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We have performed angle-resolved photoemission and core-level x-ray photoemission studies of
the single-layer cuprate Bi2Sr2−xLaxCuO6+δ (Bi2201) and revealed the doping evolution of the elec-
tronic structure from the lightly-doped to optimally-doped regions. We have observed the formation
of the dispersive quasi-particle band, evolution of the Fermi “arc” into the Fermi surface and the
shift of the chemical potential with hole doping as in other cuprates. The doping evolution in Bi2201
is similar to that in Ca2−xNaxCuO2Cl2 (Na-CCOC), where a rapid chemical potential shift toward
the lower Hubbard band of the parent insulator has been observed, but is quite different from that
in La2−xSrxCuO4 (LSCO), where the chemical potential does not shift, yet the dispersive band
and the Fermi arc/surface are formed around the Fermi level already in the lightly-doped region.
The (underlying) Fermi surface shape and band dispersions are quantitatively analyzed using tight-
binding fit, and the deduced next-nearest-neighbor hopping integral t′ also confirm the similarity to
Na-CCOC and the difference from LSCO.

I. INTRODUCTION

How the electronic structure of the antiferromagnetic
insulator evolves into that of the superconductor with
hole doping in the high-Tc cuprates has been a major
and fundamental issue in condensed-matter physics. In
the doping range where the insulator-to-superconductor
transition occurs, dramatic changes occur in the thermo-
dynamic and transport properties1,2,3,4,5, and exotic phe-
nomena such as the pseudogap6,7, Fermi “arc”8,9,10,11,
stripe order12,13 and 4a×4a order9,14 have been reported.

So far systematic angle-resolved photoemission
(ARPES) studies on the doping evolution from
the lightly-doped to underdoped regions have been
performed only for the two single-layer cuprate
families La2−xSrxCuO4 (LSCO)8,15,16,17,18 and
Ca2−xNaxCuO2Cl2 (Na-CCOC)9,16,17,19,20,21. These
studies have revealed several common features such as
the evolution of the pseudogap in the antinodal region
and the Fermi “arc” in the nodal region. From these
studies combined with chemical potential shift measure-
ments using core-level photoemission spectroscopy22,23,
two different kinds of doping evolution have emerged.
In LSCO, upon hole doping, the quasiparticle (QP)
peak immediately appears around the Fermi energy

(EF ) while the chemical potential µ (namely, the EF

position) is pinned in the underdoped region. The
formation of such metallic dispersion with slight doping
in LSCO has been demonstrated by Sahrakorpi et
al.24. The lower Hubbard band (LHB) stays away
from µ. In Na-CCOC, the chemical potential is shifted
toward the LHB upon hole doping and further doping
continues to lower the chemical potential into the LHB,
creating the QP band and the Fermi arc/surface. The
question of why LSCO and Na-CCOC exhibit such
contrasting behaviors has not been understood. It has
been suggested that the next-nearest-neighbor hopping
integral t’ plays an important role in the different
band dispersions, Fermi surface shapes and chemical
potential shifts of LSCO and the double-layer cuprates
Bi2Sr2CuCu2O8+δ (Bi2212)25,26,27,28. In fact, different
t’ values are fundamentally important to understand the
material dependences of the cuprates as theoretically
suggested26,28,29. In order to elucidate the origin of the
differences between LSCO and Na-CCOC and those
between LSCO and Bi2212, studies of other single-layer
cuprates that cover a wide doping range are necessary.
In this study, therefore, we have performed ARPES
and core-level x-ray photoemission (XPS) studies on
another single-layer cuprate system Bi2Sr2−xLaxCuO6+δ
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TABLE I: Chemical compositions x, hole concentration p
and Tc of Bi2Sr2−xLaxCuO6+δ samples studied in the present
work.

x p Tc (K)
0.96 0.05 -
0.92 0.07 -
0.91 0.07 -
0.80 0.10 -
0.63 0.12 14
0.50 0.14 24
0.40 0.16 34
0.20 0.18 25

(La-doped Bi2201) and compared the result with those
of LSCO and Na-CCOC.

In La-doped Bi2201, as the La concentration x in-
creases, the hole concentration p decreases, as deter-
mined by the room-temperature Hall coefficient1. For p
>0.04, Bi2201 shows metallic in-plane resistivity at room
temperature, similar to other high-Tc cuprates. For p
<0.04, Bi2201 shows insulating behavior even at room
temperature2, stronger tendency toward charge localiza-
tion than LSCO and YBa2Cu3O7−δ (YBCO)3. The elec-
trical resistivity of lightly doped Bi2201 (p <0.10) shows
divergence at low temperatures despite the metallic resis-
tivity at room temperature. Since the hole concentration
of Bi2201 can be changed from p = 0.03 to 0.18, one can
study the doping dependence of the electronic structure
from the lightly-doped to slightly overdoped regions in or-
der to address the above important issues, although the
undoped p = 0 sample is difficult to synthesize. There-
fore, the measurements of chemical potential shift and
ARPES in Bi2201 and subsequent comparison of the re-
sults with those of LSCO and Na-CCOC are expected to
uncover the universal versus material-dependent proper-
ties in the doping evolution of the electronic structure.

