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X-ray charge densities of Al-based icosahedral quasicrystalline approximant ceystdiReSi, a-AlMnSi,
and Al ,Re 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 transitionMretals
Re) and those in the Alor Si) icosahedron in Mackay icosahedral clusters of hetAlReSi anda-AIMnSi
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 @fAIMnSi. This fact leads to the low effective carrier densitycsfAIReSi
in comparison with that of-AIMnSi. Unlike the covalent bonding nature of an icosahedron-AIReSi and
a-AIMnSi crystals, the Al icosahedron with an Re center atom exhibits no Al-Al interatomic covalent bonds in
the Al;,Re 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.
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[. INTRODUCTION (Refs. 14 and lpquasicrystals by the same self-flux method.
The values opgt of these “flux-grown” samples are 1500—

A question about the origin of semiconductorlike electron3200 x€ cm for the AIPdRe systetd and 1570 cm
transport in Al-based icosahedral quasicrystals is still open(Ref. 14 and 1200u{) cm (Ref. 15 for the AIPdMn system.
even though much research has already taken place. Ththe maximum value opgy for AIPdMn never exceeds that
semiconductorlike properties arise from the icosahedral symef AIPdRe. This fact should be explained by the difference in
metry and the quasiperiodic structure, and can be explained(Eg) related to the covalent bonding nature of quasicrys-
by the combination of a Hume-Rothery pseudogap in theals and approximants. The deep pseudogap causes the low
electron density of stata®09) at the Fermi leveIN(Eg), N(Eg) value and, in other words, the low effective carrier
and a localization tendency of electrons n&r.* At low  density. The value oN(Eg) is proportional to that of the
temperature below 300 K, the theory of quantum interferencelectronic specific-heat coefficient,. The AIPdRe quasi-
effects based on weak localization and electron-electron inerystals possess lowest valuesyf<0.11 mJ/mol )16
teraction qualitatively provided a reasonable explanation foin comparison with other non-Re-containing quasicrystals
temperature or magnetic field dependencies of the electricgh.11-0.41 mJ/molK).?2 The measurement of specific heat
conductivity in many Al-based quasicrystalline alldydow-  tself has no relation to the problems of grain boundaries.
ever, another experimental fact, that the electrical conductivTherefore, the correlation betweerr and vy, i.e., N(Eg),
ity and its temperature coefficient exhibit strong compositionwhich has been frequently indicatédeems to be valid for
dependence® and also depend strongly on the difference inthe arc-melted polygrain Al-based quasicrystalline samples
alloy system$, remains to be explained. and for the single grain ones, respectively.

