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Polygrain icosahedral i-Al-Pd-Re quasicrystals are known to exhibit dramatically different electronic trans-
port properties to other Al-based quasicrystals. By performing comparative experimental and theoretical studies
of the electronic transport and electronic structure of polygrain and monocrystalline i-Al-Pd-Re samples, we
show that the extraordinarily high electrical resistivity and the metal-to-insulator transition in the polygrain
material are not intrinsic properties of the quasiperiodic lattice, but are of extrinsic origin due to the high
porosity and the oxygen-rich weakly insulating regions in the material. We also compare theoretical electronic

structures and experimental electrical resistivities of monocrystalline i-Al-Pd-Re and i-Al-Pd-Mn quasicrystals
and show that there are no significant differences between these two isomorphous compounds, suggesting that
i-Al-Pd-Re is on common ground with other Al-based quasicrystals. We present a structural model of i-Al-

Pd-Re.
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Based on numerous experimental studies of cast and an-
nealed polygrain material,'~!3 the electronic transport prop-
erties of icosahedral i-Al-Pd-Re quasicrystals (QCs) are con-
sidered to be dramatically different to any other known
quasicrystalline compound. The low-temperature resistivity
Par x is of the order 0.1—1 ) cm and the resistivity increase
ratio from room temperature (RT) to 42K, R
=ps2 k! P300 k» 1S by a factor of up to 200 or more, both
figures being by far the highest among known QCs. The
large negative-temperature-coefficient (NTC) resistivity and
the extraordinarily high p,, g values, not expected for an
alloy of regular metals, suggest that i-Al-Pd-Re may be
semiconductorlike, undergoing a metal-to-insulator transition
(MIT) at low temperature.? This is in contrast to the semi-
metallic behavior of other related Al-rich icosahedral phases
in Al-Cu-Fe, Al-Cu-Ru, Al-Cu-Os, Al-Cu-Cr, and Al-Pd-
Mn, which all exhibit p,, x values in the range'*
2-10 mQ cm and small resistivity-increase factors R
=1.4-2.5, i.e., a factor of about 100 smaller than i-Al-Pd-
Re. Such large differences are surprising from the atomic-
and electronic structure points of view. Though no exact
structural model of the icosahedral phase in i-Al-Pd-Re is
available as yet, there exists strong evidence that its structure
is similar to the well-studied i-Al-Pd-Mn, involving an iso-
morphous substitution of Mn by the isoelectronic Re. The
x-ray diffraction pattern of i-Al-Pd-Re can be exactly de-
duced from that of i-Al-Pd-Mn, providing that the six-
dimensional unit-cell parameter is slightly inflated"* (from
a¢=6.452 A in i-Al-Pd-Mn to ag=6.53 A in i-Al-Pd-Re),
accounting for the larger atomic radius of Re compared to
that of Mn. In addition, the ideal icosahedral compositions
of both compounds are about the same, i.e.,
AlyysPd;;Mn(Re)gs. Based on powder x-ray diffraction
(where detailed differences in the structural perfection and
compositional fluctuations are indistinguishable), many in-
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vestigated polygrain i-Al-Pd-Re samples were reported to be
of high structural quality, so that their extraordinarily high
resistivity and insulating behavior at low temperatures were
considered to be a genuine intrinsic property of a perfect
quasiperiodic structure. However, though prepared by the
same method, different polygrain i-Al-Pd-Re samples of the
same or similar nominal composition exhibited a large scat-
ter of the resistivity values, by as much as 50 times,'" and the
increase in the factor R varied between 3 and 200. The
polygrain samples were produced in an arc furnace under
argon or helium. The samples were then annealed in vacuum
under optimal conditions® (12h @ 940 °C) and rapidly
quenched in chilled water. The samples that underwent this
kind of treatment exhibited the resistivity-increase factors R
up to 20. It was reported? that there exists another tempera-
ture region, below which further annealing can lead to a
large increase in p4, g and the R factor. The extreme p,, k
~1 ) cm and R= 200 values, comparable to those observed
in doped semiconductors well inside the insulating region of
the MIT,"> were obtained for samples subject to a two-step
annealing (typically 12h @ 940 °C followed by 10h @
600 °C). A metallurgical study has reported that polygrain
i-Al-Pd-Re has a high porosity.'®

