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Evidence for Variable Range Hopping Conductivity in the Ordered Quasicrystali-AlPdRe
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We show that the conductivity of the quasicrystali-AlPdRe follows a Mott’s variable range hopping
conduction lawssTd ­ s0 exp2sT0yT d1y4 in the temperature range20 600 mK. Thei-AlPdRe phase
thus behaves like disordered insulators at very low temperature. We find a very low activation term
T0 , 1 mK, which is an indication of a large localization lengthj, in accordance with the vicinity
to the metal-insulator transition. This is the first time that a pure Mott’s law is observed at very low
temperature in a structurally ordered compound made of metallic elements. [S0031-9007(98)07567-X]
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One of the most outstanding properties of quasicryst
is a very low electrical conductivitys close to the metal-
insulator transition (MIT) [1,2]. However, there is no
evidence for a gap as in semiconductors, and the struc
is highly ordered, although it is nonperiodic. This i
unlike Anderson insulators where disorder is the reas
for a localization of the electronic wave function.

In thei-AlPdRe icosahedral phase, which gives the low
est conducting quasicrystalline samples, even the ac
conductivity behaviorssT d is debated. Indeed, extrapo
lations of ssT d from above 0.45 K [3,4] have suggeste
a zero conductivity at zero temperature. On the contra
measurements [5–7] at lower temperatures indicate a s
ration of ssT d to a finite value. So the question is stil
open as to whether thei-AlPdRe phase can become
zero temperature insulator. Moreover, the transport pro
erties happen to be very sample dependent [3–10], bu
was noted [4,8] that the low conductingi-AlPdRe samples
present a number of transport properties similar to Mo
Anderson insulators close to the MIT but still on the in
sulating side, in particular as testified by the magnitude
the conductivitys, the amplitude of its temperature depen
denceR ­ s300-Kys4-K, the breakdown of weak localiza-
tion effects as the conductivity decreases [9], and the on
of a correlation gap in the density of states [10].

For Mott-Anderson insulators, conduction at very lo
temperature proceeds via electron hopping between ex
nentially localized states. In the mechanism of variab
range hopping (VRH) proposed by Mott [11], electron
may preferentially hop to localized sites which are clo
in energy, but not necessarily close spatially. The co
duction law of VRH is given by Eq. (1) of Ref. [11]:

ssT d ­ s0 exp2sT0yT dp , (1)

with p ­ 1y4. The activation temperatureT0 varies as
1yj3 where the localization lengthj diverges at the MIT.
The widely studied VRH conduction mechanism has be
observed at low temperature in many disordered insulat
including highly doped semiconductors, semiconducto
metal or insulator-metal alloys [12].
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For quasiperiodic structures, there is a strong theoretic
background supporting low conducting properties. Nu
merical simulations on large quasicrystal approximan
confirm low conductivity within the Bloch-Boltzman the-
ory, by the prediction of low dispersing bands [13]. In
perfect quasiperiodic lattices, the specific electronic wav
functions tend to be localized [14] like the critical state
(neither exponentially localized as in the Anderson loca
ization, nor extended) and the energy level statistics c
be well described by the random matrix theory usual
applied to disordered systems [15]. In those model ca
culations, the electronic propagation is neither ballistic a
in the case of periodic systems nor diffusive as for diso
dered systems. The role of defect or of electron-electro
interaction also appears nonconventional [16]. Depen
ing on the energy and the Hamiltonian parameters, t
conductivity may increase upon disorder or unexpected
decrease [17].

In order to understand the mechanism of electron
propagation in the low conducting quasicrystals, there
a need to first clarify the conductivity behavior. The pur
pose of this paper is to present conductivity measureme
at very low temperatures for well characterizedi-AlPdRe
samples. We show for the first time that the conductiv
ity measured down to 20 mK obeys a true VRH law as i
disordered insulators, which tends to support a zero co
ductivity at zero temperature ini-AlPdRe.

