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Covalent bonds and their crucial effects on pseudogap formation ina-Al „Mn,Re…Si icosahedral
quasicrystalline approximant
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X-ray charge densities of Al-based icosahedral quasicrystalline approximant crystalsa-AlReSi, a-AlMnSi,
and Al12Re were observed by a combination of the maximum entropy method with the Rietveld method. We
successfully obtained the clear images of interatomic covalent bonds between Al and transition metals~Mn,
Re! and those in the Al~or Si! icosahedron in Mackay icosahedral clusters of botha-AlReSi anda-AlMnSi
approximant crystals. The bonding nature of the three kinds of glue atom sites connecting Mackay icosahedral
clusters was also clarified. This covalent bonding nature should strongly relate with the enhancement of the
electron density-of-states pseudogap near the Fermi level. In addition, the interatomic covalent bonds of
a-AlReSi are stronger than those ofa-AlMnSi. This fact leads to the low effective carrier density ofa-AlReSi
in comparison with that ofa-AlMnSi. Unlike the covalent bonding nature of an icosahedron ina-AlReSi and
a-AlMnSi crystals, the Al icosahedron with an Re center atom exhibits no Al-Al interatomic covalent bonds in
the Al12Re crystal. The tendency for metallic-covalent bonding conversion in the Al icosahedron, which is
related to the atom site occupancy of the icosahedral cluster center, is also strongly supported.

DOI: 10.1103/PhysRevB.68.014205 PACS number~s!: 71.23.Ft, 61.10.Nz, 61.44.Br
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I. INTRODUCTION

A question about the origin of semiconductorlike electr
transport in Al-based icosahedral quasicrystals is still op
even though much research has already taken place.
semiconductorlike properties arise from the icosahedral s
metry and the quasiperiodic structure, and can be expla
by the combination of a Hume-Rothery pseudogap in
electron density of states~DOS! at the Fermi level,N(EF),
and a localization tendency of electrons nearEF .1 At low
temperature below 300 K, the theory of quantum interfere
effects based on weak localization and electron-electron
teraction qualitatively provided a reasonable explanation
temperature or magnetic field dependencies of the elect
conductivity in many Al-based quasicrystalline alloys.2 How-
ever, another experimental fact, that the electrical conduc
ity and its temperature coefficient exhibit strong composit
dependence3–5 and also depend strongly on the difference
alloy systems,6 remains to be explained.

The electrical resistivity,r, ~conductivity, s) can be
given byr (51/s)51/e2DN(EF), whereD is the diffusiv-
ity of the carrier. AlPdRe quasicrystals possess the high
electrical resistivity~the lowest electrical conductivity! val-
ues among all of the reported Al-based icosahed
quasicrystals.7–11 On the other hand, Guoet al. and Fisher
et al. have recently reported the large difference in the re
tivities at room temperature,rRT , between arc-melted
polygrain samples~6250–16 000mV cm) and the structur-
ally very perfect single grain ones~1500–3200mV cm) for
the AlPdRe quasicrystal,12,13 which means the origin of the
highest resistivity should be partly the effect of grain boun
ary, which should reduce the value ofD. Fisheret al. pre-
pared single grains of both AlPdRe~Ref. 13! and AlPdMn
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~Refs. 14 and 15! quasicrystals by the same self-flux metho
The values ofrRT of these ‘‘flux-grown’’ samples are 1500–
3200 mV cm for the AlPdRe system13 and 1570mV cm
~Ref. 14! and 1200mV cm ~Ref. 15! for the AlPdMn system.
The maximum value ofrRT for AlPdMn never exceeds tha
of AlPdRe. This fact should be explained by the difference
N(EF) related to the covalent bonding nature of quasicr
tals and approximants. The deep pseudogap causes the
N(EF) value and, in other words, the low effective carri
density. The value ofN(EF) is proportional to that of the
electronic specific-heat coefficient,g. The AlPdRe quasi-
crystals possess lowest values ofg (,0.11 mJ/mol K2)11,16

in comparison with other non-Re-containing quasicryst
~0.11–0.41 mJ/mol K2).2 The measurement of specific he
itself has no relation to the problems of grain boundari
Therefore, the correlation betweenrRT and g, i.e., N(EF),
which has been frequently indicated,2 seems to be valid for
the arc-melted polygrain Al-based quasicrystalline samp
and for the single grain ones, respectively.

It has been frequently discussed that the Hume-Roth
pseudogap is due to a Fermi-surface Jones zone~FS-JZ! in-
teraction. This interaction is enhanced when the Fer
sphere diameter 2kF matches the wave number of the inten
Bragg peakKp . The value of 2kF can be estimated from th
sp valence electrons per atom (e/a) ratio. One may compare
this rule to the Hume-Rothery matching rule. The Hum
Rothery picture applies to a nearly-free-electron system
which the potential for the valence electron is rather we
For example, this picture is solely applied to the case of
AlMgZn quasicrystal, as Satoet al. clarified by the band-
structure calculation for the AlMgZn approximant crystal17

