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Abstract

This thesis is present a collection of three experimental research papers in the field of

high temperature superconductivity.

We report the successful growth of a large (Ca,Lai—5)(Baj 75—, La 0.2542)Cuz O, (CLBLCO)
single crystal. In this material, x controls the maximum of 7, (7:"®), with minimal
structural changes. Therefore, it allows a search for correlations between material prop-
erties and T)"**. We demonstrate that the crystals cleave well enough for Raman scat-
tering, ARPES and recently resonant inelastic x-ray scattering (RIXS), and has opened

new possibilities for cuprate research.

We also present ARPES data from CLBLCO. We find that the surface doping is in-
dependent of the bulk doping or the Ca to Ba ratio. We also demonstrate that the
gap can be measured in this system. The hopping parameter t is larger for x = 0.4
than for z = 0.1 in the overdoped sides. This suggests that 7" is correlated with

electron-orbital overlaps on neighboring sites.

In addition, we investigated the newly discovered nodal gap in hole doped cuprates
using a single crystal of antiferromagnetic Lag_,Sr,CuOy4. We performed angle resolved
photoemission spectroscopy measurements as a function of temperature a nodal gap
bellow 45 K. SR measurements ensured that the sample is indeed antiferromagnetic
and that its doping is x = 1.92%, which is below the spin glass phase boundary. We
also performed neutron diffraction measurements and determined the thermal evolution
of the commensurate and incommensurate magnetic order. Our major finding is that a
nodal gap opens at a temperature well below the commensurate ordering at 140 K, and

close to the incommensurate spin density wave ordering temperature of 30 K.
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Chapter 1

Preface

1.1 High-7, Superconductivity

The nature of correlated electron system has presented one of the greatest challenges
in condensed matter physics, owing to the strong interactions between electrons. The
hallmark subject of the past thirty years has been the complete understanding of the
mechanism of high-T, superconductivity (HTSC). While the metallic superconductors
were successfully understood withing the framework of Bardeen-Cooper-Schrieffer (BCS)
theory [1], there is no one successful description for HTSC to date, despite the enor-
mous number of studies performed to understand its mechanism. HTSC in copper oxides
(Cuprates) was discovered in 1986 [2] by Bednorz and Miiller. They found supercon-
ductivity in the Lag_,Ba,CuO4 (LBCO) compound, were a superconducting transition
occurred at T, = 30 K. For comparison, They record until then was about 20 K. Soon
after, the Lag_,Sr,CuQOy (LSCO) compound was discovered, pushing superconductiv-
ity up to 38 K. The record 7, was broken one year later with the discovery of the
YBazCu3zOr4, (YBCO) system having a transition temperature of 91 K [3]. Since then,
many high-T, compounds with even higher transition temperatures have been found.

For Mercury based cuprates T, can reach up to 164 K under high external pressure [4].

The common feature of all high-T. cuprates is the layered perovskite crystal structure,
consisting of CuQOs planes separated by insulating block layers. Figure 1.1 illustrates a
typical CuOg plane. The block layers play a role of a charge reservoir. When replacing

or adding ions in the block layers, charge is withdrawn from the CuOs planes and
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FiGURE 1.1: Illustration of the Cu-O plane

leaves holes on the copper sites, effectively doping the CuOq planes. In practice, hole
doping of the planes is achieved in two ways. The first method is by changing the total
amount oxygen in the unit cell, which draws charge from the copper sites, as in the
YBCO or Bismuth-based cuprates. The second method is by substituting cations in the
block layers, with cations which has different oxidation levels. For example, in LSCO
the La™? ion is replaced with Sr*2. In contrast to the CuO, planes, the block layers
are insulating, and have no impact on the low energy electronic states. On the other
hand, the CuOs planes mainly contribute to the energy states close to the Fermi level
(Ef¢) which dominate the low energy physics of the system, thus setting the stage for

superconductivity.

1.2 The Phase Diagram of cuprates

The physical properties of cuprates change drastically with hole (or electron) doping
of the CuO» planes. A rich phase diagram, with exotic properties has been discovered
as the doping = and the temperature T are changed [5]. Figure 1.2 illustrates the
phase diagram of hole-doped cuprates as a function of doping. The undpoped parent
compounds of cuprates (hole concentration x = 0), have a Mott insulator phase, with
along range anti-ferromagnetic (AFM) order, and a Néel temperature (Tx) of around
300 K. As the hole concentration increases, the system loses long range magnetic order,

while Ty is decreased sharply, until it completely vanishes at * = 0.02. For doping
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beyond z = 0.02, for low enough temperatures, the system can either develop a spin-
glass phase, which coexists with superconductivity up to z = 0.08 [6] (as in LSCO) or

immediately enter into a superconducting phase (as in YBCO).