II. EXPERIMENT

High quality single crystals of La-Bi2201 were grown
by the floating zone (FZ) method. Details of the sample
preparation are described elsewhere1,2. The La concen-
trations x, p and Tc of the measured samples are listed
in Table I. The p ∼ 0.10 sample was on the border of the
insulator-to-superconductor transition.

ARPES measurements were performed at beamline 5-4
of Stanford Synchrotron Radiation Laboratory (SSRL),
using a SCIENTA SES-200 analyzer with the total en-
ergy resolution of ∼15 meV and the angular resolution
of 0.3 degree. Measurements were performed with the
photon energy hν = 19 eV and the polarization angle
(π/4) to the Cu-O bond. The sample temperature was
∼10 K, which was below Tc of the p ∼ 0.12 sample. The
samples were cleaved in situ under an ultrahigh vacuum
of 10−11 Torr. The Fermi edge of gold was used to de-

termine the EF position and the instrumental resolution.
ARPES measurements were also performed at beamline
28A of High Energy Accelerator Research Organization-
Photon Factory (KEK-PF), using a SCIENTA SES-2002
analyzer with the total energy resolution of ∼25 meV
and the angular resolution of 0.3 degree. Measurements
were performed with the photon energy hν = 55 eV and
the circular polarization. The sample temperature was
∼ 15 K. Samples were cleaved in situ under an ultrahigh
vacuum of 10−10 Torr.

XPS measurements of core levels were performed us-
ing a SCIENTA SES-100 analyzer and an x-ray source of
the Mg Kα line (1253.6 eV) with the total energy res-
olution of ∼ 800 meV. The detailed experimental setup
is described elsewhere22. Measurements were performed
at 100 K. Samples were cleaved in situ in 10−10 Torr to
obtain clean surfaces.

III. RESULTS AND DISCUSSION

A. Doping evolution of (underlying) Fermi surface

In Fig. 1(a)-(e), spectral weight within the EF ± 30
meV window is plotted in k-space for each doping level,
showing the evolution of the Fermi arc/surface with dop-
ing. All the intensities have been normalized to the sec-
ond order light of the monochromator above EF . A set
of Fermi momenta kF , which define the Fermi surface
and the “underlying” Fermi surface, has been determined
from the peak positions of the momentum distribution
curves (MDC’s) at EF , and is plotted by open circles in
the same panels. Where a gap or a pseudogap is opened,
kF has been determined by extrapolating the MDC peak
to EF . As shown in Fig. 1, the Fermi “arc” grows with
doping. For the insulating p = 0.05, although a gap is
opened on the entire Fermi surface, one can see a tiny
intensity around the node due to the finite integration
window. For p = 0.07, which is still insulating, the in-
tensity around the node becomes higher than that for p
= 0.05. For further hole doping, the EF intensity around
the node increases, the actual Fermi “arc”, where the QP
peak crosses EF , appears around the node at p = 0.10.
The arc length becomes longer in going to the super-
conducting p = 0.12 sample. Although the overall pic-
ture of the doping evolution of the Fermi arc is similar
to those of both LSCO10,15,18 and Na-CCOC9, the de-
tails are more similar to that of Na-CCOC than to that
of LSCO. In LSCO, a distinct Fermi arc with the EF

crossing of the QP peak appears already in the lightly-
doped non-superconducting x = 0.03 sample8, and this
metallic feature with slight hole doping has been sim-
ulated theoretically24. On the other hand, in the non-
superconducting samples of Bi2201 (p = 0.05, 0.07), the
Fermi arc cannot be well defined because of the nodal
gap opening as in Na-CCOC (p = 0.05)17.

The kF positions for all doping levels are overlaid in
Fig. 1(f). One can see that the hole-like Fermi surface
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FIG. 1: (Color online) Doping dependence of the Fermi sur-
face and “underlying” Fermi surface in Bi2201. (a)-(e) k-
space mapping of spectral weight at EF ±30 meV window
from lightly-doped to optimally-doped Bi2201 measured in
the second Brillouin zone (BZ). Super structures due to the
Bi-O modulation are noted in the panels as SS. Blue open
circles indicate the kF positions determined by the peak po-
sitions of MDC’s, both from the first and second BZ’s. Red
curves show the results of tight-binding fit described below.
(f) Doping dependence of the kF positions, i.e., of the (un-
derlying) Fermi surface. (g) Doping dependence of the Fermi
momentum kF in the nodal (0, 0)-(π, π) direction. (h) Ap-
parent doping level defined by pF S = 2SF S/SBZ − 1. pF S =
p if Luttinger’s sum rule is fulfilled. Data for Na-CCOC (Ref.
9) and LSCO (Ref. 10) are also plotted.

