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Insulating icosahedral AlPdRe with resistance ratiosRf=rs4.2 Kd /rs295 Kdg from 40 to 220 has been
studied by magnetoresistance and conductivity measurements. Consistent results for the localization lengthj

and the characteristic temperatureTo were determined.sR−Rcd increases from the metal insulator transition
sMIT d into the insulator as the inverse of the shrinking volume of the electron wave functions,j −3. Local-
ization is driven by disorder. Evidence is discussed that the MITs ini-AlPdRe and doped semiconductors
belong to the same universality class.
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Quasicrystals have continued to reveal new and surprising
properties in a number of different subfields of physicsssee
e.g., Ref. 1d ever since their discovery 20 years ago. One
challenging case is electronic transport in icosahedralsid
AlPdRe. Phase pure samples of the same nominal composi-
tion can be prepared by different annealing conditions in
states of strongly varying electrical properties, and with re-
sistance ratiosR f=rs4.2 Kd /rs295 Kdg in the range 2–300.
An explanation for this phenomenon has not been found.
Studies of the magnetoresistancesMRd have shown insulat-
ing behavior with variable range hoppingsVRHd at large
R,2,3 and weak localization contributions at lowR, character-
istic for weakly disordered metals.4 A scaling approach to the
zero-field metallic conductivityssTd above 400 mK has also
indicated a metal-insulator transitionsMIT d.5 Different esti-
mates of the MIT as a function ofR all indicate that it occurs
in the range 20–30.2,4–6

Little is known about this MIT however. In spite of in-
tensive efforts, results from ssTd have remained
inconclusive,7–13 with a remarkably wide range of estimates
of relevant parameters such as the localization length,j, and
the characteristic temperatureTo of the hopping process.
This is likely related to another unresolved difficulty in
i-AlPdRe: the zero temperature conductivityss0d is finite
also in insulating samples and decreases exponentially with
increasingR into the insulator.14,15The results indicate that a
finite ss0d is an intrinsic effect in insulatingi-AlPdRe. We
speculated that it may be due to quantum tunneling of re-
sidual critical states. A generalized form for variable range
hopping is then7

ssTd = ss0d + soe
f−sTo/Tdng. s1d

so is a prefactor usually taken to be temperature indepen-
dent, andn is 1/4 or 1/2 for Mott and Efros ShklovskiisESd
VRH respectively.To also depends on the type of hopping.
Equations1d is numerically flexible. Results may depend on
methods of analyses and temperature ranges studied, and
well founded results forTo and j in a series ofi-AlPdRe
alloys have not been obtained. A further problem is that
quantitative analyses of the insulating MR have been limited

to the temperature interval 1–10 K.2,3 Below 1 K the MR
changes character.14 This MR is not understood.

i-AlPdRe thus shows an unusual and poorly explored
metal-insulator transition. It is not clear how previous knowl-
edge of MITs is relevant. In the on-going problem of the
MIT, studies of new systems are important, and can allow
determination of the universal character of parameters de-
scribing the MIT. In this paper we set out to describe the
MIT of i-AlPdRe by an approach which circumvents some of
the difficulties mentioned. It relies on three ingredients:sid
measurements at very lowT to find ss0d; sii d confirmation
from the MR of the type of hopping mechanism; andsiii d
analyses in comparable temperature ranges ofs and the MR
to find To and j. From these results, descriptions are found
for the vanishingTo and the divergingj at the MIT.

The MR was analyzed as recently described.2 At magnetic
fields above the minimum inDr /r, the MR increases as +B2

in a field range which increases with increasing temperature,

DrsT,Bd
rsT,0d

=
B2

Bo
2sTd

. s2d

The temperature dependence ofBo
−2sTd is characteristic for

the type of hopping,

Bo
−2sTd . bTm, m = 0,− 3/4,− 3/2. s3d

The values ofm refer to nearest neighbor hopping, Mott
VRH, and ES VRH, respectively.b also depends on the type
of hopping. For ES VRH one has16

b = 0.0015se/"d2j4To
3/2, s4d

giving a relation betweenb , j, andTo for each value of the
resistance ratioR.

By using Eq.s4d one can avoid a frequently used relation
betweenTo, j, and the density of states,DseFd,

To =
const

kBj3DseFd
, s5d

valid close to the MIT for both Mott and ES VRH.17 DseFd
may vary withR, which complicates the use of Eq.s5d. Fur-
ther, since the MR is analyzed only between 1.5–10 K,
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analyses ofs should be limited to a similar interval.
Four samples were studied, all with nominal composition

Al70.5Pd21Re8.5. Three of them, withR=40, 60, and 220,
were ingots, prepared by successive annealings of arc-melted
ingots. One sample,R=120, had been melt-spun and an-
nealed at various temperatures. Details of techniques and
sample characterization have been published.4 MR was mea-
sured in a cryostat equipped with a 12 T superconducting
magnet. Low temperature measurements were made in a di-
lution refrigerator to 15 mK in Stockholm, or to 8 mK at the
EC Ultra Low Temperature Facility in Bayreuth.R=220 is
the largestR value so far for which detailed studies of elec-
trical transport properties of quasicrystals have been made.