Superconductivity in the cuprates extend between 0.05 < z < 0.27. The supercon-
ducting transition temperature increases with x for underdoped” samples, achieving a
maximum 7T, at = 0.16. This is referred to as optimal doping. After this point further
doping results in a T, reduction. This is the ”overdoped” side of the phase diagram. The
results in the renowned ”superconducting dome” in which cuprates exhibit zero resis-
tance and a Meissner effect as in conventional superconductors. However, Phase sensitive
experimental techniques, such as angle resolved photoemission spectroscopy (ARPES),
clearly showed that at optimally and overdoped samples, the momentum dependence of
the gap function has a d-wave symmetry, i.e 2A (k) = Ag(cos (k;) —cos (ky)), in contrast

to BCS superconductors in which the gap has an s-wave symmetry.

T(K)

300

N /
Al /
225 4 b 4
\ Strange Metal /
\ 4
\ /
150 /
Pseudogap Fermi Liquid
75

Superconductor

1 T I I

0.05 0.1 0.15 0.2 0.25

FIGURE 1.2: The generic phase diagram of high-T, cuprates

While overdoped cuprates behave as a normal metal above Tc, underdoped samples
in the normal state show behaviors strongly deviated from the standard Fermi-liquid
behavior. An example for the anomalous behavior is observed in the temperature de-

pendence of the resistivity. While Fermi-liquid theory predicts that the temperature
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dependence of the resistivity, p, should be given by p = pg + AT?, an optimally doped
x ~ 0.15 sample shows a robust T-linear dependence, p = pg+ AT, in a wide temperature
range [7]. This unconventional behavior has been widely observed, for many families of
high-T. cuprates near optimal doping. This region of the phase diagram is referred to as
the “Strange Metal”phase. .In the underdoped region, the resistivity exhibits insulating

behavior at low temperatures, in the form of logarithmic temperature dependence.

In overdoped cuprates, the SC energy gap vanishes above T, along the entire Fermi
surface, from (7,0)-(0,7). In the underdoped cuprates however, the energy gap does
not vanish above T, and is persistent up to a higher temperature (T*). This energy gap
is referred the Pseudogap (PG). Signatures of PG has been observed with experimental
techniques such as nuclear magnetic resonance (NMR), optical conductivity, Tunneling
and resistivity ([8]). The ungaped part of the Fermi surface (FS) is called the Fermi arc.
ARPES measurements revealed the ”Fermi arc” is centered around the (7, 7), and that

the its length scales to T'/T* [9].

The underlying mechanism of the pseudogap remains a subject of great debate in the
field of high-T. cuprates. On one hand, the pseudogap can be interpreted as a precursor
of superconductivity in which Cooper pairs are formed without long range order of the
superconducting order parameter. On the other hand, the pseudogap can be interpreted
as a result of other competing orders unrelated to superconductivity, in the form of a
spin or charge density wave, which competes with superconductivity[10, 11]. Moreover,
an additional gap in the (7, 7) direction (nodal gap) has been observed in underdoped
cuprates, such as LSCO, Bi2212 and Bi2201, extending deep into the antiferromagnetic
phase [12-14]. .The origin of the nodal gap is extensively discussed the thesis as a
published paper.

1.3 The CaXLa1_XBa1_75_XLa0.25+XCU3Oy (CLBLCO) System

The CayLaji_xBaj 75-xLag254xCu3Oy (CLBLCO) system is a cuprate superconductor,
synthesized at the Technion [15], which provides a unique ”experimental playground”
and might shed light on the mechanism of superconductivity in the cuprates. CLBLCO
crystal structure is similarly to YBagCu3Og4,. Nevertheless, unlike YBCO, CLBLCO is

tetragonal for all values of x and y and has no chain ordering. In addition CLBLCO has
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two tunable parameters; x, the amount Ca-to-Ba ratio and y, the total of oxygen doping.
The crystal structure of CLBLCO is shown in 1.3. In CLBLCO there are two CuOq
planes, in the center of the unit cell, separated by a Calcium or Lanthanum cation [16,
17]. As the physical properties of CLBLCO strongly depends on both variables, clear
systematic changes appear by varying x. Four families of CLBLCO can be defined, with
x values of x = 0.1,0.2,0.3 and 0.4. Although, Each CLBLCO family has a different

phase diagram, they share a common origin as will be discussed in the next paragraph.

