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Superconductivity-induced effects on phononic and electronic Raman scattering in twin-free
YBa2Cu3O7Àx single crystals

M. F. Limonov,* A. I. Rykov, and S. Tajima
Superconductivity Research Laboratory, International Superconductivity Technology Center, 10-13, Shinonome 1-Chome

Koto-ku, Tokyo 135-0062, Japan

A. Yamanaka
Chitose Institute of Science and Technology, Chitose, Hokkaido 066-8655, Japan

~Received 6 December 1999!

Raman scattering spectra have been investigated in twin-free YBa2Cu3O72x single crystals with various
oxygen content. Superconductivity-induced effects are found for allAg phonons in the overdoped crystals, but
they rapidly weaken with reducing oxygen content. The 340 cm21 phonon 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 thex-y anisotropy of the electronic responsex(v)52R(v)1 ir(v) and implies a differ-
ence of the superconducting gap amplitudesDxÞDy in the kx and ky directions in the two-dimensional
Brillouin zone for orthorhombic YBa2Cu3O72x . The gap energy difference (Dy2Dx) decreases as the doping
level is deduced.
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I. INTRODUCTION

From the very beginning of the investigation of hig
temperature superconductors, phononic Raman scatte
has been widely used to study the electronic state and su
conductivity mechanism. The phonon anomaly at the sup
conducting transitionTc has been most intensively studie
for YBa2Cu3O72x . An important finding by Macfarlaine
Rose, and Seky is the softening of the 340 cm21 mode fre-
quency belowTc .1 The softening and linewidth broadenin
of this mode were confirmed by many research groups2–5

The other phonon anomalies, hardening of theAg modes at
430 and 500 cm21 below Tc , were also observed by sever
groups.6–8 These superconductivity-induced effects are
indication of a rather strong electron-phonon interaction
this material. Zeyher and Zwicknagl have theoretically stu
ied the phonon self-energy effects atq50, for isotropic
s-wave superconductors.9 The Zeyher-Zwicknagl model pre
dicts that the opening of an isotropic gap results in a soft
ing for the phonons with frequencies\v,2D without any
change in the linewidth, whereas for the phonons with\v
.2D a hardening with an additional broadening is predict

On the other hand, the phonon self-energy effects for
gaps with nodes were theoretically examined by Nic
Jiang, and Carbotte.10 The main difference from thes-wave
case is a broadening of phonons with\v,2D below Tc ,
which originates from a finite density of states~DOS! within
the maximum gap energy 2Dmax of an anisotropic gap. When
the 2D peak of the DOS reaches the phonon energy a
certain temperatureTg,Tc , the effect of broadening be
comes the strongest, resulting in a maximum linewidth
Tg . In spite of their detailed calculation, there has been
analysis of experimental Raman scattering spectra~RSS! by
the approach of a gap with nodes.

Electronic Raman scattering also gives rich informat
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about the electronic response of the system including a
perconducting gap. The difference between theB1g andA1g

electronic continua in the superconducting state was
cussed in terms of thed-wave symmetry of a gap,11 which
has demonstrated an advantage of Raman scattering s
troscopy, which is sensitive to the symmetry and can dete
part of the Fermi surface selectively.

In the present study, we have precisely measured the
of both phononic and electronic origins in detwinne
YBa2Cu3O72x crystals with various oxygen contents an
found that an interpretation on the basis of an anisotropic
is more appropriate than the isotropics-wave scenario. To
extract the phonon parameters, we analyzed the spectr
the basis of the Green function, which treats both phon
and electronic systems as well as their interaction. We a
examined another approach based on the Fano form
which has been widely used for extracting phonon para
eters from the RSS of high-temperature superconduct
The results of the Fano analysis were in good agreem
with those from the Green function approach. The physi
meaning of thex-y anisotropy appearing in the phonon fr
quency and linewidth in the case of the Fano free parame
fitting has been made clear.