The electrical resistivity,p, (conductivity, o) can be It has been frequently discussed that the Hume-Rothery
given byp (=1/0)=1/2DN(Eg), whereD is the diffusiv-  pseudogap is due to a Fermi-surface Jones tB66el2 in-
ity of the carrier. AIPdRe quasicrystals possess the highegeraction. This interaction is enhanced when the Fermi-
electrical resistivity(the lowest electrical conductivityal-  sphere diameterk: matches the wave number of the intense
ues among all of the reported Al-based icosahedraBragg peak<,. The value of ¢ can be estimated from the
quasicrystalé=* On the other hand, Guet al. and Fisher spvalence electrons per atora/@) ratio. One may compare
et al. have recently reported the large difference in the resisthis rule to the Hume-Rothery matching rule. The Hume-
tivities at room temperaturepry, between arc-melted Rothery picture applies to a nearly-free-electron system in
polygrain sample$6250—16 000w{) cm) and the structur- which the potential for the valence electron is rather weak.
ally very perfect single grain ongd4500—-3200u{) cm) for  For example, this picture is solely applied to the case of the
the AIPdRe quasicrystaf;**> which means the origin of the AIMgZn quasicrystal, as Satet al. clarified by the band-
highest resistivity should be partly the effect of grain bound-structure calculation for the AIMgZn approximant crystal.
ary, which should reduce the value bf Fisheret al. pre-  On the other hand, Al-transition-metdM) quasicrystalline
pared single grains of both AIPdR®&ef. 13 and AIPdMn  alloys possess larger values of resistivity and temperature
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coefficient than the quasicrystalline alloys containing noa-AlReSi crystal should clarify the role of the Re atoms on
TM's. It has been widely adopted that the Al-TM quasicrys-the nonmetallic behavior of not only the-AIReSi crystal
tals obey the Hume-Rothery matching rule by imposingbut also the AIPdRe quasicrystal in view of the DOS
negativee/a values on TM's:® and thus the FS-JZ interac- pseudogap feature. Hence, even the bonding nature in the
tion still occurs. However, those effects are not enough tel/1-approximant crystals should reveal an important factor
explain the large variation in resistivity, Hall coefficient, and dominating the nonmetallic behavior.
thermoelectric power with a slight change of TM concentra- The maximum entropy methoMEM) used along with
tion. First-principles band-structure calculations indicatedRietveld analysis is a powerful method for obtaining a clear
the importance of an orbital hybridization between thespl ~ image of the charge density. Takaéhal. developed this
band and the TMd band for approximant crystals of the method” and successfully obtained the bonding electron im-
Al-TM quasicrystald® 2! and other AI-TM Hume-Rothery ages for fullerene compourid,the a-rhombohedral boron
alloys?>?® In addition, Belinet al. also reportecsp-d hy- (B crystal?ﬁ manganese oxid¥,magnesium diboridé, etc.
bridization by soft-x-ray emission or absorption spectros-Previously, we also reported the x-ray charge density of
copy for various Al-TM quasicrystals and approximafftd>  @-AlMnSi and Alj,Re using this method, and clearly showed
This means that a combination of the FS-JZ interaction anéhe existence of covalent bonds in the MI cluster in
the Sp.d hybridization is required to consider the enhance-a'AanSi.3g Covalent bonds in the MI cluster were found to
ment of the DOS pseudogap. However, these calculationglay @ crucial role in nonmetallic properties @AIMnSi. In
and spectroscopy studies have not been able to reveal a deiftis paper, we report on clearer charge densities of
nite contribution of individual atoms to the pseudogap for-a-AIMnSi and Al;;Re than those shown with previous data.
mation, because of the complex atomic structure. Hence, thé@ addition, the charge density of the highest resistive
relation between unique electrical properties and atomic-AlIReSi is presented and compared to that of the above two
structure is still not clearly understood. approximants. We discuss how the bonding nature of the Ml
We have stressed a strong dependence of electrical coflusters and the glue atoms, which connect the MI clusters,
ductivity on the difference in alloy systems for Al-based qua-relates with the FS-JZ interaction amsg-d hybridization.
sicrystals and approximants, and have discussed the relatidie charge transfer between Al and TM's frequently re-
between electrical properties and local atomic structéfe. vealed by some research@® *is also discussed.
Charge-density studies give direct evidence for interatomic
bonds and thus provid_e a b(_atter understa_nding of the re_Iation Il. EXPERIMENT AND ANALYSIS
of nonmetallic properties with local atomic structure. Since
accurate atomic structure analysis is difficult because of the Ingots of Ak, Rej;75Sig, Al7oMn (6Si,, and Al,Re al-
lack of structural periodicity, analyzing the charge density isloys were prepared from elemental constituents{aN) by
quite difficult for quasicrystals. However, we could obtain arc melting under an Ar atmosphere. Sample homogenization
the charge density for approximant crystals. The structure obf Al-Re-Si alloy and Al-Mn-Si alloy ingots was achieved by
the approximant crystals can be described, in most cases, pestinductive melting, after which single-phase bulk samples
a periodic arrangement of the icosahedral cluster, e.g., theere prepared by annealing the ingots at 1073 K for 48 h and
Mackay icosahedralMI) clustef’ or Bergman clusteéf 953 K for 17 h under an Ar atmosphere farAlReSi and
Both types of icosahedral clusters are considered to be the-AIMnSi, respectively. Al-Re alloy ingots were placed in
basic space-filling units of icosahedral quasicrystals. Dean evacuated quartz tube and heated to 923 K, which is
tailed research on the electrical properties of the approxislightly below the peritectic point, and held for 5 h. The
mants have clearly shown that 1/1-cubic approximants suchl-Re samples were then cooled to 875 K over 16 h to obtain
as thea-AIMnSi phasé® and thea-AlCuFeSi phas® pos-  single-phase bulk samples of the;/Re crystalline phase.
sess quasi-crystalline-like electrical properties. Higher-ordefhe electrical resistivity was measured by the van der Pauw
approximants greater than the 1/1-cubic approximant alsmethod in the temperature range from 50 K to 295 K. Re-
possess nonmetallic behavior. Recently, Mizu&tral. sum-  mainders of these ingots were carefully ground into powder
marized the results of their study on a large number of 1/1so that they did not reveal any preferred orientation. Powder
cubic approximant crystals including the above x-ray-diffraction(XRD) patterns were collected at room tem-
approximants® They reported that the electrical properties perature using a large scale Debye-Scherrer camera installed
of the approximant crystals also reveal strong dependence @t the Spring-8 synchrotron-radiation facility, beamline
the difference in alloy systems. Wittb initio band-structure BL02B24° By choosing the wavelength to be 0.5 A for
calculations of thea-AIMn(Si) approximant crystal, Fuji- «-AlReSi and A},Re and 0.8 A fora-AlMnSi, and the di-
wara reported that the hybridization betweersfdlband and ameter of glass capillary to be 0.2 mm, no correction to x-ray
Mn d band enhances the pseudogap and then stabilizes tladsorption was required in the measurédr@nge. An imag-
MI clusters and their cubic packing. Recently, Tamura ing plate(IP) was used as a detector. Exposure time was 1 h
et al. reported the composition dependence of the electricalor a-AlReSi and Al,Re, and 3 h fora-AlMnSi so that
conductivity of the a-AlReSi 1/1-approximant? which is  dynamic range of the sensitivity of the IP was fully em-
isostructural tax-AIMnSi. They also reported thai-AIReSi  ployed to obtain the XRD patterns with good statistics. The
reveals the highest value of resistivity among all the approxpowder XRD pattern was obtained with 0.01° i for all
imant crystals® Although the AlPdRe approximant crystal the samples.
itself has not been found yet, the charge density of the For the pre-Rietveld analysis, we chose the crystal struc-
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1200000 a-AlMnSi, and Al;;,Re, respectively. And the resolution éh
1000000 | Rwp=21% (a) | spacing was 0.802 A, 0.820 A, and 0.802 A ferAIReSi,
7 RI=13% a-AIMnSi, and Al;,Re, respectively. The charge density de-
g 800000 1 y rived from the MEM analysis is consistent with these ob-
£ 600000 | 1 served structure factors and is least biased with unobserved
= structure factors. Thus the charge density corresponding to
£ 400000 | ] the bonding electrons can be reasonably derived. Takata
§ 200000 | ] et al. recently explained the detailed principle of the MEM
= elsewheré* A computer codeeENIGMA (Ref. 42 was em-
0 ployed with the MEM analysis with 128128%X 128, 126
X 126X 126, and 7& 76X 76 pixels per cubic lattice, for

