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Outline

• Cuprate high temperature superconductors

• Charge density wave (CDW) order in the cuprates

• Nematicity in cuprate superconductors
• Resonant x-ray scattering

• Symmetry of CDW order in the cuprates



Cuprate structure and electronic structure
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Cuprate structure and electronic structure
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Cuprate high-temperature superconductors

0
0.0 0.1

200

100

0.2 0.3

Hole doping, p

T
e
m

p
e
r
a
tu

r
e
 (

K
)

MetalPseudogap

AF
insulator

d-SC

What is the mechanism for 
superconductivity?

Can we understand the 
pseudogap phase?

Can we engineer a room 
temperature superconductor?



Strong correlations:
Why is this a hard problem? 

Hubbard model

Energy to doubly 
occupy a site, 
leaving an 
unoccupied site

Hopping

• May not be possible to solve 
exactly for relevant system sizes 

(Hilbert space is too large)
• Real materials

• Multiple bands model
• 3 dimensions
• Electronic and lattice degrees 

of freedom
• …Square lattice of S =1/2 electrons



Competing states of matter

Superconductivity can compete/co-exist with other ordered phases
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Density wave order in the cuprates

Charge 
density 
wave 
(CDW)
peak

Spin 
density 
wave 
(SDW)
peak

Half-filled
charge stripe

Undoped AF regions

Elastic Neutron scatteringLa1.475Nd0.4Sr0.125CuO4 Unidirectional Spin and charge 
order (stripes) first observed in the 
cuprates by neutron scattering
(Tranquada et al., Nature 1995)



Density wave order in the cuprates

Some characteristic features of “stripes”
in La-based cuprates

• Unidirectional spin order (SO) and charge 
order (CO)

• CDW with period ~4 lattice constants (4a)

• Associated with a suppression of 
superconductivity at x = 1/8

• Stabilized by LTT structural distortion

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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FIG. 2. (Color online) Crystal structure and reciprocal lattice
of La2−xBaxCuO4. (a) Unit cell in the HTT phase (I4/mmm). Tilt
directions of the CuO6 octahedra in (b) the LTO phase (Bmab) and
(c) the LTT phase (P 42/ncm). Note that in the LTT phase the tilt
direction alternates between [100]t and [010]t in adjacent layers. The
same is true for the stripe direction. Reciprocal lattice in terms of the
HTT unit cell for (d) the LTT phase and (e) the LTO phase, projected
along ℓ onto the (h,k) plane. Only reflections relevant to this work
are shown. Fundamental Bragg reflections are indicated by black
bullets and circles, CO reflections by blue squares, SO reflections
by red diamonds, and superstructure reflections for ℓ = 0 that are
only allowed in the LTT and LTLO phases by gray bullets. In (e) we
also indicate the reciprocal lattice of the orthorhombic phase with its
two twin domains A (closed symbols) and B (open symbols). The
trajectories of typical scans are indicated by arrows, along with the
value of ℓ. The HTT phase compares to (d) with only the fundamental
Bragg reflections present.

dependencies of intensities were obtained by normalizing the
data with the irradiated sample volume.

The static magnetic susceptibility (χ = M/H ) measure-
ments, used to study the stripe phase and the SC phase,
were performed with a superconducting quantum interference
device (SQUID) magnetometer for H ∥ c and H ∥ ab. For
these experiments crystal pieces with a typical weight of 0.5 g
were used.

III. RESULTS

A. Crystal structure

Since the discovery of superconductivity in La2−xBaxCuO4
in the late 1980’s,1 the crystal structure, displayed in Fig. 2,

has been studied intensively.6 So far most diffraction results
were obtained on polycrystals,6,7,57 and only recently have
single-crystal data been reported.18,46,59 In the doping range
considered here, La2−xBaxCuO4 undergoes two structural
transitions with decreasing temperature: a second-order tran-
sition from HTT to LTO, and a first-order transition from
LTO to another low-temperature phase that can either be
LTT or the low-temperature less-orthorhombic (LTLO) phase
(space group Pccn) that is a possible intermediate phase
between LTO and LTT.29 While the HTT phase is characterized
by untilted CuO6 octahedra forming flat CuO2 planes, all
low-temperature phases can be described by different patterns
of tilted CuO6 octahedra; see Figs. 2(a)–2(c). 29,57,60 In the LTO
phase, the octahedra tilt by an angle # about the tetragonal
[1,1,0]t axis that is diagonal to the CuO2 square lattice and
defines the orthorhombic [1,0,0]o axis [Fig. 2(b)]. In the LTT
phase, the tilt axis runs parallel to the square lattice, but its
direction alternates between [1,0,0]t and [0,1,0]t in adjacent
planes.6,12,57 In the LTLO phase, the tilt axis points along an
intermediate in-plane direction.29

The structural properties in this section were obtained with
XRD, while data from ND are presented in Sec. III C 1. In
Fig. 3(a) we show, for all x, the temperature dependence of the
orthorhombic strain s = 2(bo − ao)/(ao + bo), from which we
have extracted the HTT↔LTO transition temperature, THT, as
a function of doping. The maximum strain s the lattice reaches
at low temperatures is directly, although nonlinearly, related
to THT.30 Both quantities show a monotonic decrease with
increasing x, as shown in the inset to Fig. 3(a) and in Fig. 3(b).
In particular, we observe that THT decreases at a rate dTHT/dx
of ∼23.1 K/0.01 Ba [solid line in Fig. 3(b)], which is very
similar to published polycrystal data.6,42,46 For stoichiometric
oxygen content,56 the difference between a crystal’s THT value
and this line can be used to estimate the deviation of its actual
Ba concentration x ′ from the nominal x. Overall the data
in Fig. 3(b) show that x is a fairly good representation of
x ′. Nevertheless, in the discussion in Sec. IV we will show
that small discrepancies between our results and data in the
literature can be reconciled in terms of x ′.

The second transition, at TLT, from LTO to either LTT or
LTLO, causes a sudden drop of the orthorhombic strain at
low temperatures, as one can see in Fig. 3(a). In particular,
for x = 0.115, 0.125, and 0.135, we observe discontinuous
LTO↔LTT transitions. The crystals with x = 0.11 and 0.095
show discontinuous LTO↔LTLO transitions with very weak
strain remaining below TLT; the strain continues to decrease at
low temperatures and, for x = 0.11, eventually becomes zero.
The crystal with x = 0.155 shows a discontinuous transition
that results in a mixed LTLO-LTT phase, as is discussed in
more detail in Sec. III D 1. (That crystal also consisted of
several domains, but we were able to isolate the diffracted
signal from a single-domain region.)

To examine the low-temperature transition in more detail,
we have followed the temperature dependence of the (1,0,0)
superstructure reflection, which is allowed in the LTT and
LTLO phases, but not in the LTO phase. In Fig. 3(c) we show
integrated intensities I(100) normalized with the (2,0,0) Bragg
reflection as previously explained. As x increases, one can
see that I(100) drops while TLT grows. This behavior indicates
that local structural parameters are involved in the mechanism
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Stripe order in superconducting La2−xBaxCuO4 (0.095 ! x ! 0.155)

M. Hücker,1 M. v. Zimmermann,2 G. D. Gu,1 Z. J. Xu,1 J. S. Wen,1 Guangyong Xu,1 H. J. Kang,3,*
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(Received 27 May 2010; revised manuscript received 23 September 2010; published 17 March 2011)

The correlations between stripe order, superconductivity, and crystal structure in La2−xBaxCuO4 single crystals
have been studied by means of x-ray and neutron diffraction as well as static magnetization measurements. The
derived phase diagram shows that charge stripe order (CO) coexists with bulk superconductivity in a broad range
of doping around x = 1/8, although the CO order parameter and correlation length fall off quickly for x ̸= 1/8.
Except for x = 0.155, the onset of CO always coincides with the transition between the orthorhombic and the
tetragonal or less orthorhombic low-temperature structures. The CO transition evolves from a sharp drop at low
x to a more gradual transition at higher x, eventually falling below the structural phase boundary for optimum
doping. With respect to the interlayer CO correlations, we find no qualitative change of the stripe stacking order
as a function of doping, and in-plane and out-of-plane correlations disappear simultaneously at the transition.
Similarly to the CO, the spin stripe order (SO) is also most pronounced at x = 1/8. Truly static SO sets in
below the CO and coincides with the first appearance of in-plane superconducting correlations at temperatures
significantly above the bulk transition to superconductivity (SC). Indications that bulk SC causes a reduction of
the spin or charge stripe order could not be identified. We argue that CO is the dominant order that is compatible
with SC pairing but competes with SC phase coherence. Comparing our results with data from the literature, we
find good agreement if all results are plotted as a function of x ′ instead of the nominal x, where x ′ represents an
estimate of the actual Ba content, extracted from the doping dependence of the structural transition between the
orthorhombic phase and the tetragonal high-temperature phase.

DOI: 10.1103/PhysRevB.83.104506 PACS number(s): 74.72.−h, 71.45.Lr, 74.25.Dw

I. INTRODUCTION

The prototypical high-temperature superconductor1

La2−xBaxCuO4 is particularly well known for its unique
doping dependence of the bulk superconducting (SC)
phase.2 While its sister compound La2−xSrxCuO4, as
most other high-temperature superconductors, displays a
dome-shaped SC phase boundary Tc(x),3,4 in the Ba-based
compound Tc(x) shows a deep depression centered at
x = 1/8.2,5 It was discovered early on that the so-called
1/8 anomaly is accompanied by a structural transition from
low-temperature orthorhombic (LTO) to low-temperature
tetragonal (LTT) symmetry,6,7 not observed in pure
La2−xSrxCuO4, and that bulk SC is replaced by some
kind of antiferromagnetic (AF) order.8–11 The complex
nature of the magnetic phase was first identified by neutron
and x-ray diffraction experiments for an analogous phase
in La1.6−xNd0.4SrxCuO4,12–15 and later on confirmed in
La1.875Ba0.125−ySryCuO4,16,17 La1.875Ba0.125CuO4,18–20 and
La1.8−xEu0.2SrxCuO4.21,22 Undoped (x = 0), all of these
compounds are quasi-two-dimensional commensurate spin
S = 1/2 Heisenberg AF.23–25 But doped with sufficient
charge carriers, they exhibit incommensurate nuclear and
magnetic superstructure reflections (which we will describe
below). Among the debated interpretations is the so-called
stripe model in which the charge carriers in the CuO2 planes
segregate into hole-rich stripes, thus forming antiphase
boundaries between intermediate spin stripes with locally
AF correlations.12,26–28 In the LTT phase, which breaks
the fourfold rotational symmetry of the individual CuO2

planes, the electron-lattice coupling is believed to play a
central role in the pinning of stripes,29–33 although recent
experiments under pressure revealed that stripes can break
the symmetry even in the absence of long-range LTT
order.34

So far, La1.6−xNd0.4SrxCuO4 is the only system with a
stripe-ordered LTT phase, where magnetic and charge order
have been studied with diffraction on both sides of x =
1/8.15 The results were interpreted as indicating that local
magnetic order rather than charge stripe order is responsible
for the suppression of bulk SC, and that charge stripes are
compatible with SC as long as the magnetic correlations
remain dynamic. More recent experimental and theoretical
results on La1.875Ba0.125CuO4 support the revised view that, in
principle, static spin and charge stripes are compatible with SC
pairing, but, owing to their orthogonal arrangement in adjacent
planes, they compete with superconducting phase order.35–38

It is desirable to analyze La2−xBaxCuO4 in a broader range
of doping to test the generality of the observations. This system
has two advantages over rare-earth-doped La2−xSrxCuO4:
First, only one element is substituted for La. Second, the
Ba2+ ions are nonmagnetic, in contrast to, e.g., the Nd3+

ions, whose large magnetic moments interact with the spins
of the Cu2+ ions in the CuO2 planes.39,40 Recent progress in
the synthesis of La2−xBaxCuO4 single crystals with x ! 1/8
has triggered numerous studies on the stripe order in the
underdoped regime.18–20,41–50

Despite previous work, however, the doping dependence
of many properties requires further clarification, such as the
absolute intensities of the charge stripe order (CO) and spin
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FIG. 2. (Color online) Crystal structure and reciprocal lattice
of La2−xBaxCuO4. (a) Unit cell in the HTT phase (I4/mmm). Tilt
directions of the CuO6 octahedra in (b) the LTO phase (Bmab) and
(c) the LTT phase (P 42/ncm). Note that in the LTT phase the tilt
direction alternates between [100]t and [010]t in adjacent layers. The
same is true for the stripe direction. Reciprocal lattice in terms of the
HTT unit cell for (d) the LTT phase and (e) the LTO phase, projected
along ℓ onto the (h,k) plane. Only reflections relevant to this work
are shown. Fundamental Bragg reflections are indicated by black
bullets and circles, CO reflections by blue squares, SO reflections
by red diamonds, and superstructure reflections for ℓ = 0 that are
only allowed in the LTT and LTLO phases by gray bullets. In (e) we
also indicate the reciprocal lattice of the orthorhombic phase with its
two twin domains A (closed symbols) and B (open symbols). The
trajectories of typical scans are indicated by arrows, along with the
value of ℓ. The HTT phase compares to (d) with only the fundamental
Bragg reflections present.

dependencies of intensities were obtained by normalizing the
data with the irradiated sample volume.

The static magnetic susceptibility (χ = M/H ) measure-
ments, used to study the stripe phase and the SC phase,
were performed with a superconducting quantum interference
device (SQUID) magnetometer for H ∥ c and H ∥ ab. For
these experiments crystal pieces with a typical weight of 0.5 g
were used.

III. RESULTS

A. Crystal structure

Since the discovery of superconductivity in La2−xBaxCuO4
in the late 1980’s,1 the crystal structure, displayed in Fig. 2,

has been studied intensively.6 So far most diffraction results
were obtained on polycrystals,6,7,57 and only recently have
single-crystal data been reported.18,46,59 In the doping range
considered here, La2−xBaxCuO4 undergoes two structural
transitions with decreasing temperature: a second-order tran-
sition from HTT to LTO, and a first-order transition from
LTO to another low-temperature phase that can either be
LTT or the low-temperature less-orthorhombic (LTLO) phase
(space group Pccn) that is a possible intermediate phase
between LTO and LTT.29 While the HTT phase is characterized
by untilted CuO6 octahedra forming flat CuO2 planes, all
low-temperature phases can be described by different patterns
of tilted CuO6 octahedra; see Figs. 2(a)–2(c). 29,57,60 In the LTO
phase, the octahedra tilt by an angle # about the tetragonal
[1,1,0]t axis that is diagonal to the CuO2 square lattice and
defines the orthorhombic [1,0,0]o axis [Fig. 2(b)]. In the LTT
phase, the tilt axis runs parallel to the square lattice, but its
direction alternates between [1,0,0]t and [0,1,0]t in adjacent
planes.6,12,57 In the LTLO phase, the tilt axis points along an
intermediate in-plane direction.29

The structural properties in this section were obtained with
XRD, while data from ND are presented in Sec. III C 1. In
Fig. 3(a) we show, for all x, the temperature dependence of the
orthorhombic strain s = 2(bo − ao)/(ao + bo), from which we
have extracted the HTT↔LTO transition temperature, THT, as
a function of doping. The maximum strain s the lattice reaches
at low temperatures is directly, although nonlinearly, related
to THT.30 Both quantities show a monotonic decrease with
increasing x, as shown in the inset to Fig. 3(a) and in Fig. 3(b).
In particular, we observe that THT decreases at a rate dTHT/dx
of ∼23.1 K/0.01 Ba [solid line in Fig. 3(b)], which is very
similar to published polycrystal data.6,42,46 For stoichiometric
oxygen content,56 the difference between a crystal’s THT value
and this line can be used to estimate the deviation of its actual
Ba concentration x ′ from the nominal x. Overall the data
in Fig. 3(b) show that x is a fairly good representation of
x ′. Nevertheless, in the discussion in Sec. IV we will show
that small discrepancies between our results and data in the
literature can be reconciled in terms of x ′.

The second transition, at TLT, from LTO to either LTT or
LTLO, causes a sudden drop of the orthorhombic strain at
low temperatures, as one can see in Fig. 3(a). In particular,
for x = 0.115, 0.125, and 0.135, we observe discontinuous
LTO↔LTT transitions. The crystals with x = 0.11 and 0.095
show discontinuous LTO↔LTLO transitions with very weak
strain remaining below TLT; the strain continues to decrease at
low temperatures and, for x = 0.11, eventually becomes zero.
The crystal with x = 0.155 shows a discontinuous transition
that results in a mixed LTLO-LTT phase, as is discussed in
more detail in Sec. III D 1. (That crystal also consisted of
several domains, but we were able to isolate the diffracted
signal from a single-domain region.)

To examine the low-temperature transition in more detail,
we have followed the temperature dependence of the (1,0,0)
superstructure reflection, which is allowed in the LTT and
LTLO phases, but not in the LTO phase. In Fig. 3(c) we show
integrated intensities I(100) normalized with the (2,0,0) Bragg
reflection as previously explained. As x increases, one can
see that I(100) drops while TLT grows. This behavior indicates
that local structural parameters are involved in the mechanism
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Scanning tunneling microscopy
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differential tunneling 
conductance
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Ca1.88Na0.12CuO2Cl2

Charge order is generic to the cuprates
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Charge density wave order in YBCO??

YBa2Cu3O6+x

• Bilayer cuprate

• Orthorhombic structure 
(a ≠ b ≠ c)

• Doped by O atoms 
intercalated into 
“chain” layer far from 
the CuO2 planes

• Low levels of disorder

• High Tc,max = 94.2 K

• Oxygen orders in the 
chain layer

Ex:  Ortho III ordered YBa2Cu3O6.75



Indirect evidence of density wave order in 
YBa2Cu3O6+δ

Electron pocket from quantum 
oscillations in low doped YBCO

Doiron-Leyraud et al. Nature 2007

LETTERS

Quantum oscillations and the Fermi surface in an
underdoped high-Tc superconductor
Nicolas Doiron-Leyraud1, Cyril Proust2, David LeBoeuf1, Julien Levallois2, Jean-Baptiste Bonnemaison1,
Ruixing Liang3,4, D. A. Bonn3,4, W. N. Hardy3,4 & Louis Taillefer1,4

Despite twenty years of research, the phase diagram of high-
transition-temperature superconductors remains enigmatic1,2. A
central issue is the origin of the differences in the physical prop-
erties of these copper oxides doped to opposite sides of the super-
conducting region. In the overdoped regime, the material behaves
as a reasonably conventional metal, with a large Fermi surface3,4.
The underdoped regime, however, is highly anomalous and
appears to have no coherent Fermi surface, but only disconnected
‘Fermi arcs’5,6. The fundamental question, then, is whether under-
doped copper oxides have a Fermi surface, and if so, whether
it is topologically different from that seen in the overdoped
regime. Here we report the observation of quantum oscillations
in the electrical resistance of the oxygen-ordered copper oxide
YBa2Cu3O6.5, establishing the existence of a well-defined Fermi
surface in the ground state of underdoped copper oxides, once
superconductivity is suppressed by a magnetic field. The low oscil-
lation frequency reveals a Fermi surface made of small pockets, in
contrast to the large cylinder characteristic of the overdoped
regime. Two possible interpretations are discussed: either a small
pocket is part of the band structure specific to YBa2Cu3O6.5 or
small pockets arise from a topological change at a critical point
in the phase diagram. Our understanding of high-transition-
temperature (high-Tc) superconductors will depend critically on
which of these two interpretations proves to be correct.

