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Abstract

The cuprate superconductors are high-Tc superconductors, with highly anisotropic properties,
and which are defined by their crystallographic structure consisting of layers of CuO2 planes
separated by charge reservoirs. Superconductivity seems to reside in these planes but the origin
of the mechanism leading to Cooper pairs remains a mystery. The different phases that can be
reached by variation of temperature, doping or application of a magnetic field produce intricate
phase diagrams. Of particular interest is the charge density wave (CDW) order that seems to
be ubiquitous in the different families of the cuprates and appears to be competing with super-
conductivity. This thesis presents studies on the electron-doped compound Nd2−xCexCuO4+δ

(NCCO) and the hole-doped compounds YBa2Cu3O6+δ (YBCO) and La2−xSrxCuO4 (LSCO).
These involved the preparation, including the crystal growth for NCCO and YBCO, and char-
acterisation of high quality single crystals. Then, a combination of x-ray diffraction (XRD),
resonant inelastic x-ray scattering (RIXS) and inelastic neutron scattering (INS) measurements
were used to investigate their properties. Three dopings of NCCO were successfully grown
using the travelling-solvent floating-zone technique. A hard x-ray (14 keV) scattering experi-
ment performed on a high-quality single crystal of NCCO x = 0.15 highlights the differences
in the CDW between electron- and hole-doped cuprates, in particular in the amplitude of the
modulations. Uniaxial strain was used as a tuning parameter to study the interplay between
superconductivity and CDW order in YBCO. A mechanical device, whose design is presented,
allowed uniaxial pressure to be applied on thin YBCO single crystals. Measurements of su-
perconductivity as a function of uniaxial pressure on underdoped and optimally-doped YBCO
show the expected suppression of superconductivity with pressure applied along the a-axis.
The device is also compatible with hard x-ray diffraction measurements, and multiple CDW
peaks were measured on a detwinned underdoped (p = 0.11) YBCO single crystal mounted in
the device. The temperature and uniaxial pressure dependence of the CDW peak centred on
(h, k, l) = (0, 0.685, 16.5), in particular the increased correlation length over a significant range
of temperatures at 0.14 GPa, might hint that the strengthening of CDW with uniaxial pressure
is not just due to the suppression of superconductivity. Finally, INS measurements in LSCO
x = 0.12 combined with high energy resolution RIXS measurements at the Cu-L3 edge in LSCO
x = 0.12 and 0.16 allow an in-depth analysis of the quasi-elastic and low-energy excitations in
this compound. Phonon behaviours, and especially the anomaly in the CuO bond-stretching
phonon due to coupling to charge order, are studied in detail. Thanks to the sensitivity of
RIXS, these measurements also show that the CDW is stronger in this material than previously
thought, with CDW modulations in underdoped LSCO x = 0.12 persisting at least up to 150 K,
above the pseudogap onset temperature, and weaker modulations present in overdoped LSCO
x = 0.16.
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Chapter 1

Introduction

This thesis presents studies of charge density waves in cuprate superconductors. Supercon-
ductors are characterised by a phase in which electrons in the system are paired into so-called
Cooper pairs, with the formation of a superconducting gap at the Fermi level, which leads to
extraordinary properties, such as perfect conductivity and perfect diamagnetism. Mercury or
lead for example, amongst many other materials, are superconducting below a superconduct-
ing transition temperature Tc [1, 2]. The cuprates are crystalline solids characterised by CuO2

planes, stacked in their structure and separated by charge reservoirs. The superconductivity
in cuprate superconductors is unconventional, in that the Cooper pairing mechanism is not
due to electron-phonon coupling and the symmetry of the superconducting gap is not isotropic
s-wave but rather nodal singlet d-wave [3]. Other unconventional superconductors include the
heavy fermions [4] or iron-based superconductors [5]. The cuprates are also considered to be
high-Tc superconductors, with Tc values above the historical limit of 30 K. They were discovered
in 1986 by Bednorz and Müller, with the La2−xBaxCuO4 (LBCO) compound [6]. Since then,
dozens of compounds belonging to the cuprate family have been discovered, with Tc values up
to 134 K [7].

The cuprates are fascinating materials that exhibit many more interesting properties than
superconductivity. Variation of temperature and doping (by atom substitution for example),
allows us the depiction of the temperature-doping phase diagram of the cuprates. Starting from
the insulator at zero doping to normal metal at maximum doping, several phases are crossed
in between, coexisting or competing with each other. The field of the cuprates was marked by
the important discoveries of the pseudogap, a partial opening of a gap at the Fermi surface,
and charge density wave (CDW) order, a periodic distortion of the lattice and charge density
variations, which are now both believed to be ubiquitous in these materials.

Understanding the interplay of superconductivity, the pseudogap and the CDW has been the
focus of many studies, and is also of interest in this thesis. The cuprates can be separated into the
hole-doped and electron-doped compounds, which exhibit similar, but not identical, properties.
The asymmetry of the phase diagram between electron- and hole-doped is an important question,
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Chapter 1. Introduction

one that we will try to bring more light onto by studying the CDW in the electron-doped
compound Nd2−xCexCuO4+δ (NCCO).

Apart from temperature and doping variations, one can apply a magnetic field or pressure
to modify the electronic properties. In the extensively studied cuprate YBa2Cu3O6+δ (YBCO),
hole-doped by variation of its oxygen content, this led to the consolidation of the hypothesis that
superconductivity and CDW are competing orders, as well as the discovery of a field-induced 3D
CDW order compared to 2D CDW fluctuations in zero and low field [8,9]. In this work, uniaxial
pressure is used as a tuning parameter to study the interplay between superconductivity and
CDW in YBCO.

Although electron-phonon coupling is not directly the cause of superconductivity in the
cuprates, it is not insignificant in these materials. Indeed, phonon anomalies (with anomalous
dispersions, large linewidths and anomalous temperature dependences), due to strong electron-
phonon coupling, are believed to be a universal feature of the cuprates. In particular, the Cu-O
bond-stretching phonon anomaly in some charge and spin stripe-ordered compounds has been
linked to the charge order fluctuations [10–12]. In La2−xSrxCuO4 (LSCO), spin fluctuations
had been observed, but CDW fluctuations were only observed recently [13–16]. The Cu-O
bond-stretching phonon presents an anomalous dispersion and linewidth broadening for some
dopings [17]. The last results chapter in this thesis presents studies of the CDW in LSCO and
its interplay with other orders, as well as the phonon anomaly and electron-phonon coupling.

In order to investigate these properties, various experimental techniques are used, but in
particular x-ray and neutron scattering techniques, provided by world-leading scientific research
facilities such as the ISIS Neutron and Muon Source, UK, the European Synchrotron Radiation
Facility (ESRF), France, and Diamond Light Source (DLS), UK. These facilities are capable
of producing intense neutron and x-ray beams from spallation source (ISIS) and synchrotrons
(ESRF and DLS), respectively, interacting with the sample before being measured by high-
resolution instruments. Neutron and non-resonant x-ray scattering give information on lattice
and magnetic structures, while resonant x-ray scattering also provide details on charge and or-
bital degrees of freedom. The latest technological advances in resonant inelastic x-ray scattering
(RIXS) beamlines, with improvements of the flux and the energy resolution in particular, make
it a powerful tool to study the CDW, phonons and electron-phonon coupling effects in cuprates.

The outline of the thesis is thus as follows.
Chapter 2 provides the theoretical background required for the understanding of the phe-

nomena observed and the interpretation of the experimental results. This include sections
on superconductivity, the charge density wave, and scattering theory, with descriptions of the
neutron, non-resonant x-ray and resonant inelastic x-ray scattering cases.

Chapter 3’s purpose is to give essential background on the three materials studied and depict
the big picture on the cuprate superconductors. The crystallographic and electronic structures
are presented, as well as the different phases comprising the intricate phase diagram of the
cuprates, both on the electron- and hole-doped side.

2



Methods to measure the superconducting transitions of samples and other characterisation
techniques are reported in the first part of chapter 4. It is followed by explanations on neutron
production at ISIS and the time-of-flight technique, as well as the production of soft and hard
x-rays at the ESRF and DLS. The setups of the different beamlines where experiments were
conducted are presented: the MERLIN spectrometer at ISIS for inelastic neutron scattering,
the I16 (Materials and Magnetism) beamline at DLS for high-resolution single crystal x-ray
diffraction, and the two RIXS beamlines, ID32 at the ESRF and I21 at DLS.

Chapter 5 presents the travelling-solvent floating-zone technique and its application to the
temperature-composition phase diagram of the (Nd,Ce)2O3 - CuO binary system, for the growth
of Nd2−xCexCuO4+δ (NCCO) crystals using an image furnace. Then the results of a hard
(14 keV) x-ray diffraction experiment are presented, aimed at studying the charge density wave
order in NCCO x = 0.15.

Studies on the effect of uniaxial strain on superconductivity and the charge density wave in
YBa2Cu3O6+δ (YBCO) are presented in chapter 6. This involved the design of a mechanical
device to apply uniaxial strain on thin YBCO single crystals. Measurements of supercon-
ductivity under uniaxial strain on two dopings, and results of hard (11.5 keV) x-ray diffraction
measurements to study the charge density wave in underdoped YBCO (p = 0.11) under uniaxial
strain are reported and discussed.

Chapter 7 focuses on the cuprate La2−xSrxCuO4 (LSCO). Inelastic neutron scattering meas-
urements in LSCO x = 0.12 are linked to resonant inelastic x-ray scattering measurements in
LSCO x = 0.12 and x = 0.16 at the Cu L-edge for a more in-depth understanding of the charge
density wave, the phonon behaviours and the electron-phonon coupling in this material.

A general conclusion is presented in chapter 8.
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Chapter 2

Theoretical Background

This chapter provides important theoretical background, ranging from the description of su-
perconductivity and charge density waves in the first part, to scattering theory in the second
part. Superconductivity is introduced via phenomenological observations, before giving a brief
description of the BCS theory, and the differences between conventional and unconventional
superconductors. The charge density wave ground state is explained in terms of lattice dis-
tortion (Peierls transition) and periodic charge density variations. From scattering theory, the
definitions and calculations of cross-sections in specific cases are established, with focus on neut-
ron, non-resonant x-ray and resonant inelastic x-ray scattering. The differences between these
techniques, and how they allow the measurements of the charge density wave and phonons, of
particular interest in this thesis, are presented.

5



Chapter 2. Theoretical Background

2.1 Superconductivity

This section starts by presenting a brief overview of the discovery and phenomenological obser-
vations of superconductivity, before introducing the BCS theory, which provides a microscopic
theory of superconductivity and for which its authors Bardeen, Cooper, Schrieffer, were awarded
the Nobel Prize in Physics in 1972. Not all superconductors are well described by this theory
however, and these are referred to as unconventional superconductors, which will be introduced
in the last subsection. The subject of superconductivity is covered in more details in the books
by Aschcroft and Mermin [18], Kittel [19], and, in particular, Tinkham [2].

2.1.1 Phenomenology

The phenomenon of superconductivity was first observed in 1911, with the resistance of pure
mercury suddenly dropping at very low temperatures (∼ 4.2 K) and becoming zero within the
limits of experimental accuracy (< 10−5 Ω) [1]. The temperature separating the superconduct-
ing from the normal state is called the critical temperature Tc. Superconductors also exhibit
unexpected magnetic properties. When a sample placed in an external magnetic field is cooled
below Tc, the magnetic field is ejected from the sample; this is known as the Meissner effect. In
an applied magnetic field H, the magnetisation of the sample M = −H in the superconduct-
ing state. Perfect conductivity and perfect diamagnetism are two essential characteristics of a
superconductor.

H!

-M!

Hc!

Hc!

H!

-M!

Hc1! Hc2!Hc!

Type II!Type I!

Figure 2.1: Magnetisation M as a function of applied magnetic field H for Type I and Type II
superconductors. For Type I, the sample is superconducting below Hc. For Type II, the
superconducting and normal state are further separated by a mixed state between Hc1 < H <
Hc2.

The magnetisation M of a sample as a function of the applied field H is shown in figure
2.1. For Type I superconductors, above a critical field Hc, superconductivity is destroyed. For
Type II superconductors, the magnetisation of the sample is linear with field until reaching the
lower critical Hc1. At fields Hc1 < H < Hc2, the Meissner effect is incomplete and the sample
is in the mixed state. At the upper critical field Hc2, the normal state is reached. In the mixed
state, the magnetic field partially penetrates the sample and vortices are formed, with high
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2.1. Superconductivity

fields in the centre, and zero field outside of the vortices. These vortices tend to form a regular
array, although inhomogeneities in real materials lead to pinning of the vortices and an irregular
lattice.

Phenomenological descriptions of conventional superconductors were provided by the Lon-
don brothers, as well as Ginzburg and Landau. Assuming the density of superconducting
electrons ns is a fraction of the total electronic density n, with ns → n at T � Tc and ns → 0
at T ' Tc, the London equations describing the local electric E and magnetic B fields can be
written as

∂

∂t
Js = 1

µ0λ2
L

E, (2.1)

∇× Js = − 1
µ0λ2

L

B, (2.2)

where Js is the superconducting current density, µ0 is the vacuum permeability, and λL is the
London penetration depth given by

λL =
√

m

µ0nse2 . (2.3)

The first equation (2.1) describes the perfect conductivity of a superconductor, while the Meiss-
ner effect follows from the second equation (2.2), as combined with the fourth Maxwell equation
in static condition it leads to

∇2B = 1
λ2
L

B. (2.4)

The magnetic field is screened from the inside of the superconductor, within a distance equal
to the London penetration depth.

The Ginzburg-Landau (GL) theory describes a superconductor in terms of the supercon-
ducting wavefunction Ψ, with the local density of superconducting electrons ns = |Ψ|2. The
basis of the theory is derived from the differential equation

1
2m∗

(~
i
∆− e∗

c
A
)2
ψ + β|ψ|2ψ = −α(T )ψ, (2.5)

with expansion coefficients α(T ) and β, and considering particles of effective massm∗ and charge
e∗. The characteristic length of the superconducting wavefunction is given by the coherence
length

ξ(T ) = ~√
2m∗|α(T )| . (2.6)

The dimensionless GL parameter Q is defined as the ratio of the penetration depth over the
coherence length,

Q = λ(T )
ξ(T ) . (2.7)
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Chapter 2. Theoretical Background

The valueQ = 1√
2 separates Type I from Type II superconductors. For Type II superconductors,

Q > 1√
2 and therefore ξ < λ. Most pure metals are Type I, while high-Tc superconductors are

Type II, with Q � 1. The upper critical field Hc2 can be expressed in terms of the coherence
length, with

Hc2 = φ0
2πξ2 , (2.8)

where φ0 = h/2e is the flux quantum.

2.1.2 BCS theory

The BCS theory of superconductivity, published by Bardeen, Cooper, and Schrieffer in 1957 [20],
brought the understanding of superconductivity to the microscopic level. The basis of the theory
is that even a weak attractive interaction between electrons causes the formation of bound pairs
of electrons. The electrons in the bound pair occupy states with equal and opposite momentum
and spin, and are referred to as Cooper pairs. In the case of BCS, this interaction, V , is constant
and negative. For conventional superconductors, the attractive interaction arises from electron-
phonon coupling. It acts near the Fermi energy over a range ±~ωD, where ωD is the Debye
frequency. The BCS ground state is then different from the Fermi state and separated from
the first excited states by an energy gap. The ideas behind the theory and the main results are
presented here but more details can be found in references [21] and [2].

The idea that electron-electron interactions coupled via the lattice vibrations (phonons)
field might be responsible for superconductivity was brought earlier on, in 1950 [22]. Then
the isotope effect was observed in Hg [23, 24], in which Tc decreases when the isotopic mass
M increases, such that MαTc = const, with α ' 0.5. This factor suggests a connection with
phonons, as the lattice vibrations frequencies are proportional to m−1/2 where m is the atom
mass.

The existence of an energy gap in the single-electron energy spectrum was also predicted in
the simple case of a 1D free electron gas interacting with phonons [25]. Experimental evidence
was brought by specific heat measurements of V [26], where the electronic specific heat ce at
T � Tc has the exponential form ce = αγTc exp (−βTc/T ) with α, β constants, instead of
the normal state behaviour ce = γT , where γ is the normal state Sommerfeld coefficient. The
temperature dependence suggests an energy gap in the energy level spectrum of ∼ βkBTc.

The BCS ground state describes the Cooper pairs in the system and can be expressed as

|ΨBCS〉 =
∏
k

(uk + vkc
†
k↑c
†
−k↓) |ψ0〉 , (2.9)

where |ψ0〉 is the vacuum state, vk is the probability that the pair (k ↑,−k ↓) is occupied, and
uk that it is unoccupied, with |uk|2 + |vk|2 = 1. The pairing Hamiltonian is

H =
∑
k,σ

εkc
†
kσckσ +

∑
k,k′

Vkk′c†k↑c
†
−k↓c−k′↓ck′↑, (2.10)
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2.1. Superconductivity

where Vkk′ is the interaction potential related to the scattering of a pair from (k′ ↑,−k′ ↓) to
(k ↑,−k ↓). The excitation energy Ek of a quasiparticle of momentum ~k is

Ek =
√
ε2k + ∆2

k, (2.11)

where εk is the normal state energy and ∆k is the energy gap. ∆k is also the order parameter
of the theory and the condition for self-consistency can be written as

∆k = −
∑
k′

Vkk′
∆k′

2Ek′
. (2.12)

In the framework of the BCS theory, the interaction potential is taken as negative and constant,
and so the energy gap is independent of k.

The penetration depth and coherence length are direct consequences of the BCS theory.
Quantitative predictions include the temperature dependence of the gap, the critical field and
of thermodynamic quantities such as the specific heat. The critical temperature Tc is the
temperature at which the gap disappears, ∆(T )→ 0, and can be expressed as

kBTc = 1.13~ωD exp
(
− 1
N(εF )V

)
, (2.13)

where N(εF ) is the normal density of state at the Fermi level. In the weak coupling limit
(N(εF )V � 1), the ratio between the gap and the critical temperature is constant,

∆(0)
kBTc

= 1.76. (2.14)

2.1.3 Unconventional superconductivity

Superconductivity in some materials is however not well described by the BCS theory. This can
be due to a more complicated form of the interaction potential Vkk′ and/or to an electron pairing
mechanism which is not phonon-mediated. These materials are referred to as unconventional
superconductors. With an interaction that is not constant and negative as assumed in the case
of the BCS theory, following equation 2.12, the superconducting gap is also k-dependent.

The pair wavefunction can be expressed as a product of a spatial and spin part. The orbital
structure of the pairs can be s, d, p or f -wave depending on the angular momentum l = 0, 1, 2, 3.
The spin part can be either singlet or triplet, with S = 0 or S = 1, respectively. The overall
wavefunction must be antisymmetric under particle exchange. In the BCS case, S = 0 and
L = 0, and the pairing state is singlet s-wave. In this case, the gap is isotropic as shown in
figure 2.2. Different pairing states exist however, and for cuprates, it is a singlet dx2−y2 pairing
(with S = 0 and L = 2) [3]. The gap is then anisotropic and there are nodes on the Fermi
surface at which the gap becomes zero, see figure 2.2. In the cuprates, Cooper pairs are still
formed leading to superconductivity [27], but the pairing mechanism has not yet been identified.
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+!

-!

+!

-!

kx!

ky!

s-wave! d-wave!

Figure 2.2: Schematic diagrams of the s-wave (isotropic) and d-wave (anisotropic, with nodes)
superconducting gap.

2.2 Charge density wave

In a similar formalism to the BCS theory for the pairing of electrons of equal and opposite
spin and wavevector, the pairing of two states of opposite wavevectors, one occupied and one
empty, separated by 2kF , lowers the energy of a one-dimensional (1D) system, and in this
case leads to the formation of a density wave. Whereas the superconducting ground state
displays broken gauge symmetry, it is translational symmetry that is broken for the density wave
ground state. Charge density waves (CDW) or spin density waves (SDW) typically occur due
to electron-phonon interactions, preferentially in quasi-1D materials, which are characterised
by highly anisotropic crystallographic and electronic structures. Here we focus on the CDW,
the ground state of which is described by periodic modulations of the charge density and of the
lattice [28,29].

A time independent potential φ(q) can modify the charge density of an electron gas, and
the charge density fluctuation ρind(q) can be expressed in terms of the linear response theory
as

ρind(q) = χ(q)φ(q). (2.15)

The Lindhard response function χ(q) for d dimension(s) is given by

χ(q) =
∫ dk

(2π)d
fk − fk+q
εk − εk+q

, (2.16)

where fk = f(εk) is the Fermi function. The Lindhard function at T = 0 is shown for the
1D, 2D and 3D electron gas in figure 2.3 a). For the 1D case, the response function can be
approximated to a linear dispersion relation around EF and diverges at q = kF . Following
equation 2.15, this divergence means that an external potential leads to a divergence of the
charge density. At T = 0, the electron gas is unstable, and a periodically varying spin or charge
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2.2. Charge density wave

density will appear, with a modulation of period

λ0 = π

kF
. (2.17)

The divergence of the response function is strong in 1D, but disappears for higher dimensions,
depending strongly on the particular topology of the Fermi surface (FS). The FS of a 1D electron
gas consists of two parallels planes, separated by 2kF , and nesting vectors can link pairs of full
and empty states with the same energy and differing by a wavevector q = 2kF , see figure 2.3
b). The perfect nesting condition is only present in the 1D case, and at higher dimensions the
singularity of the response function progressively diminishes.

q	

q	

q	

a)! b)!

1D!

2D!

3D!

Figure 2.3: a) Lindhard function for the 1D, 2D and 3D electron gas. From [28]. b) Simplest
Fermi surfaces of the 1D (plane), 2D (cylinder) and 3D (sphere) electron gas, with nesting
vectors q = 2kF .

The CDW state can be described for a 1D coupled electron-lattice system, formed of a 1D
electron gas and a linear chain of ions, by the Fröhlich Hamiltonian. This Hamiltonian consists
of distinct electron and phonon parts as well as an electron-phonon interaction term,

H =
∑

k
εka
†
kak +

∑
q

~ωqb
†
qbq +

∑
k,q

gqa
†
k+qak

(
b†−q + bq

)
, (2.18)

where a†k (ak) is the creation (annihilation) operator of an electron in the state k, b†k (bk) is the
phonon creation (annihilation) operator, and gk is the electron-phonon coupling constant.
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Chapter 2. Theoretical Background

Figure 2.4: Acoustic phonon dispersions at T = TCDW for 1D, 2D and 3D metals. From [28].

The effect of the electron-phonon interaction on the lattice vibrations leads to a strongly
renormalised phonon frequency ωq, with an anomaly strongest at the nesting vector of the FS,
known as a Kohn anomaly. Figure 2.4 shows the phonon spectra in the 1D, 2D, and 3D cases,
with the most significant effect in the 1D case. The renormalised phonon frequency can become
zero (ωren,2kF

→ 0) below a finite temperature T < TCDW, giving place to a static lattice
deformation and a periodically varying charge modulation. The order parameter ∆CDW related
to the phase transition is

∆CDW = g2kF
〈b2kF

+ b†−2kF
〉 exp (i2kFx) = |∆CDW| exp (i2kFx), (2.19)

where 〈...〉 indicates the thermal expectation value and |∆CDW| is the amplitude of the single
particle gap. The energy dispersion becomes

Ek =
√
ε2k + |∆CDW|2, (2.20)

with the opening of a single particle gap ∆CDW at ±kF . The distortion of the lattice is known
as a Peierls transition and the thermal average of the lattice displacement can be written as

〈u(x)〉 = ∆u cos (2kFx+ φ), (2.21)

where ∆u is the displacement amplitude. Similarly, the periodic charge density variation ρ(x)
is given by

ρ(x) = ρ0

[
1 + ∆CDW

~vFkFλ
cos(2kFx+ φ)

]
(2.22)

where ρ0 is the electronic density in the metallic state. The charge density, the equilibrium
lattice positions and the energy dispersions are shown in figure 2.5, at T > TCDW and T < TCDW.
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2.3. Introduction to scattering theory

TCDW is typically higher than Tc because the relevant cut-off energy is ∼ εF for the CDW, while
it is ∼ ~ωD for superconductivity, and εF � ~ωD in general.

a)! b)!

ε(k)	

π/a	-π/a	 0	 kF	-kF	

εF	 ΔCDW	

kF = π/2a	-kF	

ρ(x)	

a	 2a	

k	 k	

ρ(x)	

Figure 2.5: The single particle band with the corresponding charge density ρ(x) and lattice
distortion in a) the metallic state at T > TCDW and b) the CDW state at T = 0. Adapted
from [28].

2.3 Introduction to scattering theory

In order to effectively describe scattering from a crystal, the crystal lattice and reciprocal lattice
are defined, with useful associated notations. Then the general scattering geometry with an
incoming beam of particles scattered by a target is presented, as well as the definition of the
cross-sections. The specific cases of neutron and x-ray scattering are treated in sections 2.4
and 2.5, respectively. An introduction to general scattering theory is given in [30], neutron
scattering is described in more details in [31–33], and x-ray scattering in [34,35].

2.3.1 Crystal (reciprocal) lattice

A perfect crystal is made of a lattice with a periodically repeating unit cell (UC). The basis
vectors of the direct lattice are ai (i = 1, 2, 3), and the volume of the UC is given by

v0 = a1 · (a2 × a3). (2.23)

The lattice vectors rl are expressed in this basis as

rl = l1a1 + l2a2 + l3a3, (2.24)

where the integers li are the cell indices. For a Bravais lattice, where the UC contains only one
lattice site with one atom, the position of the atom Rl is simply equal to rl. For a non-Bravais
lattice, with more than one atom per UC, the position rd of each atom needs to be defined
within a UC, with

rd = d1a1 + d2a2 + d3a3, (2.25)
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Chapter 2. Theoretical Background

where 0 ≤ di ≤ 1 (rd = 0 is the corner of the UC). The position of the atom in the crystal is
then given by Rld = rl + rd.

The reciprocal lattice is defined with the basis vectors

a∗1 = 2π
v0

a2 × a3, a∗2 = 2π
v0

a3 × a1, and a∗3 = 2π
v0

a1 × a2. (2.26)

A reciprocal lattice vector τ can be written as

τ = ha∗1 + ka∗2 + la∗3, (2.27)

where h, k, l are integers.

2.3.2 Scattering geometry and cross-section

When describing a typical scattering experiment, with an incident beam of particles (electrons,
x-ray photons or neutrons), all with initial wavevector k (|k| = 2π/λ) and energy E, scattered
by a target to be in a final state with wavevector k′ and energy E′, two important quantities
are defined: the scattering vector Q,

Q = k− k′, (2.28)

and the energy transfer ~ω,
~ω = E − E′. (2.29)

In the case of elastic scattering, ~ω = 0 and |k| = |k′|. For inelastic scattering, there is a
non-zero energy transfer in the sample.

The geometry of a typical scattering experiment is shown in figure 2.6, with the incident
beam along z, and the scattered beam in the direction θ, φ. The incident flux Φ is defined as
the number of incoming particles per unit time and per unit area perpendicular to the flow.
The experimental setup (and in particular the incident energy of the particles) determines the
portion of (Q, ω) space that can be investigated. What is measured during an experiment is
directly related to the partial differential cross-section d2σ

dΩdE′ , which is the number of particles
per unit time of incident energy E scattered into the solid angle dΩ with final energy between
E′ and E′ + dE′, divided by ΦdΩdE′. Without discrimination of the scattered energy, the
differential cross-section is dσ

dΩ . Finally, the total cross-section σ is defined as the total number
of particles scattered per unit time, normalised by Φ. It can be calculated from integrating the
differential cross-section over all solid angles or integrating the partial differential cross-section
over all solid angles and over all final energies,

σtot =
∫ 4π

0

( dσ
dΩ

)
dΩ =

∫ 4π

0

∫ ∞
0

(
d2σ

dΩdE′

)
dE′dΩ. (2.30)
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dΩ 
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kʹ 

Figure 2.6: Scattering geometry of an incoming particle of wavevector k, scattered from the
target into the solid angle dΩ in the direction of the scattering angle θ and azimuthal angle φ,
with a final wavevector k′.

The state of the system is described as a product state of the incident particles (with
wavevector k) and the target (target state λ); the initial state of the system is then written
as |k〉 |λ〉 = |kλ〉. The differential cross-section describing all the processes going from initial
states k, λ to final states k′, λ′ is( dσ

dΩ

)
λ→λ′

= 1
Φ

1
dΩ

∑
k′ in dΩ

Wk,λ→k′λ′ , (2.31)

where Wk,λ→k′λ′ is the number of transitions per second from the state k, λ to k′, λ′. It can
be evaluated using Fermi’s golden rule,

Wk,λ→k′λ′ = 2π
~
ρ(k′)|〈k′λ′|V̂(r)|kλ〉|2, (2.32)

where ρ(k′) is the density of momentum states in dΩ for scattered particles in the state k′, and
V̂ (r) is the interaction potential operator between the incident particle of position r and the
target sample. The Fourier transform of the interaction potential is expressed as

V̂(Q) =
∫

V̂(r) exp(iQ · r)dr. (2.33)

The probability pλ of the system being in the initial state λ is given by the Boltzmann distri-
bution,

pλ = 1
Z

exp(−Eλ/kBT ). (2.34)

To obtain the total partial differential cross-section, all final states are summed over and then
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all initial states are averaged over, such that

d2σ

dΩdE′ =
∑
λ

pλ
∑
λ′

(
d2σ

dΩdE′

)
λ→λ′

. (2.35)

2.4 Neutron scattering theory

Neutrons are neutral particles, whose kinetic energy can be expressed in terms of their mass
mn and velocity v or de Broglie wavelength λn or wavevector k with

E = 1
2mnv

2 = ~2

2mnλ2
n

= ~2k2

2mn
. (2.36)

Being chargeless, neutrons can penetrate far into a material, where they interact with the nuclei
via the strong nuclear force. This force acts over short distances and therefore large samples
are necessary for a sufficient scattering signal to be measured. The magnetic moment of the
neutrons implies that it can also interact with unpaired orbital electrons in magnetic materials.

By convention, the energy of a neutron is linked to its temperature T via

E = kBT. (2.37)

Thermal neutrons are in the energy range ∼ 5− 100 meV, which corresponds to a temperature
range 60 − 1000 K. The standard velocity of a thermal neutron is at room temperature (T =
293 K), with v = 2.2 km · s−1, E = 25.2 meV and λn = 1.8 Å. The de Broglie wavelength is
then close to interatomic distances, giving information on the structure of the material, and
the energy is similar to typical lattice and magnetic excitations. Hence neutron scattering is a
powerful technique to investigate the bulk properties of materials.

Considering the interaction of neutrons with matter, the scattering of neutrons by a fixed
single nucleus can be described by

dσ
dΩ = b2, (2.38)

where b is the scattering length of the nucleus. For this simple case, the total cross-section is
σtot = 4π|b|2. The scattering length is a complex number specific to different atoms, which
doesn’t vary in a simple way with atomic number, and is isotope- and spin-dependent.

For nuclear scattering by crystals with different atoms, with scattering lengths bj for the jth

nucleus and nucleus positions Rj , the interaction V̂N is given by the Fermi pseudo-potential

V̂N(r) = 2π~2

mn

∑
j

bjδ(r−Rj). (2.39)
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By Fourier transformation, the interaction potential in Q-space is given by

V̂N(Q) = 2π~2

mn

∑
j

bj exp(iQ ·Rj). (2.40)

For neutrons, the general expression for the total partial differential cross-section from equation
2.35 becomes the master equation

d2σ

dΩdE′ = k′

k

(
mn

2π~2

)2∑
λ

pλ
∑
λ′

∣∣ 〈λ′| V̂(Q) |λ〉
∣∣2δ(Eλ − Eλ′ + ~ω). (2.41)

By defining the dynamic structure factor S(Q, ω) (also called scattering law or scattering func-
tion), which is a 4D function depending on the structure and dynamics of the target and on the
interaction potential, but not on the experimental parameters k and k′, it becomes simply,

d2σ

dΩdE′ = k′

k S(Q, ω). (2.42)

Using the expression for the interaction potential from equation 2.40, summing over final
states and averaging over initial states, it becomes

d2σ

dΩdE′ = k′

k
1

2π~
∑
jj′

bjbj′

∫ ∞
−∞

〈
exp

(−iQ ·Rj′(0)
)

exp (iQ ·Rj(t))
〉

exp(−iωt)dt, (2.43)

where 〈...〉 indicates thermal averaging.
The scattering length of the target b depends on the different scattering lengths bj for

different nuclei, with no correlations between the values, such that bjbj′ = (b)2 (for j 6= j′) and
bjbj = b2. The total partial differential cross-section can be separated into the sum of two parts,
namely coherent scattering,
( d2σ

dΩdE′
)
coh

= σcoh
4π

k′

k
1

2π~
∑
jj′

∫ ∞
−∞

〈
exp

(−iQ ·Rj′(0)
)

exp (iQ ·Rj(t))
〉

exp(−iωt)dt, (2.44)

with σcoh = 4π(b̄)2, and incoherent scattering,
( d2σ

dΩdE′
)
inc

= σinc
4π

k′

k
1

2π~
∑
j

∫ ∞
−∞

〈
exp (−iQ ·Rj(0)) exp (iQ ·Rj(t))

〉
exp(−iωt)dt, (2.45)

where σinc = 4π(b2 − (b)2). Both depend on correlations between the positions of the same
nucleus at different times, but coherent scattering is also dependent on the correlations between
the position of different nuclei at different times. While incoherent scattering is almost isotropic,
coherent scattering gives interference effects and thus yield information on the relative atomic
positions and the structure of the material. Focus is hereafter brought on the description of
coherent scattering.
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When describing scattering from non-Bravais crystals, the position Rld of the atoms is given
by

Rld = rl + rd + uld, (2.46)

where uld is the displacement from the equilibrium position. These can be expressed as the sum
of displacements due to a set of normal modes,

uld =
√

~
2MdN

∑
s

1√
ωs

(
edsas exp (iq · l) + e∗dsa†s exp (−iq · l)), (2.47)

where N is the number of UC in the crystal, Md and eds are the mass and polarisation vector,
respectively, of the atom at position d. The sum over s is over the double index q,j where q is
the wavevector and j the polarisation index of the mode.

The coherent cross-section for all processes is given by
( d2σ

dΩdE′
)
coh

=k′

k
1

2π~
∑
rlrd

∑
r′

l
r′

d

exp (iQ · (rl + rd − r′l − r′d))∫ ∞
−∞

〈
exp (−Q · ul′d′(0)) exp (Q · uld(t))

〉
exp (−iωt)dt.

(2.48)

From this general expression, the coherent elastic and coherent one-phonon cross-sections can
be calculated, and the results are presented in the next two subsections.

2.4.1 Bragg scattering

Coherent elastic scattering means that there is no change in neutron energy and wavevector
amplitude, hence ~ω = 0 and |k′| = |k|. For non-Bravais crystals, the coherent differential
cross-section is given by

( dσ
dΩ

)
coh,el

= N
∑
l

exp (iQ · rl)
∣∣∣∣∑
d

bd exp (iQ · rd) exp (−Wd)
∣∣∣∣2. (2.49)

The Debye-Waller factor, defined as Wd(Q) = 1
2〈(Q · uld)2〉, can be written as

Wd(Q) = 1
2〈(Q · uld)

2〉 = ~
4MdN

∑
s

|Q · eds|2
ωs

〈2ns + 1〉. (2.50)

The coherent elastic different cross-section can be written in terms of the nuclear UC structure
factor

FN (Q) =
∑
d

bd exp (iQ · rd) exp (−Wd), (2.51)

such that ( dσ
dΩ

)
coh,el

= N
(2π)3

v0

∑
τ

∣∣FN (Q)
∣∣2δ(Q− τ ). (2.52)
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2.5. X-ray scattering theory

The δ-function imposes that coherent elastic scattering occurs only when Q = k − k′ = τ ,
which is equivalent to Bragg scattering.

2.4.2 Phonon scattering

Instead of considering a static lattice, the dynamical motion of the nuclei can be introduced
to first order, leading to the one-phonon cross-section. The coherent one-phonon scattering
cross-section is the sum of two contributions,

( d2σ

dΩdE′
)
coh,1ph

=
( d2σ

dΩdE′
)
coh+1

+
( d2σ

dΩdE′
)
coh−1

, (2.53)

corresponding to the creation (coh+1) and annihilation (coh-1) of a phonon in the sth normal
mode. These two processes are referred to as one-phonon emission and absorption, respectively.
For a non-Bravais crystal, the cross-section for coherent one-phonon emission can be expressed
as ( d2σ

dΩdE′
)
coh+1

= k′

k
(2π)3

v0

∑
s

∑
τ

∣∣FNcoh,1ph(Q)
∣∣2〈ns + 1〉δ(ω − ωs)δ(Q− q − τ ), (2.54)

where
FNcoh,1ph(Q) = 1√

ωs

∑
d

bd√
Md

exp (−Wd) exp (iQ · rd)(Q · eds) (2.55)

is the coherent one-phonon structure factor. The conditions that must be fulfilled for this
process correspond to energy and momentum conservation, with ω = ωs and Q = τ + q. The
first condition means that the neutron loses an amount of kinetic energy equal to the energy of
a phonon of the sth normal mode. The second condition implies a change of momentum in the
crystal of ~(τ + q). For the coherent one-phonon absorption process, the cross-section can be
expressed as

( d2σ

dΩdE′
)
coh−1

= k′

k
(2π)3

v0

∑
s

∑
τ

∣∣FNcoh,1ph(Q)
∣∣2〈ns〉δ(ω + ωs)δ(Q+ q − τ ), (2.56)

and the neutron’s kinetic energy is increased by the energy ~ωs of the annihilated phonon.
The phonon dispersion relations (frequency ωs as a function of wavevector Q and polarisation

index j) can be measured with neutrons using time-of-flight (measuring the velocity of scattered
neutrons with fixed initial velocity, more details about this technique in section 4.2) or a triple-
axis spectrometer (in constant q mode).

2.5 X-ray scattering theory

An x-ray photon can be expressed in terms of an electromagnetic (EM) wave, with electric and
magnetic fields oscillating at a frequency ν. It has no charge and interacts with the orbital
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electrons via EM interaction. It penetrates the material less than neutrons but more than
electrons which interact via the Coulomb interaction. The energy of the photon is related to its
frequency ν (ω = 2πν) or wavelength λph via

E = hν = hc

λph
. (2.57)

X-ray energies span from ∼ 100 eV to ∼ 100 keV. The higher energy x-rays are called hard
x-rays and are separated from soft x-rays at an approximate cut-off energy of 10 keV.

We focus on non-resonant processes first, which can be derived similarly to the neutron
scattering case, as they are well described by first-order perturbation theory and using Fermi’s
golden rule. This is not the case for resonant scattering, which will be described in more details
in section 2.5.3.

2.5.1 Atomic scattering

For x-ray scattering, the partial differential cross-section for all processes going from states k, λ
to final states k′, λ′ (where k is the photon initial wavevector and λ describes the target initial
state) is (

d2σ

dΩdE′

)
λ→λ′

= 1
(2π)2

1
~4c4E

′2|〈k′λ′|V̂(r)|kλ〉|2δ(Eλ − Eλ′ + ~ω). (2.58)

The interaction potential is given by

V̂(r) = − e2~
2meε0

|ε̂ · ε̂′|
√
ωiωf

ρ(r), (2.59)

where ε is electric-field polarisation and ρ(r) is the electron number density.
The atomic scattering in the x-ray case can be derived similarly to the neutron case. Instead

of the neutron scattering length b, the x-ray differential cross-section by a fixed single atom is
linked to the atomic scattering form factor f ,

dσ
dΩ = |f |2. (2.60)

The x-ray interaction potential can be written in Q-space as a sum over the atoms,

V̂(Q) =
∑
j

fj(Q) exp (iQ ·Rj). (2.61)

To first order, coherent elastic scattering is described by
( dσ

dΩ

)
coh,el

= r2
e |ε̂ · ε̂′|2N

(2π)3

v0

∑
τ

|FA(Q)|2δ(Q− τ ), (2.62)

where re = e2/4πε0mc2 ' 2.82 · 10−15 m is the classical electron radius (Thomson scattering
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2.5. X-ray scattering theory

length), and the atomic scattering structure factor is given by

FA(Q) =
∑
d

fd(Q) exp (iQ · rd) exp(−2Wd). (2.63)

2.5.2 Scattering from incommensurate structures

Atomic modulations can lead to new structures, classified depending on their periodicity with
respect to the original lattice structure, whose periodicity is given by the lattice parameters.
If the ratio of the two periodicities is a rational number, then the structure is commensurate
with the lattice and a superstructure is formed, while if it is an irrational number, it leads to
a so-called incommensurate structure. In the CDW state, the modulations of the atoms can
lead to the formation of an incommensurate structure, and the appearance of satellite Bragg
peaks [34]. The peak position depends on the periodicity of the modulations, while the width
of the peak relates to the correlation length.

The structure factor for the scattering from an incommensurate structure can be calculated
for a non-Bravais lattice, where the atoms have positions Rld as defined in equation 2.46. The
displacement uld due to the incommensurate modulations can be written as

uld = u′d cos(q · rl) + u′′d sin(q · rl),

= 1
2 {u

∗
d exp(iq · rl) + ud exp(−iq · rl)} , (2.64)

where ud = ud0 exp(−iq · rd) is the displacement amplitude from the reference displacement
ud0. With the Q-dependent scattering form factor fd(Q) of atom d, the structure factor is
written as

F (Q) =
∑
ld

fd(Q) exp(iQ · (rld + uld))

=
∑
ld

fd(Q) exp(iQ · rl) exp(iQ · rd) exp(iQ · uld). (2.65)

Considering small displacements, |uld| � 1, the last term in equation 2.65 can be expanded to
first order as exp(iQ · uld) = 1 + iQ · uld. The lattice sum can be rewritten as a sum over the
reciprocal lattice vectors τ ,

∑
l

exp(iQ · rl) = (2π)3

v0

∑
τ

δ(Q− τ ). (2.66)
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Finally, the structure factor consists of three terms as follows,

F (Q) = (2π)3

v0

∑
τ

δ(Q− τ )
∑
d

fd(Q) exp(iτ · rd)

+ i

2
(2π)3

v0

∑
τ

δ[Q− (τ − q)]
∑
d

fd(Q)Q · u∗d0 exp(iτ · rd)

+ i

2
(2π)3

v0

∑
τ

δ[Q− (τ + q)]
∑
d

fd(Q)Q · ud0 exp(iτ · rd). (2.67)

The first term corresponds to Bragg scattering from the average lattice, with peaks at position
Q = τ . The second and third terms correspond to the satellite peaks centred on Q = τ −q and
τ + q, respectively. In the simplest case where all atoms are the same and all displacements u
are the same, the intensity of the satellite peaks is proportional to |Q · u|2.

2.5.3 Resonant inelastic x-ray scattering

Resonant x-ray scattering (RXS) relies on a resonant process, with the energy of the incoming
photons tuned to a specific x-ray absorption edge. It is therefore an element, site, valence
and orbital specific technique. In addition to lattice and magnetic structures that can also be
measured with neutrons and non-resonant x-rays, RXS gives information on charge and orbital
excitations directly, with momentum resolution, although in a more limited region of reciprocal
space. Resonant inelastic x-ray scattering (RIXS) also allows for energy resolution instead of
the energy-integrated mode of conventional RXS. The energy range of the different elementary
excitations observable with RIXS, i.e. phonons, magnons, orbital excitations (d-d), and charge
transfer excitations, are shown in figure 2.7.

RIXS is a bulk probe, but the photon penetration depth for soft x-rays is shorter (∼ nm) than
for hard x-rays (∼ µm), requiring sensitive sample’s surfaces to be prepared under ultra-high
vacuum (UHV) conditions or at least kept so during the experiment. A significant advantage
compared to INS is that very small samples (volumes of µm3 can be sufficient) can be measured
in a reasonable time. Finally, a high flux of incident photons is needed, even more so for
measurements in higher energy- and Q-resolution modes. The polarisation dependence of the
incoming photons is also important [36–39]. The π polarisation (parallel to the scattering plane)
is referred to as a the spin channel, as it enhances single magnon (spin-flip excitations) signals.
The σ polarisation (perpendicular to the scattering plane) is the charge channel, with strongest
quasi-elastic scattering and bimagnon (non-spin-flip excitations) signals. In terms of measuring
the CDW in cuprates, the non-resonant XRD technique is nearly energy-independent and relies
on the atomic displacements creating weak satellite peaks, as presented in section 2.5.2. RXS,
on the other hand, provides an enhanced sensitivity to fluctuations of specific valence electrons
charge density, which can be detected as a quasi-elastic peak in the RIXS spectrum [40]. More on
the theory of RXS, and the calculations of the RIXS cross-sections, can be found in [35,41–43].
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2.5. X-ray scattering theory

Figure 2.7: Energy scale for phonons (lattice vibrations), magnons (magnetic excitations),
d-d excitations (from one d orbital to another) and charge transfer (corresponding to Cu-O
exchange) in strongly correlated electron systems. From [41].

There are two different mechanisms leading to a RIXS signal : direct and indirect RIXS,
each with a different cross-section. The initial and final states of the direct RIXS process are
shown in figure 2.8. First, an incoming photon with energy ~ωk excites a core-electron into an
empty valence band state. The empty core level state is then filled by the decay of an electron
from the occupied states which emits an x-ray photon in the process, of energy ~ωk′ . In the
final state, an electron-hole excitation remains (with an electron in the empty valence band and
a hole in the filled valence band). This valence excitation has momentum ~q = ~k′ − ~k and
energy ~ω = ~ωk − ~ωk′ , from momentum and energy conservation. Direct RIXS occurs only
when both photoelectric transitions are allowed (from core to valence state, and from conduction
to core). At the L-edge of transition metals, this is possible due to 2p → 3d absorption and
subsequent 3d → 2p decay. At the K-edge of oxygen, it happens via initial dipolar transition
of 1s→ 2p, followed by 2p→ 1s decay.

Initial!

Valence band!

Core level!

Figure 1.23: (110) and (111) reflections.

1.3.2 Results

~!k ~!k0

Measured at 30 and 300K, in the range -40° to +140°.
Counts normalization : measured vanadium 20 µA at 300 K at the end of the experiment.

INS map

Maps measured at 30 K and 300 K.
HL intensity map measured at 30K, in the energy region of interest between 70 and 90 meV, see

figure 1.24, shows that the scattering is rod-like in L. Since this is L-independent, we can integrate
all values of L to study the energy dispersion of this phonon.

Figure 1.24: Neutron intensity map with L as a function of H measured at 30K, with K values
integrated between -4.1 and -3.9, and the energies interval between 70 and 90 K.

The intensity map with energy as a function of H in (H K) is presented in figure 1.25. L is
integrated between -10 and +10 (all measured L values) and K between -4.1 and -3.9. The data
points are obtained from the fits.
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Final!

Valence band!

Core level!

Energy! Energy!

Figure 2.8: Diagram of the direct RIXS process, with an incoming photon of energy ~ωk in the
initial state, and an outgoing photon of energy ~ωk′ in the final state.
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The indirect RIXS process only happens if the photoelectric transition from core to conduc-
tion band states, leading to direct RIXS, is weak. This process is more complicated and is shown
schematically in figure 2.9. The incoming photon excites a core-electron into an empty state
which is several eV above the Fermi level. In the intermediate state, the core hole potential Uc
scatters the valence electrons, and this creates an electron-hole excitation in the valence band,
which remains into the final state. This intermediate state is therefore essential for inelastic
scattering to be observed. Finally, the electron from the same high energy state decays and
annihilates the core hole, emitting a photon of energy ~ωk′ . An example of indirect RIXS is at
the K-edge of transition metals, via 1s→ 4p excitation and subsequent decay.
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Final!

Energy!

Core level!

Energy!

Intermediate!

Energy!

Valence band!

Core level!

Uc 

Valence band! Valence band!

Figure 2.9: Diagram of the indirect RIXS process. Initially, an electron is excited by an
incoming photon of energy ~ωk from the core level to an empty state. In the intermediate state,
an electron-hole excitation is created in the valence band due to the interaction Uc between
the core hole and valence electrons. In the final state, the electron from the high energy state
decays back to the core level, emitting a photon of energy ~ωk′ .

The target in the initial state is in the ground state with energy Eg, and in the final state
with energy Ef . The RIXS intensity can be written as a sum over the final states,

I(ω,k,k′, ε, ε′) =
∑
f

|Ffg(k,k′, ε, ε′, ωk)|2δ(Ef + ~ωk′ − Eg − ~ωk), (2.68)

where Ffg(k,k′, ε, ε′, ωk) is the scattering amplitude.
Because two interactions are involved in the RIXS process, the electron excitation creating

the core hole and the electron de-excitation annihilating the core hole, second order perturb-
ation theory is needed to describe it. It is therefore not well described using Fermi’s golden
rule, and the higher order Kramers-Heisenberg equation is used instead [44]. To derive the
RIXS scattering amplitude, the interaction of photons with matter is first considered. The
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2.5. X-ray scattering theory

Hamiltonian for a system of N electrons can be written as

H =
N∑
i=1

( [pi − eA(ri)]2
2m + e~

2mσi ·B(ri)

+ e~
2(2mc)2σi ·

(
E(ri)× [pi + eA(ri)]− [pi + eA(ri)]×E(ri)

))
+ e~2ρ(ri)

8(mc)2ε0
+HCoulomb +

∑
Q,ε

~ωQ
(
a†Q,εaQ,ε + 1

2

)
,

(2.69)

where pi, ri and ~
2σi are the momentum, position and spin operators of the ith electron. a†Q,ε

(aQ,ε) is the annihilation (creation) operator of a photon in the mode with wavevector Q and
polarisation vector ε. The HCoulomb term includes the interaction of the electrons with other
electrons and nuclei in the sample, and with an external electric potential. The electric field
E(r) = −∇φ − ∂A/∂t and the magnetic field B(r) = ∇ ×A, with the vector potential A(r),
which expressed in plane waves is

A(r) =
∑
Q,ε

√
~

2V ε0ωQ

(
εaQ,ε exp (iQ · r) + ε∗a†Q,ε exp (−iQ · r)

)
, (2.70)

where V is the volume of the system.
To calculate the transition rate to second order, the transition operator D for incoming

x-rays for the RIXS cross-section is introduced,

D = 1
imωk

N∑
i=1

exp (ik · ri) ε · pi. (2.71)

The resonant part of the second order RIXS amplitude, ignoring the magnetic term (as the
non-magnetic term dominates), is then given by

I(ω,k,k′, ε, ε′) = r2
em

2ω3
k′ωk

∑
f

|Ffg(k,k′, ε, ε′, ωk, ωk′)|2δ(Eg − Ef + ~ω), (2.72)

and the zero-temperature scattering amplitude is

Ffg(k,k′, ε, ε, ωk, ωk′) =
∑
n

〈f |D†|n〉〈n|D|g〉
Eg + ~ωk − En + iΓ . (2.73)

These equations (2.72 and 2.73) are the two Kramers-Heisenberg equations for the RIXS process.
To distinguish the scattering amplitude from direct and indirect RIXS, the intermediate

state propagator or core hole propagator is introduced

G(zk) = 1
zk −H

=
∑
n

|n〉〈n|
zk − En

, (2.74)
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where zk = Eg + ~ωk + iΓ and Γ is the finite lifetime of the core hole. By considering the
Hamiltonian H = H0 +HC with the core hole Hamiltonian Hc as a perturbation to the ground
state Hamiltonian H0, the propagator can be split into an unperturbed and perturbed term
G0 = 1

zk−H0
and G = G0 + G0HcG, respectively. The RIXS scattering amplitude can be

written as
Ffg = 〈f| D†GD|g〉, (2.75)

where |f〉 = |f ; k′ε′〉 is the ground of the system plus an incident photon and |g〉 = |g; kε〉 is the
final state of the system plus a scattered photon. This leads to simple expressions for the direct
RIXS scattering amplitude,

Fdirect
fg = 〈f|D†G0D|g〉, (2.76)

and the indirect RIXS scattering amplitude,

F indirect
fg = 〈f|D†G0HCGD|g〉. (2.77)

For direct RIXS, it is the transition operator that describe the scattering process, whereas the
indirect RIXS scattering amplitude needs a description that includes the core hole interaction.
When direct RIXS is allowed, it is the strongest contribution to the total scattering amplitude.

For measurements at the Cu-L3 edge in cuprates, the transition is into a single Cu-3dx2−y2

hole and the RIXS amplitude (neglecting the polarisation dependence) can be expressed as

I(Q, w) ∝
∣∣∣∣∑
n

f (n)(~ω) exp (iQ ·Rn)
∣∣∣∣2 =

∣∣∣∣∑
n

An
(~ω − εn + iΓ) exp (iQ ·Rn)

∣∣∣∣2, (2.78)

with the site-dependent form factor f (n) approximated to a Lorentzian lineshape. The RXS
signal is thus dependent on the transition amplitude An, the lattice position Rn, and the
transition energy εn. Studying the photon energy dependence of the charge order signal, it was
shown that in the cuprates YBCO and Nd-LSCO [45, 46], the contribution to the RXS signal
is due to modulations of the energies of the Cu 2p to 3dx2+y2 transitions. In Eu-LSCO [47]
and LBCO [48], the RXS intensity is better described in terms of valence modulation of O and
lattice displacement of Cu.
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Chapter 3

Cuprate Superconductors

The cuprate superconductors are the prime focus of this thesis and this chapter serves as an
overview. These materials have been studied for more than 30 years, revealing an ever-evolving
and intricate phase diagram. By variations of temperature and doping, different phases in the
system can be reached, which affect each other in complex ways. Apart from antiferromagnetic
order, superconductivity, and the pseudogap, the charge density wave is discussed with partic-
ular attention. The structural and electronic properties are also presented, with an emphasis
on the electron-doped cuprate Nd2−xCexCuO4+δ, and the hole-doped cuprates La2−xSrxCuO4

and YBa2Cu3O6+δ.
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3.1 Introduction

The cuprate superconductors were discovered by Bednorz and Müller in 1986, with the La-
Ba-Cu-O (LBCO) compound characterised by a superconducting critical temperature Tc '
35 K [6]. La2−xSrxCuO4 (LSCO) was discovered shortly after, and an important breakthrough
came with the discovery of YBa2Cu3O6+δ (YBCO) [49]. Indeed, with a Tc of ∼ 94 K, it was
the first material which displayed superconducting properties above the boiling point of liquid
nitrogen (77 K), much cheaper and accessible than liquid helium to cool down to cryogenic
temperatures.

The cuprates are unconventional superconductors, where the electrons still form Cooper
pairs leading to superconductivity [27], but the superconducting gap symmetry is singlet d-
wave (dx2−y2) [3], and the pairing mechanism is still debated. The cuprates share their names
from the copper-oxygen planar layers present in their structure, which are separated by charge
reservoir layers. Depending on the compound, they can be doped with electrons or holes. Either
way, most of the interesting properties occur due to the CuO2 planes, and superconductivity in
particular seem to arise in these planes. The electronic band structure is mainly two-dimensional
(2D).

Apart from the La-based compounds and YBCO, important other hole-doped cuprates con-
sist of the Bi-based, Tl-based and Hg-based compounds. In general, the more CuO2 planes
stacked up on top of each other, the higher the Tc (only true up to 3 layers), e.g. for Bi2201,
Bi2212, and Bi2223, Tc = 20, 85, and 110 K, respectively. Most of the electron-doped com-
pounds have a chemical composition of the form R2−xMxCuO4, containing a lanthanide rare-
earth R (with R = Pr, Nd, Sm or Eu) substituted with M = Ce or Th for doping. The first
evidence of superconductivity in an electron-doped cuprate was in Nd2−xCexCuO4+δ (NCCO)
in 1989, with a Tc onset of ∼ 24 K [50,51].

The cuprates have been extensively studied since their discovery, leading to an impressive
number of publications and reviews in the field. An overview will be given in this chapter
but more detailed reviews can be find in [52] for monolayer cuprates, [53] for ARPES studies,
and [54] for a shorter but complete review. Most reviews describe exclusively the hole-doped
cuprates, but [55] focuses on electron-doped cuprates specifically.

3.2 Crystallographic structure

All cuprates contain at least one CuO2 plane in their unit cell (UC), stacked along the c-axis,
and separated by charge reservoir layers. Those CuO2 planes are essential to the physics of these
anisotropic materials, and electron- or hole-doping of the undoped parent compounds changes
drastically their crystallographic and physical properties. Focus is brought to the three main
materials studied in this thesis, i.e. LSCO, NCCO and YBCO.
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3.2.1 La2−xSrxCuO4 and Nd2−xCexCuO4+δ

The comparison between the crystallographic structure of the hole-doped La2−xSrxCuO4 (LSCO)
and the electron-doped Nd2−xCexCuO4+δ (NCCO) is displayed in figure 3.1, both containing
a single-layer CuO2 plane separated by charge reservoirs. Starting from the parent compound
La2CuO4 (LCO), doping constitutes in substituting some of the La atoms with Sr. The struc-
ture is T-phase; in the centre of the unit cell (UC) lies a CuO6 octahedron, with the copper atom
in the centre, four oxygen atoms in the plane, and two apical oxygen atoms above and below
it. The tilting of the CuO6 octahedra in LSCO leads to a second-order structural phase trans-
ition separating the high-temperature tetragonal (HTT) and the low-temperature orthorhombic
(LTO) phases [56,57], see figure 3.2, which creates a doubling of the UC. There is also evidence
for local LTT regions at lower temperatures (but not a long-range LTT phase as observed in
LBCO, Nd-LSCO or Eu-LSCO) [58]. NCCO, and all the compounds of the form R2−xCexCuO4

with R=Nd, Pr, Eu, are substituted with Ce. They all have a T′-phase structure, characterised
by the absence of any apical oxygen [55]. Instead of the CuO6 octahedron, the centre of the
UC is occupied by a CuO4 square, resulting in a shrunken c-axis compared to the T-phase.

I. INTRODUCTION

It has now been over 20 years since the discovery of
high-temperature superconductivity in the layered
copper-oxide perovskites by Bednorz and Müller !1986".
Despite an almost unprecedented material science ef-
fort, the origin of the superconductivity or indeed even
much consensus on their dominate physics remains elu-
sive !Scalapino, 1995; Kastner et al., 1998; Timusk and
Statt, 1999; Orenstein and Millis, 2000; Damascelli et al.,
2003; Campuzano et al., 2004; Lee, Nagaosa, and Wen,
2006; Fischer et al., 2007; Alloul et al., 2009".

The undoped parent compounds of high-temperature
cuprate superconductors are known to be antiferromag-
netic !AFM" Mott insulators. As the CuO2 planes are
doped with charge carriers, the antiferromagnetic phase
subsides and superconductivity emerges. The symmetry,
or the lack thereof, between doping with electrons !n
type" or holes !p type" has important theoretical impli-
cations as most models implicitly assume symmetry. One
possible route toward understanding the cuprate super-
conductors may come through a detailed comparison of
these two sides of the phase diagram. However, most of
what we know about these superconductors comes from
experiments performed on p-type materials. The much
fewer measurements from n-type compounds suggest
that there may be both commonalities and differences
between these compounds. This issue of electron-hole
symmetry has not been seriously discussed, perhaps, be-
cause until recently, the experimental database of n-type
results was limited. The case of electron doping provides
an important additional example of the result of intro-
ducing charge into the CuO2 planes. The hope is that a
detailed study will give insight into what aspects of these
compounds are universal, what aspects are important for
the existence of superconductivity and the anomalous
and perhaps non-Fermi-liquid normal state, what as-
pects are not universal, and how various phenomena de-
pend on the microscopics of the states involved.

The high-temperature cuprate superconductors are all
based on a certain class of ceramic perovskites. They
share the common feature of square planar copper-
oxygen layers separated by charge reservoir layers. Fig-
ure 1 presents the crystal structures for the canonical
single-layer parent materials La2CuO4 !LCO". The un-
doped materials are antiferromagnetic insulators. With
the substitution of Sr for La in La2CuO4, holes are in-
troduced into the CuO2 planes. The Néel temperature
precipitously drops and the material at some higher hole
doping level becomes a superconductor !Fig. 2".

Although the majority of high-Tc superconductors are
hole-doped compounds there are a small number that
can be doped with electrons !Takagi, Uchida, and
Tokura, 1989; Tokura, Takagi, and Uchida, 1989". Along
with the mostly commonly investigated compound
Nd2−xCexCuO4 !NCCO", most members of this material
class have the chemical formula R2−xMxCuO4 where the
lanthanide rare-earth !R" substitution is Pr, Nd, Sm, or
Eu and M is Ce or Th !Maple, 1990; Dalichaouch et al.,
1993". These are single-layer compounds which, unlike

their other brethren 214 hole-doped systems !for in-
stance, the T crystal structured La2−xSrxCuO4±! dis-
cussed above", have a T! crystal structure that is charac-
terized by a lack of oxygen in the apical position !see
Fig. 1, left".

The most dramatic and immediate difference between
electron- and hole-doped materials is in their phase dia-
grams. Only an approximate symmetry exists about zero
doping between p and n types, as the antiferromagnetic
phase is much more robust in the electron-doped mate-
rial and persists to much higher doping levels !Fig. 2".
Superconductivity occurs in a doping range that is al-
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FIG. 1. !Color online" Comparison of the crystal structures of
the electron-doped cuprate R2−xCexCuO4 and of its closest
hole-doped counterpart La2−xSrxCuO4. Here R is one of a
number of rare-earth ions, including Nd, Pr, Sm, or Eu. One
should note the different directions for the in-plane lattice pa-
rameters with respect to the Cu-O bonds.
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FIG. 2. !Color online" Joint phase diagram of the LSCO/
NCCO material systems. The uncertainty regarding the extent
of AF on the electron-doped side and its coexistence with su-
perconductivity is shown by the dotted area. Maximum Néel
temperatures have been reported as 270 K on the electron-
doped side in NCO !Mang, Vajk, et al., 2004", 284 K in PCO
!Sumarlin et al., 1995" and 320 K on the hole-doped side in
LCO !Keimer et al., 1992". T* indicates the approximate extent
of the pseudogap !PG" phase. It is not clear if PG phenomena
have the same origin on both sides of the phase diagram. At
low dopings on the hole-doped side, a spin-glass phase exists
!not shown". There is as of yet no evidence for a spin-glass
phase in the electron-doped compounds.
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Figure 3.1: Crystal structures of the hole-doped cuprate La2−xSrxCuO4 and the electron-doped
cuprate R2−xCexCuO4+δ (with R a rare-earth ion, e.g. Nd, Pr, or Eu). From [55].

Most cuprates are doped by chemical substitution introduced during the growth process.
The hole-doped compound LSCO is doped by substitution of La with Sr; this creates holes
in the compound from the substitution of La3+ with Sr2+. Similarly, for the electron-doped
NCCO, it is the substitution of Nd3+ with Ce4+ that increases the doping. For some cuprates,
including LSCO and NCCO, the doping p is directly equal to the substitution concentration
x. LSCO can be doped over the whole range up to p = 0.30, and NCCO can be doped up to
p = 0.175, above which it reaches its solubility limit [59].
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Chapter 3. Cuprate Superconductors

Tc(x). We report here measurements of the doping depen-
dence of the modulated spin correlations for La22xSrxCuO4
over a wide doping region utilizing a series of identically
grown and treated crystals. We also present data on a deoxy-
genated sample in which the superconductivity is destroyed.
The energy dependence of the spin fluctuations will be dis-
cussed in detail in a separate paper.11
The format of this paper is as follows: Experimental de-

tails on the sample preparation and characterization are de-
scribed in Sec. II. The results of the neutron-scattering mea-
surements are presented in Sec. III. We interpret in Sec. IV
the newly obtained results, which demonstrate the intimate
relationship between the incommensurate spin fluctuations
and the high-Tc superconductivity. A summary and conclu-
sions are given in Sec. V.

