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The electronic spectrum of one-dimensional quasiperiodic materials such as
AB,_,C, (0=x=<1) is calculated herein within the framework of the off-diagonal
tight-binding model by using a simple scheme of the theory of the binary quasiperi-
odic lattices. The spectrum shows a Cantor-set of energy bands and consists of a cen-
ter band gap for the whole range of x. We find that unless the potential difference is
too strong, the magnitude of the center band gap 4, is interpolated by a Vegard’s law
type linear relation with respect to x as 4,=(1—x)4,,+x4,,, where 4,, (4,,) is the
band gap for the regular AB (AC) alloy. This means that this system is a semi-
conductor for 0=<x=1. We also show that the center gap follows the Saxon-Hutner-

Luttinger theorem.

Cantor-set, electronic structure, quasiperiodic materials, Saxon-Hutner-Luttin-
ger theorem, tight-binding model, Vegard’s law

Introduction

§1.

One-dimensional (1D) disordered systems
made by IV-IV, III-V, and II-VI compounds’*
with being represented by a chemical formula
AB, -, C, have been of interest in recent years,
since this type of materials became a proto-
type in semiconductor superlattices such as
Al,_,Ga,As.>®

Consider the chemical formula, AB;-,C,
where we consider only the off-diagonal tight-
binding Schrodinger equation for later pur-
poses [see eq. (1) with V,=0]. If x=0, then it
represents a regular AB alloy, where within
the above model there are only two types of
hopping terms: AB bond (7,) and B4 bond
(Ty) (i.e., long and short bonds). If x=1, then
the system is a regular AC alloy, where simi-
larly as before there are only two types of hop-
ping terms, AC bond (T3) and CA4 bond (7).
Here we have assumed that the AB and AC
bonds are identical to one another for the sim-
plicity. And if 0<x<1, then the system is a
mixed crystal characterized by a fraction x and
the local coordination is either AB or AC,
where there are only three types of bonds: AB
(=AC) bond (7,), BA bond (7,), and CA
bond (7).
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Apart from the physical model let us now
follow the chemist’s point of view. Suppose
that there are two types of molecules AB and
AC, each of which consists of two electrons
filled in the bond. And construct an infinite
molecular chain of molecules of AB and AC
with a fraction x, getting closer to each other
among an infinite number of AB and AC. This
allows electrons to hop to nearest neighbor
atoms. However, since there are two electrons
in each molecule (i.c., one electron per atom),
every other bond can be occupied by two elec-
trons (Fig. 1). So, some amount of energy is

—(Ote-COHe-COHe—CH
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Fig. 1. ThelD quasiperiodié system of AB,_,C;. The
local coordination in the system is assumed to be
three types of bonds; AB=AC, CA, and BA bonds

- (i.e., long, short, and shorter bonds). The hopping in-
tegrals are given by T,, Ty, and T, respectively, and
no on-site potential ¥,=0. To adjust with the three
types of bonds we assume 0< T, < T, < T}. In this pic-
ture the transfer matrices are progressing from the
right to the left. If there are two electrons in each
molecule (i.e., one electron per atom), every other
bond can be occupied by two electrons.
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necessary in order to remove an electron to far
from the material. This means that a band gap
appears at the Fermi energy. In this argument
only the local coordination is taken into ac-
count and the global character of the system
does not matter. Therefore, the system of
AB;_,C,is expected to be either an insulator or
a semiconductor.

On the other hand, let us stand at the point
of view of band theory. To know physical
properties of these materials and to know
whether the system is either metallic, semicon-
ducting, or insulating, it is necessary to obtain
the electronic spectrum explicitly. Within the
off-diagonal model, if x=0 or 1, then there are
two energy bands in the spectrum—valence
and conduction bands—that are separated by
a gap at the center of the spectrum. However,
if x is fractional, then it becomes a very
difficult problem in obtaining the spectrum.
Because there is no long range order in the sys-
tem, and therefore, the Bloch theorem in the
band theory is not directly applicable. Thus,
we would like to know the spectrum for the
system of AB;_.C, for 0<x<1, using the
standpoint of the band theory.

