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The conductivity o of a series of AICuFe and AIPdMn quasicrystals and approximant phases can be
written o(T) =04k +80(T). The o4k term is very low, decreases with improvement of structural quali-
ty, and varies strongly with composition. §o(T) is independent of the sample and increases anomalously
with temperature up to 1000 K, with oi000k/04k greater than 10. The results are interpreted by elec-
tronic hopping between structural entities separated by about 30 A. Within a band picture, this process

would correspond to interband transitions.
PACS numbers: 61.44.+p, 71.30.+h, 72.15.Eb

The AlCuFe, AICuRu, and AIPdMn systems make ac-
cessible very high structural quality quasicrystalline
(QC) phases [1], and also allow us to get very close ap-
proximants in the case of AlCuFe [2]. For these QC
phases, anomalous transport [3-6] and optical properties
[7]1 were measured, with high resistivity values up to
30000 uQcm, close to a metal-insulator transition. A
low density of states at the Fermi level, a small number of
carriers, strong electron interactions, and a diamagnetic
behavior also are indications of the proximity of this tran-
sition. The temperature and magnetic field dependences
of conductivity at low temperature are well described [8]
by quantum interference effects [9], which was at first
surprising in view of the strong resistivities. Further, the
increase of resistivity due to removing defects seems to be
a common feature of these systems, and has not yet re-
ceived satisfactory explanation. Moreover, we note that
from published results in AlCuFe [5,10], the drastic
changes of resistivity with concentration and structural
quality are observed for samples having all the same den-
sity of states, within a few percent.

On the theoretical side, except for the structural model
of Phillips and Rabe [11], electronic properties have been
studied by similarity with Hume-Rothery alloys [12]. In
particular the existence of a pseudogap near the Fermi
level due to diffraction by Bragg planes seems deter-
mined, and has been confirmed by ab initio calculations
on approximant phases [13,14]. The scattering by d
states was also shown to be important [15]. The band
structure due to the strong interaction between the Fermi
surface and the Brillouin zone is peculiar: In particular it
was suggested that the properties could vary rapidly with
the Fermi energy on a scale of a tenth of an eV [5,13]
and that the band structure could be very sensitive to
temperature via the variation of the Debye-Waller factor
[16]. However, these theories do not fully take into ac-
count the QC character of the systems. Studies on tight-
binding (1D and 2D) models [13,17] have shown that the
eigenstates are critical. They are mainly localized around
local environments with reappearances in similar arrange-
ments of the structure, but the envelope of the wave func-
tion decreases like 1/r% Sire and co-workers [18] have
shown that the propagation of a wave packet in the 2D

0031-9007/93/70(25)/3915(4)$06.00

lattice is then neither ballistic nor diffusive. This bad
propagation is consistent with flat bands (i.e., small group
velocities) observed in band structure calculations of ap-
proximants. In 3D critical states could also exist [19].
Clearly these effects can only be seen experimentally in
systems where the order is realized on a sufficiently long
scale.

In this paper we will first present new results of con-
ductivity o on quasicrystals as well as approximant
phases. We then interpret our results by an unconven-
tional electronic transport, due to scattering induced hop-
ping between structural entities separated by about 30 A.

We produced icosahedral samples of about twenty
different compositions close to Alg3CuzsFe;,; (Cu concen-
tration in the range 24-25.5 at.%; Fe concentration in
the range 12-13 at.%) by melt spinning and subsequent
annealing as described elsewhere [3]: The ribbons an-
nealed at 800°C are pure icosahedral phase (i phase) of
high structural quality, whereas by annealing at 600°C
defects are retained in the pure i phase. We also mea-
sured two slightly different compositions of the rhom-
bohedral approximant R phase (Alg;gCuzéFej12 and
Alg; sCusysFeq;) elaborated and characterized at the
Centre d’Etudes de Chimie Metallurgique laboratory
[20]. An i phase was obtained at the same composition
(Alg; §CuyeFeq12) by using the transformation of the ap-
proximant into an i phase above 700°C.

The resistivity measurements were performed by using
a four probe method down to 300 mK and up to 1000 K.

