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We have presented one of mechanisms of anomalous transport properties of stable Al-based quasicrystals, taking 
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I. INTORODUCTION 
Stable icosahedral quasicrystals of multinary 

aluminium-transition metal alloys are known to exhibit 
semiconductor-like and even insulator-like electronic 
transport properties [1]. It has been suggested that the 
semiconductor-like properties might be interpreted by 
the combination of a pseudogap in the electron density 
of states at the Fermi level and localization tendency of 
electrons near the Fermi energy EF [2]. The origin of the 
pseudogap at EF in quasicrystals might be ascribed to a 
Hume-Rothery mechanism, namely the scattering of 
Fermi electrons by planes of a "Brillouin" zone 
constructed from the most intense peaks of the 
diffraction diagram. Janet and de Boissien [3] proposed 
a cluster model to explain the properties and the stability 
of quasicrystals. The icosahedral structure is based upon 
clusters that contain a number of electrons such that it 
corresponds to one of the magic number which stabilize 
the structure of atomic aggregates. In the cluster of N 
atoms with n electrons per atom , a special situation 
arises if the total number of electrons N • n differ from a 
magic number M by n. The cluster would be slightly 
reactive, and it will have a tendency to grow into a super 
cluster of N clusters. Mayou et al. [4] proposed a 
possible explanation for the unusual transport properties 
of quasicrystals in terms of hopping processes between 
wave functions mainly localized inside atomic clusters. 
Kimura et al. [5] have discussed the importance of 
vacant centers of the icosahedral clusters in the 
anomalous properties and stabilities of AI-based 
quasicrystals. That is, there are two types of icosahedral 
clusters, that with thirteen AI atoms (with one atom inter 
center) and that with twelve AI atoms (with the vacant 
center). Packing fraction of thirteen-atoms icosahedron 
is 0.726, which is near to 0.744, that of thirteen atoms 
close packed structure, and is greater than 0.680, that of 
body centered cubic structure. The thirteen AI atoms 
icosahedron must be stable under metallic banding and 
may be called to be a metallic cluster. On the other hand, 
packing fraction of the twelve AI atoms icosahedron is 
0.640, which is much smaller than those of metallic 
clusters and approaches to 0.340, that of the diamond 
structure. The twelve AI atoms icosahedron can not be 
stable under metallic bonding. This situation shows that 
the thirteen AI atoms icosahedron is metallic and the 
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twelve AI atoms icosahedron has a covalent bouding 
nature. Through aggregation of AI12 icosahedral clusters 
with vacant centers, the valence electron state in AI12 

icosahedral cluster induces the valence band, in which 
the electron kinetic energy becomes lower, and the 
pseudogap appears near Fermi energy as shown in Fig. I. 
Electrical conductivities of AI-based icosahedral 
quasicrystals are extremely low as compared with those 
of usual metals because of the pseudogap and the 
localization tendency of electrons near the Fermi level. 
Thus it is of significance to study the relationship among 
the existence of structural vacancies, the bonding nature, 
and the anomalous transport properties in AI-based 
quasicrystals and those approximant crystals. Positron 
annihilation is the most powerful method for detecting 
vacancy-type defects and structural vacancies in the 
quasicrystalline and amorphous alloys because their 
detection is independent on the structural periodicity 
unlike the diffraction method. 

In this report, we have discussed the origin of 
anomalous transport properties of stable AI-based 
quasicrystals, taking into account positron annihilation 
data for AI-based qusicrystals and those approximant 
crystals. 

Al 12 icosahedron hierarchy of icosahedron Al12 

Fig.l Formation of a pseudogap 
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2. THE STRUCTURAL VACANCIES OF STABLE 
AI-BASED QUASICRYSTALS AND 
APPROX~TCRYSTALS 

Table 1. show positron annihilation lifetimes of stable 
AI-based quasicrystals and approximant crystals, which 
were measured by Kanazawa and eo-workers. The 
lifetime ~1 is in the range 205 ± 4 psec from room 
temperature to 350°C in the quasicrystal AI-Li-Cu [6]. 
In view of the value ~1=205±4 psec, it is considered 
that this component corresponds to that structural 
vacancies. The lifetime ~~ in 111-AI-Li-Cu is ~205±4 
psec [6]. X-ray analysis of the structure of the 
1/1-AI-Li-Cu reveals that the center site of the 
triacontahedral clusters is vacant. Thus these results 
suggest that the AI-Li-Cu icosahedral phase also 
contains a similar density of the same triacontahedral 
cluster with vacant center as in the 1/1-AI-Li-Cu. Like 
semiconductors, the resistivity of icosahedral 
quasicrystal AI-Li-Cu decreases as temperature 
increases [7]. The lifetimes ~~ of quasicrystals AICuRu 
and AICuFe are 205 ±4 and 201 ±4 ps, respectively [8]. 
The lifetime ~1 of l/l-AI58Cu31.5Ru10.5 and 
111-AI6sCu7Ru17Sis are 193 ± 3 and 186 ± 3 ps, 
respectively [9]. In the case of l/1-AI68Cu7Ru17Si8, the 
atomic structure has beem determined from the power 
x-ray diffraction spectrum using the Rietveld method 

