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We have presented one of mechanisms of anomalous transport properties of stable Al-based quasicrystals, taking
into account experimental date for stable Al-based quasicrystals and those approximant crystals by positron

annihilation methods.
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1. 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 Ex [2]. The origin of the
pseudogap at Ei 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 Al-based
quasicrystals. That is, there are two types of icosahedral
clusters, that with thirteen Al atoms (with one atom inter
center) and that with twelve Al 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 Al 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 Al 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 Al atoms icosahedron can not be
stable under metallic bonding. This situation shows that
the thirteen Al atoms icosahedron is metallic and the
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twelve Al atoms icosazhedron has a covalent bouding
nature. Through aggregation of Al;, icosahedral clusters
with vacant centers, the valence electron state in Alj,
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. 1.
Electrical conductivities of Al-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 Al-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 Al-based

quasicrystals, taking into account positron annihilation
data for Al-based qusicrystals and those approximant

crystals.
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2. THE STRUCTURAL VACANCIES OF STABLE
Al-BASED QUASICRYSTALS AND
APPROXIMANT CRYSTALS

Table 1. show positron annihilation lifetimes of stable
Al-based quasicrystals and approximant crystals, which
were measured by Kanazawa and co-workers. The
lifetime 7; is in the range 205+ 4 psec from room
temperature to 350°C in the quasicrystal Al-Li-Cu [6].
In view of the value 7,=205=+4 psec, it is considered
that this component corresponds to that structural
vacancies. The lifetime 7; in 1/1-Al-Li-Cu is ~205+t4
psec [6]. X-ray analysis of the structure of the
1/1-Al-Li-Cu reveals that the center site of the
triacontahedral clusters is vacant. Thus these resulis
suggest that the Al-Li-Cu icosahedral phase also
contains a similar density of the same triacontahedral
cluster with vacant center as in the 1/1-Al-Li-Cu. Like
semiconductors, the resistivity of icosahedral
quasicrystal Al-Li~-Cu decreases as temperature
increases [7]. The lifetimes 7, of quasicrystals AICuRu
and AlCuFe are 2054 and 201£4 ps, respectively [8].
The lifetime 17, of 1/1-AlsCus;sRuygs  and
1/1-AlgsCu-Ru;Sig are 193 =3 and 186 = 3 ps,
respectively [9]. In the case of 1/1-AlgCu;Ru,;Sis, the
atomic structure has beem determined from the power
x-ray diffraction spectrum using the Rietveld method

[10]. It belongs to the space group Im3 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
Al atoms. We have observed the chemical environment
surrounded by Al or Si atoms at the annihilation sites by
coincident Doppler broadening spectroscopy [9].
Furthermore, we have observed a chemical environment
of Al atoms that is the same as that in icosahedral
quasicrystal Alg, 4Cuys JRul,,, 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
Algs,Cuys 4Ru,, has the same vacancy-type sites
surrounded by Al atoms as the 1/1-AlgCu;Ru;4Sig cubic
approximant, and therefore it is thought that the
structure of the icosahedral quasicrystal Al-Cu-Ru may
be composed of a Mackay icosahedral cluster with a
vacant center surrounded by Al atoms. The electrical
resistivities of quasicrystals Al-Cu-Ru and Al-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 A171 .4Pd20 _ZMl'lg 4
Aly; oPd1gsMng 4, Alyo;Pdyo3Mngs and Algo {Pdy; sMng 4
polyquasicrystalline icosahedral quasicrystals were
measured. The positron-annihilation lifetimes in grown
and plastically deformed single quasicrystals of
Aly Pdy; ;Mng 5 were also measured. In every sample
the lifetime spectrum consists of a single component
with the lifetime of 2064 ps as shown in Table 1. The
results indicate that icosahedral quasicrystalline

