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Raman scattering spectra have been investigated in twin-freeC(B@;_, single crystals with various
oxygen content. Superconductivity-induced effects are found fekgfihonons in the overdoped crystals, but
they rapidly weaken with reducing oxygen content. The 340 tphonon line is analyzed in detail by means
of the Green function, as well as the standard Fano formula. The results provide much evidence for the nodal
structure of a superconducting gap. The polarization dependence, which is significant in the highly doped
crystals, illustrates thg-y anisotropy of the electronic respongéw) = —R(w) +ip(w) and implies a differ-
ence of the superconducting gap amplitudgs*A, in the k, and k, directions in the two-dimensional
Brillouin zone for orthorhombic YB#&Cw,0;_, . The gap energy differencé\(—A,) decreases as the doping
level is deduced.

[. INTRODUCTION about the electronic response of the system including a su-
perconducting gap. The difference betweenBhg andA4,
From the very beginning of the investigation of high- electronic continua in the superconducting state was dis-
temperature superconductors, phononic Raman scatterimyissed in terms of thd-wave symmetry of a gap, which
has been widely used to study the electronic state and supdras demonstrated an advantage of Raman scattering spec-
conductivity mechanism. The phonon anomaly at the supertroscopy, which is sensitive to the symmetry and can detect a
conducting transitioril. has been most intensively studied part of the Fermi surface selectively.
for YBa,Cu;0;_,. An important finding by Macfarlaine, In the present study, we have precisely measured the RSS
Rose, and Seky is the softening of the 340 ¢rmode fre-  of both phononic and electronic origins in detwinned
quency belowT,.! The softening and linewidth broadening YBa,Cu;O,_, crystals with various oxygen contents and
of this mode were confirmed by many research grdups. found that an interpretation on the basis of an anisotropic gap
The other phonon anomalies, hardening of fgemodes at  is more appropriate than the isotrogavave scenario. To
430 and 500 cm! below T, were also observed by several extract the phonon parameters, we analyzed the spectra on
groups~® These superconductivity-induced effects are arthe basis of the Green function, which treats both phonon
indication of a rather strong electron-phonon interaction inand electronic systems as well as their interaction. We also
this material. Zeyher and Zwicknagl have theoretically stud-examined another approach based on the Fano formula,
ied the phonon self-energy effects @t=0, for isotropic  which has been widely used for extracting phonon param-
s-wave superconductofsThe Zeyher-Zwicknagl model pre- eters from the RSS of high-temperature superconductors.
dicts that the opening of an isotropic gap results in a softenThe results of the Fano analysis were in good agreement
ing for the phonons with frequencidsw<2A without any  with those from the Green function approach. The physical
change in the linewidth, whereas for the phonons Miith ~ meaning of thex-y anisotropy appearing in the phonon fre-
>2A a hardening with an additional broadening is predictedguency and linewidth in the case of the Fano free parameters
On the other hand, the phonon self-energy effects for thditting has been made clear.
gaps with nodes were theoretically examined by Nicol, A difficulty in the analysis of the RSS for YB&u;O; _
Jiang, and Carbott¥. The main difference from thewave  crystals is due to the orthorhombic symmetry, which intro-
case is a broadening of phonons witlb<<2A below T, duces a mixing oA,y andB,4 components both in the pho-
which originates from a finite density of statd30S) within non and electronic systems. If the effect of this mixing is
the maximum gap energyX2,,., Of an anisotropic gap. When very strong, the tetragonal approximation does not hold,
the 2A peak of the DOS reaches the phonon energy at #ough it has been adopted in almost all theoretical studies
certain temperaturd,<T,, the effect of broadening be- for this material. Thex-y anisotropy observed in the RSS of
comes the strongest resulting in a maximum linewidth afully oxygenated YBaCuO, crystals in our previous wotk
Tg4. In spite of their detailed calculation, there has been nas a typical example of thig\,4-B,4 mixing. In this study,
analysis of experimental Raman scattering spe®%S by  we also examine the limitation of the tetragonal approach
the approach of a gap with nodes. and address possible interpretations for the obsexwedn-
Electronic Raman scattering also gives rich informationisotropy and its doping dependence.