II. SAMPLE CHARACTERIZATION

As noted above, in order to compare the modulated spin
correlations for samples with different doping levels, we
have attempted to exclude any factors that can introduce
relative systematic errors. Identical procedures for crystal
growth and post-growth heat treatment have been used. We
have utilized the traveling-solvent-floating-zone method for
crystal growth, which uses no crucible, and therefore, avoids
the resulting contamination. Significant experience with this
technique has been accumulated for La22xSrxCuO4 with
x50 and 0.15; this has made possible the growth of a series
of single crystals with x50.00, 0.04, 0.06, 0.08, 0.10, 0.12,
0.15, 0.18, and 0.25.12–15 The typical size of the crystals is
about 6 mm↵335 mm~;1 cm3!, and the mosaic spread is
;0.4° full width at half maximum.
All of the Sr-doped crystals, except the x50.04 sample,

exhibit bulk superconductivity after the post-growth heat
treatment under 1 bar of oxygen gas flow at T 5 900 °C for
100 h. The content of Sr in each fully oxygenated sample has
been established by the following measurements: the super-
conducting transition temperature Tc has been determined
from the temperature dependence of the diamagnetic signal
for the zero-field-cooled sample using a superconducting
quantum interference device ~SQUID! magnetometer; the
lattice constants from pulverized single crystal samples have
been measured at room temperature with an x-ray-powder
diffractometer; and the structural phase-transition tempera-
ture Ts between the high-temperature tetragonal ~HTT! and
low-temperature orthorhombic LTO phases has been mea-
sured by neutron diffraction. Furthermore, the magnitude as
well as the temperature dependence of the magnetic suscep-
tibility in the normal state were compared with previous re-
sults for powder samples. Figure 1 shows the measured Tc
and Ts as functions of x , both of which are in good agree-
ment with previous results. As shown in Fig. 1, samples with
x50.18 (Tc536 K! and 0.25 ~Tc515 K! are slightly and
highly overdoped, respectively. Figure 2 shows the doping
dependence of the c-axis lattice constant, which increases
monotonically with Sr doping; this confirms the continuous
substitution of the La sites with Sr ions. The curve in the
figure is drawn by interpolating between results from powder
samples that are fully oxygenated.16 The excellent agreement
of the c-axis lattice constant, which is sensitive to any oxy-
gen deficiency, between single crystal and powder samples

verifies the oxygen stoichiometry of our single crystals.
The values of the averaged Sr concentrations so deter-

mined are found to coincide with those measured directly by
electron probe microanalysis within the instrumental resolu-
tion. Further, we have determined that the gradient in the Sr
concentration has a maximum value of 0.002/cm along the
crystal rod by measuring the difference in Tc between the top
and bottom part of the rod. In addition, we find that the
observed broadening of the structural phase transition of the
large single crystals can be interpreted as arising from a mac-
roscopic gradient in the Sr concentration. Specifically, for
the x50.10 and x50.18 crystals we find that the observed
maximum broadening is about 12 K ~full width at half maxi-
mum of an assumed Gaussian distribution of Tx!, and this, in
turn is comparable to the difference in Ts of 15 K evaluated
from the highest and lowest Sr concentrations in crystal rods
3.5 cm in length. Thus, the Sr concentrations as well as the
oxygen stoichiometry of the samples are known quite accu-
rately. Further, we may conclude that the observed rounding
of Ts reflects macroscopic, rather than microscopic, Sr inho-
mogeneities. We note here that the maximum deviation of
the Sr concentration from its average value is about 0.0035;
this is rather larger than the value of 0.0006 reported for our
best sample with x50.15.5 However, the fundamental prop-
erties of the magnetic fluctuations are not affected by such
small differences in the Sr concentration. For example, a
well-defined energy gap in the magnetic excitations is ob-
served in the x50.18 sample, which shows a much broader

FIG. 1. Sr-doping dependence of ~a! superconducting transition
temperatures Tc; onset of Tc @closed circles ~Refs. 36 and 37!#,
open circles ~present samples! and midpoint of Tc @crosses ~Ref.
36!#, ~b! structural transition temperatures Ts between the high-
temperature tetragonal ~HTT! and low-temperature orthorhombic
~LTO! phases @open circles ~Ref. 36!, small closed circles ~Ref. 19!,
large closed circles ~present samples!#.

6166 57K. YAMADA et al.

Figure 3.2: Structural phase diagram of LSCO, showing the high-temperature tetragonal (HTT)
and low-temperature orthorhombic (LTO) splitting. From [57].

3.2.2 YBa2Cu3O6+x

Figure 3.3: Crystal structure of YBa2Cu3O6+δ, highlighting the presence of the CuO2 planes
and CuO chains in the structure.

The crystal structure of orthorhombic YBa2Cu3O6+x (YBCO) is presented in figure 3.3.
There are two CuO2 planes per UC, composed of the Cu(2), O(2) and O(3) atoms. Above each
Cu(2) atom is an apical oxygen O(4). The CuO chains are made of the Cu(1) and O(1) atoms,
and run along the b-axis. These CuO chains act as reservoirs of electrons, and thus doping
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3.2. Crystallographic structure

in YBCO is not done by substitution, but rather by varying the oxygen content. The oxygen
content is directly equal to the occupancy of the chain oxygen O(1) site, varying from 0 to 1.
For lower oxygen content, x < 0.3, the structure is tetragonal, while for higher oxygen content,
the structure is orthorhombic, as shown in the structural phase diagram of YBCO in figure 3.4
a). Furthermore, the succession of empty or full oxygen chains can be categorised into specific
oxygen orders (effectively creating a superstructure), as shown in figure 3.4 b). The ortho-II
order for example, corresponds to alternating full and empty oxygen chains.

Upon cooling the data are reproduced down to 75 °C, at
lower temperatures the peak intensity is significantly reduced
compared to the heating data and the structure freezes into
the ortho-V phase.

E. The oxygen-ordering phase diagram

From the transition temperatures obtained in the present
and previous studies9,40,45 using hard x-ray diffraction and
the same type of crystals, we may establish phase lines for
the oxygen superstructure ordering. Combining these data
with the transition temperatures TOI of the phase transition
from the tetragonal to the orthorhombic ortho-I phase, ob-
tained by neutron powder diffraction,36 we may construct the
structural phase diagram of oxygen ordering in YBCO,
shown in Fig. 9 and Table I. In the figure are also included
the phase transition temperatures TOI and TOII , predicted by
Monte Carlo simulations52 based on the asymmetric next-
nearest-neighbor interaction !ASYNNNI" model53 with ab
initio interaction parameters.54
The only true equilibrium structures are the ortho-I phase

and the tetragonal phase, all superstructures formed by oxy-
gen ordering do not show long-range ordering. Within the
temperature range studied, the tetragonal phase is the only
one observed for x!0.35. Below the tetragonal to ortho-
rhombic phase transition temperature the 3D ordered ortho-I
phase always develops, and it is the only structure observed
for x"0.82. For 0.35#x!0.62, the 3D short-range-ordered
ortho-II phase is the only stable superstructure. Similarly, a
single phase ortho-III structure with 2D finite-size ordering
is observed for 0.72#x#0.82. At intermediate compositions
a mixed phase of ortho-II and ortho-V is found at x#0.62,
and ortho-VIII is found at x#0.67 in crystals that have been
slowly cooled to room temperature as described in Sec. II A.
Both the ortho-V and the ortho-VIII structures are essentially
2D ordered and have finite size ordering. During heating the
ortho-V structure transforms into ortho-II and it does not

recover on cooling within 1 h. Above room temperature the
ortho-VIII structure transforms gradually first into ortho-V
and then into ortho-III. On subsequent cooling the ortho-V
superstructure is recovered and remains stable within the 1 h
time period of the measurements.
The line shape of the superstructure reflections is in most

cases well described by a simple Lorentzian (y#1). Only
for the ortho-II phase between 0.42#x!0.62 a Lorentzian
raised to a power larger than 1 is found. At the low oxygen
side of the ortho-II phase x#0.35, the small peak to back-
ground ratio !see bottom part of Fig. 10" does not permit the
determination of the exponent of the Lorentzian. The domain
size of the superstructures depends strongly on the crystal
quality47 and the annealing times. However, for the present
high-quality crystals, which have been annealed by the stan-
dard procedure for studies of the phase diagram !described in
Sec. II A", we expect that the domains are at the late state of
growth and therefore only weakly time dependent.9,10 On this
basis, we consider the results presented in Sec. III of the
peak widths measured at room temperature after the initial
thermal preparation as saturation values. The widths of the
superlattice peaks measured at room temperature along the
three axis of reciprocal space as function of oxygen compo-
sition are shown in Table I and depicted in Fig. 10 !top". The
parallel lines !guides to the eye" in the logarithmic plot ob-
served in the ortho-II phase as well as in the ortho-III phase
show that the ratio of the anisotropy is constant within a
given structural phase. For the ortho-II phase, we find the
following ratios of the inverse correlation lengths at room
temperature: $h /$k#2.7(6) and $ l /$k#15(2). The a-b
plane ratio seems to be independent also of the type of struc-
ture, since the ratio for the ortho-III phase, $h /$k#2.9(4),
is in good agreement with the value of the ortho-II phase.
This implies that the domain pattern in the a-b plane scales
in both the ortho-II and the ortho-III phases, and in ortho-II
the scaling is extended to 3D. The peak intensities cannot be

FIG. 9. The structural phase diagram of YBCO. The structural
phases and their transition temperatures are labeled: tetragonal (T),
ortho-I !OI, !", ortho-II !OII, "", ortho-III !OIII, #", ortho-V !OV,
$", and ortho-VIII !OVIII, !". Solid lines are guides to the eye.
The dashed lines are predictions from the ASYNNNI model. The
data for the T-OI transition !box" are fromAndersen et al. !Ref. 36".
The TOII transition temperatures for x#0.35 and x#0.36 are from
Poulsen et al. !Ref. 40", the upper data set for x#0.50 is from
Schleger et al. !Ref. 9", and the TOIII transition temperature at x
#0.77 is from Schleger et al. !Ref. 45".

FIG. 10. Top: Half width at half maximum !%" at room tempera-
ture for the indicated structures as function of oxygen content. Bot-
tom: peak to background ratio. All lines are guides to the eye.

M. v. ZIMMERMANN et al. PHYSICAL REVIEW B 68, 104515 !2003"

104515-8

Disorder in the oxygen vacancies in the chain O(1) site is the main source of
charge carrier scattering in high purity YBCO crystals. At a number of oxygen
concentrations, YBCO forms the vacancy ordered phases with sequences of full and
empty chains. However, these ordered states are far from perfect and occur at oxygen
content suggesting significant amount of oxygen in the empty chains. Recent
experiments indicate that application of high pressures (above 800MPa) improves
the ordering and moves the oxygen contents of the ordered phases closer to the
theoretical values [68]. Therefore, further experiments in high pressure annealing
hold the potential of obtaining crystals free of oxygen disorder.

Figure 8. (a) Schematic graph and theoretical oxygen content of full-empty chain orders in
YBCO. The solid lines represent the full chains and the dashed lines represent the empty
chains. (b) Oxygen vacancy ordering phase diagram reported by Zimmermann et al. [12].
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Figure 3.4: a) Structural phase diagram of YBCO as a function of oxygen content 6 + x, with
the tetragonal (T) and various orthorhombic (O) regions. From [60]. b) Diagram of full (solid
lines) and empty (dashed lines) oxygen chains for different oxygen content values x. From [61].
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Figure 3.5: Doping and superconductivity in YBCO. a) Hole doping p as a function of oxygen
content 6 + x. b) Tc as a function of hole doping p. Adapted from [62].

In YBCO, the hole doping p is related to the change in oxygen content controlled by a
post-growth annealing process. The bond length Cu(2)-O(4) changes significantly with varying
oxygen content, directly changing the c-lattice parameter. There is thus a unique relation
between the c-lattice parameter and the hole doping p. This led to an empirical relation between
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Chapter 3. Cuprate Superconductors

hole doping p and oxygen content 6 +x [62], dependent on the oxygen order, as shown in figure
3.5 a). The relation between Tc and hole doping p is unique and is shown in figure 3.5 b). The
maximum doping that can be reached in YBCO is p = 0.19, which corresponds to full oxygen
chains.

3.3 Electronic structure

The electronic structure of the cuprates is dominated by the CuO2 planes. Taking the example
of the parent compound La2CuO4 (which is simpler than YBCO due to the single-layer CuO2

plane and the absence of chains), the electronic structure is constituted of the ions La3+, O2−

and Cu2+. The electronic structure of a CuO2 plane is shown in figure 3.6 a). Starting from
the atomic levels of Cu2+ and O2+, the effect of the cubic crystal field lifts the degeneracy of
the Cu levels into the two levels eg and t2g. The CuO6 octahedron is elongated along z and
the octahedral crystal field leads to another splitting, which increases the energy of the dxy and
dx2−y2 orbitals, and decreases the energy of the other orbitals, dxz, dyz and dz2−r2 . The overlap
of the dx2−y2 orbital of the Cu with the σ orbital of O (px or py depending on the orientation),
leads to the formation of a bonding σ and an anti-bonding σ∗ band. The hybridisation of the
orbitals in the CuO2 plane is illustrated in figure 3.6 a)-b).

oxides.8 We shall use, as an example, the archetypical
cuprate superconductor La2!xSr2CuO4 (LSCO) and its
parent compound La2CuO4 (see Fig. 1), whose undis-
torted high-temperature tetragonal structure is sketched
in Fig. 11. When the temperature is lowered, several
structural phase transitions occur, characterized by co-
herent rotations of the CuO6 octahedra (see, for ex-
ample, Kimura et al., 2000). To date, the ARPES data
are usually discussed within high-temperature tetragonal
notations, which is the approach we will also follow in

this review (note however that, with much improved
energy and momentum resolution, an important fu-
ture study will be to test the appropriateness of this
description by quantitatively estimating the effects of
local and/or long-range structural distortions on the
electronic structure). The corresponding three-dimen-
sional Brillouin zone, which is most relevant to the study
of the momentum-resolved electronic properties, is also
sketched in Fig. 11. However, as the cuprate high-
temperature superconductors have a quasi-2D electronic
structure with weak dispersion along the z axis, in
the discussion of the ARPES data we shall refer to the
2D projected zones as the ones presented in Fig. 11
for LSCO or in Fig. 12 for other systems. As emphasized
in Fig. 11, the most important structural element is
represented by the CuO2 planes which form single-layer
(as in LSCO) or multilayer blocks separated from
each other by the so-called charge reservoir layers (La/Sr
in Fig. 11). Depending on the number N of CuO2
planes contained within the characteristic blocks (N
is also the number of Cu ions per formula unit),
the cuprates are classified into single-layer compounds
[e.g., LSCO, Bi2Sr2CuO6"! , Nd2!xCexCuO4 , and
(Sr,Ca)2CuO2Cl2], bilayer compounds (e.g.,
Bi2Sr2CaCu2O8"! and YBa2Cu3O7!!), and trilayer
compounds (e.g., Bi2Sr2Ca2Cu3O10"!). This structural
characteristic profoundly affects the superconducting
properties: within each family of cuprates Tc increases
with N , at least for N"3 (Tarascon et al., 1988; Di Sta-
sio et al., 1990). For instance, within the Bi-based cu-
prate high-temperature superconductors, a maximum Tc
of 34, 96, and 110 K is found for N#1, 2, and 3, respec-
tively (Eisaki et al., 2002). By substituting different ele-
ments in the reservoir layers or by varying their oxygen
content (other methods are also possible, depending on
the system) one can dope charge carriers into the CuO2
planes. The latter are believed to be responsible for
high-temperature superconductivity as the Cu-O bands
are the lowest-energy electronic states and therefore di-
rectly determine the macroscopic electronic properties.

8For a more detailed description see Pickett (1989); Mark-
iewicz (1991, 1997); Auerbach (1994); Dagotto (1994); Fulde
(1995); Rao and Raveau (1995); Imada et al. (1998); Orenstein
and Millis (2000); Sachdev (2000); Tokura and Nagaosa (2000).

FIG. 11. Crystal structure, Fermi surface, and low-energy elec-
tronic configuration of La2!xSr2CuO4 (LSCO): Top, crystal
structure, 3D Brillouin zone (body-centered tetragonal) and its
2D projection; diamond, Fermi surface at half filling calculated
with only the nearest-neighbor hopping; gray area, Fermi sur-
face obtained including also the next-nearest-neighbor hop-
ping. Note that M̄ is the midpoint along #-Z and not a true
symmetry point. Bottom, crystal-field splitting and hybridiza-
tion giving rise to the Cu-O bands (Fink et al., 1989), and a
generic LSCO ARPES spectrum (the circle shows the low-
energy scale we shall focus on throughout this review).

FIG. 12. Cu-O2 plaquette, phase at ($,$) of Cu dx2!y2 and O
2p orbitals for bonding, antibonding, and nonbonding hybrid-
ized wave functions for the bare CuO2 plane [i.e., square lat-
tice; see also Fig. 13(a)], and 2D projected Brillouin zones with
conventional notations for different copper oxides (shaded ar-
eas represent the irreducible symmetry units).
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Figure 3.6: a) The Cu2+ and O2− atomic levels with crystal-field splitting and hybridisation.
Top : Diagram of oxygen atoms surrounding the Cu. From [53]. b) Schematic diagram of the
CuO2 planes in the x-y plane, with the hybridisation of the 2px,y of the O with the 3dx2−y2 of
the Cu. From [63].

The calculated band structure for tetragonal LCO is presented in figure 3.7 a). In that struc-
ture, the central CuO6 octahedron is elongated along the c-axis, with the Cu-O bond lengths
longer for the apical oxygens (2.4 Å) than for the in-plane oxygens (1.9 Å). The calculations
are based on the t-J model, which is used to describe strongly correlated electron systems. In
that formalism, a single electron is tightly bound to an atom located on a lattice site, and
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electrons can hop to neighbouring lattice sites if the hopping parameter t > 0. The different
hopping parameters in the CuO2 plane are shown in figure 3.7 b). The resulting bands from
the Cu 3d − O 3p states, in particular the anti-bonding (A) and bonding (B) bands are shown
in figure 3.7 a). Only the antibonding band crosses the Fermi level, and it is half-filled, which
is characteristic of a metal. The parent compound is actually an insulator, as will be explained
later on. The cuprates have a quasi-2D electronic structure and the 2D projected zone of the
calculated Fermi surface (FS) is shown in figure 3.7 c), which is a diamond-shaped FS consid-
ering only nearest-neighbour (t) hopping, and becomes a hole-like FS centred on (π, π) when
adding the next-nearest-neighbour (t′) hopping.

oxides.8 We shall use, as an example, the archetypical
cuprate superconductor La2!xSr2CuO4 (LSCO) and its
parent compound La2CuO4 (see Fig. 1), whose undis-
torted high-temperature tetragonal structure is sketched
in Fig. 11. When the temperature is lowered, several
structural phase transitions occur, characterized by co-
herent rotations of the CuO6 octahedra (see, for ex-
ample, Kimura et al., 2000). To date, the ARPES data
are usually discussed within high-temperature tetragonal
notations, which is the approach we will also follow in

this review (note however that, with much improved
energy and momentum resolution, an important fu-
ture study will be to test the appropriateness of this
description by quantitatively estimating the effects of
local and/or long-range structural distortions on the
electronic structure). The corresponding three-dimen-
sional Brillouin zone, which is most relevant to the study
of the momentum-resolved electronic properties, is also
sketched in Fig. 11. However, as the cuprate high-
temperature superconductors have a quasi-2D electronic
structure with weak dispersion along the z axis, in
the discussion of the ARPES data we shall refer to the
2D projected zones as the ones presented in Fig. 11
for LSCO or in Fig. 12 for other systems. As emphasized
in Fig. 11, the most important structural element is
represented by the CuO2 planes which form single-layer
(as in LSCO) or multilayer blocks separated from
each other by the so-called charge reservoir layers (La/Sr
in Fig. 11). Depending on the number N of CuO2
planes contained within the characteristic blocks (N
is also the number of Cu ions per formula unit),
the cuprates are classified into single-layer compounds
[e.g., LSCO, Bi2Sr2CuO6"! , Nd2!xCexCuO4 , and
(Sr,Ca)2CuO2Cl2], bilayer compounds (e.g.,
Bi2Sr2CaCu2O8"! and YBa2Cu3O7!!), and trilayer
compounds (e.g., Bi2Sr2Ca2Cu3O10"!). This structural
characteristic profoundly affects the superconducting
properties: within each family of cuprates Tc increases
with N , at least for N"3 (Tarascon et al., 1988; Di Sta-
sio et al., 1990). For instance, within the Bi-based cu-
prate high-temperature superconductors, a maximum Tc
of 34, 96, and 110 K is found for N#1, 2, and 3, respec-
tively (Eisaki et al., 2002). By substituting different ele-
ments in the reservoir layers or by varying their oxygen
content (other methods are also possible, depending on
the system) one can dope charge carriers into the CuO2
planes. The latter are believed to be responsible for
high-temperature superconductivity as the Cu-O bands
are the lowest-energy electronic states and therefore di-
rectly determine the macroscopic electronic properties.

8For a more detailed description see Pickett (1989); Mark-
iewicz (1991, 1997); Auerbach (1994); Dagotto (1994); Fulde
(1995); Rao and Raveau (1995); Imada et al. (1998); Orenstein
and Millis (2000); Sachdev (2000); Tokura and Nagaosa (2000).

FIG. 11. Crystal structure, Fermi surface, and low-energy elec-
tronic configuration of La2!xSr2CuO4 (LSCO): Top, crystal
structure, 3D Brillouin zone (body-centered tetragonal) and its
2D projection; diamond, Fermi surface at half filling calculated
with only the nearest-neighbor hopping; gray area, Fermi sur-
face obtained including also the next-nearest-neighbor hop-
ping. Note that M̄ is the midpoint along #-Z and not a true
symmetry point. Bottom, crystal-field splitting and hybridiza-
tion giving rise to the Cu-O bands (Fink et al., 1989), and a
generic LSCO ARPES spectrum (the circle shows the low-
energy scale we shall focus on throughout this review).

FIG. 12. Cu-O2 plaquette, phase at ($,$) of Cu dx2!y2 and O
2p orbitals for bonding, antibonding, and nonbonding hybrid-
ized wave functions for the bare CuO2 plane [i.e., square lat-
tice; see also Fig. 13(a)], and 2D projected Brillouin zones with
conventional notations for different copper oxides (shaded ar-
eas represent the irreducible symmetry units).
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FIG. 1. LAPW energy bands for La2Cu04 along symmetry
lines in the bct Brillouin zone (see inset and discussion in text).
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and 0 (R =1.62 a.u. ) sites. As expected, the La states
have little weight below EF. Also, the principal contri-
bution from the 02(z) atoms (long Cu—0 bond length)
is below Ep. The predominant orbitals near Ep are the
strongly antibonding d(x —y ) and p(x, y) states de-
scribed earlier.
The essential features of the bands labeled 2 and B in

Fig. 1 can be understood in terms of a two-dimensional
tight-binding model that includes pdo. interactions be-
tween the Cu d(x —y ) orbitals and the neighboring 0
p(x, y) orbitals that point along the (short) Cu—0 bond
axes. (One measure of the two-dimensional nature of
the results in Fig. 1 is the limited band dispersion along
A. A second is the symmetry of the results about A and
near the 5-U midpoint, which provides another measure
of the c-axis dispersion. ) With two parameters (Ed =Ep= —3.2 eV, pdcr= —1.85 eV), this model provides an
accurate description of the bands labeled 2 and B in Fig.
1 while collapsing the fifteen intermediate bands to a de-
generate level at —3.2 eV.
The two-dimensional Fermi surface that is obtained

from this model consists of a square hole surface cen-
tered at A' that nests perfectly with its electron counter-
part at I. The size and orientation of the I -centered
electron surface is shown by the dot-dashed lines in Fig.
3. The closed solid curves represent the calculated
LAPW Fermi surface. The similarity of the LAPW re-
sults in the central (1X) and top (ZS) faces of the BZ
again reflects the two-dimensional nature of these com-
pounds.
The nearly perfect nesting of the LAPW Fermi sur-

face suggests the likelihood of a charge-density-wave dis-
tortion in LaqCu04 with qcpw =2kF = ( 2, 2, 0) which

FIG. 2. Total and projected density-of-states results for bct
La2Cu04 (smoothed with a Gaussian, FWHM =0.1 eV).

would open a semiconductor gap at Ep, thereby stabiliz-
ing the distorted phase and spoiling potential supercon-
ductivity. The LAPW bands near Ep suggest two likely
displacement patterns. One involves a planar breathing-
type displacement of 0 atoms away from the central Cu
site. The second has quadrupolar symmetry where one
0 pair moves in, the other out. A tight-binding analysis
shows that only the breathing-type displacement opens a
gap at EF. This has been confirmed by LAPW calcula-
tions for La4Cu208 with a frozen-in planar breathing-
type 0 displacement 6=0.064 A, a value similar to that

FIG. 3. Calculated La2Cu04 Fermi surface in the central
(I A) and top (ZS) faces of the Brillouin zone which are copla-
nar in an extended-zone scheme. The closed solid curves sur-
round unoccupied states. The dot-dashed lines indicate the
perfectly nested surfaces derived from the tight-binding model
described in the text.
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Figure 1. (a) Schematic figure of the CuO2 plane showing the spin alignments of the Cu spins at half-filling within the basal plane and the
three principal hopping parameters t , t ′ and t ′′. (b) Schematic 2D projection of the Fermi surface in La2−x Srx CuO4 for p = 0.15 (t ′/t = 0.15)
and 0.30 (t ′/t = 0.12). (c) Similar projections for Tl2Ba2CuO6+δ for p = 0.15 (t ′/t = 0.22) and 0.30 (t ′/t = 0.22). In all cases,
t ′′/t ′ = −0.5.

state excitation spectrum, its manifestation on the (remnant) FS
and its evolution with temperature and doping remain highly
controversial [27, 28]. In light of this, I will focus here more
on the highly doped regions of the phase diagram, though I
shall return to discuss the situation in underdoped cuprates at
the end.

3. In-plane resistivity

The in-plane resistivity ρab(T ) of hole-doped HTCs shows a
very systematic evolution with doping, that is summarized in
figure 2, where a schematic phase diagram of p-type cuprates is
reproduced together with the doping and temperature evolution
of ρab(T ). (Electron-doped cuprates will be dealt with at
the end of this section.) The solid lines are the phase
boundaries between the normal state and the superconducting
or antiferromagnetic ground state, whilst the dashed lines
indicate (ill defined) crossovers in ρab(T ) behaviour, each
of which may or may not be associated with a fundamental
change in the nature of the electronic states. Optimal doping
is indicated by the vertical dotted line corresponding to the
pinnacle of the superconducting dome, and the areas to the left
(right) of this line are the underdoped (overdoped) regions of
the phase diagram respectively.

In the underdoped (UD) cuprates, ρab(T ) varies
approximately linearly with temperature at high T , but as
the temperature is lowered ρab(T ) deviates downward from
linearity due to the partial removal of a dominant scattering
channel, as evidenced by the drop in 1/τ (ω) seen in infrared
spectroscopy [29]. This change of slope in ρab(T ) was initially

Figure 2. Phase diagram of (hole-doped) cuprates mapped out in
terms of the temperature and doping evolution of the in-plane
resistivity ρab(T ). The solid lines are the phase boundaries between
the normal state and the superconducting or antiferromagnetic
ground state. The dashed lines indicate (ill defined) crossovers in
ρab(T ) behaviour. The meanings of the labels T ∗, Tcoh and TFL are
explained in the text.

interpreted as a ‘kink’ in ρab(T ) at T = T ∗ (marked on
the figure) [30, 31]. Plots of the derivative dρab/dT showed
however that ρab(T ) in fact first deviates from linearity at a
much higher T [32]. Moreover, in the vicinity of T ∗, there
is no additional feature in dρab/dT ; the change of slope is
a very gradual, continuous process with no clear evidence
of a phase transition below T ∗. In the more anisotropic
cuprates such as LSCO [33] and Bi-2212 [34], it has proven
difficult to distinguish between deviations from linearity due

3

a)! b)!
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Figure 3.7: a) The calculated band structure of LCO. Only the σ band crosses the Fermi
level. From [64]. b) Diagram of the CuO2 planes indicating the hopping parameters t, t′ and t′′.
From [65]. c) Calculated Fermi surface of LCO at half-filling, with nearest-neighbour (t) hopping
for the dashed lines, and next-nearest neighbour (t′) hopping for the grey area. From [53].

Upon doping, the FS of LSCO changes from hole-like centred on (π, π) to electron-like
centred on (0, 0), at a doping x ' 0.18 [65–67]. ARPES measurements from underdoped to
overdoped LSCO show the evolution of the FS surface [67], with spectral weight maps at EF
and tight-binding fits of the band, presented in figure 3.8 a)-e). The comparison to higher doping
x = 0.30 with x = 0.15 of the calculated 2D projected FS of LSCO considering next-nearest-
neighbour (t′) hopping is shown in figure 3.8 f). At the doping x ' 0.18 where the topology
of the FS changes from hole-like to electron-like, the singularity in the density of states (DOS)
is known as a van Hove singularity. In the case of LSCO, the van Hove singularity is located
around (±π, 0) and (0,±π). This topological change is not observed in all cuprates, e.g. in
Tl2201, the FS stays hole-like and the Fermi level never reaches the van Hove singularity.
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Figure 1. (a–d) Spectral weight map in k-space at EF in LSCO. The data were
obtained at T = 20 K for the x = 0.03 sample and at T = 12 K for the rest of
the samples. The doping levels (x) are indicated at the lower left corner of each
of (a–d). Circles are k f determined from peak positions of the MDC at zero
binding energy. (e) ARPES intensity plot, acquired from the x = 0.08 sample,
along the momentum cut indicated in (f) by the pink line. A second weaker band
that disperses opposite to the main band (the left band) is indicated by an arrow.
(f) The FS of the main band from tight-binding fits for different doping values.

and 0.22. The crystals were grown in traveling solvent floating zone furnaces. All samples were
characterized by x-ray diffraction, and their superconducting transitions were determined by
magnetization measurements. Circularly polarized light with a photon energy h⌫ = 55 eV was
used in order to maximize the signal. The spectra were recorded with Scienta SES-2002 and
R4000 analyzers. The energy and angle resolutions were ⇠17 meV and 0.1–0.15�, respectively.
The Fermi level was determined by obtaining photoemission spectra from polycrystalline
copper on the sample holder. The samples were cleaved in situ by using a specially designed
cleaver [14]. Low-energy electron diffraction (LEED) analysis of the cleaved samples shows
a clear (1 ⇥ 1) pattern with no sign of surface reconstruction. During the measurements, the
base pressure was less than 5 ⇥ 10�11 mbar at T < 40 K and 2 ⇥ 10�10 mbar at T ⇠ 150 K,
respectively.

3. ARPES results

3.1. Fermi surface (FS) of La2�xSrxCuO4

Figure 1 shows the spectral weight mapping in k-space at the Fermi level (EF) for selected
doping values. The ARPES data were acquired in the first and the second Brillouin zone
(BZ) at T = 12 K for superconducting samples (x = 0.8, 0.12 and 0.22, Tc = 20, 27 and 22 K,
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Figure 1. (a) Schematic figure of the CuO2 plane showing the spin alignments of the Cu spins at half-filling within the basal plane and the
three principal hopping parameters t , t ′ and t ′′. (b) Schematic 2D projection of the Fermi surface in La2−x Srx CuO4 for p = 0.15 (t ′/t = 0.15)
and 0.30 (t ′/t = 0.12). (c) Similar projections for Tl2Ba2CuO6+δ for p = 0.15 (t ′/t = 0.22) and 0.30 (t ′/t = 0.22). In all cases,
t ′′/t ′ = −0.5.

state excitation spectrum, its manifestation on the (remnant) FS
and its evolution with temperature and doping remain highly
controversial [27, 28]. In light of this, I will focus here more
on the highly doped regions of the phase diagram, though I
shall return to discuss the situation in underdoped cuprates at
the end.

3. In-plane resistivity

The in-plane resistivity ρab(T ) of hole-doped HTCs shows a
very systematic evolution with doping, that is summarized in
figure 2, where a schematic phase diagram of p-type cuprates is
reproduced together with the doping and temperature evolution
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the end of this section.) The solid lines are the phase
boundaries between the normal state and the superconducting
or antiferromagnetic ground state, whilst the dashed lines
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however that ρab(T ) in fact first deviates from linearity at a
much higher T [32]. Moreover, in the vicinity of T ∗, there
is no additional feature in dρab/dT ; the change of slope is
a very gradual, continuous process with no clear evidence
of a phase transition below T ∗. In the more anisotropic
cuprates such as LSCO [33] and Bi-2212 [34], it has proven
difficult to distinguish between deviations from linearity due

3

f)!

a)! b)!

c)! d)!

Figure 3.8: a)-d) k-space intensity maps at EF from ARPES measurements of LSCO with
doping x = 0.03, 0.08, 0.12, and 0.22, and e) tight-binding fits of the intensity maps. From [67].
f) 2D projected FS of LSCO for x = 0.15 and 0.30, calculated considering next-nearest-neighbour
hopping. From [65].

3.4 Phase diagram

The temperature-doping phase diagram of electron-doped and hole-doped cuprates is shown
schematically in figure 3.9. Starting from the parent compounds with the antiferromagnetic
(AF) phase, delimited by the Néel temperature TN , upon doping the superconducting (SC)
phase is reached, below the superconducting critical temperature Tc, while the charge dens-
ity wave (CDW), or charge order (CO), phase is present below an onset temperature T onset

CO .
The pseudogap (PG) phase lies below a cross-over temperature T ∗, and going to higher dop-
ings, the strange metal (SM) region is crossed, before reaching Fermi-liquid (FL) behaviour at
highest dopings. Although the electron- and hole-doped sides of the diagram consist of similar
phases, the phase diagram is not symmetric and there are significant differences. In particular,
for electron-doping, the AF correlations cover a larger doping range and superconductivity is
restricted to a smaller doping range with lower Tc values. The nature of the pseudogap is dif-
ferent, and charge order has been observed to much higher temperatures (above RT). Each of
the phases mentioned here will be treated separately in the next subsections, with a particular
emphasis on charge order.
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Figure 3.9: Schematic general phase diagram of cuprate superconductors. The antiferromag-
netic (AF) phase is delimited by the Néel temperature TN (in blue), the superconductivity
(SC) dome is defined by the superconducting critical temperature Tc (in red). The charge order
region (CDW, green) and the pseudogap (PG, grey) lie below T onset

CO and the crossover tem-
perature T ∗, respectively. The regions with strange metal (SM, purple) and Fermi-liquid (FL,
orange) behaviours are also indicated. The arrows for each materials are related to the doping
ranges accessible. This diagram is based on data from [53,55,68–72] for the electron-doped side,
and [42,53,62,73,74] for the hole-doped side.

3.4.1 Antiferromagnetism

With a partially filled d band at the Fermi surface, the undoped parent compounds of the
cuprates are expected to have a metallic behaviour by band theory. They are actually insulating
anti-ferromagnets, with a gap at the Fermi energy [53]. This is due to a strong on-site Coulomb
repulsion U for the Cu 3d electrons. In a normal metallic state with half-filling, the Fermi
energy lies in the antibonding band, see figure 3.10 a). But the effect of the Coulomb repulsion
means that the antibonding band splits into upper and lower Hubbard bands (UHB and LHB),
see figure 3.10 b). U is comparable to the bandwidth W = 8t (where t is the nearest-neighbour
hopping parameter), and the Cu-O charge transfer energy ∆ is smaller than U . The parent
compounds are therefore charge-transfer insulators.
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For LSCO this is clearly indicated by the local-density
approximation (LDA) band-structure calculations pre-
sented in Fig. 13(b), where all the bands between EF
and 8-eV binding energy appear to be of Cu 3d or O 2p
character [a schematic picture of the origin of the Cu-O
bands in the cuprates is given at the bottom of Fig. 11,
where the effect of crystal field splitting and, in particu-
lar, Jahn-Teller (Jahn and Teller, 1937) distortion of the
octahedron on the Cu eg and t2g levels is also shown].
Analogous results are obtained for a square lattice with
three orbitals (Cu dx2!y2, and O 2px and 2py) at half
filling (i.e., one electron per Cu dx2!y2 orbital corre-
sponding to the point x"0 in the phase diagram of Fig.
1), which emphasize the presence of one antibonding
band at the Fermi level, and of nonbonding and bonding
bands at higher binding energy [see Fig. 13(a), and also
Figs. 13(c) and 12, where the corresponding metallic
density of states and the symmetry of the hybridized
wave functions at (!,!) are shown].

The band structures of Figs. 13(a) and (b) imply me-
tallic behavior and a Fermi surface with volume equal to
half of the Brillouin zone. In particular, for the calcula-
tions of Fig. 13(a) in which only nearest-neighbor hop-
ping (Cu-O, tpd) was considered, a diamondlike Fermi

surface is obtained (Fig. 11). A distortion of this surface
takes place with the more realistic inclusion of next-
nearest-neighbor hopping (O-O, tpp), which results in
the Fermi surface given by the gray area in Fig. 11
(Dickinson and Doniach, 1993). These results seem to
correspond well to the photoemission spectrum shown
in Fig. 11, where a several-eV broad valence band and a
low-energy quasiparticle peak are observed (note that
the "500-meV region shown in the enlargement is the
energy range that we shall mostly be dealing with
throughout this article). However, the experimental
spectrum of Fig. 11 was obtained on optimally doped
LSCO (x"0.15 point in Fig. 1), whereas on the basis of
the band-structure results of Fig. 13(b), metallic behav-
ior is also expected for undoped La2CuO4 (x"0 point
in Fig. 1), which, on the contrary, is an antiferromagnetic
insulator. This contradiction reflects the failure of the
independent-particle picture [assumed in band calcula-
tions like those of Figs. 13(a) and (b)] and suggests that
the undoped parent compounds of the cuprate super-
conductors may belong to the class of the Mott-Hubbard
insulators (Mott, 1949, 1956, 1974; Anderson, 1959; Hub-
bard, 1964a, 1964b). These systems, because of the odd
number of electrons per unit cell, are erroneously pre-
dicted by band theory to be paramagnetic metals, with a
partially filled d band in the case of transition metal
oxides such as CoO. The reason for this failure lies in
the on-site electron-electron repulsion U , which is much
larger than the bandwidth W . As a consequence, the
conduction band splits into upper and lower Hubbard
bands and these compounds are rather good insulators
with an optical gap U of a few eV between the two
Hubbard bands. Similarly in the case of the copper ox-
ides, as the on-site electron-electron repulsion U for the
Cu 3d electrons is comparable to the bandwidth W
"8t (which is the tight-binding result for the square lat-
tice), the antibonding band splits into upper and lower
Hubbard bands and charge fluctuations are suppressed
[Fig. 13(d)]. It has to be emphasized, however, that in
the cuprates the Cu-O charge-transfer energy # is
smaller than the on-site Coulomb repulsion U [Fig.
13(e)], which characterizes these compounds more pre-
cisely as charge-transfer insulators (Zaanen et al., 1985).

Therefore the cuprates should be described in terms
of the three-band extended Hubbard model (Emery,
1987; Varma et al., 1987a, 1987b), in which Cu 3dx2!y2,
as well as O 2px and 2py orbitals are explicitly consid-
ered. However, because of the finite hybridization be-
tween the correlated Cu and the noninteracting-like O
orbitals, the first electron removal states correspond to
the O-derived Zhang-Rice singlet band (Zhang and
Rice, 1988). It was then suggested that the cuprates
might be equivalent to an effective single-band Mott-
Hubbard system with the Zhang-Rice singlet band play-
ing the role of the lower Hubbard band, and an in-plane
Cu-derived band as the upper Hubbard band. These
states are separated by an effective Mott gap of the or-
der of # [Fig. 13(f)]. Although not universally agreed

FIG. 13. Opening of a correlation gap in the half-filled corre-
lated metals: (a) bonding (B), antibonding (AB), and non-
bonding (NB) bands for the square lattice (Fulde, 1995), and
(c) corresponding density of states [(b) band-structure calcula-
tions for La2CuO4 (Mattheiss, 1987; Horsch et al., 1989;
Horsch and Stephan, 1993)]. The system is metallic in the ab-
sence of electronic correlations, and becomes (d) a Mott insu-
lator or (e) a charge-transfer insulator, respectively, for ##U
#W and U###W ; (f) in the latter case, due to hybridization
with the upper Hubbard band, the nonbonding band further
splits into triplet and Zhang-Rice singlet states.
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For LSCO this is clearly indicated by the local-density
approximation (LDA) band-structure calculations pre-
sented in Fig. 13(b), where all the bands between EF
and 8-eV binding energy appear to be of Cu 3d or O 2p
character [a schematic picture of the origin of the Cu-O
bands in the cuprates is given at the bottom of Fig. 11,
where the effect of crystal field splitting and, in particu-
lar, Jahn-Teller (Jahn and Teller, 1937) distortion of the
octahedron on the Cu eg and t2g levels is also shown].
Analogous results are obtained for a square lattice with
three orbitals (Cu dx2!y2, and O 2px and 2py) at half
filling (i.e., one electron per Cu dx2!y2 orbital corre-
sponding to the point x"0 in the phase diagram of Fig.
1), which emphasize the presence of one antibonding
band at the Fermi level, and of nonbonding and bonding
bands at higher binding energy [see Fig. 13(a), and also
Figs. 13(c) and 12, where the corresponding metallic
density of states and the symmetry of the hybridized
wave functions at (!,!) are shown].

The band structures of Figs. 13(a) and (b) imply me-
tallic behavior and a Fermi surface with volume equal to
half of the Brillouin zone. In particular, for the calcula-
tions of Fig. 13(a) in which only nearest-neighbor hop-
ping (Cu-O, tpd) was considered, a diamondlike Fermi

surface is obtained (Fig. 11). A distortion of this surface
takes place with the more realistic inclusion of next-
nearest-neighbor hopping (O-O, tpp), which results in
the Fermi surface given by the gray area in Fig. 11
(Dickinson and Doniach, 1993). These results seem to
correspond well to the photoemission spectrum shown
in Fig. 11, where a several-eV broad valence band and a
low-energy quasiparticle peak are observed (note that
the "500-meV region shown in the enlargement is the
energy range that we shall mostly be dealing with
throughout this article). However, the experimental
spectrum of Fig. 11 was obtained on optimally doped
LSCO (x"0.15 point in Fig. 1), whereas on the basis of
the band-structure results of Fig. 13(b), metallic behav-
ior is also expected for undoped La2CuO4 (x"0 point
in Fig. 1), which, on the contrary, is an antiferromagnetic
insulator. This contradiction reflects the failure of the
independent-particle picture [assumed in band calcula-
tions like those of Figs. 13(a) and (b)] and suggests that
the undoped parent compounds of the cuprate super-
conductors may belong to the class of the Mott-Hubbard
insulators (Mott, 1949, 1956, 1974; Anderson, 1959; Hub-
bard, 1964a, 1964b). These systems, because of the odd
number of electrons per unit cell, are erroneously pre-
dicted by band theory to be paramagnetic metals, with a
partially filled d band in the case of transition metal
oxides such as CoO. The reason for this failure lies in
the on-site electron-electron repulsion U , which is much
larger than the bandwidth W . As a consequence, the
conduction band splits into upper and lower Hubbard
bands and these compounds are rather good insulators
with an optical gap U of a few eV between the two
Hubbard bands. Similarly in the case of the copper ox-
ides, as the on-site electron-electron repulsion U for the
Cu 3d electrons is comparable to the bandwidth W
"8t (which is the tight-binding result for the square lat-
tice), the antibonding band splits into upper and lower
Hubbard bands and charge fluctuations are suppressed
[Fig. 13(d)]. It has to be emphasized, however, that in
the cuprates the Cu-O charge-transfer energy # is
smaller than the on-site Coulomb repulsion U [Fig.
13(e)], which characterizes these compounds more pre-
cisely as charge-transfer insulators (Zaanen et al., 1985).

Therefore the cuprates should be described in terms
of the three-band extended Hubbard model (Emery,
1987; Varma et al., 1987a, 1987b), in which Cu 3dx2!y2,
as well as O 2px and 2py orbitals are explicitly consid-
ered. However, because of the finite hybridization be-
tween the correlated Cu and the noninteracting-like O
orbitals, the first electron removal states correspond to
the O-derived Zhang-Rice singlet band (Zhang and
Rice, 1988). It was then suggested that the cuprates
might be equivalent to an effective single-band Mott-
Hubbard system with the Zhang-Rice singlet band play-
ing the role of the lower Hubbard band, and an in-plane
Cu-derived band as the upper Hubbard band. These
states are separated by an effective Mott gap of the or-
der of # [Fig. 13(f)]. Although not universally agreed

FIG. 13. Opening of a correlation gap in the half-filled corre-
lated metals: (a) bonding (B), antibonding (AB), and non-
bonding (NB) bands for the square lattice (Fulde, 1995), and
(c) corresponding density of states [(b) band-structure calcula-
tions for La2CuO4 (Mattheiss, 1987; Horsch et al., 1989;
Horsch and Stephan, 1993)]. The system is metallic in the ab-
sence of electronic correlations, and becomes (d) a Mott insu-
lator or (e) a charge-transfer insulator, respectively, for ##U
#W and U###W ; (f) in the latter case, due to hybridization
with the upper Hubbard band, the nonbonding band further
splits into triplet and Zhang-Rice singlet states.
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Figure 3.10: Density of sates, with the antibonding (AB), bonding (B) and non-bonding (NB)
bands in the a) metallic state, and the splitting into the upper and lower Hubbard bands (UHB
and LHB) in the b) charge-transfer insulator state (U > ∆ > W ). From [53].

Because of the hybridisation of the non-binding (NB) band with the UHB, the NB band
splits into triplet and Zhang-Rice singlet states. The filled singlet band is then separated by
a gap ∆ to the empty UHB. The physics of the cuprates can effectively be described by the
one-band Hubbard model,

H = −t
∑
〈ij〉,σ

(c†iσcjσ + h.c.) + U
∑
i

ni↑ni↓, (3.1)

where c†i,σ (ci,σ) are the creation (annihilation) operators of an electron or hole on site i with
spin σ, 〈ij〉 are the indices of nearest-neighbour pairs, and niσ = c†iσciσ is the number operator.
In the strong coupling limit (U � t) and at half filling, where there is one electron per Cu site
(3dx2−y2 orbital), due to the Pauli principle, nearest-neighbour spins are anti-parallel and virtual
hopping to neighbouring sites decreases the kinetic energy. The system is in an AFM insulating
state. At low energy, with the charge excitations gapped, there are only spin excitations, which
can be described by the AFM Heisenberg Hamiltonian,

H = J
∑
〈ij〉

SiSj , (3.2)

where J = 4t2/U is the exchange coupling constant and Si is the spin operator.
The Néel temperature for hole-doped is usually higher than for electron-doped cuprate

parent compounds, with TN ' 300 K for LCO and TN ' 250 K for NCO. TN decreases sharply
with hole doping, and the AFM phase disappears at x ' 0.05, while in the electron-doped case,
the AFM region spans further, up to dopings where superconductivity is present.

3.4.2 Superconductivity

As seen in section 2.1.3, the cuprates are unconventional superconductors. It is the formation
of Cooper pairs that leads to superconductivity, but the mechanism of pairing is still debated.
The gap symmetry is known to be singlet dx2−y2 . Superconductivity is typically present up
to high temperatures (the highest Tc in a cuprate being 134 K in Hg1223) and like all high-Tc
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superconductors, the cuprates are type II superconductors. The GL parameter κ � 1, the
superconducting coherence length is very short ξ � λ, and fluctuation effects are strong.

The superconducting dome, delimited by the superconducting transition temperature Tc,
reaches a maximum value of Tc,max at optimal doping popt, typically ' 0.15− 0.16. The super-
conducting region below (above) this doping is called underdoped (overdoped). For hole-doped
cuprates, the relation between doping p and the superconducting transition temperature Tc can
be approximated by a parabolic relation [62],

1− Tc/Tc,max = 82.6(p− popt)2. (3.3)

This approximation does not, however, describe the dip in the dome (or plateau) at a doping
value p ' 1/8 = 0.125. This dip is very clear for YBCO, as shown in figure 3.5 b). In comparison,
the superconducting region in the electron-doped case is less extended, with a smaller range of
doping and lower Tc values.

3.4.3 Pseudogap

The pseudogap (PG) phase appears below a temperature T ∗, and is characterised by the open-
ing of a partial gap of the Fermi surface [73, 75]. The nature of the pseudogap is different
in the case of the electron- and hole-doped cuprates. Focusing on the hole-doped case first,
the pseudogap has been detected by different techniques, including nuclear magnetic resonance
(NMR), angle-resolved photon emission spectroscopy (ARPES), scanning tunnelling microscopy
(STM), transport and specific heat measurements [76]. Transport measurements show a res-
istivity downturn below T ∗ from linear behaviour, and ARPES measurements show the opening
of a gap at the anti-nodal regions of the BZ. In LSCO, one of the first pieces of evidence for
the presence of a pseudogap in the normal state was brought by ultrahigh-resolution photoe-
mission spectroscopy measurements [77]. Measurements of LSCO x = 0.15 revealed a decrease
of the DOS at the Fermi level EF , already present at 200 K (in the normal state), and getting
more pronounced with decreasing temperature, see figure 3.11. The size of the pseudogap was
measured to be 30− 35 meV. The data at 16 K show, in addition to the pseudogap, a sharper
dip in the DOS, which is linked to the superconducting gap and estimated to be approximately
8 meV.

There is no consensus on the nature of the pseudogap phase in the hole-doped cuprates, but
three main viewpoints are often considered [78]. The first viewpoint is that it is a real phase,
with broken symmetry, competing with the superconducting phase. The second is of a precursor
state to some ordered phase which would set in below T ∗, while the third is of a precursor to
superconductivity itself (the preformed pairs scenario), where Cooper pairs preform above Tc
but without long-range coherence.
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the leading-edge midpoint shift, the gap amplitude was
estimated to be !10 meV for the optimally doped
sample, thus much smaller than in Bi2212
(!20–30 meV; see Fig. 62). As discussed for the case of
Bi2212 (Sec. VII.A), the momentum dependence and
magnitude of the normal-state pseudogap are similar to
those of the superconducting gap, which may imply a
common origin for the two features. Furthermore, as we
shall see in Sec. VII.D, the magnitude of the pseudogap
in Bi2201, in particular as estimated from the position of
the leading-edge midpoint, is comparable to the results
obtained for LSCO. Given that Bi2201 and LSCO are
characterized by a similar value of Tc

max!34–38 K,
much lower than the !95 K of Bi2212 [see, for example,
Eisaki et al. (2002)], these findings suggest a direct cor-
relation between Tc

max and the size of the pseudogap
(and/or superconducting gap) for the different families
of cuprates.

C. Bi2Sr2Ca2Cu3O10+!

The pseudogap in Bi2223 has been recently studied by
Feng, Damascelli, et al. (2002) and Sato, Matsui, et al.
(2002), on nearly optimally doped samples (Tc
!108 K). The (",0) ARPES spectra and the results ob-
tained by symmetrizing the spectra with respect to EF
[as defined by Norman, Randeria, et al. (1998)] are pre-
sented as a function of temperature in Figs. 64(a) and
(b). At low temperature, a large superconducting gap is
clearly visible, as discussed in Sec. V.C. However, as em-
phasized by the direct comparison between the 170-K
symmetrized spectrum and those taken at T#125 K
[Fig. 64(b)], the gap is still open at T!Tc and it does not
close until T*!135 K (as revealed by the suppression of
the low-energy spectral weight). Note that the absolute
difference between Tc and T* is rather small in this
case, presumably because the doping level is very close
to optimal. Similar results were reported by Feng,
Damascelli, et al. (2002), who showed that a gap is
present at spectra taken above Tc near (",0) but not
along the nodal direction, which suggests a d-wave sym-
metry for the pseudogap in Bi2223.

D. La2"xSrxCuO4

The investigation of the normal-state pseudogap in
LSCO by ARPES has been complicated by the poor
stability of the cleaved surface at temperatures higher
than Tc , even in ultrahigh vacuum. Therefore the first
evidence for this phenomenon in LSCO was reported by
Ino et al. (1998) on the basis of angle-integrated photo-
emission experiments, in which clean surfaces were ob-
tained by repeatedly scraping (i.e., every 40 min) the
sample surface in situ with a diamond file (procedure
which obviously prevents the acquisition of angle-
resolved spectra, due to the roughness of the scraped
surface). These data show a systematic depression of the
density of states (more pronounced at lower dopings),
which was considered indicative of a pseudogap with an
energy scale of 100–200 meV at 5–10 % doping.

Using a similar procedure, Sato, Yokoya, et al. (1999)
investigated the temperature dependence of the
pseudogap in optimally doped LSCO (x!0.15, Tc
!38 K). In order to extract a more direct representation
of the density of states near the Fermi level, these au-
thors divided the spectra by the Fermi-Dirac distribution
function (at the corresponding temperature) convoluted
with a Gaussian (to account for the instrumental resolu-
tion of 7 meV). In contrast to what is observed in a
normal metal like Au (inset of Fig. 65), on LSCO the
intensity close to the Fermi level ($30 meV) increased
smoothly as the temperature was raised (Fig. 65). This
effect was observable over a temperature range much
larger than Tc , and thus provided direct evidence for
the existence of a normal-state pseudogap.

FIG. 64. Temperature dependent ARPES spectra measured
on Bi2223 in correspondence with the underlying Fermi-
surface crossing along the (",0)-(",") direction: (a) raw spec-
tra; (b) symmetrized spectra (the 170-K spectrum, gray thick
line, is superimposed to those taken at T#125 K for compari-
son). From Sato, Matsui, et al., 2002.

FIG. 65. Density of states for optimally doped LSCO (Tc
!38 K) and polycrystalline Au. After Sato et al., 1999 (Color).
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Figure 3.11: Temperature dependence of the density of states (DOS) of LSCO x = 0.15 (Tc
= 38 K), in comparison to a normal metal, Au. The suppression of the DOS at the EF is
indicative of the pseudogap. From [77].

For the electron-doped case, the pseudogap has been measured with photoemission and
optical spectroscopy, and resistivity measurements [55,69,79–81]. The resistivity measurements
show a rapid decrease in resistivity (in-plane and out-of-plane), similar to the change from
linear resistivity behaviour observed below T ∗ in the hole-doped cuprates. However, the size
of the gap ∆PG is much larger for the hole-doped, with ∆PG ' 10kBT ∗, of the order of a few
hundred meV, orders of magnitude larger than the superconducting gap. ARPES spectra show
the gap opening around (π/2, π/2), instead of the (π, 0) position for the hole-doped. For the
electron-doped, it is believed that the AF spin correlations are at the origin of the pseudogap.

3.4.4 Strange metal and Fermi liquid

At dopings beyond the superconducting dome and at low temperatures, a typical Fermi liquid
behaviour is observed, with the expected T 2-dependence in resistivity. However, in a region
above the superconducting dome referred to as ‘strange metal’, the metallic behaviour deviates
from Fermi liquid theory and an anomalous T -linear resistivity has been measured. In Nd-
LSCO for example, the resistivities at different dopings are shown in figure 3.12 a), with linear
behaviour at p∗ = 0.24 and quadratic behaviour for p > p∗. For most hole-doped cuprates,
the slope of the linear resistivity is similar, with a large linear coefficient indicative of strong
scattering and thus the presence of strong excitations. There is also evidence for non-Fermi
liquid behaviour in the electron-doped cuprates. Figure 3.12 b) and c) presents resistivity
measurements in the normal state of Pr2−xCexCuO4+δ, showing that resistivity approaches
linear behaviour towards x = 0.165 [71]. Linear resistivity as the temperature approaches zero
is also a signature of quantum criticality, and the presence of quantum critical points (QCP) in
cuprates has been suggested (e.g. at p∗ = 0.24 in Nd-LSCO) but is still controversial [78].
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[22]. Although it is not possible to determine the exact
oxygen content in the films, RH at low temperatures
depends systematically on Ce doping, which sug-
gests using the low temperatures RH as a criterion to
determine the number of carriers (coming from both Ce
and oxygen).

In Fig. 3 we show RH at 0.35 K as a function of cerium
doping for x ! 0:11 to x ! 0:19. An abrupt change in RH
is seen above x ! 0:16. This is one of the important new
results of our work. Previous studies did not measure
enough samples to reveal this striking change in RH.
RH at low temperatures, being free from complicated
inelastic scattering processes, reflects the electronic
structure of the material. Therefore, the abrupt change
in RH at 0.35 K is an indication of a significant reorgan-
ization of the FS, which we believe may result from a QPT
between two phases in the normal state. From the RH
behavior at 0.35 K, we identify one phase at low x where
RH changes rapidly and another phase at high x where RH
varies more slowly. We find the QCP at xc ! 0:165"
0:005 from the intersection of best fit straight lines
through the high x and low x data. This is just above the
doping where RH crosses zero (somewhere between 0.16
and 0.15), a fact that can be determined only from the
lowest T data. The QCP that we precisely determine from
RH (and below from resistivity) is consistent with the
doping trends seen in the magnetic [8], tunneling [11],
and ARPES [12] measurements.

Now we identify in our resistivity measurements the
QCP found in the Hall data. We fit the important low
temperature range (0.35 to 20 K) of the resistivity data
from Fig. 1 to the form !#T$ ! !0 % CT", with C, !0, and
" independent of temperature. As an example, !#T$ for

x ! 0:17 and the fit are shown in Fig. 4(a). The exponent,
", obtained from the fits is presented in Fig. 4(b). It has a
strong doping dependence and gets closer to 1 as we
decrease the Ce doping from 0.19 to 0.17. Decreasing
the Ce doping further to x ! 0:16 results in an increase
in " to 1.4. One should note that at high temperatures
(T > 30 K) the resistivity follows a T2 behavior as was
previously reported [18]. At very low temperatures, the
temperature dependence is again T2. The T2 region starts
below T0 ! 4:8, 4.7, 2, and 6.8 K "5% in x ! 0:19, 0.18,
0.17, and 0.16, respectively (for x & 0:15 the low tem-
perature behavior is obscured by the upturn). Between the
two T2 regions, we find the different temperature depen-
dence with exponent 1< "< 2. By fitting our data over a
finite temperature range (0.35–20 K), we are averaging
over a Fermi liquidlike ! / T2 region at the lowest tem-
peratures (below T0) and a quantum critical region with
"< 2. Thus, we obtain a fractional exponent which gets
closer to 1 for x approaching xc and which goes back up
towards 2 as x gets greater than xc. Fournier et al. [18]
found a linear in T resistivity from 10 K down to 40 mK
in one of their Ce ! 0:17 PCCO films, a film that had
Tc ! 15" 4 K, somewhere between our x ! 0:16 and
x ! 0:17 samples. It is possible that Fournier et al. hit
xc in their Ce ! 0:17 film. Note that xc depends on both
Ce and oxygen, and therefore samples made by different
groups can differ slightly in Ce concentration for the

FIG. 3. The Hall coefficient at 0.35 K [taken from Fig. 2(b)].
A distinct kink in the Hall coefficient is seen between x ! 0:16
andx ! 0:17. The error on the concentration is approximately
0.003. The error in RH comes primarily from the error in the
film thickness; it is approximately of the size of the data points.

FIG. 4 (color online). (a) Analysis of the data from Fig. 1. We
fit the data from 0.35 to 20 K to ! ! !0 % AT": circles, the
x ! 0:17 film data; solid line, fit. (b) The doping dependence of
the exponent " found from a fit from the lowest measured
temperature up to 20 K. The error bars are smaller than the
symbols. Lines are guides to the eye. (c) The coefficient A in a
fit to the form ! ! !0 % AT2 in the low temperature T2 region
(described in the text) as a function of doping. (d) The tem-
perature at which minimum resistivity occurs for x & 0:15 as a
function of doping. The resistive upturn is not found above
350 mK for x ' 0:16.
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made to appear beyond a critical concentration x=xc=0.1,
with an ordering temperature TN that rises linearly with
x.15,24 In the absence of data on Nd-LSCO at p! p!, we
compare with data on LSCO !y=0" at x= p=0.30.25 Given
that both materials exhibit virtually identical resistivity and
thermopower above T!,18 it is reasonable to assume they also
do above p!.

The similarity is remarkable, with both materials display-
ing the three distinctive regimes of quantum criticality: rela-
tively flat in the Fermi-liquid state, logarithmically divergent
at the critical point, and a jump in the ordered state. The
characteristic temperature scale T0 in the ln!T0 /T" depen-
dence of either S /T or Ce /T is of course vastly different in
the two materials, by roughly 2 orders of magnitude, as are
the ordering and pseudogap temperatures, TN and T!. This
qualitative similarity reinforces the case for a quantum phase
transition in Nd-LSCO at p!, previously made on the basis of
resistivity,4 whose three regimes are displayed in Fig. 4: qua-
dratic in the Fermi-liquid state, linear at the critical point,
and an upturn below that point.

There is also a strong similarity with the electron-doped
cuprate Pr2−xCexCuO4+" !PCCO", where the case for a quan-
tum critical point is well established.27 In the T→0 limit,
both RH and S /T in PCCO show an abrupt change as the
doping x drops below the critical doping xc, signaling the
change in Fermi surface from a large hole cylinder to a com-
bination of small electron and hole pockets.28,29 The two co-
efficients track each other as equivalent measures of the ef-
fective carrier density.28 At x=xc, #!T" is again linear in
temperature at low T.30 These typical signatures of a quan-
tum critical point have been attributed to the loss of antifer-
romagnetic order near xc !Ref. 31" and the quantum fluctua-
tions thereof.

In a model of charge carriers on a three-dimensional
Fermi surface scattered by two-dimensional antiferromag-
netic spin fluctuations, transport properties near the magnetic

quantum critical point are found to be dominated by “hot
spots,” points on the Fermi surface connected by the order-
ing wave vector. In this case, calculations show that
#!T"$T, Ce /T$ ln!T0 /T", and S /T$ ln!T0 /T", where kBT0 is
an energy scale on the order of the bandwidth.32 This natu-
rally accounts for the different temperature scales observed
in Nd-LSCO and CeCu6−xAux where T0#170 K in the
former and 4 K in the latter since the Fermi velocity is about
105 m /s in cuprates and 103 m /s in heavy-fermion metals.

The strong empirical similarity with both heavy-fermion
metals and electron-doped cuprates makes a compelling case
for a quantum critical point at p! in Nd-LSCO. The nature of
the order below p! seems to involve both spin and charge
degrees of freedom. On the one hand, superlattice Bragg
peaks observed in Nd-LSCO by neutron diffraction show
that a static !or slow" spin modulation at low temperature
persists all the way up to p$ p!.8 On the other hand, the
upturn in #!T" at Tmin coincides with the onset of charge
order,4 which occurs at a temperature somewhat above the
onset of spin modulation.8 In other words, the pseudogap
phase below T! !and p!" appears to be a phase with “stripe”
order, perhaps short-range or fluctuating above Tmin.

The impact of stripe order on the Fermi surface of a hole-
doped cuprate has been calculated.33 The large holelike cyl-
inder is found to reconstruct in a way that depends on the
strength of the spin and charge potentials. Calculations of the
associated Hall coefficient predict a rise in RH with the onset
of charge order,34 as observed experimentally in Nd-LSCO
when going from p=0.24 to p=0.20.4 Spin order can cause a
drop in RH, which can even become negative,34 as a result of
an electron pocket being present in the reconstructed Fermi
surface.33 Such a drop is indeed seen in Nd-LSCO at lower
doping, in the vicinity of p=1 /8, where RH!T→0"$0.18

The fact that a large drop in RH!T" also occurs in YBCO near
p=1 /8,3 starting at a very similar temperature,5 points to a
common underlying cause of Fermi-surface reconstruction.

In conclusion, the combination of resistivity, Hall coeffi-
cient, Nernst coefficient, and thermopower in Nd-LSCO
makes a compelling case that the pseudogap phase in this
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Figure 3.12: a) Temperature dependence of the resistivity (ρ(T ) − ρ0, where ρ(T → 0) by
extrapolation), for Nd-LSCO p = 0.20 (p < p∗) and p = 0.24 (p = p∗), and LSCO p = 0.30
(p > p∗). From [74]. b) Temperature dependence of the in-plane resistivity in the normal state
(in a 10 T applied field along the c-axis) of PCCO x = 0.17, and c) doping dependence of the
exponent β from the fits ρ = ρ0 +AT β. From [71].

3.4.5 Charge density wave

The existence of charge density waves in cuprates was first observed in the La-based compounds
as stripe order, i.e. periodic stripes due to spatial segregation of holes leading to the coexistence
of charge and spin correlations in the material. First, the observation of stripe order by neutron
scattering will be presented, followed by the phonon anomalies and their coupling to charge
order, the direct observations of charge density wave in other cuprates, especially YBCO, and
the link between charge density wave and Fermi surface.

Stripe order

The presence of stripe order in cuprate superconductors was first predicted theoretically [82].
Starting with the undoped parent compound, the CuO2 planes are antiferromagnetic, which,
as seen previously, is due to a strong on-site Coulomb interaction. The introduction of holes
into the planes destroys the AF order because minimisation of their kinetic energy leads to
delocalisation. This leads to a phase separation, with distinct charge and spin stripe regions [83].
The stabilisation of this stripe order was also expected to destabilise superconductivity.

