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We report angle-resolved photoemission spectra both above and elow the single-plane
cuprate superconductor £r,_,La,CuGy;s. The superconducting state measurements show a highly
anisotropic excitation gap with a maximum magnitude smaller than that of the bilayer compound
Bi,SnCaCuOg by a factor of 3. For a range of doping, the gap persists well alfoyebehavior
previously associated with underdoped bilayer cuprates. The anisotropy and magnitude of the normal-
state gap are very similar to the superconducting state gap, indicating that the two gaps may have a
common origin in a pairing interaction. [S0031-9007(97)03519-9]

PACS numbers: 74.72.Hs, 71.18.+y, 74.25.Jb, 79.60.Bm

A central issue in the physics of high- superconduc- A roughly parabolic dependenceBfon(x + y) has been
tivity is the role of coupling between the two-dimensional observed [8]. Our optimally doped crystalg. (= 29 K)
copper-oxygen planes in producing superconductivitycome from substituting La= 0.35 for Sr. With no La
The T. of these materials tends to increase with thesubstitution, BfSr ratios of 2.31.7 and 2.11.9 give the
number of layers per unit cell. It is currently an openunderdoped samples withi. < 4 K and the overdoped
question whether the superconducting state order paramsamples withil. = 8 K, respectively. The transition tem-
ter symmetry will be the same in one-layer and the morgeratures were taken as the zero resistance values and
strongly coupled two-layer compounds. Angle-resolvedconfirmed by SQUID magnetization measurements. The
photoemission spectroscopy (ARPES) has the potential tmansition widths are less than 2 K. The resistivity curves
resolve this issue since it is able to measure directly thgive linear? behavior for the optimally doped samples
anisotropy of the superconducting state gap (the magnitud@], positive curvature for the overdoped samples typical
of the order parameter). In the two-plane material3i-  of other overdoped cuprates, and lindadependence for
CaCuy0Og4 5 (Bi2212), the gap was found by ARPES to be the underdoped samples with an upturn at Bw
highly anisotropic and consistent withda.—,. order pa- The angle-resolved photoemission measurements were
rameter [1,2]. We report measurements of the one-planearried out in two different ARPES systems for all types
material Bi2201 that show a similarly large anisotropyof samples, giving consistent results. In one case the pho-
with a smaller overall gap magnitude. ton source is unpolarized with 21.2 eV photons and a to-

In underdoped Bi2212, ARPES measurements hav&al resolution of 20 meV FWHM, while in the other case
shown that the anisotropic gap persists well abbvE3,4], 22.4 eV linearly polarized photons were used with a reso-
consistent with many other experiments that have showtution of 35 meV FWHM. The spectra in the figures came
a pseudogap or spin gap in the normal state of cupratitom the second (35 meV) system, while data in Fig. 3,
superconductors [5]. Current evidence for the normalshown below, came from both systems. The analyzer ac-
state gap in one-plane materials is much weaker than ioeptance angle was1°, corresponding to &-space win-
two-plane materials, and its existence is controversial [6]dow of radius).0457 /a or 0.037 A~!'. Base pressures of
Our results show a clear normal-state gap up to higlthe vacuum systems we#dex 10~ !! torr, and Fermi en-
temperatures in optimally doped and underdoped Bi220lrgies were determined from a reference Au film. Low
but not in overdoped Bi2201. energy electron diffraction (LEED) measurements con-