[10]. It belongs to the space group 1m3 and contains a 
total of 144 atoms in its unit cell of the bee structure. 
The centers of the Mackay clusters located at the 
vertices and centers of the unit cell are vacant. In 
addition, the nearest neighbors of these vacant site are 
AI atoms. We have observed the chemical environment 
surrounded by AI or Si atoms at the annihilation sites by 
coincident Doppler broadening spectroscopy [9]. 
Furthermore, we have observed a chemical environment 
of AI atoms that is the same as that in icosahedral 
quasicrystal AI62.4Cu25.4Rul22, as concluded by the 
coincident Doppler method with a lifetime of 205 ps, 
corresponding to the structural vacancy [9]. This 
suggests the notion that the icosahedral quasicrystal 
AI64.zCUzs.4Ru122 has the same vacancy-type sites 
surrounded by AI atoms as the l/1-Al68Cu7Ru17Si8 cubic 
approximant, and therefore it is thought that the 
structure of the icosahedral quasicrystal AI-Cu-Ru may 
be composed of a Mackay icosahedral cluster with a 
vacant center surrounded by AI atoms. The electrical 
resistivities of quasicrystals AI-Cu-Ru and AI-Cu-Fe are 
known to be higher than normal metals. These 
resistivities decrease with increasing temperature like 
semiconductors [11-13]. The stable icosahedral phase of 
very grad structural quality in AIPdMn is recognized to 
be one of the typical F-type quasicrystals of which the 
structure can be described in terms of a face- centered 
six-dimensional hypercubic lattice. The 
positron-annihilation lifetimes in AI71.4Pd20.2Mn8.4, 
AI11.9Pd19.7Mns.4, AI?o.zPdzo.3Mn9.s and AI69.1Pd21.5Mn9.4 
polyquasicrystalline icosahedral quasicrystals were 
measured. The positron-annihilation lifetimes in grown 
and plastically deformed single quasicrystals of 
AI?o.~dzuMns.3 were also measured. In every sample 
the lifetime spectrum consists of a single component 
with the lifetime of 206 ± 4 ps as shown in Table 1. The 
results indicate that icosahedral quasicrystalline 

AI-Pd-Mn contains a dense distribution of vacancy-type 
sites. It is known that the transport properties of 
icosahedral quasicrystalline AlPdMn are non-metallic 
[15]. The quasicrystals AI-Pd-Re have the highest 
resistivities in quasicrystals and have semiconductor-like 
transport property. The positron annihilation lifetime 
spectra of the quasicrystals AI?o.7Pdzu4Re7.96, 
Al73Pd18R~, Al73Pd19Res AlnPdzoRes, and AinPdz1Mn1 
are composed of a single component. For every samples 
an equal lifetime of 215±3ps is observed [16]. The 
values of those lifetimes show that the annihilation site 
corresponds to the vacant site. Since the lifetime spectra 
are composed of a single component, it is thought that 
most thermalized positrons are trapped in vacant sites in 
a dense distribution. The positron annihilation lifetime 
spectra of the quasicrystals Al71Pd20(Re1-x RuJ x=0.4, 
AI11Pdzo(Re1-x RuJ x=-o.ss, Al11Pdzo(Re1.x RuJ x=O.?, and 
AI11Pdzo(Re1-x Rux) x=0.85 are composed of a single 
component. For every samples an equal lifetime of 210 
± 4ps is observed [17]. It is seen that icosahedral 
quasicrystals Al-Pd-Re-Ru contain a dense distribution 
of vacancy-type sites. The quasicrystals Al-Pd-Re-Ru 
have semiconductor-like transport property [18, 19]. 