The first experimental observation of stripe order in a cuprate superconductor was in
La1.6−xNd0.4SrxCuO4 (Nd-LSCO), with doping x = 0.12, measured by neutron scattering [84].
It was thought to explain the x = 1/8 dip by competition of superconductivity with the static
stripe phase [85]. Peaks centred on (1/2, 1/2± ε, 0) with ε = 0.12 were observed, linked to the
expected magnetic peaks from the Cu spins order in a horizontal stripe pattern, see figure 3.13.
The charge stripe order is measured by neutrons via the modulation of the atomic positions
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due to the charge density wave. A peak with wavevector (±2ε, 0, l) and (0,±2ε, l) for vertical
and horizontal stripe layers respectively was measured. The period of the charge modulations
is half of the spin modulations. Thus superconductivity, spin density wave and charge density
wave seem to coexist at low temperatures. Stripe order was also observed in Ba-LSCO [86],
and then LBCO [87], where vertical and horizontal stripe order transforms the superlattice
peak QAF = (1/2, 1/2) in the undoped case into a set of superlattice peaks with wavevectors
(1/2 + δ, 1/2) and (1/2, 1/2 + δ). However, static stripe order has not been measured in many
more cuprates [83].
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FIG. 2 Displacement patterns within the two Cu02 layers of a unit cell 
for the LTO and LTT structures. Open (solid) circles represent oxygen 
(copper) atoms. The oxygen atoms are displaced out of the plane ( + or 
-) by local rotations of square planar Cu04 units about tilt axes shown 
by the doubled lines. In the LTT structure the tilt axes rotate by 90" 
from z=O to z=0.5, where z is the height along the c axis in lattice 
units. 

conducting Laz-..SrxCu04. Those peaks are characterized by 
the two-dimensional wave vectors (2 ± E, d, with 

(previous authors2-4 have used the pardDleter to 
describe the splitting). Although no static component is 
observed, those peaks are consistent with instantaneous correla-
tions of the type shown in Fig. lb, with horizontal, rather than 
diagonal, domain walls. Besides the orientation of the stripes, 
another difference from the nickel oxides is the hole concentra-
tion in the domain walls, corresponding to only one hole for 
every two Cu sites. This constraint conflicts with the strong-
interaction mean-field analyses, which predict' one hole per site 

and led initially to rejection2 of the stripe interpreta-
tion. (A related problem is that the domain wall solutions are 
insulating7.) An alternative approach17-19 that assumes weak 
correlations leads to incommensurate spin modulations with a 
period determined by the shape and size of the Fermi surface. 
Suitable tuning of the band structure can yield agreement with 
the neutron observations18-19 ; however, the weak-correlation 
picture would not be consistent with a strong modulation of 
the charge and spin densities, such as the existence of a static 
segregation of holes into domain walls in lightly-doped 
La2Cu04, as inferred from a study of bulk susceptibilitfO. 

If one believes that charge and spin stripe correlations exist 
in the copper oxides, where might one look for corroborating 
evidence? It has been suggested (ref. 15 and J. Zaanen, personal 
communication) that partial substitution of Zn for Cu, which is 
known to suppress superconductivity, might also pin domain 
walls, leading to static correlations; however, disorder would 
tend to make them difficult to detect. Instead, we have chosen 
to investigate whether stripe order might be associated with the 
anomalous suppression of superconductivity at a dopant concen-
tration near x= 4 first observed1 in La2-xBaxCu04. Studies of 
this and related copper-oxide systems have established that the 
suppression phenomenon requires, in addition to the unique hole 
concentration13

•
21 ·22

, a distortion of the lattice from the usual 
low-temperature orthorhombic (LTO) to the low-temperature 
tetragonal (LTT) structure13

"
23

"
24. The LTT phase can be stabil-

ized in La2 -..SrxCu04 by partial substitution of Nd for La13
, 

with the width (in x) of the suppression anomaly increasing at 

562 

higher Nd concentrations24
• The fact that the suppression occurs 

when the hole concentration is close to a simple fraction suggests 
that a commensurability effect is involved, and commensurate 
pinning of a striped phase could yield long-range order. Also 
suggestive is the observation of static magnetic correlations in 
La._s7sBllo.JzsCu04 by_ muon spin-rotation measurements25·26

• 

A comparison of the LTO and LTT structures (Fig. 2) makes 
it clear why the latter phase might be especially favourable for 
pinning a horizontal stripe phase. The atomic displacements in 
the L TO structure form a diagonal pattern, whereas the pattern 
of displacements is horizontal (or vertical) in the L TT case. Thus 
horizontal charge stripes would tend to be pinned by the lattice 
potential in the LTT, but not in the LTO, phase. 

Our recent neutron scattering study confirms this conjecture. 
A piece ( -0.1 crn3

) of a single crystal (the 
transport properties of which were reported previously14) was 
studied by neutron diffraction using triple-axis spectrometers at 
the High Flux Beam Reactor located at Brookhaven National 
Laboratory. The crystal was initially mounted in a cryostat with 
the [001] axis vertical, so that the (hkO) zone of reciprocal space 
could be probed (Fig. 3a). In a scan along d, +q, 0) at a 
temperature of II K (Fig. 3b), peaks are clearly observed at 
lql = (The neutron wavelength had to be tuned to mini-
mize multiple scattering at q = 0, a small renuiant of which is 
visible in the figure.) These peaks are very close to the commen-
surate positions ( E = k) that we expect for magnetic reflections 
if the Cu spins order in the horizontal stripe pattern shown in 
Fig. lb. Also, E is consistent with the values observed in the 
inelastic magnetic scattering studies2 4 of La2 _ ..Sr xCu04. Third-
harmonic peaks are not and should not be detectable in the 
present experiment (because of the signal-to-noise level), so we 
cannot distinguish between relatively sharp domain walls and 
broader density-wave modulations. 
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FIG. 3 Scans of superlattice peaks consistent with the proposed spin 
and charge stripes, in lau8 Nd0 _4Sr0 _12Cu04 at 11 K. a, Diagram of the 
(hkO) zone of reciprocal space. Open circles indicate locations of Bragg 
peaks for the LTT structure; solid circles denote spin- and charge-
ordering superlattice peaks. Arrows indicate the regions scanned. b, 
Scan 0) through the E, 0) peaks measured with a 
neutron energy of 13.9 meV. The small peak width indicates that the in-
plane correlation length is greater than 150 A. c, Scan along (0, 2 + q, 0) 
through the (0, 2-2&, 0) peak using 14.7-meV neutrons. The lines in 
b and c are the result of least-squares fits to gaussian peak shapes 
plus a flat background. 
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where F is the structure factor for the superlattice peak at
wave vector Q. The integrated peak intensity is proportional
to uFu2. For the stripe-order model, electrostatic consider-
ations suggest that the displacements d should be predomi-
nantly along the modulation direction. It follows that

uF~2,2e ,0!u2

uF~212e ,0,0!u2 ;
~2e!2

~212e!2
50.01, ~2!

consistent with experiment. Similarly, for the (262e ,0,0)
peaks we expect

uF~212e ,0,0!u2

uF~222e ,0,0!u2 ;
~212e!2

~222e!2
51.62, ~3!

while the experimental ratio is 2.160.4, giving reasonable
agreement.

B. T dependence

We have also studied the temperature dependence of the
superlattice peak intensities. For the magnetic
(1/22e ,1/2,0) peak, the integrated intensity was initially de-
termined by fitting to each scan a Gaussian plus a constant
background. No significant temperature dependence of the
background was found in these fits, so, to reduce fluctuations
in the fitted peak areas associated with correlations between
peak width and the background, the fits were repeated with

the background fixed at its average value for all scans. The
results, normalized at 10 K, are represented by the filled
circles in Fig. 6.
Because of the low signal-to-background ratio for the

charge-order peaks, we evaluated their integrated intensities
in a simpler way, by just taking the area under the measured
curve and subtracting the background determined from an

FIG. 4. ~a! and ~b! Elastic scans through the charge-order super-
lattice peaks at Q5(262e ,0,0) at T510 K ~filled circles! and 65 K
~open circles!. ~c! and ~d! difference in intensity measured at 10 K
and 65 K. Lines through the data are fitted Gaussians.

FIG. 5. Similar to the previous figure; here the scans are through
the charge-order superlattice peak positions Q5(2,6e ,0).

FIG. 6. Temperature dependence of the superlattice peak inten-
sities, normalized at 10 K. Filled circles: magnetic peak at
(1/22e ,1/2,0); open circles: results for longitudinal scans through
the charge-order peak at (212e ,0,0); open triangles: transverse
scans through the same peak; solid line: ~1,0,0! structural superlat-
tice peak of the LTT phase.
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ONE of the long-standing mysteries associated with the high-
temperature copper oxide superconductors concerns the anomalous 
suppression• of superconductivity in La2-xBaxCu04 (and certain 
related compounds) when the hole concentration xis near A. Here 
we examine the possibility that this effect is related to dynamical 
two-dimensional spin correlations, incommensurate with the 
crystal lattice, that have been observed in La2-xSrxCu04 by 
neutron scattering2-4. A possible explanation for the incommen-
surability involves a coupled, dynamical modulation of spin and 
charge in which antiferromagnetic 'stripes' of copper spins are 
separated by periodically spaced domain walls to which the holes 
segregateS-9

• An ordered stripe phase of this type has recently 
been observed in hole-doped La2Ni04 (refs 10-12). We present 
evidence from neutron diffraction that in the copper oxide material 
Lat.6-xNd0 •4SrxCu04, with x = 0.12, a static analogue of the 
dynamical stripe phase is present, and is associated with an 
anomalous suppression of superconductivity13

'
14. Our results thus 

provide an explanation of the 'A' conundrum, and also support the 
suggestion15 that spatial modulations of spin and charge density 
are related to superconductivity in the copper oxides. 

To clarify the nature of the correlations with which we are 
concerned, we begin by describing the stripe modulation that 
has been observed 10

-
12 in nickel oxide analogues of the copper 

oxides, La2Ni04.I2s and The spatial correlations 
of spins and holes in an Ni02 plane are illustrated schematically 
in Fig. !a. The magnetic moments on Ni atoms are locally anti-
ferromagnetic. For a two-dimensional square lattice, antiferro-
magnetic order is characterized by the wave vector cL (where 
we specify coordinates in terms of reciprocal lattice units, 2Tr I a). 
In the case of the modulated spin structure, the characteristic 
wave vectors are ( ± t:, ± t:) and (- ± t:, ± t:), where, for 
the case shown, t: = i. One might imagine that higher harmonics 
should be important for describing the spin structure; however, 
even for the extreme case of sharp domain walls shown in the 
figure, Fourier analysis shows that the only other distinct har-
monic is the third [wave vectors and its 
intensity is only 3% of the first harmonic. The experimentally 
observed third-harmonic intensities are somewhat smaller than 
this, indicating a more sinusoidal modulation of the domains. 

The period of the charge modulation is only half that of the 
spins, and as a result corresponding diffraction peaks appear at 
second-harmonic positions. Of course, the charge distribution 
cannot be detected directly by neutrons; instead, we measure 
the modulation of atomic positions associated with the charge 
modulation (a charge-density wave). The characteristic three-
dimensional wave vectors for the atomic displacements are 
(h, k, /)=(±2t:, 0, 1). The requirement that/= 1 is related to the 
presence of two Ni02 layers per unit cell, and indicates that the 
displacement pattern in one layer is exactly opposite to that in 
the layer just above (and below) it. This result is consistent with 
a staggering of the hole stripes from one layer to the next, as 
one would expect because of Coulomb repulsion. A quantitative 
analysis12 of the observed superlattice intensities measured in the 
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oxygen-doped crystal has verified that the positions of the Ni 
and 0 atoms in the planes are sinusoidally modulated along the 
direction perpendicular to the stripes, as expected for a charge-
density wave. Although it is not possible to infer the charge 
distribution directly from the atomic displacements, the observa-
tions are generally consistent with recent multiband Hubbard 
model calculations by Zaanen and Littlewood16

. 

The spin and hole ordering in the nickel oxides described 
above occurs for temperatures near I 00 K. A striking feature of 
the ordering is its cooperative nature: the charge and spin order 
parameters show similar temperature dependences 10

'
11

• The 
ordered magnetic moments are found to be quite large, with a 
maximum moment (in the oxygen-doped crystal 12

) of approxi-
mately 85% of that found in the undoped antiferromagnetic-
insulator phase. Because a hole has its own magnetic moment 
which will tend to couple to a Ni moment in a way that reduces 
the ordered value, the large observed moments indicate that the 
hole density is strongly modulated, as assumed in the domain-
wall/stripe picture. The localization of the holes in domain walls 
increases the kinetic energy of the holes, while decreasing the 
potential energy of the Ni spins. The competition between these 
energies drives the density modulation. 

What has the above to do with the copper oxides? After all, 
the nickel oxides remain insulating up to rather high dopant 
concentrations. One reason for considering a connection comes 
from mean-field analyses of the single-band Hubbard model5

-
7

, 

a simple model believed to contain the basic physics of a Cu02 

plane. If electron-electron interactions are assumed strong and 
spatial modulation of the spin and charge densities is allowed, 
stripe phases involving charged domain walls are commonly 
found. Another reason is the observation of incommensurate 
magnetic peaks in inelastic neutron scattering studies2-

4 of super-

b 

a 

FIG. 1 a, Idealized diagram of the spin and charge stripe pattern within 
a Ni02 plane observed in hole-doped La2Ni04 with a hole density of 
n" = b, Hypothesized stripe pattern in a Cu02 plane of hole-doped 
La2Cu04 with n" = k. In both, only the metal atoms are represented; the 
oxygen atoms, which surround the metal sites in a square planar array 
(as shown in Fig. 2), have been omitted. Arrows indicate the orientation 
of magnetic moments on metal atoms, which are locally antiparallel; 
the spin direction rotates by 180° (relative to a simple antiferromagnetic 
structure) on crossing a domain wall, as emphasized by the change in 
filling of the arrow heads. The doubled lines outline the magnetic unit 
cell in each case. Holes are located at the anti-phase domain boundar-
ies, which are indicated by the rows of circles without arrows. A filled 
circle denotes the presence of one hole, centred on a metal site. For 
the present analysis, the hole density is assumed to be uniform along 
a domain wall; the ordering of holes along stripes suggested in b has 
not been tested experimentally, but serves as a reminder that the hole 
per Cu ratio is 
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Figure 3.13: Charge and spin stripe order. a) The peak centred on (1/2, 1/2 ± ε, 0) linked to
spin order, and the (±2ε, 0, l) and (0,±2ε, l) linked to charge order. b) Diagram of the spin and
charge stripe pattern in a CuO2 plane of a hole-doped cuprate. The AFM regions (with the
arrows indicating the spin directions) are separated by domain walls occupied by holes (filled
circle). c) Temperature dependence of the magnetic (filled circle) and charge order (open circles
and triangles) peak intensities. a) and b) from [84], c) from [88].

Phonon anomaly and coupling to charge order

The phonon dispersions in cuprate superconductors were first investigated to understand the
mechanism of superconductivity. Indeed, in conventional superconductors where superconduct-
ivity is due to electron-phonon coupling, the phonon dispersions have more interesting features
than non-superconducting reference compounds. In addition to anomalies in the phonon disper-
sion, large linewidths are expected (the linewidths are directly linked to the electron-coupling
constant λ), and the dispersions tend to soften on cooling. But shortly after, electron-phonon
coupling was set aside as a plausible pairing mechanism. The bond-stretching phonon an-
omalies in some stripe-ordered cuprates are now believed to be linked to the formation of a
charge-ordered state [11]. For more extensive reviews on phonon anomalies and electron-phonon
coupling, see references [10] and [12].
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3.4. Phase diagram

The phonon dispersions in cuprates are complex due to their non-trivial crystallographic
structures, and thus comparison to the parent compound to distinguish anomalous behaviours
is essential. In the parent compound LCO for example, the phonon dispersions are well described
by the shell model, a phenomenological model for ionic insulators. For doped LSCO, although
many phonons are still quite well described by an adapted model, there is a significant dip
in the high-frequency optical branch of ∆1 symmetry in the [100]-direction, associated to the
plane-polarised Cu-O bond-stretching vibrations. The anomalous dispersion of this phonon
(half-breathing mode) is shown in figure 3.14 a) for different dopings x = 0−0.30 of LSCO. The
phonon dispersion in the [110]-direction (breathing mode) is shown in figure 3.14 b), showing
that the anomaly is weaker in that direction. One mode shows an even stronger anomalous
dispersion in LSCO, the Ozz mode, which is a c-axis polarised mode.

Phonon anomalies have been observed in NCCO, LSCO and YBCO, among other cuprates
[17, 89]. The Cu-O bond-stretching mode behaviour in optimally doped NCCO resembles that
in optimally-doped LSCO, and the anomaly is stronger in the [100]- than in the [110]-direction.
In YBCO, there are significant softening of lower energy modes in the [100]- and the [010]-
directions, and smaller softening in the [110]-directions. Specific phonon modes softenings upon
doping seem to be a universal feature in the cuprates.

34 L. Pintschovius: Electron–phonon coupling effects explored by inelastic neutron scattering 
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4 Phonon anomalies in high Tc superconductors 

Figure 4 demonstrates that the model used in Fig. 3 to describe the phonons in undoped La2CuO4 gives a 
very good description of the phonons in underdoped La1.9Sr0.1CuO4 as well. I note that little change oc-
curs on further doping except for those few phonon modes which are not well described already in un-
derdoped LSCO. This means that the basic character of the interatomic forces remains the same after 
doping, i.e. they are ionic in nature. Of course, the model has to be adapted to account for the insulator-
to-metal transition upon doping. To this end, a screening term has been added which suppresses the LO-
TO splittings observed in the insulating parent compound. However, the inverse screening length in the 
cuprates is quite small. That is to say, screening affects essentially only long wavelength phonons but not 
zone boundary modes. This issue will be discussed in somewhat more detail later when dealing with the 
phonons in electron-doped Nd2–xCexCuO4 (NCCO). I note that the screening effects can be considered as 
electron–phonon coupling effects only in a very wide sense, but have nothing to do with the coupling 
leading to superconductivity. 
 Inspection of Fig. 4 shows that the most pronounced deviation between model and experiment occurs 
in a high-frequency optical branch of ǻ1 symmetry in the (100)-direction. This branch is associated with 
plane-polarized Cu–O bond-stretching vibrations. The frequency dip observed in this branch closely 
resembles a phonon anomaly in a classical superconductor. For this reason, these phonon modes have 
attracted considerable interest and are dealt with in detail in the following subsection. 

4.1 Bond-stretching modes 

The best studied system is La2–xSrxCuO4 with measurements ranging from undoped (x = 0) to highly 
overdoped (x = 0.30) samples. A summary of the results of the dispersion of the plane polarized Cu–O 
bond-stretching vibrations is given in Figs. 5–7. Evidently, the pronounced renormalization of the fre-
quencies of these modes is restricted to those of longitudinal character. Further, the renormalization is 
considerably stronger in the (100)-direction than in the (110)-direction, at least up to optimal doping. As 
a consequence, it is the modes propagating along (100) which have attracted most of the attraction, in 
particular the zone boundary mode for q = (0.5, 0, 0). Its displacement pattern is shown in Fig. 7 along 
with that of the zone boundary mode in the (110)-direction, i.e. for q = (0.5, 0.5, 0). The latter mode is 
traditionally called ‘breathing mode’. In analogy, the zone boundary mode in the (100)-direction is now   
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Fig. 5 Dispersion of the longitudinal 
(∆1-symmetry) plane polarized Cu–O 
bond-stretching vibrations in the (100)-
direction in La2–xSrxCuO4 [2, 7]. Lines 
are a guide to the eye. 

Fig. 6 Dispersion of the transverse (∆3-symmetry) 
plane polarized Cu–O bond-stretching vibrations in the 
(100)-direction in La2–xSrxCuO4 [2]. 
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generally called ‘half-breathing mode’. I note that in the cuprates, these modes should be in principle 
called planar breathing mode resp. planar half-breathing mode because these modes involve primarily 
in-plane elongations. 
 Figure 5 shows that the frequency renormalization of the half-breathing mode continues on going 
from optimally doped LSCO to strongly overdoped LSCO, although the additional changes are rather 
small compared to the effect occuring between undoped and optimally doped LSCO. This result [7] 
contradicts earlier results obtained on overdoped LSCO by inelastic X-ray scattering [8] claiming that the 
dispersion in strongly overdoped (x = 0.29) LSCO would be close to that in the undoped parent com-
pound. This led to the speculation that the renormalization is strongly correlated with the superconduct-
ing transition temperature cT . However, inspection of the data reported in [8] shows a two-peak structure 
for q < 0.8 in contrast to what is expected from selection rules for the compound under investigation. 
This flaw made an assignment of the peaks to the targeted phonon modes ambiguous. I note that no such 
problem occured in the neutron measurements [7]. Moreover, very recent X-ray measurements on a 
similar sample fully confirmed the neutron results [9]. 
 Investigations of the doping-induced frequency changes in the electron-doped compound  
Nd2–xCexCuO4 (NCCO) were for a long time hampered by the lack of suitable single crystals. Inelastic  
X-ray scattering has the advantage that it can be performed on very tiny crystals and therefore, inelastic 
X-ray data for doped NCCO [10, 11] were reported prior to inelastic neutron results [12]. According to 
the X-ray results, NCCO behaves in a somewhat different manner than LSCO: it was claimed [10, 11] 
that an anomalous softening is observed in the bond-stretching branch in the (100)-direction at wave 
vector q = (0.2, 0, 0). However, recent neutron experiments [12] revealed unambiguously that the dip at 
q = (0.2, 0, 0) is simply the consequence of an anti-crossing of two phonon branches with elongations in 
the Cu–O planes or in the Nd–O planes, respectively. In fact, the interpretation of the doping-induced 
frequency changes in NCCO is far from being trivial due to an interaction of three phonon branches of 
the same symmetry at energies above 10 THz. In the undoped compound, the situation is as following: 
the branch associated with plane-polarized Cu–O bond-stretching vibrations starts at nearly 18 THz 
and disperses downward to about 15 THz at q = (1, 0, 0). There is an anti-crossing with another branch 
at about q = (0.5, 0, 0). This branch starts at ν  = 13 THz and disperses upward to about 17 THz. This 
branch is also plane-polarized but is associated with elongations within the Nd–O plane. Finally, there is 
a  c-polarized branch starting from ν  = 13 THz and dispersing upward to  nearly  14 THz. Inspection of  

(0.5,0,0)

(0.5,0.5,0)

Fig. 7 Dispersion of the longitudinal 
(Σ1-symmetry) plane polarized Cu–O 
bond-stretching vibrations in the 
(110)-direction in La2–xSrxCuO4 [2]. 
Lines are a guide to the eye. 

Fig. 8 Displacement patterns of the breathing mode (top) 
and of the half-breathing mode (bottom), respectively. 
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generally called ‘half-breathing mode’. I note that in the cuprates, these modes should be in principle 
called planar breathing mode resp. planar half-breathing mode because these modes involve primarily 
in-plane elongations. 
 Figure 5 shows that the frequency renormalization of the half-breathing mode continues on going 
from optimally doped LSCO to strongly overdoped LSCO, although the additional changes are rather 
small compared to the effect occuring between undoped and optimally doped LSCO. This result [7] 
contradicts earlier results obtained on overdoped LSCO by inelastic X-ray scattering [8] claiming that the 
dispersion in strongly overdoped (x = 0.29) LSCO would be close to that in the undoped parent com-
pound. This led to the speculation that the renormalization is strongly correlated with the superconduct-
ing transition temperature cT . However, inspection of the data reported in [8] shows a two-peak structure 
for q < 0.8 in contrast to what is expected from selection rules for the compound under investigation. 
This flaw made an assignment of the peaks to the targeted phonon modes ambiguous. I note that no such 
problem occured in the neutron measurements [7]. Moreover, very recent X-ray measurements on a 
similar sample fully confirmed the neutron results [9]. 
 Investigations of the doping-induced frequency changes in the electron-doped compound  
Nd2–xCexCuO4 (NCCO) were for a long time hampered by the lack of suitable single crystals. Inelastic  
X-ray scattering has the advantage that it can be performed on very tiny crystals and therefore, inelastic 
X-ray data for doped NCCO [10, 11] were reported prior to inelastic neutron results [12]. According to 
the X-ray results, NCCO behaves in a somewhat different manner than LSCO: it was claimed [10, 11] 
that an anomalous softening is observed in the bond-stretching branch in the (100)-direction at wave 
vector q = (0.2, 0, 0). However, recent neutron experiments [12] revealed unambiguously that the dip at 
q = (0.2, 0, 0) is simply the consequence of an anti-crossing of two phonon branches with elongations in 
the Cu–O planes or in the Nd–O planes, respectively. In fact, the interpretation of the doping-induced 
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Figure 3.14: Phonon dispersion in LSCO, with the corresponding displacement pattern in
the CuO plane. a) Longitudinal plane polarised Cu-O bond-stretching mode in [100]-direction
(half-breathing mode). b) Longitudinal plane polarised Cu-O bond-stretching mode in the
[110]-direction (breathing mode). From [10].

Assuming that charge inhomogeneity in the CuO2 planes leads to a change in the Cu-O bond
length, the coupling of (dynamic) charge stripe order with phonons should lead to a softening
of the phonons, maximal around the ordering wavevector, as well as a strong broadening [10].
In LSCO, the charge ordering wavevector of displacements in the CuO2 planes corresponding to
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charge accumulation every fourth row of Cu atoms coincides with the maximum of the phonon
anomaly of the Cu-O bond-stretching mode, see figure 3.15. This is not obviously the case for
other cuprates however. More details about the phonon anomalies measured in LSCO will be
presented in chapter 7.
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Fig. 25 Top: Dispersion of the longitudinal plane-polarized Cu–O bond-stretching vibrations in  
the static stripe phase La1.48Nd0.4Sr0.12CuO4 (left) [31] as well as in optimally doped LSCO (middle) [25] 
and in overdoped LSCO (right) [7]. The thick lines are a cosine-function and the thin lines are a guide to 
the eye. Bottom: Resolution-corrected phonon linewidths of the phonons shown at the top. Lines are a 
guide to the eye. 

 

basic idea is that dynamic charge stripes will strongly couple to phonons with an appropriate displace-
ment pattern leading to a softening as well as to a line broadening. Naively, one might expect effects 
similar to those observed long time ago in one-dimensional conductors as precursors to charge density 
wave order. In fact, charge stripe order is nothing but a special case of charge density wave order. An 
example of such a precursor effect is the observation of a phonon anomaly in the longitudinal acoustic 
branch of the one-dimensional conductor KCP [40] depicted in Fig. 24. 
 In the cuprates, the phonons which are expected to show the strongest coupling are not the acoustic 
ones but the plane-polarized Cu–O bond-stretching phonons. This expectation is based on the assump-
tion that any charge inhomogeneity will induce a modulation of the Cu–O bond length. The theoretical 
paper by Kaneshita et al. [41] gives an idea about what might be expected from a coupling of phonons to 
charge stripe order, i.e. basically a strong broadening and also some softening of the phonons in a narrow 
range of q around the ordering wave vector. Unfortunately, there was no clear-cut experimental evidence 
to support the predicted effects. I note that there was an attempt to gain some insight into the problem by 
performing phonon measurements on a related system, i.e. La1.69Sr0.31NiO4 by Tranquada et al. [42]. This  
 

   

Fig. 26 Displacement pattern of the anomalous phonons with wave 
vector (0, 0.25, 0). Only the displacements in the CuO2 planes are 
shown (they are the dominant ones). Some circles are filled with grey 
to indicate that the displacement pattern favors dynamic charge accu-
mulation on every fourth row of coppers atoms. 
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Figure 3.15: a) Phonon dispersion and linewidth of the Cu-O bond-stretching phonon along
(h, 0, 0) in Nd-LSCO (x = 0.12) and LSCO (x = 0.15, 0.30). b) Diagram of the displacements
in the CuO2 planes, with a wavevector (0,0.25,0), where charge accumulates (in grey) on every
fourth row of Cu. From [10].

Charge density wave

The charge density wave (CDW) order observed in most cuprates is different to stripe order in
the La-based cuprates, in that it consists of charge order decoupled from spin order. Some of
the earliest evidence came from STM in Bi2212, allowing real space imaging of quasiparticle
states. A checkerboard pattern was measured in a magnetic field, and the modulations, with
four UC periodicity, can be linked to the field-induced spin density wave [90]. In zero field,
weak and incommensurate modulations were observed, and one of those modulations was later
attributed to being a signature of the CDW [91].

More direct measurements of the CDW in cuprates can be undertaken using hard x-ray
diffraction (XRD) and resonant soft x-ray scattering (RXS) at the Cu and O edges (techniques
presented in section 2.5). With hard XRD, all atoms are probed and what is measured is actually
the ionic displacement due to the CuO charge order. The signal is weak but many reciprocal
space positions can be measured, potentially allowing the determination of the structure of the
charge modulations. With the energy of the x-rays tuned at a specific Cu or O absorption edge,
allowing for a resonant process to take place, the experimental signal is strongly enhanced to
the specific electronic states in the CuO2 planes, which makes even weak ordering detectable. In
particular, for measurements at the Cu-L3 edge in cuprates, the RIXS amplitude is dependent
on the transition amplitudes and energies, and the lattice positions. However, with conventional
RXS, or resonant elastic x-ray scattering (REXS), there is no distinction in the energy of the
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excitations, while with resonant inelastic x-ray scattering (RIXS), the best energy resolution
accessible only recently is ∼ 35 meV, meaning that low-energy excitations such as phonons
might still contribute to what is identified as the charge order peak. Concise reviews of CDW
studies in cuprates can be found in [92] for XRD, and [42] for RXS.

The first direct observation of CDW in YBCO was with RXS [40], where a peak centred
on the in-plane vector Q‖ = (0.31, 0) was measured in two samples (with Tc = 61 and 69 K).
The excitations, appearing below ∼ 150 K, reach a maximum at Tc and weaken at lower tem-
peratures, suggesting a competition between the CDW and superconductivity. The CDW in
YBCO was then measured with hard XRD [8], in a Tc = 67 K sample (ortho-VIII), again
strengthening the idea of competition with superconductivity. Indeed, when superconductivity
is weakened by an applied magnetic field up to 17 T, the CDW peaks become stronger below
Tc, and the correlation lengths increase, see figure 3.16 c)-d). A stronger CDW in magnetic
field was also observed with hard XRD in LBCO [93]. Further measurements in YBCO with
RXS [94] and hard XRD [95] revealed that the CDW was present in dopings ranging in 0.078 .
p . 0.132. All measurements so far in YBCO report a similar onset temperature of the charge
order T onset

CO ' 140− 160 K for p = 1/8, and a decrease of T onset
CO with decreasing doping. They

also all suggest a competition of the superconducting and charge ordered phase, due to the
decrease of the CDW peak intensity and correlation length below Tc, and the enhancement of
CDW when superconductivity is partially suppressed by application of a magnetic field. The
microscopic structure of the CDW in YBCO (x = 6.54, Tc ' 60 K) was solved using hard XRD
measurements in an extensive region of reciprocal space [96], and fitted to a model with specific
ionic displacements in the UC.

tunneling spectroscopy (STS) on the surface of
superconducting Bi2Sr2CuO6+d (2201) (30) and
Bi2Sr2CaCu2O8+d (2212) (31–33), but only limited
information is available from STS on the temper-
ature evolution of the CDW correlations in the
2201 and 2212 compounds, and the relation of
the STS data to the superconducting properties in
the bulk of these materials is obscured by elec-
tronic inhomogeneity.

The wave vector of the charge correlations
revealed in our experiments is in good agree-
ment with the nesting vector of the antibonding
Fermi surface sheets predicted by density func-
tional calculations for the 123 system (34). The
nesting vector connects those segments on the
2D Fermi surface that develop the maximal gap
amplitude in the d-wave superconducting state.
The CDW is thus a natural consequence of a
Fermi surface instability competing with super-
conductivity (35). The nearly critical nature of
the charge fluctuations (Fig. 4) suggests a CDW
ground state for underdoped 123 materials in
magnetic fields sufficient to weaken or obliterate
superconductivity, which may be responsible for
the Fermi surface reconstruction evidenced by
the quantum oscillation data (15). This scenario
agrees qualitatively with a recent NMR study of
YBa2Cu3O6.5 in high magnetic fields, which has
revealed signatures of a field-induced CDW (17),
and with theoretical work on this issue (16, 36).
In this precise case, the long range ortho-II oxy-
gen order and/or the high-field conditions may
favor the uniaxial commensurate charge modu-
lation with period 4a inferred from these data.
Further work is required to understand the inter-
play between the chain order and the in-plane
charge modulation and to reconcile our results
with the NMR data.

It is instructive to compare the charge corre-
lations revealed by our RXS experiments to the
p evolution of the spin correlations previously
determined by magnetic neutron scattering. For
p ≤ 0.08, these experiments revealed incommen-
surate magnetic order with wave vectors q∥ ¼
1
2 þ d, 12
! "

, where the incommensurability d in-
creases monotonically with p (27). Figure 3
shows that neither charge order nor low-energy
incommensurate charge fluctuations are present
in this doping range. For p > 0.08, the spin cor-
relations remain centered at wave vectors similar
to those at lower p, which bear no simple relation
to the wave vector of the REXS peaks determined
here (11–14). In this doping range, magnetic order
disappears (27, 37, 38), and the magnetic ex-
citation spectrum develops a large gap that in-
creases smoothly with p, in stark contrast to the
abrupt appearance and disappearance of the charge
density correlations with increasing p.

These considerations imply that spin and
charge order are decoupled in the 123 family,
which is quite different from in the 214 family
where they coexist microscopically in the striped
state. The small or absent intensity difference be-
tween the signal intensities at q// = (0.31,0) and
(0,0.31) (Fig. 2A) call into question the inter-
pretation of various transport anomalies in the
normal state of underdoped 123 compounds in
terms of stripe fluctuations (8, 9), at least in the
doping range where we observed the REXS
peaks. Although further experiments are required
to establish whether these peaks arise from an
equal distribution of fluctuating domains of two
uniaxial CDWswithmutually perpendicular prop-
agation vectors or from a single CDWwith biaxial
charge modulation, the isotropic intensity distri-
bution of the CDW signal shows that these fluc-

tuations cannot account for the strongly anisotropic
resistivity and Nernst effect in the normal state.
Despite these materials-specific variations, our
data imply that long-range CDW correlations are
a common feature of underdoped cuprates. De-
tailed microscopic calculations are required to as-
sess their relation to the pseudogap phenomenon
(1), the unusual q = 0 order (39), and the polar
Kerr effect measurements (40) recently reported
in some of these materials. The extensive q-, p-,
and T-dependent data set we report here is an
excellent basis for theoretical work on these
issues.
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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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Figure 3.16: Temperature dependence of a) the intensity and b) the FWHM of the CDW peak
in YBCO x = 6.6 ( Tc = 61 K), from energy-resolved (open circles) and energy-integrated (solid
circles) data. From [40]. c) Intensity and d) Gaussian width σ of the CDW in YBCO x = 6.67
(Tc = 67 K), in an applied magnetic field. From [8].
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NMR measurements in YBCO showed that the long-range CDW state at low temperature
in high magnetic fields (H ‖ c) was different to the short-ranged CDW at zero and low fields
[97,98]. Sound velocity measurements, a thermodynamic bulk probe, also detected the presence
of static charge order at low temperatures (∼ 45 K) in high magnetic fields (> 18 T) in YBCO
p = 0.108 [99]. Finally, x-ray measurements in zero and high magnetic fields showed that the
zero-field CDW has mainly 2D character and becomes 3D order in field [9,100]. More precisely,
the CDW along a is just enhanced with field, while the field-induced CDW along b is not only
enhanced, but new correlations, commensurate with the lattice appear. The phase diagrams of
YBCO in magnetic field are presented in figure 3.17, with the 2D (anti-phase) CDW correlations
appearing around 150 K, and the 3D CDW order present at low temperatures and in high fields.

Possible explanations for this difference in behaviour include the
influence of the CuO chains promoting the b axis modulations or
the chains pinning the a axis CDW modulations.

We conclude that the appearance of 3D CDW order
corresponds to the onset of new c axis electronic coherence and
hence electronic reconstruction. This is supported by thermal
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Figure 4 | Evolution of charge density wave correlation lengths and intensities with magnetic field and temperature in YBa2Cu3O6.67. (a) Intensity of
the 3D CDW peak extracted from c-scans through Q¼ (0,4-db,c) versus temperature at fields as indicated. (b,c) Total CDW intensity determined from
k-scans (open circles) and 3D CDW peak intensity determined from c-scans (closed squares) through the (0,4-db,1) position. (d,e) Correlation lengths
xb,c¼ 1, xc,c¼ 1, xb,c¼ 1/2 determined from the resolution-corrected peak widths (s¼ x" 1) of scans through (0,4-db,1), (0,4-db,1) and (0,4-db,1/2) positions,
respectively. The saturation of xc,c¼ 1¼47 Å and xb,c¼ 1/2B100 Å is likely related to disorder even though it has been shown that xb,c¼ 1/2 is insensitive to
oxygen disorder34. Error bars are s.d.’s of the fit parameters described in the Methods.
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Figure 3.17: Phase diagrams of YBa2Cu3O6+δ with magnetic field versus temperature and
versus doping, showing the 2D (anti-phase) CDW and 3D CDW orders. From [9].

Charge density wave and Fermi surface

For La-based cuprates, the in-plane charge order wavevector increases as a function of doping.
Considering the picture of stripe order, this can be understood in that the addition of more holes
leads to a decrease in the average distance between the charge (hole-rich) and spin (hole-poor)
domains.

For other cuprates however, the wavevector tends to decrease as a function of doping. In
Bi2Sr2−xLaxCuO6+δ (Bi2201), the charge order wavevector has been empirically linked to Fermi
arcs hot spots, and explained in terms of an instability of the Fermi arcs [101], see figure 3.18
a). In HgBa2CuO4+δ (Hg1201) and YBCO however, the wavevector connecting the hot spots
is smaller than the charge order wavevector [102]. Instead, the charge order wavevector can be
used to define electron pockets, whose dimensions match those from quantum oscillation (QO)
and Hall effect measurements, see figure 3.18 b), inferring that the CDW are the cause of the
quantum oscillations.
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3.4. Phase diagram

electrons and allows the detection of very small
variations in the electronic density profile with-
in the CuO2 planes (11), which are difficult to
determine by using nonresonant methods. We
performed REXS measurements along the te-
tragonal crystallographic a and b axes, with
the corresponding reciprocal axes labeled QH
and QK , for three doping levels of Bi2201 (24).
Because of the near-equivalence ofQH andQK ,
we will hereafter use the common notation Q∥
and define reciprocal lattice units (r.l.u.) for
momentum axes as 2p=a0 ¼ 2p=b0 ¼ 1, with
a0 ≃ b0 ≃ 3:86Å. Figure 1A shows REXS scans
at high (300 K) and low (20 K) temperatures
acquired on a UD15K sample near the Cu-L3 ab-
sorption peak at a photon energy hn ¼ 931:5 eV.
An enhancement of scattering intensity, in the
form of a broad peak, is visible at 20 K at jQ∥j ¼
0:265 T 0:01, whereas at 300 K it disappears
into the featureless background (dominated by
fluorescence). By subtracting the latter, we can
study the dependence of the low-temperature fea-
ture on photon energy, which reveals its reso-
nant behavior at the Cu-L3 edge (Fig. 1B). The
resonant enhancement, together with the absence

of features at the La-M5 absorption edge (fig.
S6), demonstrates that the peak originates from
charge order (CO) occurring in the CuO2 planes.
Furthermore, the gradual dependence of the peak
intensity on the out-of-plane component of the
wavevectorQ⊥ is similar to observations in YBCO
(7) and indicative of short coherence along the
c axis. Figure 1C shows the temperature evolu-
tion of the CO peak in REXS: There is an onset
temperature TCO, but we cannot conclusively
determine whether TCO corresponds to a sharp
phase boundary. Although the charge modula-
tion breaks translational symmetry, the system
lacks long-range order as evidenced by the short
correlation length (xCO ~ 20 to 30 Å). The latter
evolves only weakly with doping and temperature
(fig. S5) and therefore suggests either strong
disorder or substantial fluctuations persisting down
to low temperatures (25). In either case, the con-
vergence of TCO and T " for all doping levels sug-
gests an intimate relationship between the CO
and the PG correlations.

STM is used to detect the charge distribution
in real space, by scanning an atomically sharp
tip over the cleaved Bi2201 surface and map-

ping the differential tunneling conductance
dI=dV ðr,V Þ (where I is current, V is potential,
and r is position), which is proportional to the
local density of states at energy e ¼ eV. Here we
apply STM to the same UD15K sample studied
by REXS. The map of dI=dV ðr,V ¼ 24 mVÞ
in Fig. 1D shows an incommensurate charge mod-
ulation along the a and b axes, consistent with
either a disordered checkerboard or stripe modu-
lation (25). The Fourier transform of dI=dV ðr,V Þ
(Fig. 1E) and associated line cut (Fig. 1F) quan-
tify the CO peak at jQ∥j ¼ 0:248 T 0:01. This
is in good agreement withQCO from REXS and
also with QCO recently reported in the context
of phonon anomalies in Bi2201 (26). Further-
more, the feature found in STM has a corre-
lation length xCO ~ 28Å, again in agreement
with REXS. A summary of the REXS and STM
results is presented in Table 1. We therefore
arrive at the empirical convergence of a CO that
onsets right below T " (REXS) and whose wave
vector is consistent on surface (STM) and bulk
(REXS).

The next step is to link the universal surface
and bulk charge order to the fermiology. We
quantified and clarified this connection by using
ARPES to map the Fermi surface on the same
UD15K Bi2201 sample studied by REXS and
STM (21, 22). In a similar context, the ARPES-
derived octet model in the interpretation of
quasi-particle scattering as detected by STM
(27) is a successful example of such a connec-
tion and demonstrates the importance of low-
energy particle-hole scattering processes across
the “pseudogapped” Fermi surface.

From the raw ARPES data (Fig. 2C) (21),
we deduce that the charge-ordering wave vector
connects the Fermi arc tips, not the antinodal
Fermi surface sections, as had been assumed
previously (7, 12, 19). To better understand
the empirical link between charge order and
fermiology, we first derived the noninteracting
band structure by fitting the ARPES-measured
spectral function Aexpðk, wÞ (where k and w are
electron momentum and energy, respectively) to
a tight-binding model (21, 22, 24). The cor-
responding Fermi surface is shown in Fig. 2A
for hole doping p ¼ 0:12, equivalent to UD15K
(28). The AN nesting, marked by the white ar-
row, yields an ordering wave vectorQAN ~ 0.139,
in disagreement with the REXS/STM average
value QCO ~ 0.256. To account for the suppres-
sion of antinodal zero-energy quasi-particle ex-
citations, a hallmark of the PG fermiology, we
constructed a model spectral function APGðk, wÞ
with an appropriate self-energy SPGðk, wÞ, which
combines the features found from exact diago-
nalization of the Hubbard model (29) with the
doping-dependent parameters introduced in
(30) (see supplementary note 3 for more de-
tails). Figure 2B shows how the noninteract-
ing Fermi surface is transformed by the action of
our SPGðk, wÞ and also highlights the concur-
rent shift in the smallest-Q zero-energy particle-
hole excitation (gold connectors). The interacting

Table 1. Comparative summary for the CO peak parameters. Data from REXS and STM for the
various doping levels. For ARPES, the value listed here corresponds to the observedQHS, also shown
in Fig. 3C. The PG temperature T* (gray boxes in Fig. 1C) is from Knight shift measurements (36).
n/a, not applicable.

Technique Sample
Parameters

QCO (r.l.u.) xCO (Å) TCO (K) T* (K)

REXS
UD30K (p ≃ 0:145) 0.243 T 0.01 21 T 3 180 T 30 185 T 10
UD22K (p ≃ 0:130) 0.257 T 0.01 23 T 3 202 T 20 205 T 10
UD15K (p ≃ 0:115) 0.265 T 0.01 26 T 3 237 T 10 240 T 10

STM UD15K (p ≃ 0:115) 0.248 T 0.01 28 T 2 n/a 240 T 10
ARPES UD15K (p ≃ 0:115) 0.255 T 0.01 n/a n/a 240 T 10

Fig. 2. ARPES and theory comparison on Bi2201. Modeled Fermi surface for hole-doping p = 0:12
for (A) the noninteracting and (B) the interacting case, which is computed via the inclusion of the self-
energy SPG(k, w). A further Gaussian smearing (C), with Dkx = Dky = 0.03 p/a representing the effective
experimental resolution, allows comparison between the calculated and measured Fermi surface from
UD15K Bi2201 (21). The AN nesting at QAN (white arrow) can be contrasted with the QHS-vector associated
with the tips of the Fermi arcs (HS), marked by the gold connector.
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electrons and allows the detection of very small
variations in the electronic density profile with-
in the CuO2 planes (11), which are difficult to
determine by using nonresonant methods. We
performed REXS measurements along the te-
tragonal crystallographic a and b axes, with
the corresponding reciprocal axes labeled QH
and QK , for three doping levels of Bi2201 (24).
Because of the near-equivalence ofQH andQK ,
we will hereafter use the common notation Q∥
and define reciprocal lattice units (r.l.u.) for
momentum axes as 2p=a0 ¼ 2p=b0 ¼ 1, with
a0 ≃ b0 ≃ 3:86Å. Figure 1A shows REXS scans
at high (300 K) and low (20 K) temperatures
acquired on a UD15K sample near the Cu-L3 ab-
sorption peak at a photon energy hn ¼ 931:5 eV.
An enhancement of scattering intensity, in the
form of a broad peak, is visible at 20 K at jQ∥j ¼
0:265 T 0:01, whereas at 300 K it disappears
into the featureless background (dominated by
fluorescence). By subtracting the latter, we can
study the dependence of the low-temperature fea-
ture on photon energy, which reveals its reso-
nant behavior at the Cu-L3 edge (Fig. 1B). The
resonant enhancement, together with the absence

of features at the La-M5 absorption edge (fig.
S6), demonstrates that the peak originates from
charge order (CO) occurring in the CuO2 planes.
Furthermore, the gradual dependence of the peak
intensity on the out-of-plane component of the
wavevectorQ⊥ is similar to observations in YBCO
(7) and indicative of short coherence along the
c axis. Figure 1C shows the temperature evolu-
tion of the CO peak in REXS: There is an onset
temperature TCO, but we cannot conclusively
determine whether TCO corresponds to a sharp
phase boundary. Although the charge modula-
tion breaks translational symmetry, the system
lacks long-range order as evidenced by the short
correlation length (xCO ~ 20 to 30 Å). The latter
evolves only weakly with doping and temperature
(fig. S5) and therefore suggests either strong
disorder or substantial fluctuations persisting down
to low temperatures (25). In either case, the con-
vergence of TCO and T " for all doping levels sug-
gests an intimate relationship between the CO
and the PG correlations.

STM is used to detect the charge distribution
in real space, by scanning an atomically sharp
tip over the cleaved Bi2201 surface and map-

ping the differential tunneling conductance
dI=dV ðr,V Þ (where I is current, V is potential,
and r is position), which is proportional to the
local density of states at energy e ¼ eV. Here we
apply STM to the same UD15K sample studied
by REXS. The map of dI=dV ðr,V ¼ 24 mVÞ
in Fig. 1D shows an incommensurate charge mod-
ulation along the a and b axes, consistent with
either a disordered checkerboard or stripe modu-
lation (25). The Fourier transform of dI=dV ðr,V Þ
(Fig. 1E) and associated line cut (Fig. 1F) quan-
tify the CO peak at jQ∥j ¼ 0:248 T 0:01. This
is in good agreement withQCO from REXS and
also with QCO recently reported in the context
of phonon anomalies in Bi2201 (26). Further-
more, the feature found in STM has a corre-
lation length xCO ~ 28Å, again in agreement
with REXS. A summary of the REXS and STM
results is presented in Table 1. We therefore
arrive at the empirical convergence of a CO that
onsets right below T " (REXS) and whose wave
vector is consistent on surface (STM) and bulk
(REXS).

The next step is to link the universal surface
and bulk charge order to the fermiology. We
quantified and clarified this connection by using
ARPES to map the Fermi surface on the same
UD15K Bi2201 sample studied by REXS and
STM (21, 22). In a similar context, the ARPES-
derived octet model in the interpretation of
quasi-particle scattering as detected by STM
(27) is a successful example of such a connec-
tion and demonstrates the importance of low-
energy particle-hole scattering processes across
the “pseudogapped” Fermi surface.

From the raw ARPES data (Fig. 2C) (21),
we deduce that the charge-ordering wave vector
connects the Fermi arc tips, not the antinodal
Fermi surface sections, as had been assumed
previously (7, 12, 19). To better understand
the empirical link between charge order and
fermiology, we first derived the noninteracting
band structure by fitting the ARPES-measured
spectral function Aexpðk, wÞ (where k and w are
electron momentum and energy, respectively) to
a tight-binding model (21, 22, 24). The cor-
responding Fermi surface is shown in Fig. 2A
for hole doping p ¼ 0:12, equivalent to UD15K
(28). The AN nesting, marked by the white ar-
row, yields an ordering wave vectorQAN ~ 0.139,
in disagreement with the REXS/STM average
value QCO ~ 0.256. To account for the suppres-
sion of antinodal zero-energy quasi-particle ex-
citations, a hallmark of the PG fermiology, we
constructed a model spectral function APGðk, wÞ
with an appropriate self-energy SPGðk, wÞ, which
combines the features found from exact diago-
nalization of the Hubbard model (29) with the
doping-dependent parameters introduced in
(30) (see supplementary note 3 for more de-
tails). Figure 2B shows how the noninteract-
ing Fermi surface is transformed by the action of
our SPGðk, wÞ and also highlights the concur-
rent shift in the smallest-Q zero-energy particle-
hole excitation (gold connectors). The interacting

Table 1. Comparative summary for the CO peak parameters. Data from REXS and STM for the
various doping levels. For ARPES, the value listed here corresponds to the observedQHS, also shown
in Fig. 3C. The PG temperature T* (gray boxes in Fig. 1C) is from Knight shift measurements (36).
n/a, not applicable.

Technique Sample
Parameters

QCO (r.l.u.) xCO (Å) TCO (K) T* (K)

REXS
UD30K (p ≃ 0:145) 0.243 T 0.01 21 T 3 180 T 30 185 T 10
UD22K (p ≃ 0:130) 0.257 T 0.01 23 T 3 202 T 20 205 T 10
UD15K (p ≃ 0:115) 0.265 T 0.01 26 T 3 237 T 10 240 T 10

STM UD15K (p ≃ 0:115) 0.248 T 0.01 28 T 2 n/a 240 T 10
ARPES UD15K (p ≃ 0:115) 0.255 T 0.01 n/a n/a 240 T 10

Fig. 2. ARPES and theory comparison on Bi2201. Modeled Fermi surface for hole-doping p = 0:12
for (A) the noninteracting and (B) the interacting case, which is computed via the inclusion of the self-
energy SPG(k, w). A further Gaussian smearing (C), with Dkx = Dky = 0.03 p/a representing the effective
experimental resolution, allows comparison between the calculated and measured Fermi surface from
UD15K Bi2201 (21). The AN nesting at QAN (white arrow) can be contrasted with the QHS-vector associated
with the tips of the Fermi arcs (HS), marked by the gold connector.
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electrons and allows the detection of very small
variations in the electronic density profile with-
in the CuO2 planes (11), which are difficult to
determine by using nonresonant methods. We
performed REXS measurements along the te-
tragonal crystallographic a and b axes, with
the corresponding reciprocal axes labeled QH
and QK , for three doping levels of Bi2201 (24).
Because of the near-equivalence ofQH andQK ,
we will hereafter use the common notation Q∥
and define reciprocal lattice units (r.l.u.) for
momentum axes as 2p=a0 ¼ 2p=b0 ¼ 1, with
a0 ≃ b0 ≃ 3:86Å. Figure 1A shows REXS scans
at high (300 K) and low (20 K) temperatures
acquired on a UD15K sample near the Cu-L3 ab-
sorption peak at a photon energy hn ¼ 931:5 eV.
An enhancement of scattering intensity, in the
form of a broad peak, is visible at 20 K at jQ∥j ¼
0:265 T 0:01, whereas at 300 K it disappears
into the featureless background (dominated by
fluorescence). By subtracting the latter, we can
study the dependence of the low-temperature fea-
ture on photon energy, which reveals its reso-
nant behavior at the Cu-L3 edge (Fig. 1B). The
resonant enhancement, together with the absence

of features at the La-M5 absorption edge (fig.
S6), demonstrates that the peak originates from
charge order (CO) occurring in the CuO2 planes.
Furthermore, the gradual dependence of the peak
intensity on the out-of-plane component of the
wavevectorQ⊥ is similar to observations in YBCO
(7) and indicative of short coherence along the
c axis. Figure 1C shows the temperature evolu-
tion of the CO peak in REXS: There is an onset
temperature TCO, but we cannot conclusively
determine whether TCO corresponds to a sharp
phase boundary. Although the charge modula-
tion breaks translational symmetry, the system
lacks long-range order as evidenced by the short
correlation length (xCO ~ 20 to 30 Å). The latter
evolves only weakly with doping and temperature
(fig. S5) and therefore suggests either strong
disorder or substantial fluctuations persisting down
to low temperatures (25). In either case, the con-
vergence of TCO and T " for all doping levels sug-
gests an intimate relationship between the CO
and the PG correlations.

STM is used to detect the charge distribution
in real space, by scanning an atomically sharp
tip over the cleaved Bi2201 surface and map-

ping the differential tunneling conductance
dI=dV ðr,V Þ (where I is current, V is potential,
and r is position), which is proportional to the
local density of states at energy e ¼ eV. Here we
apply STM to the same UD15K sample studied
by REXS. The map of dI=dV ðr,V ¼ 24 mVÞ
in Fig. 1D shows an incommensurate charge mod-
ulation along the a and b axes, consistent with
either a disordered checkerboard or stripe modu-
lation (25). The Fourier transform of dI=dV ðr,V Þ
(Fig. 1E) and associated line cut (Fig. 1F) quan-
tify the CO peak at jQ∥j ¼ 0:248 T 0:01. This
is in good agreement withQCO from REXS and
also with QCO recently reported in the context
of phonon anomalies in Bi2201 (26). Further-
more, the feature found in STM has a corre-
lation length xCO ~ 28Å, again in agreement
with REXS. A summary of the REXS and STM
results is presented in Table 1. We therefore
arrive at the empirical convergence of a CO that
onsets right below T " (REXS) and whose wave
vector is consistent on surface (STM) and bulk
(REXS).

The next step is to link the universal surface
and bulk charge order to the fermiology. We
quantified and clarified this connection by using
ARPES to map the Fermi surface on the same
UD15K Bi2201 sample studied by REXS and
STM (21, 22). In a similar context, the ARPES-
derived octet model in the interpretation of
quasi-particle scattering as detected by STM
(27) is a successful example of such a connec-
tion and demonstrates the importance of low-
energy particle-hole scattering processes across
the “pseudogapped” Fermi surface.

From the raw ARPES data (Fig. 2C) (21),
we deduce that the charge-ordering wave vector
connects the Fermi arc tips, not the antinodal
Fermi surface sections, as had been assumed
previously (7, 12, 19). To better understand
the empirical link between charge order and
fermiology, we first derived the noninteracting
band structure by fitting the ARPES-measured
spectral function Aexpðk, wÞ (where k and w are
electron momentum and energy, respectively) to
a tight-binding model (21, 22, 24). The cor-
responding Fermi surface is shown in Fig. 2A
for hole doping p ¼ 0:12, equivalent to UD15K
(28). The AN nesting, marked by the white ar-
row, yields an ordering wave vectorQAN ~ 0.139,
in disagreement with the REXS/STM average
value QCO ~ 0.256. To account for the suppres-
sion of antinodal zero-energy quasi-particle ex-
citations, a hallmark of the PG fermiology, we
constructed a model spectral function APGðk, wÞ
with an appropriate self-energy SPGðk, wÞ, which
combines the features found from exact diago-
nalization of the Hubbard model (29) with the
doping-dependent parameters introduced in
(30) (see supplementary note 3 for more de-
tails). Figure 2B shows how the noninteract-
ing Fermi surface is transformed by the action of
our SPGðk, wÞ and also highlights the concur-
rent shift in the smallest-Q zero-energy particle-
hole excitation (gold connectors). The interacting

Table 1. Comparative summary for the CO peak parameters. Data from REXS and STM for the
various doping levels. For ARPES, the value listed here corresponds to the observedQHS, also shown
in Fig. 3C. The PG temperature T* (gray boxes in Fig. 1C) is from Knight shift measurements (36).
n/a, not applicable.

Technique Sample
Parameters

QCO (r.l.u.) xCO (Å) TCO (K) T* (K)

REXS
UD30K (p ≃ 0:145) 0.243 T 0.01 21 T 3 180 T 30 185 T 10
UD22K (p ≃ 0:130) 0.257 T 0.01 23 T 3 202 T 20 205 T 10
UD15K (p ≃ 0:115) 0.265 T 0.01 26 T 3 237 T 10 240 T 10

STM UD15K (p ≃ 0:115) 0.248 T 0.01 28 T 2 n/a 240 T 10
ARPES UD15K (p ≃ 0:115) 0.255 T 0.01 n/a n/a 240 T 10

Fig. 2. ARPES and theory comparison on Bi2201. Modeled Fermi surface for hole-doping p = 0:12
for (A) the noninteracting and (B) the interacting case, which is computed via the inclusion of the self-
energy SPG(k, w). A further Gaussian smearing (C), with Dkx = Dky = 0.03 p/a representing the effective
experimental resolution, allows comparison between the calculated and measured Fermi surface from
UD15K Bi2201 (21). The AN nesting at QAN (white arrow) can be contrasted with the QHS-vector associated
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electrons and allows the detection of very small
variations in the electronic density profile with-
in the CuO2 planes (11), which are difficult to
determine by using nonresonant methods. We
performed REXS measurements along the te-
tragonal crystallographic a and b axes, with
the corresponding reciprocal axes labeled QH
and QK , for three doping levels of Bi2201 (24).
Because of the near-equivalence ofQH andQK ,
we will hereafter use the common notation Q∥
and define reciprocal lattice units (r.l.u.) for
momentum axes as 2p=a0 ¼ 2p=b0 ¼ 1, with
a0 ≃ b0 ≃ 3:86Å. Figure 1A shows REXS scans
at high (300 K) and low (20 K) temperatures
acquired on a UD15K sample near the Cu-L3 ab-
sorption peak at a photon energy hn ¼ 931:5 eV.
An enhancement of scattering intensity, in the
form of a broad peak, is visible at 20 K at jQ∥j ¼
0:265 T 0:01, whereas at 300 K it disappears
into the featureless background (dominated by
fluorescence). By subtracting the latter, we can
study the dependence of the low-temperature fea-
ture on photon energy, which reveals its reso-
nant behavior at the Cu-L3 edge (Fig. 1B). The
resonant enhancement, together with the absence

of features at the La-M5 absorption edge (fig.
S6), demonstrates that the peak originates from
charge order (CO) occurring in the CuO2 planes.
Furthermore, the gradual dependence of the peak
intensity on the out-of-plane component of the
wavevectorQ⊥ is similar to observations in YBCO
(7) and indicative of short coherence along the
c axis. Figure 1C shows the temperature evolu-
tion of the CO peak in REXS: There is an onset
temperature TCO, but we cannot conclusively
determine whether TCO corresponds to a sharp
phase boundary. Although the charge modula-
tion breaks translational symmetry, the system
lacks long-range order as evidenced by the short
correlation length (xCO ~ 20 to 30 Å). The latter
evolves only weakly with doping and temperature
(fig. S5) and therefore suggests either strong
disorder or substantial fluctuations persisting down
to low temperatures (25). In either case, the con-
vergence of TCO and T " for all doping levels sug-
gests an intimate relationship between the CO
and the PG correlations.

STM is used to detect the charge distribution
in real space, by scanning an atomically sharp
tip over the cleaved Bi2201 surface and map-

ping the differential tunneling conductance
dI=dV ðr,V Þ (where I is current, V is potential,
and r is position), which is proportional to the
local density of states at energy e ¼ eV. Here we
apply STM to the same UD15K sample studied
by REXS. The map of dI=dV ðr,V ¼ 24 mVÞ
in Fig. 1D shows an incommensurate charge mod-
ulation along the a and b axes, consistent with
either a disordered checkerboard or stripe modu-
lation (25). The Fourier transform of dI=dV ðr,V Þ
(Fig. 1E) and associated line cut (Fig. 1F) quan-
tify the CO peak at jQ∥j ¼ 0:248 T 0:01. This
is in good agreement withQCO from REXS and
also with QCO recently reported in the context
of phonon anomalies in Bi2201 (26). Further-
more, the feature found in STM has a corre-
lation length xCO ~ 28Å, again in agreement
with REXS. A summary of the REXS and STM
results is presented in Table 1. We therefore
arrive at the empirical convergence of a CO that
onsets right below T " (REXS) and whose wave
vector is consistent on surface (STM) and bulk
(REXS).

The next step is to link the universal surface
and bulk charge order to the fermiology. We
quantified and clarified this connection by using
ARPES to map the Fermi surface on the same
UD15K Bi2201 sample studied by REXS and
STM (21, 22). In a similar context, the ARPES-
derived octet model in the interpretation of
quasi-particle scattering as detected by STM
(27) is a successful example of such a connec-
tion and demonstrates the importance of low-
energy particle-hole scattering processes across
the “pseudogapped” Fermi surface.

From the raw ARPES data (Fig. 2C) (21),
we deduce that the charge-ordering wave vector
connects the Fermi arc tips, not the antinodal
Fermi surface sections, as had been assumed
previously (7, 12, 19). To better understand
the empirical link between charge order and
fermiology, we first derived the noninteracting
band structure by fitting the ARPES-measured
spectral function Aexpðk, wÞ (where k and w are
electron momentum and energy, respectively) to
a tight-binding model (21, 22, 24). The cor-
responding Fermi surface is shown in Fig. 2A
for hole doping p ¼ 0:12, equivalent to UD15K
(28). The AN nesting, marked by the white ar-
row, yields an ordering wave vectorQAN ~ 0.139,
in disagreement with the REXS/STM average
value QCO ~ 0.256. To account for the suppres-
sion of antinodal zero-energy quasi-particle ex-
citations, a hallmark of the PG fermiology, we
constructed a model spectral function APGðk, wÞ
with an appropriate self-energy SPGðk, wÞ, which
combines the features found from exact diago-
nalization of the Hubbard model (29) with the
doping-dependent parameters introduced in
(30) (see supplementary note 3 for more de-
tails). Figure 2B shows how the noninteract-
ing Fermi surface is transformed by the action of
our SPGðk, wÞ and also highlights the concur-
rent shift in the smallest-Q zero-energy particle-
hole excitation (gold connectors). The interacting

Table 1. Comparative summary for the CO peak parameters. Data from REXS and STM for the
various doping levels. For ARPES, the value listed here corresponds to the observedQHS, also shown
in Fig. 3C. The PG temperature T* (gray boxes in Fig. 1C) is from Knight shift measurements (36).
n/a, not applicable.

