
PHYSICAL REVIEW B VOLUME 36, NUMBER 1 1 JULY 1987

Cu-0 vibrations of Ba2YCu30

Michael Stavola, D. M. Krol, W. Weber, * S. A. Sunshine, A. Jayaraman,
G. A. Kourouklis, ~ R. J. Cava, and E. A. Rietrnan
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(Received 11 May 1987)

We present Raman and infrared absorption data for Ba2YCu30„with 7 &x &6 for several
samples with well-characterized oxygen content. Over this range the material has an oxygen-
deficient tripled perovskite structure whose superconductivity properties depend critically on x.
An orthorhombic-to-tetragonal transition occurs for x =6.5. We have examined both phases for
the frequency range m & 400 cm ' which contains the Cu-0 bond-stretching vibrations. A
force-constant model has been developed which allows us to assign the features in the spectra.
Our results are consistent with the linear Cu-0-Cu-0 chains in Ba2YCu30q being absent in the
nonsuperconducting Ba2YCu306.
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FIG. l. A unit cell of Ba2YCu307 that is convenient for the
discussion of the Cu-0 vibrational modes.

In recent months several groups have reported a super-
conductivity transition temperature, T„above 90 K for
several oxides ' of which the prime example is
Ba2YCu307. The properties of these materials depend
critically on their oxygen content.

The structure of Ba2YCu307, a previously unknown
oxygen-deficient perovskite, is orthorhombic with a tripled
c axis. ' A unit cell is shown in Fig. 1. There are two
square planar Cu(2)-O(2, 3) layers that give rise to two-
dimensional networks. In the center there is a linear chain
of Cu(1)-O(4)-Cu(1)-O(4) along the x axis and O(1)
atoms along the z axis that bridge the Cu(1) and Cu(2)
layers. The tripled perovskite structure has been studied
for Ba2YCu30„as a function of x and has been found to
be stable for 7 & x & 6. An orthorhombic-to-tetragonal
transition occurs for x = 6.5 where both phases coexist at
room temperature. The tetragonal phase is semiconduct-
ing.

Here we present the results of Raman and infrared (ir)
studies of Ba2YCu30„ for several samples with well-
characterized oxygen content. We discuss the range
co & 400 cm ' where the vibrational features are due to
Cu-0 bond stretching. Assignments are proposed for the
spectra in this frequency range. A physically reasonable
force-constant model is developed to support the assign-
ments and predict the phonon density of states.

For our experiments, pellets of Ba2YCu30„were made
by conventional ceramic methods. Samples with x = 7
were prepared by annealing for 16 h at 700 C in oxygen
and cooling slowly to room temperature in oxygen.
Several samples with x & 7 were prepared by annealing
further in argon. The oxygen content was determined by
heating a portion of a sample in hydrogen to —1000 C
and measuring the weight loss on reduction to Cu metal
and Ba-Y oxides, i.e., by a conventional thermogravi-
metric analysis. The unit-cell parameters were deter-
mined from x-ray powder diAraction data. In agreement
with previous work, our samples with x =6.47 clearly
contained both orthorhombic and tetragonal phases as
determined from the x-ray powder pattern at room tem-
perature. Our samples with x & 6.47 were orthorhombic
and samples with x (6.47 were tetragonal.

Raman spectra were recorded at room temperature
with a resolution of 5 cm and with the laser power in-
cident on the sample always less than 100 mW. Laser
wavelengths of 5145 and 4880 A gave similar Raman
spectra. For infrared absorption measurements the pellets
were reground, mixed with ethanol, and dried on the sur-
face of a polished Si substrate. A film of the powdered
Ba2YCu30„remained. Transmission spectra were mea-
sured with a Fourier-transform infrared spectrometer at a
resolution of 4 cm '. Spectra were divided by spectra
from a clean Si wafer to eliminate substrate features.

Special care was taken to ensure the reproducibility of
results. Spectra were measured for samples shortly after
they were prepared and after a few days to investigate
possible changes. Raman spectra were recorded on both
the outside surface of annealed pellets and on freshly bro-
ken surfaces. In the later case especially, scattered laser
light gave rise to the strong background observed for our
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data. A few spectra were recorded for samples from
diAerent sources.

Raman spectra are shown in Fig. 2. The top two spec-
tra of orthorhombic samples show a strong feature at 495
cm ' and a weak feature at 435 cm '. The bottom two
spectra of tetragonal samples show features at 470, 590,
and 625 cm '. The sample with x =6.47 showed a mix-
ture of orthorhombic and tetragonal phases in its powder
diAraction pattern and also showed a Raman spectrum
that appears to be a mixture of both phases. This is
clearest for the band near 480 cm ' that is broadest for
the x =6.47 sample because it is a superposition of the
470- and 495-cm ' bands.