The electrical resistance of two samples of ortho-II ordered
YBa2Cu3O6.5 was measured in a magnetic field of up to 62 T applied
normal to the CuO2 planes (Bjjc). (Sample characteristics and details
of the measurements are given in the Methods section.) With a Tc of
57.5 K, these samples have a hole doping per planar copper atom of
p 5 0.10, that is, they are well into the underdoped region of the
phase diagram (see Fig. 1a). Angle-resolved photoemission spec-
troscopy (ARPES) data for underdoped Na2 2 xCaxCu2O2Cl2 (Na-
CCOC) at precisely the same doping (reproduced in Fig. 1b from
ref. 6) shows most of the spectral intensity to be concentrated in a
small region near the nodal position (p/2, p/2), suggesting a Fermi
surface broken up into disconnected arcs, while ARPES studies on
overdoped Tl2Ba2CuO61d (Tl-2201) at p 5 0.25 reveal a large, con-
tinuous cylinder (reproduced in Fig. 1c from ref. 4).

The Hall resistance Rxy as a function of magnetic field is displayed
in Fig. 2 for sample A, and in Supplementary Fig. 1 for sample B, where
oscillations are clearly seen above the resistive superconducting trans-
ition. Note that a vortex liquid phase is believed to extend well above
the irreversibility field, beyond our highest field of 62 T, which may
explain why Rxy is negative at these low temperatures, as opposed to
positive at temperatures above Tc. Nevertheless, quantum oscillations
are known to exhibit the very same diagnostic characteristics of

frequency and mass in the vortex state as in the field-induced normal
state above the upper critical field Hc2(0) (for example, ref. 7). They are
caused by the passage of quantized Landau levels across the Fermi level
as the applied magnetic field is varied, and as such they are considered
the most robust and direct signature of a coherent Fermi surface. The
inset of Fig. 2 shows the 2 K isotherm and a smooth background curve.
We extract the oscillatory component, plotted in Fig. 3a as a function

1Département de physique and RQMP, Université de Sherbrooke, Sherbrooke, Canada J1K 2R1. 2Laboratoire National des Champs Magnétiques Pulsés (LNCMP), UMR CNRS-UPS-
INSA 5147, Toulouse 31400, France. 3Department of Physics and Astronomy, University of British Columbia, Vancouver, Canada V6T 1Z4. 4Canadian Institute for Advanced Research,
Toronto, Canada M5G 1Z8.
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Figure 1 | Phase diagram of high-temperature superconductors.
a, Schematic doping dependence of the antiferromagnetic (TN) and
superconducting (Tc) transition temperatures and the pseudogap crossover
temperature T* in YBCO. The vertical lines at p 5 0.1 and p 5 0.25 mark the
positions of copper oxide materials discussed in the text: ortho-II ordered
YBa2Cu3O6.5 and Na-CCOC, located well into the underdoped region, and
Tl-2201, well into the overdoped region, respectively. b, c, Distribution of
ARPES spectral intensity in one quadrant of the Brillouin zone, measured
(b), on Na-CCOC at p 5 0.1, and (c), on Tl-2201 at p 5 0.25 (reproduced
from ref. 6 and ref. 4, with permissions from K. M. Shen and A. Damascelli,
respectively). These respectively reveal a truncated Fermi surface made of
‘Fermi arcs’ at p 5 0.10, and a large, roughly cylindrical and continuous
Fermi surface at p 5 0.25. The red ellipse in b encloses an area Ak that
corresponds to the frequency F of quantum oscillations measured in YBCO.
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Figure 2: Polarization and energy dependence of the REXS peak in YBa2Cu3O6.6. (A) REXS
scans measured for positive and negative values of q

//

along (1, 0), using æ polarization, with
photon energy 931.5 eV. Each data point is obtained from a spectrum like those of Fig. 1D by
normalizing the elastic intensity to the total inelastic signal integrated from zero to 20 eV energy
loss. The charge fluctuation peak intensity, position, and width are the same in all cases. (B)
The polarization dependence of the REXS signal is highlighted when plotting the ratio between
the intensities obtained with º and æ polarizations. The experimental data for YBa2Cu3O6.6

and Nd1.2Ba1.8Cu3O7 are compared to the model calculations (see text for details) and to the
magnetic excitation signal (100-300 meV energy loss). The comparison demonstrates that the
REXS signal is from charge and not from spin scattering. (C) XAS spectra of YBa2Cu3O6.6

with two polarizations and two geometries giving negative and positive values of q
//

, as shown
in Fig. 1C. The main contributions to the XAS peaks are indicated. RXS with photon energies
at the main absorption peak of 931.5 eV selects signals arising from the Cu2 sites. (D,E) REXS
scans show the CDW peak only when exciting at the Cu2 sites, and nothing at higher excitation
energies. This observation confirms that the CDW belongs to the CuO2 planes and is not present
in the chains.
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Long-Range Incommensurate Charge
Fluctuations in (Y,Nd)Ba2Cu3O6+x
G. Ghiringhelli,1* M. Le Tacon,2 M. Minola,1 S. Blanco-Canosa,2 C. Mazzoli,1

N. B. Brookes,3 G. M. De Luca,4 A. Frano,2,5 D. G. Hawthorn,6 F. He,7 T. Loew,2

M. Moretti Sala,3 D. C. Peets,2 M. Salluzzo,4 E. Schierle,5 R. Sutarto,7,8 G. A. Sawatzky,8

E. Weschke,5 B. Keimer,2* L. Braicovich1

The concept that superconductivity competes with other orders in cuprate superconductors has
become increasingly apparent, but obtaining direct evidence with bulk-sensitive probes is
challenging. We have used resonant soft x-ray scattering to identify two-dimensional charge
fluctuations with an incommensurate periodicity of ~3.2 lattice units in the copper-oxide planes
of the superconductors (Y,Nd)Ba2Cu3O6+x, with hole concentrations of 0.09 to 0.13 per planar
Cu ion. The intensity and correlation length of the fluctuation signal increase strongly upon cooling
down to the superconducting transition temperature (Tc); further cooling below Tc abruptly reverses
the divergence of the charge correlations. In combination with earlier observations of a large
gap in the spin excitation spectrum, these data indicate an incipient charge density wave instability
that competes with superconductivity.

Asuccessful theory of high-temperature
superconductivity in the copper oxides
requires a detailed understanding of the

spin, charge, and orbital correlations in the nor-
mal state from which superconductivity emerges.

In recent years, evidence of ordering phenomena
in which these correlations might take on partic-
ularly simple forms has emerged (1, 2). Despite
intense efforts, however, only two order param-
eters other than superconductivity have thus far
been unambiguously identified by bulk-sensitive
experimental probes: (i) uniform antiferromag-
netism in undoped insulating cuprates and (ii)
uniaxiallymodulated antiferromagnetism (3) com-
bined with charge order (3, 4) in doped cuprates
of the so-called “214” family [that is, compounds
of composition La2−x−y(Sr,Ba)x(Nd,Eu)yCuO4].
The latter is known as “stripe order,” with a
commensurate charge modulation of period 4a
(where lattice unit a = 3.8 to 3.9 Å is the distance
between neighboringCu atoms in theCuO2 planes),
which greatly reduces the superconducting transi-
tion temperature (Tc) of 214 materials at a doping
level p ~ 1/8 per planar Cu atom. Incommensu-
rate spin fluctuations in 214 materials with p ≠ 1/8

(5) have been interpreted as evidence of fluctu-
ating stripes (6). A long-standing debate has
evolved around the questions of whether stripe
order is a generic feature of the copper oxides
and whether stripe fluctuations are essential for
superconductivity.

Recent attention has focused on the “123”
family [RBa2Cu3O6+x with R = Yor another rare
earth element], which exhibits substantially lower
chemical disorder and higher maximal Tc than
the 214 system. For underdoped 123 compounds,
the anomaly in the Tc-versus-p relation at p = 1/8
(7) and the large in-plane anisotropies in the
transport properties (8, 9) have been interpreted
as evidence of stripe order or fluctuations, in anal-
ogy to stripe-ordered 214 materials (10). Differ-
ences in the spin dynamics of the two families
have, however, cast some doubt on this interpre-
tation. In particular, neutron-scattering studies of
moderately doped 123 compounds have revealed
a gap of magnitude ≥20 meV in the magnetic
excitation spectrum (11–14), whereas 214 com-
pounds with similar hole concentrations exhibit
nearly gapless spin excitations (5). Further ques-
tions have been raised by the recent discovery of
small Fermi surface pockets in quantum oscil-
lation experiments on underdoped 123 materials
in magnetic fields large enough to weaken or ob-
literate superconductivity (15). Some researchers
have attributed this observation to a Fermi sur-
face reconstruction due to magnetic field–induced
stripe order (10), whereas others have argued that
even the high magnetic fields applied in these
experiments appear incapable of closing the spin
gap and that a biaxial charge modulation is re-
quired to explain the quantum oscillation data (16).
Nuclear magnetic resonance (NMR) experiments
have shown evidence of a magnetic field–induced
uniaxial charge modulation (17), but they do not
yield information about electronic fluctuations out-
side of a very narrow energywindowof ~1 meV.On
the other hand, scattering experiments to determine
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CDW order in YBCO

CDW order onsets at ~150 K and peaks in intensity at Tc, 

the superconducting transition temperature
Ghiringhelli et al. Science (2012).
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Figure 4: Temperature dependence of the CDW signal in YBa2Cu3O6.6. (A,B) Comparison of
RXS scans at selected temperatures, as obtained with an energy-resolving instrument allowing
the separation of genuine elastic and quasi-elastic scattering (REXS) from the inelastic back-
ground, and with a conventional diffractometer for soft x-rays. The REXS data measured on the
former instrument benefit from a 20 times higher signal-to-background ratio, while the energy-
integrated scans exhibit a higher overall intensity and hence a lower noise level. (C,D) The
T dependence of the CDW intensity and full-width-at-half-maximum (FWHM) derived from
the energy-resolved (open circles) and the energy-integrated data (full circles) for æ polariza-
tion. Upon cooling, the CDW signal appears around 160 K and its intensity and correlation
length (proportional to the inverse of the FWHM) grow to a maximum at T

c

= 61K, then they
decrease. This behavior shows that CDW and superconductivity are competing orders in the
underdoped regime of the 123 family.
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CDW order in YBCO in magnetic field

Hard x-ray scattering
J. Chang et al., Nature Physics (2012)NATURE PHYSICS DOI: 10.1038/NPHYS2456 LETTERS
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Figure 2 | Competition between charge–density-wave order and superconductivity. a, Temperature dependence of the peak intensity at (1.695, 0, 0.5)
(circles) and (0, 3.691, 0.5) (squares) for different applied magnetic fields. The square data points have been multiplied by a factor of four. In the normal
state, there is a smooth onset of the CDW order. In the absence of an applied magnetic field there is a decrease in the peak intensity below Tc. This trend
can be reversed by the application of a magnetic field. b, Magnetic field dependence of the lattice modulation peak intensity at (1.695,0,0.5) for different
temperatures. At T = 2 K, the peak intensity grows approximately linearly with magnetic field up to the highest applied field. c,d, Gaussian linewidth of the
(1.695, 0, 0.5) CDW modulation plotted versus temperature and field respectively. The raw linewidth, including a contribution from the instrumental
resolution, is field-independent in the normal state (T > Tc). In contrast, the CDW order becomes more coherent below Tc, once a magnetic field is applied.
This effect ceases once the amplitude starts to be suppressed owing to competition with superconductivity. The vertical dashed lines in a,c illustrate the
connection between these two features of the data that define the Tcusp temperatures. All other lines are guides to the eye. Error bars indicate standard
deviations of the fit parameters described in Methods.

The intensities of the incommensurate Bragg peaks are sensitive
to atomic displacements parallel to the total scattering vector
Q. The comparatively small contribution to Q along the c⇤

direction from l = 0.5 r.l.u. means that our signal for a (h,
0, 0.5) peak is dominated by displacements parallel to the a
direction. (There will also be displacements parallel to the c
direction but we are essentially insensitive to them in our present
scattering geometry). Our data indicate that the incommensurate
peaks are much stronger if they are satellites of strong Bragg
peaks of the form (⌧ = (2n,0,0)) at positions such as ⌧ ± q1.
This indicates that the satellites are caused by a modulation
of the parent crystal structure. The fact that the scattering is
peaked at l = ±0.5 r.l.u. means that neighbouring bilayers are
modulated in antiphase. The two simplest structures (Fig. 3a,b)
compatible with our data (see Supplementary Information) involve
the neighbouring CuO2 planes in the bilayer being displaced in
the same (bilayer-centred) or opposite (chain-centred) directions,
resulting in the maximum amplitude of the modulation being on
the CuO2 planes or CuO chains respectively. In their 2�q form,
these structures would lead to the in-plane ‘checkerboard’ pattern
shown in Fig. 3c. Scanning tunnelling microscopy studies of other
underdoped cuprates16 and of field-induced CDW correlations in
vortex cores17 also support the tendency towards checkerboard
formation18, although disorder can cause small stripe domains
to mimic checkerboard order19. Our observation of a CDW

may be related to phonon anomalies20, which suggest that in
YBCO near p⇡ 1/8 there are anomalies in the underlying charge
susceptibility for q⇡ (0,0.3).

Cuprate superconductors show strong spin correlations, and
the interplay between spin and charge correlations may be at the
heart of the high-Tc phenomenon. The spin correlations are largely
dynamic, with energies up to several hundred meV. YBa2Cu3O6+x
and La2�x(Ba,Sr)xCuO4+� show incommensurate magnetic order,
which can be enhanced by suppressing superconductivity with an
applied magnetic field21–24; this has some analogies with the CDW
order observed here. The magnetic order is static on the ⇠1meV
frequency scale of neutron diffraction and has been detected in
lightly doped YBa2Cu3O6+x for p 0.082 (ref. 21), and moderately
doped La2�xSrxCuO4 for p  0.14 (ref. 24). The YBa2Cu3O6.67
(p⇡ 1/8) sample studied here is expected to have a relatively large
spin gap, h̄! ⇡ 20meV (ref. 25), in its magnetic excitations at
low temperature, making it unlikely that it orders magnetically.
As discussed earlier, this is confirmed by other measurements13,14,
so the CDW does not seem to be accompanied by spin order.
Moreover, there is no obvious relationship between qCDW and the
wave vector of the incipient spin fluctuations qSF ⇡ (0.1,0) of
similarly doped samples25.

It is interesting to note that TCDW corresponds approximately
withTH (Fig. 4), the temperature at whichHall effectmeasurements
suggest that Fermi surface reconstruction begins26. A CDW that
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Density wave order in the planes of Ortho III YBCO

YBa2Cu3O6.75 (p = 0.133, Tc =75.2 K)

Achkar et al. PRL 109, 167001 (2012)

For instance, the ortho-III phase corresponds to a repeated
pattern of full-full-empty ordering of oxygen in the chains
[see Fig. 1(a)] that produces a commensurate superlattice
peak at [0.33 0 L], in close proximity to the [0.31 0 L]
peaks observed in Ref. [2]. In addition, the chains may also
be susceptible to CDW order along the chains (producing
incommensurate peaks at [0 K L]) [22–24]. As such, the
chains may act to stabilize CDW order in YBCO akin to
the low-temperature tetragonal (LTT) structural phase sta-
bilizing spin and charge stripes in stripe ordered 214
cuprates [6,25].

In this Letter, we present RSXS measurements of a high
purity, ortho-III ordered single crystal of YBa2Cu3O6:75

(Tc ¼ 75:2 K, p ¼ 0:133) [26,27] that (a) confirm the

in-plane origin of the incommensurate [0.30 0 L] CDW
peak [28], (b) clarify its relation to the oxygen ordering in
the chain layer, and (c) demonstrate a link to the micro-
scopic origin of stripes in 214 cuprates. Analysis of
the scattering intensities provides clear evidence that
the [0.30 0 L] CDW peak has an energy, polarization,
and temperature dependence that is distinct from the
[0.33 0 L] oxygen ordering peak, indicating there is no
clear relation between the chain layer and the [0.30 0 L]
CDW order. Moreover, the [0.30 0 L] peak is shown to
result from a spatial modulation of the energy of the Cu 2p
to 3dx2"y2 transition, unlike the [0.33 0 L] oxygen ordering
peak, which is described by a spatial modulation of the Cu
valence. The former is consistent with RSXS measure-
ments in stripe ordered 214 cuprates [17], which is also
described by the energy shift model, suggesting a common
origin to the CDW order that is generic to the cuprates.
Resonant scattering measurements were performed at

the Canadian Light Source’s Resonant Elastic and
Inelastic X-ray Scattering (REIXS) beam line [29] using
linearly polarized light in both ! and " scattering geome-
tries, as depicted in Fig. 1(b). The sample orientation was
confirmed by detection of [0 0 1], [# 1 0 2], and [0 #1 2]
Bragg reflections at 2.05 keV. XAS was measured using
total fluorescence yield (TFY).
The measured intensity of H and K scans through the

[0.30 0 1.4] and [0 0.30 1.4] peaks at 60 K is shown in
Fig. 1(c) for the incident photon energies indicated in
Fig. 1(d). These superlattice reflections are observed above
a large x-ray fluorescence background, similar to measure-
ments from Ref. [2]. In addition, there is also a peak at
[0.33 0 L] that is evident at higher photon energy.
The scattering intensity, Isc, was determined by fitting

the fluorescence background to a polynomial and subtract-
ing it from the data [Fig. 1(e)]. This procedure was re-
peated as a function of photon energy and for both ! and "
incident photon polarizations, as shown in Fig. 2. In
Fig. 2(a) and 2(b), two peaks at H ¼ 0:30 and H ¼ 0:33
are observed that resonate at different energies and have a
different polarization dependence. Due to the large width
of both peaks, they overlap in H forming one broad asym-
metric peak, which is particularly evident around the peak
in the x-ray absorption (931.4 eV). In contrast, the peak
at [0 0.30 1.4], shown in Fig. 2(c) and 2(d), resonates at
931.3 eV with only a small signature of the peak at$0:33,
likely due to residual (< 3%) twinning of the sample. From
these scans at 60 K, the correlation lengths of the peaks are

#ðK ¼ 0:30Þ ’ 42 !A, #ðH ¼ 0:30Þ ’ 40 !A, and #ðH ¼
0:33Þ ’ 37 !A. Consistent with previous work [2,3], the
amplitude of the [0.30 0 L] reflection is
first distinguished from the fluorescence background at
$160 K, peaks near Tc, and decreases for T < Tc, as
shown in Fig. 1(f). In contrast, the [0.33 0 L] peak ampli-
tude exhibits a gradual T dependence with no notable
features at Tc or 160 K.

