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Doping dependence of the superconducting gap in Bi2Sr2CaCu2O8¿d

K. C. Hewitt* and J. C. Irwin
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~Received 25 April 2002; published 12 August 2002!

Bi2Sr2CaCu2O81d crystals with varying hole concentrations (0.12,p,0.23) were studied to investigate the
effects of doping on the symmetry and magnitude of the superconducting gap@D(k)#. Electronic Raman
scattering experiments that sample regions of the Fermi surface near the diagonal (B2g) and principal axes
(B1g) of the Brillouin zone have been utilized. The frequency dependence of the Raman response functionx9
at low energies@v,D(k)# is found to be linear forB2g and cubic forB1g (T,Tc). The latter observations
have led us to conclude that the doping dependence of the superconducting gap is consistent withdx22y2

symmetry, for slightly underdoped and overdoped crystals. Studies of the pair-breaking peak found in theB1g

spectra demonstrate that the magnitude of the maximum gap (uDmaxu) decreases monotonically with increasing
hole doping, forp.0.12. Based on the magnitude of theB1g renormalization, it is found that the number of
quasiparticles participating in pairing increases monotonically with increased doping. On the other hand, the
B2g spectra show a weak ‘‘pair-breaking peak’’ that follows a paraboliclike dependence on hole concentration,
for 0.12,p,0.23.

DOI: 10.1103/PhysRevB.66.054516 PACS number~s!: 74.25.Gz, 74.25.Jb, 74.25.Kc, 74.62.Dh
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I. INTRODUCTION

One of the important questions to be answered in ide
fying the microscopic origin of superconductivity in cuprat
is the nature of the superconducting gap. A great dea
attention1–10 has been focused on identifying the symme
of the pairing state since it is believed that this informati
will provide constraints that will lead to the identification o
the pairing mechanism. For example, it has be
suggested11–16 that pairing in high-temperature superco
ductors~HTSC’s! is induced by the exchange of antiferr
magnetic spin fluctuations and in this case the pairing s
would necessarily havedx22y2 symmetry. From the many
experiments carried out in this context, a consensus view
emerged17 that associatesdx22y2 symmetry with the pairing
state in optimally hole-doped cuprates. However, this c
sensus is lacking~see Ref. 18 for a review! in the results of
angle resolved photoemission,2,19–24 tunneling,25,26

infrared,27 and Raman spectroscopy10,28–40experiments car-
ried out on overdoped and underdoped compounds, whe
appears that the material properties are very different fr
those of the optimally doped versions. Since an appropr
model of the normal state must be capable of predicting
effects of doping, it is clear that additional experiments
required if one is to gain a complete understanding of sup
conductivity in the high-Tc cuprates.

Raman scattering has been widely used3–10,31,32,34,41,42to
investigate electronic excitations in superconductors. In e
tronic Raman scattering experiments, one may investig
various parts of the Fermi surface by a simple choice of
incident and scattered polarization vectors. TheB1g spectra
sample3,5–7 regions of the Fermi surface located near t
Brillouin zone ~BZ! principal axes@i.e., (6p,0),(0,6p)#,
while B2g spectra sample regions located near the diago
directions in the BZ. When Raman results are interpreted3–9

in terms of the conventional model,43 the gap is found to
have maxima along the (6p,0) and (0,6p) directions and
nodes~or minima! along the diagonal directions. The resu
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are consistent withdx22y2 symmetry and are thus in agree
ment with the outcome of several other experiments~see
Scalapino17 for a review!. The maximum values of the ga
are found to scale withTc (2Dmax;8kBTc) between opti-
mally doped Bi2Sr2CaCu2O81d ~Bi2212!,3 YBa2Cu3O72d
~Y123!,5 and La22xSrxCuO4 ~La214!.9 In Bi2212, the value
derived from Raman experiments (2Dmax;500 cm21) is
also in good agreement with the results of photoemiss
experiments (Dmax'30 meV5240 cm21).