0163-1829/2000/618)/124128)/$15.00 PRB 61 12 412 ©2000 The American Physical Society



PRB 61 SUPERCONDUCTIVITY-INDUCED EFFECTS ON.. .. 12 413

35 T T T T T T T T T T 10 T T T T 1 T T T T
8 | OverD, Tc=86K zz
30 - X 115
2 25} ot A ALY
C -
= _J\’WJ\_'__./\\XX
o 20 w
s ot z |—
> 15¢ 5 gl OptD, T =93K 27
-~ _d c
3 = x 1/10
2 @
5 10r <l
- >
= I =
- @ J\MM
°or gL ‘J/\MW‘J\——J\V-‘.—
I s | — XX
0.0 " ! " 1 1 L 1 N E —
100 200 300 400 500 600 UndD, T _=80K 2z
Raman shift (cm-1) 2L X715
T Yy
FIG. 1. The Raman spectra of the OverD ¥Ba0O,_, single L
: N ) — XX
crystals in thezzpolarization obtained at room temperature from the
1 " 1 1 1 ]

lateralac surface befordéa) and after(b) polishing. 00 : 1'00' 200 300 400 500 800

Il. EXPERIMENT Raman shift (cm -1)

The high-quality YBaCu;O;_, single crystals were FIG. 2. The Raman spectra of the OverD, OptD, and UndD
grown by a top-seeded pulling technique and oxygenatetivin-free YBaCusO,_, single crystals in thexx, yy andzzpolar-
under uniaxial pressure in order to obtain the orthorhombidzations at room temperature.
twin-free samples as described previouSlyThe crystals
with a typical volume of 10 mrhand the highesfT, of  zzpolarization, which were obtained from the saawplane
92-93 K with a very narrow transition widtAT,<0.2K  before and after polishing. Upon polishing the surface, all
were post-annealed at 320 °C for higher oxygenation. Thigour A; modes shift to the high-frequency side, increase, and
post-annealing enhances the in-plane anisotropy and mak#eir linewidth becomes slightly broadened. This polishing
the oxygen content close t§0O; ), which results in an effect cannot be associated with a simple chemical substitu-
overdoped state with loweF.=86K and AT,=0.4K. In tion of the native atoms by impurities, because in this case
this study, two fully oxygenated samples were prepared fronﬁiifferentAg lines should shift in different directioné:*>The
different single crystals and annealed independently. The R&ffect cannot originate from a disorder in the oxygen sublat-
man results for these overdopé@verD) crystals agree very tice, because no additional Raman line appears in the ob-
well. We also studied a series of twin-free Y@Ban0,_, served RSS. The most probable explanation is that polishing
single crystals with different oxygen contents, namely aintroduces internal stress in tlae/bc surface. Note that the
slightly overdopedSIOverD sample withT,=89K, an op- RSS taken from theb surface do not show any effect of
timally doped (OptD, T,=93K), and the underdoped polishing. In order to estimate the values of the internal
(UndD, T,=80K) crystal. stress, one can invoke the dependence of Raman frequencies

The RSS were examined by a triple-stage spectrometein the hydrostatic pressune(P).**'” The pressure coeffi-
with a liquid-nitrogen-cooled charge-coupled devi€CD) cientsdv/dP (cm™Y/GPg were reported to be 1.3 for the 150
detector(T64000 Jobin-lvon A typical spectral resolution ¢m ' line, 4.4 for the 430 cm" one, and 5.5 for the 500
was 3 cm'}, and several spectra were measured with a resem * one’’ The observed shift indicates the existence of an
lution of 1 cm %, For accurate studying of the temperatureinternal pressure of about 3 GPa. In this connection, a similar
dependence of RSS and for eliminating a systematical errg¥ffect was observed in the polisheBBa,Cu0;- (R
in the determination of the frequency shifts, RSS were re=Nd, La, Ho) ceramics. In addition, Raman-forbidden
corded in the spectrograph mode; i.e., the spectral regim@odes were activated by polishing in Lai0;, SrCuQ, and
was fixed without any scanning of the diffraction gratings.La,CuQ, ceramics® In this study, all RSS of YB#£;0,_«

The 514.5 nm line of an Ar-Kr laser was used for the exci-Crystals were obtained from unpolished surfaces.

tation. The power density ranged from 0.2 to 1 W#am the

sample surface, and consequc_ently the ov_erheating was sup- ;| EXPERIMENTAL RESULTS AND ANALYSIS
pressed down to less the&B K in all experiments. At low

temperatures, a closed-cycle UHV cryostat was used with the Figure 2 shows thexx-, yy-, and zzpolarized room-
temperature stabilization better than 1 K. temperature RSS of three twin-free Y&30,_, single crys-

