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Sign of covalency in AlPdRe icosahedral quasicrystals obtained from atomic density
and quasilattice constant
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Atomic density and quasilattice constant of AlPdRe icosahedral quasicrystals decreases and slightly in-
creases, respectively, with increasing concentration of transition metals, which have smaller atomic radii.
Average atomic packing could not be described simply by rigid sphere packing, that is, the covalent nature of
icosahedral clusters may form in metallic bonds.
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Icosahedral AlPdRe quasicrystals possess the hig
value of the electrical resistivity among all Al-based icos
hedral quasicrystals, which reaches that of a heavily do
semiconductor.1–3 The temperature coefficients of resistivi
in this alloy system have the largest negative value. Th
nonmetallic characteristics, high resistivity and its negat
temperature coefficient, have been explained by a comb
tion of a Hume-Rothery pseudogap in the electron densit
states at the Fermi level (EF) and localization tendency o
electrons nearEF .4 Nevertheless, the origin of pseudoga
could be understood not only from the Hume-Rothe
mechanism but also from the covalent nature of the icosa
dral clusters. Atomic structures of the Al-based icosahed
phases have been described by quasiperiodic packing o
icosahedral multiple shell clusters such as Mackay icosa
dron ~MI ! or Bergman cluster. Molecular orbital calculation
have shown more covalent bonding nature for group III e
ments in a 12-atom icosahedral cluster without center at
whereas a 13-atom one with center atom has more met
one.5 Kirihara et al. reported a direct evidence of covale
bonds in the electron density distribution of nonmeta
a-AlMnSi icosahedral quasicrystalline 1/1 cubic appro
mant using MEM/Rietveld method.6 As shown in Fig. 1~a!,
the a-AlMnSi crystal has a bcc packing structure of the M
cluster, whose first shell is 12-atom icosahedron withou
center atom.7 On the other hand, Al12Re icosahedral quasic
rystalline 1/0 cubic approximant has a bcc packing struct
of 13-atom icosahedron, which is an Al12 icosahedron with a
central Re atom.8 It was found that in contrast with the co
valent bonds in the 12-atom icosahedron ina-AlMnSi, no
covalent bond exists for inter-Al atoms of the 13-atom ico
hedron in Al12Re. Variation in the bonding nature of th
icosahedron in the approximant crystals could well dep
on the center occupancy of the icosahedral cluster. Since
cluster is also considered to be a basic space-filling uni
AlPdRe quasicrystal, the above bonding nature may be s
lar to the AlPdRe quasicrystal. Unfortunately, however, it
impossible to get electron density distribution for quasicr
tal by the MEM/Rietvelt method because of lack of perio
icity in the atomic structure.

Kimura et al. suggested that metallic-covalent bondi
conversion~MCBC! in icosahedral clusters of aluminum o
boron is closely related to metal-nonmetal transition in b
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Al-based icosahedral quasicrystals/approximants
B-based approximants.9,10 Three types of the atomic struc
ture for the icosahedral approximants are shown in Fig
The structural similarity up to the third shell between t
Al-based approximants~a! a-AlMnSi, ~b! a-AlLiCu,11 and
~c! b-rhombohedral boron (b-B! ~Ref. 12! is clearly seen
although the unit cell shapes of Al-based approximants
b-B are cubic and rhombohedral, respectively. The icosa
dra in the first and the second shells are common in all th
structures from~a!–~c!. The soccer-ball-shaped cluster in th
third shell is common in the structure of~b! and ~c!. As
shown in Fig. 1, the atomic sites of the other clusters th
icosahedron and soccerball in the second and third sh
which are occupied in case~a! and~b!, are vacant in~c!. b-B
is a semiconductor whose electrical resistivity is 106 Vcm
at room temperature.13 As metallic atoms such as vanadiu
~V! are doped into the vacant site, which corresponds
exactly the dodecahedral site in the second shell
a-AlLiCu, the electrical resistivity and its temperature d
pendence approach to those of the Al-based icosahe
quasicrystals/approximants. The change in the electr
property was accompanied by hybridization of electro
states, i.e., metallic bond formation, between V and s
rounding B atoms, which was suggested by ultra-violet p
toemission spectroscopy and electron energy l
spectroscopy.14 We could expand the tendency of MCBC
the center of icosahedron into the vacant sites in the sec
and third shells. Ina-AlMnSi, the vacant sites inb-B corre-
spond to Al atom sites in the second and the third shell of
MI. Reduction of the occupancy of this Al atom sites m
enhance the covalent bonding nature in thea-AlMnSi ap-
proximant and also in the AlPdRe quasicrystal.

