PHYSICAL REVIEW B VOLUME 55, NUMBER 1 1 JANUARY 1997-|

Transitions at T>T, in underdoped crystals of YBgCu3;0,_, 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 ar®ynuinthef
the Brillouin zone in YBaCu;O;_, (1-2-3). The identification of the near-IR1.16 e\j excited Raman-
scattering structure observed between 200 and 700" emith the transition between these quasidegenerate
bands at the Fermi level, which have neither Guior 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 diffefEme
integrated intensity of the electronic background versus temperature shows a similar behavior for both samples.
Singularities are observed not only Bt but also at two temperatures higher tinat T*=1.6 T. andTp
that correspond to the appearance of a pseudogap for underdoped 1-2-3 with thE.same
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[. INTRODUCTION quasidegenerate bands with prevalenti¢)@p) character at
the S point in the Brillouin zone. One of these two bands
Raman scattering has been intensively used in charactegrosses th& . In accordance with LDA calculatiorfs, such
ization of highT. superconducting materials, providing in- @ transition should be observed in resonant conditions also
formation about the phonon spectra and about electrorPy Raman scattering at excitation energy smaller than 1.9
phonon interaction width of the superconducting gap,‘etc.€V. Within this framework, we have assigned the back-
Moreover because of the large number of electronic level§round we observe exciting at 1.16 eV to the interband elec-

aroundE; in these materials, by changing the laser excita{fONiC scattering between the twa4) (p) bands around the

it 5
tion energy it is possible to probe different resonant condi-> POINt: _ _ _
If the background we observe in metallic 1-2-3 is really

tions for the Raman scattering. In this way it is possible to lated t h an interband t ition it will be int tina t
emphasize, for example, different aspects of the cry/etabf related to such an intérband fransition It will be interesting to
study what happens to it when the transition to the supercon-

the electronic structures® . o .
We have already shown that the most pronounced diﬁ‘ergul(:tIng stg’;]e occurr]s cé)nsuljermg that tk;]esg e(l)e Ct;"f"c stgtes
- ) ng neither to t ufplane nor to t in an
ence between IR1.16 eV} and visible (2.51 eV} excited eong nerher 1o the ane nor 1o the LU chain a

. . that the energy of such a transition is of the order of the
spectra inz(yy)z of an untwined YBgCu:O;-, (1-2-3 g \herconducting gap. In order to answer to these questions
single crystal is the absence in the latter one of a broa

S Simi 9\/e have studied the Raman scattering of two different single
feature between 200 and 700 cm Similar broad features, crystals with differenfT’s as a function of temperature.

but with relative different shape and intensity, have been
observed also in the ceramic samples with0.5. By com-
parison of ceramic samples with same oxygen content but
different oxygen isotopes we have observed no energy shift |R Raman-scattering measurements were performed in a
of this backgroundsee Ref. 3, Fig. 6)3indicating that the backscattering configuration by means of an IFS 88 Bruker
nature of this peak is clearly nonphononic. interferometer at resolution 6 cmh A diode pumped cw

As mentioned before, such a background is not observelld-YAG laser was used for excitatiqd.16 e\). In order to
in the visible excited Raman, moreover, nobody has obavoid local heating of the sample due to absorption of the
served by visible Raman excitation any similar structure inincident laser radiation, we kept the laser power as low as
1-2-3 at any oxygen content at room temperafsieilari-  possible(80 mW within a spot larger than 0.3 mm in diam-
ties can be found with the broad peak in the electronic backeter; by increasing the laser power up to 150 mW no detect-
ground that develops below, (Ref. 6]. On the contrary, able increase in the anti-Stokes intensity has been observed
reflectance measurements 8iD-substituted samples have The samples were bonded by indium to the cold finger of
shown the existence of some features in4h@) spectra of  liquid-He flow optical cryostat and the temperature was con-
1-2-3 below 800 cm!, also independent of the isotope trolled by a ITC4 Oxford controller and monitored by a sec-
substitution! These structures have been interpreted byond temperature detector placed nearby the crystate the
Mazin et al3* as related to low-energy electronic interbandthermal equilibrium was reached the temperature was stable
transitions on the base of accurate local-density approximawithin half a degree of Kelvinh More than 14 h of accumu-
tion (LDA) energy bands calculations. In particular one oflation for each spectrum were needed in order to obtain a
these has been assigned to interband transition between tweasonable signal-to-noise ratio. Both the crystals we have
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FIG. 1. Raman scattering of a twinned Y®arO;_, single
crystalS2 at different temperatures.

studied were twinned crystals, and the spectra reported here
have been performed with the polarization parallel to the
CuG, plane inA,4 scattering geometry. Because of this we
will refer now to the Raman-scattering geometry we have
used ag(xx)z, meaning both indistinguishable components
of the Raman tensar(xx)z andz(yy)z. The two crystals,
both grown by flux methods, indicated & andS2, show a
superconducting critical temperatufe of 73 and 84 K, re-
spectively.

