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in the Superconductivity-Induced Effects
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The Raman scattering spectra of fully oxygenated twin-free ,¥B@0,; crystals have been
investigated. In addition to the out-of-plane and the in-plane anisotropy ifi,gbhonon lines in the
normal state, pronounced superconductivity-indugeg anisotropy has been discovered in the soft-
ening and broadening of th&t0 cm™! line belowT,.. This suggests a substantial contribution of the
chain superconductivity with a pairing symmetry different from that for the plane, or indicates that
the superconducting gap amplitudes are different inkthandk, directions(A, # A,), as expected in
the case of/ + s wave gap. [S0031-9007(97)05120-X]

PACS numbers: 74.25.Gz, 74.25.Kc, 74.72.Bk

One of the important issues for understanding theuniaxial pressure in order to obtain the orthorhombic twin-
mechanism of high. superconductivity is the determi- free samples as described previously [7]. The crystals
nation of the symmetry and magnitude of a superconductwith typical volume of 10 mm?® and optimalT, of 92—
ing gap. Raman scattering is one of the techniques th&3 K with a very narrow transition widtA7T. < 0.2 K
can be used to study the superconducting gap, since \tere postannealed 320 °C for higher oxygenation. This
can detect a gap in the density of states at the Fermi empostannealing enhances the in-plane anisotropy and makes
ergy. It has been established that the electronic Ramathe oxygen content close td7,” which results in the
scattering of the gap excitation is strongly dependent omverdoped state with lowdl. = 86 K andAT, of 0.4 K.
configuration of the incident and scattered photon polarTo study RSS, two fully oxygenated crystals were used,
ization [1,2]. Assuming the CuQplane to be tetragonal, which had been grown and annealed individually. The
the observed polarization dependence is well accountesults for these two crystals agree very well.
for ad,-—,> paring state [3]. For RSS measurement at low temperatures, the samples

Most of the high?7,. cuprates, however, are distorted were mounted on a closed-cycle UHV cryostat. The
from an ideal tetragonal structure, resulting from the existemperature stability was better th&ark. The 514.5 nm
tence of the CuO chain, incommensurate superstructuréine of Ar-Kr laser was employed for an excitation light
or structural phase transition, etc. [4]. Theoretically, itsource. The power density on the sample surfaces was
is predicted that the orthorhombic distortion mixes aadjusted to bed.2-1 W/cn?, and, consequently, laser
s-wave component into the original-wave state and, heating at an illuminated spot was less tharK in
as a result, leads to the magnitude of the gap beingll experiments. Thewx and yy polarized RSS were
inequivalent between the andy directions [5], although obtained in the pseudobackscattering configuration from
there has been no clear experimental observation. Heyahe same mirrorlike points of crystals by simply rotating
et al.have reported a strikinge-y anisotropy in the the polarization analyzer. The RSS was analyzed by
Raman scattering of YB&w,Og with double CuO chains a triple-stage spectrometer (Jobin-lvon T64000) with
[6]. This may imply that the paring symmetry is not a a liquid-nitrogen cooled CCD detector. The spectral
pure d,-—,». However, the effects of the chain and/or resolution wasi-3 cm~!. All spectra were corrected
orthorhombic distortion are still open questions. for the frequency response of the spectrometer and the

In this study, we have measured the Raman scatteringetector.
spectra (RSS) of highly oxygenated and untwinned single The xx, yy, and zz polarized RSS of YBCO single
crystals of YBaCu;O, (YBCO). We focus our attention crystals at7 = 290 K are presented in Fig. 1, where
on the superconductivity-induced effects on Mg -like  five phonon lines of orthorhombi¢, symmetry and the
phonons with a frequency of aboB#0 cm™!, because it electronic continua are clearly seen [1,8]. It should be
can sensitively probe the electronic excitation through thenoticed that in these RSS there appears no additional
electron-phonon interaction. line which are usually observed in oxygen deficient or

