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Contribution of local atomic arrangements and electronic structure to high electrical resistivity
in the Al82.6ÀxRe17.4Six „7ÏxÏ12… 1Õ1-1Õ1-1Õ1 approximant
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Electrical resistivity of Al82.62xRe17.4Six (7<x<12) 1/1-1/1-1/1 approximants was discussed in terms of
their electronic structure near the Fermi level and the local atomic arrangements. Strong composition depen-
dence of the electrical resistivity was observed for these 1/1-1/1/-1/1 approximants; samples withx57, 9, and
12 show the Boltzmann-type electrical resistivity, while the others possess behaviors expected for system under
the weak-localization. We found that the weak localization effect in the electrical resistivity, which is one of the
characteristics of the corresponding Al-based quasicrystals, appears only when a condition of very low density
of states with imperfections in the periodicity is satisfied. The Boltzmann-type behavior, on the other hand,
takes place when one of the two factors, the very low density of states or the imperfection in the periodicity,
is absent from the structure of the 1/1-1/1-1/1 approximant.

DOI: 10.1103/PhysRevB.68.184203 PACS number~s!: 61.44.Br, 71.23.Ft, 72.15.Eb, 72.15.Qm
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I. INTRODUCTION

After the discovery of thermodynamically stab
quasicrystals,1–3 physical properties associated with the qu
siperiodicity have been investigated with use of these sta
quasicrystals of very high structural quality. An insulatin
behavior in electrical resistivity observed for the Al-Pd-R
icosahedral quasicrystal4 and very high-electrical resistivitie
for other icosahedral phases, such as Al-Cu-Fe, Al-Cu-
Al-Pd-Mn, and Al-Pd-Os quasicrystals,5 are the most pro-
nounced characteristics that are widely believed to be in
duced by the quasiperiodicity in the quasicrystalline str
ture. The role of quasiperiodicity in increasing electric
resistivity, however, has not been well understood yet,
cause no clear explanation has been proposed on an
question ‘‘why some crystalline approximants possess a v
high electrical resistivity even without the quasiperiodicity
their structure?’’ The high electrical resistivity reachin
nearly 10 000mV cm observed for the Al-Re-Si 1/1-1/1-1/
approximant6 is one of the most typical examples. Relative
low electrical resistivities about 150–200mV cm observed
for Al-Mg-Zn, Mg-Zn-Y, and Cd-Yb icosahedral quasicry
tals of high structure quality7–10 also conflict with the sce-
nario of the critical role of the quasiperiodicity in increasin
their electrical resistivity.

In order to find the most important factors leading t
high electrical resistivity characteristic to some icosahed
0163-1829/2003/68~18!/184203~10!/$20.00 68 1842
-
le

u,

-
-
l
-
en

ry

l

quasicrystals and their approximants, we decided not to
ploy quasicrystals but crystalline approximants because
proximants possess the similar local atomic arrangem
and electronic structure as those in the corresponding qu
crystals due to their relation in the high-dimensional spac11

and because the electronic structure and the local atomic
rangements of the approximants can be precisely determ
by the conventional band-calculation and structure analy
well developed for crystalline materials. The roles of loc
atomic arrangements and of the electronic structure in
creasing their electrical resistivity can be investigated
making full use of the atomic and electronic structure ana
ses on the crystalline approximants. Moreover, we can a
reveal the effects of the quasiperiodicity on the electri
conductivity by comparing the electrical properties of t
quasicrystals with those of the corresponding approxima

In this study, we employed a series of Al-Re-Si 1/1-1/
1/1 approximants possessing very high electrical resistivi
up to 10 000mV cm at 2 K. The local atomic arrangemen
were determined by the synchrotron-radiation and neut
Rietveld analyses, and the density of states at the Fermi l
(EF) was also experimentally investigated by means of
low-temperature specific heat and magnetic-susceptib
measurements. The measured electrical resistivity of th
approximants is discussed in terms of their local atomic
rangements and the electronic structure nearEF . The factors
©2003 The American Physical Society03-1
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introducing the high electrical resistivity both in the appro
mants and quasicrystals are discussed in detail.

II. EXPERIMENTAL PROCEDURE

Al-Re-Si mother ingots were prepared by melting the co
stituent elements, Al~purity 99.99%!, Re ~99.9%!, and Si
~99.999%!, in an arc furnace under a pressurized Ar-gas
mosphere. All mother ingots were molten again in an ind
tion heater and rapidly quenched on a single-role Cu wh
of 18 cm in diameter rotating at 5000 rpm. Ribbon samp
thus obtained were annealed at 700 °C for 24 h. The ph
in the ribbon samples before and after the heat treatm
were determined by a conventional Cu-Ka x-ray-diffraction
~XRD! measurement with a commercial diffractome
RIGAKU RINT2000.