In 2000, Guo et al.'” synthesized the first large i-Al-Pd-
Re single crystals of composition Aly; ;Pd;q 4Reg ¢ by a slow-
cooling method and further investigations were made on as-
grown (not annealed) material. The samples showed a high
degree of structural perfection over a long range. Surpris-
ingly, the 300 K electrical resistivity of the single crystals
was measured to be only 2-4mQcm and p;g
~3-6 m{) cm, with the R increase being less than 2. This is
by a factor of about 100 smaller than for the polygrain
samples, but in the same range as for all other Al-based
icosahedral QCs.'* Using a similar technique, by slow cool-
ing a prealloyed melt from 1025 to 900 °C, large single
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i-Al-Pd-Re QCs were also grown by Fisher et al.'® These
crystals were annealed at 900 °C for several days in the melt
prior to decanting (annealing outside the melt resulted in
partial decomposition) and showed a high degree of struc-
tural order and a minimal phason content. In agreement with
Guo et al.’s electrical resistivity results,!” the resistivity of
the single i-QC samples with a varying Al-to-Pd content
exhibited values p, x=2-7 m{ cm and the resistivity in-
crease pig x/psoo k=1.2—-2.5. These figures suggest that
i-Al-Pd-Re is on common ground with other Al-based QCs,
raising the question as to what is the genuine intrinsic elec-
trical transport in a perfect quasiperiodic lattice—
semimetalliclike, as typically found in all Al-based QC fami-
lies except polygrain i-Al-Pd-Re; or semiconductorlike, with
a MIT at low temperature observed in polygrain i-Al-
Pd-Re?

In order to answer this question, we performed a com-
parative experimental and theoretical study of the electronic
transport properties of the i-Al-Pd-Re material in both the
polygrain and the single-crystalline forms. We used represen-
tative material including the extreme cases of an insulating
polygrain sample with p, x as large as 3 () cm and a low-
resistivity monocrystal with p; x=3.5 m{) cm. In addition,
we compared the electronic properties of i-Al-Pd-Re and
i-Al-Pd-Mn flux-grown monocrystalline samples.

The polygrain i-Al-Pd-Re sample was produced by arc
melting according to the procedure described in detail in Ref.
3. The sample with a nominal icosahedral composition
AlysPdy Regs underwent a two-step annealing (I12h @
940 °C and 10h @ 600 °C). Its electrical resistivity
p(T) is shown in Fig. 1(a), whereas the conductivity o
=1/p, together with the fit o=0y+aT® [using 0,=8.6
X102 Q'em™, a=2.3%10"2 Q7' cm™ (assuming dimen-
sionless temperature) and a=1.35], is shown in Fig. 1(b).
The RT resistivity amounts to p3gy g=19.9 m{) cm, whereas
P12 k=3.07 Q cm, making R=154. The thermoelectric
power [the Seebeck coefficient S(7T)] is shown in Fig. 1(c).
The thermopower is large, amounting to Sz k=84 uV/K,
and positive, suggesting the diffusivity of positively charged
carriers. The large p,, x and R values indicate that this
sample is, at low temperatures, on the insulating side of the
MIT (considered to occur at p=~1 () cm), whereas the large
thermopower is also characteristic of semiconductors.

For the single crystal we used a sample of composition
Al;3 5Pd7 |Reg 4, and the details of its growth and character-
ization are described in Ref. 18. The sample was annealed
for 3 days at 900 °C in the melt and then decanted. Its p(7T)
is shown in Fig. 1(a), indicating ps3oy x=1.9 mQ cm, p4,
=27 mQ cm and R=1.4. The thermopower is small [Fig.
1(c)], amounting to S3yy xk=—7 uV/K, and negative, indicat-
ing electron diffusivity. These p(T) and S(T) values are about
the same as found in other Al-based icosahedral QCs that are
considered to be semimetals. Therefore, based on the electri-
cal resistivity and the thermopower, the investigated
polygrain and monocrystalline i-Al-Pd-Re samples appear
profoundly different. Here it is important to stress that p(7)
and S(7) are long-range transport quantities, where the
charge carriers are traveling over macroscopic distances in
the material.
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FIG. 1. (a) Electrical resistivities p of the polygrain and mono-
crystalline i-Al-Pd-Re. (b) Electrical conductivity o=p~! of the

polygrain sample (solid line is the fit o=oy+aT'*). (c) Ther-
mopowers [Seebeck coefficient S(7)] of the two samples.

