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Sign of covalency in AIPdRe icosahedral quasicrystals obtained from atomic density
and quasilattice constant
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Atomic density and quasilattice constant of AIPdRe 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 AlIPdRe quasicrystals possess the highest-based icosahedral quasicrystals/approximants and
value of the electrical resistivity among all Al-based icosa-B-based approximants® Three types of the atomic struc-
hedral quasicrystals, which reaches that of a heavily dopetlre for the icosahedral approximants are shown in Fig. 1.
semiconductot-3 The temperature coefficients of resistivity The structural similarity up to the third shell between the
in this alloy system have the largest negative value. Thes@l-based approximanté) a-AIMnSi, (b) «-AlLiCu,! and
nonmetallic characteristics, high resistivity and its negative(c) g-rhombohedral boron4-B) (Ref. 19 is clearly seen
temperature coefficient, have been explained by a combinalthough the unit cell shapes of Al-based approximants and
tion of a Hume-Rothery pseudogap in the electron density of3-B are cubic and rhombohedral, respectively. The icosahe-
states at the Fermi leveEg) and localization tendency of dra in the first and the second shells are common in all three
electrons neaEg.* Nevertheless, the origin of pseudogap structures froma)—(c). The soccer-ball-shaped cluster in the
could be understood not only from the Hume-Rotherythird shell is common in the structure @b) and (c). As
mechanism but also from the covalent nature of the icosaheshown in Fig. 1, the atomic sites of the other clusters than
dral clusters. Atomic structures of the Al-based icosahedrailcosahedron and soccerball in the second and third shells,
phases have been described by quasiperiodic packing of thehich are occupied in cagae) and(b), are vacant irfc). 3-B
icosahedral multiple shell clusters such as Mackay icosahds a semiconductor whose electrical resistivity i€ 1Qcm
dron (MI) or Bergman cluster. Molecular orbital calculations at room temperatur€ As metallic atoms such as vanadium
have shown more covalent bonding nature for group Ill ele{V) are doped into the vacant site, which corresponds to
ments in a 12-atom icosahedral cluster without center atomexactly the dodecahedral site in the second shell of
whereas a 13-atom one with center atom has more metallig-AlLiCu, the electrical resistivity and its temperature de-
one?® Kirihara et al. reported a direct evidence of covalent pendence approach to those of the Al-based icosahedral
bonds in the electron density distribution of nonmetallic quasicrystals/approximants. The change in the electrical
a-AlMnSi icosahedral quasicrystalline 1/1 cubic approxi- property was accompanied by hybridization of electronic
mant using MEM/Rietveld methdtlAs shown in Fig. 1), states, i.e., metallic bond formation, between V and sur-
the «-AIMnSi crystal has a bcc packing structure of the MI rounding B atoms, which was suggested by ultra-violet pho-
cluster, whose first shell is 12-atom icosahedron without aoemission spectroscopy and electron energy loss
center atond.On the other hand, AJRe icosahedral quasic- spectroscopy* We could expand the tendency of MCBC in
rystalline 1/0 cubic approximant has a bcc packing structuréhe center of icosahedron into the vacant sites in the second
of 13-atom icosahedron, which is an;Alcosahedron with a  and third shells. Ink-AIMnSi, the vacant sites if8-B corre-
central Re atorfi.It was found that in contrast with the co- spond to Al atom sites in the second and the third shell of the
valent bonds in the 12-atom icosahedrondarAIMnSi, no  MI. Reduction of the occupancy of this Al atom sites may
covalent bond exists for inter-Al atoms of the 13-atom icosa-enhance the covalent bonding nature in théAIMnSi ap-
hedron in Al,Re. Variation in the bonding nature of the proximant and also in the AIPdRe quasicrystal.
icosahedron in the approximant crystals could well depend Sawadaet al. reported that both the quasilattice constant
on the center occupancy of the icosahedral cluster. Since MIQLC) and the electrical resistivity increase with increasing
cluster is also considered to be a basic space-filling unit ofhe concentration of transition meté@fM: Pd or Re in
AlPdRe quasicrystal, the above bonding nature may be simiAlPdRe icosahedral alloyS.QLC means the length of the
lar to the AIPdRe quasicrystal. Unfortunately, however, it isedge of rhombohedra, which are the building blocks of the
impossible to get electron density distribution for quasicrys4cosahedral quasilattice structure. If the metallic bonds are
tal by the MEM/Rietvelt method because of lack of period-dominant in the bonding nature of icosahedral phase, the
icity in the atomic structure. atomic packing can be described by rigid sphere packing.

