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The question of the anisotropy of the electron scattering in high temperature superconductors is
investigated using high resolution angle-resolved photoemission data from Pb-doped Bi2Sr2CaCu2O8

(Bi2212) with suppressed superstructure. The scattering rate of low energy electrons along two bilayer-
split pieces of the Fermi surface is measured (via the quasiparticle peak width), and no increase of
scattering towards the antinode ��; 0� region is observed, contradicting the expectation from Q �
��;�� scattering. The results put a limit on the effects of Q � ��;�� scattering on the electronic
structure of this overdoped superconductor with still very high Tc.
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FIG. 1 (color). Panel (a) of this figure shows raw ARPES data
along the �-Y scan. In panel (b), we plot data for the parallel
cut 10� off the �-Y direction. In panel (c), an eightfold
symmetrized map of the spectral intensity at 12 meV binding
energy in superconducting Bi2212 is presented. This map is
representative of the Fermi surface situation in Bi2212. The
lower right quadrant of the Brillouin zone in panel (c) identifies
well-resolved pieces of the Fermi surface in overdoped
Pb-doped Bi2212 with suppressed superstructure. As

the bonding band Fermi surface (blue) and the antibonding
band Fermi surface (red).
The momentum dependence of the ‘‘quasiparticle’’
width along the Fermi surface is a very sensitive test of
the scattering processes in cuprates, which is ultimately
important to understand its superconducting mechanism.
In the underdoped regime in p-type cuprates [1–4], it has
been shown in many systems that the spectra near ��; 0�
is particularly broad. This anisotropy is generally attrib-
uted to spin scattering centered at Q � ��;��, that for
p-type cuprates in the k space connects ��; 0� to �0; ��
points of the Brillouin zone —the Fermi surface ‘‘hot
spots.’’ In optimal and overdoped n-type materials, the
Q � ��;�� vector also connects Fermi surface points,
and corresponding hot spots were recently reported in
Nd1:85Ce0:15CuO4 (NCCO) [5]. The Q � ��;�� scattering
and its broadening of the ��; 0� spectra exhibit itself most
strongly in the undoped insulator [6,7]. There is a general
agreement that insulating behavior in the undoped system
results from a strong electron-electron correlation effect
which is also intimately related to antiferromagnetic
interactions peaked at Q � ��;��. Hence, an anisotropy
in peak width which increases towards ��; 0� in p-type
materials is a hallmark of the impact on the electron
dynamics by Q � ��;�� antiferromagnetic interaction.
Since this effect is generally expected on theoretical
grounds and is seen in many materials, it remains true
despite two technical problems complicating the analysis
of the Bi2212 data near ��; 0�. One is the superstructure,
and the other is the recently realized bilayer splitting [8–
11] that strongly influences the near ��; 0� spectra when it
is unresolved.

The scattering anisotropy in overdoped p-type samples
has hardly been studied, other than a brief discussion of
Bi2212 in [1], and the resolution was not good enough for
quantitative analysis. In this Letter, we present the first
results of scattering rate measurements along the two
0031-9007=02=89(16)=167002(4)$20.00 
shown in Fig. 1, these samples and experimental setup
allow clear observation of the two bilayer-split Fermi
surfaces using angle-resolved photoemission spectros-
copy (ARPES) [10]. We performed measurements above
and well below the superconducting transition tempera-
ture to measure the widths of the quasiparticle peaks
along the two resolved Fermi surface pieces and found
that the scattering rate does not increase towards ��; 0�.
This contradicts what is expected from Q � ��;�� scat-
tering, indicating that the hot spot has already turned
cold at this doping level. This strongly suggests that any
magnetic excitations near Q � ��;�� would have mini-
mal effect on the quasiparticle dynamics, consistent with
[12,13], but inconsistent with [14–17]. This finding in a
sample with Tc as high as 70 K puts a very strong con-
straint on theory. In particular, it shows that the Q �
��;�� magnetic resonance mode cannot be the driving
force for pairing.
2002 The American Physical Society 167002-1



VOLUME 89, NUMBER 16 P H Y S I C A L R E V I E W L E T T E R S 14 OCTOBER 2002
ARPES data have been recorded at beam line 10.0.1 of
the Advanced Light Source utilizing 22 eV photon energy
in 4� 10�11 Torr or better vacuum. The sample was kept
in the fixed position relative to the beam polarization, and
the analyzer was rotated. The beam polarization was in
the sample plane perpendicular to the �-Y direction, with
the beam nearly at grazing incidence with the sample
surface. We used a Scienta SES 200 analyzer in the angle
mode, where cuts parallel to the �-Y direction were
carried out. Momentum resolutions were �0:004 �A�1

along the cut and �0:011 �A�1 perpendicular to the cut,
and the energy resolution was 14 meV. The overdoped Pb-
doped Bi2212 (Tc � 70 K) was grown using the floating-
zone method. The Fermi energy was obtained from the
energy distribution curves (EDCs) of polycrystalline Au.