The xx and yy-polarized RSS were obtained in the tals with different oxygen content, namely, OverD, OptD,
pseudobackscattering configuration from the same point oand UndD crystals. In all the RSS, five well-known lines
the mirrorlike native regions of crystals by rotating the po-with A; symmetry are clearly seef’’Hereafter, we refer to
larizers. Thezzpolarized RSS, taken from thec or bc sur-  these lines as the 120, 150, 340, 430, and 500cines.
faces, were essentially the same for both native and clefthe low-frequency 120 and 150 ¢rhlines are ascribed
surfaces. We have also found that some polishing ofathe mainly to z displacements of heavy atoms, Ba and planar
or bc planes with AJO; abrasive leads to a pronounced re- Cu(2), respectively. The 340 cit mode belongs tdyq in
construction of the surface. Figure 1 shows the RSS with théhe tetragonal YB#C;0g structure(point groupD,,) and its
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FIG. 3. Temperature dependences of the phonon-line peak frequencies of thg fades for the Overa), OptD (b), and UndD(c)
twin-free YBgCusO;_ single crystals. All lines are the results of calculations within a framework of a two-phonon-decay anharmonicity
using Eq.(2).

displacement is the out-of-phase equal amplitude of tt& O QUT)=Q(To) — Qo[ 1+2n(w/2,T)],
and (3) oxygens along the direction. In the orthorhombic (1)
YBa,C50;,_, structure(point groupD,y,), the symmetry of N(w,T)=1[expho/kgT)—1].

the 340 cm® mode is transferred 8, and thez displace- )

ments of the @) and Q3) atoms become nonequivalent. At T<T,, remarkable changes take_ place in all the phonon

However, this mode still haB,, character even in ortho- lines. F?{ thedOvedecr%/stgls,_softefmrr]]g of the 130' 15,0&' and

rhombic YBgC30,_,, because the deviation from the ideal 340 cm "~ modes and hardening of the 430 an 00" ¢m

B,, displacement is expected to be small, less than 10%. modes demonstratg that .the phonon frequgnmes.are renor-

Trllg 430 el line i inlv due to in-oh ’d' | " malized by the redistribution of the electronic continuum in
€ cmline Is mainly due to in-phasedisplacements superconducting staf€ig. 3@]. When doping is re-

of the. a2 apd as) oxygens, and the 500 crh one is duced, the frequency anomaly becomes weak. Among the

associated with the apical oxyger(Xpdisplacements along e phonon lines, the superconductivity-induced anomaly is

the z axis. . most robust on the 340 cm line presumably because this
For the RSS of OverD crystal§ig. 2), there are no ad- phonon strongly couples with the electronic system owing to

ditional lines caused by structural disorder such as oxygegs B, character.

deficiency. When oxygen content decreasesyhgolarized For a detailed discussion, it is necessary to extract the

RSS are rather modified, since oxygen defects are mainlghonon parameters correctly by a proper fitting procedure.

formed in the C(1)O(4) chain along they axis. The lines at Here we used the method based on the Green function

about 230 and 580—-600 crhare assigned as the vibrations operator® In the case of the tetragonal system, Cleal?*

of Cu(1) and Q4), respectively. proposed the following formula for the electron-phonon
It is worth noting that the observed peak frequencies an@oupled Raman spectrum:

linewidths depend strikingly on the polarization configura-

tion. This demonstrates that every nondegeneratgoeak is

renormalized by the interaction with the background electron F(W)ZAB(‘D)[ p(w)+ T(1+&2)

continuum. For example, the 120 ¢hline shows a pro-

nounced out-of-plane anisotropy of the observed peak fre- ) )

quency,Qmaxz> Qmaxx Qmaxy - Its line shape is quite asym- —p (@)Vr, 2

metric (the Fano-like shapein the yy spectrum, which

contains the strongest electronic Raman scattering. On thehereB(w)=1+n(w,T), e=(0—Q)/T', andS=VT,/T,

contrary, the line shape in thez spectrum, where the elec- +V?R(w) with the Raman phonom, and electronid ¢ ma-

tronic scattering is very weak, is well described by a Lorent-trix elements. The fitting parametefsandI” (renormalized

zian. frequency and linewidthare connected with the uncoupled
The temperature dependences of the peak frequencies dk and I’y through the relation€)=Q,+V?R(w) and I

plotted in Fig. 3. The normal-state behavior of the frequen=1I"g+V?p(w), whereV is the electron-phonon coupling,

cies can be described by a simple two-phonon-decagndp(w) andR(w) are the imaginary and real parts of the

picture?? electronic responsey(w)=—R(w)+ip(w). Five param-

82
W—i—Zp(w)sS
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etersA, Q, I'y, S andV were used a® independent in the T T T T
fitting.2* A similar formula for the expression of the Raman ‘
efficiency was proposed in Ref. 25.