Single crystal samples of Bi,Sh-(.+,)La,CuGs;s firm the quality of the UHV-cleaved surfaces and show a
were grown using a floating zone method, and for compariBi-O plane superstructure that is well known in Bi-based
son by a self-flux method. X-ray scattering confirms thatcuprates.
the crystals are single-phase Bi2201, and electron-probe Fermi surface (FS) crossings were determined from at
microanalysis was used to measure the atomic ratios of tHeast 5k-space cuts in one octant of each Bi2201 sample.
cations. Substitution of trivalent La or Bi for divalent Sr Two cuts along high symmetry lines are plotted for three
reduces the hole concentration in the Gylanes. The ef- samples with different doping levels in Fig. 1. The data
fect of La doping goes beyond changing the carrier densitgonsist of energy distribution curves (EDCs) taken in the
[7], however, and raises the maximumfrom 10 to 30 K.  normal stateat fixedk, determined by the angles between
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FIG. 1. Normal-state ARPES spectra for underdop&d < 4 K), optimally doped T. = 29 K), and overdoped 7(. = 8 K)
Bi2201, measured & = 100, 60, and 60 K, respectively. The left panels for each doping show spectra alohg thespace cut
while the right panels show th&@Y cut. The rightmost panel shows the strong change in linewidth with doping,&.(
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the sample normal and electron analyzer. A number o€hange. In Bi2212, the linewidths of underdoped samples
nearly equivalent criteria can be applied to finding theare very broad, but sharp, resolution-limited peaks still ap-
positions of FS crossings alongspace cuts, such as pear belowr,, indicating impurity scattering is not domi-
identifying the point where the peak intensity decreasesant in these systems [4].
by one-half in going from occupied to unoccupied states, We next turn to the important issue of the superconduct-
or where the leading edge midpoint of the spectral weighing state gap. As mentioned above, the shift in the leading
comes closest t&r. The latter (leading edge midpoint edge midpoint may be used to characterize an excitation
position) is useful because it is also a measure of a gagap. In the overdoped case, no gap is observable within
in the excitation spectrum when it fails to reagh [1].  our resolution. This can be seen from the spectra on the
The measured Fermi surface in our samples is similar t&S taken from thd’Y and MY cuts (Fig. 2). The lead-
previous work on overdoped Bi2201 [9] showing a largeing edges of both overdoped spectra coincide. Since the
hole pocket centered onr( 7). We find that over a wide BCS gap foT. = 8 Kisonly 1.5 meV, itis not surprising
range of doping, there is little change in the FS and ndhat the gap is too small to be seen within our error bars
indication of a FS topology change. of £2 meV. In the optimally doped samples, however,
The cuts in Fig. 1 are along (0,0) ter(7) [I'Y cut] we observe a clear and reproducible gad ®f+ 2 meV,
and @r,0) to (7, 7) [MY cut]. TheTY cuts (left pan- in rough agreement with point contact tunneling measure-
els) show the largest energy dispersion and clear FS crosstents on ceramic samples of similar composition [10].
ings in the vicinity of (0.47,0.47). (We plotT'Y instead The gap is anisotropic, with a maximum on th&y cut
of I'X because there is less complication from superii.e., near {r,0)] and a minimum consistent with O on the
structure effects.) Th&lY cuts (right panels) show much T'Y cut45° away. Comparing these two extremes (Fig. 2)
less dispersion, but FS crossings can still be seen neahows the shiftin leading edge position quite clearly. Fur-
(7,0.257r). The most striking change with doping occurs thermore, we have reproduced the same gap value within
in the line shape. As the hole doping increases, the linerror bars on 3 other samples. Interestingly, the gap per-
shape becomes much narrower, indicating that the imagsists into the normal state with no noticeable diminution.
nary part of the excitation’s self-energy has dramaticallyin the underdoped sample, the leading edges are not as
decreased. Only the overdoped Bi2201 sample approachsbarp, but a reproducible gap @f= 3 meV maximum
Fermi-liquid-like behavior with well-defined quasiparticle magnitude is still evident.
excitations. The linewidth atA, 0) is especially sensitive The measured Bi2201 superconducting state line shape
to doping, as shown in the rightmost panel. The underdiffers from that of Bi2212 because it lacks the “peak and
doped sample barely has a peak at all, while the overdopeatip” feature. In Bi2212, the sharp peak is-atl0 meV
sample has a large peak that is nearly resolution limitechinding energy, followed by a dip that extends to
Disorder may play a role in the trend of these normal-state-90 meV [11]. If the features scale in energy with the
spectra, assuming that Matthiessen'’s rule holds, since ttgap [12], then the factor of 3 decrease for Bi2201 would
residual resistivity increases from the overdoped to the unmake them difficult to resolve. It is also possible that
derdoped crystals. The residual resistivity ratio [formingimpurity scattering plays a role in obscuring any line
R(300 K)/R(0 K) by extrapolating to 0 K] is 3.7 for the shape change. Instead of a sharp peak and dip, our spectra
overdoped case, 2.4 for optimal, and 2.0 for underdopedshow a moderate linewidth narrowing beld@y (Fig. 2).
However, the similarity to the trend of linewidth in Bi2212  To explore the gap anisotropy, we took a number of
suggests that doping is the primary cause of the linewidttt-space cuts between tHeY and MY cuts of Fig. 1 on
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FIG. 3. Leading edge midpoint shifts fromiz for samples
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FIG. 2. ARPES spectra at FS crossings for the maximum

