
RAPID COMMUNICATIONS

PHYSICAL REVIEW B 1 JULY 1997-IIVOLUME 56, NUMBER 2
Electronic Raman scattering in underdoped YBa2Cu3O6.5
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The polarized Raman spectra of underdoped YBa2Cu3O6.5 (Tc561 K! have been measured. TheXY(B2g)
spectrum exhibits a superconductivity-induced redistribution and a frequency dependence that suggests the
presence of nodes near the~61,61! directions ink space. TheX8Y8(B1g) spectrum is unaffected by the
transition to the superconducting state and the intensityI (B1g) is significantly reduced relative to the level
found in optimally doped compounds. This drop in intensity occurs because of a loss of spectral weight from
the regions of the Brillouin zone near~p,0!, which is associated with the opening of a pseudogap in the
underdoped compound.@S0163-1829~97!51426-3#
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It is now generally accepted1 that the superconductin
state of the optimally doped high-Tc cuprates is character
ized by an anisotropic order parameter withdx22y2 symme-
try. This consensus has been reached with the input of
ferent theoretical approaches1–3 and the results from man
different experimental techniques.4–7 Raman scattering ha
proved to be valuable in this regard and has provided imp
tant contributions8–12 to the development of the present pi
ture. When interpreted within the conventional model10–13of
light scattering from a superconductor the polarization
pendence of the Raman continua can be used to dire
probe the nature of the superconducting order paramete
particular scattering from selected parts of the Fermi surf
~FS! can be studied12,13 by choosing appropriate scatterin
geometries. Such experiments, carried out on optim
doped samples, have shown that the peak frequency in
B1g spectrum, which samples12 portions of the FS nea
~0,6p! and ~6p,0!, provides a measure of the maximu
value of the gap. Also, the low frequency behavior of t
continua indicates10 that the superconducting gap has li
nodes near the~61,61! directions in thek space. These
features, which are consistent withd-wave symmetry, are
common to several of the optimally doped cuprates.

More recently, attention has shifted to experiments on
derdoped and overdoped compounds where the situatio
certainly not as clear14–16as it is in the optimally doped case
For example, recent angle resolved photoemission~ARPES!
experiments17,18on underdoped compounds have found th
relative to optimally doped compounds, there is a loss
spectral weight from large regions of the Brillouin zon
(BZ! near~p,0!. It has been suggested that the observed
of spectral weight from these regions of the BZ is due to
existence of adx22y2 gap that persists to a temperatureT*
.Tc . Evidence for such a normal state gap has also b
obtained using other experimental techniques,19–21 and it is
commonly referred to as a pseudogap. Mechanisms
might lead to the formation of such a pseudogap include
occurrence of precursor pairing22 without phase coherence
d-wave pairing of spinons23,24atT.Tc with charge conden-
sation atTc, or a Fermi surface depletion17 caused by a
560163-1829/97/56~2!/513~4!/$10.00
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change in unit cell dimensions induced for example by a
ferromagnetic correlations. As yet however the origin a
nature of the pseudogap are not well understood.

To obtain additional, complementary information on t
underdoped phase we have carried out Raman experim
on high quality underdoped YBa2Cu3O6.5 single crystals. The
effects of underdoping on the scattering intensity, lo
frequency behavior, and polarization dependence of the e
tronic continua have been studied. The low temperat
B2g spectra suggest the presence of an anisotropic gap
nodes. In addition the magnitudes of the measured inte
ties, relative to those in the optimally doped compounds,
be interpreted in terms of a spectral weight loss that could
associated with the formation of adx22y2 pseudogap as sug
gested by photoemission experiments.17,18 TheB2g intensity
measurements also suggest that there is an associate
evolution, perhaps analogous to that discussed by Chubu
et al.25

The high quality YBa2Cu3O6.5 single crystals used in this
study were grown by a flux method in yttrium stabilize
zirconia crucibles as described in detail elsewhere.26 The de-
sired oxygen concentration of the samples was obtained
controlling the annealing conditions.27 The superconducting
transition temperature determined by magnetic susceptib
measurement is 61 K and the transition width is 3 K. T
Raman spectra were obtained in a quasibackscattering ge
etry using the 488 nm and 514.5 nm lines of an Ar-ion la
with an incident intensity of about 20 W/cm2. The laser heat-
ing effect was estimated to be about 20 K and the temp
tures reported in this paper are the resultant temperature
the excited region of the sample. In the present study, Ra
spectra were measured in theZ(XX)Z̄, Z(X8X8)Z̄,
Z(XY)Z̄, Z(X8Y8)Z̄ scattering geometries, whereX andY
are parallel to the Cu-O bonds andX8 denotes the~1,1,0!
polarization andY8 the ~21,1,0! polarization. Considered
within the tetragonal point groupD4h , theX8Y8 geometry
allows coupling to excitations withB1g symmetry, theXY
geometry to theB2g component, and theXX (X8X8) geom-
etry to a combination of theA1g and B1g (B2g)
components.10
R513 © 1997 The American Physical Society
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The Raman response functions~x9! for the different scat-
tering geometries, which are obtained by dividing the ori
nal spectra by the Bose Einstein factor, are shown in Fig
for the two different temperatures, 85 K (T.Tc) and 35 K
(T,Tc). If we first consider theB2g spectra shown in the
lower right panel of the figure it is evident that there is
superconductivity induced redistribution of the electron
continuum when the sample temperature is lowered be
Tc . In this casex9(B2g) increases linearly at smallv and a
broad gaplike peak, centered at about 230 cm21, appears in
the 35 K spectrum. This type of redistribution is qualitative
similar to that observed in spectra obtained from optima
doped compounds.12,28