The temperature dependence of conductivity o(7),
shown in the inset of Fig. 1 for different AlICuFe samples,
presents a very surprising feature: The o(T) curves are
parallel for all the samples measured (note all measured
samples are not presented here, but they all behave the
same). Thus o(T) can be written: o(T) =04+ 80(T).
This means that the already well known low conductivity
values [3-5] (down to 100 @ “'cm ! in AlgysCuasFeras
annealed at 800°C, corresponding to high resistivities up
to 10000 uQ cm) are due to the o4k term. As shown in
the inset of Fig. 1, it is the decrease of the o4k term that
accounts for the conductivity decrease when structural
defects are removed, which is in striking contrast to the
normal behavior of metals, as already pointed out [3,5].
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FIG. 1. Temperature dependence part of the conductivity:
80(T)=0(T) —o4k up to 1000 K for AlesCuasFes, Alga-
CuzssFeias, AleasCuzsFeras, and AlsosPd22Mnios. Inset: Con-

ductivity o(T) for AlCuFe samples. (a) Als3CuasFers, (b)
AIezCuzs,sFClz,s, (C) A|62_5CU25FC|2,5, annealed at (1) 600°C,
(2) 800°C.

While o4k depends strongly on composition and
structural quality, §o(7) is almost independent of the
sample as seen in Fig. 1. At low temperature §o(7) is
weak and of the same order of magnitude as in amor-
phous systems. Furthermore the o(T) curves for all the
high quality AlCuFe i/ phases remain almost parallel up
to 1000 K. The same temperature dependence is also ob-
served in the high quality AIPdMn i phases as exem-
plified in Fig. 1 for Al;9sPd»»Mnss. Such additive con-
ductivities are just opposite to the classical Matthiessen
rule for impurities dissolved in a metal, for which the
resistivities add [p(T) =pimpuriy + 8p(T) 1, this latter rule
coming from the additivity of the inverse scattering time
7 and from p proportional to 1/7.

We also find (see Fig. 2) the remarkable fact that the
very same o(7T) is measured in i- and approximant R-
A161'8CU26FC]1.2 and R-A161,5CUZ6,5FC“ phases. On the
contrary the crystalline w-Al79CusFejo phase of close
composition presents a o(7T) typical of a metal with both
a positive temperature coefficient and a low resistivity
value: pjx~20 uQcm [21].

We emphasize that o(7) at high temperature (i.e.,
T2 0Op/3, with ©p~400 K [10]) is very anomalous also
for QC as for approximant phases. Indeed o(T) in-
creases up to the highest temperature of measurement
(1000 K). As a comparison, for heavily doped semicon-
ductors, which have about the same order of o values,
o(T) decreases at high temperature when all the impuri-
ty levels are ionized. Further, as shown in the inset of
Fig. 2, the T dependence of o is not simply thermally ac-
tivated: The conductivity fits either with o(7) =a+ 87"
or with 6(T) =Aexp(BT). The parallelism of the o(7T)
curve is also difficult to understand with a classical
thermally activated mechanism. Furthermore, o4k varies
strongly with composition or structural quality whereas
the density of states is nearly constant and is much higher
than that of a semiconductor [3]. In disordered metallic
alloys, o(T) increases with temperature, but more slowly
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FIG. 2. Conductivity o(T) for i and R-Ale23CuzcFe;2, and
R-Alg2.5CuzsFer. Inset: o(T) fits for i-Alsz.sCuzsFejzs, with
=268 (acm)~', B=9.4x10"7 (@cm) 'T~% A=114
(@cm) "', B=23x10"3T".

above ©p/3 [9]; finally in a weak localization scheme (see
next), once all the interference effects are destroyed, one
also recovers a normal metallic conductivity.

This leads us to conclude that two effects may dom-
inate the transport properties depending on the tempera-
ture range. First below 7~ 100-200 K, the temperature
and magnetic field dependences o(T,H) can be well de-
scribed [8] by quantum interference effects (QIE) [9].
At higher temperature, QIE are expected to be destroyed;
as a matter of fact, the o(T,H) curves cannot be fitted
by QIE theories above ~100-200 K. The o(7) behav-
ior, as well as changes in temperature dependences of
Hall effect [5,22,23] and thermoelectric power [5], sug-
gests that a second and unusual mechanism dominates for
T2 100-200 K which we now discuss.