Table 1. Positron lifetimes of stable Al-based 
quasi crystals and approximant crystals 

As shown in Table I, the experimental results by 
positron annihilation lifetime measurements stress that 
stable AI-based quasicrystals and their approximant 
crystals, which have non-metallic transport property, 
contain a dense distribution of structural vacancies 
without exception. This is consistent with expectation by 

Specimen Tl Jl Reference 
(ps) (%) 

i-AI7o.7Pdzu~e7.96 213 100 [16] 
i-AI73Pd1sRe9 218 100 [16] 
i-AI73Pd1~es 215 100 [16] 
i-AinPdzoRes 218 100 [16] 
i-Al72Pd21Re7 213 100 [16] 
i-AI71Pdzo(ReJ_xRux)9 209 100 [17] 
x=0.4 
i-AI71Pdzo(ReJ.xRuJ9 206 100 [17] 
x=0.55 
i-AI71Pdzo(Re1-xRux)9 213 100 [17] 
x=0.7 
i-AI71Pdzo(ReJ.xRuJ9 210 100 [17] 
x=0.85 
i-AI71.4Pdzo.zMns.4 210 100 [14] 
i-Al71.9Pd19.7Mns.4 210 100 [14] 
i-AI?o.zPdzo.3Mn9.s 206 100 [14] 
i-AI69.1PdzLsMfi9.4 211 100 [14] 
2/1-AI71Pd20Ru9 212 100 [14] 
111-Ain.sMnJ7.4Si!o.J 204 100 [29] 
i-AI6o.9Li2s.9CU1o.z 200 80 [6] 
I/1-AI54.~i34.0Cu11.4 205 80 [6] 
i-AI62.4CUzs.~e12.2 201 90 [8] 
i-AI63.6Cuz3.1Ru133 205 100 [8] 
lll-AI58Cu31.sRuws 193 [9] 
110-AissCUJsRUzoSiio 187 [9] 
111-AI68Cu7Ru17Si8 187 ~99 [30] 



I. Kanazawa et al. Transactions of the Materials Research Society of Japan 33[2] 257-261 (2008) 

Kimura et a1.[5]. It is very difficult to estimate 
experimentally the structural vacancy densities in stable 
Al-based quasicrystals and their approximant crystals. In 
order to estimate the structural vacancy density in 
quasicrystals AlPdMn and AlPdRe, we have measured 
the positron annihilation Doppler-broadening spectra by 
slow positron beam in quasicrystals Al70. 7Pd2u~e7.94> 
AlnsPdzo.3Mns.2, and the approximate crystal 111 a 

-phase Al6s.3IMnzt.ziSii0.4S [16]. The structure of 1/1 a 
-phase Al-Mn-Si is a bee stacking ofMackay icosahedra 
:Vith the "glu~" of Al(Si) atoms among them. A Mackay 
1cosahedron Is composed of two concentric icosahedra 
with a vacant center as shown in Figure 2. 

Fig.2 A Mackay icosahedron 

The presence of a vacant center is consistent with the 
lifetime ~205±4ps in Table 1. In the case of 1/1 a 
-phase Al-Mn-Si, it is thought that most thermalized 
positrons are trapped in the vacant site within the region 
of a certain radius larger than the size of vacancies due 
to their high sensitivity. We call it a positron trapping 
radius. The positron trapping radius in 1/1 a -phase 
Al-Mn-Si has been determined by starting from the 
structure [20]. Through fitting the measured S-parameter 
date for 111 a -phase Al-Mn-Si in the calculated one 
we estimated that the positron trapping radius is about 4 
A . With the vacant centers of Mackay icosahedra 
density in icosahedral quasicrystals Al-Pd-Mn and 
Al-Pd-Re as well as 1/1 a -phase Al-Mn-Si, it is 
thought naturally that most thermalized positrons are 
trapped iri vacant center sites of Mackay icosahedra iri 
these quasicrystals selectively with the same positron 
trappirig radius as the one in 1/1 a -phase Al-Mn-Si. 
Namely it is not unreasonable that the trapping radius iri 
icosahedral quasicrystals Al-Pd-Mn and Al-Pd-Re can 
be approximated as 4A. The icosahedral quasicrystals 
AlPdMn and AlPdRe have the structure arranged 
quasiperiodically with Mackay icosahedral clusters. 
Analyzing the measured S-parameter, the structural 
vacancy densities for these quasicrystals can be 
estimated experimentally [16]. The structural vacancy 
densities iri icosahedral quasicrystals A171.5Pd203Mn8.2 

and Al7o.7Pdzu~e7.96 have been estimated to be 5.0 X 
1020 cm·3, 7.7 X 1020 cm·3, · l respective y, as shown in 
Table 2. 