On the other hand, Al-transition-metal~TM! quasicrystalline
alloys possess larger values of resistivity and tempera
©2003 The American Physical Society05-1
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coefficient than the quasicrystalline alloys containing
TM’s. It has been widely adopted that the Al-TM quasicry
tals obey the Hume-Rothery matching rule by impos
negativee/a values on TM’s,18 and thus the FS-JZ interac
tion still occurs. However, those effects are not enough
explain the large variation in resistivity, Hall coefficient, an
thermoelectric power with a slight change of TM concent
tion. First-principles band-structure calculations indica
the importance of an orbital hybridization between the Alsp
band and the TMd band for approximant crystals of th
Al-TM quasicrystals19–21 and other Al-TM Hume-Rothery
alloys.22,23 In addition, Belinet al. also reportedsp-d hy-
bridization by soft-x-ray emission or absorption spectr
copy for various Al-TM quasicrystals and approximants.24,25

This means that a combination of the FS-JZ interaction
the sp-d hybridization is required to consider the enhanc
ment of the DOS pseudogap. However, these calculat
and spectroscopy studies have not been able to reveal a
nite contribution of individual atoms to the pseudogap f
mation, because of the complex atomic structure. Hence
relation between unique electrical properties and ato
structure is still not clearly understood.

We have stressed a strong dependence of electrical
ductivity on the difference in alloy systems for Al-based qu
sicrystals and approximants, and have discussed the rel
between electrical properties and local atomic structure6,26

Charge-density studies give direct evidence for interato
bonds and thus provide a better understanding of the rela
of nonmetallic properties with local atomic structure. Sin
accurate atomic structure analysis is difficult because of
lack of structural periodicity, analyzing the charge density
quite difficult for quasicrystals. However, we could obta
the charge density for approximant crystals. The structur
the approximant crystals can be described, in most case
a periodic arrangement of the icosahedral cluster, e.g.,
Mackay icosahedral~MI ! cluster27 or Bergman cluster.28

Both types of icosahedral clusters are considered to be
basic space-filling units of icosahedral quasicrystals. D
tailed research on the electrical properties of the appr
mants have clearly shown that 1/1-cubic approximants s
as thea-AlMnSi phase29 and thea-AlCuFeSi phase30 pos-
sess quasi-crystalline-like electrical properties. Higher-or
approximants greater than the 1/1-cubic approximant a
possess nonmetallic behavior. Recently, Mizutaniet al. sum-
marized the results of their study on a large number of 1
cubic approximant crystals including the abo
approximants.31 They reported that the electrical properti
of the approximant crystals also reveal strong dependenc
the difference in alloy systems. Withab initio band-structure
calculations of thea-AlMn ~Si! approximant crystal, Fuji-
wara reported that the hybridization between Alsp band and
Mn d band enhances the pseudogap and then stabilize
MI clusters and their cubic packing.19 Recently, Tamura
et al. reported the composition dependence of the electr
conductivity of thea-AlReSi 1/1-approximant,32 which is
isostructural toa-AlMnSi. They also reported thata-AlReSi
reveals the highest value of resistivity among all the appr
imant crystals.33 Although the AlPdRe approximant crysta
itself has not been found yet, the charge density of
01420
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a-AlReSi crystal should clarify the role of the Re atoms
the nonmetallic behavior of not only thea-AlReSi crystal
but also the AlPdRe quasicrystal in view of the DO
pseudogap feature. Hence, even the bonding nature in
1/1-approximant crystals should reveal an important fac
dominating the nonmetallic behavior.

The maximum entropy method~MEM! used along with
Rietveld analysis is a powerful method for obtaining a cle
image of the charge density. Takataet al. developed this
method34 and successfully obtained the bonding electron i
ages for fullerene compound,35 the a-rhombohedral boron
~B! crystal,36 manganese oxide,37 magnesium diboride,38 etc.
Previously, we also reported the x-ray charge density
a-AlMnSi and Al12Re using this method, and clearly showe
the existence of covalent bonds in the MI cluster
a-AlMnSi.39 Covalent bonds in the MI cluster were found
play a crucial role in nonmetallic properties ofa-AlMnSi. In
this paper, we report on clearer charge densities
a-AlMnSi and Al12Re than those shown with previous dat
In addition, the charge density of the highest resist
a-AlReSi is presented and compared to that of the above
approximants. We discuss how the bonding nature of the
clusters and the glue atoms, which connect the MI clust
relates with the FS-JZ interaction andsp-d hybridization.
The charge transfer between Al and TM’s frequently
vealed by some researchers22,49,50is also discussed.

II. EXPERIMENT AND ANALYSIS

Ingots of Al72.5Re17.5Si10, Al72Mn 16Si12, and Al12Re al-
loys were prepared from elemental constituents (3N–4N) by
arc melting under an Ar atmosphere. Sample homogeniza
of Al-Re-Si alloy and Al-Mn-Si alloy ingots was achieved b
postinductive melting, after which single-phase bulk samp
were prepared by annealing the ingots at 1073 K for 48 h
953 K for 17 h under an Ar atmosphere fora-AlReSi and
a-AlMnSi, respectively. Al-Re alloy ingots were placed
an evacuated quartz tube and heated to 923 K, which
slightly below the peritectic point, and held for 5 h. Th
Al-Re samples were then cooled to 875 K over 16 h to obt
single-phase bulk samples of the Al12Re crystalline phase
The electrical resistivity was measured by the van der Pa
method in the temperature range from 50 K to 295 K. R
mainders of these ingots were carefully ground into pow
so that they did not reveal any preferred orientation. Pow
x-ray-diffraction~XRD! patterns were collected at room tem
perature using a large scale Debye-Scherrer camera inst
at the Spring-8 synchrotron-radiation facility, beamlin
BL02B2.40 By choosing the wavelength to be 0.5 Å fo
a-AlReSi and Al12Re and 0.8 Å fora-AlMnSi, and the di-
ameter of glass capillary to be 0.2 mm, no correction to x-
absorption was required in the measured 2u range. An imag-
ing plate~IP! was used as a detector. Exposure time was
for a-AlReSi and Al12Re, and 3 h fora-AlMnSi so that
dynamic range of the sensitivity of the IP was fully em
ployed to obtain the XRD patterns with good statistics. T
powder XRD pattern was obtained with 0.01° in 2u for all
the samples.

