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• La2-xBaxCuO4 with x = 1/8
‣ Coexistence of CDW, SDW, and 2D SC order

• Motivation for PDW state
‣ Sensitivity of SDW order to Zn doping
‣ Temporal stability of CDW

• Other examples
‣ LBCO x=0.095,  Tc = 32 K
‣ LSCO x=0.07,  Tc = 20 K
‣ La1.9Ca1.1Cu2O6+δ    Tc = 54 K

• SC layer decoupling in H || c

• No spin gap or resonance below Tc

• Has STM measured the PDW gap?



La2-xBaxCuO4

Hücker et al., PRB (2011)

M. HÜCKER et al. PHYSICAL REVIEW B 83, 104506 (2011)

stripe order (SO) satellite reflections, the stripe correlations
between the planes, the melting of the stripe order, and the
compatibility with the generic stripe phase diagram. Further-
more, there is a great lack of information for x > 1/8 because
crystal growth becomes progressively more challenging with
increasing x.

These are the issues addressed in the present study on
La2−xBaxCuO4 single crystals with 0.095 ! x ! 0.155. We
have characterized the CO with high-energy single-crystal
x-ray diffraction (XRD), by probing the associated lattice
modulation.13,14,17 That a modulation of the electron density
truly exists has been demonstrated previously in Ref. 19 for
La1.875Ba0.125CuO4 by means of resonant soft x-ray scattering.
We have investigated the SO both in the traditional way, with
neutron diffraction (ND), as well as in a less conventional
way by tracing a recently identified weak ferromagnetic
contribution to the normal state magnetic susceptibility.51

The various structural phases have been studied mostly with
XRD, and to some extent with ND, and the SC phase was
analyzed with shielding and Meissner fraction measurements.
As a result, we obtain the temperature versus Ba-concentration
phase diagram displayed in Fig. 1. One of the key features
is that CO exists over the entire range of x that we have
studied, including the two bulk SC crystals with the lowest and
highest x and maximum Tc on the order of 30 K. According
to our quantitative analysis, the stripe order for these end
compositions is already extremely weak, while it is most
pronounced at x = 1/8. In the underdoped regime the CO
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FIG. 1. (Color online) Temperature vs hole-doping phase dia-
gram of La2−xBaxCuO4 single crystals. Onset temperatures: Tc of
bulk superconductivity (SC), TCO of charge stripe order (CO), TSO

of spin stripe order (SO), and TLT of the low-temperature structural
phases LTT and LTLO. At base temperature CO, SO, and SC coexist
at least in the crystals with 0.095 ! x ! 0.135. For x = 0.155 we
identified CO but not SO, and observe a mixed LTT and LTLO phase.
In the case of x = 0.095, very weak orthorhombic strain persists at
low T . For x = 0.165 we have measured Tc only, before the crystal
decomposed. Solid and dashed lines are guides to the eye. Although
TCO, TSO, and TLT for several x were also determined with XRD and
ND, most data points in this figure are from magnetic susceptibility
measurements. Here, only TSO for x = 0.095 is from ND and TCO

and TLT for x = 0.155 from XRD.

always disappears at the low-temperature structural transition,
and for three crystals we can show that it melts isotropically.
On the other hand, the onset of bulk SC left no noticeable mark
in our CO and SO data.

The rest of the paper is organized as follows: In Sec. II we
describe the experimental methods and the choice of reciprocal
lattice used to index the reflections. In Sec. III we present four
subsections dedicated to our results on crystal structure, CO,
SO, and SC. In Sec. IV we summarize the doping dependence
of the various properties as a function of the nominal and
an estimated actual Ba content, compare our results with the
literature, and in Sec. V finish with a short conclusion.

II. EXPERIMENTAL

A series of six La2−xBaxCuO4 single crystals with 0.095 !
x ! 0.155 has been grown at Brookhaven with the traveling-
solvent floating-zone method. Previously reported results on
some of the compositions, in particular on the x = 1/8 crystal,
have demonstrated a very high sample quality.20,34–36,44,51–55

Because the compositions of the single crystals can deviate
from their nominal stoichiometry (see Ref. 56), it has been
vital to measure the structure, stripe order, and SC on pieces
of the same crystal. In Fig. 2(a) we show the unit cell of the
high-temperature tetragonal (HTT) phase, with space group
I4/mmm. Although the supercells of the low-temperature
phases LTO (space group Bmab) and LTT (space group
P 42/ncm) have a

√
2 ×

√
2 larger basal plane rotated by 45◦,

we nevertheless specify the scattering vectors Q = (h,k,ℓ) in
all phases in units of (2π/at ,2π/at ,2π/c) of the HTT cell with
lattice parameters at ≃ 3.78 Å and c ≃ 13.2 Å.57 In order to
express the orthorhombic strain s in the LTO phase, we will
refer to the lattice constants ao and bo of the LTO supercell,
which are larger than at by a factor of ∼

√
2.

The XRD experiments were performed with the triple-axis
diffractometer at wiggler beamline BW5 at DESY.58 To
create optimum conditions for studying the bulk properties
in transmission geometry, most samples were disk shaped
with a diameter (∼5 mm) significantly larger than the beam
size of 1 × 1 mm2, and a thickness (∼1 mm) close to the
penetration depth of the 100 keV photons (λ = 0.124 Å).
Counting rates are normalized to a storage ring current of
100 mA. To evaluate the x dependence of a superstructure
reflection relative to x = 0.125, we have normalized its inten-
sity with an integrated intensity ratio I (0.125)/I (x) of a nearby
fundamental Bragg reflection. For example, to normalize
the (1,0,0) and (2 + 2δ,0,5.5) reflections, we have applied
the factors I(200)(0.125)/I(200)(x) and I(206)(0.125)/I(206)(x)
of the (2,0,0) and (2,0,6) Bragg reflections, respectively.

The ND data for x = 0.115, 0.125, and 0.135 were
collected with the triple-axis spectrometer SPINS located at the
NIST Center for Neutron Research using beam collimations
of 55′-80′-S-80′-open (S = sample) with fixed final energy
Ef = 5 meV. The x = 0.095 crystal was studied at triple-axis
spectrometer HB-1 at the High Flux Isotope Reactor, Oak
Ridge National Laboratory, using beam collimations of 48′-
48′-S-40′-136′ with Ef = 14.7 meV. The cylindrical crystals,
with a typical weight between 5 and 10 g, were mounted
with their (h,k,0) zone parallel to the scattering plane. Doping
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2D SC and Pair-Density-Wave Superconductor

CDW SDW

PDW
Frustration of interlayer coupling:
    Himeda et al., PRL (2002)
    Berg et al., PRL (2007)

Intertwined superconductivity 
and antiferromagnetism

P.A. Lee, PRX (2014)



Intertwined fluctuations

Intertwined orders
(a)

(c)

(d)

(b)

Fradkin et al., RMP (2015)

AF order

SDW+CDW

d-wave SC

Pair density wave
+SDW+CDW

La2CuO4

La1.875Ba0.125CuO4

La1.84Sr0.16CuO4

La1.875Ba0.125CuO4

Josephson coupling

Exchange coupling

Fluctuations in one coupling frustrate the other, 
so they must order simultaneously.



Coupling is Common
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with Q#G, a magnetic reciprocal lattice vector, and &d is a
sum over the ions in the magnetic unit cell. The geometrical
factor ()'(!Q̂'Q̂() in both cross sections is a consequence
of the dipolar interaction of the neutron with the spin and
allows one to determine the spin direction of static and fluc-
tuating spins by systematically varying the momentum trans-
fer Q. The imaginary part of the generalized susceptibility is
related to the measured dynamic structure factor via the
fluctuation-dissipation theorem,

-!$Q,,%
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In the case of an itinerant-electron system, the measured
structure factor is related to the particle-hole excitations,
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k
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The neutron-scattering experiments described in this pa-
per were performed on the SPINS and BT9 triple-axis spec-
trometers located at the NIST Center for Neutron Research
in Gaithersburg, MD, and also on the TOPAN triple-axis
spectrometer located at the JAERI JRR-3M reactor in Tokai,
Japan. Pyrolytic graphite $PG% crystals were used to mono-
chromate and analyze the neutron energies. For the measure-
ments on the SPINS spectrometer, cold neutrons with an
incident energy of 5 meV were selected, and a liquid-
nitrogen-cooled beryllium filter was placed in the beam path
to remove contamination from higher-order neutron energies.
For the measurements on the BT9 and TOPAN spectrom-
eters, thermal neutrons with incident energies of 13.7 meV or
14.7 meV were selected, and a PG filter was placed in the
incident beam to remove higher-order neutron energies. The
sample was sealed in an aluminum container in a He gas
environment for thermal exchange. A pumped 4He cryostat
was used to control temperature from 1.4 K to 300 K.
We have, over the past few years, developed a reproduc-

ible method for preparing single crystals of La2CuO4$y that
are quite large, of high purity, and with homogenous oxygen
doping. First, a crystal of La2CuO4 is grown by the traveling
solvent floating-zone method; the crystal studied here has a
volume of about 0.6 cm3 with a crystal mosaic of 0.2° half-
width at half-maximum. In order to incorporate a large quan-
tity of excess oxygen into the crystal, we employ an electro-
chemical doping technique. Previous studies on ceramic and
small single crystal samples of La2CuO4$y have shown that
electrochemical oxidation24–27 can produce higher values of
y than methods involving annealing in high oxygen
pressure.28 Recently, we have refined the technique so that
large single crystals can be homogeneously doped, and thus
are suitable for magnetic neutron-scattering measurements,
which require large scattering volumes. Wells et al.3 have
investigated the phase diagram of La2CuO4$y crystals and
have reported neutron-scattering measurements of the low-

energy magnetic excitations in superconducting La2CuO4$y .
The superconducting crystals examined by these authors
have Tc’s of 31–32 K and represent the phase on the
oxygen-rich boundary of the first miscibility gap with an
oxygen content of y"0.055.
For the present studies we have successfully oxygenated a

large single crystal with an oxygen concentration well be-
yond the first miscibility gap. The bulk magnetic susceptibil-
ity of the La2CuO4$y crystal has been measured with a su-
perconducting quantum interference device $SQUID%
magnetometer after cooling in zero field at a magnetic field
of 10 G. As shown in Fig. 1$A%, the transition is sharp with
a Tc(onset)"42K, significantly higher than the maximum
Tc of #38K for La1.85Sr0.15CuO4. The open symbols repre-
sent measurements taken on the same sample used in the
neutron-scattering experiments, both immediately after dop-
ing and 10 months later. The solid-symbols represent data
taken on a small piece broken off of the larger neutron-
scattering crystal. The two pieces had identical temperature
dependences for their susceptibilities immediately after dop-

FIG. 1. $A% Bulk magnetic susceptibility measured after several
time intervals in an applied field of 10 G after cooling in zero field.
The open symbols represent data taken with the same crystal used
in the neutron-scattering experiments, while the solid symbols are
taken on a small piece which was broken off of the original crystal
immediately after doping. The vertical dotted line denotes the ap-
proximate midpoint temperature, Tc(midpoint)#40.5 K, of the flux
exclusion curve after the 1-month anneal. $B% Temperature depen-
dence of the peak intensity of the incommensurate elastic scattering,
which is proportional to the square of the magnetic order parameter
Ms . The measurements have been performed with two different
neutron energies of 5.0 meV and 13.7 meV, yielding energy reso-
lutions of 0.075 meV and 0.45 meV $half-width at half-maximum%,
respectively, with our particular choice of spectrometer collima-
tions. The solid line denotes the square of the BCS order parameter,
with Tm#40.5 K#Tc(midpoint).