FIG. 1 (color online). (a) The crystal structure of ortho-III
ordered YBCO. (b) A schematic of the experiment geometry.
(c) [H 0 L] and [0 K L] scans at T ¼ 60 K measured using
sigma polarized light through the [0.30 0 1.4] and [0 0.30 1.4]
superlattice peaks, which appear when the photon energy is tuned
to the peak of the XAS ($ 931:4 eV). The ortho-III oxygen order-
ing superlattice peak is seen at [0.33 0 L] and is most prominent
around 933.8 eV. (d) The x-ray absorption with polarization along
the a and b axes measured using total fluorescence yield. (e) The
scattering intensity with fluorescence background subtracted.
(f) The temperature dependence of the amplitudes of the [0.30
0 1.35] and [0.33 0 1.35] peaks. r.l.u., reciprocal lattice units.
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peaks observed in Ref. [2]. In addition, the chains may also
be susceptible to CDW order along the chains (producing
incommensurate peaks at [0 K L]) [22–24]. As such, the
chains may act to stabilize CDW order in YBCO akin to
the low-temperature tetragonal (LTT) structural phase sta-
bilizing spin and charge stripes in stripe ordered 214
cuprates [6,25].

In this Letter, we present RSXS measurements of a high
purity, ortho-III ordered single crystal of YBa2Cu3O6:75

(Tc ¼ 75:2 K, p ¼ 0:133) [26,27] that (a) confirm the

in-plane origin of the incommensurate [0.30 0 L] CDW
peak [28], (b) clarify its relation to the oxygen ordering in
the chain layer, and (c) demonstrate a link to the micro-
scopic origin of stripes in 214 cuprates. Analysis of
the scattering intensities provides clear evidence that
the [0.30 0 L] CDW peak has an energy, polarization,
and temperature dependence that is distinct from the
[0.33 0 L] oxygen ordering peak, indicating there is no
clear relation between the chain layer and the [0.30 0 L]
CDW order. Moreover, the [0.30 0 L] peak is shown to
result from a spatial modulation of the energy of the Cu 2p
to 3dx2"y2 transition, unlike the [0.33 0 L] oxygen ordering
peak, which is described by a spatial modulation of the Cu
valence. The former is consistent with RSXS measure-
ments in stripe ordered 214 cuprates [17], which is also
described by the energy shift model, suggesting a common
origin to the CDW order that is generic to the cuprates.
Resonant scattering measurements were performed at

the Canadian Light Source’s Resonant Elastic and
Inelastic X-ray Scattering (REIXS) beam line [29] using
linearly polarized light in both ! and " scattering geome-
tries, as depicted in Fig. 1(b). The sample orientation was
confirmed by detection of [0 0 1], [# 1 0 2], and [0 #1 2]
Bragg reflections at 2.05 keV. XAS was measured using
total fluorescence yield (TFY).
The measured intensity of H and K scans through the

[0.30 0 1.4] and [0 0.30 1.4] peaks at 60 K is shown in
Fig. 1(c) for the incident photon energies indicated in
Fig. 1(d). These superlattice reflections are observed above
a large x-ray fluorescence background, similar to measure-
ments from Ref. [2]. In addition, there is also a peak at
[0.33 0 L] that is evident at higher photon energy.
The scattering intensity, Isc, was determined by fitting

the fluorescence background to a polynomial and subtract-
ing it from the data [Fig. 1(e)]. This procedure was re-
peated as a function of photon energy and for both ! and "
incident photon polarizations, as shown in Fig. 2. In
Fig. 2(a) and 2(b), two peaks at H ¼ 0:30 and H ¼ 0:33
are observed that resonate at different energies and have a
different polarization dependence. Due to the large width
of both peaks, they overlap in H forming one broad asym-
metric peak, which is particularly evident around the peak
in the x-ray absorption (931.4 eV). In contrast, the peak
at [0 0.30 1.4], shown in Fig. 2(c) and 2(d), resonates at
931.3 eV with only a small signature of the peak at$0:33,
likely due to residual (< 3%) twinning of the sample. From
these scans at 60 K, the correlation lengths of the peaks are

#ðK ¼ 0:30Þ ’ 42 !A, #ðH ¼ 0:30Þ ’ 40 !A, and #ðH ¼
0:33Þ ’ 37 !A. Consistent with previous work [2,3], the
amplitude of the [0.30 0 L] reflection is
first distinguished from the fluorescence background at
$160 K, peaks near Tc, and decreases for T < Tc, as
shown in Fig. 1(f). In contrast, the [0.33 0 L] peak ampli-
tude exhibits a gradual T dependence with no notable
features at Tc or 160 K.

FIG. 1 (color online). (a) The crystal structure of ortho-III
ordered YBCO. (b) A schematic of the experiment geometry.
(c) [H 0 L] and [0 K L] scans at T ¼ 60 K measured using
sigma polarized light through the [0.30 0 1.4] and [0 0.30 1.4]
superlattice peaks, which appear when the photon energy is tuned
to the peak of the XAS ($ 931:4 eV). The ortho-III oxygen order-
ing superlattice peak is seen at [0.33 0 L] and is most prominent
around 933.8 eV. (d) The x-ray absorption with polarization along
the a and b axes measured using total fluorescence yield. (e) The
scattering intensity with fluorescence background subtracted.
(f) The temperature dependence of the amplitudes of the [0.30
0 1.35] and [0.33 0 1.35] peaks. r.l.u., reciprocal lattice units.
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Forinstance,theortho-IIIphasecorrespondstoarepeated
patternoffull-full-emptyorderingofoxygeninthechains
[seeFig.1(a)]thatproducesacommensuratesuperlattice
peakat[0.330L],incloseproximitytothe[0.310L]
peaksobservedinRef.[2].Inaddition,thechainsmayalso
besusceptibletoCDWorderalongthechains(producing
incommensuratepeaksat[0KL])[22–24].Assuch,the
chainsmayacttostabilizeCDWorderinYBCOakinto
thelow-temperaturetetragonal(LTT)structuralphasesta-
bilizingspinandchargestripesinstripeordered214
cuprates[6,25].

InthisLetter,wepresentRSXSmeasurementsofahigh
purity,ortho-IIIorderedsinglecrystalofYBa2Cu3O6:75

(Tc¼75:2K,p¼0:133)[26,27]that(a)confirmthe

in-planeoriginoftheincommensurate[0.300L]CDW
peak[28],(b)clarifyitsrelationtotheoxygenorderingin
thechainlayer,and(c)demonstratealinktothemicro-
scopicoriginofstripesin214cuprates.Analysisof
thescatteringintensitiesprovidesclearevidencethat
the[0.300L]CDWpeakhasanenergy,polarization,
andtemperaturedependencethatisdistinctfromthe
[0.330L]oxygenorderingpeak,indicatingthereisno
clearrelationbetweenthechainlayerandthe[0.300L]
CDWorder.Moreover,the[0.300L]peakisshownto
resultfromaspatialmodulationoftheenergyoftheCu2p
to3dx2"y2transition,unlikethe[0.330L]oxygenordering
peak,whichisdescribedbyaspatialmodulationoftheCu
valence.TheformerisconsistentwithRSXSmeasure-
mentsinstripeordered214cuprates[17],whichisalso
describedbytheenergyshiftmodel,suggestingacommon
origintotheCDWorderthatisgenerictothecuprates.
Resonantscatteringmeasurementswereperformedat

theCanadianLightSource’sResonantElasticand
InelasticX-rayScattering(REIXS)beamline[29]using
linearlypolarizedlightinboth!and"scatteringgeome-
tries,asdepictedinFig.1(b).Thesampleorientationwas
confirmedbydetectionof[001],[#102],and[0#12]
Braggreflectionsat2.05keV.XASwasmeasuredusing
totalfluorescenceyield(TFY).
ThemeasuredintensityofHandKscansthroughthe

[0.3001.4]and[00.301.4]peaksat60Kisshownin
Fig.1(c)fortheincidentphotonenergiesindicatedin
Fig.1(d).Thesesuperlatticereflectionsareobservedabove
alargex-rayfluorescencebackground,similartomeasure-
mentsfromRef.[2].Inaddition,thereisalsoapeakat
[0.330L]thatisevidentathigherphotonenergy.
Thescatteringintensity,Isc,wasdeterminedbyfitting

thefluorescencebackgroundtoapolynomialandsubtract-
ingitfromthedata[Fig.1(e)].Thisprocedurewasre-
peatedasafunctionofphotonenergyandforboth!and"
incidentphotonpolarizations,asshowninFig.2.In
Fig.2(a)and2(b),twopeaksatH¼0:30andH¼0:33
areobservedthatresonateatdifferentenergiesandhavea
differentpolarizationdependence.Duetothelargewidth
ofbothpeaks,theyoverlapinHformingonebroadasym-
metricpeak,whichisparticularlyevidentaroundthepeak
inthex-rayabsorption(931.4eV).Incontrast,thepeak
at[00.301.4],showninFig.2(c)and2(d),resonatesat
931.3eVwithonlyasmallsignatureofthepeakat$0:33,
likelyduetoresidual(<3%)twinningofthesample.From
thesescansat60K,thecorrelationlengthsofthepeaksare

#ðK¼0:30Þ’42!A,#ðH¼0:30Þ’40!A,and#ðH¼
0:33Þ’37!A.Consistentwithpreviouswork[2,3],the
amplitudeofthe[0.300L]reflectionis
firstdistinguishedfromthefluorescencebackgroundat
$160K,peaksnearTc,anddecreasesforT<Tc,as
showninFig.1(f).Incontrast,the[0.330L]peakampli-
tudeexhibitsagradualTdependencewithnonotable
featuresatTcor160K.

FIG.1(coloronline).(a)Thecrystalstructureofortho-III
orderedYBCO.(b)Aschematicoftheexperimentgeometry.
(c)[H0L]and[0KL]scansatT¼60Kmeasuredusing
sigmapolarizedlightthroughthe[0.3001.4]and[00.301.4]
superlatticepeaks,whichappearwhenthephotonenergyistuned
tothepeakoftheXAS($931:4eV).Theortho-IIIoxygenorder-
ingsuperlatticepeakisseenat[0.330L]andismostprominent
around933.8eV.(d)Thex-rayabsorptionwithpolarizationalong
theaandbaxesmeasuredusingtotalfluorescenceyield.(e)The
scatteringintensitywithfluorescencebackgroundsubtracted.
(f)Thetemperaturedependenceoftheamplitudesofthe[0.30
01.35]and[0.3301.35]peaks.r.l.u.,reciprocallatticeunits.
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• CDW order in the CuO2 planes
• CDW order present in high 

purity, oxygen-ordered samples
• Insight into microscopic 

character of CDW order



CDW order in the other cuprates
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Bi2Sr2CaCu2O8+delta (Bi2212)

da Silva Neto et al. Science (2014)

Bi2Sr2-xLaxCuO6+delta (Bi2201)

Comin et al. Science (2014)

Charge Order Driven by Fermi-Arc
Instability in Bi2Sr2−xLaxCuO6+d
R. Comin,1 A. Frano,2,3 M. M. Yee,4 Y. Yoshida,5 H. Eisaki,5 E. Schierle,3 E. Weschke,3

R. Sutarto,6 F. He,6 A. Soumyanarayanan,4 Yang He,4 M. Le Tacon,2 I. S. Elfimov,1,7

Jennifer E. Hoffman,4 G. A. Sawatzky,1,7 B. Keimer,2 A. Damascelli1,7*

The understanding of the origin of superconductivity in cuprates has been hindered by the
apparent diversity of intertwining electronic orders in these materials. We combined resonant x-ray
scattering (REXS), scanning-tunneling microscopy (STM), and angle-resolved photoemission
spectroscopy (ARPES) to observe a charge order that appears consistently in surface and bulk,
and in momentum and real space within one cuprate family, Bi2Sr2−xLaxCuO6+d. The observed
wave vectors rule out simple antinodal nesting in the single-particle limit but match well
with a phenomenological model of a many-body instability of the Fermi arcs. Combined with
earlier observations of electronic order in other cuprate families, these findings suggest the
existence of a generic charge-ordered state in underdoped cuprates and uncover its intimate
connection to the pseudogap regime.

Since the discovery of cuprate high-temperature
superconductors, several unconventional
phenomena have been observed in the re-

gion of the phase diagram located between the
strongly localized Mott insulator at zero doping
and the itinerant Fermi-liquid state that emerges
beyond optimal doping (1–20). The so-called
pseudogap (PG) opens at the temperature T !

and obliterates the Fermi surface at the antinodes
(ANs) of the d-wave superconducting gap func-
tion, leaving behind disconnected “Fermi arcs”
centered around the nodes. In addition, charge
order has been observed on the surface of Bi- and
Cl-based compounds (4–8), in the bulk of La-
based compounds (9–11), and most recently in
YBa2Cu3O6þd (YBCO) (17–20), indicating that
this might be the leading instability in underdoped
cuprates. The similarity between the observed
charge ordering wavevector and the antinodal
nesting vector of the high-temperature Fermi sur-
face has prompted suggestions that a conventional
Peierls-like charge-density wave (CDW) might
be responsible for the opening of the pseudogap
(7, 8, 12, 19). We used complementary bulk and
surface techniques to examine the validity of this
scenario and explored the connection between
charge ordering and fermiology.

By applying a suite of complementary tools
to a single cuprate material, Bi2Sr2−xLaxCuO6þd

(Bi2201), we reveal that the charge order in this
system emerges just below T !, with a character-
istic wave vector corresponding to the Fermi arc
tips rather than the antinodal nesting vector. We

quantified the Fermi surface by using angle-
resolved photoemission spectroscopy (ARPES),
and we looked for charge modulations along
the Cu-O bond directions in both real and re-
ciprocal space by using scanning-tunneling mi-
croscopy (STM) and resonant x-ray scattering
(REXS). The single-layer Bi2201 is well suited to
this purpose owing to (i) its two-dimensionality
and high degree of crystallinity (21, 22) and (ii) the
possibility of probing the temperature evolution
across T !, which is better characterized (15, 16)
and more accessible than in bilayer systems. This
study, by bringing together three different tech-
niques on the same material belonging to the Bi
family together with related observations on La-
and Y-based compounds, suggests the ubiquity
of charge ordering in underdoped cuprates [see
also the related report for bilayer Bi2212 (23)].

REXS uses x-ray photons to exchange mo-
mentum with the electrons and the ionic lattice
in order to gain information on the electronic
charge distribution. As opposed to conventional
x-ray diffraction, which is widely used for struc-
tural studies, in REXS the photon energy is
tuned to resonance with one of the element-
specific absorption lines. This results in a strong
enhancement of the sensitivity to the valence

REPORTS
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Fig. 1. REXS and STM comparison on Bi2201. (A) Bi2201 low- and high-temperature scans of the in-
plane momentumQ∥, showing the emergence of a CO peak aroundQCO ≃ 0:265. (B) Resonance profile at
QCO after background subtraction (red markers), superimposed onto the Cu-L3 absorption edge (blue line).
(C) Temperature dependence of the CO-peak area for the three Bi2201 doping levels investigated; dashed
lines are linear fits, with baseline marking the zero intensity position for each data set. Hollow and full
markers for UD15K correspond to positive and negative wave vectors Q∥ > 0 and Q∥ < 0, respectively,
for different samples. The PG temperature T! (gray boxes) is from Knight shift measurements (36). (D)
Bi2201 dI/dV map, taken at 24-mV bias over a 29-nm region (9 K, –200 mV, and 250 pA). A charge
modulation with period ~4a0 is seen in real space. (E) Fourier transform (FT) of (D), after fourfold
symmetrization [black circles mark the position of the Bragg vectors(T1, 0) and(0, T1Þ]. Highlighted by the
blue box is the region corresponding to the line cut in (F), whose peak structure is suggestive of a periodic
modulation with wave vector QCO ≃ 0:248. Horizontal bars represent half widths at half maximum.
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CDW order in electron doped

da Silva Neto et al. Science (2015)

particular phenomenology of the hole-doped
cuprates such as the pseudogap-induced Fermi
arcs, or the propensity toward stripe formation,
are necessary ingredients for CO formation, or
whether CO is a generic electronic property of
the CuO2 layer that is ubiquitous to all cuprates
including n-type materials.
Here, we report resonant x-ray scattering (RXS)

measurements on the electron-doped cuprate su-
perconductor Nd2–xCexCuO4 (24). Our studies
were performed on samples with doping levels
(x = 0.14 T 0.01 and x = 0.15 T 0.01) for which
quantum oscillations indicate a small Fermi sur-
face (25, 26). We use the standard scattering geo-
metry (Fig. 1B) (24), similar to previous studies
(9, 14, 15). The tetragonal b axis of the sample is
positioned perpendicular to the scattering plane,
allowing the in-plane components ofmomentum
transfer to be accessed by rotating the sample
around the b axis (q scan). For RXSmeasurements,
the energy of the incoming photons is fixed to the
maximum of the Cu-L3 absorption edge, which is
at E ≈ 931.5 eV (Fig. 1B).
Our main finding is summarized in Fig. 1, C

and D. An RXS peak is observed at an in-plane
momentum transfer of H ≈ –0.24 rlu (reciprocal
lattice units) along the Cu-O bond direction; this
is notably similar in periodicity and direction to
the x-ray scattering peaks found in the hole-doped
materials (3–5, 9–16, 21, 23). The use of photons
tuned to the Cu-L3 edge is expected to greatly
enhance the sensitivity in our measurement to
charge modulations involving the valence elec-
trons in the CuO2 planes (3). As the photon en-
ergy is tuned away from resonance, the distinct
peak nearH = –0.24 disappears, thus confirming
its electronic origin (Fig. 1, C and D) (24). This
shows the presence of charge ordering in an
electron-doped cuprate.
Further insights into charge ordering forma-

tion are obtainedby temperature-dependentmea-
surements. The distinct CO peak observed at low
temperatures (Fig. 2, A and B) weakens as the
temperature is raised, but disappears only above

