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Transitions at T>Tc in underdoped crystals of YBa2Cu3O72x observed
by resonant Raman scattering

G. Ruani and P. Ricci
Istituto di Spettroscopia Molecolare, Consiglio Nazionale delle Ricerche, via Gobetti 101, 40129 Bologna, Italy

~Received 2 July 1996!

It has been shown that under a particular resonant condition it is possible to observe Raman interband
electronic scattering between quasidegenerate bands associated with the apical oxygen around theS point of
the Brillouin zone in YBa2Cu3O72x ~1-2-3!. The identification of the near-IR~1.16 eV! excited Raman-
scattering structure observed between 200 and 700 cm21 with the transition between these quasidegenerate
bands at the Fermi level, which have neither CuO2 nor chain character, and the vicinity of the energy of this
transition with the value of the superconducting gap, has caused us to investigate the temperature dependence
of the Raman electronic scattering. We have analyzed two single crystals underdoped with differentTc . The
integrated intensity of the electronic background versus temperature shows a similar behavior for both samples.
Singularities are observed not only atTc but also at two temperatures higher thanTc at T*51.6 Tc andTD
that correspond to the appearance of a pseudogap for underdoped 1-2-3 with the sameTc .
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I. INTRODUCTION

Raman scattering has been intensively used in chara
ization of high-Tc superconducting materials, providing in
formation about the phonon spectra and about elect
phonon interaction width of the superconducting gap, e1

Moreover because of the large number of electronic lev
aroundEF in these materials, by changing the laser exc
tion energy it is possible to probe different resonant con
tions for the Raman scattering. In this way it is possible
emphasize, for example, different aspects of the crystal2 or of
the electronic structures.3–5

We have already shown that the most pronounced dif
ence between IR~1.16 eV! and visible ~2.51 eV! excited
spectra inz(yy)zI of an untwined YBa2Cu3O72x ~1-2-3!
single crystal is the absence in the latter one of a br
feature between 200 and 700 cm21. Similar broad features
but with relative different shape and intensity, have be
observed also in the ceramic samples withx.0.5. By com-
parison of ceramic samples with same oxygen content
different oxygen isotopes we have observed no energy s
of this background~see Ref. 3, Fig. 6.3! indicating that the
nature of this peak is clearly nonphononic.

As mentioned before, such a background is not obser
in the visible excited Raman, moreover, nobody has
served by visible Raman excitation any similar structure
1-2-3 at any oxygen content at room temperature@similari-
ties can be found with the broad peak in the electronic ba
ground that develops belowTc ~Ref. 6!#. On the contrary,
reflectance measurements on18O-substituted samples hav
shown the existence of some features in the«2~v! spectra of
1-2-3 below 800 cm21, also independent of the isotop
substitution.7 These structures have been interpreted
Mazin et al.3,4 as related to low-energy electronic interba
transitions on the base of accurate local-density approxi
tion ~LDA ! energy bands calculations. In particular one
these has been assigned to interband transition between
550163-1829/97/55~1!/93~4!/$10.00
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quasidegenerate bands with prevalently O~4! (p) character at
the S point in the Brillouin zone. One of these two band
crosses theEF . In accordance with LDA calculations,3,4 such
a transition should be observed in resonant conditions
by Raman scattering at excitation energy smaller than
eV. Within this framework, we have assigned the bac
ground we observe exciting at 1.16 eV to the interband e
tronic scattering between the two O~4! (p) bands around the
S point.5

If the background we observe in metallic 1-2-3 is rea
related to such an interband transition it will be interesting
study what happens to it when the transition to the superc
ducting state occurs considering that these electronic st
belong neither to the CuO2 plane nor to the CuO chain an
that the energy of such a transition is of the order of
superconducting gap. In order to answer to these quest
we have studied the Raman scattering of two different sin
crystals with differentTc’s as a function of temperature.

II. EXPERIMENT

IR Raman-scattering measurements were performed
backscattering configuration by means of an IFS 88 Bru
interferometer at resolution 6 cm21. A diode pumped cw
Nd-YAG laser was used for excitation~1.16 eV!. In order to
avoid local heating of the sample due to absorption of
incident laser radiation, we kept the laser power as low
possible~80 mW within a spot larger than 0.3 mm in diam
eter; by increasing the laser power up to 150 mW no det
able increase in the anti-Stokes intensity has been observ!.
The samples were bonded by indium to the cold finger
liquid-He flow optical cryostat and the temperature was c
trolled by a ITC4 Oxford controller and monitored by a se
ond temperature detector placed nearby the crystal~once the
thermal equilibrium was reached the temperature was st
within half a degree of Kelvin!. More than 14 h of accumu
lation for each spectrum were needed in order to obtai
reasonable signal-to-noise ratio. Both the crystals we h
93 © 1997 The American Physical Society
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studied were twinned crystals, and the spectra reported
have been performed with the polarization parallel to
CuO2 plane inA1g scattering geometry. Because of this w
will refer now to the Raman-scattering geometry we ha
used asz(xx)zI , meaning both indistinguishable componen
of the Raman tensorz(xx)zI andz(yy)zI . The two crystals,
both grown by flux methods, indicated asS1 andS2, show a
superconducting critical temperatureTc of 73 and 84 K, re-
spectively.