Kimura et al. suggested that metallic-covalent bonding Since the atomic radiugGoldschmidt radiusof Pd and Re,
conversion(MCBC) in icosahedral clusters of aluminum or is smaller than that of Al, QLC should decrease with increas-
boron is closely related to metal-nonmetal transition in bothing TM concentration in this case. The quasilattice expansion
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reported by Sawadat al. means that the rigid sphere pack- 950°C for 12 h. Annealed samples were quenched in water.
ing is not acceptable for the AIPdRe icosahedral alloys. BeThe phase of samples was identified by x-ray diffraction.
cause of the lack of periodicity in quasicrystalline structure Microstructure investigations were performed using field
it is not easy to determine specific atom sites where Al, Pdemission type scanning electron microscope. The local com-
and Re occupy and to get electron density distribution for theposition was probed by energy dispersive x-ray spectroscopy.
icosahedral quasicrystal. In order to discuss the bonding naA/e have measured the variation of QLC and atomic density
ture of AIPdRe quasicrystals, therefore, it is important towith increasing the concentration of transition metals. The
determine the atomic packing. The average atomic packingtomic density can be estimated by the ratio of the absolute
could be determined easily by atomic density, which is ob-density to the average atomic weight. The absolute density
tained from the absolute density measurement and the comivas measured by the pycnomet8himatzu AccuPic 1330
position analysis of the phase. using a helium displacement technique. The helium gas is
In this paper, we report the atomic density together withfilled up to a vessel, which the sample was inserted, and then
the quasilattice constant. From these results, the characterisxpanded into an adjoining vessel. Since the volumes of
tic of the average atomic packing and the bonding nature ithese vessels are already known, the sample volume is esti-
AlPdRe icosahedral alloys are discussed. mated by change in the pressure with the expansion of the
Samples were prepared from elemental constituents bgas. This technique could avoid some experimental errors,
arc melting in an Ar atmosphere. The alloy ingots werewhich come from the viscosity or wetability between the
turned over and remelted several times for homogenizatioriquid and the sample, occasionally facing in Archimedes
Bulk samples cut from the ingots were wrapped by Ta films method. Using this technique, reliable data can be provided
which act as oxygen getters, and sealed in quartz tube in Agven for the powder samples. In order to eliminate the closed
with low pressure €100 Pa). Annealing condition was pores in the sample, the bulk samples were ground into pow-
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FIG. 2. X-ray powder diffraction pattern of AIPdRe icosahedral 721
phases using CK « radiation. Inset shows the diffraction pattern in F
the high angle range for the analysis of quasilattice constant. Dif- 2 70 7
fraction peaks fronK &, radiation are not subtracted. Z 68:
[}
=] L
der before the density measurements. The sample composi- E 66/
tion was analyzed by the inductive-coupled plasma emission g r
spectrometryICP) and used for the calculation of the aver- 64:
age atomic weight. The analyzed concentration of Al, Pd and 62!
Re are 67.6—74.8, 17.7-23.0, and 7.3-10.4 at. %, respec- 2 2% 25 30 32
tively. The powder x-ray diffraction patterns were measured Transition Metal (Pd and Re) [at.%]
using CuKea radiation. The samples were mixed with Si ®) Concentration