Technique Sample
Parameters

QCO (r.l.u.) xCO (Å) TCO (K) T* (K)

REXS
UD30K (p ≃ 0:145) 0.243 T 0.01 21 T 3 180 T 30 185 T 10
UD22K (p ≃ 0:130) 0.257 T 0.01 23 T 3 202 T 20 205 T 10
UD15K (p ≃ 0:115) 0.265 T 0.01 26 T 3 237 T 10 240 T 10

STM UD15K (p ≃ 0:115) 0.248 T 0.01 28 T 2 n/a 240 T 10
ARPES UD15K (p ≃ 0:115) 0.255 T 0.01 n/a n/a 240 T 10

Fig. 2. ARPES and theory comparison on Bi2201. Modeled Fermi surface for hole-doping p = 0:12
for (A) the noninteracting and (B) the interacting case, which is computed via the inclusion of the self-
energy SPG(k, w). A further Gaussian smearing (C), with Dkx = Dky = 0.03 p/a representing the effective
experimental resolution, allows comparison between the calculated and measured Fermi surface from
UD15K Bi2201 (21). The AN nesting at QAN (white arrow) can be contrasted with the QHS-vector associated
with the tips of the Fermi arcs (HS), marked by the gold connector.
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The CDW order in our Hg1201 sample is rather weak and not
significantly impacted by the onset of superconductivity: the
planar correlation length of xCDW¼ a/(2pk)E5a (inset in Fig. 1e)
is temperature independent and only slightly larger than the
modulation period 1/HCDWE3.5a. For YBCO (p¼ 0.11 and 0.13
(ref. 6)), xCDW takes on a similar value at high temperature, but is
found to increase upon cooling towards Tc: Fig. 1d shows xCDW
both at Tc and the extrapolated value at TCDW. Interestingly,
xCDW(p) takes on a maximum at p¼ 0.12, where the deviation of
the Tc(p) from a simple parabolic shape is greatest for YBCO
(Fig. 1b,c). This deviation appears to reflect the competition
between CDW order and superconductivity2,6,7, and the strongest
suppression of the CDW amplitude in the superconducting state
was observed for p¼ 0.12 (ref. 6). If the magnitude of the
deviation is taken as a measure of this competition, then the
CDW order should be weaker in Hg1201. Indeed, we do not
observe a decrease of the CDW amplitude below Tc for Hg1201
close to the Tc(p) plateau. Furthermore, we do not discern the
short-range CDW order via (non-resonant) hard RXD (see
Supplementary Note 3). In YBCO, where hard and resonant soft
X-ray experiments give consistent results, the observation of
CDW correlations with hard X-rays has been limited to doping
levels at which the spatial correlation length is considerably
larger.

Discussion
Given the myriad unconventional phenomena exhibited by the
cuprates, especially the peculiar high-temperature rBT metallic
behaviour and the opening of a pseudogap along certain portions
of the FS at temperatures below T*, it came as a surprise that
moderately doped YBCO exhibits QOs (ref. 3), the hallmark of a

metal with a coherent FS. CDW correlations are considered a
likely candidate for the FS reconstruction implied by the QO
experiments. Nuclear magnetic resonance measurements indicate
that a high magnetic field induces static long-range CDW order
in YBCO5. The Hall, Nernst and Seebeck coefficients of YBCO
and Hg1201 exhibit remarkably similar high-magnetic-field
behaviour, including a low-temperature sign change, which
suggests the possible existence of electron pockets as a result of
the FS reconstruction20. The observation of QO in Hg1201
proved that pockets are indeed universally present, and not the
result of the structural complexity of YBCO4.

Figure 3a (Fig. 3b) demonstrates that the CDW modulation
wave vector (QO period F) is significantly smaller (larger) for
Hg1201 than for YBCO6,7,15,16,21 at comparable doping levels.
However, if we treat the hole concentration as an implicit
parameter, we find an approximately linear relationship between
F and HCDW for the combined data (Fig. 3c) (see also
Supplementary Note 4). On the other hand, Fig. 3d shows a fit
to a plausible quadratic dependence of the fractional pocket size
on HCDW, as would be expected in the simple picture of a
reconstructed nodal electron pocket due to biaxial CDW order,
which involves segments of the underlying FS defined by HCDW

22.
This is shown schematically in the inset to Fig. 3d, where tight-
binding parameters are used to estimate the underlying FS of
Hg1201 (ref. 23) and YBCO (bonding FS)7,22. For Hg1201, the
same parametrization was recently found to be in reasonably
good agreement with photoemission measurements of the nodal
FS closer to optimal doping23. Interestingly, using the measured
values of HCDW, the so-obtained pocket sizes agree with the
values of the QO experiments (Fig. 3d). They furthermore
agree with the relative values of the (negative) Hall coefficients
obtained in the low-temperature, high-magnetic-field limit20.
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Figure 3 | Relationship between CDW wave vector and reconstructed Fermi pockets. (a) HCDW for Hg1201 (blue star) and YBCO (red stars; estimated
from refs 6,7,15,16) as a function of hole concentration. (b) Quantum oscillation frequency F for Hg1201 (blue star)4 and YBCO (black squares, black
star)3,21 as a function of hole concentration. For Hg1201, the X-ray and QO data were obtained for samples prepared under the same conditions. The black
star for YBCO indicates a doping level for which both CDW and QO were measured. Red stars represent the QO frequencies estimated form the linear fit
for the doping levels at which only CDW order (but not QO) was studied. (c) QO frequency versus HCDW for Hg1201 (blue) and YBCO (red), with doping as
an intrinsic parameter. The solid line represents a linear fit. The dashed lines show the fit error range. (d) Fermi-pocket size as a fraction of the first Brillouin
zone versus HCDW for Hg1201 (blue) and YBCO (red), with doping as an implicit parameter. The horizontal error bars represent the uncertainties of the
CDW peak position obtained from a least-square fit of a Gaussian function to the data. The vertical error bars are estimated from the uncertainty in the QO
frequency. The solid line represents a quadratic fit, which extrapolates to HCDW¼0.45(2) r.l.u. in the limit of vanishing pocket size (see also Supplementary
Note 4). The dashed lines show the fit error range. Inset: schematic of a reconstructed nodal electron pocket defined by HCDW and by the simple tight-
binding Fermi surface for both Hg1201 (p¼0.09 (ref. 2)) and YBCO (bonding band; p¼0.10, obtained from taking the average for p¼0.12 (ref. 7) and
p¼0.08 (ref. 22)), with the Brillouin zone (green square) and with the AF Brillouin zone boundary (grey line). The respective pocket areas of 3.0±0.1%
and 1.8±0.1% are consistent with the experiment, as indicated by dark-blue and brown diamonds in d. The green double-arrow connects the ‘hotspots’ of
the tight-binding Fermi surface of Hg1201 and is substantially smaller (B0.21 r.l.u.) than the measured value HCDWE0.28 r.l.u.

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms6875

4 NATURE COMMUNICATIONS | 5:5875 | DOI: 10.1038/ncomms6875 | www.nature.com/naturecommunications

& 2014 Macmillan Publishers Limited. All rights reserved.

a)! b)!Bi2201!

Figure 3.18: a) The charge order wavevector QCO = 0.265±0.01 measured with REXS coincides
with the wavevector QHS = 0.255± 0.01 linking the tips of the Fermi arcs (hot spots) measured
with ARPES in Bi2201 (p = 0.115). From [101]. b) Fermi pocket size as a function of the charge
order wavevector HCDW for Hg1201 (in blue) and YBCO at different dopings (in red), with a
quadratic fit (black line). In the lower left inset, schematics of the FS of Hg1201 and YBCO are
shown, with the reconstructed nodal electron pockets defined by HCDW, the size of the pockets
being in good agreements with measurements from QO. In contrast, the HHS wavevector (in
green) connecting the hot spots of the Fermi arcs is too small. The upper right inset shows the
frequency of the QO as a function of charge order wavevector, with a linear fit. From [102].

Quantum oscillations are oscillations of the density of states at the Fermi level, caused by the
passage of the Landau tubes through the FS with varying magnetic field. They are measured as
1/B-periodic oscillations in many properties, such as the magnetisation (de Haas-van Alphen
effect) or the magnetoresistance (Shubnikov–de Haas effect) for example. The frequency of the
oscillations F can be related to the area S of the extremal FS cross-section by the Onsager
relation [103],

S = 2πe
~
F. (3.4)

Quantum oscillations in underdoped YBCO infer the presence of small pockets, while ARPES
measurements of underdoped cuprates show disconnected Fermi arcs [104, 105]. Measurements
on the overdoped cuprate Tl2201, where both ARPES and quantum oscillations measurements
show a large FS [106], suggest a FS reconstruction between the underdoped and overdoped
regime, now accepted to be due to the CDW. The normalised Fourier amplitude of the oscilla-
tions for the two compounds are shown in figure 3.19, with the corresponding size of the Fermi
pockets (both the position and the exact shape of the pockets are unknown).
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Chapter 3. Cuprate Superconductors

resolve an extra attenuation corresponding to the effect of
superconductivity on the dHvA amplitude. Note that the field
range in which Rxy oscillations are detected is too small to derive a
reliable Dingle temperature.

Fig. 3 displays the oscillatory torque versus 1/B between T ¼
4:1 K and T ¼ 0:5 K. Black solid lines are fits to Eq. (1) obtained by
setting m" ¼ 1:76m0 and TD ¼ 6:2 K for all temperatures. The
deduced oscillation frequency and phase factor are F ¼ 540# 4 T
and g ¼ 0:15# 0:05, respectively. This fitting procedure confirms
that the LK theory, which describes the dHvA oscillations for a
generalized 2D Fermi liquid, is appropriate.

The angular dependence of the SdH frequency [9] indicates
that QO arise from a quasi-2D FS. The Onsager relation F ¼
ðf0=2p2ÞAk (f0 is the flux quantum) yields a cross sectional area
Ak ¼ 5:1 nm&2 which corresponds to a small pocket covering
'1:9% of the first Brillouin zone (FBZ). In overdoped Tl2Ba2CuO6þd
(Tl2201) superconductor, AMRO [16], ARPES [17] and more
recently QO [18] measurements indicate that the FS consists of a
quasi-2D hole cylinder of '65% of the FBZ area, in agreement with
LDA calculation [19]. The sharp contrast between the size of the FS
on opposite sides of the phase diagram is illustrated in Fig. 4. The
main panel displays the Fourier transform of QO in underdoped
YBa2Cu3O6:51 (red) and of overdoped Tl2201 (purple) [18]. The
inset shows the area of the corresponding orbit in the FBZ. This
drastic dissimilarity of FS topology simply reflects the difference
in carrier density on opposite sides of the phase diagram. While
the large cylinder in the overdoped side corresponds to a carrier
density of 1þ p, as predicted by band structure calculations, the
band picture fails in the underdoped side, where the carrier

number scales more closely with p. Other indications pointing to a
low carrier concentration in underdoped cuprates come from
thermodynamic [20], transport [21] and superfluid density [22].

To be more precise, the carrier density is given by the Luttinger
theorem, n ¼ Ak=ð2p2Þ ¼ F=f0 for each pocket. The frequency F ¼
530 T converts to a carrier density of 0.038 carriers per planar Cu
atom. Independently of whether there are 2 or 4 pockets, it gives a
number of carriers which is not in agreement with the doping
level (10%). However, a scenario based on a reconstruction of the
FS can explain both the negative Hall effect (electron pocket) in
the normal state [15] and the apparent violation of the Luttinger
sum rule. It assumes that the frequency observed with SdH and
dHvA effects corresponds to an electron pocket, whose mobility is
much higher than that of a larger hole pocket. Note that this larger
pocket is not detected in the present measurement, but may have
been detected in a recent dHvA study in the same sample [10]. The
origin of such reconstruction is still under debate: a reconstruc-
tion could occur due to a competing order parameter in the
pseudogap phase, e.g. antiferromagnetism [23], d-DW [24,25] or
orbital currents [26], or a stripe-like order could appear close to
the 1

8 doping [27].
In summary, we have measured the SdH and dHvA effects in

underdoped YBa2Cu3O6:51 in pulsed magnetic fields up to 60 T.
A single frequency F ¼ 530# 10 T has been reported in both
measurements. The data are well described by the LK theory,
which accounts for the dHvA oscillations of generalized 2D Fermi
liquid. The low frequency corresponds to a small pocket covering
'1:9% of the FBZ, in sharp contrast with the large cylinder
predicted by band structure calculations and observed experi-
mentally in overdoped Tl2Ba2CuO6þd. The fundamental question
is: What causes the FS to undergo such a radical change between
the overdoped and the underdoped regions of the phase diagram?
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Fig. 4. Fourier transform of the oscillatory part of the torque for underdoped
YBa2Cu3O6:51 (red) and for overdoped Tl2201 (purple). Insert: Sketch of the FS area
deduced from the frequencies of quantum oscillations via the Onsager relation.
Note that the location in k-space and the number of small red pocket is at present
unknown.
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Figure 3.19: Fourier amplitude of the quantum oscillations in underdoped YBCO and overdoped
Tl2201, with the diagram of the corresponding Fermi surfaces. From [107].
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Chapter 4

Experimental Methods

In the first part of this chapter, different methods for sample characterisation are described.
The superconducting quantum interference device (SQUID), the proximity detector oscillator
(PDO) and AC susceptibility techniques were all used to measure the superconducting trans-
itions of samples, Laue diffraction to align crystals with known crystal structure and check the
single crystallinity of the samples, and energy-dispersive x-ray spectroscopy (EDX) to check the
chemical composition of the sample and detect the presence of impurities. The second part in-
troduces the different x-ray and neutron beamlines where measurements were performed in this
work : the MERLIN spectrometer at ISIS for inelastic neutron scattering, the I16 (Materials &
Magnetism) beamline at DLS for hard x-ray diffraction, and finally the two resonant inelastic
x-ray scattering beamlines, the ID32 at the ESRF and I21 at DLS.
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Chapter 4. Experimental Methods

4.1 Sample characterisation techniques

4.1.1 SQUID

When two superconductors are separated by a thin layer of insulating material, the Cooper
pairs from one superconductor can cross to the next without dissociating [108]. This is known
as the Josephson effect. A superconducting quantum interference device (SQUID) consists
of two half-rings of superconductors separated by thin insulating layers forming two parallel
Josephson junctions, as illustrated in figure 4.1.

The supercurrent flowing through the SQUID varies with the phase difference at the two
junctions, and oscillates with the flux φ through the ring [21]. There is a maximum in the
current when a magnetic flux quantum (φ0 = h

2e ' 2.07 · 10−15 Wb) is enclosed in the ring,

φ =
∫
B · dS = N

h

2e = Nφ0, (4.1)

where N ∈ N∗. Thus the device can be configured as a magnetometer to detect small magnetic
fields, down to flux variation of ∼ 10−14 T.

I B 

Superconductor!

Tunnel barrier!

Figure 4.1: Schematic diagram of a SQUID magnetometer.

The measurements presented in this thesis were realised on a Quantum Design MPMS
SQUID. The samples were either fixed with GE low temperature varnish on a quartz holder or
held in place inside a plastic straw, in order to minimise the background signal. To measure a
superconducting transition, the sample was usually first cooled in zero field (ZFC), and the DC
moment measured as a function of temperature in a fixed magnetic field of 5 to 10 Oe (10 Oe
= 1 mT in air).

4.1.2 PDO

The proximity detector oscillator (PDO) technique was first reported in [109], followed by an
improved setup in [110]. It is a contactless, high sensitivity technique, providing a high speed
of data acquisition in a large range of temperatures. A PDO system can detect changes in the
magnetic properties of a sample, and in particular the diamagnetic shielding of a superconductor
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4.1. Sample characterisation techniques

as it is cooled down through its superconducting critical temperature Tc. The detection relies
on a sensor coil L0 wrapped around or put in close proximity of the sample to be measured. The
sensor coil is connected in series by a coaxial cable to a secondary coil L2, which is inductively
wound around a coil L1. L1 is connected to a proximity detector chip1 which acts as an oscillator.
Similarly to an RLC circuit, the resonant frequency ω of the PDO is given by

ω = 1√
LeffC

, (4.2)

where Leff is the effective inductance and C is the overall capacitance of the circuit. The
frequency can be recorded using a frequency counter. The effective inductance Leff of the
circuit can be expressed as

Leff = L1

[
1− m2ω2

R2
0 + ω2(L2 + L0)2

(
L0 + L2
L1

)]
, (4.3)

where Li (i = 0, 1, 2) are the inductances, R0 is the resistance of the sensor coil and the coaxial
cable, and m is the coupling factor between L1 and L2.

When the sample enters the superconducting state, the diamagnetic shielding changes the
penetration depth of the RF field into the superconductor. This can be seen as a change in the
filling factor (the ratio of the volume of the sample penetrated by the RF field to the volume
of the RF sensor coil), which decreases the inductance L0 of the sensor coil, leading to a shift
in Leff. This shift in the effective inductance results in a shift in resonance ∆ω given by

∆ω
ω

= −∆Leff
2Leff

. (4.4)

Sample 

L0 

Sample stage – at low T   

L1 L2 

Top of probe - at RT 

Coaxial cable 

Figure 4.2: Schematic diagram of the PDO system, showing the sensor coil L0, and the two
inductively wound coils L1 and L2.

In this work, a dipping probe was used for the PDO measurements. A schematic diagram
of the PDO system setup is shown in figure 4.2. The small sample stage is protected by a cap,
around which a Cu plate is wound, acting as a controllable resistive heater. The sample stage
consists mainly of a sapphire plate with coils of different sizes (the sensor coils). A Cernox2

temperature sensor is fixed on the sample stage to determine the sample’s temperature. The
1TDA 0161 integrated circuit (IC), SGS-THOMSON Microelectronics
2commercially available resistance thermometer made of thin-film resistors based on zirconium oxynitride [111].
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Chapter 4. Experimental Methods

sample is placed either on top or inside the sensor coil, and usually held in place with vacuum
grease. The sensor coil is connected to a coaxial cable that runs inside the dipping probe, at
the top of which it is connected to the box containing the coupling coils (L2 and L1) and the
TDA IC, the electronic circuit to detect the frequency change. The oscillation frequency of the
box only (disconnected from the probe) is 26.9 MHz, and shifts to ∼ 31 MHz when connected
to the probe using a small sensor coil.

4.1.3 AC susceptibility

The magnetic susceptibility of a sample is defined as

χ = M

H
, (4.5)

whereM is the magnetisation of the sample and H is the applied magnetic field. When applying
an ac field, the moment of the sample changes due to the varying magnetic field. The magnetic
response of the sample can be described in terms of the ac magnetic susceptibility, given by

χ = dM
dHac

. (4.6)

For a superconducting sample, susceptibility measurements can be used to determine the onset
temperature for diamagnetism, corresponding to Tc.

The setup for an AC susceptibility measurement consists of a primary coil and two secondary
coils, as schematically shown in figure 4.3. Using a lock-in amplifier, an AC voltage is applied
to the primary coil, creating an ac magnetic field, and the response of the two secondary
coils, wound in opposite direction and connected in series, is measured. The secondary coils
should be made as identical as possible such that in the absence of a sample their responses
are cancelled. When a sample, placed inside or in close proximity to one of the two secondary
coils, becomes superconducting, the inductance of that secondary coil will change (as seen for
the PDO technique). The other secondary coil will not see a shift in inductance and thus the
sum of the two responses will become significant.

P!

S!

S!

Sample!

Figure 4.3: Schematic diagram of the AC susceptibility setup, with the primary coil (P)
encapsulating the two secondary coils (S).
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The AC coils used for the measurements in chapter 6 were made using 50 µm enamelled Cu
wire and reinforced with Stycast 1266 epoxy. The two secondary coils were oppositely wound
around a sapphire rod of 2.0 mm diameter, with 730 turns each. Cigarette paper was wound
around each secondary before adding 1480 total turns for the primary coil. The resistances of
the secondaries and primary coils were 310± 1 Ω and 370± 1 Ω respectively.

4.1.4 EDX

Energy-dispersive x-ray spectroscopy (EDX) is a surface probe used to determine the chemical
composition of a sample. An electron beam accelerated by application of a voltage V , usually
produced by a scanning-electron microscope (SEM), is focused onto a sample, and the spectrum
of x-rays emitted by the sample is detected. Bremsstrahlung, the continuous radiation emitted
by the deceleration of the electron from the incoming beam interacting with the nucleus, appears
in the spectrum from a wavelength equal to hc/eV . On top of this continuum are quantised
excitations. As an electron in an inner shell (at an energy Ei) is excited by the beam, and is
ejected from the shell, a hole is formed. Subsequently, an electron from a higher energy shell
(Ej) relaxes onto the lower energy shell, emitting a photon in process, with a specific wavelength

λij = hc

Ei − Ej
. (4.7)

Figure 4.4 a) shows the spectrum of the x-ray emission from an x-ray tube. The strongest
peak originates from the Kα emission, which corresponds to the decay of an electron from the
L-shell to the K-shell. A schematic diagram of the different emission lines is represented in
figure 4.4 b). Kβ corresponds to the decay from the M -shell to the K-shell, while Lα is from
the M-shell to the L-shell, and so on. As each element has a different electronic structure, the
different wavelengths of the emitted photons can be, in principle, linked to specific excitations of
a specific atom, although some elements have overlapping x-ray emission peaks indistinguishable
within detection accuracy.
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mechanisms. The first is direct, and occurs when an electron (or any
charged particle) decelerates rapidly. This is called Bremsstrahlung,
or ‘braking radiation’, and yields a continuum of wavelengths with a
lower bound given by the equality in eqn (3.44). The second process
is indirect, and is initiated by the incoming particle knocking out an
electron from one of the inner shells of an atom in the target. This is
followed by the relaxation of an electron from a higher energy level,
Ej , to the more stable vacant position, Ei, and is accompanied by
the emission of a photon with a frequency, νij , corresponding to the
change in energy:

h νij = Ej −Ei .

The quantized nature of the atomic orbitals means that this mecha-
nism produces photons at a discrete set of wavelengths,

λij =
hc

Ej −Ei
, (3.45)

subject to the constraint of eqn (3.44). The spectrum of X-rays that
emerge is illustrated schematically in Fig. 3.13. By far the strongest
feature is the Kα line, at λ12, which results from an electronic transi-
tion from the second lowest energy level to the ground state. Hence,
this is the primary wavelength at which everyday X-ray work is done
in laboratories.

Although vacuum tube technology has been the mainstay of X-ray
studies for a century, certain intrinsic features have kept improve-
ments modest. For example, since most of the input kinetic energy
is converted into heat rather than photons, the rate at which the
target can be cooled restricts the output intensity of the source. The
divergence of the X-ray beam and its fixed wavelength (for a given
metal target) also impose experimental limitations. A huge step for-
ward has come with the development of dedicated X-ray synchrotron
facilities.

Fig. 3.13 A schematic illustration of the the logarithm of the intensity versus wave-
length for an X-ray tube. The sharp lines in the K-series involve electronic transitions
down to the lowest energy level, with a principal quantum number of n=1; the sub-
scripts α , β and so on denote changes of ∆n =1, 2, . . ., respectively.
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electron shells!

Nucleus!
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Figure 4.4: a) Schematic illustration of the x-ray emission for an x-ray tube. From [30]. b)
Schematic diagram of the quantised emission lines.
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All measurements presented in this thesis were performed using an HITACHI SEM S-2300
linked to an EDX system. The acceleration voltage can be tuned between 0.5−25 kV. For x-ray
analysis, the highest acceleration voltage is used as this leads to highest resolution measure-
ments, with little contamination and little secondary electron emission. A liquid nitrogen cooled
silicon lithium detector with a beryllium window is used, and typical EDX spectra are acquired
for ∼ 120 s, with an average dead time of ∼ 30% and an average count rate & 2000 counts/s.

4.1.5 Laue diffraction

Laue back-scattering is a technique used to check the quality of a single crystal (single crys-
tallinity in particular) and the orientation of the crystal planes compared to its surface for
crystals of known symmetry [112]. The x-ray absorption is of a few atomic layers only, making
this technique a surface probe.

The crystal to be measured is aligned in front of an x-ray source (for monochromatic sources,
the Kα1 line of Cu, Mo or Ag is typically used). The incoming radiation is diffracted by a set of
lattice planes (hkl) of the crystal, producing constructive interferences as described by Bragg’s
law,

nλ = 2d sin θ, (4.8)

where θ is the reflection angle (Bragg angle), d is the inter-planar spacing and λ the wavelength
of the x-ray. The diffracted x-rays are then recorded on a film. The positions of the spots, in
particular the symmetry of the pattern, are used to determine the crystal orientation. The size
and shape of the spots, if they are distorted or smeared, indicate strains in the crystals.

In this work, a PHILIPS PW 1830 x-ray generator with a Mo tube for the production of
x-ray with a wavelength of 0.709 Å was used. The sample was placed on a goniometer, 30 mm
from the film, and typical exposure times were ∼ 2 min.

4.2 Inelastic neutron scattering

4.2.1 Neutron production and TOF

Neutrons can be produced by fission or spallation, which requires a reactor-based or an accelerator-
based neutron source respectively. With a reactor-based source, the neutrons are produced by
the decay of unstable nuclear isotopes (typically Uranium), and this produces a very high,
constant flux of neutrons. With an accelerator-based source, neutrons are spalled off from the
nuclei of a heavy metal target by a beam of high-energy protons, previously accelerated and
bunched in an accelerator. The neutron flux is lower than from reactor-based source, but the
neutrons are produced in well defined pulses.

These pulses are ideal for neutron time-of-flight (TOF) measurements. With the TOF
technique, the energy of the neutrons is known by measuring the time taken by the neutrons
to travel from the source to the detector [33]. Choppers, synchronised with the accelerator, are
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added after the source of the neutron pulses to define the initial t = 0 time. As the neutrons
interact with the sample, their energy will change, leading to a change in velocity and thus a
different travel time, providing an indirect measurement of the neutron energy.

The measurements presented in this thesis were performed at ISIS Neutron and Muon
Source, at the Rutherford Appleton Laboratory, UK. ISIS is an accelerator-based neutron source,
with the first beam production in 1984 [113]. It all starts with an ion source which produces
negatively charged hydrogen ions. The ions are sent to an RF quadrupole accelerator, where
they are focused, bunched and accelerated before passing through a 50 m long linear accelerator
(linac). Their energies are boosted to 70 MeV and hit an alumina foil which strips them of their
electrons, letting only protons passing through. The protons are accelerated into bunches in a
163 m circumference synchrotron, reaching energies of 800 MeV, equivalent to a 160 kW mean
beam power. These high-energy protons are fired into a tungsten target, producing neutrons by
spallation off the tungsten atoms. The neutrons are channeled via different guides to specific
instruments. The linac and synchrotron are in high vacuum to minimise the beam-scattering
effects and to allow high voltage application without electrical breakdown issues.

4.2.2 MERLIN

MERLIN is one of ISIS’ spectrometers, situated in Target Station 1 (TS1), and operational
for users since 2008. It is a direct-geometry chopper spectrometer, with high count rate and
medium energy resolution [114]. A schematics of MERLIN is shown in figure 4.5.

Sample position!
Beam stop!

Detectors!

Fermi chopper!

m=3 super mirror guide!

To chopper!

Figure 4.5: Schematics of MERLIN. From [114].

The neutrons first pass through a moderator to reduce their energies to the thermal energy
range and 1.7 m away from the moderator is the opening of the guide (94×94 mm). This super
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mirror guide is used to enhance the flux, and converges to a 50×50 mm opening just before the
sample. Motorised jaws can also reduce the beam size further at that point. 8.5 m and 10 m from
the moderator are the background and Fermi chopper respectively. The background chopper
operates at 50 Hz, while the Fermi chopper speed can be changed to frequencies from 50 to
600 Hz, in phase with the ISIS pulse within ±0.1 ms. The incident energy can be tuned between
7 and 2000 meV. Using a Gd chopper combined with a disk chopper enables simultaneous
measurements with several incident energies, known as a repetition-rate multiplication (RRM)
mode, but this limits the incident energy to 200 meV maximum.

The sample is 11.8 m from the moderator and scatters the neutrons to the detector bank,
2.5 m from the sample’s position. The beam stop, after the detector and aligned with the
guide, stops the unscattered neutrons. The detector bank covers a large angular range of −45°
to +135° in the horizontal plane and ±30° in the vertical plane. It consists of position-sensitive
detectors (PSDs), 3 m long 3He tubes of 2.5 cm diameter in the tank vacuum. The short
distance from the sample to the detector and the large angular coverage gives direct access to
a large Q, ω space. Two spatial dimensions are measured as a function of time, making each
measurement on MERLIN a 3D cut of the 4D S(Q, ω) object.

4.3 X-ray synchrotron facilities

Synchrotron facilities such as Diamond Light Source (DLS) in the UK and the European Syn-
chrotron Radiation Facility (ESRF) in France provide intense x-ray beams which are produced
by electrons accelerated to relativistic speeds in a large ring guided by bending magnets. The
circular orbit of the electrons implies their deceleration tangentially to their direction of move-
ment, which produces a Bremsstrahlung called synchrotron radiation in this case. A more
detailed introduction to synchrotron x-ray sources is given in [30]. To produce an intense fo-
cused beam, devices called undulators are required. An undulator consists of a series of dipole
magnet with alternating polarity, such that the electrons oscillate, emitting x-rays coherently.
Monochromators are used to select a specific wavelength or energy from the white beam. For
hard x-rays, high-quality single crystals can be used for this purpose, relying on Bragg reflec-
tion. There are no crystals suitable for the wavelength of soft x-rays however, such that gratings
need to be use in this energy range although they provide a lower efficiency than crystals. The
principle still relies on Bragg’s law, and the simplest diffraction gratings are made of an array
of lines separated by a constant spacing of the order of the wavelength. For RIXS, variable line
spacing (VLS) gratings with fixed radius of curvature are employed.

In most x-ray diffraction experiments, the sample is placed on a goniometer, that typically
allows for rotations along three different axes. Those three axes should be aligned and intersect
at the sample position. A measure of this and thus the accuracy of the sample orientation is
given by the sphere of confusion [115], which is defined as the minimal sphere that encloses
all the possible locations of a point object at all possible goniometer orientations. Its value is
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usually given in terms of the diameter of the sphere.

4.4 Hard x-ray scattering

4.4.1 Beamline i16

The I16 (Materials and Magnetism) beamline at DLS is designed for high-resolution single
crystal x-ray diffraction. Technical details about the beamline are reported in [116] and [117].
The beamline layout is presented in figure 4.6, showing the setup from the source of the beam in
the optics hutch to the sample in the experimental hutch, as well as the detector arm assembly.

Figure 4.6: The layout of the I16 beamline. From [116].

The source of the x-ray beam is an in-vacuum undulator and after passing a collimator,
the beam is monochromated by a liquid-nitrogen cooled channel-cut Si (1 1 1) crystal. After
another collimator, the beam passes through an in-vacuum quarter-wave phase retarder, which
allows the polarisation of the beam to be manipulated. Two mirrors after the phase retarder
focus the beam, the first one (a horizontally-deflecting cylindrical mirror) focuses the beam
vertically and the second one (a bent flat mirror) focuses horizontally. The beam then enters
the experimental hutch and is in helium gas atmosphere in the region from the Be to the SiN
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window. The beam is monitored by ionisation detectors and can be attenuated by foils of various
thicknesses before hitting the mini mirrors for harmonic rejection. Finally, the polarisation of
the beam is monitored with a polarimeter, and its position detected by a beam position monitor
(BPM). This BPM is used for the alignment of the beam at the start of a beam time. The focal
spot size of the beam is approximately 20× 185 µm (V×H, FWHM) although it can be further
reduced with the slits right after the BPM. The energy of the x-rays can be tuned in the ranges
2.7 − 3.0 keV and 3.3 − 15 keV, and the polarisation selected as horizontal linear or circular.
The photon flux is high, without attenuation it reaches up to 1013 photons/s at 6 keV.

The sample is placed on a six-circle kappa diffractometer, with easy access to large scattering
angles, and the sphere of confusion at the sample position is of 50− 70 µm. The detector arm
assembly consists of six x-ray detectors. Most relevant for our experiments is the Pilatus 100k
photon-counting area detector, which is placed at 45° angle from the arm (in blue in figure 4.6).

A closed-cycle cryostat provides the temperature control of the sample between 6 and 300 K.
The sample holder is fixed on top of the cryostat arm, which can be moved horizontally (x and
y translations) and vertically (z) to align the sample with respect to the beam. In particular,
the height (z) needs to be adjusted when the temperature is varied. A Eurotherm temperature
sensor placed on the sample holder is typically used for temperature control. The cooling arm
is protected with an Al shield, and the top of the cryostat is sealed by an outer Be dome of
41 mm inner diameter. Additionally, a small inner Be dome (of 35 mm inner diameter) can be
added to improve the heat shielding.

4.5 Resonant inelastic x-ray scattering

Resonant inelastic x-ray scattering (RIXS) measurements were carried out at the ID32 beamline
at the European Synchrotron Radiation Facility (ESRF) and at the I21 beamline at Diamond
Light Source (DLS). As the two setups are similar, the ID32 setup will first be discussed in
details before presenting the I21 beamline, and then the main differences between the two
setups will be highlighted. RIXS beamlines are getting constant upgrades and improvements;
the values cited here are correct as of when the measurements were taken.

4.5.1 Beamline ID32

ID32 is a very high energy resolution resonant inelastic soft x-ray scattering instrument [118].
With an energy range from 400 to 1500 eV, it provides access to the L-edges of the 3d transition
metals from 400 to 1000 eV (Ti-Cu), the oxygen K-edge at 520 eV and the rare-earthM4,5-edges
from 900 to 1500 eV. The schematic layout of the ID32 beamline is presented in figure 4.7, from
the source to the sample with the optical components in between. It shows the two branches
available at the beamline : RIXS and x-ray magnetic circular dichroism (XMCD).
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4.5. Resonant inelastic x-ray scattering

Figure 4.7: ID32 layout with optical elements, showing the XMCD and the RIXS branches.
From [119].

The source of the x-rays is an undulator which can vary between linear and circular (for
XMCD) polarisation. For RIXS, the light can be linear horizontal (0°) or linear vertical (90°).
The light then hits a double mirror, which consists of a horizontally deflecting mirror (M1)
and a toroidal mirror (M2) facing each other, both at 0.75° incidence angle and water-cooled.
The mirrors are Si substrates coated with boron carbide (B4C), highly reflective in the soft
x-ray range and absorbing the unrequested higher energies. The toroid focuses the beam in
the vertical plane and collimates in the horizontal plane. The outgoing beam is parallel to the
incoming beam, offset horizontally by 16 mm. After the toroidal mirror, there is a tungsten
heavy metal Brehmsstrahlung stop, followed by the monochromator entrance slit (42 m from
the source), with tungsten blades and a water-cooled assembly. The slits are typically set at
a vertical aperture of 30 µm and the beam’s FWHM is approximately 2000 × 30 µm (H×V).
From the entrance slit to the separate exit slits for the two branches, lies the plane grating
monochromator (PGM) chamber, with a base pressure of < 2 · 10−9 mbar. After passing the
entrance slit, the beam hits a pre-mirror (facing up) that can be rotated in order to hit the
centre of the grating (facing down) within a few µm. The pre-mirror is a liquid nitrogen cooled
plane mirror (kept at a stable temperature of 130 K to cancel the thermal expansion of Si).
There are four gratings slots, all high flux and high resolution grating, individually water-cooled.
For RIXS, there are two gratings with different groove density : 800 l/mm and 1600 l/mm. The
higher line density grating provides a better energy resolution, but due to its lower efficiency and
narrower band pass, it also leads to a loss of intensity. The RIXS flux measured at ∼ 930 eV,
with vertical apertures of 30 µm and 15 µm for the entrance and the exit slit respectively, with
the 800 l/mm grating (and the strip of groove depth 9.52 mm), is ∼ 2 · 1011 ph/s/100 mA. In
comparison, with the 1600 l/mm grating (and the strip with groove depth 5.7 mm), the flux is
weaker, ∼ 6.5 · 1010 ph/s/100 mA. The two branches are then separated as the XMCD branch
is horizontally deflected by a cylindrical mirror to reach a different exit slit. The exit slit for
RIXS is set to a vertical aperture between 10 − 15 µm most of the time. At this point, water
cooling is not needed anymore. About 8.8 m after the exit slit is the RIXS refocusing optics,
consisting of two mirrors, in a chamber with base pressure < 2 · 10−9 mbar. The first one,
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an elliptically bent cylindrical mirror, deflects the beam vertically upward, and the second one
bring the beam back into the horizontal plane. The total distance from the source to the RIXS
sample is ∼110 m.

The sample is on a 4-circle ultra-high vacuum (UHV) diffractometer inside the centre of
the RIXS sample chamber, a large 711 mm diameter UHV chamber with a base pressure of
∼ 1 · 10−9 mbar. Figure 4.8 shows the inside of the RIXS sample chamber, with the different
translation axes and rotation angles indicated. The sample rotation φ is supported by a χ

cradle which is supported by a vertical θ axis support. The θ axis and the detector stage 2θ
axis coincide but are fully independent. Above the φ stage, two translations Ty and Tz can
move the sample with respect to the centre of rotation. Below the φ stage and parallel to the
φ axis, a translation Tx can move the sample’s surface with respect to the centre of rotation.
The total sphere of confusion is 44 µm.

χ	

θ 

φ 

2θ 

		

Sample!

Figure 4.8: Inside the ID32 sample chamber, showing the 4-circle diffractometer with the
different angle (θ, χ, φ and 2θ). The translation axes x, y and z are also represented centered
on the sample position. Coming down from the sample holder is the Cu braid connected to the
cooling system.

The sample is attached with conductive epoxy on a 13 mm wide hexagon, which is fixed
on a shuttle using grub screws. The sample can be transferred from air into UHV without
breaking the vacuum in the main chamber using a small sample storage chamber (base pressure
∼ 5 · 10−9 mbar) with a fast load lock. The shuttle is screwed into a shuttle receptacle on the
sample stage in the centre of the diffractometer. The shuttle receptacle is held with a PEEK
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(polyether ether ketone) structure, such that it is thermally decoupled from the spectrometer’s
base. It is connected through Cu braids to a liquid helium flow cryostat. The Cu braids and
electrical connections restrict the φ rotation from 360° to a smaller range from −45° to +135°.
The range of values for rotation and translation are reported in table 4.1. In usual operation,
the sample’s temperature can reach and be stabilised down to 20 K. Because the shuttle and
its receptacle are decoupled from the base, the temperature of the sample can be adjusted very
quickly. Cooling down from room temperature (RT) to 20 K takes about 40 min.

After being scattered from the sample, the beam enters the spectrometer arm, composed
of three vacuum chambers. The first two chambers stand on the granite base, the third one
is held at the end of a large steel structure, see figure 4.9. The detector is at such a distance
from the sample because the total length of the spectrometer, from sample to detector, is key
for reaching high energy resolution. The large steel structure rests on eight airpads on top of
a marble guide. A motor can move it over the 100° range. By moving the vacuum port on the
sample vacuum chamber along with the scattering arm, the scattering angle can be continuously
varied from 150° to 50°.

N.B. Brookes et al. Nuclear Inst. and Methods in Physics Research, A 903 (2018) 175–192

Fig. 19. Side view of the ERIXS spectrometer.

(perpendicular to the beam) (+_* 77.5 mm) and vertical motions (+_*
6.5 mm).

The third chamber is mounted at the end of the scattering arm steel
structure which allows the detector to be positioned in the direction
along the scattering arm (11 m +_* 1 m) and in the vertical direction
(1.050 m +_* 0.7 m). This chamber contains the multilayers for polari-
metric analysis of the scattered beam. The position of the multilayers
can be adjusted with in-vacuum Micos mechanics. The multilayers can
be moved vertically (+_* 75 mm) to select the correct part of the
multilayer for the scattered energy. The multilayer can be rotated about
the vertical axis (*30˝–+95˝) to find the correct scattering angle and
moved in and out of the direct beam for detection with or without the
analyser (26 mm). There is also a � motion that allows the scattering
angle to be adjusted (+_* 5˝).

At the end of the chamber there are two Andor Ikon L soft X-ray
direct illumination CCD detectors one for the direct beam and one for
the beam diffracted by the multilayer. The latter is mounted on external
mechanics with bellows to allow the distance between the multilayer
and the CCD to be adjusted so that the two CCD cameras can be at the
same distance from the sample (+_* 20 mm). The angle can also be
adjusted to set the correct scattering angle (40˝ +_* 10˝).

The steel structure is mounted on 8 airpads (IBS D300). When an
air pressure of 5 bar is applied to these air pads and the granite airpad
structure the entire scattering arm rises approx. 70 �m. The structure
is guided by a circular rail mounted close to the sample chamber and
a small stepper motor mounted at the end of the steel structure moves
the arm over the 100˝ range. Once in position the air pressure is cut
and the scattering arm is fixed in position. The granite airpad moves
on a very flat (10 �rad planarity with �z = 40–50 �m @ 10 m) granite
floor (Microplan) and the airpads move over circular marble tiles which
have been polished (70 �rad planarity, �z = 300–400 �m @ 10 m). The
arm moves at approx. 4–5 s/degree. The angle is measured using an
encoder (Mercury II MII 1610S-20) on the guide rail. By moving the
ribbon containing the vacuum port on the sample vacuum chamber
(see Fig. 16) in unison with the scattering arm (using the encoder), the
scattering angle can be changed continuously from 150˝ to 50˝ degrees
(0˝ is forward scattering). The vacuum pressure rises to the low 10*8
mbar range in the RIXS sample chamber when a motion occurs but
recovers quickly once the motion has finished.

8.3.2. RIXS spectrometer optics
The spectrometer optical layout is based on a spherical grating with

variable line spacing (VLS), working at the first internal diffraction
order. The optical design followed the procedure described in Ref. [4]
with the corrections added by V. Strocov [5], where the total distance
from sample to detector L

0

, the central groove density a
0

, the deflection
angle 2✓

0

, the source size S
1

, the detector resolution S
2

and the

Fig. 20. The simple optical lay-out of ERIXS is composed of a horizontally collimating
mirror (CM) and two interchangeable VLS spherical gratings (G1 and G2) with different
groove density. The detector (CCD1) is at 25 degrees from the incident photon direction.
Optionally a multilayer mirror can be inserted to deflect the beam by approximately 40
degrees perpendicularly to the dispersion direction: the spectrum recorded on CCD2 is
different from the direct one due to the dependence of the reflectivity on the polarisation
of the photons. The main mechanical degrees of freedom needed to optimise the resolution
at different photon energies are shown by the green arrows.

incidence angle on the detector �, all at the reference photon energy E
0

,
determine the linear a

1

and quadratic a
2

terms of the VLS polynomial
density law and radius of curvature R, in a way that optimises the
balance among different contributions to the band width. Two gratings
were optimised for a resolving power E/�E around 25 000 and 40 000
at E

0

for optimum flux (grating G2) or highest resolution respectively
(grating G1). The parameters are summarised in Table 5. The total space
in the experimental room allows L f 12 m, and this space has been
fully exploited. Such a long distance would severely limit the horizontal
angular acceptance when using standard CCD detectors of 25 mm lateral
size. Consequently, a 600 mm long parabolic-cylindrical mirror at 1.1
m from the sample has been inserted which collects Ì20 mrad at
Ì88˝ incidence angle producing a 20 mm wide horizontally collimated
beam down to the detector. By considering an average reflectivity of 0.6
for the mirror the horizontal acceptance is thus 7 times larger than in
the SAXES instrument [5] operated with a 25 mm detector.

The overall optical and mechanical scheme is shown in Fig. 20,
together with the main adjustments available to optimise the resolution
at different photon energies.

187

Figure 4.9: RIXS spectrometer at ID32, showing the RIXS sample chamber, the first spectro-
meter chamber containing the collimating mirror, the second chamber with the VLS gratings,
and the third chamber on top of steel structure which encompasses the detector. From [118].

The first chamber of the spectrometer arm contains a collimating parabolic mirror, which
scatters the beam into a 20 mm wide horizontally collimated beam, while the second chamber
holds two VLS spherical gratings that scatter the beam in the vertical direction. The last
chamber consists of a polarimeter and the detectors. At the end of the chamber is the charge
coupled device (CCD) detector for the direct beam. This CCD detector is an Andor iKon-L
camera, with 2048×2048 square pixels of dimensions 13.5 µm2, kept at a temperature of 183 K.
With soft x-rays, the spatial resolution of a CCD camera is limited to ∼ 25 µm, even with smaller
pixel sizes, due to the charge spots created upon absorption of an x-ray photon. However, an
algorithm can be used to determine the photon position with sub-pixel precision [120]. The
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effective in-plane spatial resolution then reaches ∼ 7 µm for ∼ 1 keV x-rays.

4.5.2 Beamline i21

The I21 beamline is the RIXS beamline at DLS. The layout is similar to ID32 and is shown
in figure 4.10, with the RIXS branch only, from source to detector. The x-ray source is a 5
m helical undulator, producing radiation with circular polarisation. After the plane (M1) and
cylindrical (M2) mirrors, there is a choice of three different VLS gratings : 600 l/mm2, 1000
l/mm2 and 2000 l/mm2. The beam passes the exit slit and is then refocused by mirror M4.
The beam dimensions at the sample is 40×2.5 µm2 (H×V). Similar to ID32, the main elements
of the spectrometer arm are the collimating mirror, the VLS gratings and the detector. The
spectrometer’s total length is between 10.32 to 15.52 m. Two VLS gratings can be used for the
outcoming beam : 1500 l/mm2 or 2700 l/mm2. The CCD camera is the same Andor camera as
at ID32, but without the single photon determination algorithm.

Undulator!
Plane 
Mirror!

Cylindrical 
Mirror!

VPS Gratings! Exit slit!
Refocus 
Mirror!

SVLS gratings!

Sample!

Detector!

M5!M4!
M3!M2!M1!

Figure 4.10: Schematic layout of of the I21 beamline. Adapted from [121].

Due to the different VLS gratings for the incoming and outcoming beam, different modes of
operation can be selected, i.e. a high flux mode with low energy resolution, a medium resolution
mode with medium flux and a high resolution mode with low flux. These modes have a combined
energy resolution (spectrometer and detector) at ∼ 930 eV of 100 meV (high flux mode), 60
meV (medium resolution mode), and 35 meV (high resolution mode) in principle. Even in the
high resolution mode, the flux is higher than at the ESRF, such that shorter counting times are
needed to obtain data with the same statistics.

The samples are held with conductive epoxy on Omicron sample plates, approximately
15 × 18 mm2. They can be transferred through a loadlock into the main sample chamber, in
UHV condition. The sample goniometer provides rotation of the sample’s azimuthal angle φ,
the polar angle θ and the tilt angle χ. The stacking order of the rotation motors is such that
χ is supported by φ, which itself is supported by θ (the order of χ and φ stacking is switched
compared to ID32). There are also three translation axes, on top of the θ motor, and related to
the rotation axes as shown in figure 4.11. The range of values that can be reached by the three
rotation angles and translation stages are shown in table 4.1.
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Figure 4.11: Translation axes x, y and z and rotation angles φ, χ and θ with respect to the
sample for the I21 goniometer. The incoming beam is along the positive y-axis.

One of the main differences between ID32 and I21 is the cryo-cooling of the sample. Indeed,
at I21, the arm of the sample manipulator itself is cooled. Thanks to this system, lower sample
temperatures can be reached, and with a normal liquid He consumption, the sample can be
stabilised to 12 K. However, because the whole arm needs to cool down, temperature changes
are slow ; it takes about 7 h to cool down from RT to base temperature. As the length of the
arm changes with temperature, the height of the sample, z, needs to be adapted. It is important
to wait for the temperature to have stabilised as a ∼ 20 µm shift in z corresponds to a shift
of ∼ 1 mm on the detector. During the experiment, the temperature is driven by the cryostat
temperature, which, at low temperatures, is a few degrees lower than the sample’s temperature.

Rotation range Translation range
ID32 I21 ID32 i21

φ - 45°+135° ±90° x ±12 mm ±5 mm
χ ±45° -30°+45° y ±6 mm ±5 mm
θ -20°+185° >345° z ±12 mm ±50 mm

Table 4.1: Ranges of the six degrees of freedom in rotation (φ, χ and θ) and in translation (x,
y and z) at the ID32 and I21 beamlines.

Comparison between ID32 and i21

In summary, the setups of the two RIXS beamlines are quite similar, but differences in the
characteristics of the optics and particularly the VLS gratings used mean differences in resolu-
tions. The Q resolution is influenced by the angle of acceptance of the collecting mirror, and
at the Cu L-edge, it corresponds to ∼ 0.02 r.l.u. at I21 and < 0.01 r.l.u. at ID32, projected
on the h-axis. At ID32, a lower energy resolution of 30 meV can be reached, compared to the
37 meV we could reach during our experiment at i21. The flux is much higher at I21 and this
considerably reduces measurement times, although the lower resolution affects measurements
negatively when looking at sharp features. Because of the difference in designs of the cooling
systems, the lowest temperature that can be reached for the sample but also the cooling times
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Chapter 4. Experimental Methods

are radically different. The values of the main characteristics differences between ID32 and I21
are represented in table 4.2.

One important difference between ID32 and I21 is the way the photon counts are detected.
When a photon hits a CCD detector, it creates a charge spot of ∼ 25 µm, independent of
the pixel size of the CCD. At the ESRF, the single photon determination algorithm allows to
extract single photon counts (SPC), and the error associated to it is simply the square root of
the counts. At DLS, the SPC is not extracted from the CCD detector signal, hence producing
spectra that are more smoothed out compared to the ESRF. The error is given by the photon
counts divided by a factor relating to the number of electrons produced by a single photon,
equal to ∼ 3.6 · 104/Ephoton, where Ephoton is the energy of the incoming photons.

ID32 I21
Beam size at sample (H×V) 60× 4 µm2 40× 2.5 µm2

Sample temperature range 20− 300 K 12− 300 K
Cooling time from RT to base T 40 min 7 h
Q resolution at the Cu L-edge < 0.01 r.l.u. ∼ 0.02 r.l.u.

Combined energy resolution Low 56 meV 100 meV
at the Cu L-edge Medium 41 meV 60 meV

High 30 meV 37 meV

Table 4.2: Main characteristics differences between the ID32 and I21 beamlines.
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Chapter 5

Crystal Growth and Study of the
Charge Density Wave in
Nd2−xCexCuO4+δ

This chapter presents the results of a hard x-ray diffraction experiment on the electron-doped
cuprate Nd2−xCexCuO4+δ (NCCO). The preparation of the samples, starting with the crystal
growth in an image furnace using the travelling-solvent floating zone (TSFZ) method, the an-
nealing of the crystals, the characterisation of the superconducting transitions using SQUID
magnetometry, and the alignment of the samples using Laue diffraction are presented. Single
crystals of three dopings of NCCO, x = 0.10, 0.15 and 0.16 were successfully grown. With a
14 keV x-ray diffraction experiment on a single crystal of NCCO x = 0.15, an extensive region
of reciprocal space, in particular the whole range with low h values, k = 0, and 8 ≤ l ≤ 23,
was covered, and a possible charge density wave (CDW) peak centred on (4 − δ, 0, 9.5) with
δ = 0.24 was measured. However, no other suitable peak could be measured within the instru-
ment detection threshold in the reciprocal space region covered, leaving open the question of
whether the CDW is much weaker in this material or if the modulations have a stronger a-axis
component rather than the strong c-axis component observed in the hole-doped compounds
LSCO and YBCO.
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Chapter 5. Crystal Growth and Study of the Charge Density Wave in Nd2−xCexCuO4+δ

5.1 Introduction

Nd2−xCexCuO4+δ (NCCO) was the first discovered electron-doped cuprate superconductor [50],
in 1989. The doping is achieved by substituting the trivalent Nd3+ with tetravalent Ce4+ ions.
As seen in section 3.2.1, NCCO has a T’-phase structure, with a single-layer CuO2 plane and
the absence of apical oxygen. The schematic phase diagram of NCCO is shown in figure 5.1
a). The long-range antiferromagnetic (AF) correlations are present up to a doping x ' 0.134,
while the superconducting (SC) phase is restricted to dopings 0.13.x. 0.18, with a maximum
Tc ' 24 K at x = 0.15. At this optimal doping, the pseudogap (PG) onset temperature T ∗ '
70− 150 K [55,80]. The upper critical field Hc2 as a function of temperature is shown in figure
5.1, as measured by the Nernst effect [122] (applying a temperature gradient and a magnetic
field normal to each other, and measuring the induced electric field normal to both). Hc2(T)
follows the behaviour described by the BCS theory, as in conventional Type II superconductors.
From these data, the estimated Hc2(0) ' 10 T and implies a value for the coherence length
ξ0 ' 58 Å. Details about the Fermi surface (FS) of NCCO were provided by Shubnikov-de
Haas (SdH) measurements, with an applied field B ‖ c produced by a 70 T pulse magnet, and
revealed a FS reconstruction in the over-doped regime (0.16 < x < 0.17) [123]. Indeed, for
x = 0.17, fast oscillations were observed, corresponding to a large FS area, while the optimally-
(x = 0.15) and over- (x = 0.16) doped samples exhibited slow oscillations, corresponding to a
very small FS area. These quantum oscillations are indicative of a (π/a, π/a) ordering, most
likely due to a field-induced AF ordering.

3

Figure 1. (a) Schematic phase diagram of Nd2�xCexCuO4 including the normal
conducting, the pseudogap (PG), the antiferromagnetic (AF) insulating and
the superconducting (SC) states together with the corresponding transition
temperatures T ⇤, TN and Tc depending on the Ce concentration x . (b) The Fermi
surface of NCCO in the absence of a superlattice potential is represented by
a single hole-like cylinder centered at the corner of the Brillouin zone and
slightly warped in the direction perpendicular to the CuO2 layers. In a strong
magnetic field, charge carriers move on large closed orbits (red dashed line)
encircling the area corresponding to the fast SdH oscillations. (c) The Fermi
surface, reconstructed due to a (⇡/a, ⇡/a) superlattice potential, consists of
electron (blue) and hole (dark red) pockets. The size of the small hole pockets
is consistent with the frequency of slow oscillations observed for the optimal,
x = 0.15, and slightly overdoped, x = 0.16, compositions [26].

cuprates, the entire doping range, from the undoped insulating up to the strongly overdoped
metallic (superconducting) phase, can be covered using one and the same compound with just
slightly different Ce concentrations (see figure 1(a)).

We have recently reported on SdH oscillations in Nd2�xCexCuO4 (NCCO) single crystals
with Ce concentrations corresponding to nearly optimal doping (x = 0.15) and to overdoped
compositions (x = 0.16 and 0.17) [26]. For the highest doping level, x = 0.17, corresponding
to the very end of the superconducting region on the overdoped side, fast SdH oscillations
were found. In complete analogy with the hole-overdoped Tl2Ba2CuO6+� (Tl2201) compound,
the oscillation frequency, Ffast ⇡ 11 kT, reveals a large cyclotron orbit on the cylindrical
Fermi surface centered at the corner of the Brillouin zone, as shown in figure 1(b), and
occupying ⇡41% of the first Brillouin zone. This result is in full agreement with band-
structure calculations [27] and ARPES experiments [28, 29]. However, on crystals with the
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a) 

induces an electric field Ey ! Bvx which may
be detected with high sensitivity (the induc-
tion field B ! z). The total Nernst signal
eobs

y ! Ey/"#T" is the sum of the vortex
signal ey and the carrier contribution eN

y:
eobs

y ! ey $ eN
y.

Although our focus is on the Bi-based
cuprates, we gain perspective and insight by
first looking at the electron-doped cuprate
Nd2–xCexCuO4 (NCCO), in which the effects
of fluctuations are weak and superconductivity
is easily suppressed in fields of %10 T. Previ-
ous Nernst measurements have revealed a siz-
able carrier signal eN

y in NCCO (10, 11). We
observed that ey has a distinctive “tent” profile
that distinguishes it from eN

y (fig. S1). The
vortex signal ey at fixed T was initially zero
until H exceeded the solid-to-liquid melting
field Hm(T) (Fig. 1A). In the liquid state, the
vortex signal rises steeply to a maximum before
falling monotonically to zero as H approaches
Hc2, with a similar profile occurring in low–
critical T (low-Tc) superconductors (7, 8). The
steep rise just above Hm, which scales accurate-
ly with the in-plane resistivity & (dashed line),
reflects the sharp increase in vortex mobility,
whereas the fall at higher fields is caused by the
field suppression of the condensate amplitude
as H approaches Hc2. The phase diagram in Fig.
1B, derived from ey, reveals an Hc2 boundary
similar to that observed in conventional type-II
superconductors and well described by the
Bardeen, Cooper, and Schrieffer (BCS) theory

(1). It is weakly T-dependent at low T and
decreases to zero linearly as T approaches Tc0,
the zero-field transition temperature [the linear
Hc2 near Tc0 agrees with that in an earlier
Nernst study (11)]. The vortex signal ey rapidly
vanishes above Tc0 ! 24.5 K, indicating that
the amplitude of the order parameter ' vanish-
es at Tc0. Hence, the phase diagram of NCCO is
similar to the phase diagram of conventional
superconductors (1), except that the vortex liq-
uid region is greatly expanded. This example
shows that Hc2 at finite T is reliably determined
as the field at which the vortex-Nernst signal
reaches zero: The tent profile of ey versus H (a
sharp rise to a peak and a fall to zero at high
fields) defines the entire vortex liquid region, in
which "'" remains finite. From Hc2(0) % 10 T,
we find (0 % 58 Å in NCCO.

Most attempts to find Hc2 in cuprates have
relied on measuring the field profiles of the
resistivity & in intense fields. We next show that
this method is highly unreliable. The field pro-
file of & at 14 K (Fig. 1A, dashed line) reveals
that, above Hm, it rises steeply toward the nor-
mal-state value &N. Long before the field reach-
es Hc2, & in the vortex-liquid state becomes
indistinguishable from &N. If we had used the
“knee” in the profile of & to estimate Hc2, we
would have erroneously identified Hc2 with the
“ridge field” H*(T) defined (7) by the maxi-
mum in ey at each T. As shown in Fig. 1B, the
ridge field H*(T) versus T has a positive cur-
vature and remains strongly T-dependent as T
approaches zero. We note that many Hc2 curves
derived from & in cuprates share these features
of H*(T) (12–14). The inset shows that at finite
T, the true Hc2(T) is considerably higher than
H*(T). In the hole-doped cuprates, the differ-
ence between H* and Hc2 is even greater (7).

With this caveat in mind, we turn to the
single-layer cuprate Bi 2201 (Bi2Sr2–yLayCuO6)

and the bilayer Bi 2212 (Bi2Sr2CaCu2O8),
which are ideal for exploring the x dependence
of Hc2 because eN

y is negligibly small, and the
anomalously small Hm(T) values allow the scal-
ing studies described below to be extended over
the broadest field range. In Bi 2201 (sample A1,
x ! 0.16, Tc0 ! 28 K), ey increases to a broad
maximum and then decreases monotonically to
zero at just above 45 T (fig. S2). The tent
profile, similar to that in NCCO except for the
higher field scales, again reveals how far the
vortex liquid extends in the field.

A major difference between NCCO and
the hole-doped cuprates arises from strong
fluctuations in the phase of ' in the latter.
Whereas the vortex signal in NCCO rapidly
vanishes just above Tc0, it remains large at
Tc0 in Bi 2201, La2–xSrxCuO4, and
YBa2Cu3Oy (YBCO) and extends consider-
ably above Tc0. In all hole-doped cuprates
examined to date (5–7, 9), Tc0 has corre-
sponded to the loss of long-range phase co-
herence (15–17), rather than the vanishing of
"'". Defining the field at which ey approach-
es zero as Hc2(T) at each T, we found that
Hc2(T) in Bi 2201 is nearly T-independent
from 5 to 30 K (it goes to zero only at much
higher T). Despite the non-BCS scenario in
hole-doped cuprates, Hc2(T) is still reliably
obtained from the approach of ey to zero.

Comparison of ey versus H in several sam-
ples of Bi 2212 of different x revealed a distinc-
tive trend. Figure 2, A and B, compares the ey-H
curves in overdoped Bi 2212 (sample B1, x !
0.22, Tc0 ! 65 K) with those in underdoped Bi
2212 (sample B3, x ! 0.087, Tc0 ! 50 K). The
calibration of x is discussed in (18). In sample
B1 (Fig. 2A), the vortex Nernst signal closely
resembled those in Bi 2201 and anticipated the
scaling property to be described. In the under-
doped sample (Fig. 2B), however, the curves

Fig. 1. (A) The vortex-Nernst signal ey versus H
in Nd2–xCexCuO4 (x ! 0.15, Tc0 ! 24.5 K). For
example, at 14 K, ey appears at Hm ! 1.1 T,
rises to a peak at H* ! 2.8 T, and decreases,
with Hc2 % 5.8 T. The profile of & at 14 K
(dashed line) matches the initial increase in ey.
Above Tc0, the vortex signal rapidly vanishes
(unlike in hole-doped cuprates). )0 is the vac-
uum permeability. (B) The T dependence of Hm,
H*, and Hc2 derived from the ey curves. The Hc2
curve in NCCO is conventional and terminates
close to Tc0.

Fig. 2. Comparison of the profiles of ey in (A) overdoped (OD) (Tc0 ! 65 K) and (B) underdoped
(UD) (Tc0 ! 50 K) crystals of Bi2Sr2CaCu2O8. The curves in (A) peak at relatively low fields (5 to
10 T ) and decrease by 50 to 60% when H reaches 30 T. The peaks in (B), however, lie much closer
to 30 T.
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Figure 5.1: a) Schematic phase diagram of Nd2−xCexCuO4+δ as a function of Ce doping x.
The Néel temperature TN delimits the antiferromagnetic (AF) phase, T ∗ the pseudogap (PG)
phase, and Tc the superconducting (SC) phase. From [68]. b) Hc2, Hm and H∗ as a function of
temperature in NCCO x = 0.15 (Tc = 24.5 K), from Nernst effect measurements. The vortex-
melting field Hm is the field at which the vortex-Nernst signal ey appears, the ridge field H∗

where it peaks, and as it decreases it reaches the upper critical field Hc2. From [122].
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5.1. Introduction

Apart from the antiferromagnetic correlations, the superconducting and pseudogap phases,
charge order (CO) has recently been observed in NCCO. The first direct observation of CO in
an electron-doped cuprate was in NCCO, with resonant x-ray scattering measurement (RXS)
at the Cu-L3 absorption edge (E ' 931.5 eV) [124]. The samples measured were single crystals
of NCCO with dopings x = 0.14± 0.01 and 0.15± 0.01. Both samples exhibited peaks centred
on an in-plane momentum transfer H ' 0.23 and 0.24 r.l.u. respectively, along the Cu-O bond
direction, as shown in figure 5.2. The periodicity and direction are similar to the hole-doped
cuprate peaks, but the temperature dependence differs greatly. The peak intensity decreases
with temperature but does not disappear completely until above 300 K. The estimated Tonset
is around 340 K, which is much higher than the pseudogap onset temperature T ∗ in NCCO,
∼ 80−170 K for dopings x = 0.14−0.15. The peak is also much broader than the ones observed
in hole-doped cuprates.

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
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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
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Figure 5.2: RXS data showing charge order (CO) peaks in NCCO a) x = 0.14 and b) x = 0.15.
c) Temperature dependence of the CO peak intensity. From [124].

F). The reason for this behavior is not clear, and we cannot distinguish
whether it is truly a saturation or a change in the rate at which the CO is
suppressed with temperature—the latter would require measurements
at temperatures higher than what is currently technically possible. This
temperature dependence is summarized in Fig. 2G, where the peak
maximum (after subtracting the 340 K data) is shown for the data in
Fig. 2 (D to F). Unfortunately, the high-temperature behavior, discussed
above, precludes the determination of the true background and renders
any determination of the CO intensity versus doping unreliable (29).
Nevertheless, it is obvious that above x = 0.042, the CO temperature
scale increases up to x = 0.106 and remains high (above 300 K) with
further electron doping. The behavior of the characteristic temperatures
shows a trend opposite to the antiferromagnetic correlations, as sum-
marized in Fig. 3B, and suggests that the two phenomena are not intrin-
sically related.

For a typical second-order phase transition, the correlation length
and susceptibility increase upon cooling in the disordered phase. This
behavior of the CO is seen in YBCO aboveTc. However, as Fig. 1 shows,
the CO peak width in LCCO is temperature-independent, and the cor-
relation length never increases above∼25 Å. At first sight, this clear as-
sertion cannot be made about the correlation length of the CO in
NCCObecause the presence of a peak at allmeasured temperatures pre-
cludes the identification of the true background. Nevertheless, the data
in Fig. 2 (D to F) show that the peak develops on top of a concave flu-
orescence background, displaying a distinct local minimum for H less
than QCO. Under these conditions, this minimum should move away
from QCO if the width increased with temperature—a behavior that is
clearly not present in the data (29). Therefore, although a precise mea-
sure of the peak width as a function of temperature cannot be obtained,
we can conclude that, as in LCCO, and contrary to YBCO, the correla-
tion length in NCCO is approximately independent of temperature.
This behavior, as well as the short correlation length, resembles the ob-
servations for hole-doped Bi cuprates (8, 9) and HgBa2CuO4+d

(Hg1201) (11).
Another feature of the CO in YBCO, as well as in La2−dSrdCuO4

(where the CO is short-range), is that both its correlation length and
integrated intensity are suppressed below Tc—a clear indication of a
competition between ordered states (5, 6, 22, 23, 34). Figure 4A shows

q scans measured below and above Tc, showing that the CO peak is re-
markably insensitive to superconductivity in NCCO. This behavior is
not without precedent, because signatures of competition in the tem-
perature dependence of other hole-doped cuprates are not clearly pres-
ent in the RXS data (9, 11).