5 10 15 20 25 30 35 40 a-AlIReSi, a-AlMnSi, and Al ,Re, respectively. The reliabil-
26 [deg] ity factors of the final MEM charge density were 2.2%,
1.7%, and 1.0% fow-AlReSi, a-AIMnSi, and Al;,Re, re-
1400000 spectively. According to these results, we obtained the bond-

1200000 Rwp =23 % ( b) ing electron images of the approximant crystals.
Z 1000000 | RI=14%
_E 800000 | Ill. CRYSTAL STRUCTURES AND CHARGE DENSITIES
& . ,
gz 600000 ¢ We summarize the crystal data and the refined structural
2 400000 [ parameters of the three samples in Table I. The crystal struc-
E 200000 tures are drawn in Fig. 2. Botl-AIMnSi and «-AlReSi
] have bcc packing of the Ml clusters and the glue atom sites,
0 which are inserted between the Ml clusters. The atom sites of
the MI cluster at origin(O) and body(B) center are labeled

5 10 15 20 25 30 35 40 45 50 55 60 65 70 01, OX and B1, BX (x=a, b, c), respectively. The three

29 [deg] kinds of glue atom sites are labeled M2, M5, and M7, refer-
ring to Ref. 41. Since one of the glue atom sitk®) breaks
1200000 the bce packing symmetry, both crystalline phases exhibit the
1000000 | Rwp=2.5% (C) 1 space groufPm3 (number 200. The pre-Rietveld analysis
=z RI=14% indicated that the atom species and occupancy of the Ml
s 800000 ¢ 1 cluster first shell centered at the origin of unit cell are
£ 00000 | 1 slightly different from those of the first shell centered at the
= body center. However, it should be noticed that we couldn’t
% 400000 | . easily distinguish the Al atom from the Si atom from the
§ 200000 | pre-Rietveld analysis, since the difference in x-ray scattering
intensity between A[Si) and Re was much larger than that
= between Al and Si. The resultant structuresreAIMnSi and
[—————t : : : : Al ,Re are almost the same as those reported in our previous
5 10 15 20 25 30 35 40 paper®
26 [deg]

Figure 3 shows the equidensity surfaces of the charge
FIG. 1. Rietveld fitting results fofa) @ -AIReSi, (b) a -AIMnsi,  9€NSity(0.35€/A%) of the MI cluster in thea-AIReSi crys-
and () Al ,Re. tal. The Mi clustgr centerepl at the origin of .the unit pell is

shown. The Al-Al interatomic covalent bonds in the Al icosa-

hedron(first shell: O1 sit¢ and the Al-Re interatomic cova-
ture of a-AIMnSi and Alj;,Re reported in Ref. 41 as the |ent bonds in the second shéil:02a and O2b sites; Re:
initial structure models. As mentioned above;AIReSi is  O2c site can be clearly seen. In the case of the Ml cluster at
isostructural witha-AIMnSi and thus thex-AlReSi crystal  the body center, the interatomic charge-density distribution
structure can be constructed by replacing Mn atoms irof the first shell[B1 site shown in Fig. @)] apparently in-
a-AIMnSi with Re atoms® Figure 1 shows the XRD pat- dicates a cubic symmetry. The Al-Re interatomic covalent
terns and the fitting results of the pre-Rietveld analysis obonds in the second sh¢ll: B2a and B2b sites, Re: B2¢
[Fig. 1(@)] «-AlReSi, [Fig. 1(b)] «-AIMnSi, and[Fig. 1(c)]  site shown in Fig. %)] are weaker than those of the Ml
Al ,Re. Reasonably low values of reliability factors showncluster at the origin but a similar covalent bonding nature is
in Fig. 1 reveal that good fitting results are obtained for allrevealed at the low-density levid.30e/A3, Fig. 4(c)].
the samples. The observed structure factors were then ex- We additionally obtained images of the Al-Re interatomic
tracted from raw XRD patterns using the results of the precovalent bonds between Al atoms in the Ml cluster first shell
Rietveld analysis as a reference. Numbers for the observe®1 or B1 sit¢ and the Re atoms in the MI cluster second
structure factors were 832, 749, and 92 farAlReSi, shell (O2c or B2c sit¢ They can be seen in the section
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TABLE I. Crystal data and refined structural parametersaf@&lReSi, a-AIMnSi, and Al ,Re. Parenthe-
ses in site names refer to the crystallographic data gi1AbSi in Ref. 41. In the previous paper, we used the
site name ofO1, BY), (O2a, O2b, B2a, B2h (02c, B29, (M5, M7), and M2 for A1, A2, Mn, G1, and G2
in AIMnSi, respectively(Ref. 39. g is the occupancy at each atomic sigis a thermal parameter.

