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Direct spectroscopic evidence for phase
competition between the pseudogap and
superconductivity in Bi2Sr2CaCu2O8+δ
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In the high-temperature (Tc) cuprate superconductors, a
growing body of evidence suggests that the pseudogap phase1,
existing below the pseudogap temperature T∗, is characterized
by some broken electronic symmetries distinct from those
associated with superconductivity2–21. In particular, recent
scattering experiments have suggested that charge ordering
competes with superconductivity18–21. However, no direct link
of an interplay between the two phases has been identified
from the important low-energy excitations. Here, we report
an antagonistic singularity at Tc in the spectral weight of
Bi2Sr2CaCu2O8+δ ascompellingevidence forphasecompetition,
which persists up to a high hole concentration p ∼ 0.22.
Comparison with theoretical calculations confirms that the
singularity is a signature of competition between the order
parameters for the pseudogap and superconductivity. The
observation of the spectroscopic singularity at finite temper-
atures over a wide doping range provides new insights into the
nature of the competitive interplay between the two orders and
the complex phase diagram near the pseudogap critical point.

If the pseudogap and superconducting order parameters
compete, as inferred from recent X-ray data18–21, this should be
detectable as an abrupt change in the spectral-weight transfer at
Tc. To search for this signature, we have performed measurements
of the electronic states in Bi2Sr2CaCu2O8+δ (Bi2212) using angle-
resolved photoemission spectroscopy (ARPES), which directly
probes the occupied states of the single-particle spectral function.
ARPES is an ideal tool for this study because it can resolve the strong
momentum anisotropies of the pseudogap and superconducting
gap, both of which become largest at the antinode, the Fermi
momentum (kF) on the Brillouin zone boundary (Fig. 1b).

We show in Fig. 1a a detailed temperature dependence of
the ARPES spectra at the antinode of optimally doped Bi2212

(denoted OP98, p∼ 0.160, Tc = 98K). Here, all the spectra are
divided by the resolution-convolved Fermi–Dirac function (FD)
to effectively remove the Fermi cutoff. At T � Tc, the spectra
show a ‘peak–dip–hump’ structure, which is typical for the bilayer
cuprates near the antinode. Whereas the peak (blue circles) is a
signature of superconductivity, the dip (purple down triangles)
and hump (red squares) are often associated with strong band
renormalizations arising from electron–boson coupling22,23. Above
Tc, the spectra show a continued suppression of intensity at the
Fermi level (EF), defining the pseudogap1. Notably, the peak feature
becomes substantially weaker, but survives above Tc. There is no
singular signature in the spectral lineshape at Tc over a wide doping
range (see Supplementary Fig. 1 for complete data sets). This non-
trivial evolution of the spectral lineshape has made interpreting the
pseudogap difficult.

To investigate the nature of the peak, dip and hump in detail,
we show in Fig. 1c their energies as a function of temperature.
The energy scale of the anomalously broad hump feature at
Tc<T<T ∗ decreases with increasing temperature and hole doping
(Supplementary Fig. 1), suggesting that it arises from the pseudogap.
The hump at T > Tc continuously connects with that at T < Tc
(red squares in Fig. 1c), suggesting that not only the electron–
boson coupling but also the pseudogap affects the hump energy at
T <Tc while simultaneously coexisting with the superconducting
peak. Here, a simple addition of two gaps in quadrature does not
reproduce the data—neither does it capture the mixed nature of all
the spectral features noted earlier15.

Figure 1d–f shows an analysis of the spectral intensity I(ω)
at the antinode (Fig. 1a), where ω is energy. Figure 1d shows
the first moment, defined as

∫ 0.25eV
0eV ωI(ω)dω/

∫ 0.25eV
0eV I(ω)dω,

which gives the spectral-weight centre of mass. Figure 1e,f
shows normalized spectral weights in the ranges [0, 0.07] and
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Figure 1 | Temperature dependence of the antinodal electronic states in optimally doped Bi2212. a, FD-divided spectra at AN+. b, Schematic Fermi
surface. Two antinodal momenta are indicated for the antibonding band, AN− and AN+. c, Peak, dip and hump energies as a function of temperature. Peak,
dip and hump are defined as local maximum, local minimum and local maximum, respectively, with increasing binding energy. Error bars reflect the
broadness of the spectra. d–f, First moment in the range [0, 0.25] eV and the normalized spectral weights in the ranges [0, 0.07] and [0.20, 0.25] eV,
respectively. Error bars are estimated to be smaller than the symbol sizes. The dashed arrow in e indicates the increase in the low-energy spectral weight
below Tc. For details of the spectral-weight analysis, see Supplementary Information.