The relationship between the CO and superconductivity can also be
probed by measurements in applied magnetic fields. In the case of
YBCO, fields up to 18 T enhance the CO peak (6, 16, 17), and at higher
fields, above the superconducting upper critical field, Hc2, the CO
becomes long-range and three-dimensional (35–37), again indicating
a competition between superconductivity andCO.Therefore, given that
NCCO has a much lower Hc2 (∼10 T at 0 K) (38, 39) than hole-doped
cuprates, onemight expect that an even smallermagnetic field enhances
the CO signal. Measurements in the presence of a magnetic field are
more challenging because of field-induced mechanical distortions of
the sample environment that can cause significant modifications to
the background of the q scans (29). Nevertheless, Fig. 4B shows that
at 10K, belowTc, no appreciable difference is seen in the scattering peak
up to 6 T (the upper limit allowed by our instrument). This finding sug-
gests an insensitivity of the CO to the superconducting order, consistent
with both the zero-field data across Tc (Fig. 4A) and the doping
dependence (Fig. 3B).

DISCUSSION

Our comprehensive data for the doping, temperature, and magnetic
field dependence of the CO in NCCO and LCCO allow us to make a
direct comparison to YBCO, a material for which CO has been exten-
sively characterized over the past few years. We find that the CO in
NCCO differs from the behavior of its YBCO analog in three ways:
(i) it is insensitive to superconductivity; (ii) it has a small, temperature-
independent correlation length; and (iii) it can be present up to very high
temperatures. The YBCO experiments have been interpreted as evidence
for competition between different many-electron ground states. Clearly,
this description does not apply to the CO in NCCO.

We consider two possible scenarios for the interpretation of our data.
First,we refer to recent theoreticalwork thatproposes thatdisorder-induced
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traction of the 340 K peakmaximum (29), extracted from the data in (D) to (F). The vertical scales in (A) to (F) are proportional to the detector reading normal-
ized to the incoming photon flux (29). Note that the intensity difference in the vertical scale of (G) is plotted in the same units as in (D) to (F). The error bars in
(G) represent the systematic errors associated with the experiment (29).
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F). The reason for this behavior is not clear, and we cannot distinguish
whether it is truly a saturation or a change in the rate at which the CO is
suppressed with temperature—the latter would require measurements
at temperatures higher than what is currently technically possible. This
temperature dependence is summarized in Fig. 2G, where the peak
maximum (after subtracting the 340 K data) is shown for the data in
Fig. 2 (D to F). Unfortunately, the high-temperature behavior, discussed
above, precludes the determination of the true background and renders
any determination of the CO intensity versus doping unreliable (29).
Nevertheless, it is obvious that above x = 0.042, the CO temperature
scale increases up to x = 0.106 and remains high (above 300 K) with
further electron doping. The behavior of the characteristic temperatures
shows a trend opposite to the antiferromagnetic correlations, as sum-
marized in Fig. 3B, and suggests that the two phenomena are not intrin-
sically related.

For a typical second-order phase transition, the correlation length
and susceptibility increase upon cooling in the disordered phase. This
behavior of the CO is seen in YBCO aboveTc. However, as Fig. 1 shows,
the CO peak width in LCCO is temperature-independent, and the cor-
relation length never increases above∼25 Å. At first sight, this clear as-
sertion cannot be made about the correlation length of the CO in
NCCObecause the presence of a peak at allmeasured temperatures pre-
cludes the identification of the true background. Nevertheless, the data
in Fig. 2 (D to F) show that the peak develops on top of a concave flu-
orescence background, displaying a distinct local minimum for H less
than QCO. Under these conditions, this minimum should move away
from QCO if the width increased with temperature—a behavior that is
clearly not present in the data (29). Therefore, although a precise mea-
sure of the peak width as a function of temperature cannot be obtained,
we can conclude that, as in LCCO, and contrary to YBCO, the correla-
tion length in NCCO is approximately independent of temperature.
This behavior, as well as the short correlation length, resembles the ob-
servations for hole-doped Bi cuprates (8, 9) and HgBa2CuO4+d

(Hg1201) (11).
Another feature of the CO in YBCO, as well as in La2−dSrdCuO4

(where the CO is short-range), is that both its correlation length and
integrated intensity are suppressed below Tc—a clear indication of a
competition between ordered states (5, 6, 22, 23, 34). Figure 4A shows

q scans measured below and above Tc, showing that the CO peak is re-
markably insensitive to superconductivity in NCCO. This behavior is
not without precedent, because signatures of competition in the tem-
perature dependence of other hole-doped cuprates are not clearly pres-
ent in the RXS data (9, 11).

The relationship between the CO and superconductivity can also be
probed by measurements in applied magnetic fields. In the case of
YBCO, fields up to 18 T enhance the CO peak (6, 16, 17), and at higher
fields, above the superconducting upper critical field, Hc2, the CO
becomes long-range and three-dimensional (35–37), again indicating
a competition between superconductivity andCO.Therefore, given that
NCCO has a much lower Hc2 (∼10 T at 0 K) (38, 39) than hole-doped
cuprates, onemight expect that an even smallermagnetic field enhances
the CO signal. Measurements in the presence of a magnetic field are
more challenging because of field-induced mechanical distortions of
the sample environment that can cause significant modifications to
the background of the q scans (29). Nevertheless, Fig. 4B shows that
at 10K, belowTc, no appreciable difference is seen in the scattering peak
up to 6 T (the upper limit allowed by our instrument). This finding sug-
gests an insensitivity of the CO to the superconducting order, consistent
with both the zero-field data across Tc (Fig. 4A) and the doping
dependence (Fig. 3B).

DISCUSSION

Our comprehensive data for the doping, temperature, and magnetic
field dependence of the CO in NCCO and LCCO allow us to make a
direct comparison to YBCO, a material for which CO has been exten-
sively characterized over the past few years. We find that the CO in
NCCO differs from the behavior of its YBCO analog in three ways:
(i) it is insensitive to superconductivity; (ii) it has a small, temperature-
independent correlation length; and (iii) it can be present up to very high
temperatures. The YBCO experiments have been interpreted as evidence
for competition between different many-electron ground states. Clearly,
this description does not apply to the CO in NCCO.

We consider two possible scenarios for the interpretation of our data.
First,we refer to recent theoreticalwork thatproposes thatdisorder-induced
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Fig. 2. Temperature and doping dependence of CO in NCCO. (A to F) Temperature dependence of q scans for six doping levels of NCCO. Yellow
diamonds in (A) to (F) show the H location of the low-temperature peak maxima (29). (G) Temperature dependence of the CO peak maximum after sub-
traction of the 340 K peakmaximum (29), extracted from the data in (D) to (F). The vertical scales in (A) to (F) are proportional to the detector reading normal-
ized to the incoming photon flux (29). Note that the intensity difference in the vertical scale of (G) is plotted in the same units as in (D) to (F). The error bars in
(G) represent the systematic errors associated with the experiment (29).
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Figure 5.3: RXS spectra exhibiting charge order peaks in NCCO a) x = 0.078, b) 0.106, c)
0.145 and d) 0.166. e) Temperature dependence of the CO peaks for the three highest doping.
From [72].
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Further RXS measurement at the Cu-L3 edge show the presence of CO in NCCO in a
wider range of doping [72]. The peaks are on top of a strong background, see figure 5.3, so
a clear qualitative information as to the width of the peak is difficult to obtain, but it is
concluded nevertheless that the correlation length is . 25 Å and is approximately temperature-
independent. Additionally, the charge order wavevector QCO increases as a function of doping
x. The temperature dependence of the peak maximum shows that the peak decreases with
temperature for all dopings, and is still present at 300 K.

In summary, the phase diagram of NCCO indicates a large AF region overlaying the small
SC dome, with a maximum Tc ' 24 K at optimal doping x = 0.15. RXS measurements show the
presence of CO in a large range of doping, from non-superconducting to over-doped. The CO
peaks are broad, with an approximate correlation length . 25 Å and an onset temperature above
room temperature. RXS measurements integrate over all energies and the origin of the peak can
not be determined precisely. Additionally the peak seems to be on top of a large background
making clear quantitative conclusions difficult. The aim of the work presented in this chapter
was to detect CO in NCCO with hard x-ray scattering, providing a clear determination of the
origin of the peak seen with RXS, with quantitative information about the charge ordering
wavevector and the coherence length of the excitations. High quality single crystals are needed
for such measurements, and the next section will deal with details of the crystal growth, followed
by the sample characterisation and preparation, and finally the results and discussion of the
hard x-ray scattering experiment.

5.2 Crystal growth

5.2.1 TSFZ technique

The travelling-solvent floating-zone (TSFZ) technique is employed for the growth of large (∼ cm)
single crystals, with no impurities due to the absence of crucible contamination, and little dop-
ing inhomogeneity. It applies to the growth of incongruently-melting compounds, which form
a liquid and a solid of a new composition when melting. These compounds are particularly
sensitive to impurities when trying to grow single crystals, and the nature of their phase trans-
formation require slow growth rates (. 1 mm/h). None of the high-Tc compounds melts congru-
ently. Up to 1999, measurements on NCCO were mostly performed using sintered pellet, and
it is thanks to the TSFZ technique that large single crystals were grown and the first neutron
scattering study of NCCO could be achieved [125]. Large single crystals of Bi2Sr2CaCu2O8+δ,
Nd2−xCexCuO4+δ, La2−xSrxCuO4, other cuprates, and the perovskite superconductor Sr2RuO4

for example, have all successfully been grown using the TSFZ technique. A review of single
crystal growth using the floating zone method can be found in [126].

The TSFZ technique requires a seed rod, a polycrystalline feed rod and a solvent pellet,
whose compositions are dictated by the temperature-composition phase diagram of the system.
The temperature-composition phase diagram of a binary system A-B is presented in figure
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5.4 a); such systems include La2O3-CuO and Nd2O3-CuO. The different phases consists of
individual liquid (L), solids labelled as α, β and γ, or a mix of these compositions. β is a
peritectic compound and upon heating starts to melt at a temperature TP through the very
slow peritectic transformation, Liquid + α → β. Following the liquidus line (the line above
which only the liquid phase is present in the phase diagram), the eutectic point (E) can be
reached. The eutectic temperature is the lowest possible melting temperature of all possible
compositions containing β and/or γ, and at which the transformation Liquid→ β+γ happens.
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Figure 5.4: a) Schematical phase diagram of a binary system A-B, and b) the different com-
positions in a TSFZ method crystal growth, with the liquid zone (x), polycrystalline feed and
seed rod of peritectic compound β, and grown single crystal β.

The schematics of the TSFZ crystal growth are shown in figure 5.4 b). During the growth,
as heat is focused on the solvent between the seed and feed rod, a liquid forms and is held by
surface tension (the ‘floating zone’). The seed rod and polycrystalline feed rod have the same
composition β, corresponding to a specific ratio of the A and B materials. This is also the goal
composition of the single crystal. The solvent’s composition is closer to the B rather than the
A composition. Upon heating, the polycrystalline material from the feed rod is dissolved, and
transported by diffusion and convection through the liquid. When it reaches the bottom of the
liquid zone, if the right conditions are satisfied, crystallisation can start. As the feed rod is
slowly lowered into the liquid zone or equivalently the solvent is slowly moved up the feed rod
(‘travelling solvent’), the material from the feed rod can be used for more crystallisation. If the
solvent is not rich enough in B composition, the growth can start at a point on the liquidus
line above the peritectic point. In this case, an intermediate composition α will be grown. As
more α is synthesised, the resulting liquid will become richer in B material. The temperature
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needs to be lowered, following the liquidus line, in order for the growth to continue. Once the
liquid flux is at a composition x between the peritectic and eutectic points, the crystallisation
will lead to a material of the goal composition β. With the correct composition and amount of
solvent, the conditions can be satisfied to start the growth directly at a temperature between
TP and TE . Only along the liquidus line can the material β be crystallised, by maintaining the
temperature between TP and TE to allow for equilibrium of the system and moving the floating
zone slowly up the feed rod.

5.2.2 NCCO phase diagram
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Figure 5.5: Temperature-composition phase diagram of the (Nd,Ce)2O3 - CuO binary system.
The peritectic (P) and eutectic (E) points are indicated, with their corresponding temperature
(TP,E) and composition (xP,E). Adapted from [59].

The temperature-composition phase diagram of the (Nd,Ce)2O3 - CuO system in air is
presented in figure 5.5. This is based on the Nd2O3 - CuO phase diagram, assuming that partial
substitution of Ce in NCO does not introduce major changes in the phase transformations [126].
In comparison to the generic phase diagram in figure 5.4, the different solid phases α, β and
γ correspond to (Nd,Ce)2O3, (Nd,Ce)2CuO4 and CuO, respectively. The feed rod and goal
composition of the single crystal is the peritectic compound (Nd,Ce)2CuO4, with the desired
Ce doping. Using a CuO rich flux, a liquid zone of composition x between xE and xP , can form
between the feed and seed rod. On the liquidus line, the liquid in the zone is in equilibrium
with the Liquid + (Nd,Ce)2CuO4 composition, and thus by maintaining the liquid zone at the
correct temperature between TE and TP , a single crystal of composition (Nd,Ce)2CuO4 can
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form at the bottom of the seed rod. As the liquid zone travels up through the feed rod, more
(Nd,Ce)2CuO4 crystal can be synthesised.

Differential thermal analysis (DTA) measurements in air detected endothermic peaks at
∼ 1040°C and ∼ 1240°C in the Nd2O3 and CuO mixture [127]. These correspond to the
eutectic and peritectic points respectively. This means that the Nd2CuO4 compound melts
incongruently at TP ' 1240°C. The compositions relative to the peritectic and eutectic points
are measured to be 82 and 93 mol% CuO respectively. These temperatures and compositions
therefore define the liquidus line between the peritectic and eutectic point, along which the
CuO-rich flux and feed rod melt will grow into a single crystal of Nd2CuO4.

The same growth principle applies for (Nd,Ce)2O3 and CuO, but the liquidus line covers a
larger range of temperatures and compositions. The temperatures corresponding to the eutectic
and peritectic transformations were measured with DTA for Nd1.85Ce0.15CuO4+δ in different
atmospheres [59]. In 20% O2 / 80% Ar atmosphere (∼ 20.95% O2 in air), the eutectic temperat-
ure is the same as for NCO, but the peritectic temperature is slightly higher, TP = 1300± 10°C.
In a pure O2 atmosphere, TE = 1081± 10°C and TP = 1326± 10°C.

5.2.3 Image furnace

Figure 5.6: Schematics of the image furnace setup. The image of each halogen lamp is focused
onto the coinciding focal point of the two ellipsoids. The seed crystal and feed (material) rod
are placed inside the quartz tube within controlled gas atmosphere. From [128].

Crystals can be grown with the floating zone method using different types of furnaces. Lasers
or powerful xenon or halogen lamps can be used to focus the light onto the sample to create
the molten zone. The most energy efficient furnaces use xenon or halogen lamps combined with
complete ellipsoidal mirrors [126]. In this case, the molten zone is created by the image of one
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or several light sources onto the sample, and the apparatus is called an image furnace. It can
consist of one, two or four mirrors; the more mirrors the better the temperature homogeneity
in the horizontal plane. The light focuses on a small region in the centre of the furnace, where
a large vertical temperature gradient is present.

The image furnace used in Bristol is a SC1-MDH-11020 Single Crystal Growing Apparatus,
made by NEC Machinery Corporation (2001) [128], a schematic diagram is shown in figure 5.6.
Several crystals of La2−xSrxCuO4 with different dopings have already been successfully grown
using this furnace [129,130]. The heating sources of the furnace are two 1.5 kW halogen lamps,
each located at the focal point of an elliptical mirror. The other focal points of the two ellipsoids
coincide; this is the point where the molten zone is formed. The inner surfaces of the mirrors
are Au plated to increase light reflectance. The mirrors are mounted on a platform that allows
for translation in order to open and close the furnace.

The feed and seed rods are attached to an upper and lower shaft respectively. These can be,
independently or synchronously, translated up and down by a motor, at speeds from 0.1 mm/h
to 300 mm/min, as well as rotated, between 6− 60 rpm. A quartz tube can be placed around
the sample region to create a sealed atmosphere with a controlled gas flow. A CCD camera,
placed in front of a window at the edge of the two mirrors helps monitor the alignment of the
two rods before the growth, the molten zone region at the beginning and during growth, and
the separation of the two rods at the end of the growth.

The maximum temperature of operation of the furnace is 2050°C. An air cooling system
is used to keep the halogen lamps cool, and a water cooling system is used to cool down the
mirrors and the main shafts and shaft seals. The mirrors risk deformation and loss of reflectivity
if they are overheated, while the main shafts and shaft seals risk deteriorating and losing a good
seal. The image furnace thus provides control over the temperature, the atmosphere and the
gas pressure, the rotation of the feed and seed rods, and the speed of growth, all essential
parameters for a successful crystal growth.

5.2.4 Preparation of feed rods and flux pellets

The starting materials for the feed rod and flux pellet are high-purity Nd2O3 (99.999%), CeO2

(99.9%) and Cu2O (99.996%) powders (purchased from Alfa Aesar). The chemicals are first
dried separately at 800°C in air for 12 h. They can then be weighed and mixed according to
mass ratios depending on the goal doping. The atomic masses of the different elements are
M(Nd) = 144.24 u, M(Ce) = 140.12 u, M(Cu) = 63.546 u, and M(O) = 15.999 u, hence the
molar masses of the initial powders are 336.477 g/mol, 172.118 g/mol and 79.545 g/mol for
Nd2O3, CeO2 and CuO respectively. To obtain the correct composition, the molar ratios

Nd2O3 : CeO2 : CuO = 2− x
2 : x : 1 (5.1)
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must be respected. In this case, three doping values x = 0.10, 0.15 and 0.16 were grown. The
mass ratios can be calculated and these are reported as a percentage of total mass in table 5.1.

For the flux pellets, the molar ratio for LSCO crystal growth [130] with the same image
furnace is used for NCCO, and this is given by Nd : Ce : Cu = 2− x : x : 3, or equivalently,

Nd2O3 : CeO2 : CuO = 2− x
2 : x : 3. (5.2)

The ratio of Nd to Ce is the same as for the feed rod, but there is a significant excess of CuO.
The mass ratios of the starting materials for the flux pellet with x = 0.15 are shown in table
5.1.

Composition Nd2O3 CeO2 CuO
NCCO x = 0.10 76.76% 4.13% 19.10%
NCCO x = 0.15 74.71% 6.20% 19.09%
NCCO x = 0.16 74.30% 6.61% 19.09%
Flux x = 0.15 54.06% 4.48% 41.45%

Table 5.1: Mass ratio of the starting materials Nd2O3, CeO2 and CuO as a percentage of total
mass for the feed rods of NCCO x = 0.10, 0.15, and 0.16, as well as for the flux pellet with
x = 0.15.

Approximately 50 g of Nd2−xCexCuO4+δ powder is prepared for one growth. For NCCO
x = 0.15, this corresponds to 37.355 g of Nd2O3, 3.099 g of CeO2, and 9.547 g of CuO. The
three powders are weighed precisely on a weighing scale, before being mixed and ground with a
pestle and mortar until homogeneous. The powder is then transferred to a large crucible with
a fitted lid and put through a series of calcinations at increasing temperatures, in air. Between
each cycle, the powder is ground with a pestle and mortar, followed by a ball milling at 600
rpm for 30 min. Following the procedure in [59], the calcination temperatures are 900°C, 920°C,
950°C, and 980°C twice. The temperature is ramped up at 10°C/min, the dwelling time is 12 h
and the cooling rate is 10°C/min. The powder becomes denser with each calcination stage.

After the calcination process, the uniform powder is shaped into a feed rod, using a 6 mm
diameter YSZ (Y2O3 stabilised ZrO2) crucible tube with very smooth inner wall. The tube is
placed inside a small crucible and is progressively filled with the powder while being shaken by
a vibrating device, to make the powder as compact as possible inside the tube. The rod inside
the crucible, with small crucibles on each side, is then sintered at 980°C for 10 h in air. The
sintered rod can then be carefully pushed out of the tube in one piece. It is aimed for the feed
rod to be as dense as possible. Failing to do so can perturb the growth as the liquid zone would
be absorbed too quickly by the feed rod. Therefore, the feed rod is sintered at 1200°C for 5 h,
with a ramp rate of 7°C/min for the heating and cooling stages. To achieve this, a small groove
is added about 1 cm from the top of the rod using a diamond saw (with a 0.30 mm thick blade),
and a thin nickel wire is wound around the groove and used to hang the rod inside a vertical
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furnace. The rod needs to hang straight and be placed in the centre of the furnace for uniform
temperatures during the sintering process. Baffles are added at each extremity of the furnace to
improve temperature homogeneity. For the first NCCO x = 0.15 growth, the density of the rod
was 3.90 g/cm3 before and 7.54 g/cm3 after sintering in the vertical furnace. For all dopings,
the high-temperature sintering lead to an increase of the rod density by a factor 2.0± 0.2.

For the flux pellet, only a few hundred milligrams are used per growth. The dried starting
materials are weighed to a total mass of a few grams, mixed and ground with a pestle and
mortar. The mixed powder is placed into a small crucible and follows the same first calcination
steps in air as the feed rod powder (900°C, 920°C, 950°C, and twice 980°C), with mixing and
grinding in-between each cycle. A rod is then made by compressing the powder into a 5 mm
inner diameter tube, and sintered at 980°C in air for 10 h. The formed rod is subsequently
sintered at 1010°C for 10 h in air inside the crucible tube. It is then cut into pieces with a
diamond saw to obtain the correct amount. 140 mg of flux pellet is used for growth with a
6 mm diameter feed rod.

Once the feed rod and flux pellet have been prepared, they can be placed inside the furnace
in preparation for the growth. Figure 5.7 shows the feed and seed rods, and their installation
inside the furnace. For the seed rod, if there is no crystal of the same doping already available,
a piece of the feed rod can be cut and used as seed rod. A piece of polycrystalline feed rod was
used as seed rod for the first x = 0.15 growth. A seed rod of similar doping can be used to start
a growth as well, and the same piece of the grown x = 0.15 crystal was used as seed rod for
all subsequent growths. The seed rod must be carefully fixed and aligned with respect to the
centre of rotation of the lower shaft, with a side-to-side motion in a 360° rotation of < 10% of
the seed rod’s diameter. Therefore two grooves are added on the side of the seed rod such that
it can be securely fixed inside a small diameter crucible tube, which itself is fixed into a larger
diameter crucible tube, using Ni wires. The larger crucible is held to a metallic holder that
screws in at the top of the lower shaft. About 1 cm of seed rod exceeds the top of the crucible.
The feed rod is hung to a hook from the upper shaft, see figure 5.7 b), and aligned such that
the two axes of rotation of the seed and feed rods coincide. The flux pellet is placed on top
of the seed rod, as shown in figure 5.7 c)-d). At this point, the upper and lower shafts can be
moved to their upper and lower limits respectively, in order to place the quartz tube and seal
the sample chamber. Then the seed and feed rods are brought back to their centre positions.
The mirrors can be closed, and the camera aligned towards the centre of the furnace. The tubes
for water cooling are reconnected and the water cooling system is turned on. Finally, the gas
valve is opened and the gas flow can be set, typically to 0.6− 0.9 L/min.
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Figure 5.7: Pictures of a) a sintered seed rod, b) the top of the feed rod showing the groove
around which the Ni wire is wound in order to hang it from the upper shaft in the image
furnace, and c) a seed rod (here a grown crystal) attached to the ceramic holders with Ni wire.
d) Schematic diagram (not to scale) of the installation and arrangements of the feed and seed
rods in the image furnace.

5.2.5 Crystal growth procedure

General instructions for crystal growth using Bristol’s image furnace are given in [128], the
procedure for NCCO crystal growth with the TSFZ method have been reported in [59,127,131–
133], and for LSCO crystal growth using the same image furnace in [129,130].

At the start of the growth, the lower rod is brought up such that the flux pellet is in
the centre of the furnace, between the two images of the bulb filaments. The temperature is
controlled by the voltage applied to the halogen lamps providing the heating power. As the
voltage is increased, i.e. the temperature is raised, the flux starts to melt, at which point the
feed rod is brought in contact with the flux. The feed and seed rods are rotated in opposite
directions, first slowly (at ∼ 10 rpm) when connecting the rods, then up to ∼ 30 rpm during
stable growth conditions. At a temperature Tx along the liquidus line, NCCO crystallises at
the bottom of the liquid zone. The feed and seed rods are progressively translated downwards,
effectively moving the zone along the feed rod. This determines the speed of growth, which was
set to 0.5− 1.0 mm/h.
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The liquid zone is held between the seed and feed rods by surface tension and the growth
parameters need to be adapted to maintain a stable zone. Ideally, the zone should be symmet-
rical between the upper and lower rod and the zone’s diameter at its thinnest (in the centre)
should be 70− 80% of that of the growing crystal. The growing crystal’s diameter should also
be constant throughout the growth. Figure 5.8 displays a picture of the TSFZ growth and
schematics of different growth conditions. A typical unwanted situation is when the crystal is
growing in, with a decreasing diameter. This means that not enough material of the feed rod is
being brought into the zone. To remediate, the power must be increased, and more of the upper
rod brought into the zone. If the crystal is growing out, the opposite situation is happening
and the power needs to be decreased. These two conditions can be linked to the melting zone’s
width. If the melting zone is too small (too large), it is an indication that the crystal will start
growing in (out) and thus the lamp power needs to be increased (decreased) and the upper rod
lowered (raised). The extreme case of excessive power is depicted in figure 5.8 c), where the
molten zone is bulging on the top of the lower rod, and the smallest diameter is closer to the
upper rod. Figure 5.8 d) shows the situation of insufficient power, where the inside of the zone
is not hot enough to stay liquid, leading to the upper rod being knocked away from its centre of
rotation. Although slight occasional knocking might disappear without intervention, persistent
and severe knocking, where the zone is deflected to the sides, creates a real risk of the two rods
separating and losing the molten zone. Even during a stable growth this situation can arise, as
CuO can accumulate on the quartz tube, effectively decreasing the heating power of the lamps.

Feed rod!

b)! c)! d)!

Liquid 
zone!

Grown 
crystal!

Images of the 
bulb filaments!

a)!

5 mm!

Figure 5.8: Picture and schematics of the upper (‘feed rod’) and lower (‘grown crystal’) rods
with the liquid zone held in between. a) Picture taken by the CCD camera pointing towards
the centre of the image furnace during a NCCO growth. Schematics of the TSFZ growth b)
in a stable situation, with straight rods and a symmetric liquid zone, c) with excessive power
causing a bulging of the liquid zone towards the lower rod, and d) with insufficient power causing
severe knocking and deflection of the upper rod and the zone to the sides. b)-d) are adapted
from [128].

The relationship between the lamp power and the temperature at the centre of the furnace
can be estimated considering the Stefan-Boltzmann law, stating that the net radiated power is
proportional to the fourth power of the temperature. The temperature T in the centre of the
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5.2. Crystal growth

furnace is thus approximately1 linked to the power p emitted by the lamps,

T = a · p1/4, (5.3)

where a is a constant. In our range of interest, the voltage V applied to the bulbs is proportional
to the power with ∆p = 6 ·∆V . In pure O2 atmosphere, the flux starts bubbling, i.e. melting,
at an applied power of 167 ± 12 W. By definition, it will only start melting at the eutectic
temperature, which is TE = 1081 ± 10°C for NCCO x = 0.15 in pure O2. Considering these
values and equation 5.3, it is deduced that the coefficient a = 301± 6°C·W4. The temperature
at the centre of liquid zone as a function of the applied power and voltage to the bulbs is shown
in figure 5.9 a). Stable growth conditions were obtained with an applied power of 281 ± 1 W.
This corresponds to a temperature Tx = 1232 ± 30°C, which is between the TP and TE values
expected for NCCO x = 0.15 grown in pure O2. Figure 5.9 b) shows the schematic diagram of
the feed and seed rods in the image furnace, with the vertical temperature gradient when the
temperature of the liquid zone corresponds to TE and Tx. Some of the flux penetrates in the
porous feed rod, over a distance determined by the temperature gradient.
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Figure 5.9: a) Temperature of the liquid zone at the centre of the furnace as a function of
applied voltage and corresponding power. The two • indicate the temperature at which the flux
starts melting, corresponding to TE , and the stable growth temperature Tx used for the NCCO
x = 0.15 growth in pure O2 atmosphere. b) Vertical temperature gradient in the image furnace
and the corresponding regions of crystal growth.

At the end of a successful growth, the feed rod is carefully separated from the grown crystal
while the temperature is lowered, to avoid zone spilling. Figure 5.10 shows a grown NCCO
x = 0.15 crystal inside the image furnace, still kept in the controlled atmosphere inside the
quartz tube. In total, five growths were undertaken, for three dopings of NCCO : x = 0.10, 0.15,

1This is only an approximation as one would need to consider the ambient temperature as well as the cooling
power from the rods.
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and 0.16. All growths were carried out in 100% O2, expect one of the x = 0.16 growth, which
was carried in 2% O2-N gas. The last growth, of x = 0.15, was grown at a slower rate of 0.5
mm/h, instead of the 1.0 mm/h rate used for all other growths. The results of the growths are
presented in the next section.

Grown 
crystal!

Feed rod!

Quartz 
tube!

Ellipsoidal 
mirror!

Ellipsoidal 
mirror!

Figure 5.10: Grown crystal after the end of the growth, separated from the remaining feed rod
above it, in controlled atmosphere inside the quartz tube.

5.2.6 Grown crystals and annealing

Pictures of the different NCCO crystals grown with the TSFZ technique are shown in figure
5.11. The first NCCO crystal grown in Bristol, figure 5.11 a), 16.5 cm long with a diameter of
45 mm, was grown on top of a polycrystalline seed rod (x = 0.15), while the subsequent ones
were grown on top of a piece of this first NCCO x = 0.15 crystal. Most crystals have a regular
diameter and a shiny surface, expect for the NCCO x = 0.16 grown in 2% O2, shown in figure
5.11 c), that has several matt patches and an irregular diameter along its length, which suggests
the existence of a growth with multiple crystallites. The crystal of the same composition grown
in 100% O2, figure 5.11 d), appears to be of much higher quality.

a)!

b)!

c)!

d)!

e)!

1 cm!

Figure 5.11: Grown NCCO crystals with different dopings x : a) and b) x = 0.15 grown in
100% O2, c) x = 0.16 grown in 2% O2, d) x = 0.16 grown in 100% O2, and e) x = 0.10 grown
in 100% O2.
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5.2. Crystal growth

After the growth, the crystals are left in air to expose any weaknesses. Figure 5.12 shows a
comparison of a grown crystal of NCCO x = 0.15 right after the growth, and after being left for
48 h in air (with moisture). The crystal disintegrated at two different points of the growth: the
first one is at the very top of the seed crystal, probably due to a lack of equilibrium of the com-
position (and while still adjusting the growth parameters), and the second point corresponding
to just after the speed of the growth was slowed down from 1.0 mm/h to 0.5 mm/h. The gas
supply had to be switched during the growth but this did not disrupt the growth.

1 cm!

START! Speed change! Gas replacement!

a)!

b)!

Grown crystal!Seed crystal!

Figure 5.12: NCCO x = 0.15 crystal grown in 100% O2 atmosphere, using a NCCO x = 0.15
crystal as seed rod. ‘START’ is the beginning of the growth, ‘Speed change’ refers to the change
in growth speed from 1.0 mm/h to 0.5 mm/h, and ‘Gas replacement’ indicates the change of
gas bottle. The crystal a) right after the growth and b) after being left in air for 48 h, showing
disintegration in two specific points in the growth (at the start and right after the speed change).
The last part of the crystal (6.5 cm long) remained intact.

As-grown crystals are either non-superconducting or exhibit a very wide transition with
a low Tc. To obtain the highest Tc values, the oxygen content in single crystals needs to
be adjusted by annealing, which reduces disorder in the lattice and tensions in the crystal.
According to [59], the crystals have to be annealed in Ar flow at a temperature close to the
stability limit of the composition (dependent on Ce doping, ∼ 800°C for x = 0 and ∼ 900°C
for x = 0.10). At temperatures higher than the stability limit, the crystals start decomposing.
The crystals should also be cooled moderately slowly after annealing as quenched crystals show
lower Tc values (by several degrees).

Pieces of the as-grown NCCO crystals were placed in a boat crucible and annealed in a tube
furnace with a constant Ar flow. NCCO x = 0.15 and x = 0.16 crystals were annealed at 900°C
and 950°C respectively. Small crystals were annealed for 20 h, while longer durations were used
for larger samples to allow for oxygen diffusion throughout the whole sample. The cooling rate
was set to −1.2°C/min.
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5.3 Sample characterisation

5.3.1 Laue diffraction

Laue diffraction is used to check whether the NCCO crystals grown using the TSFZ method
are single crystals and to align them for x-ray diffraction experiments. As an indication for
the alignment of the crystals, the direction of growth of crystals using the TSFZ technique is
generally a few degrees from the a-axis [126]. For LSCO crystals grown in the Bristol image
furnace, it was found that the a-axis was ∼ 20° from the growth direction [129].

b)! c)!a)!

a 

b 

a 

b 

Figure 5.13: Back-scattering Laue diffraction images with the incoming beam parallel to the
c-axis of the crystals. a) Single crystal of NCCO x = 0.15 showing four-fold symmetry, b) single
crystal of NCCO x = 0.10, showing four-fold symmetry, and c) sample of NCCO x = 0.16
grown in 2% O2 with multiple crystallites.

Back-scattering Laue diffraction measurements were performed on parts of the NCCO crys-
tals with different dopings, placed 30 mm from the screen. The acceleration voltage and intensity
were set to 20 kV and 30 mA respectively, and the exposure time limited to 2 min. Figure 5.13
a) and b) show single crystals from the NCCO x = 0.15 and x = 0.10 growths respectively.
These were aligned such that the beam is parallel to the c-axis and the images display the
expected four-fold symmetry. The quality of the NCCO x = 0.16 grown in 2% O2 atmosphere
was not as good as the other crystals. Figure 5.13 c) shows the Laue diffraction image from
an NCCO x = 0.16 crystal with the beam parallel to the c-axis. A superposition of patterns
rotated around the origin is clearly visible, revealing crystallites with slightly different a (and
b) orientations. The star-shaped spots are also indicative of surface defects. This confirms the
suspicion of lesser crystal quality as seen from the irregular diameter and a surface more matt
in places on the grown crystal rod (figure 5.11 c)).

5.3.2 SQUID

The superconducting transitions of crystals of different dopings were measured using SQUID
magnetometry. The samples were fixed with GE varnish on a quartz holder, such that the field
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5.3. Sample characterisation

is parallel to the c-axis. After zero-field cooling (ZFC), the DC moment of the samples was
measured as a function of temperature in a magnetic field of 10 Oe.

The NCCO x = 0.10 composition is expected to be non-superconducting and indeed no
superconducting transition was observed. Measurements from annealed NCCO x = 0.15 and
x = 0.16 samples are shown in figure 5.14, with the susceptibility χ normalised from 0 in the
normal state to −1 in the superconducting state. For x = 0.15, the Tmid-point

c value is 17.3 K
with a transition width ∆Tc = 4.4 K, while the x = 0.16 sample exhibits a sharper transition
with a Tmid-point

c value of 8 K and ∆Tc = 2.2 K.
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Figure 5.14: Superconducting transitions of NCCO x = 0.15 and x = 0.16 samples, measured
in ZFC with a 10 Oe applied field.

These values are reported in figure 5.15, where they are compared to measurements from [59]
and [72]. The first dataset (‘Lambacher (2008)’) was measured by AC susceptibility, and the
value of Tc taken as the mid-point value, with the error bar on Tc determined from the width
of the transition. For the second dataset (‘Damascelli (2016)’), the doping was determined by
inductively coupled plasma, but it is not specified how the Tc values were determined (how it
was measured or if they correspond to mid-point or onset values). The Tc value for the x = 0.15
(17.3 K) and x = 0.16 (8 K) samples grown and annealed in Bristol are lower than what could
be expected with similar annealing treatment in Ar, where values of 23 and 17 K respectively
are reported [59]. This might suggest that the actual doping values could be higher (up to
∆x ' 0.1) than expected from the starting composition. In [72], the crystals were annealed
at much higher temperature in Ar (970°C for 10 h) before being annealed in O2 at 500°C for
20 h. This different annealing procedure could explain the higher Tc values obtained for these
samples, especially for the x = 0.165 doping, although the error associated to this doping value
is quite large.
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Figure 5.15: Tc values as a function of Ce doping x in NCCO, with data from this work (in
yellow), ‘Lambacher (2008)’ data (in green) from [59], and ‘Damascelli (2016)’ data (in red)
from [72].

5.4 Hard x-ray diffraction study of the CDW in NCCO

5.4.1 Sample preparation

Sample 
holder 

Epoxy 

a) 

b) 

c) 

Cleaving 
post 

Sample 

1 mm 

0.5 mm 

Figure 5.16: a) NCCO sample fixed on top of the I16 sample holder before cleaving, with the
groove to onset the cleaving and the post epoxied on top of the sample. b) Top- and c) side-view
of the sample after cleaving, showing a clear cut and a shiny surface.

Instead of polishing the samples to obtain a reflective surface [58], a flat and shiny ab

surface can be obtained by cleaving. This method is less time consuming and yields better
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5.4. Hard x-ray diffraction study of the CDW in NCCO

quality sample surfaces. Using Laue diffraction for the alignment, NCCO samples were cut
with a diamond wheel saw into rectangular cuboids of dimensions ∼ 1× 1× 2 mm3, with each
face perpendicular to the crystallographic axes and the c-axis along the longest direction. The
cut sample is fixed with epoxy on an I16 holder (a Cu holder consisting of a long rod on top of
which the sample stands). A post is epoxied at the top of the sample, and when that post is
hit, the sample, held at both extremities, cleaves in the middle, onset by the pre-made groove
on its side. Figure 5.16 shows the NCCO x = 0.15 (Tc = 17.3 K) sample measured during the
beamline experiment before and after cleaving. In this case, the cleaving process created a flat,
smooth and shiny surface perfect for reflecting x-rays.

5.4.2 Experimental setup and sample alignment

The measurements were performed on the I16 beamline at Diamond, with the energy of the
incoming x-rays set to 14 keV and the counts diffracted from the sample measured using the
Pilatus detector. The sample was cleaved in air just before being placed on the diffractometer
and then aligned using the (0, 0, 22) and (2, 0, 20) Bragg peaks. Those are strong and sharp
single peaks, attesting to the good quality of the single crystal and high reflectivity of the
cleaved surface. η-scans of these Bragg peaks measured at 6 K are shown in figure 5.17, the
FWHMs of the peaks are 0.041° and 0.055° respectively. For NCCO x = 0.15, the expected
lattice parameters are a = b = 3.947 Å and c = 12.07 Å from x-ray powder diffraction on single
crystals of NCCO [59]. The corrected lattice parameters for this sample were a = b = 3.947 Å
and c = 12.068 Å, from measurements at 300 K.
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Figure 5.17: η-scans of the (0, 0, 22) and (2, 0, 20) Bragg peaks of the NCCO x = 0.15 sample,
measured at 6 K with an attenuated beam.

With the hard x-ray setup from I16, various positions in reciprocal space can be explored.
As presented in section 2.5.2, satellite peaks due to an incommensurate structure such as the
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CDW are centred on Q = τ ± qCDW, where τ is a reciprocal lattice vector and qCDW is the
charge ordering wavevector. Additionally, the intensity of the satellite peaks is proportional to
(u ·Q)2, where u is the displacement of the atoms due to the incommensurate modulations, in
the simplest case of identical atoms and displacements. Because of the complicated structure of
the CDW, an intense Bragg peak doesn’t necessarily mean strong neighbouring satellite peaks.
Charge order peaks have been detected in other cuprates, such as YBCO, LBCO and LSCO,
with qCDW = (±δ, 0, 1/2). For NCCO x = 0.15, CDW peaks are expected with an in-plane
momentum transfer δ ' 0.24 [124]. Because of the background in the RXS data, there is
no clear expected value of the peak width, but the half width at half maximum (HWHM) is
approximately 0.05 r.l.u. and independent of temperature. The peak intensity decreases with
temperature but is still present at 300 K.

5.4.3 Results

Chapter 5. Charge density wave fluctuations in La2≠xSrxCuO4 and their competition
with superconductivity
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Figure 5.7: Intensity of the satellite CDW peaks of LSCO x = 0.12 measured in both
the (h, 0, ¸) and (h, h, ¸) planes of reciprocal space. Circle areas are proportional to the
amplitude of the CDW detected at that position. Crosses (◊) indicate measured positions
where no CDW peak was detected.
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Figure 5.18: (h, k = 0, l) reciprocal space map for LSCO (from [58]) and NCCO (this work). On
the LSCO map, the filled circles indicate the presence of a CDW peak, with a size proportional
to its intensity, while the ‘×××’ symbol indicates the absence of a peak. For NCCO, the blue ‘×××’
symbols indicate scans with the absence of any features, the orange ‘+++’ symbols indicate scans
with features but that do not correspond to a clear peak with the expected CDW parameters,
and the yellow ‘◦◦◦’ symbol is the position of a possible CDW peak.

We performed h-scans at different positions with half-integer values of l, looking for a peak
centred on h ± δ where h is integer and δ ' 0.24, and with a FWHM ' 0.1 r.l.u.. Each point
was measured for 5 s. An extensive reciprocal space region was measured, with the full region
comprised within 0 ≤ h ≤ 2 and 8 ≤ l ≤ 23 with k = 0, as well as h-scans for integer values
k = 1, 2 and l = 8.5, 9.5, and higher h values for l = 9.5. A reciprocal space map of the
positions measured in (h, k = 0, l) is presented in figure 5.18, with comparison to measurements
in a LSCO x = 0.12 sample from [58]. The LSCO sample was cut and polished with a surface
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5.4. Hard x-ray diffraction study of the CDW in NCCO

perpendicular to (010), in contrast the NCCO sample had a surface perpendicular to (001), and
thus higher l values, but with lower h values, could be accessed.

Most scans exhibited a smooth background with the absence of any interesting features,
as those shown in figure 5.19. The h-scans with higher k values also showed the unambiguous
absence of a peak centred around h = 0.24, see figure 5.20. Several h-scans had more complicated
backgrounds, possibly with the presence of multiple-scattering peaks, that did not allow for
as clear a conclusion concerning the presence or absence of a peak, even with a complete
temperature dependence, some of those are shown in figure 5.21.
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Figure 5.19: h-scans with k = 0 and l = 10.5, 19.5, 22.5, measured at 25 K showing a smooth
background with no clear peaks with the expected parameters
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Figure 5.20: h-scans with k > 0 measured at 25 K showing no clear peaks with the expected
parameters.

From the measurements at higher h values however, one peak was measured at (4−δ, 0, 9.5),
with approximately the expected δ and peak width values. The temperature dependence of the
peak was studied between 6 and 300 K, with each data point measured for 10 s. Figure 5.22
shows the raw data of the h-scans at 6, 25 and 200 K with fits. The peak is fitted to a Gaussian,
on top of a linear background, and a sharp and quasi temperature-independent peak centred
around h = 3.66 r.l.u. is also fitted to a Gaussian. The background-subtracted peak (with the
first order polynomial and the sharp Gaussian peak subtracted from the data) is shown in figure
5.23, as well as the temperature dependence of the fitting parameters : the peak height, the
peak centre and the FWHM.
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Figure 5.21: Temperature dependence of h-scans with k = 0 and l = 12.5, 15.5, and 21.5. The
scans have been offset with increasing temperature for clarity.
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Figure 5.22: Raw data with fits showing h-scans in (h, 0, 9.5), measured at 6, 25 and 200 K.
The fits consist of a Gaussian centred on (4− δ, 0, 9.5), a Gaussian for the sharp peak centred
around h = 3.66 r.l.u. and a first order polynomial background.
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Figure 5.23: Temperature dependence of the peak centred on (4 − δ, 0, 9.5). a) Background-
subtracted h-scan in (h, 0, 9.5), with Gaussian fit. Each temperature is offset by 2000 counts for
clarity. b) Temperature dependence of the fitted peak height and c) of the in-plane wavevector
δ and FWHM.

5.4.4 Discussion

The fitting of the peak centred on (4−δ, 0, 9.5) shows that the peak height decreases with temper-
ature and is reduced by a factor ∼ 4 at 300 K compared to the maximum of ∼ 4000 counts·s−1

at 6 K. The temperature dependence of this peak is compared in figure 5.24 to charge order
peaks in other dopings of NCCO (x = 0.145 and 0.166) measured with RXS, normalised from
the peak maximum (not fitted) after subtraction of the peak maximum at 340 K [72]. In all
cases, the temperature dependence is similar, the peak intensity decreases with temperature and
is still present at 300 K. From our data, the peak intensity is stronger at 6 K (below Tc) than at
25 K (above Tc), but measurements in a shorter temperature range would be needed to conclude
whether any competition with superconductivity is present. From RXS measurements, there is
no sign of competition with superconductivity, as there is no significant change in intensity in
a magnetic field up to 6 T (measured below Tc), and from the doping dependence [72].

The in-plane component δ = 0.240 ± 0.001 r.l.u. at 25 K and stays constant (within
±0.004 r.l.u.) with increasing temperature. It was estimated from RXS measurements in both
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LCCO and NCCO that the peak doesn’t broaden with increasing temperature [72]. The fitting
of our hard x-ray scattering data also shows no temperature-induced broadening. At 25 K,
the FWHM is 0.104 ± 0.003, hence the correlation length would be ξ(25 K) = 22.7± 0.6 Å.
This short correlation length is in agreement with estimates for LCCO and NCCO as being
. 25 Å [72].
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Figure 5.24: Normalised CDW intensity as a function of temperature from this study (hard
x-ray scattering), compared to data from da Silva Neto et al. [72] (RXS).

The fact that only one suitable peak was measured is intriguing given the region of reciprocal
space covered, especially in comparison to the prevalence of CDW peaks in LSCO. In LSCO,
the charge order correlations have a strong c-axis component, just like in YBCO [58, 96]. The
fact that the only candidate peak was measured at a higher h value might indicate a stronger
a-axis component to the CDW modulations in NCCO. It would therefore be interesting to meas-
ure more reciprocal space positions with higher h values using hard x-ray scattering. Finally,
the CDW in electron-doped cuprates has an unusual behaviour compared to the hole-doped.
The wider and weaker excitations make these measurements with hard x-ray scattering more
challenging.

After this beamline experiment, results from a resonant inelastic x-ray scattering (RIXS)
experiment in NCCO at the Cu-L3 edge were published [134], aiming to disentangle the ori-
gin of the peak observed with RXS. As seen in section 2.5.3, RXS is the equivalent of an
energy-integrated mode instead of the energy-resolved inelastic mode available with RIXS. By
integrating the RIXS spectrum over a large energy range (-0.06 eV ≤ E ≤ 10 eV), the equivalent
of a RXS spectrum was obtained, see figure 5.25 a), showing that the CDW peak is ' 1% of
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the integrated intensity. The energy resolution of these RIXS measurements being ∼ 60 meV
(FWHM), the quasi-elastic (-60 meV ≤ E ≤ 60 meV) and inelastic (60 meV ≤ E ≤ 900 meV)
contributions were separated, see figure 5.25 b), and it then becomes apparent that the quasi-
elastic peak is only partly contributing (no more than half) to the peak centred on QCDW, and
that there are broad dispersive excitations from charge, spin and phonon excitations all peaking
at the same QCDW. Although the quasi-elastic peak is completely suppressed at 300 K, the
contribution from the inelastic scattering is not completely gone (measurements were made at
25 K and 300 K only). The peak measured with RXS therefore has an important inelastic
component, which might also influence the interpretation of the temperature dependence of
the actual CDW peak. A more detailed temperature study with RIXS would be helpful to
determine the actual temperature dependence of the CDW in this material.COUPLING BETWEEN DYNAMIC MAGNETIC AND CHARGE- … PHYSICAL REVIEW B 98, 161114(R) (2018)

are the analog to the magnon excitations in the AF undoped
compound. Paramagnons have been detected in a variety
of RIXS measurements and appear as damped but well-
defined dispersive modes in the MIR region of the spectrum
[44–46,50–52]. For NCCO, MIR charge modes that exist only
near the zone center (|H | < 0.1 rlu) have also been reported
[46,51] but they are outside the scope of our study. We note
that our measurements show an excellent agreement with the
paramagnon dispersion obtained from previous RIXS mea-
surements [41,46]. In our measurements, we find clear signals
at QCO near the paramagnon energies. This is manifest in the
raw data as a dynamic signal at QCO below the paramagnon
energies and above the quasielastic line, marked by the white
arrow in Fig. 2(a) (E ≈ 100 meV), accompanied by a scat-
tering enhancement at higher energies (E ≈ 250 meV). Com-
paring this low-temperature measurement to its counterpart at
300 K [Fig. 2(b)], we find that these two features are mostly
suppressed, in agreement with the temperature dependence
of the CO obtained from the EI-RXS measurements [14].
Similar features are observed at QCO in all possible scattering
geometries (positive and negative H , and σ/π scattering; see
Fig. 2 and Ref. [41]), and on the SC NCCO sample near
optimal doping (Tc = 19 K) [41] following the previously
established doping dependence of QCO [14,41].

Not immediately clear from the data in Fig. 2(a) is the pres-
ence of a CO peak in the quasielastic line. In order to clearly
establish its presence and to quantify its strength relative to
the inelastic signal at QCO, we separate the RIXS excitation
spectrum into different energy regions by constructing energy-
integrated momentum distribution curves. First, Fig. 3(a)
shows a comparison of the signal integrated over all measur-
able energies, (−0.06, 10) eV range, to the curve obtained by
integrating over the (0.9,10) eV range, which indicates that
the peak at QCO is fully contained below 0.9 eV. Keeping
in mind the energy resolution of these measurements (!E ≈
60 meV), in Fig. 3(b) we decompose the QCO signal into
quasielastic, (−60, 60) meV, and inelastic, (60, 900) meV,
contributions. Comparing the low- and high-temperature data,
this analysis shows that roughly half of the peak observed
in the EI-RXS measurements at low temperatures comes
from inelastic scattering. The decomposition in Fig. 3(b) also
shows that although suppressed, the short-range correlations
at QCO are still present at 300 K, in agreement with pre-
vious EI-RXS measurements [14]. However, while at room
temperature the quasielastic component at QCO is completely
absent, a small inelastic contribution remains in the (60,900)
meV range. We further note that at 300 K there are no CO
correlations in the (−60, 150) meV range, [41]. This indicates
that any temperature dependence below 150 meV is strictly
due to electronic degrees of freedom since all significant
known phonon modes lie below that energy [53].

Now focusing on the MIR enhancement, it is imperative to
determine whether it is purely due to charge scattering that
coexists with the magnetic excitations, or whether it arises
from additional spin-flip scattering at QCO. To investigate
this issue, we first acquired Cu-L3 RIXS spectra with the
highest resolution currently possible (!E ≈ 35 meV), on and
off QCO [Fig. 4(a)], which clearly corroborate the observation
that the MIR CO signal exists at the same energy as the para-
magnons. Although intriguing, this observation alone does not
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FIG. 3. (a) 25-K RIXS signal integrated over different energy
ranges showing that the peak at QCO originates from energies below
900 meV. (b), Energy-integrated RIXS for 25 and 300 K in the energy
ranges marked on the figure. The line for the (0.9, 10) eV data in (a)
and the line for (−60, 60) meV, 300-K data in (b) are polynomial
fits to the data. All the other lines represent a fit to the data using
a polynomial for the background plus a Gaussian function for the
peak. The data are vertically offset for clarity. All data on the non-SC
sample in σ geometry.

demonstrate the magnetic nature of the dynamic correlations
at QCO. However, with the ability to resolve σπ ′ scattering,
where the prime is added to represent the polarization of
the scattered photons, it is possible to isolate single spin-
flip excitations. Fortunately, a newly developed polarimeter
(based on the concept described in Ref. [54]) allowed us
to perform such measurements, albeit with the compromise
of a lower-energy resolution (!E ≈ 90 meV). Figure 4(b)
shows the RIXS σπ ′ cross section, which primarily follows
the paramagnon dispersion, as expected for spin-flip scatter-
ing. Remarkably, the intensity of the paramagnons shows a
measurable enhancement exactly at QCO, while no vestige of
the dynamic signal was detected in the σσ ′ channel [41].

Having established the magnetic nature of the dynamic
correlations at QCO, it is important to discuss its relation-
ship to the charge degrees of freedom. We first note that
we do not resolve a peak at QCO in the quasielastic σπ ′

channel [Fig. 4(b)]. It then follows that the quasielastic
peak at QCO [see Fig. 3(b)] must originate from charge
correlations. Therefore, it is possible that two related effects
occur at low temperatures: (i) a softening of the electronic
response below 150 meV that results in static charge or-
der, (ii) concomitant with a magnetic spectral weight en-
hancement at higher energies, centered at 250 meV. The
observation that the majority of the dynamic response at
QCO requires a flip of the electronic spin does not rule

161114-3

Figure 5.25: RIXS spectra with different energy range integrations, measured on a NCCO
x = 0.106 sample at 25 K and 300 K, with grazing incidence and σ polarisation. The spectra
are offset vertically for clarity. From [134].

5.5 Conclusion and Outlook

Large crystals of three dopings of NCCO (x = 0.10, 0.15 and 0.16) were successfully grown
with the Bristol’s image furnace using the TSFZ technique. For the optimally-doped x = 0.15
and overdoped x = 0.16 samples, the Tc values do not reach the highest reported values in the
literature (17.3 K for x = 0.15 compared to 25 K), which can be imputed to a slight overdoping
or to a suboptimal annealing process. Nevertheless, the growths yielded good quality single
crystals when using 100% O2 as growth atmosphere. A 14 keV x-ray scattering experiment
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was conducted in an attempt to measure the CDW in NCCO x = 0.15. The cleaving method
allowed to measure strong and sharp Bragg peaks in a x = 0.15 single crystal. A large region of
reciprocal space was covered, ruling out a significant region where no CDW peak was observed.
Only one possible peak was detected, centred on (4− δ, 0, 9.5) with δ = 0.24 r.l.u., and with an
estimated correlation length ξ(25 K) = 22.7± 0.6 Å. The temperature dependence is similar to
RXS measurements of CO in NCCO for similar dopings. The absence of peaks in most of the
reciprocal space region covered, in particular the whole 0 ≤ h ≤ 2 and 8 ≤ l ≤ 23 area (with
k = 0) raises the question of whether the CDW modulations are much weaker in this material
or if they have a stronger a-axis component rather than the strong c-axis component observed
in the hole-doped compounds LSCO and YBCO. More recent RIXS measurements shed more
light on the origin of the peak measured with RXS, showing that the quasi-elastic contribution
(from CO) is weaker and possibly less wide than expected from RXS measurements. RIXS with
better energy resolution (to exclude phonon contribution) and a more in-depth temperature
study would help understand the temperature dependence of the CDW peak. Further hard
x-ray scattering experiments in different regions of reciprocal space, in particular at higher
h values, could then help determine the structure of the CO in this material, which for now
remains an open question for all electron-doped cuprates.
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Chapter 6

Uniaxial Pressure Studies of
YBa2Cu3O6+δ

This chapter presents measurements of detwinned YBa2Cu3O6+δ (YBCO) single crystals under
uniaxial strain. The uniaxial strain device used is a mechanical device designed to be suitable for
AC susceptibility measurements as well as hard x-ray diffraction measurements, and capable of
applying uniaxial strain on thin YBCO samples with direct control of pressure by compression
of a spring. The AC susceptibility measurements on underdoped and optimally doped YBCO
samples show the expected decrease in Tc with uniaxial pressure applied along the crystal’s
a-axis. Charge density wave (CDW) peaks at different reciprocal space positions were measured
with 11.5 keV x-rays at the I16 beamline at Diamond Light Source, on an underdoped (p = 0.11)
YBCO sample mounted in the uniaxial strain device. The temperature and uniaxial pressure
dependence of the CDW peak centred on (0, 1 − δ, 16.5) sheds more light on the competing
orders in the cuprates, as well as the limitations of the present device.
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Chapter 6. Uniaxial Pressure Studies of YBa2Cu3O6+δ

6.1 Introduction

YBa2Cu3O6+δ (YBCO) is a cuprate superconductor with CuO2 bilayers, and CuO chains acting
as charge reservoirs. It is hole-doped by changing the oxygen content in the chains. Details
about the crystallographic structure, doping and oxygen ordering are presented in sections 3.2.2
and 3.4.2. YBCO also presents strong phonon anomalies in the dispersions of low-energy modes
and increase in linewidth near the charge ordering wavevector QCDW [12, 89, 135]. Quantum
oscillations measurements detected the presence of small electron pockets in underdoped YBCO,
indicating that a Fermi surface reconstruction (FSR) between the overdoped and underdoped
regime occurs [104, 105]. Both the phonon anomalies and the FSR are related to the charge
density wave (CDW), which has been extensively studied in this material, with more details
about this given in section 3.4.5.

There are several hints of competition between superconductivity and charge order in this
material, starting from the dip in the superconducting domes at dopings around p ' 0.12 where
the CDW is strongest, to the weakening of the CDW intensity below Tc, and the increase of
CDW intensity in an applied magnetic field that suppresses superconductivity. In addition to
doping and magnetic field, pressure can also be used as a tuning parameter. In YBCO, Tc shows
a strong hydrostatic pressure dependence peaking at a doping p ' 0.12. There have been recent
measurements of CDW-related phenomena under hydrostatic pressure, but the CDW itself
cannot be measured directly with x-ray diffraction in a hydrostatic pressure cell, because the
background created by the pressure cell would make the already weak CDW signal impossible
to detect. A uniaxial pressure device could be used instead, allowing for direct measurements
on the uncovered sample’s surface. The response of Tc as a function of uniaxial pressure is also
extremely anisotropic, depending on whether the pressure is applied perpendicular to or along
the chains (a-axis or b-axis respectively), or perpendicular to the CuO2 planes (c-axis). Uniaxial
pressure could thus also distinguish the influence of more specific changes in the structure,
instead of compression of all three crystallographic axes as is the case with hydrostatic pressure.

