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We show by resonance effects in HgBaO,, s (Hg-1201 and by Zn substitutions in YB&u;O_s (Y-123)
compounds that the fully symmetric Raman spectrum has two distinct electronic contributiondTiee
sponse consists of the superconducting pair-breaking peak ateagrgy and a collective mode close to the
magnetic-resonance energy. These experimental results reconalevinee model to thé,; Raman response
function insofar as a collective mode that is distinct from the pair-breaking peak is presentyy ttieannel.
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In the last few years, it has been well established that thand the laser spot heating estimated from the anti-Stokes/
superconducting gap of the hole-doped cuprates at the optBtokes intensity ratio of the Raman responses was less than 3
mal doping regime has thiz_,» symmetryt—3 K.

This symmetry manifests itself in the low-energy part of ~Let us focus first on ERS measurements of optimally
the Raman spectra. In tH#, channel (probing the nodal doped Hg1201 single crystald =95 K). They have been
directions, the electronic continuum behaves as a lineargrown by flux method whose detailed procedure is described
function of the Raman shift, while it follows a cubic law in elsewheré: Figure 1 shows the superconducting Raman re-
the By4 channet (antinodal directions(see Ref. & In the sponsesy4(w) of Hg-1201 obtained for various excitations
latter one, a well-defined pair-breaking peak neak 2 lines in A;y andB,4 channels.
=8kgT. is observed. However, existing theories based on the The Raman responses are composed of a broad electronic
dy2_,» model fail to reproduce the position, the intensity, andcontinuum surrounded by an assembly of narrow peaks cor-
the shape of the broad electronic peak observed in the fullyesponding to the well-identified phonolisAt first glance,
symmetricA;, channef4®7Expansion of the Raman vertex the Raman responses for each excitation [ige..) reveal
to the second order of the Fermi surface harménasd  that theA,y continuum exhibits a strong maximum around
resonant effectshave been proposed to reproduce the rela330 cnil, with an asymmetric part in its high-energy side.
tive Ay peak position and intensity with respect to that of This manifests itself as a bump for bl(€88 nm and green
By In these pictures, thé, peak is treated as another (514 nm E.L., and as a “plateau” for yellou668 nm and
manifestation of the pair-breaking peak observed inBhe red (647 nm ones, which are around 520 chnear the
channel. Unfortunately, the backflow prevents the reproducmaximum of theB,4 continuum that corresponds to the pair-
tion of the location, on one hand, and on the other hand, obreaking peak.
the sharpness and the strong intensity ofAjgpeak. For a The Raman responses of the blue and green lines show
generic tight-binding model, the calculated screemgg  strong phonon features superimposed to the electronic con-
channel is only a tiny fraction of thB, respons€Thisis in  tinuum near 520 cnt, which complicates the extraction of
clear contradiction to all experiments and most studies showthe electronic background. On the contrary, under the yellow
ing the magnitude of thé,, peak being even larger than the and red E.L., the phonon modes are out of resonance; thus
Big (Refs. 9 and 11-13In this paper we show that thi,  their structures are strongly reduced and the electronic con-
response has two components: one component originatirigibution can be easily extracted. Subtractions of the normal
from the pair breaking close to theA\2energy and the other xy(w) response from the superconductig§fw) one are re-
from a collective mode which tracks the magneticported in the insets of Fig. 1. The Raman respongés)-
resonancé&? In this sense, our experimental results recon-y{(w) for the yellow and red lines are almost free of phonon
cile the Aj; Raman response of the cuprates at the optimatontribution. The broad continua in tie, andB,, channels
doping regime with thel-wave model insofar as a collective correspond to the electronic contributions from the supercon-
mode is present in th,y channel. ducting state, and the sharp features show misfits between