(or underlying Fermi surface) is uniformly expanded with
hole doping, quite different behavior from LSCO [Ref. 10,
reproduced in Fig. 5(d)]. The doping dependence of the
kF position in the nodal direction is plotted in Fig. 1(g)
together with those for LSCO10 and Na-CCOC9. While
kF becomes smaller (closer to the Γ point) with doping in
every system, kF for Na-CCOC shows the strongest p de-
pendence and approaches (π/2, π/2) with underdoping9

while that for LSCO shows the weakest p dependence
and does not approach (π/2, π/2) with underdoping10.
The p dependence of kF for Bi2201 is strong as in the
case of Na-CCOC, but different from LSCO. As we shall
see below, in Bi2201 and Na-CCOC22, the chemical po-
tential is shifted upon hole doping, approaches the top
of the LHB, while in LSCO10,23, it stays away from the
LHB in the underdoped region. Thus, kF for Bi2201 and
Na-CCOC9 show continuous shifts with doping from that
of the antiferromagnetic parent compound, ∼ (π/2, π/2),
while in LSCO10, for a slight amount of hole doping (x =
0.03), kF is already at ∼(0.44π, 0.44π), away from anti-
ferromagnetic BZ, and then shows only a weak doping de-
pendence. This suggests that, in Bi2201 like Na-CCOC,
the Fermi arc/surface evolve continuously from the top
of the LHB, unlike LSCO, where the Fermi arc/surface
is formed away from the LHB.

We also examine the doping dependence of the (un-
derlying) Fermi surface volume and compared it with
those of LSCO10 and Na-CCOC9 as shown in Fig. 1(h).
Here, the precise Fermi surface volume SFS has been es-
timated using the tight-binding (TB) fit to the kF points,
and the apparent doping level pFS is deduced by pFS=
2SFS/SBZ-1, where SBZ = 4π2/a2 is the area of the
Brillouin zone. In this definition, pFS = p means that
Luttinger’s sum rule is fulfilled30. In LSCO, Luttinger’s
sum rule is approximately satisfied as shown in Fig. 1(h)
(Ref.10), however, the figure shows that pFS for Bi2201
significantly deviates from pFS = p unlike LSCO10 but
similar to Na-CCOC9. In Bi2201 and Na-CCOC9, there-
fore, there is a clear deviation from Luttinger’s sum rule
if the present definition of the (underlying) Fermi surface
is employed. Because in the underdoped region, there is
a pseudogap, namely, there is no full Fermi surface, it
is not obvious whether Luttinger’s sum rule should be
fulfilled or not. The deviation of pFS from p has been
suggested by numerical simulations30,31, which may ex-
plain the present results. Here, the simulations have been
done within renormalized mean field theory and it has
been suggested that the sign of the deviation from p is
related to the Fermi surface topology.

B. Doping evolution of chemical potential

The doping evolution of the ARPES spectra along the
nodal (0, 0)-(π, π) direction from the lightly-doped to
underdoped Bi2201 are shown in Fig. 2. Panels (a)-(d)
show energy distribution curves (EDC’s) and panels (e)-
(h) show energy-momentum (E-k) intensity plots. The
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peaks in MDC’s marked by black curves represent the
“QP band” dispersion. For the most lightly-doped p =
0.05, the intensity around EF is very weak and there is no
QP band crossing the chemical potential. The LHB posi-
tion determined from the second derivative of the EDC’s,
as in the previous work on Na-CCOC19, is marked in pan-
els (a)-(d). The top of the LHB is located at ∼ -0.25 eV
in the p = 0.05 sample. As the doping level increases, the
LHB approaches EF and the intensity around EF grad-
ually increases. For p = 0.10 and 0.12, the QP reaches
EF and crosses it as shown in Fig 2(g) and (h).

In order to clarify the relationship between the shifts of
the LHB, the QP band and the chemical potential µ with
hole doping, we plot in Fig. 2(i) µ and the QP dispersion
referenced to the LHB. That is, the positions of the LHB
and the QP band have been shifted vertically so that
the top of the LHB is aligned. One can clearly see that
the chemical potential gradually moves downward with
doping. Interestingly, the QP band did not move with
doping in this plot, meaning that the QP band struc-
ture exhibits a rigid-band behavior as in the case of Na-
CCOC19. Also, the Fermi velocity is almost constant, vF

= 1.8 eVA−1, similar to the previous studies on LSCO10

and Na-CCOC19, reflecting the “universal nodal Fermi
velocity”32. The shift of µ relative to the LHB in Bi2201
is as fast as that in Na-CCOC19 and is much faster than
that in LSCO8 as plotted in Fig. 2(j).