Site Wyckoff  Atom g X y z B(A?)

a-AlReSi
P8, a=12.882241) A

01(M4) 12 Al 0.9727) 0 0.16235  0.09835)  0.654)
02aM1) 6e Al 0.95(1)  0.36625) 0 0 0.507)
02b(M8) 24| Al 0.9754) 0.12043)  0.18874)  0.30123)  0.693)
02dMn1) 12 Re 1.0 0 0.3245@)  0.1984%4)  0.5047)
B1(M6) 12k Al 0.35(22) 1/2 0.33985)  0.40095)  0.654)
Si 0.6522)
B2aM3) 6h Al 0.982)  0.11675) 1/2 1/2 0.507)
B2b(M9) 24| Al 0.967(9) 0.390G3)  0.31274)  0.19233)  0.693)
B20(Mn2) 12k Re 1.0 1/2 0.18028)  0.304728)  0.472)
M2(M2) 6f Al 0.82(15)  0.29844) 0 1/2 0.399)
Si 0.1815)
M5(M5) 12j Al 0.955(9) 0 0.32682)  0.40363)  0.546)
M7(M7) 12k Al 1.0 1/2 0.12292)  0.11023)  0.546)
a-AlMnSi

P8, a=12.661261) A

01(M4) 12j Al 0.62(3) 0 0.16692) 0.101G2) 0.61(2)
Si 0.383)
028M1) 6e Al 1.0 0.36622) 0 0 0.663)
02h(M8) 24| Al 1.0 0.11811)  0.188G1) 0.298%1) 0.671)
02dMn1) 12j Mn 1.0 0 0.327167)  0.198277)  0.482)
B1(M6) 12k Al 0.44(3) 1/2 0.33682) 0.39962) 0.61(2)
Si 0.563)
B2aM3) 6h Al 1.0 0.12452) 1/2 1/2 0.663)
B2b(M9) 24| Al 1.0 0.39081)  0.31321) 0.19621) 0.671)
B2c(Mn2) 12k Mn 1.0 1/2 0.1791®)  0.30761) 0.432)
M2(M2) 6f Al 0.37(5)  0.28882) 0 1/2 0.7@4)
Si 0.635)
M5(M5) 12] Al 1.0 0 0.33102) 0.40222) 0.692)
M7(M7) 12k Al 1.0 1/2 0.12302) 0.11722) 0.692)
Al,,Re
Im3, a=7.528091) A
Re 2a Re 1.0 0 0 0 0.311)
Al 249 Al 1.0 0 0.18791) 0.30821) 0.681)

contour maps of thé100 plane and th€200) plane shown cluster. The Al(Si) atom at the M2 site connects the Ml
in Figs. c) and Jd), respectively. The O1-O2c and B1-B2c clusters at two adjacent unit cells along #@0 direction
bonds correspond to termination of sticking covalent bonddy terminating two M2-O2c interatomic bonds. The Al atom
along fivefold axes of ASi) icosahedrons. These 0O1-O2c at the M5 site is bonded not only to the O2c site but also to
and B1-B2c interatomic bonds are the strongest covalertte M5 site in the adjacent unit cell. In addition, we found the
bonds in this crystal. Glue atoms M2, M5, and M7 are alsoAl-Re interatomic bonds between M5 and B2c sites. This
strongly bonded to Re atoms. As seen in th@0) plane, the means that the M5 site connects the Ml clusters along both
Al (Si) atom at the M2 site and the Al atom at the M5 site arethe (100 direction and(111) direction and plays the most
bonded to the Re atom at the OZ2c site. The direction of thémportant role as the “glue atom.” The Al atom at the M7
M2-O2c interatomic bonds coincides with that of O1-O2csite is bonded to the Re atom at B2c site only, and does not
interatomic bonds, which indicate fivefold axes of the MI contribute to the connection of the MI clusters.

014205-4



COVALENT BONDS AND THEIR CRUCIAL EFFECTS ON PSEUDOGA. ..

(b

Mackay icosahedron 02a, B2a

02b, B2b

1st shell

2nd shell

©

FIG. 2. (a) Crystalline structures of -AlIReSi anda -AlMnSi.
(b) Structure of the Mackay icosahedral clustér) Crystalline
structure of A|l,Re.

The charge-density section contour maps of {060
plane and th€200) plane in thea-AIMnSi crystal are shown
in Figs. Ga) and Gb), respectively. Common features in the
bonding nature ofa-AIMnSi are very similar to those of

(b)
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(b)

©

FIG. 4. Equidensity surfaces of charge density of the Mackay
icosahedral cluster in-AlReSi. The cluster is positioned at the
body center of the unit cella) First shell.(b) and(c) Second shell.
Electron density at surfaces is 0.86A° for (a) and (b), and 0.30
e/ A3 for (c), respectively.

previous resulf§ and those presented here farAlReSi.
However, charge densities of interatomic bonds of
a-AIMnSi are much smaller, i.e., the bonds are weaker than
those ofa-AlReSi.

Figure 7 shows the equidensity surface of the charge den-
sity [Fig. 7(a) is 0.35e/A® and Fig. Tb) is 0.30e/A3%] for
Al,Re. Note that no interatomic covalent bond exists be-
tween Al atoms of the 13-atom icosahedral cluster with the
central Re atom. This characteristic is quite different from

FIG. 3. Equidensity surfaces of charge density of the MackayfN€ interatomic-Al covalent bonds of the 12-atom icosahe-
icosahedral cluster im-AlReSi. The cluster is positioned at the dron without the center atom ia-AlReSi. This result can

origin of the unit cell.(a) First shell.(b) Second shell. Electron
density at surfaces is 0.39A3.

also be clearly seen in the charge-density section contour
maps of the(200) plane in Al,Re shown in Fig. 8.
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(a)

(100) plane

4

Ist
shell

2nd
shell

SO0
O WAUMANROO—

(100) plane
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(200) plane

(200) plane

FIG. 5. (Color) Crystal structure and section contour maps of charge densiiyAReSi in the range of 0.00—1.29 A% with a step of
0.10e/A3. The contour maps in the range of 0.00—0e282 are colored(a) and(c) (100 plane.(b) and(d) (200 plane.
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(a) (b)

|__NEEN EEEN

OO
o—bwhuuoaxwoo~iv

(100) plane (200) plane

FIG. 6. (Colon Section contour maps of charge density i8AIMnSi in the range of 0.00—1.26/A% with a step of 0.10/A%. The
contour maps in the range of 0.00-0.&8®2 are colored(a) (100) plane.(b) (200 plane.

