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The lattice vibration of YBa2Cu307 is investigated based on a distributed-multipole model. In this
model, the interatomic potential is expressed by means of a multipole-multipole interaction. The dipole
and quadrupole moments are taken into account as higher-order multipole moments in order to include
structural anisotropy in YBa2Cu307. The quadrupole moments, as compared with the dipole moments,

play an important role in the structural stability of this material. The phonon-dispersion relation and
the density of states are calculated. The obtained neutron-weighted density of states gives good agree-
ment with the experimental phonon spectrum. The relation between the vibrational properties of the ox-

ygen atoms and the structural a-b anisotropy is discussed.

I. INTRODUCTION

The high-T, superconductor YBa2Cu307 has a com-
plex crystal structure, in which the Cu02 planes are
stacked along the c axis and the Cu03 chain runs along
the b axis. ' The Cu03 chain structure gives a structural
a-b anisotropy, which cannot be obtained in the nonsu-
perconductor YBa2Cu306. There is a remarkable
difference in the lattice vibration between these two ma-
terials because of this structural anisotropy. Renker
et al. reported that experimental phonon spectra of
YBa2Cu307 & are substantially changed with varying 5
from 0 to 1. Since the phonons make some contribution
to the mechanism of high-T, superconductivity, several
theoretical investigations on the lattice vibration in
YBa2Cu307 & have been carried out using empirical
models, such as rigid-ion models, shell models,
and a valence-bond force field model. " For complex-
structured materials such as YBa2Cu 307, the use of
empirical models has an advantage of saving much com-
putational time. It is rather difficult for first-principles
calculations to treat systems containing defects or impur-
ities. For these reasons, empirical calcUlations are need-
ed for such complex systems.

The crystal structure of YBa2Cu307 is shown in Fig. 1.
The labeling of the atoms refers to the notation of Siegrist
et al. ' The unit cell is orthorhombic and the space
group is P . ' The atoms Cu(2), O(2), and O(3) form
the Cu02 plane, and the atoms Cu(1), O(l), and O(4) form
the Cu03 chain. The O(4) atoms along the b axis cause
the structural a-b anisotropy.

A reliable interatomic model potential is required to
calculate the lattice vibration. It is desirable that the
model potential provides the same stable crystal struc-
tures as the observed ones. This condition, however, can-
not always be satisfied for complex-structured materials.
In particular, there is the strong structural anisotropy in
YBa2Cu3O7, so that the crystal structure of YBa2Cu307 is
difficult to be stabilized by means of simple models such
as rigid-ion models.

Chaplot studied the crystal structure of YBa2Cu307
based on the rigid-ion model. He reported that, in the
equilibrium structure of YBa2Cu307, the atomic positions
of Ba and O(1) in fractional coordinates differ from exper-
imental values by 4 and 6%%uo, respectively. Wright and
Butler investigated the structures of the Y-Ba-Cu family
of oxides by means of an extended rigid-ion model. In
this model, a three-body potential to represent the O-
Cu—0 bond angle was introduced as an additional term.
They pointed out that the additional term plays an essen-
tial role to stabilize the structures of these materials, and,
also, that a dipole-dipole interaction is not adequate for
stabilizing the crystal structures.

In this paper, we propose a model of empirical intera-
tomic potentials for complex-structured materials and
calculate the lattice vibration of YBa2Cu307. This mod-
el, the distributed-multipole model (DMM), takes into ac-
count the multipole-multipole interaction to deal with
structural anisotropy. In the DMM, the interatomic po-
tential is given by interactions between multipole mo-
ments located at each atomic site. The higher-order mul-
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FIG. 1. A unit cell of the YBa2Cu307 crystal structure. The

atoms are labeled according to the notation of Ref. 12.
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tipole moments correspond to the distortion of the spher-
ical charge distribution at each atom. The aim of this pa-
per is to find out how accurately we can calculate the
structure of YBa2Cu307 by including such higher-order
multipoles. The DMM can be applied to various materi-
als from ionic to covalent materials, since anisotropic in-
teractions are involved in the interatomic potential.
Moreover, the relations between lattice vibration and
structural anisotropy can be discussed based on the cal-
culated results for lattice dynamics.