The high quality YBCO single crystals were grown disordered YBCO [9]. This demonstrates that the oxygen

by a top-seeded pulling technique and oxygenated undeontent of our samples is almost stoichiometKi .
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FIG. 1. Room temperature Raman spectra of a fully oxy-
genated twin-free YB& w0, single crystal withT. = 86 K
in the xx, yy, andzz polarizations.
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In RSS, the frequency and linewidth of every nonde-
generatedA, vibration is renormalized by the interac-
tion with the anisotropic electronic system. This leads to
the polarization-dependent peak frequenrgyand damp-
ing I' of phonon line. For example, reflecting the large 0.0 hRie

out-of-plane anisotropy in the electronic continuum, the 050 275 3(')0 305 350 375

120 cm™! mode shows a strong out-of-lane anisotropy in . i
the peak frequency.. > w,,, wy,. Also the line shape Raman shift (cm-)
of this mode is asymmetric (the Fano-like shape), whictFIG. 2. The 340 cm™! Raman peak obtained at different
is pronounced in they spectrum with a strong electronic temperatures in thexx (solid circles) and theyy (open
continuum. On the contrary, the line shape in thepec- C"g'tes) t.pO'a“Z‘]’}lt"t’”g’ ”korma“éed ttl‘fn t.“? pe.‘?k !anﬁtgnsn}/] after
trum \_Nhere the electro_nic intgns_ity is very weak, iS_ V"_e”ilﬁe rzfls((:)llir(ljg cﬁrveas afleC '?i:gu?esuvl\{ls olfn t?lneSIf)i/tting Sg?ng' the
described by a Lorentzian. Similarly, an asymmetric lineformula 7 = I1,(s + ¢)2/(1 + ) + A + Bw + Cw?, where
shape of the340 cm™!' mode is indicative of the strong & = (w — Q)/I. The first term corresponds to the Fano
interaction with the electronic continuum [1,8]. In other profile and the other termst + Bw + Cw?® describe the
words, the phononic RSS can be a good probe of the elebackground related to the electronic Raman scattering.
tronic RSS.
When the samples are cooled, dramatic changes are ob-
served in all4, phonon lines below, i.e., the hardening dependence of the background [8,10]. The parameter
of the 430 and 500 cm™! modes and the softening of the is defined ass = (o — Q)/T" andq is the asymmetric
other three lines at low frequencies. The most importanparameter. Here the frequen€y and linewidthI" are
finding is a significant-y anisotropy in thé40 cm™! line.  renormalized by the real and imaginary parts of the
In Fig. 2, temperature dependencies of the RSS for thelectronic responsg(w) = —R(w) + imp(w) asQ =
340 cm™!' mode are shown foxx andyy polarizations, Qo + V?R and I' = I'y + V27 p, respectively, where
where the intensities are normalized, for convenience, &, and I'y are the uncoupled frequency and damping,
the peak position after subtracting the flat background wittand V is the coupling constant. As demonstrated by the
an intensity a250 cm~!. One can immediately see that solid lines in Fig. 2, the fitting results are satisfactory.
the softening belowl’. (= 86 K) in the xx spectrum is Figure 3 presents thE dependence of the obtained fitting
more pronounced than in the spectrum. A difference parametersQ), I', and ¢. In the normal state, there
of the peak frequencies is abdutm™! at10 K. Another  are small difference€),, — Q,, ~ 1 cm™!' and2T’,, —
distinctive feature is that the broadening at intermediat@I’,, ~ 1 cm™! over the wholeT range (100-300 K).
temperatures betwedhn and10 K is more remarkable in  This normal state anisotropy could arise from a difference
the xx polarization than in they. of the coupling constan¥V in difference polarizations
In order to discuss this-y anisotropy in detail, we (V,, # V,,).
have performed the least-squares fit to the RSS in the In the superconducting state, the well-known softening
spectral region betweet75 and 400 cm™! in terms of  and broadening of this phonon are clearly seen. Overall
a standard Fano profil&(w) = Iy(e + ¢)*/(1 + &) + features of the superconductivity-induced anomalies (the
background, where we have assumed a quadratic steplike softening and a maximum broadening at a certain
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revealed a significant contribution of the chain super-
conductivity in overdoped YBCO [15]. A coupling
of the 340 cm™! phonon with the chain electronic
excitation is not expected to be strong, because this
phonon mode does not involve vibrations of the atoms
in the chain [16]. However, the coupling could be
enhanced by a resonance of this phonon energy and
the interband energy between the chain and the plane
bands [6]. Since these two bands are close to each
other along theX-S direction in the two-dimensional
Brillouin zone [17], the effect of the coupling is ob-
served mainly in they spectrum. In the superconduct-
ing state, thé40 cm~! phonon must be strongly affected
by the gap opening in the chain. If the chain supercon-
ductivity is induced mainly by the attractive interaction
within the one-dimensional chain, the gap function cannot
be ad wave with nodes but should besavave. In this
case, the Raman response should be quite different from
that for d,»—,» symmetry in the plane superconductivity.
Consequently, the phonon self-energy effect is observed
to be different in theyy spectrum from that in thex
spectrum which reflects only thg- . gap in the plane.

