PHYSICAL REVIEW B 68, 184203 (2003

Contribution of local atomic arrangements and electronic structure to high electrical resistivity
in the Alg, —xR€17 Sk (7=x=<12) 1/1-1/1-1/1 approximant
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Electrical resistivity of Ay, s xR€7.Si (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; sampbes WijtB, 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.
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[. INTRODUCTION quasicrystals and their approximants, we decided not to em-

ploy quasicrystals but crystalline approximants because ap-

After the discovery of thermodynamically stable proximants possess the similar local atomic arrangements

quasicrystal$;® physical properties associated with the qua-and electronic structure as those in the corresponding quasi-
siperiodicity have been investigated with use of these stablerystals due to their relation in the high-dimensional space,

quasicrystals of very high structural quality. An insulating and because the electronic structure and the local atomic ar-

behavior in electrical resistivity observed for the Al-Pd-Re rangements of the approximants can be precisely determined

icosahedral quasicrysfand very high-electrical resistivities py the conventional band-calculation and structure analyses
for other icosahedral phases, such as Al-Cu-Fe, Al-Cu-Ruye|| developed for crystalline materials. The roles of local

Al-Pd-Mn, and Al-Pd-Os quasicrystdisare the most pro-  atomic arrangements and of the electronic structure in in-

nounced characteristics that are widely believed to be introg easing their electrical resistivity can be investigated by
duced by the quasiperiodicity in the quasicrystalline struc

TS . "~ ~making full use of the atomic and electronic structure analy-
ture. The role of quasiperiodicity in increasing electrical

resistivity. however. has not been well understood vet. b ses on the crystalline approximants. Moreover, we can also
esIStivity, however, has not been well Understood yeL berqoyeq) the effects of the guasiperiodicity on the electrical
cause no clear explanation has been proposed on an open

guestion “why some crystalline approximants possess a Vergondgctlv;tyl by_tcif]otr;:parlngf tthhe electrical dpropertles .Of thte
high electrical resistivity even without the quasiperiodicity in uasicrystals wi ose ot the corresponding approximant.

their structure?” The high electrical resistivity reaching !N this study, we employed a series of Al-Re-Si 1/1-1/1-
nearly 10 000xQ cm observed for the Al-Re-Si 1/1-1/1-1/1 1/1 approximants possessing very high ele.ctncal resistivities
approximarttis one of the most typical examples. Relatively UP t© 10 0001{ cm at 2 K. The local atomic arrangements
low electrical resistivities about 150—200) cm observed ~Were determined by the synchrotron-radiation and neutron
for Al-Mg-Zn, Mg-Zn-Y, and Cd-Yb icosahedral quasicrys- Rietveld analyses, and the density of states at the Fermi level
tals of high structure qualify*® also conflict with the sce- (Ef) was also experimentally investigated by means of the
nario of the critical role of the quasiperiodicity in increasing low-temperature specific heat and magnetic-susceptibility
their electrical resistivity. measurements. The measured electrical resistivity of these
In order to find the most important factors leading theapproximants is discussed in terms of their local atomic ar-
high electrical resistivity characteristic to some icosahedratangements and the electronic structure rigar The factors
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introducing the high electrical resistivity both in the approxi- AlgoRe4(
mants and quasicrystals are discussed in detail. (a)

Il. EXPERIMENTAL PROCEDURE

Al-Re-Si mother ingots were prepared by melting the con-
stituent elements, Alpurity 99.99%, Re (99.9%, and Si
(99.999%, in an arc furnace under a pressurized Ar-gas at-
mosphere. All mother ingots were molten again in an induc-
tion heater and rapidly quenched on a single-role Cu wheel
of 18 cm in diameter rotating at 5000 rpm. Ribbon samples

17.4 at.%

thus obtained were annealed at 700 °C for 24 h. The phases Al &S/ &y AlgoSig
in the ribbon samples before and after the heat treatment SYARY,
were determined by a conventional Curk-ray-diffraction (\‘? ,\j?
(XRD) measurement with a commercial diffractometer >
RIGAKU RINT2000. (b)

The Rietveld analysis was performed on the synchrotron- -
radiation powder diffraction spectra of Alg_xRej7.4Si (X < 12.90
=7, 9, and 12 accumulated at the beam line BL02B2 in £ 12.88- i\&\f\{\i
SPring-8, Hyogo, Japan. A wavelength)£0.7 A, quartz 2

