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Two Raman setups, one with high resolution, and the other for spatially resolved (1&&1 pm )
experiments, have been used to investigate the polarized Raman spectra of a superconducting sin-

gle crystal of the (2:2:1:2) phase Bi2Sr2CaCu20s, and the unpolarized micro-Raman spectra of
three ceramics, two of which have zero resistance below —105 K and contain substantial propor-
tions of the (2:2:2:3)phase (—15%-20%). Our spectra differ in some aspects from those recently
published for the (2:2:1:2)phase. The occurrence of several low-frequency lines (v~ 65 cm ') is

confirmed. The width of the lines and their shape is discussed with regard to the occurrence of
disorder in the structure and of an electron-phonon coupling. The spectra of the ceramics reveal

the presence of four minority phases in addition to the main phases (2:2:1:2)and (2:2:2:3). The
ceramics containing the (2:2:2:3) phase display the same lines as the ceramic not containing this

phase. This result is discussed in the light of the structural information available and of the

grain-growth habit of the (2:2:1:2)phase.

In the high-T, superconductors, a large number of Ra-
man scattering studies have been reported, aimed at clari-
fying the characteristics of the phonon structure of the
materials considered. These studies have attempted to
draw from the results a variety of information on the
physical properties of the materials, which are more or
less directly related to the mechanism of superconductivi-
ty.

For instance, in the case of YBa2Cu307, the Raman
scattering technique (with or without a microprobe setup)
has been used in order to investigate the nature of the
phases present in ceramics, ' the dependence of the phonon
spectrum on the oxygen content, the consistency of the
observed spectrum with lattice force models, the anisot-
ropy of the structure, and the occurrence of structural
transitions. Recently, the Raman spectrum of YBa2-
Cu307 has also been claimed to contain features of cen-
tral importance to the understanding of the mechanism of
high-T, superconductivity, such as evidence of a strong
electron-phonon coupling, of the existence of a supercon-
ductivity gap, and of a small residual density of electronic
states within this gap.

In the present paper, we examine some of the former
problems, in the case of the bismuth-containing class of
high-T, superconductors. We describe and discuss two
main sets of experimental results. First, we consider the
Raman spectra of a homogeneous single crystal of the
(2:2:1:2)superconducting phase. Second, we investigate
the spatially resolved, micro-Raman spectra of three
ceramics, two of which display zero resistance below
—105 K and contain a substantial (15%-
20%) fraction of the (2:2:2:3)phase.

In the bismuth-containing family of compounds, two
prominent high-T, superconducting phases have been dis-
tinguished. One, labeled (2:2:1:2),of approximate formu-

la BiqSr2CaCu20q+„has zero resistance below -65-75
K. The other, labeled (2:2:2:3),of formula Bi2Sr2Caq-
Cu30)0+ has zero resistance below —102-107 K. The
structures of these two phases are not entirely elucidated
at present. In a first approximation, both phases can be
considered tetragonal. Their space group is I4/mmm, and
the primitive unit cell contains a single formula (the
tetragonal multiple cell contains two formulas) (Fig. 1).

Refinement of the structure of the (2:2:1:2)phase has
shown that a better approximation of the structure may be
associated with a one-face centered orthorhombic Bravais
lattice with two formulas per primitive unit cell. It has
also been found that a modulation is superimposed on this
approximate structure. Its k vector has an incommensu-
rate component along the b-orthorhombic axis. Substan-
tial disorder between the strontium and calcium sites
affects the structure. ' As for the (2:2:2:3) phase, it is
known to be orthorhombic and (possibly) incommensu-
rate, " with a structure closely related to that of the
(2:2:1:2)phase (Fig. 1).

Four Raman studies of the bismuth-containing super-
conductors have recently been reported. Two ' ' concern
the spectra of ceramics mainly containing phases distinct
from the two above-mentioned phases of interest. In one
of these works, ' two Raman lines relative to the (2:2:1:2)
phase are specified.