powder (5N) as internal_standard. The QLC was estimated

using 29 values of (44411) peak and533212 peak in the
26 range of 114° to 118°. These#alues of the samples
were corrected by S{531) peak position involved in the
same range. concentration. This tendency is similar to the results of the
Figure 2 shows the powder x-ray diffraction pattern of previous work!® Figure 4 shows TM concentration depen-
AlPdRe icosahedral phase. The pattern in tlfer&nge from  dence of(a) the absolute density an) the atomic density.
114.7° to 117.5° reveals that Gla, profile can be easily The atomic density was determined from the absolute den-
distinguished from the C a5, to determine the peak posi- sity divided by the average atomic weight and is represented
tions and QLC. Full width at half maximum was 0(@9 by number of atoms per cube with 1 nm side length. When
nm~! for (533212 diffraction peak. Figure 3 shows TM QLC increases without any change of atomic structure, num-
concentration dependence of QLC and average atomic rdser of atoms in the quasiunit cell is constant and atomic
dius. Since Pd and Re have smaller atomic radius, 0.137 nndensity decreases proportionally to QLE A dotted line in
than that of Al, 0.143 nni® the average atomic radius de- Fig. 4b) shows the decrease of the atomic density caused by
creases with increasing the concentration of Pd and Re. Déhe expansion of quasilattice shown in Fig. 3. The atomic
spite that, the QLC slightly increases with increasing the TMdensity determined from the absolute density decreases more
rapidly than that estimated from the quasi-lattice expansion

FIG. 4. Transition metal concentration dependencépfibso-
lute density andb) atomic density of icosahedral phases.

[nm] [nm] accompanied with the increase of the concentration of tran-
0.463 sition metals.
& p142 4 The above fact means a decrease in the occupancy of the
g 0462 iz specific atom site in the icosahedral quasicrystal. In spite of
g 0461 L Lyt . P _0'141552 the occupancy reduction, i.e., the introduction of vacancy,
‘;3), Booo § g the quasilattice constant slightly increases as shown in Fig. 3.
g 046 O 3 Since atomic packing fraction is smaller for covalent bond-
7z 0.459. ° {0141 % @ng system than for metallic one, this is c_onsidered to be an
& 5 increase of the covalent bonding nature in AIPdRe icosahe-
0.458; . . ‘ . < dral quasicrystal. A net decrease in the atomic density was
24 26 28 30 32 [at_O/?]'M% obtained where the TM concentration increases from 25.2 to

Transition Metal (Pd and Re)
Concentration

32.4 at. %. The decrease in the atomic density by the quasi-
lattice expansion was subtracted. Because of the difficulty of

FIG. 3. Transition metal concentration dependence of quasilatstructural analysis, as discussed above, we assumed that the
tice constant of icosahedral phas@tosed circles Open circles local atomic structure model in AlIPdRe icosahedral phase is
show the average atomic radii estimated by the sample compositioMI cluster. Under this assumption, we estimated the decrease
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in the number of atom per unit cell of 1/1 cubic approximant,centration of TM site in 1/1a-AlMnSi cubic approximant
in which the MI clusters have bcc packing. The unit cell sizestructure is 17.4 at. %, TM should be substituted in(8l)
of the 1/1 cubic approximant was calculated using quasilatsites for AIPdRe quasicrystal. When the TM concentration

tice constant of the AIPdRe samples. The decrease in thgcreases from 25.2 to 32.4 at. %, occupancies of TM in Al
number of atoms, where the TM concentration increasegsi) sites are considered to increase.

from 25.2 to 32.4 at. %, is about 14.8 in 1/1 cubic unit cell.  Tamuraet al. recently reported the Re concentration de-
We could propose some candidates for the specific atomigendence of lattice constant, electrical resistivity and its tem-

sites with reduced occupancy, from the atomic structureerarre coefficient of the-AlReSi which is isostructural to
shown in Fig. 1a). The center of the icosahedral cluster a-AIMnSi.}” They showed that if the Re concentration in-

should be a candidate for the specific atomic sites but numx :
. o ; . . f 11 to 17 at. %, the latt tant I
ber of this site is only two in 1/1 cubic unit cell. For creases rom ° at vo, fhe 1atlice constant eniarges