. A ) . 5 12.86

glass capillary tubes of 0.2 mm in diameter, and imaging- -
plates as the detector were employed with the low- 2 12.84+
temperaturg90 K) nitrogen gas blowing on the sample. We S+
also used the Rietveld analysis on the neutron powder- 8 10 12
diffraction spectrum for Al; Re;;7 6Sig to clearly distinguish Si concentration (at.%)

the position of Si from that of Al. The neutron-diffraction
spectrum was measured at HERMES in KEK, Tsukuba, Ja- FIG. 1. (a) Partial composition diagram of the Al-Re-Si alloy
pan. The Rietveld programieTaN2000developed by Izumf  obtained after a heat treatment of 700 °C for 24 h. Open circles and
was employed both for the synchrotron-radiation and neutrofilled circles indicate the 1/1-1/1-1/1 approximant with and without
Rietveld analyses. the precipitation of the secondary ph@seThe compositions in the
The electrical resistivity of the present samples was measamples with secondary phésieare as followsA, Al dR€7 Sie;
sured in the temperature rangesnfr@ K to 300 Kwith a B, Al dRegSis; C AlpdRegSis; D, AlggdRe7..Sk; E,
conventional four-probe method in the Physical Propertied\l72dR€s.Sis; andF, Alzg Reg sSig. (b) Si concentration depen-
Measurement System, Quantum Design PPMS-9L. The lowdence of the lattice constant of the Ak Re7 Sk 1/1-1/1-1/1
temperature specific heat was measured under the magne_ﬁgproximant. The lattice constaatdecreases monotonically with
field of 0 and 9 T in the temperature range from 0.5 K to 10'ncreasingx.

K by the relaxation method with the Oxford Instruments yithout breaking the crystal structure of the 1/1-1/1-1/1 ap-
MLHC9H. The magnetization of the samples was also meaproximant. In sharp contrast with substitutability between Al

sured under the magnetic field up to 9 T in the temperaturgngd Sj, Re concentration in the Al-Re-Si 1/1-1/1-1/1 approx-
range fron 2 K to 400 Kwith a superconducting quantum imant was kept rigidly constant at 17.4 at. % Re. Cooper and
interference devicéSQUID) magnetometer, Quantum De- Robinsori® reported that the Al-Mn-Sii-phase known as the

sign MPMS-7. 1/1-1/1-1/1 approximant involves totally 138 atom positions
in the unit cell. The limited Re concentration only at 17.4

IIl. RESULTS at. % Re reflects the fact that 24 atom positions in the unit

cell are exclusively occupied by Re atoms, while Al and Si
A. Composition determination atoms fill the remaining 114 atom positions. Indeed this idea

Figure a) shows a partial composition diagram of the was clearly confirmed in the result of present Rietveld analy-

Al-Re-Si alloy system obtained after the heat treatment ar': that will be discussed in detail later.

N . ; The formation area of the stable Al-Re-Si 1/1-1/1-1/1 ap-
700°C for 24 h on the rapidly quenched ribbon samples. The, i\ ant determined in this study is inconsistent with that

ty_pical XRD spectra of the anngaled samples are s_hown : ported by Tamurat al.® who claimed that the Al-Re-Si
Figs. 4a) and 2b). The Al-Re-Si 1/1-1/1/-1/1 approximant 1/7_1/1.1/1 approximant was stabilized over a wide compo-
was obviously stabilized along a composition line indicatedsijtion range extended towards smaller Re concentration. It
as Aky e xRe7Si in the range fromx=7 to 12, while  should be pressed that we employed the step-scanned data
small but finite amount of secondary pheserecipitated in - accumulation method with large signal to noi$eN) ratio to

the samples outside of this composition-line. The lattice conavoid misjudging whether the impurity phases exist in the
stanta for the 1/1-1/1-1/1 approximants is shown in Fighl  sample. Invariable concentration of transition metals re-
as a function ok. Monotonically decreasing with increas-  ported for the other 1/1-1/1-1/1 approximants lends a support
ing Si concentratiox indicates that Al atoms in the Al-Re-Si to the limited Re concentration in the Al-Re-Si 1/1-1/1-1/1
1/1-1/1-1/1 approximant are partially replaced by Si atomsapproximant*~16
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FIG. 2. (@ XRD spectra of the
Alg, s yRe7 Sk, 1/1-1/1-1/1  approximant X
=7, 8, 10, and 12 These compounds possess no
secondary phaséb) XRD spectra of the samples
denoted a®\—E in Fig. 1(a). The arrows indicate
the diffraction peaks belonging to the secondary
phasés).
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B. Structure analysis

Synchrotron-radiation Rietveld analysis was performed
on the three samples of different compositions;
Algs 6 Re7 Sk (Xx=7, 9, and 12 If all Mn atoms in the
Al-Mn-Si a phase reported previous®!"*8are replaced by
Re, we obtain almost the same composition as that revealed
for the present Al-Re-Si approximant. Therefore the structure
of Al-Mn-Si a-phase reported by Cooper and RobinSon
was used as the initial structure model for the present Ri-
etveld analysis.