The first Raman investigation of the influence of dopi
was carried out on Y123~Ref. 5! and it was found that,
although the symmetry appeared to be independent of d
ing, the B1g pair-breaking frequency (2Dmax) decreased
much more rapidly thanTc as the doping level was increase
beyond optimal. Later, Kendzioraet al.10 carried out mea-
surements on both heavily overdoped and underdo
Bi2212. In the heavily overdoped region they also found t
2D/kBTc decreased and that theB1g andA1g peak frequen-
cies approached equality, and suggested that this implied
existence of an isotropic gap. The low-energy frequency
pendence of their measuredB1g and A1g spectra also ap-
peared to be compatible with this interpretation. However
was pointed out by Hewittet al.31 that the gap cannot be
isotropic if the Bose-factor corrected spectra from all scat
ing geometries are considered. Hacklet al.33 also carried out
experiments on a heavily overdoped crystal of Bi2212 a
interpreted their results in terms of a disorderedd-wave
model proposed by Devereaux.44

In an attempt to gain additional insight into the influen
of doping on the superconducting order parameter in HTS
we have carried out Raman scattering experiments on o
doped ~OD! and underdoped~UD! Bi2212 crystals with
critical temperatures Tc582,85,86,90.5 K ~UD! and
89,87,83,70,55 K~OD!. Spectra have been obtained in th
B1g andB2g scattering geometries in both the supercondu
ing and normal state. TheB2g spectra of overdoped com
pounds, which were not carefully investigated in previo
studies,10 have provided important information regarding th
©2002 The American Physical Society16-1
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symmetry of D(k). These spectra sample regions of t
Fermi surface that are located near the diagonal direction
the Brillouin zone and hence can be used5–7 to directly probe
for the existence ofd-wave type gap nodes. Our results su
gest that the superconducting gap possessesdx22y2 symme-
try, for the doping range (0.12,p,0.23) investigated—
slightly underdoped to overdoped.

II. EXPERIMENTAL RESULTS

A. Sample properties: Bi2Sr2CaCu2O8¿d

In cuprates, the addition~removal! of oxygen increases
~decreases! the Cu valence45 and therefore the hole concen
tration. Thus single crystals of Bi2212 were subjected
various oxygen-rich or oxygen-poor environments in orde
vary the hole concentrations, spanning the doping ra
0.07,p,0.23. The superconducting transition temperatu
~measured by the onset of the drop in magnetization or
zero of resistance! and hole concentrations are listed in Tab
I. Hole concentrations for each crystal are estimated us
the empirical relation of Tallon and Presland,46,47 assuming
Tc,max592 K.

B. Raman scattering

Raman vibrational spectra in the frequency ran
20–1000 cm21 were obtained using the 514.5 nm line of a
argon ion (Ar1) laser as the excitation source. The Ram
measurements were carried out in a quasibackscattering
ometry, with the incident laser beam directed nearly perp
dicular to the freshly cleaved~a,b! face of the crystal.

Bi2212 has an orthorhombic (D2h) structure with thea
and b axes oriented at 45° to the Cu-O bonds. In Ram
experiments it is customary~sincea'b) to assume a tetrag
onal structure (D4h) with axes parallel toa andb. To facili-
tate comparison with other cuprates, however, we will c
sider a tetragonal cell withx andy axes parallel to the Cu-O
bonds. Another set of axes,x8 andy8 are rotated by 45° with
respect to the Cu-O bonds. Considered within the tetrago
point group (D4h), the x8y8 (B1g) scattering geometry