It is tempting to see whether this large difference could
originate from the difference in the electronic density of
states (DOS) at the Fermi energy Ep between the two
samples. An experimental check is provided by measuring
the 2’Al NMR spin-lattice relaxation rate YTI, where the
nuclear spins are relaxed via coupling to the conduction elec-
trons. The relaxation rate depends'® on the square of the
DOS at Ep, TTIOC g*(Ep), and is sensitive to the local (site
specific) DOS around the resonant Al atoms under the con-
dition of no net electrical current (i.e., in the absence of
long-range electron transport). The relaxation rates of the
investigated polygrain and monocrystalline samples between
400 and 4 K are shown in Fig. 2(a) in a (T,7)"! vs T plot.
The electronic origin of the relaxation rate was confirmed by
observing the field-independence of TTI (measured in two
magnetic fields 2.35 T and 4.7 T) down to the lowest tem-
perature. The equality of the relaxation mechanisms in both
samples is evident from the inset in Fig. 2(a), where the 2’Al
magnetization-recovery curves of the two samples (displayed
on a normalized time scale 7/7, where the variable delay 7
of the pulsed experiment at a given temperature is scaled to
the respective T} value in order to remove temperature de-
pendence) perfectly overlap at high (200 K) and low (20 K)
temperatures. Disregarding the details of the temperature de-
pendence of (T,7)~! (which can be found in Ref. 19), the
main result of the NMR relaxation experiment is the fact that
the (7,7)"s of the two samples exhibit only minor differ-
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FIG. 2. (Color online) (a) 2’Al NMR spin-lattice relaxation rate
of the polygrain and monocrystalline i-Al-Pd-Re. The inset shows
the Z7Al magnetization-recovery curves on a normalized time scale
7/T; at 200 K and 20 K of both samples superimposed. (b) Elec-
tronic DOSs of the Al-Pd-Mn and Al-Pd-Re theoretical quasicrys-
talline approximants. The lower curves show the partial Re-d and
Mn-d contributions.

ence, having the ratio (TlT);},ly/ (T\1);} =0.65 at T=80 K,
where the difference is the largest. Since (7,7)!xg*(Ep),
this yields an estimate g(Er) o1,/ g(EF)mon,=0.81, so that the
local DOSs at the Al sites of the investigated samples are
about the same and cannot be the origin of the large differ-
ence in the resistivity and the thermopower.

To get a theoretical insight into the DOS, we performed a
comparative ab initio study of the DOSs of the isomorphous
A170.8Pd21'5Mn7.7 and A170_8Pd21_5Re7'7 uSing the fully relaxed
Quandt-Elser periodic approximant model that in the past
has efficiently reproduced the photoemission spectra of these
QCs.?° The details of the DOS calculation, performed with
the WIEN2k computer program, are given in the Appendix
(where a structural model of i-Al-Pd-Re is presented also),
and the resulting total DOSs of the isostructural Al-Pd-Mn
and Al-Pd-Re theoretical QC approximants are displayed in
Fig. 2(b). The partial Re-d and Mn-d DOSs are also shown.
We observe that the DOSs of both compounds at low ener-
gies follow approximately the square-root dependence of a
free-electronlike DOS. This is due to the mainly Al-character
of the wave functions at these energies. The energy region
between 5 and 3.5 eV below Ej is dominated by Pd-d states.
The resulting peaks do not differ significantly between
i-Al-Pd-Mn and i-Al-Pd-Re. The main difference between
the two compounds is that the Re-d states contribute to the
DOS over a wider energy range below Ep than the Mn-d
states. Similarly the Mn-d contribution to the DOS above the
pseudogap is more pronounced. This leads to a somewhat
wider pseudogap in i-Al-Pd-Re and to a more gradual, less
abrupt decrease of the DOS when going from the Pd-d peak
to the pseudogap around Ey. In spite of these differences, the
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FIG. 3. Secondary-electron images of (a) monocrystalline and
(b) polygrain i-Al-Pd-Re. A connected pathway through the porous
geometry of the polygrain sample is indicated in (b) by a dotted line
(the bridges are located between the large dots).