FIGURE 1.3: The unit cell of CLBLCO

The phase diagram of CLBLCO for various values of z and y is presented in Fig. 1.4(a)
[18]. When varying z, the amount of Lanthanum in the chemical formula remains
constant, and therefore x stands for the Calcium-to-Barium ratio. The parameter y
controls the oxygen level and moves the system between the different phases. At around
y = 7.15 each family has its maximum 7T, [T)"**]. Changing = from 0.1 to 0.4 varies
T from 58 K to 80 K [17]; roughly a 30% increase. The variation T."** between

families of CLBLCO is achieved with minute structural changes.
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The level of disorder in the CLBLCO system has been investigated by several experi-
mental techniques. The most direct measurement was done by High resolution powder
x-ray diffraction (HRPXRD) studies [19]. It was found that Line widths of the (006)
and (200) Bragg peaks and the isotropic atomic displacement factor for the Ba/La site,
for the optimally doped CLBLCO, slightly increases as x increases. This indicates that
disorder is increased, mainly on the Ba site, as more Ca introduced into the system.

This, anticipated results, of course cannot explain the increase in Tc as x increases.

A clearer result was obtained by Raman spectroscopy which show that the most pro-
nounced phonon peak at 300cm ™! is in fact narrower for the z = 0.1 than for the z = 0.4
families. The width of this phonon is a measure of the phonon coherence length. The
cleaner the material the longer is this length and the narrow is the peak [20]. The Ra-
man scattering measurement indicates that despite its lower Tc, the x = 0.1 is cleaner.
Finally, NMR on Cu [21], O [18], and Ca [22], show that the line width of all nuclei are
the same for both families. The NMR line width is a measure of the local distortions and
magnetic impurities next to the detected nuclei. Identical line widths means a similar

local environment for both families.

Therefore, a priori, T.*** should not depend on x. However, increasing x increases the
amount of the Ca?* in the Y site of YBCO at the expense of La®*. This charge transfer
is equivalent to reducing positive charge on the (YBCO) Y site and increasing it on the
(YBCO) Ba site, and could alter the Cu-O-Cu buckling angle. High resolution neutron
diffraction has shown that as z is increased, the Cu-O-Cu bond becomes straighter and
shorter [23], while other structural properties remain intact [21]. The bond length and
buckling are the major factors that control orbital overlap and, in turn, Fermi velocity

and the super-exchange J.
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FIGURE 1.4: (a) The phase diagram of CLBLCO showing the Néel (T ),glass (Tj;) and

superconducting (7.) temperatures over the full doping range for the four families. yy

indicates the oxygen level where Ty start to drop. (b) The unified phase diagram of

CLBLCO. The critical temperatures, and J extracted from Ty, are divided by T;"** and

plotted as a function of doping variation in the oxygen orbital An,_. Inset: Normalized

resistivity and susceptibility as a function of T" obtained from an optimally doped crystal
with z = 0.1.

For example, early muon spin rotation (uSR) measurements using compressed CLBLCO
powder samples in the anti-ferromagnetic phase, combined with theoretical calculations,
revealed that J is z-dependent, as expected, and that 7.7**(x) oc J(x) [24]. Similarly,
NMR. established that simple valence counting does not represent the true doping of
the CuOq planes and that a doping efficiency parameter K(z) should be introduced;

the number of holes in the oxygen 2p, orbital is given by Ang, = K(z)(y — yn) where
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yn is defined in Fig. 1.2(a) [18]. The most striking feature of the CLBLCO system
is revealed, when plotting J(x), Ty, and T, normalized by T;"*(z) as a function of
Angy,. All critical temperature and critical doping are scaled and unified phase diagram

is appears, as depicted in Fig. 1.4(b) [18, 24].

1.4 The Lay ,Sr,Cu0O, (LSCO) system

The crystal structure of the Las_,Sr,CuO4 (LSCO) system is shown in Fig.1.5. The
insulating block layer of LSCO is a double La-O, which play the role of a charge reservoir.
The La-O layers are ionic and do not contribute to the low-energy electronic states (~ 1
eV). When replacing La™ with Sr*2, charge is withdrawn from the CuOs effectively
serving as a dopant. Out of all high T cuprates, LSCO has the simplest crystal structure
which making it advantageous for studying the CuOs planes. In addition, The block layer
has neither the Cu-O chains which affect the CuOs plane of YBCO, nor the complicated

structural modulation present in the block layer of Bi2212.