A difficulty in the analysis of the RSS for YBa2Cu3O72x
crystals is due to the orthorhombic symmetry, which intr
duces a mixing ofA1g andB1g components both in the pho
non and electronic systems. If the effect of this mixing
very strong, the tetragonal approximation does not ho
though it has been adopted in almost all theoretical stud
for this material. Thex-y anisotropy observed in the RSS o
fully oxygenated YBa2Cu3O7 crystals in our previous work12

is a typical example of thisA1g-B1g mixing. In this study,
we also examine the limitation of the tetragonal approa
and address possible interpretations for the observedx-y an-
isotropy and its doping dependence.
12 412 ©2000 The American Physical Society
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II. EXPERIMENT

The high-quality YBa2Cu3O72x single crystals were
grown by a top-seeded pulling technique and oxygena
under uniaxial pressure in order to obtain the orthorhom
twin-free samples as described previously.13 The crystals
with a typical volume of 10 mm3 and the highestTc of
92–93 K with a very narrow transition widthDTc<0.2 K
were post-annealed at 320 °C for higher oxygenation. T
post-annealing enhances the in-plane anisotropy and m
the oxygen content close tô̂ O7.0&&, which results in an
overdoped state with lowerTc586 K and DTc50.4 K. In
this study, two fully oxygenated samples were prepared fr
different single crystals and annealed independently. The
man results for these overdoped~OverD! crystals agree very
well. We also studied a series of twin-free YBa2Cu3O72x
single crystals with different oxygen contents, namely
slightly overdoped~SlOverD! sample withTc589 K, an op-
timally doped ~OptD, Tc593 K), and the underdope
~UndD, Tc580 K) crystal.

The RSS were examined by a triple-stage spectrom
with a liquid-nitrogen-cooled charge-coupled device~CCD!
detector~T64000 Jobin-Ivon!. A typical spectral resolution
was 3 cm21, and several spectra were measured with a re
lution of 1 cm21. For accurate studying of the temperatu
dependence of RSS and for eliminating a systematical e
in the determination of the frequency shifts, RSS were
corded in the spectrograph mode; i.e., the spectral reg
was fixed without any scanning of the diffraction grating
The 514.5 nm line of an Ar-Kr laser was used for the ex
tation. The power density ranged from 0.2 to 1 W/cm2 on the
sample surface, and consequently the overheating was
pressed down to less than 3 K in all experiments. At low
temperatures, a closed-cycle UHV cryostat was used with
temperature stabilization better than 1 K.

The xx- and yy-polarized RSS were obtained in th
pseudobackscattering configuration from the same poin
the mirrorlike native regions of crystals by rotating the p
larizers. Thezz-polarized RSS, taken from theac or bc sur-
faces, were essentially the same for both native and c
surfaces. We have also found that some polishing of theac
or bc planes with Al2O3 abrasive leads to a pronounced r
construction of the surface. Figure 1 shows the RSS with

FIG. 1. The Raman spectra of the OverD YBa2Cu3O72x single
crystals in thezzpolarization obtained at room temperature from t
lateralac surface before~a! and after~b! polishing.
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zzpolarization, which were obtained from the sameac plane
before and after polishing. Upon polishing the surface,
four Ag modes shift to the high-frequency side, increase, a
their linewidth becomes slightly broadened. This polishi
effect cannot be associated with a simple chemical subs
tion of the native atoms by impurities, because in this c
differentAg lines should shift in different directions.14,15The
effect cannot originate from a disorder in the oxygen sub
tice, because no additional Raman line appears in the
served RSS. The most probable explanation is that polish
introduces internal stress in theac/bc surface. Note that the
RSS taken from theab surface do not show any effect o
polishing. In order to estimate the values of the intern
stress, one can invoke the dependence of Raman freque
on the hydrostatic pressuren(P).16,17 The pressure coeffi-
cientsdn/dP ~cm21/GPa! were reported to be 1.3 for the 15
cm21 line, 4.4 for the 430 cm21 one, and 5.5 for the 500
cm21 one.17 The observed shift indicates the existence of
internal pressure of about 3 GPa. In this connection, a sim
effect was observed in the polishedRBa2Cu3O72x (R
5Nd, La, Ho) ceramics. In addition, Raman-forbidde
modes were activated by polishing in Ca2CuO3, SrCuO2, and
La2CuO4 ceramics.18 In this study, all RSS of YBa2C3O72x
crystals were obtained from unpolished surfaces.