Samples were prepared as described elsewhere [1
Ingots of nominal composition Al70.5Pd21Re8.5 prepared in
an arc furnace were melt-spun and subsequently annea
at high temperature (between 900 and 1010±C). Samples
consist entirely of the high structural quality polygraine
i-phase, with typical grain size of a fewmm, as shown by
the sharpness of x-ray diffraction peaks, by transmissio
and scanning electron microscopy, and by microprob
analysis [18]. A few spots of a secondary AlRe phas
were, however, observed, located only at the surface, w
a surface fraction of,3% and ,8% on the smooth and
the rough side of the ribbons, respectively. The resistivi
r ­ 1ys was measured in the four probe configuratio
for three samples of slightly differents values. The
© 1998 The American Physical Society
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silver paint electrical contacts were done on the rough a
smooth side for sample 1 (s4-K , 1.4 sV cmd21, R ­
128) and sample 2 [s4-K , 1.4 sV cmd21, R ­ 117],
respectively. Sample 3 [s4-K , 2.5 sV cmd21, R ­ 84]
was measured on the rough side polished with diamo
paste in order to remove the more possible second
phase. We note the correlation of the lows values
with the strong negative temperature dependencies,
shown by the largeR values, as already pointed out in
i-AlPdRe for a wider conductivity range [6,8]. Becaus
of the rather poor accuracy in the absolutes value,
Ds , 6s10 20d%, we characterize the samples by th
conductivity ratioR.

Measurements were performed with an ac bridg
To ensure a good thermalization of the sample, t
ribbons were glued on a massive copper block a
insulated by a10 mm kapton foil with stycast epoxy
1266. Nevertheless, there were clear manifestations
insufficient thermalization below 15 mK, and great ca
was taken to wait long enough (about 15 min at 30 mK
after the temperature stabilization of the refrigerator, d
to the increase of sample thermal response time at l
temperature. It stems for the large nuclear hyperfi
specific heat [19] together with a long [20] interna
response time (the NMR relaxation rate of the nucleiT1
at very low T) and large thermal resistance between t
sample and the sample holder. No self-heating of t
sample by the injection current was observed.

In Fig. 1, we present the normalized conductivit
ssT dys1-K. Above about 10 K (not shown here), the
conductivity follows a power law temperature dependen
T1.5 [8]. In the low temperature range, the conductivit
decreases smoothly down to,0.5 K (saturation region),
then sharply drops asT tends to zero. This makes clea
that by measuringssT d in the saturation region, the
extrapolation to zero temperature gives a finites value.
It was already noted [18] that the less conductive th
sample, the wider the saturation region, which is oppos

FIG. 1. Conductivity normalized at 1 K for samples 3, 2, an
1 (from top to bottom) in the temperature range 20 mK–1 K.
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to what could be expected for a saturation stemming fro
any secondary metallic phase. We point out that the sam
trend was observed in disordered InOx on the insulating
side of the transition [21] very close to the MIT. In tha
case, the saturation was interpreted [21] as the crosso
between a high temperature regime, where extended sta
contribute, and the VRH conduction which is observed
low temperature.

The lnssT d versus T21y4 plot presented in Fig. 2
directly shows that the VRH law [i.e., Eq. (1) withp ­
1y4] fits very well ssT d from 20 to 600 mK. The
ssT d data are normalized at600 mK for clarity. From
the linear plot of Fig. 2, we extract for each sample th
activation temperatureT0 reported in Table I (fit 1). For
all three samplesT0 is very small (T0 , 1 mK), which
is discussed below. Thes0 values are of the order of
1 sV cmd21 which is quite reasonable in view of the
s4-K values. However, because the absolutes value is
determined only within6s10 20d%, so iss0. We have
also tried power law fitsssT d ­ s0 1 s1T a, which are
usually observed witha ­ 1y2 on the metallic side of
the MIT. None of these could fit the data. To more
accurately show the VRH law, we plot in Fig. 3,lsT d ­
lnsd ln syd ln T d which is found to be linear with lnT
(fit 2) in the range 20–600 mK. Following Eq. (1), we
indeed havelsT d ­ A 2 p ln T sA ­ constd. In Table I,
the extracted values ofp are very close to the exponent
1y4 of the VRH law. TheT0 values are similar to the
ones obtained by settingp ­ 1y4 (fit 1).

