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Magnetoconductivity of tluasicrystals in the insulating regime
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Magnetoconductivities of icosahedral A170 5Pd»Res 5 alloys whose zero-field conductivity 0.
4,
'T)~0 as

T~O K [o -O. 1 (0 cm) ' at 0.45 K] have been measured. At low temperature and low field, both posi-
tive and negative contributions to magnetoconductivity are prominently present. The magnetoconduc-
tivity trend is distinctly different from those seen in disordered metals and insulators. The observed
features are interpreted in light of anomalous diffusion of slowly decaying electron wave functions in in-

sulating quasicrystals.

I. INTRODUCTION

It was reported several years ago that icosahedral (i)-
A1CuRu (Ref. 1) and AICuFe (Ref. 2) alloys were mar-
ginally metallic, or in proximity to a metal-insulator tran-
sition (MIT), their low-temperature conductivities were
near Mott's minimum metallic conductivity. In the same
reports, magnetoconductivities of these alloys were ade-
quately analyzed in light of quantum corrections in the
weakly localized regime, yielding inelastic electron life-
times comparable to those found in metallic glasses.
Thus, i-A1CuRu and i-A1CuFe alloys are on the metallic
side of the MIT. More recently, it is found that i-A1PdRe
alloys, presumably of the same str'uctural class as the
mentioned i alloys, have conductivities (o ) about three
orders of magnitude smaller than Mott's minimum metal-
lic conductivity at low temperature [o (0.45 K) —0. 1

(0 cm) '], [o (4.2 K) -0.5 (0 cm) ']. The conductivity
trend of i-AlPdRe is also distinctly different from those of
metallic I, alloys in that its a —+0 as T—+0 K with o —T~,
where 0.5 &P & 1 below -3 K. This finding points to the
i-A1PdRe alloys being insulators. Information about the
nature of electronic states that characterizes the insulat-
ing phase of these new i alloys may be gained by perform-
ing magnetoconductivity measurements. To date, many
theoretical studies have been made about electronic states
in quasicrystals, the discovery of insulating i-A1PdRe
provides a new system for experimental study. There are
already indications that the electronic states in i-A1PdRe
insulators are unusual, these include the carrier density
determined from specific heat and Hall-effect measure-
ments being at least two orders of magnitude higher than
those seen in doped semiconductors that are insulators,
and the insulating properties being greatly enhanced with
improved structural order. " Results from studies of opti-
cal conductivities On i-AlPdRe and other i alloys as well
as crystalline alloys have given some indications that
quasiperiodicity favors carrier localization. It is con-
ceivable that the electronic wave functions which lead to
the insulating state in i-A1PdRe may not decay exponen-
tially in space, in view of the appreciable overlapping of
wave functions due to the high carrier density. We re-
port in this paper magnetoconductivity measurements of
i-AIPdRe. Our data will be analyzed in light of theories

applicable to insulators and quasicrystals. Implications
of our results for electronic states in quasicrystals will be
discussed.

II. EXPERIMENTAL PROCEDURE

Ingots of A'leap 5Pd2, Re85 were made by melting ap-
propriate combinations and quantities of high-purity ele-
ments sequentially in an arc furnace, under argon atmo-
sphere. The procedure was carried out to maximize ingot
homogeneity in alloying aluminum with high melting
point refractory metals. Samples cut from ingots were
first annealed under highly purified conditions at 950'C
for 12 h and then at 600'C for 2 h to obtain high-quality i
phase with the aforementioned low conductivity trend, as
described elsewhere. Bar-shaped samples, in dimensions
of —1 mm X 1.5 mm X 5 mm, were used in magnetocon-
ductivity measurements in fields up to 5 T and over the
temperature 0.45 —20 K. Measurements were carried out
both by ramping up and ramping down the field. High
quality i-phase samples obtained by heat treating ingots
only at 950 C for 12 h, which showed insulating behavior
in their conductivity trend but with a much higher con-
ductivity [o.(0.45 K) —1 (Qcm) '], were also measured.
Thermal relaxation effects on conductivities of samples
annealed under the given conditions, will be discussed
elsewhere.

