
more steeply with increasing radius, with the best-
fit power law index becoming a = 2.5. Correct-
ing for clumping therefore seems to offer a
simple solution to all the potential puzzles posed,
at first glance, by the observed thermodynamic
profiles of the Perseus Cluster at large radii. No
additional physics is required by the data.

Our study shows no evidence for the puzzling
deficit of baryons at r ≥ 0.5 r200 inferred from
some previous studies of other systems, using
lower-quality data and/or extrapolated models
(26–30). This suggests that within r < 0.5 r200 the
physics of the x-ray–emitting gas is relatively
simple, and x-ray measurements can be used ro-
bustly for cosmological work. At larger radii,
however, the cluster gas is significantly clumped.

Numerical simulations predict gas clumping
in the cluster outskirts (31). However, the amount
of clumping depends on a large number of phys-
ical processes in the ICM which are currently
uncertain; for example, viscosity, conduction, star
formation feedback, and magnetic fields. Al-
though our results were obtained for just one
galaxy cluster, it is expected that the observed
physical processes are common. Our results there-
fore provide an anchor for numerical models
of ICM physics and for simulations of the for-
mation and ongoing growth of galaxy clusters.
An independent measurement of gas clumping
can be obtained from the combination of x-ray
and SZ observations, which have different depen-
dences on the electron density.
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From a Single-Band Metal to a
High-Temperature Superconductor
via Two Thermal Phase Transitions
Rui-Hua He,1,2,3* M. Hashimoto,1,2,3* H. Karapetyan,1,2 J. D. Koralek,3,4 J. P. Hinton,3,4

J. P. Testaud,1,2,3 V. Nathan,1,2 Y. Yoshida,5 Hong Yao,1,3,4 K. Tanaka,1,2,3,6 W. Meevasana,1,2,7

R. G. Moore,1,2 D. H. Lu,1,2 S.-K. Mo,3 M. Ishikado,8 H. Eisaki,5 Z. Hussain,3 T. P. Devereaux,1,2†
S. A. Kivelson,1† J. Orenstein,3,4† A. Kapitulnik,1,2† Z.-X. Shen1,2†

The nature of the pseudogap phase of cuprate high-temperature superconductors is a major
unsolved problem in condensed matter physics. We studied the commencement of the pseudogap
state at temperature T* using three different techniques (angle-resolved photoemission spectroscopy,
polar Kerr effect, and time-resolved reflectivity) on the same optimally doped Bi2201 crystals.
We observed the coincident, abrupt onset at T* of a particle-hole asymmetric antinodal gap in
the electronic spectrum, a Kerr rotation in the reflected light polarization, and a change in the
ultrafast relaxational dynamics, consistent with a phase transition. Upon further cooling, spectroscopic
signatures of superconductivity begin to grow close to the superconducting transition temperature
(Tc), entangled in an energy-momentum–dependent manner with the preexisting pseudogap
features, ushering in a ground state with coexisting orders.

As complex oxides, cuprate superconduc-
tors belong to a class of materials that
exhibit many broken-symmetry states;

unraveling the relationship between superconduc-
tivity in the cuprates and other possible broken-
symmetry states has been a major challenge of
condensed matter physics. A possibly related is-
sue concerns the nature of the pseudogap in the

cuprates and its relationship with superconduc-
tivity. Angle-resolved photoemission spectroscopy
(ARPES) studies have shown that the pseudogap
develops below a temperatureT* near theBrillouin
zone boundary while preserving a gapless Fermi
arc near the zone diagonal (1). A key issue is the
extent to which the pseudogap is a consequence
of superconducting fluctuations (2–5), which

should exhibit a rough particle-hole symmetry,
or another form of (incipient) order (6–12), which
typically should induce particle-hole asymmetric
spectral changes. Candidate orders include vari-
ous forms of density wave, nematic, or uncon-
ventional magnetic orders that break different
combinations of lattice translational (6–8, 13–19),
rotational (6, 9, 15, 17, 20–22), and time-reversal
(7, 9, 23–26) symmetries.

We have focused on crystals of nearly op-
timally doped (OP) Pb0.55Bi1.5Sr1.6La0.4CuO6+d

(Pb-Bi2201, Tc = 38 K, T* = 132 T8 K) (27), and
combined the ARPES measurement of the evo-
lution of the band structure over a wide range of
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temperature, momentum, and energy, with high-
precision measurements of the polar Kerr effect
(PKE) and time-resolved reflectivity (TRR). Bi2201
was chosen to avoid the complications resulting
from bilayer splitting and strong antinodal bosonic
mode coupling inherent to Bi2Sr2CaCu2O8+d

(Bi2212) (1).WhereasARPES is a surface probe,
PKE enables us to monitor a bulk, thermody-
namic (via the fluctuation-dissipation theorem)
property that has proven (28) to be a sensitive
probe of the onset of a broken-symmetry state,
and TRR gives complementary information on
the bulk, near-equilibrium dynamics of the system.