This paper is organized as follows: In the next section,
the interatomic potential based on the DMM and an es-
timation procedure for the potential parameters are de-
scribed. In Sec. III, we report the calculated equilibrium
structure of YBa2Cu307 and discuss the roles of the
higher-order multipole moments in structural stability.
In Sec. IV, the calculated results of the phonon-
dispersion relation and the neutron-weighted density of
states (DOS) are compared with experimental data. Fur-
thermore, in the calculation of the partial DOS's, we give
some discussions on the a-b anisotropy in the vibrations
of each oxygen atom. Finally, a short summary is given
in Sec. V.

II. INTERATOMIC POTENTIAL

The interaction between the point charges is regarded
as a leading term in interatomic interaction, since ionic

bonds play primary roles in the chemical bonds of
YBa2Cu3O7. The structural anisotropy of this material,
however, indicates that ionicity and covalency are coex-
istent. Higher-order moments given by a multipole ex-
pansion of the charge distribution are taken into account
in the DMM to describe structural anisotropy. The in-
teratomic potential based on this model is described by
the interactions between multipoles located at each atom-
ic site. The values of these multipole moments are deter-
mined through the equilibrium conditions for the crystal.

In the DMM, the interatomic potential between the
atoms s and s' can be divided into two terms by the fol-
lowing expression:

(ss')

P (ss')= 3 exp —8
R "+R" (2)

where r " ' is the distance between the sth and s'th atoms
and R" is the effective radius of the sth atom. The con-
stants A and B are 1822 eV and 12.364, respectively. As
the multipole moments are summed up to Lth order, P
is written in the following form

P(ss')=P (ss')+P (ss'),

where P is the short-range repulsive potential and P is
the multipole-multipole interaction. The term P is a
Born-Mayer-type potential:
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The symbol M,'[i~ corresponding to the lth-order mul-

tipole moment M;~". . . is defined by

M" = '(r)r '+' V —dr(
—1)' 1

i[1] (( P i [I]

where p'(r) is the charge distribution of the sth atom.
Since Eq. (5) satisfies the condition

=o (6)

the degree of freedom by the lth-order multipole moment
is 2l+1. The Ewald method is used for the lattice sums
of the multipole-multipole interaction. ' ' '

In this paper, multipoles up to the second order are
taken into account. The monopole (point charge), dipole
moment, and quadrupole moment are denoted by Z, P;,
and Q,", respectively. Then, the set of potential parame-
ters in this paper is composed of R ",Z", P,",and Q,~J'.

The charge neutrality condition of the unit cell is re-
quired as for Z".

Although the present DMM contains many potential
parameters, some of them are restricted in their degree of

freedom because of the space group symmetry. In the
case of YBa2Cu307, the following restrictions are im-
posed on P ' and Q 1". As for the dipole moments, only
P," (component along the c axis) can be located at the
atomic sites: Ba, Cu(2), O(1), O(2), and O(3), while any
dipole moments are forbidden at the other sites: Y, Cu(1),
and O(4). On the other hand, as for the quadrupole mo-
ments, three components Q„'„', Q", and Q,", can be locat-
ed at all atomic sites. Considering the strict restriction
on the dipole moments, we expect that the dipole mo-
ments contribute little to the interatomic interaction of
YBa2Cu307. Compared with the dipole moments, the
quadrupole moments have a relatively higher degree of
freedom. From the analysis on space group symmetry,
only the quadrupole moments are effective higher-order
moments to represent the structural anisotropy of
YBa2Cu 307.

A crystal structure is generally specified by structural
parameters, i.e., the lattice constants (a, b, c, a, P, and y)
and the fractional atomic coordinates. Structural param-
eters are divided into two groups according to whether
changes in their values change the space group symme-
try. The structural parameter maintaining the original
space group symmetry is denoted by g, hereafter. In the
case of YBa2Cu307, the parameters g are the lattice con-
stants a, b, and c and the fractional z coordinates of Ba,
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TABLE I. Potential parameters of YBa2Cu307 in the DMM.

z(s)
r" (A)
Q(S) (+ )

QIS) (A )
Q(S) (+ )

1.844
2.075

—0.009
—0.006

0.015

Ba

2.248
1.537

—0.025
0.016
0.014

—0.030

Cu(1)

1.197
1.122

—0.275
0.142
0.133

Cu(2)

1.245
1.376
0.023
0.091
0.097

—0.188

O(1)

1.556
—1.052

0.049
0.079
0.080

—0.159

O(2)