Figures 3a)—3(c) show measured and calculated diffrac-
tion spectra obtained after the Rietveld analysis for these
three alloys. The resulting structure parameters and reliable
factors R factors®) are listed in Table I. By recognizing)
good agreement between the calculated spectra and the mea-
sured ones(2) good coincidence of the calculated composi-
tions with the nominal ones, ar{@) very smallR factors, we
regarded that the local atomic arrangements in these approxi- 1 ARCAUILL ML
mants were successfully determined in the present Rietveld s 110. 15 “20 3T 30 a5 40 45 50 55 €0
analysis. 26 (deg)

As a result of the synchrotron-radiation Rietveld analysis,
all Al-Re-Si 1/1-1/1-1/1 approximants were found to have (d)
disorder-free Mackay icosahedr@l) clusters at the body
center and vertices in their cubic unit cell. These MI clusters
are build up with doubly stacked atomic shells; the first shell
is small icosahedron made up with 12 Al atoms, and the
second icosahedral shell consists of 12 Re atoms at its verti-
ces and 30 Al atoms at the edge centers. Totally 54 atoms, 12 ;757550 25 30
Re and 42(=12+30) Al, construct the MI cluster without d (A)
any Si atoms in it. If there were no other atoms in the unit
cell, the Al-Re-Si 1/1-1/1-1/1 approximant would have the

— : : 1/ FIG. 3. The fitting result after the Rietveld refinement on the
space group Imas that in the AjsCu,(Fe, Ru);Sig 1/1-1/1 synchrotron-radiation diffraction spectra @& Al;sdRe;;.Si;, ()

1/1 approximants®*® However, the Im3symmetry of the A, Re, Si,, and(c) Al dRe7.Sir,. (d) Result obtained by the
cubic cell is broken down by the presence of three “glue” neutron Rietveld analysis for the AlRe;;Si. The measured
sites at spaces between the MI clusters. Although the glugpectra are shown with a marker, and calculated spectra are
sites violate the symmetry of the bcc lattice, the unit cell stillsuperimposed on the measured ones. Vertical bars indicate the al-
has a bcc-like atomic arrangement. This feature leads to l@wed peak positions. The differences between measured and cal-
fact that the diffraction peaks having an even number as theulated spectra are shown at the bottom of each panel.
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TABLE |. Results of the Rietveld refinement on theg\_,Re; 7 Si, 1/1-1/1-1/1 approximant(=7,9,12).

Cluster Site Atoms Occupancy X y z Bso. (A2

(@ AlssdRe;Siy, resulting composition Al Rej; ¢Siz 7
a=12.8605(1) A R,,=2.85%,R.=0.76%, R,=1.50%, Rg=0.55%

Inner Ico. l1a12j) Al 1.00 0.1631) 0.0971) 0.0000 1.81)
lIb(12K) Al 1.00 0.3501) 0.4011) 0.5000 1.81)

Mackay Ico. MI1d6e) Al 1.00 0.3631) 0.0000 0.0000 0.32)
MI1b(6h) Al 1.00 0.1041) 0.5000 0.5000 0.32)

MI2a(241) Al 1.00 0.11995) 0.1811) 0.297%7) 0.312)

MI2b(24) Al 1.00 0.38846) 0.3041) 0.18529) 0.312)

TMa(12¢ Re 1.00 0.322@) 0.19782) 0.0000 1.381)

TMb(12h) Re 1.00 0.1798®) 0.30233) 0.5000 1.381)

Glue G1(12K AlSi 1.0 0.12947) 0.11118) 0.5000 0.81)
G2a(6g) Al 1.0 0.28808) 0.0000 0.5000 0@)

G2b (12)) Si 0.871) 0.32657) 0.39889) 0.0000 0.81)

(b) Al;3 Rej7 Sig, resulting composition Al gMny; sSig 7
a=12.8603(1) A R,,=2.42%,R.=0.88%,R,=1.81%, R-=0.90%
(Neutron Ry,=5.09%, Re=4.39%, R,=1.64%, Re=1.04%

Inner Ico. 11512j) Al 1.00 0.1621) 0.0951) 0.0000 1.189)
I1b(12k) Al 1.00 0.34%1) 0.3991) 0.5000 1.189)

Mackay Ico. Mlld6e) Al 1.00 0.3661) 0.0000 0.0000 1.48)
MI1b(6h) Al 1.00 0.1121) 0.5000 0.5000 1.48)

MI2a(24l) Al 1.00 0.12007) 0.1881) 0.30119) 1.426)

MI2b(24I) Al 1.00 0.39038) 0.3131) 0.19569) 1.426)

TMa(12e Re 1.00 0.324) 0.19862) 0.0000 1.361)

TMb(12h) Re 1.00 0.1802) 0.30412) 0.5000 1.361)

Glue G1(12k) Al 1.00 0.12546) 0.11147) 0.0000 1.00)
G2a(6g) Al 1.00 0.30049) 0.0000 0.5000 1Q)

G2b (12)) Si 1.00 0.326(®) 0.40227) 0.0000 1.01)

(c) Al;qdRei7.Si,, resulting composition Al Re7 Siis 6
a=12.8501(1) A R,p=2.27%, Re=1.51%, R,=1.34%, Re=0.58%

Inner Ico. la12j) Al 1.00 0.1561) 0.0921) 0.0000 1.088)
lIb(12K) Al 1.00 0.33739) 0.3971) 0.5000 1.088)

Mackay Ico. MI146e) Al 1.00 0.3682) 0.0000 0.0000 1.18)
MI1b(6h) Al 1.00 0.12G2) 0.5000 0.5000 1.18)

MI2a(241) Al 1.00 0.12085) 0.18947) 0.30097) 1.185)