Sawadaet al. reported that both the quasilattice consta
~QLC! and the electrical resistivity increase with increasi
the concentration of transition metal~TM: Pd or Re! in
AlPdRe icosahedral alloys.15 QLC means the length of the
edge of rhombohedra, which are the building blocks of
icosahedral quasilattice structure. If the metallic bonds
dominant in the bonding nature of icosahedral phase,
atomic packing can be described by rigid sphere pack
Since the atomic radius~Goldschmidt radius! of Pd and Re,
is smaller than that of Al, QLC should decrease with incre
ing TM concentration in this case. The quasilattice expans
©2001 The American Physical Society01-1
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FIG. 1. Multiple shell structure of icosahedra
quasicrystalline approximants.~a! a-AlMnSi 1/1
cubic approximant,~b! a-AlLiCu 1/1 cubic ap-
proximant, ~c! b-rhombohedral boron~0/1-2/0
rhombohedral approximant!.
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reported by Sawadaet al. means that the rigid sphere pac
ing is not acceptable for the AlPdRe icosahedral alloys.
cause of the lack of periodicity in quasicrystalline structu
it is not easy to determine specific atom sites where Al,
and Re occupy and to get electron density distribution for
icosahedral quasicrystal. In order to discuss the bonding
ture of AlPdRe quasicrystals, therefore, it is important
determine the atomic packing. The average atomic pack
could be determined easily by atomic density, which is o
tained from the absolute density measurement and the c
position analysis of the phase.

In this paper, we report the atomic density together w
the quasilattice constant. From these results, the charac
tic of the average atomic packing and the bonding natur
AlPdRe icosahedral alloys are discussed.

Samples were prepared from elemental constituents
arc melting in an Ar atmosphere. The alloy ingots we
turned over and remelted several times for homogenizat
Bulk samples cut from the ingots were wrapped by Ta film
which act as oxygen getters, and sealed in quartz tube i
with low pressure (,100 Pa). Annealing condition wa
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950 °C for 12 h. Annealed samples were quenched in wa
The phase of samples was identified by x-ray diffractio
Microstructure investigations were performed using fie
emission type scanning electron microscope. The local c
position was probed by energy dispersive x-ray spectrosc
We have measured the variation of QLC and atomic den
with increasing the concentration of transition metals. T
atomic density can be estimated by the ratio of the abso
density to the average atomic weight. The absolute den
was measured by the pycnometer~Shimatzu AccuPic 1330!,
using a helium displacement technique. The helium ga
filled up to a vessel, which the sample was inserted, and t
expanded into an adjoining vessel. Since the volumes
these vessels are already known, the sample volume is
mated by change in the pressure with the expansion of
gas. This technique could avoid some experimental err
which come from the viscosity or wetability between th
liquid and the sample, occasionally facing in Archimed
method. Using this technique, reliable data can be provi
even for the powder samples. In order to eliminate the clo
pores in the sample, the bulk samples were ground into p
1-2
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der before the density measurements. The sample com
tion was analyzed by the inductive-coupled plasma emiss
spectrometry~ICP! and used for the calculation of the ave
age atomic weight. The analyzed concentration of Al, Pd
Re are 67.6–74.8, 17.7–23.0, and 7.3–10.4 at. %, res
tively. The powder x-ray diffraction patterns were measu
using CuKa radiation. The samples were mixed with
powder ~5N! as internal standard. The QLC was estima
using 2u values of (44411̄1) peak and~533212! peak in the
2u range of 114° to 118°. These 2u values of the sample
were corrected by Si~531! peak position involved in the
same range.