1.749
—1 ~ 380
—0.075
—0.122

0.059
0.063

O(3)

1.747
—1.390
—0.072

0.063
—0.128

0.065

O(4)

1.805
—1.379

0.069
—0.139

0.070

Cu(2), O(1), O(2), and O(3). Then, the equilibrium condi-
tion for the crystal is given by

=0,
pxpta a

(7)

where W„„, is the total potential energy and P"~'
represents an experimental value. ' A set of potential pa-
rameters satisfying Eq. (7) is obtained by means of the
nonlinear least-squares method. '

III. STRUCTURAL STABILITY

The potential parameters of YBa2Cu307 obtained by
the above-mentioned procedure are given in Table I.
And, based on these parameters, the calculated equilibri-
um structure of YBa2Cu307 is given in Table II. It is in
fairly good agreement with the experimental struc-
tures' ' and its deviations from these experimental
values are reduced to less than 1% for all structural pa-
rameters. The total potential energy per unit cell is
—124.9 eV and is divided into the following contribu-
tions: The repulsive energy coming from the Born-
Mayer-type potential is 17.6 eV. The remainder, —142.5
eV, originates from the multipole-multipole interaction,
and 97% of this interaction is caused by the monopole-
rnonopole interaction. The energies by the dipole-dipole,
quadrupole-quadrupole, monopole-dipole, and
monopole-quadrupole interactions are 0.03, —0.3, 0.2,
and —4. 3 (eV), respectively. The contributior, from the
dipole-quadrupole interaction is sufficiently small to be
negligible.

In the present DMM, the contribution from the
higher-order terms in the rnultipole-multipole interac-
tion, which is neglected in the rigid-ion model, is includ-
ed. The calculated equilibrium structure based on the

DMM gives good agreement with the experimentally ob-
served one, so that the higher-order terms play an impor-
tant role in the structural stability of YBa2Cu 307.
Among the higher-order terms, the quadrupole moments
contribute more largely than the dipole moments from
the reasons mentioned below. Since the local structures
around the Cu(1) and O(4) sites are anisotropic, a large
amount of the rnultipole moment is expected to exist for
the Cu(1) and O(4) sites. These atomic sites, however, are
prohibited by the constraint of space group symmetry to
have any dipole moments. Therefore, these anisotropic
structures around the Cu(1) and O(4) sites should be sta-
bilized by the quadrupole moments positioned at these
atomic sites. The characteristic Cu03 chain structure in
YBa2Cu307 implies the presence of large quadrupole mo-
ments. A few tests were carried out to further check the
contribution of the quadrupole moments, and the follow-
ing results were obtained: If the quadrupole moments are
completely neglected, it is difticult to stabilize the struc-
ture having the experimental structural parameters. In
contrast, even if the dipole moments are completely
neglected, almost the same results for Z" and Q " as
shown in Table I can be obtained, and the calculated
equilibrium structure satisfactorily agrees with the exper-
imental one. Wright and Butler indicated that the use of
a dipole-dipole interaction as an additional term cannot
stabilize the structure of YBa2Cu3O7, which is consistent
with the present numerical result. From the viewpoint of
energetic analysis, the contribution from the higher-order
terms to the multipole-multipole interaction energy is
only 3%, and most of the total potential energy arises
from the monopole-monopole interaction. It is reason-
able that the physical properties such as phonon frequen-
cies are almost determined by the value of Z", as will be
discussed in the next section. Nevertheless, the contribu-
tion from the higher-order terms is significant to provide
structural stability.

TABLE II. Calculated and experimental structures of YBa2Cu307.

Lattice constants (A)
a b C Ba

Fractional z coordinates
Cu(2) O(1) O(2) O(3)

Calculated
Observed'
Observedb
Observed'

'Reference 19.
"Reference 20.
'Reference 21 ~

3.820
3.820
3.819
3.810

3.880
3.885
3.883
3.883

11.700
11.683
11.669
11.674

0.185
0.184
0.184
0.185

0.356
0.355
0.355
0.357

0.157
0.158
0.158
0.158

0.379
0.378
0.379
0.377

0.379
0.377
0.377
0.380
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IV. LATTICE VIBRATION
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The calculated phonon-dispersion relation for
YBa2Cu307 along the directions [$00], [0/0], [g0], and
[00$] in the Brillouin zone are shown in Fig. 2. Since
the unit cell of YBa2Cu307 contains 13 constituent
atoms, 39 vibrational modes are obtained. The calculated
phonon frequencies have no imaginary value all over the
Brillouin zone, which means that the dynamical matrix is
positive definite for all q points. This result means that
the DMM is capable of calculating the lattice vibration
by using the potential parameters obtained from the stat-
ic condition.