The above 1D system was once studied long
time ago in order to prove the existence of a
gap in the optical band of a disordered mixed
crystal.*”? And the spectrum of this type of
materials was intensively investigated® in rela-
tion to the Saxon-Hutner-Luttinger (SHL)
theorem.>'2 However, to the best of our
knowledge the spectrum for the system of
AB,_,C; has never been shown explicitly as
globally changing the value of the fraction x
for the whole range of 0<x<1.

In this paper we are going to relate the
above two viewpoints within the framework
of the one-dimensional tight-binding Schrédin-
ger equation with the nearest neighbor hop-
ping terms and to show the energy spectrum
changing the value of x, by using the theory of
the binary quasiperiodic lattices (BQPLs).''"'?
Second, we shall discuss the physics behind
the calculation such as the difference between
the spectra of the 4,-, B, and the AB;—, C, sys-
tems. Third, we clarify the relation between
the theory of the BQPLs and the SHL the-
orem.*$10
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§2. Physical Model

We would like to solve the discrete Schrodin-
ger equation for an electron:

Tn+1 ‘//n+l+Tn '//n—1+ Vn !//n=E'//n’ (1)

where T, is the hopping integral between the
nth and the (n—1)th sites and V, the on-site
potential at site n, respectively.® We convert
the above equation into the transfer matrix
form:

b =I(n) Y, ()]

where the transfer matrix 7'(n) and the func-
tion ¥, are given by

E-V, T,
Tn +1 Tn +1

T(n)=

T 1 0
and

svns( v ) 3
l//n -1

respectively.

We consider only the off-diagonal model
with V,=0, throughout this paper. We as-
sume that those constants take on only three
values associated with the three types of bonds
[AB(=AC), BA, and CA bonds] in the
chain, as is discussed in the introduction. To
distinguish these three bonds we assume
0< T.<T.<T, (Fig. 1). This is consistent with
the physical situtation that if the bond be-
tween two adjacent atoms is longer, the over-
lapping integral is smaller and so is the hop-
ping integral.

§3. Basic Strategy

The basic idea of the present paper is the fol-
lowing. In the standard point of view, if a frac-
tional value of x is taken for AB;_,Cy, then
one usually assumes that the system is disor-
dered or amorphous, i.e., random.'® This as-
sumption makes us treat the ensemble average
over randomness in order to calculate the phys-
ical properties of the material such as in the
theory of Anderson localization.'?

This type of theory has been intensively stud-
ied numerically in higher dimensional systems
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as well as in 1D one that we would like to work
out in the present paper. The former is now
well-known by the celebrated names of the vir-
tual crystal approximation (VCA)*® and the
coherent potential approximation (CPA).Y
The latter is a rigorous approach known as
the Dyson-Schmidt method," although the
Dyson-Schmidt equation has never yet been
solved analytically except numerical efforts,>*
however.

The main reason for the use of the assump-
tion seems only because there has been no
other method without using it as the starting
point. However, physically speaking, it is not
necessary so. But there exists another method
that seems worth investigating.

Until recently, the concepts of quasicrystals
have been fully developed'® as well as the 1D
modeling such as the BQPLs and others.!!"1?
So, we may have another choice for the as-
sumption that the system is QP. But it does
not mean that we are using the general and
broad concepts of the quasiperiodic systems.
Rather, we restrict ourselves to the concept of
the BQPLs within the framework discussed in
the articles,'"'? since we would like to inves-
tigate only the 1D model with this particular
quasiperiodic structure. Thus, the theory of

(A)
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the BQPLs can be the main clue for our pur-
pose here.

In a BQPL that we are investigating, there is
no translational symmetry, i.e., no long-range
order in the usual sense, which means that the
lattice structure is not periodic but nonperi-
odic with the two-distance property.''” But it
has a unique structure once x is fixed. There-
fore, there is no use of the ensemble average
over randomness. Thus, the BQPLs are clas-
sified in between periodic and disordered lat-
tices.

Since there are about 10% atoms in a 3D
physical system, there is a sequence of about
107 (=Nv) layers in one direction.>® The den-
sity of Q’s (i.e., x) is usually some fraction
with about three or four accuracy in ex-
perimental setting.'"® So, if the total number
of digits in x is less than N, we may expect
that there are very many repetitions of the unit
cell whose size is that of the digits. Thus, un-
less the number of digits is in the order of Ny,
we may approximate the system to be periodic
with using the rational approximation of x.
This situation makes our 1D modeling of the
BQPLs work well.