MI2b(24) Al 1.00 0.392%6) 0.31328) 0.19217) 1.185)

TMa(12¢ Re 1.00 0.324@) 0.197G2) 0.0000 1.2402)

TMb(12h) Re 1.00 0.180@) 0.30522) 0.5000 1.2)

Glue G1(12k Al 0.82(2) 0.12338) 0.11117) 0.0000 1.009)
G2a(69) Al 1.00 0.29579) 0.0000 0.5000 1.00)

G2b(12)) Al/Si 0.8/0.1(1) 0.33237) 0.40297) 0.000 1.009)

sum of three indices are very intense in sharp contrast witin the glue sites with increasing or decreasing Si concentra-
weak peaks with an odd number. tion from x=9. In other words, the disordering becomes

The glue sites are composed of three different atomic sitesore significant if the composition of the 1/1-1/1-1/1 ap-
labeled as G1, G2a, and G2b sites, which have 12, 6, and J#oximant moves away from=9. We confirmed that the
positions in the unit cell, respectively. No Re atom exists inintroduced disordering certainly affects the electrical resistiv-
these three glue sites. Thus the number of atomic positions iity, and shall return to this point in Discussion.

the unit cell turns out to be 138+54x 2+ 12+ 12+6), and If the diffraction spectrum is accumulated with a very
the Re concentration in this approximant is restricted exactlyarge S/N ratio, small but finite difference in the photon-
at 24/13&17.4 at. %. interaction-cross-section between Al and Si gives us a reli-

Notably, the sample witk=9 has no disordering even in able information about the positions of Si and Al. As a result
the glue sites, while weak but finite disordering is introducedof the present synchrotron-radiation Rietveld analysis with
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FIG. 4. Temperature dependence of the electrical resistivity for
the Alg, 6 yRe7.Sik (x=7, 8, 9, 10, 11, and 221/1-1/1-1/1 ap-
proximant. Some ribbons witk=9 shows a positive and negative
temperature coefficient of resistivityff CR), while those in other
batch possess a negative TCR.

y (mJ/mol K°)
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Si concentration (at.%)
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an extremely larg&/N ratio, we confidently determined that

Si atoms exist only in the glue sites. This result is consistent (c) 600
with our previously reported results on the Al-Cu-Fe-Si, Al-

Cu-Ru-Si, and AlMn, Fe-Si 1/1-1/1-1/1 approx-

imants?#16:20 < 500 - e . & ®
To obtain a further persuadable evidence for the absence vc L ® ° 1
of Si in the MI clusters, the neutron Rietveld analysis was D 400 i

also performed on the disorder-free;fdRe; Sig 1/1-1/1-
1/1 approximantX=9). The reliable factors obtained by the

neutron Rietveld analysis are summarized in Table | together 300 % é é 1'0 1'1 1'2
with those obtained by the synchrotron-radiation Rietveld Si concentration x (at.%)

analysis. Although slightly poor data statistics led a slightly .

largerR,, of 5.09%, the measured neutron-diffraction spec- F'G'R 5 (@ Low-temperature specific ~heat of the
trum was reproduced well and tHe and Rr were suffi- s26-xR@7.Sk (x=7, 8, 9,10, 11, and 321/1-1/1-1/1 approxi-

ciently reduced below 2% by using the parameters obtaine@am. _measured u_n_der the magnetic field of 9(&. Ele_ctron_|c_
- . Specific-heat coefficieny deduced as a result of the function fitting
from the synchrotron Rietveld analysis.

on the data measured at 9 T. It shows the minimum valug at
‘ ) =10 and increases with increasing or decreagirnthus pseudogap
C. Electronic properties formation acrossEg is strongly indicated(c) Debye temperature

Figure 4 shows temperature dependence of the electricdfduced forma. In sharp contrast to they value, almost
resistivity for the Ab, 5 Rer7 S, (x=7, 8, 9, 10, 11, and composition-independent behavior is observed.
12) 1/1-1/1-1/1 approximants. A strong composition depen-
dence of the electrical resistivity was observed for these ap-esistivity with decreasing temperature was observea at
proximants, as had been already reported by Tareuah® It =8, 10, and 11, and it was most pronounceaatl0; (3) a
is very important to note that the strong composition depenpositive temperature coefficient of the resistivity was ob-
dence of the electrical resistivity is one of the most pro-served only foix=9, but the sample witk=9 in a different
nounced characteristics of the quasicrystals possessing hidjiatch showed almost temperature independent electrical re-
electrical resistivities, such as Al-Pd-Re quasicrystals. sistivity. One may notice that these behaviors in the electrical
Here we classified these 1/1-1/1-1/1 approximants intgesistivity in the Al-Re-Si 1/1-1/1 approximants can be
three groups by the behavior of their electrical resistiity:  roughly sorted with the value of9.5—x|, and is closely
Almost temperature-independent electrical resistivity wagelated to the density of states Bt that will be discussed
observed fox=7 and 12;(2) enhancement in the electronic below.
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TABLE Il. Electron transport properties of the Al Re 7 Si, 1/1-1/1-1/1 approximant.