IV. DISCUSSION

It is important to mention the comparison between our
charge-density results arad initio calculations or any other
spectroscopic experiments. Recently, Onegal. reported
the result of Rietveld analysis and band calculations using a
linear muffin-tin orbital method forx-AlIReSi*® However,
they presented no information about bonding or hybridiza-
tion so far. It is meaningful to compare our data with the
similar band calculation for-AIMn(Si) since Fujiwara re-
ported the detailed electronic structureafAlMn, in which
Si atoms ina-AIMnSi were replaced by Al He found that
the Mn 3d band is split at its middle ned and that the
binding peak of DOS is slightly beloviEg. This binding
peak is mainly due to the local projected DOS of the Wn
state, the Alp state of first shell, and the second shell of the
MI cluster. The pseudogap was clearly revealed r&ain (b)
the total DOS curve. Hence it was supposed that the orbital
hybridization between the Ap state and the Mrd state
strongly contributes to the pseudogap formation. Although
difference occurs when Si atoms are included in the crystal
or not, the covalent bonding nature in the Ml cluster men-
tioned in the previous section agrees well with the calcula-
tion results of Fujiwara. Beliret al. performed soft-x-ray
emission and absorption spectroscopy measurements for
various Al-Mn compounds including the Mn crystal, the
AlgMn icosahedral quasicrystal, and the,Mih decagonal
quasicrystaf* They also showed that in the Afln crystal
and the icosahedral quasicrystal, the hybridization between
the Al 3s and 3 bands and Mn 8 band is responsible for FIG. 7. Equidensity surfaces of charge density of 13-atom icosa-
the opening in the pseudogap néar. This orbital hybrid-  hedron in Al,Re. Electron density at surfaces is 08%2 for (a),
ization is viewed as the ABi)-Mn covalent bonds in our- and 0.30e/A2 for (b).
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(a)

(200) plane
&
Al‘ ) ‘ )
Re 0

(b)

w

(¢}
~

o whrLawoD—ID B

__NENN _NEEN
OO OO — ==

(200) plane

FIG. 8. (Color) Crystal structurga) and section contour maps
(b) of (200 plane charge density of AJRe in the range of 0.00—
1.20e/ A% with a step of 0.1@&/A%. The contour maps in the range
of 0.00—0.80e/A® are colored.
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showed a pseudogap structure neéar which is very similar
to the case ofx-AlMn.*® The clear A(Si)-Re interatomic
covalent bonds shown in Figs. 3-5 also correspond to the
real-space images of the hybridization characteristics be-
tween the Al 3 and 3 band and the Redbband.

By estimating X from the e/a values, we found that
2kg values of botha-AlReSi and a-AIMnSi approximants
are quite close tK, of the intense(530) peak and(523
peak with a multiplicity of 12 and 24, respectively. Both
approximants seem to obey the Hume-Rothery matching
rule. It should be noted that Fermi spheres of hetAIReSi
anda-AIMnSi interact exactly with the same Jones zone and
thus a difference in the degree of the FS-JZ interaction be-
tween these approximants hardly exists. However, inter-
atomic covalent bonds at-AlMnSi are much weaker than
those of a-AlReSi, as described above. This result appar-
ently arises from the difference in the degree of #yed
hybridization between Akp electrons and TMI electrons.
We can see this difference in more detail by the charge den-
sity at bond midpoinfCDBM) shown in Fig. 9. The CDBM
of Al(or Si)-Re interatomic bonds im-AlReSi are larger
than those of Alor Si)-Mn interatomic bonds inx-AIMnSi
[Fig. 9@)]. The F electrons of Re have a stronger hybrid-
ization effect or bonding effect than thel 2lectrons of Mn.
Recently, Krajc and Hafner calculated the electronic struc-
ture of ALTM (TM=Fe, Ru, O compound$? They re-
ported that the band gap of the compounds becomes wider if
a 3d (Fe) metal is replaced by ad4(Ru) or 5d (Os) metal.
Hence, the increasing covalent character th thansition
metals also seems to have crucial effects on the case of
a-AlReSi. In addition, it was found that the CDBM of @&lr
Si)-Al (or Si) interatomic covalent bonds in-AlReSi is also
larger than those im-AlMnSi [Fig. Ab)]. The difference is
evident for O1-O1 or B1-Bl interatomic bonds and for
M5-M5 interatomic bonds. The reason for this fact is dis-
cussed in the next paragraph. The difference in the covalent
character agrees with the difference in electrical resistivity
betweena-AIMnSi and a-AlReSi. The values of resistivity
at 295 K are 350Q.Q2 cm and 12 80Q+) cm for a-AlMnSi
and a-AlReSi, respectively. Although an examination with a
scanning electron microscope revealed more porous structure
for the a-AIReSi sample than thex-AIMnSi sample, the
resistivity of a-AIReSi is larger than that a&-AlMnSi, to a
large extent. These strong covalent bonds drAIReSI
should explain the small number of effective carrier&at
by the enhanced pseudogap and evidently lead to the higher
electrical resistivity in comparison to that afAIMnSi. The
above conclusion, thid(Eg), i.e., y, and resistivity at room
temperature are smaller and higher, respectively, for
a-AlReSi than for a-AIMnSi, has been confirmed by the
recent systematic experiments of silicon content dependen-
cies of the specific heat and electrical resistivity for melt-
spun samples reported by Takeuehial *°

study. Although the charge-density value of the interatomic We now discuss the difference in the bonding natures of

bond of a-AIMNnSi is smaller than that o&-AlReSi, distri-

the 12-atom icosahedron without the center atd first

butions of covalent bonds are entirely similar to each othershell of a-AlReSi anda-AIMnSi) and the 13-atom icosahe-