Panel (a) of Fig. 2 shows the photoemission intensity
map taken at the Fermi level at 20 K, well below the
superconducting transition temperature of 70 K. One can
clearly see two Fermi surface pieces, which coincide
along the diagonal direction [�0; 0�-�1; 1� in the units of
��=a�], and separate significantly at �1; 0�, as expected
from the interaction between two adjacent CuO2 planes
[18]. The clearly resolved bilayer splitting and the sup-
pressed superstructure effect near the ��; 0� region (due
to Pb doping) make the following analysis possible.

Crosses on the map in panel (a) indicate momentum-
space points where spectra shown in panels (b)–(e) were
taken. Blue spectra in panels (b)–(e) are taken along the
bonding Fermi surface at the b1–e1 points of panel (a).
One sees that on going along the bonding Fermi surface
spectra does not change significantly. The width of the
peak appears almost constant independent of the position
in momentum space, strongly hinting that the quasipar-
FIG. 2 (color). In this figure data collected at 20 K is shown.
Panel (a) shows the spectral intensity at the Fermi level.
Crosses indicate locations in momentum space of the cuts
shown in panels (b)–(e). Blue spectra come from the bonding
band, while red spectra come from the antibonding band.
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ticle scattering rate is more or less isotropic [19]. Red
spectra in panels (b)–(e) are taken along the antibonding
Fermi surface at b2–e2 points in panel (a). Here the
structure is more complex, but it is clear that it can be
reproduced by two features: a peak at the Fermi level and
a feature that disperses to higher binding energy as one
moves from the �0; 0�-�1;�1� direction toward the
�0; 0�-�1; 0� direction. The former comes from the anti-
bonding band at the Fermi surface, and the latter results
from the bonding band [8–10]. It is interesting to note that
the low energy antibonding band peak is very similar to
the bonding band peak at the Fermi surface. By plotting
spectra from both bands in one graph, we see that the low
energy signal is similar for both Fermi surfaces.

Figure 3 plots the data at 100 K, well above the super-
conducting transition temperature of 70 K. Again,
panel (a) shows the intensity map at the Fermi level,
while panels (b)–(e) show individual spectra along the
two Fermi surfaces. Similar to the results of Fig. 2,
the bonding band gives rise to one-peak structure at the
Fermi level. The antibonding Fermi surface results can be
represented as the sum of the low energy peak, similar to
the peak from the bonding band, and the dispersing
higher energy feature, as illustrated in panels (b)–(e).

To address the above discussion in more detail, we use
several ways to compare in detail the spectral widths
along the Fermi surfaces. We use the EDC rather than
momentum distribution curve (MDC) widths to deter-
mine the scattering rate. It is reasonable in this case,
because the peaks are relatively sharp and we are mainly
interested in relative change with momenta, not necessa-
rily the absolute value. Further, the flat band near ��; 0�
FIG. 3 (color). In this figure data collected at 100 K is shown.
Panel (a) shows the spectral intensity at the Fermi level.
Crosses indicate locations in momentum space of the cuts
shown in panels (b)–(e). Blue spectra come from the bonding
band, while red spectra come from the antibonding band.
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makes MDC peaks very broad and extracting width data
is very complicated.

In Fig. 4 we plot the EDCs along the two Fermi
surfaces with energy scales shifted to align all the peak
positions, because we are only interested in peak widths.
Panels (a) and (b) show normal state spectra. EDCs along
the bonding band are shown in panel (a). The bottom
spectra corresponds to the EDC at the Fermi surface
closest to the �-Y line (� � 45�) while the topmost
spectra corresponds to the EDC closest to the �-M line
(� � 0�), as indicated by the black arrows in the inset.
While the shape of the EDCs is complicated by the
presence of the high energy hump due to the antibonding
band, this does not effect the low energy part of the
spectra, and we can use that part to estimate peak width
change with angle by measuring the distance from the
leading edge position to the peak position. The change in
the peak width along the Fermi surface can be visually
represented by the distance separating the two lines con-
necting the peaks and midpoints of the curves. One
clearly sees the decrease in the peak width on going
away from the node. In panel (b) we show the EDCs
along the antibonding band. Again, we represent the
change in peak widths along the Fermi surface by the
distance between the two lines, and again we see a de-
crease in the peak width on going away from the node,
similar to panel (a). In panels (c) and (d) we plot corre-
spondingly bonding band and antibonding band EDCs
FIG. 4 (color). In this figure EDCs along the two Fermi surfaces a
peak positions. Panels (a) and (b) show normal state spectra. EDCs
stacked bottom up in the direction from nodal direction towards th
illustrated in the insets. EDCs along the antibonding band are show
spectra. Panels (c) and (d) show superconducting state spectra on th
(b). Panel (c) shows bonding band spectra, while panel (d) shows an
maximum (FWHM) of the bonding band peaks. Normal state data
plotted in filled blue squares. FWHMs are plotted as a function of �
particular Fermi surface point to �, defined in the insets in panels
band peaks. Three panels correspond to three different width extrac
in open red squares and superconducting state data is plotted in fi
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from the Fermi surfaces in the superconducting state.
The spectra cover the same parts of Fermi surfaces as
EDCs in panels (a) and (b). Both bonding and antibonding
bands show no increase towards M point.