0, istivi I ici -
a-AIMNSi structure, reduction of the occupancy of Al atom _0.1/0 and the resistivity and its temperature coefficient rap

sites in second or third shell that corresponds to the vacar) ly g creanse.nl_t?tiliccre] iex\p;ap3|c;rr;lit|1frALRES\|/i\/v:t? mcrrerasmﬁj i
site in 8-B may also enhance the covalent bonding nature a IEF:>dRe concentra '?I ‘:’Ne ys tad € al Ot SOZ ebsut S
mentioned in the section of Introduction. We suppose tha € quasicrystal. We reported covalent bonds between

- . . 6 .
occupancy change, i.e., structural vacancy in these candidaté? @nd Al(Si) in a-AIMnSi.” When occupancy of Re in Mn

atom sites could induce MCBC phenomena in the AIPdR&ite of Mackay icosahedron increases, covalent bonding
icosahedral quasicrystal. On the other hand, because the cd@ture should increase.

*Present address: Intelligent Modeling Laboratory, University of %K. Kimura, M. Takeda, M. Fujimori, R. Tamura, H. Matsuda, R.

Tokyo, Tokyo 113-8656, Japan. Schmechel, and H. Werheit, J. Solid State Chei83 302
1H. Akiyama, Y. Honda, T. Hashimoto, K. Edagawa, and S. Takeu-  (1997.
chi, Jpn. J. Appl. Phys32, L1003 (1993. M. Audier, J. Pannetier, M. Leblanc, C. Janot, J. M. Lang, and B.

2F. S. Pierce, S. J. Poon, and Q. Guo, Sciexg® 737 (1993.

*J. Delahaye, J. P. Brison, and C. Berger, Phys. Rev. 8t4204 125 Calimer, Acta Crystallogr., Sect. B: Struct. Crystallogr. Cryst.

(1998. o _ Chem.33, 195(1977.
4K. Kimura and S. Takeuchi, iQuasicrystals: the State of the Art 13A. Szadkowski, J. Less-Common Mé&7, 551 (1979.

2nd ed., edited by D. P. Divincezo and P. J. Steinhéfdtrld
Scientific, Singapore, 1999p. 325.
SM. Fujimori and K. Kimura, J. Solid State Cheml33 310

Dubost, Physica B53 136(1988.

14K, Kimura, H. Matsuda, M. Fujimori, M. Terauchi, M. Tanaka, H.
Kumigashira, N. Yokoya, and T. Takahashi, Btoceedings of

(1097 the 6th International Conference on Quasicrystadslited by
K. Kirihara, T. Nakata, M. Takata, Y. Kubota, E. Nishibori, K. S ;’ggeuchl and T. Fujiwaréorld Scientific, Singapore, 1998
Kimura, and M. Sakata, Phys. Rev. L&3§, 3468(2000; Mater. 150 ' . .
Sci. Eng., A294-296 492 (2000). H.hSawada, R. Tgmur;el, K. }:lmura, and H. Inc.J,F?mceedflngs of
™. Cooper and K. Robinson, Acta Crystallog0, 614 (1966. the 6th International Conference on Quasicrystéief. 14,
8L. K. Walford, Acta Crystallogrl7, 57 (1964. p. 329.

oK. Kimura, H. Matsuda, R. Tamura, M. Fujimori, R. Schmechel, 18L. Pauling, inThe Nature of The Chemical Bori@ornell Uni-
and H. Werheit, iProceedings of the 5th International Confer- versity Press, New York, 1960p. 393.
ence on Quasicrystaledited by C. Janot and R. Mossé&forld R. Tamura, T. Asao, and S. Takeuchi, Phys. Rev. 186t.3104
Scientific, Singapore, 1995p. 730. (2001).

212201-4



