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Superconducting Gap Anisotropy vs Doping Level in High-Tc Cuprates
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We report the results of electronic Raman scattering in Bi2Sr2CaCu2O81d (Bi2212) and
Tl2Ba2CuO61d (Tl2201) high-Tc superconductors with variations in the oxygen content. N
optimal doping, both materials show gap anisotropy, with2DykBTc values of 7.2 (B1g) vs 5.8
(A1g) in Tl2201 and 8.5 (B1g) vs 6.2 (A1g) in Bi2212. However, overdoped samples exhibit
symmetry independent gap with2DykBTc ranging from 5.2 for Bi2212 (Tc  57 K) to 3.9 in Tl2201
(Tc  37 K). We compare the data with calculations using both isotropics-wave andd-wave order
parameters. [S0031-9007(96)00724-7]

PACS numbers: 74.25.Gz, 74.62.Dh, 74.72.Hs, 78.30.Er
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Anisotropy of the superconducting gap within the CuO2

planes of the cuprates has been observed using severa
perimental techniques [1–5]. This behavior is in gene
agreement with the predictions of models based ond-wave
or anisotropics-wave pairing. Our previous results of ele
tronic Raman scattering (ERS) [6] and angle resolved p
toemission [4] have shown that such gap anisotropy
function of doping in Bi2Sr2CaCu2O81d (Bi2212); similar
effects have been seen in YBa2Cu3O72d [7,8]. In this Let-
ter, we expand the range of doping available through o
gen intercalation and show that the gap becomes symm
independent in highly overdoped crystals. Furthermo
we demonstrate that the coupling strength decreases
matically, from a very strong-coupling value ofs6 8dkBTc

in optimally doped materials to a nearly weak-coupl
value of3.9kBTc in overdoped Tl2Ba2CuO61d (Tl2201).

Bi2212 crystals used in this study were grown usi
a self-flux technique [9,10]. These crystals were post
nealed in a high oxygen pressure to intercalate excess
gen and raise the hole-type carrier concentration [10
while reducingTc from 90 to 57 K. The Tl2201 crys-
tals were prepared by partially melting a stoichiomet
mixture of Tl2O3, BaO2, and CuO in crimped gold tub
ing at 900±C in flowing oxygen. As grown,Tc  78 K
(DTc  5 K), indicating these crystals are slightly ove
doped relative to the optimalTc of 90 K in this mate-
rial. When postannealed in an oxygen atmosphere,Tc

of these crystals (reversibly) decreases to 37 K (DTc 
2 K). Such samples of both Bi2212 [10,11] and Tl22
[12] show 50% lower resistivity (r) at room temperature
andrsT d ~ T 2 characteristic of overdoped cuprates.

Raman scattering measurements were made using
514.5 nm line of an Ar1 laser at incident power densitie
of 3–20 Wycm. The laser heating was estimated to be
20 K above ambient by comparing the ratio of Stokes a
anti-Stokes spectra [13]. The scattered light was dispe
with a resolution of9 cm21 and detected by a coole
charge coupled device array.
0031-9007y96y77(4)y727(4)$10.00
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At room temperature, all of the cuprates show
background in Raman spectroscopy due to scattering f
the electronic continuum. Superimposed on top of this
sharp phonon excitations. Through an appropriate cho
of incident and scattered polarization vectors, it is possi
to isolate the behavior of both phonons and electrons
certain symmetries within a given crystal.

For the purposes of selection rule analysis, the po
izations of incident and scattered light are usually index
with X and Y taken parallel to the Cu-O bonds. In th
D4h point group,a-b plane Raman scattering (with ligh
propagating parallel to the crystalc axis) measured in the
ZsXYdZ polarization samples theB2g component, while
ZsXXdZ samples a combination of theA1g andB1g sym-
metries. IfX 0 andY 0 denote axes rotated by 45± from X
andY , thenZsX 0Y 0dZ couples to excitations ofB1g sym-
metry. For Bi2212,X andY are indexed along the Bi-O
bonds, rotated by 45± with respect to the Cu-O bonds. I
this case,XY polarization samplesB1g symmetry,X 0Y 0

samplesB2g, andXX couples to (A1g 1 B1g).
Recent theoretical work has shown that ERS fro

different symmetries can reveal gap anisotropy [141
Although experiments measure an average over the en
Fermi surface (FS), certain angles are weighted m
heavily in the integration. To illustrate this we note th
in high-Tc cuprates intraband electronic Raman scatter
is dominated by fluctuations in the effective mass arou
the FS given by the equationeskd  0. In the limit where
the wave-vector transferq ! 0 we follow the calculations
of Klein and Dierker [16] to arrive at an expression for th
Raman scattering efficiency:

d2S
dvdV


r2

0 h̄NsEFdm2

v

∑
kg22ll 2 kg21ll2

kll

∏00

. (1)