Al-Pd-Mn contains a dense distribution of vacancy-type
sites. It is known that the transport properties of
icosahedral quasicrystalline AIPdMn are non-metallic
[15]. The quasicrystals Al-Pd-Re have the highest
resistivities in quasicrystals and have semiconductor-like
transport property. The positron annihilation lifetime
spectra of the quasicrystals  Aly7Pda; 34Re7 96
Aly;PdgRes, AlysPdgRes Aly,PdyoRes, and AlyPdy;Mn,
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 Al;Pdy(Reix Ruy) w04,
Al Pdy(Reyy RU,) w055, AlPdyg(Rey, Ruy) g7, and
Al Pdy(Re; . Ru,) g5 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
quasicrystals and approximant crystals

As shown in Table 1, the experimental results by
positron annihilation lifetime measurements stress that
stable Al-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 T, I Reference
(ps) (%)

i-Alyo 7Pd5) 34R 706 213 100 [16]

i-Al73Pd1 gReg 218 100 [1 6]

i-Al;;PdoReg 215 100 [16]

i-Al;PdyoReg 218 100 [16]

i-Al;,PdyRe; 213 100 [16]

i-Al;;Pd,o(ReqRuy)g 209 100 [17]
x=0.4
i-Al;1Pdyo(ReqRu,)g 206 100 [17]
x=0.55
i-Al7;Pdyo(ReqRuy)g 213 100 [17]
x=0.7
i-Aly;Pdyp(ReqRuy)g 210 100 [17]
x=0.85

i-Aly; 4PdyoMng 4 210 100 [14]
i-Aly; oPdyo ;Mitig 4 210 100 [14]
i=Alyg 2Pd203Mng 5 206 100 [14]
i-Algg (Pdy; sMng 4 211 100 [14]
2/1-Al3, PdyoRug 212 100 [14]
1/1-Alg, sMnyq 48y 204 100 [29]
i-Algo oLizg 9Cuio2 200 80 [6]
1/1-Alss 6Liza oCuii1 4 205 80 (6]
i-Algz 4Cugs 4Fera 2 201 90 [8]
i=Algs 6Cugs 1Ruy3 3 205 100  [8]
1/1-A_158CU31‘5R1110_5 193 [9]
1/0-A155CUI5RU2()Si10 187 [9]
1/1-AlggCuyRuy5Sig 187 ~99 [30]
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Kimura et al[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 AIPdMn and AIPdRe, we have measured
the positron annihilation Doppler-broadening spectra by
slow positron beam in quasicrystals Al 7Pdy 34Re7 04,
Aly; sPdy3Mng,, and the approximate crystal 1/1 o
-phase Al6g.31Mn21‘2ISi10'43 [16] The structure of 1/1 «
-phase Al-Mn-Si is a bee stacking of Mackay icosahedra
with the “glue” of Al(Si) atoms among them. A Mackay
icosahedron is composed of two concentric icosahedra
with a vacant center as shown in Figure 2.

Fig2 A Mackay icbséhedroﬁ

The presence of a vacant center is consistent with the
lifetime ~205-44ps in Table 1. In the case of l/la
-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
radiys. The positron trapping radius in 1/1 «-phase
Al-Mn-Si has been determined by starting from the
structure [20]. Through fitting the measured S-parameter
date for 1/1 «-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 o« -phase Al-Mn-Si, it is
thought naturally that most thermalized positrons are
trapped in vacant center sites of Mackay icosahedra in
these quasicrystals selectively with the same positron
trapping radius as the one in 1/1 o -phase Al-Mn-Si.
Namely it is not unreasonable that the trapping radius in
icosahedral quasicrystals Al-Pd-Mn and AI-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 in icosahedral quasicrystals Al sPdy;sMngs
and Alyy7Pdy; 54Re796 have been estimated to be 5.0X
102 em®, 7.7X10% em®, respectively, as shown in
Table 2.
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Table 2.  The structural vacancy densities for

quasicrystals AIPdMn and AIPdRe

quasicrystals Structural vacancy
density (cm™)