Onogi et al. presented the total DOS o&-AlReSi and

dron with the central Re atom (ARe). Al-Al interatomic
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covalent bonds observed far-AlReSi and a-AlMnSi are (e/A} 0.6 A e o S Afaanansas:
absent in the 13-atom icosahedron of /®&e. The variation 05 | hd (a) ]
in the bonding nature of the icosahedral cluster agrees well ) °
with the fundamental characteristics derived by molecular- % 04 - ° 5 g : a
orbital (MO) calculations. Fujimori and Kimuf# indicated 3 DAAEé M
with the MO calculation that even though the energy gain is £E 03 .
sufficiently large for placing an atom at the center of a 12- o E 02 - o
. — . il)e g
atom icosahedron of Al and B, only a small gain is realized §=
for an icosahedron having 12 hydrogen atoms, which termi- 5% o1t
nate 12 dangling bonds sticking along fivefold axes. If a o

cluster exhibits a metallic bonding nature due to having an
atom placed at its center, then such occupation would act to
stabilize it. On the other hand, if the cluster is forced to have Inter-atomic distance, d (&)
a covalent bonding nature because of its environment, then
the center site should be empty. We reported this consider-
ation previously by comparing the bonding natures of

a-AIMnSi and Al;,Re>® The images of the ABi)-Al(Si)

2 21 22 23 24 25 26 2.7 28 29 3

-~
o
~
>

-

covalent bonds irv-AlReSi provide other clear evidence for 0.6 ARSSSARRAS
the origin of the variation in the bonding nature of thé3i) 05l (b)
icosahedron. The tendency for metallic-covalent bonding ) o

conversion in the Al icosahedron, which is related to the E 04} mg

atom site occupancy of the icosahedral cluster center, is also Qé o"

strongly supported. la-AlReSi anda-AIMnSi, the sticking g 031 O o o A

bonds along fivefold axes of the icosahedron are considered 3E 4,1 ° ASA A‘x
to be terminated by Re and Mn atoms, respectively. Because gﬁ

the termination, i.e., the force for the icosahedron to have a §% 0.1+t

covalent bonding nature, should be stronger for Re than for

Mn, a difference in the CDBMs of-AlReSi anda-AIMNSi 02 2:1 2:2 2:3 2:4 2:5 2:6 2:7 2:8 2:9 N
in Fig. 9b) mentioned in the previous paragraph may arise.

Since in the above MO calculation the central atom was cho- Inter-atomic distance, d (3)

sen to be the same as the atom of the icosahedron, such as AIFIG 9. Ch densitv at bond midooint of interatomic bonds of
or B, there is a difference in the atom species of the centra(l - 2. ~-harge densily at bond micpoint of interatomic bonds o
atom in the Al,Re. Al,Re is surmised to have metallic 3 TM-Al (S, and(b) Al (SD-Al (S). (&) The solid symbols rep-

. A RS resent the Re-A[Si) interatomic bonds im-AlReSi. The empty
bonding but it exhibits weak hybridization in the Al atom of

. . . symbols represent the Mn-ABi) interatomic bonds irx-AIMnSi.
the icosahedron and the central Re atom. This weak hybri The circles indicate O2c-O1 and B2c-B1. The triangles indicate

ization may also contribute to the formation of the 5oc(02a.02p and B2c(B2a,B2b. The squares indicate
pseudogap. In fact, Carlsson performed #ieinitio elec-  (opc B29-(M2,M5,M7). The cross symbol indicates Re-Al of
tronic structure calculations for a series of AlV-type crys-  aj,,Re. (b) The solid symbols represent the £8i)-Al (Si) inter-

tals and E‘en revealed the pseudogap formation fesMxl  atomic bonds ina-AlReSi. The empty symbols represent the Al
near Eg.”" As described above, Trambly de Laissardiere(si)-Al (Si) interatomic bonds inx-AIMnSi. The circles indicate