PRB 60 3645NEUTRON-SCATTERING STUDY OF SPIN-DENSITY . . .

Superconductivity

IC Spin Order

La2CuO4+δ 

Tc = 42 K

Y.S. Lee et al., PRB (1999) 



Sensitivity of spin and SC orders to Zn
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FIG. 1. The temperature dependence of the in-plane resistivity
of Zn-substituted YBa2Cu3O72y

with y ≠ 0.37 (solid curves)
and y ≠ 0.07 (dashed curves) shown in the upper panel, and the
results for La 22x

Sr
x

CuO4 with x ≠ 0.15 and 0.20 are shown
in the middle and lower panels, respectively. z ≠ 0.031 and
0.032 for y ≠ 0.37 of Y123 are different crystals taken from
the same batch.

because of nearly equal average spacing between CuO2
planes.
The highly doped superconducting compounds show a

contrasting behavior. As demonstrated for x ≠ 0.20 of
La214, the material remains metallic even after the su-
perconductivity disappears at z ≠ 0.04 where the resid-
ual resistivity is by a factor of 4 smaller than the critical
value observed for x ≠ 0.10 and 0.15. The 90 K Y123
s y ≠ 0.07d would behave in the same manner, when more
Zn (perhaps ,8% may be necessary for the destruction
of superconductivity) could be introduced, as the linear
extrapolation of the r0-z curve (see Fig. 4) to z ≠ 0.08
reaches only 1y3 of the critical value.
Figure 2 illustrates how the in-plane resistivity varies

with changing doped hole density for fixed z. One
recognizes that the magnitude of the residual resistivity is
fairly large in the underdoped regime (x ≠ 0.10 and 0.15
for La214 and oxygen content 6.68 and 6.73 for Y123)
and is rapidly reduced for higher hole density. Using the
results in Figs. 1 and 2, the values of T

c

normalized to
the value T

c0 for the Zn-free compound are plotted in
Fig. 3 against r2D

0 for the two systems with various z and
xs yd. Figure 3 displays another aspect of the universal T

c

depression in the underdoped cuprates. Irrespective of the
doped hole density, the data for the underdoped cuprates
merge into a single pair-breaking curve which points
toward the universal 2D resistance hy4e

2 as T

c

! 0.

FIG. 2. The temperature dependence of the in-plane resistivity
of YBa2sCu12z

Zn
z

d3O72y

with z ≠ 0.02 and 0.03 for various
oxygen contents between 6.68 and 6.93 (from top to bottom).
The data for z ≠ 0 crystals are shown by the dashed curves.
The lower panel shows the result for La22x

Sr
x

Cu12z

Zn
z

O4 with
z ≠ 0.02 and x ranging from x ≠ 0.10 to x ≠ 0.30 (from top
to bottom).

By contrast, the highly doped cuprates (x ≠ 0.20 for
La214 and oxygen contents 6.93, 6.88, and 6.83 for Y123)
show quite distinct T

c

-r2D
0 curves which are strongly

dependent on the doped hole density. As the hole density
increases, the T

c

degradation speeds up as a function of
r2D

0 and the T

c

-r2D
0 curve appears to end up at r2D

0
considerably lower than hy4e

2.
A possible explanation for nonuniversal behavior would

be that the highly doped material is a three-dimensional
(3D) superconductor. Certainly, it is a general trend

FIG. 3. Normalized critical temperature T

c

yT

c0 plotted as a
function of the in-plane 2D residual resistance (per CuO2
plane). The solid curve is a line onto which all the data
in the underdoped regime merge. The data for the same Sr
composition or oxygen content in the highly doped regime are
connected by a dotted line. Theoretical estimates by Radtke
et al. [13] for a d-wave superconductor with nonmagnetic
impurities are in the region between the dashed curves.
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Y. Fukuzumi et al., PRL 76, 684 (1996)

Localization, not breaking, of pairs



Superconductivity vs. CDW Order

Emery, Kivelson, Zachar, PRB 56, 6120 (1997) 

in which points on the stripes are labelled by a stripe
number, j, and by a position x along the stripe direc-
tion. Then the stripe configuration is described by the
transverse displacement in the y-direction, Yj(x), of the
jth stripe at position x. (See Fig.1.) Because of the spin
gap, the only other low energy degrees of freedom involve
fluctuations of the charge density, ρj(x), on each stripe,

ρj(x) = ρ̄ + ρ0 cos[
√

2πφj + 2kF Lj(x)], (2)

Lj(x) =

! x

0
dx′

"

1 + (∂x′Yj)2 + Lj(0) (3)

where φj(x) defines the phase of the CDW with wave vec-
tor equal to twice the Fermi wave vector kF and Lj(x)
is the arc-length along stripe j. The quantum dynamics
of this system is equivalent to a theory of the longitudi-
nal (φj) and transverse (Yj) vibrations of coupled elastic
strings. Technically, this defines the fixed point Hamilto-
nian for the smectic phase. (A substrate potential would
inevitably lock the smectic phase to a wave vector com-
mensurate with the underlying crystal lattice, and hence
the transverse modes would be gapped.12)

x
1

2

 3

 4

j

Y(x)

FIG. 1. Schematic representation of a smectic stripe phase.
The coloured circles represent periodic stuctures along the
stripes, which are forced out of phase by the transverse fluc-
tuations

The coupling between the CDW’s on neighbouring
stripes is of the form

Hc =
#

j

!

dxV (∆jY ) cos[
√

2π(∆jφ) − 2kF (∆jL)] (4)

plus higher harmonics. Here Lj is the arc-length defined
in Eq. (3), ∆jF ≡ Fj+1 − Fj , and the function V [∆jY ]
reflects the fact that CDW’s on adjacent stripes are more
strongly coupled where the stripes are close together than
where they are far apart. When this coupling is strong,
it will drive the system into a fully-crystalline state. Fi-
nally, there is a term in the Hamiltonian representing the
Josephson tunnelling of (superconducting) pairs of elec-
trons between stripes. The tunnelling matrix element

J (Y ) ≈ J0 exp[αY ] (5)

depends roughly exponentially on the local spacing of the
stripes. The fact that superconductivity is a k = 0 order
implies that the Josephson coupling does not depend on
the arc length Lj , and hence it is not affected by the
geometry of the stripes.

With this background, it is possible to state our cen-
tral point that, to all orders in perturbation theory in
powers of V , all terms that are not invariant under the
transformation φj(x, τ) → φj(x, τ) + δj for arbitrary
δj are non-vanishing only near the “surface,” so in the
thermodynamic limit there is no locking of the phase of
the CDW fluctuations on neighbouring stripes. (Tech-
nically, this proves that the fixed point Hamiltonian is
perturbatively stable.) The physical origin of this ef-
fect is easily understood. The difference in arc lengths,
∆jL = Lj+1(x) − Lj(x), is a sum of contributions of
random sign, and more or less independently distributed
along the distance |x|. For this reason, ∆jL (and the
dephasing) grow with increasing |x| as in a random walk,
i.e. |∆jL|2 ∼ D|x|, where D is a quantum diffusion con-
stant.

This result may be obtained formally13 by integrating
out the stripe fluctuations (Y ) perturbatively in powers
of V and, subsequently, J . To first order in V , the ef-
fective interaction between the CDW’s on neighbouring
stripes, V (1)(φ1 − φ2), is given by the expression

V (1) = ⟨V (∆Y ) cos[
√

2π(∆φ) − 2kF (∆L)]⟩, (6)

where < > implies averaging over transverse stripe fluc-
tuations. To lowest order in a cumulant expansion

V (1) = Ṽ cos[
√

2π(∆φ)],

Ṽ = ⟨V (∆Y )⟩ exp{−(2k2
F )⟨[∆L]2⟩}

≈ ⟨V (∆Y )⟩ exp[−(2k2
F D)|x|]. (7)

This expression, which can readily be extended to higher
order in perturbation theory and higher order in the cu-
mulant expansion, captures the essential general point
of physics- that the coupling between CDW’s vanishes
very rapidly except in a region of width ∼ (2k2

F D)−1 at
the ends of the stripes and hence can be ignored in the
thermodynamic limit.14

It is interesting to note that the quantum problem may
be reformulated as a classical theory in space-time to
bring out the close analogy with a well established phase
of conventional liquid crystals, the three-dimensional
hexatic smectic B phase.15 In the space-time represen-
tation, the world sheets of the stripes can be regarded
as classical fluctuating membranes and the CDW fields
are analogous to a two-dimensional hexatic phase living
on the membrane. Despite the fact that the power-law
order in the plane of each “membrane” is modulated only
in the space direction, whereas the classical hexatic has
a triangular lattice form, this analogy assures us that we
have not omitted any important interactions from our
analysis.

2

✤ Treat each charge stripe as a 1D electron gas 

✤ Interaction with the AF environment leads to pairing 

✤ Josephson coupling between stripes gives SC order

✤ 1D electron gas: CDW competes with pairing 

Electronic liquid crystal phases: 

fluctuations suppress CDW order

Kivelson, Fradkin, Emery, Nature 393, 550 (1998) 



Charge stripes in LBCO do not fluctuate
2

FIG. 1. (Color online) Measurement configuration at the 23-
ID-1 (CSX-1) beamline at NSLS-II. X-rays from the undu-
lator are energy-dispersed and focused onto a 10 µm pinhole
⇠ 5 mm from the sample. This pinhole acts like an monochro-
mator exit slit achieving ⇠ 2 µm longitudinal coherence and
defines the beamsize and transverse coherence length at the
sample. Bragg speckle patterns are measured using a charge
coupled device (CCD) based device capable of 100 frames per
second [51].

ex-situ and mounted on an in-vacuum helium cryostat
with the [1, 0, 0] and [0, 0, 1] directions in the scattering
plane. A di↵ractometer, also in-vacuum, allowed us to
reach the (0, 0, 2) and (±1, 0, 1) lattice Bragg peaks for
alignment and both CDW Bragg peak satellites in ver-
tical scattering geometry. All data were collected with
horizontal (�)-polarized incident x-rays.