III. RESULTS AND DISCUSSION

Magnetoconductivity (MC) of the twice-annealed
(950'C/600'C) i-AlPdRe samples, presented in the form
b,o =o(H, T)—o.(O, T) versus H, are shown in Fig. 1.
Magnified data for T =0.45 —2.0 K taken below 0.4 T are
depicted in Fig. 2. Samples that were heat treated only at
905 C show a similar trend, but the magnitude of
b,o /cr(0, T) is noticeably different, as illustrated in Fig. 3.
From the data it is clear that the trend in Acr of i-A1PdRe
is prominently different from those of previous i al-

loys, ' ' and it is a[so unknown in the metallic alloys
studied. The overall trend shown in Fig. 1 together with
the low-field behavior detailed in Fig. 2 indicates there
are two contributions to MC, one positive and one nega-
tive, which play competing roles at low T and small H.
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Moreover, Acr is noticed to have nonhnear dependence
on H at low H (Fig. 2). Competition between the two
contributions is most conspicuous below 4.2 K in fields
up to 5 T, as witnessed in the change of sign in
d(her)IdH, and at T (3 K the change of sign in ha.
The maximum in ho. shifts to a higher field as the tem-
perature is increased. Although in principle,
o(T)lcr(0) )) 1 at low T would indicate the nonapplica-
bility of weak-localization theory, one may contend that
since the magnitude of b,o lo (0, T) (1 quantum correc-
tions may still be relevant as far as MC is concerned.
Therefore, we also attempted to fit the data to contribu-
tions due to quantum interference and various electron-
electron-interaction effects in the metallic regime, by con-
sidering a wide range of electron-dephasing times includ-
ing those obtained for previous i alloys' ' and metallic
glasses. In addition, different signs of the electron-
electron-interaction parameters were also attempted.
Our effort was found to be of total futility. The fits had
failed to account for the robust features in the b o trend,
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FIG. 2. Low-field magnetoconductivity data for
A17p 5Pd»Re8 5 annealed at 950'C for 12 h followed by an addi-
tional anneal at 600 C for 2 h, taken at 0.45 K (S), 1 K (), and
2K (A). Inset: Low-temperature o for A17Q 5Pd»Re8 5 annealed
at 950'C for 12 h o.(0.45 K)=1.5 (Qcm) ', o.-T " (upper
curve), and for samples with additional annealing at 600'C for 2
h o.(0.45 K)=0.12 (Qcm) ', o.-T (lower curve). Lines are
drawn to show the indicated power-law dependence.

FIG. 1. Isothermal magnetoconductivity for A17Q,Pd»Re85
annealed at 950'C for 12 h followed by an additional anneal at
600'C for 2 h. Arrows indicate the "crossover field" where Ao.

is a maximum. The graph is split into two parts, low-
ternperature portion, and high-temperature portion, for greater
clarity.
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FIG. 3. Acr/cr(0, T) for A17Q 5Pd»Re8. 5 annealed at 950'C for
12 h taken at 0.45 K (~), 2 K (I), and 6 K ( ); and for samples
with an additional anneal at 600 C for 2 h taken at 0.45 K (}, 2
K (A), and 6 K (O).

particularly in the rapid change of curvature it exhibits.
In view of the insulating phase in a metal-based quasi-

crystal, perhaps some new physics can be gleaned from
the new data on the i phase by comparing them with MC
of metals and insulators. In disordered metals, the con-
tribution from self-crossing diffusion paths (returning
loops) of electrons, gives rise to weakly localized
behavior. On the other hand, the presence of spin-orbit
scattering in the system, which has a dephasing effect on
the quantum interference mentioned, can lead to antilo-
calization behavior which enhances conductivity. It fol-
lows that negative MC can be expected once spin-orbit
scattering is mitigated by an applied field, as observed.
For insulating materials, a new mechanism of MC has
been proposed. In the variable range hopping (VRH) re-
gime, MC is believed to be dominated by the quantum in-
terference between different Feynman paths along which
spatial overlap between pairs of sites may occur, a
phenomenon known as "oriented-path interference. "Cal-
culations based on the new model suggest that MC is pos-
itive in the VRH regime due to the dephasing of those
Feynrnan paths, which, in the absence of a magnetic field,
interfere destructively to give zero overlap between sites.
It is also expected that oriented-path interference is in-
sensitive to spin-orbit scattering due to the small momen-
tum transfer involved. Meanwhile, the returning-loop
effect, proposed for the metallic regime, which can give
rise to negative MC in the presence of spin-orbit scatter-
ing, is negligible when the magnetic length LH && the lo-
calization length g in the VRH regime. Another cri-
terion, r (hopping length) ))g, is also known for the
negligibility of the returning-loop effect. ' Based on
these two criteria, negative MC would not be favored in
insulators. The issue of observing negative MC in the in-
sulating regime remains controversial on both experimen-
tal and theoretica1 fronts, " but it is in general agreed
that directed-path interference is important in insulators.
The insulating state of i-AlpdRe is peculiar in the sense
that despite its diffusion constant D -0.001 cm s ' [ob-