For the pre-Rietveld analysis, we chose the crystal str
5-2
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COVALENT BONDS AND THEIR CRUCIAL EFFECTS ON PSEUDOGAP . . . PHYSICAL REVIEW B 68, 014205 ~2003!
ture of a-AlMnSi and Al12Re reported in Ref. 41 as th
initial structure models. As mentioned above,a-AlReSi is
isostructural witha-AlMnSi and thus thea-AlReSi crystal
structure can be constructed by replacing Mn atoms
a-AlMnSi with Re atoms.32 Figure 1 shows the XRD pat
terns and the fitting results of the pre-Rietveld analysis
@Fig. 1~a!# a-AlReSi, @Fig. 1~b!# a-AlMnSi, and @Fig. 1~c!#
Al12Re. Reasonably low values of reliability factors show
in Fig. 1 reveal that good fitting results are obtained for
the samples. The observed structure factors were then
tracted from raw XRD patterns using the results of the p
Rietveld analysis as a reference. Numbers for the obse
structure factors were 832, 749, and 92 fora-AlReSi,

FIG. 1. Rietveld fitting results for~a! a -AlReSi, ~b! a -AlMnSi,
and ~c! Al12Re.
01420
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a-AlMnSi, and Al12Re, respectively. And the resolution ind
spacing was 0.802 Å, 0.820 Å, and 0.802 Å fora-AlReSi,
a-AlMnSi, and Al12Re, respectively. The charge density d
rived from the MEM analysis is consistent with these o
served structure factors and is least biased with unobse
structure factors. Thus the charge density correspondin
the bonding electrons can be reasonably derived. Ta
et al. recently explained the detailed principle of the ME
elsewhere.34 A computer codeENIGMA ~Ref. 42! was em-
ployed with the MEM analysis with 12831283128, 126
31263126, and 76376376 pixels per cubic lattice, for
a-AlReSi,a-AlMnSi, and Al12Re, respectively. The reliabil
ity factors of the final MEM charge density were 2.2%
1.7%, and 1.0% fora-AlReSi, a-AlMnSi, and Al12Re, re-
spectively. According to these results, we obtained the bo
ing electron images of the approximant crystals.

III. CRYSTAL STRUCTURES AND CHARGE DENSITIES

We summarize the crystal data and the refined struct
parameters of the three samples in Table I. The crystal st
tures are drawn in Fig. 2. Botha-AlMnSi and a-AlReSi
have bcc packing of the MI clusters and the glue atom si
which are inserted between the MI clusters. The atom site
the MI cluster at origin~O! and body~B! center are labeled
O1, O2x and B1, B2x (x5a, b, c), respectively. The thre
kinds of glue atom sites are labeled M2, M5, and M7, ref
ring to Ref. 41. Since one of the glue atom sites~M2! breaks
the bcc packing symmetry, both crystalline phases exhibit
space groupPm3̄ ~number 200!. The pre-Rietveld analysis
indicated that the atom species and occupancy of the
cluster first shell centered at the origin of unit cell a
slightly different from those of the first shell centered at t
body center. However, it should be noticed that we could
easily distinguish the Al atom from the Si atom from th
pre-Rietveld analysis, since the difference in x-ray scatter
intensity between Al~Si! and Re was much larger than th
between Al and Si. The resultant structures ofa-AlMnSi and
Al12Re are almost the same as those reported in our prev
paper.39

Figure 3 shows the equidensity surfaces of the cha
density~0.35e/Å3) of the MI cluster in thea-AlReSi crys-
tal. The MI cluster centered at the origin of the unit cell
shown. The Al-Al interatomic covalent bonds in the Al icos
hedron~first shell: O1 site! and the Al-Re interatomic cova
lent bonds in the second shell~Al:O2a and O2b sites; Re
O2c site! can be clearly seen. In the case of the MI cluster
the body center, the interatomic charge-density distribut
of the first shell@B1 site shown in Fig. 4~a!# apparently in-
dicates a cubic symmetry. The Al-Re interatomic covale
bonds in the second shell@Al: B2a and B2b sites, Re: B2c
site shown in Fig. 4~b!# are weaker than those of the M
cluster at the origin but a similar covalent bonding nature
revealed at the low-density level@0.30e/Å3, Fig. 4~c!#.

We additionally obtained images of the Al-Re interatom
covalent bonds between Al atoms in the MI cluster first sh
~O1 or B1 site! and the Re atoms in the MI cluster seco
shell ~O2c or B2c site!. They can be seen in the sectio
5-3
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TABLE I. Crystal data and refined structural parameters fora-AlReSi, a-AlMnSi, and Al12Re. Parenthe-
ses in site names refer to the crystallographic data of Al9Mn2Si in Ref. 41. In the previous paper, we used t
site name of~O1, B1!, ~O2a, O2b, B2a, B2b!, ~O2c, B2c!, ~M5, M7!, and M2 for A1, A2, Mn, G1, and G2
in AlMnSi, respectively~Ref. 39!. g is the occupancy at each atomic site.B is a thermal parameter.

