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Raman study of oxygen in the oxide superconductor BizCaSrzCuzos+s
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The zero-resistance temperature of the high-T, oxide superconductor Bi2CaSr2Cu208+z {2:1:2:2)can
be significantly increased by annealing at 500 C in an oxygen-reduced environment. Raman spectrosco-

py of high-density sintered samples shows that processing the material in this way increases the strength
of the Raman peak of highest frequency {650cm '), leaving the strengths of the other oxygen peaks un-

changed. The Raman data con6rm that the mobile oxygen atoms are located in the bismuth layer and

support those models of oxygen structure in which excess oxygen is incorporated interstitially. They
provide evidence that the incommensurate-to-commensurate transition observed in electron diffraction
in the vicinity of 500'C is associated with a loss of oxygen from the bismuth layer.

I. INTRODUCTION

Since the discovery of the bismuth-based cuprate su-
perconductors by Maeda et al. ,

' several superconducting
phases have been reported in the Bi-Ca-Sr-Cu oxide sys-
tem. Among them, a phase with a transition temperature
in the vicinity of 10 K has been identified as
Bi2Sr2Cu06+s (2:0:2:1),an 84-K phase has been identified
as Bi2CaSr2Cu20s+s (2:1:2:2), and a 108-K phase has
been identified as BizCa2Sr2Cu30, 0+s (2:2:2:3). These
compounds are all layered oxygen-deficient perovskites.
Sample preparation conditions, such as the annealing
temperature, annealing time, cooling rate, and ambient
gas, can inhuence the superconducting properties of the
Bi-Sr-Ca-Cu oxide superconductors, apparently by vary-
ing 5, the degree of oxygenation.

From various studies of x-ray-diffraction and neutron
diffraction in bismuth 2:1:2:2,a consistent picture of the
average structure of the cations has emerged. The struc-
ture is orthorhombic, with calcium, copper, strontium,
and bismuth atoms confined to separate layers.
Neutron-diffraction data showed that there is no oxygen
in the calcium layer, while metal and oxygen atoms alter-
nate in the copper and strontium layers. Early neutron-
diffraction data were interpreted as indicating that oxy-
gen is incorporated by the progressive occupation of the
vacant sites in a BiO layer until a commensurate Bi02
structure is reached. More recently, high-resolution
electron microscopy data ' have shown that at room
temperature the oxygen structure in the bismuth layer is
incommensurate, and the existence of an oxygen superlat-
tice in the bismuth layer has been confirmed by neutron

diffraction. ' Electron-diffraction data have shown that a
transition from a low-temperature incommensurate phase
to a high-temperature commensurate phase occurs in the
vicinity of 500'C. "' The goal of this work is to seek
evidence to link these observations by studying changes
in the oxygen peaks in the Raman spectrum of bismuth
2:1:2:2in the temperature range from room temperature
to close to the melting point.

Each peak in the vibrational Raman spectrum corre-
sponds to the motions of groups of atoms along the nor-
mal coordinate. Lattice dynamical calculations of the
Raman and infrared (IR) active vibrational modes of
Bi2CaSr2Cu208 have been carried out by Prade et al. '

based on a simplified unit cell proposed by Tarascon
et al. ' While the calculated frequencies of the Rarnan
modes depend to some extent on assumptions about the
superlattice and the interatomic potentials, the ordering
of the modes in frequency and the amplitudes of the asso-
ciated atomic vibrations are determined almost exclusive-
ly by the local symmetry of the structure. It is found
that, relative to the copper-oxygen angle-bending modes,
the peaks at lower Rarnan shifts correspond to normal
modes that are dominated by vibrations of the cations,
while peaks at higher Raman shifts correspond to normal
modes that are dominated by vibrations of oxygen atoms
in the strontium and bismuth layers.