In a classical band scheme the electronic conductivity
is analyzed via the Bloch-Boltzmann theory. The basic
assumption is that the charge carriers have a ballistic
propagation between two scattering events and that after
a few collisions the propagation becomes diffusive. We
cannot exclude such a scheme, but the theoretical works
mentioned in the introduction suggest that the nature of
states and their propagation are different in quasiperiodic
structures or periodic ones on length scale of several unit
cells. Thus in the following, we assume that the propaga-
tion of wave packets on a length scale / is diffusive if
[ > Lo (Lo is the mean free path) but is unconventional,
i.e., nonballistic, if / <Lo. We emphasize that the sys-
tems studied here have a high structural quality and a
strong chemical order observed on length scales of several
102 A [24]. Then it is reasonable to assume that the
mean free path Ly is of several interatomic distances and
that the propagation on length scale / < L is sensitive to
the quasiperiodic order. This means that the quasicrys-
tals considered here are quite different from amorphous
metals in which the mean free path is of the order of the
interatomic distance. The Hall effect which is also rather
peculiar is discussed in more detail elsewhere [23] and is
not contradictory with the explanation developed in the
following, since its dependence on the Fe concentration
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suggests Ry is dominated by sp-d hybridization effects.

In the diffusive regime (/ > Lo) quantum interference
effects should occur as in any disordered systems. In-
deed, QIE theories [9,22] are developed for electrons that
are elastically scattered many times by impurities with a
mean time 7o between collisions and which phase coher-
ence is destroyed in times t;(7T) (inelastic scattering by
phonons) and 77(T) = h/kT (two electron terms), with
7;(T), 17(T) > 79. In i-AlCuFe, the agreement between
QIE theories and experiments below 100 K [8] indicates
many elastic collisions and thus a diffusive motion on the
inelastic time scales > 7; (100 K), 7+(100 K), i.e.,
t>19~10"" s or equivalently on length scale /> Lo
~20-30 A [Lo=(3D7o)'? where D is the diffusivity
[3]]. Note that in agreement with the very good long
range order of our QC samples we thus find a fairly long
scattering time to which is to be compared with a scatter-
ing time of typically 7 ~10 ~ 155 in amorphous metals.

As a consequence, the average velocity between two
scattering events v =Lo/tq is ¢t =3D/L¢20.3x107 cm/s
which is typically a few percent of the Fermi velocity in
aluminum (vp~2%10% cm/s) and is more comparable to
thermal velocities of electrons and holes in silicon at room
temperature (v~ 107 cm/s).

The observed variations of o up to 100-200 K, attri-
buted to QIE, are only a fraction of ¢ [6§6(T =0-200 K)
~40 (@cm) ~']. This shows that these systems are not
near an Anderson transition. Indeed, from scaling theory
of localization [25], QIE are expected to be important if
the ratio R =g/g. (conductance of a cube with size L
over the universal value g.) is of order of unity. Using
the conductivity op of the cube, og =g/Lo, and the Mott
minimum metallic conductivity, omon =gc/a~200 0 ~!
cm ~! where a is of order 3 A or less [26], we get R
=g/g. =(og/omon) (Lo/a). The conductivity op is ob-
tained when quantum interferences are destroyed and is
greater than the measured o. Thus we find R > (o/
oMott) (Lo/a) > 1. This means that these QC are not near
the Anderson transition.

As QIE are small, it is tempting to analyze transport
properties of approximants with the Bloch-Boltzmann ap-
proach, but this may be erroneous. Indeed 1D results
[13,17] show that band widths vary as Ae~1/L® (L is the
size of the cell and a> 1); thus wave packet velocities
vary as v~ (1/L%~") tending to zero for large approxi-
mants. For 2D systems, the results of Sire and co-
workers [18] also give a vanishing group velocity as L in-
creases. Experimental results indicate also small veloci-
ties as presented above. Thus, the current due to the
propagation of a wave packet (within the same band) be-
tween two scattering events is small, and in the Bloch-
Boltzmann approach this current is the only source of
diffusivity. However, an interband transition between
two wave packets ©(r) =U.(r)e®*"g(r) and w(r)
=Uni(r)e’™® 7g'(r) (g and g' are two slowly varying en-
velopes) leads also to a displacement of charge if the
centers of gravity of U,k(r) and U,k(r), in the unit cell,

are different. In approximants, by analogy with critical
states of QC we expect that U, (r) is mainly localized
around some local entities with reappearances in similar
environments in the unit cell. When U, (r) and U, (r)
are nonzero in the same region of the unit cell, a local
modification of the Hamiltonian by structural defects
creates a coupling and allows a transition
Unk(r) — Une(r), which corresponds to an important
charge displacement. Because the interband transitions
are due to scattering, this mechanism leads to a
diffusivity increasing with scattering. Finally we note
that if several bands cross the Fermi level [13,14] elastic
interband transitions are possible, which means that elas-
tic scattering induces hopping and increases the conduc-
tivity. This is in contrast with the thermally activated
hopping that occurs in impurity bands of semiconductors.
We find (see below) that experiments are consistent with
a mechanism of this kind, and no difference is expected
between QC and good approximants containing few de-
fects.