Figure 2(a) plots the detector image obtained at
(�0.236, 0, 1.5) at 15 K using the Cu L

3

-edge resonance.
Intensity modulations, or speckles, are clearly visible on
top of the CDW Bragg peak and serve as a fingerprint of
the domain configuration. The line cut in Fig. 2(b) shows
the separate components to the scattering. In Bragg co-
herent scattering measurements, the speckle intensity is
modulated by an overall envelope, calculated here by ap-
plying the Savitzky-Golay smoothing method to the mea-
sured intensity [53]. This generates the line shape one
would expect to obtain with an incoherent x-ray beam.
The CDW peak sits on top of an approximately flat back-
ground, primarily from x-ray fluorescence.

The relative strength of the speckles can be quantified
by calculating the intensity variation

V =
Imax

s

� Imin

s

Imax

s

+ Imin

s

(1)

where Imax

s

and Imin

s

are the maximum and minimum
speckle-modulated intensities. There is a substantial in-
coherent background from sample fluorescence that we
choose to subtract before evaluating V . After averaging
over several cuts close to the dotted horizontal line in
15 K data shown in Fig. 2(a), we find V = 0.15 ± 0.05.

FIG. 2. (Color online) (a) A detector image from the
LBCO 1/8 CDW Bragg peak at 15 K. The black diagonal
line is an artifact from the beamstop. (b) A line cut of the
measured intensity taken on the dotted line in panel (a) is
shown in yellow. Red and black lines indicate the smoothed
peak envelope and the fluorescence-dominated background re-
spectively. The speckle-modulations on top of the peak arise
from coherent interference between di↵erent CDW domains.

Similar values are obtained independent of data accu-
mulation time, from 1 minute, the shortest time in which
su�cient statistics can be collected, to 2 3/4 hours of total
measurement time. The background subtraction allows
us to compare the measured V values to the theoretical
intensity variation, which was calculated based on the
expected x-ray coherence properties, scattering geometry
and x-ray penetration depth. The calculation [54] yields
V = 0.15 consistent with the measured value. Additional
measurements at the +H satellite and the O K-edge res-
onance are also consistent with calculated values [54].
Next we address the time evolution of the observed

speckles to test for CDW dynamics, which we examine in
“waterfall” plots or kymographs shown in Fig. 3. These

LBCO x=1/8 

Coherent soft-x-ray scattering 
resonant at Cu L3 edge 

Speckle pattern  
does not change with time

X. Chen et al., PRL 117, 167001 (2016) 

Measured on CSX beam line at NSLS II

V. Thampy et al., PRB 95, 241111(R) (2017) 

LBCO x = 0.11,  Tc = 22 K 
measurements down to 10 K
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stripe order (SO) satellite reflections, the stripe correlations
between the planes, the melting of the stripe order, and the
compatibility with the generic stripe phase diagram. Further-
more, there is a great lack of information for x > 1/8 because
crystal growth becomes progressively more challenging with
increasing x.

These are the issues addressed in the present study on
La2−xBaxCuO4 single crystals with 0.095 ! x ! 0.155. We
have characterized the CO with high-energy single-crystal
x-ray diffraction (XRD), by probing the associated lattice
modulation.13,14,17 That a modulation of the electron density
truly exists has been demonstrated previously in Ref. 19 for
La1.875Ba0.125CuO4 by means of resonant soft x-ray scattering.
We have investigated the SO both in the traditional way, with
neutron diffraction (ND), as well as in a less conventional
way by tracing a recently identified weak ferromagnetic
contribution to the normal state magnetic susceptibility.51

The various structural phases have been studied mostly with
XRD, and to some extent with ND, and the SC phase was
analyzed with shielding and Meissner fraction measurements.
As a result, we obtain the temperature versus Ba-concentration
phase diagram displayed in Fig. 1. One of the key features
is that CO exists over the entire range of x that we have
studied, including the two bulk SC crystals with the lowest and
highest x and maximum Tc on the order of 30 K. According
to our quantitative analysis, the stripe order for these end
compositions is already extremely weak, while it is most
pronounced at x = 1/8. In the underdoped regime the CO
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FIG. 1. (Color online) Temperature vs hole-doping phase dia-
gram of La2−xBaxCuO4 single crystals. Onset temperatures: Tc of
bulk superconductivity (SC), TCO of charge stripe order (CO), TSO

of spin stripe order (SO), and TLT of the low-temperature structural
phases LTT and LTLO. At base temperature CO, SO, and SC coexist
at least in the crystals with 0.095 ! x ! 0.135. For x = 0.155 we
identified CO but not SO, and observe a mixed LTT and LTLO phase.
In the case of x = 0.095, very weak orthorhombic strain persists at
low T . For x = 0.165 we have measured Tc only, before the crystal
decomposed. Solid and dashed lines are guides to the eye. Although
TCO, TSO, and TLT for several x were also determined with XRD and
ND, most data points in this figure are from magnetic susceptibility
measurements. Here, only TSO for x = 0.095 is from ND and TCO

and TLT for x = 0.155 from XRD.

always disappears at the low-temperature structural transition,
and for three crystals we can show that it melts isotropically.
On the other hand, the onset of bulk SC left no noticeable mark
in our CO and SO data.

The rest of the paper is organized as follows: In Sec. II we
describe the experimental methods and the choice of reciprocal
lattice used to index the reflections. In Sec. III we present four
subsections dedicated to our results on crystal structure, CO,
SO, and SC. In Sec. IV we summarize the doping dependence
of the various properties as a function of the nominal and
an estimated actual Ba content, compare our results with the
literature, and in Sec. V finish with a short conclusion.

II. EXPERIMENTAL

A series of six La2−xBaxCuO4 single crystals with 0.095 !
x ! 0.155 has been grown at Brookhaven with the traveling-
solvent floating-zone method. Previously reported results on
some of the compositions, in particular on the x = 1/8 crystal,
have demonstrated a very high sample quality.20,34–36,44,51–55

Because the compositions of the single crystals can deviate
from their nominal stoichiometry (see Ref. 56), it has been
vital to measure the structure, stripe order, and SC on pieces
of the same crystal. In Fig. 2(a) we show the unit cell of the
high-temperature tetragonal (HTT) phase, with space group
I4/mmm. Although the supercells of the low-temperature
phases LTO (space group Bmab) and LTT (space group
P 42/ncm) have a

√
2 ×

√
2 larger basal plane rotated by 45◦,

we nevertheless specify the scattering vectors Q = (h,k,ℓ) in
all phases in units of (2π/at ,2π/at ,2π/c) of the HTT cell with
lattice parameters at ≃ 3.78 Å and c ≃ 13.2 Å.57 In order to
express the orthorhombic strain s in the LTO phase, we will
refer to the lattice constants ao and bo of the LTO supercell,
which are larger than at by a factor of ∼

√
2.

The XRD experiments were performed with the triple-axis
diffractometer at wiggler beamline BW5 at DESY.58 To
create optimum conditions for studying the bulk properties
in transmission geometry, most samples were disk shaped
with a diameter (∼5 mm) significantly larger than the beam
size of 1 × 1 mm2, and a thickness (∼1 mm) close to the
penetration depth of the 100 keV photons (λ = 0.124 Å).
Counting rates are normalized to a storage ring current of
100 mA. To evaluate the x dependence of a superstructure
reflection relative to x = 0.125, we have normalized its inten-
sity with an integrated intensity ratio I (0.125)/I (x) of a nearby
fundamental Bragg reflection. For example, to normalize
the (1,0,0) and (2 + 2δ,0,5.5) reflections, we have applied
the factors I(200)(0.125)/I(200)(x) and I(206)(0.125)/I(206)(x)
of the (2,0,0) and (2,0,6) Bragg reflections, respectively.

The ND data for x = 0.115, 0.125, and 0.135 were
collected with the triple-axis spectrometer SPINS located at the
NIST Center for Neutron Research using beam collimations
of 55′-80′-S-80′-open (S = sample) with fixed final energy
Ef = 5 meV. The x = 0.095 crystal was studied at triple-axis
spectrometer HB-1 at the High Flux Isotope Reactor, Oak
Ridge National Laboratory, using beam collimations of 48′-
48′-S-40′-136′ with Ef = 14.7 meV. The cylindrical crystals,
with a typical weight between 5 and 10 g, were mounted
with their (h,k,0) zone parallel to the scattering plane. Doping
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(a)

(b)

(c)

FIG. 14. (Color online) (a) Integrated intensity of the magnetic
superlattice peak at wave vector (0.6,0.5,0) in µ0H⊥ = 0 T (violet
circles) and 7 T (red squares), obtained by neutron diffraction. (b)
Integrated intensity of the charge-order superlattice peak (0.2,0,8.5)
in µ0H⊥ = 0 T (violet circles) and 10 T (red diamonds), obtained
by x-ray diffraction. (c) Integrated intensity of the (300) superlattice
peak, characterizing the structural transition to the low-temperature
phase, in 0 and 10 T as in (b). For (a) and (b), intensities are normalized
(approximately) to results for LBCO x = 0.125 in zero field (Ref. 49);
for (c), intensities are normalized at low temperature. Error bars
correspond to one standard deviation of counting statistics. Lines
through the data points are guides to the eye. Gray regions emphasize
the change induced by the magnetic field.

by ∼0.015. The fact that they did not see any change in the
intensity of a spin-order superlattice peak in µ0H⊥ = 7 T
is consistent with the greater hole concentration and larger
zero-field stripe order. A significant field enhancement is only
observed when the zero-field intensity is weak.16,17

V. SUMMARY AND DISCUSSION

We have experimentally studied the anisotropic resistivity
in LBCO x = 0.095 and the impact of an applied magnetic
field, especially when oriented perpendicular to the CuO2
layers. Measuring the onset of detectable resistivity versus
temperature for various values of H⊥, we find quite different
thresholds for the loss of superconducting order depending
on whether the measurement current is parallel or perpen-
dicular to the layers. For current parallel to the layers, the
nonlinear voltage versus current behavior is consistent with

survival of superconducting order to rather high temperatures
and magnetic fields. In contrast, a small current applied
perpendicular to the layers leads to linear voltage dependence
(within the regime of detectable resistivity), with nonlinear
behavior at higher currents. This behavior is consistent with
thermal-noise-induced voltage fluctuations across independent
interlayer Josephson junctions.24–28 This effect is expected
to be quite sensitive to the effective area of the Josephson
junction.24 Applying the empirical result of Hettinger et al.27

that the effective area is comparable to the area per vortex,
we get reasonable consistency with the optical measurement
of λ⊥.31

We have also used diffraction techniques to measure the
impact of H⊥ on stripe order. We have observed that both
charge- and spin-stripe orders are significantly enhanced by
the field. The correlation lengths for the vortex-induced stripe
orders30 are significantly larger than the typical vortex core
size, so that the induced stripe order must coexist with
superconducting screening currents.