300 K. Although a temperature evolution is clear-
ly seen in the raw data (Fig. 2, A and B, and fig.
S3), the small size of the peak relative to the high-
temperature backgroundprecludes a precise deter-
mination of an onset temperature. Nonetheless,
within the detection limits of the experiment, the
CO seems to gradually develop with lowering
of temperature starting around 340 K (Fig. 2C).
Note that this temperature is much higher than
the pseudogap onset in Nd2–xCexCuO4 [~80 to
170K in thex=0.14 to 0.15 doping range (1,27,28)],
in clear contrast to observations in hole-doped
cuprates, where the p-type pseudogap either pre-
cedes ormatches the emergence ofCO (9–15,21–23).
This dichotomy is not completely unexpected
given that the pseudogaps observed in p- and
n-type cuprates are dissimilar in many ways (1).
In particular, the n-type pseudogap has been asso-

ciated with the buildup of antiferromagnetic (AF)
correlations that first appear below 320 K (for x =
0.145 samples), as determined by inelastic neutron
scattering measurements (27–29). Interestingly,
the temperature evolution of the CO resembles
the soft onset of AF correlations (28)—an obser-
vation that suggests a connection between CO
and AF fluctuations in electron-doped cuprates.
We now use the available knowledge of the

Fermi surface of Nd2–xCexCuO4 to further inves-
tigate the connection between AF and CO forma-
tion. We find that the CO peak, although broad, is
centered around an in-plane momentum transfer
QCO = 0.23 T 0.04 and QCO = 0.24 T 0.04 for x =
0.14 and x = 0.15, respectively (Fig. 3, A and B).
Comparison of QCO to the Fermi surface topology
measured by ARPES (Fig. 3C, left panel) shows
that its value is consistent with scattering between

SCIENCE sciencemag.org 16 JANUARY 2015 • VOL 347 ISSUE 6219 283

Fig. 1. Charge ordering in electron-doped cuprates. (A) Temperature-
doping phase diagram for the cuprates, including the AF parent state
(green), the superconductivity (SC, blue), and distinct n-type (faded green)
and p-type (gray) pseudogap phases. The CO phase observed in p-type
cuprates is marked in red. (B) The Cu-L3 absorption edge at 931.5 eV
(2p → 3d transition) and a schematic of the scattering geometry. (C and D)

On- and off-resonance q scans at 22 K, showing the RXS diffraction signal as a
function of in-plane momentum transfer (H) along the Cu-O bond direction
[see (B)] for x = 0.14 and x = 0.15, respectively.To provide a better comparison,
the off-resonance scans were rescaled tomatch the tails of the on-resonance q
scans. The yellow stars mark the H values of highest intensity for the two
samples (obtained from Fig. 3).
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Fig. 2. Temperature dependence of the CO. (A and B) On-resonance q scans for x = 0.14 and x = 0.15
samples, respectively, at select temperatures, showing that the onset of the charge ordering occurs above
300K. (C) Temperature dependence of the RXS intensity for the two samples in (A) and (B) obtained from
themaxima of the background-subtracted peaks.The intensity in (C) is normalized to themaximum value
between the two samples; the error bars represent the standard errors from Lorentzian fits to the
background-subtracted peaks (24).
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showed no mortality, with a modestly en-
hanced memory CD8 T cell differentiation and
viral control (fig. S12). Taken together, these data
are consistentwith amodel inwhichuncontrolled
viral replication resulted in overstimulation of
vaccine-elicited TH1 CD4 cells, leading to gen-
eralized inflammation and multi-organ system
failure (fig. S13).
Our data demonstrate that a vaccine that

elicits primarily CD4 T cells can result in lethal
immunopathology after challenge with a persist-
ently replicating virus by a mechanism that in-
volves hyperstimulation of vaccine-elicited CD4
T cells by uncontrolled viral replication. Both
antiviral CD8 T cells and antibodies that limit
viral replication abrogate this pathology. These
data show that vaccine-elicited CD4 T cells can
trigger immunopathology and mortality in cer-
tain settings.
Although the extent to which this phenom-

enon may occur in humans has not yet been
determined, this mechanism is potentially gen-
eralizable to other vaccines that primarily induce
CD4 T cells in the absence of other effective
antiviral immune responses. A previous study
reported that a vaccine that encoded an SIV CD4
T cell epitope led to higher viral loads and ac-
celerated AIDS progression relative to controls
after SIV challenge in rhesus monkeys (28),
although SIV-specific CD4 T cell responses were
not directly measured in that study. Moreover,
because activated CD4 T cells also can serve
directly as targets for HIV, vaccine-elicited CD4
T cells could theoretically have multifactorial
negative effects (29). These findings warrant a
thorough reevaluation of CD4 T cell responses,
especially in the context of chronic infection.
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SUPERCONDUCTIVITY

Charge ordering in the electron-doped
superconductor Nd2–xCexCuO4
Eduardo H. da Silva Neto,1,2,3,4*† Riccardo Comin,1,2* Feizhou He,5 Ronny Sutarto,5

Yeping Jiang,6 Richard L. Greene,6 George A. Sawatzky,1,2 Andrea Damascelli1,2†

In cuprate high-temperature superconductors, an antiferromagnetic Mott insulating state
can be destabilized toward unconventional superconductivity by either hole or electron
doping. In hole-doped (p-type) cuprates, a charge ordering (CO) instability competes with
superconductivity inside the pseudogap state.We report resonant x-ray scattering
measurements that demonstrate the presence of charge ordering in the n-type cuprate
Nd2–xCexCuO4 near optimal doping.We find that the CO in Nd2–xCexCuO4 occurs with
similar periodicity, and along the same direction, as in p-type cuprates. However, in
contrast to the latter, the CO onset in Nd2–xCexCuO4 is higher than the pseudogap
temperature, and is in the temperature range where antiferromagnetic fluctuations are
first detected. Our discovery opens a parallel path to the study of CO and its relationship to
antiferromagnetism and superconductivity.

C
opper oxide superconductors are suscep-
tible to a number of instabilities, but the
relevance of these phases to the super-
conducting pairing mechanism is unclear.
Charge ordering (CO) has emerged as a uni-

versal feature of hole-doped (p-type) cuprates,
but it has so far not been detected in n-type
cuprates (1) (Fig. 1A). Early evidence for a CO in
the cuprates came from the detection in La-based
cuprates of a periodic organization of spins and
charge known as stripes (2–5), where the charge
is periodic every four lattice constants along the
Cu-O bond direction. More recently, following

evidence for Fermi surface reconstruction from
quantum oscillations (6, 7), nuclear magnetic res-
onance (8) and x-ray scattering measurements
(9, 10) have directly shown the presence of a
similar CO competing with superconductivity in
Y-based cuprates. The opportunity todirectly probe
CO in reciprocal space has further propelled sev-
eral resonant x-ray scattering measurements of
the Y-based family (11–13) as well as the detection
of CO in Bi cuprates (14–16)—substantiating ear-
lier surface evidence by scanning tunneling mi-
croscopy (17–20)—and also in the single-layer Hg
compound (21).
Studies of Bi-based cuprates, for which a con-

siderable amount of angle-resolved photoemission
spectroscopy (ARPES) data are available, show
that the CO wave vector connects the ends of the
Fermi arcs (14, 15)—an observation that links the
existence of CO to the pseudogap in hole-doped
systems. Additionally, doping-dependent mea-
surements on bilayer systems (9, 13, 22, 23) find
charge ordering to be most pronounced in a re-
gion of hole doping near x = 1/8, where stripes
are predominant in La-based cuprates (2, 3).
These results raise the questions of whether the
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CDW order: A Central Piece of the Puzzle
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Questions

How does CDW order relate to 
superconductivity?

What interactions give rise to CDW 
order? 

Are these the same interactions that 
lead to superconductivity?

Intertwined order?

Can we tune CDW order to maximize 
superconductivity?

Are there other orders present in the 
cuprates?

Stripe-like, unidirectional CDW??



Nematicity in stripe-ordered cuprates probed 
via resonant x-ray scattering

A. J. Achkar, M. Zwiebler, Christopher McMahon, F. He,
R. Sutarto, Isaiah Djianto, Zhihao Hao, Michel J. P. Gingras, 
M. Hücker, G. D. Gu, A. Revcolevschi, H. Zhang, Y.-J. Kim,

J. Geck, D. G. Hawthorn

Science 351, 576 (2016).



Nematicity:  Rotational symmetry breaking

thermal melting of a stripe state to form a nematic fluid is readily understood theoretically

(9, 18, 29–31) and, indeed, the resulting description is similar to the theory of the nearly

smectic nematic fluid that has been developed in the context of complex classical fluids

(2, 32). Within this perspective, the nematic state arises from the proliferation of disloca-

tions, the topological defects of the stripe state. This can take place either via a thermal

phase transition (as in the standard classical case) or as a quantum phase transition.

Whereas the thermal phase transition is well understood (2, 32), the theory of the quantum

smectic-nematic phase transition by a dislocation proliferation mechanism is largely an

open problem. Two notable exceptions are the work of Zaanen et al. (31) who studied this

phase transition in an effectively insulating system, and the work of Wexler & Dorsey (33)

who estimated the core energy of the dislocations of a stripe quantum Hall phase.

Nevertheless, the microscopic (or position-space) picture of the quantum nematic phase

that results consists of a system of stripe segments, the analog of nematogens, whose

typical size is the mean separation between dislocations. The system is in a nematic state

if the nematogens exhibit long-range orientational order on a macroscopic scale (8, 9).

However, since the underlying degrees of freedom are the electrons from which these nano-

structures form, the electron nematic is typically an anisotropic metal. Similarly, nematic

order can also arise from thermal or quantum melting a frustrated quantum antiferromag-

net (34–36).

An alternative picture of the nematic state (and of the mechanisms that may give rise to

it) can be gleaned from a Fermi-liquid-like perspective. In this momentum space picture

one begins with a metallic state consisting of a system of fermions with a Fermi surface (FS)

and well-defined quasiparticles (QP). In the absence of any sort of symmetry breaking, the

shape of the FS reflects the underlying symmetries of the system. There is a classic result

Nematic phases

Via Pomeranchuk
instability

Via melting
stripes

Fermi
liquid

Smectic
or stripe

phase

Figure 1

Two different mechanisms for producing a nematic phase with point particles: The gentle melting of a
stripe phase can restore long-range translational symmetry while preserving orientational order (8).
Alternatively, a nematic Fermi fluid can arise through the distortion of the Fermi surface of a metal via
a Pomeranchuk instability (27, 28). (After, in part, Reference 8.)
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Possible nematic order parameters:

comes from interesting electronic physics, and especially where the effects of the symmetry

breaking are much more pronounced on the electronic structure than on the crystalline

structure, the liquid crystalline perspective is appropriate. Nevertheless, symmetry break-

ing in the electron fluid necessarily implies symmetry breaking in the crystal structure

and vice versa.

2.2. Symmetry Considerations

Many features of the physics of the nematic phase are dictated by symmetry. In most cases

in which electron nematic phases arise, the Landau theory admits only even-order invari-

ants, and thus whether the transition is continuous or discontinuous involves microscopic

considerations. Clearly, the transition to an Ising nematic phase, if continuous, is in the

Ising universality class whereas for an XY-nematic, it is XY-like, e.g., the transition

is Kosterliz-Thouless-like in two dimensions. In the ordered phase, an XY-nematic will

possess a Goldstone mode associated with the broken symmetry.

The order parameter of a nematic phase is properly represented as a traceless symmetric

tensor, N ab. Thus any measurable traceless symmetric tensor physical property can repre-

sent N ab. As an example, consider the case in which the nematic order is associated with

the breaking of C4 rotational symmetry in the x-y plane. (For a 2D system, this is just the

plane of the system, whereas for a 3D non-cubic crystal, this is an appropriately chosen

symmetry plane.) In this case, choosing x and y to be the principal axes of the nematic

phase, possible order parameters are:

N ¼
rxx " ryy
rxx þ ryy

or N ¼ Sð~QÞ " Sð~Q
0
Þ

Sð~QÞ þ Sð~Q
0
Þ

or N ¼
h~s~R &~s~Rþx̂i" h~s~R &~s~Rþŷi
h~s~R &~s~Rþx̂iþ h~s~R &~s~Rþŷi

1:

where rab is the resistivity tensor, Sð~QÞ is a convenient structure factor with ~Q ¼ Qx̂ and
~Q

0
¼ Qŷ being any symmetry-related vectors along the symmetry axes, and ~s~R is a spin

operator on site ~R, and N ab ' N dab½da,x " da,y). Other possible definitions of the nematic

order parameter can be constructed by analogy with these. In all cases, the order parameter

is identically zero in the symmetric phase and non-zero in the nematic phase. It is also

sometimes convenient to think of the nematic order parameter as a headless vector

pointing parallel or antiparallel to the preferred axis. So long as this vector lies in a fixed

plane of the crystal, its direction can be specified by a single azimuthal angle, y, which is

defined as mod p, since it is a headless vector.

In real-world situations, it is not possible to ignore the role of quenched disorder.

Because the nematic phase involves a broken spatial symmetry, the degeneracy between

the two possible ground states is always lifted by disorder. In the equivalent Ising or XY

model, this means that disorder appears as a random field; that is, it produces a term in the

effective Hamiltonian of the form

Hdis ¼
Z
d~rTr½hð~rÞN ð~rÞ) 2:

where h is a quenched, random tensor quantity with zero mean which reflects the local

configuration of the disorder. Note that the trace of h (which represents the scalar disorder)

does not couple to the nematic order. In more physical terms the value of the disorder
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Ν(Q) = S(Qx) – S(Qy)
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Fig. 3 | In-plane anisotropy of transport in YBCO.  

a, b) Temperature dependence of the anisotropy in the in-plane resistivity of 

YBCO above Tc , measured as the ratio of ρa to ρb , the electrical resistivities 

perpendicular (ρa) and parallel (ρb) to the CuO chains of the orthorhombic 

structure. We define the onset temperature of the nematic phase, Tnem (down-

pointing arrows), as the start of the upturn as temperature is reduced. Tnem is 

then plotted in the phase diagrams of Fig. 1.  a) Zoom on the data of ref. 1,     

for two dopings as indicated.  b) Anisotropy ratio ρa / ρb in our samples, at two 

dopings as indicated. At p = 0.11 (blue), an upturn is clearly seen, below       

Tnem = 150 ± 20 K (down-pointing arrow). At p = 0.12 (red), no upturn is 

detected. In the p = 0.11 curve, the drop in ρa / ρb below 80 K coincides with   
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Evidence for Electronic Nematicity in the 
cuprates: Bi2212

To examine smectic spatial organization, we next define a measure
analogous to equation (3) of C4 symmetry breaking in modulations
with Sx, Sy as:

OQ
s (e)~

Re~ZZ(Sy , e){Re~ZZ(Sx , e)

!ZZ(e)
ð5Þ

For all samples studied, OQ
s (e)

!! !! is found to be very low and independent

of energy (Fig. 4b). Obviously, OQ
s (e)

!! !! is low at low e because these
states are dispersive Bogoliubov quasiparticles6–8 but, more importantly,

OQ
s (e)

!! !! shows no tendency to become well established at the pseudogap
energy (Fig. 4b).

To separate the nematic and smectic contributions in Z(r, e), we
examine the spatial fluctuations of each ordering tendency by defining
coarse-grained r-space order parameter fields OQ

n (r,e) and OQ
s (r,e)

using the coarsening length scales 1/Ln and 1/Ls shown as red and blue
circles in Fig. 2 (Supplementary Information section VI). The resulting
OQ

n (r,e) and OQ
s (r,e) (movies in the Supplementary Information) show

that OQ
s (r,e) spatially fluctuates wildly in the entire energy range whereas

the spatial fluctuation of OQ
n (r,e) rapidly subsides as it approaches e < 1.

