qq
of 0.1h, heating and cooling rates of 100°C'/h). For this,
many ribbons (~ lem long) melt-spun from the same
ingot were annealed at the same time in a sealed evac-
uated quartz tube pumped down to high vacuum (base
pressure a few 10~%mb). Histograms of the RRR val-
ues are presented in Figure 10. First, samples from the
same batch can have broadely different RRR, between 2
and 200. Second, the T},,, value strongly influences the
RRR distribution. Annealing at 1010°C, very close to
the melting point of the alloy, gives RRR below 30 or
above 130 but with no intermediate values. By compari-
son, annealing at 960 —980°C' gives RRR values spread in
the range 10 to 90. This effect of T}, on the RRR dis-
tribution may result from composition heterogeneity in
the melt before melt-spining that produces ribbon of var-
ious average compositions. The effect of annealing will
depend on how close T},4, is from the melting point of
the ribbon (that depends on its chemical composition).
Interestingly, we have observed that when no high RRR
ribbons can be produced from an ingot, the ribbons are
usually completely molten at 1010°C', probably due to

13

2-NOUVU-1998

2-NOV-1998

R42Guvy 83

FIG. 9. Top: SEM image (absorption mode) of a “low T”
polished melt-spun ribbon annealed 6h at 900°C (the con-
trast is inverted compared to an image in the backscattering
mode). Black phase composition: Al: 71 at.%, Pd: 12 at.%
and Re: 17 at.%. Grey phase composition: Al: 68-70 at.%,
Pd: 20-23.5 at.% and Re: 8-10.5 at.%. Bottom: SEM picture
(backscattering mode) of a “high T” polished melt-spun rib-
bon annealed 0.1h at 960°C. Grains of micrometre size are
clearly visible with small contrast from grains to grains which
correspond to chemical composition fluctuations of about 1
at. %

a significantly different composition from high RRR rib-
bons. In this regard, we have observed that batches of
ribbons of low RRR usually melt at 1010°C', probably
due to a composition significantly different from that of
high RRR ribbons.

Appendix B: Is the RRR a good parameter for the
ribbons?

In our i-AIPdRe ribbons, the RRR varies from less
than 2 to more than 200, with a MIT at RRR around 20
[24]. But how good a parameter is RRR to describe the
electronic properties of all our ribbons? In other words, is
there a one-to-one relation between the RRR values and
the observed electronic properties, like the temperature
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TABLE III. Resistance ratios of melt-spun ribbons as a function of the annealing parameters. When the cooling and heating
rates are not specified, they are equal to 100°C'/h. The ribbons have been obtained from the melt of two different ingots (ingots

A and B). Nominal composition: Alzg.5 Pd21Res.s.

Sample name|Ingot Plateau temperatures and durations RRR
CECMA1 A 900°C 6h (50°C/h) 129, 129, 105, 100, 95, 92, 53
CECMB | B 900°C' 6h (50°C//h) 24, 15, 13
CECMA2 A 900°C' 6h 130, 90
CECMA3 | A 1010°C 2h 11, 32, 26, 10, 10
CECMA4 A 900°C 6h + 600°C 2h 84, 53
CECMA5 A 1900°C 6h + 600°C' 2h + 900°C 2h 4 quench 22,6, 5

dependence of the conductivity?

The resistance ratio RRR is, by definition, the resis-
tance (resistivity, resp.) at 4K divided by the resistance
(resistivity, resp.) at 300K. This parameter has been
extensively used to categorized the i-AIPdRe samples re-
garding the MIT. Usually, in disordered systems under-
going a MIT, the driving parameter is known (for exam-
ple the dopant concentration in doped semi-conductors)
and can be used to categorize the samples. But in i-
AlPdRe, the parameter(s) that drive(s) the MIT is (are)
not clearly identified and cannot be quantified (see sec-
tion IV). To categorize the samples, one may use the
room temperature resistivity or conductivity, or better
the low temperature conductivity, which is more sensitive
to the approach of the transition. For our annealed rib-
bons p3gox varies between 2000 and 8000Q2cm (see Figure
11). However in most of polycrystalline samples, the re-
sistivity can not be determined accurately because of the
porosity of the ingots, the irregular shape of the ribbons,
the uncertainties in the geometry of the electrical con-
tacts, etc. In our ribbons, we evaluate the uncertainty
in the resistivity or conductivity values to be about 20%,
which is too large to accurately sort out the samples.

The RRR is a better parameter. It can be deter-
mined with a much higher precision (it does not depends
on geometrical factors) and it increases rapidly close to
the MIT. The RRR was indeed sometimes used also in
doped semiconductors since it is much more sensitive
than the room temperature resistivity to changes in the
dopant concentration around the MIT (see for example
Ref. [22]). The RRR of our ribbons varies by two or-
ders of magnitude (from 2 to 200) and its uncertainty
is reasonable (about 1%). Within the experimental un-
certainties on the resistivity, the RRR increases almost
exponentially with the room temperature resistivity (see
Figure 11).