III. RESULTS AND DISCUSSION

As already mentioned before, the Raman-scattering ba
ground of a twinned single crystal inz(xx)zI obtained by
exciting at 1.16 eV show a broad peak between 200 and
cm21 superimposed to the phonon structure~Fig. 1!. The
most pronounced phonon peaks are at 340 and at abou
cm21; these correspond to the out-of-phase O~2!-O~3! and
the O~4! Ag modes, respectively.

8 Examples of Raman spec
tra of one of the two crystals analyzed are reported in Fig
The absolute intensity of the spectra and the relative inten
of the different features show a strong temperature dep
dence. The observation of intensity anomalies of some
man modes in the superconducting states of the 1-2-3 sy
at different laser energy excitations has already b
reported.9 They have shown a singularity atTc of the tem-
perature dependence of the Raman efficiency of theAg
phonons of 1-2-3. The amplitude of this anomaly is stron
dependent on the phonon and on the excitation energy. In
spectra, obtained by exciting at 1.16 eV, a change in
temperature dependence of the phonons intensity is cle
observed for the apical oxygen phonon mode around
cm21 but in the case of the mode at 340 cm21 the error bars
are too large to judge if there is a singularity or not atTc @see
Figs. 2~a! and 2~b! for sampleS2; similar behavior has bee
observed for sampleS1#. The Raman intensity of the forme
phonon mode increases asT is decreased up toTc and then
decreases lowering further the temperature.

In Fig. 3 the temperature dependence of the broad p
integrated intensity of sampleS2 is reported. The intensity
change with temperature is more pronounced and comple
the case of the electronic background than for the pho
modes. By lowering the temperature down to a certain te

FIG. 1. Raman scattering of a twinned YBa2Cu3O72x single
crystalS2 at different temperatures.
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perature we indicate asTD the intensity of the broad featur
between 200 and 700 cm21 remains almost constant. Below
this temperature the peak abruptly increases about 25%
intensity, and it remains almost constant till reaching a te
peratureT* . At T* the intensity starts to increase aga
reaching a maximum atTc and then decreases monoton
cally. By plotting the integrated intensity of the backgrou
times temperature versus temperature these discontinu
can be emphasized by the displacement from the linear

FIG. 2. Temperature dependence of the intensity of the ap
oxygenAg mode around 500 cm21 ~a! and of the O~2!-O~3! Af

dimpling mode at 340 cm21 ~b! in crystalS2.

FIG. 3. Temperature dependence of the integrated intensit
the electronic Raman broad peak in crystalS2.
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55 95BRIEF REPORTS
havior ~Fig. 4!. The same temperature dependence has b
observed for the crystalS1. The difference is in the tempera
ture at which singularities appear~see Table I!. While T* is
increasing linearly withTc , TD is lower in the sample with
higherTc .

We want to concentrate our discussion on the tempera
dependence of the electronic background. Change in
electronic Raman background intensity can be induced
several factors~change of resonance conditions, of density
states, etc.!. The effect of the opening of the superconducti
gap on the electronic Raman scattering has been extens
studied by different authors~see Ref. 10 and reference
therein!. Across-the-gap excitation in superconducti
high-Tc have been observed by several groups. All d
show a peak in the electronic background in the superc
ducting phase around 400 cm21 which would correspond to
2D/kT57. The nonzero intensity below this value has be
interpreted as a distribution of gaps. The decrease in in
sity of the background we observe applies to the range f
200 to 700 cm21; this would correspond to a value of 2D/kT,
extremely large for a gap opening in the associated electr
band, indicating that the decrease is probably not the di
effect of the gap opening but can be interpreted as evide
that the excitation is coupled to the superconducting or
parameter. Another possible explanation is that the chang
intensity is due to a change in the resonant condition. D
ing et al. have shown the existence in the 1-2-3 system o
broad peak in absorption with a maximum at 0.7 eV, who
intensity changes withT and shows a maximum atTc .

11 In
fact, in this case the electronic transition is the one t
mainly contributes to the resonant enhancement of the b
peak in the electronic background. Observed with IR ex
tation the Raman intensity should, in a first approximati
follow the temperature dependence of the electronic abs
tion itself.

TABLE I. Temperatures of the singularities (Tc,T* ,TD) in the
background intensity observed in crystalsS1 andS2.

Tc ~K! T* ~K! TD ~K!

