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Raman scattering from triple perovskites with the Ba,YCu3O, structure:
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Raman spectra are reported for BajsLa;sCu3O7+s ceramics and Sr;YCus-Al:Q7~5 ceramics

and single crystals.

The shifts in the frequencies of the Raman features for these triple

perovskites, as compared to Ba;YCu3O,, provide additional evidence for the assignments of the
normal modes. There are large changes in the frequency of the prominent 500-cm ~! feature that
are well correlated to changes in the lengths of the axial Cu—O bonds. This correlation supports
the assignment of the 500-cm ! feature to the axial stretching of the oxygen atoms that bridge
the Cu sites. The substitution of Sr for Ba does not change the frequency of the 140-cm ~! mode
of Ba;YCu3O;, thereby supporting its assignment to axial stretching of the planar Cu atoms rath-
er than to a Ba mode. With these new data and the previous, definitive assignment of the feature
at 340 cm 7!, the assignments of the five prominent Raman modes are well supported by experi-

ment and agree with lattice-dynamics calculations.

I. INTRODUCTION

Since the discovery of high-temperature superconduc-
tivity in Ba;YCu309, several groups have re3ported Raman
spectra of this and related materials.'""* In spite of
dozens of studies, the assignment of the vibrational nor-
mal modes remains controversial. The phonons, in addi-
tion to their possible role in the mechanism of supercon-
ductivity,'4 show an interesting dependence of frequency
upon temperature *>!3 and coupling to electronic states; '’
the interpretation of these effects and also material char-
acterization by Raman techniques depend critically on the
phonon assignments. Here, we report results on com-
pounds with the Ba;YCu3O, triple perovskite structure
that have been substituted on the Ba site. The resultant
changes in the vibrational frequencies provide additional
evidence for the assignments of the vibrational modes.

The unit cell'® (space group Pmmm) of Ba,YCu;307 is
shown in Fig. 1, for reference, with the atoms labeled ac-
cording to the notation of Siegrist et al.!” The atoms of
the square-planar cuprate layers are labeled Cu(2), O(2),
and O(3). The chain atoms are labeled Cu(1) and O(4).
The O(1) atoms bridge the Cu(2) and Cu(l) layers. A
factor group analysis of the Ba;YCu30; structure shows
that there are 15 Raman active modes with 5 of 4,4, 5 of
B, and 5 of B3z symmetry (in the point group D). In
practice, only the 5 4, modes are observed.

Raman features have been observed near 500, 435, 340,
140, and 116 cm ~! for Ba,YCu305 in studies of single
crystals.””!> Weak, sample-dependent features have also
been observed near 600 and 220 cm. ~! Studies of the po-
larization characteristics of the Raman scattering from
single crystals coupled with calculations of the lattice dy-
namics®!""!® have provided the most convincing assign-
ments of these features. However, definitive assignments
cannot be made on the basis of the polarization measure-
ments because all of these vibrations have polarization
selection rules consistent with 4, modes for the D, point
group. Only the 335-cm ™! mode can be assigned with
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certainty because it shows selection rules characteristic of
a B, mode for the tetragonal D4 point group (the ortho-
rhombic distortion is small) and just one normal mode has
this symmetry. !

Here, we report spectra for two types of materials with
the triple perovskite structure, both semiconducting, that
have been substituted on the alkaline earth site. One type
of sample is Ba, sLa; sCu30745 which is an end member
of the solid solution Ba;—,La;+,Cu3O7+5 (Refs. 19 and
20) and has a partial substitution of Ba by La. Another
set of samples contain Sr in place of Ba. While the solid
solution (Ba,Sr);YCu3O;—; extends only to Ba;,Sros-
YCu307 -5 the partial substitution of Cu(1) atoms by Al
stabilizes the perovskite structure for complete Ba re-
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FIG. 1. A unit cell of Ba,YCu30; [after L. F. Mattheis and
D. R. Hamann, Solid State Commun. 63, 395 (1987)]. Oxygen
atoms are labeled according to the notation of Siegrist et al.,
Ref. 17.
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placement by Sr in Sr;YCus—,Al,O7—5 (Ref. 21). These
substitutions cause large changes in the Cu(1) —O(1) and
Cu(2)—0(1) bond lengths and the oxygen-related vibra-
tional frequencies with respect to those of Ba,YCu30,.
The correlation of frequency with bond length provides
support for the assignment of the 500 cm ~! feature to
O(1) axial stretching.?? The change in the low-frequency
features upon substitution of Sr for Ba provides new evi-
dence for the assignment of the 140 cm ~! feature to the
mode associated with axial Cu(2) stretching.

