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Superconducting Gap Anisotropy vs Doping Level in HighT, Cuprates
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We report the results of electronic Raman scattering inSBCaCuyOg.s (Bi2212) and
TIhBaCuQy:s (TI2201) highT. superconductors with variations in the oxygen content. Near
optimal doping, both materials show gap anisotropy, with/kzT. values of 7.2 By,) vs 5.8
(Ag) in TI2201 and 8.5 B;,) vs 6.2 @4;,) in Bi2212. However, overdoped samples exhibit a
symmetry independent gap wift\ /kzT, ranging from 5.2 for Bi22127%,. = 57 K) to 3.9 in TI2201
(T. = 37 K). We compare the data with calculations using both isotrgpicave andd-wave order
parameters. [S0031-9007(96)00724-7]

PACS numbers: 74.25.Gz, 74.62.Dh, 74.72.Hs, 78.30.Er

Anisotropy of the superconducting gap within the GuO At room temperature, all of the cuprates show a
planes of the cuprates has been observed using several édackground in Raman spectroscopy due to scattering from
perimental techniques [1-5]. This behavior is in generathe electronic continuum. Superimposed on top of this are
agreement with the predictions of models based-wrave  sharp phonon excitations. Through an appropriate choice
or anisotropic-wave pairing. Our previous results of elec- of incident and scattered polarization vectors, it is possible
tronic Raman scattering (ERS) [6] and angle resolved phato isolate the behavior of both phonons and electrons of
toemission [4] have shown that such gap anisotropy is aertain symmetries within a given crystal.
function of doping in BiSLCaCuyOg. 5 (Bi2212); similar For the purposes of selection rule analysis, the polar-
effects have been seen in YBa50,_5 [7,8]. Inthis Let- izations of incident and scattered light are usually indexed
ter, we expand the range of doping available through oxywith X and Y taken parallel to the Cu-O bonds. In the
gen intercalation and show that the gap becomes symmet#y,;, point group,a-b plane Raman scattering (with light
independent in highly overdoped crystals. Furthermorepropagating parallel to the crystalaxis) measured in the
we demonstrate that the coupling strength decreases dra¢XY)Z polarization samples th8,, component, while
matically, from a very strong-coupling value @-8)kzT.  Z(XX)Z samples a combination of th&, and B, sym-
in optimally doped materials to a nearly weak-coupledmetries. IfX’ andY’ denote axes rotated by 4fom X
value of3.9k5T, in overdoped TiBaCuGy, 5 (T12201). andY, thenZ(X'Y')Z couples to excitations a8, sym-

Bi2212 crystals used in this study were grown usingmetry. For Bi2212X andY are indexed along the Bi-O
a self-flux technigue [9,10]. These crystals were postanbonds, rotated by £5with respect to the Cu-O bonds. In
nealed in a high oxygen pressure to intercalate excess oxthis case XY polarization sample®;, symmetry,X'Y’
gen and raise the hole-type carrier concentration [10,11§amplesB,,, andXX couples tod;, + Bj,).
while reducing7, from 90 to 57 K. The TI2201 crys- Recent theoretical work has shown that ERS from
tals were prepared by partially melting a stoichiometricdifferent symmetries can reveal gap anisotropy [1415].
mixture of Tl,0;, BaO,, and CuO in crimped gold tub- Although experiments measure an average over the entire
ing at 900°C in flowing oxygen. As grown7,. = 78 K Fermi surface (FS), certain angles are weighted more
(AT, = 5 K), indicating these crystals are slightly over- heavily in the integration. To illustrate this we note that
doped relative to the optimal, of 90 K in this mate- in high-T. cuprates intraband electronic Raman scattering
rial. When postannealed in an oxygen atmosph&e, is dominated by fluctuations in the effective mass around
of these crystals (reversibly) decreases to 374K (=  the FS given by the equatiaik) = 0. In the limit where
2 K). Such samples of both Bi2212 [10,11] and TI2201the wave-vector transfef — 0 we follow the calculations
[12] show 50% lower resistivityd) at room temperature of Klein and Dierker [16] to arrive at an expression for the
andp(T) « T? characteristic of overdoped cuprates. Raman scattering efficiency:

Raman scattering measurements were made using the 2 _ _ M
514.5 nm line of angAT laser at incident power densitigs d’S = rOhN(EF)mZ[W )~y 1/\>2} . )
of 3—20 W/cm. The laser heating was estimated to be 5— dwd(Q) w oY
20 K above ambient by comparing the ratio of Stokes andn this equation,w is the frequency of Raman shift)
anti-Stokes spectra [13]. The scattered light was dispersetie solid angle scattered through, the Thomson radius
with a resolution of9 cm™!' and detected by a cooled of the electronN(Er) the density of states at the Fermi
charge coupled device array. level, andm the mass of the bare electron. The symbols
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() indicate that the quantity within is integrated aroundnegligibly small at this excitation wavelength. Figure 2(a)
the entire FSA is a complex function, the imaginary part shows the data for a sample wiify = 78 K, while the

of which is given by sample in Fig. 2(b) had. = 37 K. The X’X’ data have
INOE been scaled by /4 and offset by the amounts shown
A= , (2)  so that both polarizations can be compared. The normal
Vo = 4AK)? state (V) spectra are drawn with dashed lines; solid lines

with the restriction thatw? > 4A2(k). Equation (2) represent the superconducting staf¢ (Each curve has
clearly shows that ERS is insensitive to the sign of thdoeen adjusted for the Bose factor at the temperatures of

gap. In Eq. (1),y is the Raman vertex, given for each Fig- 2(a): 90 K V) and 30 K §); Fig. 2(b): 50 K (v) and
polarization by 20 K (S). Rayleigh scattering due to sample roughness

) causes the spectra to turn up at low frequency'ik’.
yii(k) = moa s _ ﬂzega k) s 3) The effect of superconductivity on ERS is evident in
Y B2 m* 1? Y "okiok; 7’ both samples and in both polarizations. The peaks formed

. in the continuum (illustrated by arrows) are broadened,
where/ = incident andS = scattered. due to the excited carriers’ finite lifetime. As in previous

Figure 1(a) depicts a tight binding FS [15,17,18] whereémqasyrements [19], a polarization dependence is seen in
the T, = 78 K sample of Fig. 2(a), with the peak XX’
centered at roughlg15 cm™! (5.8kzT.), while the peak
. in X'Y"is at390 cm™! (7.2kpT,).

dsleodk.a) coskya)] + g, @ The effects of excess oxygen (which redudgsto

with ¢+ = —1, s = 0.3, and u = 1.16. The angular 37 K) on the Raman spectra of TI2201 are shown in
dependence (including the sign) of tAg, symmetry is  Fig. 2(b). Although not the focus of this study, there is
displayed in the polar plot of Fig. 1(b). Figures 1(c) anda redistribution of phonon strengths and positions in both
1(d) show the angular weighting functions 8, and polarizations. The continuum peaks have also shifted to
By, respectively. a much lower energy]00 + 5 cm™' (3.9k3T.) in each

For a given value ofv, the Raman scattering intensity polarization, consistent with earlier reports [20]. Rayleigh
is calculated by integrating the expression in Eq. (1)scattering is the most likely reason the superconducting
around the FS withy for each symmetry and the assumedx’x’ spectrum does not cross that of the normal state in
gap A(k). The second term in Eq. (1) represents theFig. 2(b).
Coulomb screening, which is identically zero for &,
and By,. In A;,, however,(y 'A)> # 0 and screening
prevents the spectra from appearing as a sum;gfand
B»,-like components, as Fig. 1(b) might suggest.

Figure 2 shows Raman scattering data takerk{x’
(A1, + By,) andX'Y’ (By,) polarizations (symmetry) on
two samples of TI2201. Th&Y (B,,) cross section was

e(k) = 2t[codk,a) + cogkya)]
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FIG. 2. Raman spectra taken K(X’ (A, + By,) and X'Y’
(B1,) polarizations (symmetry) on TI2201 with (&) = 78 K

and (b)T, = 37 K. TheX'X' data have been scaled by a factor
of 1/4 and offset by the amount shown. The normal state
FIG. 1. A polar plot of the angular dependencies of (a) thespectra T = 90 K in (a), T = 50 K in (b)] are drawn with
Fermi surface from Eg. (4), (b) tha;, Raman vertex from dashed lines; solid lines show the superconducting behavior
Eaq. (3), (c) theB,, vertex, and (d) theB,, vertex. [T =30Kin (a), T = 20 K in (b)].
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Similar behavior is seen as a function of doping in In Fig. 4, we plot/s/Iy for Bi2212 from Fig. 3. The
Bi2212. Figure 3 plots Raman scattering spectra foratios have been normalized and offset so tkidt and
crystals with (a)7., = 90 K and (b) 7. = 57 K. The XY can be viewed simultaneously and compared with
various polarizations have been scaled as indicated ioalculations. Taking this ratio nearly completely removes
this figure and offset vertically by the amounts shown.evidence of the phonons, which were not subtracted. In
All curves have been multiplied by the Bose factor forFig. 4(a), XX (A;,) and XY (By,) data for theT. =
the temperatures of Fig. 3(a): 100 WY and 30 K §); 90 K sample are compared to calculations of Eq. (1)
Fig. 3(b): 70 K V) and 30 K §). To emphasize the usingagapA(k) = cog2¢)] with d-wave symmetry and
continuum behavior, th&'Y’ andXY curves in Fig. 3(a) 2A/kzT, = 8.6. In Fig. 4(b),XX andXY spectra for the
as well as theX’Y’ in 3(b) have been smoothed. T. = 57 K sample are overlaid with a calculation using a