The Raman spectrum of the (2:2:1:2)phase has been
analyzed in a more complete way by Cardona et al. ' and
by Farrow et al. ' Both papers indicate the results of a
normal-mode analysis respectively based on the refined or-
thorhombic structure, and on the tetragonal approximate
structure. Cardona et al. have analyzed a "highly orient-
ed polycrystal, " while Farrow et al. have investigated a
single crystal involving substantial inhomogeneities. '

The spectra obtained in these two papers present major
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FIG. l. Approxitnate structures, with tetragonal I4/mmm
symmetry, of the (2:2:1:2) and (2:2:2:3) phases. Half of the
tetragonal cell is represented. The upper and lower CuOq planes
belong to the (2:2:2:3)phase only, while the remaining structure
is common to the two phases.

diA erences.
Our work has in common with these two papers a

comprehensive investigation of the room-temperature Ra-
man spectrum of the (2:2:1:2)phase. We have used a sin-

gle crystal with good compositional homogeneity, which
displayed a uniform Raman spectrum across the surface
(using a micron-sized probe). We have given special at-
tention to a comparison of the single-crystal spectrum
with those of ceramics, as well as to the characteristics of
the Raman lines profiles.

Single crystals of the (2:2:1:2)phase were obtained by
slowly cooling a melt of composition (Bi2Sr2CaCu20s
+7CuO). Platelets, —100-pm thick, and several mm in

lateral size were extracted from the solidified melt. X-ray
analysis showed that these platelets were composed of thin
(—10 pm) single-crystalline wafers, normal to the c axis,
possessing a diAraction pattern characteristic of the
(2:2:1:2)phase (a —b —5.4 A, c—30.7 4; and series of
satellite reflections along b, associated to an incommensu-
rate modulation). The platelet selected for the Raman ex-
periment was triangular shaped and —1 mm in size. Its
crystallographic axes were identified as the extinction
directions in reflected polarized light as well as by means
of an x-ray precession camera. The latter technique
showed modulation satellites along two perpendicular
directions, thus revealing a twinning of the plate corre-
sponding to the coexistence of regions diA'ering by the in-
terchange of the a and b axes. This plate was submitted

to an electron-microprobe chemical analysis. Scanning
the probe across the surface showed that, at a spatial reso-
lution of a few microns, the surface of the plate had the
uniform composition Bi2Sr2 ~Ca08Cu~ 850„,close to the
nominal composition of the (2:2:1:2) phase. Electrical
measurements yielded a resistive transition with an onset
of —85 K, and zero resistance below —65 K.

Three ceramics which we denote a, b, and c were exam-
ined. They were prepared according to a method de-
scribed elsewhere, ' from the starting composition
Bi~ 8Pb02Sr2Ca2Cu30~p. The phases present in each one
were determined by means of x-ray powder difI'raction,
resistivity, and magnetic-susceptibility measurements.
These methods will not detect phases which are in too
small proportions (i.e., a few percent) or not supercon-
ducting. Ceramic a was found to contain the (2:2:1:2)
phase with orthorhombic lattice constants a —b —5.4 A
and c —30.7 A. Ceramics a and c contain two dominant
phases, the (2:2:1:2)phase, and 15-20% of the (2:2:2:3)
phase with lattice constants a —5.4 and c —37 A. The
two latter ceramics were observed to possess zero resis-
tance below —105 K. This temperature varied by a few
degrees, depending critically on the current used for the
measurement, in accordance with the proportion of the
(2:2:2:3)phase, close to the three-dimensional percolation
threshold.

Two diA'erent Raman setups were used. One was only
applied to the single-crystal analysis. The second was
used for both the ceramic and single-crystal work. In the
first setup, the single-crystal was placed in vacuum, in or-
der to avoid superposition of light scattering by the air.
50 mW of a 5145-A laser beam were focused on an ellip-
tic spot (25 X 50 pm ) on the (001)-oriented surface of the
sample. The beam was kept at an almost grazing in-
cidence (-70' of the normal) and the scattered light was
collected in the direction of the normal to the sample.
This geometry has the advantage of minimizing the stray
light. Due to the high refractive index of the material
considered, the incident light propagates, within the sam-
ple, close to the normal to the surface (i.e., the c direction)
and the scattering geometry is therefore equivalent to a
backscattering one. The scattered light was analyzed by
means of a 3obin A. Yvon U1000 spectrometer involving a
double monochromator having high transmission, high
contrast (10 ' stray light at 20 cm '), and high disper-
sion (9 cm '/mm), and is well adapted to the study of the
line profiles of the low-frequency part of the spectrum.
Due to the weakness of the scattered light a scan up to
-800 cm required 8 h. Typical intensities of the lines
were a few thousand counts/minute for a resolution of —3
cm

The second setup was a micro-Raman probe based on
the robin 4, Yvon S3000 double monochromator, allow-
ing a spatial resolution of 1x 1 pm . In this setup the
laser power focused on the sample was limited to 1 mW
and the geometrical configuration used was a regular
backscattering one. Due to the use of a multichannel
detection, complete scans, between 85 and 650 cm
could be performed much more rapidly than in the first
setup (20 min).