S1 73 102 245
S2 84 130 163

FIG. 4. Temperature dependence of the integrated intensit
the electronic Raman broad peak times temperature in crystalS2.
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Anomalies at temperatureT* greater thanTc that scale as
proportionally withTc has been observed by extended x-ra
absorption fine structure in high-Tc materials like
La1.85Sr0.15CuO4 ~Ref. 12! and Bi2Sr2CaCu2O81y ~Bi2212!,13

in particular at 1.6Tc and 1.4 Tc , respectively. They have
observed that the Cu sites are frozen atT,T* in two well-
defined conformations characterized by two Cu-O~apical!
bond lengths. A local structural change such as the one
served by Bianconiet al.12,13 can account for the change i
intensity of the electronic background we are studying.
fact a structural change can induce a change in the electr
structure of the system and consequently a change eithe
the resonant condition or in the density of states of the e
tronic band involved in the scattering.

As Tc increases from sampleS1 toS2 the temperature o
the second singularity, indicated asTD, decreases. By plot
ting the value ofTD we have obtained for the two crysta
versusTc, and comparing these values with the data of
opening of a pseudogap reported in literature14–17 for the
1-2-3 system~Fig. 5!, it results that the value obtained by u
falls nicely in this curve. The existence in the normal state
a pseudogap~in the density of states or in the spin spectru!
in underdoped high-Tc superconductors have been discuss
extensively in the literature.18–24 The results we report are
not sufficient to allow choosing between these models,
we want to briefly discuss the possible agreement of our d
with two of these.19–21

In a spin-bipolaron model such as the one discussed
Alexandrov and Mott,19 the spin gap corresponds to
singlet-triplet bipolaron exchange energy. The low-ene
band structure is formed by two singlet and triplet boso
bands separated by an exchange energyJ of the order of
magnitude of about 15 meV and a half width of the sa
order of magnitude which sets an upper limit to the singl
triplet transition energy at about 50 meV. These values
most coincide with the energy of the background we o
served. Within this framework this background will be du
to singlet-triplet scattering of spin bipolarons and the re
nant state is due to optical absorption of intersite bipolaro
Within this model the pseudogap is associated with
singlet-triplet exchange energy and the pseudogap is as

of

FIG. 5. Dependence of the temperature of pseudogap ope
from Tc in YBa2Cu3O72x. Data is derived from different experi
mental techniques; points indicated with open diamonds, s
squares, solid triangles, and open triangles are obtained from R
14, 15, 16, and 17, respectively. Solid circles refer to theTD ob-
tained in this work forS1 andS2 crystals.
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96 55BRIEF REPORTS
ated with the thermal excitation of singlet-to-triplet bip
larons. Moreover the observation of the change of the os
lator strength YBa2Cu3O72d with temperature, reported in
Ref. 25, has been interpreted in terms of Bose-Einstein c
densation of small bipolarons by using the spin-bipola
model proposed by Alexandrov and Mott.19 The temperature
dependence of the Raman phonon modes reported in F
shows strong similarities to the temperature dependenc
the absorption band between 2000 and 10 000 cm21 in
YBa2Cu3O72d as reported in Ref. 25. Such a change in
electronic absorption with temperature can induce, beca
of the variation of the resonant condition, an analog cha
in the Raman intensity when exciting, as in our experime
within the same spectral range.

The appearance of a pseudogap in the fermionic den
of states is predicted to appear atT.Tc in the boson-fermion
model for high-Tc superconductors proposed by Ranning
and Robin.20 In this model bosons are bonded carriers (2e)
of polaronic origin and fermions are mobile holes (e) in the
CuO2 conducting planes; assuming a common potential
both species an exchange of one boson with two fermion
allowed. A pseudogap at temperature well aboveTc opens
up and evolves in a true gap atTc , and within this tempera-
ture interval the appearance of strong non-Fermi-liquid
havior is predicted. The dependence on temperature of
optical conductivity in the normal state has been studie26

These calculations have shown a large redistribution of
oscillator strength from the spectral rangev<vD;2TD to
v>vD by lowering the temperature from theTD down to
Tc . Such an increase of the optical conductivity at high e
ergy would be consistent with an increase of the intensity
the electronic Raman background we observed in our m
surement.
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IV. CONCLUSIONS

We have reported on the temperature behavior of the l
energy electronic background observed in Raman scatte
by exciting with near-IR excitation. This background, pro
ably associated with an interband transition between quas
generate electronic levels around the Fermi energy ass
ated with the apical oxygen, shows three transitions w
temperature. One of these transitions coincides with the
pearance of the superconductivity in the system. This in
cates that even if the opening of the gap in these states is
clearly observed this excitation is coupled to the superc
ducting order parameter. The other two transitions occu
temperature greater thanTc . One transition proportional to
Tc coincides probably with structural transformations o
served in other high-Tc material families.

13 The latter transi-
tion occurs at a temperatureTD that coincides with the
pseudogap opening detected by several experimental t
niques in the underdoped 1-2-3 system. The compariso
such an observation with the theoretical models show
qualitative agreement with two of these,19–21 nevertheless,
the data we have at the moment does not allow us to ch
between these two and other models.
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