To further quantify the width data, we model the
bonding band spectra near the Fermi surface by the
sum of a Lorentzian peak to represent A� ~kk;!� and a
smooth function to represent inelastically scattered elec-
trons (the results are insensitive to the form of the smooth
function — we used parabola here, but linear and other
functions work as well). This sum is then multiplied by
the resolution-broadened Fermi function, where the
chemical potential is a fitting parameter. A constant is
added to the result to represent the signal from higher
order photons. In fitting the antibonding band spectra, we
simply add another Lorentzian to represent the bonding
band hump. We present the widths from the fits of the
bonding band spectra in the inset of panel (c) in Fig. 4.We
see a clear trend, universal for both temperatures — the
decrease in peak widths on approaching the � � 0 line.
Normal state data is plotted in open red squares and
superconducting state data is plotted in filled blue
squares. There are no data points close to � � 0 line,
because the bonding band does not come very close to the
�-M line. Beyond the �20� lines the bands are very close
together, and the data points acquire large error bars,
mostly coming from identifying the correct Fermi sur-
face, and identification of the two overlapping features is
re shown. Energy scale was shifted by constants to align all the
along the bonding band are shown in panel (a). The spectra are

e ��; 0� point so that the scan near the antinode is on the top, as
n in panel (b). Inset in panel (b) illustrates the stacking order of
e Fermi surface. Stacking order is the same as in panels (a) and
tibonding band spectra. Inset in panel (c) shows full width half
is plotted in open red squares and superconducting state data is
, the angle between the �-Y direction and the line connecting a

(a) and (b). Inset in panel (d) shows FWHM of the antibonding
tion methods. As in the inset in (c), normal state data is plotted
lled blue squares as a function of �.

167002-3



VOLUME 89, NUMBER 16 P H Y S I C A L R E V I E W L E T T E R S 14 OCTOBER 2002
thus unreliable. In the leftmost inset of panel (d), we plot
the antibonding peak widths from the fits described
above. We see a decrease of the widths near M in the
normal state. In the superconducting state there appears to
be a shallow minimum at M, but the results are resolution
limited. While the decrease in width towards �; 0 is less
clear here, there is certainly no increase as expected from
Q � ��;�� scattering.

We have performed peak width measurements in two
different Brillouin zone quadrants. The data in the insets
of panels (c) and (d) in Fig. 4 comes from quadrant I,
Ky � �1 to Ky � 0 (negative �), and quadrant II, Ky � 0
to Ky � 1 (positive �). The same trend in the data from
the two quadrants shows that the effects of remnant
superstructure on the peak widths is negligible, because
the superstructure effects are very different in the two
quadrants.

To check whether our results are fitting model depen-
dent, we plot in two more insets of panel (d) widths ex-
tracted in two more ways. In the middle panel, we plot the
widths we obtained from fitting the antibonding data with
the formula after [20] developed for the Bi2212 peak-
dip-hump spectra. In the rightmost panel, we plot the
widths after measuring the distance from the leading
edge midpoint to the peak. We see that all methods of
data analysis give the same result — they show no width
increase towards the ��; 0� region. Taking into account
nonuniform angular acceptance function of the electron
analyzer does not change this result [21]. The lack of
increase in the peak widths on approaching the ��; 0�
point demonstrates negligible effects of the Q � ��;��
scattering, because the Q � ��;�� scattering would lead
to an increase in the widths near ��; 0�, at the intersection
of the Fermi surface with the ��; 0�-�0; �� line. This result
contrasts sharply to the insulator [6,7] and underdoped
[1–4] p-type case results and the NCCO n-type [5] result.

Anistropic inelastic spin scattering, referred to as a
magnetic mode, was observed by neutron scattering mea-
surements in several families of high temperature super-
conductors [22–25]. Some groups interpreted ARPES
spectral features even in overdoped samples as resulting
from the effect of the mode on the electronic structure
[14,16,17]. This in turn invoked the possibility of cou-
pling to magnetic mode as the pairing mechanism for
superconducting electrons [14–16,26]. However, our re-
sults demonstrate that the effect of the Q � ��;�� scat-
tering in overdoped samples with high Tc (70 K) is
negligible. This rules out scenarios that use the resonant
magnetic mode as the pairing mechanism.
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