TABLE I. Bi2212 sample properties—see Ref. 65 for details

Sample Tc Doping p

Bi-Y ~0.40!-2212 30 K UD 0.0696
Bi2212 51 K UD 0.0865
Bi2212-18O 51 K UD 0.0865
Bi-Y ~0.07!-2212 70 K UD 0.1062
Bi2212-18O 82 K UD 0.1237
Bi2212 85 K UD 0.1296
Bi2212 86 K UD 0.1319
Bi2212 90.5 K UD 0.1460
Bi2212-18O 89 K OD 0.1799
Bi2212 87 K OD 0.1857
Bi2212 83 K OD 0.1944
Bi2212 70 K OD 0.2138
Bi2212 55 K OD 0.2298
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means that the incident~scattered! light is polarized along
x8(y8) and selection of this scattering channel enables c
pling to excitations havingB1g symmetry. Similarly, the
xy geometry allows coupling toB2g excitations, which trans-
forms asdx•y . Finally, the diagonal scattering geometryx8x8
allows coupling toA1g1B2g andxx to A1g1B1g excitations.
Thus, by choosing the polarization of the incident and sc
tered light appropriately, one may select different comp
nents of the Raman tensor and thus various symmetry p
erties of the excitations.

TheB1g andB2g symmetries probe5–7 complementary re-
gions of the Fermi surface~FS!, while theA1g spectra cor-
respond to an approximate average over the entire FS
particular, theB1g Raman spectrum samples the FS along
(0,6p) and (6p,0) directions whereas theB2g spectum
samples the (6p,6p) directions. That is, theB1g spectra
sample the BZ principal axes while theB2g spectra sample
the BZ diagonals, and are therefore used as complemen
probes to obtain information about thek dependence of the
gap.

The spectra presented in this section have been corre
for the Bose thermal factor. Therefore, the spectra shown
proportional to the imaginary part of the Raman respo
function (x9).

1. B1g renormalization

Spectra obtained from the cuprates at room tempera
are characterized48 by a rather featureless continuum, exten
ing from \v;0 to 2 eV. When the samples are cooled belo
Tc the spectral weight at low energies (,100 meV) may be
redistributed to higher energy and gaplike peaks appea
the spectra. In Bi2212 the superconductivity induced ren
malization observed in theB1g spectra~see Fig. 1 and Table
II ! produces a peak whose energy remains relatively cons
~for p,0.16), but decreases drastically with increasing h
concentration in the overdoped regime (p.0.16). When the
peak energy is compared~Fig. 2! with the maximum SC gap
(Dmax) values reported by ARPES~Ref. 24! and
tunneling,25,49 the results are striking. The doping depe
dence and energy of theB1g peak position corresponds ver
well with the values of 2Dmax obtained from ARPES mea
surements on similarly doped samples~see Fig. 2!. This sup-
ports the previous association of the peak frequency in
B1g spectra with the maximum (2D0) in a dx22y2 gap func-
tion. This association is also supported by the low freque
dependence ofx9 at low temperatures, as will be discuss
in Sec. II B 3.

The ratio 2D0 /kBTc has also been plotted as a function
p in Fig. 3, where the results reveal that this ratio decrea
monotonically with increasing hole concentration. A line
least-squares fit to the data is well described by the empir
relation

2Dmax

kBTc
5~1561!2~3865!p ~1!

for 0.12,p,0.24.
It can be seen in Fig. 1 that, asp is reduced, there is a

reduction in the fraction of spectral weight redistributed
6-2
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FIG. 1. TheB1g (x8•y8) spectra at tempera
tures above and belowTc , for underdoped
samples withTc’s of 82, 85, 86, and 90.5 K, and
for overdoped samples withTc’s of 89, 87, 83,
and 70 K.
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low frequencies. Quantitatively, this redistribution was es
mated by taking the ratio of the spectral weight above a
below Tc . The frequency range of interest is selected
envelope the region where increased scattering in the su
conducting state is observed. Within this region, the point
which the normal and superconducting state spectra c
defines the upper and lower bounds on the integration. In
range, the ratio of the integrated intensity of the superc
ducting (A2) vs normal state (A1) spectra are calculated, an
the results are presented in Fig. 4. The redistributed spe

TABLE II. Values of the cubic~b! and constant~a! terms used in
a fit (I 5a1bv3) to the low frequency spectra of Fig. 1—UD
5underdoped; OD5overdoped.

p OD or UD Tc ~ K! ~a! ~b!