Table 2. The structural vacancy densities for 
quasicrystals AlPdMn and AlPdRe 
quasi crystals Structural 

density (cm "3) 

vacancy 

Al11.sPd2o.3Mns.z 5.0X 1020 

Al1o.?Pdzu4Re7.96 7.7X1020 

3. COVALENT BONDING NATURE INDUCED 
WITH STRUCTURAL VACANCIES, sp-d 
HYBRIDIZATION, AND QUASICRYSTAL-LIKE 
STATE 

In preceding section, it has been shown that covalent 
bonding nature, which is induced with structural 
vacancies in icosahedral clusters, plays important role iri 
semiconductor-like transport properties iri stable 
Al-based quasicrystals. In addition, the role of 
hybridization between the d and sp orbitals near EF iri 
the transport property is of significance, since very high 
resistivity and its strong negative temperature 
dependences have been observed only in stable Al-based 
quasicrystals containing transition metal atoms [21]. 
Now we shall consider the relationship among covalent 
bonding nature in icosahedral clusters with structural 
vacancies, sp-d hybridization, and the anomalous 
transport property in stable Al-based quasicrystals. 
Recently one of the present authors [22-24] has 
considerd the transport property in the randomly 
distributed system of the correlated configurations (the 
aggregation), in which the nearest distance between each 
configuration is ~2 n /2kp (the quasi crystal-like state). 
The quasicrystal-like state is regarded as the system 
composed of the Gaussian correlated distribution of the 
icosahedral cluster, which includes 2kp-phase shift 
scattering. Taking into account the short mean free path, 
15-20A of the electrons in quasicrystals, the transport 
property iri the quasicrystal-like system might be closely 
analogous to one in the quasicrystal system. 
The 2kp-phase shift scattering induces a standing density 
wave of sp electrons with wave length ~2 n /2kp. When 
the high-density region of the standing wave is located 
on the transition metal atom, the sp electrons hybridize 
more strongly the d orbitals of the transition metal atoms 
located iri the configuration. Thus the 2kF·phase shift 
scattering and the sp-d hybridization are correlated to 
each other. In this case, the value of 'Y , which is 
defined as 11[2 n p -r ], becomes large. Note that 'Y ex: 

n;.N! "cl, sp 1
2
• Here p is the density of state per spin at 

the Fermi energy and -r is the lifetime of the sp 
electron wave due to the sp-d hybridization. The matrix 
element Ysp,d represents the sp-d hybridization; and ni is 
the density of the aggregation, which is composed ofN 
number of configurations connected iri the distance ~2 n 
/2kp. The aggregation might be identified with the 
icosahedral . cluster such as the Bergman type and the 
Mackay type [25,26]. N depends upon the type of 
material. When the system is amorphous or when many 
defects are introduced, the aggregation, which is 
composed of correlated N number of configurations 
connected with the distance ~2 n /2kp, is broken. As a 
result, the value of 'Y will decrease remarkably. 
Performing an average over the position of the 
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icosahedral cluster, we assume the potential of the 
icosahedral cluster as a random quantity having a 
Gaussian o -correlated distribution. Performing average 
over the position of the icosahedral cluster, we assume 
the potential of the icosahedral cluster as a random 
quantity having a Gaussian o -correlated distribution 
law. Thus, the propagator r (q, mz) of the 2kp-phase 
shift scattering with the sp-d hybridization can be 
introduced as follows: 

(1) 
Here m1 is 2 nIT and lis integer. 

The thermal Green function D(k, En), ( En= (2n+ 1) ?t 

T, T being the temperature) is given by 

D(k,eJ= [ien -qk + ;r sgnen r 
(2) 

1 
-~ 27rpy 
'Z" 

Here ( k= k? 12m - Ep, and p is the density of state 
per spin at the Fermi energy. 

II(q, m1) is represented as follows: 

II(q,W"1)= ,Ln(k+q-2kF,&n +m1 )n(- k+ 2kF.,J 
k,kF 

~ p {d;fdn 

x[ien +im,-q-vq+ ;'Z" sgn(en +mz)r 

x[ien -q+ ;r sgn(eJ] 
(3) 

Here (_k= ( k• v=klm and kp is the vector of the Fermi 
momentum. 

The integration over d Q is over the angle of v. If E 

n( En+ m1)<0, TI(q, mz) is evaluated for small q and m1 
as follows: 

II(q, m1) ~ 21lprll- Dq2r -lm1lr j 
(4) 

Here D=v/ ;: Id is the diffusion constant. vp and d are 
Fermi velocity and dimension of system, respectively. 
Thus r (q, m1) is represented as 

r(q,mz)= [ 
1 

] 
27tprz Dqz + lm,l 

(5) 
By usingr(q,m1), the replacementm1 ~im, and the 
Green functions D±(k) we can estimate the conductivity. 