In the same manner as Farrow et aI. ,
' we refer the lat-
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tice dynamics of the (2:2:1:2)and (2:2:2:3)phases to the
approximate tetragonal structure represented in Fig. l.
The use of a more complex structural information appears
superfluous in a first step of the analysis. Indeed, the ac-
tual structures (whose features are yet to be confirmed)
only differ by slight atomic shifts from the simplified
structures. Accordingly, we expect that the deviations
from the tetragonal symmetry will give rise to small
effects in the Raman spectra (i.e., splittings of the order of
a few wave numbers or weak additional lines), which are
probably not easily accessible with the small size and the
wafer morphology of the currently available crystals.

The approximate tetragonal structures of the (2:2:1:2)
and (2:2:2:3) phases possess, respectively, 15 and 19
atoms (i.e., one formula) in the primitive unit cell.

Decomposition into normal modes with @=0, of the os-
cillations of the atoms about their equilibrium positions,
can be performed easily for the two symmorphic struc-
tures in Fig. 1. The (2:2:1:2)structure has 14 infrared ac-
tive modes (6A„+8~„+7E„)and 14 Raman-active
modes (6As+8~s+7Eg). The notation used is the same
as Farrow's, '

Ag is a totally symmetric mode, 8 &g and Eg
describe, respectively, the symmetries of the second-rank
tensor components (XX-YY), and (4'Z, YZ) referred to
the tetragonal axes. Likewise, the decomposition relative
to the (2:2:2:3)structure yields 20 infrared active modes
(8A„+28~„+IOE„)and 16 Raman active modes (7Ag
+8 )s+Eg ).

The c-backscattering configuration used in the single-
crystal study does not allow the detection of the Eg modes
for which either the incident or the scattered polarization
should be parallel to c. Therefore, a maximum of 7 modes
are expected to be observed for the (2:2:1:2) phase. In
principle, the experimental constraints are looser for
ceramics. However, as explained below, the morphology
of the ceramic grains as well as the high-refractive index
of the materials determine the same qualitative spectrum
for a ceramic and a c-oriented crystalline plate.

The Ag modes of the (2:2:1:2)structure are combina-
tions of motions, parallel to the c axis, of all the atoms in
the structure except the calcium ones. ' The B~g mode
concerns the oxygen atoms labeled O(1) lying in the
copper planes. In the (2:2:2:3)structure, the additional
Ag mode arises from the fact that the calcium atoms con-
tribute to the formation of the Raman-active modes while
their motion is Raman inactive in the (2:2:1:2)structure.
Note also that the additional copper-oxygen plane of the
(2:2:2:3) phase only gives rise to the infrared active
modes.

Let us consider the Raman spectra of the (2:2:1:2)
phase which are deduced from the single-crystal data. A
plot of the spectrum, up to 800 cm ', is shown on Fig. 2.
Figure 3 reproduces the details of the spectrum below 70
cm '. We observe 8 lines whose frequencies and width
are listed in Table I. In this table, we have also listed the
lines assigned to the (2:2:1:2)phase in Refs. 14 and 15.

Several aspects are of interest in the description and
analysis of the experimental results.

First, it is relevant to compare our data to the ones in
Refs. 14 and 15, and discuss the validity of
the correspondence between the lines observed and the
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(2:2:1:2)phase.
The lines composing our Raman data above 100 cm

appear as a subset of the lines observed by Cardona et
al. ' (C), while they differ very significantly from the
spectrum described by Farrow et al. ' (F). Below 100
cm ' no lines were detected by C. We observed three
low-frequency lines, one of which can be identified as a
line reported by F.