DOSs of i-Al-Pd-Mn and i-Al-Pd-Re exhibit a very similar
pseudogap and DOS values at Ef, suggesting that the elec-
tronic properties of both compounds should not differ signifi-
cantly. Consequently, the DOS cannot account for the ex-
traordinarily large NTC resistivity and thermopower of the
polygrain i-Al-Pd-Re.

The origin of the difference between the investigated
polygrain and monocrystalline i-Al-Pd-Re samples becomes
evident by performing a thorough structural characterization
of the samples. SEM secondary electron (SE) images of the
polished surfaces of the two samples are shown in Fig. 3.
While the monocrystal is a bulk homogeneous material, ex-
hibiting only a few remote small pores [Fig. 3(a)], the poly-
crystal is a highly porous material, exhibiting an irregular
fractal-like geometry [Fig. 3(b)]. Long-range transport in
such a geometry is a percolation problem: in order to travel
from one end of the sample to the other, the electron must
find a connected pathway through a labyrinth of bulky “is-
lands” connected by bridges. In Fig. 3(b) we indicated one
possible connected path from the left to the right end of the
specimen. The electrons must travel over tiny bridges in or-
der to reach the other islands (the same applies in a three-
dimensional matrix). In an electrical resistivity (and ther-
mopower) experiment, the sample’s effective cross section
for the electron transport in the fractal geometry of Fig. 3(b)
is strongly reduced, which can account for the high resistiv-
ity of the polygrain sample. However, the porous structure by
itself is not sufficient to introduce the large NTC resistivity
increase R upon cooling.

The origin of the spectacularly large R becomes evident
when analyzing locally the composition of the islands and
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bridges using energy-dispersive x-ray spectroscopy (EDXS).
We used a JEOL JSM-6500F SEM with an analyzed subsur-
face volume of 0.6 um diameter, which was small enough to
determine the composition within the bridges (of typical
width 1.5 um or more). By performing line profiles of the
concentrations of the constituent elements over the bridges,
we detected a significant concentration of oxygen, in addition
to Al, Pd, and Re. A representative example is displayed in
Fig. 4(a). By quantitatively analyzing points on the line pro-
file, we found at both ends (located in islands), in at. %,
A164.5Pd23'6R68.503.4 at pOint A and A164‘6Pd22.9R68.603.9 at
point B, which can be considered the same within the experi-
mental uncertainty (0.5%). In the middle of the bridge (point
C) we found Alg; oPd,; gReg ;Og g, so that the oxygen content
within the bridge is significantly increased by a factor 2.2
with respect to the bulk. The line profiles of the individual
elements O, Al, Pd, and Re are also displayed in the panel of
Fig. 4(a), showing an increase of O and depletion of Al, Pd,
and Re within the bridge. The oxygen-concentration line pro-
files of two other bridges are shown in Figs. 4(b) and 4(c),
where the oxygen increase in the bridge of Fig. 4(b) is by a
factor 1.9, and in Fig. 4(c) by a factor of about 1.5. The
oxygen enrichment thus varies randomly depending on the
bridge. In contrast, the EDXS analysis of the monocrystal at
three random spots on the surface of Fig. 3(a) gave the av-
erage concentration AlgggPdg,Re 090, with the standard
deviation +0.3. This oxygen content is significantly lower
than that detected in the polycrystal and represents the back-
ground concentration near the surface.

As oxidized material is generally more electrically insu-
lating, the oxygen-rich bridges represent a kind of weakly
insulating junction between more conducting regions of the
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FIG. 4. Secondary-electron
images of three representative
bridges [(a), (b), and (c)] in the
porous structure of the polygrain
i-Al-Pd-Re. The concentration
line profiles of the constituent el-
ements over the bridges are also
shown.