etal. also reported a pseudogap formation in thisO1-O1 and B1-B1. The squares indicate M5-M5. The triangles in-
compoundz.2 However, this pseudogap is relatively shallower dicate (O2a,02p-(B2a,B2l. The cross symbol indicates Al-Al of
than that ofa-AlReSi (Ref. 43 or a-AIMnSi.*® Al ,Re. The last two types of symbol{riangle and crogsdo not
Examination of the atomic charge of each atom in theindicate covalent bonds and are plotted for comparison with the
approximants is important because charge transfer from Al tgovalent bond¢01-O1, B1-B1, and M5-Mb
transition metals has been frequently discussed. Yokoyama
et al. reported that the AI-C-M (TM=Fe, Ru, Osquasi- the negative valence of the transition metal is induced by the
crystal and the Al-P&M (TM=Mn, Re) quasicrystal could sp-d hybridization and its value agrees well with that pro-
form at some specific composition aréalhis composition  posed by Raynd?° This indicates the existence of an ap-
area gives the specifig/a value of approximately 1.75, by parent charge transfer from Al to the transition metal. How-
taking thee/a value of the transition metal as negative value.ever, Kraj¢ et al. suggested that there exists no effective
Thus, the Hume-Rothery matching rule is believed to be efeharge transfer indicated kap initio band calculations of the
fective for the AITM quasicrystal. The negativea value  Al-Pd-Mn approximant crystal, whose structure was hypo-
of transitionmetals was proposed by Pauffhand then first thetically generated by a projection from six-dimensional
applied to various AIFM alloys by Raynof® Thee/a value  space’* Our results revealed a small amount of charge trans-
was indicated to be-4.66,—3.66,—2.66,—1.71, and-0.61  fer from Al to the transition metal for the Ml second shell
for Cr, Mn, Fe, Co, and Ni, respectively. Trambly de and two of the glue atom sites. Electron counts of each atom
Laissardiereet al. calculated the band structure for a largein the crystals studied were examined by the spherical inte-
number of AITM Hume-Rothery alloys and reported that gration of the charge density. The result is shown in Table II.
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TABLE Il. Electron counts of each atom im-AlReSi, to transition metal atomsnf,;=0), are smaller than that of
a-AIMnSi, and Alj,Re. N(Ry,¢) is the value of the spherical inte- Al (or Sj) atoms(O1 and B), which are mainly bonded to
gra_tion of the charge density whose ra_dius is giverRhye . Raye Al(or Si) atoms fi5>ngy). Inversely, theN,,, of Al (or Si)
indicates the average vlalue. of thg distance between the at.omg,[omS of 02a, 02b, B2a, B2b, M2, and M7 is larger than that
::ﬁfﬂusn j;i;?; bf:d m'gfpg:fz%evzei‘{egﬁgzi OV::]dﬂ;e C?;gd" of Al(or Si) atoms of O1 and B1. Therefore, we could see a
the coordinationArllumeMe;s of each atom, which a?tle COV&|QIf|I'[|y boun ign of the charge transfer from Al to the transition metal for
to Al(or Si) and the transition metal, respectivelyy,; is the num- t ne dvalfgﬁzselzcr:]tdrci?zsg tohfetrfg (Ztrog:) E;tt(?n%:{t ?hzebi\/lezg,teBZb,

ber of electrons, which are distributed to an outer region of eactf '
atom (>R,,.) and is given byNy,=N,—N(R..), whereN,  Relatively small values dfl, of Al(or Si) atoms of O1 and

indicates the total electron count of each atom estimated by multiB1 may reveal the strong covalent character for théoAl

p|y|ng the atomic number and site occupancy. S')'TM |nterat0m|c bond$01-020 or Bl-BZﬁ) or the cova-
lent bond formation at the Abr Si) icosahedronMI first
Site Na Nty Rae A N(Rae) Nout shell. It should be noted that the charge transfer from Al to
: the transition metal coexists with the (& Si)-TM inter-
a-AlReSi atomic covalent bond and thus could not be distinguished
from each other. Under a rigid-band approximation, Pauling
O1(Al) 5 1 1.21) 11.66)  1.46) proposed that the@®valence electrons are distributed to the
02gAl) 0 2 1.41) 10.1(5) 2.95) two different kinds of orbitals, atomic orbitalAO) and
O2K(Al) 0 2 1.13) 10.65) 2.45) bonding orbital(BO), in order to explain the composition
02dRe) 8 0 1.41) 741) 1(1) dependence of the saturation magnetic moni@htM) in 3d
B1(Al +Si) 5 1 1.21) 12.26)  1.56) transition-metal alloy8® The AO shows only weak inter-
B2a(Al) 0 2 1.11) 10.65) 2.4(5) atomic interaction and thus causes the SMM. Raynor pre-
B2b(Al) 0 2 1.11) 10.605) 2.4(5) dicted that in AITM alloys some of the Al 8 and J elec-
B2c(Re) 9 0 1.61) 73(1) 2(1) trons are absorbed into the vacancies in AO’s of transition
M2 (Al +Si) 0 2 0.91) 10.25) 3.05) metals*® This would result in excess valence electrons for
M5(Al) 1 3 1.41) 11.16) 1.96) transition metals. In addition, B electrons occupying the
M7(Al) 0 1 0.91) 9.7(4) 3.33) BO’s of transition metals are distributed in the interatomic
region between Al and the transition metal and thus take part
a-AIMnSi in sp-d hybridization. However, we could not distinguish the
electrons in the AO’s from those in the BO’s in our study.
O1(Al +Si) 5 1 1.21) 11.85) 1.6(5) Although we could see the charge transfer from Al to transi-
024Al) 0 > 1.01) 10.64) 2.44) tion metal, thesp-d hybrld!zatlon consequently smears out
O2b(Al) 0 5 1.01) 10.64) 2.44) the charge transfer_ gnd gives no meaningful excess vaIe_nce
02dMn) 3 0 1.51) 25.57) —0.57) e!ectrons for transition _metal_s, contrary to the suggestion
: given by Trambly de Laissardiert al.
B1(Al+Si) 5 1 1.21) 12.05) 1.6(5) . - .
B2aAl) 0 5 0.91) 10.34) 2.7(4) From.the above con5|derat|on§, we should mtgrprgt the
mechanism of pseudogap formation by the combination of
B2b(Al) 0 2 1.41) 10.24) 2.34) the FS-JZ interaction induced by the charge transfer from Al
B2d(Mn) ) 9 0 1.51) 25.37) —0.37) to transition metals, and the enhancement of the covalent
M2(Al +Si) 0 2 0.93) 10.93) 2.13) bonds. This interpretation can also be reasonably applied to
M5(Al) 1 3 1.21) 1155 159 explain the composition dependencies of the Seebeck coeffi-
M7(Al) 0 1 1.a1) 10.13)  2.33) cient and the electrical conductivity of the AIPdRe icosahe-
dral quasicrystal. We have reported recently for the AIPdRe
Al Re quasicrystal that the Seebeck coefficient reveals a clearer de-
pendence on sample composition than an electrical
Al 0 1 1.11) 11.05) 2.065) conductivity® It was found that the Seebeck coefficient rap-
Re 12 0 1.7 74.79) 0.3(9) idly increases with increasing Re or Pd concentration. This