Site Wyckoff Atom g x y z B~Å 2!

a-AlReSi

Pm3̄, a512.88224~1! Å

O1~M4! 12j Al 0.972~7! 0 0.1623~5! 0.0983~5! 0.65~4!

O2a~M1! 6e Al 0.95~1! 0.3662~5! 0 0 0.50~7!

O2b~M8! 24l Al 0.975~4! 0.1204~3! 0.1887~4! 0.3012~3! 0.69~3!

O2c~Mn1! 12j Re 1.0 0 0.32456~4! 0.19845~4! 0.506~7!

B1~M6! 12k Al 0.35~22! 1/2 0.3393~5! 0.4009~5! 0.65~4!

Si 0.65~22!

B2a~M3! 6h Al 0.98~2! 0.1167~5! 1/2 1/2 0.50~7!

B2b~M9! 24l Al 0.967~9! 0.3900~3! 0.3127~4! 0.1923~3! 0.69~3!

B2c~Mn2! 12k Re 1.0 1/2 0.18023~6! 0.30472~8! 0.47~2!

M2~M2! 6 f Al 0.82~15! 0.2984~4! 0 1/2 0.39~9!

Si 0.18~15!

M5~M5! 12j Al 0.955~9! 0 0.3268~2! 0.4036~3! 0.54~6!

M7~M7! 12k Al 1.0 1/2 0.1229~2! 0.1102~3! 0.54~6!

a-AlMnSi

Pm3̄, a512.66126~1! Å

O1~M4! 12j Al 0.62~3! 0 0.1669~2! 0.1010~2! 0.61~2!

Si 0.38~3!

O2a~M1! 6e Al 1.0 0.3662~2! 0 0 0.66~3!

O2b~M8! 24l Al 1.0 0.1181~1! 0.1886~1! 0.2985~1! 0.67~1!

O2c~Mn1! 12j Mn 1.0 0 0.32715~7! 0.19827~7! 0.48~2!

B1~M6! 12k Al 0.44~3! 1/2 0.3363~2! 0.3996~2! 0.61~2!

Si 0.56~3!

B2a~M3! 6h Al 1.0 0.1245~2! 1/2 1/2 0.66~3!

B2b~M9! 24l Al 1.0 0.3908~1! 0.3132~1! 0.1962~1! 0.67~1!

B2c~Mn2! 12k Mn 1.0 1/2 0.17916~9! 0.3076~1! 0.43~2!

M2~M2! 6 f Al 0.37~5! 0.2888~2! 0 1/2 0.70~4!

Si 0.63~5!

M5~M5! 12j Al 1.0 0 0.3310~2! 0.4022~2! 0.69~2!

M7~M7! 12k Al 1.0 1/2 0.1230~2! 0.1172~2! 0.69~2!

Al12Re

Im3̄, a57.52809~1! Å

Re 2a Re 1.0 0 0 0 0.31~1!

Al 24g Al 1.0 0 0.1879~1! 0.3082~1! 0.68~1!
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contour maps of the~100! plane and the~200! plane shown
in Figs. 5~c! and 5~d!, respectively. The O1-O2c and B1-B2
bonds correspond to termination of sticking covalent bo
along fivefold axes of Al~Si! icosahedrons. These O1-O2
and B1-B2c interatomic bonds are the strongest cova
bonds in this crystal. Glue atoms M2, M5, and M7 are a
strongly bonded to Re atoms. As seen in the~100! plane, the
Al ~Si! atom at the M2 site and the Al atom at the M5 site a
bonded to the Re atom at the O2c site. The direction of
M2-O2c interatomic bonds coincides with that of O1-O
interatomic bonds, which indicate fivefold axes of the M
01420
s
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o

e

cluster. The Al~Si! atom at the M2 site connects the M
clusters at two adjacent unit cells along the^010& direction
by terminating two M2-O2c interatomic bonds. The Al ato
at the M5 site is bonded not only to the O2c site but also
be M5 site in the adjacent unit cell. In addition, we found t
Al-Re interatomic bonds between M5 and B2c sites. T
means that the M5 site connects the MI clusters along b
the ^100& direction and^111& direction and plays the mos
important role as the ‘‘glue atom.’’ The Al atom at the M
site is bonded to the Re atom at B2c site only, and does
contribute to the connection of the MI clusters.
5-4
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The charge-density section contour maps of the~100!
plane and the~200! plane in thea-AlMnSi crystal are shown
in Figs. 6~a! and 6~b!, respectively. Common features in th
bonding nature ofa-AlMnSi are very similar to those o

FIG. 2. ~a! Crystalline structures ofa -AlReSi anda -AlMnSi.
~b! Structure of the Mackay icosahedral cluster.~c! Crystalline
structure of Al12Re.

FIG. 3. Equidensity surfaces of charge density of the Mac
icosahedral cluster ina-AlReSi. The cluster is positioned at th
origin of the unit cell.~a! First shell. ~b! Second shell. Electron
density at surfaces is 0.35e/Å3.
01420
previous results39 and those presented here fora-AlReSi.
However, charge densities of interatomic bonds
a-AlMnSi are much smaller, i.e., the bonds are weaker th
those ofa-AlReSi.