The motivation for this project was to gain a better understanding of the interplay of the
superconductivity and CDW phases in YBCO using uniaxial pressure as a tuning parameter.
This involved the growth, doping and preparation of pure YBa2Cu3O6+δ single crystals, as well
as the design of and subsequent measurements with a uniaxial pressure device that could be used
both for AC susceptibility measurements of the superconductivity and hard x-ray diffraction
measurements of the CDW. Below, a summary of the relevant existing hydrostatic and uniaxial
pressure studies in YBCO is presented.
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6.1. Introduction

6.1.1 Pressure studies of YBCO

Superconductivity under uniaxial and hydrostatic pressure

The first direct measurements of Tc as a function of uniaxial pressure in YBCO were AC
susceptibility measurements on a fully oxygenated detwinned single crystal (Tc = 91.2 K) [136],
and soon after on two other dopings (Tc = 51 and 72.6 K) [137]. The superconducting transitions
are characterised by the step in the in-phase, χ′, and peak in the out-of-phase, χ′′, signals of
the susceptibility. The values of Tc were taken as the mid-point in χ′ (equivalent to the peak
centre in χ′′). The transitions as a function of pressure along b for the three crystals measured
are presented in figure 6.1 (the oxygen content is determined from the Tc(p = 0) values). For
the x = 6.75 sample especially, the transitions broaden with increasing pressure. This reversible
broadening is most likely indicative of inhomogeneous pressures throughout the sample.

x ≈ 6.50"x ≈ 6.75"x ≈ 6.95"
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remarkable anisotropy in the pressure derivatives: 
dTc/dpa = -2 .0  K/GPa, dTc/dpb = +1.9 K/GPa, and 
dTc /dpc=-O.3K/GPa.  The hydrostatic pressure 
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derivative of T,. is given by dTc/dp = y ' ~  dT~/dp~, yield- 
ing dT~/dp = -0.4 K/GPa. This small, negative value 
is in good agreement with hydrostatic pressure experi- 
ments on fully oxygenated YBa2Cu307 ~ samples 
[2,3]. Our results show that this small value is the 
result of a cancellation of large, equal and opposite 
in-plane effects. Whereas the layered structure of this 
material might suggest strong anisotropies between 
the in-plane and c-directions, the pronounced ab- 
anisotropy is rather surprising in a material with an 
orthorhombic distortion of only 1.7%. Various mod- 
els have been proposed to explain this anisotropy as 
a chain effect, a density-of-states effect [4], as arising 
from structural (orthorhombic) distortions of the 
CuO2 planes [5,6], or as a charge transfer effect [7- 
l O ]  

Some of these models can be tested on oxygen- 
deficient untwinned YBa2Cu307-~ crystals. Upon 
deoxygenation, the orthorhombic distortion 
decreases, the chains are rapidly degraded, and the 
hole density decreases, implying that the position of 
the Fermi energy changes. We determined the uniaxial 
pressure dependence of T~ for a crystal with Tc = 
72.6K (5~0.25) and for a crystal with T~=51 K 
(5 ~ 0.50). The oxygen deficiencies are estimated using 
the T~(5 ) curve from [ 11]. In the T~(~ ) diagram these 
crystals are located in the region of the strong varia- 
tion of Tc with ~ between the 90 K and 60 K plateaus 
and at the low Tc end of the 60 K plateau. The dimen- 
sions of the crystals are L~ x Lb x L~ = 
0.93 x 0.72 x 0.08 mm 3 and 1.85 x 1.52 x 0.13 mm 3, 
respectively. In Figs. 4 and 5 the pressure dependence 
of the Z' transitions are shown. For both samples we 
observe that the ab-anisotropy persists: T,. increases 
for plIb and decreases with Plla. For the 72 K sample 
the transition broadens with applied pressure, 
especially for pllb. This broadening is reversible in 
increasing and decreasing pressure, as shown by the 
0.081GPa data which was taken twice, once 
approaching from lower pressures and once from 
higher pressures. Such reversible behavior implies that 
the broadening is not the result of pressure-induced 
oxygen motion. The fact that the transition for p[lb 
broadens on the high-temperature side whereas, for 
p][b, to a lesser extent, it broadens on the low tempera- 
ture side, might indicate inhomogeneous pressures. 
However, hydrostatic pressure experiments [2,3] and 
thermal expansion measurements [10] (see below) 
sho';ved unusual features on crystals with an oxygen 
stoichiometry close to 6.75, which have been related 
to the rapid variation of Tc with ~ or oxygen ordering 
processes in the chain layer. Upon deoxygenation, a 
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derivative of T,. is given by dTc/dp = y ' ~  dT~/dp~, yield- 
ing dT~/dp = -0.4 K/GPa. This small, negative value 
is in good agreement with hydrostatic pressure experi- 
ments on fully oxygenated YBa2Cu307 ~ samples 
[2,3]. Our results show that this small value is the 
result of a cancellation of large, equal and opposite 
in-plane effects. Whereas the layered structure of this 
material might suggest strong anisotropies between 
the in-plane and c-directions, the pronounced ab- 
anisotropy is rather surprising in a material with an 
orthorhombic distortion of only 1.7%. Various mod- 
els have been proposed to explain this anisotropy as 
a chain effect, a density-of-states effect [4], as arising 
from structural (orthorhombic) distortions of the 
CuO2 planes [5,6], or as a charge transfer effect [7- 
l O ]  

Some of these models can be tested on oxygen- 
deficient untwinned YBa2Cu307-~ crystals. Upon 
deoxygenation, the orthorhombic distortion 
decreases, the chains are rapidly degraded, and the 
hole density decreases, implying that the position of 
the Fermi energy changes. We determined the uniaxial 
pressure dependence of T~ for a crystal with Tc = 
72.6K (5~0.25) and for a crystal with T~=51 K 
(5 ~ 0.50). The oxygen deficiencies are estimated using 
the T~(5 ) curve from [ 11]. In the T~(~ ) diagram these 
crystals are located in the region of the strong varia- 
tion of Tc with ~ between the 90 K and 60 K plateaus 
and at the low Tc end of the 60 K plateau. The dimen- 
sions of the crystals are L~ x Lb x L~ = 
0.93 x 0.72 x 0.08 mm 3 and 1.85 x 1.52 x 0.13 mm 3, 
respectively. In Figs. 4 and 5 the pressure dependence 
of the Z' transitions are shown. For both samples we 
observe that the ab-anisotropy persists: T,. increases 
for plIb and decreases with Plla. For the 72 K sample 
the transition broadens with applied pressure, 
especially for pllb. This broadening is reversible in 
increasing and decreasing pressure, as shown by the 
0.081GPa data which was taken twice, once 
approaching from lower pressures and once from 
higher pressures. Such reversible behavior implies that 
the broadening is not the result of pressure-induced 
oxygen motion. The fact that the transition for p[lb 
broadens on the high-temperature side whereas, for 
p][b, to a lesser extent, it broadens on the low tempera- 
ture side, might indicate inhomogeneous pressures. 
However, hydrostatic pressure experiments [2,3] and 
thermal expansion measurements [10] (see below) 
sho';ved unusual features on crystals with an oxygen 
stoichiometry close to 6.75, which have been related 
to the rapid variation of Tc with ~ or oxygen ordering 
processes in the chain layer. Upon deoxygenation, a 
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derivative of T,. is given by dTc/dp = y ' ~  dT~/dp~, yield- 
ing dT~/dp = -0.4 K/GPa. This small, negative value 
is in good agreement with hydrostatic pressure experi- 
ments on fully oxygenated YBa2Cu307 ~ samples 
[2,3]. Our results show that this small value is the 
result of a cancellation of large, equal and opposite 
in-plane effects. Whereas the layered structure of this 
material might suggest strong anisotropies between 
the in-plane and c-directions, the pronounced ab- 
anisotropy is rather surprising in a material with an 
orthorhombic distortion of only 1.7%. Various mod- 
els have been proposed to explain this anisotropy as 
a chain effect, a density-of-states effect [4], as arising 
from structural (orthorhombic) distortions of the 
CuO2 planes [5,6], or as a charge transfer effect [7- 
l O ]  

Some of these models can be tested on oxygen- 
deficient untwinned YBa2Cu307-~ crystals. Upon 
deoxygenation, the orthorhombic distortion 
decreases, the chains are rapidly degraded, and the 
hole density decreases, implying that the position of 
the Fermi energy changes. We determined the uniaxial 
pressure dependence of T~ for a crystal with Tc = 
72.6K (5~0.25) and for a crystal with T~=51 K 
(5 ~ 0.50). The oxygen deficiencies are estimated using 
the T~(5 ) curve from [ 11]. In the T~(~ ) diagram these 
crystals are located in the region of the strong varia- 
tion of Tc with ~ between the 90 K and 60 K plateaus 
and at the low Tc end of the 60 K plateau. The dimen- 
sions of the crystals are L~ x Lb x L~ = 
0.93 x 0.72 x 0.08 mm 3 and 1.85 x 1.52 x 0.13 mm 3, 
respectively. In Figs. 4 and 5 the pressure dependence 
of the Z' transitions are shown. For both samples we 
observe that the ab-anisotropy persists: T,. increases 
for plIb and decreases with Plla. For the 72 K sample 
the transition broadens with applied pressure, 
especially for pllb. This broadening is reversible in 
increasing and decreasing pressure, as shown by the 
0.081GPa data which was taken twice, once 
approaching from lower pressures and once from 
higher pressures. Such reversible behavior implies that 
the broadening is not the result of pressure-induced 
oxygen motion. The fact that the transition for p[lb 
broadens on the high-temperature side whereas, for 
p][b, to a lesser extent, it broadens on the low tempera- 
ture side, might indicate inhomogeneous pressures. 
However, hydrostatic pressure experiments [2,3] and 
thermal expansion measurements [10] (see below) 
sho';ved unusual features on crystals with an oxygen 
stoichiometry close to 6.75, which have been related 
to the rapid variation of Tc with ~ or oxygen ordering 
processes in the chain layer. Upon deoxygenation, a 
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derivative of T,. is given by dTc/dp = y ' ~  dT~/dp~, yield- 
ing dT~/dp = -0.4 K/GPa. This small, negative value 
is in good agreement with hydrostatic pressure experi- 
ments on fully oxygenated YBa2Cu307 ~ samples 
[2,3]. Our results show that this small value is the 
result of a cancellation of large, equal and opposite 
in-plane effects. Whereas the layered structure of this 
material might suggest strong anisotropies between 
the in-plane and c-directions, the pronounced ab- 
anisotropy is rather surprising in a material with an 
orthorhombic distortion of only 1.7%. Various mod- 
els have been proposed to explain this anisotropy as 
a chain effect, a density-of-states effect [4], as arising 
from structural (orthorhombic) distortions of the 
CuO2 planes [5,6], or as a charge transfer effect [7- 
l O ]  

Some of these models can be tested on oxygen- 
deficient untwinned YBa2Cu307-~ crystals. Upon 
deoxygenation, the orthorhombic distortion 
decreases, the chains are rapidly degraded, and the 
hole density decreases, implying that the position of 
the Fermi energy changes. We determined the uniaxial 
pressure dependence of T~ for a crystal with Tc = 
72.6K (5~0.25) and for a crystal with T~=51 K 
(5 ~ 0.50). The oxygen deficiencies are estimated using 
the T~(5 ) curve from [ 11]. In the T~(~ ) diagram these 
crystals are located in the region of the strong varia- 
tion of Tc with ~ between the 90 K and 60 K plateaus 
and at the low Tc end of the 60 K plateau. The dimen- 
sions of the crystals are L~ x Lb x L~ = 
0.93 x 0.72 x 0.08 mm 3 and 1.85 x 1.52 x 0.13 mm 3, 
respectively. In Figs. 4 and 5 the pressure dependence 
of the Z' transitions are shown. For both samples we 
observe that the ab-anisotropy persists: T,. increases 
for plIb and decreases with Plla. For the 72 K sample 
the transition broadens with applied pressure, 
especially for pllb. This broadening is reversible in 
increasing and decreasing pressure, as shown by the 
0.081GPa data which was taken twice, once 
approaching from lower pressures and once from 
higher pressures. Such reversible behavior implies that 
the broadening is not the result of pressure-induced 
oxygen motion. The fact that the transition for p[lb 
broadens on the high-temperature side whereas, for 
p][b, to a lesser extent, it broadens on the low tempera- 
ture side, might indicate inhomogeneous pressures. 
However, hydrostatic pressure experiments [2,3] and 
thermal expansion measurements [10] (see below) 
sho';ved unusual features on crystals with an oxygen 
stoichiometry close to 6.75, which have been related 
to the rapid variation of Tc with ~ or oxygen ordering 
processes in the chain layer. Upon deoxygenation, a 
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Figure 6.1: Pressure dependence of the superconducting transitions of YBa2Cu3Ox crystals
with different oxygen content x, measured by AC susceptibility measurements with a frequency
of 103 Hz. For all three samples, Tc increases with uniaxial pressure applied along b. From [137].
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large and positive pressure effect develops for com- 
pressions along the c-axis, as shown in Fig. 5 for the 
51 K crystal. 

The pressure coefficients dT~/dpi for the three 
crystals are summarized in Fig. 6. The large error 
bars for the 72 K crystal reflect the broadening of the 
transition in this crystal. The results for the 91 K crys- 
tal and 51 K crystal are in good general agreement 
with results based on thermal expansion measure- 
ments [10]. For a second-order phase transition the 
pressure dependence of Tc, the mean field jumps in 
the specific heat, AC=Cs-Cn, and the thermal 
expansitivities, Aa = a s - a n ,  are related through the 
Ehrenfest relation dTc/dpi = VTc[(ai,s- ai,n)/ 
(Cs-C,)],  where ai = (1/Li)(dLJdT) are the expan- 
sivities along i--a, b, c. However, whereas our results 
show that the opposite signs of the pressure deriva- 
tives along a and b persist for all stoichiometries (irre- 
spective of the broadening), thermal expansion 
measurements on a crystal with T~ = (76 4-3) K pre- 
dict a positive sign for dT~/dp~ [10]. This discrepancy 
is not resolved yet; it might imply that the sign change 
in dTc/dpa is confined to a very narrow range in & 
For hydrostatic pressures there are also conflicting 
results: measurements on polycrystals [2] indicate a 
peak in dT~/dp near 8 ~0.25, while similar measure- 
ments on single crystal [3] show a monotonic, step- 
wise increase of dTc/dp with increasing oxygen 
deficiency. 

Charge transfer models [7-10] are commonly 
used to analyze the effect of hydrostatic pressure on 
T~. The basic premise of these models is that T~ 
depends only on the hole density in the CuO2 planes, 
achieving a maximum at the optimal doping level. 

Such a maximum in To(g) has been observed for 
~ 0.1 [12]. Pressure-induced charge transfer would 

then produce opposite shifts in Tc on opposite sides 
of optimal hole density, and would have little or no 
effect at the optimal value. The results in Fig. 6 show 
that due to the cancellation of the in-plane pressure 
effects the value of the hydrostatic pressure derivative 
is dominated by the c-axis effect and that therefore 
the c-axis data can be compared to the predictions of 
the pressure-induced charge-transfer model. There is a 
sign change in dTc/dpc near full oxygenation as shown 
roughly in Fig. 6. Thermal expansion measurements 
[10] on a series of twinned YBa2Cu3OT-6 crystals 
show that the position of the sign change and the 
maximum in To(6 ) agree remarkably well. However, 
it appears that this almost perfect fit of dTc/dpc to 
the charge transfer model is not universal for high-T~ 
superconductors but is accidental for YBa2Cu307-6. 
In the structurally closely related double chain com- 
pound YBazCu4Os, which in many ways behaves [13] 
like oxygen-deficient YBazCu3OT-6, dTc/dpc..~O has 
been observed [14], whereas in La2-xSrxCuO4 crystals 
[15] as well as aligned powders [16], dTc/dpc<O in 
the underdoped and the overdoped regime. Both 
observations are in contrast to the charge-transfer 
model. 

The pressure effects in the ab-plane of 
YBa2Cu307-6 cannot be described by the charge- 
transfer model: dTc/dpa and dT~/dpb vary only slowly 
with ~ and the expected sign change near the maxi- 
mum Tc is not observed. In the following we discuss 
several models for the strong ab-anisotropy of the 
uniaxial pressure effects. This anisotropy can be 
caused by the CuO chains running along the b- 
direction. Pressure along b is expected to strongly 
affect the CuO chains whereas plla affects the chains 
only indirectly through the Poisson effect. While this 
"chain anisotropy" could cause large differences in 
dT~/dpa and dTc/dpb, the equal and opposite effects 
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a)! b)!

Figure 6.2: a) Tc of a detwinned YBa2Cu3Ox crystal with x ' 6.95 as a function of uniaxial
pressure along the a, b and c axes. b) dTc/dpi values for YBCO with different oxygen content.
The error bars are linked to the transition width. Both figures adapted from [137].

In the pressure range investigated, Tc is treated as a linear function of pressure along all the
three crystallographic axes. For the fully oxygenated sample, Tc remains almost constant for

91



Chapter 6. Uniaxial Pressure Studies of YBa2Cu3O6+δ

pressure along c (−0.3 ± 0.1 K/GPa). Along a and b however, there is a strong and opposite
pressure dependence of Tc, of −2.0± 0.2 K/GPa and +1.9± 0.2 K/GPa respectively, see figure
6.2 a). The dTc/dpi values of the three samples are reported in figure 6.2 b). For all dopings
measured, Tc decreases when pressure is applied along a and increases when applied along b.
For the fully oxygenated sample, the effect of pressure along c is small and negative, it becomes
large and positive for the x = 6.50 sample.

These measurements do not show the previously observed anomalous pressure dependence
observed around x ' 6.7 from indirect measurements of Tc as a function of uniaxial pressure
in YBCO, by thermal expansion measurements [138]. Indeed, the Tc dependence as a function
of uniaxial pressure can be inferred from thermal expansion coefficients and specific heat meas-
urements combined. The thermal expansion coefficient, or expansivity, α, along the direction
i = a, b, c of a sample of lengths Li is defined as [139]

αi = 1
Li

dLi
dT . (6.1)

A jump in α will occur at Tc due to the second order phase transition to the superconducting
state, the same cause as the jump in specific heat cp. Therefore, the Tc dependence on uniaxial
pressure (to first order) can be obtained using the Ehrenfest relation,

dTc
dpi

= V Tc
αi,S − αi,N
cS − cN

, (6.2)

where cS-cN is the difference between the normal and superconducting state heat capacities at
Tc, and V is the volume of the sample.

The first thermal expansion measurements were realised on a heavily twinned tetragonal
YBCO single crystal, with a Tc of 90 K (∆Tc = 2 K) [138]. The expansivity coefficients were
measured using a high-resolution capacitance dilatometer, while the specific heat was measured
using an adiabatic continuous heating calorimeter. The results show discontinuities in the in-
plane αab(T ) coefficient, and a change of slope in the out-of-plane αc(T ) at Tc. An increase in Tc
of 0.4−0.9 K/GPa with pressure applied in-plane (a and b are indistinguishable in this case) and
no change when pressure is applied along c were established. Measurements on a detwinned
single crystal (Tc = 90.9 K with a sharp transition ∆Tc = 0.7 K) confirmed the anisotropic
response of Tc as a function of uniaxial pressure and allowed to distinguish the two in-plane
components [140]. The pressure dependence of Tc were deduced to be dTc/dpa = −1.9 K/GPa,
dTc/dpb = +2.2 K/GPa, and dTc/dpc ' 0 K/GPa, which are in good agreement with the direct
measurements by AC susceptibility published shortly after reference [136].

Different dopings of YBCO (YBa2Cu3Ox with x = 6.5−7.0) were subsequently investigated
[141]. The dTc/dpi values are presented in figure 6.3 a) as a function of oxygen content x.
Those exhibit a large increase for the a and b axes at x ' 6.7, leading to a sign change for
the dTc/dpa dependence. Apart from around this doping, the two in-plane components are of
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opposite sign and almost doping-independent. Along c, there is a strong doping dependence,
going from almost zero at x = 7 to a linear increase with decreasing oxygen content, similar to
the results presented in figure 6.2 b).

The hydrostatic pressure dependence dTc/dp can be calculated from the sum of all the
uniaxial contributions,

dTc
dp =

∑
i

dTc
dpi

, (6.3)

with i = a, b, c. The doping dependence of dTc/dp is compared to hydrostatic pressure meas-
urements from [142], see figure 6.3 b), and show reasonable agreement. The two in-plane and
out-of-plane components lead to a positive dTc/dp value for all dopings in this range, and the
peak around x ' 6.7 is still present.O. Kraut et al. / Uniaxial pressure dependence of T~ 143 
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Fig. 3. Dependence of T¢ on (a) the uniaxial-pressure dT¢/dpi 
and (b) the hydrostatic pressure d Tddp as a function of O-con- 
tent x calculated from the expansivity jumps shown in fig. 2 and 
the Ehrenfest relation (eq. ( 1 )). The uniaxial ofdTc/dp~ values 
are very anisotropic. The calculated hydrostatic dTc/dp values in 
(b), determined by summing all uniaxial terms, agree very well 
with recent real pressure measurements (solid line ). Also shown 
are our previously calculated dT¢/dp values using dilatometry 
from ref. [ 15 ]. 

creasing O-content and are negative for x >  6.9. The 
singular behavior at x ~  6.7 expressed by the solid 
lines in fig. 3(a)  represents our view of  the possible 
x-dependence and is of  course strongly biased by the 
hydrostatic pressure data in fig. 3(b) .  

The hydrostatic pressure dependence o f  T~ is ob- 
tained by summing all the uniaxial terms, 

dTc dT¢ 
- ~ , ( 2 )  dp dp, 7 

and is shown in fig. 3(b)  in comparison to recent 
hydrostatic pressure experiments [26].  Very good 
general agreement is seen between the presently cal- 
culated and actually measured d T J d p  values. The 
small d T J d p  value at x ~  6.9 is, thus, seen to result 

from an "accidental" cancellation of  large dT¢/dpa 
and dTc/dpb terms. The large d T J d p  value at x ~  6.5 
results mainly from the large dTc/dPc term, and the 
very large hydrostatic effect at x ~  6.7 is due to the 
anomalously large a- and b-axis effects. 

Additional information can in principal be ob- 
tained by calculating the uniaxial strain coefficients 

dTc dT¢ 
- ~ C° dpj (3) d¢i 

from the elastic constants C o and the uniaxial pres- 
sure derivatives [15].  Unfortunately, we are not 
aware of  any work in which all necessary elastic con- 
stants have been measured as a function of  O-con- 
tent. For fully oxygenated crystals the calculated un- 
iaxial strain dependences have nearly the same 
anisotropy as the pressure dependences [ 15,16 ]; 
however, this probably will not hold for the O-de- 
ficient case. 

The large anisotropy of  the uniaxial pressure de- 
rivatives show that the pressure dependence o f  T¢ in 
YBa2Cu3Ox is quite complex. There are three strik- 
ing features in the O-content dependence of  the dT¢/ 
dpi values shown in fig. 3(a) :  
(1) the strong dependence of  dTJdpc on x, espe- 
cially the sign change at x ~  6.9, 
(2) the large anisotropy of  d Tc/dpa,b within the a,b 
plane, which is nearly independent of  x except at 
x ~  6.7, and 
(3) the large increase of  both dT¢/dpa and dTJdPb 
at x~6 .7 .  

We now discuss each of  these points in more detail 
with the realization that a strict separation of  the dif- 
ferent effects is difficult due to the coupling of  the 
axes through the elastic tensor C o (see eq. (3 ) ) .  

Our uniaxial pressure derivatives for the c-axis 
pressure are exactly what one would expect from the 
simple PICTM which was discussed in the intro- 
duction. In fig. 4 we plot our T¢ and dTc/dpc values 
versus O-content. The Tc values show the typical 
doping dependence found in HTSC materials; T~ in- 
creases with increasing O-content (carrier density), 
reaches a maximum value at x=6 .9 ,  and then de- 
creases slightly for x >  6.9. A more detailed discus- 
sion of  this behavior, for essentially identical crys- 
tals, is presented in ref. [ 21 ]. It is precisely at T~ max 
that dT¢/dpc=O. To the right and left of  T¢ . . . .  dT¢/ 
dpc assumes negative and positive values, respec- 
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Figure 6.3: a) Uniaxial and b) hydrostatic pressure dependence dTc/dp as a function of oxygen
content x in detwinned YBCO crystals. The data in b) labelled as Meingast et al. is from [140],
and Benischke et al. from [142]. Both figures are from [141] (Kraut et al.).

Charge density wave under hydrostatic pressure

The superconductivity studies of YBCO under uniaxial pressure presented above all date from
the early 90s. More recently, hydrostatic pressure has been used to study not just the super-
conductivity in YBCO, but the interplay with other phases such as the CDW and pseudogap
phases. The data summarised below (published from 2018) consist of measurements of the
phonon anomaly and of the Hall coefficient in high field, both are closely related to the CDW.

Inelastic x-ray scattering studies of CDW-related phonon anomalies performed under hy-
drostatic pressure in YBa2Cu3O6.6 (Tc = 61 K) show that the phonon softening is reduced by
50% at 0.3 GPa and completely suppressed at ∼ 1 GPa, see figure 6.4 a), and conclude that
the CDW is suppressed with pressure [143].

Recent high field Hall measurements [144] suggest that hydrostatic pressure has little effect
on the CDW in YBCO p = 0.11, at least up to 2.6 GPa. Tc increases with pressure but
the temperature T0 at which the Hall coefficient RH(T ) crosses zero doesn’t change much.
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The change of sign in RH is linked to FSR, whose origin is most likely the CDW. But at
higher applied pressures (not yet published [145]), T0 starts decreasing quickly. At an applied
pressure of 5.2 GPa, T0 ∼ 22 K, which is a strong decrease compared to zero pressure (T0 >

50 K). One explanation for the plateau at lower pressures is the opposite effects of pressure
simultaneously increasing doping (thus increasing T0) and decreasing T0 directly. At the higher
doping p = 0.12, T0 starts decreasing with pressure directly, with no plateau, presumably
because the effect of extra doping and intrinsic effect both lead to a decrease of T0. Hydrostatic
pressure measurements in YBCO (p = 0.09− 0.14) show a Tc dependence with pressure dTc/dp
that is positive and peaks near a doping of 0.12 [146], see figure 6.4 b). Transport measurements
under pressure also show that the pseudogap onset temperature T ∗ is independent of pressure,
but that RH is strongly affected, suggesting that hydrostatic pressure suppresses the CDW, the
strongest effect being at p ' 1/8.

O. CYR-CHOINIÈRE et al. PHYSICAL REVIEW B 98, 064513 (2018)

amplitude of RH and the temperature at which it changes sign,
suppressing both quantities significantly. The same is observed
at p = 0.109 albeit in a much reduced fashion.

We interpret this reduction in the amplitude of the negative
RH as a clear signature of the suppression of the CDW by
pressure. As discussed below, doping is also affected by
pressure, but the change in RH seen here cannot be explained
by that alone. At p = 0.120 and 20 K, we see a relative change
!RH/RH = (RH(1.8GPa) − RH(0GPa))/RH(0GPa) of about
40%. According to RH data as a function of doping in
YBCO [16], this would require a change in doping larger
than !p = 0.012 if that was the sole effect. This is much
larger than the actual change in doping induced by 1.8 GPa,
estimated to be !p = 0.002 at p = 0.120 (see Sec. III D
below). We therefore conclude that pressure suppresses the
CDW phase. This is consistent with direct observations of
the CDW by x-ray measurements on YBCO [25,26], which
also found that the CDW disappears under pressure. We note
that 1.0 GPa appears sufficient to fully suppress the CDW
signature in x-ray [25] at p ∼ 0.105 while RH remains negative
up to at least 1.8 GPa, presumably because CDW fluctua-
tions survive up to much higher pressure and can still cause
a FSR.

Recent Hall effect measurements on YBCO at p = 0.11
up to 2.6 GPa revealed a very weak effect of pressure on
RH [38], which led the authors to conclude that the CDW
is only weakly affected by pressure. This is consistent with
our observation that the effect of pressure is much weaker at
p = 0.109 than at p = 0.120, which we explain as follows.
Pressure suppresses the CDW dome at all dopings across the
phase diagram, which should suppress the negative RH . At the
same time, pressure increases the doping (see Sec. III D) and
since the CDW dome is peaked at p = 0.12, a slight increase in
doping from p = 0.11 should make RH more negative. The two
effects therefore balance each other at p = 0.11. At p = 0.12,
however, they reinforce each other, hence the much greater
sensitivity of RH under pressure. We note that our p = 0.109
sample has a Tc = 61.3 K, which is slightly higher than the
Tc = 60.7 K reported in Ref. [38], consistent with the fact that
they observe an even weaker effect of pressure on RH . A simple
test would be to apply more pressure to their sample with
p = 0.11, thereby tuning p beyond 0.12: RH should rapidly
become less negative, as we find in our sample with p =
0.120.

C. Superconducting Tc

In contrast to T ⋆, pressure has a large effect on Tc. In
Fig. 4(a), we plot the pressure dependence of Tc for our samples
whose resistivity data are shown in Fig. 2. The slope dTc/dP
has a positive value, of magnitude 3.0 ± 0.2, 3.5 ± 0.4, and
7.5 ± 0.5 K/GPa forp = 0.090, 0.107, and 0.119, respectively.
Figure 4(b) displays these measured values of dTc/dP (open
red circles) as a function of doping, and they show a good
agreement with published data obtained by applying pressure
at low temperature (open blue circles). This confirms that our
samples are negligibly affected by oxygen-ordering effects, but
still raises the relevance of discussing the effect of pressure on
doping in YBCO.
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FIG. 4. (a) Superconducting Tc of our YBCO samples with
dopings as indicated as a function of pressure (applied at room
temperature). Tc is obtained from the resistivity data in Fig. 2. (b)
Sensitivity of Tc to pressure P in YBCO, defined as dTc/dP , the
initial slope in the Tc vs P dependence, as a function of doping p.
The data points come from the literature (blue circles and dots; see
Table II and references therein) and from our own measurements [red
circles and dots; data from panel (a)]. Two quantities are plotted:
(1) the measured values of dTc/dP [labeled (dTc/dP )meas; open
circles]; (2) the corrected values [labeled (dTc/dP )corr; full dots].
The corrected data are obtained via (dTc/dP )corr = (∂Tc/∂P )p =
(dTc/dP )meas − 0.01p(dTc/dp) (see Table II and Sec. III D). The
red line is the magnitude of the correction, with (∂Tc/∂p)P being the
derivative of the Tc vs p curve (black line; right axis). The horizontal
dashed line marks (dTc/dP )corr = 0.

D. Hole doping

There are two mechanisms by which pressure increases
doping in YBCO. The first, previously mentioned, has to do
with the rearrangement of oxygen atoms in the CuO chains.
Pressure improves the degree of oxygen order. With oxygen
ordering comes an enhanced charge transfer between CuO
chains and CuO2 planes and hence an increased doping of holes
into the planes. This has been studied in detail (e.g., Ref. [29]),
and there are two approaches to eliminate this ordering process:
(1) apply pressure at a temperature of 200 K or lower (to freeze
oxygen movement in the chains); (2) use samples that already
have a high degree of oxygen order.

In Table II, we collect published data on the suppression of
Tc with pressure P , specifically the rate dTc/dP , only for those
studies that have used one or the other of these approaches to
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FIG. 2. Pressure and momentum dependence (a) of the acoustic
phonon linewidth (FWHM) at ∼Tc and (b) of the phonon energy
below Tc. The dashed lines are guides to the eyes. The data follow the
symbol/color code of the phase diagram of Fig. 1(a).

away from it. We note here that at 3 kbar the phonon anomalies
appear downshifted in momentum, as is qualitatively expected
from a pressure-induced increase of the carrier doping [11,12].
However, the phonon softening at 8 kbar appears centered at the
same momentum as at ambient pressure conditions. Additional
measurements with finer pressure steps are required to clarify
this issue.

The IXS data demonstrate that all CDW-related phonon
anomalies observed at ambient pressure disappear at a mod-
est pressure of less than ∼10 kbar. Earlier HP studies on
YBa2Cu3O6.6 have determined a pressure-induced effective
doping of the CuO2 planes in the range of ∼0.0008–0.0017
holes/kbar [18,23,30–32].

Doping-dependent x-ray diffraction data on YBa2Cu3O6+x

have, however, shown that the CDW intensity and correlation
length are comparable for p = 0.12 and p = 0.134 [11,12],
indicating that the suppression of the phonon anomalies under
HP cannot be attributed to a doping-induced suppression of the
CDW. Nevertheless, given that the detailed doping dependence
of the CDW-related phonon anomalies in YBa2Cu3O6+x has
not been reported, the potential disappearance of the CDW
anomalies for p > 0.12 cannot be excluded based on these
data alone.

To test this scenario, we performed IXS measurements on
YBa2Cu3O6.75 (p = 0.134), with Tc = 71 K, very close to
that of YBa2Cu3O6.6 under ∼10 kbar [see also Fig. 1(a)].
The results are summarized in Fig. 3, and clearly show that
the low-temperature anomalies observed in both the linewidth
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FIG. 3. (a) Temperature dependence of the inelastic part of the
IXS spectra of YBa2Cu3O6.75 at Q = QCDW = (0 0.31 6.5). The
spectra were corrected for the Bose factor, and were vertically shifted
for clarity. (b), (c) Temperature dependence (b) of the acoustic
phonon energy and (c) FWHM, at Q = QCDW = (0 0.31 6.5) for
YBa2Cu3O6.6 (gray symbols, taken from Ref. [24]) and YBa2Cu3O6.75

(red symbols).

and the energy of the acoustic phonon for p = 0.12 [24]
are also present for p = 0.134. This demonstrates that the
suppression of the phonon anomalies in YBa2Cu3O6.6 cannot
simply be attributed to pressure-induced doping. The present
data on YBa2Cu3O6.75, together with those previously reported
on YBa2Cu3O6.55 [25], YBa2Cu3O6.6, and fully oxygenated
YBa2Cu3O7 [24], clearly show that the doping dependence of
the phonon anomalies tracks that of the CDW peak as obtained
from diffraction data. The absence of phonon anomalies above
∼10 kbar therefore implies a HP-induced suppression of the
CDW order.

Having ruled out a pressure-induced modification of the
doping level as the origin of the rapid pressure dependence
of the CDW, we now discuss alternative scenarios. The strong
competition between CDW order and superconductivity, which
was previously inferred from temperature and magnetic-field-
dependent measurements [3,10], could weaken the CDW if the
intrinsic strength of the pairing interaction and/or the interlayer
Josephson coupling increased under pressure. Indeed, as in
the case of light-induced transient superconductivity recently
reported [33,34] and observed up to temperatures significantly
larger than that of the CDW (which also rapidly disappears
with the THz pumping [35]), this indicates that the details
of the structural modifications under pressure, and of the
subsequent changes in the microscopic interaction schemes
between electrons, might play a key role [36]. For instance,
Raman scattering experiments have shown that the antiferro-
magnetic exchange interaction J , one of the candidates for the
electronic pairing, increases under HP application [20,37,38].

020503-3

a)!

Figure 6.4: a) CDW-related phonon anomaly in YBCO (Tc = 61 K), showing its suppression
with hydrostatic pressure (1 kbar = 0.1 GPa). From [143]. b) Hydrostatic pressure dependence
of Tc as a function of doping in YBCO, peaking around 0.12, coinciding with the dip in the
superconducting dome. From [146].

6.2 Sample characterisation and preparation

6.2.1 Crystal growth

YBa2Cu3O7−δ crystals are grown using a self-flux method. YBa2Cu3O7−δ is a peritectic com-
pound that melts following the reaction YBa2Cu3O7−δ → 1/2 Y2BaCuO5 + liquid, at the
peritectic temperature TP = 1005°C in air [147]. The growth procedure presented hereafter is
based on [148]. The source materials for the growth are BaCO3 (99.997%), CuO (99.995%),
and Y2O3 (99.999 %) powders. The powders are first dried separately inside a dry box (at
120°C) for 1 h. They are then weighed such that their molar ratio corresponds to Y:Ba:Cu =
1:16:45. Therefore the correct quantities of each starting material for a total of 30 g of powder is
12.407 g, 14.065 g and 0.492 g for the BaCO3, CuO and Y2O3 respectively. The three powders
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are then mixed and ground using an agate mortar and pestle, until the obtention of a uniform
grey powder, see figure 6.5. This mixture is packed into a crucible made of BaZrO2. BaZrO2

is inert to the melt, and the crucibles are pressed and sintered such that there is no leakage of
the melt and the same crucible can be reused for several growths [149]. Small crucibles were
typically used, with 15 g of powder inside one crucible per growth.

The crucible is placed inside a Lenton chamber furnace; the growth atmosphere is air. The
temperature is ramped to 800°C at a fast rate of 200°C/h. After dwelling at 800°C for 1 h, the
temperature is ramped up to 1000°C at 50°C/h and dwelled for 4 h. These first steps ensure
that the excess CO2 is removed from the starting composition and that the powders are melted.
As the temperature is slowly lowered by 4°C/h, small YBa2Cu3O7−δ crystals grow from the
solvent melt (self-flux). When reaching 865°C, the crucible is cooled down to room temperature
at a rate of 250°C/h. The total growth time is therefore approximately 50 h. The resulting
crucible content is shown in figure 6.5, with shiny black crystals surrounded by some remaining
CuO-rich solidified melt. Most crystals will be found by breaking the crucible and extracting
them mechanically.

Y2O3!

CuO2!

BaCO3!
Mixed and 

ground!
Crystal 
growth!

Figure 6.5: Crucible containing the mixed powder before the growth (middle), and the result
of the growth, with shiny YBCO crystals encompassed in the solidified melt (right).

6.2.2 Doping and superconducting transitions

The grown crystals are first annealed at 900°C for 24 h in a constant O2 flow [150, 151]. The
annealing conditions to reach a specific doping are based on [63, 150]. In all cases, the crystals
should be protected from moisture as it promotes crack growth and weakens the crystal [152].

The crystals to be annealed are put inside a small gold foil box, which is placed inside an
alumina crucible. To avoid oxygen content inhomogeneity between the sample’s surface and
bulk, the samples are quenched at the end of the annealing process. For that purpose, a vertical
tube furnace is used, and the crucible containing the samples is held inside the furnace by
kanthal wires, held at the top of the tube by a magnet. When the annealing process is over,
the magnet is removed, releasing the crucible into a recipient filled with liquid N2. The samples
are effectively quenched from the annealing temperature to 77 K and are then transferred in a
sealed recipient with desiccant, to reach room temperature in a protective atmosphere.

To obtain YBCO crystals with p = 0.11 doping (Tc ' 62.6 K), the samples are annealed in
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a 100% O2 atmosphere at 680°C, long enough to allow for oxygen diffusion and homogeneity
throughout the samples (at least 48 h for small samples). Alternatively, the samples can be
annealed in 2% O2 (O2−N2 gas mixture) at 550°C. For optimal doping, p ' 0.165 and Tc ' 94 K,
the annealing conditions are 500°C in 100% O2 atmosphere. The superconducting transitions of
the annealed YBCO samples are measured using the PDO system introduced in section 4.1.2.
The samples are placed on top or inside the sensor coil such that the field is applied along the
crystal’s c-axis. The up and down temperature sweeps are averaged, and a linear background
is subtracted from the data. The normalised frequency shifts as a function of temperature for
two different superconducting samples are shown in figure 6.6.
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Figure 6.6: Superconducting transitions of a) an underdoped (Tc = 62.5 K, p ' 0.11) and b)
optimally doped (Tc = 94.5 K, p ' 0.165) YBCO single crystals.

6.2.3 Chemical composition

The chemical composition of grown YBa2Cu3O6+δ crystals, and in particular the presence
of impurities can be checked using energy-dispersive x-ray spectroscopy (EDX, more details
in section 4.1.4). The samples were cleaned with ethanol and isopropanol to obtain a clean
surface and were fixed on an aluminium holder using conductive silver paint. The samples were
brought into focus such that the dead time was ∼ 30% and the count rate was higher than
2000 counts·s−1.

Several YBCO samples from an YBCO growth using an YSZ (Y2O3 stabilised ZrO2) crucible
were measured. The as-grown samples were detwinned and annealed in a constant pure O2 flow
for 2 days at 500°C. Figure 6.7 shows the spectrum of a typical sample. This was acquired
in 120 s measurement time, with the magnification set to 5.0k and the acceleration voltage to
25 kV. The different peaks are related to specific atoms from x-ray emission lines values [153].
The Lα peak of Y, Lα peak of Ba and Kα peak of Cu are fitted to a Gaussian. Due to the small
dimensions of the sample, a small peak of Al coming from the sample holder is detected. There
are no signs of impurities present in samples grown with this method.
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Figure 6.7: EDX spectrum of an YBCO single crystal. The Ba Lα, Cu Kα and Y Kα peaks
are highlighted and fitted to Gaussians. The spectrum was recorded with an average dead time
of ∼ 32% and a count rate of ∼ 2800− 3000 counts·s−1.

6.2.4 Detwinning

It was found early on that quenched samples from the tetragonal phase (∼ 700°C in pure oxygen
atmosphere) have a lower Tc or are non-superconducting, and this was explained as a lack of
order of the oxygen chains [154]. But even without quenching, cooling YBCO crystals through
the tetragonal to orthorhombic transition (see figure 3.4) creates twin planes, mixing the a and
b axes and generating stress in the orthorhombic crystal due to the intersection of (1 1 0) and
(1 1̄ 0) twin planes. The stress in the crystal generates inhomogeneous oxygen distribution,
and for YBCO6+x with x ' 0.3 − 0.6 in particular, fewer ortho-II domains. These crystals
then have lower Tc values and wider transitions than ortho-II crystals with the same oxygen
content [150]. Therefore, twin boundaries must be removed to obtain high quality crystals,
with a homogeneous oxygen distribution in a highly-ordered phase, and sharp superconducting
transitions with high Tc values. In addition, for x-ray diffraction measurements, it is important
for the crystal to be detwinned to be able to distinguish the a and b axes components.

Twins are removed by applying pressure at temperatures high enough to allow for the chain
oxygen O(1) atom (see figure 3.3) to move within the sample (by a few lattice units) and thus
reorder the a and b crystallographic axes. The pressure is applied along one direction, forcing
it to become the one with the shortest lattice parameter. For YBCO with lower oxygen content
(x . 0.55), the annealing process requires temperatures that bring the YBCO crystals back
into the tetragonal phase, thus susceptible to the formation of twins during the cooling process.
For these dopings, the crystals should be detwinned after annealing. At the same time, the
temperature of detwinning should not be so high as to cause a variation in the oxygen content
between the surface and the bulk of the crystal. Using lower temperatures however imply
applying more force on the crystals which are then more susceptible of breaking. Therefore,
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temperatures between 200°C and 250°C are typically used, where long range oxygen diffusion
is negligible [61]. For higher dopings, including optimally doped YBCO, the crystals can be
detwinned before the annealing process.

The detwinning apparatus designed for this work consists of a small cylindrical stainless
steel piece with a hole throughout its centre, encapsulated in a insulating block. The heating
element of a soldering iron is placed through the stainless steel piece as a heat source and is
clamped inside the block, see figure 6.8. The temperature is controlled by the soldering iron’s
temperature control and can be measured on the stainless steel piece (the sample plate) using
a thermocouple. The temperature on the sample plate is ∼ 75% that of the temperature set on
the soldering station.

Thin 
glass 
slide!

Sample!

Stainless steel!

Vertical!
glass slide!

Soldering iron! Insulating block!

Figure 6.8: Picture of the detwinning apparatus, with the soldering iron heating up the cyl-
indrical sample plate contained inside the insulating block. The diagram shows the setup of a
sample placed on the heated sample plate for detwinning by applying uniaxial pressure.

Pressure!

a)! b)! c)!

Figure 6.9: Pictures of a sample as seen through a polarising microscope at different steps of
the detwinning process. The pressure is applied along the arrows indicated by the diagram on
the left, while the temperature is kept at 240°C. The sample a) before the detwinning process
where twins are visible all over the surface of the sample, b) during the detwinning process,
after applying some pressure at high temperatures, leaving only a portion of the sample twinned
with lighter lines in the lower right corner, and c) at the end of the detwinning process, with
the sample > 99% detwinned.

98



6.3. Uniaxial strain

In order to apply uniaxial pressure, the samples need at least two parallel faces. The
YBCO crystals are therefore first cut to rectangular shapes by cleaving along the a and b

crystallographic axes. For the detwinning process, a sample is placed on top of the sample
plate, the plate is heated up and pressure is applied by compressing the sample between a thin
glass slide piece and a large smooth vertical glass slide fixed in the heated sample plate, as
shown in figure 6.8. An YBCO crystal with a typical twinning pattern is shown in figure 6.9 a).
By applying pressure at 240°C, twin boundaries gradually disappear (in a few seconds) from
the sample, see figure 6.9 b) and c). The direction along which pressure is applied will become
the a-axis (the shortest lattice parameter). The crystal orientation after detwinning can also
be checked by Laue diffraction or by comparison to a sample with known orientation using a
polarising microscope.

6.3 Uniaxial strain

6.3.1 Theory of stress and strain

Starting with the simplest case of a homogeneous and isotropic sample in the form of a thin
straight bar, the response of the sample to the application of a force F is described in terms of
the stress

σ = F

A
, (6.4)

where A is the rod’s cross-sectional area [155]. Stress in the sample leads to a deformation from
its original length x by ∆x, and the strain ε is defined as the ratio

ε = ∆x
x
. (6.5)

By convention, compressive stress and strain are negative. At low strains, stress and strain are
proportional,

σ = Eε, (6.6)

where E is the Young’s modulus of the sample.
In reality, stress along one direction will lead to a strain along each direction of the sample,

which is known as the Poisson effect. The compression of a crystal in one direction leads to a
decreased lattice parameter in the same direction and to an increase of the lattice parameters
in the perpendicular directions to the stress application. A measure of this effect is given by
the Poisson’s ratio ν, defined as the ratio of lateral and longitudinal strain,

ν = −εlateral
εlongitudinal

. (6.7)

In general, more flexible materials have a higher Poisson’s ratio, e.g. ν ' 0.5 for rubber, while
for metals and ceramics ν ' 0.3 and 0.2 respectively [155].
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For anisotropic materials, the elastic response and the Poisson’s ratios are different along
different directions. For the case of compression along x, the resulting stress along y, εyy =
−εxxνxy, and along z, εzz = −εxxνxz, are not equal (νxy 6= νxz). The response of an anisotropic
material under stress can be written in terms of the strain tensor

εij =


εxx εxy εxz

εxy εyy εyz

εxz εyz εzz

 .
The tensor is symmetric (εij = εji) and the diagonal elements correspond to compressive or
tensile strain, while the off-diagonal elements correspond to shear strain. The stress and strain
tensor are linked by the elastic tensor cijkl,

σij = cijklεkl, (6.8)

where ij and kl, with values 1, 2, 3, correspond to the x, y and z axes respectively.
For orthorhombic crystals, the elastic tensor can be written as a 6×6 tensor with 8 inde-

pendent constants,

cij =



c11 c12 c13 0 0 0
c12 c22 c23 0 0 0
c13 c23 c33 0 0 0
0 0 0 c44 0 0
0 0 0 0 c55 0
0 0 0 0 0 c66


.

For tetragonal crystals, there are only 6 independent constants, as two of the longitudinal moduli
c11 = c22 and two of the shear moduli c44 = c55 are equal.

The values reported for the Young’s modulus of YBCO differ greatly, 40−235 GPa, depend-
ing on the technique used and the quality of the samples [156,157]. YBCO being an anisotropic
crystal, it is not just the Young’s modulus but the specific elastic constants that are relevant.
The elastic tensor for orthorhombic YBCO was measured with inelastic neutron scattering [158]
and resonant ultrasound [159]. The values for the longitudinal constant c11 are 230 GPa and 231
GPa respectively. This means that 0.25 GPa of uniaxial pressure along a leads to a compression
of ∼ 0.11% in the same direction.

6.3.2 Uniaxial pressure techniques

The three most popular methods for the application of uniaxial pressure on single crystals
are presented below. These consist of using a non-hydrostatic medium inside a conventional
hydrostatic pressure cell, a mechanical device where pressure is applied with a bolt via a spring,
or piezoelectric stacks with application of a voltage. There are variants to the exact design of
the devices, but the strong and weak points of each methods are highlighted here, with the type
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of samples and measurements that can be performed.
A clamp cell designed for hydrostatic pressure can be used for uniaxial pressure applica-

tion by using stycast epoxy or frozen oil instead of a hydrostatic pressure medium [160, 161].
Uniaxial stress is applied via a piston and the orientation of the sample determines which axis
is compressed, while the others are prevented from expanding (as would be expected from the
Poisson’s effect) due to the medium and the proximity of the cell cylinder. The uniaxial strain
was checked by a strain gauge and pressures up to 1.0 GPa with frozen oil and 1.5 GPa with
epoxy at room temperature can be reached. Therefore, very high pressures can be applied, and
the cell is suitable for measurements at cryogenic temperatures and in high magnetic fields.
Small and thin (∼ 0.5× 0.5× 0.3 mm3) single crystals are selected to apply uniform stress. In
particular, uniaxial stress resistivity measurements were performed on single crystals of quasi-
2D organic superconductors, which exhibited new properties, different from what is observed
under hydrostatic pressure and proving the uniaxial nature of the strain applied. This method is
of course impossible to use for x-ray diffraction measurements as the sample’s surface is covered
by the medium and surrounded by the cell.

A purely mechanical device can be used, where uniaxial pressure is applied at room temper-
ature via a spring by turning a bolt. This type of device is popular for large samples, where the
sample can be clamped between the two parallel sample holders of the device. Devices made
of Al (offering a tradeoff between a small neutron absorption coefficient and reasonably strong
mechanical properties) are often used for inelastic neutron scattering measurements. By apply-
ing a uniaxial pressure up to ∼ 15 MPa with a spring, along the orthorhombic (010) direction,
the tetragonal state of BaFe2−xNixAs2 was studied and showed nematic spin correlations [162].
The dimensions of the sample are quite large, with a cross sectional area of ∼ 8×0.7 = 5.6 mm2.
Using disk springs, uniaxial pressures up to 0.4 GPa were applied on Sr3Ru2O7 [163], on samples
of typical dimensions 3 × 1 × 1 mm3, and surfaces polished with sandpaper to obtain parallel
planes. Therefore significant uniaxial pressures can be applied using a mechanical device, but
the cross sectional surfaces of the sample need to be polished and perfectly parallel to apply
uniform pressure, which is not possible for samples with very small cross sectional areas.

Uniaxial pressure can also be applied using piezoelectric stacks, in particular Hicks et al.
have recently developed a piezoelectric-based strain device [164], with subsequent upgrades [165].
The device is made of titanium and consists of three piezoelectric stacks placed in parallel, which
upon application of a voltage allows both compression and tension on the sample. It is designed
for small samples, with cross sections of ∼ 200 × 100 µm. The sample is fixed on two plates
with epoxy, alleviating the demands on precisely polished and parallel faces. A strain gauge
is used to measured the displacement applied to the sample. The advantages of this technique
are rapid and precise control of the applied pressure, the disadvantages are the large change of
piezostacks length with temperature and the unknown zero strain. With long piezostacks, large
sample strains can be achieved on the sample, and the device was used for AC susceptibility
measurements of Sr2RuO4 (E = 176 GPa) up to 0.4 GPa, which showed that Tc increases under
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both tension and compression applied along (100) [166]. Using a modified version of the device,
compressions up to ∼ 1 GPa were achieved [167].

For this work, the choice for the design of the uniaxial strain device was driven by the
various constraints linked to the nature of the experiment, namely the size of the samples,
the geometrical constraints of hard x-ray scattering measurements, and the control of uniaxial
pressure. YBCO single crystals grow as thin platelets (less than 1 mm thick), as such the
samples are fragile and can easily break. For measurements at an x-ray scattering beamline such
as I16 at Diamond, direct access to the sample’s surface is essential, and there are dimensional
constraints inside the cryostat. Finally, direct control for the application of uniaxial pressure is
required, and pressures up to at least 0.2 GPa should be reached.

6.3.3 Design of the uniaxial strain device

The uniaxial strain device in this study is a mechanical device, where pressure is applied via
a spring compressed by a spacer pushed by a screw. In designing the device for the x-ray
scattering experiment at the I16 beamline, in addition to direct control of uniaxial pressure
on small and thin samples, two important considerations were taken into account, namely size
limitations and direct access to the sample’s surface. The device and device’s holder need to fit
in the cryostat and ideally the two Be domes must be added on top. Those have inner diameters
of 35 mm and 41 mm for the inner and outer dome respectively. Consequently, the whole device
and holder included should be less than the dome’s inner diameter at its longest, while keeping
the sample in the centre of the goniometer. A window in the device needed to be added around
the sample, to allow for incoming and scattered x-rays (measuring in reflection).

Two versions of the device were designed and built. The first version of the device was used
for AC susceptibility measurements and a first beamline experiment. To prevent any off-axis
component to the stress on the sample that could be brought by any movements of the inner
pieces other than translation in the direction of the stress, the samples holders were made of
blocks placed on pins, able to rotate in the plane of the sample. However, this extra degree of
freedom added uncertainty in terms of strain determination, in particular for highest pressures,
as the blocks tended to lift up. Due to easier machining, the inner parts (spacers and sample
holders) were not made of stainless steel as the outer body. The device was fixed to a Cu holder
by an M1.6 screw, and pressure was applied by a M1.6 grub screw. The device was longer
(mainly due to the sample holders design), which meant that only the outer dome could be
used for heat shielding on the I16 cryostat. This led to significant thermalisation issues during
the beamline experiment, as will be explained in more detail in section 6.5.1. Improvements
from the first version were therefore motivated from issues with reaching higher pressures and
the beamline experiment.

102



6.3. Uniaxial strain

1

1

2

2

3

3

4

4

5

5

6

6

A A

B B

C C

D D

Drawing1-UniaxialStrainDevice_thesis_SI

mb14450 02/05/2019
Designed by Checked by Approved by Date

1 / 1 
Edition Sheet

Date

Scale 10 : 1

1

1

2

2

3

3

4

4

5

5

6

6

A A

B B

C C

D D

Drawing1a-UniaxialStrainDevice_thesis_SI

mb14450 02/05/2019
Designed by Checked by Approved by Date

1 / 1 
Edition Sheet

Date

Scale 10:1

Sample!

Fixed and translational !

Spring!

Spacer!

Pressure applied 

via grub screw!
2.5 mm!

sample holders!

1

1

2

2

3

3

4

4

5

5

6

6

A A

B B

C C

D D

Drawing4-UniaxialStrainDevice_wholder_topview_thesis_scale

mb14450 02/05/2019
Designed by Checked by Approved by Date

1 / 1 
Edition Sheet

Date

5.0 mm!

26 mm!

⌀!
Holder’s centre =  
sample position!

a)!

b)!

c)!

Figure 6.10: Diagrams of the uniaxial strain device. a) Inner elements of the strain device,
consisting of the two sample holders, the spring and spacer. b) The complete strain device with
its external body and the grub screw used to apply pressure. c) The strain device mounted on
the Cu holder used at the I16 beamline.

The final design of the strain device is presented in figure 6.10. The spring and all parts
are made out of stainless steel. The sample is fixed with epoxy on small perfectly aligned steps
providing good thermal conductivity with the sample holders. The epoxy is placed all around
the edges of the sample, effectively clamping the edges to apply pressure uniformly, more details
about sample mounting is presented in section 6.3.4. The holder at the end of the device is
fixed while the other one, a small cylindrical holder, is translated as more pressure is applied.
Pressure is applied by an M2 grub screw onto the spacer through the external body, which is
24.20 mm long with an outer diameter of 4.40 mm. Pressure is applied at room temperature
and the stress is estimated from the compression of the spring constant at RT. From Hooke’s
law, the force applied on the spring, which is transferred to the sample, is given by F = kd,
where k is the spring constant and d is the compression of the spring, which is directly related to
the distance traveled by the screw upon (a fraction of) rotation. Therefore, the applied pressure
can be expressed as

p = F

A
= kd

A
. (6.9)

Various springs, with k = 0.46− 15.67 N/mm, and spacers of different lengths, can be used to
apply pressure to samples of different dimensions. In principle, the device can accept samples
more than 1 mm thick by changing the height of the steps, and & 1 mm in length using the
thinnest spacer.

The device can be mounted on a copper holder, see figure 6.10 c), that fixes on the i16’s
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cryostat mount for the x-ray scattering experiment. The strain device and Cu holder are held
together by a screw into the fixed sample holder piece. Since that sample holder is flush with
the body of the device, both parts are in good thermal contact with the Cu holder. The sample
is at the centre of the holder, and the whole device, with the screw applying pressure, fits inside
the inner Be dome.

6.3.4 Sample mounting

To apply uniaxial pressure on large samples using a mechanical device, the sample surfaces are
usually polished such that the two faces under compression are flat and perfectly parallel to
the sample holders. Although this is possible for large samples, it is unachievable for thin and
brittle samples such as YBCO single crystals (typically < 1 mm long and < 100 µm thick).
Applying pressure to YBCO samples with cleaved parallel faces in direct contact with the sample
holders did not allow to reach high pressures, presumably because the surface roughness leads
to inhomogeneous stress and disproportionate strain in specific regions of the sample. Even by
introducing a thin gold film in an attempt to correct for the sample surfaces inhomogeneity, the
application of pressure resulted in cracks or in crumbling of the edges of the sample. Therefore,
the sample edges were fixed with epoxy, a method presented in [164] for thin Sr2RuO4 samples.
This allows high homogeneity of the stress in the sample.

For the strain device presented in the previous section, the samples were fixed using Stycast
1266 epoxy. The two components of the epoxy are mixed before pumping on the mixture for
10 min to remove any entrapped gas bubbles. The epoxy is deposited on the small step of each
sample holder. The sample is then deposited on the steps, and more epoxy is added on top
of the sample edges to provide a more symmetric clamping of the sample. The epoxy is then
cured in a box furnace folllowing the optimal cure schedule of 65°C for 2 h, followed by a 2 h
post-cure at 100°C [168].

Figure 6.11 a) shows a sample mounted on the first version of the strain device after the
curing process. The epoxy absorbs some of the stress, and in some cases, most likely if the curing
process is not optimal and too much stress is applied, the epoxy can fail. Figure 6.11 b) shows
a sample mounted on the second version of the strain device after application of > 0.3 GPa.
The epoxy on the left sample holder failed and the sample lifted up, breaking at the edge of
the right side, leaving part of the sample trapped in the epoxy on the right. Figure 6.11 c) and
d) shows a sample mounted on the first version of the strain device, with insufficient stycast
on the upper side of the edges. Upon compression, the sample broke in the centre of its free
section, indicating that it buckled until breakage due to the asymmetric mounting. In most
cases, samples held with epoxy tend to break (cleave) somewhere on their free section, parallel
to the sample holders.
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Figure 6.11: Pictures of YBCO samples mounted in the uniaxial strain device with Stycast
1266 epoxy. a) Side view of an YBCO sample in the uniaxial strain device, with epoxy around
the epoxy. b) Broken sample showing failure of the epoxy on the left. The sample broke by
the edge of the stycast on the right side and the left side of the sample lifted up. c) and d) A
sample before and after applying pressure up to destruction. The sample cleaved around the
centre of its free section, indicating that the sample most likely buckled upwards upon the effect
of uniaxial pressure.

6.4 Superconductivity under uniaxial strain

6.4.1 Experimental setup

The superconducting transitions of YBCO samples under strain were measured by AC sus-
ceptibility measurements. The device is fixed on the holder and rotated such that the opening
on the external body is facing downwards. The AC coils system, described in section 4.1.3,
is fixed on the Cu holder, with the sample in close proximity. The sapphire rod holding the
coils is attached with GE varnish on the Cu holder to provide a good thermal link. Using a
lock-in amplifier, a current of 0.5 mA at 310 Hz is applied to the primary coil, and the signal
from the secondary coils goes through a transformer for a factor 100 amplification, and then a
pre-amplifier, with an amplification of 50 and cutoff of low-frequency noise.

A Cernox is fixed on the Cu holder while a small Si diode1 is fixed on the strain device itself.
The Si diode (less than 1.8 mm wide) is small enough to be in good contact with a polished
flattened surface on the strain device. These two temperature sensors are used to check that the
sample on the strain device is in good thermal equilibrium with the Cu holder. This is indeed
the case when the temperature is varied at the rate of 0.1 K/min used for the AC susceptibility
measurements.

1Diodes Inc 1N4148WSF-7 SMT Switching diode, 100 V, 250 mA, 2-Pin
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The strain is applied at room temperature (RT) before cooling down below Tc. After sta-
bilising at low temperatures for ∼ 3 h, the system is slowly warmed up at a rate of 0.1 K/min
above Tc before cooling back down. Showing the data for measurements on an YBCO sample
with Tc ' 63 K in figure 6.12, the temperature varies smoothly during the run and the tem-
perature lag is minimal. The largest discrepancy between the holder’s temperature and the
sample’s temperature is at the beginning of the temperature sweep, ∆T ' 0.35 K. The sample’s
temperature reaches its maximum value 1 min after the holder’s temperature reading. The raw
data of the χ′ signal as a function of the sample’s temperature is shown in figure 6.12 b). The
up and down sweeps are averaged and a linear background subtracted in order to obtain the
susceptibility versus temperature data presented below.
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Figure 6.12: a) Temperature from the Si diode on the strain device (T sample), the Cernox
on the Cu holder (T holder) and inside the cryostat (T cryostat) during a temperature sweep.
At most, the holder’s and sample’s temperature vary by ∆T ' 0.35 K, at the beginning of the
temperature sweep. b) χ′ signal as a function of the YBCO sample’s temperatures during the
temperature sweep, showing a superconducting transition ∼ 63 K.

6.4.2 Results and discussion

The results of the superconducting transitions of an optimally-doped (p ' 0.165) detwinned
YBCO sample with uniaxial strain along the a-axis are presented. The sample’s dimensions
are 640 × 220 × 44 µm3, and a stainless steel spring with k = 1.64 N/mm is used to apply
pressure. The normalised AC susceptibility signal χ′ as a function of temperature as well as
the Tc values as a function of pressure are reported in figure 6.13. The Tc values are defined
as the mid-point of the transition, and the error bars are related to the transition width. The
maximum applied pressure for this sample was 0.10 GPa, at which point Tc is decreased by
∼ 0.33 K. Tc decreases with applied pressure along a, as expected from previous measurements
in optimally-doped YBCO. A pressure dependence of −3.5 ± 1.5 K/GPa is extracted from a
linear fit, which is a stronger pressure dependence along a than previous measurements with
similar dopings of YBCO (x ' 6.95) with −2.0± 0.2 K/GPa [137] and −2.8 K/GPa [141]. The
width of the transition remains constant for the lowest pressure values, indicating that the strain
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was homogeneous throughout the sample, expect for the highest pressure where the transition
broadens slightly.
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Figure 6.13: a) Superconducting transitions of an optimally-doped detwinned YBCO sample
(p ' 0.165) at increasing uniaxial pressure applied along a. b) Tc values as a function of uniaxial
pressure. The pressure dependence of Tc is fitted to a first order (in green) and a second order
(in orange) polynomial.
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Figure 6.14: a) Superconducting transitions of a detwinned YBCO sample (p = 0.11) at
different applied pressure along a. The ∗ symbol in the legend corresponds to the second series
of measurements after return at zero pressure. b) Pressure dependence of Tc, fitted to a first
order (in green) and a second order (in orange) polynomial.

The uniaxial pressure dependence of the superconducting transitions of a detwinned YBCO
p = 0.11 (x ' 6.62) sample is presented in figure 6.14. The dimensions of the sample were
588 × 279 × 22 µm and uniaxial pressure was applied along a. The pressure was applied
incrementally up to 0.22 GPa, after which all pressure was removed, followed by measurements
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at 0.125 GPa, 0.22 GPa, and 0.26 GPa. The two measurements at 0.22 GPa are in good
agreement, showing that the compression of the sample is reversible and that measurements at
the same pressure are reproducible. The width of the transition increases significantly at the
highest applied pressure of 0.26 GPa, which corresponds to ∼ 0.11% compression. There is also
a much larger decrease in Tc at this applied pressure. The change in Tc with uniaxial pressure
is fitted to a linear function and gives dTc/dpa = −1.8± 0.8 K/GPa. The last data point is not
well described by this fit and is better taken into account by a second order polynomial, with a
maximum at 63.3± 0.13 K. The linear pressure dependence is close to previous measurements
on similar doping, x ' 6.6, with dTc/dpa ' −1.5 K/GPa [141]. Further discussion on these
results is presented in section 6.6.

6.5 CDW under uniaxial strain

6.5.1 Foreword

The first beamline experiment (Dec 2017) was performed on an underdoped YBCO sample with
Tc = 61 K, using the first version of the uniaxial strain device. The sample’s dimensions (a×b×c)
were 288 × 1000 × 18 µm3 and uniaxial pressure was applied along the b-axis. The dimensions
of the strain device did not allow for the inner shield to be placed on top of the cryostat. The
edges of the device’s main body partially shadowed the sample in specific geometries, which
limited the accessible angles and thus known peaks of strong CDW intensity [96] could not
be reached while keeping the incident energy of 14 keV used so far in hard x-ray scattering
measurements of the CDW. The energy of the incident beam was thus lowered to 11.5 keV. Two
CDW peaks were successfully measured, centred on (0,−1 + δ, 16.5) and (0,−2 + δ, 16.5). An
oxygen ordering superstructure peak, linked to stronger charge order [169], was also measured,
centred on (−2.5, 0, 16), see figure 6.15 a).

The CDW peak decreases in intensity until being completely suppressed at higher temper-
atures, see figure 6.15 b), but no decrease below Tc was observed. This is most likely due to
temperature issues. Indeed, the absence of the inner shield seemed to have a significant effect
on the temperature of the strain device and sample. During the experiment, the temperature
was measured by a Eurotherm temperature sensor placed on the Cu holder (fixed with Kapton
tape). With the cryostat stabilised at 30 K, the Cu holder’s temperature read 42 K. At the
end of the experiment, the Eurotherm was placed on the sample holder (which would not have
been possible during the experiment due to hiding the sample from the beam) and a range of
temperatures were measured, showing a significant deviation from the holder’s temperature.
With the cryostat stabilised at 30 K, the device’s temperature read 126 K, see figure 6.16.
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Figure 6.15: a) Oxygen ordering peak centred on (−2.5, 0, 16). b) CDW peak centred on
(0,−1 + δ, 16.5) with δ = 0.31, suppressed with increasing temperature.
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Figure 6.16: Eurotherm sensor’s temperature as a function of the I16 cryostat’s temperature,
with the sensor fixed on the Cu holder or on the strain device. In the first case, the temperature
dependence was measured during the beamline experiment, with the beam on. In the second
case, the sensor is hiding the sample and was measured after the end of the experiment, with
the beam off. In both cases, the sensor is attached with Kapton tape.
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Arguably the temperature sensor was not in as good contact with the strain device as with
the Cu holder (the sensor is larger than the flat surface on the sample holder and was only held
with Kapton tape). The CDW peak measured is also not as weak as what would be expected
from the CDW intensity at > 120 K, where it should be largely suppressed. For further analysis,
the temperature of the strain device and the Cu holder were simultaneously measured in the
ICE cryostat (in Bristol), with the inner shield removed. The Cu holder’s temperature was
measured by a Cernox fixed with GE varnish, while a small Si diode was fixed with GE on
one of the device’s sample holder. The cryostat was cooled down and dwelled at 9 K for 3 h,
during which the holder’s and device’s temperatures stabilised to 41 and 57 K, respectively.
Figure 6.17 shows a temperature sweep (driven by the cryostat’s temperature) at 0.1 K/min,
with the picture in the inset indicating the positions of the different temperature sensors. The
strain device’s temperature is quite close to the Cu holder’s, which probably indicates that the
measurements on the I16 cryostat were skewed by the temperature sensor not being in good
thermal contact with the strain device. Nevertheless, both the Cu holder and strain device are
far from reaching the cryostat’s base temperature, even with several hours of stabilisation. The
severe thermalisation issues from the beamline experiment and subsequent verifications that
the strain device and by extension the sample cannot thermalise properly in the absence of an
inner shield was one of the main motivations for the design of a new strain device of smaller
dimensions. Furthermore, a device with more accessible angles around the sample, in order to
reach a larger range of reciprocal space was desirable.
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Figure 6.17: Temperature sweep at 0.1 K/min driven by the cryostat’s temperature, without
the cryostat’s inner shield, after stabilisation at 9 K for 3 h. The inset indicates the positions
of the different temperature sensors. During the measurement, the device is rotated such that
the sample faces the centre of the AC coils.
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6.5.2 Experimental setup

The second beamline experiment at I16 (Dec 2018) was performed using the second version of
the strain device, improved in terms of thermalisation (better thermal link, same material for all
the pieces, and smaller such that the inner Be dome could be fitted), more reliable application
of strain, and larger angle ranges accessible for x-ray scattering around the sample. The sample
measured was a detwinned single crystal of YBCO, with a Tc = 62 K, of doping p ' 0.11
(annealed at 680 °C in pure O2). The sample’s surface was etched with HCl. The dimensions of
the sample were 520× 244× 37 µm3 and it was mounted in the strain device such that pressure
is applied along a, with Stycast 1266 epoxy.

A Eurotherm temperature sensor was held with Kapton tape on top of the Cu holder and the
Si diode was fixed with GE varnish on the strain device. There was an additional temperatures
sensor lower down on the cryostat. The temperature control was driven by the Eurotherm,
while the sample’s temperature was most closely described by the Si diode. An Al shield was
all around the arm and the two Be domes were fixed on top, acting as temperature shields.
Figure 6.18 shows the strain device fixed on the I16 cryostat, with the sample mounted, and
the positions of the temperature sensors.

Figure 6.18: Picture of the strain device fixed on the I16 cryostat. The upper right inset shows
how the sample is mounted. The Eurotherm temperature sensor is placed on the Cu holder,
and the Si diode is fixed under the strain device, as shown on the lower right inset.

As seen in section 6.5.1, cooling down the sample inside the strain device is a non-trivial task.
The temperatures of the strain device (Eurotherm) and the Cu holder (Si diode) were recorded
during cooling to base temperature, and are shown in figure 6.19. Note that the Si diode is not
well calibrated below . 50 K. However, it appears that the stainless steel device followed the
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Cu holder’s cooling rate very closely, with a difference in temperature of less than 6 K at 50 K.
The improvements in design of the new strain device therefore made the thermalisation of the
sample possible, even with the heat load from the x-ray beam.

As for the measurements with the first device, it was advantageous to decrease the incident
energy in order to reach a larger region of reciprocal space. Other advantages of reducing the
incident energy include less powder lines from the Be domes, and less transmission through the
(thin) sample therefore reducing reflections from the device and holder. The incident energy
was set to 11.5 keV for the duration of the experiment.