In the various experimental studies of the Raman spec-
tra of the oxide superconductors reported to date, only
Raman-active modes polarized normal to the ab planes
have been detected. The electrical conductivity of these
materials is highly anisotropic. Presumably the in-plane
component of the electric field of the illuminating beam is
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strongly attenuated because the conductivity parallel to
the ab planes is high. The various peaks have been as-
signed to vibrational modes of the lattice on the basis of
symmetry arguments, the results of lattice dynamical cal-
culations, and comparisons with the Raman spectra of re-
lated materials. By studying the polarization dependence
of the Raman spectrum of a single crystal, Cardona
et al. ,

' demonstrated that the out-of-phase angle-
bending (B,s } vibrational mode of the oxygen atoms in
the CuO layers occurs in the grouping near 300 cm
Since this mode and the corresponding in-phase A&1g
mode of oxygen atoms in the CuO layer are not expected
Since this mode and the corresponding in-phase A

&1g
mode of oxygen atoms in the CuO layer are not expected
to differ greatly in frequency, the A

&
mode is also as-

signed to this grouping. The softening observed below the
superconducting transition has led Boekholt et al. to as-
sign the peak near 470 cm ' to in-phase vibrations of ox-
ygen in the copper layer. ' ' The peak near 650 cm ' is
generally attributed to the A

&
vibrations of the oxygen

atoms in the bismuth layer.
The intensities of the various vibrational Raman peaks

are a measure of the modulation of the dielectric function
of the sample that accompanies the vibration of the lat-

tice in its various normal modes. The modulation of the
dielectric function, which comes about through modula-

tion of the electron density, is dominated by the motion
of the lightest atoms, which in these structures are the

oxygen atoms.
Laser annealing in a Raman spectrometer, in which the

illuminating laser beam serves the dual role of heating the
sample and exciting the Raman spectrum, proves to be a
practical technique for studying oxygen effects in the ox-
ide superconductors. The temperature rise, which is

highly localized but essentially uniform over the il-

luminated area, can be determined by measuring the
strengths of corresponding peaks in the Stokes and anti-
Stokes spectra. ' The intensities of the oxygen peaks in

the Raman spectrum prove to be highly sensitive to
changes in the distribution of the light oxygen atoms.

This paper reports a Raman spectroscopic study of the
effect of laser annealing between room temperature and
the melting temperature on the oxygen content of the
various layers of the bismuth 2:1:2:2oxide superconduc-
tor. Our samples are high-density, high-purity, sintered
materials. Their Raman spectra show prominent peaks
that are attributable to normal modes of the lattice that
are dominated by motions of the oxygen atoms in the
copper, strontium, and bismuth layers. Annealing in an
oxygen-reduced atmosphere within a narrow temperature
range close to 500'C is found to cause an irreversible in-

crease in the strength of the peak that corresponds to ox-

ygen in the bismuth layer. The implications of the Ra-
man data for the oxygen structure of bismuth 2:1:2:2are
discussed.

II. SAMPLE PREPARATION
AND CHARACTERIZATION

Samples were prepared by a conventional solid-state
reaction technique, starting from BaO, SrCO3, CaCO3,
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FIG. 1. ac susceptibility of a sample prepared by annealing
for 24 h at 500 C in an atmosphere of dry nitrogen gas. (a) sus-

ceptibility in zero magnetic field, (b) the effect of applying a stat-
ic magnetic field of 80 G, and (c) the effect of applying a static
magnetic field of 150 G. The data indicate the presence of two
distinct phases, which are believed to differ only in oxygen
structure.

and CuO, each of purity 99.995%. The nominal compo-
sition is Bi2CaSr2Cuz08+&. The starting materials were

machine ground for 2 h, then calcined at 800 C for 12 h.
The calcined powders were reground for 2 h and then sin-

tered at 870 C for 24 h. The sintered materials were re-

ground for 2 h, pelletized, annealed in air for 80 h at
860 C, and furnace cooled at room temperature.

The samples prepared in this way were annealed at
500'C for 24 h in a flow of dry nitrogen gas, and then fur-

nace cooled. The temperature dependence of the ac sus-

ceptibility was measured down to 78 K. Results for a
typical sample are shown in Fig. 1. The plot of suscepti-
bility against temperature has a plateau extending from
83 to 94 K, indicating the presence of two superconduct-

ing phases, which are believed to be associated with oxy-

gen inhomogenity within the grains of the polycrystalline
sample.