Figure 7 shows the equidensity surface of the charge d
sity @Fig. 7~a! is 0.35e/Å3 and Fig. 7~b! is 0.30e/Å3] for
Al12Re. Note that no interatomic covalent bond exists b
tween Al atoms of the 13-atom icosahedral cluster with
central Re atom. This characteristic is quite different fro
the interatomic-Al covalent bonds of the 12-atom icosa
dron without the center atom ina-AlReSi. This result can
also be clearly seen in the charge-density section con
maps of the~200! plane in Al12Re shown in Fig. 8.

y

FIG. 4. Equidensity surfaces of charge density of the Mack
icosahedral cluster ina-AlReSi. The cluster is positioned at th
body center of the unit cell.~a! First shell.~b! and~c! Second shell.
Electron density at surfaces is 0.35e/Å3 for ~a! and ~b!, and 0.30
e/Å3 for ~c!, respectively.
5-5
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FIG. 5. ~Color! Crystal structure and section contour maps of charge density ofa-AlReSi in the range of 0.00–1.20e/Å3 with a step of
0.10e/Å3. The contour maps in the range of 0.00–0.80e/Å3 are colored.~a! and ~c! ~100! plane.~b! and ~d! ~200! plane.
014205-6
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FIG. 6. ~Color! Section contour maps of charge density fora-AlMnSi in the range of 0.00–1.20e/Å3 with a step of 0.10e/Å3. The
contour maps in the range of 0.00–0.80e/Å3 are colored.~a! ~100! plane.~b! ~200! plane.
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IV. DISCUSSION

It is important to mention the comparison between o
charge-density results andab initio calculations or any othe
spectroscopic experiments. Recently, Onogiet al. reported
the result of Rietveld analysis and band calculations usin
linear muffin-tin orbital method fora-AlReSi.43 However,
they presented no information about bonding or hybridi
tion so far. It is meaningful to compare our data with t
similar band calculation fora-AlMn ~Si! since Fujiwara re-
ported the detailed electronic structure ofa-AlMn, in which
Si atoms ina-AlMnSi were replaced by Al.19 He found that
the Mn 3d band is split at its middle nearEF and that the
binding peak of DOS is slightly belowEF . This binding
peak is mainly due to the local projected DOS of the Mnd
state, the Alp state of first shell, and the second shell of t
MI cluster. The pseudogap was clearly revealed nearEF in
the total DOS curve. Hence it was supposed that the orb
hybridization between the Alp state and the Mnd state
strongly contributes to the pseudogap formation. Althou
difference occurs when Si atoms are included in the cry
or not, the covalent bonding nature in the MI cluster me
tioned in the previous section agrees well with the calcu
tion results of Fujiwara. Belinet al. performed soft-x-ray
emission and absorption spectroscopy measurements
various Al-Mn compounds including the Al6Mn crystal, the
Al6Mn icosahedral quasicrystal, and the Al4Mn decagonal
quasicrystal.24 They also showed that in the Al6Mn crystal
and the icosahedral quasicrystal, the hybridization betw
the Al 3s and 3p bands and Mn 3d band is responsible fo
the opening in the pseudogap nearEF . This orbital hybrid-
ization is viewed as the Al~Si!-Mn covalent bonds in our-
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FIG. 7. Equidensity surfaces of charge density of 13-atom ico

hedron in Al12Re. Electron density at surfaces is 0.35e/Å3 for ~a!,
and 0.30e/Å3 for ~b!.
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study. Although the charge-density value of the interatom
bond ofa-AlMnSi is smaller than that ofa-AlReSi, distri-
butions of covalent bonds are entirely similar to each oth
Onogi et al. presented the total DOS ofa-AlReSi and

FIG. 8. ~Color! Crystal structure~a! and section contour map
~b! of ~200! plane charge density of Al12Re in the range of 0.00–
1.20e/Å3 with a step of 0.10e/Å3. The contour maps in the rang
of 0.00–0.80e/Å3 are colored.
01420
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showed a pseudogap structure nearEF , which is very similar
to the case ofa-AlMn.43 The clear Al~Si!-Re interatomic
covalent bonds shown in Figs. 3–5 also correspond to
real-space images of the hybridization characteristics
tween the Al 3s and 3p band and the Re 5d band.