Figure 2 shows the powder x-ray diffraction pattern
AlPdRe icosahedral phase. The pattern in the 2u range from
114.7° to 117.5° reveals that CuKa1 profile can be easily
distinguished from the CuKa2 to determine the peak pos
tions and QLC. Full width at half maximum was 0.09~1!
nm21 for ~533212! diffraction peak. Figure 3 shows TM
concentration dependence of QLC and average atomic
dius. Since Pd and Re have smaller atomic radius, 0.137
than that of Al, 0.143 nm,16 the average atomic radius de
creases with increasing the concentration of Pd and Re.
spite that, the QLC slightly increases with increasing the T

FIG. 2. X-ray powder diffraction pattern of AlPdRe icosahed
phases using CuKa radiation. Inset shows the diffraction pattern
the high angle range for the analysis of quasilattice constant.
fraction peaks fromKa2 radiation are not subtracted.

FIG. 3. Transition metal concentration dependence of quas
tice constant of icosahedral phases~closed circles!. Open circles
show the average atomic radii estimated by the sample compos
21220
si-
n

d
c-

d

d

f

a-
m,

e-

concentration. This tendency is similar to the results of
previous work.15 Figure 4 shows TM concentration depe
dence of~a! the absolute density and~b! the atomic density.
The atomic density was determined from the absolute d
sity divided by the average atomic weight and is represen
by number of atoms per cube with 1 nm side length. Wh
QLC increases without any change of atomic structure, nu
ber of atoms in the quasiunit cell is constant and atom
density decreases proportionally to QLC23. A dotted line in
Fig. 4~b! shows the decrease of the atomic density caused
the expansion of quasilattice shown in Fig. 3. The atom
density determined from the absolute density decreases m
rapidly than that estimated from the quasi-lattice expans
accompanied with the increase of the concentration of tr
sition metals.

The above fact means a decrease in the occupancy o
specific atom site in the icosahedral quasicrystal. In spite
the occupancy reduction, i.e., the introduction of vacan
the quasilattice constant slightly increases as shown in Fig
Since atomic packing fraction is smaller for covalent bon
ing system than for metallic one, this is considered to be
increase of the covalent bonding nature in AlPdRe icosa
dral quasicrystal. A net decrease in the atomic density w
obtained where the TM concentration increases from 25.
32.4 at. %. The decrease in the atomic density by the qu
lattice expansion was subtracted. Because of the difficulty
structural analysis, as discussed above, we assumed tha
local atomic structure model in AlPdRe icosahedral phas
MI cluster. Under this assumption, we estimated the decre

l

f-

t-

n.

FIG. 4. Transition metal concentration dependence of~a! abso-
lute density and~b! atomic density of icosahedral phases.
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BRIEF REPORTS PHYSICAL REVIEW B 64 212201
in the number of atom per unit cell of 1/1 cubic approxima
in which the MI clusters have bcc packing. The unit cell si
of the 1/1 cubic approximant was calculated using quasi
tice constant of the AlPdRe samples. The decrease in
number of atoms, where the TM concentration increa
from 25.2 to 32.4 at. %, is about 14.8 in 1/1 cubic unit ce
We could propose some candidates for the specific ato
sites with reduced occupancy, from the atomic struct
shown in Fig. 1~a!. The center of the icosahedral clust
should be a candidate for the specific atomic sites but n
ber of this site is only two in 1/1 cubic unit cell. Fo
a-AlMnSi structure, reduction of the occupancy of Al ato
sites in second or third shell that corresponds to the vac
site inb-B may also enhance the covalent bonding nature
mentioned in the section of Introduction. We suppose t
occupancy change, i.e., structural vacancy in these cand
atom sites could induce MCBC phenomena in the AlPd
icosahedral quasicrystal. On the other hand, because the
o
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centration of TM site in 1/1a-AlMnSi cubic approximant
structure is 17.4 at. %, TM should be substituted in Al~Si!
sites for AlPdRe quasicrystal. When the TM concentrat
increases from 25.2 to 32.4 at. %, occupancies of TM in
~Si! sites are considered to increase.

Tamuraet al. recently reported the Re concentration d
pendence of lattice constant, electrical resistivity and its te
perature coefficient of thea-AlReSi which is isostructural to
a-AlMnSi.17 They showed that if the Re concentration i
creases from 11 to 17 at. %, the lattice constant enla
0.1% and the resistivity and its temperature coefficient r
idly increase. Lattice expansion ofa-AlReSi with increasing
the Re concentration is very similar behavior to our results
AlPdRe quasicrystal. We reported covalent bonds betw
Mn and Al ~Si! in a-AlMnSi.6 When occupancy of Re in Mn
site of Mackay icosahedron increases, covalent bond
nature should increase.
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