material, acting as potential barriers through which electrons
must penetrate in order to establish the long-range conduc-
tivity. The random geometry of the porous matrix of
polygrain i-Al-Pd-Re and the random oxygen enrichment
within the bridges introduce a random distribution of poten-
tial barriers. At temperatures not close to 7=0, crossing the
barriers will be thermally activated. At low temperatures, the
electrons are confined to certain regions of the material,
whereas at elevated temperatures they start to migrate over
the sequence of barriers and become more extended. A semi-
conductorlike behavior and a MIT can clearly be imagined in
such a system. The investigated polygrain i-Al-Pd-Re thus
resembles a doped semiconductor and, more closely, systems
with variable-range hopping conductivity. However, this be-
havior does not originate from the quasiperiodicity, but from
the specific form of the porous and oxidized material. Since
high porosity was independently observed in other polygrain
i-Al-Pd-Re samples,'® it would not be surprising if this con-
clusion also applies to the polygrain samples used in other
studies. In addition, different degrees of porosity and oxida-
tion of the material (the latter is very likely attained during
the annealing process) offer simple explanation to the re-
ported puzzle!! why different polygrain i-Al-Pd-Re samples
of the same or similar nominal composition, and prepared by
the same method, exhibit such a large scatter of the resistiv-
ity values (by as much as 50 times) and R factors (between 3
and 200). High resistivity, semiconductorlike behavior, and
the MIT of the polygrain i-Al-Pd-Re do not appear to be
related to the quasiperodicity.

Finally, it is worth commenting on the possible origin of
the high porosity of polygrain i-Al-Pd-Re samples. Though a
definite answer is still pending, the reason is very likely met-
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allurgical: in Al-Pd-Re, the melting temperature of Re
(3180 °C) is much higher from the melting temperatures of
Al (660 °C) and Pd (1554 °C). In contrast, Mn (1246 °C) in
Al-Pd-Mn is much closer to the other two elements [simi-
larly, Al-Cu-Fe QCs involve Cu (1083 °C) and Fe
(1538 °C) in addition to Al]. Alloying elements with so
much different melting temperatures as in Al-Pd-Re may
have side effects. This is supported by the annealing experi-
ments on the i-Al-Pd-Re monocrystalline samples,'® where
annealing outside the melt resulted in partial decomposition
of the material.

We thank S. J. Poon for provision of the polygrain i-Al-
Pd-Re sample and for reading the manuscript prior to sub-
mission and I. Tudosa (Stanford) for help with synthesis of
the monocrystalline i-Al-Pd-Re and i-Al-Pd-Mn samples.
Ames Laboratory is operated for the U.S. Department of En-
ergy by Iowa State University under Contract No. W-7405-
ENG-82. This work was supported by the Director of Energy
Research, Office of Basic Energy Sciences. I.R.F. acknowl-
edges support from the NSF, Grant No. DMR-0134613.
E.S.Z. and S.K.B. acknowledge financial support from the
Natural Sciences and Engineering Research Council of
Canada. Calculations were performed on computers of
SHARCNET (Hamilton, Canada).

APPENDIX

The calculation of the DOS starts from the Quandt-Elser
(QE) structural model?' of i-Al-Pd-Mn, which is a hypotheti-
cal periodic approximant, corresponding to composition
Al gPd,; sMn; ; (that is close to the ideal icosahedral com-
position). The QE model is composed of the same atomic
clusters as the ideal i-Al-Pd-Mn QCs, namely Bergman and
Mackay-like clusters. Following the original QE model that
was relaxed using the I" point,?! this model has been recently
modified®? by breaking the symmetry (from space group
Immm to Cm) and relaxing the structure further using 8 spe-
cial k points (some of which were equivalent), which has led
to a lowering of the total energy by 0.029 eV/atom. Here we
shall only consider this latter modified model and use it for
comparison of the electronic structures of i-Al-Pd-Mn and
i-Al-Pd-Re.

The details of calculation for the i-Aly,¢Pdy; sMny 5, to-
gether with the atomic coordinates and the lattice parameters,
are given in the previous paper.?? The same calculation was
conducted also for the i-Al,qgPd,; sRe; ; by replacing Mn by
the isoelectronic Re. The atomic coordinates and the lattice
parameters of i-Al-Pd-Re were relaxed in the same way as
those of i-Al-Pd-Mn using the ABINIT pseudopotential com-
puter program?® with the only exception that a plane-wave
cutoff energy for the wave functions of 600 eV turned out to
be sufficient for the i-Al-Pd-Re alloy, while plane waves
with energies up to 800 eV were needed for i-Al-Pd-Mn.
The optimized lattice parameters of i-Aly,¢Pd,; sRe;; were
obtained as a=7.75, b=12.55, and ¢=20.44 10%, which are on
average 1.4% larger than those of i-Al-Pd-Mn?? (where a
=17.65, b=12.50, and ¢=20.14 A), reflecting the fact that Re
is larger than Mn. The optimized angle y between the lattice
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TABLE 1. Optimized atomic coordinates expressed as fractions
of the lattice vectors a, b, and ¢ of i-Aly gPd,; sRe; 5. [The coordi-
nates are given according to the convention of Ref. 33, space group
Cm (No. 8), unique axis ¢, cell choice 3.]

