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Raman-scattering spectra of (Eu2&3Ce&&3)2(Ba2&3Eu&&3)&Cu309 and (Er~&3Ce& &3)2(Ba2&3Lal &3)2Cu309,
both of which have Cu-05 pyramid structure, as well as YBa2Cu307, have been observed at room tem-
perature with use of single crystals. A scattering peak with B&g symmetry has been observed at around
180 cm ' and peaks with A&~ symmetry at around 220, 290, 450, and 540 cm ', in both compounds.
The 180-cm peak with B,g symmetry is assigned to the out-of-phase bending of oxygen in the Cu-02
plane and the 540-cm ' peak with A, g symmetry to the stretching of apical oxygen. Phonon-energy cal-
culation has been performed with use of ionic potentials obtained for YBa~Cu307. To explain the ob-
served B&~ phonon energies, it has been found that the polarizability of the oxygen in the Cu-02 plane in
these compounds must be increased in relation to that in YBa~Cu30, . The 220- and 290-cm peaks are
tentatively assigned to the mixed vibrational modes of oxygens in the Cu-02 plane and lanthanide atoms.

I. INTRODUCTION

Since the discovery of superconductivity in
La2 „Ba Cu04 by Bednorz and Muller, ' many other cu-
prate superconductors have been found. According to
the oxygen coordination around Cu atom, they can be
classified into three groups: the first group which includes
compounds with Cu-06 octahedron structure
(Laz Sr„CuO~, BizSrzCuO, TlzBazCuO etc.); a
second group of compounds with Cu-05 pyramid struc-
ture [YBazCu307, BizSrzCa„,Cu„04+z„(n =2, 3 ),
Tl BzaCz„a&C „uO& +„z(n =2, 3), etc.j; and a third group
of compounds with Cu-04 plane structure
(Prz „Ce Cu04, etc.). The structures and the supercon-
ducting transition temperatures (T, 's) of cuprate super-
conductors are summarized in Ref. 2. T, depends criti-
cally on the Cu-0 complexes, and compounds with the
Cu-0~ pyramid have the highest T, 's.

Much attention has been focused on the elementary ex-
citations associated with the Cu-0 complexes because
they are assumed to play a major role in the supercon-
ductivity. Various theoretical models have been pro-
posed for the attractive electron-electron interaction
causing Cooper-pair formation, among which is the con-
ventional BCS phonon-mediated mechanism. ' It has
been pointed out that superconductivity up to 90 K is at-
tainable by a phonon mechanism due to strong electron-
phonon coupling in the cuprate superconductors.

Raman spectra of cuprate superconductors have been
investigated intensively to clarify the role of phonons in
the superconductivity. In YBa2Cu3O, several phonon
modes associated with the Cu-0& pyramid have been
identified, and some of them have been found to change
their energies around T, .

Recently, Sawa et al. found another superconductor
family (Lz&3Ce, &3)z(Baz&3L,&3)zCu309 (L =Nd, Sm, or

Eu), which has the Cu-05 pyramid structure as well as
YBa2Cu307. The superconducting transition tempera-
ture T, is around 30 K, which is much lower than that
of YBazCu307 (92 K).

Figure 1 shows primitive unit cells of
(Euz&3Ce, &3)z(Baz&3Eu, &3)zCu309 (hereafter we abbrevi-
ate as Eu 2:2:3) and YBazCu307 (Y 1:2:3). Both of them
contain two Cu-05 pyramids. They are very similar to
each other except for the following points. (i) In Eu 2:2:3
there are two Eu (Ce) layers and an oxygen layer between
them while only one Y layer in Y 1:2:3. (ii) In the Cu(1)-
0 plane of Eu 2:2:3, oxygen atoms populate randomly
with occupancy of 0.5, while in the Cu(l)-0 plane of Y
1:2:3,oxygen atoms align along the a axis. In addition,
there is a difference in the stacking of the primitive cell
along the c direction. In Eu 2:2:3 the primitive cells are
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FIG. Crystal structure of
(Eu2&3Ce& &3)2(Ba2&3Eu~ &3)2Cu309 and (b) YBa2Cu307.
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stacked with the displacement (0.5,0.5) in the a-b plane,
while there is no such displacement in Y 1:2:3.