In order to deduce the chemical potential shift with
respect to a more stable reference than the LHB, which
could change its position and dispersion with hole doping,
we have measured core-level XPS spectra of Bi2201 as a
function of doping as shown in Fig. 3. Panel (a) shows
the doping dependence of the Sr 3d core levels and panel
(b) shows the shifts of various core levels as a function of
hole doping. As can be seen from panel (b), the Sr 3d and
La 3d core levels are shifted monotonously with doping,
while the other core levels show complicated behaviors.
Since these results are very similar to those of Bi221233,
we have performed the same analysis for Bi2201 as done
for Bi2212, assuming that the shifts of the Sr 3d and La
3d core levels reflect the chemical potential shift ∆µ. In
Fig. 3(c), we have plotted thus deduced ∆µ of Bi2201 as
a function of hole concentration together with those of
other cuprates. The chemical potential of Bi2201 shows
a monotonous shift of ∂µ/∂p ∼ -1.7 eV/hole. One can
clearly see that the shift of Bi2201 is similar to those
of Na-CCOC22 and Bi221233, but is very different from
that of LSCO23, which shows pinning behavior ∂µ/∂p ∼

0 eV/hole in the underdoped region. The results indicate
a similarity between Bi2201 and Na-CCOC and dissimi-
larity from LSCO. The calculation using the t−t′−t′′−J
model has indicated that the shift becomes faster with
increasing −t′26. The observed shifts, therefore, suggest
that the −t′ of Bi2201 is similar to those of Na-CCOC
and Bi2212, and is larger than that of LSCO.
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FIG. 2: (Color online) Doping dependence of the ARPES
spectra along the nodal (0, 0)-(π, π) direction for Bi2201 in
the second BZ. (a)-(d) Energy distribution curves (EDC’s).
Thick curves show the EDC’s at kF . Peaks in the sec-
ond derivatives of the EDC’s are marked and represent the
lower Hubbard band (LHB). (e)-(h) Intensity plots in energy-
momentum (E-k) space. Black curves show the MDC peak
positions and define the quasi-particle (QP) band dispersion.
(i) Relative positions of the LHB and the QP band. They
have been shifted vertically so that the top of the LHB’s for
the different doping levels are aligned. The horizontal lines
show the chemical potential µ for the various doping levels. (j)
Shift of the chemical potential relative to the LHB of Bi2201
and that of Na-CCOC (Ref. 19) and LSCO (Ref. 8). The
plots have been shifted so that the extrapolated value to zero
doping is aligned.

C. Doping evolution of band dispersion

The EDC’s shown in Fig. 4(a)-(d) show band disper-
sion along the (underlying) Fermi surface in Bi2201. For
all the doping levels, the dispersive feature is marked
by vertical bars determined by the second derivatives of
the EDC’s, and becomes deepest at ∼(π, 0) and clos-
est to µ at ∼(π/2, π/2). This dispersion together with
that shown in Fig. 2(a)-(d) represent the dispersion of
the LHB, indicating that the LHB shows the maximum
around ∼(π/2, π/2). With hole doping, the LHB moves
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FIG. 3: (Color online) Core-level photoemission results for
Bi2201. (a) Photoemission spectra of the Sr 3d core level from
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shift ∆µ in Bi2201 compared with those in LSCO (Ref.23),
Bi2212 (Ref.33) and Na-CCOC (Ref.22).

upward and the QP peak appears around the node for p
>0.10. The position and the doping dependence of the
LHB are similar to those in Na-CCOC9, but are quite
different from those in LSCO15, where the top of the
LHB stays ∼0.5 eV below EF until it fades out at higher
doping ≥ 0.10. In the antinodal region, the dispersive
feature moves from ∼-0.45 eV for p = 0.05 to ∼-0.25 eV
for p = 0.12 but does not approach µ further, clearly in-
dicating that the so-called “large pseudogap” is opened
around the antinodal region in the underdoped samples
as in the other single-layer cuprates, LSCO15,17,18 and
Na-CCOC9. From the dispersional width of the LHB
from ∼ (π/2, π/2) to ∼ (π, 0) in the low doping limit,
the magnitude of t′ can be estimated34. As shown in
Fig. 4(e), the dispersional width for Bi2201 is ∼0.20 eV,
which is smaller than that for CCOC35 (∼0.35 eV) but
comparable to that for Bi221225, and much larger than
La2CuO4 (Ref. 25), consistent with the increase of t′ in
going from LSCO to the other cuprates, estimated from
the TB fit as discussed below.