Al sPdyg3sMng 5 5.0x 10%°

AlgoPdz3aRe796 7.7%10%

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 in
semiconductor-like transport properties in stable
Al-based quasicrystals. In addition, the role of
hybridization between the d and sp orbitals near Ey in
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 = /2ky (the quasicrystal-like state).
The quasicrystal-like state is regarded as the system
composed of the Gaussian correlated distribution of the
icosahedral cluster, which includes 2kg-phase shift
scattering. Taking into account the short mean free path,
15-20A of the electrons in quasicrystals, the transport
property in the quasicrystal-like system might be closely
analogous to one in the quasicrystal system.
The 2kg-phase shift scattering induces a standing density
wave of sp electrons with wave length ~2 = /2ky. When
the high-density region of the standing wave is located
on the transition metal ators, the sp electrons hybridize
more strongly the d orbitals of the transition metal atoms
located in the configuration. Thus the 2kg-phase shift
scattering and the sp-d hybridization are correlated to
each other. In this case, the value of v, which is
defined as 1/[2 7 p 1], becomes large. Note that y o<
aM ¥, 1% Here p is the density of state per spin at
the Fermi energy and t is the lifetime of the sp
electron wave due to the sp-d hybridization. The matrix
element Vi, 4 represents the sp-d hybridization; and n; is
the density of the aggregation, which is composed of N
number of configurations commected in the distance ~2 %
/2ks. 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 = /2kg, is broken. As a
result, the value of vy 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 § ~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 § -correlated distribution
law. Thus, the propagator I'(g, w;) of the 2kp-phase
shift scattering with the sp-d hybridization can be
introduced as follows:
o)~ —7%»

(o) 1-71(g.@,) _

M

Here w;is 2 7 /T and [ is integer.

The thermal Green function D(k, ¢,), ( £,= 2o+ =
T, T being the temperatore) is given by

. -1
D(k,an)= [ign -£ +—l-sgngn}
2T
2)
1
—~ 27py
T

Here {= K /2m — Ey, and o is the density of state
per spin at the Fermi energy.
1I{g. @) isrepresented as follows:
N(g.@,)= Y. Dl + ¢ -2k;,5, + o, )D(- k+ 2k, )
s

~p[ [

o i -
x {zgn +iw, - &—vg+ E—Sgn(gn + @, )}

T

X [isn &+ i sgn(en )}
2t
3

Here ¢ = ¢4, v=Km and kg is the vector of the Fermi
momentum.

The integration over d€) is over the angle of v. If &
o &4+ wp<0, I1(g, @;) is evaluated for small ¢ and o,
as follows:
Ti(g, @, ) ~ Zﬂprll -Dg*t~|m, 'TJ

@

Here D=v;” ¢/d is the diffusion constant. vy and d are
Fermi velocity and dimension of system, respectively.
Thus T'(g, @) is represented as

1
Hgo)= ZﬁpTZIDqZ +Ia7,”
®)

By usingI' (g, w)), the replacement ; —i w, and the
Green functions D, (k) we can estimate the conductivity.

2
Ao()= 3 3 o/ m) k.0, (D (1)
kK
x D, ()D_(k)(k + k' = g,~i)
6
The 2kr phase shift scattering with the sp-d
hybridization by correlated clusters influences the

thermal Green function approximately in the lowest
order as follows:

Dlk,z,)

:[z’gn ~&, +2%sgngn ==y 2}
Zl~-T§ZD(~k+q,5n +a),)f(q,a),)
22“’ "T;ZD(k"‘%gn +mz)D(Q:mz)

Q]
D(g, wy) is the partlcle-hole correlation function (the
diffusion mode), and is represented by D(q, w)~1/2 % p
4 Z[qu‘i"f C{)]I].

