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Incoherent strange metal sharply bounded by a
critical doping in Bi2212
Su-Di Chen1,2*, Makoto Hashimoto3*, Yu He1,2†, Dongjoon Song4‡, Ke-Jun Xu1, Jun-Feng He1,2§,
Thomas P. Devereaux2,5, Hiroshi Eisaki4, Dong-Hui Lu3, Jan Zaanen1,6, Zhi-Xun Shen1,2#

In normal metals, macroscopic properties are understood using the concept of quasiparticles.
In the cuprate high-temperature superconductors, the metallic state above the highest transition
temperature is anomalous and is known as the “strange metal.” We studied this state using
angle-resolved photoemission spectroscopy. With increasing doping across a temperature-
independent critical value pc ~ 0.19, we observed that near the Brillouin zone boundary, the strange
metal, characterized by an incoherent spectral function, abruptly reconstructs into a more
conventional metal with quasiparticles. Above the temperature of superconducting fluctuations,
we found that the pseudogap also discontinuously collapses at the very same value of pc.
These observations suggest that the incoherent strange metal is a distinct state and a prerequisite
for the pseudogap; such findings are incompatible with existing pseudogap quantum critical
point scenarios.

L
andau’s theory of Fermi liquids suc-
cessfully explains the behavior of inter-
acting electrons in normal metals. In
a Fermi liquid, electronic states evolve
adiabatically with increasing electron-

electron interactions. Therefore, they remain
in a one-to-one correspondence with the
states in a Fermi gas and can be described
in the language of quasiparticles. Soon after
the discovery of cuprate high–transition tem-
perature (high-Tc) superconductors, it was
realized that the cuprates fall into a different
regime (1). The starting point is a Mott in-
sulator with one hole per Cu site. The holes
are localized thanks to strong on-site Coulomb
repulsion and become mobile with increas-
ing doping. At the optimal doping where
Tc is maximized, the metallic state above
Tc breaks the Fermi liquid rules (1–3). With
sufficient overdoping, a key aspect of Fermi
liquid behavior is eventually recovered:
Quasiparticles have been directly observed
by angle-resolved photoemission spectros-
copy (ARPES), spanning up a genuine Fermi

surface (4–6). Here, we report the sur-
prising way in which these quasiparticles
spring into existence in (Bi,Pb)2Sr2CaCu2O8+d

(Bi2212), one of the most studied high-Tc

superconductors.
We performed ARPES measurements

over a wide temperature range on Bi2212
single crystals in fine doping steps. Such
measurements are challenging because the
increased outgassing from the sample en-
vironment at high temperature can easily
contaminate the sample surface and alter
the signal, given the small probe depth of
ultraviolet photoemission. To overcome this
problem, we controlled the sample temper-
ature using a local heater and preserved the
sample environment as a cold trap for con-
taminants throughout the measurements
(7, 8). The spectra showed good consistency
before and after thermal cycles between
cryogenic and room temperatures (fig. S1),
which has rarely been demonstrated in
prior work.
In Fig. 1, A to F, we show the doping evo-

lution of the ARPES spectra collected at 250 K
along the Brillouin zone (BZ) boundary. On
the heavily overdoped side, the spectra fea-
ture two parabolic-like dispersions known as
the antibonding band (AB) and bonding band
(BB) (3), consistent with band structure pre-
dictions for CuO2 bilayers. However, once the
doping level drops below pc ~ 0.19, the spectra
markedly broaden and dispersions are no
longer identifiable. In Fig. 1, G and H, we also
present the nodal spectra immediately below
and above pc, respectively. These two spectra
show similar dispersions with almost iden-
tical sharpness, indicating that the change
across pc is intrinsic to the antinode and high-
ly anisotropic.
We now try to understand this change in

quasiparticle terms. In Fermi liquid–like sys-

tems, quasiparticles appear as poles in the
spectral function,
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where w is the energy, k is the momentum, ek
is the bare band dispersion, and S(k, w) is the
perturbative self energy that captures inter-
action effects. For Bi2212, it has been reported
that the normal-state self energy takes the
marginal Fermi liquid form (9, 10):