This dramatic difference is summarized in plots of the correlation
lengths jn(e) and js(e) extracted from OQ

n (r,e) and OQ
s (r,e) (Fig. 4b),

wherein jn(e) diverges to the FOV size at e < 1. The representative
spatial images of OQ

n (r, e~1) and OQ
s (r, e~1) in Fig. 4c and d show

how distinct are the spatial structures of OQ
n (r, e) and OQ

s (r, e).
Our results also provide a new perspective which, by using C2 sym-

metry as a common theme, may help to unify the understanding of

angle-resolved photoemission (ARPES), neutron scattering and
spectroscopic-imaging STM studies of broken electronic symmetries
within the pseudogap phase. ARPES reveals spontaneous dichroism of
the k 5 (1,0)p/a0 and k 5 (0,1)p/a0 states24, exhibiting C2 symmetry
because the opposite sign of the effect occurs at k 5 (1,0)p/a0 and
k 5 (0,1)p/a0 (ref. 24). These excitations, which are probably mag-
netic, appear at T* in Bi2Sr2CaCu2O8 1 d. The unusual magnetic order
detected by polarized neutron diffraction at the Bragg peak25,26 consists
of magnetic moments of about 0.1mB (where mB is the Bohr magneton)
exhibiting C2 symmetry. These intra-unit-cell signals appear at T* in
both YBa2Cu3O6 1 x (ref. 25) and HgBa2CuO4 1 d (ref. 26). Our studies
reveal intra-unit-cell, C2 symmetric excitations at the pseudogap
energy and that these effects are associated primarily with electronic
inequivalence at the two O sites within the CuO2 unit cell. Given the
many common characteristics observed by these diverse techniques, it
is reasonable to consider whether ARPES, neutron diffraction and
spectroscopic-imaging STM are detecting the same excitations with
the same broken symmetries. If so, the pseudogap excitations of under-
doped copper oxides would represent weakly magnetic states at the O
sites within each CuO2 unit cell, the electronic structure of which
breaks C4 symmetry. Then, the electronic symmetry breaking that
occurs on entering the pseudogap phase would be due to the electronic
nematic state visualized here, for the first time to our knowledge (Figs 3
and 4). Finally, the nematicity found in electronic transport27, thermal
transport28 and the spin excitation spectrum29 of YBa2Cu3O6 1 x could
then occur because the Ising domains of OQ

n (r, e) become aligned by
the strong orthorhombicity of its crystal structure30.
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Figure 3 | Nematic ordering and O-site specificity of
v < D1 pseudogap states. a, Topographic image T(r) of the
Bi2Sr2CaCu2O8 1 d surface. The inset shows that the real part of its Fourier
transform ReT(q) does not break C4 symmetry at its Bragg points because
plots of T(q) show its values to be indistinguishable at Qx 5 (1, 0)2p/a0 and
Qy 5 (0, 1)2p/a0. Importantly, this means that neither the crystal nor the tip
used to image it (and its Z(r, v) simultaneously) exhibits C2 symmetry
(Supplementary Information section V). The bulk incommensurate crystal
supermodulation is seen clearly here; as always, it is at 45u to, and therefore is
the mirror plane between, the x and y axes. For this symmetry reason it has
no influence on the electronic nematicity discussed in this paper. b, The
Z(r, e 5 1) image measured simultaneously with T(r) in a. The inset shows
that the Fourier transform Z(q, e 5 1) does break C4 symmetry at its Bragg
points because Re~ZZ(Qx, e~1)=Re~ZZ(Qy, e~1) . This means that, on
average throughout the FOV of a and b, the modulations of Z(r, v < D1) that
are periodic with the lattice have different intensities along the x axis and
along the y axis. This is a priori evidence for electronic nematicity in the
pseudogap states v < D1. c, The value of OQ

n (e) defined in equation (3)
computed from Z(r, e) data measured in the same FOV as a and b. Its
magnitude is low for all v , D0 and then rises rapidly to become well
established near e < 1 or v < D1. Thus the quantitative measure of intra-
unit-cell electronic nematicity established in equations (1) and (3) reveals
that the pseudogap states in this FOV of a strongly underdoped
Bi2Sr2CaCu2O8 sample are nematic. d, Topographic image T(r) from the
region identified by a small black box in a. It is labelled with the locations of
the Cu atom plus both the O atoms within each CuO2 unit cell (labels shown
in the inset). Overlaid is the location and orientation of a Cu and four
surrounding O atoms using a representation similar to that of Fig. 2c. e, The
simultaneous Z(r, e 5 1) image in the same FOV as d (the region identified
by small white box in b) showing the same Cu and O site labels within each
unit cell (see inset). Thus the physical locations at which the nematic
measure OR

n (e) of equation (4) is evaluated are labelled by the dashes.
Overlaid is the location and orientation of a Cu atom and four surrounding
O atoms using a representation similar to that of Fig. 2c. f, The value of OR

n (e)
in equation (4) computed from Z(r, e) data measured in the same FOV as
a and b. As in c, its magnitude is low for all v , D0 and then rises rapidly to
become well established at e < 1 or v < D1. If the function in equation (4) is
evaluated using the Cu sites only, the nematicity is about zero (black
diamonds), as it must be. This independent quantitative measure of intra-
unit-cell electronic nematicity OR

n (e) again shows that the pseudogap states
are strongly nematic and, moreover, that the nematicity is due primarily to
electronic inequivalence of the two O sites within each unit cell.
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Unidirectional CDW order: stripes

La-based cuprates

Tranquada 1995
Tranquada 1996

With respect to the local tilt amplitude in the HTT phase, similar
implications follow from a high pressure X-ray diffraction study on
La1.875Ba0.125CuO4 [127]; details will be discussed in Section 4.2.
Here, the HTT phase is stabilized by means of hydrostatic pressures
p > pc = 1.85 GPa, allowing one to analyze the diffuse intensity from
local tilts at low temperature. A comparison of peak intensities and
average structure tilt angles below pc with diffuse intensities above
pc suggests a local tilt amplitude on the order of 0.25! in the HTT
phase, which is an order of magnitude smaller than the zero pres-
sure low temperature average tilt angle in the LTO and LTT phases.
This result contradicts a PDF study on La2!xSrxCuO4 with x J 0.2,
which reported large local tilt angles in the HTT phase at 10 K
[128].

Along the line of the local structure picture it has been specu-
lated that Ba doping could cause enhanced stripe disorder, because
the large Ba2+ ions induce a stronger LTT tilt disorder than Nd3+ and
Sr2+ ions [118]. Recent resonant soft-xray diffraction data seem to
suggest the opposite effect: the charge stripe correlation length is
larger for Ba doping than for (Eu,Sr) or (Nd,Sr) doping [56,55]. The
reason is not yet fully understood, but it was speculated that in the
Ba-doped compound stripes do not adhere as strongly to lattice de-
fects because of the smaller average structure tilt angle [56].

Finally, there is a new category of observations in the HTT phase
of Ba or Sr doped La2CuO4, see Fig. 7. The persisting diffuse scatter-
ing in the HTT was recently found to become incommensurate
above T " 1.14THT [129,130]. The associated modulation runs diag-
onal to the square lattice and was observed in the hole doping
range of the SC dome only. The incommensurability shows a signif-
icant temperature dependence, but no clear doping dependence.
The latter was contrasted to the well known x dependence of the
stripe incommensurability [131], and the initial idea that there
may be a connection between the two phenomena could not be
substantiated [129,130]. The current interpretation imagines a

HTT phase with a modulated pattern of LTO type octahedral tilts
whose period diverges at "1.14THT, i.e., just above the HTT ? LTO
transition [130]. Similar to [122] the diffuse intensity in the HTT
phase is weak compared to the superlattice peaks in the LTO phase,
again suggesting small tilt angles.

3. Charge stripe order at ambient conditions

Charge stripe order in the La-based cuprates has been detected
in various ways. With resonant soft X-ray scattering via the
modulation of the mobile charge carrier density [53–56]. With
neutron and X-ray diffraction via the associated lattice modulation
[26,52,29]. If the charge stripe order in the cuprates were stronger,
as for example in the case of the nickelates, it could also be de-
tected with electron microscopy [132]. Local probes, such as 63Cu
NQR or 17O NMR, have been used to identify stripes via the inho-
mogeneous in-plane charge distribution [133–136,36,80]. Reso-
nant soft X-ray scattering has been particularly useful in the case
of La1.8!xEu0.2SrxCuO4 where charge stripes could not be detected
with hard X-ray diffraction for reasons that are not well under-
stood, although spin stripes had previously been observed with
neutrons [54,55,98]. It is worthwhile noting a new proposal for
the interpretation of resonant soft X-ray spectra in the stripe
phase. In [137] it is shown that the assumption of a spatial modu-
lation in the energies of the Cu 3d and O 2p states provides a better
description of the spectra than the common assumption of a large
modulation of the charge density.

In the tetragonal LTT phase charge stripe order leads to weak
reflections with ordering wave vectors QCO = (2d, 0, 0.5) and
(0, 2d, 0.5), see Fig. 2a. In contrast to the nickelates [138], no higher
harmonics have been detected yet, indicating a much weaker local-
ization, which is consistent with the orders of magnitude higher

2c

CO SO
(b)(a) LBCO  (x=1/8)

Fig. 8. Interlayer charge stripe correlations in La1.875Ba0.125CuO4. (a) ‘-scans at low temperature measured with hard x-rays at different h,k-positions. Figure taken from [97].
(b) Sketch of the stacking of stripes along the c-axis. The charge and spin stripes are represented by the narrow blue and broad light red domains. Note the shift between the
charge stripes in every other CuO2 layer which is the cause for the doubling of the stripe unit cell along the c-axis. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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Measuring LTO to LTT phase transition using
Resonant Soft X-ray Scattering

BRIEF REPORTS PHYSICAL REVIEW B 83, 092503 (2011)
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FIG. 1. (Color online) X-ray absorption spectrum of
La1.65Eu0.2Sr0.15CuO4 near the O K edge measured in the
fluorescence yield mode (FY) in light gray (blue). Also shown in
black is the (001) superstructure reflection intensity as a function of
the photon energy. The inset shows the (001) reflection measured
with a photon energy of 533 eV at T = 6 K.

doped hole states in the conduction band and at 531.5 eV
transitions into the Cu 3d upper Hubbard band hybridized
with O 2p states. Near 533 eV we realize a further peak due
to a hybridization of O 2p states with rare earth (RE = La
and Eu) 5d and/or 4f states.23 In Fig. 1 we also show the
photon energy dependence of the (001) reflection measured
in the LTT phase at 6 K. In this phase, neighboring CuO2
planes are rotated by 90◦, yielding O sites with different
(rotated) local environments. As a result, the (001) reflection
becomes allowed at resonance.24 The strong resonance at
533.5 eV is due to octahedral tilts, which cause different
local environments and affect the hybridization between the
apical O and the RE orbitals. In the LTO phase, neighboring
CuO2 planes are just shifted, not rotated, with respect to each
other. In this case the (001) reflection remains forbidden even
at resonance. In this context we remark that the resonances
detected for this reflection for the two prepeak energies is
much smaller. Using the resonance at 533.5 eV it is possible
the detect the LTO-LTT phase transition with soft x rays. This
transition is not detectable with soft x-ray diffraction by the
orthorhombic strain (a-b splitting) because the (100)/(010)
reflections cannot be reached due to the limited range in Q
space.

In Fig. 2 we present the temperature dependence of the
intensity of the (001) reflection for a LESCO (x = 0.15)
crystal. A sudden rise near TLTT = 135 K indicates a nearly
first-order-like transition into the LTT phase. This TLTT
value nicely agrees with the x-ray diffraction value6 and the
63Cu nuclear magnetic resonance (NQR) value25 (see also
Fig. 3). The small dip near T = 60 K possibly signals a
weak coupling between the structural-order parameter and the
charge-order parameter. We compare in Fig. 2 these data with
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FIG. 2. (Color online) Temperature dependence of the intensities
of the superstructure reflections of La1.65Eu0.2Sr0.15CuO4 normalized
to the intensity at T = 6 K. (Squares) (001) reflection measured with
photon energies hν = 533.2 eV near the O K edge. (Circles) (0.254 0
0.75) reflection measured with photon energies hν = 529.2 eV near
the O K edge. (Diamonds) (0.254 0 1.6) reflection measured with
photon energies hν = 929.8 eV near the Cu L3 edge.

the temperature dependence of the superstructure reflection
related to stripelike charge order measured at the O K edge
and the Cu L3 edge which are similar to those presented in
our previous publication.8 The rapid decay of the intensity
with increasing temperature raises the question of whether this
charge order is dominated by disorder or by slow fluctuations.
We emphasize that the present data were all taken from the
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FIG. 3. (Color online) Phase diagram of La1.8−xEu0.2SrxCuO4

showing transition temperatures for the LTT phase TLTT, the anti-
ferromagnetic structure TAF, the magnetic stripe order TSO, the stripe
like charge order TCO, and the superconducting transition temperature
TC . Closed circles from the present RSXS experiments. Open circles
from Ref. 6. Closed diamond from neutron diffraction data presented
in Ref. 7.
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FIG. 1. (Color online) X-ray absorption spectrum of
La1.65Eu0.2Sr0.15CuO4 near the O K edge measured in the
fluorescence yield mode (FY) in light gray (blue). Also shown in
black is the (001) superstructure reflection intensity as a function of
the photon energy. The inset shows the (001) reflection measured
with a photon energy of 533 eV at T = 6 K.

doped hole states in the conduction band and at 531.5 eV
transitions into the Cu 3d upper Hubbard band hybridized
with O 2p states. Near 533 eV we realize a further peak due
to a hybridization of O 2p states with rare earth (RE = La
and Eu) 5d and/or 4f states.23 In Fig. 1 we also show the
photon energy dependence of the (001) reflection measured
in the LTT phase at 6 K. In this phase, neighboring CuO2
planes are rotated by 90◦, yielding O sites with different
(rotated) local environments. As a result, the (001) reflection
becomes allowed at resonance.24 The strong resonance at
533.5 eV is due to octahedral tilts, which cause different
local environments and affect the hybridization between the
apical O and the RE orbitals. In the LTO phase, neighboring
CuO2 planes are just shifted, not rotated, with respect to each
other. In this case the (001) reflection remains forbidden even
at resonance. In this context we remark that the resonances
detected for this reflection for the two prepeak energies is
much smaller. Using the resonance at 533.5 eV it is possible
the detect the LTO-LTT phase transition with soft x rays. This
transition is not detectable with soft x-ray diffraction by the
orthorhombic strain (a-b splitting) because the (100)/(010)
reflections cannot be reached due to the limited range in Q
space.

In Fig. 2 we present the temperature dependence of the
intensity of the (001) reflection for a LESCO (x = 0.15)
crystal. A sudden rise near TLTT = 135 K indicates a nearly
first-order-like transition into the LTT phase. This TLTT
value nicely agrees with the x-ray diffraction value6 and the
63Cu nuclear magnetic resonance (NQR) value25 (see also
Fig. 3). The small dip near T = 60 K possibly signals a
weak coupling between the structural-order parameter and the
charge-order parameter. We compare in Fig. 2 these data with
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the temperature dependence of the superstructure reflection
related to stripelike charge order measured at the O K edge
and the Cu L3 edge which are similar to those presented in
our previous publication.8 The rapid decay of the intensity
with increasing temperature raises the question of whether this
charge order is dominated by disorder or by slow fluctuations.
We emphasize that the present data were all taken from the
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Low temperature tetragonal (LTT) structure
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Resonant elastic x-ray scattering



Resonant X-ray Scattering
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Scattering form factor: polarization dependence

YBa2Cu3O6

Hawthorn et al PRB 2011

-150

-100

-50

0

50

100

  f
 (e
)

970960950940930920
Photon Energy (eV)

 Im( f aa )
 Im( f cc )

 Re( f aa )
 Re( f cc )

F =

2

64
faa 0 0

0 fbb 0

0 0 fcc

3

75

Cu L edge

Cu 3dx2-y2 orbital



Low temperature tetragonal (LTT) structure

The (001) peak at the Cu L resonance measures 
electronic nematicity of the Cu 3d states
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(0 0 1) peak at different photon energies

Measure (0 0 1) at different 
photon energies
à Provides sensitivity to 
different atoms in the unit 
cell
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(0 0 1) at different photon energies

Dichotomy: CuO2 planes relax more gradually than the (La,X)2O2 spacer layer

La1.875Ba0.125CuO4 La1.475Nd0.4Sr0.125CuO4La1.65Eu0.2Sr0.15CuO4



Relation to CDW order
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FIG. 1. (Color online) X-ray absorption spectrum of
La1.65Eu0.2Sr0.15CuO4 near the O K edge measured in the
fluorescence yield mode (FY) in light gray (blue). Also shown in
black is the (001) superstructure reflection intensity as a function of
the photon energy. The inset shows the (001) reflection measured
with a photon energy of 533 eV at T = 6 K.

doped hole states in the conduction band and at 531.5 eV
transitions into the Cu 3d upper Hubbard band hybridized
with O 2p states. Near 533 eV we realize a further peak due
to a hybridization of O 2p states with rare earth (RE = La
and Eu) 5d and/or 4f states.23 In Fig. 1 we also show the
photon energy dependence of the (001) reflection measured
in the LTT phase at 6 K. In this phase, neighboring CuO2
planes are rotated by 90◦, yielding O sites with different
(rotated) local environments. As a result, the (001) reflection
becomes allowed at resonance.24 The strong resonance at
533.5 eV is due to octahedral tilts, which cause different
local environments and affect the hybridization between the
apical O and the RE orbitals. In the LTO phase, neighboring
CuO2 planes are just shifted, not rotated, with respect to each
other. In this case the (001) reflection remains forbidden even
at resonance. In this context we remark that the resonances
detected for this reflection for the two prepeak energies is
much smaller. Using the resonance at 533.5 eV it is possible
the detect the LTO-LTT phase transition with soft x rays. This
transition is not detectable with soft x-ray diffraction by the
orthorhombic strain (a-b splitting) because the (100)/(010)
reflections cannot be reached due to the limited range in Q
space.

In Fig. 2 we present the temperature dependence of the
intensity of the (001) reflection for a LESCO (x = 0.15)
crystal. A sudden rise near TLTT = 135 K indicates a nearly
first-order-like transition into the LTT phase. This TLTT
value nicely agrees with the x-ray diffraction value6 and the
63Cu nuclear magnetic resonance (NQR) value25 (see also
Fig. 3). The small dip near T = 60 K possibly signals a
weak coupling between the structural-order parameter and the
charge-order parameter. We compare in Fig. 2 these data with
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FIG. 2. (Color online) Temperature dependence of the intensities
of the superstructure reflections of La1.65Eu0.2Sr0.15CuO4 normalized
to the intensity at T = 6 K. (Squares) (001) reflection measured with
photon energies hν = 533.2 eV near the O K edge. (Circles) (0.254 0
0.75) reflection measured with photon energies hν = 529.2 eV near
the O K edge. (Diamonds) (0.254 0 1.6) reflection measured with
photon energies hν = 929.8 eV near the Cu L3 edge.

the temperature dependence of the superstructure reflection
related to stripelike charge order measured at the O K edge
and the Cu L3 edge which are similar to those presented in
our previous publication.8 The rapid decay of the intensity
with increasing temperature raises the question of whether this
charge order is dominated by disorder or by slow fluctuations.
We emphasize that the present data were all taken from the
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Distinct order parameters

Electronic nematicity of the CuO2 planes is coupled to, but 
distinct from the structural distortion of the (La,X)2O2

spacer layer

Distinct order parameters:

La1.65Eu0.2Sr0.15CuO4
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Structural
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Landau Theory

3

FIG. 2. Temperature dependence of the (001) Bragg peak intensity (normalized at low temperature) with photon energy tuned
to the La M , Eu M , O K and Cu L edges for a LBCO, b LESCO and c LNSCO. In all cases the (001) peak has a more gradual
temperature dependence for Cu and O in the CuO2 planes than for atoms in the (La,X)2O2 layer.

LNSCO provide 2 distinct cases. In LESCO, T
LTT

>

T

CDW

, whereas in LBCO and LNSCO T

LTT

' T

CDW

.

In LESCO, the Cu (001) peak is enhanced below ⇠
65K, co-incident with the onset of CDW order. This pro-
vides an clear indication that electronic nematicity and
translational symmetry breaking (CDW order) are inter-
twined, having a co-operative relationship wherein CDW
order enhances nematicity and vice versa. In contrast,
the structural distortion of the (La,X)2O2 layer, mea-
sured by the (001) at the Eu M , La M or O K (apical)
energies, exhibits no such enhancement at T

CDW

(fig.2).
While the LTT structural distortion of the (La,X)2O2

layer plays a significant role in stabilizing CDW order
and electronic nematicity, it does not appear to be inter-
twined with the CDW order to the same extent as the
electronic nematicity of the CuO2 planes.

In LBCO at a doping of x = 1/8, we also note a re-
lationship between the Cu (001) intensity and the CDW
peak intensity – the temperature dependence of the CDW
peak is in good agreement with I(001)4. However, this
power-law relationship is not generic and clearly not ap-
plicable to LESCO and LNSCO. While this power law
relationship may be co-incidental, as discussed below, it
may also be that 1/8th doped LBCO represents a special
case where the order parameters and or their coupling
parameters for CDW order, nematicity and structural
nematicity are tuned to a critical point.