On the basis of Table I, three lines can be unambigu-
ously assigned to the (2:2:1:2)phase, respectively located,
in our spectra, at 61~2 cm ', 118+ 2 cm ', and
463 + 3 cm '. They possess significantly higher intensity
than the remaining spectrum. Besides, their relevance is
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FIG. 3. Plot of the Raman spectrum of a (2:2:1:2)single crys-
tal in the frequency range below 70 cm ' with the same experi-
mental conditions as in Fig. 2.

FIG. 2. Plot of the room-temperature Raman spectrum of the
(2:2:1:2)single crystal corresponding to phonons of Ag symme-
try propagating along c. The polarizations for the incident and
scattered beams are parallel to each other and parallel to the or-
thorhombic axes a or b; 50 mW of the incident laser beam
(X=5145 A) are directed at grazing incidence and focused on a
25X50 pm2 spot on the (001) oriented surface of the sample.
No Raman signal has been observed for crossed polarizations of
the incident and scattered light beams.
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TABLE I. Frequencies of the Raman spectra observed in a
single crystal of the (2:2:1:2)phase in Refs. 14 and 15 as well as
in the present work. Bracketed numbers indicate weaker lines.
The asterisks show the lines which are assigned to the intrinsic
first-order spectrum of the (2:2:1:2)phase.

Mode frequencies
Ref. 14 Ref. 15
(cm ') (cm ')

Present work
Frequency Width

(cm ') (cm ')

122*
(133)
(156)

184
(219)
282*
296
313

(391)
469*

631*
659

64*
98

129*

(148)

(347)

461*
497

27.5 ~ 2*
51.5+ 2*

61 ~2*

118+ 2*

(300& 10)*

(385 ~ 10)
463+ 3*

(620+ 10)*

20

supported by the results of C and F. The first line is locat-
ed close to the 64-cm ' line displayed by the spectrum in
F. The line at 118 cm ' matches the intense lines detect-
ed at 122 cm ' in C and at 129 cm ' in F. Likewise, a
strong line is observed in the vicinity of —460 cm by F
and C, as well as by Hadjiev and Iliev. '

Below 100 cm ', F point out the existence of an addi-
tional low-frequency line at —98 cm, which has higher
intensity than the 64-cm line. This line probably be-
longs to the Raman spectrum of a difI'erent phase.
Indeed, we find no trace of a signficant scattering in our
spectra, in the neighborhood of the above frequency, while
the counterpart of the 64-cm ' line is clearly observed.
The fact that a single crystal of the (2:2:1:2)phase may
contain significant amounts of impurity phases has been
noted by Tarascon et al. ' for samples of the same origin
as used by F. More precisely, the 98-cm ' line may be
related to the presence of the phase Bi2CaSr30, which
has been found' as a residual phase in Bi-Sr-Ca-Cu-0
ceramics, and which is known to possess' an intense and
sharp Raman line at -90-93 cm

In the low-frequency range (Fig. 2), we find two weaker
lines at 51.5~2 cm ' and at 27.5~2 cm '. We have
checked conclusively their occurrence by probing several
regions of the crystal. Note that these lines were only
detected in the high-resolution Raman setup involving a
scattering geometry minimizing the stray light. Accord-
ingly, they might have escaped earlier investigations per-
formed in a regular backscattering geometry.

Aside from the lines already discussed, the spectrum
described by F contains 3 weak lines and one strong line at

497 cm '. This line has no counterpart in our spectra or
in the results of C. In the range above 120-cm ' frequen-
cies, we observe three broad structures centered at
300 ~ 10 cm ', 385 + 10 cm ', and 620+ 10 cm
These structures are also reported by C at slightly shifted
locations. The latter one, at -620-630 cm ', has been
observed with similar frequencies, in every phase of the
same structural family. ' ' lt is therefore likely to repre-
sent the oscillation of a basic structural feature of this
family (e.g. , a motion of the perovskitelike structural ele-
ments).

To sum-up the above discussion, the (2:2:1:2)phase can
be put in correspondence with all the eight lines present in

our spectra. Six of these lines at 27, 51, 61, 118, 463, and
620 cm have significant intensities and separation, and
a relatively small width. They are unlikely to arise either
from a small deviation from tetragonality or from a
second-order process. Accordingly, we can assign them,
with some confidence, to the first-order Raman spectrum
of the approximate tetragonal structure of the (2:2:1:2)
phase, represented in Fig. 1.