II. EXPERIMENTAL PROCEDURE

Ceramic pellets of Ba;sLa;sCu3O7,s and Sr,Y-
Cu;-,Al,O7-;5; were made by standard techniques with
repeated grindings and firings (usually three or four). For
the Sr compound, single-phase samples were obtained for
Al contents of 0.4 < x < 0.9. Samples were given a final
anneal in 1 atm of O; at 500 °C to maximize oxygen con-
tent. Oxygen content was determined by hydrogen reduc-
tion in a thermogravimetric analysis (TGA) apparatus.
For the Sr;YCuj;—,Al,O;_;s ceramics, it was determined
that § = 0. Furthermore, oxygen does not readily evolve
from these samples, even when annealed in N, at temper-
atures near 700°C (Ref. 21).

Single crystals of Sr,YCuj;-,Al,O7-5 were grown
from Cu-O-rich melts contained in alumina crucibles.?!
Aluminum from the crucible contaminates the melt and
stabilizes the perovskite phase. The structure of such
crystals has been examined by x-ray diffraction. From the
occupation parameter refinements it was determined that
Al substitution was confined to the Cu(1) site (similar to
what has been observed for Al substitution in Ba,-
Y Cu;0,) with a typical ratio of Cu(1) to Al of 1 to 2, i.e.,
a composition of Sr;YCu; 33Alp6707-5. Crystals were ei-
ther annealed in oxygen for 7 days near 450°C or an-
nealed in N, for 20 h at 700°C. The Raman spectra were
not sensitive to these annealing treatments (consistent
with the near constancy of oxygen content observed for
ceramics).

The crystals were square platelets with areas of a few
mm? and a thickness of a few tenths of a mm with the ¢
axis normal to the basal plane. The crystallographic axes
are along the crystal edges. For crystals with orthorhom-
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bic symmetry, a and b were not distinguished because of
microtwinning.

Raman measurements were made at room temperature
with an ISA double spectrometer equipped with photon
counting detection. The system includes a Raman micro-
scope which was used to record backscattering spectra
from the thin crystal edges. For ceramics and the ¢ face
of crystals, spectra were measured in a 90° scattering
geometry. The spectrometer resolution was 5 cm ~! in all
cases. The 5145 or 4880-A lines of an Ar ion laser were
used for excitation with an incident power of <4 mW in
the microscope and of < 100 mW for the 90° scattering
experiments. For the low-frequency range, <200
cm ~ !, the samples were measured while in an Ar atmo-
sphere to eliminate the Raman features from air.

In the backscattering measurements, the incident and
scattered light have their propagation vectors along the x
direction [parallel to the a (or b) axis] with electric vec-
tors along y or z where z is along the c axis.

In the 90° scattering measurements, the ¢ axis is in the
scattering plane. For the xx geometry the x and y axes
are parallel to the crystallographic axes and the incident
and scattered light have their electric vectors along x. For
the xy geometry, the incident and scattered light have
their electric vectors along x and y, respectively. For the
geometries labeled x'x’ and x'y’ the crystal has been ro-
tated by 45° about the ¢ axis so that x' and y' are *+45°
from the a axis of the crystal.

III. RESULTS AND DISCUSSION

The A, vibrations of the Ba,YCu30, structure involve
the following atomic motions along the ¢ axis: (i) axial
motion of the O(1) atoms, (ii) Cu(2) —O(2) and Cu(2)—
O(3) bond bending with the O(2) and O(3) atoms moving
in phase, (iii) Cu(2)—0(2) and Cu(2)—0(3) bond bend-
ing with the O(2) and O(3) atoms moving out of phase,
(iv) axial stretching of the Cu(2) atoms, and (v) axial
stretching of the Ba atoms.

These modes are illustrated in Fig. 2. The orthorhom-
bic distortion is small in Ba;YCu307 and even smaller in
the Sr compound (see Table I). For tetragonal symmetry,
point group D4y, the motions (i), (ii), (iv), and (v) corre-
spond to the 4, modes and motion (iii) to the B, mode.
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FIG. 2. The A, vibrational modes (point group D2) of the Ba,;YCu3O5 structure. For tetragonal symmetry (point group Das)
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motions (i), (i), (iv), and (v) are A1, modes and (iii) is a Bi; mode. The atoms are the same as in Fig. 1 except for Y which has been

omitted for simplicity.
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TABLE I. Cu—O bond lengths and vibrational Raman frequencies (measured at room temperature).