Phonon-related infrared absorption features were not
observed in the orthorhombic samples in our measure-
ments, presumable because these samples were too metal-
lic. Phonon absorption features were observed at 636,
592, and 529 cm ' in tetragonal samples as is shown in
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Fig. 3. Bonn et al. ,
' who have measured the reAectivity,

obtain features at 548 and 609 cm ' in the ir conductivity
of Ba2YCu307 in reasonable agreement with our ir obser-
vations for the tetragonal phase.

Several aspects of our Raman data show that laser
heating did not give rise to spurious results. Annealing
samples in Ar at 350 for 1 h did not cause oxygen remo-
val. Thus our samples ~ould be resistant to laser-induced
damage even if locally heated to 350 C. Further, the
sample with x =6.47 that consisted of mixed orthorhom-
bic and tetragonal phases showed evidence of both phases
in the Raman spectrum. Laser heating was not severe
enough to cause sufficient oxygen evolution to make the
sample fully tetragonal in the probed volume. We did find
that after allowing samples to remain in laboratory air for
a day, the Raman and ir features at —630 cm ' in-
creased in intensity with respect to other features. We do
not assign the 630-cm ' band separately but simply
group it with the -590-cm features with which it ap-
pears, because it is dificult to know whether or not any
portion of it is intrinsic to the Ba2YCu30„.

The following considerations are independent of a
specific force-constant model and allow the high-
frequency features of Ba2YCu30„ to be assigned. The
Cu-0 vibrations are well known to exhibit the highest fre-
quencies, in the range of 500 cm ' and above, and should
be well separated from all other modes which should lie at
frequencies near 300 cm ' and below. Of the 36 optic
modes at the I" point for orthorhombic (D21, ) Ba2YCu30/,
there are just 7 Cu-0 bond-stretching motions. Of these 7
modes there are 4 infrared-active modes (8~„, 82„, and
two 83' ) and 3 Raman-active modes (Ag, 82&, and 83g).
The B2g, B3&, 82„, and B3„modes all involve oxygen dis-
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FIG. 2. Raman spectra for Ba2YCu30„. From top to bottom,
the spectra are for samples that received the following final an-
neal in Ar: no anneal, 1 h at 350'C, I h at 450'C, 1 h at
550 C, and 2 h at 650 C.
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FIG. 3. Infrared absorption spectra for Ba2YCu30„. The
bottom spectrum has been multiplied by 0.2.
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placements in the x-y plane. For example, there are 83„
and 82g modes that involve antisymmetric stretching of
the Cu(2) —O(2) bonds in the upper and lower Cu planes
along x. For the ir-active 83„mode, the motions in the
upper and lower copper planes are in phase, while for the
Raman-active Bzg mode they have opposite phases. The
B2„and B3g modes involve similar motions of the Cu(2)-
O(3) atoms along y. The remaining ir-active in-plane B3„
mode involves antisymmetric stretching of the Cu(1)—O(4) bonds. All of these Cu-0 stretching modes are
expected to be nearly degenerate in any simple force-
constant model because there is little coupling between Cu
planes and chains. The Ag and B&„modes involve sym-
metric and antisymmetric stretching, respectively, of the
O(1) atoms that bridge the Cu planes.

Two tetragonal structures have been proposed for
BazYCu306. For the first, the bridging O(1) sites are
empty and there are three complete Cu-04 layers perpen-
dicular to the c axis. With this structure the Ag and B~„
modes that involve O(1) motions along the z axis are ab-
sent. For the second structure, the O(1) sites remain oc-
cupied and the O(4) sites are empty. In this case the z-
axis Ag and 8 ~„modes are present and the 83„mode, due
to Cu(1)-O(4) stretching, is absent. A recent neutron-
diA'raction study" shows that additional oxygen vacancies
introduced into the Bay YCu307 structure shown in Fig. 1

occur at the O(4) sites. This observation supports the
second tetragonal structure where the O(4) atoms are all
absent. Only this structure is consistent with the assign-
ment of the Cu-0 vibrations that we will propose. We
note that certain modes of the orthorhombic phase be-
come degenerate in the tetragonal phase; for example, the
82g and 83g modes becomes Eg modes. We will retain the
notation for the orthorhombic phase throughout for sim-
plicity.

