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論 文 内 容 要 旨          

After the discovery of an icosahedral quasicrystalline phase in a rapidly solidified Al86Mn14 alloy by Shechtman et al. [1], a variety of 

structural studies have been done on quasicrystals and corresponding approximants phases in order to understand their unique structural features. A 

crystalline approximant has the local structure similar to that of the quasicrystalline phase. Therefore, structural analysis of approximants serves the 

important information on unique local atomic arrangements realized in the corresponding quasicrystals. The so-called Mackay type cluster (MC) 

which was found in α-AlMnSi firstly is one of the classical atomic clusters for icosahedral quasicrystals by showing the first shell of Al icosahedron 

together with the second icosahedral shell of 12 Mn and the third icosidodecahedral shell of 30 Al [2-4]. However recent single crystal structural 

analysis of a variety of approximants provided several variations of MC [5,6,7]. These variants, called pseudo Mackay cluster (pMC), had 

topologically and chemically disordered first shells together with a center atom. This study pursues general understanding of the structure of Al based 

approximants demonstrating the detailed structural analyses of approximant crystals in Al-Pd-Co and Al-Pd-Re systems, R-AlPdCo [8], F-AlPdCoGe 

[9], ε6-AlPdCo, ε16-AlPdCo [10], W-AlPdCo [11] and χ-AlPdRe [12], associated with pMCs and extending the discussion to other known Al based 

approximants. 

In the second chapter, experiments that were used in this research are described. Sample alloys were prepared conventional arc melting. 

Pure metals of Al, Pd, Co, Ge and Re on water cooled Cu hearse were melted to the alloys in -55 mmHg Ar atmosphere by 10-300 A currency using 20 

V power-supply unit. The prepared ingots were crushed into carbon crucibles and some of them were sealed in evacuated SiO2 tube. Then they were 

annealed in Ar atmosphere to obtain single crystals. Single crystals were selected from the annealed alloys observed by optical microscope in x 30 ~ 50. 

The single crystal X-ray diffraction data were collected by using Mo Kα (l = 0.071073 nm) radiation with Rigaku RAPID AUTO system equipped 

with an imaging plate mainly [13]. Initial structure model was introduced by Sir97, the direct method software [14]. Then the structural parameters 

were refined by SHELXL97, the least square process software [15]. Chemical compositional analyses were carried out by EPMA: electron probe 

micro-analyzer (JEOL JXA-8621MX).  
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A crystalline phase with the space group and lattice constans; R3

_

 (No. 148), a = 2.91019(8) nm, c = 1.31854(4) nm was found in the 

sample alloys of Al72Pd18Co10, Al74Pd14Co12 and Al75Pd16Co9. This was a new approximant phase for i-phase and was named R-phase. The structure of 

R-AlPdCo consists of four types of icosahedral cluster, Co(12)-pMC, Al(14)-pMC, Pd(1)-icosahedral unit and Pd(2)-icosahedral unit. The first shell of 

the Al(14)-pMC consists of an Al-octahedron and a Pd-/Al-cube. The second shell is a distorted Al-icosidodecahedron and an icosahedron of Pd/Al and 

Co. Co(12)-pMC is composed of an irregular shaped Al-polyhedron together with the second shell of a Pd/Al-icosahedron and a heavily distorted 

Al-icosidodecahedron. All of atoms in the structure of R-AlPdCo are included in the four types of icosahedral cluster. This represent that the whole 

structure of R--AlPdCo can be shown by packing of the four types of icosahedral clusters (Fig. 1). The second shells of Co(12)-pMC and Al(14)-pMC 

are connected by their edges (Fig.2). This can be described to connecting by sharing 2 fold axis. Looking at the third shell icosidodecahedrons of the 

pMCs, some Al is in the neighbor pMC. Geometrical feature of the third shell structures of the pMCs appear to reflect interaction between the third 

shell Al atoms of itself and the first shell atoms of the neighbors. The chemical ordering in the pMCs is suggested to be closely related to their 

polyhedral geometries. These two types of pMCs and the two Pd-icosahedrral units are connected by sharing the faces in the third shell 

icosidodecahedrons. This can be described to connecting by sharing 3 fold axis. As described above, in section 3.2 we discovered a new approximant 

for i-phase, R-AlPdCo, and discussed the structure associating with connection of the four types of icosahedral clusters, Co(12)-pMC, Al(14)-pMC, 

Pd(1)-icosahedral unit and Pd(2)-icosahedral unit.  

In section 3.3 the structure of F-AlPdCoGe is discussed in detail. The lattice parameters and space group of F-AlPdCo was reported by 

Yurechko et al. [16]. This cubic phase was expected to be F-type approximant for i-phase because of the lattice paramenters. The structure has three 

types of pMCs, Al(18)-pMC, Co(13)-pMC and Co(14)-pMC. The whole structure can be described by these pMCs and two Pd-icosahedral units as 

same as R-AlPdCo.  

A variety of orthorhombic approximants associated with the Al-Pd decagonal quasicrystal had been found in Al-Pd-(Mn, Fe, Co, Rh) 

systems [16-19]. The lattice parameters of a = 2.35 and b (pseudo-10 fold axis) = 1.68 nm are essentially similar to each other, nevertheless the 

corresponding c parameters are ~ 1.2, 3.2, 4.5 and 5.7 nm for ε6 (Al3Pd phase [20-22]), ε16, ε22 and ε28, respectively. The structural information of these 

ε-phases is expected to lead the structural models of atom columns realized in the decagonal phase with a period of 1.68 nm. So the ε series was 

expected to be good example for the purpose of this thesis. In section 3.4 structural analyses of ε6-AlPdCo and ε16-AlPdCo are described. ε6-AlPdCo 

and ε16-AlPdCo were found in the sample alloys of Al80Pd11Co9, Al73Pd20Co7 and Al72Pd18Co10. HREM images and electron diffraction (ED) patterns 

were taken by a 200 kV electron microscope (TOPCON EM-002B) at a resolution of 0.14 nm. From the ED pattern we concluded that ε6-phase, 

ε16-phase and their intermediate phase occur in Al73Pd20Co7, Al80Pd11Co9 and Al72Pd18Co10. 

