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High-resolution angle-resolved photoemission spectroscopy of the momentum dependence
of the superconducting gap in BjSr,CaCu,Og
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The momentum dependence of the superconducting gap,i@rgLaCu,Og has been studied using high-
resolution angle-resolved photoemission spectroscopy with nonpolarized light. The size of the superconducting
gap obtained at several points on the Fermi surface shows a linear dependence with respect to the gap function
of thed,2_,» wave defined as 0|.605kxa—coskya|. This suggests that the anomaly in the superconducting gap
observed with polarized synchrotron-radiation light is not intrinsic, being probably due to the superstructure of
the BiO plane, and rather the strong anisotropy of the superconducting gap, likg.the symmetry, is
intrinsic. [S0163-18206)04822-9

The symmetry of the superconducting order parameter dit M, parallel to the Cu-O bonding, the photoemission spec-
rectly relates to the mechanism of superconductivity, in partrum of theI'X line does not necessarily show a definite zero
ticular, to the pairing force to drive the superconductivity. It gap, presumably due to the finite energy and angular resolu-
is well known that the superconducting order parameter isions, and a major discrepancy in the reported ARPES results
straightforwardly reflected in the symmetry of the supercondies in this region. Since a small difference in the supercon-
ducting gap as a function of the wave vect&) (n the Bril-  ducting gap near thEX line affects the overall symmetry of
louin zone. Angle-resolved photoemission spectroscopyhe superconducting gap, we expended much care in measur-
(ARPES has a unique and powerful capability to determineing the superconducting gap near 1P line as described in
the electronic structure with respect to the wave veckdr (the experimental section. We used nonpolarized light to ex-
It is now well established by ARPES that cuprate superconeite photoelectrons in order to reduce the possible coopera-
ductors havea) Fermi surfacés) as predicted from the band tive effect of the polarized light and the superstructure in the
structure calculation despite the considerable electron correrystal, which may produce an anomaly near F¢ line
lation among Cu @ electrons. Recent remarkable progressThe result did not show a hump or an extended region of
in improving the energy resolution in photoemissionsmall (or zerg gap near thd X line, but exhibited a linear
spectroscopy ' enables a precise determination of the sizedependence of the superconducting gap with respect to the

of the superconducting gap and ksdependence. gap function of the dy_,2 wave defined as
High-resolution ARPES results on BBr,CaCu,0Og 0.5cok,a—cokal.
(Bi2212) have been reported by several gro&p¥.Almost A single crystal of high-quality Bi2212 was prepared by

all of them show the existence of a large anisotropy of thehe traveling solvent floating-zone method using an infrared
superconducting energy gap with respeckfdndicative of  mirror furnace. Resistivity and Meissner-effect measure-
the superconducting order parameter being not a siraple ments showed superconductivity at 86.4 K with transition
wave. However, the details of the experimental results arevidths of 1.5 and 0.6 K, respectively. This sharp transition
not necessarily consistent with each other, leading to conclundicates a high homogeneity of doping in the crystal. We
sions of different symmetries. This discrepancy may arisestimated the composition of the sample using an electron-
from the difference in the doping level and/or the quality of probe microanalysis; the composition is Bi:Sr:Ca:Cu
sample$! and the degradation of the sample surfageco- =2.15:1.86:0.98:2.03 within an error of a few percent. An
operative effect of the superstructure in the BiO plane anc-ray rocking-curve analysis has been done for the (P,0,
the strong polarization of the incident light may also compli-reflections and the width of the peak was 150—300 s, which
cate the interpretation of ARPES specita. also proves the high quality of the present sample.

In this Brief Report, we report a high-resolution ARPES  Photoemission measurements were performed with a
study on a high-quality Bi2212 single crystal with nonpolar- home-built ARPES spectrometer which has a hemispherical
ized light. In the course of the study, we paid special attenanalyzer of 300 mm in diameter. Photoelectrons were excited
tion to checking the existence of an anomaly in the superwith nonpolarized light from a discharge lanjde 1;21.22
conducting gap near thEX line in the Brillouin zone. The eV). The base pressure of the spectrometer was about
I'X direction in the Brillouin zone corresponds to a direction5x 10~ Torr. Bi2212 single crystals with different orienta-
45° away from the Cu-O bonding in the crystal. Although tions where cleaved in the spectrometer to obtain a fresh and
almost all the ARPES results show a smaller energy gap iclean surface for photoemission measurements. We did not
the I'X direction than in another high-symmetry direction, observe a degradation of the sample surface due to adsorp-
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FIG. 1. High-resolution ARPES spectra neleg of a high- 0.0 0.2 '0'4 '0'6 0.8 1.0
quality Bi2212 single crystal in the norm&l00 K, circleg and Isink.a x sinkyal

superconducting?5 K, solid lines states at five different positions )
in the Brillouin zone G—e in the insel, where a set of normal-state ~ FIG. 3. The observed superconducting gap valng plotted

ARPES spectra with 0.5° interval shows tEe level crossing of ~ With respect to(@) the gap function of an extendedwave defined

the band. The thick solid line connecting these five points in theds 0.5cos,a+coskal and (b) that of ad,, wave defined as

inset shows a rough sketch of the two-dimensional Fermi surfacelSinka sink,al. Bars on the experimental pointa<e) show experi-
mental errors due to the finite energy and angular resolutions. In

tion of the residual gases even at low temperature durinﬁither case, the experimental points are not on a straight line cross-

measurement of a few hours. The energy and angular res#d the origin.

lution were about 23 meV and 1°, respectively.