The Rietveld analysis was performed on the synchrotr
radiation powder diffraction spectra of Al82.62xRe17.4Six (x
57, 9, and 12! accumulated at the beam line BL02B2
SPring-8, Hyogo, Japan. A wavelength ofl50.7 Å, quartz
glass capillary tubes of 0.2 mm in diameter, and imagi
plates as the detector were employed with the lo
temperature~90 K! nitrogen gas blowing on the sample. W
also used the Rietveld analysis on the neutron powd
diffraction spectrum for Al73.4Re17.6Si9 to clearly distinguish
the position of Si from that of Al. The neutron-diffractio
spectrum was measured at HERMES in KEK, Tsukuba,
pan. The Rietveld programRIETAN2000developed by Izumi12

was employed both for the synchrotron-radiation and neu
Rietveld analyses.

The electrical resistivity of the present samples was m
sured in the temperature ranges from 2 K to 300 K with a
conventional four-probe method in the Physical Proper
Measurement System, Quantum Design PPMS-9L. The l
temperature specific heat was measured under the mag
field of 0 and 9 T in the temperature range from 0.5 K to
K by the relaxation method with the Oxford Instrumen
MLHC9H. The magnetization of the samples was also m
sured under the magnetic field up to 9 T in the tempera
range from 2 K to 400 K with a superconducting quantum
interference device~SQUID! magnetometer, Quantum De
sign MPMS-7.

III. RESULTS

A. Composition determination

Figure 1~a! shows a partial composition diagram of th
Al-Re-Si alloy system obtained after the heat treatmen
700 °C for 24 h on the rapidly quenched ribbon samples. T
typical XRD spectra of the annealed samples are show
Figs. 2~a! and 2~b!. The Al-Re-Si 1/1-1/1/-1/1 approximan
was obviously stabilized along a composition line indica
as Al82.62xRe17.4Six in the range fromx57 to 12, while
small but finite amount of secondary phase~s! precipitated in
the samples outside of this composition-line. The lattice c
stanta for the 1/1-1/1-1/1 approximants is shown in Fig. 1~b!
as a function ofx. Monotonically decreasinga with increas-
ing Si concentrationx indicates that Al atoms in the Al-Re-S
1/1-1/1-1/1 approximant are partially replaced by Si ato
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without breaking the crystal structure of the 1/1-1/1-1/1 a
proximant. In sharp contrast with substitutability between
and Si, Re concentration in the Al-Re-Si 1/1-1/1-1/1 appro
imant was kept rigidly constant at 17.4 at. % Re. Cooper a
Robinson13 reported that the Al-Mn-Sia-phase known as the
1/1-1/1-1/1 approximant involves totally 138 atom positio
in the unit cell. The limited Re concentration only at 17
at. % Re reflects the fact that 24 atom positions in the u
cell are exclusively occupied by Re atoms, while Al and
atoms fill the remaining 114 atom positions. Indeed this id
was clearly confirmed in the result of present Rietveld ana
sis, that will be discussed in detail later.

The formation area of the stable Al-Re-Si 1/1-1/1-1/1 a
proximant determined in this study is inconsistent with th
reported by Tamuraet al.,6 who claimed that the Al-Re-S
1/1-1/1-1/1 approximant was stabilized over a wide com
sition range extended towards smaller Re concentration
should be pressed that we employed the step-scanned
accumulation method with large signal to noise~S/N! ratio to
avoid misjudging whether the impurity phases exist in t
sample. Invariable concentration of transition metals
ported for the other 1/1-1/1-1/1 approximants lends a sup
to the limited Re concentration in the Al-Re-Si 1/1-1/1-1
approximant.14–16

FIG. 1. ~a! Partial composition diagram of the Al-Re-Si allo
obtained after a heat treatment of 700 °C for 24 h. Open circles
filled circles indicate the 1/1-1/1-1/1 approximant with and witho
the precipitation of the secondary phase~s!. The compositions in the
samples with secondary phase~s! are as follows:A, Al76.6Re17.4Si6 ;
B, Al74.6Re18.4Si6 ; C, Al72.6Re18.4Si6 ; D, Al69.6Re17.4Si6 ; E,
Al 72.6Re15.4Si6; and F, Al76.6Re16.4Si6. ~b! Si concentration depen
dence of the lattice constant of the Al82.62xRe17.4Six 1/1-1/1-1/1
approximant. The lattice constanta decreases monotonically with
increasingx.
3-2
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FIG. 2. ~a! XRD spectra of the
Al82.62xRe17.4Six 1/1-1/1-1/1 approximant (x
57, 8, 10, and 12!. These compounds possess
secondary phase.~b! XRD spectra of the sample
denoted asA2E in Fig. 1~a!. The arrows indicate
the diffraction peaks belonging to the seconda
phase~s!.
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B. Structure analysis

Synchrotron-radiation Rietveld analysis was perform
on the three samples of different composition
Al82.62xRe17.4Six (x57, 9, and 12!. If all Mn atoms in the
Al-Mn-Si a phase reported previously13,17,18are replaced by
Re, we obtain almost the same composition as that reve
for the present Al-Re-Si approximant. Therefore the struct
of Al-Mn-Si a-phase reported by Cooper and Robinso13

was used as the initial structure model for the present
etveld analysis.