A minimal Landau theory that may capture some of
these features is presented below. We consider two type
of order parameters, the nematic order parameter n and
the charge density wave order parameter,  

↵

(↵ = x, y).
n breaks the point group symmetry C4 down to C2.  ↵

,
the complex amplitude of the charge density wave, also
generally breaks translational symmetry. Given this, the

most general Landau free energy is:
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Here ñ is the structural nematicity associated with dis-
tortions of the (La,X)2O2 layer. ai and b

i

are functions of
temperature. At the transition temperature of the LTO
to LTT phase transition, T

LTT

, ñ acquires a non-zero
value through a first order phase transition and through
experimental observation, ñ can remain constant or in-
crease as temperature decreases.
We can minimize the free energy F with respect to
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Within the context of the theory, the observed di↵er-
ences amongst LBCO, LESCO and LNSCO involve a ma-
terial and doping dependence to b0 and a0 (the relative
energy cost of CDW and electronic nematic order), ñ

and a1 (the strength of coupling between structural dis-
tortions and electronic nematicity).
We identify 3 distinct cases in the theory and their pos-

sible correspondence to materials. Case 1:
⇣
b0 � a1ñ
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Electronic Nematicity is generic?

Electronic nematicity is generic to underdoped cuprates??

YBCO

To examine smectic spatial organization, we next define a measure
analogous to equation (3) of C4 symmetry breaking in modulations
with Sx, Sy as:

OQ
s (e)~

Re~ZZ(Sy , e){Re~ZZ(Sx , e)

!ZZ(e)
ð5Þ

For all samples studied, OQ
s (e)

!! !! is found to be very low and independent

of energy (Fig. 4b). Obviously, OQ
s (e)

!! !! is low at low e because these
states are dispersive Bogoliubov quasiparticles6–8 but, more importantly,

OQ
s (e)

!! !! shows no tendency to become well established at the pseudogap
energy (Fig. 4b).

To separate the nematic and smectic contributions in Z(r, e), we
examine the spatial fluctuations of each ordering tendency by defining
coarse-grained r-space order parameter fields OQ

n (r,e) and OQ
s (r,e)

using the coarsening length scales 1/Ln and 1/Ls shown as red and blue
circles in Fig. 2 (Supplementary Information section VI). The resulting
OQ

n (r,e) and OQ
s (r,e) (movies in the Supplementary Information) show

that OQ
s (r,e) spatially fluctuates wildly in the entire energy range whereas

the spatial fluctuation of OQ
n (r,e) rapidly subsides as it approaches e < 1.

This dramatic difference is summarized in plots of the correlation
lengths jn(e) and js(e) extracted from OQ

n (r,e) and OQ
s (r,e) (Fig. 4b),

wherein jn(e) diverges to the FOV size at e < 1. The representative
spatial images of OQ

n (r, e~1) and OQ
s (r, e~1) in Fig. 4c and d show

how distinct are the spatial structures of OQ
n (r, e) and OQ

s (r, e).
Our results also provide a new perspective which, by using C2 sym-

metry as a common theme, may help to unify the understanding of

angle-resolved photoemission (ARPES), neutron scattering and
spectroscopic-imaging STM studies of broken electronic symmetries
within the pseudogap phase. ARPES reveals spontaneous dichroism of
the k 5 (1,0)p/a0 and k 5 (0,1)p/a0 states24, exhibiting C2 symmetry
because the opposite sign of the effect occurs at k 5 (1,0)p/a0 and
k 5 (0,1)p/a0 (ref. 24). These excitations, which are probably mag-
netic, appear at T* in Bi2Sr2CaCu2O8 1 d. The unusual magnetic order
detected by polarized neutron diffraction at the Bragg peak25,26 consists
of magnetic moments of about 0.1mB (where mB is the Bohr magneton)
exhibiting C2 symmetry. These intra-unit-cell signals appear at T* in
both YBa2Cu3O6 1 x (ref. 25) and HgBa2CuO4 1 d (ref. 26). Our studies
reveal intra-unit-cell, C2 symmetric excitations at the pseudogap
energy and that these effects are associated primarily with electronic
inequivalence at the two O sites within the CuO2 unit cell. Given the
many common characteristics observed by these diverse techniques, it
is reasonable to consider whether ARPES, neutron diffraction and
spectroscopic-imaging STM are detecting the same excitations with
the same broken symmetries. If so, the pseudogap excitations of under-
doped copper oxides would represent weakly magnetic states at the O
sites within each CuO2 unit cell, the electronic structure of which
breaks C4 symmetry. Then, the electronic symmetry breaking that
occurs on entering the pseudogap phase would be due to the electronic
nematic state visualized here, for the first time to our knowledge (Figs 3
and 4). Finally, the nematicity found in electronic transport27, thermal
transport28 and the spin excitation spectrum29 of YBa2Cu3O6 1 x could
then occur because the Ising domains of OQ

n (r, e) become aligned by
the strong orthorhombicity of its crystal structure30.
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Figure 3 | Nematic ordering and O-site specificity of
v < D1 pseudogap states. a, Topographic image T(r) of the
Bi2Sr2CaCu2O8 1 d surface. The inset shows that the real part of its Fourier
transform ReT(q) does not break C4 symmetry at its Bragg points because
plots of T(q) show its values to be indistinguishable at Qx 5 (1, 0)2p/a0 and
Qy 5 (0, 1)2p/a0. Importantly, this means that neither the crystal nor the tip
used to image it (and its Z(r, v) simultaneously) exhibits C2 symmetry
(Supplementary Information section V). The bulk incommensurate crystal
supermodulation is seen clearly here; as always, it is at 45u to, and therefore is
the mirror plane between, the x and y axes. For this symmetry reason it has
no influence on the electronic nematicity discussed in this paper. b, The
Z(r, e 5 1) image measured simultaneously with T(r) in a. The inset shows
that the Fourier transform Z(q, e 5 1) does break C4 symmetry at its Bragg
points because Re~ZZ(Qx, e~1)=Re~ZZ(Qy, e~1) . This means that, on
average throughout the FOV of a and b, the modulations of Z(r, v < D1) that
are periodic with the lattice have different intensities along the x axis and
along the y axis. This is a priori evidence for electronic nematicity in the
pseudogap states v < D1. c, The value of OQ

n (e) defined in equation (3)
computed from Z(r, e) data measured in the same FOV as a and b. Its
magnitude is low for all v , D0 and then rises rapidly to become well
established near e < 1 or v < D1. Thus the quantitative measure of intra-
unit-cell electronic nematicity established in equations (1) and (3) reveals
that the pseudogap states in this FOV of a strongly underdoped
Bi2Sr2CaCu2O8 sample are nematic. d, Topographic image T(r) from the
region identified by a small black box in a. It is labelled with the locations of
the Cu atom plus both the O atoms within each CuO2 unit cell (labels shown
in the inset). Overlaid is the location and orientation of a Cu and four
surrounding O atoms using a representation similar to that of Fig. 2c. e, The
simultaneous Z(r, e 5 1) image in the same FOV as d (the region identified
by small white box in b) showing the same Cu and O site labels within each
unit cell (see inset). Thus the physical locations at which the nematic
measure OR

n (e) of equation (4) is evaluated are labelled by the dashes.
Overlaid is the location and orientation of a Cu atom and four surrounding
O atoms using a representation similar to that of Fig. 2c. f, The value of OR

n (e)
in equation (4) computed from Z(r, e) data measured in the same FOV as
a and b. As in c, its magnitude is low for all v , D0 and then rises rapidly to
become well established at e < 1 or v < D1. If the function in equation (4) is
evaluated using the Cu sites only, the nematicity is about zero (black
diamonds), as it must be. This independent quantitative measure of intra-
unit-cell electronic nematicity OR

n (e) again shows that the pseudogap states
are strongly nematic and, moreover, that the nematicity is due primarily to
electronic inequivalence of the two O sites within each unit cell.
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Conclusions

1. CDW observed in the cuprates is 
generic and competes with 
superconductivity

For instance, the ortho-III phase corresponds to a repeated
pattern of full-full-empty ordering of oxygen in the chains
[see Fig. 1(a)] that produces a commensurate superlattice
peak at [0.33 0 L], in close proximity to the [0.31 0 L]
peaks observed in Ref. [2]. In addition, the chains may also
be susceptible to CDW order along the chains (producing
incommensurate peaks at [0 K L]) [22–24]. As such, the
chains may act to stabilize CDW order in YBCO akin to
the low-temperature tetragonal (LTT) structural phase sta-
bilizing spin and charge stripes in stripe ordered 214
cuprates [6,25].

In this Letter, we present RSXS measurements of a high
purity, ortho-III ordered single crystal of YBa2Cu3O6:75

(Tc ¼ 75:2 K, p ¼ 0:133) [26,27] that (a) confirm the

in-plane origin of the incommensurate [0.30 0 L] CDW
peak [28], (b) clarify its relation to the oxygen ordering in
the chain layer, and (c) demonstrate a link to the micro-
scopic origin of stripes in 214 cuprates. Analysis of
the scattering intensities provides clear evidence that
the [0.30 0 L] CDW peak has an energy, polarization,
and temperature dependence that is distinct from the
[0.33 0 L] oxygen ordering peak, indicating there is no
clear relation between the chain layer and the [0.30 0 L]
CDW order. Moreover, the [0.30 0 L] peak is shown to
result from a spatial modulation of the energy of the Cu 2p
to 3dx2"y2 transition, unlike the [0.33 0 L] oxygen ordering
peak, which is described by a spatial modulation of the Cu
valence. The former is consistent with RSXS measure-
ments in stripe ordered 214 cuprates [17], which is also
described by the energy shift model, suggesting a common
origin to the CDW order that is generic to the cuprates.
Resonant scattering measurements were performed at

the Canadian Light Source’s Resonant Elastic and
Inelastic X-ray Scattering (REIXS) beam line [29] using
linearly polarized light in both ! and " scattering geome-
tries, as depicted in Fig. 1(b). The sample orientation was
confirmed by detection of [0 0 1], [# 1 0 2], and [0 #1 2]
Bragg reflections at 2.05 keV. XAS was measured using
total fluorescence yield (TFY).
The measured intensity of H and K scans through the

[0.30 0 1.4] and [0 0.30 1.4] peaks at 60 K is shown in
Fig. 1(c) for the incident photon energies indicated in
Fig. 1(d). These superlattice reflections are observed above
a large x-ray fluorescence background, similar to measure-
ments from Ref. [2]. In addition, there is also a peak at
[0.33 0 L] that is evident at higher photon energy.
The scattering intensity, Isc, was determined by fitting

the fluorescence background to a polynomial and subtract-
ing it from the data [Fig. 1(e)]. This procedure was re-
peated as a function of photon energy and for both ! and "
incident photon polarizations, as shown in Fig. 2. In
Fig. 2(a) and 2(b), two peaks at H ¼ 0:30 and H ¼ 0:33
are observed that resonate at different energies and have a
different polarization dependence. Due to the large width
of both peaks, they overlap in H forming one broad asym-
metric peak, which is particularly evident around the peak
in the x-ray absorption (931.4 eV). In contrast, the peak
at [0 0.30 1.4], shown in Fig. 2(c) and 2(d), resonates at
931.3 eV with only a small signature of the peak at$0:33,
likely due to residual (< 3%) twinning of the sample. From
these scans at 60 K, the correlation lengths of the peaks are

#ðK ¼ 0:30Þ ’ 42 !A, #ðH ¼ 0:30Þ ’ 40 !A, and #ðH ¼
0:33Þ ’ 37 !A. Consistent with previous work [2,3], the
amplitude of the [0.30 0 L] reflection is
first distinguished from the fluorescence background at
$160 K, peaks near Tc, and decreases for T < Tc, as
shown in Fig. 1(f). In contrast, the [0.33 0 L] peak ampli-
tude exhibits a gradual T dependence with no notable
features at Tc or 160 K.

FIG. 1 (color online). (a) The crystal structure of ortho-III
ordered YBCO. (b) A schematic of the experiment geometry.
(c) [H 0 L] and [0 K L] scans at T ¼ 60 K measured using
sigma polarized light through the [0.30 0 1.4] and [0 0.30 1.4]
superlattice peaks, which appear when the photon energy is tuned
to the peak of the XAS ($ 931:4 eV). The ortho-III oxygen order-
ing superlattice peak is seen at [0.33 0 L] and is most prominent
around 933.8 eV. (d) The x-ray absorption with polarization along
the a and b axes measured using total fluorescence yield. (e) The
scattering intensity with fluorescence background subtracted.
(f) The temperature dependence of the amplitudes of the [0.30
0 1.35] and [0.33 0 1.35] peaks. r.l.u., reciprocal lattice units.
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peaks observed in Ref. [2]. In addition, the chains may also
be susceptible to CDW order along the chains (producing
incommensurate peaks at [0 K L]) [22–24]. As such, the
chains may act to stabilize CDW order in YBCO akin to
the low-temperature tetragonal (LTT) structural phase sta-
bilizing spin and charge stripes in stripe ordered 214
cuprates [6,25].

In this Letter, we present RSXS measurements of a high
purity, ortho-III ordered single crystal of YBa2Cu3O6:75

(Tc ¼ 75:2 K, p ¼ 0:133) [26,27] that (a) confirm the

in-plane origin of the incommensurate [0.30 0 L] CDW
peak [28], (b) clarify its relation to the oxygen ordering in
the chain layer, and (c) demonstrate a link to the micro-
scopic origin of stripes in 214 cuprates. Analysis of
the scattering intensities provides clear evidence that
the [0.30 0 L] CDW peak has an energy, polarization,
and temperature dependence that is distinct from the
[0.33 0 L] oxygen ordering peak, indicating there is no
clear relation between the chain layer and the [0.30 0 L]
CDW order. Moreover, the [0.30 0 L] peak is shown to
result from a spatial modulation of the energy of the Cu 2p
to 3dx2"y2 transition, unlike the [0.33 0 L] oxygen ordering
peak, which is described by a spatial modulation of the Cu
valence. The former is consistent with RSXS measure-
ments in stripe ordered 214 cuprates [17], which is also
described by the energy shift model, suggesting a common
origin to the CDW order that is generic to the cuprates.
Resonant scattering measurements were performed at

the Canadian Light Source’s Resonant Elastic and
Inelastic X-ray Scattering (REIXS) beam line [29] using
linearly polarized light in both ! and " scattering geome-
tries, as depicted in Fig. 1(b). The sample orientation was
confirmed by detection of [0 0 1], [# 1 0 2], and [0 #1 2]
Bragg reflections at 2.05 keV. XAS was measured using
total fluorescence yield (TFY).
The measured intensity of H and K scans through the

[0.30 0 1.4] and [0 0.30 1.4] peaks at 60 K is shown in
Fig. 1(c) for the incident photon energies indicated in
Fig. 1(d). These superlattice reflections are observed above
a large x-ray fluorescence background, similar to measure-
ments from Ref. [2]. In addition, there is also a peak at
[0.33 0 L] that is evident at higher photon energy.
The scattering intensity, Isc, was determined by fitting

the fluorescence background to a polynomial and subtract-
ing it from the data [Fig. 1(e)]. This procedure was re-
peated as a function of photon energy and for both ! and "
incident photon polarizations, as shown in Fig. 2. In
Fig. 2(a) and 2(b), two peaks at H ¼ 0:30 and H ¼ 0:33
are observed that resonate at different energies and have a
different polarization dependence. Due to the large width
of both peaks, they overlap in H forming one broad asym-
metric peak, which is particularly evident around the peak
in the x-ray absorption (931.4 eV). In contrast, the peak
at [0 0.30 1.4], shown in Fig. 2(c) and 2(d), resonates at
931.3 eV with only a small signature of the peak at$0:33,
likely due to residual (< 3%) twinning of the sample. From
these scans at 60 K, the correlation lengths of the peaks are

#ðK ¼ 0:30Þ ’ 42 !A, #ðH ¼ 0:30Þ ’ 40 !A, and #ðH ¼
0:33Þ ’ 37 !A. Consistent with previous work [2,3], the
amplitude of the [0.30 0 L] reflection is
first distinguished from the fluorescence background at
$160 K, peaks near Tc, and decreases for T < Tc, as
shown in Fig. 1(f). In contrast, the [0.33 0 L] peak ampli-
tude exhibits a gradual T dependence with no notable
features at Tc or 160 K.

FIG. 1 (color online). (a) The crystal structure of ortho-III
ordered YBCO. (b) A schematic of the experiment geometry.
(c) [H 0 L] and [0 K L] scans at T ¼ 60 K measured using
sigma polarized light through the [0.30 0 1.4] and [0 0.30 1.4]
superlattice peaks, which appear when the photon energy is tuned
to the peak of the XAS ($ 931:4 eV). The ortho-III oxygen order-
ing superlattice peak is seen at [0.33 0 L] and is most prominent
around 933.8 eV. (d) The x-ray absorption with polarization along
the a and b axes measured using total fluorescence yield. (e) The
scattering intensity with fluorescence background subtracted.
(f) The temperature dependence of the amplitudes of the [0.30
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Forinstance,theortho-IIIphasecorrespondstoarepeated
patternoffull-full-emptyorderingofoxygeninthechains
[seeFig.1(a)]thatproducesacommensuratesuperlattice
peakat[0.330L],incloseproximitytothe[0.310L]
peaksobservedinRef.[2].Inaddition,thechainsmayalso
besusceptibletoCDWorderalongthechains(producing
incommensuratepeaksat[0KL])[22–24].Assuch,the
chainsmayacttostabilizeCDWorderinYBCOakinto
thelow-temperaturetetragonal(LTT)structuralphasesta-
bilizingspinandchargestripesinstripeordered214
cuprates[6,25].

