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a-b plane anisotropy of the superconducting gap in Bi2srzCaCu208+q
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We report a b-plane electronic Raman scattering (ERS) measurements of superconducting

Bi2Sr2CaCu208+ & single crystals with T, s ranging from 90 K down to 65 K on both sides of the doping curve.
At low temperatures, a peak associated with the opening of a superconducting energy gap A(k) forms in the

electronic Raman continuum. Polarization selection rules yield ERS sensitivity to k dependence and a clear
anisotropy is observed. As the doping level is varied, anomalies in the observed continuum peak positions
indicate that scattering in the B,g symmetry is not a direct probe of A(k).

Of particular importance in cuprate superconductors are
the dependencies of transition temperature (T,) and order
parameter symmetry, A(k), on doping level. Experiments
sensitive to the k dependence of 5 have shown considerable
in-plane anisotropy in nearly optimally doped materials. '
Low O2 pressure anneals of YBa2Cu307 ~ have shown a
considerable suppression of T, , but the maximum T, is
reached for 8'near zero and the overdoped region is largely
inaccessible. Conversely, only the overdoped region has
been accessed in Tl-based superconductors. Of the cuprates
with T, above 77 K, Bi2Sr2CaCu208+& provides a unique
opportunity to study both sides of the doping curve. Here, 6'

can be reversibly adjusted and T, 's as low as 60 K can be
obtained in both the underdoped and overdoped regimes.

Through an appropriate choice of incident and scattered
polarization vectors, Raman scattering from the electronic
continuum is sensitive to different portions of the Fermi sur-
face in k space, and thus to anisotropy in A(k). ' In this
Rapid Communication, we present a polarization dependent
study of electronic Raman-scattering (ERS) measured above
and belo~ T, for Bi2Sr2CaCu208+ z with variations in oxy-
gen content. Our results provide evidence for three distinct
doping regimes and for different physical phenomena in un-

derdoped and heavily overdoped samples.
Single crystal samples of Bi2Sr2CaCu208+& have been

grown using a self-Aux method described elsewhere. The
weak bonding between Bi-0 layers allows for the (dis)inter-
calation of excess oxygen atoms (8) during high-temperature
anneals. The principle effects of oxygen intercalation are a
decrease in the c-axis lattice parameter, and an increased
carrier concentration in the Cu-0 planes.

The individual crystals measured in this study are too
small (1 mm X2 mm X 10 pm) to precisely measure
using direct techniques such as idiometric titration or ther-
mogravimetric analysis. Instead, we rely on the more accu-
rate measurements of T, as a function of 6 made on
large polycrystalline Bi2Sr2CaCu208+ z samples available in
the literature. After measuring T, of our samples and
knowing their annealing history, we then refer to the poly-
crystal data to assign an indexing value of 8 for each sample.
Table I gives T, and the index 8' for Bi2Sr2CaCu2O8+ z crys-
tals measured using Raman scattering. These values of 6'may
be systematically shifted due to differences in cation stochi-
ometry but such errors in no way affect the implications of
ERS data.

TABLE I. A summary of the properties of Bi2Sr2CaCu208+z
single crystals analyzed with Rarnan scattering. Columns A&g,

B&z, and B2& denote the center frequency of the continuum peak
for a given sample observed in that symmetry.

68
70
73
79
85
90
88
86
84
82
74
68
65

0.24
0.23
0.22
0.21
0.19
0.15
0.14
0.13
0.11
0.10
0.07
0.06
0.05

(cm ')

300~10
315+10
350~ 10
370~10
385~ 15
415+20
415~ 20
385~20

Bqg

(cm ')

310~20
390~ 20
410~ 20
445 ~ 20
490~ 20
530+ 20
525~ 20
550~ 20
540~ 20
540~ 20
600+ 20
610~20
625~ 20

B2g

(cm ')

335+20

415~ 20

465 ~ 20

475~ 20

The 514 nm line of an Ar+ laser was used for Raman
excitation. Most of the data were collected using a line focus
with incident power densities of 10—20 W/cm . A compari-
son of the Stokes and anti-Stokes spectra indicates that the
laser heated the sample locally by about 20 K at these power
densities. Scattered light was collected in a near-
backscattering geometry and a Dilor XY triple grating spec-
trometer was used to disperse the light onto a liquid nitrogen
cooled charge-coupled-device array. The spectral resolution
was set at 9 cm . Stokes shifted spectra were measured
between 30 and 1100 cm

Group theoretical consideration of Raman scattering in

Bi2Sr2CaCu208+ z typically centers around its approximately
tetragonal structure. For the I4/mmm D4h space grou-p, sym-17

metry analysis' ' predicts in-plane Raman active phonon
modes of Big and 81g symmetries, which can be selectively
observed by appropriate choices of incident and scattered
polarizations. In particular, the z(XY)-z polarization mea-
sures scattering of Bts symmetry, z(XX)-z measures

A, s+B,g, and z(X'Y')-z measures Bzg. The experimental
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fact that the B&g phonon observed in XY at 285 cm is not

visible in XX indicates that this polarization is dominated by
scattering with A, g symmetry.