Electrical resistivity was measured by a four-terminal

technique with a current of 10 mA, using silver paste to
make the electrical contacts. Curve (a) in Fig. 2 shows

the resistance of a typical sample plotted as a function of
temperature. Our various samples exhibit zero-resistance
temperatures in the range 90 to 94 K, which is

significantly higher than the 84 K that is usually con-
sidered to be the zero-resistance temperature of the
2:1:2:2phase of the Bi-Ca-Sr-Cu oxide system, and in line
with the enhanced zero-resistance temperatures reported
in samples prepared under low partial pressures of oxy-
gen, ' with the T, of 95 K reported for argon-annealed
sintered samples, ' and for samples prepared from citrate
precursors. '

Our samples were then annealed again at 500'C for 24
h, but this time in a low of dry oxygen gas. The ac sus-
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FIG. 2. dc resistivity of a sample prepared by annealing un-

der (a) dry nitrogen and (b) dry oxygen gas at 500'C. The zero-
resistance temperature of the nitrogen-annealed sample is 91 K.
As the silver paste contacts were replaced between measure-
ments, the data have been scaled to match just above the onset
of the superconducting transition. The weak anomalies at
higher temperature are thought to indicate the presence of a
small fraction of higher-T, phase in the bulk sample.

microscope (SEM) equipped with a Kovex H-800
energy-dispersive x ray (EDX) attachment. The SEM re-
sults show the presence of voids with a total area of ap-
proximately 10% of the area of each sample, as well as
small inclusions of a dark phase with a total area of less
than 2%. EDX analysis confirms that the predominant
phase corresponds to the 2:1:2:2superconducting phase,
and that the dark phase is a bismuth-deficient phase. The
present samples are very homogeneous and very dense,
with a grain size in the range 1 —5 pm.

The micrographs reveal no obvious difference between
the nitrogen- and oxygen-annealed samples, indicating
that annealing at 500'C (which is well below the melting
temperature of 870'C) does not alter the average struc-
ture of the cations. Therefore, the principal effect of an-
nealing at 500'C in an oxygen-reduced atmosphere will
be to remove oxygen from the lattice, and the principal
effect of annealing in oxygen gas will be to restore it.

ceptibility of the oxygen-annealed samples was found to
be independent of temperature down to 78 K. Curve (b)
in Fig. 2 shows the temperature dependence of the resis-
tivity of the same sample. The zero-resistance tempera-
ture of the nitrogen-annealed sample was found to be 91
K, but after annealing in oxygen the zero-resistance tem-
perature fell to below 78 K. Subsequent annealing in ni-
trogen was found to restore the zero-resistance ternpera-
ture to 91 K. Similar results were found for all of our
samples.

X-ray diffraction was carried out at room temperature
with nickel-filtered Cu Kd radiation on a Philips wide-
angle goniometer. X-ray-diffraction patterns of a typical
sample after annealing in oxygen and after annealing in
nitrogen show no evidence of a second phase or of the
presence of unreacted materials. Most of the diffraction
lines shift to higher angles after annealing the sample in
nitrogen. The shift can be reversed by subsequently an-
nealing in oxygen. Our best estimates of the lattice pa-
rameters deduced from the x-ray-diffraction data are re-
ported in Table I. Our results, which indicate that for
Bi2CaSr2Cuz08+& the lattice parameter a stays essentially
constant and c increases as the oxygen content decreases,
are consistent with the observations of other workers.

In order to check for the presence of disordered impur-
ity phases and unreacted constituents, which might not
show up in the x-ray-diffraction pattern, the microstruc-
tures of the nitrogen- and oxygen-annealed samples were
analyzed by means of a Hitachi 5-570 scanning electron

III. RESULTS AND DISCUSSION

In order to search for evidence of changes in the distri-
bution of oxygen atoms brought about by annealing, Ra-
man scattering measurements have been carried out at
normal incidence in a back-scattering geometry using a
Spex 1877B Raman spectrometer. The excitation radia-
tion was the 514.5-nm (19436-cm ') line of an argon-ion
laser operating in the TEMOO mode. The diameter of the
diffraction-limited focal spot was estimated to be 6.8 pm.