In this equation,v is the frequency of Raman shift,V

the solid angle scattered through,r0 the Thomson radius
of the electron,NsEFd the density of states at the Ferm
level, andm the mass of the bare electron. The symb
© 1996 The American Physical Society 727
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k l indicate that the quantity within is integrated arou
the entire FS.l is a complex function, the imaginary pa
of which is given by

l 
4jDskdj2p

v2 2 4jDskdj2
, (2)

with the restriction thatv2 . 4D2skd. Equation (2)
clearly shows that ERS is insensitive to the sign of
gap. In Eq. (1),g is the Raman vertex, given for eac
polarization by

gijskd 
m
h̄2 eI 1

mp
eS 

m
h̄2

X
i,j

eI
i

≠2eskd
≠ki≠kj

eS
j , (3)

whereI ; incident andS ; scattered.
Figure 1(a) depicts a tight binding FS [15,17,18] whe

eskd  2tfcosskxad 1 cosskyadg

2 4sfcosskxad cosskyadg 1 m , (4)

with t  21, s  0.3, and m  1.16. The angular
dependence (including the sign) of theA1g symmetry is
displayed in the polar plot of Fig. 1(b). Figures 1(c) a
1(d) show the angular weighting functions forB1g and
B2g, respectively.

For a given value ofv, the Raman scattering intensi
is calculated by integrating the expression in Eq.
around the FS withg for each symmetry and the assum
gap Dskd. The second term in Eq. (1) represents
Coulomb screening, which is identically zero for allB1g

and B2g. In A1g, however,kg21ll2 fi 0 and screening
prevents the spectra from appearing as a sum ofB1g and
B2g-like components, as Fig. 1(b) might suggest.

Figure 2 shows Raman scattering data taken inX 0X 0

(A1g 1 B1g) andX 0Y 0 (B1g) polarizations (symmetry) on
two samples of Tl2201. TheXY (B2g) cross section was

FIG. 1. A polar plot of the angular dependencies of (a)
Fermi surface from Eq. (4), (b) theA1g Raman vertex from
Eq. (3), (c) theB1g vertex, and (d) theB2g vertex.
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negligibly small at this excitation wavelength. Figure 2(
shows the data for a sample withTc  78 K, while the
sample in Fig. 2(b) hadTc  37 K. The X 0X 0 data have
been scaled by 1y4 and offset by the amounts show
so that both polarizations can be compared. The nor
state (N) spectra are drawn with dashed lines; solid lin
represent the superconducting state (S). Each curve has
been adjusted for the Bose factor at the temperature
Fig. 2(a): 90 K (N) and 30 K (S); Fig. 2(b): 50 K (N) and
20 K (S). Rayleigh scattering due to sample roughne
causes the spectra to turn up at low frequency inX 0X 0.

The effect of superconductivity on ERS is evident
both samples and in both polarizations. The peaks form
in the continuum (illustrated by arrows) are broaden
due to the excited carriers’ finite lifetime. As in previou
measurements [19], a polarization dependence is see
theTc  78 K sample of Fig. 2(a), with the peak inX 0X 0

centered at roughly315 cm21 (5.8kBTc), while the peak
in X 0Y 0 is at390 cm21 (7.2kBTc).

The effects of excess oxygen (which reducesTc to
37 K) on the Raman spectra of Tl2201 are shown
Fig. 2(b). Although not the focus of this study, there
a redistribution of phonon strengths and positions in b
polarizations. The continuum peaks have also shifted
a much lower energy,100 6 5 cm21 (3.9kBTc) in each
polarization, consistent with earlier reports [20]. Raylei
scattering is the most likely reason the superconduc
X 0X 0 spectrum does not cross that of the normal state
Fig. 2(b).