Because of polarization selection rules, different portions
of the Fermi surface (FS) have different weights in the ob-
served ERS. Variations in the effective mass tensor introduce
k dependence from the FS into the Raman vertex. To dem-
onstrate how this arises we note that for the cuprate materials
the skin depth (X-1000 A) is much longer than the coher-
ence length ((-20 A), and follow the calculations of Klein
and Dierker and of Krantz and Cardona. In the limit
q(~ g/k) ~0 we arrive at an expression for the scattering
efficiency from superconducting quasiparticle pairs:
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Here co is the frequency, A the solid angle, ro the Thomson
radius of the electron, N(EF) the density of states at the
Fermi level, and m the mass of the electron. X. is the complex
Tsuneto function evaluated on the FS. The imaginary part
of k is given by

4/A(k)/

4
I
b, (k)

(2)

p, is the Raman vertex which is given in the nonresonant
limit by '

Several aspects of the above formulas should be stressed.
First, if the gap function A(k) were isotropic in k, then the
peak in the unscreened ERS spectrum [from Eq. (2)] would
appear at an energy of 2A in all polarizations. Secondly, the
second term in Eq. (1) takes Coulomb screening into ac-
count. It has been shown ' using symmetry arguments that
this term is zero for both perpendicular polarizations pertain-
ing to B&g and Bzg symmetries. However, this term is non-
negligible in the parallel polarization dominated by A &g sym-
metry. The effect of such screening is to shift the peak down
in energy to a value below 2A, suggesting that the peak
measured in A zg symmetry may not be simply related to the
value of the gap. ' Third, the Raman vertex [Eq. (3)]
weighs portions of the FS differently. In the present case, XY
polarization (B&s symmetry) has a cos(24) shape, with
maxima along the k~ and kY axes and a node at 45'. Con-
versely, the X'Y' polarization (B2s) has a cos(24+7r/2)
shape, similar to the XY but rotated by 45'. The XX polar-
ization has a cos(44) dependence, indicating a dependence
on portions of the FS both along the axes and along the
diagonals, with the relative strengths of these maxima de-
pending upon the details of the FS. ' Finally, Raman scat-
tering is not sensitive to the sign of b, (k), and so cannot
distinguish between a d-wave gap and an anisotropic s-wave
gap with a similar k dependence.

Figures 1—3 show Raman spectra measured in the (Fig. 1)
XX polarization (A &s symmetry), (Fig. 2) XY polari-
zation (B,s), and (Fig. 3) X'Y' polarization (Bzs) for
Bi2Sr2CaCu208+ & single crystals with the values of

FIG. 1. Raman spectra observed at 30 K (solid lines) and
100 K (dashed lines) in the XX polarization (A, symmetry) for
BizSrzCaCuz08+z. Tick marks along the vertical axis represent
zero scattering for the offset spectra.
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FIG. 2. Raman spectra observed at 30 K (solid lines) and
100 K (dashed lines) in the XY' polarization (B~ symmetry) for
BizSrzCaCuz08+ ~.

shown. For each polarization, spectra measured on the same
sample at 100 K (dashed) and 30 K (solid) are scaled to-
gether at 1000 cm, overlaid for comparison, and offset
incrementally along the vertical axis. All of the spectra have
been scaled by the thermal occupation Bose factor for the
appropriate temperature. The curves have been cut off above
800 cm in order to emphasize the low-frequency behavior.
All of the data in Fig. 3 as well as the 8'=0.10 and 0.07
spectra in Fig. 2 have been smoothed in order to extract
broad features.

In the XX polarization (Fig. 1) strong phonon modes are
visible at 118 and 468 cm, as are weaker ones at 295, 315,
630, and 660 cm . The electronic continua are relatively
flat for the normal-state (100 K) spectra, independent of oxy-
gen content. Below T, , however, a broad peak forms in the
electronic continuum and is accompanied by reduced scatter-
ing at the lowest shifts. This redistribution has been associ-
ated with the opening of a superconducting gap in these
materials. ' '
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FIG. 3. Raman spectra observed at 30 K (solid lines) and
100 K (dashed lines) in the X'Y' polarization (B2g symmetry) for
Bi2Sr2CaCu208+q. Tick marks along the vertical axis represent
zero scattering for the offset spectra.

