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Low energy electronic Raman scattering from Tl2 Ba2 CuO61d single crystals with Tc  25 and 85 K
has been studied using excitation energies from 1.65 to 3.05 eV. The B1g 2D peak position shows that
the 2DykB Tc value decreases as the doping level increases. The resonance profiles of the 2D peak and
the continuum show similar and strong resonances towards the 3.4 eV optical absorption peak in both
crystals, which indicates that (1) the 2D peak and the continuum are coupled to light scattering by the
same mechanism, and (2) the light scattering mechanism for both features involves the 3.4 eV optical
absorption process. [S0031-9007(96)01691-2]
PACS numbers: 74.25.Gz, 74.72.Fq, 78.30.-j

One of the most noticeable features in Raman scattering from cuprates is the existence of a flat and featureless continuum and the appearance of a so-called “2D
peak” in the superconducting state [1]. This peak is understood as a peak due to excitations of quasiparticle pairs
across the superconducting gap, i.e., a pair-breaking peak,
based on earlier work on conventional superconductors
[2,3]. This peak is most prominent in B1g symmetry,
and the B1g peak is observed at higher frequencies than
peaks in any other symmetries in cuprate superconductors
[4–6]. This is consistent with what we expect from superconductors with the dx 2 2y 2 gap or a strongly anisotropic
s-wave gap with a similar shape [6,7]. Recent study of
scanning SQUID microscopy also shows evidence for the
dx 2 2y 2 gap from Tl-2201 [8]. Nevertheless, the existence
of such a flat and featureless continuum is not yet clearly
understood. Electronic Raman scattering from quasiparticles in Fermi liquid theory can have finite intensity only at
very low frequencies (v # qyf ). In a strongly correlated
system, incoherent scattering of quasiparticles can give finite Raman scattering intensity over a broad region of frequency [9], but no concrete result has been reported based
on this idea. There have been several attempts to explain
the 2D peak and the continuum theoretically. None so far
has been successful in explaining both features correctly,
even though some results produce a similar 2D peak
without considering the continuum. Resonance Raman
scattering is particularly useful to study the nature or
mechanism of a Raman active excitation. In resonance
Raman scattering studies, the Raman intensity of a particular excitation is measured as a function of excitation
energy. By finding the resonance energy of the continuum and the 2D peak, the intermediate states and, as a
result, the process or the mechanism for the excitation can
be revealed.
In this Letter, we report detailed Raman scattering studies from Tl2 Ba2 CuO61d (Tl-2201) single crystals. Ra-

man scattering from low energy electronic excitations was
studied in relation to the doping level, the polarizations,
and the excitation energy. The similar resonance behaviors of the 2D peak and the continuum were observed, and
the implications of the resonance behavior are discussed.
Tl-2201 is an overdoped superconductor with Tc varying from 0 to 110 K. In this material, the whole overdoped regime from superconductor near optimal doping
to nonsuperconducting metal is accessible by changing the
oxygen doping level [10], and the critical temperature (Tc )
is very sensitive to the oxygen content: at or near d  0,
Tc is approximately 90 K, but Tc vanishes for d , 0.1
[11]. Tl-2201 has a tetragonal unit cell with point group
D4h sI4ymmmd. Optical studies of Tl-2201 have revealed
that there exists a strong peak in the optical absorption
curve around 3.4 eV [12], and this material gives relatively strong luminescence under excitation at an energy
near the absorption peak energy [13].
The experiments were done on Tl-2201 single crystals
with Tc  25 and 85 K grown as described in Ref. [10].
The crystals have natural mirrorlike ab-plane surfaces and
typical dimensions of 1 3 1 3 0.05 mm3 . The transition
temperatures were determined by a magnetization measurement, and the crystal orientations were determined
by x-ray Laue diffraction. The Raman spectra reported
here were obtained in pseudobackscattering geometry using several lines from Ar1 and Kr1 lasers ranging from
near infrared (IR) to near ultraviolet (UV). The laser
excitation was focused onto spots less than 100 mm in
diameter, and the power was reduced to a level which
gives power density less than or about 10 Wycm2 in
order to reduce heating by the laser illumination. The
laser heating was determined by analyzing Stokes (energy loss) and anti-Stokes (energy gain) spectra, and was
found to be from less than 10 to 20 K, depending on
the excitation energy we used. The temperatures referred to in this Letter are the nominal temperatures in-
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side the cryostat. The spectra were taken by a triple
grating spectrometer with a liquid nitrogen cooled CCD
detector, and corrected for the spectral response of the
spectrometer and the detector. To investigate the resonance property, we further corrected the spectra to get the
Raman scattering cross section considering the absorption
of the incident and the scattered photons inside the sample, and transmission at the sample surface using the formula given in Ref. [14]. Throughout this study, we used
x 0 y 0 geometry, where the incident photons were polarized
along the direction 45± from the Cu-O bond, and the scattered photons polarized perpendicular to the incident photons were collected. This experimental geometry gives
contributions from excitations of B1g and A2g symmetries.
In case of cuprate superconductors, B1g is predominant in
x 0 y 0 geometry. The B1g Raman spectrum, which has a
Raman scattering form factor of dx 2 2y 2 symmetry, gets
contributions mainly from the region in k space where
the magnitude of the dx 2 2y 2 superconducting gap has
maxima. Thus the B1g 2D peak position is a good measure of the 2Dmax in the case of superconductors with
dx 2 2y 2 -type pairing.
Figure 1 shows B1g Raman spectra taken from Tc 
85 and 25 K single crystals using high energy (blue)
excitation (2.73 eV) and low energy (red) (1.92 eV). The
redistributions of the B1g Raman continuum below the
critical temperatures (into a 2D peak) are clearly observed
from both samples. The 2D peak is at about 450 cm21
in the Tc  85 K sample, and at around 75 cm21 in the
Tc  25 K sample. The observed peak position in the
Tc  85 K sample gives 2DykB Tc a value of 8, which