13.18A

C=

o
a=3.78 A

FIGURE 1.5: The crystalline structure of La;_,Sr,CuOy4. (adapted from [25])

The phase diagram of LSCO is the generic one of all cuprates (described in 1.2) rang-
ing from the antiferromagnetic Mott insulator, through a spin-glass phase, down to
superconductivity. However, on the superconducting dome, a slight suppression of T\
is present, around the x = 1/8 hole concentration (so-called 1/8 anomaly). This sup-

pression of T. is more pronounced in related materials such as Las_,Ba,CuO4 and
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Laj 6—4Ndg.4Sr,CuOy4 at equal hole doping. Inelastic neutron scattering (INS) revealed
dynamical incommensurate spin and charge fluctuations in LSCO at the "magic doping
and throughout the underdoped region. It was proposed by Tranquada et al. [26] that
the static spin and charge order in LSCO has a form of stripes while the suppression of

T, is a result of stripe order which is stabilized by at a hole concentration of x = 1/8.

1.5 Motivation

While the work presented in the previous section deliver important understanding of
the CLBLCO system, pSR is not known to be a direct probe of J and more profound
work was needed to clarify the relation between the superconducting and magnetic
energy scales. Inelastic neutron and Raman scattering are more appropriate for a direct
determination of J. Moreover one can relate the super-exchange to the nearest neighbor
hopping term t which can be extracted from ARPES measurements. These advanced
measurements require large single crystals with specific orientation and high quality
surfaces. To achieve this goal the first step was to produce single crystals as well as to

do a complete characterization of their physical properties.

In addition, during the process of learning crystal growth, I prepared single crystals
of LSCO. Meanwhile, a new phenomenon was discovered in cuprates, where an energy
gap appears along the Fermi surface diagonal. Being able to grow my own crystals, I
prepared a crystal with a very specific composition in order to study the newly discovered
"nodal gap” with ARPES and understand its relation to magnetism employing neutron

scattering and pSR.



Chapter 2

Experimental Methods

2.1 Traveling Floating Zone Technique

Crystal growth using the traveling floating zone technique (TFZ) has been extensively
used to grow a variety of bulk crystals. Especially, crystals of metal oxides, such as
the high-T, cuprates. Large, high quality single crystal enables more reliable measure-
ment of physical properties. In particular, when employing surface sensitive or direction
dependent techniques. The TFZ method became very popular for growth of high T,
cuprates research, mainly because the cuprates melt incongruently. Namely, after melt-
ing, cuprates decompose into other phases upon solidification. Therefore, crystal growth
methods which rely on crystallization from self melt, are rendered useless for cuprates.
A solution to this problem, is ”solution growth” which have been developed to grow
crystals of cuprates.The TFZ is a solution growth method, which also allows a high

degree of control over the crystal growth process.[27]

2.1.1 The Image furnace

The basic concepts of an image furnace is the focusing of light, produced by high intensity
xenon lamps by ellipsoidal or parabolic mirrors into a small volume of space (~ 1 cm?).
A pressed polycrystalline feed rod is fed into the hot zone where the focused power
creates a liquid molten zone. Figure 2.1 presents a schematic view of the image furnace
core makeup of the furnace. The feed and seed rods are set within a quartz tube,
where they are mounted on vertical shafts which can be rotated at variable speeds

10
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FIGURE 2.1: The inner core parts of the floating zone image furnace.

in different directions . The quartz tube allows crystal growth under either high gas
pressure atmosphere of Argon, Nitrogen Oxygen, or vacuum if required. The top and
bottom of the rods are placed at the common focal point (hot zone), where temperatures
up to 3000°C could be achieved. The maximum temperature depends mainly on the
sample absorption, lamp power, pressure and atmosphere. The rods are meted and fused
together by a molten zone. By raising the mirrors, the hot zone is passed trough the
feed rod at a certain speed which determines the crystallization rate. Upon exiting the
hot zone, The melt is solidified at the bottom of the seed rod producing a single crystal.

An example of this process is shown in Fig 2.2.