InthisLetter,wepresentRSXSmeasurementsofahigh
purity,ortho-IIIorderedsinglecrystalofYBa2Cu3O6:75

(Tc¼75:2K,p¼0:133)[26,27]that(a)confirmthe

in-planeoriginoftheincommensurate[0.300L]CDW
peak[28],(b)clarifyitsrelationtotheoxygenorderingin
thechainlayer,and(c)demonstratealinktothemicro-
scopicoriginofstripesin214cuprates.Analysisof
thescatteringintensitiesprovidesclearevidencethat
the[0.300L]CDWpeakhasanenergy,polarization,
andtemperaturedependencethatisdistinctfromthe
[0.330L]oxygenorderingpeak,indicatingthereisno
clearrelationbetweenthechainlayerandthe[0.300L]
CDWorder.Moreover,the[0.300L]peakisshownto
resultfromaspatialmodulationoftheenergyoftheCu2p
to3dx2"y2transition,unlikethe[0.330L]oxygenordering
peak,whichisdescribedbyaspatialmodulationoftheCu
valence.TheformerisconsistentwithRSXSmeasure-
mentsinstripeordered214cuprates[17],whichisalso
describedbytheenergyshiftmodel,suggestingacommon
origintotheCDWorderthatisgenerictothecuprates.
Resonantscatteringmeasurementswereperformedat

theCanadianLightSource’sResonantElasticand
InelasticX-rayScattering(REIXS)beamline[29]using
linearlypolarizedlightinboth!and"scatteringgeome-
tries,asdepictedinFig.1(b).Thesampleorientationwas
confirmedbydetectionof[001],[#102],and[0#12]
Braggreflectionsat2.05keV.XASwasmeasuredusing
totalfluorescenceyield(TFY).
ThemeasuredintensityofHandKscansthroughthe

[0.3001.4]and[00.301.4]peaksat60Kisshownin
Fig.1(c)fortheincidentphotonenergiesindicatedin
Fig.1(d).Thesesuperlatticereflectionsareobservedabove
alargex-rayfluorescencebackground,similartomeasure-
mentsfromRef.[2].Inaddition,thereisalsoapeakat
[0.330L]thatisevidentathigherphotonenergy.
Thescatteringintensity,Isc,wasdeterminedbyfitting

thefluorescencebackgroundtoapolynomialandsubtract-
ingitfromthedata[Fig.1(e)].Thisprocedurewasre-
peatedasafunctionofphotonenergyandforboth!and"
incidentphotonpolarizations,asshowninFig.2.In
Fig.2(a)and2(b),twopeaksatH¼0:30andH¼0:33
areobservedthatresonateatdifferentenergiesandhavea
differentpolarizationdependence.Duetothelargewidth
ofbothpeaks,theyoverlapinHformingonebroadasym-
metricpeak,whichisparticularlyevidentaroundthepeak
inthex-rayabsorption(931.4eV).Incontrast,thepeak
at[00.301.4],showninFig.2(c)and2(d),resonatesat
931.3eVwithonlyasmallsignatureofthepeakat$0:33,
likelyduetoresidual(<3%)twinningofthesample.From
thesescansat60K,thecorrelationlengthsofthepeaksare

#ðK¼0:30Þ’42!A,#ðH¼0:30Þ’40!A,and#ðH¼
0:33Þ’37!A.Consistentwithpreviouswork[2,3],the
amplitudeofthe[0.300L]reflectionis
firstdistinguishedfromthefluorescencebackgroundat
$160K,peaksnearTc,anddecreasesforT<Tc,as
showninFig.1(f).Incontrast,the[0.330L]peakampli-
tudeexhibitsagradualTdependencewithnonotable
featuresatTcor160K.

FIG.1(coloronline).(a)Thecrystalstructureofortho-III
orderedYBCO.(b)Aschematicoftheexperimentgeometry.
(c)[H0L]and[0KL]scansatT¼60Kmeasuredusing
sigmapolarizedlightthroughthe[0.3001.4]and[00.301.4]
superlatticepeaks,whichappearwhenthephotonenergyistuned
tothepeakoftheXAS($931:4eV).Theortho-IIIoxygenorder-
ingsuperlatticepeakisseenat[0.330L]andismostprominent
around933.8eV.(d)Thex-rayabsorptionwithpolarizationalong
theaandbaxesmeasuredusingtotalfluorescenceyield.(e)The
scatteringintensitywithfluorescencebackgroundsubtracted.
(f)Thetemperaturedependenceoftheamplitudesofthe[0.30
01.35]and[0.3301.35]peaks.r.l.u.,reciprocallatticeunits.
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2.Electonic nematicity distinct 
from structural distortions may 
also be a generic feature of the 
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d symmetry charge order from resonant x-ray 
scattering

Report of d-symmetry CDW in YBCO from azimuthal angle 
dependent resonant x-ray scattering
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FIG. 3: Azimuthal angle-dependent RXS measurements: geometry and experimental data. a, Side view of the
experimental geometry; control variables are: (i) the incoming and outgoing photon wavevectors kin and kout, which determine
the exchanged momentum Q; (ii) the incoming (linear) polarization ϵin (=σ or π); (iii) the azimuthal angle α, whose rotation
axis ûα coincides with the direction ofQ. The polarization of scattered x-rays (σ′ or π′) is not analyzed. b, Top view, illustrating
the need for a wedge-shaped sample holder to guarantee the condition ûα ∥ Q for the specific Q-vector of interest (θw=67.5◦

and 72◦ for YBCO and Bi2201, respectively). Scattered photons are collected using a multi-channel-plate (MCP) detector. c,
Azimuthal angle-dependent Q-scans of the CDW peak (after subtraction of fluorescence background) at QCDW=(0, 0.31, 1.5)
in YBCO-Ortho III, plotted vs. the CuO2-plane projection of the exchanged momentum Q∥.

ter ∆CDW, we selectively probe the different transition
channels (Cu-2px,y,z → 3d) by rotating the light polar-
ization in the RXS measurements. This procedure al-
lows reconstructing the scattering tensor and disentan-
gle the contributions from the different symmetry com-

ponents of ∆CDW(k,Q) =
!
c†k+Q/2 · ck−Q/2

"
[27, 38],

namely: (i) a site-centered modulation (∆CDW = ∆s),
corresponding to an extra charge residing on the Cu-
3d orbital (Fig. 2, top); (ii) an extended s’ -wave bond-
order [∆CDW=∆s′(cos kx+cos ky)], where the spatially-
modulated density is on the O-2p states, and the maxima
along the x and y directions coincide (Fig. 2, middle); (iii)
a d -wave bond-order [∆CDW=∆d(cos kx−cos ky)], where
the charge modulation changes sign between x- and y-
coordinated oxygen atoms, and the maxima are shifted
by a half wavelength (Fig. 2, bottom).

In the experiments we use a special geometry, in which
the sample is rotated around the ordering vector Q∗

(Fig. 3a,b). This method allows looking at the same
wavevector while modulating (as a function of the az-
imuthal rotation angle α) the relative weight of the Cu
2px,y,z → 3d transitions, which is controlled by the light
polarization through dipole selection rules. Here the α
dependence of the charge order intensity is the new infor-
mation that allows evaluating – through comparison with
theoretical predictions from scattering theory – what is
the optimal mix of the s-, s’ -, and d -wave symmetry
terms that best reproduces the experimental results via
their contribution within the scattering tensor. The az-
imuthal dependence of the RXS signal was studied in
Bi2201-UD15K and in two underdoped YBa2Cu3Oy com-
pounds: YBa2Cu3O6.51 (YBCO-Ortho II, with p≃ 0.10)
and YBa2Cu3O6.75 (YBCO-Ortho III, with p≃ 0.13). A

series of in-plane momentum (Q∥) scans of the charge or-
der peak in YBCO-Ortho III, acquired at T =Tc=75K,
is presented in Fig. 3c for the range 0◦ < α < 180◦ and
both σ- and π-polarized incoming X-rays.

The total scattered intensity IRXS is extracted by fit-
ting the RXS momentum scans with a Gaussian peak,
and is in general proportional to the amplitude of the
charge modulation. We can directly compare IRXS to
the theoretical scattering tensor Fpq [39, 40]:

Iϵ→ϵ′ (Q
∗,α) ∝

###
$

pq
ϵp · Fpq (Q

∗,α) · ϵ′q
###
2

(1)

where ϵ and ϵ′ represent the polarization vectors for in-
coming and outgoing photons, respectively, while Q∗ is
the ordering wavevector. The α dependence is induced
by simply applying a rotation (about the azimuthal axis
and of magnitude equal to α) to the scattering tensor
Fpq. Based on symmetry arguments (see Supplementary
Information for additional details) the unrotated scatter-
ing tensor Fpq can be written in terms of the magnitudes
of the charge order symmetry components (δs, δs′ , and
δd):

Fpq (±Q∗) =

######

δs + (δs′ + δd) cosφ 0 0
0 δs + δs′ − δd 0
0 0 γδs

######
(2)

where the phase φ=Q∗ · a/2 accounts for the mismatch
between the ordering period and the lattice parameter,
while γ is the ratio between the out-of-plane and the in-
plane transition matrix elements.

The total calculated scattering intensity, after account-
ing for self-absorption corrections (see Supplementary In-
formation), is then given by: Icalc (α) = Iϵ→σ′ (α) +

R. Comin, F. He, E.da Silva Neto, L. Chauviere, A. Frano, R. Liang, W. N. Hardy, D. A. Bonn, Y. Yoshida, 
H. Eisaki, J. E. Hoffman, B. Keimer, G. A. Sawatzky and A. Damascelli. Nature Materials 2015
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Fig. 4. d-form factor DW: predominance and robustness. (A) Power spectral-density (PSD) Fourier transforms of R(r) measured only at the Ox/Oy sites yielding
jð~OxðqÞ− ~OyðqÞÞ=2j2. This provides the measure of relative strength of the d-form factor in the DW. (B) Measured PSD is plotted along the dashed line through
Q in A and shows the d-form factor component predominates greatly. The measured ratios within the DW peaks surrounding Q are D/S > 5 and D/S′ > 12. (C)
~OxðqÞ≡Re~OxðqÞ+ iIm~OxðqÞ compared with ~OyðqÞ≡Re~OyðqÞ+ iIm~OyðqÞ for each of a series of representative qwithin the DW peaks surrounding Q. This shows
how, wherever the CuO2 unit cell resides in the disordered DW (Fig. 2A), the relative phase between the Ox and Oy sites is very close to π whereas the
differences in magnitudes are close to zero. (D) Two-axis histogram of difference in normalized magnitude (vertical) and phase (horizontal) between all pairs
~Oxðr,QÞ and ~Oyðr,QÞ that are obtained by Fourier filtration of Ox(r) and Oy(r) to retain only q ∼ Q (SI Text, section 5). This represents the measured distribution
of amplitude difference, and phase difference, between each pair of Ox/Oy sites everywhere in the DW. It demonstrates directly that their relative phase is
always close to π and that their magnitude differences are always close to zero. (E) Measured R(r) images of local electronic structure patterns that commonly
occur in BSCCO and NaCCOC (11). The Cu and Ox sites (labeled by solid and dashed arrows, respectively) were determined independently and directly from
topographic images (11). (F) (Left) dFF-DW model with Q = (0.25,0) and amplitude maximum on the central Ox site (dashed arrow). (Right) The calculated
density-wave pattern from this model. Therefore, a dFF-DW model with this particular spatial phase provides an excellent explanation for the observed
density patterns shown in E and reported previously in refs. 11–13 and 32.
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Density Waves That Modulate the CuO2 Intraunit-Cell States
One possibility is a density wave that modulates the CuO2 IUC
states. Proposals for such exotic DWs in underdoped cuprates
include charge density waves with a d-symmetry form factor (33–
35) and modulated electron-lattice coupling with a d-symmetry
form factor (35, 36). Modulations of the IUC states having wave
vectors Q = (Q,Q);(Q,−Q) have been extensively studied (37–41)

but little experimental evidence for such phenomena exists. Most
recently, focus has sharpened on the models (35, 36, 41–43)
yielding spatial modulations of IUC states that occur at in-
commensurate wave vectors Q = (Q,0);(0,Q) aligned with the
CuO2 plane axes. The precise mathematical forms of these pro-
posals have important distinctions, and these are discussed in full
detail in SI Text, section 1.

C D

E F

BA

Fig. 1. Intraunit-cell electronic structure symmetry in the CuO2 plane. (A) Schematic of translationally invariant electronic structure pattern with opposite-sign
density on Ox and Oy (d symmetry), as discussed in refs. 12, 13, and 32. The inactive Cu sites are indicated by gray circles. Inset shows elementary Cu, Ox, and Oy

orbitals, on the three sublattices in the CuO2 plane; rCu sublattice contains only the Cu sites, rOx sublattice contains only the Ox sites, and rOy sublattice contains only
the Oy sites. Referring to this arrangement as having “d symmetry” does not, at this stage, imply any specific relationship to the d-symmetry Cooper pairing of the
superconducting state. (B) Fourier transform of theQ = 0 C4-breaking pattern of opposite-sign density on Ox and Oy in A. The Bragg peaks have the opposite sign,
indicating the IUC states have d symmetry (12, 32). (C) Schematic of a d-form factor DW ρDðrÞ=D  CosðQx · r +ϕDðrÞÞ with the origin chosen at a Cu site and
modulating only along the x axis. The colors represent the density ρDðrÞ at every oxygen site. Two thin lines are shown; one labeled Ox traverses parallel toQx and
passes only through oxygen sites oriented along the x axis, and the second one labeled Oy again traverses parallel to Qx but passes only through oxygen sites
oriented along the y axis. The color scale demonstrates how the amplitude of the DW is exactly π out of phase along these two trajectories. (D) The real
component of the Fourier transform of the pattern in C. For this d-form factor DW, the Bragg-satellite peaks atQ′ and Q′′ exhibit opposite sign. More profoundly,
because they are out of phase by π, the modulations of Ox and Oy sites cancel, resulting in the disappearance of the DW modulation peaks at ±Q within the BZ
(dashed box). (E) The real component of the Fourier transform of a d-form factor DW having modulations at Q = (Q,0);(0,Q) (SI Text, section 3); the DW satellites
of inequivalent Bragg peaks at Q′ and Q′′ exhibit opposite sign, and the basic DW modulation peaks at Q have disappeared from within the BZ, as indicated by
open circles. (F) The real component of the Fourier transform of an s′-form factor DW having modulations at Q = (Q,0);(0,Q) (SI Text, section 3); the DW satellites
of inequivalent Bragg peaks at Q′ and Q′′ now cancel whereas the basic DW modulation peaks at Q are robust within the BZ.
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Direct Measurement of the DW Form Factor from Sublattice
Phase-Resolved Images
Now we consider the complex Fourier transforms of OxðrÞ and
OyðrÞ, ~OxðqÞ and ~OyðqÞ, as shown in Fig. 3 A and B. We note that
the use of Rðr;V Þ or Zðr;V Þ is critically important for measuring
relative phase of Ox/Oy sites throughout any DW, because anal-
ysis of gðr;V Þ shows how the tip–sample junction establish-
ment procedure (11, 32) scrambles the phase information
irretrievably. Upon calculating the sum Re~OxðqÞ+Re~OyðqÞ
as shown in Fig. 3C, we find no DW modulation peaks in the
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Fig. 2. Oxygen site-specific imaging and segregation of R(r). (A) Measured
R(r) with ∼16 pixels within each CuO2 unit cell and ∼45 nm square FOV for
a BSCCO sample with p ∼ 8 ± 1%. This R(r) electronic structure image reveals
the extensive local IUC C4 breaking (12, 13) (SI Text, section 5). (B) Smaller
section of R(r) in FOV of A, now showing the location of the Cu lattice as
blue dots. The well-known (11–13, 32) breaking of C4 rotational symmetry
within virtually every CuO2 unit cell and the modulations thereof are obvi-
ous. (C) Topographic image of FOV in B showing Cu lattice sites as identified
from the Bi atom locations as blue dots. By using the Lawler–Fujita algorithm
(12, 44) spatial-phase accuracy for the CuO2 plane of ∼0.01π is achieved
throughout. (D) In the same FOV as B, we measure the value of R at every Ox

site and show the resulting function Ox(r). (E) In the same FOV as B, we
measure the value of R at every Oy site and show the resulting function Oy(r).
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Fig. 3. Sublattice phase-resolved analysis revealing d-form factor DW. (A)
Measured Re~OxðqÞ from R(r) in Fig. 2A. The four DW peaks at Q and the DW
Bragg-satellite peaks exist but are all poorly resolved. (B) Re~OyðqÞ from Fig.
2A; again, the four DW peaks at Q and the DW Bragg-satellite peaks exist
but are all poorly resolved. (C) Measured Re~OxðqÞ+Re~OyðqÞ from A and B.
The four DW peaks at Q are not detectable whereas the DW Bragg-satellite
peaks are enhanced and well resolved. Compared to Fig. 1E, these are the
expected phenomena of a d-form factor DW (with spatial disorder in ϕD). (D)
Measured Re~OxðqÞ−Re~Oy ðqÞ from A and B. The primary DW peaks at Q are
strongly enhanced whereas the DW Bragg-satellite peaks have disappeared.
Compared to Fig. 1F, these are once again the expected phenomena of
a dFF-DW. (E) Measured Re~OxðqÞ for an NaCCOC sample with p ∼ 12 ± 1%.
The DW peaks at Q, and the DW Bragg-satellite peaks exist but are poorly
resolved. (F) Measured Re~Oy ðqÞ for NaCCOC. The DW peaks at Q, and the
DW Bragg-satellite peaks exist but are poorly resolved. (G) Measured
Re~OxðqÞ+Re~OyðqÞ from E and F. The four DW peaks at Q are no longer
detectable whereas the DW Bragg-satellite peaks are enhanced and well
resolved. Importantly (modulo some phase noise) the Bragg-satellite peaks
at inequivalent Q′ and Q′′ exhibit opposite sign. Compared to Fig. 1E, these
are the expected phenomena of a dFF-DW. (H) Measured Re~OxðqÞ−Re~OyðqÞ
from E and F. The four DW peaks at Q are enhanced whereas the DW Bragg-
satellite peaks have disappeared. Compared to Fig. 1F, these confirm the
dFF-DW conclusion.
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Symmetry of density wave order in La-based cuprates

Is CDW different in La-based 
cuprates?

• Unidirectional spin (SO) and 
charge (CO)

• More dramatic suppression of 
superconductivity at x = 1/8

• Different doping dependence to 
CDW incommensurability

• Orbital symmetry of CDW order?

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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FIG. 2. (Color online) Crystal structure and reciprocal lattice
of La2−xBaxCuO4. (a) Unit cell in the HTT phase (I4/mmm). Tilt
directions of the CuO6 octahedra in (b) the LTO phase (Bmab) and
(c) the LTT phase (P 42/ncm). Note that in the LTT phase the tilt
direction alternates between [100]t and [010]t in adjacent layers. The
same is true for the stripe direction. Reciprocal lattice in terms of the
HTT unit cell for (d) the LTT phase and (e) the LTO phase, projected
along ℓ onto the (h,k) plane. Only reflections relevant to this work
are shown. Fundamental Bragg reflections are indicated by black
bullets and circles, CO reflections by blue squares, SO reflections
by red diamonds, and superstructure reflections for ℓ = 0 that are
only allowed in the LTT and LTLO phases by gray bullets. In (e) we
also indicate the reciprocal lattice of the orthorhombic phase with its
two twin domains A (closed symbols) and B (open symbols). The
trajectories of typical scans are indicated by arrows, along with the
value of ℓ. The HTT phase compares to (d) with only the fundamental
Bragg reflections present.

dependencies of intensities were obtained by normalizing the
data with the irradiated sample volume.