X y(mJ/mol K2) a(md/mol K S(mJ/mol K&) Op(K) Xpauf€MU/mol) P30o k(2 cm) RRR

7 0.6112) 0.020G2) 7(5)x10°¢ 459.93) 7.93(4)x 10°© 150370) 1.126

8 0.4442) 0.017G2) 3.7(6)x 10°°© 485.05) 4.14(4)x 1078 1998100 1.434

9 0.3023) 0.01833) 4(4)x10°° 473.96) 3.73(6)x 1078 3403200 1.058/0.374
10 0.26127) 0.01741) 6.9(3)x107° 482.1(2) 1.77(7)x10°© 3266190 2.711

11 0.3095) 0.021@5) 5(1)x10°° 452 .47) 2.39(2)x10°° 187795) 1.483

12 0.4316) 0.015%7) 4(1)x10°° 500(1) 5.12(4)x 1078 141670) 0.9483

Low-temperature specific he& was measured for the the temperature range of 180<300 K, y showed an al-

Alg 6 xRe7 Sk (x=7, 8,9, 10, 11 and 121/1-1/1-1/1 ap-  most temperature-independent behavior. However, it is rap-
proximants in the temperature range from 0.5 K to 10 Kidly increased below 30 K in all samples. This corresponds
under the magnetic field up to 9 T. The specific h€ain  to the Curie-Weiss behavior caused by the free spins in the
nonmagnetic systems is in general expressed by the equatiamagnetic impurities, which may lead to the Schottky-type
C = yT+aT3+ 6T®, whereyT represents electronic spe- anomaly in the low-temperature specific-heat data.

cific heat, andx T3 + ST° represents the specific heat of the It is obvious thaty slightly increases with increasing tem-
lattice. By dividing both sides of this equation By we  perature above 300 K. This behavior was sometimes ob-
obtain a formulaC/T=y+aT?+ 6T* that is commonly served for the icosahedral quasicrystals and their approxi-
used for analyses on the low-temperature specific heat. The

measured specific he@twas divided byT and the resulting

C/T values were plotted as a function ©f in Fig. 5a). (a) T T T

Small increase with decreasing temperature, which is ‘ Al Re.. .Si
hardly explained with the equation described above, was ob- 82.6-x 77174 x
served below 2 K on th€/T versusT? curve of all samples. 1.0x10°
This increase irlC/T at low temperature belo 2 K was most
likely attributed to the Schottky-type anom&lyassociated
with the magnetic impurities, because the upturn in@#é
versusT? curve was reduced and moved towards higher tem-
perature with increasing external magnetic field. To diminish
the unfavorable Schottky-type anomaly, we measured spe-
cific heatC under the magnetic field of 9 T. The parameters
obtained as a result of the function-fitting were listed in
Table 1. The electronic specific-heat coefficignand Debye
temperature®, are depicted as a function of Si concentra-
tion x in Figs. 8b) and 5c), respectively. Obviously, the
possesses the minimum valuexat 10, and increases with
increasing or decreasing while ® was kept almost con-
stant at about 47525 K.

Since the difference in the atomic numbers between Al 0 100 200 300 400
and Si is the smallest, the electronic structure and phonon
dispersion would be hardly modified by a few at. % substi- (b) Temperature (K)
tution of Si for Al even though the electron concentration in 10x10°
the system varies. Almost composition independ@gt re-
flects less significant effects of the substitution of Si for Al.
Therefore we consider that the Fermi level moves towards
higher or lower binding energies in the almost rigid band
with increasing or decreasingrespectively. The behavior of
vy as a function ok indicates the presence of the pseudogap
across the Fermi level, and the minimuynvalue atx=10
means that the Fermi level falls on the bottom of the 7S‘ 8 9 10 110 12

S . . : : i concentration x (at.%)
pseudogap at the vicinity of this particular Si concentration.

Information about the density of statesit is also ob- FIG. 6. (a) Temperature dependence of the magnetic suscepti-
tained from the Pauli-paramagnetic term in the magnetigjiity y for the Alg, 5 xRey7 Six (x=7, 8, 9, 10, 11, and J2mea-
susceptibility . Figure @a) shows the y value of  sured under the magnetic field of 5(B) Temperature independent
Alg, s yRe7 Siy (X=7, 8, 9, 10, 11 and 121/1-1/1-1/1 ap-  xpaui- It shows almost the same composition dependence of that in
proximants as a function of temperature measured at 9 T. Ithe electronic specific-heat coefficient

x=17 7
8
9
10
11 7]
12

XX4BD> O

% (emu/mol)

Hpgyi (EMU/mMol)

S N B N
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mants. Kobayashet al?? proposed that this increase jnat (a)
high temperature above 300 K is brought about by the sec-

ond and third terms in the Sommerfeld expansion. According 149 ;
to their analysis, we employed the equatigr xo+AT? 2127 E
+BT*+C/(T-®) and deduced the temperature- £1.0- 5
independent termy,. Since xq involves the diamagnetic 2 0.8 :
contributions of ions and Landau levels in addition to the 2 5
Pauli-paramagnetic term, we subtracted ionic term using val- § 0.6 ;
ues of —2x10°, —12x 10°, and —1x 10¢° emu/mol for Al, & 0.4 :
Re, and Si, respectively. The deduceg,,=(3/2)(xo 8 02