0 10 20 30 40 50 60

Time (min)

0

50

100

150

200

250

300

T
e
m

p
e
ra

tu
re

 (
K

)

Cu holder

Strain device

0 50 100 150 200 250 300

Cu holder temperature (K)

0

50

100

150

200

250

300

S
tr

a
in

 d
e
v
ic

e
 t
e
m

p
e
ra

tu
re

 (
K

)

50 K

270 K

T = 0 K

T = 5.6 K

a) b)

Figure 6.19: a) Temperature recorded by the Eurotherm temperature sensor placed on the Cu
holder and the Si diode fixed on the strain device while cooling the cryostat to base temperature.
b) Comparison of the strain device and the Cu holder temperatures, with the data points in
black and the line of equivalues in red. The two sensors have equal temperature values around
270 K. Before the diode calibration deviates, the difference between the two sensors at 50 K is
of 5.6 K.

As explained in section 4.4.1, with the layout of the I16 beamline in figure 4.6, the beam
is aligned at the beginning of the experiment using the beam position monitor (BPM). The
spatial dispersion of the beam can be reduced by the sample slits right after the BPM, to
focus on a specific spot of the sample and decrease the background. At the beginning of our
experiment, the beam size was approximately 60 × 300 µm (V×H), and for measurements of
the CDW, the sample slits were closed down to 100 × 50 µm, therefore significantly reducing
the horizontal dispersion of the beam. At some point during the measurements at zero pressure
and the new set of measurements at the first applied pressure (0.14 GPa), the beam shifted in
position before passing through the sample slits. This led to a significant loss in beam intensity
for the remainder of the experiment. The origin for the intensity loss however was only found
out at the very end of the experiment. Indeed, the beam is not supposed to move at all during
the beamline experiment after the alignment, and this was not known to have ever happened
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before on this beamline. The origin for the shift is still unknown, but a check has been added
at the beamline to track the beam position before every scan.

The centre of the beam shifted by 80 µm horizontally (in x) and 40 µm vertically (in y), and
the beam dispersion became less broad in x. The beam imaged by the BPM at the beginning
of the experiment is shown in figure 6.20 a), with the black box at the edge of the beam
representing the centre of the beam at the end of the experiment. The decrease in intensity was
not as noticeable when the slits were open but became significant with the slits closed, which was
always the case for the CDW measurements. The alignment of the sample was usually carried
out with the slits open, but the (0, 1, 16) Bragg peak was measured with the slits aperture set to
the same values as for the CDW measurements, allowing for intensity comparison. Figure 6.20
b) shows the Bragg peak during the first (0 GPa) and second (0.14 GPa) set of measurements,
in the same measurement conditions. The peak height decreased quite significantly, by a factor
∼ 5.5 (or ∼ 82% decrease in intensity).
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Figure 6.20: a) Position of the beam as measured by the BPM at the beginning of the ex-
periment, with an incident energy of 11.5 keV. The black box represents the centre of the new
beam position. b) Comparison of the (0, 1, 16) Bragg peak (measured by scan in sz across the
sample) between the first (0 GPa) and second (0.14 GPa) series of measurements. Apart from
the uniaxial strain applied on the sample, both scans were measured in the same conditions,
with an incident beam of 11.5 keV incident energy, the same beam attenuation, the detector
slits closed to 100×50 µm, and the sample at 60 K. The intensity is expressed as the counts·s−1

over the same area on the detector (ROI2). The peaks are fit to a Gaussian and the peak height
is decreased by a factor ∼ 5.5.

6.5.3 Results and discussion

The new strain device hides ∼ 7° from the horizontal plane of the sample (on each side), much
less than with the first version of device, which cut off ∼ 33 °. Therefore a larger region of
reciprocal space can be reached. A peak originating from the oxygen ordering superstructure,
centred on (2.5, 0, 14), was measured, see figure 6.21 a). The peak presents a slight asymmetry
in l, as well as in h. With the first device, only two CDW peaks were accessible, centred on
(0,−1+δ, 16.5) and (0,−2+δ, 16.5). Now more CDW peaks, with lower l values can be detected.
The k-scans of the CDW peaks centred on (0, 1− δ, 9.5) and (0, 1 + δ, 9.5) with δ ' 0.315 r.l.u.
are shown in figure 6.21 b)-c).

113



Chapter 6. Uniaxial Pressure Studies of YBa2Cu3O6+δ

13.8 13.9 14 14.1 14.2

l in (2.5,0,l)

2

2.5

3

3.5

4

C
o
u
n
ts

 (
a
.u

.)

10
4

0.6 0.65 0.7 0.75

k in (0,k,9.5)

1.2

1.3

1.4

1.5

1.6

1.7

1.8

1.9

2

C
o
u
n
ts

 (
a
.u

.)

10
4

1.2 1.25 1.3 1.35 1.4

k in (0,k,9.5)

1.4

1.45

1.5

1.55

1.6

1.65

1.7

1.75

1.8

C
o
u
n
ts

 (
a
.u

.)

10
4

a) b) c)

Figure 6.21: a) l-scan through the oxygen ordering peak centred on (2.5, 0, 14). b) and c)
k-scans of the CDW peaks centred on (0, 1− δ, 9.5) and (0, 1 + δ, 9.5) with δ ' 0.315.
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Figure 6.22: k-scans along (0, k, 16.5) measured at 60 K with an applied pressure of a) 0 GPa,
b) 0.14 GPa, c) 0.22 GPa, and d) 0.30 GPa. The CDW peak is fitted (red line) to a Gaussian
on top of a second-order polynomial background (dashed green line).

The CDW peak centred on (0, 0.685, 16.5) was studied as a function of temperature and
uniaxial pressure. The full temperature dependence of the peak was measured at 0 GPa.
Uniaxial pressure was then applied at RT, and the temperature dependence was measured with

114



6.5. CDW under uniaxial strain

an applied uniaxial pressure of 0.14 GPa. The peak measured at 60 K is shown in figure 6.22
a)-b) for 0 GPa and 0.14 GPa. The CDW peak is fitted to a Gaussian on top of a second-order
polynomial background. The temperature dependence of the height and FWHM of the peak is
shown in figure 6.23 at 0 GPa and 0.14 GPa, with the data at zero pressure normalised to take
into account the intensity drop due to the beam shift. At zero pressure, the intensity of the peak
displays the expected temperature dependence from other measurements of the CDW in YBCO
with x-ray scattering [8,40,96], with the intensity increasing with decreasing temperature until
Tc, and decreasing below Tc. The width of the peak is also similar to previously measured values,
with FWHM(Tc) = 0.028± 0.001 r.l.u., and tends to increase with increasing temperature.

With an applied pressure of 0.14 GPa, the CDW intensity around Tc is strongly increased,
while it seems more suppressed below Tc. The peak is also consistently sharper over the whole
range of temperature measured, and increases with increasing temperature. The correlation
length of the CDW modulations are estimated as ξ = 1/σ where σ is the Gaussian width, such
that ξ(T = Tc) = 83± 4 Å at 0 GPa, and ξ(T = Tc) = 153± 10 Å at 0.14 GPa.
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Figure 6.23: Temperature dependence of the CDW peak height and FWHM at 0 GPa (blue
circles) and 0.14 GPa (red squares). The intensity of the 0 GPa data has been normalised to
account for the beam intensity drop.

Following the measurements at 0.14 GPa, more pressure was applied which led to the sample
breaking. Part of the epoxy failed at the top of one of the sample holder, and the sample broke
at the edge of the epoxy on the opposite holder. Two more samples were subsequently mounted
on the device but both broke when applying higher pressures. The first sample, shorter by
∼ 100 µm in length, was mounted again in the device, and the epoxy was cured for 30 min
at RT, followed by 2h30 at 65°C, and 100°C for 1h30 (on a covered hot plate). The following
measurements were performed with applied pressures of 0.22 GPa and 0.30 GPa.

The (0, 0, 16) and (0, 1, 13) Bragg peaks were used to determine the UB (orientation) matrix,
correcting the c-axis and b-axis lattice parameters respectively. They are both strong Bragg
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peaks, (0, 0, 16) in particular has a larger structure factor than any of the (0, 0, l) peaks with 16 <
l < 19. Additionally, the (1, 0, 13) Bragg peak is used to correct the a-axis lattice parameter.
A shift in 2θ of the Bragg peak indicates a change in lattice parameter. Unfortunately, in the
sample studied, the peak for c-axis correction is quite structured and the peaks for the correction
of the a-axis and b-axis lattice parameters have too small h and k components to allow for precise
measurements of a significant shift in the lattice parameters between different applied pressures.
After replacing the sample, the change in angles when scanning the Bragg peaks (linked to the
change in lattice parameter) cannot be compared directly because of the change in position
of the sample and the strain device. We therefore relied solely on the approximate pressure
determination from the spring.
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Figure 6.24: Pressure dependence of the height, integrated intensity and FWHM of the CDW
peak centred on (0, 1−δ, 16.5), measured at 60 K. The peak height at 0 GPa has been normalised
to account for the beam intensity drop.

The k-scans across the peak at the different applied pressures, measured at 60 K, are shown
in figure 6.22. The complete pressure dependence of the peak height and integrated intensity, as
well as the FWHM is presented in figure 6.24, measured at 60 K. The CDW intensity increases
up to 0.22 GPa, but then decreases at the highest applied pressure of 0.30 GPa. The peak width
first decreases at 0.14 GPa, by a factor ∼ 1.85, but then increases for following pressures, and
is extremely broad for the last applied pressure. This pressure dependence is unexpected and
might indicate issues with reproducibility and pressure determination. The strain distribution
in the smaller sample is different, and with the beam on a different part of the sample, the
measurements after replacing the sample might not be directly comparable to the first datasets.
It is also possible that the sample suffered microcracks at the highest applied pressure.
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6.6 Overall discussion

Using hard x-ray diffraction, the CDW in an underdoped YBCO sample under uniaxial pressure
along the a-axis was studied at different applied pressures with a mechanical strain device. After
this experiment, an inelastic x-ray scattering (IXS) study of the CDW in an YBCO sample
(Tc = 65 K, p = 0.12) under uniaxial strain applied along a was published, using an improved
version of the piezoelectric-based device designed by Hicks et al. [170]. The device was modified
to allow for x-ray transmission, and the central section of the sample was thinned down by a
plasma focused ion beam (PFIB) to match the absorption length of the x-ray (∼ 40 µm for
the ∼ 18 keV incident beam), while keeping the rest of the sample wider to avoid buckling.
A compression along a up to ∼ 1.0% was applied, showing that the 2D charge order becomes
stronger as superconductivity is suppressed. The intensity of the CDW peak increases and the
HWHM decreases with applied strain, as shown in figure 6.25.

applied pressure. In Fig. 2C, it is seen that this
enhancement occurs smoothly. At the highest
strain, the integrated intensity of the peak is
close to two times larger than that of the
unstrained sample (Fig. 2D). Its half-width-
at-half-maximum (HWHM) s, which is inverse-
ly proportional to the modulation correlation
length x ¼ 1

2ps , decreases modestly under
pressure (Fig. 2D). We did not resolve any
shift of Q2D with exx. Last, a comparison of

Fig. 2, A and B, reveals an increase of the
low-energy spectral weight under pressure.
Its phenomenology and relation to the Kohn
anomaly will be discussed below.
We observed a much more notable response

to uniaxial pressure in the scattering pattern
at Q3D. We first looked at the strain depen-
dence of the elastic peak intensity along the
Q = (0, 0.315, L) line at T = 50 K (Fig. 3A). At
exx ~ –0.8%, a small, narrow peak appears

at Q3D. When the compression is further
increased, to exx ~ –1.0%, this peak becomes
much more intense. It appears on top of the
broad profile centered around l = 0.5 (L =
6.5) that arises from the 2D CDW. The pro-
file of the 3D peak along K is shown on Fig. 3B.
A weak 3D peak is visible at compressions
as low as exx ~ –0.5%; however, the increase
in intensity from 0.8 to 1.0% compression
dwarfs the evolution at lower compressions.

Kim et al., Science 362, 1040–1044 (2018) 30 November 2018 2 of 5

Fig. 1. Strain device. (A) Photograph of the piezoelectric device. (B) Sectional cut of the device and picture of the PFIB-thinned sample used for this
experiment. (C) Unit cell of YBa2Cu3O6+x (here with x = 1). Strain is applied perpendicular to the CuO chains.

Fig. 2. Strain dependence of the IXS
spectra around Q2D. (A) IXS intensity
versus total momentum transfer for
the unstrained sample at T < Tc.
The square root of the intensity has
been plotted to enhance the contrast
between the phonon and the elastic
line. The calculated dispersion of
the low-lying acoustical mode is
plotted as a dashed line. The solid
line is a guide to the eye to the observed
dispersion of this mode (fitted values
are represented by the dots). (B) Same
as in (A), but for exx ~ –1.0%. The
stars indicate the energy of a soft optical
phonon. (C) Strain-dependence of the
quasi-elastic line intensity across Q2D

along the (0, K, 6.5) direction. (D) Strain
dependence of the HWHM and of the
integrated intensity (normalized to
the unstrained value) of the quasi-elastic
line at Q2D, integrated along K and
normalized to the unstrained value.
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Figure 6.25: 2D charge order as a function of uniaxial strain. From [170].

The evolution of the integrated intensity, and
the HWHM along K, are shown in Fig. 3C. At
exx ~ –1.0%, the HWHM is sb ~ 0.002 r.l.u. It
is resolution-limited along L (sc ~ 0.02 r.l.u.).
These correspond to respective (lower bounds
for the) correlation lengths of xb ¼ 1

2psb e
80b e 310 Å and xc ¼ 1

2psc e 8c e 94 Å (the
limitations of the scattering geometry did not
permit investigation of xa). These correlation
lengths are larger than the values reported
under a field of 26 T. The correlation lengths
of the 2D CDW at 1.0% compression are xb

2D ~
16b ~ 65 Å and xc

2D ~ c~ 12 Å. To estimate
the correlation volume X = xa × xb × xc, we
estimate xa ~ xb for both the 2D and 3D
CDWs. For the 3D order, we find X ~ 51,000
unit cells under uniaxial pressure for T ~ Tc,
exceeding by more than two orders of mag-
nitude that of the 2D CDW at ambient con-
ditions (X ~ 250 unit cells).
The temperature evolution of the 3D CDW at

exx ~ –1.0% is shown in Fig. 3, D to F. The peak
is very strong at 60 K and weaker but still
visible at 70 K. That is higher than the onset
temperature of the 3D order observed under
high field and higher than Tc of unstressed
sample. On the low-temperature side, strong

competition with superconductivity is appar-
ent. At T = 41 K (below Tc), the peak at Q3D

has already lost ~90% of the integrated in-
tensity recorded at 50 K and can hardly be
distinguished from the background of the
2D order at lower temperatures. This is a much
more rapid suppression than that seen for the
2D CDW (7).
To gain further insight on the relationship

between the 2D and 3D orders, we investigated
the pressure and temperature dependence of
the phonon modes in the inelastic part of the
spectra. In Fig. 4A, we show the phonon spec-
tra in the absence of applied pressure at T =
50 K, along the (0, K, 7) direction. Well away
from Q3D, three peaks are visible. These are
well reproduced in ab initio lattice dynamics
calculations (30) and correspond respectively to
an acoustic phonon mode of the D′4 irreducible
representation (36) at ~8 meV, two optical
modes (D′1 and D′4) at ~11 meV (which are not
distinguishable in themeasurement), and anoth-
er D′1 optical mode at ~15 meV. It can be seen
that in the absence of strain, the acoustic-mode
softening associated with the 2D CDW (34), and
shown atQ2D in Fig. 2A, extends along L and is
visible at Q3D.

In Fig. 4B, we show the same spectra but with
exx ~ –1.0% and T = 41 K (to stay below Tc). Away
from Q3D, the spectra are essentially unchanged.
Near Q3D, on the other hand, a very strong pho-
non softening is observed, albeit not of the
acoustic mode, which now disperses exactly as
predicted by the ab initio calculations as K is
swept through Q3D. In other words, the Kohn
anomaly seen in Fig. 4A, at T = 50 K and exx ~
0%, is no longer present under exx ~ –1.0%. This
suppression of the acoustical Kohn anomaly
can also be seen in Fig. 4C, where we show the
L-dependence of the phonon spectra from Q2D

to Q3D for both exx ~ 0% and exx ~ –1.0%. With-
out pressure, the acoustical phonon is soft
along the entire L-line, which is in agreement
with the data in Fig. 4A. At exx ~ –1.0%, we can
follow the hardening of the acoustical mode—
the disappearance of the Kohn anomaly—as
we traverse from Q2D to Q3D. The mode that
softens approaching Q3D is a distinct feature,
which we therefore identify as one of the op-
tical modes. The temperature dependence of
the phonon modes at Q3D is shown in Fig. 4, D
and E. At 70 K, the optical phonon is already
very soft, which indicates that, unlike the acous-
tical Kohn anomaly, the optical mode softening

Kim et al., Science 362, 1040–1044 (2018) 30 November 2018 3 of 5

Fig. 3. Strain dependence of the quasi-elastic line at Q3D. (A) Quasi-elastic intensity at T = 50 K along the (0, 0.315, L) direction as function of a axis
compression exx. (B) Quasi-elastic intensity at T = 50 K along the (0, K, 7) direction as function of a axis compression exx. (C) Strain dependence of
the HWHM and the integrated intensity along the (0, K, 7) direction at T = 50 K. (D) Temperature dependence of the quasi-elastic intensity along the
(0, 0.315, L) direction for exx ~ –1.0%. (E) Temperature dependence of the quasi-elastic intensity along the (0, K, 7) direction for exx ~ –1.0%. (F) HWHM
and integrated intensities versus temperature at Q3D for exx ~ –1.0%.
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position (Fig. 4e). We describe this state as 3D CDW precursor
correlations. The onset temperature TE65 K of the precursor
correlations at high field (B¼ 16.5 T) may be determined from
the increase in xb,c¼ 1 and the scattering intensity at the (0,4-db,1)
position (Fig. 4c,e). This allows us to designate a region of the
B"T phase diagram (Fig. 5).

At higher fields, B\15 T, a peak (shaded pink in Fig. 1j)
develops abruptly in the c-profile at c¼ 1. The abrupt onset of
the peak signals a rapid growth of the c axis correlation length xc
(Fig. 4d,e). The growth of correlations in one spatial direction
followed by growth in a second direction is typical of systems,
with anisotropic coupling. Another CDW system that shows this
behaviour27 is NbSe3. Large correlated regions develop first in
planes, where the order parameter is most strongly coupled.
These act to amplify the coupling in the remaining direction. In
case of YBCO6.67, the in-plane correlation length continues to
grow down to low temperatures with xb,c¼ 1¼ 80b¼ 310 Å
(at B10 K and 16.5 T). The c axis correlation length, however,
saturates with xc,c¼ 1¼ 47 Å at TE30 K. All these changes
together signal the transition to a new phase (see Fig. 5 pink
region), which we label 3D CDW order identified with a phase
transition also seen in ultrasound16 and thermal Hall effect17

measurements. At the lowest temperatures, Tt25 K, we observe
(Fig. 4a) a suppression of the 3D CDW peak intensity signalling a

competition between the superconducting and 3D CDW order
parameters.

Previous X-ray5,8 and NMR25 measurements on YBCO6.67
have shown that the weak anti-phase (c¼ 1/2) CDW correlations
appear at TE150 K. Further NMR anomalies in the form of line
splittings11,15 are observed at TE65 K for B¼ 28.5 T and at
BE10 T for T¼ 2 K. These anomalies that are displayed on Fig. 5
appear to coincide with the onset of the 3D precursor correlations
reported here. The fact that NMR sees similar transitions shows
that the 3D CDW precursor correlations we observe are static on
timescales t\0.1 ms. Correlations that are static25 and short
ranged are necessarily controlled by pinning with quenched
disorder playing a role.

Doping dependence. We also studied other dopings of
YBCO6þ x. For YBCO6.60 with hole doping P¼ 0.11 and ortho-II
oxygen chain structure, a very similar onset field (Fig. 5) and c
axis correlation length xc were found. In YBCO6.51 and YBCO6.75,
no 3D order was observed for Br16.9 T (Fig. 3a). However, we
do observe the precursor movement of the CDW scattering to
higher c implying that this structure is likely to appear at higher
fields. Thus, the 3D order is most easily stabilized for doping
around p¼ 0.11–0.12 (Fig. 5b).
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Figure 1 | Charge density wave correlations induced by a magnetic field in YBa2Cu3O6.67. A magnetic field applied along the c axis introduces new CDW
correlations propagating along both CuO bond directions a and b in the CuO2 planes. (a,b,f–i) Raw X-ray scattering intensity data for the (h,0,c) (a,b) and
(0,k,c) (f–i) planes for magnetic fields 0rBr16.5 T. Strong features in (a,b) are due to CuO chain scattering. (c,d) Field-induced scattering for (h,0,c).
(e,j) CDW intensity along lines Q¼ na*þmb*±qa,bþ cc* isolated from data such as (a,b,f–i). The CDW intensity has been isolated by fitting peaks due to
the CDW and other structural features to a series of h- or k-cuts through data such as (a,b,f–i). CDWs propagating along the a axis (a–e) within individual
bilayers become stronger without changing phase relationship with neighbouring bilayers. Those propagating along b axis (f–j) become in phase with
neighbouring bilayers, which changes the profile in c. The shaded areas in (j) show: weakly anti-correlated CDW (grey); 3D CDW precursor correlations
(blue); and 3D CDW order (red). Error bars are s.d.’s determined by counting statistics. We describe reciprocal space as Q¼ ha*þ kb*þ cc*, where Ideally
mod (a*)¼ 2p/a, a¼ 3.81 Å, b¼ 3.87 Å and c¼ 11.72 Å.
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a)! b)!

Figure 6.26: CDW and 3D order induced by a) a magnetic field along the c-axis in YBCO
(Tc = 67 K, p = 0.123), from [9], and b) uniaxial strain applied along the a-axis in YBCO
(Tc = 65 K, p = 0.12), from [170].
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Chapter 6. Uniaxial Pressure Studies of YBa2Cu3O6+δ

At the highest strain, 3D charge order also emerges, in a very similar way to what is observed
in high magnetic fields. l-scans in both cases are shown in figure 6.26. While the 2D peak (at
half-integer values of l) becomes stronger in both cases, at high magnetic field (16.5 T) and high
compressive strain (−1.0%), a sharp and strong peak at an integer value of l appears, commen-
surate with the lattice. This indicates that the suppression of superconductivity, whether by
the application of a magnetic field or uniaxial strain, strengthens the CDW and allows for 3D
order to exist.

The 3D CDW peak appears below the Tc of the sample under strain however, which means
that competition with superconductivity is not the only cause for the strengthening of the
CDW [170]. Tc as a function of strain was measured on the same sample as measured for
IXS, by AC susceptibility with a pick up coil wound around the sample, but the transitions
broaden heavily with applied strain. With a micrometer-sized Hall cross susceptometer, the
transitions as a function of pressure of an underdoped sample were measured, and the results
are presented in figure 6.27, converting strain to stress considering the elastic constant c11 = 230
GPa. The maximum applied stress is very high in comparison, up to ∼ 1.4 GPa. The data
is well fitted to a quadratic dependence of pressure. Figure 6.27 also shows the comparison
between measurements on the optimally doped sample in this work and an YBCO sample with
Tc(0) = 91.2 K from [137].
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Figure 6.27: Tc as a function of applied uniaxial pressure along the a-axis, for YBCO samples
with Tc(0) = 63.2 K and Tc(0) = 94.5 K from this work, compared with data from Welp et
al. [137] with Tc(0) = 91.1 K and Kim et al. [170] with Tc(0) = 59.0 K.

The device developed by Hicks et al. allows to reach impressive levels of sample strain. This
can be imputed to the sample mounted in a more symmetrical manner, and the pressure being
applied at low temperatures, which is also an advantage in itself in that there is no need for
thermal cycling. An improvement on the mechanical device would be adding a better clamping
of the sample’s edges in order to apply a more homogeneous strain, but this should be done
without hiding too much of the sample’s surface. The current device has an angular range of
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±80°, which provide access to a large region of reciprocal space when measuring in reflection.
The piezostacks device has a smaller angular opening of ±45°. Moreover, the requirement of
using a FIB to cut and shape the samples complicates the sample preparation. The change in
correlation length is much higher in our measurements than measurements from [170] at the
same applied pressure. This could be due to inaccurate pressure determination or a sample
with a smaller Young modulus. Adding a strain gauge, by changing the sample holders and
placing it below the sample for example, would help estimate the strain at low temperatures
more precisely, but would require a change in the design of the device.

Applying uniaxial pressure perpendicular to the CuO chains (along the a-axis) decreases
Tc and increases the correlation length of the CDW modulations. The change in correlation
length is present not only at Tc, which, similarly to the 3D CDW peak appearing below Tc [170],
indicates that the competition with superconductivity is not the only cause for the strengthening
of the CDW.

6.7 Conclusion and Outlook

In this chapter, the design of a mechanical uniaxial strain device for measurements of YBCO
single crystals was presented. The device allowed measurements of Tc as a function of uniaxial
pressure with direct control of pressure via the compression of a spring of known spring con-
stant. The YBCO samples were grown using the self-flux method and annealed in controlled
atmosphere and temperature to reach the correct oxygen content. The quality of the samples
was checked by EDX and by the sharpness of the superconducting transitions measured with
a PDO system. The samples were cut in rectangular shapes and detwinned by applying uni-
axial pressure while heated. Measurements on an underdoped (p = 0.11) and optimally doped
(p ' 0.165) YBCO samples with uniaxial pressure applied along the a-axis were presented and
showed a similar dependence to previous measurements. Measurements of the CDW in an un-
derdoped YBCO sample using hard x-ray diffraction with 0.14 GPa of applied pressure along
the a-axis show an increase in intensity around Tc, and a longer coherence length over a large
range of temperatures.

The improved version of the mechanical strain device designed in this work proved to provide
good thermalisation of the sample, and good access to the sample’s surface for x-ray scatter-
ing (in reflection), while still being suitable for AC susceptibility measurements or potentially
transport measurements. The device can apply strain on small and thin samples such as YBCO
single crystals grown with the self-flux method, and by using a spring with a larger spring con-
stant, it can also be adapted for thicker and bigger samples. The application of pressure can
be made at RT only, requiring thermal cycling which is time-consuming and especially so for
limited beam time. Although the application of pressure is direct using a spring with known
spring constant, the precise determination of the strain on the sample is difficult without a strain
gauge or knowing the correct Young modulus of the sample (or for uniaxial strain along the
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a-axis, the c11 elastic constant). The highest strain reached is not as high as with a piezostacks
device, most likely due to a less symmetrical sample mounting method. Further improvements
on the mechanical strain device would be a more symmetrical sample mounting, and a change
in design to add a strain gauge.

From measurements in this work and from [170], it appears that the mechanism that in-
creases the CDW correlations is not just due to suppression of Tc. Further direct measurements
of CDW under uniaxial strain, and the effect with pressure applied along the b-axis would help
understand this effect. To further understand the competition between superconductivity and
CDW, high-field measurements under uniaxial pressure could be undertaken to measure the Hall
coefficient dependence with pressure along the a- and b-axes. This would require the design of
a new, non-magnetic and smaller uniaxial strain device.
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Chapter 7

Studies of Charge Density Wave and
Phonons in La2−xSrxCuO4

This chapter focuses on the hole-doped cuprate La2−xSrxCuO4 (LSCO). A combination of in-
elastic neutron scattering (INS) and resonant inelastic x-ray scattering (RIXS) measurements
are used to study the charge density wave (CDW), phonon anomaly and electron-phonon coup-
ling in this material. The CDW is detected up to 150 K in LSCO x = 0.12, above the pseudogap
onset temperature T ∗, and a weaker signal in LSCO x = 0.16 at Tc, showing that the CDW
excitations are stronger in this material than previously measured. The Cu-O bond-stretching
(half-breathing) phonon in LSCO x = 0.12, as measured by INS and RIXS, is presented, with
a strong anomaly in its dispersion. The electron-phonon coupling with respect to the half-
breathing mode is also studied, showing a strong momentum dependence and weak temperature
dependence.
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Chapter 7. Studies of Charge Density Wave and Phonons in La2−xSrxCuO4

7.1 Introduction

La2−xSrxCuO4 (LSCO) was discovered the same year as the first La-based cuprate supercon-
ductor, La2−xBaxCuO4 (LBCO) [6], and is doped by substitution of La3+ with Sr2+. The
crystallographic structure was presented in section 3.2.1, showing its T-phase structure, with a
single-layer CuO2 plane and a CuO6 octahedron in the centre of the unit cell (UC), see figure
3.1, and that the tilting of the octahedra leads to a doubling of the UC by transition from
a high-temperature tetragonal (HTT) to low-temperature orthorhombic (LTO) structure (see
figure 3.2). The electronic structure and changes in the Fermi surface (FS) with doping were
covered in section 3.3.

Additional substitutions in LSCO of La with Nd or Eu are also possible. These compounds,
La1.6−xNd0.4SrxCuO4 (Nd-LSCO) and La1.8−xEu0.2SrxCuO4 (Eu-LSCO), have also been ex-
tensively studied, especially with neutron scattering as large crystals can be grown using the
travelling-solvent floating-zone (TSFZ) technique. This led to the observation of static stripe
order in these material [84], with the coexistence of charge and spin order. In LSCO, only
incommensurate spin correlations were observed at first with neutron scattering [13, 14]. The
observation of phonon anomalies hinted at the presence of charge modulations [10, 12, 17], and
incommensurate modulations due to the charge density wave (CDW) were eventually observed
by x-ray diffraction [15, 16]. The spin and charge correlations seem linked, with the in-plane
wavevectors δcharge = 2δspin. The temperature-doping phase diagram of LSCO is presented in
figure 7.1.

CROFT, LESTER, SENN, BOMBARDI, AND HAYDEN PHYSICAL REVIEW B 89, 224513 (2014)

simple relationship describes observations in LBCO [17] (see
Fig. 5), Nd-LSCO [44] and also in chromium [48]. In contrast,
this relationship seems to break down in YBCO suggesting that
the spin and charge correlations are not so directly connected.

The width of our CDW peaks yields the correlation length
(ξ = 1/σ ) of the CDW. In common with other superconduct-
ing cuprates, we find a relatively short in-plane correlation
length with ξa(T = Tc) = 30 ± 4 Å. This compares with
ξa(T = Tc) ≈ 70 Å for YBCO [2] and ξa(T = Tc) ≈ 20–30 Å
in Bi2201. Thus in all these cases the CDW does not form a
long range ordered state. This is possibly because the CDW is
inherently fluctuating and in competition with superconduc-
tivity even above Tc [49]. The CDW in LSCO is very weakly
correlated along c with ξc(T = Tc) = 3.5 ± 0.5 Å.

Figures 7(a)–7(c) show the temperature dependence of
the CDW amplitude for the three compositions. A number
of interesting features can be noted. As mentioned earlier,
the CDW appears to be strongest for x = 0.12. All the
curves exhibit a concave upwards shape to the temperature
dependence of the height above Tc [i.e., I ∝ (TCDW − T )β

with β = 1.6 − 1.9 > 1]. This behavior is also observed in
YBCO [1,2] and is probably a consequence of the fluctuating
nature of the CDW observed (i.e., we are not observing a
“true” phase transition). This picture is supported by recent
theory [49] in which superconducting and charge-density
wave orders exhibit angular fluctuations in a six-dimensional
space. As the superconductivity sets in at Tc, the CDW is
suppressed. The x = 0.13 sample has the highest Tc and is
closest to optimal doping. It shows the strongest suppression,
with superconductivity almost ejecting the CDW at T = 8 K.

C. Phase diagram

In Fig. 8, we combine our results with those from some other
techniques to propose a phase diagram for La2−xSrxCuO4. An
important boundary is that of the pseudogap phase T ⋆(x),
which in LSCO can be identified from an upturn in the Nernst
coefficient [37,38]. From Fig. 8, we see that, as in the case of
YBCO [2], CDW order develops within the pseudogap phase.

LSCO develops incommensurate (IC) low-frequency mag-
netic correlations or spin-density wave (SDW) quasistatic
order [10,12–16] for a range of dopings 0.06 ! x ! 0.135
at qSDW. More precisely, there is a component of the spin-
fluctuation spectrum, |m(qSDW,ω)|2, which is centered on
ω = 0 with a temperature-dependent intensity and energy
width (!&). Because & increases with temperature, the onset
temperature TSDW at which the SDW order can be detected
depends on the frequency or frequency resolution of the
measurement probe. When sufficient spectral weight is present
in the frequency window of the probe, ‘order’ is observed. For
µSR and NMR, the relevant energies (frequencies) are in the
range 0.01–1 µeV. These probes [16] yield the lower line for
TSDW in Fig. 8. The quasistatic order is also observed with
cold-neutron scattering [10,12–15]. In this case the energy
resolution is several orders of magnitude larger ∼0.2 meV and
a higher onset temperature is observed.

We note that for µSR, NMR, and neutron scattering, the
onset temperature of the SDW in LSCO is enhanced near
x ≈ 1/8, where CDW order is observed. In this region of the
phase diagram, the wave vectors of the two types of correlation

FIG. 8. (Color online) Temperature vs doping phase diagram of
La2−xSrxCuO4. TCDW is the onset temperature of charge density
wave order determined from the present x-ray experiment. TSDW

is the onset temperature of the incommensurate magnetic order
observed with neutron scattering [10,12–15], nuclear magnetic
resonance (NMR), and muon spin resonance (µSR) [16]. Tc is the
superconducting transition temperature from Ref. [11]. T ⋆ is the
pseudogap onset temperature determined from the upturn in the
Nernst coefficient [37,38].

have the simple relationship δcharge = 2δspin suggesting that
the two types of order are intertwined. We further highlight
this connection by considering the onset temperature for the
SDW order measured on a higher frequency scale. In Fig. 7(b),
we plot the inelastic neutron scattering measurements of the
intensity of the magnetic fluctuations from Ref. [36] for a
similar sample and for !ω = 0.3 meV and q = qSDW. The
x-ray and neutron intensities track each other, even to the extent
that both are suppressed on entering the superconducting state.
One should note that our x-ray measurements are collected
without energy analysis and therefore with a large (≫1 meV)
integration in frequency.

D. Comparison with La2−xBaxCuO4

It is interesting to compare La2−xSrxCuO4 with its sister
system La2−xBaxCuO4. One of the major differences between
the two systems is the strong suppression of superconductivity
in LBCO, with Tc being suppressed to 3 K [17] for doping
p = 1/8, compared to Tc ∼ 30 K for LSCO of the same com-
position. The LSCO and LBCO systems share the same HTT
structure at high temperatures. However, LBCO undergoes an
additional phase transition to a LTT structure at TLTT ≈ 54 K.
CDW order appears at this transition in this system. The charge
order in LBCO is characterized by larger correlation lengths
along a and c, of ξa ≈ 125 Å and ξc ≈ 9 Å for x = 1/8. These
compare with ξa ≈ 30 Å and ξc ≈ 3.5 Å for the x = 0.13
sample studied here. The difference between the correlations
along c⋆ can be seen in Fig. 3. In LBCO, Li et al. [50]
have found the charge ordering transition coincides with the
beginning of a rapid increase in the anisotropy of the resistivity
between the CuO2 planes and the c axis. This suggests that the
dominant impact of the ordering is to electronically decouple
the CuO2 planes leading to 2D superconductivity [50,51] and
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Figure 7.1: Temperature-doping phase diagram of La2−xSrxCuO4, showing antiferromagnetic
order (TN), charge density wave order (TCDW), spin density wave order (TSDW), the pseudogap
(T ∗), and superconductivity (Tc). From [16].
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7.1. Introduction

Electron-phonon coupling is not a sufficient effect to be the pairing mechanism causing
superconductivity in the cuprates, but strong electron-phonon coupling is present and causes
anomalies in the dispersion, linewidth and temperature dependence of specific phonon modes.
In particular, anomalies in the Cu-O bond-stretching branch have been linked to coupling with
charge order for some stripe-ordered cuprates (LBCO and Nd-LSCO) [11, 12]. The motivation
for the work presented in this chapter was to study the CDW in LSCO, the phonon anomaly
of the Cu-O bond-stretching mode and the electron-phonon coupling. The two next introduct-
ory subsections will focus in more details on the CDW in LSCO by various x-ray scattering
techniques, the phonons measured in LSCO by inelastic neutron scattering (INS), phonon an-
omalies, and which phonons can be measured by resonant inelastic x-ray scattering (RIXS) in
the cuprates due to strong electron-phonon coupling.

To understand the experimental approach of this chapter, the chronology of the experiments
and their focus is given. The first measurements were taken at the I21 beamline on LSCO
x = 0.12 (commissioning time), then LSCO x = 0.12 and 0.16 samples were measured during
the beamtime at ID32. The INS measurements were taken after the two RIXS experiments,
in order to understand which phonons were measured with RIXS, and measure the phonon
anomaly of the Cu-O bond-stretching phonon which had never been measured in LSCO with
a doping where the CDW had also been measured. For clarity however, the INS results will
be presented before the RIXS results. The spin excitations in LCO, LSCO x = 0.12 and 0.16
from were also studied during these RIXS beamtimes, in addition to an earlier beamtime at
ID32. The results of the magnetic excitations are not presented here but are the subject of
a soon-to-be published paper titled ‘Anisotropic damping of the magnetic excitations in doped
La2−xSrxCuO4 studied by resonant inelastic x-ray scattering’, submitted to PRB [171]. The
manuscript for the results presented in this chapter is in preparation.

7.1.1 Charge order in LSCO

The first direct evidence of charge order in LSCO was provided by resonant soft x-ray diffraction
(RSXD) [15]. These measurements, in a sample of LSCO x = 0.12 with Tc ' 33.5 K, show
charge order (‘charge stripe order’ due to the presence of spin correlations as well) at (h 0 0)
with h ' 0.24. As shown in figure 7.2 a), the charge order appears below ∼ 55 K, and becomes
stronger with decreasing temperatures, even below Tc. Hard x-ray (14 keV) diffraction in LSCO
x = 0.12 (Tc = 29.5 K) allowed to map some of the charge order peaks in reciprocal space [16],
but without solving the structure of the modulations. CDW was also measured in dopings
x = 0.11 and 0.13. For x = 0.12, the in-plane charge ordering wavevector was measured as
QCDW = (0.235, 0), and the correlation length ξa(T = Tc) = 30± 4 Å. The charge order onsets
below TCDW = 75 ± 10 K, and becomes weaker below Tc, interpreted as a competition with
superconductivity, see figure 7.2 b). At the same doping (with Tc = 27 K), hard x-ray (100 keV)
diffraction data show charge order appearing at TCO = 85 ± 10 K, centred on (−0.231, 0, 8.5).
The intensity of the charge order is reduced below Tc, but becomes stronger when a magnetic
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Chapter 7. Studies of Charge Density Wave and Phonons in La2−xSrxCuO4

field is applied, destroying superconductivity, again supporting the evidence of competition
between charge order and superconductivity.
ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms2019
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resonance and hence gives a lower limit for the thickness of the 
charge-ordered surface region. The sensitivity of the high-energy 
X-ray diffraction experiment was high enough to exclude a possible 
scenario of such short-range-correlated charge order in the whole 
sample volume. We only find it near the surface.

Surface-preparation effects. To clarify whether strain caused by 
polishing induced charge order, we carried our RSXD experiments 
from in-situ cleaved samples. For these a (001) surface orientation 
is determined by the cleavage plane of LSCO and (0.24 0 0) is not 
accessible. From other cuprates, it is known that the charge-order 
peak is visible over a wide range of L-values16 and indeed, we found 
a charge-order signal at (0.24 0 ) with 0.65 0.8, which exhibits 
the same dependence on temperature and energy as the (0.24 0 0) 
peak from the (100)-oriented samples. The occurrence of charge 
order in LSCO is hence neither a property of a particular surface 
nor is it induced by a particular surface preparation method. It is an 
intrinsic property of the near-surface region, where reduced dimen-
sionality or structural relaxations apparently stabilize an order, 
which does not form in the bulk. We note that we did not find any 
signal from charge stripes in a surface-sensitive RSXD experiment 
from a 14-per cent doped LSCO sample.

Discussion
The observation of stabilized charge order in the near-surface region 
of 12-per cent doped LSCO is surprising, as one usually expects a 
three-dimensional crystal to start melting at the surface. We tenta-
tively attribute the enhanced stability of the charge ordering at the 
surface to the documented impact of disorder on local tilting and 
on electronic mobility. The structural disorder should be larger at 
the surface and it induces charge ordering in the La1.875Ba0.125 − x
SrxCuO4 series. In nickelates31 and in manganates32, also, disorder 
stabilizes stripe or other types of charge-ordered phases.

The fact that the near-surface region of LSCO is different from 
the bulk should be considered when surface-sensitive experiments 
from LSCO and related systems are interpreted in terms of bulk 
properties of the material. Stripes are known to affect the shape of 
the Fermi surface as seen in angle-resolved photoemission experi-
ments33–36. Our finding may, for example, help to relate the appar-
ent similarities in the Fermi-surfaces of LNSCO34 and LSCO35 to 
the different superconducting properties of these compounds. In 
scanning tunnelling spectroscopy experiments, spatial modulations 
of the local density of states have been observed for different cuprate 
systems37,38. For 12-per cent doped LSCO spatial modulations on 
different length scales have been observed39; for the interpretation 
of these, the existence of charge stripes may matter40.

In conclusion, RSXD experiments prove the existence of  
charge-stripe order in an at least 4-nm thick, near-surface region  

of 12-per cent doped LSCO, while at the same time, there is no indi-
cation for such kind of order in the bulk. The near-surface order does 
not depend on the surface orientation and preparation method, but 
seems to be an intrinsic property of the surface. The well-established 
proximity of LSCO to the formation of charge stripes is apparently 
sufficient to drive the phase transition near the surface.

Methods
Samples. Single crystals of La1. 88Sr0.12CuO4 and La1.48Nd0.4Sr0.12CuO4 were 
prepared by floating-zone method using an image furnace. The indexation of  
reciprocal space points refers to the high-temperature tetragonal unit cell with 
a 3.78 Å and c 13.2 Å.

Resonant soft X-ray diffraction and X-ray absorption. The RSXD measure-
ments were carried out at UE46-PGM-1 beamline at the synchrotron-radiation 
source BESSY II operated by the Helmholtz-Zentrum Berlin. The two-circle 
ultrahigh vacuum diffractometer designed at Freie Universität Berlin was used in 
horizontal scattering geometry. The polarization vector of the incoming X-rays 
was perpendicular to the scattering plane, and parallel to the b axis of the single 
crystals. For the RSXD experiment, two different sample orientations were used: 
samples with a (100) surface normal were polished ex situ; those with a (001) 
surface normal were cleaved in situ. The energy dependence of the diffraction 
features was determined by taking scans along [100] through the peak (similar to 
Fig. 2a) for every photon energy. The X-ray absorption spectroscopy spectra were 
obtained from the total-electron yield signal recorded as the sample drain current. 
The energy resolution of X-rays near the oxygen K edge and the copper L edge are 
~90 and 210 meV, respectively.

High-energy X-ray diffraction and susceptibility. High-energy X-ray diffraction 
experiments were carried out at beamline BW5 at DESY using 100 keV X-rays. 
Susceptibility measurements were carried out in a field of 50 Oe after zero-field 
cooling using a small piece of the same single crystal as used for the diffraction 
experiments. 
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FIG. 2. (a) Temperature and magnetic field dependence of
the raw peak intensity at (−0.231, 0, 8.5) (see text for de-
tails) (b) Field-induced charge order intensity, determined by
subtracting the zero-field data from finite field data. (c) Tem-
perature dependence of the charge order peak full-width-half-
maximum for µ0H = 0 T. (d) Comparison of the field-induced
charge order intensity at µ0H = 7 T to the field-induced mag-
netic intensity measured at qm and µ0H = 7.5 T (Produced
using raw data from Ref. [23]). Both quantities have been
normalized to their value at base temperature.

presses superconductivity and, for temperatures smaller
than Tc only, enhances the charge stripe order intensity.
This last point is brought out most clearly in Fig. 2(b)
where we plot the difference between peak intensities
measured in finite field and zero field. The enhancement
of the charge stripe peak intensity is clear already at
2 T and continues to the highest field probed. The field-
dependence at base temperature, extracted from fits to
full momentum scans, similar to those shown in Fig. 1(a),
is plotted in Fig. 3(a). In contrast, the charge stripe sig-
nal is unaffected by a magnetic field applied along a. This
anisotropy parallels pioneering neutron scattering stud-
ies of field-induced magnetic order in underdoped LSCO
[33, 34] and reflects the inefficiency of in-plane fields
in suppressing bulk superconductivity (Hc2,ab ≫ Hc2,c).
Fig. 2(d) highlights how the charge and spin components
of the stripe order rise in tandem when superconductiv-
ity is suppressed, demonstrating that the two are closely
linked.

The characteristic temperature and field-dependencies
of the satellite peak intensity (Figs. 2(a) and 3(a)) appear
to be universal signatures of microscopically coexisting
but competing superconducting and charge order param-
eters [5, 6, 20], irrespective of the stripe or density wave
nature of the latter. A further hallmark of charge ordered
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FIG. 3. (a) Magnetic field dependence of the peak intensity
and (b) normalized peak full-width-half-maximum for fields
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(squares; Qch = (−0.231, 0, 12.5)). All lines are guides to
the eye. The solid red line in (a) is based on the functional
form I(H) = I0 + I1(H/Hc2) log(Hc2/H) [32].

cuprates is broader peaks along the c-axis than along in-
plane directions. We can quantify this anisotropy for
LSCO (x =0.12) by fitting Gaussian lineshapes to data
such as those shown in Fig. 1 (solid lines) and extracting
correlation lengths, ξa and ξc as the inverse half-width-
at-half-maximum [35]. While this always yielded ξc ∼ 6.3
Å , implying that the charge stripe order is uncorrelated
beyond nearest neighbor CuO2 layers, the in-plane cor-
relation length, ξa, was found to vary between different
experiments. The data in Figs. 1(a)-(d) yield a charge
stripe correlation length ξa = 53 Å at 3.8 K and zero
field, while a subsequent experiment performed under
identical conditions gave ξa = 38 Å. This suggests that
the charge stripe order is not completely homogeneous
in our sample. As will be discussed below, this seems to
have a physical reason, and is not related to the crys-
tal’s (high) quality. The key observation, however, is
that the evolution of the in-plane correlation length with
temperature and magnetic field did not vary between ex-
periments even if the absolute values did. Figs. 2(b)
and 3(a) show, respectively, the temperature dependence
of the peak width and the field-dependence of the same
quantity, normalized to its zero-field, base temperature
value. Upon cooling, the peak gradually sharpens up,
reaching a mimimum below Tc and displaying a small
upturn at the lowest temperatures. Similar behaviour
has been reported for YBCO [5, 6]. As a function of
magnetic field along the c-axis, a ∼ 10% sharpening,
reflecting a slight increase of the charge order correlation
length, was observed, while an in-plane field leaves the
peak width unchanged.

Finally, we turn to the relation between charge order
and the crystal structure of LSCO. Fig. 4(a) shows the
temperature dependence of a weak signal observed at
(300). Peaks of the type (H 0 0) with H = odd are struc-
turally forbidden in the LTO phase but permitted when
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in the superconducting state.

second component is sharper, appears at about 70 K, and gains
strength on the approach to Tc. Subtracting the broad high
temperature component measured for 90 " T " 150 K, we
obtain the temperature dependence of the amplitude of the low
temperature component shown in Fig. 7. Note that the samples
with x = 0.11 and 0.13 also show a weak high temperature
component. We associate the onset of the stronger component
with a CDW transition, hence we label its onset temperature
as TCDW.

V. DISCUSSION

A. Nature of charge order

Charge density wave order has now been observed near
1/8 doping in superconducting cuprates by various types of
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FIG. 6. (Color online) (a) h-dependent scans through the
(δ,0,12.5) CDW peak for various temperatures for La1.88Sr0.12CuO4.
Solid lines are fits to a Gaussian line shape. All scans, except for
T = 8 K, have been offset for clarity. (b) and (c) Peak heights and
widths of the CDW peak extracted from the fits in (a). The inset
to (b) shows 30 and 8 K data from (a) plotted together with linear
backgrounds subtracted. This illustrates the suppression of the CDW
in the superconducting state.

second component is sharper, appears at about 70 K, and gains
strength on the approach to Tc. Subtracting the broad high
temperature component measured for 90 " T " 150 K, we
obtain the temperature dependence of the amplitude of the low
temperature component shown in Fig. 7. Note that the samples
with x = 0.11 and 0.13 also show a weak high temperature
component. We associate the onset of the stronger component
with a CDW transition, hence we label its onset temperature
as TCDW.

V. DISCUSSION

A. Nature of charge order

Charge density wave order has now been observed near
1/8 doping in superconducting cuprates by various types of
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FIG. 2. (a) Temperature and magnetic field dependence of
the raw peak intensity at (−0.231, 0, 8.5) (see text for de-
tails) (b) Field-induced charge order intensity, determined by
subtracting the zero-field data from finite field data. (c) Tem-
perature dependence of the charge order peak full-width-half-
maximum for µ0H = 0 T. (d) Comparison of the field-induced
charge order intensity at µ0H = 7 T to the field-induced mag-
netic intensity measured at qm and µ0H = 7.5 T (Produced
using raw data from Ref. [23]). Both quantities have been
normalized to their value at base temperature.

presses superconductivity and, for temperatures smaller
than Tc only, enhances the charge stripe order intensity.
This last point is brought out most clearly in Fig. 2(b)
where we plot the difference between peak intensities
measured in finite field and zero field. The enhancement
of the charge stripe peak intensity is clear already at
2 T and continues to the highest field probed. The field-
dependence at base temperature, extracted from fits to
full momentum scans, similar to those shown in Fig. 1(a),
is plotted in Fig. 3(a). In contrast, the charge stripe sig-
nal is unaffected by a magnetic field applied along a. This
anisotropy parallels pioneering neutron scattering stud-
ies of field-induced magnetic order in underdoped LSCO
[33, 34] and reflects the inefficiency of in-plane fields
in suppressing bulk superconductivity (Hc2,ab ≫ Hc2,c).
Fig. 2(d) highlights how the charge and spin components
of the stripe order rise in tandem when superconductiv-
ity is suppressed, demonstrating that the two are closely
linked.

The characteristic temperature and field-dependencies
of the satellite peak intensity (Figs. 2(a) and 3(a)) appear
to be universal signatures of microscopically coexisting
but competing superconducting and charge order param-
eters [5, 6, 20], irrespective of the stripe or density wave
nature of the latter. A further hallmark of charge ordered

0 2 4 6 8 10
0

10

20

30

40

50

60

70

80

µ0H [T]

In
te

ns
ity

 [a
.u

.]

(a)

0 2 4 6 8 10

0.75

1

1.25

1.5

µ0H [T]

FW
H

M
 / 

FW
H

M
(3

.8
K

, 0
T)

 

 

(b) T=3K, H || c
T=3K, H || a
T=27K, H || a
T=45K, H || a

FIG. 3. (a) Magnetic field dependence of the peak intensity
and (b) normalized peak full-width-half-maximum for fields
along the c-axis (circles; Qch = (−0.231, 0, 8.5)) and a-axis
(squares; Qch = (−0.231, 0, 12.5)). All lines are guides to
the eye. The solid red line in (a) is based on the functional
form I(H) = I0 + I1(H/Hc2) log(Hc2/H) [32].

cuprates is broader peaks along the c-axis than along in-
plane directions. We can quantify this anisotropy for
LSCO (x =0.12) by fitting Gaussian lineshapes to data
such as those shown in Fig. 1 (solid lines) and extracting
correlation lengths, ξa and ξc as the inverse half-width-
at-half-maximum [35]. While this always yielded ξc ∼ 6.3
Å , implying that the charge stripe order is uncorrelated
beyond nearest neighbor CuO2 layers, the in-plane cor-
relation length, ξa, was found to vary between different
experiments. The data in Figs. 1(a)-(d) yield a charge
stripe correlation length ξa = 53 Å at 3.8 K and zero
field, while a subsequent experiment performed under
identical conditions gave ξa = 38 Å. This suggests that
the charge stripe order is not completely homogeneous
in our sample. As will be discussed below, this seems to
have a physical reason, and is not related to the crys-
tal’s (high) quality. The key observation, however, is
that the evolution of the in-plane correlation length with
temperature and magnetic field did not vary between ex-
periments even if the absolute values did. Figs. 2(b)
and 3(a) show, respectively, the temperature dependence
of the peak width and the field-dependence of the same
quantity, normalized to its zero-field, base temperature
value. Upon cooling, the peak gradually sharpens up,
reaching a mimimum below Tc and displaying a small
upturn at the lowest temperatures. Similar behaviour
has been reported for YBCO [5, 6]. As a function of
magnetic field along the c-axis, a ∼ 10% sharpening,
reflecting a slight increase of the charge order correlation
length, was observed, while an in-plane field leaves the
peak width unchanged.

Finally, we turn to the relation between charge order
and the crystal structure of LSCO. Fig. 4(a) shows the
temperature dependence of a weak signal observed at
(300). Peaks of the type (H 0 0) with H = odd are struc-
turally forbidden in the LTO phase but permitted when

a)! b)! c)!

Figure 7.2: Temperature dependence of the charge order in LSCO x = 0.12. a) RSXS intensity
at the Cu-L3 (∼ 932 eV, black circles) and O-K (∼ 529 eV, empty squares) edges. From [15].
b) Hard (14 keV) XRD intensity. From [16]. c) Hard (100 keV) XRD intensity, with a magnetic
field applied along c. (The full circles correspond to backgrounded-subtracted scans while the
open diamonds are from full scans.) From [172].

The different measurements of charge order in LSCO show discrepancies in the temperature
dependence. This might actually arise from the determination of the peak position in reciprocal
space. Indeed, soft x-ray diffraction at the Cu-L3 edge in LSCO x = 0.12 (Tc = 27.5 K) in a
largerHK range show charge order modulations with an in-plane wavevector of (0.236, ±δ) with
δ = 0.011 r.l.u. [173], see figure 7.3. This doubling of the CO peak is not due to orthorhombic
splitting but to a rotated stripe order, which has not been observed in any other cuprates. The
peak intensity of the charge order is maximum at Tc and then plateaus in the superconducting
state. The correlation length increases upon cooling, but only until Tc, where it starts saturating.
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∼3 K. It has a hole concentration (x ≈ 0.12) [33], i.e., close
to the doping for which there is a plateau in the x-Tc phase
diagram [34].

The soft x-ray diffraction experiments were carried out on
the X1A2 beamline at the National Synchrotron Light Source
(NSLS), Brookhaven National Laboratory, using photons with
energies at the peak of the Cu L3 x-ray absorption spec-
trum (2p3/2 → 3d), which enhances the sensitivity to lattice
distortion caused by charge ordering [36,37]. The sample
orientation (UB matrix) was determined using the (002) and
(101) Bragg reflections, and a CCD detector was used to collect
the scattered intensity, which was then rebinned to obtain
two-dimensional (2D) slices through the reciprocal space. We
note that the scattered intensities are not energy resolved, and
have a substantial contribution from inelastic scattering. This
contribution is, however, only weakly dependent on q and was
subtracted as a flat background [7,9,38–40].

Hard x-ray diffraction experiments on the same sample
were conducted on beamlines X22C at the NSLS and 6ID-

FIG. 1. (Color online) CO scattering intensity in the
(H,K,1.5)HTT plane collected at photon energies set to the peak in
the Cu L3-edge absorption, and integrated over 1.48 ! L ! 1.52
for (a) 12, (b) 27.4, and (c) 38.5 K. The data are normalized to
the background intensity for each temperature. (d)–(f) Results of
corresponding 2D fits to two Lorentzian-squared functions with a
planar background.

B at the Advanced Photon Source (APS), Argonne National
Laboratory. In both cases, an incident photon energy of 8.9 keV
was chosen to avoid the fluorescence background from copper
emission. The scattered x-rays were detected using a point
detector. Both the hard and soft x-ray measurements were
conducted in a vertical scattering geometry, with the [001] and
[100] directions lying in the scattering plane, and σ polarized
x rays.

Figures 1(a)–1(c) show the momentum dependence of the
scattering in the HK plane, integrated over 1.48 ! L ! 1.52,
at T = 11.9 K (<Tc), 27.4 K (∼Tc), and 38.5 K (>Tc), as
measured at the Cu L3 edge. Two peaks are observed at
H = 0.236(4) r.l.u., split in the transverse, K direction. Given
the orthorhombic crystal structure, it is not surprising to see
multiple peaks arising from twin domains rotated with respect
to each other [41]. However, the angle of rotation between the
twins (∼0.3◦ [41]) cannot account for the observed positions
of the peaks, as illustrated in Fig. 2. In the LTO phase, the
LSCO system generally includes four possible twins [41]
comprising two mirror pairs, rotated by 90 degrees with respect
to each other. The Bragg peaks arising from the splitting of the
(1,0,1)HTT reflections for the two pairs of domains are shown
in red and blue stars respectively in Fig. 2(a). The red and blue
squares show the corresponding calculated locations for CO
peaks, assuming the CO superlattice has the same symmetry as
the underlying structural lattice. The expected orthorhombic
splitting for the CO is δ = ±0.0017 r.l.u. In fact, as shown in
Fig. 2(b), the CO peaks have δ = ±0.011 r.l.u.—as depicted

FIG. 2. (Color online) (a) Schematic drawing showing the peak
positions of the structural lattice and CO Bragg peaks in reciprocal
space arising from the four possible domains in twinned LSCO for
T < TCO (see text). The magnitude of the orthorhombic distortion
and CO incommensurability are exaggerated by a factor of 40 for
clarity. The red and blue squares show the calculated positions of the
CO peaks corresponding to the individual domains if there were no
incommensurability in the transverse direction. The large filled black
squares show the positions of the observed peaks. The arrows show the
direction of K scans taken at 12 K through the (1,0,1) fundamental
Bragg peak (b) and (−0.236,0,1.5) CO peak (c). The separation
between the CO peaks is significantly larger than that between the
structural peaks even though the magnitude of the in-plane wave
vector is four times smaller. The arrows in (c) show the expected
positions of the CO peaks based on orthorhombic splitting.
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[100] directions lying in the scattering plane, and σ polarized
x rays.

Figures 1(a)–1(c) show the momentum dependence of the
scattering in the HK plane, integrated over 1.48 ! L ! 1.52,
at T = 11.9 K (<Tc), 27.4 K (∼Tc), and 38.5 K (>Tc), as
measured at the Cu L3 edge. Two peaks are observed at
H = 0.236(4) r.l.u., split in the transverse, K direction. Given
the orthorhombic crystal structure, it is not surprising to see
multiple peaks arising from twin domains rotated with respect
to each other [41]. However, the angle of rotation between the
twins (∼0.3◦ [41]) cannot account for the observed positions
of the peaks, as illustrated in Fig. 2. In the LTO phase, the
LSCO system generally includes four possible twins [41]
comprising two mirror pairs, rotated by 90 degrees with respect
to each other. The Bragg peaks arising from the splitting of the
(1,0,1)HTT reflections for the two pairs of domains are shown
in red and blue stars respectively in Fig. 2(a). The red and blue
squares show the corresponding calculated locations for CO
peaks, assuming the CO superlattice has the same symmetry as
the underlying structural lattice. The expected orthorhombic
splitting for the CO is δ = ±0.0017 r.l.u. In fact, as shown in
Fig. 2(b), the CO peaks have δ = ±0.011 r.l.u.—as depicted

FIG. 2. (Color online) (a) Schematic drawing showing the peak
positions of the structural lattice and CO Bragg peaks in reciprocal
space arising from the four possible domains in twinned LSCO for
T < TCO (see text). The magnitude of the orthorhombic distortion
and CO incommensurability are exaggerated by a factor of 40 for
clarity. The red and blue squares show the calculated positions of the
CO peaks corresponding to the individual domains if there were no
incommensurability in the transverse direction. The large filled black
squares show the positions of the observed peaks. The arrows show the
direction of K scans taken at 12 K through the (1,0,1) fundamental
Bragg peak (b) and (−0.236,0,1.5) CO peak (c). The separation
between the CO peaks is significantly larger than that between the
structural peaks even though the magnitude of the in-plane wave
vector is four times smaller. The arrows in (c) show the expected
positions of the CO peaks based on orthorhombic splitting.

100510-2

RAPID COMMUNICATIONS

V. THAMPY et al. PHYSICAL REVIEW B 90, 100510(R) (2014)

Below about 255 K, a structural transition to the Bmab space
group [34] occurs forming twinned orthorhombic domains.
Despite this, throughout this Rapid Communication, we will
index the reciprocal space using the high temperature tetrago-
nal (HTT) unit cell for ease of comparison with other studies.
As determined from magnetic susceptibility (see Ref. [35]), the
sample exhibits bulk superconductivity with an onset transition
temperature (Tc = 27.5 ± 0.5 K) and a transition width of
∼3 K. It has a hole concentration (x ≈ 0.12) [33], i.e., close
to the doping for which there is a plateau in the x-Tc phase
diagram [34].

The soft x-ray diffraction experiments were carried out on
the X1A2 beamline at the National Synchrotron Light Source
(NSLS), Brookhaven National Laboratory, using photons with
energies at the peak of the Cu L3 x-ray absorption spec-
trum (2p3/2 → 3d), which enhances the sensitivity to lattice
distortion caused by charge ordering [36,37]. The sample
orientation (UB matrix) was determined using the (002) and
(101) Bragg reflections, and a CCD detector was used to collect
the scattered intensity, which was then rebinned to obtain
two-dimensional (2D) slices through the reciprocal space. We
note that the scattered intensities are not energy resolved, and
have a substantial contribution from inelastic scattering. This
contribution is, however, only weakly dependent on q and was
subtracted as a flat background [7,9,38–40].

Hard x-ray diffraction experiments on the same sample
were conducted on beamlines X22C at the NSLS and 6ID-

FIG. 1. (Color online) CO scattering intensity in the
(H,K,1.5)HTT plane collected at photon energies set to the peak in
the Cu L3-edge absorption, and integrated over 1.48 ! L ! 1.52
for (a) 12, (b) 27.4, and (c) 38.5 K. The data are normalized to
the background intensity for each temperature. (d)–(f) Results of
corresponding 2D fits to two Lorentzian-squared functions with a
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FIG. 4. (Color online) Temperature dependence of the (a) peak
intensity, (b) FWHM, and (c) Integrated intensity, of the scattering
from the CO at the Cu L3 edge. The dotted line shows the supercon-
ducting transition Tc. The peak intensity and the integrated intensity
show a maximum at Tc. At the same time, the correlations, which
are inversely proportional to the FWHM, develop and grow stronger
below ∼60 K, but are suppressed on entering the superconducting
state.

grow in the SC state, even as they are suppressed in the rest of
the volume.

The thermal evolution of the parameters characterizing the
charge order is reminiscent of that seen in YBCO [9,10] and
indicates competition between the superconducting and CO
order parameters. One commonality is the short range of the
correlations in both the materials, ∼55 Å in YBCO and ∼65 Å
in LSCO. Evidently, the shorter correlations, coupled with
the relatively higher superconducting transition temperature as

compared to LBCO, do not allow the charge order to develop
fully. There is also the possibility that when charge stripe order
is pinned more strongly to the lattice in the LTT phase, it is
more disruptive to interplanar SC coherence, and consequently
suppresses SC more strongly.

To conclude, we have observed charge ordering in LSCO
with the characteristic in-plane wave vector rotated away
from the crystal axes direction by ∼2.7◦. The concomitant
rotation of the elastic magnetic peaks [32] evinces a unique
rotated charge spin stripe order hitherto unseen in other
cuprates. Whereas the off-axes wave-vector sets LSCO apart,
the thermal evolution of the parameters characterizing the
charge order and its antagonistic coupling to superconductivity
puts it firmly on the same footing as the other cuprates. This
competition between the charge order and superconductivity
has been seen most clearly in the yttrium and bismuth-based
cuprates, which do not show any static magnetic order.
Our results clearly demonstrate that charge and spin stripe
order, which so far have only been observed in the 214
family, vies with superconductivity in much the same way,
suggesting a common motif of intertwined electronic degrees
of freedom possibly arising from the same multicomponent
order parameter [49].