Class Site x(a) v(b) z(c)
AlOa 4b —0.005 0.308 0.246
AlOb 4b -0.003 -0.319 0.245
Alla 4b -0.013 0.681 0.621
Allb 4b —0.005 -0.690 0.618
Al2a 4b 0.678 -0.005 0.697
Al2b 4b -0.688 -0.007 0.694
Al3a 4b 0.325 0.001 0.079
Al3b 4b -0.324 0.001 0.081
Alda 4b 0.195 0.103 0.200
Aldb 4b 0.193 -0.118 0.194
Al4dc 4b -0.197 0.107 0.194
Al4d 4b -0.201 -0.117 0.193
Al5 2a 0.126 0.484 0
Al6 2a -0.009 0.049 0
Al7a 4b 0.313 -0.370 0.067
Al7b 4b -0.305 -0.389 0.065
Al7c 4b 0.488 0.422 0.115
Al7d 2a 0.350 0.309 0
Al7e 2a -0.244 0.408 0
Al8a 4b 0.153 0.185 0.085
Al8b 4b 0.158 -0.178 0.067
Al8c 4b -0.206 0.201 0.071
Al8d 4b -0.179 -0.184 0.067
Al9a 4b -0.002 0.373 0.115
Al9b 4b 0 -0.375 0.119
PdO 4b -0.005 -0.009 0.730
Pdla 2a 0.509 0.121 0
Pd1b 2a 0.503 -0.114 0
Pd2a 4b 0.284 0.300 0.188
Pd2b 4b 0.287 -0.311 0.187
Pd2c 4b -0.296 0.301 0.184
Pd2d 4b -0.291 -0.312 0.182
Pd3 4b -0.004 0.495 0.307
ReOa 2a 0.009 0.295 0
ReOb 2a -0.002 -0.320 0
Rel 4b -0.001 -0.005 0.117
Re2 2a 0.480 0.498 0

vectors a and b was obtained as 89.7°, which is very close
to the optimized value of 89.9° that we have found for
i-Al-Pd-Mn.?> The optimized atomic coordinates of the
i-Aly gPd, | sRe; 7 structural model are given in Table I and
the unit cell is displayed in Fig. 5. Most of the atoms in
i-Al-Pd-Re did not move far (typically less than 0.1-0.2 A)
from their initial positions in the model of i-Al-Pd-Mn.
We found that the smallest Al-Re distance (2.43 A) in
i-Al-Pd-Re was larger than the smallest Al-Mn distance
(2.33 A) in i-Al-Pd-Mn, which is not surprising due to the
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FIG. 5. (Color online) Unit cell of the structural model of
i-Aly gPdy| sRe; ;. Selected bonds are shown to emphasize the geo-
metrical structure. Light bonds indicate the first shell of a Mackay-
like cluster (in the center of the unit cell) and the first shells (icosa-
hedra) of two Bergman clusters. Dark bonds indicate the second
shells (pentagonal dodecahedra) of the Bergman clusters.

larger Re size. Presumably for the same reason the largest
displacement was obtained for A16, which is located near the
origin of the coordinate system in Fig. 5: it moved 0.5 A in
the y direction, thus increasing its distance to the Rel atoms
above and below. The result that some atoms in the i-Al
-Pd-Re structure are significantly shifted with respect to the
positions in the i-Al-Pd-Mn has also been found experimen-
tally by Yamamoto et al.?* in an x-ray diffraction study of
i-Al;3Pd gReq. Moreover, they found that some atomic sites
in the i-Al;Pd,;Mng reference structure remain unoccupied
in the i-Al;3Pd gRey, a fact that is not taken into account in
our calculations.