2.1.2 Key Process Parameters in Crystal Growth

For successful growing crystals with TFZ method, one must control a vast range of
growth conditions. Nonetheless there are some parameters which play a more significant
role than others. There are four key parameters for crystal growth: A high quality feed
rod, the Crystallization rate or ”growth speed”, atmosphere and the temperature at the

molten zone.

High quality feed rod

The preparation of a feed rod is the initial stage of crystal growth using the TFZ method.
For feed rods made from compacted powder, as most metal oxides do, excess porosity can

undermine the stability of the molten zone due to liquid penetrating into the feed rod.
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This is attributed to the capillary effect in which the melt is partially absorbed by the
cavities between the fine particles in the feed rod. For most materials, the porosity can
be reduced by either increasing the pressure at which the rod is compacted or sintering
the feed rod at temperatures near its melting point prior to loading it to the image
furnace. Therefore a uniform feed rod should be as close as possible to final crystal
density, have a constant diameter and homogeneous composition. These factors are

critical in order to achieve a stable molten zone for growing high quality single crystals.

FIGURE 2.2: (LH) The floating zone furnace at work. (RH)Feed and seed rod are
connected with a molten zone in between during crystal growth.

Crystallization rate (growth speed)

The growth speed or crystallization rate is unarguably one of the most critical parameter
governing crystal quality when using the floating zone technique. Crystallization rate
can strongly vary from 240 mm/h (GaAs) to 0.05 mm/h (Bi-based superconductors).It
has been widely reported that changing growth speed can affect the grown crystal in
terms of size, formation of bubbles, cracks, chemical composition, crystal alignment,
twin formation and has a great influence on the solid-liquid interface and molten zone
stability. The growth rate is mainly restricted by the slow solution diffusion process at
the solid-liquid interface boundary, thus the typical growth rate required for optimal
crystal quality depends on whether materials melt congruently or incongruently. For
congruently melting materials, the molten zone and feed rod have equal composition,
thus crystallization process is less limited by slow diffusion processes and relatively

higher growth speed can be achieved. As for incongruently melting material, the melt
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composition differs from the original solid. Consequently, the compositional differences
between the liquid and solid require solution diffusion at the solid-liquid interface, which

is a significantly slower process, greatly reducing the crystal growth speed.

Growth atmosphere and gas pressure

Both atmosphere and gas pressure are crucial parameters when growing crystal in the
TFZ method and play a key role in successful crystal growth. Both parameters are fairly
easily controlled during the process, by selecting the right gas mixture coming in, and the
desire pressure leaving the quartz tube. The main reason quoted for growing in higher
than atmospheric pressure is to reduce the vaporization of volatile components from the
sample. Reduction of evaporation losses is advantageous for the growth stoichiometric
single crystals. The atmosphere can greatly differ composition between different ma-
terials. Typically for oxides, the atmosphere must contain Oxygen, anywhere between

0.01 — 10%, usually mixed with and inert gas such as Argon.

Lamp power and the temperature of the molten zone

The ”right” power level depends mainly on the chemical properties of the grown material,
but is also affected by factors such as gas content and pressure, growth rate ,density and
diameter of the feed rod ,Jamp focus and the temperature gradient around the molten
zone. For incongruently melting materials it is extremely important to adjust the power
level according to the material’s phase diagram, which must remain constant when the
right molten zone composition is achieved. Failing to fulfill this condition will result in

either secondary phases or completely wrong chemical composition of the grown crystal.
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2.2 Moun Spin Rotation (uSR)

Muon spin rotation, relaxation or resonance (uSR) is an experimental technique used for
studying magnetic properties in condensed matter physics. This technique can directly
measure the time dependence of the muons spin, after injecting it into the sample. With,
1SR, static magnetic fields in the range of 107> — 1 Tesla or magnetic field fluctuations
on the time scale of 1073 — 107!! sec can be detected. Muons are short-lived subatomic

particle of the lepton family with an electric charge (e™ or e™) and spin 1/2.

2.2.1 Principle of uSR

The production of muons is achieved by using high energy proton beams produced in

cyclotrons. The protons are fired ontos a target to produce pions via

p+p—7+p+n

and then decay into muons via

ot

T
The decaying pions live on the target surface and have zero momentum, so the outgoing
moun and neutrino leave with opposite momenta. The pions are spin-less particles, thus
by angular momentum conservation the muon and neutrino must have opposite spins.
The neutrino have a definite chirality so its spin must always be aligned or anti-aligned
with its momentum, implying that the muons produced in this process must be 100%
spins polarized. The muons are transported through the beam-line using a system of
magnets, that conserve spin polarization. They hit the sample with an energy of 4MeV,
where they lose their energy via scattering processes which has no effect on the muon’s

spin (usually Coulombic), leaving the spins polarized in a certain direction.