Figures 3~a!–3~c! show measured and calculated diffra
tion spectra obtained after the Rietveld analysis for th
three alloys. The resulting structure parameters and reli
factors (R factors19! are listed in Table I. By recognizing~1!
good agreement between the calculated spectra and the
sured ones,~2! good coincidence of the calculated compo
tions with the nominal ones, and~3! very smallR factors, we
regarded that the local atomic arrangements in these app
mants were successfully determined in the present Riet
analysis.

As a result of the synchrotron-radiation Rietveld analys
all Al-Re-Si 1/1-1/1-1/1 approximants were found to ha
disorder-free Mackay icosahedral~MI ! clusters at the body
center and vertices in their cubic unit cell. These MI clust
are build up with doubly stacked atomic shells; the first sh
is small icosahedron made up with 12 Al atoms, and
second icosahedral shell consists of 12 Re atoms at its v
ces and 30 Al atoms at the edge centers. Totally 54 atoms
Re and 42~512130! Al, construct the MI cluster without
any Si atoms in it. If there were no other atoms in the u
cell, the Al-Re-Si 1/1-1/1-1/1 approximant would have t
space group Im3̄as that in the Al68Cu7(Fe,Ru)17Si8 1/1-1/1-
1/1 approximants.16,20 However, the Im3̄symmetry of the
cubic cell is broken down by the presence of three ‘‘glu
sites at spaces between the MI clusters. Although the g
sites violate the symmetry of the bcc lattice, the unit cell s
has a bcc-like atomic arrangement. This feature leads
fact that the diffraction peaks having an even number as
18420
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FIG. 3. The fitting result after the Rietveld refinement on t
synchrotron-radiation diffraction spectra of~a! Al75.6Re17.4Si7, ~b!
Al73.6Re17.4Si9, and~c! Al70.6Re17.4Si12. ~d! Result obtained by the
neutron Rietveld analysis for the Al73.6Re17.4Si9. The measured
spectra are shown with a marker1, and calculated spectra ar
superimposed on the measured ones. Vertical bars indicate th
lowed peak positions. The differences between measured and
culated spectra are shown at the bottom of each panel.
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TABLE I. Results of the Rietveld refinement on the Al82.62xRe17.4Six 1/1-1/1-1/1 approximant (x57,9,12).

Cluster Site Atoms Occupancy x y z Biso. (Å2)

~a! Al75.6Re17.4Si7, resulting composition Al74.7Re17.6Si7.7

a512.8605(1) Å,Rwp52.85%,Re50.76%,RI51.50%,RF50.55%
Inner Ico. IIa~12j! Al 1.00 0.163~1! 0.097~1! 0.0000 1.3~1!

IIb~12k! Al 1.00 0.350~1! 0.401~1! 0.5000 1.3~1!

Mackay Ico. MI1a~6e! Al 1.00 0.363~1! 0.0000 0.0000 0.31~2!

MI1b~6h! Al 1.00 0.104~1! 0.5000 0.5000 0.31~2!

MI2a~24l! Al 1.00 0.1199~5! 0.181~1! 0.2975~7! 0.31~2!

MI2b~24l! Al 1.00 0.3884~6! 0.304~1! 0.1852~9! 0.31~2!

TMa~12e! Re 1.00 0.3226~3! 0.1978~2! 0.0000 1.33~1!

TMb~12h! Re 1.00 0.1798~3! 0.3023~3! 0.5000 1.33~1!

Glue G1~12k! Al/Si 1.0 0.1294~7! 0.1111~8! 0.5000 0.8~1!

G2a ~6g! Al 1.0 0.2880~8! 0.0000 0.5000 0.8~1!

G2b ~12j! Si 0.87~1! 0.3265~7! 0.3988~9! 0.0000 0.8~1!

~b! Al73.6Re17.4Si9, resulting composition Al73.9Mn17.4Si8.7

a512.8603(1) Å,Rwp52.42%,Re50.88%,RI51.81%,RF50.90%
~Neutron! Rwp55.09%,Re54.39%,RI51.64%,RF51.04%

Inner Ico. IIa~12j! Al 1.00 0.162~1! 0.095~1! 0.0000 1.15~9!

IIb~12k! Al 1.00 0.345~1! 0.399~1! 0.5000 1.15~9!

Mackay Ico. MI1a~6e! Al 1.00 0.366~1! 0.0000 0.0000 1.42~6!

MI1b~6h! Al 1.00 0.112~1! 0.5000 0.5000 1.42~6!

MI2a~24l! Al 1.00 0.1200~7! 0.188~1! 0.3011~9! 1.42~6!

MI2b~24l! Al 1.00 0.3903~8! 0.313~1! 0.1956~9! 1.42~6!

TMa~12e! Re 1.00 0.3244~2! 0.1986~2! 0.0000 1.36~1!