In Fig. 2, the model systems are schemati-
cally illustrated from the above two points of

(1x) ( O—@—C—0—C—0— )

)

Fig. 2. The concepts of the models. (A) The concept of the VCA and the CPA: The system of AB,_,C,
(0=<x=1) is approximated as an average over the two independent systems of the regular AB and AC alloys.
To realize this situation, in the VCA the hopping integral 7, is averaged as T,(x)=(1—x)T,(AB)
~ +xT,(AC), where T,(AB) [T,(AC)] stands for the hopping integral of the regular AB (AC) alloy. In the -
CPA, the hopping integral T, is first regarded as an external variable, and finally it is ensemble averaged over
the randomness as a random variable. The same for the on-site potential, V. (B) The concept of the BQPLs:
The system of AB,_, C, (0=<x=1) is approximated by a rational number x, which is the density of the unit AC
in the system. To realize this situation, the hopping integral T, (the potential V) is defined as a QP hopping in-
tegral (potential). Both models satisfy the same Vegard’s law: a,=(1 —x)a,p5 +xa,c but its origin is very differ-

ent.
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view of the VCA (or the CPA) and the BQPL.
This elucidates the difference between the two
concepts.

§4. Binary Quasiperiodic Lattices

The theory of the BQPLs!""*? can be summa-
rized as follows. Consider a 1D BQPL system
represented by a chemical formula P;-Qx
(0=x<1).If weregard P(Q)as P=A (Q=B),
then this expression describes the usual BQPL
system of A;-,B,.!"'? And if we regard P(Q)
as a molecule P=AB (Q=AC), then it turns
out to be the system of AB,_, C, under investi-
gation.

Let x be x=1/(1+ ;). The approximant A«
is defined as the ratio between the total num-
bers of P’s and Q’s in the unit cell. The con-
tinued fraction expansion of A is given by

Py 1
/lks——=n0+

1 b
O mA——————

Ri—1

mt -+

@

where ng, 1y, Ny, -, Hx—1 are all positive in-
tegers, and P, and Qy are given by

Pry1=np—1 Pt Pro1y, Qrr1=nk—10x+ Qi1
®)

with the initial conditions (Po, Qo)=(0, 1) and
(P, Q)=(1, 0):

The array of these integers is crucially im-
portant. Because it is related to the scaling
transformation for the lattice. A QP sequence
is defined in terms of two symbols, P and Q.
Let us denote by Ly=Lp,, o (P, Q) the unit cell
of the kth generation of the sequence, which
consists of P, P’s and Qi Q’s such that the
total number N is given by Ny=P,+ Qi with
Ni=No=1.If 0=x=<1/2 (i.e., 1=<44), then it

(Xk’ Yk’ Zk)=Tnk—1 Tnk—z' o Tno(XO, YO, ZO)9
T.(X,Y,Z)=(Y,Co-i(Y)Z—C—2(Y) X, Co(Y) Z—C,-1(Y) X)
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is constructed by a series of the scaling trans-
formations:

(Lk+l’ Lk)=Snk—lSnk—2. ) .Sno(P’ Q)’ (6)

and if 1/2<x=<1 (i.e., 0=A(<1), then the
role of P’s and Q’s is switched and do the
same thing. Here we have started from the
seed of a sequence, (P, Q), and the scaling
transformation at the kth step is given by

S, (P, Q)=(QP™, P). Q)

In other words, we can define the sequence
recursively such as

Liy1=[Li]™ ' Lg-1 ®

with Lo=*Q’’ and L,=“‘P”’. From this, the
structure of the unit cell is explicitly given by

LkE(P) QPko QPko—l. . .QPdl (9)

for k=even (odd), where d,=[nli]—
[(n—1)AJ and [ ] denotes the Gauss symbol
that takes the largest integer part in the square
bracket. d, takes only two values; either [Ax]
or [A¢]+1, and is periodic with dy+g,=d,. If
k— o, then d, becomes non periodic so that L
defines an exact QP sequence.'” If we assume
the lattice constant of P(Q) to be ap (aq), then
the total length of the unit cell is given by
|Ly| =Prap+ Qraq. Thus, we are naturally
led to define the mean lattice constant a,=
| L¢| / Ny, and it is exactly given by the famous

Vegard’s law:*®

(10)

Let us regard L as a matrix product of the
Ny transfer matrices of P and Q. Let the initial
triple of the traces be (Xo, Yo, Zo)=(z Tr (Q),
+Tr (P), + Tr (PQ)). We have the generic
trace map according to the series of scaling
transformations:

a,=(1—x)ap+xaq.