Preliminary experiments comparing the Raman spec-
tra of a single sample of bismuth 2:1:2:2after annealing
for 24 h at 500'C in oxygen and nitrogen gas showed that
the removal of oxygen brought about a significant in-
crease in the intensity of the oxygen peak at 650 cm
while the intensities of the other oxygen peaks were un-

changed. To verify this unexpected result, laser anneal-
ing techniques were adopted to study the temperature
dependences of the various oxygen peaks.

Each sample was annealed in an external oven in an at-
mosphere of pure oxygen gas at 500 C, then mounted in
the sample holder of the Raman spectrometer in an at-
rnosphere of air. With low power in the laser beam, the
beam was focused on the sample and the position of the
focal spot was adjusted until the strongest Raman
scattering was obtained. The power in the laser beam
was increased in steps to a maximum well below the
power required to melt the sample and then decreased in
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FIG. 6. The temperature dependence of the center of the
470-cm ' Raman peak for bismuth 2:1:2:2. The successive
sweeps are denoted as in Fig. 5. The data suggest a reversible
change of slope in the vicinity of 700 K but show no irreversible
behavior.

gaussian form. In Fig. 5 the intensities, normalized to
unit power in the laser beam, are plotted as a function of
the temperature of the illuminated region of the sample.
In the temperature range from 290 to 1100 K, only the
shoulder and peak near 650 cm ' are

significantly

affected by annealing in an oxygen-reduced atmosphere.
The increase in the strength of this peak (normalized to
unit power in the laser beam) is conserved if the power in
the laser beam is subsequently reduced, but it can be re-
versed by annealing the sample in dry oxygen gas at
500 C. The normalized intensities of the other oxygen
peaks are unchanged up to the melting temperature.

As the temperature rises, the Raman shifts of all of the
oxygen peaks decrease. Data for the 470 and 650 cm
peaks, plotted in Figs. 6 and 7, suggest that the slopes of
the temperature dependences of the Raman shifts change
in the vicinity of 700 K. However, there is no indication
of irreversibility in the temperature range 640 to 760 K,
over which loss of oxygen occurs in the first cycle of laser
heating. Therefore, the increase in the intensity of the
650 cm ' peak that is caused by deoxygenation is not ac-
companied by any perceptible change in Raman shift.

If it is assumed, on the basis of the evidence described
above, that the shoulder and peak near 650 cm ' arise
from oxygen atoms in the bismuth layer, then the obser-
vation that the intensity of this peak alone changes ir-
reversibly is evidence that in bismuth 2:1:2:2the mobile
oxygen sites lie in the bismuth layer. If deoxygenation in-
volves the loss of oxygen atoms that contribute to the 650
cm ' Raman peak, then its intensity would be expected
to decrease. The unexpected finding that deoxygenation
increases the strength of the 650 cm ' peak without
changing its frequency, may be a clue to the oxygen
structure of the bismuth layer.
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FIG. 7. The temperature dependence of the center of the
650-cm ' Raman peak for bismuth 2:1:2:2. The successive
sweeps are denoted as in Fig. 5. The data suggest a reversible
change of slope in the vicinity of 700 K but show no irreversible
behavior in the temperature range 640—760 K, over which an ir-
reversible increase in the peak intensity is observed.

There is one oxygen atom per bismuth atom in the lim-
it 5=0 (i.e., Os}, and there are two oxygen atoms per
bismuth atom in the limit 5=2 (i.e., 0,0). Various mod-
els of oxygenation have been proposed in which oxygen is
incorporated by the progressive occupation of the vacant
sites in the BiO layers until the Bi02 structure is
achieved. Bordet et al. have proposed that in the limit
5=0 the oxygen atoms are close to, but offset from, the
centers of the squares defined by the bismuth atoms, the
atoms being distributed over the four equivalent sites in a
disordered array. von Schnering et al. have suggested
an alternative model in which the bismuth atoms form a
square lattice and the oxygen sites are located midway
between nearest-neighbor bismuth atoms. In the limit
5=2, the oxygen sites are fully occupied, while in the
limit 5=0, the oxygen atoms occupy one half of the oxy-
gen sites in an ordered arrangement, which conforms to
the space group Amaa. Studies of convergent beam elec-
tron diffraction by Withers et al. led Bordet et al. to
refine the neutron data in the noncentnc space group
A 2aa, on the basis of which they proposed a further re-
vised model for the limit 6=0 in which the oxygen atoms
are distributed in an ordered array over sites offset from
the centers of the bismuth squares.

