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Raman spectra of YBa2Cu3O72x and Bi2Sr2sCa0.62Y0.38dCu2O81d with Tc > 0.65Tmax
c in the

underdoped regime of the phase diagram are studied as a function of temperature and polariz
At B2g sxyd symmetry a reduction of spectral weight by 10% for frequencies less than700 cm21 or
15kBTc is found below approximately 200 K. BelowTc, a superconducting gap opens up which closel
resembles that observed at higher doping levels. It is compatible withdx22y2 pairing and its amplitude
2D0 can be estimated to be8kBTc. [S0031-9007(97)03387-5]

PACS numbers: 74.25.Gz, 74.72.–h, 78.30.Er
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The doping-temperature phase diagram of all CuO2 sys-
tems shows the proximity of magnetically ordered, meta
lic, and superconducting phases, and suggests that th
phases are all interrelated. The undoped parent compou
are antiferromagnetically (AF) ordered Mott-Hubbard in
sulators, and magnetic fluctuations are observed along w
superconductivity at low doping levels. Therefore, th
evolution of the metallic phase from the AF insulatin
phase attracted a great deal of attention. Recently, gap
features in the electronic spectrum of underdoped cupra
have been inferred from or directly observed in measu
ments of the specific heat [1], the dc [2], and infrare
(ir) [3] conductivity, and in angle-resolved photoemissio
(ARPES) experiments [4] at characteristic temperaturesTp

well aboveTc. Although several ideas have been propos
which can lead to a qualitative understanding of this ph
nomenon [5–12], at present the interpretation of, and t
relationship between, these results is not settled. In p
this is related to not yet understood discrepancies in t
experimental data obtained by different methods. In ad
tion, basically all experimental techniques used so far a
not similarly sensitive to both the formation of the pseud
gap atTp and the transition to the superconducting phase
Tc which is expected to develop a full, though most likely
stronglyk-dependent gap.

In this Letter, we want to contribute new information ob
tained from inelastic light-scattering experiments as bo
types of gaps can clearly be identified in the spect
So far, only the superconducting gap could be found
Raman scattering [13]. All observations pointed to
strong anisotropy ink space and a superconducting orde
parameter which is most compatible withdx22y2 pairing
[13,14]. In the normal state the electronic response is a
related to carrier properties [13]. Then, anomalies su
as a pseudogap which are observed in the conductivity
0031-9007y97y78(25)y4837(4)$10.00
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should manifest themselves in the Raman spectra. In
dition to what is found in ir experiments, Raman scatteri
weighs out different parts of the Fermi surface (FS) for d
ferent light polarizations, and therefore anisotropies m
be studied. The purpose of this paper is to demonstr
the direct observation of the pseudogap and, at lower te
peratures, that of the superconducting gap in the Ram
spectra of underdoped cuprates, and to discuss the de
dences on polarization, energy, and temperature.

The experiments were performed in back-scattering
ometry using a standard Raman setup with excitation
476 nm, a spot size of50 3 150 mm2, and laser powers
between 0.3 and 4 mW. The polarizations of the inco
ing and outgoing photons were always parallel to the Cu2

planes. All symmetries refer to a tetragonal point grou
We studied single crystals of Bi2Sr2sCa0.62Y0.38dCu2O81d

(Bi2212) and YBa2Cu3O72x (Y123). Bi2212 was pre-
pared in ZrO crucibles. The resistively determinedTc

(midpoint) is 57 K, the width isDTc  5 K. The Y123
crystal was grown in BaZrO3 [15], annealed for 100 h at
784±C in 1 bar oxygen, and subsequently quenched. A
cording to the calibration by Lindemeret al., this ther-
mal treatment results in an oxygen content of 6.5 [1
The magnetically measured transition temperature isTc 
53.5 K with DTc  3 K. It is important to note that in
Y123 the actualTc relevant to the Raman experiment ca
be higher by several degrees due to the illumination w
intense light [17]. Therefore a higher approximate val
for Tc is given in the figures.