— Xion) is depicted in Fig. @). The term 3/2 was introduced ' ,
to remove the diamagnetic contribution of the Landau levels, 0.0 1'2 1'0 '8 |6 '4 '2 lI? é zlt
which has magnitude as large as 1/3 xaf,,;. Resulting (b) Energy (eV) F

Xpaui definitely possesses the minimum valuexat 10 in
the same way as the electronic specific-heat coefficient 1.2
possesses minimum value &t 10. Although the fitting R
function we employed in this analysis has not been com- g“"
monly accepted yet, we believe that thelependence of the =
deducedyp,,ias well asy lends a support to the presence of
a pseudogap across the Fermi level.

~%- N(E),

IV. DISCUSSION

. . . 0.
To theoretically confirm the pseudogap formation across . T T T z T T
Er, we calculated the electron density of states by means of 20 -15 -0 05 F 05 10
the linear muffin-tin orbital with atomic sphere approxima- Energy (eV)

tion (LMTO-ASA) method on the refined atomic structure of  FIG. 7. (a) Valence-band density of states calculated for the
Al43 Rey7 Sig 1/1-1/1-1/1 approximant. Detailed proceduresdisorder-free Az Rei7 Sig  1/1-1/1-1/1 approximant by the
of the LMTO-ASA calculation for this alloy have been al- LMTO-ASA method. Calculated density of states neBg
ready reported elsewhefIn this study, we concentrate on [N(Ef)wurol is depicted ir(b) and that deduced from the electronic
explaining the difference between the LMTO-ASA density of SPecific-heat coefficieritN(Ee), ] are superimposed on it.

states [abbreviated as N(E) uto] calculated for

Al,; Rej7 Sig and that deduced from the electron specific o= E:U {1_ 1 (1_ '_)] 1)
heat y [abbreviated adN(E),] of the Alg, , «Rej7¢Six (X p B (kel)? L

;7E’ 8.9, 10, tlhl ?:nd ]?lell'll./l'lél appro;_lma7ntts. Ttk;}e Hereog, kg, |, andL represent conductivity deduced from
(E)vro near the Fermi level is shown in Fig. 7 together v, g jt;mann transport formula, Fermi wave vector, mean

with the N(E)V' The binding energy _fON(_E)V was estl- free path of elastic scattering, and mean free path of inelastic
mated using the free-electron approximation with-3).9, scattering, respectively

and 4 valence electrons per Al, Re, and Si, respectively. The At high temperatures whetie and| become comparable,

value of —0.9 electrons per Re was determined solég), ge second term in the brace obviously disappears and the

to be I(_)cated near the Fermi level. The calculated de_”s'tY 0 onductivity is solely determined by the Boltzmann formula,
states is characterized by the pseudogap of 200 meV in W|dtWhich in an isotropic system is written as

and so-called “spiky” peaks, which are introduced by the

small size of the first Brillouin zone associated with the large Sl €
lattice constant. Although an ambiguity in the binding energy 8= 15,3 ~ 3 N(ERvH, 2

still remains, it is worth mentioning here that ti&(E),
agrees well with th&N(E) wro NnearEg. Thus we argue here where Sz and vg represent the area of Fermi surface and
that the presence of the pseudogap acksis successfully Fermi velocity, respectively. Only three term¥(Ef), v,
confirmed by our theoretical calculation. andl| determine the electrical resistivity in this formula. The
We are now ready to discuss the strong composition demean free path in the Boltzmann equation is expressed as
pendence of the electrical resistivity for the Al-Re-Si 1/1-1/1 =limp+ | phonons Wherelin, andlyhononrepresent the mean
1-1/1 approximants in terms of their electronic structure andree paths associated with impurity scattering and phonon
local atomic arrangements. Mott and Kafeproposed the scattering, respectively. Since thBhonon IS Mmuch shorter
following equation, on the basis of an equation reported bythan that ofl;,, at room temperaturd;,, could be safely
Kawabata® to account for the electronic conductivity under ignored. Note here thatynonon is scaled by®p, and that
the weak localization, which is known as a quantum interfer-almost composition independe@X, of the Al-Re-Si 1/1-1/
ence effect associated with multiple elastic scattering: 1-1/1 approximant leads to composition independgfnon
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%

P2x/P300K

4000— J : f f f

FIG. 9. Schematic drawing of multiple elastic scattering on
small and large Fermi surfaces. On the small Fermi surface, mul-
tiple elastic scattering easily satisfies a condition for the quantum
interference. Quantum interference with the large Fermi surface, on
the other hand, is hardly satisfied, because an inelastic scattering
1000 — L L L I L would be introduced and destroy the quantum interference before

7 8 9 10 11 12 the multiple elastic events round the Fermi surface. When the Fermi
Si concentration x (at.%) surface is large enough, the quantum interference never appears

