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We have measured resonant phonon Raman profiles of a superconducting Pb,Sr2Y¢.75Cao25Cus-
Os+5 crystal for laser energies from 1.65 to 2.7 eV. The resonances at 1.75 and 2.55 eV and the
rise towards the uv, also seen in ellipsometry, are assigned to transitions involving the Cu(2)
d,z_yz—0(3) Px.y» and Pb-O(1) complexes. There exists a relationship between the phonon-
induced atomic motions and the location in the unit cell of the electronic transition. We also as-
sign additional peaks that appear under resonant conditions.

In the past, resonant Raman scattering has been used as
a tool to investigate electronic band structures as well as
vibrational properties, mainly in semiconductors.' Reso-
nant Raman measurements for high-7, materials are im-
portant since their band structures are little known. There
do exist one-electron calculations,? but there is still uncer-
tainty in the assignment of observed electronic transi-
tions.®> Here we report resonant Raman and ellipsometric
data for Pb-based superconductors and related insulators*
which yield information about the electronic structure.

Using rotating-analyzer ellipsometry, we obtained the
dielectric functions to lead-based ceramics. Figure 1,
displaying a Pb,Sr,SmCu3Os spectrum, exhibits peaks at
1.75, 2.6 (also seen in YBa;Cu3Og+5), 3.4, and 3.9 eV. &
increases strongly between 2.5 and 4 eV.

Neutron powder diffraction and electron microscopy?
show that the orthorhombic distortion of Pb,Sr,YCu;Og
originates from the displacement of the oxygen atoms in
the PbO planes. This leads to a non-c-centered, ortho-
rhombic, primitive cell with twice the size of the original
pseudotetragonal cell (shown in Fig. 2). If the crystal
were ¢ centered without O displacements, D,,-point-
group factor-group analysis would yield 64, + B+ 7B,
+7B3, Raman-active, 7B,,+8B,,+8B;, infrared-ac-
tive, one silent A,, and three acoustic vibrational modes.®
The 6A4;+ B, modes have previously been assigned,’
while, as in all other high-T, superconductors, the B, and
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FIG. 1. Dielectric function of Pb,Sr,SmCu3Os (e, solid line;
€2, dashed line; absorption coefficient a, dotted line).
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B3z modes seem to be too weak to be clearly detected.
Since the non-c-centered character shows up predom-
inantly in the PbO planes, the distortions should only
create additional vibrational modes involving those planes.
If we assume a non-c-centered displacement of the oxygen
atoms along the b axis, group-theoretical analysis for a
pair of Pb,0O; planes with C,, symmetry shows that each
c-centered B,, mode, involving Pb or O vibrations along
the a direction, becomes Raman active at the (orthorhom-
bic) zone center and at the [010] zone edge as well as at
the [010] zone edge of the corresponding acoustic branch
in such a way that its Raman tensor is the same as for
Djyp-symmetry B, mode. Likewise, the B3, modes be-
come Raman active at these points, but show A4,-type Ra-
man tensors. Therefore, for each B,-Bj3, pair of
infrared-active modes, we might expect (3B, +3A4,)-type
Raman-active modes. Similarly, the zone-boundary
modes corresponding to each A4, mode involving motion of
the Pb-O(2) plane become Raman active too. These
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FIG. 2. Pseudotetragonal unit cell with the O(2) atoms at the
ideal rocksalt position.
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modes may be observed, especially in the case of reso-
nance.

A further source of symmetry reduction (i.e., more
Raman-active phonons) is the uncertainty about the site
of the oxygen atoms in excess of Og, always present in the
material. It was argued* that excess oxygen is located in
the otherwise empty Cu(1) plane. If this oxygen is not de-
posited in an ordered fashion, there should exist more
detectable Raman-active Cu(1)-Ocxcess and Pb-Oexcess Vi-
brations, probably with a poorly defined polarization.

We were able to grow rather large (2.5%2.5%0.5 mm?)
and extremely pure orthorhombic, partially twinned crys-
tals from a PbO-CuO flux.* The crystal used had T, = 20
i and @ =5.371(6) A, b =5.457(6) A, and ¢ =15.708(2)

Their Raman spectra for several polarization geome-
tries have been measured for 14 wavelengths from 4579 to
7525 A (Ar* and Kr* lasers) at temperatures ranging
from 10 to 295 K. Figure 3 shows the spectra taken at 10
K for different laser wavelengths in z(x'x')z polarization,
where x',y’ denote the pseudotetragonal axes and x,y the
actual orthorhombic axes. Absolute as well as relative
peak intensities vary drastically when changing the excita-
tion frequency. The spectrum taken at A, =5145 A
where, as we will see later, resonance effects are small,
shows the 64, modes at 80, 150, 250, 435, 484, and 570
cm ~ !, the Bz mode at 325 cm ~1 and an additional dou-
blet peak at 180 and 190 cm ~'. In a previous paper,’ we
assigned the 64+ B, peaks to vibrations of the Pb,
Cu(2)-Sr in- and out-of-phase, O(3) in-phase, O(2),
0O(1), and O(3) out-of-phase, respectively. The origin of
the 180 and 190-cm ~! peak, only observed at low T,
remained unclear.
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FIG. 3. Raman spectra for laser wavelengths of 4579, 5145,
and 6764 A taken at 10 K in z (x'x')Z geometry.