The underdoped materials exhibit an important diffe
ence to samples with optimal or higher doping levels in th
features related to properties of the carriers can be obse
only atB2g polarization. At the other two symmetries,A1g

andB1g, the spectra show hardly any temperature dep
dence [18]. Therefore we will discuss hereB2g data only.
© 1997 The American Physical Society 4837
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The normal state response Imxsv, T d for three differently
doped Bi2212 samples is plotted for various temperatu
in Fig. 1. Panels (a) and (b) are shown only for compa
son and are reproduced here from earlier work [13,19]. A
spectra consist of slowly varying continua and superim
posed narrow structures due to phonons. To clarify t
evolution of the spectra with temperature, we focus first
the optimally doped sample [Fig. 1(b)]. Upon cooling, th
slope≠Imxy≠v close tov  0 increases continuously.
Above some800 cm21, all spectra merge together and d
not exhibit any systematic temperature dependence.
sentially the same behavior of the continuum is found f
the overdoped sample [Fig. 1(a)]. The underdoped m
terial [Fig. 1(c)] exhibits a similar variation with tempera
ture down to some 200 K. Then, as a new feature, spec
weight is lost below700 cm21 while the slope at low en-
ergies continues to increase. Between 250 and700 cm21,
the spectrum at 80 K is roughly 10% below those at hig
temperatures. The very same variation with temperatu
is found for underdoped Y123 (Fig. 2). For both mater
als the temperature dependence of the integrated spec
weight is plotted in Fig. 3. The integration limits are se
as indicated in Figs. 1(c) and 2, and cut off the low-ener
parts with trivial temperature dependence [see Figs. 1
and 1(b)]. In each case, the depletion of spectral weig
starts at approximately 200 K and tends to saturate at ab
100 K. If it exists at all in optimally doped Bi2212, the
reduction of weight is much smaller and is shifted to lowe
temperatures [Fig. 3(a)].

In the superconducting state, additional structures a
pear in the spectra which peak at230 6 10 cm21 (light
lines in Fig. 4). They have completely similar shapes
those found in optimally doped and overdoped samples
the same symmetry [14,18]. Accordingly, they are inte
preted as a signature of coherent pair formation and o
superconducting energy gap. The peak intensity is parti
larly big for Y123, highlighting the extreme purity of this
material [15,20]. At low energies the intensities now var
linearly over almost a decade which clearly contrasts t
convex curvature apparent at all temperatures aboveTc.

We first briefly address the surprising observatio
that carrier properties are found only atB2g symmetry.
Changes of theA1g and B1g intensities relative to the
B2g intensity upon doping have already been found
La22xSrxCuO4 [21] and Y123 [22]. We propose an in-
terpretation in terms of the Raman verticesgmskd, which
determine thek dependence of the sensitivity. Usefu
first order expansion functions ofgmskd on a tetragonal
lattice are given byscoskx 2 coskyd, ssinkx sinkyd, and
scoskx 1 coskyd for the three symmetriesm  B1g, B2g,
and A1g, respectively, being Raman active for in-plan
polarizations. Atspy2, py2d both theA1g and theB1g

vertices are zero whileB2g is maximal. Now, if the FS
is confined to the vicinity ofspy2, py2d or if the electronic
spectral function is suppressed close to the principal ax
as can be expected in underdoped cuprates due to co
lation effects [8,23] or strong electron-spin interaction
4838
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FIG. 1. (a)–(c) Raman response functions Imxsv, T d >
f1 2 exps2"vykBTdg s≠2sy≠v≠Vd of differently doped
Bi2212 single crystals atB2g symmetry in the normal state a
experimentally determined spot temperatures. The polari
tions of the incoming and outgoing light are given with respe
to the copper (solid circles) and oxygen (open circles) plan
In panel (c) the range is indicated in which the intensity
integrated for Fig. 3.

[10], respectively, the scattering from carriers should
much weaker in theA1g andB1g spectra. The remaining
almost temperature independent intensities may come
part from spin excitations which are strongly suppress
in B2g symmetry and projected out atB1g and at A1g

polarizations [24].
In the superconducting state we observe theB2g inten-

sity to increase linearly with frequency with an interce
very close to zero (Fig. 4). Therefore an isotropic ga
can safely be excluded. Moreover, the shapes shown
Fig. 4 are similar to those predicted theoretically for a g
with dx22y2 symmetry [14]. In units ofkBTc, the B2g

pair-breaking maxima are found at the same position
for all other doping levels and material classes [13,18,2
Consequently, even without the information from the oth
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FIG. 2. Raman response for underdoped Y123. The arro
indicate the integration range for the determination of th
spectral weight displayed in Fig. 3.

channels it is most likely that the superconducting state h
essentially the same properties at low doping as at hig
doping levels, i.e., predominantlydx22y2 symmetry.