The next question is whether there is a strictly one
to one correspondence between the RRR values and the
o(T) curve. Most o(T) curves plotted in Figures 12, 13
and 14 display a steady evolution with the RRR, as re-
ported previously [4, 24, 60], but this is not always the
case. For example, in Figure 13, a ribbon of RRR = 25
has an “anomalous” temperature dependence compared
to two other ribbons of similar RRR. The difference is
more pronounced at low temperature. The same is ob-

served for another ribbon of RRR = 129 which o(T) is
not intermediate between two ribbons of RRR = 128 and
130 (Figure 14). Its o(T) curve is identical to the rib-
bon of RRR = 128 above ~ 200K and starts to deviate
at lower temperatures. Interestingly, both “anomalous”
ribbons have been annealed to only 900° for 6h (“low
T” ribbons), whereas all the other ribbons have been an-
nealed to about 1000°C for 0.1h (“high T” ribbons).

The non universality of the o(T) behavior at low T
in our i-AIPdRe ribbons is also exemplified in Figure 15.
Above about 30K up to at least 300K , the temperature
dependence of the ribbons conductivity is well described
by a power law [4]: o(T) = o9+01T“. The a values plot-
ted in Figure 15 increase from 1 to about 1.5 as a function
of the RRR spaning a range 2 to 200. The scattering in
the data reflects the absence of an universal behavior for
all the ribbons. It is clearly more pronounced for the “low
T” ribbons, but an extreme value of 1.66 is also observed
in a “high T” ribbon, indicating that the anomalous be-
havior is not limited to the “low T” ribbons.

We have shown (Appendix A and subsection IV B) that
the “low T” ribbons annealed at 900°C' have larger spa-
tial composition fluctuations than the “high T” ribbons
annealed closer to the alloy melting point. The anoma-
lous o(T) behaviors appear therefore related to larger
chemical homogeneity in the ribbons. We demonstrate
in Figure 16 the existence of electrical inhomogeneities in
highly resistive ribbons. We have cut a ribbon of RRR
= 119 into four pieces of the same size. The ribbon was
16mm long and had been annealed at ~ 1000°C. The
RRR of each pieces is between 106 and 134. We canot
exclude larger fluctuations on a smaller length scale. This
simple experiment shows that the RRR value measured
on a ribbon is the result of some complex electrical com-
binations of smaller size domains that have different RRR
values. Differences in the amplitudes or the typical length
scales of these electrical inhomogeneities can obviously
give differences in o(7T') curves.

We have also studied the electrical homogeneity in the
thickness of the ribbons by measuring the o(T) curves
on two ribbons of RRR ~ 120 before and after one third
of the film thickness was removed by polishing. The
RRR was always smaller (RRR=60-90) after polishing
than before (RRR=110-120). The typical evolution of
the o(T) curves is shown in Figure 17. The high tem-
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FIG. 10. Influence of the maximum annealing temperature
Tmaz on the RRR values of a set of “high T” i-AlPdRe ribbons
of nominal composition Al7g.5Pd21 Res 5. All the ribbons have
been melt-spun from the same ingot. From top to bottom:
Traz = 960 — 980°C, 1000°C and 1010°C.

perature behavior (above 50K) is almost unchanged by
polishing while the conductivity variations are less pro-
nounced at low temperature. The o(T) curves of the
polished ribbons are also anomalous compared to non
polished ones of similar RRR. Wether this result is re-
lated to the small chemical gradient, often observed in

15

ot
o
o
T
m}
L
S

&2
X
O
3
®
Lo aanul

RRR=P, 51/Pogsic
=

2000

4000 6000
uQecm)

8000

P00 ¢

FIG. 11. RRR values in a log scale as a function of the room
temperature resistivity for a large number of ribbons, an-
nealed at different temperatures and melt-spun from different
ingots. The x-symbols correspond to non-annealed ribbouns.

6 —— 11—
I AL
i n‘:‘:,jg"Oo T

o~ '_ UDDODDO

45 e

~Ev L

= L

F -

= 2

] L o RRR=5.5

o RRR=538

o-....l....l....l....|....|....-

0 50 100 150 200 250 300
T (K)

FIG. 12. Conductivity normalized at 4K as a function of the
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annealed 0.1h at ~ 1010°C (“high T” ribbons).

the thickness of the ribbons, or if it is due a disordered
and more conducting layer induced at the surface of the
ribbons by the mechanical polishing process remains an
open question.
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