TMb~12h! Re 1.00 0.1807~2! 0.3041~2! 0.5000 1.36~1!

Glue G1~12k! Al 1.00 0.1254~6! 0.1114~7! 0.0000 1.0~1!

G2a ~6g! Al 1.00 0.3004~9! 0.0000 0.5000 1.0~1!

G2b ~12j! Si 1.00 0.3260~6! 0.4022~7! 0.0000 1.0~1!

~c! Al70.6Re17.4Si12, resulting composition Al69.7Re17.7Si12.6

a512.8501(1) Å,Rwp52.27%,Re51.51%,RI51.34%,RF50.58%
Inner Ico. IIa~12j! Al 1.00 0.156~1! 0.092~1! 0.0000 1.09~8!

IIb~12k! Al 1.00 0.3373~9! 0.397~1! 0.5000 1.09~8!

Mackay Ico. MI1a~6e! Al 1.00 0.368~2! 0.0000 0.0000 1.18~5!

MI1b~6h! Al 1.00 0.120~2! 0.5000 0.5000 1.18~5!

MI2a~24l! Al 1.00 0.1208~5! 0.1894~7! 0.3009~7! 1.18~5!

MI2b~24l! Al 1.00 0.3925~6! 0.3132~8! 0.1921~7! 1.18~5!

TMa~12e! Re 1.00 0.3247~2! 0.1970~2! 0.0000 1.24~2!

TMb~12h! Re 1.00 0.1806~1! 0.3052~2! 0.5000 1.24~2!

Glue G1~12k! Al 0.82~2! 0.1233~8! 0.1111~7! 0.0000 1.00~9!

G2a ~6g! Al 1.00 0.2957~9! 0.0000 0.5000 1.00~9!

G2b ~12j! Al/Si 0.8/0.1~1! 0.3323~7! 0.4029~7! 0.000 1.00~9!
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sum of three indices are very intense in sharp contrast w
weak peaks with an odd number.

The glue sites are composed of three different atomic s
labeled as G1, G2a, and G2b sites, which have 12, 6, an
positions in the unit cell, respectively. No Re atom exists
these three glue sites. Thus the number of atomic position
the unit cell turns out to be 138 (5543211211216), and
the Re concentration in this approximant is restricted exa
at 24/138>17.4 at. %.

Notably, the sample withx59 has no disordering even i
the glue sites, while weak but finite disordering is introduc
18420
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in the glue sites with increasing or decreasing Si concen
tion from x59. In other words, the disordering becom
more significant if the composition of the 1/1-1/1-1/1 a
proximant moves away fromx59. We confirmed that the
introduced disordering certainly affects the electrical resis
ity, and shall return to this point in Discussion.

If the diffraction spectrum is accumulated with a ve
large S/N ratio, small but finite difference in the photo
interaction-cross-section between Al and Si gives us a r
able information about the positions of Si and Al. As a res
of the present synchrotron-radiation Rietveld analysis w
3-4
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an extremely largeS/N ratio, we confidently determined tha
Si atoms exist only in the glue sites. This result is consist
with our previously reported results on the Al-Cu-Fe-Si, A
Cu-Ru-Si, and Al-~Mn, Fe!-Si 1/1-1/1-1/1 approx-
imants.14,16,20

To obtain a further persuadable evidence for the abse
of Si in the MI clusters, the neutron Rietveld analysis w
also performed on the disorder-free Al73.6Re17.4Si9 1/1-1/1-
1/1 approximant (x59). The reliable factors obtained by th
neutron Rietveld analysis are summarized in Table I toge
with those obtained by the synchrotron-radiation Rietv
analysis. Although slightly poor data statistics led a sligh
largerRwp of 5.09%, the measured neutron-diffraction spe
trum was reproduced well and theRI and RF were suffi-
ciently reduced below 2% by using the parameters obtai
from the synchrotron Rietveld analysis.

C. Electronic properties

Figure 4 shows temperature dependence of the elect
resistivity for the Al82.62xRe17.4Six (x57, 8, 9, 10, 11, and
12! 1/1-1/1-1/1 approximants. A strong composition depe
dence of the electrical resistivity was observed for these
proximants, as had been already reported by Tamuraet al.6 It
is very important to note that the strong composition dep
dence of the electrical resistivity is one of the most p
nounced characteristics of the quasicrystals possessing
electrical resistivities, such as Al-Pd-Re quasicrystals.