Ill. RESULTS AND DISCUSSION
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As already mentioned before, the Raman-scattering back- FIG. 2. Temperature dependence of the intensity of the apical

ground of a twinned single crystal in(xx)z obtained by

exciting at 1.16 eV show a broad peak between 200 and 70dmpling mode at 340 ¢t (b) in crystalS2.

cm ! superimposed to the phonon structyfég. 1). The

oxygen Ay mode around 500 cht (a) and of the @2)-O(3) As

most pronounced phonon peaks are at 340 and at about 5@@rature we indicate aF, the intensity of the broad feature

cm L these correspond to the out-of-phasé)a(3) and

between 200 and 700 crhremains almost constant. Below

the O4) Ay modes, respectiveExamples of Raman spec- this temperature the peak abruptly increases about 25% in
tra of one of the two crystals analyzed are reported in Fig. lintensity, and it remains almost constant till reaching a tem-
The absolute intensity of the spectra and the relative intensitperature T*. At T* the intensity starts to increase again
of the different features show a strong temperature deperreaching a maximum &t and then decreases monotoni-
dence. The observation of intensity anomalies of some Razally. By plotting the integrated intensity of the background
man modes in the superconducting states of the 1-2-3 systetimes temperature versus temperature these discontinuities
at different laser energy excitations has already beewan be emphasized by the displacement from the linear be-

reported® They have shown a singularity @, of the tem-
perature dependence of the Raman efficiency of Aye
phonons of 1-2-3. The amplitude of this anomaly is strongly
dependent on the phonon and on the excitation energy. In our
spectra, obtained by exciting at 1.16 eV, a change in the
temperature dependence of the phonons intensity is clearly
observed for the apical oxygen phonon mode around 500
cm ! but in the case of the mode at 340 chthe error bars
are too large to judge if there is a singularity or noTa{see
Figs. 2a) and Zb) for sampleS2; similar behavior has been
observed for sampl81]. The Raman intensity of the former
phonon mode increases &ss decreased up td, and then
decreases lowering further the temperature.

In Fig. 3 the temperature dependence of the broad peak
integrated intensity of sampl82 is reported. The intensity
change with temperature is more pronounced and complex in

Integrated Intensity (arb. units)

225

20.

o

17.5

15.0

L]
e

BT

&

50 100 150 200 2
Temperature (K)

300

the case of the electronic background than for the phonon FIG. 3. Temperature dependence of the integrated intensity of
modes. By lowering the temperature down to a certain temthe electronic Raman broad peak in crys3al
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Temperatute FIG. 5. Dependence of the temperature of pseudogap opening
from T; in YBa,Cu;O;_,. Data is derived from different experi-
FIG. 4. Temperature dependence of the integrated intensity ofental techniques; points indicated with open diamonds, solid
the electronic Raman broad peak times temperature in ci$8tal  squares, solid triangles, and open triangles are obtained from Refs.
14, 15, 16, and 17, respectively. Solid circles refer to Theob-
havior (Fig. 4). The same temperature dependence has beeained in this work forS1 andS2 crystals.
observed for the cryst&1. The difference is in the tempera-
ture at which singularities appeésee Table)l While T* is
increasing linearly withl., Ty is lower in the sample with

Integr. Int. x Temp
Tp (K)

Anomalies at temperatui®* greater thar that scale as
: proportionally withT,. has been observed by extended x-ray-
higherT.. , _ absorption fine structure in high: materials like
We want to concentrate our discussion on the temperaturlf_eal 65T 1£CUO, (Ref. 12 and BibS,LCaCy0. . (Bi2212),%
dependence of the electronic background. Change in the particUIar at1.6T.and 1.4T., respective)I/y. They have
electronic Raman background intensity can be induced by cared that the Ccu sites arecfrozenTaIT* in two well-

several factoréchange of resonance conditions, of density of yafined conformations characterized by two Cudapica)
states, etg¢. The effect of the opening of the superconductingei%

) ) . Ybond lengths. A local structural change such as the one ob-
gap on the electronic Raman scattering has been extensiv

_ _ rved by Bianconet al!?*3 can account for the change in
studied by different authorssee Ref. 10 and references jniansity ‘of the electronic background we are studying. In

therein. Across-the-gap excitation in superconducting, et a structural change can induce a change in the electronic
high-T. have been observed by several groups. All datactyre of the system and consequently a change either in

show a peak in the electronic background in the SUPerconye resonant condition or in the density of states of the elec-
ducting phase around 400 chmwhich would correspond to tronic band involved in the scattering.