FIG. 8. Composition dependence of the residual resistivity ratio®ven though the number of the inelastic events is much smaller than
defined byp, «/pago « and electrical resistivity at room temperature that of elastic events.
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w
el
S
(=)
T
|

0300k (12 cm)
[\ ]
o]
=
=
T
|

the structure because of their compositions lying in the vi-
. cjnity of the disorder-free Ak Rej; Sig. This is very sur-
?ger?gg;s;[ﬁ/?:p:rta:gg% I:;reg?;?urcgrg?lzsc'ttéogn?e?ﬁg%%'xeo%#rising fact because the weak localization must be brought
- y peratur y POabout by multiple elastic scatterings associated with static
sition dependence of the remaining two factdi¢Eg) and

. isordering in the unit cell.
VE. The same result can be concluded under the qufe—R|egeq By carefully comparing the measured properties and
limit, where the mean free path of electrohsvgr is re-

_ o structure features, we noticed that the weak localization is
duced to the averaged interatomic distaaceand the elec- more enhanced if the density of states at the Fermi level
trical conductivity turns out to bergR:(eZIS)N(EF)vFa. possesses smaller value even when the disordering in the unit
The resistivity at room temperature plotted in Fig. 8 actuallycell is relatively weak. Indeed, the largest RRR value, which
reflects the composition dependence of M€Er); psgoxk  Means the strongest-localization tendency, is observer for
possesses its maximum value xat9-10 at.% at which =10 at which they and xpa,i possess the minimum value.
N(Ep) (y and xpay) shows the minimum value. The small density of states Bl E) indicates presence of
We discuss next the electrical resistivity at low tempera-small Fermi surfade). In the case with small Fermi sur-
ture, which is closely related to the development of the weakaces, multiple elastic scattering easily satisfies the condition
localization. Within the Boltzmann transport equatic®), of the quantum interference. Once the Fermi surfaces get
the temperature dependence of the resistivity is determineldrger, the quantum interference effect should be weakened
by the temperature dependence of the mean freelpditle = because an inelastic event prevents the multiple scattering
electrical resistivity increases with increasing temperaturdrom satisfying the interference condition. This is schemati-
becausd is reduced by the development of the electron-cally illustrated in Fig. 9.
phonon scattering. On the other hand, when the conduction The degree of the disordering plays a less important role
electrons are strongly affected by the weak-localization efthan the smalN(Eg) in enhancing the weak-localization ef-
fect, the electrical resistivity significantly drops with increas-fect. We should stress, however, that the disordering in struc-
ing temperature because enhanced inelastic electron-phonture is still one of the necessities for the development of the
scattering weakens the weak-localization effect. This is exweak localization for the 1/1-1/1-1/1 approximant, because
pressed at the second term in the brace of (Eq. the disorder-free Ak dRe;.Siy never showed the weak-
Here we introduce a frequently used parameter, the relocalization tendency but the Boltzmann-type behavior even
sidual resistivity ratio defined as RRR,x /p3g0 k, 10 dis-  though it had a smalley value than that of Al, {Re7 Sig
tinguish the electron conduction mechanism in thepossessing a localization tendency. In other words, the
samples:?® If RRR is kept below 1.1, we consider that the Boltzmann-type electron conduction does appear even
transport mechanism is expressed by the Boltzmann transhough the system has fairly small(Eg), provided that it
port equation, while the weak localization takes place ahas a nearly perfect periodic structure.
RRR>1.1%°The RRR deduced form the electrical resistivity ~ Obviously, the Boltzmann conductivityoy is also
is plotted in Fig. 8 as a function of Si concentratimnTwo  strongly reduced by these two crucial factors on the devel-
peaks and a considerable reduction in RRR are observed apment of the weak localization; the smal(Eg) and im-
x=8, 10, and 9, respectively. The weak-localization ten-perfection in the periodic structure. Therefore we conclude
dency characterized by a large RRR value became obviou$sat the high electrical resistivity in the Al-Re-Si 1/1-1/1-/1/1
for Alg, 6 Re7 Sy atx=8 and 10, even though both com- approximants is brought about by the small Boltzmann con-
pounds are expected to have less significant disordering iductivity and the significant weak-localization effect, both of
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which are closely related to the small density of stateSat The y value of the most resistive Al §Re7 sSijp 1/1-1/1-
and imperfection in the periodic structure. 1/1 approximant is comparable with that of the Al-Cu-Fe
Finally the high electrical resistivities observed for the icosahedral quasicrystal reported by Bigegsal?’ It is of
icosahedral quasicrystals are discussed in comparison wigreat interest to note that these two phases possess similar
that of the present Al-Re-Si 1/1-1/1-1/1 approximants. Weelectrical resistivities in their absolute value and temperature
found in this study that the most important factors introduc-dependence. This fact means that the role of quasiperiodicity
ing high electrical resistivity in the Al-Re-Si 1/1-1/1-1/1 ap- in the electrical resistivity is essentially the same with that of
proximant are the low density of statesEt and the imper- disordering in the crystal, and that the degree of the weak
fection in the periodic structure. In the case of quasicrystalsiocalization is solely determined by the magnitude of the
the condition of the imperfection in the periodic structure issmall N(Eg) under the presence of the quasiperiodicity in
already satisfied because of their possession of quasiperioguasicrystal or disordered structure in crystals.
icity. Then a small density of states Bk turns out to be Nearly spherical symmetry of the icosahedral quasicrystal
solely responsible for the the high electrical resistivity of thecontributes in enhancing electrical resistivity by significantly
quasicrystals. Indeed the quasicrystals of high electricafleepening the pseudogap with the Fermi-surface and
resistivity were reported to possess an extremely smalBrillouin-zone (FS-B2) interaction. The effect in deepening
y value; 0.29 mJ/molK for the Al-Cu-Fe quasicrysta, —pseudogap with the FS-BZ interaction must be stronger in
0.11-0.2 mJ/molR for the Al-Cu-Ru quasicrystdf  the icosahedral quasicrystal than that in the corresponding
and 0.1 mJ/mol K for the Al-Re-Si quasicrystdlThe elec- approximants, because the icosahedral symmetry in the qua-
trical resistivity at room temperaturg 4y, ) and RRR of  Sicrystal is more symmetrical than that in approximants. In-
these icosahedral quasicrystals are (3p@0cm, 2.0 for ~ deed the electrical resistivity reported for various icosahedral
Al-Cu-Fe, (50001 cm, 3.0 for Al-Cu-Ru, and (10000 quasicrystals was always higher than that of the correspond-
4 cm,10-10 00D for the Al-Pd-Re icosahedral quasi- iNg approximants;*lending a strong support to the scenario
crystal® Obviously those values can be sorted in the order oPf the crucial role of the icosahedral symmetry in enhancing
the y value; the smallety is, the largerpgr andRRRare.  the electrical resistivity. _ _ _
Icosahedral quasicrystals of high electrical resistivity, in ~ Structure imperfection of the quasicrystals, in general, is
general, are known to possess a strong composition depehnown to reduce their electrlca[ resistivity. This be_hawor can
dence. For example, a single-grained Al-Pd-Re icosahedr&€ also accounted for by considering the FS-BZ interaction.
quasicrystal shows an electrical resistivity less thanDlsordermg in the quasicrystals weakens the FS-BZ interac-
5000 .0 cm (Ref. 29 in sharp contrast to the quenched tion and makes the pseudogap shallqwer. The_n .the density of
ones possessing more thanX®cm at low temperaturé. ~ States aEg gets larger and the electrical resistivity turns out
This behavior can be also well accounted for by considerind® be smaller.
our scenario. If the ratio in the constituent elements varies,
the electronic structure must be affected. Even if the elec- V. CONCLUSION