Here we classified these 1/1-1/1-1/1 approximants i
three groups by the behavior of their electrical resistivity:~1!
Almost temperature-independent electrical resistivity w
observed forx57 and 12;~2! enhancement in the electron

FIG. 4. Temperature dependence of the electrical resistivity
the Al82.62xRe17.4Six (x57, 8, 9, 10, 11, and 12! 1/1-1/1-1/1 ap-
proximant. Some ribbons withx59 shows a positive and negativ
temperature coefficient of resistivity~TCR!, while those in other
batch possess a negative TCR.
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resistivity with decreasing temperature was observed ax
58, 10, and 11, and it was most pronounced atx510; ~3! a
positive temperature coefficient of the resistivity was o
served only forx59, but the sample withx59 in a different
batch showed almost temperature independent electrica
sistivity. One may notice that these behaviors in the electr
resistivity in the Al-Re-Si 1/1-1/1 approximants can b
roughly sorted with the value ofu9.52xu, and is closely
related to the density of states atEF that will be discussed
below.

r

FIG. 5. ~a! Low-temperature specific heat of th
Al82.62xRe17.4Six (x57, 8, 9, 10, 11, and 12! 1/1-1/1-1/1 approxi-
mant measured under the magnetic field of 9 T.~b! Electronic
specific-heat coefficientg deduced as a result of the function fittin
on the data measured at 9 T. It shows the minimum value ax
510 and increases with increasing or decreasingx. Thus pseudogap
formation acrossEF is strongly indicated.~c! Debye temperature
deduced form a. In sharp contrast to theg value, almost
composition-independent behavior is observed.
3-5
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TABLE II. Electron transport properties of the Al82.62xRe17.4Six 1/1-1/1-1/1 approximant.

x g(mJ/mol K2) a(mJ/mol K4) d(mJ/mol K6) QD(K) xPauli(emu/mol) r300 K(mV cm) RRR

7 0.611~2! 0.0200~2! 7(5)31026 459.9~3! 7.93(4)31026 1503~70! 1.126
8 0.444~2! 0.0170~2! 3.7(6)31026 485.0~5! 4.14(4)31026 1998~100! 1.434
9 0.302~3! 0.0183~3! 4(4)31026 473.9~6! 3.73(6)31026 3403~200! 1.058/0.374
10 0.2612~7! 0.0174~1! 6.9(3)31025 482.1~2! 1.77(7)31026 3266~190! 2.711
11 0.309~5! 0.0210~5! 5(1)31025 452.4~7! 2.39(2)31026 1877~95! 1.483
12 0.431~6! 0.0155~7! 4(1)31025 500~1! 5.12(4)31026 1416~70! 0.9483
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Low-temperature specific heatC was measured for the
Al82.62xRe17.4Six (x57, 8, 9, 10, 11 and 12! 1/1-1/1-1/1 ap-
proximants in the temperature range from 0.5 K to 10
under the magnetic field up to 9 T. The specific heatC in
nonmagnetic systems is in general expressed by the equ
C 5 gT1aT31dT5, wheregT represents electronic spe
cific heat, andaT3 1 dT5 represents the specific heat of th
lattice. By dividing both sides of this equation byT, we
obtain a formulaC/T5g1aT21dT4 that is commonly
used for analyses on the low-temperature specific heat.
measured specific heatC was divided byT and the resulting
C/T values were plotted as a function ofT2 in Fig. 5~a!.

Small increase with decreasing temperature, which
hardly explained with the equation described above, was
served below 2 K on theC/T versusT2 curve of all samples.
This increase inC/T at low temperature below 2 K was most
likely attributed to the Schottky-type anomaly21 associated
with the magnetic impurities, because the upturn in theC/T
versusT2 curve was reduced and moved towards higher te
perature with increasing external magnetic field. To dimin
the unfavorable Schottky-type anomaly, we measured s
cific heatC under the magnetic field of 9 T. The paramete
obtained as a result of the function-fitting were listed
Table II. The electronic specific-heat coefficientg and Debye
temperatureQD are depicted as a function of Si concentr
tion x in Figs. 5~b! and 5~c!, respectively. Obviously, theg
possesses the minimum value atx510, and increases with
increasing or decreasingx, while QD was kept almost con
stant at about 475625 K.

Since the difference in the atomic numbers between
and Si is the smallest, the electronic structure and pho
dispersion would be hardly modified by a few at. % subs
tution of Si for Al even though the electron concentration
the system varies. Almost composition independentQD re-
flects less significant effects of the substitution of Si for A
Therefore we consider that the Fermi level moves towa
higher or lower binding energies in the almost rigid ba
with increasing or decreasingx, respectively. The behavior o
g as a function ofx indicates the presence of the pseudog
across the Fermi level, and the minimumg value atx510
means that the Fermi level falls on the bottom of t
pseudogap at the vicinity of this particular Si concentrati

Information about the density of states atEF is also ob-
tained from the Pauli-paramagnetic term in the magn
susceptibility x. Figure 6~a! shows the x value of
Al82.62xRe17.4Six (x57, 8, 9, 10, 11 and 12! 1/1-1/1-1/1 ap-
proximants as a function of temperature measured at 9 T
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the temperature range of 100<T<300 K, x showed an al-
most temperature-independent behavior. However, it is r
idly increased below 30 K in all samples. This correspon
to the Curie-Weiss behavior caused by the free spins in
magnetic impurities, which may lead to the Schottky-ty
anomaly in the low-temperature specific-heat data.