In the 2:2:3-type compounds, there are two different
sites of lanthanide ions. Wada et al. synthesized
(Gd2/3Ce, /3)2(Baz/3La, /3)2Cu309 and found that a Gd
ion with a small radius occupies an A

&
site together with

a Ce ion and a La ion with a large radius occupies an A z
site together with a Ba ion.

In the present study, we measured polarized Raman
spectra of superconducting and semiconducting Eu 2:2:3
and semiconducting (Erz/3Ce, /3)2(Baz/3La, /3)zCu309
(Er-La 2:2:3) using single crystals at room temperature.
We obtained scattering peaks due to phonons associated
with the Cu-0& pyramid. A preliminary phonon-energy
calculation was performed based on the shell model and
the phonon-mode assignments were given. The difference
of the phonons between these compounds and Y 1:2:3
was discussed.
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FIG. 2. Zero-field-cooled SQUID magnetometry data taken
in a 10 Oe field of a typical single crystal of
(Eu2/3Ce&/3)2(Ba2/, Eu&/3)2Cu309 used in this study.

II. EXPERIMENT

Single crystals of Eu 2:2:3 and Er-La 2:2:3 were grown
with a small excess of copper oxide serving as the Aux.
Powders of Eu203, Er203, La~03, Ce02, BaCO3, and CuO
with purity of 99.99% were mixed with a cation ratio of

[Eu]:[Ce]:[Ba]:[Cu]=2:0.67:1.33:3.5

([Er]:[Ce]:[Ba]:[La]:[Cu]= l. 33:0.67:1.33:0.67:3.5) .

They were placed in platinum crucibles and were heated
to 1400 C in air, held for 10 h, and then cooled down to
1100 C. After that, they were cooled gradually to 800'C
at a rate of 2 C/h and then furnace cooled to room tem-
perature. The dimensions of the obtained single crystals
were about 1 X 1 X0. 1 mm . They were annealed at
500'C in 400 atmospheric oxygen pressure for 5 h to ob-
tain superconducting samples.

With a single-crystal x-ray diffractometer, we found
the crystals to be oriented with the c axis perpendicular
to the large surface of the platelet. The lattice parame-
ters of Eu 2:2:3 were a =b =3.855 A and c =28. 56 A,

0
and those of Er-La 2:2:3 were a =b =3.870 A and

0
c =28.55 A. Figure 2 shows the temperature dependence
of the magnetic susceptibility of Eu 2:2:3 measured with
a superconducting quantum interference device (SQUID)
magnetometer. The measurement was performed by
cooling the sample down to 4 K, applying a magnetic
field of 10 Oe, and increasing the temperature. The su-
perconducting transition temperature of our sample was
about 30 K, which was nearly the same as that of sintered
materials. On the other hand, Er-La 2:2:3 samples do
not show superconductivity even after high-pressure oxy-
gen treatment. Semiconducting Eu 2:2:3 samples were
obtained by annealing the superconducting samples at
600 C in a N2 environment for 2 days.

Rarnan spectra were observed at room temperature in
the backscattering configuration using 5145-A light from
an Ar laser. The incident beam was focused on the sam-
ple surface with a diameter of about 0.1 mm. The laser
power was maintained below 50 mW to avoid damaging
the samples. The scattered light was detected with a dou-

ble monochromator Jobin Yvon U-1000 and a photon-
counting detection system with a photomultiplier
Hamamatsu R-943. Spectral resolution was 3 cm

III. SYMMETRY ANALYSIS
OF THE VIBRATIONAL MODES

TABLE I. Configuration of modes associated with
displacements of atoms at specific sites in
( Eu2/3Ce l /3 )2( Ba~/3Eu ) //3 )2Cu30 ]0