(11
(12)

where C,(Y) is the nth Chebyshev polynomial of the second kind, being defined by the recursion
relation C,+,(Y)=2YC,(Y)—C,—1(Y) with C_;(Y)=0, Co(Y)=1. We note that the trace map

preserves an invariant surface:

I=X*+Y*+27?-2XYZ—-1

at each step of the scaling transformation.

(13)
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The above trace map system has been successfully applied to obtain the electronic spectrum on
the 1D BQPLs'? and the optical property of BQP multilayers.'?

§5.

Application to the 1D Ternary Quasiperiodic System of AB; -, C;

We now are able to apply the above method to the system of AB;_, C, (0=x=<1). In this case,
we introduce the following initial transfer matrices of the off-diagonal model for the electronic

problem:
E* T E E? I. E
P=AB= T T"E T ?’ and Q=AC= L T*‘E T ; (14)
T, T T. T
From these we get the corresponding initial traces as
Xo=4-Tr (Q)=i( £ TC), (152)
2 =" 2\TT. T. T,
Yo= Tr (P)=i( E_L_L ) (15b)
2 - 2\ T, T,
Zo=iTr (PQ)=_1_<E4—(2T§+ T:+T)HE* T: T, Tc> (150
2 =T T’T,T. T,T. T

Substitute into the invariant of eq. (13) and after a straightforward but tedious calculation we

obtain

I=cosh? (u)+cosh® (v)+cosh? (u+v)—2 cosh (u) cosh (v) cosh (u+v)—1=0,

where

cosh (u)=(T./ Ty+Ty/T.)/2 and

This vanishing invariant usually means that
there is no quasiperiodicity in the system such
that the system is trivial.!'>!® However, this is
not the case in our problem. No matter what
values of T,, Ty, and T are set, the invariant is
always zero because of the identity in eq.
(16)." It rather means that unless 7,= T, =T,
the energy level at E=0 always belongs to a
band gap, while the energy level at E=0 be-
longs to the six-cycle in the usual setting of
two types of atoms (i.e., A;-xBy), where
I=(T./ Tv— T,/ T.)?*/ 4.*%'%!® This implies the
validity of the SHL theorem in our problem,
which will be discussed later. Thus, this situa-
tion is essentially new in the theory of the
BQPLs.

We now give a simple scheme to obtain the
energy bands with changing the value x: Fix a
value of x. Do the scaling transformation.
And obtain the trace map accordingly. If
| Xkl =1, then the energy is allowed, and if

(16)

cosh (V)=(To/ T+ T/ Ts)/ 2. a7

| Xix| >1, then the energy is forbidden.

In Fig. 3 we show the energy bands with
respect to x, where x is approximated as x=
n/702 (1=n=<701). In Figs. 3(a) and 3(b) the
hopping integrals are taken as (7a, Tv, 1c)
=(1,14,1.2) and (1,3,2), respectively.
These figures show that the spectrum looks
like a Cantor set. This is very different from
that of the VCA and the CPA,>* where only
one or two continuous bands exist in the spec-
trum. And the SHL theorem®!? holds for the
center gap in our model.

§6. Discussions

Now, we are going to discuss the physics be-
hind the calculation. First, it is interesting to
compare the spectra of the A,—, B, and the
AB, -, C, systems. There is a symmetry around
E=0 in the spectrum, since the wave function
satisfies the condition v, (E)=(—1)"yw,(—F)
for the off-diagonal model. Therefore, if Ny is
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even, there is a gap at E=0. Otherwise, the
state of E=0 lies in a center band. So, the exis-
tence of the center gap is just a reflection of
the evenness of N in our 1D model. Since in
the former system N, can be either even or odd
in the development as k— 0, the system can
be either a metal, a semiconductor, or an insu-
lator. On the other hand, in the latter system
N, is always even, since the primitive units are
AB and AC. Therefore, it must be either a
semiconductor or an insulator. In this way,
these two systems have to show the very differ-
ent physical characters. We shall show just
below that the latter is related to the SHL
theorem.>?

