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Low energy electronic Raman scattering fromBa&,CuG;., 5 single crystals wittf. = 25 and85 K
has been studied using excitation energies from 1.65 to 3.05 eV. BIh2A peak position shows that
the2A/kpT, value decreases as the doping level increases. The resonance profile dfptbak and
the continuum show similar and strong resonances towards the 3.4 eV optical absorption peak in both
crystals, which indicates that (1) tld\ 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 scatteman scattering from low energy electronic excitations was
ing from cuprates is the existence of a flat and featurestudied in relation to the doping level, the polarizations,
less continuum and the appearance of a so-calll “ and the excitation energy. The similar resonance behav-
peak” in the superconducting state [1]. This peak is uniors of the2A peak and the continuum were observed, and
derstood as a peak due to excitations of quasiparticle paithe implications of the resonance behavior are discussed.
across the superconducting gap, i.e., a pair-breaking peak, TI-2201 is an overdoped superconductor withvary-
based on earlier work on conventional superconductorsng from 0 to 110 K. In this material, the whole over-
[2,3]. This peak is most prominent iB;, symmetry, doped regime from superconductor near optimal doping
and theB,, peak is observed at higher frequencies tharto nonsuperconducting metal is accessible by changing the
peaks in any other symmetries in cuprate superconductomxygen doping level [10], and the critical temperatuFg)(
[4-6]. This is consistent with what we expect from super-is very sensitive to the oxygen content: at or néa# 0,
conductors with thel,.—,» gap or a strongly anisotropic 7. is approximately 90 K, buf. vanishes foré ~ 0.1
s-wave gap with a similar shape [6,7]. Recent study off11]. TI-2201 has a tetragonal unit cell with point group
scanning SQUID microscopy also shows evidence for thé,;,(I14/mmm). Optical studies of TI-2201 have revealed
d>—y> gap from TI-2201 [8]. Nevertheless, the existencethat there exists a strong peak in the optical absorption
of such a flat and featureless continuum is not yet clearlgurve around 3.4 eV [12], and this material gives rela-
understood. Electronic Raman scattering from quasipartitively strong luminescence under excitation at an energy
cles in Fermi liquid theory can have finite intensity only atnear the absorption peak energy [13].
very low frequencies¢ = qvy). In a strongly correlated The experiments were done on TI-2201 single crystals
system, incoherent scattering of quasiparticles can give fwith 7. = 25 and 85 K grown as described in Ref. [10].
nite Raman scattering intensity over a broad region of freThe crystals have natural mirrorlike ab-plane surfaces and
quency [9], but no concrete result has been reported baséygpical dimensions of X 1 X 0.05 mn?. The transition
on this idea. There have been several attempts to explatemperatures were determined by a magnetization mea-
the2A peak and the continuum theoretically. None so farsurement, and the crystal orientations were determined
has been successful in explaining both features correctpy x-ray Laue diffraction. The Raman spectra reported
even though some results produce a simildx peak here were obtained in pseudobackscattering geometry us-
without considering the continuum. Resonance Ramaing several lines from Ar and Kr" lasers ranging from
scattering is particularly useful to study the nature omear infrared (IR) to near ultraviolet (UV). The laser
mechanism of a Raman active excitation. In resonancexcitation was focused onto spots less tH&0 xm in
Raman scattering studies, the Raman intensity of a padiameter, and the power was reduced to a level which
ticular excitation is measured as a function of excitationgives power density less than or abol@ W/cn? in
energy. By finding the resonance energy of the continerder to reduce heating by the laser illumination. The
uum and the2A peak, the intermediate states and, as daser heating was determined by analyzing Stokes (en-
result, the process or the mechanism for the excitation cagrgy loss) and anti-Stokes (energy gain) spectra, and was
be revealed. found to be from less than 10 to 20 K, depending on

In this Letter, we report detailed Raman scattering studthe excitation energy we used. The temperatures re-
ies from ThBaCuQs+s (TI-2201) single crystals. Ra- ferred to in this Letter are the nominal temperatures in-
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side the cryostat. The spectra were taken by a triplés consistent with the prior work with a similar sample
grating spectrometer with a liquid nitrogen cooled CCDJ[13,15]. This2A/kgT. value is also similar to the values
detector, and corrected for the spectral response of thaken from optimally doped YB&wOg4, (Y-123) [4],
spectrometer and the detector. To investigate the resd®i,SrnCaCuyOg4 s (Bi-2212) [5], and La—,Sr,CuQ, (La-
nance property, we further corrected the spectra to get thi&l4) [6]. However, the A peak in the heavily overdoped
Raman scattering cross section considering the absorptiample {. = 25 K) was found to occur a#.2kgT.,
of the incident and the scattered photons inside the samwhich is closer to the conventional BCS value of 3.5. The
ple, and transmission at the sample surface using the fochange of theA /kgT. value upon the doping level was
mula given in Ref. [14]. Throughout this study, we usedalso observed in Bi-2212, and recently from TI-2201 [16].
x'y" geometry, where the incident photons were polarized’he observed change in th&\ /kzT,. value by doping
along the direction 45from the Cu-O bond, and the scat- suggests that doping affects the novel superconductivity
tered photons polarized perpendicular to the incident phoat a fundamental level rather than just by changing the
tons were collected. This experimental geometry givesiumber of carriers.
contributions from excitations @#;, andA,, symmetries. One of the major difficulties in the study of tB& peak
In case of cuprate superconductaBs, is predominant in is that this peak is usually near or under much stronger
x'y’ geometry. TheB;, Raman spectrum, which has a phonon peaks of which the shapes are also temperature
Raman scattering form factor af,.—,- symmetry, gets dependent. But, a cleaB;, continuum without phonon
contributions mainly from the region ik space where peaks could be taken staying out of resonance by using
the magnitude of thed,.—,» superconducting gap has low energy (red) excitations for both samples, as seen
maxima. Thus the8;, 2A peak position is a good mea- in Fig. 1. The pure electronic Raman spectrum without
sure of the2A,,.x in the case of superconductors with phonons and with the lowest residual intensity at low
d>—>-type pairing. frequency, from thd, = 85 K sample was obtained with
Figure 1 showsB,, Raman spectra taken frofi. = the 1.92 eV Kf laser line.
85 and25 K single crystals using high energy (blue) The low frequency Raman scattering spectraBip
excitation (2.73 eV) and low energy (red) (1.92 eV). Thesymmetry from theT,. = 85 K sample using various
redistributions of theB;, Raman continuum below the excitations from near IR (1.65 eV) to near UV (3.05 eV)
critical temperatures (into 2A peak) are clearly observed are shown in Fig. 2. The measured Raman spectra were
from both samples. TheA peak is at about#50 cm™!'  corrected for optical properties of the sample at a given
in the T. = 85 K sample, and at aroungs cm™! in the  frequency. From th&,. = 85 K sample, the2A peaks
T. = 25 K sample. The observed peak position in thecan be clearly seen in all spectra, but with 454.5 and
T, = 85 K sample gives2A/kpT. a value of 8, which 406.7 nm excitation§00 cm~!' phonons are observed on
top of the peaks. This makes it difficult to measure the
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FIG. 1. Low energy Raman spectra irty’ symmetry from ebetafi bbb :