Atoms Mode classification

Cu(1)
Cu(2)
Eu
Ba
O(1)
O(2)
O(3)
o(4)

A,u+E„
A,g+ Eg + A 2u +Eu

B2u+ A2u+2E„

lg+Blg+2Eg + A2u+B2u+2Eu
A2u +B2u +2Eu

The 2:2:3-type compounds have a body-centered
tetragonal structure with space group I4/mmm. We
have carried out a symmetry analysis of the vibrational
modes of the 2:2:3-type compounds based on the struc-
ture model shown in Fig. 1. The primitive cell contains
17 atoms [or 16 atoms considering the occupancy of 0.5
in the O(1) sites]. Optical phonons at the I point are
composed of

&g ig g+ 2u+7A2 +10E

where A, , B, , and E modes are Raman active, and
A2„and E„modes are ir active, while B2„modes are
inactive. The symmetries of the modes associated with
the motion of particular atoms are given in Table I.

In Fig. 3 are shown schematically the displacements of
atoms in the A

&
and B

&
modes. The A

&
and B

&

modes are composed of the displacements of Eu (Ce),
Cu(2), Ba (Eu), O(2), and O(3) atoms along the c axis.
Among the A, and B, modes, oxygen vibration modes
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the a-b plane of a semiconducting Eu 2:2:3 sample for
(X',X') and (X', Y') geometries. Peaks are seen at 180,
440, and 550 cm ' in the (X', Y') geometry and at 440
and 550 cm ' in the (X',X') geometry. The 180-cm
peak rarely shifts in the semiconducting sample in com-
parison with the superconducting one. On the other
hand, the 560-cm ' peak shifts to the lower-energy side
by 10 cm '. The 440-cm ' peak is supposed to be due to
defects as well as the 550-cm ' peak.

Figures 6(a) and 6(b) show the polarized Raman spec-
tra taken on the a-c plane of a superconducting and semi-
conducting Eu 2:2:3 sample, respectively, for the (Z, Z)
and (X,Z) geometries. In Fig. 6(a) prominent peaks are
seen in the (Z, Z) geometry at 445 and 543 cm ' and
weak structures at around 217 and 290 cm '. These
peaks are not seen in the (X,Z ) geometry, exhibiting A, g
symmetry. No peak is seen in the (X,Z) geometry where
E -mode phonons are Raman allowed.

In the Raman spectra of Y 1:2:3,prominent peaks with
symmetry are seen at 500 and 440 cm ', where the

former is assigned as the vibration of O(2) along the c axis
and the latter the in-phase vibrations of O(3) and O(4)
along the c axis. The 543-cm ' peak in Eu 2:2:3 can be
assigned to the vibration of O(2) along the c axis. On the
other hand, it is uncertain that the 445-cm peak is due
to in-phase vibration of O(3) along the c axis since it is
unlikely that the energy of the out-of-phase vibration of

O(3) of Eu 2:2:3 (180 cm '; see Fig. 4) is considerably
lower than that of Y 1:2:3,while the in-phase vibration of
O(3) is kept to nearly the same energy. We will disucss
this point in detail in Sec. V.

In Fig. 6(b) prominent peaks are seen for the (Z, Z)
geometry at 452 and 543 cm ' and weak structures at
215 and 280 cm '. These peak energies are nearly the
same as those observed in the superconducting sample.
In the case of Y 1:2:3, the 500-cm ' peak shifts to the
lower-energy side by 25 cm ' as the oxygen composition
decreases from 7 to 6. Such an energy shift of the
stretching mode of O(2) has not been observed in Eu
2:2:3. On the other hand, in the spectrum of the sem-
iconductng sample, a shoulder is seen on the higher-
energy side of the 543-cm ' peak. In the semiconducting
sample, the occupancy of the oxygen in the Cu(1)-0 plane
decreases, which may enhance disorder scattering. The
shoulder may be caused by the stretching vibrations of
O(2) with k&0, which become allowed as a result of dis-

orderr.