III. EXPERIMENTAL RESULTS AND ANALYSIS

Figure 2 shows thexx-, yy-, and zz-polarized room-
temperature RSS of three twin-free YBa2C3O72x single crys-
tals with different oxygen content, namely, OverD, Opt
and UndD crystals. In all the RSS, five well-known line
with Ag symmetry are clearly seen.19,20Hereafter, we refer to
these lines as the 120, 150, 340, 430, and 500 cm21 lines.
The low-frequency 120 and 150 cm21 lines are ascribed
mainly to z displacements of heavy atoms, Ba and plan
Cu~2!, respectively. The 340 cm21 mode belongs toB1g in
the tetragonal YBa2C3O6 structure~point groupD4h) and its

FIG. 2. The Raman spectra of the OverD, OptD, and Un
twin-free YBa2Cu3O72x single crystals in thexx, yy, andzzpolar-
izations at room temperature.
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FIG. 3. Temperature dependences of the phonon-line peak frequencies of the fiveAg modes for the OverD~a!, OptD ~b!, and UndD~c!
twin-free YBa2Cu3O72x single crystals. All lines are the results of calculations within a framework of a two-phonon-decay anharm
using Eq.~1!.
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displacement is the out-of-phase equal amplitude of the O~2!
and O~3! oxygens along thez direction. In the orthorhombic
YBa2C3O72x structure~point groupD2h), the symmetry of
the 340 cm21 mode is transferred toAg , and thez displace-
ments of the O~2! and O~3! atoms become nonequivalen
However, this mode still hasB1g character even in ortho
rhombic YBa2C3O72x , because the deviation from the ide
B1g displacement is expected to be small, less than 10%21

The 430 cm21 line is mainly due to in-phasez displacements
of the O~2! and O~3! oxygens, and the 500 cm21 one is
associated with the apical oxygen O~1! displacements along
the z axis.

For the RSS of OverD crystals~Fig. 2!, there are no ad-
ditional lines caused by structural disorder such as oxy
deficiency. When oxygen content decreases, theyy-polarized
RSS are rather modified, since oxygen defects are ma
formed in the Cu~1!O~4! chain along they axis. The lines at
about 230 and 580–600 cm21 are assigned as the vibration
of Cu~1! and O~4!, respectively.

It is worth noting that the observed peak frequencies
linewidths depend strikingly on the polarization configur
tion. This demonstrates that every nondegeneratedAg peak is
renormalized by the interaction with the background elect
continuum. For example, the 120 cm21 line shows a pro-
nounced out-of-plane anisotropy of the observed peak
quency,Vmax,z.Vmax,x ,Vmax,y . Its line shape is quite asym
metric ~the Fano-like shape! in the yy spectrum, which
contains the strongest electronic Raman scattering. On
contrary, the line shape in thezz spectrum, where the elec
tronic scattering is very weak, is well described by a Lore
zian.

The temperature dependences of the peak frequencie
plotted in Fig. 3. The normal-state behavior of the frequ
cies can be described by a simple two-phonon-de
picture:22
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V~T!5V~T0!2V0@112n~v/2,T!#,
~1!

n~v,T!51/@exp~\v/kBT!21#.

At T,Tc , remarkable changes take place in all the phon
lines. For the OverD crystals, softening of the 120, 150, a
340 cm21 modes and hardening of the 430 and 500 cm21

modes demonstrate that the phonon frequencies are re
malized by the redistribution of the electronic continuum
the superconducting state@Fig. 3~a!#. When doping is re-
duced, the frequency anomaly becomes weak. Among
five phonon lines, the superconductivity-induced anomaly
most robust on the 340 cm21 line presumably because th
phonon strongly couples with the electronic system owing
its B1g character.

For a detailed discussion, it is necessary to extract
phonon parameters correctly by a proper fitting procedu
Here we used the method based on the Green func
operator.23 In the case of the tetragonal system, Chenet al.24

proposed the following formula for the electron-phon
coupled Raman spectrum:

F~v!5AB~v!H r~v!1
1

G~11«2! F S2

V2 12r~v!«S

2r2~v!V2G J , ~2!

whereB(v)511n(v,T), «5(v2V)/G, and S5VTp /Te
1V2R(v) with the Raman phononTp and electronicTe ma-
trix elements. The fitting parametersV andG ~renormalized
frequency and linewidth! are connected with the uncouple
V0 and G0 through the relationsV5V01V2R(v) and G
5G01V2r(v), where V is the electron-phonon coupling
andr(v) andR(v) are the imaginary and real parts of th
electronic responsex(v)52R(v)1 ir(v). Five param-
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etersA, V, G0 , S, andV were used asv independent in the
fitting.24 A similar formula for the expression of the Rama
efficiency was proposed in Ref. 25.