The static magnetic susceptibility (χ = M/H ) measure-
ments, used to study the stripe phase and the SC phase,
were performed with a superconducting quantum interference
device (SQUID) magnetometer for H ∥ c and H ∥ ab. For
these experiments crystal pieces with a typical weight of 0.5 g
were used.

III. RESULTS

A. Crystal structure

Since the discovery of superconductivity in La2−xBaxCuO4
in the late 1980’s,1 the crystal structure, displayed in Fig. 2,

has been studied intensively.6 So far most diffraction results
were obtained on polycrystals,6,7,57 and only recently have
single-crystal data been reported.18,46,59 In the doping range
considered here, La2−xBaxCuO4 undergoes two structural
transitions with decreasing temperature: a second-order tran-
sition from HTT to LTO, and a first-order transition from
LTO to another low-temperature phase that can either be
LTT or the low-temperature less-orthorhombic (LTLO) phase
(space group Pccn) that is a possible intermediate phase
between LTO and LTT.29 While the HTT phase is characterized
by untilted CuO6 octahedra forming flat CuO2 planes, all
low-temperature phases can be described by different patterns
of tilted CuO6 octahedra; see Figs. 2(a)–2(c). 29,57,60 In the LTO
phase, the octahedra tilt by an angle # about the tetragonal
[1,1,0]t axis that is diagonal to the CuO2 square lattice and
defines the orthorhombic [1,0,0]o axis [Fig. 2(b)]. In the LTT
phase, the tilt axis runs parallel to the square lattice, but its
direction alternates between [1,0,0]t and [0,1,0]t in adjacent
planes.6,12,57 In the LTLO phase, the tilt axis points along an
intermediate in-plane direction.29

The structural properties in this section were obtained with
XRD, while data from ND are presented in Sec. III C 1. In
Fig. 3(a) we show, for all x, the temperature dependence of the
orthorhombic strain s = 2(bo − ao)/(ao + bo), from which we
have extracted the HTT↔LTO transition temperature, THT, as
a function of doping. The maximum strain s the lattice reaches
at low temperatures is directly, although nonlinearly, related
to THT.30 Both quantities show a monotonic decrease with
increasing x, as shown in the inset to Fig. 3(a) and in Fig. 3(b).
In particular, we observe that THT decreases at a rate dTHT/dx
of ∼23.1 K/0.01 Ba [solid line in Fig. 3(b)], which is very
similar to published polycrystal data.6,42,46 For stoichiometric
oxygen content,56 the difference between a crystal’s THT value
and this line can be used to estimate the deviation of its actual
Ba concentration x ′ from the nominal x. Overall the data
in Fig. 3(b) show that x is a fairly good representation of
x ′. Nevertheless, in the discussion in Sec. IV we will show
that small discrepancies between our results and data in the
literature can be reconciled in terms of x ′.

The second transition, at TLT, from LTO to either LTT or
LTLO, causes a sudden drop of the orthorhombic strain at
low temperatures, as one can see in Fig. 3(a). In particular,
for x = 0.115, 0.125, and 0.135, we observe discontinuous
LTO↔LTT transitions. The crystals with x = 0.11 and 0.095
show discontinuous LTO↔LTLO transitions with very weak
strain remaining below TLT; the strain continues to decrease at
low temperatures and, for x = 0.11, eventually becomes zero.
The crystal with x = 0.155 shows a discontinuous transition
that results in a mixed LTLO-LTT phase, as is discussed in
more detail in Sec. III D 1. (That crystal also consisted of
several domains, but we were able to isolate the diffracted
signal from a single-domain region.)

To examine the low-temperature transition in more detail,
we have followed the temperature dependence of the (1,0,0)
superstructure reflection, which is allowed in the LTT and
LTLO phases, but not in the LTO phase. In Fig. 3(c) we show
integrated intensities I(100) normalized with the (2,0,0) Bragg
reflection as previously explained. As x increases, one can
see that I(100) drops while TLT grows. This behavior indicates
that local structural parameters are involved in the mechanism
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The correlations between stripe order, superconductivity, and crystal structure in La2−xBaxCuO4 single crystals
have been studied by means of x-ray and neutron diffraction as well as static magnetization measurements. The
derived phase diagram shows that charge stripe order (CO) coexists with bulk superconductivity in a broad range
of doping around x = 1/8, although the CO order parameter and correlation length fall off quickly for x ̸= 1/8.
Except for x = 0.155, the onset of CO always coincides with the transition between the orthorhombic and the
tetragonal or less orthorhombic low-temperature structures. The CO transition evolves from a sharp drop at low
x to a more gradual transition at higher x, eventually falling below the structural phase boundary for optimum
doping. With respect to the interlayer CO correlations, we find no qualitative change of the stripe stacking order
as a function of doping, and in-plane and out-of-plane correlations disappear simultaneously at the transition.
Similarly to the CO, the spin stripe order (SO) is also most pronounced at x = 1/8. Truly static SO sets in
below the CO and coincides with the first appearance of in-plane superconducting correlations at temperatures
significantly above the bulk transition to superconductivity (SC). Indications that bulk SC causes a reduction of
the spin or charge stripe order could not be identified. We argue that CO is the dominant order that is compatible
with SC pairing but competes with SC phase coherence. Comparing our results with data from the literature, we
find good agreement if all results are plotted as a function of x ′ instead of the nominal x, where x ′ represents an
estimate of the actual Ba content, extracted from the doping dependence of the structural transition between the
orthorhombic phase and the tetragonal high-temperature phase.

DOI: 10.1103/PhysRevB.83.104506 PACS number(s): 74.72.−h, 71.45.Lr, 74.25.Dw

I. INTRODUCTION

The prototypical high-temperature superconductor1

La2−xBaxCuO4 is particularly well known for its unique
doping dependence of the bulk superconducting (SC)
phase.2 While its sister compound La2−xSrxCuO4, as
most other high-temperature superconductors, displays a
dome-shaped SC phase boundary Tc(x),3,4 in the Ba-based
compound Tc(x) shows a deep depression centered at
x = 1/8.2,5 It was discovered early on that the so-called
1/8 anomaly is accompanied by a structural transition from
low-temperature orthorhombic (LTO) to low-temperature
tetragonal (LTT) symmetry,6,7 not observed in pure
La2−xSrxCuO4, and that bulk SC is replaced by some
kind of antiferromagnetic (AF) order.8–11 The complex
nature of the magnetic phase was first identified by neutron
and x-ray diffraction experiments for an analogous phase
in La1.6−xNd0.4SrxCuO4,12–15 and later on confirmed in
La1.875Ba0.125−ySryCuO4,16,17 La1.875Ba0.125CuO4,18–20 and
La1.8−xEu0.2SrxCuO4.21,22 Undoped (x = 0), all of these
compounds are quasi-two-dimensional commensurate spin
S = 1/2 Heisenberg AF.23–25 But doped with sufficient
charge carriers, they exhibit incommensurate nuclear and
magnetic superstructure reflections (which we will describe
below). Among the debated interpretations is the so-called
stripe model in which the charge carriers in the CuO2 planes
segregate into hole-rich stripes, thus forming antiphase
boundaries between intermediate spin stripes with locally
AF correlations.12,26–28 In the LTT phase, which breaks
the fourfold rotational symmetry of the individual CuO2

planes, the electron-lattice coupling is believed to play a
central role in the pinning of stripes,29–33 although recent
experiments under pressure revealed that stripes can break
the symmetry even in the absence of long-range LTT
order.34

So far, La1.6−xNd0.4SrxCuO4 is the only system with a
stripe-ordered LTT phase, where magnetic and charge order
have been studied with diffraction on both sides of x =
1/8.15 The results were interpreted as indicating that local
magnetic order rather than charge stripe order is responsible
for the suppression of bulk SC, and that charge stripes are
compatible with SC as long as the magnetic correlations
remain dynamic. More recent experimental and theoretical
results on La1.875Ba0.125CuO4 support the revised view that, in
principle, static spin and charge stripes are compatible with SC
pairing, but, owing to their orthogonal arrangement in adjacent
planes, they compete with superconducting phase order.35–38

It is desirable to analyze La2−xBaxCuO4 in a broader range
of doping to test the generality of the observations. This system
has two advantages over rare-earth-doped La2−xSrxCuO4:
First, only one element is substituted for La. Second, the
Ba2+ ions are nonmagnetic, in contrast to, e.g., the Nd3+

ions, whose large magnetic moments interact with the spins
of the Cu2+ ions in the CuO2 planes.39,40 Recent progress in
the synthesis of La2−xBaxCuO4 single crystals with x ! 1/8
has triggered numerous studies on the stripe order in the
underdoped regime.18–20,41–50

Despite previous work, however, the doping dependence
of many properties requires further clarification, such as the
absolute intensities of the charge stripe order (CO) and spin
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λ=2π/Q

Map scattering intensity to CDW symmetry
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symmetry of FR. In other words, the scattering tensor,
T , can to first order remain C

4

symmetric even though a
unidirectional stripe-like modulation breaks the C

4

sym-
metry of the lattice. If the average electronic structure
were instead orthorhombic (fR

? 6= fR

k ), |t?| 6= |tk| might
be expected to occur. However, this could also occur if
fR

? = fR

k combined with a CDW state with a di↵erent

orbital symmetry (eg. d + s0) that modulates the a and
b components of Fn(!) to di↵erent degrees. These dif-
fering possibilities highlight how T (!,Q) is linked to the
underlying symmetry of the CDW order.

To quantify this link, we have parametrized CDW or-
der with mixed orbital symmetries into the single band
model from Ref. [1]. The charge modulation amplitude
�ij (or some other quantity related to CDW order such
as an energy shift)[2, 3] on bonds connecting nearest
neighbour Cu sites i and j, is given by:
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X
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V
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k
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where V is volume and Q⇤ are the wavevectors of the
CDW order. For 1D stripes, Q⇤ is given by either
(±Qm 0 0) or (0 ± Qm 0) whereas checkerboard order
has both (±Qm 0 0) and (0 ±Qm 0). In this prescription,
i = j corresponds to Cu sites and i 6= j corresponds to
O sites (bonds between Cu sites). �Q⇤(k) captures the
symmetry of the CDW state and can contain both site-
centred (�s) and bond-centred (�d and �s0) symmetry
components. As shown in the Supplementary Informa-
tion, this model can be mapped onto the O sites and
related to the components of T (!,Q), giving

�d

�s0
=

tk/t? � 1

tk/t? + 1
. (5)

Inspection of Eq. 5 shows that for pure d-CDW and s0-
CDW orders, tk/t? has the same magnitude (=1), but
with opposite sign. A mixed d and s0 state would have
|tk/t?| 6= 1. In regions with |tk/t?| < 1 (> 1), the sign of
�d/�s0 is negative (positive), giving rise to an anti-phase
(in-phase) relation between the d and s0 symmetry com-
ponents. Fig. 2f illustrates the mapping between tk/t?
and �d/�s0 for O atoms in the CuO

2

plane. We note
that Eq. 5 applies to both stripe and checkerboard order
indicating that, at least in this prescription, tk/t? does
not clearly distinguish checkerboard order from stripes.

The Cu L edge measurements are more di�cult to in-
terpret within this description. Most directly, the scat-
tering intensity at the Cu L edge should be sensitive to
the site-centered s symmetry component of the CDW
order. However, the O-centered s0 and d symmetry com-
ponents may also influence the symmetry of scattering
at the Cu L edge (Cu 2p ! 3d transition) by inducing
di↵erent energy shifts on the Cu core electrons.[17]

FIG. 2. The � and L dependent RSXS for CDW order in
LBCO at the O K and Cu L edges. a. Measured I

⇡

(⇤)
and I

�

(4) and b. I
⇡

/I
�

(�) vs. � at the O K edge (528.3
eV). c. I

⇡

/I
�

vs. L at the O K edge. Simultaneously fitting
the data in b and c (red lines) gives tk/t? = 0.612 ± 0.035
and t

cc

/t? = 0.034 ± 0.021; model calculations with these
parameters are shown in a as solid lines. d. I

⇡

/I
�

vs. L
for two samples, S1 and S2, at the Cu L edge (931.3 eV). e.
Colour map of �2

0

with minima (best fit) indicated by black
dots. The black rectangles are 95% CI from least squares
fitting. The red ellipses are contours of constant �2

0

reflecting
a 95% confidence region. f. Illustration of mapping between
tk/t? and �

d

/�
s

0 based on Eq. 5.

RESULTS

Polarization dependent RSXS in LBCO

In Fig. 2, we investigate the � (Figs. 2a and 2b) and L
(Figs. 2c and 2d) dependence of RSXS from CDW order
in LBCO at the O K and Cu L edges in order to deter-
mine the magnitude and sign of tk/t?. The dependence
on � of I⇡/I� constrains both the magnitude and sign of
tk/t? whereas the dependence on L constrains its mag-
nitude (this is illustrated in Supplementary Fig. S2). A
simultaneous fit of both the � (Fig. 2b) and L (Fig. 2c)
dependence of I⇡/I� for LBCO at the O K edge gives
tk/t? = 0.612 ± 0.035 and tcc/t? = 0.034 ± 0.021. In
Fig. 2a, we show that calculations (solid lines) of the �
dependence using these parameters are in excellent agree-
ment with the measured I⇡ (green squares) and I� (blue
triangles), providing confidence that all relevant factors
such as surface geometry and absorption corrections have
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symmetry of FR. In other words, the scattering tensor,
T , can to first order remain C

4

symmetric even though a
unidirectional stripe-like modulation breaks the C

4

sym-
metry of the lattice. If the average electronic structure
were instead orthorhombic (fR

? 6= fR

k ), |t?| 6= |tk| might
be expected to occur. However, this could also occur if
fR

? = fR

k combined with a CDW state with a di↵erent

orbital symmetry (eg. d + s0) that modulates the a and
b components of Fn(!) to di↵erent degrees. These dif-
fering possibilities highlight how T (!,Q) is linked to the
underlying symmetry of the CDW order.

To quantify this link, we have parametrized CDW or-
der with mixed orbital symmetries into the single band
model from Ref. [1]. The charge modulation amplitude
�ij (or some other quantity related to CDW order such
as an energy shift)[2, 3] on bonds connecting nearest
neighbour Cu sites i and j, is given by:
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where V is volume and Q⇤ are the wavevectors of the
CDW order. For 1D stripes, Q⇤ is given by either
(±Qm 0 0) or (0 ± Qm 0) whereas checkerboard order
has both (±Qm 0 0) and (0 ±Qm 0). In this prescription,
i = j corresponds to Cu sites and i 6= j corresponds to
O sites (bonds between Cu sites). �Q⇤(k) captures the
symmetry of the CDW state and can contain both site-
centred (�s) and bond-centred (�d and �s0) symmetry
components. As shown in the Supplementary Informa-
tion, this model can be mapped onto the O sites and
related to the components of T (!,Q), giving

�d

�s0
=

tk/t? � 1

tk/t? + 1
. (5)

Inspection of Eq. 5 shows that for pure d-CDW and s0-
CDW orders, tk/t? has the same magnitude (=1), but
with opposite sign. A mixed d and s0 state would have
|tk/t?| 6= 1. In regions with |tk/t?| < 1 (> 1), the sign of
�d/�s0 is negative (positive), giving rise to an anti-phase
(in-phase) relation between the d and s0 symmetry com-
ponents. Fig. 2f illustrates the mapping between tk/t?
and �d/�s0 for O atoms in the CuO

2

plane. We note
that Eq. 5 applies to both stripe and checkerboard order
indicating that, at least in this prescription, tk/t? does
not clearly distinguish checkerboard order from stripes.

The Cu L edge measurements are more di�cult to in-
terpret within this description. Most directly, the scat-
tering intensity at the Cu L edge should be sensitive to
the site-centered s symmetry component of the CDW
order. However, the O-centered s0 and d symmetry com-
ponents may also influence the symmetry of scattering
at the Cu L edge (Cu 2p ! 3d transition) by inducing
di↵erent energy shifts on the Cu core electrons.[17]

FIG. 2. The � and L dependent RSXS for CDW order in
LBCO at the O K and Cu L edges. a. Measured I

⇡

(⇤)
and I
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(4) and b. I
⇡

/I
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(�) vs. � at the O K edge (528.3
eV). c. I
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/I
�

vs. L at the O K edge. Simultaneously fitting
the data in b and c (red lines) gives tk/t? = 0.612 ± 0.035
and t

cc

/t? = 0.034 ± 0.021; model calculations with these
parameters are shown in a as solid lines. d. I

⇡
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vs. L
for two samples, S1 and S2, at the Cu L edge (931.3 eV). e.
Colour map of �2
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with minima (best fit) indicated by black
dots. The black rectangles are 95% CI from least squares
fitting. The red ellipses are contours of constant �2
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reflecting
a 95% confidence region. f. Illustration of mapping between
tk/t? and �

d
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s

0 based on Eq. 5.

RESULTS

Polarization dependent RSXS in LBCO

In Fig. 2, we investigate the � (Figs. 2a and 2b) and L
(Figs. 2c and 2d) dependence of RSXS from CDW order
in LBCO at the O K and Cu L edges in order to deter-
mine the magnitude and sign of tk/t?. The dependence
on � of I⇡/I� constrains both the magnitude and sign of
tk/t? whereas the dependence on L constrains its mag-
nitude (this is illustrated in Supplementary Fig. S2). A
simultaneous fit of both the � (Fig. 2b) and L (Fig. 2c)
dependence of I⇡/I� for LBCO at the O K edge gives
tk/t? = 0.612 ± 0.035 and tcc/t? = 0.034 ± 0.021. In
Fig. 2a, we show that calculations (solid lines) of the �
dependence using these parameters are in excellent agree-
ment with the measured I⇡ (green squares) and I� (blue
triangles), providing confidence that all relevant factors
such as surface geometry and absorption corrections have
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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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Conclusions

CDW order may have a different orbital symmetry in different 
cuprate materials

• La7/8Ba1/8CuO4: dominant s’ symmetry
• Ca2-xNaxCuO2Cl2, Bi2Sr2CaCu2O8+δ: dominant d symmetry

• Orbital symmetry of the CDW order may be a key feature 
related to the presence of static SDW order and strong 
competition with superconductivity in La7/8Ba1/8CuO4
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