It is obvious thatx slightly increases with increasing tem
perature above 300 K. This behavior was sometimes
served for the icosahedral quasicrystals and their appr

FIG. 6. ~a! Temperature dependence of the magnetic susce
bility x for the Al82.62xRe17.4Six (x57, 8, 9, 10, 11, and 12! mea-
sured under the magnetic field of 5 T.~b! Temperature independen
xPauli. It shows almost the same composition dependence of tha
the electronic specific-heat coefficientg.
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mants. Kobayashiet al.22 proposed that this increase inx at
high temperature above 300 K is brought about by the s
ond and third terms in the Sommerfeld expansion. Accord
to their analysis, we employed the equationx5x01AT2

1BT41C/(T2Q) and deduced the temperatur
independent termx0. Since x0 involves the diamagnetic
contributions of ions and Landau levels in addition to t
Pauli-paramagnetic term, we subtracted ionic term using
ues of223106,2123106, and213106 emu/mol for Al,
Re, and Si, respectively. The deducedxPauli5(3/2)(x0

2x ion) is depicted in Fig. 6~b!. The term 3/2 was introduce
to remove the diamagnetic contribution of the Landau lev
which has magnitude as large as 1/3 ofxPauli. Resulting
xPauli definitely possesses the minimum value atx 5 10 in
the same way as the electronic specific-heat coefficieng
possesses minimum value atx510. Although the fitting
function we employed in this analysis has not been co
monly accepted yet, we believe that thex dependence of the
deducedxPauli as well asg lends a support to the presence
a pseudogap across the Fermi level.

IV. DISCUSSION

To theoretically confirm the pseudogap formation acr
EF , we calculated the electron density of states by mean
the linear muffin-tin orbital with atomic sphere approxim
tion ~LMTO-ASA! method on the refined atomic structure
Al73.4Re17.6Si9 1/1-1/1-1/1 approximant. Detailed procedur
of the LMTO-ASA calculation for this alloy have been a
ready reported elsewhere.23 In this study, we concentrate o
explaining the difference between the LMTO-ASA density
states @abbreviated as N(E)LMTO] calculated for
Al73.6Re17.4Si9 and that deduced from the electron spec
heat g @abbreviated asN(E)g] of the Al82.42xRe17.6Six (x
57, 8, 9, 10, 11 and 12! 1/1-1/1-1/1 approximants. Th
N(E)LMTO near the Fermi level is shown in Fig. 7 togeth
with the N(E)g . The binding energy forN(E)g was esti-
mated using the free-electron approximation with 3,20.9,
and 4 valence electrons per Al, Re, and Si, respectively.
value of20.9 electrons per Re was determined so asN(E)g
to be located near the Fermi level. The calculated densit
states is characterized by the pseudogap of 200 meV in w
and so-called ‘‘spiky’’ peaks, which are introduced by t
small size of the first Brillouin zone associated with the lar
lattice constant. Although an ambiguity in the binding ene
still remains, it is worth mentioning here that theN(E)g
agrees well with theN(E)LMTO nearEF . Thus we argue here
that the presence of the pseudogap acrossEF is successfully
confirmed by our theoretical calculation.

We are now ready to discuss the strong composition
pendence of the electrical resistivity for the Al-Re-Si 1/1
1-1/1 approximants in terms of their electronic structure a
local atomic arrangements. Mott and Kaveh24 proposed the
following equation, on the basis of an equation reported
Kawabata,25 to account for the electronic conductivity und
the weak localization, which is known as a quantum interf
ence effect associated with multiple elastic scattering:
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HeresB , kF , l, andL represent conductivity deduced from
the Boltzmann transport formula, Fermi wave vector, me
free path of elastic scattering, and mean free path of inela
scattering, respectively.

At high temperatures whereL and l become comparable
the second term in the brace obviously disappears and
conductivity is solely determined by the Boltzmann formu
which in an isotropic system is written as

sB5
SFe

2l

12p3\
5

e2

3
N~EF!vFl , ~2!

where SF and vF represent the area of Fermi surface a
Fermi velocity, respectively. Only three termsN(EF), vF ,
and l determine the electrical resistivity in this formula. Th
mean free pathl in the Boltzmann equation is expressed
l 5 l imp1 l phonon, wherel imp and l phonon represent the mean
free paths associated with impurity scattering and pho
scattering, respectively. Since thel phonon is much shorter
than that ofl imp at room temperature,l imp could be safely
ignored. Note here thatl phonon is scaled byQD , and that
almost composition independentQD of the Al-Re-Si 1/1-1/
1-1/1 approximant leads to composition independentl phonon

FIG. 7. ~a! Valence-band density of states calculated for t
disorder-free Al73.6Re17.4Si6 1/1-1/1-1/1 approximant by the
LMTO-ASA method. Calculated density of states nearEF

@N(EF)LMTO# is depicted in~b! and that deduced from the electron
specific-heat coefficient@N(EF)g# are superimposed on it.
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at room temperature. Therefore composition dependenc
the resistivity at room temperature reflects only the com
sition dependence of the remaining two factors,N(EF) and
vF . The same result can be concluded under the Ioffe-Rie
limit, where the mean free path of electronsl 5vFt is re-
duced to the averaged interatomic distanceā, and the elec-
trical conductivity turns out to besB

IR5(e2/3)N(EF)vFā.
The resistivity at room temperature plotted in Fig. 8 actua
reflects the composition dependence of theN(EF); r300 K
possesses its maximum value atx59 –10 at.% at which
N(EF) (g andxPauli) shows the minimum value.