tronic structure itself is not affected drastically, the Fermi Electrical resistivities in the Al-Re-Si 1/1-1/1-1/1 approxi-

Ieveldmovei towardsf hrllgher or onverh enelzrg|es N theants were investigated and discussed in terms of their elec-
pseudogap because of the variation in the electron conCely, ;e sirycture and the atomic structure. The highest electri-
tration. This must lead to a variation in the density of sates aky resistivity associated with the strong quantum

the Fermi level, anq the degree of the yveak Iocalizat.ior\nterference effect is observed at a particular composition of
strongly affected by it. We believe that this is the mechams%\l72 Rey; S, Where the electronic density of states
Sields the minimum value, while the degree of the disorder-

tivity of the quasicrystals of high electrical resis’Fivity. ing in the 1/1-1/1-1/1 approximant was relatively weak. We
. In the case of the AI-Eq-Re |posahedral quasicrystal MeN31so observed the disappearance of the weak-localization ef-
tioned above, less resistive single-grained samplaave

) : L S~ fectat A €7 Siy because of its disorder-free structure.
certainly different composition from that of the resistive hs.dRe17.45ig

; : . - Thus we conclude that the extremely high electrical resistiv-
one? Since Al-Pd-Re quasicrystals are obtained from peri- y g

tect ’ inal ined les h b d ity characteristic of the icosahedral quasicrystal and corre-
ectic reaction, singie-grained sampies nave 1o 2‘93 pro uceé%onding approximants is brought about by the very small
from a different composition. Indeed, Fishet al® pro-

; . ; . density of stat t the Fermi level led with the i -
duced single-grained Al-Pd-Re quasicrystals from Al-rich ensity of states at te Fermi [evel coupled wi € imper

" i ) fections in the periodicity.
compositions, and the resulting icosahedral quasicrystals also P y

possess a higher Al concentration than that in the samples of
a high electrical resistivity. This should be the reason for the
relatively low electrical resistivity in the single grained  This work was performed with the approval of
samples. We expect that if the composition is well controlledthe Japan Synchrotron Radiation Research Institute
the insulating behavior must be observed even in the singlgJASRI) for proposals numbered 2000B0303-ND-np and
grained Al-Pd-Re icosahedral quasicrystal. 2001A0389-CD-np.
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