For A, =4579 A, five additional peaks at 125, 220, 280,
400, and 530 cm ~! are seen. The peaks at 125, 400, and
530 cm ™! are observed only in z(x'x')z and z(xx)z
geometries. Their Raman tensor is therefore that of Dy,-
symmetry A; mode. In contrast, the peaks at 220 and 280
cm ~!, detectable only in z(x'x')Z and z(xy)Z geometries,
are of Bz type. For A, =6764 A, an additional broad
Ag-type peak is observed at 660 cm ~!. A similar struc-
ture is also seen in YBa;Cu30g.%

For all laser wavelengths, the x'(zz)x' spectra just show
the very strong 570-cm ~ ! peak and the much weaker ones
at 484, 150, and 80 cm ~!, while the x(zy)X spectrum has
no clearly identifiable structures. Therefore, even under
resonant conditions, the B, and B3, modes are too weak
to be observed. Only the Raman tensor of the 570-cm ~!
mode has a clearly dominating zz component while the
480-cm ~! peak does not, thus indicating that the motion
of O(1) (480 cm ~') and the O(2) (570 cm ~!) atoms
cannot couple to the same electronic bands. Usually, only
the Cu-O stretch in the z direction generates Raman ten-
sors with strong zz components. We have found that oth-
er Pb-based ceramic samples, with different rare earths
and varying oxygen contents, prepared by different
groups, all show similar peaks.

We obtained resonance spectra for all observed peaks
by taking the peak heights measured in the z(x'x')z
configuration at 10 K and normalizing them against the
known BaF, Raman phonon profile.’ The resonance
profiles were not corrected for changes in absorption and
reflectivity since ellipsometry data (Fig. 1 ) showed that
the small bumps in the nearly flat spectra of their
coefficients around 1.75 and 2.6 eV would even enhance
the features obtained without correction. Figure 4(a)
shows the resonance profiles for what we believe to be the
6A;+ B, modes of the nondistorted orthorhombic cell. It
can be seen that the peaks at 150 and 250 cm ~! resonate
at 1.75 and 2.55 eV, the 325-cm ~! mode at 1.75 and 2.5
eV, and the 435-cm ™! line at 1.75 and 2.4 eV, while the
80-cm ~! structure and the two high-frequency modes
resonate only weakly at 1.75 eV but exhibit a steep rise to-
wards the uv. Preliminary measurements of the x'(zz)x’
resonance profiles indicate that strong resonances do not
exist in this geometry.

Recently, Kress et al. have performed lattice-dynamical
calculations for Pb,Sr,YCu30s,'" showing excellent
agreement with the 64,+B;, Raman modes. We will
now use the phonon eigenvectors calculated there to ana-
lyze the resonance behavior of the phonons.

We note that all modes that involve, according to Ref.
10, a strong vertical motion in the Cu(2)-O(3) plane, e.g.,
the 150-, 250-, 325-, and 435-cm ~' lines, show reso-
nances near 1.75 and 2.55 eV. The 80- and 484-cm ™!
modes that involve small CuO; plane atom displacements,
resonate weakly. Similarly, we observe that the 484-
cm ™! peak, mainly a stretching of the Pb—O(1) bond,
resonates very strongly towards the uv. The x'x’' com-
ponent of the 570-cm ~'-mode Raman tensor and the 80-
and 150-cm ~! lines, involving a smaller stretching of this
bond, resonate more weakly in the uv. This resonance
that should also exist in the 250-cm ~!-mode profile seems
to be masked by the very strong 2.55-eV resonance.
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FIG. 4. Resonant Raman profiles for (a) the 64,+ B, modes and (b) additional modes, all taken at 10 K in z(x'x')z geometry.
Polarization selection rules are indicated as 4, or B, type. The y-axis calibration is the same for all profiles.

We note that the resonance energies are close to those
of critical points seen in ellipsometry (Fig. 1). In addi-
tion, we conclude that there is a close relationship between
the sites of the atoms which move the most for a given
phonon and the predominant location in real space of res-
onant electronic transitions. This effect becomes possible
because the unit cell is so large that the coupling between
far away regions is weak. We can therefore assign the
1.75- and 2.55-eV transitions to happen within the Cu(2)
d,:_,2=0(3) p,, complex. These Cu d-O p bands can-
not produce the z (xx)z Raman activity, involving vertical
motion of the Cu-O plane, since there is no change of the
sum of the polarizabilities of these bonds linear in atomic
displacements. The Raman activity involving O(2)-O(3)
motion is most likely induced by the asymmetric crystal
field generated by the Y>* and Sr?* ions. The weak reso-
nance near 2.5 eV of the 325- and 435-cm ~! lines, involv-
ing primarily O(3) displacements, is red shifted by 50 and
150 meV, respectively, with respect to the strong reso-
nance of the 150- and 250-cm ~! modes. A similar behav-
ior was previously observed in semiconductors,!! and can
be explained by the interference of the resonant Raman
polarizability with a nonresonant background: The posi-
tion of the resonance maximum can shift by as much as a
linewidth.