FIG. 2. Raman spectra taken inX 0X 0 (A1g 1 B1g) and X 0Y 0

(B1g) polarizations (symmetry) on Tl2201 with (a)Tc  78 K
and (b)Tc  37 K. The X 0X 0 data have been scaled by a fact
of 1y4 and offset by the amount shown. The normal st
spectra [T  90 K in (a), T  50 K in (b)] are drawn with
dashed lines; solid lines show the superconducting beha
[T  30 K in (a), T  20 K in (b)].
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Similar behavior is seen as a function of doping
Bi2212. Figure 3 plots Raman scattering spectra
crystals with (a)Tc  90 K and (b) Tc  57 K. The
various polarizations have been scaled as indicate
this figure and offset vertically by the amounts show
All curves have been multiplied by the Bose factor
the temperatures of Fig. 3(a): 100 K (N) and 30 K (S);
Fig. 3(b): 70 K (N) and 30 K (S). To emphasize th
continuum behavior, theX 0Y 0 andXY curves in Fig. 3(a)
as well as theX 0Y 0 in 3(b) have been smoothed.

The Tc  90 K sample exhibits a characteristic g
anisotropy. InXX, which is dominated by scatterin
of A1g symmetry, the continuum peak is centered
390 cm21 (6.2kBTc). The B2g peak is centered a
470 cm21 (7.5kBTc) while the B1g peak is at530 cm21

(8.5kBTc), in general agreement with earlier stud
[21–24].

The ERS of Bi2212 changes considerably with exc
oxygen. In Fig. 3(b), the continuum peaks have shifte
much lower energies with a sharp onset at low frequen
and a broad tail above the pair-breaking maximum. T
suggests that the sample may be “dirty” (characterized
scattering rateG , D), in which case a tail up to8kBTc

would be predicted due to the carriers’ finite lifetime [2
Remarkably, these peaks are at210 6 10 cm21 (5.2kBTc)
in all three symmetries. Both the size and polarizat
independence of the observed superconducting gap
repeatable on other samples.

FIG. 3. Raman spectra for Bi2212 with (a)Tc  90 K and (b)
Tc  57 K. The spectra have been scaled as indicated in
figure and offset by the amounts shown. The normal state
[T  100 K in (a), T  70 K in (b)] are drawn with dashe
lines; solid lines show the superconducting state (T  30 K).
The X 0Y 0 and XY curves in (a) and theX 0Y 0 in (b) have been
smoothed.
r

in
.

t

s

s
s
y

re

e
ta

In Fig. 4, we plotISyIN for Bi2212 from Fig. 3. The
ratios have been normalized and offset so thatXX and
XY can be viewed simultaneously and compared w
calculations. Taking this ratio nearly completely remov
evidence of the phonons, which were not subtracted.
Fig. 4(a), XX (A1g) and XY (B1g) data for theTc 
90 K sample are compared to calculations of Eq.
using a gap [Dskd  coss2fd] with d-wave symmetry and
2DykBTc  8.6. In Fig. 4(b),XX andXY spectra for the
Tc  57 K sample are overlaid with a calculation using
broadened isotropic gapDskd  1 with 2DykBTc  5.2.

Three factors affecting the calculated spectra should
noted. (1) To avoid singularities in the calculations, w
have employed a Gaussian distribution of gaps (cente
at 1) with a full width at half maximum (FWHM) of 0.3
for Tc  90 K, and 0.4 forTc  57 K. Phenomenolog-
ically, this accounts for the finite lifetime of the excite
carriers, as well as a range ofTc’s much larger than tha
observed in resistivity or ac susceptibility. This mod
can thus account for nonzero intensity below2D in the
case of an isotropic gap, whereas lifetime effects al
cannot [25]. The introduction of a similar convolutio
has been necessary to fit tunneling data in the cupr
[5,26,27]. (2) To offset the effects of screening, the cal
latedA1g was scaled up to the same peak strength as
in B1g, even though the observedXX intensity is stronger
thanXY . (3) This theory does not account for ERS in t
normal state, and thus the calculations decline toward z
for v . 2D. The insertion of a normal state self-ener
component physically related to electron-electron or sp