The MR can clearly distinguish between different types of
hopping as shown by the analysis in Fig 1. The straight line
in Fig. 1 stop scaled, shows thatBo

−2sTd,T−3/2, in agreement
with ES VRH, while Mott VRH s,T−3/4, open trianglesd is
not fulfilled. Above theB2 region the MR follows,B2/3, in
further agreement with ES VRH.16 Similar results were ob-
tained for theR=60 sample. ForR=40 and 120, results were
taken from samples studied previously.2 In total the MR has
been studied in this scheme for sixi-AlPdRe samples withR
in the range 40–220. ES VRH was observed in all cases
suggesting a general property for insulatingi-AlPdRe. In
particular, there is no sign of a crossover to Mott VRH in the
range studied ofB, T, andR.

To estimatess0d it is necessary, for high-R samples to
access temperatures,20 mK.14 Our results for theR=40,
60, and 220 samples were found to be in good agreement
with the previously obtained relation. AtR=120 however,
ss0d was 0.8sV cmd−1 while ,0.3 sV cmd−1 was expected.
This difference is not understood. The measured values were
used in the analyses.

Using these estimates ofss0d and the result from MR that
ES VRH is obeyed, Eq.s1d can be displayed as straight lines

of the form lnfssTd−ss0dg vs T−1/2, with To as the only free
parameter. Figure 2 shows thatTo is fairly well determined
by this analysis. The measuredb, then givesj from Eq. s4d.
b was found to be almost independent ofR, with variations
within ,10% for the present samples. Results forTo and j
are given in Table I.

In Fig. 2, data at high temperatures deviate from linear fits
above a temperature which increases with increasingR. At
R=40 such deviations start atTo

−1/2<0.6, i.e., above 2.8 K,
while at R=220 a straight line fit persists to,12 K. This
trend is expected from the results forTo and the condition
T!To in the VRH range. At low temperatures in Fig. 2, there
are deviations for the highR samples below,1.5 K, in
qualitative agreement with the progressively anomalous MR
at largeR.14

We now discussj and To. According to scaling theories
the localization length diverges when the MIT is approached.
j as a function ofR is investigated in Fig. 3 for three differ-
ent choices of the valueRc of R at the MIT. A first conclusion

FIG. 1. DrsB,Td /rs0,Td for the R=220 sample. Inset a: Pri-
mary data at selected temperatures. Inset b: Analyses in terms of
Eq. s2d. Temperatures from top to bottom: 1.5, 2.6, 3, 3.5, 4.2, 5, 6,
and 8 K. Main panel: Eq.s3d for m=−3/2 stop scale, ES VRHd, and
m=−3/4 sbottom scale, Mott VRHd. Data confirm ES VRH.

FIG. 2. Analyses of the temperature dependence ofssTd accord-
ing to Eq.s1d with n=1/2 sES VRHd.

TABLE I. Results forTo andj.

R 40 60 120 220

To sKd 5.23 7.85 19.6 29.7

j sÅd 253 220 153 128
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is that the result for the exponentgR, of order 1/3, is fairly
robust for different choices ofRc. Closer inspection reveals
that the best straight line fit, found forRc=20, is significantly
better than forRc=25 and slightly better than forRc=15. The
latter value is outside the range of previous results.2,4–6 Rc
=20 was taken to be the critical value.

The result in Fig. 3 suggests, roughly, thatsR−Rcd,j−3,
i.e., R−Rc is inversely proportional to the correlation vol-
ume. One can view the increase ofR−Rc when moving into
the insulator as a reflection of a shrinking volume of the
electrons that hop, resulting in progressive localization. Of
course, atR=Rc, j becomes infinite, i.e. metallic, this rela-
tion breaks down, and the question of the interpretation ofR
on the metallic side is left open.

The apparent absence ofR dependence inb of Eq. s4d can
be compared with published results. From data for the ES
VRH magnetoresistance in theB2 region in doped Ge:As
with n/nc of about 0.3 and 0.8,18 it can be calculated thatb
was,50% larger for the more insulating sample. Heren is
the charge density, andnc its value at the transition. In
Si:sP,Sid with n/nc of 0.3 and 0.6, and in magnetic fields
comparable to ours, ES VRH was observed, andb was a
factor ,2 larger for the more insulating sample.19 These
comparisons suggest that a near constantb may be specific
to the quasicrystal.