We now attempt an assignment of the spectra. For
tetragonal compositions of Ba2YCu30„, features appear in
both the ir and Raman spectra at -590 cm ' leading us
to assign these bands to the planar 82g 83g 82+ and 83gg

motions that involve Cu(2)-O(2, 3) stretching because we
expect these modes to appear at nearly the same energies
as was discussed above and to have the highest frequen-
cies. We associate the 470-cm ' Raman band with the
Ag symmetric stretching motion of the bridging O(1)
atoms. No ir band appears at this frequency. The ir band
at 520 cm is assigned to the 8 &„antisymmetric stretch-
ing motion of the bridging O(1) atoms. Consistent with
general experience, the antisymmetric stretching frequen-
cy lies above the symmetric stretching frequency. It is the
assignments of the 470-cm ' Raman band and 520-cm
ir band to O(1) motions along z that assume the second
tetragonal structure described above.

For the orthorhombic composition Ba2YCu307 we as-
sign the Raman band at 495 cm ' to the Ag symmetric
stretching of the bridging O(1). The c axis of the ortho-
rhombic phase is shorter than for the tetragonal phase
and is consistent with the increase in frequency for the
Ag mode. The band observed ' in ir reAectivity at 548
cm ' is assigned to the B~„mode that also involves the
bridging O(l ) atoms and the 609-cm ' band is assigned
to the B2„and 83„modes. The 82g and 83g modes should

TABLE I. Frequencies in cm ' of Raman and ir active vi-
brational modes from our force-constant model for Ba2YCu307.
The Bethe notation for the representations is included in

parentheses.

w, (r, +)
a„(r,+)
a3g (r4+)

496
599
600

Raman

352
339
339

346
314
260

193
159
160

125
88
86

a, „(r2 )
a,„(r, )
a,„(r. )

539
600
600

326
345
593

284
261
344

269
209
308

222
196
197

185
144
167

158
101
103

3

0 100 200 300 400 500
F R EQ UENCY (crn- ~)

ii

600

FIG. 4. The phonon density F(co) calculated from our force-
constant model.

also be observed in the Raman spectrum near 600 cm
but are very weak if present. For the sample annealed for
1 h in Ar at 350 ' C, weak features appear near 600
cm ', but we cannot rule out the presence of a small
amount of the tetragonal phase. We suggest therefore
that it may be dificult to observe phonons in the two di-
mensional metallic Cu(2)-O(2, 3) planes which makes the
B3g and 82g modes appear much weaker for the metallic
orthorhombic phase than in the semiconducting tetrago-
nal phase. The weak 435-cm ' Raman band may be a
two-phonon feature arising from lower-lying modes be-
cause it falls in the range where theory predicts the ab-
sence of single-phonon modes.

Our assignments are supported by the results of a mod-
el calculation of the lattice dynamics of Ba2YCu307. We
have used values for force constants similar to an earlier
model' for Laz „(Sr,B)„Cu04 and have incorporated
information from inelastic neutron-scattering data' for
La2Cu04. The Cu-0 force constants were adjusted to be
consistent with the data and assignments presented here.
These force constants are 120.0 kdyn/cm for the Cu(1)—O(1) bond, 40 kdyn/cm for the weak Cu(2) —O(1)
bond, and 110.0 kdyn/cm for the planar Cu(2) —O(2),
Cu(2) —O(3), and Cu(1)—O(4) bonds. We note that
the highest-frequency in-plane stretching modes have
moved lower by 80 cm ' (10 meV) compared to
LazCu04 (Ref. 15). This decrease reIIects a weakening of
the Cu-0 in-plane bonds in BaqYCu307 and leads to Cu-
0 force constants that are —20% smaller than for
LaqCu04. All other force constants are much smaller and
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range from 8.0 to 30.0 kdyn/cm. The calculated vibra-
tional frequencies and their symmetries are given in Table
I. The phonon density of states, F(ro), predicted by the
model is shown in Fig. 4.

Our assignment of the Raman and ir data for
Ba2YCu30„requires that the Cu(1)-O(1) stretching vi-
brations along the z axis be present for the entire range
7& x & 6. This is only consistent with the tetragonal
structure in which the O(1) sites are occupied and the
O(4) sites are empty. Thus, in going from the supercon-
ducting orthorhombic to the nonsuperconducting tetrago-
nal phase, our results indicate that the linear Cu(1)-O(4)
chains are removed and therefore suggest that these
chains are critical for superconductivity.

Note added in proof S. ince the completion of this
work, the structure of Ba2YCu306 has been determined
by neutron diffraction [A. Santoro, S. Miraglia, F. Beech,
S. A. Sunshine, D. W. Murphy, L. F. Schneemeyer, and
J. V. Wasczak (unpublished)] and is consistent with the
structure we have assumed here.
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for a different source of material. We also thank
L. Mattheiss, D. W. Murphy, and M. Schliiter for discus-
sions and many other workers for copies of their results
prior to publication.
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