T (K) On the other hand, if the chain superconductivity has

FIG. 3. Temperature dependences of the frequéddy), the the Same_symmetry as that for the plane_, as in the case
linewidth 2T" (b), and the asymmetric parametgt' (c) for the of proxmlty-eff_ect induced superconductivity [18], the
340 cm~!' mode in thexx andyy polarizations. The lines are chain contribution to the)y spectrum cannot create the
guides to the eye only. observedk-y anisotropy. Then we must take into account

more explicitly the effect of orthorhombic distortion of

the plane. In the orthorhombic system, the tetragdnal
temperature below,) agree roughly with those expected channel for the electronic Raman scattering is mixed into
for d,>—,» symmetry rather than far—wave superconduc- the tetragonalB;, channel, giving inequivalent Raman
tors [11,12], in which broadening is expected only forvertices y.. # yy,. This Aj,-B;, mixing enables the
the hardening phonons [13]. A striking result is that theB;, phonon to interact with thel;, electronic channel.
superconductivity-induced effects depend on polarizatiomhe Raman vertices for thex and yy channels in
configuration, as is expected from Fig. 2. For thepo-  this case are expressedgg(k) = 8yaig(k) + ypig(k)
larization, a dramatic softeningAQ,, = 7 cm ') occurs  and vy, (k) = 8ya1,(k) — vpic(k), respectively, where
between70 and 40 K, and the total softening is about § is the mixing rate. One can clearly see in this
8 cm™!. By contrast, in the'y polarization, the total soft- expression that thed,,-B;, mixing gives rise to an
ening is smallefAQ,, = 5.5 cm™!) and the temperature anisotropic contribution of the electronic state at the
dependence is weaker. As a result of thjsdifference Fermi level. For a nearly cylindrical Fermi surface
in softening behavior, the changeover frdm, > ,, [3], these vertices can be approximately represented
to Q,, > Q,, takes place around5 K. The broaden- asy,.(¢) = yaigcos4¢d + ypigcos2¢p andy,,(¢d) =
ing of the linewidth is also polarization dependent. Inthedyai, cos4¢ — ypi, cos2¢, respectively, wherep is
xx spectrum the linewidth has a maximum®t-60 K, the azimuthal angle of th& vector. In the case for
whereas in they spectrum a#5-50 K or below. Alsoin  yaie, v, > 0, the magnitude ofy2, at ¢ = 0 is larger
the ¢! parameter which is roughly proportional Wp, than that at¢p = 7 /2, so that thexx spectrum reflects
maxima are observed at almost the same temperaturasainly the electronic states arourictsr,0), while the
All these anomalies in the phonon parameters arise fromy spectrum reflects those arour@ +). Therefore,
the superconductivity-induced changes in the renormalizat turns out that the observed-y anisotropy indicates
tion terms associated with the coupling to the electroniche difference of the maximum gap values between the
excitation y(w) [14]. Therefore, thex-y anisotropy of k, andk, directions. Theoretically, it is predicted that
these phonon anomalies must also originate fromxthe  the orthorhombic distortion leads to an admixture of the
anisotropy in the contribution of the electronic part. s-wave component with the@-wave one [5]. The only

A naive interpretation of the observedy anisotropy realistic symmetry which givesA,(0) # A,(0) is the

is that it is due to the chain contribution. In fact, d + s symmetry with the gap functioA = A,(cosk, —
infrared and penetration depth measurements havwesk,) + As(cosk, + cosky).
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