0.124 UD 82 2.2 0.0631026

0.130 UD 85 2.5 0.0731026

0.132 UD 86 1.8 0.0531026

0.146 UD 90.5 4.5 0.1831026

0.186 OD 87 1.3 0.1831026

0.194 OD 83 1.0 0.1831026

0.214 OD 70 0.0 0.1831026
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weight is reduced~Fig. 4! with decreasing hole concentra
tion, indicating that fewer quasiparticles are participating
superconductivity. It may be that the quasiparticle pairs
being destroyed by some collective excitation of the crys
whose strength increases with decreasing doping. The m
ing spectral weight may be most likely redistributed
higher energy, as recently suggested by the work of Na
et al.50 In their study of La214 it was found that theB1g
spectral weight that is lost at low energies (v<800 cm21)
is transferred to the higher-energy region normally occup
by multimagnon scattering. Taken together, the results s
gest that the quasiparticle density near (p,0) is reduced by
magnetic excitations of some type. Of course, this sugges
requires further quantitative analysis.

2. B2g renormalization

A redistribution of spectral weight also occurs belowTc
in the B2g channel~Fig. 5! but it is difficult ~except in the
case of the 83 K overdoped sample! to identify any peak
formation in the low-temperatureB2g spectra of Fig. 5. In
the depleted regions of the spectra the intensity rises line
at low frequencies then levels off at a frequency we w
designate asv0 ~a linear-to-constant crossover frequency!. A
linear fit is made to the low-frequency data andv0 is defined
6-3
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K. C. HEWITT AND J. C. IRWIN PHYSICAL REVIEW B66, 054516 ~2002!
by the point at which the line departs from the experimen
data points. This frequency can be taken as a measure o
extent of the depleted region and thus provides an estim
of theB2g ‘‘gap’’ energy.6 It is interesting to note thatv0 has
a parabolic dependence on hole concentration~Fig. 6! and in
contrast to 2Dmax (B1g) actually scales withTc throughout
the doping range, consistent with the results obtained in
man experiments by Opelet al.8 and Sugai and Hosokawa.51

FIG. 2. The peak position of the superconductivity induced
distribution in theB1g spectra as a function of doping in Bi2212
The corresponding values of 2Dmax derived from the ARPES result
of Mesotet al. ~Ref. 24! ~filled squares! , and the tunneling data o
Miyakawaet al. ~Ref. 25! ~filled triangles! and Ozyuzeret al. ~Ref.
49! ~open triangles! are shown for comparison. In all cases Tallon
relation was used to determine the hole concentration, assum
Tc,max592 K.

FIG. 3. The hole concentration dependence of 2Dmax/kBTc .
05451
l
the
te

a-

Thus, in the underdoped regime, the results obtained see
be incompatible with the existence of a single, simp
d-wave gap. On the other hand Sugai and Hosagawa51 have
suggested that the values of 2Dmax obtained from theB1g
spectra scale with the frequency of the two-magnon pe
This observation suggests thatB1g excitations are magnetic
in origin. Although not the topic of this paper, it remains
be seen whether the holon-spinon phase diagram mode
Anderson52–55 and Lee56–59 may offer an explanation o
these results.

In the overdoped regime one can observe supercondu
ity induced peaks in theB1g channel. In this region (p
>popt) both the values ofvpeak(B1g) andv0(B2g) decrease
with increasing doping. However,vpeak(B1g) decreases
much more rapidly than doesv0(B2g) and as a result the
peak frequencies become almost equal forp'0.25. This be-
havior, which is similar to that observed in doping studies
La214,39 appears to be inconsistent6 with the existence of a
gap withdx22y2 symmetry. Thus, although theB1g andB2g
spectra of optimally doped compounds4,6,9 imply the exis-
tence of ad-wave gap, there are some puzzling discrepanc
in this interpretation in both the underdoped and overdo
regions. In an attempt to gain additional insight we will no
turn to an investigation of the dependence ofx9 on v in the
low-energy region of the spectrum.