In order to evaluate the doping dependence of the
shape of the (underlying) Fermi surface and the QP
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FIG. 4: (Color online) ARPES spectra of Bi2201 along the
(underlying) Fermi surface. (a)-(d) EDC’s along the (under-
lying) Fermi surface in the second BZ of Bi2201. Vertical bars
show the LHB positions determined by the second derivatives
of the EDC’s. (e) Shift of the LHB against the d-wave func-
tion (|cos(kxa)-cos(kya)|/2) for the lowest doping p = 0.05
compared with those of La2CuO4 (Ref. 25), CCOC (Ref. 35)
and Bi2212 (Ref. 25).

band dispersion more quantitatively, we have fitted the
ARPES results to the two-dimensional single-band TB
model,

ǫk − µ = −2t[cos(kxa) + cos(kya)] − 4t′ cos(kxa) cos(kya)

−2t′′[cos(2kxa) + cos(2kya)] + ǫ0.

We have assumed the relationship t′′/t′ = -1/2 as
before10,36, and regarded -t′/t and -ǫ0/t as fitting param-
eters. Here, ǫ0 is the position of the band center relative
to the chemical potential µ [see the inset to Fig. 5(a)]. If
the chemical potential shift ∆µ is entirely due to rigid-
band like one, ∆µ/t = -ǫ0/t. The value of −t′/t can be
estimated from the shape of the Fermi surface. If −t′/t
is large, the Fermi surface becomes “square-like” and
if −t′/t is small, the Fermi surface becomes “diamond-
like”37 [see Fig. 5(c) and (d)]. The shape of the (un-
derlying) Fermi surface for Bi2201 is nearly circular and
is therefore less “diamond-like” than that of LSCO10,18,
similar to Na-CCOC9, and therefore −t′/t for Bi2201
should be larger than that for LSCO. The fitted (under-
lying) Fermi surfaces drawn in Fig. 1(a)-(e) by red curves
are reproduced and overlaid in Fig. 5(c) and (d). The
doping dependence of the fitted parameters are shown
and compared with those of LSCO in Fig. 5(a) and (b).
Here, we used t = 0.25 eV determined from the velocity
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in the nodal direction. While -ǫ0/t increases with doping
corresponding to the hole doping, -t′/t shows only weak
doping dependence as shown in Fig.5(a). The larger slope
of −ǫ0/t in Bi2201 than that in LSCO10 means that µ is
shifted faster relative to the band center in Bi2201 than
in LSCO. This corresponds to the lower density of states
of QP’s at µ in Bi2201 than in LSCO, that is, the larger
Fermi velocity near ∼(π, 0) in Bi2201 than in LSCO, as
can be seen from the band dispersion in Fig 5(e) and (f).

According to LDA calculations, the larger the Cu-to-
apical oxygen distances is, the larger -t′/t is29. The
present results are quantitatively consistent with the
LDA calculations, where -t′/t for Bi2201 is larger than
that for LSCO and smaller than those for Hg and Tl
based cuprates. The LDA calculation29 has also indi-
cated that -t′/t strongly depends on the Cu-apical oxy-
gen distance in LSCO, but not in Bi2201. This is con-
sistent with the present experimental result that t′/t
for Bi2201 shows much weaker doping dependence than
that for LSCO10. We note that the suggestion has been
made that -t′/t is correlated with the observed maximum
Tc,max

25,29. From the present work, however, the corre-
lation between -t′/t and Tc,max is not clear since Tc,max

is similar for Bi2201, LSCO and Na-CCOC in spite of
the different −t′/t. One possibility is the strong disor-
der effects from out of the CuO2 planes, which is strong
in single-layer cuprates4,5, but is not reflected on −t′/t.
This has to be clarified in future studies.

The doping evolutions of the band dispersion deter-
mined from the TB fit are shown in Fig. 5(e) and (f).
The result for Bi2201 demonstrates a rigid-band like evo-
lution, i.e., a uniform shift of the entire band disper-
sion, while that for LSCO10 shows different behavior,
i.e., larger shift around (π, 0) than along the (0, 0)-(π, π)
line. The similarity between ǫ0/t and -∆µ/t in Bi2201
[Fig. 5(a)], also confirm the rigid-band-like behavior. The
deviation from the rigid-band behavior in LSCO is at-
tributed to the strong doping dependence of t′, which
affect the antinodal region significantly. As a result, the
topology change of the Fermi surface from the hole-like
to electron-like with hole doping is accelerated in LSCO
[Fig. 5(c) and (d)].