Bond lengths are taken from Refs. 20, 21, and 24.

Ba;YCu3O¢ Ba,YCu309 Ba; sLa;.sCu3O1.2s Sr;YCu2.33Al0.6707-5
a=3.857, a=3.820, b=3.885, a=3.915, a=3.813, b=3.816,
c=11.819 c=11.676 c=11.693 c¢=11.303

Cu(1)—0(1) 1.795 1.846 1.851 1.707
Cu(2)—0(1) 2.469 2.295 2.199 2.258
Cu(2)—0() 1.941 1.930 1.969 1.923
Cu(2)—0(3) 1.941 1.961 1.969 1.923
Cu(1)—Cu(2) 4.264 4.141 4.050 3.965
G) 475 505 535 545
(ii) 453 435 435 450
(iii) 335 335 288 335

Polarized Raman spectra on single crystals have been
reported by only a few groups.””!> We focus on assign-
ments made on the basis of single-crystal results here.
Krol et al.® and Liu et al.'! both assign the 500-, 435-,
and 340-cm ~! features to the Cu-O stretching and bend-
ing modes (i), (ii), and (iii) above, respectively. Burns et
al.® also agree with these assignments and attribute the
500-cm ~! feature to mode (i) and the 340-cm ~! feature
to mode (iii). The Argonne group has emphasized the im-
portance of these assignments in the interpretation of the
isotope effect experiments (the effect on 7', of substituting
130 for '°0) and suggest that the 500-cm ~! mode is due
to vibrations of O(2) and O(3) rather than O(1) (Refs. 10
and 23).

Several calculations of the lattice dynamics have found
that the Cu(2) axial stretching mode should lie at higher
frequency than the Ba mode.>'"!® This led Krol et al.® to
assign these modes to the 220- and 140-cm ~! features, re-
spectively. Liu et al.'' and Hadjiev and Iliev'? assign the
Cu and Ba modes to the 140- and 116-cm ~! features, re-
spectively, and ascribe the 220-cm ~! feature to defect-
induced scattering. In a Raman study of electronic
scattering processes, Cooper et al.'® have observed strong
interactions between the 340- and 116-cm ~! phonons and
a broad electronic continuum feature. These authors as-
sign the 340- and 116-cm ~' features to modes that in-
volve the Cu(2) planes [modes (iii) and (iv) abovel to ex-
plain the strong coupling to the electronic continuum and
prefer that the Ba mode be associated with the 140-cm ~!
feature; i.e., they reverse the order of the two low-
frequency modes expected from lattice-dynamics calcula-
tions.

In the following we address the assignment of the O(1)
axial stretching vibration [mode (i) abovel and the Cu(2)
vibration [mode (iv)].

A. The 500-cm ~! mode: Correlation with
Cu—O0(1) bond lengths

Raman spectra for ceramics of three materials with the
triple perovskite structure are shown in Fig. 3. The
features which have been assigned to oxygen vibrations
are shown. [We note that the frequency of the 545-cm ™!
feature shown for Sr;YCu,3Alp707 is the same for

ceramic samples with Al contents of 0.4 and 0.9. Hence,
it appears that the Al, which substitutes on the Cu(1) site
and is not involved in the Raman active motions, does not
strongly affect the frequency of the 545-cm ~! feature.]
The frequencies of these oxygen-related features and the
Cu—O bond lengths for the different materials are shown
in Table I. We have labeled the frequencies by the mode
assignments we favor and will provide additional support
for these assignments below. Although not shown in Fig.
3, Raman spectra have been measured by several
groups?> for Ba;YCu3Og (which is also included in Table
1) and also intermediate oxygen contents.*52526

For the materials shown in Table I, the Cu(1)—0(1)
and Cu(2)—O(1) bond lengths change by as much as
~8% while the changes in the Cu(2)—O0(2) and
Cu(2)—0(3) bond lengths are smaller (only ~2%).
From the Ba,YCu;0; structure it is expected that substi-
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FIG. 3. Raman spectra of ceramics of three compounds with
the triple perovskite structure.
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FIG. 4. The frequency of the O(1) axial breathing mode vs
Cu(2)-Cu(1) distance for several compounds with the triple
perovskite structure. (The point for Ba;YCu3Oss was taken
from Ref. 4.)