3. Frequency dependence ofx9 at low energies

The (T/Tc→0) frequency dependence of scattering in t
low-energy regime~i.e., below vpeak) provides a further

-

ng

FIG. 4. The hole concentration dependence of the ratio of
redistributed spectral weight in the normal and superconduc
state. The ratio is taken in the region of the spectra where incre
scattering is seen in the superconducting state~see text!. The lower
three data points are taken from Ref. 40.
6-4
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DOPING DEPENDENCE OF THE SUPERCONDUCTING . . . PHYSICAL REVIEW B66, 054516 ~2002!
test4,5 of the Cooper pair symmetry. In theB2g geometry, the
observed frequency dependence of the response functio
mains linear inv, regardless of the sampleTc ~Fig. 5!. The
only exception is found in examining the low energy regi
of the B2g spectra~Fig. 7! for the 87 K ~OD! sample. One
observes a change in slope of the Raman response fun
at an energy ofv'90 cm21 or e'11 meV. Below this
energy the scattering is constant and rises linearly at freq
cies above 90 cm21. These experiments have been repea
and are consistent with that described here. Thus we
confident that the observations are intrinsic and not an
perimental artifact. In an ARPES investigation of a simila
overdoped (TC587 K) Bi2212 crystal, Dinget al.19 found
that the SC gap function exhibited an extended node in
(p,p),(2p,2p) directions in the BZ. The modulation di
rection corresponds to the (0,0)→(p,p) region of the Fermi
surface of Bi2212. Dinget al.60 have proposed that the ex
tended node feature (p'0.186) is an artifact of umklapp
scattering, resulting from scattering of the outgoing elect
by the wave vector of the modulationqM (0.21p,0.21p).
The extended node artifact near (p,p) should be manifest in
the density of excited states by an increased scattering at
energies. Therefore, we contend that the increased, and
stant, scattering found at low energies in theB2g channel~for
this particular crystal! is consistent with umklapp scatterin
from the modulation. Umklapp processes scatter a quas

FIG. 5. Doping dependence of theB2g (x•y) Raman spectra a
temperatures above and belowTc , for underdoped~UD! samples
with Tc’s of 82 and 85 K, and for overdoped~OD! samples with
Tc’s of 83 and 55 K.
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ticle out of the first BZ. In this case, a quasiparticle on t
Fermi surface can be scattered by an integral multiple ofqM .
Therefore, in the extended zone scheme, the quasipar
may thereby find itself on another portion of the Fermi s
face for which the Fermi velocity is opposite to that which
possessed before being scattered. Thus, this scattering
cess may reverse the Fermi velocity of quasiparticles w
wave vectors along the direction of the modulation wa

FIG. 6. The hole concentration dependence of the linear
constant crossover position in theB2g spectra ofTc582,85 K un-
derdoped andTc583,55 K overdoped Bi2212 crystals.

FIG. 7. The B2g Raman spectra for aTc587 K overdoped
sample, showing the low-frequency dependence in the inset.
6-5



n
e

la
t

a

e
g
m

ve
rin
ce
th
d

ul

It
n

te

a
b-

ta
c-

g
e
ol
pe
uc
ho
on

er
ow

on
e
t i
r c
Th

le
ca
-
ns
p
th
e

pa-
nel-
pic

re
cal
l is
r
ith
, as

me

pic
of

by

gap

r

sses
r

he

-
-

t

ala-
-

er-
cy
a

tes

n-
ing.

-

K. C. HEWITT AND J. C. IRWIN PHYSICAL REVIEW B66, 054516 ~2002!
vector. This scattering process may destroy the cohere
that is required for pairing, leading to a destruction or d
pression of the gap along the (p,p) direction ink space. The
effect would therefore be seen in theB2g scattering geom-
etry.