To consider orthorhombisity of the YBa2C3O72x struc-
ture, we have to introduce polarization-dependent par
eters. With this aim we assumeG5G01aVx

2rx1bVy
2ry ,

and in the first approximation we chosea5b51, that is,
G5G01Vx

2rx1Vy
2ry . Then we obtain, for selected polariz

tion (i 5xx, or yy!,

Fi~v!5
Ai

Vi
2 B~v!Vi

2r i~v!H G~v!2Vi
2r i~v!

G~v!

1
Vi

2r i~v!

G~v!

F Si

Vi
2r i~v!

1«G2

11«2
J . ~3!

For «@$1 andSi /@Vi
2r i(v)#%, the parentheses are close

unity and, therefore,Fi(v)5AiB(v)r i(v). It has been
pointed out in Ref. 26 that the coupling constantV in Eq. ~3!
is combined withr(v) and therefore cannot be chosen as
independent parameter for the fitting, as in Ref. 24.

By introducing a dimensionless functiongi(v)
5Vi

2r i(v)/G0 , we obtain

Fi~v!5Ai8B~v!gi~v!H 11
gi~v!

11g~v!

3S FSi

11g~v!

gi~v!
1~v2V!G2

G0
2@11g~v!#21~v2V!221D J , ~4!

whereAi85AiG0 /Vi
2 andg(v)5gx(v)1gy(v). Heregi(v)

is a smooth function describing the background, and it can
used in the iteration procedure whereAi8 , V, G0 , andSi are
four v-independent fitting parameters. The final formula
cludes five other phonon lines~at 120, 150, 430, 500, an
600 cm21!, which are assumed to be Lorentzians:

I i~v!5Fi~v!1(
j 51

5

Aj

G j

G j
21~v2V j !

2 . ~5!

Several different formulas were examined forg(v), and the
best fitting was obtained with the following formula:

g~v!5C01
C1v1C2v2

Ge
21~v2D !2 at T,Tc , ~6a!

g~v!5C081C18v1C28v
2 at T.Tc . ~6b!

As can be seen in Fig. 4, the fitting result is good. T
temperature dependences ofV, G0 , andSi for the 340 cm21

line are plotted in Fig. 5. For the OverD samples, the ren
malized frequencyV exhibits a steplike softening betwee
70 and 40 K. At temperatures below 40 K, the frequency
still temperature dependent. The frequency is less sens
to temperature in the vicinity ofTc , but does not show any
hardening. In the SlOverD sample, the softening occurs
-
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below Tc and is almost saturated at temperatures below
K. The total softening of about 6 cm21 is almost common in
the OverD, SlOverD, and OptD samples. In UndD samp
the softening is very small, being about 1 cm21.

The uncoupled linewidthG0(T) shows smooth tempera
ture dependence, without any anomaly belowTc . As shown
by the solid curves in Fig. 5~b!, this temperature dependenc
can be well described by a simple two-phonon-dec
channel,22 based on the Klemens-Hart model:27,28

G0~T!5GS1G~0!@112n~v/2,T!#,
~7!

n~v,T!51/@exp~\v/kBT!21#,

where temperature-independent termGS mainly results from
phonon scattering by impurities.

The renormalized damping at the relevant phon
frequency, G5G01Vx

2rx1Vy
2ry5G0@11gx(v)1gy(v)#,

which involves the electronic response, shows a bump
temperatures belowTc . For OverD, SlOverD, and OptD
crystals,G has a maximum atT* '55, 80, and 80 K, respec
tively @Fig. 5~b!#, where a rapid softening of the frequenc
just occurs@Fig. 5~a!#. The maximum of theG bump height
decreases with reducing doping level. Th
superconductivity-induced effect also manifests itself in
parameterS, as shown in Fig. 5~c!.

To extract the phonon parameters from the RSS, the F
fitting approach has been widely used. Although there i
problem in the manner of subtracting the electronic ba
ground, in most cases this approach could give proper
sults. Of course, one has to introduce an appropriate b
ground function and correctly pick up the meaning of t
obtained results. Here we also analyze our spectra by u