The experimental dispersion relation obtained by an
inelastic-neutron-scattering measurement is also shown in
Fig. 2. Since a twinned crystal was used in the experi-
ment, the observed dispersion relations along the [$00]
and [0/0] directions cannot be distinguished between
each other. Although all vibrational modes have not
been detected experimentally, the calculated result is not
inconsistent with the observed one. The gradients of the
longitudinal acoustic modes at the I point are sound ve-
locities. The calculated longitudinal sound velocities are
5.25 X 10 cm/s along the [$00] direction and 4.08 X 10'
cm/s along the [00$] direction. The experimental values
for these velocities are 6.47 X 10 and 4. 52 X 10 cm/s, re-
spectively. In this paper, multipole moments induced by
the vibrations are not taken into account. It is known
that such induced multipole moments lower the frequen-
cy of the optic modes in the region of long wavelength.
There is a possibility that the calculated highest optic

mode near the I point decreases by the consideration of
the induced multipole moments and, consequently, agree-
ment with the experimental result will be improved. In
Ref. 22, the dispersion relations are obtained by connect-
ing the measured points with lines. As compared with
these experimental dispersion curves, the present calcu-
lated dispersion curves in the lower-energy region below
40 meV are rather Rat with a wave vector. Except for the
longitudinal acoustic modes, there is no obvious one-to-
one correspondence between the experimental and calcu-
lated curves. It, however, seems that the measured points
assigned to one experimental curve belong to several cal-
culated curves. In other words, the experimental disper-
sion curves transverse several calculated dispersion
curves specified by the same irreducible representation.
Since the present calculated result shows that most of the
39 vibrational modes are concentrated in the lower-
energy region below 40 meV, it is dificult to distinguish
branches having the same symmetry.

The calculated neutron-weighted DOS of YBa2Cu307
is shown in Fig. 3. This spectrum depends on the choice
of the neutron-scattering weight factor which is the total
scattering cross section divided by the mass. The values
of these factors for Y, Ba, Cu, and 0 are 0.0849, 0.0252,
0.1178, and 0.2647 (b/amu), respectively. ' We have
calculated the phonon spectrum with 125 q points in the
irreducible Brillouin zone and broadened each vibrational
level with Gaussian functions of the full width at half
maximum of 3.3 meV. As shown in Fig. 3, the calculated
phonon spectrum is in good agreement with the experi-
mental spectrum by Renker et al. for the bandwidth and
all peak positions except for the calculated peak position
at 65 meV. Recently, Arai et al. measured the phonon
DOS of YBa2Cu307 in detail. The present calculated
phonon spectrum also agrees with that experimental
spectrum, but does not have a peak corresponding to the
measured peak at 87 meV in Ref. 25. The origins of the
calculated peaks will be discussed later.

As presented in Table I, the fitted potential parametersZ" show considerably smaller absolute values than the
closed-shell ions (Z' '=3, Z' ' =2, Z' "'=2, and
Z' '= —2). The lattice dynamics was calculated using
nearly closed-shell values (Z( '=2.4, Z' '=2.05,
Z(cu) —

1 9 Z[o()),o(4)]— 1 8 and Z[o(2),o(3)]— 1 7)

CO

CD

(D

O

V)

Q)

reduced wave vector coordinate

FICx. 2. The calculated dispersion curves of YBa2Cu307
along four symmetry directions in the Brillouin zone using the
DMM. Closed circles indicate experimental data by means of
inelastic neutron scattering by Reichardt et al. {Ref. 22). See
text for details.
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energy (rneV)

FIG. 3. The calculated neutron-weighted density of states of
YBa,Cu3O& {solid line), together with the experimental phonon
spectrum {dashed line) obtained from inelastic neutron scatter-
ing by Renker et al. {Ref.2).
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FICx. 4. The calculated partial density of states of YBa2Cu307
(a) for the individual elements and (b) for the individual oxygen
atoms.