Can we find a way to make sense of the different
behaviors in ρ∥ and ρ⊥ in the regime where one indicates
superconducting order and the other does not? One way to
possibly understand these differences is in terms of anisotropic
vortex pinning. In measuring ρ∥, the response necessarily
indicates that vortices are pinned. This pinning may be aided
by the stripes present in the system. In the LTLO or LTT
lattice structures, stripes are pinned in orthogonal directions
from one layer to the next. For a current flowing parallel
to the layers with applied field H⊥, the transverse Lorentz
force in the plane would push pancake vortices in half of
the layers in the modulation direction of the induced stripe
order. Given that the vortices appear to induce stripe order, the
Lorentz force may serve to pin each vortex core within the
halo of induced spin order. Because vortices between layers
are (attractively) coupled electromagnetically,54 pinning in one
layer will aid pinning in adjacent layers, even in those layers
where the Lorentz force acts along the stripe. In contrast,
for a current perpendicular to the layers, there is no Lorentz
force on the pancake vortices, thus allowing them freedom to
fluctuate parallel to the stripes, resulting in a lower threshold
for detectable resistivity.

Another possibility to consider is whether there might be an
intimate connection between the superconductivity and stripe
order. A state with apparent superconducting order parallel
to the planes but finite resistivity between the planes was
previously observed in LBCO x = 1/8.34,35 There, it occurs
in zero field and onsets together with spin-stripe order. Frus-
tration of the interlayer Josephson coupling is evident from
the extreme anisotropy of the resistivity and diamagnetism.35

For the present case of x = 0.095, the interlayer Josephson
coupling is finite in zero field, but the coupling is reduced by
the field. Dissipation appears while the Josephson coupling is
still finite. A large magnitude of ρ⊥ in strong H⊥ occurs for a
range of temperatures where ρ∥ remains very small, suggesting
a frustration of Josephson coherence. We have also observed
that H⊥ enhances spin- and charge-stripe order. Thus, there
are significant qualitative similarities between the phases of
superconductivity with uniaxial resistivity in the x = 0.095
and 0.125 samples. Of course, there are also some quantitative
differences. Even in the state of uniaxial resistivity, the in-plane
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FIG. 10. (Color online) Diamagnetic magnetization obtained
from χ (H ⊥ ab) data of Fig. 9 after subtracting a linear fit to the data
between 80 and 100 K. The high-field crossover at T ∼ 30 K is con-
sistent with the appearance of the LVL state, as discussed in the text.

previously, especially in Bi2Sr2CaCu2O8+δ (Refs. 55 and
56) and Bi2Sr2−xLaxCuO6+δ (Ref. 57). The rise of ρ⊥ with
increasing H⊥ is due to suppression of the conduction channel
associated with interlayer pair tunneling; on crossing the
maximum, single-particle transport dominates.55 The region
of negative magnetoresistance at high field has been attributed
to the impact of H⊥ on the pseudogap;56 reducing the antinodal
gap increases the density of normal carriers that can move
between planes. Parallels have also been drawn with the
field-tuned superconductor-insulator transition observed in
disordered thin films of various metals.58–60 By this latter
analogy, the resistive transition in ρ⊥ can be viewed as a
transition to a Cooper-pair insulator phase at high µ0H⊥. In our
case, the Cooper pairs are localized along the c axis, becoming
restricted to the CuO2 layers.

To emphasize the striking difference between ρ⊥ and ρ∥ in
an applied field, we compare their temperature dependencies
in Fig. 11 for µ0H⊥ = 0, 20, and 35 T. For ρ⊥, the field appears
to shift the superconducting transition to low temperature.
In contrast, ρ∥ shows a substantial drop near 30 K even in
the highest field, and it continues towards zero on further
cooling. There is clearly a broad regime in which the
superconducting layers are decoupled in terms of coherent
Cooper-pair transport.

Now, we want to be a bit more quantitative in defining tran-
sitions and crossovers. The regime of 3D superconductivity
ends when ρ⊥ becomes finite. We label the field at which this
occurs as H⊥

c . Our determination of H⊥
c is indicated by the

triangles in Fig. 1(a).
To analyze the growth of ρ⊥ with field, we start with the

model of a stack of Josephson junctions between supercon-
ducting CuO2 layers.18 It has been argued by several groups
that the field-induced rise in ρ⊥ can be understood in terms
of phase fluctuations in the interlayer Josephson junctions
due to thermal noise.61–64 In this interpretation, the relevant
quantity is the extensive resistance per Josephson junction.
Hettinger et al.64 demonstrated empirically that the effective
junction area corresponds to A = $0/(B⊥ + B0), where $0
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FIG. 11. (Color online) Measurements of (a) ρ⊥ and (b) ρ∥ as a
function of temperature for µ0H⊥ = 0, 20, and 35 T. The dashed lines
in (a) are guides to the eye. The solid lines in (b) are calculations of
2D flux-flow resistivity, as discussed in the text. Inset of (b) shows
%ρ∥/%T as a function of H⊥ and T .

is the flux quantum and B0 is a parameter. Some of us have
shown previously31 that this approach gives a good description
of the evolution of ρ⊥(T ,H⊥) in our sample for T < Tc0 with
B⊥ ≈ µ0H⊥ and B0 = 2.2 T. The effective junction resistance
is then R⊥ = ρ⊥s/A, where s is the interlayer spacing (6.6 Å).

According to Halperin et al.65 the criterion for a Josephson
junction to become effectively insulating is that it exceed RQ =
h/(4e2) = 6.45 k&, the quantum of resistance for Cooper
pairs. We define HQ as the field at which R⊥ = RQ; the T
dependence of HQ is shown by the squares in Fig. 1(a). As
one can see, the separation between HQ and H⊥

c is rather
modest.

Looking at Fig. 2(a), it appears that there is a common shape
to ρ⊥(H⊥) measured at different temperatures. In Fig. 12,
we show that R⊥/RQ scales as [(H⊥ − H⊥

c )/(HQ − H⊥
c )]α(T ),

with the T dependence of the exponent α displayed in the inset.
The scaling is motivated by a calculation from Konik66 for ρ⊥
in a model of weak Josephson coupling between 2D layers;
he predicts αK = 3

4 (1 + t), with t = (Tc0 − T )/Tc0, which is
represented by the dashed line in the inset.

E. In-plane resistivity ρ∥(H⊥,T )

We have already noted that the Hall effect and susceptibility
measurements indicate the onset of strong superconducting
fluctuations below 40 K, in a fashion that is surprisingly
independent of field. We see related behavior of ρ∥ in
Fig. 11(b), where the high-field data show a rapid drop at
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been invoked.22,23 Several recent experiments have provided
direct evidence for charge order that is enhanced when
superconductivity is depressed by a strong magnetic field.27–29

The relationship between the superconductivity, charge order,
and normal quasiparticles remains a hot topic of debate.

In this paper, we present a study of the superconductor
La1.905Ba0.095CuO4 (Tc = 32 K) in strong magnetic fields H⊥
applied perpendicular to the CuO2 planes. In previous work,
it has been shown that the weak charge stripe order present
in zero field30 is enhanced by H⊥.31,32 Here, we demonstrate
that a strong enough H⊥ can completely destroy the phase
coherence between neighboring layers without destroying
the superconducting correlations within the layers. Evidence
for the layer decoupling is obtained from measurements of
the resistivity perpendicular to the layers ρ⊥, while evidence
for the survival of the superconductivity is provided by
measurements of magnetic susceptibility, Hall effect, and
resistivity parallel to the layers ρ∥. We find that the onset
of strong superconducting correlations within the decoupled
layers occurs at approximately 30 K, with little variation due to
H⊥ up to our maximum of 35 T. We label this a layered vortex
liquid (LVL) state; it is essentially a 2D vortex liquid state, but
there could be electromagnetic interactions between the layers
associated with the vortices, resulting in 3D correlations.33

Within the LVL state, ρ∥ has a finite magnitude consistent
with that expected for a 2D superconductor without phase
order.17 On cooling in fixed field, ρ∥ decreases in a fashion
suggesting critical behavior similar to that predicted34 for a 2D
superconductor on the approach to the phase-ordering tran-
sition of Berezinkii35 and Kosterlitz and Thouless36 (BKT).
(We note that the theory applies only to the case of zero field.)
Following the variation of ρ∥ with H⊥ at fixed temperature,
we observe behavior suggesting a transition to a state with
negligible ρ∥ despite an absence of phase coherence between
the layers. We label this state a layered, phase-decoupled su-
perconductor (LPD-SC). Our results are summarized in Fig. 1.

The occurrence of the LPD-SC state (regardless of whether
true superconducting order is achieved), as well as the
complete decoupling of the layers in the LVL state, indicates
a frustration of the interlayer Josephson coupling31 by some
mechanism other than thermal vortex fluctuations.37–39 To-
gether with the field-enhanced charge-stripe order,31 there is
a clear parallel with behavior reported for LBCO with x = 1

8 ,
where LVL and LPD-SC states associated with stripe order
were observed in zero field.40,41 In that case, the frustration
of the Josephson coupling has been explained in terms of a
proposed pair-density-wave (PDW) superconductor.42–44 The
similar phenomenology suggests that field-induced PDW order
could be relevant to the x = 0.095 sample.