As argued hereafter, the seventh line expected on the
basis of the normal mode analysis, is likely to be part of
the broad structure at —300 cm

All the lines of the spectrum displayed in Figs. 2 and 3
behave as A~ symmetry lines. They are visible when the
incident and the scattered beams have their polarizations
parallel to each other, and parallel to the orthorhombic
axis a or b (the two axes are not distinguished due to the
twinning mentioned above). By contrast, these lines are
extinguished when the two beams have crossed polariza-
tions [i.e., in the z(xy)z geometry], the coordinates being
referred to the orthorhombic axes a, b, c, the axes a, b, be-
ing tilted by 45' with respect to the tetragonal axes X, Y,
in the XY plane. C have observed, in the same z(xy)z
geometry, the persistence of a line at —280 cm ', which
they associate with the B&g mode expected on the basis of
the normal-mode analysis. In our spectra, this frequency
falls within the broad structure centered on —300 cm
This structure has weaker intensity than its counterpart in
Ref. 14. Its presence in the x(xy)z geometry might there-
fore have escaped our measurements. Note that C also
point out the occurrence of a pronounced diA'erence be-
tween the spectra obtained in the z(xx)z and the z(yy)z
geometries. Such an anisotropy does not seem consistent
with the fact that the samples used by these authors are
polycrystals only having a common c orientation, and
disordered orientations in the a-b plane.

A speculative assignment of the Raman lines to atomic
motions, based on a comparison to the spectrum of
YBa2Cu307 (1:2:3),has been discussed by C and F. In
contrast to these authors, we think that this comparison is

only of interest to identify the lines associated with the
motion of the copper-oxygen planes, since these are the
only structural elements having the same chemical nature
and a similar environment in the (1:2:3) and (2:2:1:2)
compounds. In both materials, the copper-oxygen planes
are associated with three Raman-active modes accessible
in a c-backscattering experiment (2As+Btg). There is
agreement on the assignment of two of these modes, in the
(1:2:3)compound, to lines located at —337 cm ' (B~g)
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and -440 cm ' (As). Depending on the authors, the
third (1:2:3)mode is assigned either to a line at —220
cm ', ' or to a line at 116 cm '. The latter assignment
seems more consistent with line-shape analysis. Using
the fact that the corresponding modes of the (2:2:1:2)
structure should be located at similar frequencies, we can
assign the motion along c of the atoms in the copper-
oxygen planes to the lines observed in the (2:2:1:2)crys-
tals, at —118 cm ' (Ag), and 463 cm ' (Ag), and to the
broad structure at —300 cm ' (B~g ). For the first two
lines, this assignment is consistent with the fact that in the
two compounds, the corresponding lines have relatively
large intensities. By contrast, the 337-cm line is the
dominant line of the (1:2:3) spectrum, while the 300-
cm ' line is a weak contribution to the (2:2:1:2) spec-
trum. An explanation of this difference resides in the oc-
currence of a pronounced "buckling" of the 0—Cu —0
bonds, in the (1:2:3)compound, while such a buckling is
small in the (2:2:1:2) structure. The presence of the
buckling will determine a more efficient coupling between
the motion of the oxygen atoms along c (i.e. , the B&s
mode) and the light-beam polarized in the (x,y) plane,
consistently with the higher intensity of the Raman line of
the (1:2:3)compound.

Unlike F and C, we find no correspondence between the
remaining lines of the (2:2:1:2)spectrum (at —28, 51, 61,
and 620 cm ') and lines observed in YBaqCus07, in ac-
cordance with the significant diA'erences of the two struc-
tures. Moreover, the assignment of the low-frequency
lines to definite atomic planes seems irrelevant. Such low
frequencies are likely to be associated to "external" modes
involving long-range interactions between the planes. The
mass of the bismuth atom may, however, be partly respon-
sible for the low frequencies observed.

Consider now the profiles of the lines associated to the
atomic motions in the copper-oxygen plane. In YBa~Cu3-
07, the corresponding lines were shown to have a charac-
teristic asymmetric "Fano-shape" which was interpreted
by Cooper et al. as the result of a coupling between the
considered lattice modes and the continuum of electronic
excitations. Below the superconducting transition, the
Fano asymmetry was found to be strongly attenuated, in

accordance with a reduction of the density of electronic
states. This reduction was assigned to the opening of the
superconductivity gap.