FIG. 4. The Raman spectra for the OverD and OptD twin-fr
YBa2Cu3O72x single crystals atT535 K. The xx polarization is
shown by solid circles, and theyy polarization is shown open
circles. The solid curve forxx polarization and dashed curve foryy
polarization are the results of the Green fitting procedure using
~5!.
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FIG. 5. Temperature dependences of the fitting parameters of the 340 cm21 phonon line for the OverD, SlOverD, OptD, and Und
twin-free YBa2Cu3O72x single crystals.~a! Renormalized frequenciesV5V01V2R obtained using the FFP treatment~solid circles for the
xx polarization and open circles for theyy polarization! and Green treatment~stars!. ~b! Renormalized linewidths 2G52(G01V2r) obtained
from the FFP treatment~solid circles for thexx polarization and open circles for theyy polarization!, bare linewidth 2G0 obtained from the
Green treatment~stars! and renormalized linewidth 2G52G0(11gx1gy) obtained from the Green treatment~centered circles!. All lines are
the results of calculations within a framework of a two-phonon-decay anharmonicity using Eq.~7!. ~c! Sparameters obtained from the Gree
treatment~solid circles for thexx polarization, open circles for theyy polarization!.
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the Fano formula. We fit the RSS in the spectral region
tween 175 and 400 cm21 using the following formula:

I 5F~v!1I 0~v!. ~8!

The first term describes the conventional Fano profile of
340 cm21 line:

F~v!5r~v!Te
2~q1«!2/~11«2!, ~9!

where q5(VTp /Te1V2R)/G is so-called Fano paramete
The second termI 0(v) represents the noninteracting part
the electronic continuum. In the present case, we choo
simple polynomial

I 0~v!5C01C1v1C2v2. ~10!

Markedly, the fitting parametersV andG are already renor-
malized by the electronic response at a certain frequency
this analysis, all of fitting parameters are kept free@free fit-
ting parameters~FFP!#, putting no constraint on different po
larizations. This should lead to the polarization-depend
parameters, owing to the anisotropic electronic response

The resultant parameters are also plotted in Fig. 5. B
for V andG, we can see good agreement of the results
tained by the two approaches. The main difference is thex-y
anisotropy observed inV and G for the FFP analysis. As
mentioned above, this is caused by thex-y anisotropy in the
electronic responsex(v)52R(v)1 ir(v). In the Green
function analysis, this anisotropy manifests itself in the p
rameterSi and ther i(v) @or gi(v)# functions, as shown in
Figs. 5~c! and 6.

After confirming this consistency between the two a
proaches, we analyzed the RSS for the UndD crystal by
FFP fitting. As expected from the raw data, there is no d
-

e

a

In

nt

th
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-
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tinct superconductivity-induced effect seen in the phonon
rameters. Only in the frequency is a weak softening obser
below Tc .

IV. DISCUSSION

Among the fiveA1g phonon modes, the 340 cm21 mode
shows the most clear effect of a superconducting transit
which survives even in the UndD crystal. Considering t
B1g-like character of this mode, the strong phonon se
energy effect due to an electron-phonon interaction is ind
tive of the sameB1g character of the counter part, namely,
d-wave gap in this system.

Concerning a gap symmetry in the high-Tc superconduct-
ors, the phase sensitive experiments have given clear
dence for ad-wave gap.29 The result of the electronic Rama
scattering are also consistent with ad-wave gap.11,30 How-
ever, there have been few reports in which the phonon
man spectra are discussed from the viewpoint of an an
tropic gap. The phonon self-energy effects for
superconductor with thed-wave gap were calculated b
Nicol, Jiang, and Carbotte.10 The main difference from the
case of an isotropics-wave gap originates from a finite DO
below a maximum gap energy. Since the linewidth is eq
to G5G01V2r, a finite DOS namely,r belowTc , gives an
additional broadening of phonons with energies smaller t
the gap energy. In the present results, the linewidth beha
for the 340 cm21 mode strongly supports a gap with node
As seen in Fig. 5~b!, with lowering the temperature below
Tc , the renormalizedG is enhanced and shows a maximu
at an intermediate temperatureT* ,Tc when a softening of
this mode starts. Even belowT* , this additional broadening
does not disappear and remains finite at the lowest temp
ture ~;10 K!. This is a direct indication of the remainin
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DOS around 340 cm21, which is characteristic of a gap wit
nodes. This cannot be expected for the isotropics-wave su-
perconductor, where the DOS below 2D(T) is zero and thus
gives no broadening of the phonon lines with\V0
,2D(0).

One can see more directly the gap feature with node
the electronic responser(v)5g(v)(G0 /V2) in Fig. 6. As
the temperature is lowered,r(v) changes from a monotoni
cally increasing function aboveTc to a peak with a long tail
towards zero frequency belowTc . At high temperature nea
Tc ,r(v) is very broad.