Second, we consider the relationship be-
tween our theory and the SHL theorem. For

A)

Energy

X

Fig. 3.
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the regular AC alloy case, from eq. (15a)
we have Xo=Tr(Q)/2=[E*/(T.T)—T./
T.—T./T.]/2. Since if |X,|l>1, the energy
lies in a band gap, this gives the band gap
Ae=2|T,—T,|. Similarly, from eq. (15b) we
obtain the band gap 4.,=21T,—T,| for the
regular AB alloy. For the next generation of
the regular ABAC alloy, from eq. (15¢) we
have Z,=Tr (PQ)/2=2X,Yo—Z;, where
Z§=Tr (P'Q)/2=(Ty/ T.+T./ T»)/2. Con-
sider an energy such that |X,l>1 and
| Yol >1. Then this energy lies in the common
band gap defined by Ado=min [Au, As]. In
this case, since | Z§| >1 unless T,=T,, we get
| Zol >1 as well. This is due to the following
fact: There is an identity, Tr (PQ)+Tr (1_-"‘1 Q)
=Tr (P) Tr (Q). Suppose Tr (P) Tr (Q)>0.

(B)

X

The electronic energy spectrum of AB,_, C, with x running from 0 to 1. The hopping integrals are taken

as (A) (T,, T, T,)=(1, 1.4, 1.2) and (B) (T3, Ty, T.)=(1, 3, 2). In (A), we see that the center gap follows the
SHL theorem and is fitted by a linear law, 4,=(1—x)4,,+x4,.. But the other gaps are not the case. In (B),
we see that the center gap behaves nonlinearly with respect to x when the differences in the hopping integrals

become stronger.
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If ITr(PQ)I>ITr(P™'Q)l, then Tr(PQ)
=ITr(PQ)l and if [ITr(P7'Q)I>
ITr (PQ)I, then Tr(P~'Q)=ITr (P~'Q)l.
Since Zo=Tr (PQ)/2 and Z§=Tr (P~'Q)/2,
then from the above fact we can conclude
| Zyl > | Z§] >1. Therefore, the common band gap
in the spectra for the regular alloys remains as
a gap for the next generation as well. In this
way, by recursively using the above idea in the
generic trace map the common gap remains
forever as a gap for higher generations. This is
the reason why we observe the validity of the
SHL theorem in the calculation as in Fig. 3.
We would like to remark that the theory of
Dworin®?® on the 1D disordered lattices is
very similar to that of the BQPLs'"'? in the
above sense. We believe that this is the first

time to argue and point out the relationship be-

tween the theory of the BQPLs and the SHL
theorem in the theory of the disordered lat-
tices.

We next consider very interesting aspects of
the result. In Fig. 3 we easily observe that the
magnitude of the center gap is interpolated
with respect to x by a simple linear or additive
form:

Ax=(1 _x)Aab+anc0 (18)

This is another Vegard’s law type plot in ex-
periment,® which is usually thought of as an
empirical law. And this result is very similar to
that from the VCA%® and the CPA.? This
seems very remarkable since we obtain such a
result without using the ensemble average over
the randomness, which is always taken into ac-
count in the VCA and the CPA. However, in
our model this holds only when the differences
in the hopping integrals are weak enough. If
they become stronger, then there appears non-
linearity with respect to x. This is seen in Fig.
3. If we look at other gaps different from the
center gap, which do not seem to follow the
SHL theorem, then the magnitude of the gaps
cannot be represented by the simple linear
form but it nonlinearly depends upon x. The
nonlinearity is most seen in the gaps. In this
way, the appearance of the linearity and the
nonlinearity in the behavior of the gaps with
respect to x is a very important aspect in this
research. So, it is very interesting to inves-
tigate this point in experiment.
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§7. Conclusion

In conclusion, we have shown the electronic
spectrum for the 1D system of AB,;-,C; using
the theory of the BQPLs.!'» We have found
numerically and proved analytically the con-
nection between the theory of the BQPLs and
the SHL theorem. We would like to point out
that the present theory is straightforwardly ap-
plicable to the model of the layered materials
in 3D.? And its generalizations? are applica-
ble to the more complicated 1D systems such
as the ternary alloys of A, B, C, and the quater-
nary alloys of AB,C,D,, etc.>® These points
will be very interesting for further research.

Acknowledgment

This work is supported in part by the Spe-
cial Researcher’s Basic Science Program from
The Institute of Physical and Chemical
Research (RIKEN).