In Fig. 5(g) and (h), the chemical potential µ, the band
center (ǫ0 + µ), the (π, 0) flat band position, the top
of the LHB [at ∼ (π/2, π/2)] and the upper Hubbard
band (UHB)38,39,40,41 positions are plotted relative to the
chemical potential at p = 0. The range of the TB band is
also shown by the shaded area. If one concentrates on the
doping dependence of µ and the band center, for example,
one can see from Fig 5 (g) and (h) several clear differences
between Bi2201 and LSCO. For Bi2201, all quantities ex-
cept for µ are relatively unchanged with doping until p ∼

0.16 and only µ moves downward with hole doping, that
is, the typical rigid-band-like shift is realized. On the
other hand, in the underdoped LSCO, µ is pinned, while
the other band energy positions change with doping. In
the overdoped region, the evolution becomes rather close
to rigid-band-like. Although there are differences how
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FIG. 5: (Color online) Doping dependence of the electronic
structure in Bi2201 and LSCO. (a)(b) Doping dependence
of the tight-binding (TB) parameters and -∆µ/t determined
from the core-level shifts. The parameters for LSCO are taken
from Refs.18 and 23. The inset to panel (a) shows the def-
inition of ǫ0. (c)(d) Doping dependence of the (underlying)
Fermi surface shape. That for LSCO has been taken from
Ref.18. (e)(f) Band dispersion from the TB fit. The TB
parameters for LSCO are taken from Ref. 10. (g)(h) Entire
picture of the doping dependence of the electronic structure.
LSCO are taken from (Ref. 10). The approximate position of
the upper Hubbard band (UHB) has been taken from inverse-
photoemission spectra (Refs. 38,39,40,41). The energy range
of the TB band dispersion is shown by orange region.
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the dispersion appears with hole doping to the Mott insu-
lator between Bi2201 and LSCO, the metallic dispersion
appears with hole doping, and the band is filled with hole
doping in Bi2201, similar to LSCO8,10,24. The present re-
sults indicate that the similar mechanism can be applied
to the doping evolution of the dispersion in Bi2201, while
the spectral weight is strongly suppressed with under-
doping in Bi2201 compared to that for LSCO. The origin
of this difference between Bi2201 and LSCO remains an
open question.

IV. CONCLUSION

We have investigated the doping dependence of the
electronic structure of the single-layer Bi2201 by ARPES
and chemical potential shift measurements and found
that the doping evolution is different from LSCO but is
similar to Na-CCOC. That is, in Bi2201, the doping evo-
lution can be understood as a rigid-band-like shift of the
chemical potential into the LHB, in contrast to LSCO,
where the chemical potential is pinned well above the
LHB in the under doped region as the QP band and the
Fermi arc/surface are formed around the chemical po-
tential. The similarities to Na-CCOC and the differences
from LSCO in the (underlying) Fermi surface shape and
the QP band dispersions are accounted by the similar
and different values of t′, respectively.

We have thus revealed that there are two kinds of dop-
ing evolution of the electronic structure in the under-
doped cuprates. In the present paper, we have not dis-
cussed why there are two different evolutions on a micro-
scopic level beyond the differences in the parameter -t′/t

values. Disorder effects are also material dependent and
significantly affect the doping evolution and the Tc. The
material dependent doping evolution may also be related
with the formation of stripes versus 4a×4a orders. Other
material-dependent effects such as electron-phonon cou-
pling strength42,43 remain to be clarified in future studies.
To critically investigate how the electronic structure is
affected by these material dependent factors will resolve
the existence of the different doping evolutions. In the
overdoped metallic region, doping evolution would be rel-
atively material-independent, in the sense that the rigid-
band-like behavior is observed in LSCO, too, although
the band structure of LSCO becomes different, that is,
the (π,0) flat band moves to above µ and the Fermi sur-
face topology changes from hole-like to electron-like. The
measurements on more overdoped Bi2201 are needed to
carefully examine the material dependence in the over-
doped region.

ACKNOWLEDGEMENT

This work was supported by a Grant-in-Aid for Scien-
tific Research in Priority Area “Invention of Anomalous
Quantum Materials” from MEXT, Japan and by the US-
Japan Joint Research Program from JSPS. SSRL is op-
erated by the Department of Energy’s Office of Basic En-
ergy Science, Division of Chemical Sciences and Material
Sciences. The work at KEK-PF was done under the ap-
proval of Photon Factory Program Advisory Committee
(Proposal No. 2006S2-001) at the Institute of Material
Structure Science, KEK. Y. A. was supported by Grants-
in-aid in Scientific Research 16340112 and 19674002.

1 Y. Ando, Y. Hanaki, S. Ono, T. Murayama, K. Segawa,
N. Miyamoto, and S. Komiya, Phys. Rev. B 61, R14956
(2000).

2 S. Ono and Y. Ando, Phys. Rev. B 67, 104512 (2003).
3 Y. Ando, S. Komiya, K. Segawa, S. Ono, and Y. Kurita,

Phys. Rev. Lett. 93, 267001 (2004).
4 H. Eisaki, N. Kaneko, D. L. Feng, A. Damascelli, P. K.

Mang, K. M. Shen, Z.-X. Shen, and M. Greven, Phys. Rev.
B 69, 064512 (2004).

5 K. Fujita, T. Noda, K. M. Kojima, H. Eisaki, and S.
Uchida, Phys. Rev. Lett. 95, 097006 (2005).

6 H. Ding, T. Yokoya, J. C. Campuzano, T. Takahashi, M.
Randeria, M. R. Norman, T. Mochiku, K. Kadowaki, and
J. Giapintzakis, Nature 382, 51 (1996).