To consider orthorhombisity of the YB@;0,_, struc-
ture, we have to introduce polarization-dependent param- 10F
eters. With this aim we assumié=Io+aVip+BVipy,

and in the first approximation we chogse= =1, that is, o5l

I'=To+Vips+Vipy,. Then we obtain, for selected polariza- >
tion (i=xx, oryy), §
5 00
s
A , I'(w)=Vipi(w) 2 45|
Fi(w)_v_izB(w)Vi pi(w) T Te) é
2 T 10
N I
Vipi(w) [Vipi(w) 3 sk
I'(w) 1+¢? |

For £>{1 andS /[VZp;(»)]}, the parentheses are close to
unity and, thereforeF;(w)=A;B(w)pi(w). It has been
pointed out in Ref. 26 that the coupling const&nin Eq. (3)

is combined withp(w) and therefore cannot be chosen as an g, 4. The Raman spectra for the OverD and OptD twin-free

| I 1 ] 1

0.0 L
0 100 200 300 400 500 600 700
Raman shift (cm-1)

independent parameter for the fitting, as in Ref. 24. YBa,Cu,0;_, single crystals aff=35K. The xx polarization is
Bzy introducing a dimensionless  functiong;(w) shown by solid circles, and thgy polarization is shown open
=V;pi(w)/T'y, we obtain circles. The solid curve foxx polarization and dashed curve fgy

polarization are the results of the Green fitting procedure using Eq.

).

, gi(w)
Fi(ow)=A/B(w)gi(w) | 1+ m below T, and is almost saturated at temperatures below 50
K. The total softening of about 6 cm is almost common in
1+g(w) 2 the OverD, SlOverD, and OptD samples. In UndD samples,
SiWJF(w—Q) the softening is very small, being about 1 ¢
5 ! 5 5 ) The uncoupled linewidth o(T) shows smooth tempera-
Io[1+g(0)]"+(0=Q) ture dependence, without any anomaly belbw As shown

by the solid curves in Fig.(), this temperature dependence
gan be well described by a simple two-phonon-decay
channef? based on the Klemens-Hart modéf®

whereA! =AT',/V? andg(w) = gy(w) + 9y( ). Hereg;(w)
is a smooth function describing the background, and it can b
used in the iteration procedure whekg, Q, I'y, andS; are

four w-independent fitting parameters. The final formula in- Io(T)=Ts+T(0)[1+2n(w/2T)]
cludes five other phonon linggt 120, 150, 430, 500, and 0 s b @
600 cmi't), which are assumed to be Lorentzians: N(w,T)=1[expio/ksT)— 1]
5 . .
I where temperature-independent teramainly results from
I‘(w):Fi(“’HIZl Ajrj2+(w_gj)2' (3 phonon scattering by impurities.

The renormalized damping at the relevant phonon
Several different formulas were examined fiw), and the  frequency, F=Fo+V>2<Px+V§Py=Fo[1+gx(w)+gy(w)],

best fitting was obtained with the following formula: which involves the electronic response, shows a bump at
oot Coco? temperatures below .. For OverD, SlOverD, and OptD
10T oW crystals,I' has a maximum &af* ~55, 80, and 80 K, respec-
=Copt+t———=—— at T<T,, 6 . " . C ) :
9(w)=Co I'2+(w—D)? ¢ 63 tively [Fig. 5b)], where a rapid softening of the frequency