We will first analyze our ARPES data col-
lected in different temperature regions. Above
T*, Pb-Bi2201 has a simple one-band band struc-
ture (right side of Fig. 1). For each cut in mo-
mentum space perpendicular to G-M [(0,0)-(p,0)]
(C1 to C7 in Fig. 1), the only distinct feature in
the corresponding Fermi-function–divided (27)
energy distribution curves (EDCs) is a maximum
(red circles in Fig. 2, A to G). As a function of the
y component of the wave vector (ky), the maxima
have an approximately parabolic dispersion for

Fig. 1. Fermi surface maps mea-
sured below Tc at 10 K (left) and
above T* at 172 K (right) in the
same momentum-space region
(flipped for display). Dashed white
lines labeled C1 to C7 depict the
cuts along which the EDCs shown in
Fig. 2, A toN,weremeasured.Magenta
squares labeled P1 to P16 along M-G
indicate momenta where EDCs in Fig.
2, V and W, were measured. Red and
blue squares on the left indicate mo-
menta of the Fermi-level crossing kF
(kF1 and kF2 in Fig. 2, A to G) at 172
K and back-bending kG (black arrows
in Fig. 2, O to S) at 10 K of the dis-
persion of the EDC maximum along
cuts C1 to C7. Red and blue circles
on the right indicate momenta of
identifiable peaks in the momentum
distribution curves (measured along
cuts parallel to cut C7) at EF at 172 K and 10 K, respectively. The solid red curves are a guide to the eye for the
red squares and circles, whereas the dashed blue curve is the guide for the blue squares; together they show
an increased kG−kF misalignment going away from the nodal toward the antinodal region. The magenta-
shaded region is approximately where multiple EDC features are found at 10 K.
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Fig. 2. (A to G) and (H toN) Selected EDCs at 172 K and at 10 K, respectively,
for cuts C1 to C7, nearly perpendicular to G-M (Fig. 1). Each EDC corresponds to
a white point in the cuts in Fig. 1. EDCs inmagenta and orange are located close
to kF. (O toU) Dispersions of the EDC features in (A) to (N) for cuts C1 to C7. For
each dispersion curve, every other symbol corresponds to an EDC in (A) to (N).

Error bars are estimated based on the sharpness of features, to be T3 meV
minimum and T8 meV maximum [examples shown in (O)] based on different
EDC analyses (27). (V andW) EDCs at momenta P1 to P16 along M-G (Fig. 1) at
172 K and 10 K, respectively. Circles denote the EDC shoulder feature (solid
green) and the EDC maximum feature at 10 K (blue) and at 172 K (red).
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each cut (red circles in Fig. 2, O to U); the band
bottom lies on the G-M axis, and the dispersion
crosses the Fermi level (EF) at two momenta, kF
(kF1 and kF2). The binding energy of the band

bottom monotonically decreases from near G to
M (Fig. 2, O to U). We take the Fermi-level
crossings of this single band to define the Fermi
surface. Despite the simplicity of the electronic

structure above T*, the width and energy-
dependent broadening of the EDC maximum
features, along with the familiar strange metal
behavior seen in transport, imply that the system
is not well described as a Fermi liquid.

We now turn to the temperature region below
Tc. Here, the entire Fermi surface is gapped ex-
cept at the nodal points (kF lying on the zone
diagonal). In the nodal region, consistent with
previous reports (4, 5, 11, 12), a d-wave–like gap
along the Fermi surface is observed that we quan-
tify as the energy position of the EDC maximum
(blue circles) at kF (Fig. 2, L to N). This max-
imum is still the only identifiable feature in the
EDC. By comparing the EDCs in Fig. 2, E to G,
with those in Fig. 2, L to N, we see that the peaks
of EDCs near kF are much sharper below Tc than
above T*; however (perhaps surprisingly), the
peaks well away from kF appear broader but with
larger experimental uncertainties (also see Fig. 2,
Vand W).