The rest of this paper is organized as follows. The
experimental methods are described in the following section.
In Sec. III A, we present the resistivity data and analyze the
normal-state magnetoresistance. Evidence for the onset of
strong superconducting correlations within the CuO2 layers
from Hall effect and magnetic susceptibility measurements
is presented in Secs. III B and III C, respectively. Analysis
of ρ⊥(H⊥) and the decoupling of the layers are described in
Sec. III D, while the evidence from ρ∥ measurements for the
transition to the LPD-SC state is given in Sec. III E. The paper
concludes with a summary and discussion in Sec. IV.
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FIG. 1. (Color online) Phase diagrams in H⊥-T space obtained
from measurements of (a) ρ⊥ and (b) ρ∥. In (a), triangles indicate the
onset of finite ρ⊥ at H⊥

c ; squares denote HQ, corresponding to the
interlayer phase-decoupling crossover. In (b), circles indicate onset
of finite ρ∥ at H ∥

c ; vertical solid line corresponds to T 2D
c , the crossover

from the layered vortex liquid (LVL) phase to the normal state. In
both (a) and (b), the shaded contours correspond to the resistivity
normalized to an extrapolation of the normal-state behavior obtained
at the maximum field. (c) Doping dependence of Tc in La2−xBaxCuO4,
from Ref. 30; vertical line denotes present sample. (d) Hall coefficient
RH in H⊥-T space. For panels (a)–(c), the zero-resistance state
(ρ/ρn < 10−3) corresponds to the regions in cyan. Note that the
region of negative Hall constant [dark blue in (d)] corresponds to
the regime of layered phase-decoupled superconductivity (LPD-SC)
with finite ρ⊥ and negligible ρ∥.

II. EXPERIMENTAL METHOD

The crystals, grown by the traveling-solvent floating-
zone method, have been characterized in several previous
studies.20,30,31,45 Most of the present experiments were per-
formed in the 35-T dc magnet at the National High Magnetic
Field Laboratory (NHMFL). The crystals for the measure-
ments of ρ⊥ and ρ∥ are the same as those used in a previous
transport study,31 and the contact configurations are described
there. The resistance was measured using an ac resistance
bridge with an excitation current of 1 mA. All measurements
were done after field cooling from above Tc0, sweeping the
field from 35 T to 0 while holding the temperature fixed.
(Note that sweeping the field at fixed temperature minimizes
the energy consumption of the magnet compared to sweeping
the temperature at fixed field.)

A third crystal was prepared for measurements of the Hall
effect. The geometry was similar to that of the crystal for
the ρ∥ measurement, except that the voltage contacts were on
opposite edges of the crystal in order to measure the Hall
voltage VH in the direction transverse to the current flow.
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LBCO  x = 0.095

The magnetic incommensurability is a consequence of
the charge carriers forming intertwined stripes [32]. Changes
in the stripe spacing with temperature are reflected in δ and
are tied to the behavior of the charge carriers; for example, in
La1.875Ba0.125CuO4 there is an abrupt jump in δ at a structural
transition associated with pinning of the charge stripes [33].
In the present case, where there is also a structural transition
[34], the quasistatic stripe correlations appear to develop in a
cooperative fashion with the superconductivity.
Figure 3 presents the results for χ00ðωÞ over a broader

energy range at select temperatures above, below, and at Tc.
In optimally and over-doped cuprates, the spin gap for
T < Tc is generally observed to be comparable to the
superconducting gap Δ, with a resonance peak appearing
at Er ≈ 1.3Δ [4,35]. Measurements such as Andreev reflec-
tion indicate that Δ ≈ 2.5kBTc [36,37], yielding a predic-
tion of Δ ≈ 7 meV for our sample, consistent with the gap
measured on the Fermi arc by angle-resolved photoemis-
sion [38]. Correspondingly, one predicts Er ∼ 9 meV.
It is quite clear from Fig. 3 that there is no meaningful

spin gap for T < Tc on the predicted scale of 7 meV. While
there is a depression of χ00ðωÞ below 6 meVat Tc, it should
be noted that χ00 must decrease to zero at ℏω ¼ 0. There
is a definite enhancement of the signal below 3 meV at
low temperature. Similarly, there is no obvious resonance
feature. While χ00ðωÞ does exhibit a peak near 18 meV, that
peak is already present at 100 K, and there is no significant
correlation between the peak intensity and the development
of superconductivity. The conclusion of an independent
neutron-scattering study is that the peak is a consequence
of spin-phonon hybridization [39].

To put the absolute magnitude of χ00ðωÞ in context, we
can compare with the signal from spin waves in La2CuO4

[40,41]. Using the results of spin-wave theory [42], we
find that χ00ðωÞ ¼ ðZχ=JeffÞμ2B=Cu, where Zχ ≈ 0.5. From
experiment, the value of the effective superexchange energy
Jeff , describing the low-energy dispersion is 128 meV
[40,41]. From this we obtain χ00ðωÞ ¼ 3.9μ2B eV−1 Cu−1,
which is indicated by the gray bar in Fig. 3. It is strikingly
similar to the magnetic spectral weight found for our sample
of La2−xBaxCuO4 with x ¼ 0.095. The degree of similarity
may be coincidental, as parameter and data normalization
uncertainties are on the order of 20%. The point is that the
strong magnetic response cannot come from only a small
fraction of the sample. In combination with the evidence
for bulk superconductivity [19], it appears inescapable that
superconductivity and antiferromagnetic spin correlations
must coexist locally.
From the perspective of competing orders [11], coex-

istence of superconductivity and spin-density-wave order
(SDW) requires one or both these orders to be weak. While
the true SDW order is weak in our sample, the presence
of the strong magnetic spectral weight at energies far below
the superconducting gap, together with the optical evidence
for a substantial superfluid density, is problematic.
Similarly, it would be difficult to rationalize the exper-
imental observations in terms of disorder effects alone [12].
A different approach is necessary.
A way to reconcile the coexisting spin fluctuations and

superconductivity is to relax the expectation of spatial
uniformity. We know from their incommensurability that
the locally antiferromagnetic spin correlations are spatially

FIG. 3 (color online). (a) Wave-vector-integrated local suscep-
tibility χ00ðωÞ measured at temperatures of ≤ 6 K (violet), 32 K
(red), and 100 K (orange). (b) Difference in χ00ðωÞ between ∼6
and 32 K (violet) and between 32 and 100 K (red). In (a) and (b),
diamonds were measured on MACS (base T ¼ 1.5 K), circles on
BT7 (base T ¼ 5 K), squares on SEQUOIA (base T ¼ 6 K).

FIG. 2 (color online). Summary of fitted parameters: (a) χ00ðωÞ,
(b) δ, and (c) κ vs ℏω, for temperatures of ≤ 5 K (violet circles),
32 K (red diamonds), 60 K (orange squares), 120 K (yellow
triangles); (d) χ00ðωÞ, (e) δ, and (f) κ vs T for energies of 1 meV
(blue circles), 6 meV (green squares). Dashed line indicates
Tc ¼ 32 K.
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LSCO x=0.07:  Gapless spin excitations for T≪Tc
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Superconducting La1.9Ca1.1Cu2O6+δ
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SC crystals of La2126 contain 3 phases

VOLUME 60, NUMBER 6 PHYSICAL REVIEW LETTERS 8 FEBRUARY 1988

L a4 Ba Cu& O~& La~ Sr Cu6 0

YBa2 Cu3 07 La2 Sr Cu2 06 La& 85 Sro & 5 Cu 0

FIG. 2. Schematic comparison of the structures of the five metals discussed in an attempt to recognize the structural features re-
sponsible for high T, (see Refs. 5, 6, and 14).

We have found that annealing for 16 h at 650'C in 6.5
bars of 02 increases 8 to 0.2 and the compound becomes
metallic (Fig. 1). On the other hand, La4BaCuq0~3 is
very sensitive to processing conditions, as is the new
compound La5SrCu60&5. By further varying the condi-
tions, we have not been able to make any of these three
compounds superconducting, nor those in the solid solu-
tion La2 —„Sr~+„Cu20~which we have extended to
0&x &0.5.
We now concentrate on comparing these five metallic

compounds in an attempt to identify which factors are
responsible for the large differences in their supercon-

ducting transition temperatures. A comparison of the
structures of these five metals is given in Fig. 2. In the
structures of La2SrCuOs, each copper is coordinated by
a pyramid of five oxygens. These pyramids share corner
oxygens to form two-dimensional sheets that are stacked
in pairs, as shown in Fig. 2. This structure may be
viewed as a Sr3Ti207-type double-layer intergrowth
(having two sheets of octahedra), with an additional
sheet of oxygen vacancies in between. In the compound
annealed in Oq, 6=0.2, and 20% of these vacancies are
filled with oxygen. As in the structure of YBa2Cu307
(Fig. 2), these sheets of pyramids have excellent overlap

543

VOLUME 60, NUMBER 6 PHYSICAL REVIEW LETTERS 8 FEBRUARY 1988

L a4 Ba Cu& O~& La~ Sr Cu6 0

YBa2 Cu3 07 La2 Sr Cu2 06 La& 85 Sro & 5 Cu 0

FIG. 2. Schematic comparison of the structures of the five metals discussed in an attempt to recognize the structural features re-
sponsible for high T, (see Refs. 5, 6, and 14).

We have found that annealing for 16 h at 650'C in 6.5
bars of 02 increases 8 to 0.2 and the compound becomes
metallic (Fig. 1). On the other hand, La4BaCuq0~3 is
very sensitive to processing conditions, as is the new
compound La5SrCu60&5. By further varying the condi-
tions, we have not been able to make any of these three
compounds superconducting, nor those in the solid solu-
tion La2 —„Sr~+„Cu20~which we have extended to
0&x &0.5.
We now concentrate on comparing these five metallic

compounds in an attempt to identify which factors are
responsible for the large differences in their supercon-

ducting transition temperatures. A comparison of the
structures of these five metals is given in Fig. 2. In the
structures of La2SrCuOs, each copper is coordinated by
a pyramid of five oxygens. These pyramids share corner
oxygens to form two-dimensional sheets that are stacked
in pairs, as shown in Fig. 2. This structure may be
viewed as a Sr3Ti207-type double-layer intergrowth
(having two sheets of octahedra), with an additional
sheet of oxygen vacancies in between. In the compound
annealed in Oq, 6=0.2, and 20% of these vacancies are
filled with oxygen. As in the structure of YBa2Cu307
(Fig. 2), these sheets of pyramids have excellent overlap

543

VOLUME 60, NUMBER 6 PHYSICAL REVIEW LETTERS 8 FEBRUARY 1988

L a4 Ba Cu& O~& La~ Sr Cu6 0

YBa2 Cu3 07 La2 Sr Cu2 06 La& 85 Sro & 5 Cu 0

FIG. 2. Schematic comparison of the structures of the five metals discussed in an attempt to recognize the structural features re-
sponsible for high T, (see Refs. 5, 6, and 14).