FIG. 1. Low energy Raman spectra in x 0 y 0 symmetry from
(a) the Tc  85 K sample, using blue (454.5 nm) excitation,
( b) the Tc  85 K sample, using red (647.1 nm), (c) the Tc 
25 K sample, using blue (454.5 nm, and (d ) the Tc  25 K
sample, using red (647.1 nm) excitations. The thick lines
denote spectra taken at superconducting states (4 K), and the
thin lines at temperatures just above Tc [at 90 K in (a),( b), and
35 K in (c),(d )].
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is consistent with the prior work with a similar sample
[13,15]. This 2DykB Tc value is also similar to the values
taken from optimally doped YBa2 Cu3 O61x (Y-123) [4],
Bi2 Sr2 CaCu2 O81d (Bi-2212) [5], and La22x Srx CuO4 (La214) [6]. However, the 2D peak in the heavily overdoped
sample (Tc  25 K) was found to occur at 4.2kB Tc ,
which is closer to the conventional BCS value of 3.5. The
change of the 2DykB Tc value upon the doping level was
also observed in Bi-2212, and recently from Tl-2201 [16].
The observed change in the 2DykB Tc value by doping
suggests that doping affects the novel superconductivity
at a fundamental level rather than just by changing the
number of carriers.
One of the major difficulties in the study of the 2D peak
is that this peak is usually near or under much stronger
phonon peaks of which the shapes are also temperature
dependent. But, a clean B1g continuum without phonon
peaks could be taken staying out of resonance by using
low energy (red) excitations for both samples, as seen
in Fig. 1. The pure electronic Raman spectrum without
phonons and with the lowest residual intensity at low
frequency, from the Tc  85 K sample was obtained with
the 1.92 eV Kr1 laser line.
The low frequency Raman scattering spectra in B1g
symmetry from the Tc  85 K sample using various
excitations from near IR (1.65 eV) to near UV (3.05 eV)
are shown in Fig. 2. The measured Raman spectra were
corrected for optical properties of the sample at a given
frequency. From the Tc  85 K sample, the 2D peaks
can be clearly seen in all spectra, but with 454.5 and
406.7 nm excitations 500 cm21 phonons are observed on
top of the peaks. This makes it difficult to measure the

FIG. 2. B1g Raman scattering cross section of the Tc  85 K
sample at 4 K using various excitation lines. The horizontal
bars indicate zero intensity level for the curves immediately
above the bars.
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peak intensity since there is no exact way to separate
phonons from the electronic spectra, and this produces
relatively large uncertainties in the 2D peak intensity
with blue and violet excitations. The shape of the low
frequency part (v ! 0) of the 2D peak was found to be
dependent on the excitation energy. The low frequency
continuum becomes more linear in Raman shift (v) as we
increase the excitation energy. The low frequency line
shape change observed in the Tc  85 K sample could
result from relatively stronger resonance enhancement for
those regions in k space where the gap has values smaller
than the maximum value.
The resonance profiles of the 2D peak and the continuum in both samples are presented in Fig. 3. The continuum intensity was measured at high frequencies well
above the peak positions where the spectra are flat and
featureless, and was further scaled to match the intensity
of the 2D peak for a comparison. In Fig. 3, it is clearly
observed that the 2D peak and the continuum gain intensity in a similar way towards an excitation energy of
3.4 eV from both samples, where strong peaks are observed in the optical absorption data. In other words, the
2D peak in Tl-2201 resonates towards the optical absorption peak. From the similarity in resonance profiles of
the 2D peak and the continuum, we can conclude that the
2D peak truly results from the redistribution of the continuum rather than comes from a different excitation channel
which is opened in the superconducting state.