to examine the contribution of Z" to the phonon spec-
trum. As a result, the calculated spectrum disagreed
with the experimental neutron-weighted spectrum. The
calculated bandwidth increased by nearly 20%%uo as com-
pared with that of the spectra shown in Fig. 3. Further-
more, some of the calculated vibrational modes had
imaginary frequencies, which indicates that the dynami-
cal matrix in this case does not always become positive
definite in the whole Brillouin zone. These results can be
explained by the following reasons: A small increase in
the absolute values of Z" causes a considerable increase
in the phonon frequencies, since most of the total poten-
tial energy is given by the monopole-monopole interac-
tion. In the DMM, the higher-order multipole moments
have an effect on the structural stability. This effect of
the higher-order multipoles decreases and the crystal
structure becomes unstable when the absolute values ofZ" are too large. It is, therefore, reasonable that the po-
tential parameters Z" should have smaller absolute
values than the closed-shell ions. This result supports the
fact that YBazCu307 is an ionicity and covalency coexist-
ing system. Although the values of the obtained potential
parameters do not correspond to the actual physical
quantity in the present estimation procedure, the poten-
tial parameters given in Table I are adequately rejected
by the physical situation in this system.

The partial DOS's are discussed below for a detailed
analysis on the neutron-weighted spectrum. The calcu-
lated results of the partial DOS's for the individual ele-
ments are presented in Fig. 4(a). It has been found that
only the oxygen atoms vibrate in the higher-energy re-
gion above 40 meV. This fact is caused by the lightest
mass of the oxygen atom among the four constituent ele-

ments. The neutron-weighted spectrum in the higher-
energy region mostly originates from the vibrations of the
oxygen atoms, so that the feature of the spectrum in this
energy region is sensitive to local structural changes at
the oxygen atom site as a defect. The structural a-b an-
isotropy in YBa2Cu307 is caused by the oxygen atoms.
In Fig. 2, the a-b anisotropy in the lattice vibration con-
sequently appears in the higher-energy region. Unfor-
tunately, this a-b anisotropy expected in the dispersion
relation of YBa2Cu307 has not been observed because of
the use of a twinned crystal in the measurement. In the
lower-energy region, the neutron-weighted spectrum is
affected by vibrations of the copper atoms in addition to
the oxygen atoms. In Fig. 3, the calculated large peaks at
18 and 23 meV mainly come from vibrations of the oxy-
gen and copper atoms. A shoulder structure at about 14
meV seen in Fig. 3 is caused by the barium atoms. This
contribution forms not a peak but a shoulder because the
neutron-scattering weight factor for the barium atom is
small. From the same reason, a contribution from the yt-
trium atoms is also small.

The calculated results of the partial DOS's for the indi-
vidual oxygen atoms are shown in Fig. 4(b). The charac-
teristics of lattice dynamics in YBa2Cu307 are specified
by vibrations of the oxygen atoms. The vibrational
modes of the individual oxygen atoms are discussed in re-
lation to the a-b anisotropy in the following paragraphs.

First, the partial DOS of O(1) has a large peak centered
at about 32 meV. The vibrational modes of the O(1)
atoms along the a and b directions are equivalent in
YBa2Cu306 because of the tetragonal symmetry in its
unit cell. The vibrational modes of the O(1) atoms in
YBa2Cu307, however, show a relatively large a-b anisot-
ropy because of the presence of the O(4) atoms. In the
present calculation, the vibrations of the O(1) atoms
along the a direction contribute to a large peak at about
30 meV but have no significant contribution in the
higher-energy region above 50 meV. On the other hand,
the vibrations of the O(1) atoms along the b direction
have frequencies of the energy widely ranged from 20 to
70 meV. In the energy region around 50 meV, it has been
found that almost only the O(1) atoms are vibrating along
the b direction in the CuO3 chain. Such vibrations of the
O(1) atoms are expected to disappear in YBazCu306,
since this vibration is attributed to the structural a-b an-
isotropy. It has been experimentally reported that the
phonon spectrum intensity of YBa2Cu307 & in the
intermediate-energy region decreases remarkably with
varying 5 from 0 to 1. It seems that this change in the
spectrum is related to the above-mentioned vibration of
the O(l) atoms.