just occurgFig. 5a)]. The maximum of thd" bump height
g(w)=Cy+Cilo+Crw? at T>T,. (6b)  decreases  with  reducing doping level. The
superconductivity-induced effect also manifests itself in the
As can be seen in Fig. 4, the fitting result is good. TheparametelS, as shown in Fig. &).
temperature dependences®fTy, andS; for the 340 cm* To extract the phonon parameters from the RSS, the Fano
line are plotted in Fig. 5. For the OverD samples, the renorfitting approach has been widely used. Although there is a
malized frequency) exhibits a steplike softening between problem in the manner of subtracting the electronic back-
70 and 40 K. At temperatures below 40 K, the frequency igground, in most cases this approach could give proper re-
still temperature dependent. The frequency is less sensitiveults. Of course, one has to introduce an appropriate back-
to temperature in the vicinity of ., but does not show any ground function and correctly pick up the meaning of the
hardening. In the SIOverD sample, the softening occurs jusbbtained results. Here we also analyze our spectra by using
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FIG. 5. Temperature dependences of the fitting parameters of the 329 gtmnon line for the OverD, SlOverD, OptD, and UndD
twin-free YBaCuO,_, single crystals(a) Renormalized frequencigd= Q.+ V2R obtained using the FFP treatmégblid circles for the
xx polarization and open circles for tlyg polarization and Green treatmefstars. (b) Renormalized linewidths2=2(I",+ V?p) obtained
from the FFP treatmer{solid circles for thexx polarization and open circles for tlyy polarization, bare linewidth I"; obtained from the
Green treatmer(starg and renormalized linewidthI2=2I",(1+g,+g,) obtained from the Green treatmenentered circlgs All lines are
the results of calculations within a framework of a two-phonon-decay anharmonicity usiig) Hg) S parameters obtained from the Green
treatment(solid circles for thexx polarization, open circles for thgy polarizatior).

the Fano formula. We fit the RSS in the spectral region betinct superconductivity-induced effect seen in the phonon pa-

tween 175 and 400 cnt using the following formula: rameters. Only in the frequency is a weak softening observed
belowT..
I=F(w)+ly(w). (8)
The first term describes the conventional Fano profile of the IV. DISCUSSION
LT

340 cm * line: Among the fiveA;4 phonon modes, the 340 crhmode

2 ) ) shows the most clear effect of a superconducting transition,

Flo)=p(0)Te(aq+e)(1+e7), (9 which survives even in the UndD crystal. Considering the

Big-like character of this mode, the strong phonon self-
§ energy effect due to an electron-phonon interaction is indica-
tive of the sameB,4 character of the counter part, namely, a

-wave gap in this system.

Concerning a gap symmetry in the high-superconduct-
lo()=Co+Crw+ Cra?. (10) ors, the phase sensitive experiments have given clear evi-
dence for al-wave gap’® The result of the electronic Raman
Markedly, the fitting parametet@ andI" are already renor- scattering are also consistent withdavave gap:=° How-
malized by the electronic response at a certain frequency. laver, there have been few reports in which the phonon Ra-
this analysis, all of fitting parameters are kept ff&ee fit- man spectra are discussed from the viewpoint of an aniso-
ting parameteré=FP)], putting no constraint on different po- tropic gap. The phonon self-energy effects for a
larizations. This should lead to the polarization-dependensuperconductor with thel-wave gap were calculated by
parameters, owing to the anisotropic electronic response. Nicol, Jiang, and Carbott€. The main difference from the
The resultant parameters are also plotted in Fig. 5. Botltase of an isotropis-wave gap originates from a finite DOS
for ) andI’, we can see good agreement of the results obbelow a maximum gap energy. Since the linewidth is equal
tained by the two approaches. The main difference isctie  to I'=T"y+ V?p, a finite DOS namelyp below T, gives an
anisotropy observed il andI" for the FFP analysis. As additional broadening of phonons with energies smaller than
mentioned above, this is caused by tg anisotropy in the the gap energy. In the present results, the linewidth behavior
electronic responsg(w)=—R(w)+ip(w). In the Green for the 340 cm® mode strongly supports a gap with nodes.
function analysis, this anisotropy manifests itself in the pa-As seen in Fig. &), with lowering the temperature below
rameterS, and thep;(w) [or g;(w)] functions, as shown in T, the renormalized’ is enhanced and shows a maximum
Figs. 5c) and 6. at an intermediate temperatufé <T. when a softening of
After confirming this consistency between the two ap-this mode starts. Even beloW*, this additional broadening
proaches, we analyzed the RSS for the UndD crystal by thedoes not disappear and remains finite at the lowest tempera-
FFP fitting. As expected from the raw data, there is no disture (~10 K). This is a direct indication of the remaining

whereqz(VTp/Te+V2R)/F is so-called Fano parameter.
The second ternhy(w) represents the noninteracting part o
the electronic continuum. In the present case, we choose
simple polynomial
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FIG. 6. Theg'(w) functions for the OverD crystal for thex
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DOS around 340 cit, which is characteristic of a gap with
nodes. This cannot be expected for the isotrapicave su-
perconductor, where the DOS below €T) is zero and thus
gives no broadening of the phonon lines with(),