We also took into account possible temperature depe
dence ofs0 of the form [11]s0 ­ AT2s. Indeed, as the
variation exp2sT0yT dp becomes small becauseT . T0,
the temperature dependence ofs0 may be no more negli-
gible [22]. Following Shafarman [22], we fitted in the in-
set of Fig. 3d ­ d ln syd lns1yT d as a function ofT21y4

[From Eq. (1) d ­ s 2 psT0yT dp.] By restricting our
analysis to the casep ­ 1y4, we found values ofs al-
most equal to zero, andT0 values very close to the case o

FIG. 2. lnssT d versusT21y4 for samples 3, 2, and 1 (from
top to bottom) (Fit 1).
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TABLE I. Parameters of the VRH conductionssT d ­ s0 exp2sT0yTdp for the threei-AlPdRe samples, following different fit
procedures (see text).

Fit 1 sp ­ 1y4, s ­ 0d Fit 2 ss ­ 0d Fit 3 sp ­ 1y4d
Samples T0 smKd s0sV21 cm21d T0 smKd p T0 smKd s

Sample 1,R ­ 128 1.31 6 0.01 1.3 1.4 6 0.2 0.28 6 0.01 2.3 6 0.3 0.013 6 0.004
Sample 2,R ­ 117 1.10 6 0.01 1.3 1.0 6 0.2 0.26 6 0.01 1.3 6 0.2 0.005 6 0.002
Sample 3,R ­ 84 0.455 6 0.003 2.2 0.39 6 0.07 0.25 6 0.01 0.41 6 0.09 0.000 6 0.003
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fits 1 and 2 (see Table I). We, however, cannot rule ou
more complex two-parameter fit.

Finally, we also considered the scattering on dilu
magnetic impurities as a possible mechanism for the
crease ofs with temperature. There is no reasonable tem
perature range, where a lnT or even a2T2 dependence
of rsT d ­ 1yssT d could be found, as would be expecte
for a Kondo effect [23]. The curvature of thersT d de-
pendence would indicate a small Kondo temperatureTK
(TK , 20 mK) and a low impurity concentration. More-
over in the impurity limit for a metal [23], the increase in
Dr per impurity is very smallsDr , a few 1026 V cmd
compared to the present data. However, one cannot c
pletely rule out a nonusual Kondo effect in relation wit
the expected complicated electronic density of states
quasicrystals.

From the above analysis, we conclude that the VR
law ssT d ­ s0 exp2sT0yTd1y4 provides the best fit to
our data. Following the usual interpretation of th
activation law [11,12], we can estimate a localizatio
length j from T0 . 18yj3kBnsEFd, wherensEFd is the
electronic density of states at the Fermi level. By using
rough estimate ofnsEFd as obtained from the linear term
of specific heat:CpsT d ­ gT with g ­ 0.1 mJymol K2

[3,4,19], we find j , 3000 Å. This is much larger
than previous estimates (j , 70 Å and j , 30 Å) for
i-AlPdRe phases [3,5], but in these cases an additio
conductivity term was necessary to fit the data. No
that nsEFd is not precisely known ini-AlPdRe, since

FIG. 3. lsTd ­ lnsd ln syd ln Td as a function of lnT (fit 2)
for the threei-AlPdRe samples. Inset:d ­ d ln syd lns1yTd
as a function ofT21y4 (fit 3) for sample 2 (see text).
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the smallg term is overcome at low temperatures by
strong nuclear hyperfine term [19], and may also conta
contributions from two-level systems [19]. If the actua
nsEFd is lowered,j would be even larger.