Since the electronic carriers are currently believed to lie
within the CuOq planes in, both the (1:2:3)and (2:2:1:2)
phases, it is of interest to find out if similar Fano asym-
metries occur in the Raman spectrum of the (2:2:1:2)
phase. Figure 4 reproduces a plot of the line at 118 cm
relative to the (2:2:1:2)phase, as well as the correspond-
ing line relative to the (1:2:3)phase. The latter spectrum
has been obtained in the same experimental conditions as
specified above on an YBazCu&07 single-crystal growth in
our laboratory. ' The instrumental resolution was similar
(—4 cm ') to the one used in the case of the (2:2:1:2)
single crystal. Figure 4 reveals a very striking diff'erence
between the two lines. In the (1:2:3)compound, our mea-
surements yield a frequency (—110 cm ') which is
slightly shifted with respect to the results of Cooper et
al. , but they confirm clearly the presence of the asym-
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FIG. 4. Compared profiles of the Raman lines at 110-120
cm ' in the (1:2:3) and (2:2:1:2) superconducting crystals,
showing the absence of asymmetry in the bismuth-containing
phase. Same experimental conditions as in Fig. 2.

metric Fano shape pointed out by these authors. The
width of the line is -20 cm . By contrast, the line ob-
served in the (2:2:1:2) crystal is relatively narrow (8
cm ') and its shape appears symmetric. No Fano-type
asymmetry is noted either in the line at 463 cm ' (Fig. 5)
and in the remaining lines of the spectrum (Figs. 2 and 3).

This result does not rule out the presence of an
electron-phonon coupling. Indeed, it is worth pointing out
that, even if a similar electron-phonon coupling were
present in the two considered materials, the absence of its
manifestation in the Raman spectrum of the (2:2:1:2)
phase can be understood. In this view, we can invoke
again the absence of pronounced buckling of the oxygen-
copper bonds in the latter phase. One can expect that car-
riers confined to the CuOz planes will interact essentially
with atomic motions within these planes. In the (1:2:3)

400 420 440 460
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FIG. 5. Profile of the Raman 463 cm ' line relative to the A~
spectrum of the (2:2:1:2)phase. The two plots correspond to the
probing of two different areas of the crystal surface. Same ex-
perimental conditions as in Fig. 2.
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compound the buckling of the bonds will transfer part of
this interaction to the c-polarized motions which are ac-
cessible to the c-backscattering Raman measurements. In
the (2:2:1:2)compound such a transfer will be very small
due to the absence of pronounced buckling. In order to re-
veal the possible existence of a Fano effect in the (2:2:1:2)
phase it would be necessary to use a scattering geometry
allowing to probe the Eg modes, since these modes essen-
tially concern atomic motions within the a-b plane.

Let us now examine the Raman data obtained in the
ceramics. As mentioned above, the three investigated
ceramics contained some lead which has been substitut-
ed' for the bismuth constituent. This substitution has
been eA'ected in order to stabilize a substantial fraction of
the (2:2:2:3)phase. For the (2:2:1:2)phase present in the
ceramics, x-ray and electrical measurements' showed no
significant variations of the lattice constants, or of the
critical temperature (onset at —85 K), with respect to the
values in the lead-free ceramics. The substitution is un-
likely either to modify the lattice dynamics of the con-
sidered phases since the masses of the Bi and Pb atoms
(209 and 207, respectively) differ by less than 1%.

Scanning the Raman microprobe on each of the three
ceramics, we have detected four types of spectra. At most
points investigated, in each ceramic, the spectrum ob-
tained resembles closely the single-crystal spectrum as-
signed to the (2:2:1:2)phase.

The three other spectra, which are clearly diA'erent
from the preceding one, and from each other, have been
obtained a few times each on scanning the ceramics. We
were able to assign these spectra to impurity phases. No
trace of such impurity phases has been found in the x-ray
Debye-Scherrer diagram of the same ceramics. ' This
puts an upper limit of a few percent for the fraction of the
ceramic volume occupied by an impurity phase. The
greater sensitivity of the micro-Raman technique is due to
the fact that a phase will be detected, and its spectrum
isolated, provided that the ceramic contains grains of this
phase with dimensions comparable with the size of the fo-
cused beam (—1 pm).