tutions on the alkaline earth site would have the greatest
effect on the bond lengths along the ¢ axis. Of the
oxygen-related modes, the largest frequency changes for
the different materials occur for mode (i). [Mode (i)
shifts by 70 cm ~! while mode (ii) shifts by only <20
cm ~!. As we have discussed earlier, mode (iii) is already
definitively assigned.] We take these large frequency
shifts for the ~500-cm ~! feature upon changes of the
Cu—0(1) bond lengths to be strong evidence that the
500-cm ~! feature is due to O(1) axial stretching.

From Table I it can be seen that neither the Cu(1)
—O(1) nor the Cu(2)—0O(1) bond length changes corre-
late well with the changes in the mode (i) frequency.
However, the sum of these distances, i.e., the Cu(l)-
Cu(2) distance correlates very well as we show in Fig. 4.
We conclude that the Cu(1)—O(1) bond does not dom-
inate the frequency of mode (i) despite its shorter bond
length and that the Cu(2)-O(1) force constant must also
be important.

B. Vibrational Raman scattering from
Sr,YCu; - Al O7 - 5 single crystals

Raman spectra of Sr;YCus—,Al,O7—; single crystals
for the different polarization geometries are shown in
Figs. 5 and 6. These spectra are very similar to those ob-
tained for Ba,YCu3O, and can be interpreted so as to
strengthen the assignments of the modes in both com-
pounds. We note that the Sr;YCu3—xAlO7-5 crystals
are either tetragonal for oxygen-deficient compositions or
have a very small orthorhombic distortion for oxygen-
annealed samples. We ignore the small orthorhombic dis-
tortion and present assignments in terms of the point
group Dyj.

The spectrum for zz polarization taken with the Raman
microscope is shown in Fig. 5. The strong band near 540
cm ~ ! only appears in the zz polarization geometry as was
also the case for the 500 cm ~! band in Ba;YCu307. As
was described above, this band is assigned to the Ay,
mode that involves axial, symmetric stretching of the
0O(1) atoms.

The band at 330 cm ~! in Figs. 6(a) and 6(b) has dis-
tinctive polarization selection rules. It is seen in the xx
polarization geometry (x and y are along the crystallo-
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FIG. 5. Raman spectrum taken with x(zz)X polarization in a
backscattering configuration from the thin crystal edge for
SrzYCUJ—xA1x07-5.

graphic axes) and the x'y’ geometry (where the crystal
has been rotated by 45° about the c¢ axis). No other
modes are seen in the x'y’ geometry. These selection rules
are characteristic of a mode with B, symmetry. [For B,
modes the polarizability tensor has the nonzero com-
ponents a,, = —a,, for the unrotated coordinates and
hence only scattering for parallel polarizations. Rotation
by 45° about ¢ gives a polarizability tensor with the
nonzero components ayy =a, for the rotated coordi-
nates and hence only depolarized scattering. The A,
modes have a,, =ay,, and hence no depolarized scattering
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FIG. 6. Raman spectra taken in a 90° scattering geometry
from the ¢ face of a Sr2YCu3-xAlO7-; crystal. (a) The x and
y axes are along the crystallographic axes. (b) The crystal has
been rotated 45° about the ¢ axis so that x' is 45° from the crys-
tallographic a axis.
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upon rotation of the crystal about ¢.] Only the Cu(2)—
0O(2) and Cu(2)—0(3) bond-bending mode in which
0(2) and O(3) move out of phase, mode (jii) above, has
the required B, symmetry and hence can be definitively
assigned to the 330-cm ~! mode.

The remaining 4,, mode, Cu(2)—0(2) and Cu(2)—
O(3) bond bending with O(2) and O(3) moving in phase,
is assigned to the 450-cm ! feature.

The low-frequency region of the spectrum for Sr,-
YCu3-Al,O7-5 is compared to that of an oxygen-
deficient Ba,YCu3O, crystal (annealed for 20 h in N, at
700°C) in Fig. 7. For the Ba,YCu30, crystal, Raman
features are observed at 140 and 112 cm ~!. (The 112-
cm ~! feature has been observed at 116 to 120 cm ~! by
others.>!%1213) For the Sr compound only a band with
A\, symmetry at 140 cm " is seen.