By estimating 2kF from the e/a values, we found that
2kF values of botha-AlReSi anda-AlMnSi approximants
are quite close toKp of the intense~530! peak and~523!
peak with a multiplicity of 12 and 24, respectively. Bo
approximants seem to obey the Hume-Rothery match
rule. It should be noted that Fermi spheres of botha-AlReSi
anda-AlMnSi interact exactly with the same Jones zone a
thus a difference in the degree of the FS-JZ interaction
tween these approximants hardly exists. However, in
atomic covalent bonds ofa-AlMnSi are much weaker than
those ofa-AlReSi, as described above. This result app
ently arises from the difference in the degree of thesp-d
hybridization between Alsp electrons and TMd electrons.
We can see this difference in more detail by the charge d
sity at bond midpoint~CDBM! shown in Fig. 9. The CDBM
of Al ~or Si!-Re interatomic bonds ina-AlReSi are larger
than those of Al~or Si!-Mn interatomic bonds ina-AlMnSi
@Fig. 9~a!#. The 5d electrons of Re have a stronger hybri
ization effect or bonding effect than the 3d electrons of Mn.
Recently, Krajcˇı́ and Hafner calculated the electronic stru
ture of Al2TM (TM5Fe, Ru, Os! compounds.44 They re-
ported that the band gap of the compounds becomes wid
a 3d ~Fe! metal is replaced by a 4d ~Ru! or 5d ~Os! metal.
Hence, the increasing covalent character in 5d transition
metals also seems to have crucial effects on the cas
a-AlReSi. In addition, it was found that the CDBM of Al~or
Si!-Al ~or Si! interatomic covalent bonds ina-AlReSi is also
larger than those ina-AlMnSi @Fig. 9~b!#. The difference is
evident for O1-O1 or B1-B1 interatomic bonds and f
M5-M5 interatomic bonds. The reason for this fact is d
cussed in the next paragraph. The difference in the cova
character agrees with the difference in electrical resistiv
betweena-AlMnSi and a-AlReSi. The values of resistivity
at 295 K are 3500mV cm and 12 800mV cm for a-AlMnSi
anda-AlReSi, respectively. Although an examination with
scanning electron microscope revealed more porous struc
for the a-AlReSi sample than thea-AlMnSi sample, the
resistivity of a-AlReSi is larger than that ofa-AlMnSi, to a
large extent. These strong covalent bonds ina-AlReSi
should explain the small number of effective carriers atEF
by the enhanced pseudogap and evidently lead to the hi
electrical resistivity in comparison to that ofa-AlMnSi. The
above conclusion, thatN(EF), i.e.,g, and resistivity at room
temperature are smaller and higher, respectively,
a-AlReSi than fora-AlMnSi, has been confirmed by th
recent systematic experiments of silicon content depend
cies of the specific heat and electrical resistivity for me
spun samples reported by Takeuchiet al.45

We now discuss the difference in the bonding natures
the 12-atom icosahedron without the center atom~MI first
shell of a-AlReSi anda-AlMnSi! and the 13-atom icosahe
dron with the central Re atom (Al12Re). Al-Al interatomic
5-8



we
la

i
2
e
m
f a
a
t
v
h
de
o

r

in
h
al

er
u
e
f

se
ho
as
tr
c
of
ri
e

re
is
e

th
l

am

e
e

e
ge
at

the
o-
p-
w-
ve

o-
al
ns-
ll

tom
te-
II.

of

ate

f

l

in-
f

the

COVALENT BONDS AND THEIR CRUCIAL EFFECTS ON PSEUDOGAP . . . PHYSICAL REVIEW B 68, 014205 ~2003!
covalent bonds observed fora-AlReSi anda-AlMnSi are
absent in the 13-atom icosahedron of Al12Re. The variation
in the bonding nature of the icosahedral cluster agrees
with the fundamental characteristics derived by molecu
orbital ~MO! calculations. Fujimori and Kimura46 indicated
with the MO calculation that even though the energy gain
sufficiently large for placing an atom at the center of a 1
atom icosahedron of Al and B, only a small gain is realiz
for an icosahedron having 12 hydrogen atoms, which ter
nate 12 dangling bonds sticking along fivefold axes. I
cluster exhibits a metallic bonding nature due to having
atom placed at its center, then such occupation would ac
stabilize it. On the other hand, if the cluster is forced to ha
a covalent bonding nature because of its environment, t
the center site should be empty. We reported this consi
ation previously by comparing the bonding natures
a-AlMnSi and Al12Re.39 The images of the Al~Si!-Al ~Si!
covalent bonds ina-AlReSi provide other clear evidence fo
the origin of the variation in the bonding nature of the Al~Si!
icosahedron. The tendency for metallic-covalent bond
conversion in the Al icosahedron, which is related to t
atom site occupancy of the icosahedral cluster center, is
strongly supported. Ina-AlReSi anda-AlMnSi, the sticking
bonds along fivefold axes of the icosahedron are consid
to be terminated by Re and Mn atoms, respectively. Beca
the termination, i.e., the force for the icosahedron to hav
covalent bonding nature, should be stronger for Re than
Mn, a difference in the CDBMs ofa-AlReSi anda-AlMnSi
in Fig. 9~b! mentioned in the previous paragraph may ari
Since in the above MO calculation the central atom was c
sen to be the same as the atom of the icosahedron, such
or B, there is a difference in the atom species of the cen
atom in the Al12Re. Al12Re is surmised to have metalli
bonding but it exhibits weak hybridization in the Al atom
the icosahedron and the central Re atom. This weak hyb
ization may also contribute to the formation of th
pseudogap. In fact, Carlsson performed theab initio elec-
tronic structure calculations for a series of Al12W-type crys-
tals and then revealed the pseudogap formation for Al12Mn
near EF .47 As described above, Trambly de Laissardie
et al. also reported a pseudogap formation in th
compound.22 However, this pseudogap is relatively shallow
than that ofa-AlReSi ~Ref. 43! or a-AlMnSi.19