Sðk;wÞ ¼ l w ln
x

wc

� �
� i

p
2

� �
x

� �
� iG0 ð2Þ

with

x ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
w2 þ p2k2BT

2
q

ð3Þ

where l is a coupling constant, wc is a cutoff
energy, G0 is an energy-independent scatter-
ing rate, kB is the Boltzmann constant, and T
is the absolute temperature. Immediately above
pc, we indeed find that the energy distribution
curve (EDC) at (–p, 0)/a0 (antinode; a0 is the
unit cell dimension) can be well fitted using
this self energy (Fig. 1I) (8). Furthermore, the
same set of parameters also reasonably
describes the momentum distribution curve
(MDC) (Fig. 1J) (8). In contrast, below pc, the
fitting becomes unstable as the antinodal
EDC abruptly broadens and the quasiparticle
peaks are replaced by an incoherent con-
tinuum (Fig. 1I). Intriguingly, no substantial
change is observed in the MDC linewidth
across pc (Fig. 1J and fig. S2). This indicates
that the disappearance of quasiparticle peaks
is not a consequence of trivial elastic impurity
scattering.
To further reveal the distinct spectral prop-

erties below and above pc, we show the tem-
perature dependence of spectra in Fig. 2 (see
fig. S3 for the complete dataset). Upon cooling,
the antinodal EDC below pc gains two impor-
tant featureswithwell-separated temperature
scales (Fig. 2A). The first is the pseudogap
(2, 3), a low-energy spectral intensity depletion
that gradually develops from far above Tc (red
arrow; see also Fig. 3A). The second is the
Bogoliubov quasiparticle (BQP) peak, which
emerges as an intensity shoulder around 130K
and rapidly grows into a sharp peak with fur-
ther decreasing temperature (blue stripe).
These two features are further accentuated
by the temperature difference spectra, where
the pseudogap manifests as a spectral weight
transfer from near the chemical potential to a
wide energy window (Fig. 2B), and the BQP
arises as a rather flat dispersion in a temper-
ature range moderately above Tc (Fig. 2C).
In contrast to the two-temperature-scale be-

havior below pc, we find a more conventional

RESEARCH

Chen et al., Science 366, 1099–1102 (2019) 29 November 2019 1 of 4

1Departments of Applied Physics and Physics, Stanford
University, Stanford, CA 94305, USA. 2Stanford Institute
for Materials and Energy Sciences, SLAC National
Accelerator Laboratory and Stanford University, Menlo
Park, CA 94025, USA. 3Stanford Synchrotron Radiation
Lightsource, SLAC National Accelerator Laboratory, Menlo
Park, CA 94025, USA. 4National Institute of Advanced
Industrial Science and Technology, Tsukuba, Ibaraki
305-8568, Japan. 5Department of Materials Science and
Engineering, Stanford University, Stanford, CA 94305,
USA. 6Institute Lorentz for Theoretical Physics, Leiden
University, 2300 RA Leiden, Netherlands.
*These authors contributed equally to this work. †Present
address: Department of Physics, University of California,
Berkeley, CA 94709, USA. ‡Present address: Center for
Correlated Electron Systems, Institute for Basic Science, Seoul
08826, Republic of Korea. §Present address: Department of
Physics, University of Science and Technology of China, Hefei
230026, China.
#Corresponding author. Email: zxshen@stanford.edu

on N
ovem

ber 28, 2019
 

http://science.sciencem
ag.org/

D
ow

nloaded from
 

http://science.sciencemag.org/


Chen et al., Science 366, 1099–1102 (2019) 29 November 2019 2 of 4

Fig. 1. Doping dependence of the electronic structure at 250 K in Bi2212.
(A to F) ARPES spectra (top) and their second energy derivatives (bottom)
at six doping levels, taken along the Brillouin zone (BZ) boundary as indicated
by the red line in (K); a0 is the unit cell dimension. The corresponding
sample (doping p) is marked at the top of each panel. Samples are named
by their transition temperatures (Tc, in kelvin) rounded to the nearest integer
with the prefix OD for overdoped and OP for optimally doped. The critical
doping pc is between OD86 and OD81. All data are divided by the resolution-
convolved Fermi function. (G and H) ARPES spectra near the node (N) along

the gray line in (K) from OD86 and OD81, respectively. (I and J) Energy
distribution curves (EDCs) at the antinode [AN, red dot in (K)], and momentum
distribution curves (MDCs) along the BZ boundary at the chemical potential
m, respectively. A momentum-independent background is subtracted (8).
Curves are normalized by the area under them in the plotted horizontal axis
range for better comparison. Data from OD81 are fitted to a marginal Fermi
liquid model (8–10), and the results are plotted in gray. (K) Schematics of the
Fermi surfaces formed by the antibonding band (AB) and bonding band (BB)
in the first BZ.