In both materials we would expect mode (iv), axial
breathing of the Cu(2) atoms, to have similar frequencies.
Sr is much lighter than Ba so we would expect mode (v),
axial breathing of the Ba atoms in Ba,YCu3O,, to in-
crease in frequency for the Sr compound. Our results
therefore support the assignment of the 140 cm ~! band in
Ba;YCu30, to the Cu(2)-related mode because it is un-
shifted for the Sr compound. The 112-cm ~! mode is then
assigned to the Ba mode. If we roughly estimate the up-
ward shift of the Ba mode upon replacement by Sr by as-
suming the mode frequency is inversely proportional to
the square root of the ratio of the Ba and Sr masses then
this mode would be expected to lie near 140 cm ~!, coin-
cident with the Cu(2) mode. Such a shift would explain
the apparent disappearance of the 112-cm ~! mode and
also the increased width of the 140-cm ~! band for the Sr
compound.

In spite of the simplicity of the assignments of the 140-
and 118-cm ™! features given above, they cannot be con-
sidered as definitive as the assignment of the B, feature
made on the basis of polarization selection rules. The up-
ward frequency shift of the weak 112-cm ~! feature upon
the substitution of Sr for Ba is not actually observed; its
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FIG. 7. Raman spectra taken for xx polarization in a 90°
scattering geometry for single crystals of (a) Sr,YCujz—,-
Al,O7-5and (b) Ba;YCu3Ox (N; annealed).

possible coincidence with the 140-cm ~! band is specula-
tive. Further, there is no simple explanation for the strong
coupling of the 112-cm ~! feature to the electronic contin-
uum '’ in the context of its assignment to the Ba mode.
However, with these reservations noted, our data on Ba
substitution by Sr and the lattice dynamics calcula-
tions>!!'1% lead us to favor the assignment of the 140-
cm ! feature to the Cu mode and the 112-cm ~! feature
to the Ba mode.

Finally, we remark that the features near 600 and 220
cm ~! that were observed for Ba,YCu3O, are relatively
weaker or absent in the Sr compound. These features are
attributed to defect-induced scattering. There is much
less variability in the oxygen content in the
Sr;YCu3;—-,Al,O7-5s than for BaYCu3;O,; hence we
might expect scattering related to oxygen vacancy disor-
der to be less prominent in these materials. The broad
feature near 600 cm ' is ~30 cm ~! higher in frequency
for the Sr compound (see Fig. 6) than for Ba,YCu30,.
The higher frequency for planar and chain Cu-O stretch-
ing that are allowed by disorder is consistent with the
shorter planar bond lengths (see Table I) for the Sr com-
pound.

IV. CONCLUSION

We have examined the Raman spectra of triple
perovskites with the Ba,YCu30, structure that have been
substituted on the Ba site to gain additional evidence to
support the phonon assignments. Large changes in the
Cu(2)-0(1) and Cu(1)-O(1) distances upon substitution
and the consequent large changes in the ~500-cm !
feature’s frequency, provide additional support for the as-
signment of the ~500-cm ™! feature to O(1) axial
stretching. The definitive assignment on the basis of po-
larization selection rules of the 330-340-cm ~! feature in
BaYCu3O, and Sr;YCuz-,Al;O7—5 to the By, mode
that involves Cu(2)—0(2) and Cu(2)—O(3) bond-
bending with the O(2) and O(3) moving out of phase
leaves the 435-450-cm ™! feature to be assigned to
Cu(2)—0(2) and Cu(2)—0(3) bond bending with O(2)
and O(3) moving in phase. These assignments of the Cu-
O modes are in agreement with the expectations of
lattice-dynamics calculations and also account for the rel-
ative sizes for the elements of the polarizability tensor as
was discussed in Refs. 8,9, 11, and 12.

The presence of the 140-cm ~! band in both Ba,Y-
Cu30, and Sr;YCuj;-,Al,O7-; supports the assignment
of this feature to the axial breathing motion of the Cu(2)
atoms. The ~112-cm ™! feature in Ba;YCu30, is then
assigned to the axial breathing of the Ba atoms. Having
the Ba mode lie below the Cu(2) mode is in agreement
with several lattice dynamics calculations®!!""'® but does
not provide a simple explanation for why this Ba mode
couples strongly to the conduction electrons as was ob-
served by Cooper et al. '?
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