In Fig. 7, the spectral change inr(v) is represented in
terms of the parametersD andGe in Eq. ~6a!. One can find
that a rapid narrowing ofr(v) takes place in the temperatu

FIG. 6. Theg8(v) functions for the OverD crystal for thexx
and yy polarizations at different temperatures belowTc @g8(v)
5g(v)2C0#.

FIG. 7. Temperature dependences ofD and Ge fitting param-
eters of the functionr(v);g(v) for the OverD YBa2Cu3O72x

single crystals.
in

regionT* ,T,Tc (T* is about 50 K for the OverD crystal!.
The temperature dependence ofG for the 340 cm21 line is
attributed to the temperature dependence of ther value at
340 cm21, which is predominantly governed by this stron
change in the width ofr(v). It is different from the picture,
assumed in the Nicol-Jiang-Crbotte model, in which w
decreasingT the r(v) peak shifts fromv50 to higher fre-
quency and crosses the phonon frequency~340 cm21! at T
5Tg , keeping a sharp peak profile ofr(v).

An abrupt narrowing atT* ,T,Tc and an almost
T-insensitive peak frequency ofr(v) below T* are com-
monly observed in all the crystals for bothxx andyy spectra.
As is seen in Fig. 8, the temperature dependence ofrmax
;gmax can be scaled as a function of normalized tempera
T/Tc . The frequency of ther(v) peak, which can be re
solved only below a certain temperature (,Tc), is almostT
independent. The abrupt appearance of a large gap inste
a gradual gap growth with reducingT is also observed in the
tunneling spectroscopy31 and in the electronic Raman spect
of Bi2Sr2CaCu2Oz .32 This might be related to an opening o
the pseudogap aboveTc .

As to the doping dependence of the gap, with reduc
oxygen content all superconductivity-induced effects on
340 cm21 line become weak. One simple scenario is that i
due to an increase in the gap energy. The other poss
origin is that the whole electronic response including its e
hancement near the gap energy dramatically decreases
the system goes to underdoping. Figure 9 shows the do
dependence ofr(v);g(v) at 10 K forxx andyy spectra. As
doping is reduced, the peak intensity ofr(v) decreases and
the peak width increases. These spectral changes inr(v) can
explain the change in the magnitude of residualG at 10 K,
which scales withr at v5340 cm21. Such a change in the
electronic spectrum in the superconducting state is consis

FIG. 8. Upper panel: the temperature dependences of
maximums of theg(v) functions for thexx andyy polarizations for
the OverD and OptD twin-free YBa2Cu3O72x crystals. Lower pan-
el: normalized temperature dependencegmax(T/Tc)/g(T510 K) for
OverD, SlOverD, and OptD crystals.
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with the specific heat results in YBa2Cu3O72x .33 The spe-
cific heat jump atTc becomes broad when the oxygen co
tent decreases, suggesting the nature of this phase trans
i.e., the superconducting transition, changes with reducin
doping level.

Finally, we discuss the x-y anisotropy in the
superconductivity-induced effects on the RSS. As we
ported in our previous paper,12 a pronouncedx-y difference
in the RSS is observed in the OverD sample. In this paper
showed a similar effect also for the SlOverD and Op
samples. In the Green function analysis,x-y anisotropy ap-
pears in S and g(v). The origin of anisotropy inS
5VTp /Te1V2R(v) is supposed to be the anisotropy in bo
R(v) and VTp /Te . However, considering the les
temperature-sensitive nature ofTp /Te , a remarkable en-
hancement of thex-y anisotropy ofS below Tc @Fig. 5~b!#
must be caused mainly by the anisotropy inR(v) belowTc .
On the other hand, the anisotropy inr(v) is directly seen in
Fig. 6. Therefore, the electronic responsex(v)52R(v)
1 ir(v) is anisotropic, as we claimed in Refs. 12 and 34
analyzing the RSS by the FFP fitting.35

In the r(v) function, we can see two features related
thex-y anisotropy. The first is the difference of the maximu
of r(v) in thexx andyy polarizations, and the second is th
difference in the peak width ofr(v). The former is repre-
sented as the parameterD in Eq. ~6a!, while the latter is as
Ge . The temperature dependence of these paramete
shown in Fig. 7 for the OverD crystals. Thex-y splitting of
the maximums of the electronic response functionsrmax
~Figs. 8 and 9! suggests a difference in the gap amplitu
D(k,T50) between thekx andky directions in the Brillouin
zone. AtT510 K, the splitting is estimated at about 75 cm21

in OverD, about 50 cm21 in SlOverD, and about 25 cm21 in
OptD samples.