As a result of single crystal X-ray analysis R factor was R1 = 9.35 %. This value indicates that we have something a little for refinement 

yet, but we think that this structural model is essentially correct on an empirical basis. Around of Co(12) pMC with the first shell of disordered shape 

was found. This pMC is connected to 1.68 nm direction with each other at a vertex. Looking at the second shell of icosahedron of heavy metals the 10 

fold columnar structure which is characteristic structure of the D-phase approximants can be recognized in the structure of the pMCs’ connection. 
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The cell parameters of ε16-AlPdCo are a = 2.321(1), b = 1.6426(1) and c = 3.1941(8) nm and space group is B2mm. The structure is 

produced by stacking 8 layers perpendicular to the c-axis. Among them, 4 layers are independent and the others are generated by the mirror symmetry. 

The layers indicate the 5 fold tiling structure with pentagonal and ship-shaped tiles. Pentagonal and decagonal clusters are on the vertexes and some 

inner positions of the tiles. The structure of ε16-AlPdCo can be explained by arrangement of 5 and 10 fold atom columns. pMC with the disordered first 

shell was found in ε16-AlPdCo and it is connected at a vertex each other to b direct. From the discussion of the structures of ε6-AlPdCo and ε16-AlPdCo 

described in this section 3.4 it is disclosed that the columnar structure in D-phase approximants with 1.68 nm periodicity can be recognized in the 

structure of pMCs’ connection to 1.68 nm periodic direction at a vertex. 

W1-AlPdCo [23] and W2-AlPdCo discussed in the section 3.5 are approximant phases for D-phase with 0.8 nm periodicity. Space group 

and lattice parameters of W2-AlPdCo are Cm (No. 8), a = 3.9858(2), b = 0.8166(1), c = 2.3258(1) nm, β = 90.074(1)o. The structure of W2-AlPdCo is 

described by two types of layer structure, flat layer A and puckered layer B. The structural model of W1-AlPdCo was discussed by using the model of 

W2-AlPdCo. The 0.8 nm periodic decagonal columnar structure was recognized in the structure of W2-AlPdCo but pMC was not found against the 

other approximants for D-phase and i-phase discussed in the above sections. 

In the structure of χ-AlPdRe (P31c (No. 159), a = 1.24 nm, c = 2.74 nm) pMC was found around Re(4). The first shell of the Re(4)-pMC 

is an disorder-shaped Al-polyhedron. The polyhedron consists of four Al sites and three Al split sites. Watching averaged shape, this pMC has a 3 fold 

axis. The second shell is composed of a Pd-icosahedron and an Al-icosidodecahedron similar to a typical MC. This pMC is connected with each other 

to c direction through the connection of two Al octahedrons sharing faces. 

Structural features of approximants in Al-Pd-Co and Al-Pd-Re systems, R-AlPdCo, F-AlPdCoGe, ε6-AlPdCo, ε16-AlPdCo W-AlPdCo 

and χ-AlPdRe have been discussed associating with pMCs and their connection in the above sections. This discussion was extended to other Al based 

approximants in the chapter 5. We have classified pMCs in the Al based approximants into the following five groups by the feature of the first shells; 

(1) averaged shape of the first shell is icosahedron, (2) averaged shape of the first shell is dodecahedron, (3) the first shell is composed of a cube and a 

octahedron, (4) the first shell has no apparent symmetry and (5) averaged shape of the first shell has a 3 fold axis. According to the above classification, 

pMC at (0,0,0) in α-(Al,Si)CuFe and pMC at (0,0,0) in α-AlCuRu belong to category (1). pMC at (1/2,1/2,1/2) in α-AlCuRu and Co(14)-pMC in 

F-AlPdCoGe belong to the category (2). Al(14)-pMC in R-AlPdCo and Al(18)-pMC in F-AlPdCoGe belong to the category (3). Co(12)-pMC in 

R-AlPdCo and Co(13)-pMC in F-AlPdCoGe belong to the category (4). The structure of pMC in χ-AlPdRe and Ir9Al28 show that the first shells of 

them belong to the category (5). Category (2) pMC is surrounded by six pMCs of category (4) sharing edges of the second shell of icosahedron. 

Around the category (3) pMC octahedral coordination is performed by pMCs of the category (4). Category (4) pMC is coordinated by four pMCs of 

category (4), one pMC of category (2) and one pMC of category (3) sharing edges in the second shell of icosahedron. Category (5) pMC is connected 

with itself to one direction through two octahedrons of Al sharing faces. 

The single crystal structure analyses on a variety of approximants for i-phase and D-phase in Al-Pd-Co and Al-Pd-Re systems are 

performed in detail. Pseudo Mackay clusters (pMC), a variations of Mackay cluster (MC) which is the classical icosahedral structure, were classified 
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into five categories by the features of their first shells. It was disclosed that the structural features of the Al based approximants for i-phase and D-phase 

with 1.68 nm periodicity can be described by the structure of pMCs’ connection. This thesis leads the study on general understanding of quasicrystals 

including i-phase and D-phase.  
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Fig. 1 Whole structure of R-AlPdCo can be shown by Al(14)-pMC, 
Co(12)-pMC and Pd-icosahedral unit. 

Fig. 2 Al(14)_pMC is surrounded by Co(12)_pMCs octahedral 
coordination and cubic coordination of Pd_icosahedral units. 
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