Note added. After submission of this manuscript and
Ref. [46], charge order in La2−xSrxCuO4 was also reported
in Ref. [50].
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FIG. 4. (Color online) Temperature dependence of the (a) peak
intensity, (b) FWHM, and (c) Integrated intensity, of the scattering
from the CO at the Cu L3 edge. The dotted line shows the supercon-
ducting transition Tc. The peak intensity and the integrated intensity
show a maximum at Tc. At the same time, the correlations, which
are inversely proportional to the FWHM, develop and grow stronger
below ∼60 K, but are suppressed on entering the superconducting
state.

grow in the SC state, even as they are suppressed in the rest of
the volume.

The thermal evolution of the parameters characterizing the
charge order is reminiscent of that seen in YBCO [9,10] and
indicates competition between the superconducting and CO
order parameters. One commonality is the short range of the
correlations in both the materials, ∼55 Å in YBCO and ∼65 Å
in LSCO. Evidently, the shorter correlations, coupled with
the relatively higher superconducting transition temperature as

compared to LBCO, do not allow the charge order to develop
fully. There is also the possibility that when charge stripe order
is pinned more strongly to the lattice in the LTT phase, it is
more disruptive to interplanar SC coherence, and consequently
suppresses SC more strongly.

To conclude, we have observed charge ordering in LSCO
with the characteristic in-plane wave vector rotated away
from the crystal axes direction by ∼2.7◦. The concomitant
rotation of the elastic magnetic peaks [32] evinces a unique
rotated charge spin stripe order hitherto unseen in other
cuprates. Whereas the off-axes wave-vector sets LSCO apart,
the thermal evolution of the parameters characterizing the
charge order and its antagonistic coupling to superconductivity
puts it firmly on the same footing as the other cuprates. This
competition between the charge order and superconductivity
has been seen most clearly in the yttrium and bismuth-based
cuprates, which do not show any static magnetic order.
Our results clearly demonstrate that charge and spin stripe
order, which so far have only been observed in the 214
family, vies with superconductivity in much the same way,
suggesting a common motif of intertwined electronic degrees
of freedom possibly arising from the same multicomponent
order parameter [49].
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7.1. Introduction

7.1.2 Phonons and electron-phonon coupling

Many phonon modes exist in LSCO and these have been predominantly studied by INS. Phonon
modes with different symmetries in the parent compound LCO and underdoped LSCO x = 0.10
[10] are presented in figure 7.4. As seen in subsection 3.4.5, the adapted shell model for doped
compounds doesn’t describe properly the phonon dispersion of the longitudinal optical (LO)
branch associated to the Cu-O bond-stretching mode, highlighted in red in figure 7.4.
52 COMMON INTERATOMIC POTENTIAL MODEL FOR THE. . . 7235

Al A5

20- J~a a

16-

N

t—12-'

8-

C3
LLj

~0

~ ~ ~ ~

+t + +

FIG. 1. Calculated (solid and dashed lines)
and experimental (Ref. 1) phonon dispersion
curves of La2Cu04 The dash-dotted lines are
obtained after including a special quadrupolar
force constant.
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gave a good description of the screening in SrTi03 doped
with Nb. ' The Fermi wave number was calculated from
the nominal number of free carriers to be kf =0.315 A
Using the relation k, =2.406X10 m*kf/E„ together
with m =1, c =5 a screening wave number k, =0.390
A was obtained. Attempts were made to see if anisot-
ropy of the screening is needed: it turned out that aniso-
tropic screening does not lead to substantial improve-
ments of the 6t quality, and therefore we report here re-
sults on isotropic screening only.
It is evident from Fig. 3 that most of the observed

differences between the phonon dispersion curves of
doped and undoped La2cu04 can be explained by screen-
ing by free carriers (Fig. 3 shows only those representa-
tions where our simple screening mechanism has pro-
duced observable changes in the dispersion curves).
However, the strong frequency decrease upon doping in
the highest b,

&
branch around q =(0.5,0,0) cannot be ac-

counted for by free-carrier screening, and hence the
agreement between model and experiment is poor for
these specific phonons (Xv=2. 5 THz). We presume that

0.03-

)
0.02-

a good description also of these phonons is beyond the
capability of a simple model, i.e., that the behavior of the
highest 5, branch has to be considered as a phonon
anomaly like those observed in conventional supercon-
ductors.

B. NdzCu04 ( T' structure cempounds)
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The comparison of calculated and experimental pho-
non dispersion curves is shown in Fig. 4. The agreement
between model and experiment is not quite as good as in
LazCuO~ (the mean deviation is hv=0. 50 THz), but still
satisfactory, as there is no serious discrepancy for any of
the phonon branches investigated. By changing a single
longitudinal force constant, i.e., that of the Cu-O(2) in-
teraction, it is possible to achieve the same fit quality as
for La2CuO4 (see Fig. 5). The extra force constant is only
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mental data of Ref. 12.

FIG. 3. Calculated (solid lines) and experimental (Ref. 1)
phonon curves of La& 9Sro &Cu04.
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Figure 7.4: Phonon dispersion curves of a) La2CuO4 and b) La1.9Sr0.1CuO4. The solid and
dashed lines are calculated dispersions, and the dots are measured dispersions. Note that 1 THz
= 4.13567 meV. From [174].

The dispersion of this LO phonon was measured in LSCO x = 0.00, 0.05, 0.07, 0.10, 0.15,
0.20, 0.25 and 0.30 at low temperatures [11, 17, 175, 176]. The anomaly was observable in the
range x = 0.07−0.25, both in the dispersion and the increased linewidth. It is most pronounced
at a doping x = 0.15, with a dip in the dispersion at a wavevector Q ' (0.30, 0, 0), presented
in figure 7.5 a). The linewidth is largest at a similar Q and the anomalous broadening can be
mapped in hk-space, as shown in figure 7.5 b).

In LBCO and Nd-LSCO, strong phonon anomalies of the Cu-O bond-stretching branch have
also been observed with INS [10,12]. The anomalies are strongest in dopings where stripe order
is present, with abrupt softening and broadening around QCO = (0.25, 0, 0). Since at optimal
doping the strongest anomaly is at h = 0.30, compared to h = 0.25 in stripe-ordered dopings,
it has been suggested that the static stripes pin the phonon anomaly at the charge ordering
wavevector QCO [12, 177].
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FIG. 2. (Color online) (a) Longitudinal Cu-O bond stretching
phonon dispersions. Solid lines indicate cosine functions. Dashed
lines are guides to eye. The data for x = 0.05, 0.07, 0.15, 0.20,
0.25, and 0.30 are shifted by 10, 20, 30, 40, 50 and 60 meV
for clarity, respectively. (b) Resolution-corrected linewidths of the
longitudinal Cu-O bond stretching mode. Solid straight lines indicate
“background” contributions to linewidths that smoothly increase
towards the zone boundary as described in the text. The data for
x = 0.07, 0.15, 0.20, 0.25, and 0.30 are shifted by 5, 10, 20, 30,
and 35 meV, respectively. (c) Average linewidths of h = 0.20, 0.25,
0.30 and 0.35 (diamonds) after subtracting background linewidths
[solid lines in Fig. 2(b)] plotted as a function of doping. Dashed line
represents Tc of LSCO [23]. Green solid line indicates a plateau of
Tc that may originate from competition with another order parameter
such as stripes. Inset illustrates strong coupling between the Cu-O
bond stretching mode and electronic density fluctuations at h = 0.25.
Black and red lines indicate charge densities with and without atomic
displacements (red arrows), respectively. Red arrows indicate atomic
displacements of the anomalous phonon.

We can phenomenologically isolate the giant phonon
anomaly from other contributions to the phonon linewidth
by subtracting the “background” linewidth indicated by the
solid lines in Fig. 2(b). Figure 2(c) shows the average
phonon linewidth at h = 0.20, 0.25, 0.30, and 0.35 after
subtracting this background linewidth as a function of doping.
Remarkably, the linewidths of the giant phonon anomaly
at low temperatures follow the superconducting transition
temperature (Tc).

FIG. 3. (Color online) (a) Fermi surface (FS) of LSCO, x =
0.20, measured by ARPES. Double sided arrows indicate the wave
vector (h = 0.3) of the giant phonon anomaly. This q vector connects
only two points of FS, indicating no FS nesting. (b) Electronic
quasiparticle dispersions of LSCO x = 0.20 and 0.30 along the
red line in (a), where Fermi momentum is connected to the Fermi
momentum on the other side of the arrow by h = 0.3. Dashed
straight lines represent band velocities from −0.2 to −0.1 eV for
x = 0.20 and 0.30, respectively. Inset is the Feynman diagram for
electronic quasiparticle propagation with electron-phonon coupling.
(c) Background-subtracted IXS data of x = 0.20. Inset is the
Feynman diagram for phonon propagation with electron-phonon
coupling. (d) INS data of x = 0.30. Blue horizontal bars inside peaks
in (c) and (d) show experimental resolutions. Vertex g in the Feynman
diagrams in (b) and (c) is the same.

If strong interactions between electronic quasiparticles and
phonons are responsible for the giant phonon anomaly, they
should also renormalize electronic dispersions. A kink in
the electronic dispersions around 70 meV has been reported
previously by ARPES and the possibility that the giant phonon
anomaly and ARPES features are two sides of the same coin
has been raised [11,24].

In order to see if electronic quasiparticles are responsible for
the giant phonon anomaly, we first checked if the phonon wave
vector spans parallel sheets of the Fermi surface, near h = 0.25
or 0.3, since such FS nesting can give the phonon anomaly [25].
Figure 3(a) illustrates that there is no nesting near h = 0.25
or 0.3. This result contrasts the situation in BSCCO where the
FS is turned by 90◦ and FS nesting is possible [11].

Strong q dependence of the electron-phonon coupling
matrix element can induce phonon anomalies in materials
without FS nesting [26–28]. The same matrix element should
enhance the kink in dispersions of electronic quasiparticles
coupled to the phonon. The (red) solid line in Fig. 3(a) crosses
kF spanned by the wave vector of the giant phonon anomaly.
Figure 3(b) shows that the kink strength of x = 0.30 sample is
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lines are guides to eye. The data for x = 0.05, 0.07, 0.15, 0.20,
0.25, and 0.30 are shifted by 10, 20, 30, 40, 50 and 60 meV
for clarity, respectively. (b) Resolution-corrected linewidths of the
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“background” contributions to linewidths that smoothly increase
towards the zone boundary as described in the text. The data for
x = 0.07, 0.15, 0.20, 0.25, and 0.30 are shifted by 5, 10, 20, 30,
and 35 meV, respectively. (c) Average linewidths of h = 0.20, 0.25,
0.30 and 0.35 (diamonds) after subtracting background linewidths
[solid lines in Fig. 2(b)] plotted as a function of doping. Dashed line
represents Tc of LSCO [23]. Green solid line indicates a plateau of
Tc that may originate from competition with another order parameter
such as stripes. Inset illustrates strong coupling between the Cu-O
bond stretching mode and electronic density fluctuations at h = 0.25.
Black and red lines indicate charge densities with and without atomic
displacements (red arrows), respectively. Red arrows indicate atomic
displacements of the anomalous phonon.

We can phenomenologically isolate the giant phonon
anomaly from other contributions to the phonon linewidth
by subtracting the “background” linewidth indicated by the
solid lines in Fig. 2(b). Figure 2(c) shows the average
phonon linewidth at h = 0.20, 0.25, 0.30, and 0.35 after
subtracting this background linewidth as a function of doping.
Remarkably, the linewidths of the giant phonon anomaly
at low temperatures follow the superconducting transition
temperature (Tc).

FIG. 3. (Color online) (a) Fermi surface (FS) of LSCO, x =
0.20, measured by ARPES. Double sided arrows indicate the wave
vector (h = 0.3) of the giant phonon anomaly. This q vector connects
only two points of FS, indicating no FS nesting. (b) Electronic
quasiparticle dispersions of LSCO x = 0.20 and 0.30 along the
red line in (a), where Fermi momentum is connected to the Fermi
momentum on the other side of the arrow by h = 0.3. Dashed
straight lines represent band velocities from −0.2 to −0.1 eV for
x = 0.20 and 0.30, respectively. Inset is the Feynman diagram for
electronic quasiparticle propagation with electron-phonon coupling.
(c) Background-subtracted IXS data of x = 0.20. Inset is the
Feynman diagram for phonon propagation with electron-phonon
coupling. (d) INS data of x = 0.30. Blue horizontal bars inside peaks
in (c) and (d) show experimental resolutions. Vertex g in the Feynman
diagrams in (b) and (c) is the same.

If strong interactions between electronic quasiparticles and
phonons are responsible for the giant phonon anomaly, they
should also renormalize electronic dispersions. A kink in
the electronic dispersions around 70 meV has been reported
previously by ARPES and the possibility that the giant phonon
anomaly and ARPES features are two sides of the same coin
has been raised [11,24].

In order to see if electronic quasiparticles are responsible for
the giant phonon anomaly, we first checked if the phonon wave
vector spans parallel sheets of the Fermi surface, near h = 0.25
or 0.3, since such FS nesting can give the phonon anomaly [25].
Figure 3(a) illustrates that there is no nesting near h = 0.25
or 0.3. This result contrasts the situation in BSCCO where the
FS is turned by 90◦ and FS nesting is possible [11].

Strong q dependence of the electron-phonon coupling
matrix element can induce phonon anomalies in materials
without FS nesting [26–28]. The same matrix element should
enhance the kink in dispersions of electronic quasiparticles
coupled to the phonon. The (red) solid line in Fig. 3(a) crosses
kF spanned by the wave vector of the giant phonon anomaly.
Figure 3(b) shows that the kink strength of x = 0.30 sample is
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FIG. 2. (Color online) (a) Longitudinal Cu-O bond stretching
phonon dispersions. Solid lines indicate cosine functions. Dashed
lines are guides to eye. The data for x = 0.05, 0.07, 0.15, 0.20,
0.25, and 0.30 are shifted by 10, 20, 30, 40, 50 and 60 meV
for clarity, respectively. (b) Resolution-corrected linewidths of the
longitudinal Cu-O bond stretching mode. Solid straight lines indicate
“background” contributions to linewidths that smoothly increase
towards the zone boundary as described in the text. The data for
x = 0.07, 0.15, 0.20, 0.25, and 0.30 are shifted by 5, 10, 20, 30,
and 35 meV, respectively. (c) Average linewidths of h = 0.20, 0.25,
0.30 and 0.35 (diamonds) after subtracting background linewidths
[solid lines in Fig. 2(b)] plotted as a function of doping. Dashed line
represents Tc of LSCO [23]. Green solid line indicates a plateau of
Tc that may originate from competition with another order parameter
such as stripes. Inset illustrates strong coupling between the Cu-O
bond stretching mode and electronic density fluctuations at h = 0.25.
Black and red lines indicate charge densities with and without atomic
displacements (red arrows), respectively. Red arrows indicate atomic
displacements of the anomalous phonon.

We can phenomenologically isolate the giant phonon
anomaly from other contributions to the phonon linewidth
by subtracting the “background” linewidth indicated by the
solid lines in Fig. 2(b). Figure 2(c) shows the average
phonon linewidth at h = 0.20, 0.25, 0.30, and 0.35 after
subtracting this background linewidth as a function of doping.
Remarkably, the linewidths of the giant phonon anomaly
at low temperatures follow the superconducting transition
temperature (Tc).

FIG. 3. (Color online) (a) Fermi surface (FS) of LSCO, x =
0.20, measured by ARPES. Double sided arrows indicate the wave
vector (h = 0.3) of the giant phonon anomaly. This q vector connects
only two points of FS, indicating no FS nesting. (b) Electronic
quasiparticle dispersions of LSCO x = 0.20 and 0.30 along the
red line in (a), where Fermi momentum is connected to the Fermi
momentum on the other side of the arrow by h = 0.3. Dashed
straight lines represent band velocities from −0.2 to −0.1 eV for
x = 0.20 and 0.30, respectively. Inset is the Feynman diagram for
electronic quasiparticle propagation with electron-phonon coupling.
(c) Background-subtracted IXS data of x = 0.20. Inset is the
Feynman diagram for phonon propagation with electron-phonon
coupling. (d) INS data of x = 0.30. Blue horizontal bars inside peaks
in (c) and (d) show experimental resolutions. Vertex g in the Feynman
diagrams in (b) and (c) is the same.

If strong interactions between electronic quasiparticles and
phonons are responsible for the giant phonon anomaly, they
should also renormalize electronic dispersions. A kink in
the electronic dispersions around 70 meV has been reported
previously by ARPES and the possibility that the giant phonon
anomaly and ARPES features are two sides of the same coin
has been raised [11,24].

In order to see if electronic quasiparticles are responsible for
the giant phonon anomaly, we first checked if the phonon wave
vector spans parallel sheets of the Fermi surface, near h = 0.25
or 0.3, since such FS nesting can give the phonon anomaly [25].
Figure 3(a) illustrates that there is no nesting near h = 0.25
or 0.3. This result contrasts the situation in BSCCO where the
FS is turned by 90◦ and FS nesting is possible [11].

Strong q dependence of the electron-phonon coupling
matrix element can induce phonon anomalies in materials
without FS nesting [26–28]. The same matrix element should
enhance the kink in dispersions of electronic quasiparticles
coupled to the phonon. The (red) solid line in Fig. 3(a) crosses
kF spanned by the wave vector of the giant phonon anomaly.
Figure 3(b) shows that the kink strength of x = 0.30 sample is
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FIG. 1. (Color online) (a) INS data of La2−xSrxCuO4 (x = 0.05) at Q = (5 − h, 0, 1) (top and bottom) and at Q = (5 − h, 0, 2) (middle). L
values were chosen to avoid contaminations. See Ref. [20] for details of the fits represented by solid line. (b) and (c) IXS data of La2−xSrxCuO4,
(b) x = 0.20 and (c) x = 0.25 at Q = (3 + h, 0, 0). Red lines represent the Lorentzian fitting function. (d) and (e) Phonon dispersion in LSCO
from Q = (3.27,0,0) (d) and Q = (3.24,0,0) (e) in the [0 1 0] direction, for (d) x = 0.20 and (e) x = 0.25. (f) Schematic of the dispersion
directions in (a)–(e). (g) Qualitative picture of anomalous phonon broadening distribution.

a previous study [19]. For all measurements, the temper-
ature was near 10 K. Neutron data for LSCO (x = 0.07,
0.15, 0.30) as well as the ARPES results were published
previously [6,7,17].

The phonons disperse downward from the zone center
(h = 0) to the zone boundary (h = 0.5) for all three samples in
the [1 0 0] direction indicated by the red arrow in Fig. 1(f). For
the strongly underdoped insulating x = 0.05 sample [21], the
linewidth monotonically increases from the zone center to the
zone boundary [Fig. 1(a)]. In overdoped x = 0.20 and 0.25,
the phonons broaden from h = 0.03 to 0.27 and then sharpen
towards h = 0.39 [Figs. 1(b) and 1(c)].

Giant linewidth broadening rapidly decreases at x = 0.20
away from k = 0 [Figs. 1(d) and 1(e)]. Even though the phonon
at x = 0.25 shows a much weaker anomaly, a peak sharpening
at k = 0.16 is still clear compared to k = 0 [Fig. 1(e)].
Therefore the giant phonon anomaly in copper oxides is
concentrated near the reduced wave vectors q = (h,k,l) for
h = 0.25,0.3 and k = 0. Previous work showed that it is
independent of l.

Increasing the linewidth towards the zone boundary at x =
0.05 is consistent with inhomogeneous doping as discussed
below [20]. The linewidth maximum half-way to the zone
boundary observed in x = 0.20 and 0.25 samples cannot be
explained by this [22] or any other simple mechanism [1,2].

In order to isolate the giant phonon anomaly from the
overall broadening towards the zone boundary, we drew
straight lines connecting the linewidth data at the zone
center and the zone boundary [Fig. 2(b)]. Their upward slope
decreases from lower to higher doping. Linewidths of x = 0.05
and 0.30, which are nonsuperconducting, are very close to the

straight lines, whereas the other dopings clearly deviate above
the lines with the maximum deviation close to h = 0.25 or 0.3.
Giant phonon anomaly gets its name from the huge effect for
0.1 ! x ! 0.2. Softening below the sinusoidal dispersion was
also observed in superconducting samples [Fig. 2(a)]. This
softening approximately scales with the broadening, which
is qualitatively consistent with the Kramers-Kronig relation
between real and imaginary parts of the phonon self-energy.
The caveat here is that the phonon dispersion in the absence of
the phonon anomaly is not precisely known. DFT calculations
for optimal doping show sinusoidal dispersion similar to what
is actually observed at x = 0.30 [1]. On the other hand, the
experimental dispersion in undoped La2CuO4 where both the
giant phonon anomaly and the inhomogeneous doping effect
are absent, clearly deviates from the sine function [Fig. 2(a)].

The overall increase of the phonon linewidth to the zone
boundary becomes more pronounced with underdoping
[Fig. 2(b)] with the biggest increase at x = 0.05 as well
as at x = 0.04 in the data of Fukuda et al. [5], which was
unexplained. It was shown in Ref. [20] that this effect
originates from inhomogeneous doping combined with
doping-induced phonon softening at Sr concentrations below
optimal doping. Since the doping dependence of the phonon
frequency increases towards the zone boundary, the width of
the measured phonon spectrum increases smoothly towards
the zone boundary as well. We were able to explain all the data
at x = 0.05 using this model. However, at x = 0.07, which
is already superconducting, there is an additional linewidth
around h = 0.3 that cannot be explained by inhomogeneous
doping effect [22]. This extra broadening becomes very large
around optimal doping.
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Figure 7.5: a) Longitudinal Cu-O bond stretching phonon dispersion along (h, 0, 0). b) Recip-
rocal space distribution of the anomalous phonon broadening. From [176].

INS is not the only method to study lattice vibrations, and large phonon anomalies were
also observed in different cuprates such as LBCO with INS [11] and IXS [178], HgBa2CuO4+δ

with IXS [179], and YBCO with INS [180] and IXS [89]. More recently, RIXS in underdoped
Bi2.2Sr1.8Ca0.8Dy0.2Cu2O8+δ lead to simultaneous measurements of the CDW and the Cu-O
bond-stretching phonon [181], see figure 7.6. The dip in the phonon dispersion seems to coincide
with the charge ordering wavevector QCDW.
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Figure 1 | RIXS process and a hint of lower-energy excitations near QCDW. a, Schematics of the coherent two-step RIXS process. The photon energy of the
incident X-ray (h⌫i) is tuned to the Cu L3-edge. Upon absorption, a core electron in the Cu 2p orbital made a transition to the unoccupied 3d valence band
near the Fermi energy EF, bringing the system to an intermediate state |mi. Then, the emission process occurs that fills the 2p core hole by one of the
valence electrons, emits a photon (h⌫f), and leaves the system in an excited final state |fi, which couples to a variety of elementary excitations. The
energy–momentum information of these elementary excitations can be deduced by tracking the peak and spectral weight in RIXS spectra as a function of
the momentum transfer Q and the energy loss of the scattering photons. The momentum of the incident and scattered photons is represented by ki and kf,
respectively. Since the electronic state in Bi2212 is quasi-two-directional (that is, almost independent along the c-axis), all data are plotted as a function of
projected momentum transfer Qk along the [100] direction (that is, along the Cu–O bond direction). b, RIXS intensity map of the underdoped
Nd1.2Ba1.8Cu3O6+� (UD-NBCO) compound around the CDW position, taken with a resolution of 130 meV. c, RIXS spectrum along the red dashed line
shown in b. d, A high energy-resolution (40 meV) RIXS spectrum of UD-Bi2212 at Qk =0.31 r.l.u. An enlarged view of the black-dashed box near the elastic
peak is shown in the lower panel.
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Figure 2 | CDW and phonons at 20K. a, RIXS intensity map of the high energy-resolution data (1E ⇠40 meV) as a function of energy loss and Qk. The
white circles represent the fitted phonon dispersion. b, Energy-loss spectra at selected momentum values ranging from Qk =0.235 r.l.u. to Qk =0.425 r.l.u.
The fits (solid lines) are superimposed on the raw data (black circles). c, Averaged intensity in the quasi-elastic region, defined as the region between the
two white dashed lines in a. The solid line is a Lorentzian fit to the data with a background consisting of a constant plus a Lorentzian to account for the tail
of the specular reflection peak at Qk =0. d, Demonstration of the quality of the fit of a RIXS spectrum at a representative momentum. The fitting process is
described in the Methods section. The phonon peak is highlighted in pink. e, Position and FWHM (de-convolved) of the measured phonon peak extracted
from the fits. The red dashed lines on a and e indicate QCDW. Error bars in a and e (upper panel) are estimated by the uncertainty in determining the zero
energy loss. The error bars for the FWHM in e are two standard deviations from the fit. Those in c are determined by the noise level of the spectra.
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incident X-ray (h⌫i) is tuned to the Cu L3-edge. Upon absorption, a core electron in the Cu 2p orbital made a transition to the unoccupied 3d valence band
near the Fermi energy EF, bringing the system to an intermediate state |mi. Then, the emission process occurs that fills the 2p core hole by one of the
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Figure 2 | CDW and phonons at 20K. a, RIXS intensity map of the high energy-resolution data (1E ⇠40 meV) as a function of energy loss and Qk. The
white circles represent the fitted phonon dispersion. b, Energy-loss spectra at selected momentum values ranging from Qk =0.235 r.l.u. to Qk =0.425 r.l.u.
The fits (solid lines) are superimposed on the raw data (black circles). c, Averaged intensity in the quasi-elastic region, defined as the region between the
two white dashed lines in a. The solid line is a Lorentzian fit to the data with a background consisting of a constant plus a Lorentzian to account for the tail
of the specular reflection peak at Qk =0. d, Demonstration of the quality of the fit of a RIXS spectrum at a representative momentum. The fitting process is
described in the Methods section. The phonon peak is highlighted in pink. e, Position and FWHM (de-convolved) of the measured phonon peak extracted
from the fits. The red dashed lines on a and e indicate QCDW. Error bars in a and e (upper panel) are estimated by the uncertainty in determining the zero
energy loss. The error bars for the FWHM in e are two standard deviations from the fit. Those in c are determined by the noise level of the spectra.
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Figure 1 | RIXS process and a hint of lower-energy excitations near QCDW. a, Schematics of the coherent two-step RIXS process. The photon energy of the
incident X-ray (h⌫i) is tuned to the Cu L3-edge. Upon absorption, a core electron in the Cu 2p orbital made a transition to the unoccupied 3d valence band
near the Fermi energy EF, bringing the system to an intermediate state |mi. Then, the emission process occurs that fills the 2p core hole by one of the
valence electrons, emits a photon (h⌫f), and leaves the system in an excited final state |fi, which couples to a variety of elementary excitations. The
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Figure 2 | CDW and phonons at 20K. a, RIXS intensity map of the high energy-resolution data (1E ⇠40 meV) as a function of energy loss and Qk. The
white circles represent the fitted phonon dispersion. b, Energy-loss spectra at selected momentum values ranging from Qk =0.235 r.l.u. to Qk =0.425 r.l.u.
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of the specular reflection peak at Qk =0. d, Demonstration of the quality of the fit of a RIXS spectrum at a representative momentum. The fitting process is
described in the Methods section. The phonon peak is highlighted in pink. e, Position and FWHM (de-convolved) of the measured phonon peak extracted
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of the specular reflection peak at Qk =0. d, Demonstration of the quality of the fit of a RIXS spectrum at a representative momentum. The fitting process is
described in the Methods section. The phonon peak is highlighted in pink. e, Position and FWHM (de-convolved) of the measured phonon peak extracted
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Figure 7.6: a) RIXS intensity map of the cuprate Bi2.2Sr1.8Ca0.8Dy0.2Cu2O8+δ (BiSCCO),
showing the CDW signal around E = 0 and Q‖ ' 0.3, and data points representing the energy
dispersion of the Cu-O bond-stretching phonon. b) Spectra at Q‖ = 0.40, with the fitted quasi-
elastic peak and phonon. c) Phonon energy dispersion (Position) and linewidth (FWHM) as a
function of Q‖. From [181].

The electron-phonon coupling in cuprates has also been studied theoretically [182], in par-
ticular for the out-of-plane O buckling (B1) and the in-plane Cu-O bond-stretching modes,
for which strong renormalisations have been observed with INS and ARPES. One study links
strong coupling to the out-of-phase bond-buckling phonon mode B1 with higher Tc in the
cuprates [183]. Theoretical predictions of the strength and momentum dependence of electron-
phonon coupling with RIXS have also been made [41,184] and the results are summarised here.
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The model considers a Cu L-edge resonant process with 2p ←→ 3d transitions, and phonons
that couple to holes, conduction or valence electrons. The interesting phonons are the oxy-
gen modes. There are three low-energy modes, the dispersive longitudinal acoustic (LA) mode
(∼ 15 meV), the c-axis oxygen modes involving charge transfer between Cu-O and O-O (A1 and
B1), dispersionless ∼ 40 and ∼ 35 meV, respectively, and two high-energy modes, the apical
oxygen mode, dispersionless ∼ 85 meV, and finally the Cu-O in-plane bond-stretching mode,
dispersive around ∼ 85 meV. The out-of-plane modes couple electrostatically to CuO electrons,
while the bond-stretching modes couple via bond deformation. The momentum-dependence of
the bare electron-phonon coupling intensity is different for the different modes. For the A1
and apical oxygen modes, the intensity is largest at the zone centre and falls towards the zone
boundary. For the B1 mode, it increases towards the zone boundary and disappears at the
zone centre. Finally, for both the LA and Cu-O bond-stretching modes, the intensity has a
momentum dependence (with Q in r.l.u.) of the form ∼ sin2 (πQ). The contribution from the
Cu-O bond-stretching phonon mode is shown in figure 7.7 a), and the overall contribution from
all phonon modes described is shown in figure 7.7 b).

Figure 7.7: Contributions to RIXS from a) the Cu-O bond-stretching phonon specifically and
b) from all phonon modes. From [184].

7.2 INS study

We now introduce the time-of-flight inelastic neutron scattering measurements performed at the
MERLIN beamline at ISIS, on a LSCO x = 0.12 sample (more details on sample growth and
characterisation in section 7.3.1).

7.2.1 Experimental setup

The LSCO x = 0.12 sample consists of three single crystals of masses 8.04, 7.71 and 8.60 g
respectively, adding up to a total mass of 24.35 g. The three single crystals were co-aligned
using ALF (ISIS crystal alignment facility) before the start of the experiment, such that the
sample is in the (HHL) plane, pictured in figure 7.8. The sample is then attached on a low-
temperature probe to be placed in the centre of the beam, whose dimensions are 45× 45 mm2.
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1 cm!

Figure 7.8: Side and top view of the co-aligned LSCO single crystals measured at the MERLIN
spectrometer.

The incident energy of the neutrons is set at Ei = 130 meV. The chopper rotation frequency
is at 400 Hz, giving secondary Eis of 49.7 meV and 26.0 meV. The energy resolution (FWHM)
is ∼ 4 meV at 80 meV. The sample is aligned in a white beam, using the (110) and (111)
reflections. The corrected lattice parameters (in the HTT crystal structure notation) from the
alignment at 30 K are 3.787 Å, 3.787 Å, and 13.225 Å for a, b and c, respectively. Measurements
were made in the angular range -40° to +140°. A 20 µA Vanadium measurement at 300 K was
taken at the end of the experiment, to be used for counts normalisation. Horace [185] was the
software used for the analysis of the large data sets collected during the experiment.

7.2.2 Results

We focus on the Cu-O bond-stretching phonon with anomalous behaviour, which is the highest
branch of ∆1 symmetry, highlighted in red in figure 7.4 for LCO and LSCO x = 0.10. Its
dispersion is expected to be contained in the energy range 70 − 90 meV. HL intensity maps
measured at 30 K are shown in figure 7.9, in the energy range of interest, separated in two
integrations, 70 − 80 meV and 80 − 90 meV. These show that the scattering is rod-like in L.
Since the excitations are independent of L, we can integrate over all values of L to study the
energy dispersion of this phonon.
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Figure 7.9: HL neutron intensity map measured at 30 K, with K values integrated between
3.9− 4.1, and energies integrated between a) 70− 80 meV and b) 80− 90 meV.

Figure 7.10: Neutron intensity map of energy as a function of H measured at 30 K, with
Ei = 130 meV, 3.9 ≤ K ≤ 4.1, and integrated over all L values. The red data points correspond
to the phonon dispersion of the higher ∆1 branch, obtained from H-cuts fitting.
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The intensity map of energy as a function of H is presented in figure 7.10. L is integrated
between −10 and +10 (all measured L values) and K between 3.9 and 4.1. The data points are
obtained from fitting of the spectra with constant H-cuts. Spectra for different H values are
shown in figure 7.11. The fitting consists of three Gaussians on top of a linear background. The
two Gaussians centred on ∼ 57 meV (in green) and ∼ 86.7 meV (in blue), correspond most likely
to the weakly dispersive phonon modes from the highest ∆3 and ∆4 branch, respectively [174].
The Cu-O bond-stretching phonon mode (highest ∆1 branch) is fitted in red, and the dispersion
is shown in figure 7.10. The phonon softens towards the zone boundary and there is a pronounced
dip.
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Figure 7.11: H-cuts from the energy as a function of H intensity map shown in figure 7.10,
with T = 30 K and Ei = 130 meV. The spectra are fitted (in black) with contributions from
two fixed phonon modes (in green and blue), and the CuO bond-stretching phonon (in red).

7.2.3 Discussion

The energy dispersion of the Cu-O bond-stretching phonon in LSCO x = 0.12 is compared to
the other dopings, x = 0.05, 0.07, 0.15, and 0.20, measured by INS or IXS, and shown in figure
7.12. For LSCO x = 0.12, the phonon disperses from 86.4 meV at the zone centre (H = 0) to
72.1 meV towards the zone boundary (H = 0.5). In addition to the strong softening towards
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the zone boundary, a pronounced dip in the dispersion is visible for dopings x = 0.12 − 0.20.
The dip shifts to lower H and becomes broader with decreasing doping in this range.
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Figure 7.12: Dispersions of the Cu-O bond-stretching phonon (highest ∆1 branch, highlighted
in red in figure 7.4) in LSCO at different dopings. The x = 0.12 data is from the present study,
while the x = 0.05, 0.07, 0.10 and 0.15 were measured by INS [11, 17, 176], and the x = 0.20
were measured by IXS [176].

7.3 RIXS study

7.3.1 Sample preparation and characterisation

La2−xSrxCuO4 single crystals were grown in Bristol’s image furnace using the travelling-solvent
floating-zone (TSFZ) technique (see section 5.2 for more details on the TSFZ technique and the
image furnace setup). The LSCO x = 0.16 crystals were grown by Baptiste Vignolle (see [129]
for more details on the growth and characterisation of the crystals). The doping level was
determined with EDX, by comparing the La and Sr content of polished single crystal samples
to reference polycrystalline samples. The average Sr doping level x was determined to be
x = 0.154 ± 0.008 [129]. The LSCO x = 0.12 crystals were grown by Chris Lester, and the
Sr doping x was measured by combined EDX and inductively coupled plasma atomic-emission
spectroscopy (ICP-AES) as x = 0.120± 0.002 [58].

For the RIXS study, single crystals of LSCO x = 0.12 and x = 0.16 were characterised. The
superconducting transitions of the samples were measured with a superconducting quantum
interference device (SQUID). The samples were fixed on a quartz holder such that the c-axis is
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along the direction of the applied magnetic field. After zero-field cooling (ZFC), the DC moment
of the samples was measured in a 5 Oe field. Figure 7.13 shows the superconducting transitions,
with the susceptibility χ normalised to −1 in the superconducting state. The mid-point Tc
values and transition widths are 27.7± 2.6 K for x = 0.12, and 36.0± 0.4 K for x = 0.16.
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Figure 7.13: SQUID measurements showing the superconducting transitions of LSCO samples
a) x = 0.12 and b) x = 0.16.

The samples were aligned using Laue diffraction, before being cut with a diamond wheel
saw such that they become rectangular cuboids of dimensions ∼ 1× 1× 2 mm3, with the c-axis
along the longest dimension and the a- and b-axes aligned along the shorter ones. A groove is
added on the long edge to onset the cleaving. A schematic representation of a cut sample is
presented in figure 7.14, with Laue backscattering diffraction patterns along its c- and b-axes.
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Figure 7.14: a) Diagram of the cut sample’s orientation (LSCO x = 0.16), with dimensions in
cm. b) and c) Laue backscattering diffraction patterns, with the incident beam parallel to the
c and b-axis respectively.

The cut and aligned sample is fixed with conductive epoxy on a sample holder, and a cleaving
post is glued on top of the sample. A picture of a sample fixed on the ESRF’s hexagonal plate,

132



7.3. RIXS study

ready to be loaded into the chamber is shown in figure 7.15. The hexagonal plate itself is fixed
with grub screws on a shuttle that can be transferred into the diffractometer. The sample is then
cleaved in situ and figure 7.15 shows the same sample in the vacuum chamber after cleaving,
revealing a clear cut.

Sample! Ag paint!

Shuttle! Cleaved sample!

Hexagonal plate!
Cleaving post!

Figure 7.15: On the left, picture of a LSCO x = 0.16 sample attached with conductive epoxy to
the hexagonal plate with its cleaving post on top. A strike of silver paint is added next to the
sample for the elastic reference. The hexagonal plate is fixed on a shuttle that can be loaded
into the diffractometer. On the right is a picture of the cleaved sample in vacuum.

7.3.2 Experimental setup and sample alignment

c!

b!
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Figure 7.16: RIXS scattering geometry, with the incoming beam with wavevector k at an angle
θ from the sample’s surface, and the outgoing beam with wavevector k′. The σ (LV) polarisation
is perpendicular to the scattering plane, while the π (LH) polarisation is parallel to it.

The results presented hereafter were gathered during two beam times: the first one at I21
(DLS) and the second one at ID32 (ESRF). In both cases, all measurements were performed at
the Cu-L3 edge, with high energy resolution. All measurements were taken with fixed scattering
angle (with L not fixed). The setups of the ID32 beamline at the ESRF and the I21 beamline at
DLS are different, as detailed in section 4.5, in particular the energy resolutions were different,
as were the procedures for the sample alignment, which will be detailed hereafter.

133



Chapter 7. Studies of Charge Density Wave and Phonons in La2−xSrxCuO4

The RIXS scattering geometry is shown in figure 7.16. The c-axis is perpendicular to the
sample surface. The incoming beam, with wavevector k, and outgoing beam with wavevector
k′ are indicated, with the two polarisations σ and π, corresponding to linear vertical (LV) and
linear horizontal (LH), respectively. The scattering wavevector is, as usual, given by Q = k−k′.
Grazing incidence (grazing in) geometry corresponds to positive Q‖ (positive h and k). To
maximise the charge signal, LV polarisation with grazing in geometry is used [36–39].

A typical RIXS spectra is shown in figure 7.17. The different excitations are indicated:
quasi-elastic, phonons, (bi)magnons and the d-d excitations. The shadowed region between
1000 meV and 3500 meV represents the d-d excitations area, which is used as normalisation
between the spectra at different Q values. The individual spectra at each Q can be combined
into RIXS intensity maps, showing the intensity for each energy and Q values.
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Figure 7.17: RIXS spectra measured on LSCO x = 0.12, in LV polarisation, with grazing in
geometry. It shows quasi-elastic (centred around zero energy), phonon(s), magnon(s) and at
higher energies the d-d excitations.

At ID32 (ESRF), two samples with different doping were measured : x = 0.12 and 0.16.
Using the highest density grating, an energy resolution of 34.9 meV (FWHM) was attained.
The samples were first aligned at room temperature on the (0 0 2) Bragg peak. This yielded
corrected values for the c lattice parameter of c = 13.17 Å for the x = 0.12 sample, and of
c = 13.18 Å for the x = 0.16 sample. To correct the other angles, the energy was then set to
1900 meV to align on the (1

2
1
2 2) Bragg peak. (Note that this was technically not possible at

DLS). The a and b lattice parameters were kept to the values of a = b = 3.78 Å. The two Bragg
peaks used for the alignment of the x = 0.12 sample are shown in figure 7.18.
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Figure 7.18: Intensity of the (0 0 2) and (1/2 1/2 2) Bragg peaks measured on the LSCO
x = 0.12 sample. The FWHM of the Bragg peaks are 0.246°and 0.547°, respectively.
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Figure 7.19: Spectra measured at different k values, shifted in energy by a multiple of k, on
LSCO x = 0.12 with h = 0.235 at 30 K, at the ID32 beamline. The inset shows the intensity of
the quasi-elastic peak as a function of k, and the selected value of k0 = −0.01.

For the x = 0.12 sample, to maximise the charge order signal, several spectra were measured
at 30 K with different k values and h fixed to the value of δCDW = 0.235. These spectra show that
the quasi-elastic intensity is strongest at k0 = −0.01 r.l.u., see figure 7.19. The following h scans
were thus taken with this offset in k. This is consistent with measurements from [173], which
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show a charge order double peak with an in-plane wavevector (0.236,±0.011), and maximum
at k = −0.011, as shown in figure 7.3.

Finally, the counts on the detector are always normalised by the mirrorcurrent (which is
dependent on the duration of the measurement and corrects for the Bell-shaped background
caused by the modulator), and the d-d area. Unless stated otherwise, all measurements were
taken with linear vertical (LV) polarisation, grazing in geometry, and with 10 min measurements
time per point.

At I21 (DLS), one sample of LSCO x = 0.12 was measured. The energy resolution was
poorer than at the ESRF, with FWHM of ∼ 43 meV. The alignment of the sample was made
at 12 K, using the (0 0 2) Bragg peak. This allowed for correction of the small cleaving offsets,
θoffset = 3.4 and χoffset = 0.5 (see figure 4.11 for a diagram of the rotation angles with respect
to the sample’s position). The a and b orientations were checked with Laue diffraction, but
there was no way to check directly for this alignment by measuring a Bragg peak with the DLS
setup at the time (i.e. correcting the azimuthal angle). Therefore, the CDW signal was used to
correct the azimuthal angle Φ. Spectra at different Φ values were measured at 31 K, see figure
7.20. The maximum intensity of the CDW corresponds to Φoffset = 5°, the corrected azimuthal
angle value. Because of the stacking order of the rotation motors, with the χ cradle supported
by φ, the value of χoffset should have been corrected subsequently.
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Figure 7.20: Spectra used for the correction of the azimuthal angle Φ at the I21 beamline on
the LSCO x = 0.12 sample with h = 0.24. The spectra are shifted in energy by a multiple of Φ.

All spectra were measured counting 10 min per points, with a CCD camera read-out every
5 min. Counts are normalised by the measurement duration and the d-d area of the spectrum.
A reference measurement of 30 − 40 s of the carbon tape next to the sample was measured
before each RIXS measurement to measure the elastic line and thus determine the zero energy
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transfer position on the detector. It was then corrected (to sub-pixel precision) by fitting of
the quasi-elastic peak. At ID32, no reference measurements were taken and the zero energy
position was determined from the fits directly.

7.3.3 Data analysis

Previous RIXS measurements on the cuprates have been reported and fittings of the spectra
consist of contributions from a quasi-elastic peak, a phonon, and magnons or multi-magnons
[181,186]. With the very-high energy resolution from our measurements, and given that the Cu-
O bond-stretching phonon in LSCO is higher in energy than in BiSCCO (where its dispersion
lies below 60 meV), we expect to be able to resolve the contribution of the Cu-O bond-stretching
mode dispersing around 70−85 meV, and the contribution from the lower energy O buckling (A1
and B1) modes around 30− 40 meV, which are all strongly coupled to the CuO electrons [182].
The largest contribution is expected to be from the Cu-O bond-stretching phonon, enhanced
towards the zone boundary. These fittings will be compared to a fitting considering only one
phonon contribution as well, and linked to the INS measurements.

Each spectra of intensity as a function of energy are fitted to a function taking into account
the different excitations present. The quasi-elastic (QE) excitations and phonons are fitted
to resolution-limited Gaussians. The magnetic excitations are fitted to a damped harmonic
oscillator (HO) model [187, 188]. The scattering function S(Q, ω) is given by the convolution
of the imaginary part of the dynamical susceptibility χ′′(Q, ω) with the Bose factor,

S(Q, ω) ∝ χ′′(Q, ω)
1− exp (− ~ω

kBT
)
, (7.1)

where T is the temperature of the sample.

χ′′(Q, ω) = ωγ(Q)
(ω2 − ω0(Q)2)2 + (ωγ(Q))2 , (7.2)

where ω0(Q) is the undamped frequency and γ(Q) is the damping parameter, with γ < ω0

corresponding to the underdamped case.
Figure 7.21 shows RIXS spectra measured on LSCO x = 0.12 at 31 K at the I21 beamline

at different h values, with k = 0. Those are fitted to the model explained above. For lower h
values (h < 0.20), there is a single phonon contribution, and for even lower h values (h < 0.20),
only the QE peak and the magnetic contributions remain. The QE exciations peak around
h = 0.23− 0.24, and the intensity of the higher-energy phonon increases at larger h values.
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Figure 7.21: Spectra of LSCO x = 0.12 measured along (h, 0) at 31 K at the I21 beamline.
The different contributions to the total fit (in black) correspond to the quasi-elastic excitations
(in green), the low-energy phonon (in blue), the high-energy phonon (in red), and the magnetic
excitations (in yellow).

The same RIXS spectra are fitted to a model with a single phonon contribution (with
non-fixed widths for both the QE and phonon Gaussian peaks), shown in 7.22. Again the
QE excitations peak around h ' 0.24, and the phonon intensity increases towards the zone
boundary.

Figure 7.22: Spectra of LSCO x = 0.12 measured along (h, 0) at 31K at the I21 beamline. The
different contributions to the total fit (in black) correspond to the quasi-elastic excitations (in
green), a single phonon contribution (in purple), and the magnetic excitations (in yellow).

This single phonon contribution however does not correspond to any real phonon measured in
LSCO. Indeed, figure 7.23 shows the phonon dispersions in the one-phonon and the two-phonon
fitting cases, with comparison to the Cu-O bond-stretching (half-breathing) phonon dispersion
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measured by INS in LSCO at the same doping. The half-breathing mode (∼ 70 − 86 meV) is
theoretically predicted to be strongly coupled to the CuO electrons and thus its RIXS intensity
should be strong. The bond-buckling modes (∼ 35 − 40 meV) are also expected to contribute
to the RIXS intensity. In the case of the one-phonon fit, the phonon contribution shows an
extremely strong broadening (> 30 meV), much more than any phonon softening observed in
LSCO, and its dispersion does not follow the half-breathing mode. In the two-phonon fit case,
the high-energy mode is in good agreement with the half-breathing mode measured by INS.
The energy of the lower-energy mode is ∼ 40 meV at h = 0.5 and slowly decreases towards the
zone centre.
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Figure 7.23: Phonon dispersions from INS and RIXS (I21 beamline) on LSCO x = 0.12. a)
Phonon dispersion from fitting of the RIXS spectra with a single phonon contribution, and b)
high-energy and low-energy phonons dispersions from fitting of the RIXS spectra with two-
phonon contribution.

Figure 7.24 a) and b) shows the temperature dependence of spectra with fittings at the
same h = 0.24 for the ID32 and I21 datasets, respectively. A large range of temperature is
covered, from 12 K (below Tc) to 300 K. These spectra show the strong CDW signal at low
temperatures, suppressed with increasing temperature. Figure 7.24 c) shows spectra and fitting
with h = 0.40 from the I21 dataset, showing a weak decrease in intensity of the half-breathing
mode with temperature.
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Figure 7.24: Raw RIXS spectra of LSCO x = 0.12 measured at different temperatures, offset
for clarity. a) At Q‖ = (0.24,−0.01) for T = 30, 55, 100 and 150 K (ID32 dataset), with
single photon counts normalised by the mirrorcurrent and d-d area. b) At Q‖ = (0.24, 0) and
c) Q‖ = (0.40, 0) for T = 12, 31, 80 and 300 K (I21 dataset), with photons counts normalised
by the measurements duration and d-d area. The different contributions to the total fit (in
black) correspond to the quasi-elastic excitations (in green), the low-energy phonon (in blue),
the high-energy phonon (in red), and the magnetic excitations (in yellow).

Now that the data analysis procedure has been established, the RIXS intensity maps of
LSCO x = 0.12 and x = 0.16 will be presented in the next subsection. The information
extracted from the fittings concerning the CDW and phonons will be discussed in more details
in the next section.

7.3.4 Results

LSCO x = 0.12

An extensive temperature dependence in a large reciprocal space region (accessible with RIXS)
was measured on LSCO x = 0.12 at the two beamlines. This allowed to study the temperature
dependence of the CDW and the phonon dispersions and intensities in LSCO x = 0.12. The
intensity maps measured at the I21 beamline along (h, 0) are presented in figure 7.25, with
0.01 < h < 0.45 (h ≤ 0.40 for T = 80 K), and in figure 7.26 for the measurements at the
ID32 beamline taken in a smaller h range, 0.15 ≤ h ≤ 0.35. The CDW peak around zero
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energy and h = 0.235 is clearly visible up to 150 K. The Cu-O bond-stretching phonon (half-
breathing mode) can be seen throughout the Brillouin zone, more intensely at higher h values
and disappearing towards the zone centre.

Other directions in reciprocal space have also been measured at ID32. Three maps with
different cuts, along h with an offset of k = 0.35, along k with an offset h = 0.25, and along
(h, h) (diagonal scan), are shown in figure 7.27. The Cu-O bond-stretching phonon is still
present in those other reciprocal positions, and dominates the map intensity.

Figure 7.25: RIXS intensity maps measured on LSCO x = 0.12 along h in (h, 0) at T = 12, 31,
80, and 300 K, at the I21 beamline (DLS).
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Figure 7.26: RIXS intensity maps measured on LSCO x = 0.12 along h in (h,−0.01) at T = 30,
55, 100, and 150 K, at the ID32 beamline (ESRF).

Figure 7.27: RIXS intensity maps measured on LSCO x = 0.12 at the ID32 beamline in
different directions of the Brillouin zone, as indicated in the diagram in d). a) Diagonal (h, h)
scan, b) k scan with an offset h = 0.35, and c) h scan with an offset k = 0.25.
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LSCO x = 0.16

For overdoped LSCO x = 0.16, RIXS intensity maps were measured along (h, 0) and (h, h),
with 0 < Q‖ < 0.5 at 30 K only, and are shown in figure 7.28. QE excitations are visible in the
(h, 0) map around Q ' 0.23, as well as the half-breathing phonon mode. In the (h, h) map, the
main excitations arise from the breathing phonon mode.

Figure 7.28: RIXS intensity maps of LSCO x = 0.16 along h in a) (h, 0), and along b) (h, h),
measured at 30 K.

7.4 Discussion

7.4.1 Temperature dependence of the CDW in LSCO x = 0.12

We first consider the energy-integrated RXS spectra by integrating the measured RIXS spectra
over the large energy range -100 meV ≤ E ≤ 3500 meV, which includes the d-d excitations.
These spectra are shown at different temperatures in figure 7.29 a) and b) for the I21 and
ID32 datasets, respectively. The CDW signal is identified as a sharp peak on top of a broad
asymmetric background. The inset in figure 7.29 a) shows the shape of this background over
the whole h range measured. The background is similar for the measurements from the two
beamlines, so is the sharp feature corresponding to the CDW excitations. However, the peak
at 30 K for the ID32 dataset is much stronger compared to the equivalent measurements at 31
K at i21. The peak measured at 55 K data from the ESRF is of more similar intensity to the
31 K data set from ID32. The samples are from the same crystal growth and were both cleaved
in situ, but it is not impossible that small crystal differences play a role. The Q- and energy-
resolutions are also different between the two beamlines, and at ID32, it was possible to align
precisely on the peak with k = −0.01, which could explain this intensity difference.
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Figure 7.29: Temperature dependence of RIXS energy-integrated intensity with −100 meV
≤ E ≤ 3500 meV, normalised to the d-d area, measured on LSCO x = 0.12, a) at I21 (DLS),
with the inset showing the whole range 0 < h < 0.5, and b) at ID32 (ESRF).
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Figure 7.30: Quasi-elastic intensity as a function of h obtained from the fitting of the spectra
of the a) I21 (DLS) and b) ID32 (ESRF) datasets. The intensity is fitted to a Lorentzian on
top of a linear background.

The QE intensity obtained from the fitting of the RIXS spectra (as shown in figures 7.21
and 7.24) is plotted as a function of h in figure 7.30 a) and b) for the I21 and ID32 datasets,
respectively. It is fitted to a Lorentzian on top of a linear background. As seen with the
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energy-integrated spectra, the peak at 30 K from the ID32 dataset is very strong. From the I21
measurements, the peak below Tc (at 12 K) is stronger and sharper than closer to Tc.

The temperature dependence of the CDW intensity, the charge ordering wavevector QCDW =
(δ,−0.01) and the FWHM of the peak is shown in figure 7.31 for the ID32 dataset. The CDW is
half-suppressed at ∼ 50 K compared to its intensity at Tc. Measurements in Bi2212 with RIXS,
show that the QCDW decreases from 0.3 r.l.u. at 30 K to ∼ 0.26 r.l.u. at 240 K [181]. But this
effect is not observed here in LSCO, where δ(Tc) = 0.236(1) r.l.u.. The FWHM increases as
expected with temperature, corresponding to a decrease in the correlation length of the CDW
modulations, with FWHM(Tc) = 0.022(1) r.l.u. increasing to FWHM(100 K) = 0.05(1) r.l.u..
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Figure 7.31: Temperature dependence of the fitting parameters of the CDW peak from the
ID32 dataset, with the normalised CDW intensity, the in-plane wavevector QCDW = (δ,−0.01),
and the FWHM.

By normalising the CDW intensity at Tc, the temperature dependence of the CDW from
both beamtime measurements can be compared to previous x-ray measurements. Those all show
a similar behaviour above Tc, with a fast drop in intensity, reduced by half at T ' 50 K. The
CDW seems to increase below Tc, as was also measured in [189]. The temperature dependence
below Tc is inconsistent between various measurements which could, at least in part, be due to
the splitting of the peak in k-space [173]. From our measurements, the CDW is still present
up to 150 K, and is completely suppressed at 300 K. This is significant because the pseudogap
onset temperature in LSCO x = 0.12 has been measured as T ∗ = 120 K from Nernst effect
measurements [190], and these results therefore show that CDW order is present above the
pseudogap in underdoped LSCO.
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Figure 7.32: Temperature dependence of the CDW intensity from different x-ray measurements,
including the present measurements at I21 (DLS) and ID32 (ESRF). The other measurements
are from: [173], [16], [15], and [189] (in the same order as the caption). Lines are guides to the
eye.

7.4.2 Doping dependence of the CDW in LSCO

Figure 7.33: Spectra of the LSCO x = 0.16 measured along (h, 0) at 30 K. The different
contributions to the total fit (in black) correspond to the quasi-elastic excitations (in green),
the low-energy phonon (in blue), the high-energy phonon (in red), and the magnetic excitations
(in yellow).
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The (h, 0) map measured on LSCO x = 0.16 clearly shows QE excitations that are absent
from the (h, h) map, see figure 7.28. The individual spectra from both maps are fitted to the
same model used for LSCO x = 0.12. Several spectra with fittings for selected values of Q‖
from the (h, 0) scans are presented in figure 7.33.

The QE intensity is presented as a function of Q‖ from the scans along both directions,
namely along (h, 0) and (h, h). The CDW peak observed along (h, 0) is fitted to a Gaussian
peak on top of a polynomial background, similar to the polynomial background from the (h, h)
direction. The CDW peak is centred on QCDW = 0.23±0.01, and its intensity is approximately
10 times weaker than the CDW peak in the LSCO x = 0.12 sample measured at the same
temperature.
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Figure 7.34: Quasi-elastic intensity as a function of Q‖ in LSCO x = 0.16, along (h, 0) (in green)
and (h, h) (in blue), both fitted to a polynomial background, with an additional Gaussian peak
centred around Q‖ = 0.23 for the (h, 0) dataset.

So far, the CDW in LSCO had only been observed up to a doping x = 0.13 [16], and
with no sign of CDW in optimally doped x = 0.15 from XRD measurements [58]. In LBCO,
charge stripe order was measured in a large range of doping, up to x = 0.155 by 100 keV
XRD [191]. Recently, a CDW peak was also measured with RIXS in the overdoped cuprate
(Bi,Pb)2.12Sr1.88CuO6+δ, with hole doping p ' 0.215 [188]. The sensitivity of the RIXS signal
to the electronic states in the CuO2 planes specifically make the detection of CDW possible to
higher temperatures and dopings than measured so far.
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7.4.3 Electron-phonon coupling

The phonon dispersions determined from the RIXS and INS measurements at 30 K are combined
into the RIXS intensity map in figure 7.35 a). The two measurements for the bond-stretching
phonon, with the anomalous dispersion, are in good agreement, and the INS measurement allows
to map its dispersion at lower Q values compared to RIXS, towards the centre of the Brillouin
zone. Figure 7.35 b) shows the fitted intensity of the QE peak, with the CDW signal peaking
at δ = 0.236(1), as well as the high-energy phonon and low-energy phonon, corresponding to
the bond-stretching and bond-buckling modes, respectively. The intensity of the bond-buckling
phonons is very weakly decreasing towards the zone boundary, while the bond-stretching phonon
has a strong momentum dependence. The bond-stretching mode is more strongly coupled and
its intensity is more than double that of the bond-buckling mode at h = 0.45.

Figure 7.35: a) RIXS intensity map of LSCO x = 0.12 measured at 30 K at the I21 beamline,
with the dispersion of the bond-stretching phonon measured with INS and the two phonon
contributions from RIXS. b) Quasi-elastic, high-energy and low-energy phonon intensity as a
function of h.
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The bond-stretching phonon is stronger at the zone boundary than the zone centre, and from
theoretical considerations of the bare electron-phonon coupling, its RIXS intensity is expected
to grow as ∼ sin2 (πQ) [184]. The temperature dependence of the RIXS intensity of this phonon
is studied in more details, focusing on the I21 dataset where a larger reciprocal space region
was covered, with the phonon successfully fitted in the range 0.15 < h < 0.50. The intensity
of the half-breathing mode measured with RIXS is shown in figure 7.36 as a function of h, at
T = 12, 31, 80 and 300 K. The intensity is well fitted to the function A sin2(πh) + const. The
amplitude A(T ) decreases slowly with temperature as shown in the inset of figure 7.36. It is
stronger below Tc than at Tc, and is reduced by a factor ∼ 1.2 from Tc to 300 K.
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Figure 7.36: Cu-O bond-stretching phonon intensity as a function of h for LSCO x = 0.12
measured at the I21 beamline at 12, 31, 80 and 300 K. The intensity is fitted toA sin2(πh)+const.
Inset: Temperature dependence of the amplitude parameter A(T ).

7.5 Conclusion and Outlook

This chapter presented INS and RIXS measurements on underdoped x = 0.12 and overdoped
x = 0.16 LSCO. The Cu-O bond-stretching (half-breathing) phonon was measured with INS
in LSCO x = 0.12 at Tc. It exhibits a pronounced dip in the dispersion, broader than that
measured in surrounding dopings x = 0.10 and 0.15. This dip is non-existent at further dopings,
and strongest at x = 0.12 where the CDW is also strongest, suggesting a coupling of this phonon
to the charge order in the CuO2 planes.

High-resolution RIXS measurements were performed over a large range of temperature on
LSCO x = 0.12 and x = 0.16 during beamtimes at I21 (DLS) and ID32 (ESRF). These high-
resolution measurements, combined with the INS measurements and theoretical predictions of
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the strongly coupled phonons that can be detected with RIXS, allowed the separation of the
contributions from the Cu-O bond-stretching phonon (70 − 85 meV) and the bond-buckling
modes (30 − 40 meV). These are coupled to the CuO electrons via bond deformation and
electrostatically, respectively. The half-breathing mode, with anomalous dispersion, is more
strongly coupled and the intensity of the electron-phonon coupling is well fitted to a dependence
of the form A sin2(πh)+const. The amplitude A(T ) decreases with temperature, and is reduced
by a factor ∼ 1.2 from Tc to 300 K.

The CDW signal was measured in a large range of temperature, from below Tc to 300 K.
No significant shift in QCDW with temperature was observed. The CDW correlation lengths
decrease with temperature. From the measurements at I21, the CDW intensity increases below
Tc, in agreement with [189], but the disparity in different measurements below Tc could be
explained by the splitting of the peak in k-space. Above Tc, the temperature dependence of the
CDW matches previous measurements. Additionally, a CDW signal was measured at 150 K,
higher than previously measured, and higher than the pseudogap onset temperature T ∗ = 120 K
in LSCO x = 0.12. A CDW signal was also detected in LSCO x = 0.16 at 30 K, approximately
10 times weaker than in LSCO x = 0.12 at the same temperature. A more detailed temperature
dependence would be interesting for further studies.

The enhanced sensitivity to the electronic states of the CuO2 planes with the RIXS pro-
cess allows the measurements of very weak ordering. Apart from overdoped LSCO, a CDW
signal was also measured with RIXS in (Bi,Pb)2.12Sr1.88CuO6+δ at a doping p ' 0.215 [188].
The potential of studying electron-phonon coupling in the cuprates with RIXS is an exciting
prospect. The upgrades of the RIXS beamlines towards higher energy resolution and higher
flux would allow faster and more precise measurements of the different phonon contributions.
Very recently, a paper was published on the arXiv, studying the electron-phonon coupling from
high energy resolution RIXS measurements on Nd1+xBa2−xCu3O7−δ [192]. These also showed
distinct contributions from the Cu-O bond-stretching and bond-buckling modes. The coupling
of the bond-buckling phonon mode, quite weak in LSCO, and which is believed to lead to higher
Tc [183], could be studied in YBCO for example or other cuprates with higher Tc.
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Conclusion

This thesis presented measurements on three cuprate superconductors, Nd2−xCexCuO4+δ

(NCCO), YBa2Cu3O6+δ (YBCO) and La2−xSrxCuO4 (LSCO). The studies focused on the
charge density wave (CDW), with the main objective being the study of the CDW in more
detail in these materials, to gain a better understanding of its interplay with other phases. For
NCCO, as presented in chapter 5, this involved the growth of single crystals using an image
furnace, and a hard x-ray diffraction (XRD) experiment to measure the CDW in NCCO. For
YBCO, in chapter 6, the design of a mechanical uniaxial pressure device was presented and
subsequently used to understand the competition between superconductivity and CDW, with
AC susceptibility measurements and hard XRD experiments. In LSCO, as discussed in chapter
7, a combination of inelastic neutron scattering (INS) and resonant inelastic x-ray scattering
(RIXS) measurements were used to study the CDW excitations, the anomalous behaviour of the
Cu-O bond-stretching phonon and the momentum and temperature dependence of the related
electron-phonon coupling. Individual conclusions have been presented in each chapters and a
more general conclusion is drawn here.

The superconductivity in electron-doped cuprates is much weaker than in the hole-doped,
and the AF correlations much stronger, leading to a pseudogap opening around (π/2, π/2).
The hole-doped cuprates typically have higher Tc values, a smaller AF region, and a pseudogap
around (π, 0), whose origin is not fully understood. Despite differences, the electron-doped
NCCO and hole-doped LSCO have many common features. Their crystallographic structure is
very similar, they both have relatively low maximal Tc (< 40 K), and the CDW is quite similar
in terms of the periodicity of the modulations and the correlation lengths. The temperature
and doping dependence of the CDW in electron-doped was thought to be much more extended
than in the hole-doped. But the measurements in this work, as well as other recent RIXS
measurements in cuprates [188, 192], reveal that the CDW order is also present above the
pseudogap onset temperature T ∗ and in the overdoped region of hole-doped cuprates.

The competition between CDW and superconductivity is not clear in LSCO and NCCO
but is well established in YBCO. Uniaxial pressure is an interesting tuning parameter to study
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Chapter 8. Conclusion

the different phases in the cuprates, and YBCO, with two CuO2 planes per unit cell and CuO
chains, has a strongly anisotropic response to the application of uniaxial pressure. The results
from chapter 6, as well as results from [170], seem to highlight a more complex interplay between
superconductivity and the CDW.

Further improvements to the energy-resolution and flux at RIXS beamlines promise exciting
new discoveries in the cuprates. With the extreme sensitivity to the electronic states of the CuO2

planes, direct measurements of weak CDW modulations are possible, and the understanding
of the extent of the CDW order in the cuprates will most likely be reevaluated. INS is a very
powerful tool to study the phonon dispersions with excellent energy resolutions. Combined with
RIXS, it allows to study the momentum and temperature dependence of the phonon coupling
to the electrons in the CuO2 planes. The phonon coupling to the CDW and the possible links
between strong electron-phonon coupling and higher Tc are still to be investigated in more
detail.
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