We discuss next the electrical resistivity at low tempe
ture, which is closely related to the development of the we
localization. Within the Boltzmann transport equation~2!,
the temperature dependence of the resistivity is determ
by the temperature dependence of the mean free pathl; the
electrical resistivity increases with increasing temperat
becausel is reduced by the development of the electro
phonon scattering. On the other hand, when the conduc
electrons are strongly affected by the weak-localization
fect, the electrical resistivity significantly drops with increa
ing temperature because enhanced inelastic electron-ph
scattering weakens the weak-localization effect. This is
pressed at the second term in the brace of Eq.~1!.

Here we introduce a frequently used parameter, the
sidual resistivity ratio defined as RRR5r2K /r300 K, to dis-
tinguish the electron conduction mechanism in t
samples.5,26 If RRR is kept below 1.1, we consider that th
transport mechanism is expressed by the Boltzmann tr
port equation, while the weak localization takes place
RRR@1.1.26 The RRR deduced form the electrical resistiv
is plotted in Fig. 8 as a function of Si concentrationx. Two
peaks and a considerable reduction in RRR are observe
x58, 10, and 9, respectively. The weak-localization te
dency characterized by a large RRR value became obv
for Al82.62xRe17.4Six at x58 and 10, even though both com
pounds are expected to have less significant disorderin

FIG. 8. Composition dependence of the residual resistivity ra
defined byr2 K /r300 K and electrical resistivity at room temperatu
r300 K.
18420
of
-

el

y

-
k

ed

e
-
n

f-
-
on
-

e-

s-
t

at
-
us

in

the structure because of their compositions lying in the
cinity of the disorder-free Al73.6Re17.4Si9. This is very sur-
prising fact because the weak localization must be brou
about by multiple elastic scatterings associated with st
disordering in the unit cell.

By carefully comparing the measured properties a
structure features, we noticed that the weak localization
more enhanced if the density of states at the Fermi le
possesses smaller value even when the disordering in the
cell is relatively weak. Indeed, the largest RRR value, wh
means the strongest-localization tendency, is observed fx
510 at which theg andxPauli possess the minimum value

The small density of states atN(EF) indicates presence o
small Fermi surface~s!. In the case with small Fermi sur
faces, multiple elastic scattering easily satisfies the condi
of the quantum interference. Once the Fermi surfaces
larger, the quantum interference effect should be weake
because an inelastic event prevents the multiple scatte
from satisfying the interference condition. This is schema
cally illustrated in Fig. 9.

The degree of the disordering plays a less important r
than the smallN(EF) in enhancing the weak-localization e
fect. We should stress, however, that the disordering in st
ture is still one of the necessities for the development of
weak localization for the 1/1-1/1-1/1 approximant, becau
the disorder-free Al83.6Re17.4Si9 never showed the weak
localization tendency but the Boltzmann-type behavior ev
though it had a smallerg value than that of Al84.6Re17.4Si8
possessing a localization tendency. In other words,
Boltzmann-type electron conduction does appear e
though the system has fairly smallN(EF), provided that it
has a nearly perfect periodic structure.

Obviously, the Boltzmann conductivitysB is also
strongly reduced by these two crucial factors on the dev
opment of the weak localization; the smallN(EF) and im-
perfection in the periodic structure. Therefore we conclu
that the high electrical resistivity in the Al-Re-Si 1/1-1/1-/1
approximants is brought about by the small Boltzmann c
ductivity and the significant weak-localization effect, both

o

FIG. 9. Schematic drawing of multiple elastic scattering
small and large Fermi surfaces. On the small Fermi surface, m
tiple elastic scattering easily satisfies a condition for the quan
interference. Quantum interference with the large Fermi surface
the other hand, is hardly satisfied, because an inelastic scatt
would be introduced and destroy the quantum interference be
the multiple elastic events round the Fermi surface. When the Fe
surface is large enough, the quantum interference never app
even though the number of the inelastic events is much smaller
that of elastic events.
3-8
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which are closely related to the small density of states atEF
and imperfection in the periodic structure.