More recent data indicate that excess oxygen in
bismuth 2:1:2:2 is incorporated interstitially. Electron
diffraction experiments have revealed an incommensu-
rate structural modulation in the a direction, whose aver-
age spatial periodicity (typically 4.7 times the cell dimen-
sion) depends on the conditions of sample preparation.
Hewat et al. have proposed a model for the incorpora-
tion of excess oxygen in BizCaSrzCu208 that offers a con-
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sistent interpretation of the diffraction data and the re-
sults of high-resolution electron microscope imaging. In
Hewat's model, the excess oxygen is incorporated inter-
stitially in the BiO layers by inserting oxygen atoms be-
tween adjacent bismuth atoms in planes normal to the a
axis. Relaxation of the structure due to the incorporation
of excess oxygen leads to canting of the perovskite
columns and periodic modulation of the BiO layers,
which is consistent with electron microscope images ob-
served in [010]projection.

Beshrovnyi et al. ' have carried out refinements of
single-crystal neutron-diffraction data for Bi2CaSr2Cu208
based on a large supercell. Their results indicate a modu-
lation in the a direction that is due to the insertion of an
oxygen atom in an interstitial site between adjacent
bismuth atoms in every fifth subcell. The oxygen super-
lattice in the bismuth layer causes a flexing of the struc-
ture, which greatly resembles that described by Hewat
et al. Similar results have been reported for materials
apparently isostructural with the bismuth oxide super-
conductors.

The observed increase in the intensity of the 650-cm
Raman peak on deoxygenation, without any perceptible
change in its Rarnan shift, is difficult to understand on
the basis of models in which excess oxygen is incorporat-
ed on a lattice, but it is consistent with models in which
excess oxygen is incorporated interstitially. The 650-
cm ' Raman peak represents the vibrations of oxygen
atoms associated with the BiO lattice, while, according to
these models, deoxygenation involves the loss of excess
oxygen from interstitial sites. Raman peaks correspond-
ing to oxygen atoms in interstitial sites have not been
detected. However, interstitial oxygen might affect the
Raman spectrum indirectly by lowering the symmetry
around a fraction of the BiO lattice groups. Deoxygena-
tion causes the symmetry to be restored, increasing the
intensity of the 650-cm ' Raman peak. Alternative mod-
els based on the perturbation of the vibrational modes of
the lattice by interstitial oxygen appear to be inconsistent
with our finding that deoxygenation causes no perceptible
change in the Raman shift.

According to Hewat's model, the spatial periodicity of
the superlattice in the a direction represents the average
distance between the planes of interstitial oxygen atoms.
Hence the spatial periodicity of the superlattice is expect-
ed to increase as the amount of excess oxygen decreases.
High-resolution electron-diffraction studies by Li and co-
workers"' have shown that the spatial periodicity of the
modulation increases progressively as the sample is heat-
ed in a vacuum and that the incommensurate structure
vanishes in the vicinity of 500 C. The irreversible in-
crease observed over the same temperature range in the
intensity of the Raman peak, which corresponds to oxy-
gen atoms in the bismuth layer, strongly suggests that the
incommensurate-to-commensurate phase transition is due
to loss of oxygen from the bismuth layer of the vacuum-
annealed sample.

Further support for a link between the oxygen content
of the bismuth layer and the spatial periodicity of the su-
perlattice comes from experiments in which partial re-
placement of Sr +

by La is found to reduce the average

periodicity of 3.4 times the cell dimension. Since the
preservation of charge neutrality requires that the substi-
tution of divalent strontium by trivalent lanthanum be
accompanied by the incorporation of extra oxygen, a pos-
sible interpretation is that the increase in oxygen content
is responsible for the observed decrease in the spatial
periodicity of the superlattice. Interpreted in this way,
the lanthanum substitution experiments are also con-
sistent with our interpretation of the Raman data.