2A/kT=7. The nonzero intensity below this value hqs peen As T, increases from sampfL to S2 the temperature of
|r_1terpreted as a distribution of gaps. The decrease in inteNyq second singularity, indicated @s, decreases. By plot-
sity of the bagl;gro_und we observe applies to the range fronang the value ofT, we have obtained for the two crystals
200 to 700 cm™; this would correspond to a value 0AKT,  yerqusT | and comparing these values with the data of the
extremely large for a gap opening in the associated electr.omapemng of a pseudogap reported in literatfir& for the

band, indicating that the decrease is .probably not the.d|rec£_2_3 systen(Fig. 5), it results that the value obtained by us

parameter. Another possible explanation is that the change in underdoped higF-

! o ) o -. superconductors have been discussed
intensity is due to a change in the resonant condition. DeWéxtensiver in the literatur=2* The results we report are

ing et al. have shown the existence in the 1-2-3 system of g, g fficient to allow choosing between these models, but
broad peak in absorption with a maximum at 0.7 e\{i WhOS&ye want to briefly discuss the possible agreement of our data
intensity changes witl and shows a maximum &> In .k two of thesetd-2L

fact, in this case the electronic transition is the one that |, 5 spin-bipolaron model such as the one discussed by
mainly contributes to the resonant enhancement pf the bro_aﬂlexandrov and Mot the spin gap corresponds to a
peak in the electronic background. Observed with IR exCixingiet triplet bipolaron exchange energy. The low-energy
tation the Raman intensity should, in a first approximation, 44 structure is formed by two singlet and triplet bosonic
prIO\_N the temperature dependence of the electronic absorgy,n4s separated by an exchange energyf the order of
tion itself. magnitude of about 15 meV and a half width of the same
order of magnitude which sets an upper limit to the singlet-
triplet transition energy at about 50 meV. These values al-
most coincide with the energy of the background we ob-
served. Within this framework this background will be due

TABLE |. Temperatures of the singularitie3 { T*,Tp) in the
background intensity observed in cryst&s andS2.

*
Te ) ™K o K to singlet-triplet scattering of spin bipolarons and the reso-
S1 73 102 245 nant state is due to optical absorption of intersite bipolarons.
32 84 130 163 Within this model the pseudogap is associated with the

singlet-triplet exchange energy and the pseudogap is associ-
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ated with the thermal excitation of singlet-to-triplet bipo- IV. CONCLUSIONS

larons. Moreover the observation of the change of the oscil- We have reported on the temperature behavior of the low-

lator strength YBECUsO;_, with temperature, reported in energy electronic background observed in Raman scattering

Ref. 25, has been interpreted in terms of Bose-Einstein co " : - .
densation of small bipolarons by using the spin-bipolarorr;by exciting with near-IR excitation. This background, prob-

model proposed by Alexandrov and M&%The temperature ably associated with an interband transition between quaside-

dependence of the Raman phonon modes reported in I:ig.gnerate electronic levels around the Fermi energy associ-

shows strong similarities to the temperature dependence ed with the apical oxygen, shqws thrge_tran3|t_|ons with
the absorption band between 2000 and 10 000 i emperature. One of these transitions coincides with _thg ap-
Jhearance of the superconductivity in the system. This indi-

YBa,CL0;; as reported in Ref. 25. Such a change in the o ot oven if the opening of the gap in these states is not

electronic absorption with temperature can induce, becausqearl observed this excitation is counled to the SUpercon-
of the variation of the resonant condition, an analog chang "y P . P
ucting order parameter. The other two transitions occur at

in the Raman intensity when exciting, as in our eXpe”memtemperature greater tha,. One transition proportional o

within the same spectral range. L d ;
The appearance of a pseudogap in the fermionic densitTC coincides probably with structural transformations ob-

of states is predicted to appearTat T, in the boson-fermion X_erved in other higfT-, material families.” '_I'he_ lattter _transi-

model for highT, superconductors proposed by Ranningertlon occurs at a temperatur€, that coincides _Wlth the

and Robir?? In this model bosons are bonded carrierg)(2 p_seudogap opening detected by several expenmente_xl tech-
nigques in the underdoped 1-2-3 system. The comparison of

of polaronic origin and fermions are mobile hole (n the I§,uch an observation with the theoretical models shows a
Cu0, conducting planes; assuming a common potential fof, g o agreement with two of the§&?2! nevertheless,

both species an exchange of one boson with two fermions i o data we have at the moment does not allow us to chose

allowed. A pseudogap at temperature well abdyeopens
up and evolves in a true gap &, and within this tempera- between these two and other models.

ture interval the appearance of strong non-Fermi-liquid be-
havior is predicted. The dependence on temperature of the
optical conductivity in the normal state has been stuéfed. It is a pleasure to thank Professor K. Alex Nau for his
These calculations have shown a large redistribution of thencouragement to pursue this research. We gratefully ac-
oscillator strength from the spectral ranges wp~2Tp to knowledge Dr. H. Nokeand Dr. F. Licci for providing us
w=wp by lowering the temperature from thg, down to  with single YBgCu;O,_, crystals. Very helpful remarks and
T.. Such an increase of the optical conductivity at high ensuggestions from Dr. J. Ranninger and Professor A. A. Abri-
ergy would be consistent with an increase of the intensity okosov are also acknowledged. We also thank P. Mei for tech-
the electronic Raman background we observed in our meaiical assistance. This work has been supported by European
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