Examination of the atomic charge of each atom in
approximants is important because charge transfer from A
transition metals has been frequently discussed. Yokoy
et al. reported that the Al-Cu-TM (TM5Fe, Ru, Os! quasi-
crystal and the Al-Pd-TM (TM5Mn, Re! quasicrystal could
form at some specific composition area.18 This composition
area gives the specifice/a value of approximately 1.75, by
taking thee/a value of the transition metal as negative valu
Thus, the Hume-Rothery matching rule is believed to be
fective for the Al-TM quasicrystal. The negativee/a value
of transitionmetals was proposed by Pauling48 and then first
applied to various Al-TM alloys by Raynor.49 Thee/a value
was indicated to be24.66,23.66,22.66,21.71, and20.61
for Cr, Mn, Fe, Co, and Ni, respectively. Trambly d
Laissardiereet al. calculated the band structure for a lar
number of Al-TM Hume-Rothery alloys and reported th
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the negative valence of the transition metal is induced by
sp-d hybridization and its value agrees well with that pr
posed by Raynor.22,50 This indicates the existence of an a
parent charge transfer from Al to the transition metal. Ho
ever, Krajčı́ et al. suggested that there exists no effecti
charge transfer indicated byab initio band calculations of the
Al-Pd-Mn approximant crystal, whose structure was hyp
thetically generated by a projection from six-dimension
space.51 Our results revealed a small amount of charge tra
fer from Al to the transition metal for the MI second she
and two of the glue atom sites. Electron counts of each a
in the crystals studied were examined by the spherical in
gration of the charge density. The result is shown in Table

FIG. 9. Charge density at bond midpoint of interatomic bonds
~a! TM-Al ~Si!, and~b! Al ~Si!-Al ~Si!. ~a! The solid symbols rep-
resent the Re-Al~Si! interatomic bonds ina-AlReSi. The empty
symbols represent the Mn-Al~Si! interatomic bonds ina-AlMnSi.
The circles indicate O2c-O1 and B2c-B1. The triangles indic
O2c-~O2a,O2b! and B2c-~B2a,B2b!. The squares indicate
~O2c,B2c!-~M2,M5,M7!. The cross symbol indicates Re-Al o
Al12Re. ~b! The solid symbols represent the Al~Si!-Al ~Si! inter-
atomic bonds ina-AlReSi. The empty symbols represent the A
~Si!-Al ~Si! interatomic bonds ina-AlMnSi. The circles indicate
O1-O1 and B1-B1. The squares indicate M5-M5. The triangles
dicate ~O2a,O2b!-~B2a,B2b!. The cross symbol indicates Al-Al o
Al12Re. The last two types of symbols~triangle and cross! do not
indicate covalent bonds and are plotted for comparison with
covalent bonds~O1-O1, B1-B1, and M5-M5!.
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N(Rave) is the value of spherical integration of the char
density whose radius is given byRave . Rave indicates the
average value of distance between atomic nucleus and b
midpoint. As shown in Figs. 5, 6, and 8, electrons
transition-metal atoms have a wider distribution range th
those of Al~or Si! atoms. We define the bond midpoint for th
Al ~Si!-TM covalent bond as a point that has a minimu
charge density along the covalent bond.N(Rave) of Al ~or Si!
atoms of the MI second shell~O2a, O2b, B2a, and B2b! and
the two glue atom sites~M2 and M7!, which are only bonded

TABLE II. Electron counts of each atom ina-AlReSi,
a-AlMnSi, and Al12Re.N(Rave) is the value of the spherical inte
gration of the charge density whose radius is given byRave . Rave

indicates the average value of the distance between the at
nucleus and the bond midpoint.Rave is averaged over the coord
nation number,nAl1nTM , of the covalent bonds.nAl andnTM are
the coordination numbers of each atom, which are covalently bo
to Al~or Si! and the transition metal, respectively.Nout is the num-
ber of electrons, which are distributed to an outer region of e
atom (r .Rave) and is given byNout5Na2N(Rave), where Na

indicates the total electron count of each atom estimated by m
plying the atomic number and site occupancy.

Site nAl nTM Rave ~Å! N(Rave) Nout

a-AlReSi

O1~Al ! 5 1 1.2~1! 11.6~6! 1.4~6!

O2a~Al ! 0 2 1.0~1! 10.1~5! 2.9~5!

O2b~Al ! 0 2 1.1~1! 10.6~5! 2.4~5!

O2c~Re! 8 0 1.6~1! 74~1! 1~1!

B1~Al1Si! 5 1 1.2~1! 12.2~6! 1.5~6!

B2a~Al ! 0 2 1.1~1! 10.6~5! 2.4~5!

B2b~Al ! 0 2 1.1~1! 10.6~5! 2.4~5!

B2c~Re! 9 0 1.6~1! 73~1! 2~1!

M2~Al1Si! 0 2 0.9~1! 10.2~5! 3.0~5!

M5~Al ! 1 3 1.1~1! 11.1~6! 1.9~6!

M7~Al ! 0 1 0.9~1! 9.7~4! 3.3~3!

a-AlMnSi

O1~Al1Si! 5 1 1.2~1! 11.8~5! 1.6~5!

O2a~Al ! 0 2 1.0~1! 10.6~4! 2.4~4!

O2b~Al ! 0 2 1.0~1! 10.6~4! 2.4~4!

O2c~Mn! 8 0 1.5~1! 25.5~7! 20.5~7!

B1~Al1Si! 5 1 1.2~1! 12.0~5! 1.6~5!

B2a~Al ! 0 2 0.9~1! 10.3~4! 2.7~4!

B2b~Al ! 0 2 1.0~1! 10.7~4! 2.3~4!

B2c~Mn! 9 0 1.5~1! 25.3~7! 20.3~7!

M2~Al1Si! 0 2 0.9~1! 10.9~3! 2.7~3!