Fig. 2. Temperature dependence of the electronic
structure immediately below and above pc.
(A) Temperature evolution of antinodal EDCs in
OD86 (p ~ 0.186). The curves are offset for clarity.
The red arrow indicates the development of the
pseudogap (PG). The blue stripe highlights the
intensity shoulder and its evolution into the sharp
Bogoliubov quasiparticle (BQP) peak. All data are
divided by the Fermi function. (B) Difference
between the ARPES spectra taken at 150 K and
250 K along the BZ boundary in OD86. The original
spectra at each temperature are normalized such
that the average intensity between –0.6 and –0.5 eV
equals 1. The black arrow indicates the spectral
weight transfer due to the PG. (C) Same as (B) but
between spectra taken at 90 K and 150 K. The
black arrow highlights the emergence of the BQP.
(D and E) Same as (A) and (B) but taken for OD81
(p ~ 0.196). The open diamonds and circles in (D)
are guides to the eye and denote the BQP peaks
above and below the chemical potential, respec-
tively. (F) ARPES spectra taken at 90 K along the BZ
boundary in OD81. The orange curves in (E) and (F)
are guides to the eye and highlight the normal
quasiparticle and BQP dispersions, respectively.
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temperature evolution above pc. With decreas-
ing temperature, the quasiparticle peaks first
sharpen with no sign of the pseudogap (Fig. 2,
D and E, and Fig. 3A). Then at around 130 K, a
gap opens with the rise of one additional peak.

The peak can be attributed to the back-bending
AB above the chemical potential (Fig. 2, D and
F), consistent with the formation of BQP dis-
persions when a superconducting gap opens.
With further decreasing temperature, the gap

and low-energy peaks become more promi-
nent. Yet as superconductivity develops, no
other major changes are observed in the elec-
tronic structure. These observations imply
that both the gaps above and below Tc here
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Fig. 4. Phase diagram of
Bi2212. (A) The color plot
(outlined in white) shows the
spectral intensity at the
BZ-boundary BB kF and m
(same data as in Fig. 3A)
plotted as a function of both
temperature and doping.
For p < pc, this intensity
reduces with decreasing tem-
perature and doping, reflect-
ing the development of the
pseudogap. Also plotted
are the transition temperatures
of various broken symmetries
in Bi2212 and YBa2Cu3O6+d
(YBCO): magnetic order (TMag)
(24–26), charge order (TCDW)
(27–29), nematicity (TNem)
(30), time-reversal symmetry
breaking (TTR) (31), and
inversion-symmetry breaking
(TInv) (32). The black curve
marks Tc; the vertical dashed line marks pc. (B) TFluc in Bi2212 observed by various probes: ARPES in the antinodal (AN) region (this work), laser ARPES in the near-nodal
(NN) region (7), torque magnetometry (11), Nernst effect (11), specific heat (12), and high-frequency conductivity (13). Error bars indicate uncertainties in estimating
these temperatures. Gray, pink, and blue background shadings are guides to the eye and indicate the existence of the pseudogap, normal quasiparticles, and BQPs,
respectively. Insets are schematics of the antinodal ARPES spectra; the horizontal dashed lines mark the chemical potential, the hatched area indicates incoherent spectra,
and the black and blue curves indicate the normal quasiparticle and BQP dispersions, respectively.

Fig. 3. Marked changes of spectral properties
across pc. (A) Temperature dependence of spectral
intensity at the BZ-boundary BB Fermi momentum
(kF) and m (red dot in inset). The error bars
reflect the noise level in the ARPES data and
uncertainties in determining kF and m. (B) Doping
evolution of EDCs at the BZ-boundary BB kF
and 60 K. All data in (A) and (B) are background-
subtracted (8), divided by the Fermi function,
and normalized such that the average EDC
intensity between –0.6 and –0.5 eV equals 1. The
inset shows examples of intensity normalization
using OD86 data. (C) Doping dependence of
2D/kBTFluc, where D is the antinodal superconduct-
ing gap size, kB is the Boltzmann constant,
and TFluc is the temperature scale of super-
conducting fluctuations. The horizontal error
bars are caused by uncertainties in Tc measure-
ments; the vertical error bars reflect uncertainties
in determining D and TFluc.
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are associated with superconductivity. The
absence of additional gap-like features also
indicates that the pseudogap suddenly col-
lapses at pc with overdoping. Furthermore, by
following the BQP shoulder for doping p < pc
and the gap above Tc for p > pc (figs. S3 and
S4), we establish a temperature scale for super-
conducting fluctuations, TFluc, that smoothly
follows the Tc dome. This is consistent with re-
sults from other studies (7, 11–13), as summa-
rized in Fig. 4B.
We further compare the spectra across pc in