[0.20, 0.25] eV, which we denote as the low- and high-energy
spectral weights, respectively (see Supplementary Information for
details). Because the energy scale for superconductivity is<50meV,
one expects that the opening of a homogeneous superconducting
gap at kF should push the first-moment energy away from EF
in a narrow range, and have almost no effect on the low- and
high-energy spectral weights.

In contrast, the most striking signature in our result is the
spectral-weight singularity at Tc (Fig. 1d–f). The spectral weight is
clearly sensitive to the sharp onset of coherent superconductivity
at Tc, unlike the lineshape (Supplementary Fig. 1). For T >Tc, the
firstmomentmoves to higher energies with decreasing temperature,
whereas the low/high-energy spectral weight decreases/increases,
respectively, suggesting that opening of the pseudogap involves
spectral-weight reorganization over a wide energy range (greater
than a few hundred meV). Below Tc, the first moment and the
low- and high-energy spectral weights all show the opposite trends.
This ‘antagonistic’ singularity suggests that the pseudogap spectral
weight at higher energies participates in forming the coherent
superconducting peak that emerges below Tc.

To further understand this result, we have modelled the spectral
evolution by considering a competition between the pseudogap and
superconducting order parameters (see Supplementary Information

for details). We show in Fig. 2a the temperature dependence of the
calculated antinodal spectra across Tc. Here, the pseudogap order
parameter, modelled as fluctuating density-wave order, decreases
substantially once the superconducting order parameter becomes
non-zero below Tc (Fig. 2c). The temperature dependences of
the first moment and the low- and high-energy spectral weights
in the calculation (Fig. 2d–f, respectively) show a singularity at
Tc, consistent with the ARPES results (Fig. 1d–f). The short
correlation length (30–50 lattice constants) of the density-wave
order contributes to the unusual broadness of the spectra. Although
understanding the exact form of the pseudogap requires further
investigation, this phenomenology strongly supports a picture
where the pseudogap and superconducting orders compete in the
superconducting state.

Another important piece of the antinodal physics is the electron–
boson coupling, which manifests itself as the dip and hump22,23. As
shown in Fig. 1c, the hump is pushed further away from EF below
Tc. This temperature dependence of the spectra cannot be modelled
if one considers only a competition between the pseudogap and
superconductivity as shown in Fig. 2g. To address this, we have
considered a coupling of electrons to a bosonic mode22,23 (we
choose a coupling to a dominant phonon) in combination with
superconductivity and the pseudogap to produce the result shown
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Figure 2 | Simulated temperature dependence of the antinodal spectra with the pseudogap, electron–boson coupling and superconductivity. a, Spectra
across Tc with coupling to a 40 meV mode. b, Peak, dip and hump energies extracted from the spectra in a. c, Pseudogap (PG) and superconducting (SC)
order parameters. d–f, First moment in the range [0, 0.25] eV and the normalized spectral weights in the ranges [0, 0.07] and [0.20, 0.25] eV,
respectively. See Supplementary Information for details of the calculation. SC+PG+el–ph (filled markers) indicates data taken from spectra in the presence
of bosonic mode coupling (a). SC+PG (open markers) indicates data taken from spectra in the absence of bosonic mode coupling (g). g, Spectra across Tc
in the absence of a bosonic mode. For the spectra in a and g, a 10 meV broadening has been applied to account for the experimental energy resolution.

in Fig. 2a. This qualitatively reproduces the anomalous temperature
dependence of the hump across Tc (Fig. 2b), as well as the
sudden appearance of the clear peak and dip below Tc, even
though coupling to the mode is present for all temperatures.
The result supports the idea that electron–boson coupling is
essential to understand the antinodal spectral lineshape and that
its spectroscopic signature is intimately tied to the underlying
quantumphases.We found that the optimized bosonicmode energy
to reproduce the ARPES spectra is ∼40meV, consistent with B1g
‘buckling’ phonons23. The spin resonance mode is unlikely because
the signature for the electron–boson coupling of comparable mode
energy persists well above Tc, particularly clearly in the overdoped
regime, consistent with previous reports23. Further, the simulation
suggests that the suppression of the pseudogap below Tc is key to
understanding the emergence of the superconducting peak and the
enhancement of the peak–dip–hump structure (Fig. 2a,g; see also
Supplementary Information).