Figures 7(a) and 7(b) show the polarized Raman spec-
tra taken on the a-b and a-c planes, respectively, of semi-
conducting Er-La 2:2:3. In Fig. 7(a) a peak is seen at 170
cm ' for the (X', Y') geometry and not for the (X',X')
geometry exhibiting B

&
symmetry. A defect-induced

peak is seen at 560 cm ' both in the (X', Y') and (X',X')
geometries. These features are similar to those in super-
conducting and/or semiconducting Eu 2:2:3 (Figs. 4
and 5).
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FIG. 6. Raman spectra taken on the a-c plane of (a)
a superconducting and (b) a semiconducting
(Eu2/3Ce&/3)2(Ba2/3Eu&/3)2Cu30 crystal for (Z, Z) and (Z,X)
geometries.

FIG. 7. Raman spectra taken on the (a) a-b plane and (b) a-c
plane of a semiconducting ( Er2&3Ce & /3) 2(Baq/3La I /3 )2Cu309
crystal.
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In Fig. 7(b) prominent peaks are seen at 447 and 534
cm ' and weak structures at 210 and 277 cm ' for the
(Z, Z) geometry. These peaks are not seen for the (X,Z)
geometry. These features are similar to those of super-
conducting and/or semiconducting Eu 2:2:3 (Figs. 5
and 6).

V. DISCUSSIQN

In the previous section, we showed scattering spectra
of Eu 2:2:3 and Er-La 2:2:3. We have found that the
B

&
-symmetry peak energies of these compounds are con-

siderably lower than that of Y 1:2:3, while the
symmetry peak energies are nearly the same.

Phonon-mode assignments of Y 1:2:3 have been per-
formed on the basis of phonon-energy calculations using
force constants' or interaction potentials. " Between
them, the method using interaction potentials has a prior-
ity that the potentials depend only on the ionic species
and not on the spatial arrangements of ions in the crystal.
We performed phonon-energy calculations of Eu 2:2:3 us-
ing the pair potential method with potentials obtained for
Y 1:2:3in order to identify the Raman peaks and also to
clarify the origin of the difference of the B

&
-mode pho-

non energy between Y 1:2:3 and the 2:2:3-type corn-
pounds.

We assumed a short-range Born-Mayer-type potential
and a long-range Coulomb potential. The Born-Mayer
potentials are represented as

V; (r) =a,"exp( b, r), — .

where i,j label the ions and r is their distance. The defor-
mation of the electronic charge density induced by the
displacement of the ions was treated in the framework of
a shell model. Electronic displacement is represented us-
ing shell charge Y, and on-site core-shell force constant
k;. We used the values of a, , b, , k, , and Y,. obtained by
Kress et al." for Y 1:2:3. These values are summarized
in Table II. We applied the values for Y and Ba sites in
Y 1:2:3to that for Eu and Ba sites in Eu 2:2:3,respective-
ly. The ionic charge of oxygen atoms is fixed to —1.8 as

in Ref. 11, while charges at Eu and Ba sites are changed
(increased) from those at Y and Ba sites in Y 1:2:3to con-
serve the charge neutrality.

As the crystal structure, we choose that of
(Smp/3Ce]/3)2(Ba2/3Sm]/3)2CU30 determined by Wada
et al. In order to take into account the fact that the oc-
cupancy of the O(1) site is 0.5, we assumed an ortho-
rhombic structure where oxygen atoms are aligned along
the a direction. By this assumption, no significant change
of phonon energies occurs except those associated with
Cu(1) and O(1).