Away from the nodal region, the dispersion
along each cut rises to a minimum binding en-
ergy and then bends back (Fig. 2, H to K). These
back-bendings (black arrows in Fig. 2, O to S)
occur at momenta kG (kG1 and kG2), which are
increasingly separated from the Fermi surface
(compare blue and red squares on the left side of
Fig. 1) toward the antinodes (kF lying on the zone
boundary). Note that, for a superconducting gap,
as a consequence of the particle-hole symmetry,
one would expect kG ≅ kF (fig. S6), as is the case

Fig. 4. (A and B)
Selected EDCs at 40 K
and 22 K along cut C1
(Fig. 1). See Fig. 2, A
and H, for data at 172 K
and 10 K, and fig. S1, A
to E, for other interme-
diate temperatures. (C)
Antinodal EDCs at 10 K
after dividing by the 40
K counterparts, covering
themomentum range in-
dicated by the gray bar
in (H), in comparisonwith
those in (D) taken in a
similar range at 30 K on
an OP Bi2212 sample.
Nondispersive peaks are
seen in both cases de-
spite different sharpness
and energy positions. (E
to G) EDCs at different
fixedmomenta [specified
in (A) and (H)] and tem-
peratures around Tc. The
counterintuitive increase
of the antinodal gap, de-
fined by the energy posi-
tion of the EDCmaximum
in (F) and (G), with temperature rising above Tc, cannot be understood with a
single energy scale assumed. (Insets) Corresponding EDCs divided by the 60 K
counterpart, showing the peaks losing definition above Tc (fig. S2E). (H) Summary
for the dispersions of related EDC features across and below Tc. Vertical arrows

specify momenta M, kF2 at 172 K, and kG2 at 10 K. Apparent asymmetry of the
dispersions across M is due to a finite deviation of the cut from the high-symmetry
direction and a subtle balance of spectral weight between different features in the
EDC. All EDC features and error bars are similarly determined as in Fig. 2.
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in the nodal region. The substantial kG−kF mis-
alignment, previously found in a single antinodal
cut perpendicular to G-M, has been interpreted as
a signature of non–particle-hole symmetric order
(29). Our observation here complements that
finding by providing an entire momentum-space
picture.

The width and shape of the EDC near kF
change fairly abruptly as a function of position
along the Fermi surface, in contrast with the
smooth evolution seen above T* (compare ma-
genta curves in Fig. 2, H to N and A to G).
Strikingly, the antinodal EDC maxima below Tc
are broader than those above T* (Fig. 2, VandW,
and fig. S7I). Such broadening of the antinodal
spectra with decreasing temperature, as reported
previously (29), is likely intrinsic, as the expected
sharpening is observed simultaneously in the nod-
al spectra at low energy.

Around theM point, both the EDC line shape
and the dispersion of the EDC maxima are more
complex than their counterparts above T*. The
dispersion of the EDC maxima has two separate
branches, one at relatively low energy, which
shows back-bendings at kG, and the other at
higher energy around the band bottom on the G-M
axis. As one moves from cuts C1 to C7, the
apparent discontinuity between the two branches
near the antinode vanishes and the two branches
merge (Fig. 2, O to U). Both kG (blue squares in
Fig. 1) and the band-bottom energy (blue circles
in Fig. 2W) evolve smoothly, even as the disper-
sion at intermediate energies changes dramatically.

Along with the changes in the dispersion
of the EDC maxima below Tc, a well-defined
shoulder feature (green dots in Fig. 2, H to K and
W) (27) emerges at low energy in the EDCs. This
feature exhibits little dispersion either along G-M
(Fig. 2W) or perpendicular to it (Fig. 2, H to J).
Unlike the EDC maxima, its dispersion does not
continue toward the zone center (Fig. 2W) but
instead loses its definition away from the vicinity
of theM point (magenta-shaded region in Fig. 1).

The changes in the spectral function on cool-
ing do not occur smoothly; instead, abrupt changes
in the thermal evolution occur in the neighbor-
hoods of T* and Tc.

A detailed temperature-dependent study of an
antinodal cut (C1 in Fig. 1) shows that the dis-
persion of the EDC maxima (blue circles in fig.
S1, A to E) exhibit a transformation that begins at
a temperature equal (within experimental uncer-
tainty) to the reported values of T* in the lit-
erature (27). Specifically, the energies of the EDC
maxima at the band bottom and at kF are tem-
perature independent above T* but begin shifting
to higher binding energies below T* (fig. S1F).
The energy position at kF is a measure of the
pseudogap and can be defined as a spectral or-
der parameter that becomes nonzero below T*.
Moreover, at temperatures below T* but well
above Tc, one can already see the kG−kF mis-
alignment developing (right inset of Fig. 3).
These observations are consistent with our pre-
vious report on a similar cut in an OP Pb-Bi2201

sample prepared under a different post-annealing
condition (29).