If we now consider theX8Y8(B1g) geometry, we find that
the 85 K and 35 K spectra appear to be essentially ident
That is theB1g spectrum is apparently completely unaffect
by the transition to the superconducting state and there i
superconductivity induced redistribution. The low frequen
portion ~v,300 cm21! of x9(B1g) increases approximatel
linearly from the origin in both spectra to intercept the hi
energy continuum level at about 200 cm21. Although the
data are not shown, we have found that this linear beha
at low energies is present in all theB1g spectra we have
obtained for 35 K,T,290 K. It should also be noted that w
have not found any evidence of peak formation near 5
cm21 as observed by Slakeyet al.,16 but this could be due to
differences in the concentration and/or homogeneity of
oxygen content of the samples.

The spectra obtained in the diagonal geometries appe
parallel the observed behavior of theB1g ~in XX) andB2g ~in
X8X8) spectra. That is, at low energies there does not ap
to be a significantA1g contribution to these spectra and th
are dominated by theB1g and B2g contributions. A more

FIG. 1. The Raman response functions~x9! of YBa2Cu3O6.5

obtained at 85 K and 35 K in theX8X8(A1g1B2g), X8Y8(B1g),
XX(A1g1B1g), andXY(B2g) scattering geometries, which are o
tained by dividing the original spectra by the Bose-Einstein ther
factor. TheXY andX8Y8 spectra have been scaled by a factor o
to place them on the indicated scale. The 85 K spectra have
displaced upward and the zero level is indicated by the horizo
bar at the left.
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detailed discussion of the spectra and their relative intens
will be presented later in the paper.

For convenience we will discuss our results in terms
the conventional model10–13of light scattering from a super
conductor. In this model, for nonresonant scattering, the
man vertexg(k) can be represented10–12 by the reciprocal
effective mass tensor:

g~k!}êS•
1

mJ
•êI5m(

a,b
ea
S ]2«~k!

]ka]kb
eb
I , ~1!

where êS and êI denote the polarization directions of th
scattered and incident light, respectively, anda,b the crystal
axes. A spectrum taken in the~ab! scattering geometry~in-
cident light polarized alonga and scattered light alongb!
will select the corresponding component of the Raman v
tex gab(k). It has been shown10,12,28that, based on symme
try considerations, theB1g(X8Y8) component and the
B2g(XY) component of the Raman vertex have complem
tary k dependence. In particular, theB1g Raman spectrum
samples the FS near the~0,61! and~6,0! directions whereas
theB2g spectrum samples a region near the~61,61! diago-
nals, as illustrated by the polar plot28 shown in Fig. 2.

Referring again to Fig. 1 we find that the intensities of t
B2g continua at 35 K and 85 K are about the same as
B1g continua at the same temperatures, which is in dir
contrast to what is observed in optimally dope
YBa2Cu3Ox where theB2g continuum is much weaker tha
the B1g continuum29,30 at all temperatures. By comparin
with optimally doped samples (x56.93!, we find that as the
doping level is reduced tox56.5 theB2g continuum be-

FIG. 2. Schematic illustration of the FS for optimally dope
Y123 ~solid thin line! and polar plots~see Ref. 28! showing thek
dependence of the magnitude of theX8Y8(B1g) ~thin solid line! and
XY(B2g) ~thick solid line! components of the Raman tensor~1!. For
a calculation of the spectra in the underdoped compounds~see Fig.
4! it will be assumed that spectral weight is present only on
dashed portions of the FS.
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comes somewhat stronger, whereas theB1g continuum
weakens significantly, and theB2g /B1g intensity ratio in-
creases by about a factor of about 3~see Fig. 3!. A similar
doping dependence in theB2g /B1g Raman intensity ratio ha
been recently observed in La214.31,32 Given thek depen-
dence ofg(B1g) and g(B2g) ~Fig. 2! the enhancement o
x(B2g)/x(B1g) in the underdoped samples can be und
stood to be due mainly to a loss of spectral weight fro
regions of the BZ near~p,0!, which in turn could be associ
ated with the opening of a pseudogap.17–21 Such a spectra
weight loss and an associateddx22y2 ~or B1g) pseudogap
have been found in recent ARPES experiments.17,18 The re-
duction in strength of theB1g continuum that we have ob
served here is thus in accord with this aspect of the ARP
measurements.