In the presence of external or internal magnetic field the muon spin begins rotation with
an angular frequency of w,, = 7, B, where 7, the gyro-magnetic ratio is 1.355MHz/Tesla.

The life time of the muon is 7, = 2.2us, it decays in a three body process
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FI1GURE 2.3: The angular distribution of emitted positrons.

,u+—>e++ye+y_e

This means that when placed in magnetic fields of few Tesla, typical for magnetically
ordered materials, the muon spin will complete several revolution before decaying into
a positron. The angular distribution of the emitted positrons is shown in Fig 2.3. The
decay involves the weak interaction which violates parity, and leads to the positron being
emitted preferentially along the direction of the muons spin after it decays. This effect

allows one to measure the polarization of precessing muons.

2.2.2 The uSR experiment

A schematic diagram basics concept of a uSR experiment is shown in Figure 2.4. Once a
muon is implanted in the sample, a clock start running and stops only when a positron is
detected, using an array of plastic scintillators connected photo-multipliers surrounding
the sample. In the simplest setup we have two detectors, the detector in the incident
direction of the muon named the ”forward” (denoted as F in the sketch) detector and

the "backward” detector in the opposite (B in the sketch) direction.
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FIGURE 2.4: The Schematics of the uSR experiment.

In principle there could be up to six detector including, the right, left, top and bottom

directions. A histogram of decay times is collected from each detector (Np and Np).

The number of positrons detected in all the detectors decays exponentially with time,

but if the muon ”feel” a magnetic field the histogram will oscillate with the frequency

wy. The muon polarization can be extracted from the normalized difference between the

histograms of the forward and backward detectors.

S
T
=

A(t) = 5 ()

Np (t) + N (t)

A(t) is known as the asymmetry. It contains information about the local magnetic

environment in materials, and is usually measured as a function of temperature. When

uSR can be performed with no external field, the muon will precess and reveal the

internal field distribution, this is known as Zero Field SR ( ZF-pSR) and it is useful in

research of ferromagnets, anti-ferromagnets and spin-glasses. uSR. can be also carried

out when applying an external magnetic field. There are two different configurations for

1SR in external field: longitudinal field uSR, in which the initial muon spin polarization
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is parallel to the applied field direction and transverse field SR, in which the initial

muon spin polarization is perpendicular to the applied field direction.

2.3 Neutron Scattering

Neutron scattering is a versatile technique, which is particularly well suited to studying
strongly correlated electron systems. This is due in large part, to the basic properties of
neutrons, combined with technology that allows production and delivery of high neutron
fluxes, combined with instrumentation designed specially for the study of condensed
matter systems. The de-Broglie wave length of thermal neutron is in the order of inter-
atomic distances (4 A) allowing diffraction measurement possible to study the structure
of solids. Moreover, the energy spectrum of thermal neutrons is in the same order
of many condensed matter excitations (phonons, magnons, etc.). Inelastic scattering
processes which excite the system, have a large relative shift in the neutron energies,

and so are an accurate method of measuring the excitation spectrum of a system.

Neutrons has several advantages over x-rays which are similarly used in condensed mat-
ter. First, neutrons have a magnetic moment, thus can interact with the dipole moments
of electrons and ions, allowing neutron scattering to directly probe the magnetic order,
as well as excitations in condensed matter systems. In addition, the probability to scat-
ter an x-ray photon of an atom, is proportional to the number of electrons, while neutron
scattering amplitude form atom varies randomly across the periodic table. Therefore,
neutrons are able to ”see” light atoms, oxygen for example, in compounds which also
contain heavy atoms. Finally, neutrons scatter weakly, allowing them to penetrate sev-
eral centimeters into the sample serving more as a bulk probe, in contrast to x-ray which
serves as more surface sensitive techniques. This can also be a disadvantage as it requires

large crystals in order to obtain statistically sound results.