We have found that annealing for 16 h at 650'C in 6.5
bars of 02 increases 8 to 0.2 and the compound becomes
metallic (Fig. 1). On the other hand, La4BaCuq0~3 is
very sensitive to processing conditions, as is the new
compound La5SrCu60&5. By further varying the condi-
tions, we have not been able to make any of these three
compounds superconducting, nor those in the solid solu-
tion La2 —„Sr~+„Cu20~which we have extended to
0&x &0.5.
We now concentrate on comparing these five metallic

compounds in an attempt to identify which factors are
responsible for the large differences in their supercon-

ducting transition temperatures. A comparison of the
structures of these five metals is given in Fig. 2. In the
structures of La2SrCuOs, each copper is coordinated by
a pyramid of five oxygens. These pyramids share corner
oxygens to form two-dimensional sheets that are stacked
in pairs, as shown in Fig. 2. This structure may be
viewed as a Sr3Ti207-type double-layer intergrowth
(having two sheets of octahedra), with an additional
sheet of oxygen vacancies in between. In the compound
annealed in Oq, 6=0.2, and 20% of these vacancies are
filled with oxygen. As in the structure of YBa2Cu307
(Fig. 2), these sheets of pyramids have excellent overlap

543

La2-xCa1+xCuO6 La2CuO4 La8Cu8O20

Neutron diffraction along Q = (00L)
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Spin Fluctuations in La1.9Ca1.1Cu2O6+δ

Tc = 45 K sample

Inelastic neutron scattering: 

AF correlations within bilayers 
yield intensity modulation for Qz

J. Schneeloch, G.Y. Xu 
BL17 at SNS, ORNL
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Gapless Spin Fluctuations in La1.9Ca1.1Cu2O6+δ
4

FIG. 3. (Color online.) Neutron scattering intensity
maps showing the magnetic excitations dispersing out from
(0.5, 0.5, 3) and (1.5, 0.5, 3) for NSC (a-c), SC45 (d-f), and
SC55 (g-i). Data are plotted along energy transfer h̄ω and
(H, 0.5), and averaged within 2 ≤ L ≤ 4 and 0.4 ≤ K ≤ 0.6.
Data taken at Ei = 40 meV for SC45 and Ei = 60 meV for
NSC and SC55. Temperatures at which data were taken are 4
K (a,d,g) and 200 K (c,f,i) for all samples, 55 K (e) for SC45,
and 60 K for NSC (c) and SC55 (i).

of h̄ω and Q. At h̄ω = 110 meV we can discern a ring-
like dispersion in NSC, as shown in Fig. 5(d). For SC45
and SC55, the dispersion is not clear, but appears to be
wider, as expected for a spin-wave dispersion renormal-
ized downward [?] after doping [20].

Since La2−xCa1+xCu2O6+δ is bilayer, two branches of
magnetic excitations are expected: an acoustic branch
and an optic branch, both with intensities modulated by
a bilayer structure factor resulting in sinusoidal modula-
tion along the L-direction but with the acoustic branch
being minimum and the optic branch being maximum
at L = 0 [21]. At low h̄ω we expect to see only the
acoustic branch, while at higher energies the acoustic
and optic branches should overlap within typical reso-
lutions of neutron scattering instruments and thus the
intensity L-dependence should become flatter due to the
summation of acoustic and optic branch spectral weight.

FIG. 4. (Color online.) Neutron scattering intensity maps
in the (H,K, 3) plane centered on the magnetic excitations at
H = 0.5, K = 0.5. Data have been averaged within 2 ≤ L ≤ 4
and 8 ≤ h̄ω ≤ 16 meV. All data were taken at 4 K, with
Ei = 40 meV for SC45 and Ei = 60 meV for NSC and SC55.

Fig. 6 shows the L-dependence of the magnetic ex-
citations at low h̄ω, with the left column showing in-
tensity maps in the (H, 0.5, L) plane at various energy
transfers and the right column showing intensity along
(0.5, 0.5, L) and (1.5, 0.5, L). We see the expected sinu-
soidal L-dependence, except at h̄ω = 20 meV where there
is a strong contribution from an optic phonon. (The data
presented are for T = 4 K and SC45, but our other sam-
ples and temperatures up to 200 K show the same L-
dependence at low energy.) Our data are consistent with
the bilayer structure factor modulation seen in other bi-
layer cuprates such as La1.9Ca1.1Cu2O6 [12] and YBCO
[21, 22].

At energy transfers above the bottom of the optic
branch, the L-dependence of the intensity should be-
come flatter, with spectral weight starting to appear near
wavevectors such as (0.5, 0.5, 6) where the intensity was
previously close to zero. Our data are consistent with
this expectation, as shown in Fig. 7. The top rows show
the intensities at (0.5, 0.5, 6) for NSC, SC45, and SC55,
along with intensities at the nearby regions (0.3, 0.5, 6)
and (0.7, 0.5, 6) taken as background. The bottom row
shows the (0.5, 0.5, 6) intensity subtracted from the aver-
age of the two background regions. A relative increase in
intensity can be seen in all samples, prominently around
∼30 to 45 meV for SC45 and SC55, and less clearly for
NSC (where the increase would be expected to arrive at a
higher energy transfer due to renormalization of the mag-
netic excitations in SC45 and SC55 causing a decrease in
excitation energy for a given Q.)

To characterize the intensity of the magnetic excita-
tions as a function of temperature and energy transfer,
we fit 2-dimensional Gaussian functions of the Q compo-
nents H and K having the form

p0 + p1H + p2K +
4A ln 2

πκ2
e
!

(H−H0)2

κ2 +
(K−K0)2

κ2

"
ln 2 (1)

to data integrated within 2 ≤ L ≤ 4 and ∆(h̄ω) = ±
0.25 meV for the NSC, SC45, and SC55 crystals. The

non-SC

Tc = 45 K

Tc = 55 K

Gapless spin fluctuations 
coexist with superconductivity: 

Evidence of intertwined order  
   in a bilayer cuprate 

But no stripe modulation



Can the PDW gap 
be detected?



PDW vs. d-wave SC gap

superconducting gap, as obtained, for example, from Andreev
reflection in point-contact spectroscopy with current flowing
along an in-plane Cu-O bond direction. As a function of
doping, Δc forms a dome, with 2Δc=kBTSC ∼ 4–6 (Deutscher,
1999), as indicated schematically in Fig. 3 (top). The other
gap, the pseudogap Δpg, can be measured by tunneling along
the c axis. In the overdoped regime, Δpg ∼ Δc, but as x
decreases,Δpg grows monotonically (Deutscher, 1999; Hüfner
et al., 2008). Δc is detected only for T < TSC, whereas Δpg

can be observed up to T ∼ T! (Timusk and Statt, 1999; Hüfner
et al., 2008), as indicated in Fig. 3 (bottom).
Further information on the gaps and their relationship is

provided by ARPES (Damascelli, Shen, and Hussain, 2003;
Hashimoto, Vishik et al., 2014), much of which has been done
on Bi2Sr2CaCu2O8þδ, because of its excellent cleavability.
Spectroscopic imaging with STM provides further informa-
tion (Fischer et al., 2007; K. Fujita et al., 2012). Where
ARPES averages over a substantial surface area, STM is able
to map the microscopic variation of states.
With the possible exception of samples with x ≲ 0.08,

ARPES experiments on Bi2Sr2CaCu2O8þδ deep in the super-
conducting state (T ≪ TSC) exhibit a Fermi-surface gap with
d-wave symmetry. For nearly optimal doping, the gap has the
simple angular dependence ΔðkÞ ≈ Δ0½cosðkxÞ − cosðkyÞ& as
indicated in Fig. 4. While the near-nodal gap appears to be
approximately x independent for a broad range of doping
below optimal (Vishik et al., 2012; da Silva Neto
et al., 2013), the antinodal gap increases with decreasing x.
Sharp “quasiparticle” peaks with energy ΔðkÞ and width
small compared to the antinodal gap energy exist along the
entire Fermi surface, again with the possible exception of
highly underdoped samples (Vishik et al., 2012; Zhao et al.,
2013). Likewise, in single-layer ðBi; PbÞ2ðSr;LaÞ2CuO6þδ,
quasiparticle peaks are harder to identify, but by looking at the
difference between the spectra above and below Tc, coherent
quasi-particle-like features have been identified around the
entire Fermi surface, but only for doping above optimal
(Kondo et al., 2009). However, for x≲ 0.18 a rather different

picture emerges from an analysis of the quasiparticle inter-
ference (QPI) signal measured in STM. From this it is inferred
that there are no coherent quasiparticles in the antinodal
regime (beyond the AF Brillouin zone boundary) and, more-
over, that there is effectively a nodal arc—despite the fact that
one is deep in the superconducting state (Fujita et al., 2014;
He et al., 2014).
For underdoped and even slightly overdoped samples,

although the gap in the antinodal portion of the Fermi surface
unambiguously persists (Ding et al., 1996; Loeser et al., 1996;
Kanigel et al., 2006) for a range of temperatures above TSC
and below T!, simple measures indicate that the gap closes at
TSC along a finite “Fermi arc” (Norman et al., 1998) in the
near-nodal region, as indicated in Fig. 4. The antinodal Δ0

thus corresponds to Δpg, while the coherent gap Δc seemingly
corresponds to ΔðkÞ at the wave vectors corresponding to the
ends of the normal-state Fermi arc (Pushp et al., 2009;
Rameau et al., 2011; Reber et al., 2013). However, the arc
ends are probably not very well defined; indeed, it is unclear
whether the arcs are produced by the vanishing of the nodal
gap (Lee et al., 2007), or simply indicate the portion of the
Fermi surface in which the scattering rate is greater than the
gap (Kondo et al., 2013; Reber et al., 2013). The near-nodal
scattering rate appears to be strongly T dependent near Tc in
this analysis. Indeed, while the energy of the antinodal
quasiparticles does not change to any detectable extent upon
approach to Tc, the coherent spectral weight [i.e., the peak
in the spectral function at ΔðkÞ] vanishes at Tc or slightly
above (Fedorov et al., 1999).
As mentioned previously, there are significant differences

in aspects of the quasiparticle spectrum measured in ARPES
and those inferred from the QPI analysis of the STM
spectrum. Reconciling these, which we will not attempt here,
is a major open issue. Still, in the superconducting state, STM

FIG. 3. Schematic diagram summarizing doping dependence
of gaps and characteristic temperatures. Above optimal doping,
the experimental identification of the pseudogap can differ
depending on whether one is looking at measurements in
the normal or superconducting state; the behavior shown is
consistent temperature-dependent tunneling measurements. From
Deutscher, 1999.