The width of ther(v) peak is also different in thexx and
yy polarizations. For OverD crystals at low temperatu
~10–50 K!, the Ge parameter is about 300 cm21 in the yy
polarization and about 150 cm21 in the xx polarization~Fig.

FIG. 9. Theg8(v) functions for OverD, SlOverD, and OptD
crystals for thexx and yy polarizations atT510 K @g8(v)5g(v)
2C0#.
-
on,
a

-

e

y

is

7!. In the RSS of the SlOverD and OptD samples, theD
peak in the electronic background broadens and theGe pa-
rameter is estimated to be about 350–400 cm21 in the yy
polarization and about 200–250 cm21 in the xx one. With
increasing temperature, the intensity of ther(v) maximum
decreases and its profile becomes broader (Ge increases!, and
eventually transforms into a background well described
the formulaC081C18v1C28v

2, which was used for fitting at
T.Tc in Eq. ~6b!.

A possible origin of thex-y anisotropy in the electronic
responsex(v) is the mixture of thed ands components due
to the orthorhombicity in crystal structure of YBa2Cu3O7 or
due to the contribution from the CuO chain. The gap w
d1s symmetry, represented as

Dd1s5Dd~coskx2cosky!1Ds~coskx1cosky!, ~11!

was theoretically predicted for orthorhombic structures37

However, we have to notice that the observedx-y anisotropy
is rapidly weakened with reducing oxygen content within
very narrow doping range. The orthorhombicity of th
YBa2Cu3O72x crystals is not strongly suppressed with such
small change in the oxygen content.38 Therefore, an alterna
tive source of thes-wave contribution is required.

One simple scenario is the mixing of the chain electro
response via the off-diagonal term in the Raman vertex
the CuO chain has an independent superconductivity cha
with anisotropics-wave symmetry, an admixture of thiss
component with thed-wave gap in the CuO2 plane can give
thex-y anisotropy described in Eq.~11!. Since superconduc
tivity in the chain is seriously affected by a small amount
oxygen content, it is likely that thex-y anisotropy due to the
contribution of the chain superconductivity decreases ra
cally with reducing oxygen content.

Another possibility is the admixture of the anisotrop
s-wave component in the CuO2 plane. Only in the ortho-
rhombic structure withx-y-anisotropic effective mass, addin
a lifetime broadening of the gap peak, can one obtain thex-y
anisotropy inr(v). If the s component increases with dop
ing, the observed development ofx-y anisotropy can be ex
plained.

V. CONCLUSIONS

In this paper, precise temperature and polarization dep
dences of RSS have been investigated for twin-f
YBa2Cu3O72x single crystals with four compositions, from
overdoped to slightly underdoped composition. Clear out-
plane and/or in-plane anisotropies of RSS have been
served at all temperatures. In an attempt to describe the
tire picture of the RSS in YBa2Cu3O72x , one can expect tha
there is a mixing of different anisotropy effects, which a
connected with the electron-phonon interaction, Raman v
tex, and superconducting gap.

The main features of the observed superconductiv
induced effects on the 340 cm21 line, such as a maximum o
the line broadening accompanied by a steplike softening
certain temperatureT* and the remaining superconductivity
induced broadening at 10 K, are well described within t
model for an anisotropic gap. Only by a small change
oxygen content do all the superconductivity-induced effe
diminish rapidly. This suggests a drastic change in the su
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conducting gap nature, which is also seen in the extrac
electronic response functionr(v) as the broadening an
weakening of a gap feature in the oxygen-deficient cryst
This qualitative change of the gap is consistent with the
sults of the other experiments such as the specific heat.

The x-y anisotropy in superconductivity-induced effec
was observed not only in the OverD sample, but also in
SlOverD and OptD samples. Thisx-y anisotropy was suc
cessfully described by the anisotropy inS andr(v), in the
Green function analysis, which is predominantly attributed
the anisotropic electronic responsex(v)52R(v)1 ir(v).
This anisotropy was found to be strongly suppressed w
reducing oxygen content, owing either to a reduction of
te
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contribution from the superconductivity in the CuO chain
to a decrease of thes-wave component induced in the CuO2

plane.
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