The electronic DOSs of i-Al-Pd-Mn and i-Al-Pd-Re were
calculated with the full-potential linearized augmented-
plane-wave computer program WIEN2k.” This program is
based on density functional theory.?® The electronic ex-
change and correlation energy was treated within the local-
density approximation.?’” Our basis consisted of plane waves
with energies less than or equal to 116 and 90 eV for
i-Al-Pd-Mn and i-Al-Pd-Re, respectively. Inside the muffin-
tin spheres around each atom the plane waves were aug-
mented by atomic orbitals with a linearized energy depen-
dence. To get a better convergence with respect to the
number of plane waves included in the calculation, the
transition-metal d states were described with a combination®
of energy-independent augmented plane waves and local or-
bitals. The radii of the muffin-tin spheres were chosen to be
1.10 A for the spheres around the Al atoms and 1.23 A for
the spheres around the transition metals Pd and Mn in the
calculation for the i-Al-Pd-Mn. In i-Al-Pd-Re, the muffin-tin
radii were 1.13 A for the Al atoms and 1.30 A for Pd and Re.
To enforce orthogonality of the high-lying semicore states to
the valence states, we treated the Pd-4p, Mn-3p, Re-5p, and
Re-4f semicore states as valence states using local orbitals.?
The calculated electronic DOSs of isomorphous
i-AlyygPd>; sMn; 5 and i-Aly)gPdy; sRe;; are compared in
Fig. 2(b), suggesting that the electronic properties of both
QCs should be of the same order of magnitude.

In Fig. 6 we compare experimental electrical resistivities
p(T) of two monocrystalline icosahedral samples of nominal
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FIG. 6. Electrical resistivities of flux-grown monocrystalline

i-Al7,PdjgsMng s (squares) and  i-Aly,Pd;;Req  (circles)
quasicrystals.
compositions i-Al;,Pd;gsMngs and i-Al;,Pd;;Req (this

i-Al-Pd-Re monocrystalline sample is from another batch,
but from the same origin as before), both grown by the self-
flux technique. The details of preparation and characteriza-
tion of i-Al;,Pd;g sMng 5 are reported in Ref. 30. Its resistiv-
ity is in the range p=~1200 u{)cm and exhibits a broad
maximum at about 120 K. This kind of temperature depen-
dence is typically observed in i-Al-Pd-Mn QCs, which usu-
ally exhibit a maximum somewhere between RT and 4 K and
sometimes also a minimum at still lower temperatures.*” The
resistivity of i-Al,,Pd;Req is not much different both in
magnitude (p=~900 u{)cm) and the temperature depen-
dence by exhibiting a maximum around 150 K and a shallow
minimum at about 20 K. Electrical conductivity (the inverse
resistivity) of a metallic material generally depends on a
product of the electronic DOS at Ej and the electronic dif-
fusion constant D. Assuming isomorphic character of the
i-Al-Pd-Mn and i-Al-Pd-Re structures and comparable struc-
tural quality of the two investigated samples (both coming
from the same crystal-growing source), it is reasonable to
assume that the electronic diffusion constants in the two
compounds are not much different. The qualitative and quan-
titative similarity of the i-Al-Pd-Mn and i-Al-Pd-Re resistiv-
ities as shown in Fig. 6 thus supports our prediction that the
DOSs of the two compounds are only marginally different,
so that electrical transport in i-Al-Pd-Mn and i-Al-Pd-Re
should be basically the same. This is another hint that i-Al-
Pd-Re is on common ground with other Al-based QCs.

It is interesting to note that Krajéi and Hafner®' have
reached the opposite conclusion based on calculations that
were aimed at explaining the high resistivity of polygrain
i-Al-Pd-Re samples. Using Katz and Gratias’ model, they
have demonstrated theoretically that the DOS of the 1/1 ap-
proximant of composition AlgggPdis¢Re s exhibits a
pseudogap of width 0.15 eV just below Ej, whereas there is
no counterpart of this phenomenon in the isostructural
Algg gPd;5sMns¢. On this basis they suggested that high-
quality i-Al-Pd-Re QCs are semiconductors with a low den-
sity of localized states inside the gap. A more recent study>?
by the same authors predicts that the above-mentioned
Algg gPdis¢Reqs¢ 1/1 approximant is a member of a class of
27 semiconducting 1/1 approximants. Figure 2(b) shows that
our study based on the QE models of i-Al;, ¢Pd,; sMn;; and
i-Al;y gPd,; sRe; ;7 does not reproduce these results.
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