The calculated 3
&

- and B, -mode phonon energies
are shown in Fig. 3. The calculated value of 557 cm
for the stretching vibration of O(2) along the c axis agrees
well with the observed value of 543 cm ' (Fig. 6) (or 534
cm ' of Er-La 2:2:3,Fig. 7). The observed energy of this
mode is about 40 cm ' higher than the corresponding
one of Y 1:2:3. This is mainly caused bp the fact that the
Cu(1)-O(2) distance in Eu 2:2:3, 1.761 A, is considerably
shorter than that in Y 1:2:3, 1.846 A. ' Sawa et aI. mea-
sured x-ray-diffraction spectra of Eu 2:2:3 and deter-
mined the atomic positions. According to them, the
Cu(1)-O(2) distance is 1.878 A, which is longer than that
in Y 1:2:3. However, their results cannot explain the
shift of the O(2) vibration of Eu 2:2:3 to the higher-
energy side in comparison with that of Y 1:2:3.

The calculated energies of the in- and out-of-phase vi-
brations of O(3) are 353 and 319 cm ', respectively.
These calculated values are considerably different from
the experimental value 180 cm ' (or 170 cm ' of Er-La
2:2:3). The energies of these two phonon modes are
determined mainly by the Born-Mayer interaction of O(3)
with Eu and Ba, Coulomb interaction of O(3) with Cu(2),
and the dynamical screening on the O(3) atoms. Howev-
er, it is not likely that parameter values for Born-Mayer
or Coulomb interaction differ drastically between Y 1:2:3
and Eu 2:2:3 taking into account the static stability of the
structure. Thus the lower energy of the B& -mode pho-
non energy of Eu 2:2:3 compared with that of Y 1:2:3
cannot be explained merely by the change of the atomic
configurations.

To explain the observed value 180 cm ' of the out-of-

TABLE II. Parameters used in the phonon-energy calculation of (Eu2&3Ce&&3)z(Ba2&3Eu&&3)2Cu30„.
a and b, Born-Mayer constants; Z, Y, and k, ionic charge, shell charge, and on-site core-shell force con-
stant of the ion (U, : volume of the primitive cell). Anisotropic polarizability is assumed for 0(1) and
0(2) with force constants k(~~) (parallel to the Cu-0 direction) and k(l) (perpendicular to the Cu-0
direction).

Eu-0
Ba-0
Cu(1)-0
Cu(2)-0
0-0

a (eV)

3010
3225
1260
1260
1000

b (A ')

2.90
2.90
3.4S
3.29
3.00

Eu
Ba
CU(1)
Cu(2)
0(1)

0(2)

0(3)
0(4)

Z/e

3.10
2.00
2.00
2.00

—1.80

—1.80

—1.81
—1.81

Y/e

—1.42
2.32
3.22
3.22

—2.70

—2.70

—2.70
—2.70

k (unit of e /U, )

1074
203

1232
1232
310( ii )

2060(1)
310(

ff )

2060( J )

310
310
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phase bending of 0(3), we must decrease the core-shell
force constant k on the 0(3) atom. Kress et al."pointed
out that the polarizability of oxygen in a Cu—0 bond is
very sensitive to the surrounding atomic configurations.
They found that, in Y 1:2:3,the value of k of the 0(l) and
0(4) atoms is 1675 (in units of e /v, e and v are electronic
charge and unit-cell volume, respectively) for the dis-
placement along the direction normal to the Cu—0
bond, while that of the 0(3) and 0(4) atoms must be re-
duced to 252 to explain the observed phonon energies. In
Eu 2:2:3 a plane composed of oxygen atoms is
sandwiched between two Cu-02 planes, being diA'erent

from the case in Y 1:2:3(see Fig. 1), which may affect the
polarizability of oxygen in the Cu-02 plane. The decrease
of the B& -mode phonon energy in Eu 2:2:3 is supposed
to be caused by the enhancement of the dynamical
screening in the direction normal to the Cu-02 plane.

By decreasing force constant k for the 0(3) atom from
310 to 190, the B& phonon energy decreases to 230
cm '. Decreasing the k value further makes the vibra-
tion of Cu(2) atom unstable. The 2& and 8&g phonon
energies obtained using k=190 for the core-shell force
constant of 0(3) are also shown in Fig. 3. The two A, -

mode energies where 0(3) and Eu (Ce) atoms displace in
the same and opposite directions become 230 and 290
cm ', respectively. In Eu 2:2:3 weak peaks with
symmetry are observed at 217 and 290 cm ' [Fig. 6(a)]
and, in Er-La 2:2:3,at 210 and 277 cm ' [Fig. 7(b)]. We
tentatively assign these peaks to the vibration of 0(3) and
Eu (Er) atoms along the c axis in the same and opposite
directions from the comparison with the calculated pho-
non energies.