51 MAGNETOCONDUCTIVITY OF QUASICRYSTALS IN THE. . . 2779

tained from D-crIN(Ef)] being smaller than those
found in some insulating doped semiconductors with
comparable cr and smaller carrier density, it is not in the
VRH regime. The latter point can be seen from the
nonpositive curvature of cr(T) (inset, Fig. 2). However,
this peculiarity may be explained by the nonexponential
decay of wave functions mentioned in Ref. 4. Indeed,
there has been computational work that shows power-law
decay wave functions in model two-dimensional (2D)
quasicrystals. ' It is further proposed in one of the
theories that, due to the peculiar nature of the wave func-
tions, the group velocity of carriers will tend to zero for
large spatial extent. ' Thus, rather than the hopping
mechanism of transport, quasicrystals conduct by the
anomalous diffusion of carriers. Both conduction mecha-
nisms result in o.~0 and T~O. To underline another
difference between the two types of insulators, we com-
pare the isothermal plots of ho. /o. versus H for the two
groups of i-AlPdRe samples mentioned, whose low-T cr

values differ by one order of magnitude (Fig. 3). It is in-
ferred from these plots that both positive and negative
components of Ao/cr for the low-o samples increase
quite substantially relative to the high-o samples. In
comparison, b,o /o in VRH is scaled to some positive
power of g and it is thus expected to decrease with de-
creasing o..

Although it is not clear how one may apply the model
of positive MC in the VRH regime to i-A1PdRe, the insu-
lating transport behavior noted at low T must render
some kind of forward-path interference effect, but not
necessarily that of directed path as in VRH, quite favor-
able in quasicrystals. However, in contrast to VRH insu-
lators, the relatively large spatial extent of nonexponen-
tial wave functions in quasicrystals suggests that one
should also consider the returning-loop effect and thus
spin-orbit scattering effect on MC, which gives rise to
negative MC. High spin-orbit scattering rates have been
referred to in i alloys. ' ' In light of this picture, one can
explain qualitatively the MC behavior observed in i-

A1PdRe, based on the competition of positive and nega-
tive MC's. The change of sign in d (Acr ) ldH then simply
reflects the growing importance of the returning-loop
effect at increasing field. The "crossover field" H„which
marks the position of the maximum in Ao. is noted in Fig.
1. H, can be seen to increase with T. This trend may be
understood in terms of the interplay of magnetic length
and the phase-coherence length L of power-law wave
functions, where L is the characteristic length scale in the
anomalous diffusion model. ' Within the model, L is the
length size of the "unit cell" inside which the wave func-
tions are localized, and anomalous diffusion of carriers
leads to o -L with a &0. At T =0, L —+ ao, and L de-
creases as T increases, which gives rise to increasing o..
Thus, the returning-loop effect is important inside L„and
at increasing T the spatial extent (-L) of the effect di-
minishes. Meanwhile, if LH is not much larger than L„
the spin-orbit scattering effect will give rise to negative
MC. Assuming that H, is qualitatively given by the con-
dition LH ——sL (s is of order unity), then Lit decreases as

C C

T increases. As a result, one finds the crossover field H,
to increase with T since LH —H ' . Extrapolating the
proposed scenario further, one may even derive the tem-
perature dependence of L from the data to be L —T
which yields a conductivity exponent a- —1.2, since
o. —T below 3 K for the more insulating i-A1PdRe sam-
ples. The phase-coherence length at 1 K is estimated to
be of the order of 400 A. But much of these are too
speculative for our present goal which is to feature
unusual magnetoconductivity data from insulating i al-
loys. Clearly, quantum interference effects in quasicrys-
tals need to be investigated. So far, a preliminary study
has been made for a 2D Penrose lattice. '
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