Above Tc the low-frequency part of the spectra imme
diately assumes a convex shape. This shape is obse
for all temperatures and doping levels studied (Figs. 1 a
2). In the most plausible scenario the response is then c

FIG. 3. Spectral weight of theB2g spectra of optimally and
underdoped Bi2212 (a) and underdoped Y123 (b) as a funct
of temperature.
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lision limited and can be described by a Drude-like kern
[26], Imxksvd  2wkvtkyf1 1 svtkd2g. Here wk is
the derivative of the equilibrium distribution function with
respect to the quasiparticle energy and is proportional
the density of levels at a givenk. tk is a characteristic
relaxation time [13]. In fact, the low-frequency part o
the spectra is well described by this function at all tem
peratures. This implies that aboveTc the B2g response
at small frequencies is indistinguishable from that of a
ordinary metal with the finite lifetime of the carriers in
complete agreement with ir measurements [3]. In partic
lar, in sp, pd direction there is neither a nodal structure
since the characteristic linear variation of the respon
as observed, for instance, in the superconducting stat
missing, nor a finite gap which would manifest itself as
threshold in the spectrum. Hence, for an explanation
the missing spectral weight below700 cm21 and the si-
multaneously occurring metallic behavior atv ! 0, we
have to invoke a reduced or vanishing density of ele
tronic states at the Fermi energy´F away from the diago-
nals in the vicinity of the principal axes and, around th
diagonals, extended areas on the FS with finite density
states. Up to this point, Raman and ARPES [4] resu
are compatible. It is found here, however, that the deta
of the variation withk and the energy scales are substa
tially different for the two quantities. This means tha

FIG. 4. Raman response functions of underdoped (a) Bi22
and (b) Y123 at temperatures above and belowTc. kBTc is
approximately40 cm21. The Tc indicated for Y123 (b) is
higher than that measured magnetically according to wh
is expected for underdoped samples under intense light [1
Close to this temperature, the pair-breaking feature disappea
4839
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there exist two different types of gaps exhibiting a sim
ilar phenomenology as found in superconducting spin
charge density wave systems.

The B2g spectra do not project out the maxima o
the two observed gaps as the respective Raman ve
vanishes alongsp, 0d. The full energy scale might be
larger by a factor up to 1.5 [14]. Then the amplitude
the superconducting gap is of the order of 8 in units
kBTc and that of the pseudogap is at least twice as lar
This energy is close to the exchange energyJ and is much
larger than that of the spin gap found by inelastic neutr
scattering [27]. The pseudogap starts to open up at
same temperature, where anomalies are found in the63Cu
spin-lattice relaxation rate in NMR [28] and in the phono
spectrum [29].

The idea of a normal state gap in the cuprates was p
posed very early [5] and pursued in thet-J model [7,8].
A similar reduction of electronic states aboveTc is also
predicted in the spin bag [12] and the nearly AF-Ferm
liquid scenario [10]. The existence of preformed incohe
ently moving pairs in the normal state belowTp which
develop a uniform phase [6,9,11] at the superconduct
transition would also lead to the reduction of states clo
to the Fermi edge in the temperature range betweenT p

andTc. It is, however, noted that the Raman results pr
sented here show different magnitudes for the two typ
of gaps.

In summary, we have studied the in-plane Raman
sponse in underdoped single crystals of Y123 and Bi22
with Tc > 0.65Tmax

c . In both compounds it is found
consistently that carrier-related properties are predom
nantly seen at theB2g symmetry. This can be inter-
preted straightforwardly if one invokes the formation o
FS pockets atspy2, py2d or a strong suppression of the
electronic spectral function close tosp , 0d at this doping
level. Below 200 K, a pseudogap opens up in the carr
channel for frequencies less than approximately700 cm21

which goes along with a reduction of the spectral weig
by 10%. As the energy scale is comparable to that
the exchange interactionJ, one might speculate that the
driving force is magnetic. At the superconducting tra
sition, additional features appear which are interpreted
terms of pair breaking and the opening of a supercondu
ing gap. The energy of the pair-breaking peak is6kBTc

which is the same as in optimally doped and overdop
cuprates. Mainly due to the linear increase of the inte
sity at T ! 0, it can be concluded that the gap has pr
dominantlydx22y2 symmetry.

We gratefully acknowledge very useful discussion
with K. Andres, T. P. Devereaux, D. Einzel, I. Tüttö, an
A. Virosztek. We want to thank N. Nücker who prepare
an excellent surface by cutting the Y123 crystal with th
microtome. This work was supported by the Bayerisc
Forschungsstiftung via the consortium FORSUPRA.
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