FIG. 4 (color online). Schematic diagram summarizing ARPES
measurements of gaps around the Fermi surface in underdoped
cuprates. The combined gray regions indicate the d-wave gap,
with magnitude Δ0, observed at T < TSC. At TSC, the dark gray
part of the gap closes, leaving a gapless arc of states in the near-
nodal region and a pseudogap (light gray) in the antinodal region.
The pseudogap loses definition at T ∼ T!. The energy scale for
coherent pairing Δc indicated by tunneling empirically corre-
sponds to the magnitude of the d-wave gap at the wave vector
corresponding to the end of the nodal arc.
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Angle-resolved photoemission 
spectroscopy always finds  
d-wave gap for T < Tc 

even in LBCO x = 1/8 !?



T-dependent gaps from ARPES

R. He et al., Nat. Phys. (2009)

Valla et al., Science (2006)

LBCO  x = 1/8



STM: QPI analysis of SC gap in Bi2212

This is referred to15–19 as the ‘octet model’. When these qi(E) are
measured from the Fourier transform of spatial modulations16,19 seen
in differential tunnelling conductance dI(r, V)/dV ; g(r, V), the
kB(E) can be determined by using equations (1)–(7) with the require-
ment that all independent solutions be consistent. The structure of
the superconductor’s energy gap D(k) is then determined15–19 directly
from kB(E) (see Supplementary Information, sections III and IV). Of

primary significance here is that, because only the BQP states of a
d-wave superconductor could exhibit such a particle–hole-symmet-
ric set of interference wavevectors in which all dispersions are intern-
ally consistent within the octet model, the gap D(k) determined by
these procedures is definitely the superconducting energy gap16,19.

These procedures are demonstrably successful near optimal dop-
ing. In Bi2Sr2CaCu2O81d, measurements from QPI of kB(E) and the
superconducting D(k) are consistent with ARPES16, whereas in
Ca22xNaxCuO2Cl2, QPI yields kB(E) and D(k) measurements equally
well19. For unknown reasons, when E , 3–6 meV in both systems, the
modulations appear to be too weak to analyse (although with unitary
scatterers these intra-nodal scattering modulations do appear). In
any case, the fundamental k-space phenomenology behind this
d-wave BQP interference model15,17,18 has also been demonstrated
directly in ARPES studies36–38. QPI studies have been more challen-
ging as p R 0, however, because intense atomic-scale spatial fluctua-
tions in electronic structure cause systematic errors in setting the
scanning tunnelling microscope tip elevation19,20. Recently, though,
it was shown19 how to enhance the QPI signatures by using the ratio
of differential conductances at opposite bias:

Z(r,E~eV ):
g(r,zV )

g(r,{V )

The advantage of this procedure is that it cancels19,20 the severe sys-
tematic errors in g(r, V) due to tip elevation errors, yet retains all the
qi(E) information (see Supplementary Information, section II).

Outline of methods

Here we report the first application of these techniques to the sim-
ultaneous study of r-space and k-space electronic structure as p R 0
in a copper oxide superconductor. We measure g(r, V) in
,50 nm 3 50 nm fields of view in five Bi2Sr2CaCu2O81d samples,
respectively with p < 19%, 17%, 14%, 8%, 6% and transition tem-
peratures Tc 5 86 K, 88 K, 74 K, 45 K, 20 K. Each sample is inserted
into the cryogenic ultrahigh vacuum of the scanning tunnelling
microscope and cleaved to reveal an atomically clean BiO surface,
and all g(r, V) measurements are made with atomic resolution and
register at or below 4.2 K. This data set consists of .106 tunnelling
spectra and is presented and analysed in detail in the Supplementary
Information. From it, the Z(r, E) and Z(q, E) are calculated. For all
energies at which dispersive Z(r, E) modulations exist, the octet
model is used to find kB(E) by means of equations (1)–(7).
Because we require comprehensive internal consistency of all qi(E)
within the octet model, the resulting kB(E) is heavily overdetermined
(see Supplementary Information, section III, and Supplementary
Fig. 2). For QPI analysis at p 5 19%, we use the g(r, V) and g(q, V)
data directly, both because tip elevation errors are minimal and for
comparison with previous studies16.

Extinction of BQP interference

In Fig. 2c we show a representative low-energy Z(q, E) (from a
p , 8% sample). It reveals the expected 16 pairs of q vectors, which
are consistent with each other within the octet model. The measured
dispersion of each independent q vector is shown by open symbols in
Fig. 2e. Equivalent data for all hole densities studied are shown in
Supplementary Fig. 2. We find that the dispersion of octet model q
vectors always stops, and that the intensity of all but two q vectors
diminishes to zero, at some weakly doping-dependent excitation
energy which we label E 5 D0. This is indicated by black arrows in
Fig. 2e, f. In Fig. 2d we show a representative Z(q, E) for E . D0 (from
the same p , 8% sample). Here we detect only two non-dispersive q
vectors, labelled q1* and q5* in Fig. 2d, e. The equivalent pair of non-
dispersive q vectors has been detected using ARPES in optimally
doped Bi2Sr2CaCu2O81d (ref. 37) and in underdoped
Ca22xNaxCuO2Cl2 (ref. 31). Here, however, we find that this phe-
nomenon occurs in all samples with 6% , p , 19% (the q1* and q5*
data for all E . D0 are shown for these p values in Supplementary

q3 q4

q5 (2π/a
0
, 0

)(0, 2π/a
0 ) (2π/a

0
, 0

)(0, 2π/a
0 ) q5∗

q1∗

Tc = 45 K

Tc = 45 K

Tc = 45 K

Tc = 45 K

q7q7

q1q1 q6q6

q2q2

q1

q2

q3 q4

q5

q6

q7

(–π
/a 0

, 0
) (0, –π/a

0 )

(π/
a 0

, 0
)(0, π/a

0 )

0.6

0.4

0.2

|q
| (

2π
/a

0)

6040200
Bias (mV)

q1

q2,q6

q3 q5∗

q7

q1∗

q5

4

3

2

1

0

P
ea

k 
am

pl
itu

de
 (a

rb
itr

ar
y 

un
its

)

3020100
Bias (mV )

q2, q6

q3

q7

q1

q2

q3 q4

q5

q6

q7

(2π/a
0
, 0

)(0, 2π/a
0 )

(–2
π/a

0
), 0

(0, –2π/a
0 )

c 16 mV

b q space

d 38 mV

a k space

e f

Figure 2 | BQP interference. a, The contours of constant energy in the
superconducting state. The locations of the eight regions of maximum joint
density of states are shown by coloured symbols. Quasi-particle scattering
between these eight regions produces interference patterns associated with
the dominant modulations in dI(r, V)/dV. The expected wavevectors of these
modulations are labelled qi, i 5 1, 2, …, 7, in the appropriate colour. b, The
set of 16 pairs of wavevectors qi(E) representing the octet model described in
a constitute a highly overdetermined set in q-space. c, The q-space structure
of interference patterns Z(q, E 5 16 mV) measured on the sample with
Tc 5 45 K is consistent with the scattering patterns predicted from the octet
model ideas of a and b. d, For comparison with c, we show Z(r, E 5 38 mV), in
which the interference patterns are no longer obviously associated with
quasi-particle interference patterns as in b and, furthermore, retain this
unchanging q-space structure for a very wide range of energies E . D0. e, The
magnitude of various extracted scattering vectors, labelled with the same
colours and symbols as in a and b and plotted as a function of energy.
Whereas the expected energy dispersion of the octet vectors qi(E) is apparent
for | E | , 32 mV, the peaks which avoid extinction (q1* and q5*) always
become non-dispersive above D0 (black arrow). An interesting precursor
effect can be seen in the departure of the dispersive q5(E) from expectations
for E , D0. f, The decay of Z(q, E) intensity in all the dispersive modulation
wavevectors and its disappearance below the noise level at the extinction
energy D0 (black arrow). These effects are described for all data sets in the
Supplementary Information.
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STM may see PDW gap

Fig. 2). Our first key finding is then that, above some energy D0, the
dispersing BQP interference wavevectors qi(E) always disappear, to
be replaced by a completely non-dispersive excitation spectrum
represented by q1* and q5*.

In Fig. 3a we plot the kB(E) determined from the same data. Here it
is apparent that when the BQP interference patterns disappear at D0,
the k states are near the diagonal lines between (0, 6p/a0) and (6p/
a0, 0) within the CuO2 Brillouin zone. This k-space ‘extinction point’
for BQP interference is defined not only by the change from dispers-
ive to non-dispersive characteristics, but also by the disappearance of
the q2, q3, q6 and q7 modulations (Fig. 2f and Supplementary Fig. 5).
Thus, the BQP interference signatures of delocalized Cooper pairs
vanish close to the perimeter of a k-space region bounded by lines
between (0, 6p/a0) and (6p/a0, 0). We emphasize that this occurs
neither at precisely the same k vector nor energy D0 for each p, but
always near the boundary of this restricted region (Fig. 3a). Within
this region, the quasi-particles are confined to a Bogoliubov arc (fine
solid lines in Fig. 3a) that shrinks rapidly towards k 5 (61/2, 61/
2)p/a0 with decreasing p. We hypothesize that this Bogoliubov arc is
always coincident with the Fermi arc detected in the normal
state30–34,36,37.

Carrier density counts

Conventional theory would predict that the minima (maxima) of the
Bogoliubov bands kB(6E) should occur at the k-space location of the
Fermi surface of the non-superconducting state. By making this
assumption here, we may ask if the carrier density count satisfies
Luttinger’s theorem, which states that twice the k-space area enclosed
by the Fermi surface, measured in units of the area of the first
Brillouin zone, equals the number of electrons per unit cell, n. In
Supplementary Fig. 4a we show as fine solid lines hole-like Fermi
surfaces fitted to our measured kB(E). Using Luttinger’s theorem
with these k-space contours would result in a calculated hole density
p (when measured from half filling, this is defined conventionally as

1 2 n) for comparison with the estimated hole density in the samples.
These data are shown by filled symbols in the inset to Fig. 3a. We see
that the classic Luttinger theorem is strongly violated at all dopings
below p , 10%. This is neither a unique nor an anomalous obser-
vation: equivalent results have been reported previously for
Ca22xNaxCuO2Cl2 at similarly low p values31.