The results shown in Fig. 7 suggest that for this particu
doping level,x9 is nonzero forv near zero. This result mus
be considered to be somewhat suspect in thatx9 is expected
to go to zero asv goes to zero, since the phase space av
able to electronic excitations disappears. However, ifx9 is
nonzero atv50, and sinceI 5(11n)x9 (n5Bose factor),
one can see that the scattering intensity will become v
large asv goes to zero. The usual interpretation of a lar
amount of scattering at low frequencies is to simply assu
x9→0. For these reasons we have checked this result
carefully and have found it to be reproducible, and appea
only for this doping level. The latter point is important sin
the surface quality of all the samples studied was about
same. In particular the surface of the sample concerned
not have any distinguishing characteristics that we co
identify. Thus it appears that the scattering atv→0 must be
accommodated through the appearance of new states.
possible that, in this case, these states are due to an exte
zero gap in the nodal region of thed-wave gap.

In the B1g spectra of Fig. 1 the renormalization is qui
strong in the range of hole concentrations covering theTc’s
82 K ~UD! to 70 K ~OD! samples. In all but one spectr
(Tc589 K OD! a cubic low-frequency dependence is o
served, below the 2D0 pair-breaking peak.

It is also evident that there is poorer agreement with
cubic fit in the underdoped regime, where also the peak
the superconducting state appears at a relatively cons
value around 565 cm21. Recent scanning tunneling spe
troscopy studies of underdoped Bi2212~Refs. 61–63! reveal
inhomogeneities on a length scale of 30 Å. These inhomo
neities consist of well-defined superconducting regions co
isting with dominating semiconducting areas. As the h
concentration is increased towards optimal doping the su
conducting regions grow at the expense of the semicond
ing regions. The results are interpreted in terms of an in
mogeneous distribution of oxygen, giving rise to a variati
in Tc and hole concentration. The poorer agreement~Fig. 1!
with a cubic fit is thought to be due to this intrinsic disord
giving rise to a linear component to the scattering at l
frequencies, as described by Devereauxet al.44 In other
cuprate8,34,36,39,41,50superconductors there is no redistributi
of B1g spectral weight belowTc in the underdoped regim
(p,0.16), in contrast to the results presented here. If i
assumed that Bi2212 is more inhomogeneous than othe
prate superconductors, the contradiction is resolved.
STM measurements confirm our prediction~made when the
paper was submitted, and before the STM work! that under-
doped Bi2212 crystals contain locally varying ho
concentrations—small fractions of the crystal have a lo
value of p50.16 and othersp,0.16. Thus the peak ob
served at 565 cm21 corresponds to superconducting regio
with p50.16. As the hole concentration is reduced from o
timal, semiconducting regions grow at the expense of
superconducting regions. In this picture of granular sup
05451
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conductivity, microscopic superconducting grains are se
rated by nonsuperconducting regions and Josephson tun
ing between grains establishes the macrosco
superconducting state.63 The superconducting regions a
characterized by a constant value of the gap in the lo
density of states. Consequently, when the doping leve
reduced below optimal theB1g peak would remain fixed nea
its value at optimal doping and be reduced in intensity w
decreased doping as the semiconducting regions grow
observed.

4. Interpretation: Power laws

Pairing functions such as an anisotropics-wave or a
d-wave gap are consistent with states lying below so
maximum gap value. For ad-wave gap of the formdx22y2,
electronic Raman spectra in theB2g and B1g channels are
predicted4–6 to display a linear~in B2g) and cubic~in B1g)
power law behavior belowv;D. Conversely, the Raman
response function in the low-energy regime for an isotro
s-wave gap should be44 characterized by the absence
states below the gap, expressed in experimental terms
exponentially activated behavior.

Down to the lowest frequency measured, theB1g andB2g
spectra from all samples show scattering below the
peaks which appear in the spectra belowTc . In particular, at
all doping levels theB2g response function shows a linea
rise in scattering at low frequencies forT,Tc . Therefore,
the results are consistent with any gap function that pose
nodes ~as a line or point! on the Fermi surface nea
(6p,6p).