References

1) M. Aven and J. S. Prener: Physics and Chemistry of
II-VI Compounds (North-Holland, Amsterdam,
1967); B. Ray: II-VI Compounds (Pergamon Press,
New York, 1969).

2) J. C. Phillips: Bonds and Bands in Semiconductors
(Academic Press, New York, 1973).

3) N.W. Ashcroft and N. D. Mermin: Solid State Phys-
ics (Holt-Saunders, New York, 1976).

4) J. M. Ziman: Models of Disorder (Cambridge Uni-
versity, Cambridge, 1979). References therein.

5) L. Esaki: “A Perspective in Superlattice Develop-
ment”’, in Physics and Applications of Semiconduc-
tor Superlattices, ed. Physical Society of Japan
(Baifukan, Tokyo, 1984). Most of all articles in this
book are written in Japanese, except this article.

6) S. M. Sze: Semiconductor Devices, Physics and
Technology (John Wiley and Sons, New York, 1985).

7) J. Hori: Proc. Roy. Soc. 92 (1967) 977; H. Matsuda
and T. Miyata: Suppl. Prog. Theor. Phys. Extra
Number, (1968) 450; M. Toda: ‘‘The Criterion for
the Existence of a Gap in the Optical Band of a
Disordered Mixed Crystal”’, in Selected Papers of
Morikazu Toda, ed. M. Wadati (World Scientific,
Singapore, 1993).

8) J. Hori: Spectral Properties of Disordered Chains
and Lattices (Pergamon Press, Oxford, 1968).

9) D. S. Saxon and R. A. Hutner: Philips Res. Rep. 4
(1949) 81; J. M. Luttinger: Philips Res. Rep. 6
(1951) 303.

10) E. H. Kerner: Phys. Rev. 95 (1954) 687; P. Erdos
and R. C. Herndon: Adv. Phys. 31 (1982) 65. Also
see, ref. 8.

11) K. Iguchi: Phys. Rev. B 43 (1991) 5915; ibid. 5919;



184

12)
13)
14)
15)

16)

17)

18)

Kazumoto IGUCHI

J. Math. Phys. 33 (1992) 3736; ibid. 3938; Phys.
Lett. 174 A (1993) 38; to appear in Int. J. Mod.
Phys. B 8 1994.

K. Iguchi: Mater. Sci. Eng. B 15 (1992) L13.

For example, see p. 310 in ref. 3.

P. W. Anderson: Phys. Rev. 109 (1958) 1492.

F. J. Dyson: Phys. Rev. 92 (1953) 1331. H. Schmidt:
Phys. Rev. 105 (1957) 425.

P. J. Steinhardt and S. Ostlund: The Physics of
Quasicrystals (World Scientific, Singapore, 1987);
M. V. Jarié: Introduction to the Mathematics of
Quasicrystals (Academic Press, New York, 1989).
K. Iguchi and T. Yoshikawa: Mod. Phys. Lett. B 7
(1993) 673.

M. Kohmoto, L. P. Kadanoff and C. Tang: Phys.
Rev. Lett. 50 (1983) 1870; M. Kohmoto and Y.

19)

20)
21)

22)

(Vol. 64,

Oono: Phys. Lett. 102 A (1984) 145; M. Kohmoto
and J. R. Banavar: Phys. Rev. B 34 (1986) 563; M.
Kohmoto, B. Sutherland and C. Tang: Phys. Rev. B
35 (1987) 1020.

K. Iguchi and T. Yoshikawa: Phys. Lett. 182 A
(1993) 265.

L. Dworin: Phys. Rev. 138 (1965) A 1121.

V. Kumer and G. Ananthakrishna: Phys. Rev. Lett.
59 (1987) 1476.

K. Iguchi: Mod. Phys. Lett. B 7 (1993) 39; J. Phys.
Soc. Jpn. 62 (1993) 1802; J. Math. Phys. 34 (1993)
3481; J. Math. Phys. 35 (1994) 1008; Phys. Rev. B
49 (1994) 12633; Mod. Phys. Lett. B 8 (1994) 29;
HyperSpace 3 (1994) 36; RIKEN Review 6 (1994) 49;
K. Iguchi and H. Su: J. Phys. Soc. Jpn. 63 (1994)
184.