The uv resonance can be assigned to a transition from
the O(1) 2p to the Pb 6p level. Since py-px, py-px, and
Pp:-p: transitions are symmetry forbidden for light propa-
gating along the z axis [because of the mirror planes along
the O(1) —P bondsl, the resonant transitions must be py ,

to p;, or p, to px ;.

These conclusions are supported by the recent linear-
augmented-plane wave band-structure calculations of
Mattheiss and Hamann,? which show a peak in the Pb
6p,-O(1) partial density of states at the X-M-I'-Z line
between 1.3 and 1.7 eV above the Fermi energy and for
O(1) 2p between 1.6 and 2.1 eV below Ef resulting in
transition energies between 2.9 and 3.8 eV, compatible
with the steep rise towards the uv we observe. Similarly
the calculations show that transitions lower than 2.6 eV
are only possible within the Cu(2) d,:_,2-0(2) px y com-
plex. Unfortunately, it does not seem possible to extract
more detailed information from this local-density-
approximation-type calculation which is afflicted by “gap
problems”!2 and does not include the strong correlation of
the Cu d electrons.

Finally, we attempt an assignment of the additional
peaks observed under resonant conditions. Their reso-
nance behavior, shown in Fig. 4(b), is similar to that of
the phonons from the c-centered unit cell [Fig. 4(a)l. In
addition, all modes have a definite 4,- or B g-type sym-
metry. It is therefore very unlikely that they are caused
by impurities or other phases. The modes observed at
220, 280, 400, and 530 cm ~', showing a uv resonance,
must involve a motion of the Pb-O(2) plane. The lattice-
dynamical calculation'® states the existence of Pb-O(2)
B,,-B3, modes at 366 and 485 cm ~ . Using group theory
as described above, we can therefore tentatively assign the
Ag-type peaks at 400 and 530 cm ~!and those of B, type
at 280 and 220 cm ! as the tetragonal zone center and
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zone boundary B,,-B3, modes, respectively, that become
Raman active due to the non-c-centered distortion,
strongly enhanced by resonance.

The 180- and 190-cm ~! lines exhibit the same reso-
nance behavior, symmetry, and energy range as the very
strong 250-cm ~! mode. Since the latter also involves
O(2) motion, it “feels” the non-c-centered distortion. We
therefore conjecture that the 180- and 190-cm ~' peaks
are the zone-boundary modes corresponding to the 250-
cm ~! peak. A problem with this assignment comes from
the fact that the 180- and 190-cm ~' peaks are rather
strong (half of the 250-cm ~! intensity) and are also ob-
served away from resonance. The origin of the 125-cm ™!
peak, showing exclusively the 2.55-eV resonance remains
unclear, but it might be a resonance-induced infrared-
active mode (Ref. 10 calculated 121 cm ~') involving a
motion of the Cu(2)-O(3) plane as well as of the dis-
placed O(2) atom. The A4,-type 660-cm ~' mode resonant
at 1.75 eV is especially interesting since a mode at a simi-
lar frequency appears also in YBa;Cu30¢.% The fact that
this peak is rather broad (=50 cm ~!) indicates that it
may be a two-phonon process, perhaps the overtone of the
325-cm ~! B}, mode which is also resonant at 1.75 eV.

Finally, we mention that the intensity of the peaks at

180, 190, 220, 280, 400, and 530 cm ~', which are, ac-
cording to our assignments, all induced by the non-c-
centered displacement at the O(2) atoms, decreases with
increasing temperature, suggesting that the distortion of
the unit cell is a decreasing function of temperature.

In conclusion, after finding a close correlation between
the site of resonating phonon-induced atomic motion and
the site of the electronic transition, we have assigned the
1.75- and 2.55-eV transitions to occur within the Cu(2)
d,:_,=0(3) py, complex, while the uv transition in-
volves the Pb 6p,-O(1) complex. Finally, we have as-
signed additional Raman peaks detected under resonant
conditions to be either due to the non-c-centered distortion
of the PbO planes or to an overtone of the 325-cm ~! By,
mode. In view of the poor knowledge of the electronic
band structure, our interpretation is to be regarded as pre-
liminary. Measurements with tunable lasers and further
into the uv, in particular on simpler materials such as
YBa;Cu307 -5, are on the way in order to clarify matters.
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