It would be natural (as discussed below) to as-
sociate the abrupt change in nature of the ARPES
spectra with a transition to a broken-symmetry
state below T*. To test this idea, we performed
PKE measurements on the same crystals with
finely spaced temperature steps (27). The results
(Fig. 3) are clearly suggestive of a slightly rounded
phase transition at T* below which a finite Kerr
rotation emerges. A similar transition in the Kerr
rotationwas previously observed inYBa2Cu3O6+x

(YBCO) and was suggested to be linked to a
broken-symmetry state that is not necessarily
magnetic in nature (25). The smallness of the
Kerr rotation in YBCO suggested that it might
not reflect the primary order. The present data
again show a small Kerr rotation; however, the
strong correspondence between the ARPES
and PKE data in Fig. 3 allows us to conjecture a
phase transition at T* and also to corroborate the
interpretation of previously published data on
YBCO in terms of a similar transition.

We also studied TRR on the same Pb-Bi2201
crystals (27). At temperatures between Tc and
T*, we observed a negative signal with a time-
resolution–limited turn-on followed by decay
on the order of 100 femtoseconds (fig. S3). Ad-
ditionally, we observed a positive signal that
emerges below Tc and decays on a picosecond
time scale. These observations are consistent
with previous studies of various cuprate families
that revealed different dynamics above and
below Tc (30), and associated the former with
the pseudogap state (31–36). The striking aspects
of the TRR results reported here are the clarity of
the onset at T* and the direct correspondence
with ARPES and PKE. As shown in the left inset
of Fig. 3, the magnitude of the negative TRR
signal tracks the ARPES and PKE data quite
well. This added correspondence further supports
the existence of a phase transition at T* to the
pseudogap state with near-equilibrium dynamics
distinct from superconductivity.

Upon cooling below Tc, it is observed in
ARPES that the shoulder on the low-energy side
of the EDC maximum appears to develop some-
what above Tc but well below T*, and it grows
truly distinct only below Tc (compare Fig. 4, A
and B, with fig. S1, A to E). To obtain a clearer
view of the structure of this feature, we show, in
the insets of Fig. 4, E to G, the spectra at low
temperatures divided by the one at 60 K—a
procedure that converts the shoulder into a small
peak. In Fig. 4C, we adopt the same procedure,
but dividing by the 40 K spectra instead, and in
fig. S2 we have subtracted off an approximate
background from the EDCs. All three methods
of analysis produce qualitatively similar results,
with a small peak at a position that does not
disperse appreciably along the exemplary anti-
nodal cut C1. In all cases, the energy andwidth of
the peak do not change considerably with in-
creasing temperature, whereas the peak intensity
is strongly temperature dependent; the peak be-

comes undetectable at a temperature that, although
greater than Tc, is nowhere near T*. This behavior
of the processed data is highly reminiscent of the
behavior of the superconducting coherence peak
in Bi2212 (37), although that peak is visible in
the raw data (Fig. 4D).

The strong and analogous temperature depen-
dences of the ARPES, PKE, and TRR data seen
between Tc and T* are most naturally understood
if T* is associated with a phase transition to a
nonsuperconducting broken-symmetry state (27).
Although superconducting fluctuations are ob-
servable above Tc (Fig. 4, E to G, and fig. S2E),
they appear to peter out at too low temperatures
(being negligible already at 60 K) to play a
central role in this higher-temperature transition.
To complete this picture, it is necessary to iden-
tify the nature of the broken-symmetry state and to
relate it to the apparently similar electronic changes
that occur below T* in other cuprates (27).

Below Tc, the nodal arc is gapped with a d-
wave–like structure suggestive of a dominantly
superconducting origin (38). In contrast, in the
antinodal region, rather than one order being dom-
inant, or the two gaps of both orders adding in
quadrature, the spectral function develops a com-
plex structure with two energy scales below EF

of mixed origin, a larger one being primarily
associated with the pseudogap order and a
smaller one with the superconducting order.