(a) theT. = 85 K sample, using blue (454.5 nm) excitation, Y 200 400 600 800

(b) theT,. = 85 K sample, using red (647.1 nm), (c) the = Raman shift (cm™)

25 K sample, using blue (454.5 nm, and (d) tiig = 25 K

sample, using red (647.1 nm) excitations. The thick linesFIG. 2. B,, Raman scattering cross section of the= 85 K
denote spectra taken at superconducting states (4 K), and tlsample at 4 K using various excitation lines. The horizontal
thin lines at temperatures just abo¥e[at 90 K in (a),(b), and bars indicate zero intensity level for the curves immediately
35 K'in (c),(d)]. above the bars.
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peak intensity since there is no exact way to separate The Hamiltonian for electromagnetic interactions con-
phonons from the electronic spectra, and this producesinsp - A and A? terms, and the main contributions in
relatively large uncertainties in theA peak intensity Raman scattering come from the first order perturbation
with blue and violet excitations. The shape of the lowfrom the A term which is nonresonant, and the second
frequency part¢ — 0) of the2A peak was found to be order perturbation of thg¢ - A term, which is resonant.
dependent on the excitation energy. The low frequencyn the latter case, the resonance occurs when the energy of
continuum becomes more linear in Raman shifj @s we  the intermediate state is higher than the energy of the ini-
increase the excitation energy. The low frequency lindial state by the incident photon energy, and is achieved by
shape change observed in tifig = 85 K sample could single photon absorption. Our results imply that the inter-
result from relatively stronger resonance enhancement fanediate state for the Raman process of 2hepeak may
those regions itk space where the gap has values smallebe the same state which produces the peak near 3.4 eV
than the maximum value. in optical absorption. For a complete understanding, it

The resonance profiles of ti¥\ peak and the contin- has great importance to determine the mechanism of the
uum in both samples are presented in Fig. 3. The con3.4 eV absorption feature to understand how light couples
tinuum intensity was measured at high frequencies welto the2A peak in Raman scattering.
above the peak positions where the spectra are flat and The band structure calculations based on the local
featureless, and was further scaled to match the intensigensity approximation (LDA) method do not suggest such
of the 2A peak for a comparison. In Fig. 3, it is clearly a peak near 3.4 eV in optical absorption involving a Cu-O
observed that th@A peak and the continuum gain in- band crossing the Fermi energy [17,18]. To explain the
tensity in a similar way towards an excitation energy ofresonance profile of th2A peak in such a band picture,
3.4 eV from both samples, where strong peaks are oba complicated process of higher order than second order
served in the optical absorption data. In other words, th&kaman scattering mediated by interband transitions may
2A peak in TI-2201 resonates towards the optical absorpbe necessary. In particular, we suggest that the 3.4 eV
tion peak. From the similarity in resonance profiles ofabsorption peak results from strong correlations among
the2A peak and the continuum, we can conclude that thearriers which are not included in the framework of LDA.
2A peak truly results from the redistribution of the contin-  One simplistic scenario for a strongly correlated system
uum rather than comes from a different excitation channek the following: (1) The optical absorption peak comes
which is opened in the superconducting state. from, in the hole picture, transition from the Fermi level
to the upper Hubbard band (UHB), and (2) the strong
resonance of th@A 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 Cu3d or doubly occupied Q2p band. The
Coulomb repulsion on CWld is believed to be very
strong U, ~ 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 O2p states, and form singlet states with &l
holes [20]. The transition energy to a doubly occupied
hybridized O2p 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].
11 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 Gd band
FIG. 3. The resonance Raman excitation profile of the to the Fermi level (O2p band) is also possible. The

2A peak (solid diamonds) and the continuum (open diamondsiesonance energy in this case, however, is expected to

fscale?)) fﬁn}paregszith thelopticgl(g)btsr?grptionzs(fr;m Relf. 12)he around 2 eV. As we dope holes from a half-filled
rom (a) theT, = sample, an L = sample . -
on an absolute energy scale. The connecting lines are guidédsulator, the distinct gap between those two bands no

to the eye. The peak intensities were taken at 4 K in (a) andOnger exists as a result of a strong correlation between
2.4 K in (b), and the optical absorption at 300 K. carriers. It is expected that such a transition in an
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