M5~Al ! 1 3 1.2~1! 11.5~5! 1.5~5!

M7~Al ! 0 1 1.0~1! 10.7~3! 2.3~3!

Al12Re

Al 0 1 1.1~1! 11.0~5! 2.0~5!

Re 12 0 1.7~1! 74.7~9! 0.3~9!
01420
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to transition metal atoms (nAl50), are smaller than that o
Al ~or Si! atoms~O1 and B1!, which are mainly bonded to
Al ~or Si! atoms (nAl.nTM). Inversely, theNout of Al ~or Si!
atoms of O2a, O2b, B2a, B2b, M2, and M7 is larger than t
of Al ~or Si! atoms of O1 and B1. Therefore, we could see
sign of the charge transfer from Al to the transition metal
the valence electrons of the Al atom at O2a, O2b, B2a, B
and M7 sites, and those of the Al~or Si! atom at the M2 site.
Relatively small values ofNout of Al ~or Si! atoms of O1 and
B1 may reveal the strong covalent character for the Al~or
Si!-TM interatomic bonds~O1-O2c or B1-B2c! or the cova-
lent bond formation at the Al~or Si! icosahedron~MI first
shell!. It should be noted that the charge transfer from Al
the transition metal coexists with the Al~or Si!-TM inter-
atomic covalent bond and thus could not be distinguish
from each other. Under a rigid-band approximation, Paul
proposed that the 3d valence electrons are distributed to th
two different kinds of orbitals, atomic orbital~AO! and
bonding orbital~BO!, in order to explain the composition
dependence of the saturation magnetic moment~SMM! in 3d
transition-metal alloys.48 The AO shows only weak inter
atomic interaction and thus causes the SMM. Raynor p
dicted that in Al-TM alloys some of the Al 3s and 3p elec-
trons are absorbed into the vacancies in AO’s of transit
metals.49 This would result in excess valence electrons
transition metals. In addition, 3d electrons occupying the
BO’s of transition metals are distributed in the interatom
region between Al and the transition metal and thus take
in sp-d hybridization. However, we could not distinguish th
electrons in the AO’s from those in the BO’s in our stud
Although we could see the charge transfer from Al to tran
tion metal, thesp-d hybridization consequently smears o
the charge transfer and gives no meaningful excess vale
electrons for transition metals, contrary to the suggest
given by Trambly de Laissardiereet al.

From the above considerations, we should interpret
mechanism of pseudogap formation by the combination
the FS-JZ interaction induced by the charge transfer from
to transition metals, and the enhancement of the cova
bonds. This interpretation can also be reasonably applie
explain the composition dependencies of the Seebeck co
cient and the electrical conductivity of the AlPdRe icosah
dral quasicrystal. We have reported recently for the AlPd
quasicrystal that the Seebeck coefficient reveals a cleare
pendence on sample composition than an electr
conductivity.52 It was found that the Seebeck coefficient ra
idly increases with increasing Re or Pd concentration. T
behavior can be interpreted as the combination of a cha
transfer from Al to Re, and a deepening of the DO
pseudogap by covalent bonds. We have also found that
creasing atomic density with increasing concentrations of
and Re might reveal the enhancement of the covalent bo
ing nature of Al and transition metals.53

Finally, we speculate about the possibility of the enhan
ment of the pseudogap for quasicrystals. In the MI clus
we did not find that the strength of the covalent bond w
similar to all of the 30 bonds for the first shell and all of th
60 bonds for the second shell. In particular, the first shel
the MI cluster indicates interatomic charge density with
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cubic symmetry, which is lower down than icosahedral sy
metry, as shown in Fig. 4~a!. If we assume that this resu
arises from the cubic packing nature of the MI cluster,
suppose that for an approximant higher than the 1/1 cu
approximant, the atomic arrangement around the MI clu
approaches the icosahedral environment and then cov
bonds of the MI cluster become isotropically stronger. Co
sequently, the icosahedral quasicrystal may come to pos
a long-range order of the potential waves with icosahed
symmetry thus leading to a deep DOS pseudogap in c
parison with the approximant.

In this study, we focused mainly on the discussion ab
the origin of the DOS pseudogap. However, the numbe
approximant crystals, which we have obtained with cha
density, is still very limited. We are now analyzing powd
XRD patterns of thea-AlReSi approximants with various
compositions and other crystals such as Al2Ru and AlCuRu
approximants. Details of the composition dependence
bond strength or common features in the bonding nature
the various approximants will be presented in the future.
believe that our study could provide useful information
any physical or chemical phenomena related to chem
bonds in the approximant crystals or quasicrystals. As
ready known, many Al-based icosahedral quasicrystals
stiffer than other Al-based crystalline alloys. This prope
may also be attributed to the covalent bonds formed in
icosahedral cluster and the glue atoms. Research along
line needs further detailed charge-density study includ
study of many other systems of the approximant crystals

V. CONCLUSION

We successfully obtained the clear images of interato
covalent bonds between Al and transition metals~Mn, Re!
and those in Al~or Si! icosahedron of MI clusters of bot
a-AlReSi anda-AlMnSi approximant crystals by the MEM
Rietveld method. In particular, Al~or Si!-Re interatomic co-
valent bonds connecting the first shell with the second s
of MI clusters are the strongest of all the covalent bonds.
three kinds of glue atom are covalently bound to Re or Mn
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