FIG. 3. The resonance Raman excitation profile of the B1g
2D peak (solid diamonds) and the continuum (open diamonds,
scaled) compared with the optical absorption (from Ref. 12)
from (a) the Tc  85 K sample, and (b) the Tc  25 K sample
on an absolute energy scale. The connecting lines are guides
to the eye. The peak intensities were taken at 4 K in (a) and
2.4 K in ( b), and the optical absorption at 300 K.
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The Hamiltonian for electromagnetic interactions contains p ? A and A2 terms, and the main contributions in
Raman scattering come from the first order perturbation
from the A2 term which is nonresonant, and the second
order perturbation of the p ? A term, which is resonant.
In the latter case, the resonance occurs when the energy of
the intermediate state is higher than the energy of the initial state by the incident photon energy, and is achieved by
single photon absorption. Our results imply that the intermediate state for the Raman process of the 2D peak may
be the same state which produces the peak near 3.4 eV
in optical absorption. For a complete understanding, it
has great importance to determine the mechanism of the
3.4 eV absorption feature to understand how light couples
to the 2D peak in Raman scattering.
The band structure calculations based on the local
density approximation (LDA) method do not suggest such
a peak near 3.4 eV in optical absorption involving a Cu-O
band crossing the Fermi energy [17,18]. To explain the
resonance profile of the 2D peak in such a band picture,
a complicated process of higher order than second order
Raman scattering mediated by interband transitions may
be necessary. In particular, we suggest that the 3.4 eV
absorption peak results from strong correlations among
carriers which are not included in the framework of LDA.
One simplistic scenario for a strongly correlated system
is the following: (1) The optical absorption peak comes
from, in the hole picture, transition from the Fermi level
to the upper Hubbard band (UHB), and (2) the strong
resonance of the 2D peak is due to the enhancement of
the quasiparticle excitations by the Raman process via
interband transitions to the UHB as shown in Fig. 4.
The nature of the UHB is suggested to be either doubly
occupied Cu 3d or doubly occupied O 2p band. The
Coulomb repulsion on Cu 3d is believed to be very
strong (Ud , 8 eV) [19], and the transition energy to the
Cu UHB from the Fermi level will be rather high even
after a renormalization due to the strong correlation. In
doped cuprates, it is widely accepted that additional O
holes added to the half-filled antiferromagnetic state form
hybridized O 2p states, and form singlet states with Cu 3d
holes [20]. The transition energy to a doubly occupied
hybridized O 2p state, i.e., O UHB with hybridization,
from the Fermi level is estimated to be around 3.2 eV to
the leading order using mostly accepted parameters [19].
At least in terms of energy, this model involving the O
UHB is a likely candidate for the observed resonance
Raman effect and the optical absorption.
On the other hand, the Raman scattering process
mediated by an interband transition from Cu 3d band
to the Fermi level (O 2p band) is also possible. The
resonance energy in this case, however, is expected to
be around 2 eV. As we dope holes from a half-filled
insulator, the distinct gap between those two bands no
longer exists as a result of a strong correlation between
carriers. It is expected that such a transition in an
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FIG. 4. A schematic diagram for the proposed resonant
electronic Raman scattering process. Shaded regions represent
filled hole states.

overdoped system loses intensity and sharpness. Small
bumps are observed around 2 eV in optical absorption
data. The resonace profiles of 2D peak also show signs
of weak resonace around the bumps. The two-magnon
scattering, which is known to result from such transitions,
is observed in the metallic phase of some cuprates [21].
We did not observe two-magnon scattering from either
sample.
In summary, the 2DykB Tc values measured from the
B1g Raman spectra show a significant difference in
the sample with near-optimal doping and the sample
with heavy overdoping. By staying out of resonance of
phononic scattering, pure electronic Raman spectra were
taken using low energy excitations. The peaks from the
quasiparticle excitations across the superconducting gap
(2D peak) and the continua resonate in the same fashion
towards optical absorption peaks around 3.4 eV in both
samples, which suggests that the 2D peak comes from the
redistribution of the continuum with the opening of the
superconducting gap. A model, based on strongly correlated electronic features, is proposed for the resonance
electronic Raman scattering.
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