<2A(0).
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FIG. 8. Upper panel: the temperature dependences of the
maximums of they(w) functions for thexx andyy polarizations for
the OverD and OptD twin-free YB&u;O,_, crystals. Lower pan-

el: normalized temperature dependeggg(T/T.)/g(T=10 K) for
OverD, SlOverD, and OptD crystals.

regionT* <T<T, (T* is about 50 K for the OverD crystal
The temperature dependenceldfor the 340 cm? line is

One can see more directly the gap feature with nodes iattributed to the temperature dependence of ghealue at

the electronic response(w)=g(w)(I'o/V?) in Fig. 6. As

the temperature is lowered(w) changes from a monotoni-
cally increasing function aboVE. to a peak with a long tail
towards zero frequency beloW, . At high temperature near

T..p(w) is very broad.

In Fig. 7, the spectral change p(w) is represented in
terms of the parametei3 andI', in Eqg. (6a). One can find
that a rapid narrowing gf( w) takes place in the temperature

0
0 20

40 60 80 100

T(K)

FIG. 7. Temperature dependencesbfand I, fitting param-
eters of the functiorp(w)~g(w) for the OverD YBaCuO;_,

single crystals.

340 cm%, which is predominantly governed by this strong
change in the width op(w). It is different from the picture,
assumed in the Nicol-Jiang-Crbotte model, in which with
decreasindl the p(w) peak shifts fromw=0 to higher fre-
quency and crosses the phonon freque(®40 cm?) at T
=T,, keeping a sharp peak profile p{w).

An abrupt narrowing atT*<T<T, and an almost
T-insensitive peak frequency gf(w) below T* are com-
monly observed in all the crystals for botlk andyy spectra.

As is seen in Fig. 8, the temperature dependence f
~0Omax Can be scaled as a function of normalized temperature
T/T.. The frequency of the(w) peak, which can be re-
solved only below a certain temperature T;), is almostT
independent. The abrupt appearance of a large gap instead of
a gradual gap growth with reducirigis also observed in the
tunneling spectroscopyand in the electronic Raman spectra

of Bi,Sr,CaCu0,.%? This might be related to an opening of
the pseudogap abovk, .

As to the doping dependence of the gap, with reducing
oxygen content all superconductivity-induced effects on the
340 cni 't line become weak. One simple scenario is that it is
due to an increase in the gap energy. The other possible
origin is that the whole electronic response including its en-
hancement near the gap energy dramatically decreases when
the system goes to underdoping. Figure 9 shows the doping
dependence gf(w)~g(w) at 10 K forxxandyy spectra. As
doping is reduced, the peak intensity gffw) decreases and
the peak width increases. These spectral change&:ih can
explain the change in the magnitude of residliedt 10 K,
which scales withp at w=340cm . Such a change in the
electronic spectrum in the superconducting state is consistent
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FIG. 9. Theg'(w) functions for OverD, SlOverD, and OptD
crystals for thexx andyy polarizations alf=10K [g' (w) =g(w)
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with the specific heat results in YBaw0,_, .3 The spe-
cific heat jump aflT. becomes broad when the oxygen con-
tent decreases, suggesting the nature of this phase transiti
i.e., the superconducting transition, changes with reducing
doping level.

Finally, we discuss the x-y anisotropy in the
superconductivity-induced effects on the RSS. As we re
ported in our previous papéf,a pronounced-y difference

in the RSS is observed in the OverD sample. In this paper wi

showed a similar effect also for the SIOverD and OptD
samples. In the Green function analysisy anisotropy ap-
pears inS and g(w). The origin of anisotropy inS
=VT,/Te+ V?R(w) is supposed to be the anisotropy in both
R(w) and VT,/T.. However, considering the less
temperature-sensitive nature 6%,/T,, a remarkable en-
hancement of the-y anisotropy ofS below T, [Fig. 5b)]
must be caused mainly by the anisotropyRifw) belowT..