Finally the high electrical resistivities observed for t
icosahedral quasicrystals are discussed in comparison
that of the present Al-Re-Si 1/1-1/1-1/1 approximants.
found in this study that the most important factors introdu
ing high electrical resistivity in the Al-Re-Si 1/1-1/1-1/1 a
proximant are the low density of states atEF and the imper-
fection in the periodic structure. In the case of quasicryst
the condition of the imperfection in the periodic structure
already satisfied because of their possession of quasipe
icity. Then a small density of states atEF turns out to be
solely responsible for the the high electrical resistivity of t
quasicrystals. Indeed the quasicrystals of high electr
resistivity were reported to possess an extremely sm
g value; 0.29 mJ/mol K2 for the Al-Cu-Fe quasicrystal,27

0.11–0.2 mJ/mol K2 for the Al-Cu-Ru quasicrystal,28

and 0.1 mJ/mol K2 for the Al-Re-Si quasicrystal.4 The elec-
trical resistivity at room temperature (r300 K) and RRR of
these icosahedral quasicrystals are (3000mV cm, 2.0! for
Al-Cu-Fe, (5000mV cm, 3.0! for Al-Cu-Ru, and ~10000
mV cm,10–10 000! for the Al-Pd-Re icosahedral quas
crystal.5 Obviously those values can be sorted in the orde
the g value; the smallerg is, the largerrRT andRRRare.

Icosahedral quasicrystals of high electrical resistivity,
general, are known to possess a strong composition de
dence. For example, a single-grained Al-Pd-Re icosahe
quasicrystal shows an electrical resistivity less th
5000mV cm ~Ref. 29! in sharp contrast to the quenche
ones possessing more than 10mV cm at low temperature.4

This behavior can be also well accounted for by consider
our scenario. If the ratio in the constituent elements var
the electronic structure must be affected. Even if the e
tronic structure itself is not affected drastically, the Fer
level moves towards higher or lower energies in t
pseudogap because of the variation in the electron con
tration. This must lead to a variation in the density of sate
the Fermi level, and the degree of the weak localizat
strongly affected by it. We believe that this is the mechani
for the strong composition dependence in the electrical re
tivity of the quasicrystals of high electrical resistivity.

In the case of the Al-Pd-Re icosahedral quasicrystal m
tioned above, less resistive single-grained samples29 have
certainly different composition from that of the resistiv
one.4 Since Al-Pd-Re quasicrystals are obtained from pe
tectic reaction, single-grained samples have to be produ
from a different composition. Indeed, Fisheret al.29 pro-
duced single-grained Al-Pd-Re quasicrystals from Al-ri
compositions, and the resulting icosahedral quasicrystals
possess a higher Al concentration than that in the sample
a high electrical resistivity. This should be the reason for
relatively low electrical resistivity in the single graine
samples. We expect that if the composition is well controll
the insulating behavior must be observed even in the sin
grained Al-Pd-Re icosahedral quasicrystal.
18420
ith
e
-

s,

d-

al
ll

f

n-
al
n

g
s,
c-
i

n-
at
n

s-

n-

i-
ed

lso
of
e

,
e-

Theg value of the most resistive Al72.6Re17.4Si10 1/1-1/1-
1/1 approximant is comparable with that of the Al-Cu-F
icosahedral quasicrystal reported by Biggset al.27 It is of
great interest to note that these two phases possess si
electrical resistivities in their absolute value and temperat
dependence. This fact means that the role of quasiperiod
in the electrical resistivity is essentially the same with that
disordering in the crystal, and that the degree of the w
localization is solely determined by the magnitude of t
small N(EF) under the presence of the quasiperiodicity
quasicrystal or disordered structure in crystals.

Nearly spherical symmetry of the icosahedral quasicry
contributes in enhancing electrical resistivity by significan
deepening the pseudogap with the Fermi-surface
Brillouin-zone ~FS-BZ! interaction. The effect in deepenin
pseudogap with the FS-BZ interaction must be stronge
the icosahedral quasicrystal than that in the correspond
approximants, because the icosahedral symmetry in the
sicrystal is more symmetrical than that in approximants.
deed the electrical resistivity reported for various icosahed
quasicrystals was always higher than that of the correspo
ing approximants,7,30 lending a strong support to the scenar
of the crucial role of the icosahedral symmetry in enhanc
the electrical resistivity.

Structure imperfection of the quasicrystals, in general
known to reduce their electrical resistivity. This behavior c
be also accounted for by considering the FS-BZ interacti
Disordering in the quasicrystals weakens the FS-BZ inter
tion and makes the pseudogap shallower. Then the densi
states atEF gets larger and the electrical resistivity turns o
to be smaller.

V. CONCLUSION

Electrical resistivities in the Al-Re-Si 1/1-1/1-1/1 approx
mants were investigated and discussed in terms of their e
tronic structure and the atomic structure. The highest elec
cal resistivity associated with the strong quantu
interference effect is observed at a particular composition
Al72.4Re17.6Si10.0, where the electronic density of state
yields the minimum value, while the degree of the disord
ing in the 1/1-1/1-1/1 approximant was relatively weak. W
also observed the disappearance of the weak-localization
fect at Al73.6Re17.4Si9 because of its disorder-free structur
Thus we conclude that the extremely high electrical resis
ity characteristic of the icosahedral quasicrystal and co
sponding approximants is brought about by the very sm
density of states at the Fermi level coupled with the imp
fections in the periodicity.
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