Electronic Raman scattering=RS measurements have the superconducting and normal phonon structures. After
been carried out with a JY T64000 triple spectrometer insubstraction of the normal-state contribution, thg, re-
subtractive configuration using different lines of mixed sponse is still asymmetric, and for each E.L., the high-energy
argon-krypton laser gas. The Raman spectra were correctgsrt of this response is centered near the maximum oBhe
for the spectrometer response, the Bose factor and the opticéliperconducting gap. The asymmetry of g response is
constants producing the imaginary pgf{w) of the Raman  thus intrinsic to the superconducting state.
response. The crystals were mounted in vacLén® mbar) To go further and prove that the broddy peak consists
on the cold finger of a liquid-helium flow cryostat. The effectively of two distinct electronic components, we have
power density was about 10 W/éron the sample surface, performed ERS measurements on high quality, optimally
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FIG. 1. Raman responsg4(w) of optimally doped Hg-1201 for
different excitations lines in tha,4 (black ling andB, 4 (gray ling
channels. The insets exhibity(w) - xy(w) for both Ajq and By
channels.
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FIG. 2. Y4 w)-x\(w) Ay, (left pane) and By, (right pane) Ra-
doped, YBCO single crystals grown by the self-flux man respo)rgges c;(fNoptimzﬂly doged Yﬁul_ylzgny)SOFZ for vari-
method}® where copper is substituted by zinc. Zn is a diva-ous zn concentrationg. A=514 nm. In each inset are plotted the
lent ion known to substitute preferentially in the Cul@yers ~ Raman response functions in the norrtgtay line and supercon-
without altering the carrier concentratidhln addition to the  ducting (black line states.
pure YBaCuO;_5 (Y-123, T,=92 K), we have studied _ i _ o
YBay(Cuy,Zn,);0; 5 single crystals with y=0.005(T, the (_)pt|mal doping. Herfz again, thhe response exh|b|t_s a
=87 K), y=0.01(T,=83K), y=0.02(T,=73K), and y Mmaximum around 330 cm with an asymmetric pagt which
=0.03(T.=64 K). Zn concentration was verified by chemi- extends up to the pair-breaking peak near 530 crithe

. ) positions of theA,; and B4 peaks are nearly the same for
cal analysis using an electron profie. measurements were both Y-123 and Hg-1201. The changes in the band structure
obtained from dc magnetization and we foudd./dy~

induced by two Cu@ layers instead of one CyQayer do

_1O_K/ %. , , . not affect theA,; and B4 peak positions; rather, the critical

Figure 2 shows thgg(w) — xj(w) Raman responses Ry temperaturé92 K for Y-123 and 95 K for Hg-1201seems to
andBy4 channels in Y-123 for various Zn contents. The in- govern theA;; andB,4 peak energies at the optimal doping.
sets exhibit theA,;y and B,;; Raman responses in the normal This is observed for many cuprates where g peak is
and superconducting states before subtraction. Aljeand  found close to BgT, and theA;y peak maximum close to
B,y Raman responses show a set of sharp phonon peaks lyifi; T, at the optimal dopingsee Table | of Refs. 9 and 10
on a strong electronic background. In thg, channel, for  Adding some Zn in the pure Y-123, one can see that the
pure YBCO, the x4 w)-xn(w) Raman response shows a intensity of the pair-breaking peak seen in Bg channel
broad and strong asymmetric peak which spreads out in théecreases, but the peak does not disappear and is still present
high-energy side and reaches its maximum close t@ven inthe sample with=0.03(T.=63 K), contrary to what
330 cni. In the B4 channel, theyy(w) - xy(w) response for is suggested in Ref. 18. THe,, peak does not shift in en-
pure YBCO, exhibits a well defined and nearly symmetricergy, and thus does not follow,, but this effect and other
peak close to 530 cmh. TheseA,y andB,4 superconducting related to nonmagnetic impurity substitutions in YBCO will
spectra are very similar to those obtained from Hg-1201 abe discuss in a next paper.
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Let us focus now on thé,y channel. As Zn content in- scenarios can be figured out. Among them, the Bogoliubov-
creases, the low-energy contribution in thg, response be- Anderson collective mode calculated in the framework of
comes broader, shifts to a lower ener%wom 330 to  thed-wave model merits to be considered as well as a double
300 cnt?), strongly decreases in its intensity, and finally dis-magnon with a zero-spin-flip energy as suggested by
appears. On the contrary, the high-energy contribution in thgyper21 Zero-spin-flip energy is possible fordawave su-

Ayq response moderately Qecreases in its intensity but I(‘:"e%serconductor if we consider spin-flip excitations over two
the same position at 530 ¢tn .
nodal regions.