Figure 3 shows the temperature dependence of the spectral
weight for underdoped p= 0.132 to overdoped p= 0.224 samples.
Themeasured points are summarized in the phase diagram (Fig. 4a).
As the doping increases, the first moment moves towards lower
energies and low/high-energy spectral weights increase/decrease,
similar to the B1g Raman spectra of La2−xSrxCuO4 and other
cuprates24. The spectral-weight singularity at Tc persists up to
p= 0.207 (OD80, Fig. 3d) and possibly p= 0.218 (OD71, Fig. 3e).
However, at p= 0.224 (OD65, Fig. 3f), the singularity becomes
undetectable, and the result can be understood by the opening
of a superconducting gap alone, with a greatly diminished or
absent pseudogap.

Furthermore, we found that the spectral weight shows a different
temperature dependence in the near-nodal region at p = 0.187
(Supplementary Fig. 4). The near-nodal spectral weight shows
essentially no temperature dependence across T ∗ and remains
constant until Tc, where the low/high-energy spectral weight

shows a sudden decrease/increase, respectively, without a clear
onset at Tc in the spectral lineshape. The striking contrast of
the spectral weights between the two momenta suggests that
the competition between superconductivity and pseudogap order
is strongly dependent on momentum. Intriguingly, the spectral-
weight analysis reveals that the near-nodal region, where the
existence of the pseudogap is not evident, could be affected by the
pseudogap order, as suggested by the temperature-dependent high-
energy spectral weight, indicating a possible spectral-weight transfer
between different momenta.

The sudden increase in the low-energy spectral weight below
Tc at the antinode (dashed arrow in Fig. 1e for OP98) provides us
with an estimate of how much the pseudogap spectral weight at
higher energies contributes to the superconducting peak, and its
doping dependence is plotted in Fig. 4b. The sizes of the black filled
circles at Tc for different dopings in the phase diagram (Fig. 4a)
are proportional to this increase, which rapidly becomes smaller
with doping and is undetectable at p= 0.224. This suggests that
the competition becomes weaker with doping, but the pseudogap
as a competing order persists at finite temperatures and coexists
with superconductivity below Tc up to at least p ∼ 0.22. We
emphasize that the spectral-weight analysis enabled us to detect such
a clear feature for the competition and its disappearance at finite
temperatures, especially in the overdoped regime, which cannot be
easily addressed by the spectral lineshape analysis.

Figure 4c shows the antinodal spectra at T � Tc for different
dopings and Fig. 4d shows their peak, dip and hump energies (offset)
as a function of doping. The constant peak-dip energy separation
suggests that the mode energy is almost independent of doping.
For p> 0.19, all the energies show a similar doping dependence.
In contrast, for p< 0.19, the peak, dip and hump energies show
no strong doping dependence. These abrupt changes at p∼0.19 in
the ground state suggest a potential critical point at a doping level
slightly higher than optimal doping, consistent with the recently
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reported doping dependence of the near-nodal gap slope25 (v1 in
Fig. 4d) and anomalies observed by ARPES (refs 26,27), NMR
(ref. 28), ultrasound16 and transport29,30 experiments. Moreover, a
signature of the pseudogap at finite temperatures can be observed at
higher dopings than the critical point at p∼0.19. This gives further
support to the recently proposed phase diagram25,31, in which that
the pseudogap line bends back inside the superconducting dome
owing to phase competition, as illustrated in the phase diagram
(Fig. 4a). Finally, the most striking finding in Fig. 4c,d is the sudden
jump of the hump energy across p∼ 0.19 (red dashed lines). This

discontinuity suggests that the pseudogap effect on the hump comes
into play only at p<0.19 for low temperatures, and strongly supports
the interpretation that the hump is strongly affected by not only
electron–boson coupling but also the pseudogap.

Several reports of broken translational symmetry in the
pseudogap state in the underdoped regime have appeared in the
literature, as observed by both surface sensitive probes3,5,8,12,14,15
and, more recently, by bulk sensitive experiments17–21, including
those on Bi-based cuprates20,21. These suggest a charge order with
a relatively short correlation length (∼5 to ∼50 lattice constants),

40 NATUREMATERIALS | VOL 14 | JANUARY 2015 | www.nature.com/naturematerials

© 2014 Macmillan Publishers Limited. All rights reserved

http://www.nature.com/doifinder/10.1038/nmat4116
www.nature.com/naturematerials


NATUREMATERIALS DOI: 10.1038/NMAT4116 LETTERS
supporting our simulations (Fig. 2). In addition, NMR (ref. 32)
and quantum oscillation33 studies have observed Fermi surface
reconstruction, suggesting a long-range charge ordering in the
underdoped regime under high magnetic field, in contrast to the
fluctuating charge density-wave order modelled in this study. The
relationship between the charge orderings with and without a
magnetic field is not clear at this stage. Further exploration of the
relationship between the broken translational symmetry and other
broken symmetries2,4,6,7,9–11,13,16 is required to fully understand the
physics of the pseudogap.