In the hole concentration range 0.12,p,0.23, thelinear
andcubic frequency dependences found for theB2g ~Fig. 5!
andB1g ~Fig. 1! spectra, respectively, are consistent with t
behavior predicted for adx22y2 gap, and thus completely
inconsistent with an isotropics-wave gap.

The cubic power law for adx22y2 pairing state was de
rived in the limitv→0,T→0. However, even at the tempera
tures used in these studies, i.e., 0.20,T/Tc,0.28, the power
laws are still consistent with ad-wave gap. This suggests tha
the gap opens quite quickly belowTc .

Despite the presence of cation disorder, oxygen interc
tion, b-axis modulation, and orthorhombicity that are com
mon to Bi2212, the low-frequency power laws appear to p
sist throughout the doping range. The low-frequen
scattering in theB1g channel is found to be consistent with
cubic frequency dependence. InB2g spectra, a linear-in-v
scattering is found for all samples studied, which indica
that there are nodes in the gap function near (6p,6p).
Therefore, the combined~for v,vpeak) power-law behavior
(v in B2g andv3 in B1g) points to the existence of adx22y2

gap function for the doping range studied.

III. DISCUSSION

In the B1g scattering geometry, the superconductivity i
duced renormalization peak frequency changes with dop
Below a critical doping level (p'0.12) the renormalization
is not present~see Ref. 40!. With increasing hole concentra
6-6
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DOPING DEPENDENCE OF THE SUPERCONDUCTING . . . PHYSICAL REVIEW B66, 054516 ~2002!
tion the peak energy remains relatively constant top'0.18
and then drops rather abruptly, by approximately 50% o
the hole concentration range 0.18<p<0.23 ~i.e., overdoped
regime!. In the latter range, theB1g peak energy and dopin
dependence can be plotted on a curve that matches the 2Dmax

feature observed in ARPES and tunneling spectroscopy m
surements. Provided that the ARPES results do indeed m
sure 2D, these considerations provide substantial support
the assignment of theB1g renormalization peak to 2Dmax.

One reason for the lack of a pair-breaking peak relies
the fact that the low-energyB1g spectral weight is
reduced34,39,41 substantially with underdoping. If the quas
particles are scattered away from the (6p,0) regions of the
Fermi surface, then the resultingB1g spectra would show a
reduced intensity. A mechanism for such anisotropic sca
ing lies in the description of Raman scattering in the nea
antiferromagnetic Fermi liquid model.16,64 In the model, the
presence of antiferromagnetic spin fluctuations, which
strongly peaked near the antiferromagnetic ordering ve
Q'(p,p), give rise to a enhanced scattering of quasipa
cles on regions of the Fermi surface that are located nea
BZ axes. For example, in such a process a quasiparticle
be scattered from (p,0) to (0,2p) by emitting a (p,p)
magnon and back to (p,0) by emitting a (2p,2p) magnon
~Fig. 8!. Since the regions of the FS located near the dia
nals are far from resonance withQ, the quasiparticles in this
region are much more weakly scattered. This gives rise16 to
the terms ‘‘hot spots’’ for regions of the FS near the BZ ax
and ‘‘cold spots’’ for those near the diagonals. As the dop
level decreases and the antiferromagnetic fluctuations g
and become more strongly peaked nearQ, the scattering will
increase and hence theB1g spectral weight will decreas
further. Correspondingly, one would expect that Cooper p
ing of the highly damped ‘‘hot’’ quasiparticles to becom
increasingly unlikely in the underdoped regime. On this b
sis, the absence of a pair-breaking peak in theB1g channel
for low doping levels (p,0.12) is thus to be expected. Th
picture also accounts for the rapid reduction, with decreas

FIG. 8. A model of the Fermi surface in cuprates~solid line! and
the magnetic Brillouin zone boundary~dashed line!. Quasiparticles
nearb8 canexchange an AFM wave vector (p,p) while those near
g cannot. Hence the former are highly scattered ‘‘hot’’ quasipar
cles, and the latter are referred to as ‘‘cold’’ quasiparticles.
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hole concentration, of theB1g spectral weight that is in-
volved in superconductivity.