PILIIP
2mpy?
~=T
z 257 vl 7 Dg’ +|o|

x[D(—k+q,8n+a),)+D(k+q,£,,+a)1)] '
®

Since ¢ and | w)| are small, D(-k+q, & 7+ o))+ D(ktq, ¢

o+ wp) for [kj~kpand  £,~0 is represented as -4i ¢ sgn( ¢

nt 0)1).

Thus

3+~ ~disgn(e, )T x ZZ

Dq” + ‘a),l .
®

~asgrle IS T

Dg +1(0,‘ 2, _
(10)

Doing analytic continuation, i ¢ — @, of I:;zD(k, £ )
the spectral function is represented by
Ak, @) o< ImD(k, )

1/27+Im(z ,+Z )
o RS A3 F 204 1m(S S

(n

Im[z 1+Z

‘ More exactly we must calculate the conductivity

self-consistently, taking into account higher order
contribution. When [1/2 ¢ +Im( % (+ X ,)] is much larger
than [ w- {jRe( & + X ;)] ~the band width W
exp[ {=[3/ (4 = ) 1%}, the pseudogap will grow near
the Fermi energy in the spectrum function, where A 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 Ly ~ (D © 132)"%, we can estimate the
correction A ¢ 4o to the conductivity in the
three-dimensional system by X+ 2, as follows:

Aoy, = gn’; Ll n{ (gsgn(g )TZZD +IQIJ—1]—M

142
an
In the case of £,>0 (the case of £,<0 can be treated




I. Kanazawa et al.

similarly) each summation over ,in equation (11), in
the condition of ¢, ( #, + @w; >0, is evaluated as
follows:

2
8 A
Aoy, == D( 27 32 TV2aT ZJ—_I
n 27D (22T Y<—8,/(24T)

RER)

(12)
In the region of low temperature, that is ¢ 7—0, the
temperature dependence of A o 4, is given as A o 14,
o< %%, More exactly we must calculate the conductivity
self-consistently, taking into account the higher order
contribution. We have analyzed the conductivities of the
metallic Al-Pd-Re quasicrystals by Tamura et al. [27]
from the viewpoint of the present theoretical formula.
The temperature dependence curve by the T'? power
law below 10K and the T3* power law from 10 to 30K is
shown. It appears that the T3 power law is similar to
predicated T** dependence for A o 1, in eq (12) [28].

Growth of pseudogap

-
P
=

=
=
S

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
Of pseudogap near the Fermi energy and the anomalous
transport properties in stable Al~based quasicrystals.

We have discussed the anomalous transport ptoperties
in Al-based quasicrystals-like system, taking into
account the sp-d hybridization.

References

[1] S. J. Poon, Adv. Phys. 41, 303 (1992)

[2] K. Kimura and S. Takeuchi, in Quasicrystals, the
State of the Art, edited by P. S. Steinhardt (world Sci.
Singapore, 1999) p.325

[3] C. Janot, M. de Boission, Phys. Rex. Lett. 72, 1674
(1994)

[4] D. Mayou, C. Berger, F. Cyrot-Lackman, T. Klein, P.

Lance, Phys. Rev. Lett. 70, 3915 (1993)

[5] K. Kimura, M. Takeda, M. Fujimori, R. Tamura, H.
Matsuda, R. Schmechel, and H. Wegheit, J. Solid State
Chem. 133, 302 (1997)

[6] T. Ohhata, 1. Kanazawa, T. Iwashita, K. Kishi, and S.
Takeuchi, Phys. Rev. B42, 6730 (1990)

Transactions of the Materials Research Society of Japan 33[2] 257-261 (2008)

[71 K. Kimura, H. Iwashita, T. Hashimoto, S. Takeuchi,
S. Mizutani, S. Ohashi, G. Itoh, J. Phys. Soc. Jpn 58,
2472 (1989)

{8] E. Hamada, N. Oshima, T. Suzuki, K. Sato, L
Kanazawa, and S. Takeuchi, Mater Sci. Forum, 255-257,
451 (1997)