On the other hand, the anisotropydfw) is directly seen in
Fig. 6. Therefore, the electronic respongéw)=—R(w)

+ip(w) is anisotropic, as we claimed in Refs. 12 and 34 by

analyzing the RSS by the FFP fittif.

In the p(w) function, we can see two features related to
thex-y anisotropy. The first is the difference of the maximum
of p(w) in the xx andyy polarizations, and the second is the
difference in the peak width gf(w). The former is repre-
sented as the parameterin Eq. (6a), while the latter is as
|
shown in Fig. 7 for the OverD crystals. Thxey splitting of
the maximums of the electronic response functigns,
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7). In the RSS of the SIOverD and OptD samples, tide 2
peak in the electronic background broadens andlth@a-
rameter is estimated to be about 350—400 trim the yy
polarization and about 200—-250 ¢hin the xx one. With
increasing temperature, the intensity of ihgv) maximum
decreases and its profile becomes broaligrifcreasels and
eventually transforms into a background well described by
the formulaC{+ Cjw+ C,w?, which was used for fitting at
T>T, in Eq. (6h).

A possible origin of thex-y anisotropy in the electronic
responsey(w) is the mixture of thed ands components due
to the orthorhombicity in crystal structure of YEausO; or
due to the contribution from the CuO chain. The gap with
d+s symmetry, represented as

Ag+s=Ag(cosk,—cosky) + Ag(cosk,+cosky), (11)

was theoretically predicted for orthorhombic structutes.
However, we have to notice that the obserxeglanisotropy
is rapidly weakened with reducing oxygen content within a
very narrow doping range. The orthorhombicity of the
YBa,Cu;0;_, crystals is not strongly suppressed with such a
small change in the oxygen contéftTherefore, an alterna-
tive source of thesswave contribution is required.

One simple scenario is the mixing of the chain electronic
response via the off-diagonal term in the Raman vertex. If

e cuo chain has an independent superconductivity channel

fith anisotropics-wave symmetry, an admixture of this
component with thel-wave gap in the Cu®plane can give
the x-y anisotropy described in E¢l1). Since superconduc-

tivity in the chain is seriously affected by a small amount of

oxygen content, it is likely that the-y anisotropy due to the
Eontribution of the chain superconductivity decreases radi-
cally with reducing oxygen content.

Another possibility is the admixture of the anisotropic
swave component in the Cy(plane. Only in the ortho-
rhombic structure witkx-y-anisotropic effective mass, adding
a lifetime broadening of the gap peak, can one obtairiie
anisotropy inp(w). If the s component increases with dop-
ing, the observed development xfy anisotropy can be ex-
plained.

V. CONCLUSIONS

In this paper, precise temperature and polarization depen-
dences of RSS have been investigated for twin-free
YBa,Cu;0;_, single crystals with four compositions, from
overdoped to slightly underdoped composition. Clear out-of-
plane and/or in-plane anisotropies of RSS have been ob-
served at all temperatures. In an attempt to describe the en-

The temperature dependence of these parameters fige picture of the RSS in YB£u,0O,_,, one can expect that
there is a mixing of different anisotropy effects, which are

connected with the electron-phonon interaction, Raman ver-

(Figs. 8 and 9 suggests a difference in the gap amplitudetex, and superconducting gap.

A(k,T=0) between thé, andk, directions in the Brillouin
zone. AtT=10K, the splitting is estimated at about 75 tm
in OverD, about 50 cm® in SIOverD, and about 25 ¢ in
OptD samples.

The width of thep(w) peak is also different in thex and

The main features of the observed superconductivity-
induced effects on the 340 crhline, such as a maximum of

the line broadening accompanied by a steplike softening at a
certain temperatur&€* and the remaining superconductivity-

induced broadening at 10 K, are well described within the

yy polarizations. For OverD crystals at low temperaturemodel for an anisotropic gap. Only by a small change in

(10-50 K), the ', parameter is about 300 crhin the yy
polarization and about 150 crhin the xx polarization(Fig.

oxygen content do all the superconductivity-induced effects
diminish rapidly. This suggests a drastic change in the super-
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conducting gap nature, which is also seen in the extractedontribution from the superconductivity in the CuO chain or

electronic response functiop(w) as the broadening and

to a decrease of thewave component induced in the CuO

weakening of a gap feature in the oxygen-deficient crystalsplane.
This qualitative change of the gap is consistent with the re-

sults of the other experiments such as the specific heat.

The x-y anisotropy in superconductivity-induced effects
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