In underdoped samples with T,~85 K an A&g peak does
not form despite a significant loss of spectral weight at the
lowest energies and temperatures. We consider several pos-
sible explanations for the disappearance of this continuum
peak. The first is that the sample has lost thermal conductiv-
ity and is therefore warmed above T, by the incident laser
power. This is unlikely because the spectra are independent
of power down to the lowest values used (2 Wjcm ) and
because the loss of spectral weight near 100—200 cm ' in-
dicates that the samples are indeed cold. A second possibility
is that the laser is sampling a nonsuperconducting portion of
the sample. This, too, is unlikely since we have never seen an
A ] g continuum peak in any of —15 underdoped samples,
regardless of the area selected or the number of surface
cleaves. Rather, we propose the more likely explanation that
the samples simply have a low superfiuid density and that
the ERS is dominated by normal state carriers.

A peak forms in the B&g continuum (Fig. 2) at low tem-
peratures, but it is seen well into the underdoped regime. The
broad peak seems to lose intensity and shift monotonically
upward with decreasing 8', rather than scaling with sample
T, . In the X'Y' polarization (Fig. 3) a B2~ continuum peak
is clearly visible in the 30 K data for samples with M0.13,
but not for the crystal with 8'=0.10.As in A &g and B&g, this
broad maximum shifts downward as the oxygen content is
increased. In general, its position falls between those mea-
sured in A&g and B&g symmetries. Considering the k depen-
dence of these three symmetries from Eq. (3), the suppres-
sion of the A&g peak energy below those of B&g and Bzg
requires a nonzero screening term in Eq. (1).

Figures 4(a) and 4(b) summarize the results of Figs. 1—3
and include samples omitted from these figures for clarity.
Figure 4(a) plots the positions of the continuum peaks as
functions of indexed oxygen content 8'; the values are listed
in Table I. Figure 4(b) rescales this information after dividing
each peak frequency by k&T, for that crystal. Underdoped
samples which did not show a continuum peak (denoted by" in Table I) have been omitted.

As a function of oxygen content 6, the ERS data appear
to separate into three distinct regimes. In the slightly over-
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FIG. 4. (a) Absolute ERS continuum peak position vs b'. (b)
Peak position divided by k&T, of each sample vs 8.

doped regime, which is the only region where data are avail-
able in the literature, our spectra are similar to earlier
results. Such measurements in this regime have been fit
using a d-wave model as well as models based on a linear
combination of isotropic and anisotropic order parameters
(s+d). However, in the underdoped regime these models
do not apply. Regardless of the reason for the lack of
an A&g peak in underdoped samples, the observation of a

B&g peak under identical conditions could be taken as evi-
dence that the B&g peak is not related to superconductivity.
This argument is supported by the fact that the B&~ peak
shifts monotonically upward in energy with a decrease in 8'

despite a decrease in T, . Authors working with underdoped
YBa2Cu307 b have made similar suggestions by noting that
the B& peak is anomalously sensitive to doping level and
that it appears at temperatures above T, . It has been
argued ' that in underdoped samples, the B~ eak may be
evidence for a pseudogap, either due to spin ' or phase '
fIuctuations, which is observed only in this symmetry or only
along the kx or k~ portions of the FS to which it is sensitive.

Finally, in the heavily overdoped regime where T,~ 75 K,
the continua in all three polarizations show the same peak
value to within the experimental uncertainty. This result has
been repeated for the B&g and A&g symmetries on several
samples and suggests one of three possibilities. If both the
A &g and Bzg peaks are assumed to be direct measurements of
the gap, then either (1) the gap is nearly isotropic or (2)
"impurity" scattering associated with the extra oxygen at-
oms smears out the k dependence of the ERS. Alternatively,
(3) if the peak in B,g is not directly related to superconduc-
tivity, then its overlap with the A&g peak is coincidental.
Consideration of the Coulomb screening favors case (3). If
the Azg peak energy is considered the screened average of
the axial and diagonal gap values, then its overlap with the
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B,g peaks indicates that B~g must now peak at a lo~er en-

ergy than B2g. This is a reversal of the situation at lower
doping levels. In any case, it is unfortunate that we cannot
further overdope this material to investigate whether the

B&g peak appears at energies below A &g and B2g . However,
measurements on very heavily overdoped T128a2Cu06+~
(T,=30 K) have shown that the 8ts continuum peak is
pushed down to 3.5k&T, (from Sk&T, in an 85 K sample).
The fact that this does not scale with T, supports the infer-
ence that the B&g peak is not a direct measurement of the
superconducting gap energy.

In conclusion, polarization-dependent ERS measurements
above and below T, on Bi2Sr2CaCu208+z demonstrate the
existence of three distinct doping regimes. Although there
are few changes in the normal-state spectra as a function of
8', underdoped samples show a continuum peak at low tem-

peratures only in Bzg symmetry. In the slightly overdoped
regime, samples display continuum peaks in all symmetries,
but at different energies, suggesting gap anisotropy. Finally,
in heavily overdoped samples the continuum peaks in all

symmetries appear at approximately the same energy. We
argue that in the underdoped and heavily overdoped regimes,
the B

&
continuum peak is not directly related to the opening

of a superconducting gap. The physical interpretation of this

B&~ peak will require further study.
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