The unforeseen antagonistic singularity at Tc we have found
in the antinodal ARPES spectral weight may be connected to the
suppression of the charge order by superconductivity observed
in underdoped (Y,Nd)Ba2Cu3O6+δ (refs 18,19), and possibly in
deeply underdoped Bi2212 (ref. 21). A similar spectral-weight
anomaly at Tc has been reported also in the c-axis conductivity of
underdopedNdBa2Cu3O6.9 (ref. 34), emphasizing that a competition
between order parameters is a universal phenomenon in the
cuprates. Intriguingly, by considering a temperature dependence of
the pseudogap similar to that of experimentally observed charge
order18,19 (Fig. 2c), the spectral-weight temperature dependence
(Fig. 2d–f), especially the characteristically convex shape above
Tc, can be reproduced. The similarities in these results suggest
an intimate, microscopic relationship between the pseudogap and
charge ordering, although whether these phenomena have the same
or distinct origins is unclear at this time. One possibility, given
the observation of a pseudogap with higher onset temperatures,
may suggest that the pseudogap is a prerequisite for the charge
ordering observed by scattering experiments. Another possibility
is that both ARPES and scattering experiments are sensitive to
the same pseudogap order in competition with superconductivity.
However, charge ordering may be observed over a limited doping
range by scattering experiments, in contrast with competition
observed more broadly by ARPES, partly owing to its unique
momentum resolution and sensitivity to the electronic structure
with higher statistics/energy resolution. Many experiments, such
as transport experiments, are more sensitive to nodal physics,
where the pseudogap effects are less pronounced. Our momentum-
sensitive experiment reveals that the competition between the order
parameters is not limited to the underdoped regime, but extends also
to overdoped samples (up to 22% for the antinodal signature) as an
intrinsic aspect of themicroscopic interplay between the pseudogap
and superconductivity. The back-bending of the pseudogap phase
boundary inside the superconducting dome and the pseudogap
critical point at p ∼ 0.19 (which would shift to higher doping
levels when superconductivity has been suppressed by a magnetic
field) are natural consequences of the rich and essential physics
underlying such competing/intertwined superconducting and the
pseudogap orders.

Methods
Samples. High-quality single crystals of Bi1.54Pb0.6Sr1.88CaCu2O8+δ ,
Bi2Sr2CaCu2O8+δ , Bi2−xSr2+xCaCu2O8+δ , and Bi2Sr2(Ca,Dy)Cu2O8+δ , which are
various families of Bi2Sr2CaCu2O8+δ (Bi2212), were grown by the floating-zone
method. The hole concentration p was controlled by annealing the samples in a
N2 or O2 flow. Detailed experimental conditions for each sample are summarized
in Supplementary Table 1. We determined p from Tc via an empirical curve,
Tc= Tc,max[1−82.6(p−0.16)2], taking 98K as the optimum Tc for Bi2212
(ref. 35). Pb doping significantly suppresses the BiO superlattice modulation,
which allows us to discuss the electronic structure more quantitatively,
particularly close to the antinode12,15.

Measurements. ARPES measurements were performed at beamline 5-4 of SSRL,
SLAC National Accelerator Laboratory using a Scienta R4000 electron analyser.
The photon energy was tuned to highlight either the antibonding band or
bonding band at the antinode36. In the main text, focus is mostly placed on the
antibonding band, taken with a photon energy of 18.4 eV. The photon
polarization was fixed parallel to the Cu–O bonding direction and perpendicular

to the measured cuts. The energy resolution and angular resolution along the
analyser slit were set at ∼10meV and ∼0.13◦, respectively. The samples were
cleaved in situ and the sample temperature was varied from 7K to 240K. The
vacuum was kept better than 4.0×10−11 torr throughout each measurement.
EF was calibrated using a gold sample electronically connected to the measured
sample. Measurements were performed on several samples with consistent results.
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