Whenb is constant, Eq.s4d givesTo,j−8/3 at all R. This
simplifies description of parameters near the MIT. Equation
s4d with an average value ofb=0.0167T−2K3/2 is compared
in the inset of Fig. 4 withTo from Fig. 2, and with Eq.s5d for
a constantDseFd. Equations5d stop scaled has a more re-
stricted validity. The differences betweenTo calculated from
an average or from the observedb are small as illustrated by
an error bar. The curve forTo vs R in the main panel was
obtained as described in the legend. This gives a convenient
description ofTosRd.

It is of interest to compare the divergingj at the MIT with
results in doped semiconductors. To achieve this we assumed
that variations of a relevant charge density can be estimated
from ss295 Kd, takingn/nc=ss295 K,Rd /ss295 K,R=20d.

n is likely smaller than the electron density of the quasicrys-
tal, and may, e.g., reflect the number of electrons that local-
ize at low T and participate in hopping.2 The only present
assumption, however, is that the changing charge can be es-
timated by the change of a normalized room temperatures.
This transformation fromR to n/nc as a driving parameter is
somewhat related to the frequent use of a relation betweenR
andn in doped semiconductors, e.g., for calibration of then
scale in Si:P and Si:B.20,21 At Rc=20 we estimated
ss295 Kd=250 sV cmd−1.22 n/nc was found to decrease from
0.85 to 0.3 whenR increased from 40 to 220. When analyzed
in the formj,u1−n/ncu−gn as illustrated in Fig. 5, the result
wasgn=0.46.

In three-dimensional Wegner-scaling the critical exponent
of the conductivity is the same as for the localization

FIG. 3. j vs R−Rc for three choices ofRc. Data were analyzed
in the form j,sR−Rcd−gR. For Rc=20, the straight line indicates
gR=0.31.

FIG. 4. To vs R. The curve,To=0.42sR−20d0.83, was calculated
from Eq. s4d with a constantb, and the result forj in Fig. 3. Inset:
To vs two functions ofj. Bottom scale: Eq.s4d with constantb. Top
scale: Eq.s5d with constantDseFd.

FIG. 5. j vs s1−n/ncd on logarithmic scales. The slope −gn is
close to −0.5. A 10% error inn is marked on some points.
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length,23 and furthermore, a critical exponent is identical on
both sides of a phase transition. One can thus comparej of
insulatingi-AlPdRe with the conductivity of doped semicon-
ductors on the metallic side. This approach circumvents the
problem with a finitess0d in the quasicrystal. The vanishing
conductivity at the MIT of doped semiconductors has been
frequently studied. At least for a large class of uncompen-
sated semiconductors in zero magnetic field, the conductivity
exponent has been experimentally found and theoretically
confirmed to be 0.5.20,24,25Our result forgn is close to this
value. This finding suggests that the MIT ini-AlPdRe be-
longs to the same universality class as for doped semicon-
ductors. In that case the MIT is disorder driven, and this has
been expected also from results for metallici-AlPdRe.4,5

Within the framework of a common universality class this
result emerges naturally.

One would like to comparej with corresponding results
on the metallic side.j has been estimated for metallic
i-AlPdRe,5 using a quantum critical scaling formalism at the
MIT,26 with jsRd<fDties4 Kdg1/2ssRc,4 Kd /ssR,4 Kd. D is
the diffusion coefficient andtie the inelastic scattering time.
Unfortunately the square root, corresponding to the inelastic
scattering length, was assumed to be constant. This overesti-
mates the increase ofj towards the MIT sinceties4 Kd on

the metallic side decreases strongly with increasingR,4 and
D is also expected to decrease with increasingR.27 However,
the approach is interesting and merits further investigation.

In summary, from the analyses of the MR,ssTd, andss0d,
we have obtained consistent results forj andTo in i-AlPdRe
for a broad range of insulating samples.sR−Rcd was found to
increase into the insulator as the decrease of the volume of
hopping electrons. The parameterb, obtained from the
T-dependence of the MR in theB2 region, was found to be
almostR independent, in contrast to doped semiconductors
where b appears to increase into the insulating side. The
present result gives convenient descriptions of parameters at
the MIT in the form of simple power laws. When describing
the MIT in terms of variations of an effective charge density
as estimated fromss295 Kd, comparison could be made with
the conductivity exponent in doped semiconductors. The re-
sult suggests that the MIT ini-AlPdRe and doped semicon-
ductors belong to the same universality class.
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