FIG. 4. The ratiosISyIN for Bi2212 from Fig. 3. (a) The
XX (A1g) and (smoothed)XY (B1g) data for theTc  90 K
sample are compared to the calculations of Eq. (1) usin
gap with d-wave symmetry. (b) TheXX and XY spectra for
the Tc  57 K sample are overlaid with a calculation using
broadened isotropic gap.
729



VOLUME 77, NUMBER 4 P H Y S I C A L R E V I E W L E T T E R S 22 JULY 1996

of

he

th
-

ach
re-
me

als
ax

cat
ha
the
ar-
tio
de

er
e
ata
ith

se
nc

ith
in-

ere
arly
-

tha
en

alu
f-
ak-

an
ari
rve
d u

ery

on
ga

mit

-
te
es
R.

t,
l
212
d
ced
a
ws

a

ter
fluctuation scattering [28] greatly improves the quality
the fits forv . 2D.

Spectra from theTc  90 K sample and thed-wave
calculations show some remarkable similarities. T
model successfully predicts anv3 shape inB1g symmetry,
as well as the linear extrapolation to zero inA1g. Consid-
eration of a less anisotropic gap without nodes shifts
predictedA1g peak closer to2Dmax and suggests that (ex
cept for broadening) the low frequency scattering in e
symmetry should go to zero at the gap minimum. Ir
spective of the FS shape and the exact function assu
for Dskd, the ERS spectra of optimally doped cryst
demonstrate that the gap (1) is anisotropic, (2) has m
ima alongkx  0 andky  0, and (3) has minimaø2D.

Devereaux has recently proposed that impurity s
tering can distinguish whether the anisotropic gap
nodes required by symmetry [28]. Oxygen is not
ideal impurity for cuprates because of its effect on c
rier concentration. Nonetheless, Devereaux’s predic
that the peak frequencies should retain their symmetry
pendent anisotropy for ad-wave but coalesce in thes-
wave case bears on the observations of Fig. 4(b). H
the ratios ofXX and XY spectra are both fit using th
same isotropic gap with broadening. The Tl2201 d
in Fig. 2 also display a symmetry independent gap w
2DykBTc  3.9, but the Rayleigh scattering from the
crystals obscures our measurement of the low freque
behavior forv , D.

It is crucial to note that the gap does not scale w
Tc for any symmetry, but rather decreases with
creased doping level to2DykBTc  3.9 (5.2) in samples
of Tl2201 (Bi2212) withTc  37 K (57 K). The sym-
metry independent gap seen in ERS can be consid
characteristic of heavily overdoped cuprates. A ne
isotropic ERS gap (2DykBTc ø 4.1 4.9) has been re
ported in Nd1.85Ce0.15CuO4 [29]. Because at this cerium
concentration the resistivity (r ~ T2) of this material is
typical of the overdoped cuprates [30], we speculate
each cuprate system will manifest a symmetry indep
dent gap at high doping levels. The greatly reduced v
of this gap relative toTc is further evidence that at su
ficiently high doping levels the cuprates manifest we
coupling superconductivity.

In conclusion, we have performed electronic Ram
scattering measurements on Bi2212 and Tl2201 with v
ations in the oxygen content. We compare the obse
spectra in the superconducting state with that calculate
ing order parameters of isotropics-wave andd-wave sym-
metries. Near optimal doping, both materials show a v
strong-coupling gap (2DykBTc , 8) with anisotropic fea-
tures suggesting nodes. When the carrier concentrati
raised, both materials exhibit a symmetry independent
and2DykBTc values consistent with ans-wave order pa-
rameter at strengths approaching the weak-coupling li
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The Tl2201 crystals were provided by T. A. Van
derah of the Ceramics Division, National Institu
of Standards and Technology. C.K. acknowledg
the support of the National Research Council.
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Note added.—Since the submission of this manuscrip
we have become aware of a recent paper by Hacket
al. where ERS was measured on an overdoped Bi2
crystal with Tc  55 K [31]. These authors observe
similar symmetry independent gap peaks with a redu
value of 2DykBTc. However, their observation of
symmetry dependence to the low frequency power la
led them to suggest a persistence of thed-wave order
parameter into the overdoped phase.
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