However, the copper oxides are not metals but carrier-doped Mott
insulators. For such systems, Luttinger’s theorem must be amended39

so that the zero-energy contours bounding the k-space region repre-
senting carriers are defined not only by poles in the Green’s functions,
but also by their zeros. Essentially, the perturbation theory descrip-
tion of the metallic Fermi liquid breaks down and correlations among
the particles generate zeros in the Green’s functions. The locus of
zeros of these Green’s functions may be expected to occur at the lines
joining k 5 (0, 6p/a0) to k 5 (6p/a0, 0). In that situation, the hole
density is related quantitatively to the area between the lines joining
k 5 (0, 6p/a0) to k 5 (6p/a0, 0) and the Fermi arcs. The carrier
densities calculated using the region bounded by kB(E) (arcs in
Fig. 3a) and the hypothesized lines of zeros between k 5 (0, 6p/a0)
and k 5 (6p/a0, 0) (for example the dashed diagonal line in Fig. 3a)
are shown by open symbols in the inset to Fig. 3a. These are in better
agreement with the estimated hole density (see Supplementary
Information). Thus, we conclude that if the Green’s function lines
of zeros occur between k 5 (0, 6p/a0) and k 5 (6p/a0, 0), the mea-
sured k-space structure and the doped-hole density can remain con-
sistent as p R 0.

Relationship of superconducting energy gap to the pseudogap
energy

In Fig. 3b we plot the doping dependence of the superconducting
energy gap D(hk) (see Supplementary Information, section IV) in
terms of hk, the angle in k-space measured about the point (p,p) as
shown in the inset. We find that D(hk) is always cut off by the BQP
extinction at the boundary of the restricted region. Moreover, we find
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Figure 3 | Extinction of BQP interference. a, Locus of the Bogoliubov band
minimum kB(E) found from extracted QPI peak locations qi(E), in five
independent Bi2Sr2CaCu2O81d samples with decreasing hole density. Fits to
quarter-circles are shown and, as p decreases, these curves enclose a
progressively smaller area. We find that the BQP interference patterns
disappear near the perimeter of a k-space region bounded by the lines joining
k 5 (0, 6p/a0) and k 5 (6p/a0, 0). The spectral weights of q2, q3, q6 and
q7 vanish at the same place (dashed line; see also Supplementary Fig. 3).
Filled symbols in the inset represent the hole count p 5 1 2 n derived using
the simple Luttinger theorem, with the fits to a large, hole-like Fermi surface
shown in Supplementary Fig. 4a and indicated schematically here in grey.
Open symbols in the inset are the hole counts calculated using the area

enclosed by the Bogoliubov arc and the lines joining k 5 (0, 6p/a0) and
k 5 (6p/a0, 0), and are indicated schematically here in blue. b, The evolution
of the superconducting energy gap D(k) is shown for the k-space points
shown in a, but here as a function of the angle hk about the point (p,p) (see
the lower insert). These are fitted to the parameterization
D(hk) 5 DQPI[Bcos(2hk) 1 (1 2 B)cos(6hk)] for each hole density (and offset
vertically for clarity) as indicated by the fine solid lines. The measured
D(hk) values are shown by the coloured data symbols on the left-hand side,
and the error bars (1 s.d.) for each measurement are shown on the right-hand
side. As p decreases, it is obvious that the fitted DQPI increases rapidly. The
upper inset shows the relationship between DQPI and the average pseudogap
energy ÆD1æ.
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capped by a perfectly square CaCl layer and
with Na dopant atoms substituted at the Ca site.
Dy-Bi2212 has a CuO2 bilayer, above which are
both BiO and SrO layers whose unit cells
undergo the incommensurate crystal super-
modulation; nonstoichiometric oxygen dopant
atoms are located interstitially near the BiO
layer. Therefore, we assert that TA-imaging
phenomena that are identical in these two
materials should be ascribed to their only com-
mon characteristic—the intrinsic electronic struc-
ture of the CuO2 plane.

Atomic-resolution TA imaging. In Fig. 2, B
and C, we show standard dI/dV spectra mea-
sured under identical junction conditions at ran-
dom locations on the surfaces of the Na-CCOC
and Dy-Bi2212 samples (all data were acquired
at 4.2 K). Within |E| < 100 meV, they both
exhibit the expected V-shaped dI/dV centered on
E = 0 (6, 7). Unexpectedly, at higher energies,
the same intense spatial variations in the tun-
neling asymmetry of spectra were observed in
both materials. These can be seen vividly at
the left-hand perimeter of Fig. 2, B and C
(because our procedures normalize the inte-
grated dI/dV on the positive side). The corre-
sponding variations in TA indicate the existence
of intense atomic-scale variations in electronic
structure.

To explore the spatial arrangements of these
phenomena, we used an atomic resolution “R
map”—spatially imaging Rðr→, V Þ of Eq. 4b.
Figure 3, A and B, show typical topographic
images of the CaCl and BiO layers obtained by
cleavage, in cryogenic ultrahigh vacuum, of
Na-CCOC and Dy-Bi2212, respectively. The
brightest regions in Fig. 3A indicate the loca-
tions of Cl atoms that are directly above the Cu
atoms in Na-CCOC, whereas those in Fig. 3B
indicate the Bi atoms that are above the Cu
atoms in Dy-Bi2212. The dark, cross-shaped re-
gions in Fig. 3A are the missing Cl atoms and, in
Fig. 3B, are displaced Bi atoms along maxima of

the crystalline supermodulation. Figure 3, C and
D, are images of Rðr→, V ¼ 150 mVÞ measured
in the identical fields of view of Fig. 3, A and B,
respectively. These R maps are markedly similar
in texture and exhibit far finer spatial details than
their related surface topographs; the reason is that
much of their contrast stems from features
occurring within each Cu plaquette (Fig. 1A).
TheRmaps exhibit no long-range spatial order of
any kind. Nevertheless, autocorrelation analysis
shows that they do have short-range ~ 4a0 × 4a0
periodic correlations, where a0 is the Cu-O-Cu
distance. The most obvious and arguably most
important observation in Fig. 3, C and D, is a loss
of both translational and 90°-rotational (C4)
invariance in the spatial arrangements of elec-
tronic structure at the 4a0 scale—these effects
being virtually indistinguishable in Na-CCOC
and Dy-Bi2212. It is also evident from Fig. 3,
C and D, that the internal structure of these
“domains,” as well as the overall matrix in which
they are embedded, retains further degrees of
electronic complexity at the atomic scale.

Cu-O-Cu bond-centered electronic glass
with disperse 4a0-wide domains. To visualize
these spatial elements more clearly, we take the
Laplacian ∇2R of Fig. 3, C and D (Fig. 3, E and
F). At atomic scale, we then see an electronic
structure consisting of a0-length elements dis-
tributed in a disordered fashion along both Cu-O
directions.Within this matrix are embedded 4a0-
wide unidirectional regions or “domains.” These
domains, because they are periodic along the
long axis, appear to be ordered. Repeating 4a0-
wide domains of this type are always uni-
directional, extending along one or other Cu-O
direction. Thus, at the nm scale, the electronic
structure of these lightly hole-doped cuprates
breaks both C4 symmetry and translational
symmetry of the ideal square crystal lattice.

In Fig. 4, A and D, we show higher-
resolution studies of equivalent domains from
Na-CCOC and Dy-Bi2212, respectively (at the

fine blue boxes of Fig. 3, C and D). Here the R
maps are rotated to put a CuO axis, and thus the
domain axis, vertical. The pairs of dark lines
(representing high TA) in R maps indicated by
the arrows are precisely 4a0 apart and represent
the perimeter of a single domain. In Fig. 4, A
and D, multiple, parallel, 4a0-wide domains run
from the bottom to the top of each image—
exhibiting virtually identical internal structure in
both materials.

We next examine, in Fig. 4, B and E, the
internal structure of the domains (at the boxes of
Fig. 3, A and B, and Fig. 4, A and D) with
identification of atomic sites from the simulta-
neous topographs (Fig. 4, C and F, respectively).
We see immediately that the primary spatial
variations in the Rmaps are concentrated, not on
the Cu sites, but rather on the O site within each
Cu-O-Cu bond. Here the domain’s symmetry
axis is along a vertical line starting at the arrows
labeled 1. Along this axis are a line of oxygen
sites, each within a horizontal Cu-O-Cu bond
and all exhibiting high R. The vertical line
labeled 2 is the line of vertical Cu-O-Cu bonds;
these oxygen sites exhibit low R. Thus, R is very
different for the horizontal Cu-O-Cu bonds
transverse to line 1 and the vertical Cu-O-Cu
bonds along line 2, even though these bonds
share a Cu atom on the corner of the same
plaquette. The next vertical line of Cu atoms
away from the axis is labeled 3, and line 4
represents the line of oxygen sites that is 2a0 to
the right of axis 1. The sequence of horizontal
Cu-O-Cu bonds along line 4 exhibits a uni-
formly low R. These patterns exhibit mirror
symmetry about the vertical axis 1—meaning
that the whole domain is precisely 4a0 wide. We
find these uniaxial domains in all R maps—
randomly dispersed with equal probability of
orientation along the two Cu-O axes (Fig. 3, E
and F) and with virtually identical structure in
both materials.

A noteworthy observation here is that the
O sites within Cu-O-Cu bonds, even though
crystallographically equivalent, are in electroni-
cally inequivalent states (Figs. 3 and 4). In general,
the spatial arrangements of these Cu-O-Cu bond
states exhibit no long-range order. Nonetheless,
there are clear short-range relations between
them: Sequential vertical or horizontal Cu-O-Cu
bonds along a vertical axis can all be in the
same state, whereas the Cu-O-Cu bonds at 90°
to each other and sharing a corner Cu atom are
electronically inequivalent. Most notably, these
TA images indicate that the cuprate electronic
“cluster glass” (8–21) stems from spatial vari-
ations in the electronic state of each Cu-O-Cu
bond.

Atomic-scale electronic structure within
the 4a0-wide domains. Next, we consider the
energy dependence of electronic structure of
the domains in Fig. 4. Although dI/dV images
are not simply related to spatial arrangements
of LDOS, individual dI/dV spectra still retain
much physical importance—especially in the

Fig. 6. A 25-nm2 R map; no long-
range order is apparent. Instead, we
see randomly distributed electronic
variations of the Cu-O-Cu bond state
with equal probability of orientation
along the two Cu-O axes. The Cu-O
bond directions are shown as pairs
of orthogonal black arrows. The
inset shows its Fourier transform.
The predominant peaks occur at
wave vectors q→ ~ (3/4,0) and (0,3/4)
in units 2p/a0 (orange arrows), and
the peaks at q→ ~ (1/4,0) and (0,1/4)
(blue arrows) are weaker. Atomic
peaks q→ ~ (1,0) and (0,1) are shown
by black arrows.
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Summary

• Initial evidence for intertwined order:
‣ Stripe order + 2D SC

• Can also be present in 3D SC, as evidenced by:
‣ Layer decoupling in H || c
‣ Gapless spin fluctuations below Tc

• Can occur in bilayer cuprates, with no clear sign of stripes

• STM may have detected the PDW gap