To illustrate these considerations we can use the con
tional model of light scattering13 to produce a schematic rep
resentation of the spectra. The unscreened response fun
is given by13

x9~q50,v!;
1

v K ug~k!u2uD~k!u2

~v224uD~k!u2!1/2L , ~2!

where^•••& denotes an average over the FS with the rest
tion thatv.2uD~k!u. The results shown in Fig. 4 were ob
tained withD(k)5D0(coskxa2coskya) and a second neigh
bor tight binding model with parameters used previously29

The spectra obtained by integrating~2! over the full FS~Fig.
2! are indicated by solid lines in Fig. 4. Assume now that
the spectral weight is lost from regions of the FS near~p,0!
which are represented by the solid lines portions of the
shown in Fig. 2. To obtain a representation of the spectr
the underdoped case we then restrict the integration in
~2! to the portions of the FS shown by the dashed lines~Fig.
2!. In this case we obtain the spectra shown by the he
dashed lines in Fig. 4. It is clear from this schematic illu
tration that a loss of spectral weight in regions near the a
could result in a situation where theB1g and B2g spectra
have approximately equal strengths. This picture is,
course, overly simplistic and does not take into acco

FIG. 3. A comparison of the Raman spectra of Y123 measu
in theB1g ~thin lines! andB2g ~bold lines! geometries of~a! opti-
mally doped and~b! underdoped samples.
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changes in the band structure that might occur17 and which
would be required to explain the observed enhancemen
the B2g response function in the underdoped compound
this regard the present results can also be understood q
tatively in terms of a FS evolution, analogous to that d
cussed by Chubukovet al.25 or observed in ARPES.17

Since theB2g spectrum~Fig. 1! is the only one that is
sensitive to the transition to the superconducting state
the only geometry that can be used to gain information
the symmetry of the superconducting gap. Fortunately, h
ever, among all the investigated scattering geometries,B2g is
the most important for testing thedx22y2 gap symmetry since
theB2g Raman spectrum samples the FS near the~61,61!
diagonals where the gap nodes might be located. If one
pandsg andD in the integration in Eq.~2! for angles near the
diagonal directions one finds thatx9(B2g) should increase
linearly with v. Since the low temperatureB2g spectrum in
Fig. 1 exhibits a linear frequency dependence at low te
perature, the presence of the nodes along the diagonal d
tions is suggested.10 The magnitude of the superconductin
gap (Dmax! is of course also of interest but since theB1g
spectrum is not sensitive toTc we cannot obtainDmax di-
rectly from the spectra. Alsov(B2g) cannot be used in this
regard since it could be influenced~Fig. 4! by the nature and
magnitude of the pseudogap or the mechanism respon
for the observed redistribution of spectral weight.

From Fig. 1 it is evident that theB1g response function
rises linearly at low energies. The origin of this linear i
crease is not clear. It is tempting to use this feature of
B1g spectrum to speculate on the nature of the mechan
responsible for the observed loss of spectral weight. It m
be remembered, however, that the low-energy portion of
B1g continuum could be altered by the presence of the str
B1g phonon and scattering contributions from the chains33

These aspects could be responsible for the low energy lin
dependence that appears to be observed at all do
levels.14 On the other hand, disorder34 and the orthorhombic
distortion in Y123~Ref. 35! can also produce a linearB1g
response at low frequencies even in the presence o

d
FIG. 4. CalculatedB1g and B2g Raman response function

~solid lines! obtained by integrating over the full FS of Fig. 2 an
the modified response functions~heavy dashed lines! obtained by
restricting the integration to the dashed region of the FS in Fig
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d-wave gap. In view of these comments the observed lin
dependence of theB1g spectrum cannot be used to rule o
d-wave symmetry for the normal state gap.

Finally both theX8X8 andXX spectra at 35 K also exhibi
a linear dependence at low energies. Although theA1g spec-
tra might increase11 linearly in the presence of ad-wave gap,
we can note that in the present case theA1g components of
the spectra are also significantly reduced because of the
fective depletion of the FS. Thus, as is suggested by
spectra, the low energy portion of theXX andX8X8 spectra
in Fig. 1 appear to be dominated by theB1g andB2g contri-
butions and hence do not provide additional information
should also be noted that the simple model used to ob
Fig. 4 also yields results32 that are in qualitative agreemen
with this statement and the spectra shown in Fig. 1.
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In summary, theB2g /B1g intensity ratio of the Raman
continua in underdoped YBa2Cu3O6.5 at temperatures abov
and belowTc is found to be approximately three times
large as that in the optimally doped YBa2Cu3O6.93, which is
attributed to a loss of spectral weight, or FS depletion, in
~6p,0! and ~0,6p! regions of the BZ. This depletion coul
result from the presence of adx22y2 pseudogap.17–19 The
low-frequency linear behavior of theB2g spectrum at tem-
peratures belowTc indicates the existence of line nodes
the superconducting gap near the~61,61! diagonals, which
is consistent with the gap havingdx22y2 symmetry.
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