Let us emphasize that the three samples behave si
larly, which indicates that the spots of secondary phas
have minor influence on the conductivity. Moreover, th
T0, p, and s parameters extracted from the different fit
vary all monotonously withR, which in turns appears as
a good scaling parameter for the transport properties,
already pointed out for insulating Si:As for instance [22
In particular, the less conducting the sample (the high
R) the higherT0, as expected in the VRH mechanism.

We now comment on the VRH law found ini-
AlPdRe in comparison with disordered systems. Firs
it was shown in disordered insulators [12] that th
exponent p ­ 1y4 becomes one half by taking into
account electron-electron interactions. However, this
only observable [22] forT , T0y2000, which is far
from experimental range withT0 , 1 mK. The second
point concerns the general validity of the VRH law
in a temperature region well aboveT0. This regime
indeed corresponds to the case where the hopping dista
defined as [11]rhop . 0.4jsT0yT d1y4 becomes smaller
thanj. Mott’s calculation is valid only in the dilute case
when localized states are far apart, i.e.,rhop ¿ j. In our
case we have estimatedj , 3000 Å whereasrhop is only
,600 Å at 20 mK. This problem was already discusse
in disordered insulators, close to the MIT. In that cas
[22], corrections to the Mott’s calculation gave the sam
exponential dependence of the conductivitysp ­ 1y4d,
and only the preexponential factors0sT d was affected. In
this regime, correlated many-electron hoppings were a
proposed to be significant.

Third, theT0 values found in the present study are, t
our knowledge, among the smallest ever reported. Th
are consistent with electronic properties, like thes and
R values, very similar to those of insulators close to th
MIT. To further study the MIT ini-AlPdRe, one chal-
lenge will be to find a physical parameter to monitor th
transition, like the carrier densityn in doped semicon-
ductors or the metal concentration in semiconductor-me
alloys, since neither the density of statesnsEFd nor the av-
erage carrier density, as deduced by the Hall effect, are
curately known. From our study, it seems thatR could be
a good working parameter. At the microscopic scale, w
propose that local composition fluctuations, such as tho
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estimated by microprobe analysis in our samples (of t
order of,1 at.% or less) [18], or variation in the local or-
der, could yield to more or less microscopically insulatin
regions, and, consequently, to a variety of macrosco
conductivities.

Finally, a straightforward consequence of the observ
VRH conduction law is that its extrapolation indicates
zero conductivity at zero temperature, which is furth
pointing to an insulating behavior ini-AlPdRe, although
it is not yet fully understood.

The physical origin of VRH conduction in an atom
ically ordered quasiperiodic compound is now a cha
lenging question. Indeed, exponentially localized wav
functions, as in disordered insulators, have not been fou
in theoretical calculations for quasicrystals. In Ande
son insulator theories, the finding of the VRH law i
the macroscopic conductivity is derived from a diso
dered distribution of microscopic conductances [12]. Th
finding in perfect quasiperiodic model structures of fe
tures resembling those of disordered systems, like loc
ized states—but with a power law decay [14]—or th
use of random matrix theory for the energy level spa
ing description [15] could be invoked to quantitativel
understand the present data. Also the unconventional
fect of disorder could be considered. For instance, in 3
quasiperiodic lattices including disorder, the quantum d
fusion evolves with time from a nonballistic regime to
diffusive regime as in disordered system [17] at long tim
At very low temperature one expects to be in a regime
long inelastic scattering time, and following these autho
in a regime of diffusive propagation, that could henc
yield Anderson transition. Note that a diffusive regim
was inferred from magnetoresistance analysis in samp
on the metallic side of the MIT [9]. As a final remark, be
cause of theT0 value being so low, thei-AlPdRe system
also opens new possibilities to study the critical regim
very close to the MIT, where data are still lacking.

In summary, we have presented evidence for a lo
temperature variable range hopping conduction in t
quasicrystallinei-AlPdRe. The activation temperatureT0
is found to be extremely low (T0 , 1 mK), corresponding
to a large localization length (j , 3000 Åd. This is the
first time that a pure VRH law is observed in a structural
ordered compound made of metallic elements.
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