The most intense lines of the spectra of the three minor-
ity phases are indicated in Table II. In order to identify

these spectra, we have relied on the recent work of Had-
jiev and Iliev. ' These authors have assigned the Raman
spectrum of various impurity phases of Bi-Sr-Ca-Cu-0
ceramics by combining micro-Raman measurements with
a local chemical analysis by means of scanning electron
microscopy. Their results confirm earlier electron-
microscopic and x-ray data by Hazen et al. ' and by
Tarascon et al. ' Our measurements reveal some disper-
sion in the spectra assigned to a given minority phase,
whenever different grains are examined. In particular,
broad lines found in the 550-650 cm ' range show a vari-
able structure. This is probably due to a dispersion in the
chemical composition of the relevant phases, in agreement
with the variable compositions reported in previous
works' ' ' [e.g. , Ca2Cu03 (Ref. 17) and Ca& sSro2Cu03
(Ref. »)].

The dominant spectrum of the a, b, and c ceramics is
reproduced in Fig. 6. In each ceramic, scanning from
point to point only induces minor variations in this spec-
trum, with the exception of the line at -620 cm ' whose
intensity varies pronouncedly. This variation has already
been noted by Cardona et al. ' For the sake of compar-
ison, the spectrum of the investigated single crystal has
also been reproduced in Fig. 6.

It appears clearly in Fig. 6 that the spectra of the three
ceramics are almost identical. These spectra display
unambiguously the line at 280-300 cm '. This confirms
the correct assignment of this frequency to the basic spec-
trum of the (2:2:1:2)phase in accordance with Ref. 14,

CA

LL)

TABLE II. Most intense lines assigned to the spectra of im-
purity phases detected in ceramics containing as dominant
phases the (2:2:1:2)and (2:2:2:3)phases. (s) and (b) denote
respectively, the sharp and the broad lines. st

Minority phase
composition

Main Raman lines
Ref. l 3 Present work

Bi2CaSr30„ 90
(S2S)
620

93(s)
(526)
611(b)

120
1

240 360 480
I 1 l

WAVE NUMBER (cm -i )

Cao.6Sro 4Cu l.7s03

Ca 1.8Sr0.2Cu03
Ca2Cu03

270
555

300
700

260-270(b)
560(b)

300
740(b)

FIG. 6. Raman spectra of ceramics a, b, and c and of a single
crystal of the (2:2:1:2)phase. (a) contains predominantly the
(2:2:1:2)phase while (b) and (c) also contain (15-20%) of the
(2:2:2:3)phase. The spectra of the ceramics have been obtained
with a Rarnan microprobe equipped with a multichannel
analyzer (incident laser power —1 mW). The single-crystal
spectrum is reproduced from Fig. 2.
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while our single-crystal work left some doubt in this
respect.

A striking feature of the spectrum common to the
ceramics, is the absence of additional lines with respect to
the spectrum of the single crystal. This situation is puz-
zling because one expects in the ceramics a variety of
scattering geometries arising from the presence of
differently oriented grains. Accordingly, other lines than
the ones with Ag and 8&g symmetries should be detected.
Note that the same situation prevails in YBa2Cu307 sin-
gle crystals and ceramics. '

A first possible explanation of this situation can be
ruled out; the highly oriented character of the investigated
ceramics. Indeed, the Debye-Scherrer x-ray-diffraction
diagrams of these ceramics yield Bragg reflections corre-
sponding to a variety of crystallographic directions (e.g. ,
the a direction and c direction), thus denoting a highly
disoriented state. Actually, the explanation seems to re-
side in two features: the morphology of the grains of the
superconducting phases, and their high index of refrac-
tion. One can expect that the growth habit into very thin
plates, which has been observed for the (2:2:1:2) single
crystals, also affects the grains of the superconducting
phases within the ceramics. This is confirmed by Fig. 7
which shows a scanning electron micrograph of ceramic b.
On this micrograph a number of thin plates, with various
orientations, can be distinguished. These grains clearly
constitute the dominant phase of the ceramic.

A light beam impinging on the ceramic will have a
large probability of falling on the c face of a thin plate.
As already explained, the high index of refraction will
then cause the refracted beam to lie close to the c direc-
tion, whatever the incident orientation. Hence, the spec-
trum of a ceramic will be similar to that of c-oriented
single-crystal plate investigated in a backseat tering

geometry. The fact that YBa2Cu307 single crystals also
grow into thin wafers ' oriented perpendicular to c
justifies the occurrence of the same type of situation.