It should be pointed out that the T, of Eu 2:2:3 is
around 30 K, which is considerably lower than that of Y
1:2:3 (92 K), and Er-La 2:2:3 does not even show super-
conductivity. The mechanism of superconductivity in cu-
prate superconductors is still an open question. Howev-
er, it has been pointed out that the weak screening of
Coulomb interaction for the displacement of ions along
the c direction in the cuprate superconductors causes
strong electron-phonon couplings, which has a possibility
to bring about a high T, . It may be realized that the
larger dynamical screening on the oxygen in the Cu-02
plane causes lower T, of Eu 2:2:3 in comparison with
that of Y 1:2:3 and/or destory superconductivity in Er-
La 2:2:3.

Our calculation, however, cannot explain the 445-
cm ' peak in Eu 2:2:3 (447-cm ' peak in Er-La 2:2:3).
The origin of this peak is not clear. The possibility that
this peak is due to the in-phase bending of 0(3) atoms as
well as the 440-cm ' peak in Y 1:2:3cannot be denied,
though it does not agree with our preliminary calcula-

tion. Because of mixing with the vibration of lanthanide
atoms, the energy of the in-phase bending of the 0(3)
atoms may be kept nearly equal to that of Y 1:2:3in spite
of the considerable decrease of the energy of the out-of-
phase bending. Another possibility is disorder-induced
origin as, e.g. , the 560-cm peak (Fig. 4). Since, in the
2:2:3-type compounds, long-range order is not formed in
the Cu(1)-0 plane, oxygen atoms populate randomly with
an occupancy of 0.5, which may cause scattering due to
phonons with Raman-forbidden symmetry or zone-edge
phonons to become Raman allowed.

Disorder-induced peaks are observed at 560 cm ' both
in Eu 2:2:3 (Fig. 4) and in Er-La 2:2:3 (Fig. 6). In the
spectra of Y 1:2:3,disorder-induced peak is observed at
around 580 cm and is ascribed to the stretching-mode
vibration of oxygen in the Cu(1)-0 chain. ' The 560-
cm ' peak of Eu 2:2:3 (Er-La 2:2:3) may be ascribed to
the stretching vibration of oxygen in the Cu(1)-0 plane.
The intensity of the 560-cm peak in Eu 2:2:3 is nearly
equal to that of the Raman-allowed 180-cm ' peak,
though the density of defects is expected to be low in our
sample with good superconducting property (see Fig. 2).
The random population of oxygen in the 0(1) sites is sup-
posed to cause the Cu(1)—0 stretching mode to become
Raman allowed.

VI. SUMMARY

Raman-scattering spectra of Eu 2:2:3 and Er-La 2:2:3
were measured at room temperature. The B, -mode pho-1g
non (out-of-phase bending of oxygen in the Cu-Oz plane)
energies were found to be around 180 cm ' in both com-
pounds, which was considerably lower than that of Y
1:2:3~ A phonon-energy calculation was performed using
the shell model. To explain the lower phonon energy of
the B, mode, the dynamical screening on the oxygen
atoms in the Cu-02 plane must be enlarged in the 2:2:3-
type compounds in comparison with in Y 1:2:3.
symmetry peaks were observed at around 220, 290, 450,
and 540 cm '. The 220- and 290-crn ' peaks were as-
signed as the mixed modes of oxygen in the Cu-02 plane
and lanthanide atom and the 540-cm ' peak as the
stretching vibration of apical oxygen. It was also found
that Raman-forbidden peaks had comparable intensity as
Raman-allowed ones probably as a result of disorder in
the Cu(l)-0 plane.
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