In our materials, the removal of oxygen brings about
significant increases in the superconducting transition
temperature, the normal-state resistivity, and the c lattice
parameter. Whereas our oxygen-reduced samples were
prepared in air, and our measurements did not extend
below 78 K, Groen and de Leeuw ' have reported that
the transition temperature of bismuth 2:1:2:2 can be
depressed by as much as 40 K by annealing the sample in
an atmosphere with a sufficiently low partial pressure of
oxygen, and that an unambiguous relationship between
T„c, and degree of oxygenation exists over a very wide
range of oxygen partial pressure.

A striking feature of the data is that a very small
change in oxygen content is sufficient to bring about large
changes in T, and in the c lattice parameter. It is in-

teresting to speculate on the underlying mechanism. Ox-
ygen is incorporated in the bismuth layers as negative
ions, the accompanying holes being distributed among
the various layers. Thus oxygenation has the effect of
extrinsically doping the CuO layers. Though supercon-
ductivity in the oxide superconductors is widely associat-
ed with the presence of holes in the CuO layers, Groen
and de Leeuw ' find that the change in hole density asso-
ciated with deoxygenation is far too small to account for
the observed change in T, . The present data show that
deoxygenation brings about both an increase in the super-
conducting transition temperature, which might be asso-
ciated with an increase in the hole density, and also an in-
crease in the normal-state resistivity, which might be as-
sociated with a decrease in the hole density. This incon-
sistency is further evidence that the increase in T, associ-
ated with deoxygenation is not caused primarily by the
change in extrinsic doping.

Electronic band-structure calculations show that
in the vicinity of the Fermi level the energy bands of the
CuO layer are slightly overlapped by bands of the BiO
layers. The result is that, in the stoichiometric material,
the CuO bands are doped intrinsically by the BiO layers
with about 0.1 holes per copper atom. The incorporation
of excess oxygen is known to induce a flexing of the BiO
layers, as well as a contraction in the c direction. In the
absence of detailed calculation it is impossible to predict
with any assurance the consequences of these structural
changes. If the effect were to raise the energy of the bot-
tom of the BiO band relative to the Fermi level, then oxy-
genation would reduce the intrinsic doping of the CuO
layer. This would tend to suppress the superconducting
transition, in agreement with experimental studies of
bismuth 2:1:2:2. It is interesting to note that, in thallium
2:1:2:2:,T, is reduced by annealing in an oxygen-reduced
environment. That such similar materials respond to
oxygenation in very different ways suggests that the ob-



376 SHI, LEE, MOSKOVITS, CARPICK, HSU, STATT, AND WANG 45

served behavior may be governed by subtle features of the
response of the electronic structure to oxygen-induced
structural changes.

IV. CONCLUSIONS

The zero-resistance temperatures of sintered samples of
the oxide superconductor Bi2CaSr2Cu208+g can be raised
to above 90 K by annealing at 500 K in an oxygen-
reduced atmosphere. Raman studies show that the inten-
sity of the 650-cm peak is significantly increased by an-
nealing in an oxygen-reduced atmosphere, and that the
effect can be reversed by annealing in oxygen, while the
intensities of the other prominent oxygen peaks are un-
changed. Deoxygenation causes no perceptible change in
the Raman shift of any of the oxygen peaks. These
findings confirm that the 650-cm ' peak is associated
with normal modes that are dominated by the motions of
oxygen atoms in the BiO layer. That loss of oxygen
should bring about an increase in the intensity of this Ra-
man peak alone, the Raman shift remaining constant, is
consistent with those models of the oxygen structure in
which excess oxygen is incorporated interstitially. The

Raman data indicate that loss of oxygen occurs in the
same temperature range as the incommensurate-to-
comrnensurate phase transition that has been observed in
electron diffraction, suggesting that the phase transition
is caused by loss of oxygen from the bismuth layer due to
annealing in the vacuum chamber of the electron micro-
scope. Band-structure calculations indicate that the CuO
layers in bismuth 2:1:2:2are doped intrinsically by the
BiO layers. It is suggested that the striking sensitivity of
T, to the presence of excess oxygen may be due to
changes in the intrinsic doping of the CuO layers brought
about by oxygen-induced changes in the structure of the
BiO layers.
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