[near @r,0.257)] and minimum [near {.47,0.47)] gaps for

the crystals of Fig. 1. Shifts in the leading edge midpoints

indicate an anisotropic gap, as in the = 2 meV shift between Weakening the interlayer coupling more clearly reveals the

the arrows for thd'. = 29 K samples af’ = 9 K. The spectra intrinsic single-plane gap. The highly anisotropic gap in

are normalized to give the leading edges equal height in ordegi»201 is consistent with an underlying:_,>» symmetry

to show the shifts between them. . . . J . ’
perhaps with some residual interlayer pair tunneling.

Our results mesh well with the tricrystal experiments of
the same samples. The leading edge shifts representifigueiet al. carried out on the single-plane cuprate TI2201.
the excitation gap for two optimally doped Bi2201 samplesThe half-integer flux quanta observed in the supercon-
are plotted vs0.5|cosk.a — coskya| both below and ducting state indicate a sign change in the order parame-
well above T, in Fig. 3. On this plot, ad.»—,> gap ter [17]. Thus the intrinsic interaction in a single plane
would be a straight line through the origin. The curvesfavors d-wave pairing, while the overall increase in gap
show considerable flattening near the origin comparednagnitude from Bi2201 to Bi2212 by a factor of 3 may in-
to a pristined-wave gap, suggestive of either the effectdicate that interlayer coupling enhances the gap [13,14,16].
of interlayer tunneling matrix elements [13,14] or pair Even in Bi2201 the gap magnitude greatly exceeds the
breaking due to impurities [15]. BCS prediction of 4.4 meV foff, = 29 K (the leading

A central purpose of the present study was to determinedge midpoint shift tends to underestimate the gap).
whether the superconducting state gap anisotropy persistslt is important to consider whether disorder and impuri-
as the Cu@ planes are increasingly isolated from eachties cause the gap to be smaller in Bi2201 than in Bi2212.
other. Our observation of a strongly anisotropic gapThe residual resistivity ratio (RRR) is 2.4 for optimally
in Bi2201 indicates that it does, since Bi2201 has adoped Bi2201, a rather low value that indicates substan-
large separation between Cu@lanes (12.3 A compared tial impurity scattering. However, some thin films of Dy-
to 3.3 A for Bi2212), a hugec-axis resistivity p. =  doped Bi2212 have even smaller RRRs, and they show no
30 Q2 cm at 50 K [8]), and nonmetallic intervening Bi-O reduction in gap magnitude [4]. Thus the lower gap mag-
layers. A theoretical model that may be relevant to oumitude in Bi2201 is most likely intrinsic.
findings is the interlayer tunneling (ILT) model [13], since The measurements of a normal-state gap in Bi2201
it addresses the effect of interplanar coupling on the gafFigs. 2 and 3) show that the pseudogap can exist in a one-
magnitude and anisotropy. In the ILT model, $ignof  plane material. A pairing enhancement based on interlayer
the order parameter is determined by the in-plane pairinguperexchangé, , suggested for bilayer materials [6,18],
kernel, which acts as a symmetry breaking field in the spaceill be absent in Bi2201 because of the large distance be-
of order parameter symmetries [14,16]. However, thgween CuQ planes and the geometric frustration induced
anisotropy ingap magnitudés dominated by the effect of by the staggering of Cu sites along thexis. As in the
interlayer matrix elements [13,14] whéh is high. Thus case of Bi2212 [3], the similarity in gap anisotropy and
small s-wave ord-wave in-plane pairing kernels in the magnitude above and beldl suggests that the two gaps
presence of strong interlayer coupling would give nearlyare related and that pairing occurs well abdvye Fur-
identical results in ARPES gap magnitude measurementgher evidence for this point of view has come from low
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