Another question raised by the absence of additional
lines in ceramics b and c concerns the spectrum of the
(2:2:2:3)phase. This spectrum should be easily detected
during the micro-Raman exploration of the ceramics since
the (2:2:2:3)phase is present in ceramics b and c in a pro-
portion of 15%-20%, much higher than that of the minor-
ity phases discussed above.

Two possible explanations can be considered. The first
one refers to a previous suggestion' that the (2:2:2:3)
phase does not constitute separate grains in a ceramic, but
that is rather embedded as a crystallographic defect in the
structure of the (2:2:1:2)phase. If we accept this descrip-
tion, the absence of a specific Raman spectrum of the
(2:2:2:3)phase, in our data, results from the fact that the
experiment probes a narrow layer (—1000 A), essentially
composed of the (2:2:1:2)phase, at the surface of the su-
perconducting grains.

This picture does not seem consistent with the texture
of our ceramics which were elaborated by a somewhat
different procedure ' than in previous works. ' X-ray-
powder spectra reveal, in these ceramics, Bragg reflections
which are characteristic of the —37-A c-lattice constant
of the (2:2:2:3)phase.

The detection of such reflections seems to require the
occurrence of grains of relatively large size of the
(2:2:2:3)phase.

We have therefore to assume that the Raman spectrum
of the (2:2:2:3)phase is effectively detected in our experi-
ment, but that this spectrum is almost identical to that of
the (2:2:1:2)phase and cannot be distinguished from it, at
the present state of accuracy of the investigations. This
conjecture is strongly supported by the nature of the

!a ~ ~ ~ QL

FIG. 7. Scanning electron micrograph of ceramic b of Fig. 6 containing the (2:2:1:2)phase and (15-20%) of the (2:2:2:3)phase.
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structural differences between the two phases. As seen on
Fig. 1, the atomic layers all have the same nearest-
neighbor environment in the two phases. Many layers
(e.g. , those containing Bi and Sr) even have the same
second to fourth nearest neighbors. Only the calcium lay-
ers and the additional copper-oxygen layers have different
second-nearest-neighbor environments in the two phases.

Hence, if the frequencies of the modes are essentially
determined by short-range forces (which is likely, except
for the low-frequency modes, not apparent in the ceramic
spectra) there should be a negligible shift of frequency be-
tween the modes of the two considered phases.

Besides, it is clear from the above analysis of the struc-
tures that the Raman activation of the calcium-motion in
the (2:2:2:3)phase should lead to a line of small intensity
since this intensity is determined by an asymmetry of the
calcium site bearing on the second-nearest-neighbor only.

As for the additional copper-oxygen layer, we have al-
ready pointed out that it corresponds to the Raman-
inactive lines.

The conjectured identity of Raman spectra of the
different structures which are encountered within the Bi-
Sr-Ca-Cu-0 family is further supported by the experi-
mental results of Cardona et al. ' These authors have
worked out the single-crystal spectrum of the compound
Bi2SrCaCu06+ . This spectrum appears almost identical
to the spectrum discussed here for the (2:2:1:2)phase.

In conclusion, we have shown that the Raman spectrum
of the single crystals of the (2:2:1:2)phase and of ceram-
ics of the (2:2:I:2)and (2:2:2:3)phases can be satisfacto-
rily interpreted within the simplified structural model of
Fig. 1. No Fano effect as obvious as the one observed in

YBa2Cu307 has been found in the (2:2:1:2) phase.
Another major difference between the spectra of these two
classes of high-T, superconductors is the occurrence in the
(2:2:1:2) phases of several low-frequency modes. This
calls attention to the possible existence of soft modes.
Preliminary investigation of the spectra at 77 K has shown
no significant temperature dependence of the various fre-
quencies.

Finally, it is worth pointing out that, up to now, in the
(1:2:3) as well as in the (2:2:1:2) compound, Raman
scattering experiments have only given access, due to ex-
perimental difficulties, to atomic oscillations polarized
along the c direction, i.e., in a direction perpendicular to
the two-dimensional structural elements which are conjec-
tured to determine the superconductivity. More interest-
ing information would probably be obtained if one could
probe the modes polarized in the a bdire-ction.
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