The T, = 90 K sample exhibits a characteristic gap broadened isotropic gaf(k) = 1 with 2A /kgT. = 5.2.
anisotropy. InXX, which is dominated by scattering  Three factors affecting the calculated spectra should be
of A, symmetry, the continuum peak is centered atoted. (1) To avoid singularities in the calculations, we
390 cm™! (6.2kgT.). The B,, peak is centered at have employed a Gaussian distribution of gaps (centered
470 cm~! (7.5kT.) while the B;, peak is at530 cm~!  at 1) with a full width at half maximum (FWHM) of 0.3
(8.5kgT.), in general agreement with earlier studiesfor 7. = 90 K, and 0.4 forT. = 57 K. Phenomenolog-
[21-24]. ically, this accounts for the finite lifetime of the excited

The ERS of Bi2212 changes considerably with excessarriers, as well as a range 6f’'s much larger than that
oxygen. In Fig. 3(b), the continuum peaks have shifted tmbserved in resistivity or ac susceptibility. This model
much lower energies with a sharp onset at low frequenciesan thus account for nonzero intensity bel@w in the
and a broad tail above the pair-breaking maximum. Thicase of an isotropic gap, whereas lifetime effects alone
suggests that the sample may be “dirty” (characterized bgannot [25]. The introduction of a similar convolution
scattering ratd” ~ A), in which case a tail up t8kz7. has been necessary to fit tunneling data in the cuprates
would be predicted due to the carriers’ finite lifetime [25]. [5,26,27]. (2) To offset the effects of screening, the calcu-
Remarkably, these peaks ar@a6 + 10 cm™! (5.2kgT.)  latedA,, was scaled up to the same peak strength as that
in all three symmetries. Both the size and polarizationn B;,, even though the observedX intensity is stronger
independence of the observed superconducting gap wetkanXY. (3) This theory does not account for ERS in the
repeatable on other samples. normal state, and thus the calculations decline toward zero

for « > 2A. The insertion of a normal state self-energy
component physically related to electron-electron or spin-
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FIG. 3. Raman spectra for Bi2212 with (&) = 90 K and (b)

T. = 57 K. The spectra have been scaled as indicated in th&lG. 4. The ratiosls/Iy for Bi2212 from Fig. 3. (a) The
figure and offset by the amounts shown. The normal state dat&X (4,,) and (smoothedXY (Bi,) data for theT, = 90 K

[T =100K in (@), T = 70 K in (b)] are drawn with dashed sample are compared to the calculations of Eg. (1) using a
lines; solid lines show the superconducting state={ 30 K). gap with d-wave symmetry. (b) Th&X and XY spectra for
The X'Y’ and XY curves in (a) and th&’Y’ in (b) have been the 7. = 57 K sample are overlaid with a calculation using a
smoothed. broadened isotropic gap.
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fluctuation scattering [28] greatly improves the quality of The TI2201 crystals were provided by T.A. Van-
the fits forw > 2A. derah of the Ceramics Division, National Institute

Spectra from thel. = 90 K sample and thel-wave of Standards and Technology. C.K. acknowledges
calculations show some remarkable similarities. Thehe support of the National Research Council. R.
model successfully predicts an’ shape inB;, symmetry, J.K and M. O. acknowledge support from the NSF.
as well as the linear extrapolation to zeradip,. Consid- Note added— Since the submission of this manuscript,
eration of a less anisotropic gap without nodes shifts theve have become aware of a recent paper by Hatkl
predictedA;, peak closer t@A .« and suggests that (ex- al. where ERS was measured on an overdoped Bi2212
cept for broadening) the low frequency scattering in eacterystal with 7. = 55 K [31]. These authors observed
symmetry should go to zero at the gap minimum. Irre-similar symmetry independent gap peaks with a reduced
spective of the FS shape and the exact function assumemlue of 2A/kzT.. However, their observation of a
for A(k), the ERS spectra of optimally doped crystalssymmetry dependence to the low frequency power laws
demonstrate that the gap (1) is anisotropic, (2) has maded them to suggest a persistence of thevave order
ima alongk, = 0 andk, = 0, and (3) has minima<2A.  parameter into the overdoped phase.