In order to estimate the precise size of the superconduc
ing gap as a function ok, it is essential to determine the
points of Fermi-level Eg) crossing in the Brillouin zone
(namely, the shape of the Fermi surfaedth great accuracy.
We measured the normal-state ARPES spectra at 100 K a
function of polar angle with 0.5° interval in several direc-

fions in the Brillouin zone and found fiiég crossing points
near thel'X line as shown in Fig. 1. At these five points, we
measured photoemission spectra also at 25 K to estimate the
size of the superconducting gap by comparing the normal-
sSlate spectra. Following previous studies, we assumed the
energy of the middle point of the slope of the photoemission
spectra at thé& side to be one-half of the superconducting
gap A, where the superconducting gap &, since a pho-

BT d22 """""""""""""""" ] toemission spectrum represents the occupied electronic

of Xy ] states. The Fermi level of samples was referenced to that of

[ ] a gold film deposited on the sample substrate at each tem-

S 150 N [~ 1 perature and its position was accurate to better than 2 meV.

g | ﬂ ] Figure 1 shows the high-resolution ARPES spectra of nor-
3 10f 5 ] mal (100 K, open circlesand superconducting?5 K, solid
I a yd i lines states of Bi2212 measured at five differénpoints in

5 RGNS I 1 the Brillouin zone(curvesa—e) as shown in the inset. The
: ¢ ] solid line in the inset connecting these five points shows a
00_(') """" o Y S— 08 10 rough sketch of the two-dimensional Fermi surface of

Bi2212 obtained in this ARPES study, which shows good
agreement with previous reports:’ We find in Fig. 1 that
FIG. 2. The observed superconducting gap valig plotted ~ the middle point of the spectral edge in the normal-state

with respect to the gap function of th#._,. wave defined as SPectra Is located on or very close Eg, indicating that
0.5coska—coksal. Bars on the experimental pointa{e) show these five measurement points are on or very close to the
experimental errors due to the finite energy and angular resolutiong&:ermi surface within the present experimental accuracy. We
Note that the experimental points are on or very close to a straightlso find that the spectra at positioasand ¢ look very

line which crosses the origin of the coordinate axes. similar to each other in both the normal and superconducting

0.5 x| cos kxa - cos kya |
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states. This indicates a considerable accuracy in determiningktendeds wave defined as 0l6oska-+coskal [Fig. 3(a)] or

Fhe Er crqssing pgints in this study, sincg, as is seen in th%hedxy wave defined afsink,a sink,a| [Fig. Ab)].12 A simple
It?lseelz)(zfl'?g. 1, points andc are symmetric with respect 10 g yaye is obviously excluded since the ARPES result shows
ine. ; : :

a strong anisotropy of the superconducting gap. As is clearly
When.W(_a cool down the. ;ample from 100 to 25 K, t_he een in Fig. 3, the experimental data are not on a straight line
photoemission spectra exhibit a transfer of spectral welghirossing the origin with respect to a gap function of either

from the region abov& to that below it(Fig. 1), indicating stendeds or do.. symmetrv. In contrast. the present experi-
opening of the superconducting gap. We find that the chang% xy SY y-n ' P L exp
mental data show an almost linear dependence with respect

is more remarkable in the region away from th& line h ¢ : f thel h in Figq. 2
(point e) than in its vicinity (pointsa—c): the spectral edge '© the 9ap function of thel,2_,» wave as shown in Fig. 2,
suggesting that thel,2_,2 symmetry is the most probable

still stays on or neaEr in spectraa—c even at low tempera- ) I
ture while in spectrune the spectral weight &; is totally ~ SuPerconducting order parameter in Bi2212.

transferred to higher binding energy and piles up around 35 [N conclusion, the present high-resolution ARPES study
meV. This suggests opening of an anisotropic superconduc @ Bi2212 single crystal using nonpolarized excitation
ing gap with a larger size away from tHeX line, as is light has revealed that the anomaly in the superconducting
qualitatively consistent with previous repofts’~>*'In or-  gap near thd'X line observed in an ARPES study using
der to study quantitatively the dependence of the supercon- strongly polarized synchrotron-radiation light is not intrinsic,
ducting gap, we assumed the energy of the middle point obeing probably due to a cooperative effect of the superstruc-
the spectral edge in the 20 K spectrum as the gap vAlue ture in the BiO plane and the strongly polarized nature of the
(the total superconducting gap if\? according to previous excitation light. In contrast, the size of the superconducting
studies”® and have plotted it as a gap function of the gap obtained in this study shows an almost linear depen-
dy2_y2 wave defined as O.8ok,a—coka| in Fig. 2. As seen  dence with respect to the gap function of e - wave,

in Fig. 2, we do not observe a hump or a sntafizerg gap  but does not show a consistent result with other symmetries
region near thd'X line, confirming that the gap anomaly such as extendesl or d,y, suggesting that thd,z_,2 sym-

near theI'X line observed with polarized synchrotron- metry is the most probable superconducting order parameter
radiation light is extrinsic? being probably due to a coop- iy Bi2212.

erative effect of the superstructure in a Bi2212 crystal and )
the strongly polarized nature of synchrotron-radiation Iight. ~ We thank H. Matsumoto and T. Koyama for useful dis-
Rather, we find that the experimental poiatse are on or ~ cussion. T.Y. thanks the Japan Society for the Promotion of
very close to a straight line which crosses the origin of theScience(JSP$ for financial support. This work was sup-
coordinate axes as shown in Fig. 2. ported by grants from the Ministry of Education, Science and

In order to check the possibility for other symmetries, weCulture and the New Energy and Industrial Technology De-
also plotted the experimental data as a gap function of thegelopment OrganizatiofNEDO) of Japan.
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