Fory=0.01, theys(w)-x\(w) A response, clearly shows - N I
two components. The first is centered at 300°tmnd the Zero-spin-flip quasiparticle excitations have already been

second is close to 530 ¢t For higher Zn concentrations, INVoked to explain the quadratic increase ofthe spin-
the intensity ratio of the upper- and the lower-energy parts ofattice relaxation rate under magnetic fields across the vortex
the A, response is reversed in such a way thatyfe0.03, lattice NMR spectrum in YBCG? In our case, thé,y peak
the lower-energy component completely disappears while thigacks the acoustic magnetic resonance detected by inelastic
upper component persists. A straightforward comparison beaeutron scatterirtg at Q=(, 7) as previously showf1°A
tween the left and right panels reveals that the high-energgouble spin flip of transfered momen@= (7, ) and Q=
component(530 cn?) in the Ay, response tracks thByg (—,—) is then needed for preserving the total transfer mo-
peak. For botly=0.02 andy=0.03, when the lower-energy mentm close to zero in the Raman-scattering process. The
component in thé\,, response is weak and no longer mixesirs; gpin flip is over two antinodal regions and costs the
with the higher-energy component, the ratio of the spectra,agnetic-resonance energy, whereas the second spin flip
weight between the higher-energy component inAgre-  ouer two nodal regions costs zero energy. In this Raman
sponse and the pair-breaking peak in g response re-  ocaqq thé\;, mode takes the same energy as the magnetic
mains constant. In these cases the peaks obserdg 8nd  o5onance as expected experimentally. Theoretical investiga-
B,y channels are located at the same en€rgyd correspond tions of this last scenario are in progress.
both to the paw-bregkmg peak._ In summary, the ERS spectra of Hg-1201, free of phonon
This gives experimental evidence that thg, response peais reveal that tha,, response and its asymmetry near
has two distinct components and that the one of higher enye pair-preaking peak are of electronic origin. Moreover,
ergy corresponds fo the pair-breaking peak. AsBagone  ERg jn v-123 substituted with Zn shows that thg, peak
probes the antinodal directions of thg2 superconducting  ha5 two distinct components: one at the higher energy corre-
gap, and theA,; Raman response has no symmetry restricsponding to the pair-breaking peak observed inBhechan-
tion, it is therefore not surprising to observe the pair-pe| and the other at lower energy corresponding to another
breaking peak in botiA,; andByg channels. The low-energy g|ecironic contribution that is distinct from the pair-breaking
component of thé\,; Raman response corresponding to thepeak. This study reconciles tihg, Raman response function
maximum c_)f the electronic continuum s intrinsic to the su-with the d-wave model, where the pair-breaking peak mani-
perconducting state and _dlsappearso abbyes it was al-  fegts jtself in bothB,, and Ay, channels. This implies the
ready pointed out in previous worRS? The Ay peak is 10-  gyistence of a charge collective mode below the pair-

cated at &Tc well below the A energy gap(8kgTc) and  pyreaking peak energy which we have previously related to
therefore cannot be induced by individual electronic excitathe magnetic resonance.

tions which required energies beyond.2As a consequence,

the Ay mode has to be a bound state of quasiparticle pairs at We wish to thank M. Cazayous, Y. Gallais, Vesna Mitro-
an energy less thanA2and refers to a collective mode. We vi¢, V. N. Muthukumar, E. Demler, A. Benlagra, and S. Na-
have not yet identified the origin of th%, mode but several kamae for very fruitful discussions.
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