It is also interesting to note that theB1g spectra obtained
from underdoped Bi2212 appear to differ from that obtain
from underdoped La214 and Y123. In the latter two co
pounds theB1g spectra change much more abruptly when
doping level is reduced below optimum. In these compou
a strong 2Dmax peak is observed in theB1g spectra obtained
from optimally doped materials, but such a peak is co
pletely absent34,36,39,41,42in the underdoped compounds. I
Bi2212, however, a relatively strongB1g peak is still ob-
served in the underdoped compounds~see Ref. 51 and Fig
2!. In addition, theB1g spectral weight drops rapidly as on
enters the underdoped regime34,39,41 of La214 or Y123 but
decreases more slowly with underdoping in Bi2212. It th
appears that the optimally doped state is more sharply
fined in both La214 and Y123 than it is in Bi2212. This
attributed to the cation disorder and superstructu
modulation—traits unique to Bi2212. These compariso
suggest that the inhomogeneity in hole concentration
greater in underdoped Bi2212 as compared with underdo
La214 or Y123. As such, granular superconductivity wou
be more pronounced in the underdoped state of Bi2212.

IV. CONCLUSIONS

The hole concentration in single crystals of Bi2212 h
been varied from 0.10 to 0.22 by varying the oxygen co
centration and by Y substitution. It has been found that
2Dmax peak in theB1g spectrum increases in energy as t
hole concentration is reduced fromp50.22 to p50.12 ac-
cording to the empirical relation 2D/kBTc5(1561)2(38
65)p. Both the magnitude ofDmax and its’ doping depen-
dence, as determined from the Raman spectra, are in g
agreement with the results of ARPES measurements24 of the
leading edge shift that occurs belowTc . These results pro-
vide support for the association of the 2D peak of theB1g
spectra with the superconducting gap energy as determ
by ARPES measurements. It is also found that the strengt
the B1g renormalization, that occurs belowTc , becomes
weaker as the hole concentration is reduced fromp50.22 to
p50.12 and cannot be observed in crystals with hole c
centrations less thanp'0.12. This observation is consiste
with the selective scattering of quasiparticles on regions
the Fermi surface that are located near thekx andky axes of
the Brillouin zone. A possible mechanism for this scatteri
is provided by antiferromagnetic spin fluctuations16,39,41,64

which grow in strength as the hole concentration of the cr
tals is decreased.

The B2g spectra show a very weak renormalization atTc
for two of the four crystals studied in this work. The cros
over frequency (v0) exhibits a parabolic dependence on ho
concentration–similar to that found forTc . In fact v0 ap-
pears to scale withTc according to the relation\v0
'5kBTc , as has been suggested by others.34,36,41 The B2g
response function, atT520 K, increases linearly at low fre
quencies in most of the samples studied. This observatio
consistent4 with the presence of nodes in the supercondu
ing gap, in the directionukxu5ukyu. The only exception to
6-7
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this linear behavior at low temperature was observed in
B2g spectrum of an overdoped crystal withTc587 K. In
this case the scattered intensity remained constant for all
quenciesv<90 cm21. It is interesting that in ARPES ex
periments carried out on an overdoped crystal with the sa
TC it was found that gap was zero over an extended regio
the FS, which could be consistent withx9' constant below
a certain frequency. This constant is believed to be an arti
associated with umklapp scattering from the superstruct
modulation.

Finally, it should be noted that results obtained here
the doping dependence of the spectra are, in most resp
similar to those obtained in other cuprates.8,34,36,39,41,50One
rs
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exception appears to be the fact that in the underdoped
gime the spectral weight depletion, and the strength of
B1g renormalization in Bi2212, decrease less abruptly asp is
decreased below 0.16.
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