7 A. G. Loeser, Z.-X. Shen, D. S. Dessau, D. S. Marshall,
C. H. Park, P. Fournier, and A. Kapitulnik, Science 273,
325 (1996).

8 T. Yoshida, X. J. Zhou, T. Sasagawa, W. L. Yang, P. V.
Bogdanov, A. Lanzara, Z. Hussain, T. Mizokawa, A. Fuji-
mori, H. Eisaki, Z.-X. Shen, T. Kakeshita, and S. Uchida,
Phys. Rev. Lett. 91, 027001 (2003).

9 K.M. Shen, F. Ronning, D. H. Lu, F. Baumberger, N. J. C.
Ingle, W. S. Lee, W. Meevasana, Y. Kohsaka, M. Azuma,

M. Takano, H. Takagi, and Z.-X. Shen, Science 307, 5011
(2005).

10 T. Yoshida, X. J. Zhou, K. Tanaka, W. L. Yang, Z. Hus-
sain, Z.-X. Shen, A. Fujimori, S. Sahrakorpi, M. Lindroos,
R. S. Markiewicz, A. Bansil, S. Komiya, Y. Ando, H.
Eisaki, T. Kakeshita, and S. Uchida, Phys. Rev. B 74,
224510 (2006).

11 A. Kanigel, M. R. Norman, M. Randeria, U. Chatterjee, S.
Souma, A. Kaminski, H. M. Fretwell, S. Rosenkranz, M.
Shi, T. Sato, T. Takahashi, H. Raffy Z. Z. Li, K. Kadowaki,
D. Hinks, L. Ozyuzer, and J. C. Campuzano, Nature phys.
2, 447 (2006).

12 J. M. Tranquada, B. J. Sternlieb, J. D. Axe, Y. Nakamura,
and S. Uchida, Nature 375, 561 (1995).

13 K. Yamada, C. H. Lee, K. Kurahashi, J. Wada, S. Waki-
moto, S. Ueki, H. Kimura, Y. Endoh, S. Hosoya, G. Shi-
rane, R. J. Birgeneau, M. Greven, M. A. Kastner, and Y. J.
Kim, Phys. Rev. B 57, 6165 (1998).

14 T. Hanaguri, C. Lupien, Y. Kohsaka, D.-H. Lee, M.
Azuma, M. Takano, H. Takagi, and J. C. Davis, Nature
430, 1001 (2004).

15 A. Ino, C. Kim, M. Nakamura, T. Yoshida, T. Mizokawa,
A. Fujimori, Z.-X. Shen, T. Kakeshita, H. Eisaki, and S.

7



Uchida, Phys. Rev. B 65, 094504 (2002).
16 A. Damascelli, Z. Hussain, and Z.-X Shen, Rev. Mod.

Phys. 75, 473 (2003).
17 K. M. Shen, T. Yoshida, D. H. Lu, F. Ronning, N. P.

Armitage, W. S. Lee, X. J. Zhou, A. Damascelli, D. L.
Feng, N. J. C. Ingle, H. Eisaki, Y. Kohsaka, H. Takagi, T.
Kakeshita, S. Uchida, P. K. Mang, M. Greven, Y. Onose,
Y. Taguchi, Y. Tokura, S. Komiya, Y. Ando, M. Azuma,
M. Takano, A. Fujimori, and Z.-X. Shen, Phys. Rev. B 69,
054503 (2004).

18 T. Yoshida, X.J. Zhou, D.H. Lu, S. Komiya, Y. Ando, H.
Eisaki, T. Kakeshita, S. Uchida, Z. Hussain, Z.-X. Shen,
and A. Fujimori, J. Phys. Condens. Matter 19, 125209
(2007).

19 K. M. Shen, F. Ronning, D. H. Lu, W. S. Lee, N. J. C.
Ingle, W. Meevasana, F. Baumberger, A. Damascelli,
N. P. Armitage, L. L. Miller, Y. Kohsaka, M. Azuma, M.
Takano, H. Takagi, and Z.-X. Shen, Phys. Rev. Lett. 93,
267002 (2004).

20 F. Ronning, T. Sasagawa, Y. Kohsaka, K. M. Shen, A.
Damascelli, C. Kim, T. Yoshida, N. P. Armitage, D. H.
Lu, D. L. Feng, L. L. Miller, H. Takagi, and Z.-X. Shen,
Phys. Rev. B 67, 165101 (2003).

21 Y. Kohsaka, T. Sasagawa, F. Ronning, T. Yoshida, C. Kim,
T. Hanaguri, M. Azuma, M. Takano, Z.-X. Shen, and H.
Takagi, Journal of the Physical Society of Japan 72, 1018
(2003).