To see what can be learned about the pseu-
dogap order fromARPES,we have used a simple
mean-field model (27) to compute the expected
changes to the band structure induced by various
forms of density wave (6–8, 13–19) (fig. S7) or
nematic order (6, 15, 17, 20–22) (fig. S8) co-
existing with d-wave superconductivity. We note
that some (but certainly not all) key aspects of our
experimental observations can be qualitatively
reproduced, regardless of which of these orders is
assumed (27). An essential feature of both the
experiment and the fits is the comparable sizes of
the superconducting gap and the pseudogap. This
implies that the two orders may have a more
intimate connection than just competing orders,
such as seen in 2H-NbSe2, where the charge den-
sity wave gap is at least three times the super-
conducting gap (39).
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TheBonding ElectronDensity inAluminum
Philip N. H. Nakashima,1,2,3* Andrew E. Smith,1,4 Joanne Etheridge,2,3 Barrington C. Muddle1,2

Aluminum is considered to approach an “ideal” metal or free electron gas. The valence electrons move
freely, as if unaffected by the presence of the metal ions. Therefore, the electron redistribution due to
chemical bonding is subtle and has proven extremely difficult to determine. Experimental measurements
and ab initio calculations have yielded substantially different results. We applied quantitative
convergent-beam electron diffraction to aluminum to provide an experimental determination of the
bonding electron distribution. Calculation of the electron distribution based on density functional theory
is shown to be in close agreement. Our results yield an accurate quantitative correlation between the
anisotropic elastic properties of aluminum and the bonding electron and electrostatic potential distributions.

The electronic structure associated with
chemical bonding affects all properties of
materials except radioactivity. In metals,

the widely taught concept of an ideal metal or
free electron gas is popularly expressed as a
regular array of metal ions surrounded by a sea of
delocalized valence electrons (1). Although a gross
simplification, this model is often sufficient to
give a qualitative account of many characteristic
properties of metals such as their high electrical
and thermal conductivities and lustrous or shiny
appearance (1–3). However, it fails to explain the
often strong variation in particular properties of
different metals that are sensitive to electronic
structure (2–4)—for example, the anisotropy of
elastic constants. One of the best examples of a
free electron gas is aluminum (2, 5).

Aluminum accounts for more than 40% of
world production in nonferrous metals (6). The
large global effort invested in refining aluminum
and its alloys to extend property profiles involves
the need for a fundamental understanding of
metallic structure in solid solutions and structural
evolution at the nanoscale in multiphase alloys.
Such an effort must begin with accurate knowl-
edge of the electronic structure, chemical bond-

ing, and atomic-scale mechanics in pure aluminum
(2–4, 7–12), and then ultimately extend to its
alloys (2, 8, 9, 13).

A difficulty arising from aluminum’s close
approximation to a free electron gas is that the
perturbation of the total electron distribution by
chemical bonds is subtle and difficult to deter-
mine. As a consequence, extensive experimental
and theoretical studies of the electron density in
aluminum have been carried out since the 1920s
(7, 8, 14–17) but have failed to reach a consensus
on the electronic structure of the chemical bonds.
All possible modes are represented in the lit-

erature, including bridge bonding between near-
est neighbors (17), octahedrally centered bonding
between second nearest neighbors (7, 17), tetra-
hedrally centered bonding between nearest neigh-
bors (8, 17), and mixtures of these modes (17).

Using quantitative convergent-beam electron
diffraction (QCBED), we have made absolute
measurements of electronic structure at ambient
and liquid helium–cooled temperatures that are
of sufficient accuracy, precision, and resolution to
establish the bonding electron distribution in
aluminum unequivocally. Electron diffraction is
intrinsically sensitive to electron distribution by
virtue of the strong interaction of the electron
with the electrostatic potential of the specimen.
Using Wien2K (18), we performed an ab initio
density functional theory (DFT) calculation of
the electron distribution [using the generalized
gradient approximation (GGA) in the full po-
tential linearly augmented plane wave formalism
(FPLAPW), incorporating local orbital and local
screening potentials (lo + ls)] and found that it
agrees closely with the experimental determina-
tion by QCBED. The bonding electron and po-
tential distributions determined here have a strong
quantitative correlation with the anisotropy of
Young’s modulus for aluminum.
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Fig. 1. Sets of Fg published since
1929 (14–17) are plotted as points on
the graph of Droct at the octahedral
site versus Drtet at the tetrahedral site
(o and t, respectively, in the inset). The
DFT calculations of (7) would lie in the
cross-hatched region of Droct > Drtet.
The full potential linear muffin tin or-
bital (FPLMTO) calculations of (8) would
lie in the hexagon-hatched region of
Drtet > Droct. The present QCBED and
Wien2K DFT (GGA/FPLAPW+lo +ls) (18)
results are shown as circled crosses. See
fig. S1 (17) for references for all points.
All Dr values were computed using the
Eden Crystallography package (29).
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