We now develop an interpretation of the experimental
conductivity assuming that its variation is due to the
scattering of eigenstates by slight imperfections of the
structure. We consider scattering by impurities or de-
fects (characteristic time 7imp) which is the only one
present at 4 K, and scattering depending on temperature
(characteristic time 7py). Phonons, phasons [27], or vari-
ation of the average crystal potential due to the Debye-
Waller factor may contribute to 7,n. We expect the re-
sulting scattering time t to be given by 1/7=1/Timp
+1/7ph; the measured o is a function of 7. Then o4k de-
pends on 7imp and 86(T) only on ph, since experimental-
ly 6o(T) is independent of structural quality. Thus
(1) =04k (timp) + 80(7pn), where o, osx, and 8o are a
priori unknown and different functions. An obvious solu-
tion is o(r) =0cgp+a/r and it is straightforward to show
that it is the only one. As o is positive, we expect og,a
positive. This formula is then consistent with a o de-
crease when 7 increases, i.e., when structural quality im-
proves or when temperature is lowered.

From the Einstein formula o=e2n(Eg)D, with D
=13(tr)/37 where Lo(z) is the mean free path (i.e., the
displacement between two scattering events) and n(EFf)
the nearly constant DOS in i AICuFe, we get c=a/7 if
Lo(z) is nearly independent of 7. This is realized if
scattering induces hopping between eigenstates which do
not, or badly, propagate and which centers of gravity
have a characteristic separation Lo. This corresponds to
the interband transition scheme discussed above. More
generally if hopping is possible between states separated
by [/, with a probability per unit time 1/7, we get
D=X,2/3t, We expect |/1,= 1/ ay+ 1/7 4, and thus
O =0impt+ Oph in agreement with experiment.

If we suppose that current does not correspond to the
interband transition described above but is due to the
propagation of a wave packet between two scattering
events, Lo(7r) nearly constant could also be explained.
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Assuming the nonballistic law [18] Lo(7) =A7?, we find
that Lo(r) is nearly constant if B~0. However, the
value B~0 is obtained in the limits of the parameter
range for the Hamiltonian in a 2D calculation, therefore
we are more convinced by an interband picture.

It is interesting to note that modeling of AlCuFe and
AIPdMn QC and approximants use similar structural en-
tities about 30 A apart and connected with one another
[24]. Our estimated mean free path Lo~20-30 A is con-
sistent with these structural models if eigenstates near Er
are centered on these entities. The similar behavior of o
in AlCuFe and AIPdMn appears also more natural if
hopping is the relevant mechanism.

We now briefly discuss optical conductivity. As one
cannot define free electrons near Er, we do not expect a
Drude peak in the optical conductivity in agreement with
experiment [7]. Further interband transitions between
filled and empty states, which are possible at all energies
in large approximants (see above), can explain the
nonzero Relo(w)] at low frequencies.

To conclude, the measured conductivity o of a series of
AlCuFe and AIPdMn icosahedral and approximant
phases can be written o(7T) =04k +805(T), where o4 is
very low, decreases with improvement of structural quali-
ty, and varies rapidly with composition. 6o(7T) is almost
independent of the sample, and increases strongly up to
1000 K, with a dependence that cannot be ascribed to a
thermally activated process. The high structural order of
the samples and the observed quantum interference
effects below 7°<100-200 K are consistent with an elec-
tronic mean free path of the order of a few interatomic
distances (Lo~20-30 A, or a scattering time To~107"1
s at low T). As a consequence, the average velocity be-
tween two scattering events v =Lo/7¢ is only a few per-
cent of v in Al, and the QC conductivity is far from an
Anderson transition. We propose that the electronic
transport is due to hopping between eigenstates of the
perfect structure which are centered on structural entities
separated by about 30 A. The coupling between two
eigenstates is then due to a local modification of the
Hamiltonian in regions where both eigenstates are non-
zero. Within a band picture, this process would corre-
spond to interband transitions. This mechanism could
similarly describe QC and approximant phases. The non-
ballistic propagation of wave packets in the perfect struc-
ture could also lead to peculiar effects and will be dis-
cussed elsewhere [28].
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