Next, let us discuss the vibrations of oxygen atoms in
the Cu02 plane. From Fig. 4(b), the partial DOS's of
O(2) and O(3) mainly determine the neutron-weighted
spectrum bandwidth. The force constants in this plane
are relatively large, since the potential function in the a-b
plane is rather rapidly changing spatially. Therefore, the
vibrations of the O(2) and O(3) atoms in the a bplane-
have high frequencies and contribute mainly to the
higher-energy region above 60 meV in the neutron-
weighted spectrum. The partial DOS of O(2) is very close
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to that of O(3) except for the energy region from 20 to 40
meV. In this energy region, the partial DOS of O(1) has
the large peak structure. The difference between the
spectra of O(2) and O(3) can be attributed to the a ba-n-
isotropy through the vibrations of the O(l) atoms, since
the vibrations of the O(1) atoms strongly affected by the
structural a -b anisotropy.

Lastly, the partial DOS of O(4) is mainly constructed
with two large peaks centered at 26 and at 65 meV, and
there is a '.arge dip structure at about 50 meV. This spec-
trurn of O(4) is explained by the anisotropic local poten-
tial around the O(4) site. The force constant of O(4)
along the a direction is rather small, since the local po-
tential around the O(4) site gradually changes along this
direction. Therefore, the vibrations of the O(4) atoms
along the a direction have low frequencies. On the other
hand, there is the chain structure —O(4)—Cu(1)—
O(4)—Cu(1)—along the b direction. Since the potential
along this chain direction rapidly changes spatially, the
vibrational modes along the b direction have high fre-
quencies. These vibrational modes correspond to the
bond-stretching modes. Thus, the lower-energy part and
the higher-energy part in the partial DOS of O(4) mainly
come from the bond-bending modes and the bond-
stretching modes, respectively.

V. CONCLUSIONS

In the present paper, we have proposed the DMM as a
reasonable mode1 of empirical interatomic potentials for
complex-structured materials such as the high-T, super-
conductor YBa2Cu3O7. The DMM is characterized by its
anisotropic potentia1 function given by the multipole-
multipole interaction. In the present calculation for
YBa2Cu307, the dipole and quadrupole moments have
been taken into account as higher-order multipole mo-
ments. The calculated equilibrium structure is in fairly
good agreement with the experimental one. This result
indicates that the DMM is capable of dealing with the
structural anisotropy of YBa2Cu307. The quadrupole
moments are important for the structural stability of this
material. Owing to these moments, the O(4) atoms are
prevented from moving toward the a direction and the—O(4)—Cu(1)—O(4)—Cu(1)—chain structure becomes
stable. The dipole moments, in contrast to the quadru-

pole moments, contribute little to the interatomic interac-
tion in YBa~Cu, O7. This difference between the dipole
and quadrupole moments is attributed to the restriction
from space group symmetry. From the present calculat-
ed results, it has been concluded that the multipole-
multipole interaction plays an important role in the in-
teratomic interactions in anisotropic materials. In the
DMM, no additional term is needed in order to stabilize
anisotropic structures. It is possible that the DMM is ap-
plicable to various complex-structured materials.

The lattice dynamics of YBa2Cu307 have been calcu-
lated by using the DMM. From the calculated results of
the phonon-dispersion relation, it has been found that the
dynamical matrix becomes positive definite for all q
points in the Brillouin zone. The potential parameters
obtained from the equilibrium condition are applicable to
the calculation of lattice dynamics. The calculated
neutron-weighted DOS gives good agreement with the
experimental one for both the bandwidth and the peak
positions. From the calculated partial DOS's, it has been
found that the vibrations of the oxygen atoms show a re-
markable a-b anisotropy. Under the inhuence of the
multipole moments positioned at the O(4) sites, the vibra-
tions of the O(1) atoms along the a direction are restrict-
ed to have high energy above 50 meV. In the energy re-
gion around 50 meV, almost only the O(1) atoms are vi-
brating along the b direction in the Cu03 chain. In the
partial DOS's of the oxygen atoms in the CuOz plane, the
a-b anisotropy particularly appears in the intermediate-
energy region. The partial DOS of the O(4) atoms splits
into two peaks. These peaks in the lower-energy region
and in the higher-energy region are caused by the vibra-
tions along the a and b directions, respectively. If the
phonons contribute to the mechanism of high-T, super-
conductivity, such a-b anisotropy in the lattice vibration
may have some effects on this mechanism. It is required
to measure more branches in the phonon-dispersion rela-
tion by using single crystals, together with theoretical ap-
proaches.
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