Devereaux has recently proposed that impurity scat-
tering can distinguish whether the anisotropic gap has
nodes required by symmetry [28]. Oxygen is not the
ideal impurity for cuprates because of its effect on car-
rier concentration. Nonetheless, Devereaux’s prediction[1] M. Boekholt, M. Hoffmann, and G. Guntherodt, Physica
that the peak frequencies should retain their symmetry de-  (Amsterdam)175C, 127 (1991).
pendent anisotropy for d-wave but coalesce in the [2] R.J. Kelleyet al., Phys. Rev. Lett71, 4051 (1993).
wave case bears on the observations of Fig. 4(b). Herd3] Z.-X. Shenet al., Phys. Rev. Lett70, 1553 (1993).
the ratios ofXX and XY spectra are both fit using the [4] R.J. Kelleyet al., Science271, 1255 (1996).
same isotropic gap with broadening. The TI2201 data[>] Jeffrey Kaneet al., Phys. Rev. Lett72, 128 (1994).
in Fig. 2 also display a symmetry independent gap with [6] Cl.glggndzmra and A. Rosenberg, Phys. RevsB R9867
2A/kgT,. = 3.9, but the Rayleigh scattering from these 7l §( K. ():'henet al.,Phys. Rev. B48, 10530 (1993),
crystals obscures our measurement of the low frequenc

. 8] M. Kall et al., Physica (Amsterdam235C—-240C 1095
behavior foro < A. ] (1994). y ( ? <

It is crucial to note that the gap does not scale with [9] C. Kendzioraet al., Phys. Rev. B45, 13025 (1992).
T. for any symmetry, but rather decreases with in-[10] C. Kendzioraet al., Physica (Amsterdam@57C, 74
creased doping level A /kpT, = 3.9 (5.2) in samples (1996).
of TI2201 (Bi2212) with7. = 37 K (57 K). The sym- [11] C. Kendzioraet al., Phys. Rev. B48, 3531 (1993).
metry independent gap seen in ERS can be considerd#l?] Y. Kubo et al., Phys. Rev. B43, 7875 (1991).
characteristic of heavily overdoped cuprates. A nearly13] A. Maksimovet al., Solid State Commur81, 407 (1992).
isotropic ERS gap AA/ksT, =~ 4.1-4.9) has been re- [14] T.P. Devereauet al., Phys. Rev. Lett72, 396 (1994).
ported in Nd gCe, 1:CUO, [29]. Because at this cerium [15] D. Branch_ and J.P. Carb_otte, Phys. Re\BZB603 (1995).
concentration the resistivityo( T2) of this material is 18] M-V. Klein and S.B. Dierker, Phys. Rev. @9, 4976

typical of the overdoped cuprates [30], we speculate thaﬁﬂ (T1?384|%.evereaux J. Supercor@).421 (1995)

each cuprate system will manifest a symmetry indepenrls] X.K. Chenet al., Phys. Rev. Lett73, 3290 (1994).
dent gap at high doping levels. The greatly reduced valug 9] R. Nemetschelet al., Phys. Rev. B47, 3450 (1993).

of this gap relative tdl. is further evidence that at suf- [20] G. Blumberget al., Physica (Amsterdamp35C—240G
ficiently high doping levels the cuprates manifest weak- 1137 (1994).

coupling superconductivity. [21] T. Stauferet al., Phys. Rev. Lett68, 1069 (1992).

In conclusion, we have performed electronic Ramari22] A. Yamanakaet al., J. Phys. Chem. Solid$3, 1627
scattering measurements on Bi2212 and TI2201 with vari-  (1992).
ations in the oxygen content. We compare the observel#3] D.H. Leachet al., Solid State CommurB8, 457 (1993).
spectra in the superconducting state with that calculated ufz4] A- Hoffmannet al., J. Low Temp. Phys99, 201 (1995).
ing order parameters of isotropsevave andd-wave sym- 25] S.L. Cooper and M. V. Klein, Comments Condens. Matter

: . : ; 15, 99 (1990).
metries. Near optimal doping, both materials show averyfze] Qun Cheret al., Phys. Rev. BA9, 6193 (1994)

strong-coupling gap2A /kT, ~ 8) with anisotropic fea- [27] T. Becherert al.,Z. Phys. B86, 23 (1992).

tures suggesting nodes. When the carrier concentration jg] T p. Devereaux, Phys. Rev. Lef4, 4313 (1995).
raised, both materials exhibit a symmetry independent gapo] B. Stadloberet al., Phys. Rev. Lett74, 4911 (1995).
and2A/kgT, values consistent with agwave order pa- [30] Wu Jianget al., Phys. Rev. Lett73, 1291 (1994).
rameter at strengths approaching the weak-coupling limit[31] R. Hacklet al. (unpublished).
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