behavior can be interpreted as the combination of a charge
transfer from Al to Re, and a deepening of the DOS
N(Raye) is the value of spherical integration of the chargepseudogap by covalent bonds. We have also found that de-
density whose radius is given B,,.. R, indicates the creasing atomic density with increasing concentrations of Pd
average value of distance between atomic nucleus and borzthd Re might reveal the enhancement of the covalent bond-
midpoint. As shown in Figs. 5, 6, and 8, electrons ofing nature of Al and transition metals.

transition-metal atoms have a wider distribution range than Finally, we speculate about the possibility of the enhance-
those of Alor Si) atoms. We define the bond midpoint for the ment of the pseudogap for quasicrystals. In the MI cluster,
Al(S)-TM covalent bond as a point that has a minimumwe did not find that the strength of the covalent bond was
charge density along the covalent boNdR,, ) of Al(or Si) similar to all of the 30 bonds for the first shell and all of the
atoms of the Ml second shelD2a, O2b, B2a, and B2fand 60 bonds for the second shell. In particular, the first shell of
the two glue atom site@vi2 and M7), which are only bonded the MI cluster indicates interatomic charge density with a
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cubic symmetry, which is lower down than icosahedral sym-MI clusters. However, the contribution to the connection of
metry, as shown in Fig. (d). If we assume that this result the MI clusters is different from one other: one is connecting
arises from the cubic packing nature of the MI cluster, wethe clusters located at both the origin and body center of the
suppose that for an approximant higher than the 1/1 cubicnit cell, one is terminating the covalent bonds in the direc-
approximant, the atomic arrangement around the MI clustetion of the fivefold axis of the two clusters located at the
approaches the icosahedral environment and then covaleatigin, and another makes no contribution to the connection.
bonds of the MI cluster become isotropically stronger. Con-This covalent bonding nature should be related to the en-
sequently, the icosahedral quasicrystal may come to posselBancement of the DOS pseudogap nEar, thus increasing
a long-range order of the potential waves with icosahedraihe electrical resistivity. The charge density at the bond mid-
symmetry thus leading to a deep DOS pseudogap in conpoint of Al(or Si)-Re interatomic bonds in-AlReSi is larger
parison with the approximant. than that ina-AIMnSi. The & electrons of Re have a stron-
In this study, we focused mainly on the discussion aboutjer hybridization effect or bonding effect than thd 8lec-
the origin of the DOS pseudogap. However, the number ofrons of Mn. In addition, the charge density at the bond mid-
approximant crystals, which we have obtained with chargepoint of Al(or Si)-Al(or Si) interatomic bonds imr-AlReSi is
density, is still very limited. We are now analyzing powder also larger than that in-AIMnSi. This result may arise from
XRD patterns of thex-AlReSi approximants with various the enhancement of the covalent bonding nature of the icosa-
compositions and other crystals such agRl and AICURu  hedron by the stronger termination of the sticking bonds with
approximants. Details of the composition dependence oRe atoms. This fact leads to the low effective carrier density
bond strength or common features in the bonding nature abf «-AlReSi in comparison with that ofw-AIMnSi. In
the various approximants will be presented in the future. Wey-AlReSi anda-AlMnSi, Al atoms of the second shell of the
believe that our study could provide useful information onMackay icosahedron and @Ir Si) atoms of the two glue
any physical or chemical phenomena related to chemicaitom sites, which are only bonded to transition-metal atoms,
bonds in the approximant crystals or quasicrystals. As alhave a sign of the charge transfer from Al to the transition
ready known, many Al-based icosahedral quasicrystals armetal. However, meaningful excess valence electrons for the
stiffer than other Al-based crystalline alloys. This propertytransition metal were not observed. Unlike the covalent
may also be attributed to the covalent bonds formed in théyonding nature of the icosahedron in-AlReSi and
icosahedral cluster and the glue atoms. Research along thisAIMnSi crystals, the Al icosahedron with the Re center
line needs further detailed charge-density study includingatom exhibits no Al-Al interatomic covalent bonds in the
study of many other systems of the approximant crystals. Al,,Re crystal. The tendency for metallic-covalent bonding
conversion in Al icosahedron, which is related to the atom
V. CONCLUSION site occupancy of the icosahedral cluster center, is also

. . _ . strongly supported.
We successfully obtained the clear images of interatomic gly supp

covalent bonds between Al and transition metdii, Re
and those in Alor Si) icosahedron of MI clusters of both
a-AlReSi anda-AlMnSi approximant crystals by the MEM/ This work was supported by a Grant-In-Aid for Scientific
Rietveld method. In particular, #or Si)-Re interatomic co- Research from the Ministry of Education, Science, Sports,
valent bonds connecting the first shell with the second shetind Culture. The synchrotron radiation experiments were
of Ml clusters are the strongest of all the covalent bonds. Allperformed at the SPring-8 with the approval of the Japan
three kinds of glue atom are covalently bound to Re or Mn ofSynchrotron Radiation Research Instit(I&ASRI).
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