the superconducting state. In Fig. 3B we show
the doping dependence of EDCs at 60 K, a
temperature where the growth of the super-
conducting gap is almost complete (14). These
EDCs are taken from the BB Fermi momen-
tum to minimize bilayer effects. Below pc, the
EDCs exhibit the anomalous peak-dip-hump
line shape, and the gap-to-TFluc ratio gradually
decreases with increasing doping (Fig. 3C).
Once above pc, we find that the dip rapidly
weakens and the gap-to-TFluc ratio satu-
rates. These changes reflect the impact of
the normal state on the superconducting
phase, echoing previous observations of low-
temperature anomalies across the very same
pc (14–20).
We now discuss the implications of our re-

sults. Previously, the low-temperature anom-
alies at pc were sometimes viewed as evidence
of a conventional order undergoing a contin-
uous quantum phase transition. In this pic-
ture, the order parameter would couple to
the electrons and cause the pseudogap, and
its quantum critical fluctuations would give
rise to the strange metal within a V-shaped
region in the temperature-doping phase dia-
gram (1). However, this scenario is hard to
reconcile with several studies in the normal
state, where the experimental observations
are indicative of a change of quasiparticle co-
herence across pc at elevated temperatures
(15, 21–23). Consistent with these studies, our
data provide direct microscopic evidence that
pc is not associated with a V-shaped quan-
tum critical region, but instead represents a
temperature-independent boundary between
the incoherent strange metal and the over-
doped quasiparticle metal. Furthermore, we
find that upon cooling, the pseudogapdevelops
only inside the incoherent strangemetal and
in turn serves as a parent state for various
broken symmetries that occur at even lower
temperatures (Fig. 4A) (24–32). These ob-
servations suggest that the pseudogap is a
subordinate phenomenon to the incoherent
strange metal and does not form a quantum
critical point.
A remaining puzzle is the incoherent anti-

nodal line shape. It has been suggested that
incoherence may arise from strong cou-
pling between electrons and bosonic modes
such as spin excitations (4) and phonons

(33, 34). However, this alone cannot produce
the discontinuous change of spectral function
at pc. In fact, as the impact of this change
persists to high energy and temperature, con-
ventionally it would be associated with a first-
order phase transition. One possibility is the
involvement of a structural transition. For
example, an abrupt change of CuO2 plane
dimpling has been reported in YBa2Cu3O6+d

near optimal doping (35). Yet it remains to be
seen whether a similar structural transition
happens at pc in Bi2212 and strongly affects
the bare band dispersions and mode cou-
pling properties. Moreover, certain short-range
orders, such as the short-range charge density
wave (14) and nematic glass (36), may also
contribute to the broadening of antinodal
spectra. Considering these factors, it seems
possible that our data can be explained by
a conventional theory. However, such ex-
planations become debatable when results
from other probes are considered. A first-
order phase transition must be accompanied
by jump discontinuities in the macroscopic
electronic properties. Nonetheless, to our
knowledge, such discontinuities have not
been observed at high temperature. Al-
though future experiments with continuous
and in situ doping tuning capability may
bring important insights, the nature of this
hidden “first-order transition” remains to be
resolved.
Perhaps these observations signal that the

incoherent strange metal is a form of matter
governed by unknown emergence principles.
A potential culprit is densemany-body entan-
glement (37). Because the Hilbert space of a
quantum many-body system grows exponen-
tially with the system size, to compute the
properties of densely entangled states in such
systems is beyond the capacity of classical
computers. However, because these states are
delocalized in the vast Hilbert space, their ex-
citations are generically not organized around
single-particle quantum numbers and can
manifest a broad spectral function (37). This
encapsulates a possible explanation for the
incoherent ARPES spectra. Meanwhile, it
offers a loophole for the hidden “first-order
transition,” as rules for transitions between
densely entangled and Fermi liquid–like states
are not known. Could it be that this would
explain the experimental observations? We
present our study as a challenge to the theory
community and a potential benchmark test
for quantum computing efforts.
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