2 

L\o-(m)= ~LL(f1!m)2 
kxk'xD+(k)D_(k) 

1l k k' 

x D+ (k')D_(k)r(k + k'= q,-im) 

(6) 
The 2kp phase shift scattering with the sp-d 
hybridization by correlated clusters influences the 
thermal Green function approximately in the lowest 
order as follows: 

D(k,eJ 

=[ien -;k + ;r sgnen- .L ~-.L 2 r 
L 1 ~-r,L,Ln(-k+q,en +m1)r(q,m1) 

(iJ/ q 

L 2 ~ -T,L,LD(k+q,en +m1 )D(q,mz) 
(iJ/ q 

(7) 
D(q, m1) is the particle-hole correlation function (the 
diffusion mode), and is represented by D(q, m1)~112 n p 

r 
2[D~+I m11l· 

L1+Lz 
r,LL: 27rpy2 

~- tDl q Dq2 +lmzl 

x[D(-k+q,&n +m1)+D(k+q,&n +m1 )] 

(8) 
Since q and I mzl are small, D(-k+q, E n+ m1)+ D(k+q, E 

n + m 1) for Jkj~kp and E n~O is represented as -4i r sgn( E 

n+ mz). 
Thus 

L 1+ L 2 ~ -4isgn(eJTx LL / I I 
OJl q Dq + mz 

(9) 

Im[L 1+ L 2 ]~ 4sgn(eJT,L,L / I I~ - 1
-

(iJ/ q Dq + mz 2-z-1+2 

(10) 

Doing analytic continuation, i < ~ eo, of ImD(k, E n ), 

the spectral function is represented by 

A(k, m) oc ImD(k, m) 
112-r+Im{L 1+ L 2 ) 

= [m-qk -Re(L 1+ L z)]2 
+[112r+Im{L 1+ L 2 )]

2 

(11) 
More exactly we must calculate the conductivity 
self-consistently, taking into account higher order 
contribution. When [112 r +Im( L 1+ L 2)] is much larger 
than [ m- ( k-Re( L 1+ L 2)] ~the band width W ex: 

exp [ {- [ 3 I ( 4 n N,;) ] 113} , the pseudo gap will grow near 
the Fermi energy in the spectrum function, where N,; is 
the concentration of carriers. As shown in Figure 1, the 
low concentration of carriers near the Fermi energy is 
created through the low hopping rate between 
neighboring cluster, in which the covalent bonding 
nature is induced by the structural vacancies. 
Forthermore, the narrow band width of low 
concentration of carriers induces the pseudogap near the 
Fermi energy by using eq (11), as shown in Figure 3. 
Defining LJ+2 ~ (D r 1+2)112, we can estimate the 
correction 11 a 1+2 to the conductivity in the 
three-dimensional system by L 1+ L 2 as follows: 

_C[D·(8sgn(sJT2:2: /I 
1
]-

1

]-1/
2 

11 u1 q Dq + m1 

(11) 
In the case of E n>O (the case of En <0 can be treated 
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similarly) each summation over w1in equation (11), in 
the condition of E n ( E n + m 1 )>0, is evaluated as 
follows: 

2 [ [ -1]-1/2 ~crl+2 = ~ D 
2 

~r 312 r .J21lT 2: N J 
T] 1[ D -r-1/(2ttr}<-e,j(2zT) 

(12) 
In the region of low temperature, that is r T---->0, the 
temperature dependence of ~ a 1+2 is given as ~ a 

,-il/4 1+2 
cc 1 • More exactly we must calculate the conductivity 
self-c_ons~stently, taking into account the higher order 
contributwn. We have analyzed the conductivities of the 
metallic Al~Pd-R~ quasicrystals by Tamura et al. (27] 
from the v1ewpomt of the present theoretical formula. 
The temperature dependence curve by the T112 power 
law below IOK and the T314 power law from lO to 30K is 
shown. It appears that the T314 power law is similar to 

d. d 3/4 pre Icate T dependence for ~ a 1+2 in eq (12) [28]. 

, ___ Growth of pseudogap 

Fig.3 A schematic picture of the electron state near the 
Fermi energy in stable Al-based quasicrystals 

4. CONCLUSION 
It is shown that structural vacancies and sp-d 

hybridization induce growth 
Ofpseudogap near the Fermi energy and the anomalous 
transport properties in stable Al-based quasicrystals. 
. We have discussed the anomalous transport ptoperties 
m Al-based quasicrystals-like system, taking into 
account the sp-d hybridization. 
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