[9] H. Uchiyama, T. Takahashi, K. Arinuma, K. Sato, L.
Kanazawa, E. Hamada, T. Suzuki, K. Kirihara, K.
Kimura, J. Phys. Condenss. Matter 16, 1899 (2004)

[10] U. Mizutani, T. Takeuchi, E. Banno, V. Fournee, M.
Tanaka, H. Sato, Proc. Mater. Research Society (Boston
2000) vol 643, ed. E. Belin-Ferre, P. A. Thiel, A. P. Tsai
and K. Urban (Pittsburgh, P. A. Materials Research
Society) PK 13.1

[11] B. D. Biggs, S. J. Poon, N. D. Munirathnam, Phys.
Rev. Lett. 65, 2700 (1990)

[12] U. Mizutani, Y. Sakabe, T. Shibuya, K. Kishi, K.
Kimura, S. Takeuchi, J. Phys. Condens. Matter 2, 6169
(1990)

[13] K. Wang, C. Scheidt, P. Garoche, Y. Calvayral, J.
Phys. I France 2, 1553 (1992)

[14] L Kanazawa, E. Hamada, T. Saeki, K. Sato, M.
Nakata, S. Takeuchi, M. Wollgarten, Phys. Rev. Lett. 79,
2269 (1997)

[15] T. Klein, C. Berger, D. Mayou, F. Cyrot-Lackmann,
Phys. Rev. Lett. 66, 2807 (1991)

[16] K.Sato, Y. Takahashi, H. Uchiyama, I. Kanazawa,
R. Tamura, K. Kimura, F. Komori, R. Suzuki, T.
Ohdaira, S. Takeuchi, Phys. Rev. B59, 6712 (1999)

{17} Y. Takagiwa, J. Kobayashi, Y. Matsushita, I
Kanazawa, T. Nagata, K. Kimura, Y. Kobayashi, Phys.
Stat. Sol. (c) 4 ,3570 (2007)

[18] F. S. Pierce, S. J. Poon, Q. Guo, Science 261, 737
(1993)

[19] J. Delahoye, J. P. Brison, C.Berger, Phys. Rev. Lett.
81, 4204 (1998)

[20] V. Elser and C. L. Henley, Phys. Rev. Lett. 55,
2883 (1985)

[21] J. Delahaye, C. Berger, T. Grenet, G. Fourcaudot,
Proc. Mater. Reserch Society (Boston 2000) vol 643, ed.
E. Belin-Ferre, P. A. Thiel. A. P. Tsai and K. Urban
(Pittsburgh, P.A: Materials Reserch Society) PK 1312
[22] 1. Kanazawa, J. Alloys Compounds 342, 381 (2002)
[23] L. Kanazawa, Mod. Phys. Lett. B17, 841 (2003)

[24] 1. Kanazawa, Physica B 328, 111 (2003)

[25] C. Janot and M. de Boissien, Phys. Rev. Lett. 72,
1674 (1994)

[26] A. Katz and D. Gratias, J. Non-Crystalline Solids
153-154, 187 (1993)

[27] R. Tamura, H. Sawada, K. Kimura, H. Ito, in Proc.
Of 6th Inter. Conf. On Quasicrystals. Eds S. Takeuchi
and T. Fujiwara (World Sci. Press. 1998) p.631

[28] T.Akiyama, Y. Takagiwa, I. Kanazawa, Phil. Mag.
86, 747 (2006)

[29] 1. Kanazawa, Chi. Nakayama, J. Takahashi, T.
Ohata, T. Iwashita, T. Kizuka, Phys. Rev. B49, 3573
(1994)

[30] H. Uchiyama, T. Takahashi, K.Arinuma, I
Kanazawa, E. Hamada, T. Suzuki, T. Nagata, K.
Kirihara, K. Kimura, J. Alloys and Comp. 342, 153
(2002)

(Recieved October 11, 2007 ; Accepted December 18, 2007)

261