22 H. Yagi, T. Yoshida, A. Fujimori, Y. Kohsaka, M. Misawa,
T. Sasagawa, H. Takagi, M. Azuma, and M. Takano, Phys.
Rev. B 73, 172503 (2006).

23 A. Ino, T. Mizokawa, A. Fujimori, K. Tamasaku, H. Eisaki,
S. Uchida, T. Kimura, T. Sasagawa, and K. Kishio, Phys.
Rev. Lett. 79, 2101 (1997).

24 S. Sahrakorpi, R.S. Markiewicz, H. Liu, M. Lindroos, X.J.
Zhou, T. Yoshida, W.L. Yang, T. Kakeshita nad H. Eisaki,
S. Uchida, S. Komiya, Y. Ando, F. Zhou, Z.X. Zhao, T.
Sasagawa, A. Fujimori, Z. Hussain, Z.-X. Shen, and A.
Bansil, unpublished, .

25 K. Tanaka, T. Yoshida, A. Fujimori, D. H. Lu, Z.-X. Shen,
X.-J. Zhou, H. Eisaki, Z. Hussain, S. Uchida, Y. Aiura, K.
Ono, T. Sugaya, T. Mizuno, and I. Terasaki, Phys. Rev. B
70, 092503 (2004).

26 T. Tohyama and S. Maekawa, Phys. Rev. B 67, 092509
(2003).

27 C.-P. Chou and T.K. Lee nad C.-M. Ho, J. Magn. Magn.
Mater. 310, 474 (2006).

28 K.-Y. Yang, C. T. Shih, C. P. Chou, S. M. Huang, T. K.
Lee, T. Xiang, and F. C. Zhang, Physical Review B (Con-
densed Matter and Materials Physics) 73, 224513 (2006).

29 E. Pavarini, I. Dasgupta, T. Saha-Dasgupta, O. Jepsen,
and O. K. Andersen, Phys. Rev. Lett. 87, 047003 (2001).

30 R. Sensarma, M. Randeria, and N. Trivedi, Phys. Rev.
Lett. 98, 027004 (2007).

31 C. Gros, B. Edegger, V.N. Muthukumar, and P.W. Ander-
son, Proc Natl Acad Sci U S A. 103, 14298 (2006).

32 X. J. Zhou, T. Yoshid, A. Lanzara, P. V. Bogdanov, S. A.
Kellar, K. M. Shen, W. L. Yang, F. Ronning, T. Sasagawa,
T. Kakeshita, T. Noda, H. Eisaki, S. Uchida, C. T. Lin, F.
Zhou, J. W. Xiong, W. X. Ti, Z. X. Zhao, A. Fujimori, Z.
Hussain, and Z.-X. Shen, Nature 423, 398 (2003).

33 N. Harima, A. Fujimori, T. Sugaya, and I. Terasaki, Phys.
Rev. B 67, 172501 (2003).

34 C. Kim, P. J. White, Z.-X. Shen, T. Tohyama, Y. Shibata,
S. Maekawa, B. O. Wells, Y. J. Kim, R. J. Birgeneau, and
M. A. Kastner, Phys. Rev. Lett. 80, 4245 (1998).

35 F. Ronning, C. Kim, D. L. Feng, D. S. Marshall, A. G.
Loeser, L. L. Miller, J. N. Eckstein, I. Bozovic, and Z.-X.
Shen, Science 282, 2067 (1998).

36 W.S. Lee, T. Yoshida, W. Meevasana, K.M. Shen, D.H.
Lu, W.L. Yang, X.J. Zhou, X. Zhao, G. Yu, Y. Cho, M.
Greven, Z. Hussain, and Z.-X. Shen, cond-mat 0606347
(2006).

37 P. Prelovsek and A. Ramsak, Phys. Rev. B 65, 174529
(2002).

38 T. J. Wagener, Y.-J. Hu, M. B. Jost, J. H. Weaver, Y. F.
Yan, X. Chu, and Z. X. Zhao, Phys. Rev. B 42, 6317
(1990).

39 T. Watanabe, T. Takahashi, S. Suzuki, S. Sato, and H.
Katayama-Yoshida, Phys. Rev. B 44, 5316 (1991).

40 H. Ohta, T. Takahashi, K. Murata, H. Matsuyama, S.
Suzuki, Y. Okabe, and H. Katayama-Yoshida, Phys. Rev.
B 39, 7354 (1989).

41 A. Fujimori, A. Ino, T. Mizokawa, C. Kim, Z.-X. Shen,
T. Sasagawa, T. Kimura, K. Kishio, M. Takaba, K.
Tamasaku, H. Eisaki, and S. Uchida, J. Phys. Chem. Solids
59, 1892 (1998).

42 A. S. Mishchenko and N. Nagaosa, Phys. Rev. Lett. 93,
036402 (2004).
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