2.3.1 Elastic Neutron Scattering

The principle aim of a neutron scattering experiment is to determine the probability of
a neutron, which is incident on the sample with an initial wave-vector k;, to be scattered

into a final state with a wave-vector k. The angle between k; and ky is often labeled as
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26. The intensity of scattered neutrons is measured as a function of momentum transfer

to the sample, hQ, where Q is known as the scattering vector and is defined as

Q= (ki —ky) (2.1)

The corresponding energy transfer is given by

2

hw = 2% (k7 — k) (2.2)
The three vectors (k;,ky, Q) together form the scattering triangle which is shown in
Fig. 2.5. Eqgs 2.1 and 2.2 describe the momentum and energy conservation of a neutron
scattering process, respectively. For k; = ky we have hw = 0, i.e, elastic scattering. In
the case of, Q = G, where G is a reciprocal lattice vector, we satisfy the condition known
as Bragg’s law (coherent elastic scattering). If Q does not coincide with a reciprocal
lattice vector G and fw # 0, the neutron scatters inelastically. For inelastic processes,
the scattering vector can be decomposed according to Q = G +q. where q is the wave

vector of an elementary excitation. Neutron scattering turns out to be the most precise

technique for measuring the dispersion relation hw(q) across the reciprocal space.

dQ

Q Scattering
Triangle

FI1GURE 2.5: Schematic diagram of the geometry of a neutron scattering experiment.

Incident neutrons with wave-vector k; are scattered by the sample into a final state k.

The scattering triangle defines the scattering wave-vector Q = k; — ky. d€) is the unit
of solid angle subtended by the detector.
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2.3.2 Neutron Scattering cross-section

The neutron partial differential scattering cross-section corresponds to a number of neu-
trons scattered per unit time into a small solid angle df2, around the outgoing wave
vector k¢, with energy transfer between fuww and & (w + dw) divided by the flux of the
incident neutrons determined by the incoming wave vectorki. To obtain an expression
for the partial differential cross-section we consider the probability of transition of a
neutron-sample system from an initial sample state A; to a final sample state Ay. Since
the neutron scattering can be considered as a very weak process, the interaction poten-
tial between neutron and sample can be treated as a perturbation and Fermi golden rule
can be applied to calculate the transition probability. The theoretical expression for the
cross section, after summation of all possible initial and final sample state of the system,
and over all possible initial and final spin state, (o;,0¢) of the neutron can be written

as

0%c ke my \2
5005, = o (amz) 2 o 2 plorA V(@106 (B, = Ba — o) (2:)
¢ CiOf  ApAf

Where V(Q) is given by the Fourier transform of the neutron-system interaction poten-
tial V/(r):
V(Q) = /V (r)exp (iQ - r) d’r (2.4)

The scattering cross-section is therefore dependent on the type of interaction between
the neutron and the matter it scatters from, or in other words, the interaction potential
V(r)). The derivations of this potential and the corresponding scattering cross-sections

for different interactions are covered in depth by textbooks as Squires and others [28].



Chapter 2. Experimental Methods 20

2.4 Angle Resolved Photoemission Spectroscopy

The photoemission phenomena was discovered by H. Hertz in 1887 and then explained
by Einstein in 1905. The effect of photoemission refers to the fact that a metal exposed
to light will emit a current of electrons. Einstein gave his noble-winning relation for the

energetic balance of photoemission

Ey =hv — ¢ — |[Ep(k)| (2.5)

Where EJ is the kinetic energy of the emitted electron , hv is the photon energy, |Ep(k)

is the binding energy and ¢ is the work function of the material.

In Angle Resolved Photoemission Spectroscopy (ARPES) experiments, a photoemitted
electron current is collected as function of energies and angles. ARPES essentially
measures the probability to remove an electron with a specific energy and momentum

form a sample. The intensity I (k,w) is given by:

I(k,w)=1IoM (k) f (w) A(k,w) (2.6)

where M (k) is the matrix element of the electron-photon interaction, f (w) is the Fermi-
Dirac distribution and A (k,w) is the single electron spectral function. A (k,w) can be

related to the self-energy of the system ¥ = ¥/ + ¢37:

_1 = (k)
A ) = e T S )P+ 1 ()2

(2.7)

The spectral function A (k,w) holds full information about the electronic structure of
the sample, from the band-structure, to the deep core-level electrons and up to the Fermi
surface geometry. Any correlation gap, re-normalization of the dispersion, or interaction
with a phonon or magnon will be apparent in the spectral function. For non-interacting
systems, A (k,w) is consisted from a set of J-functions that define the electronic dis-
persion and band-structure of the material. In the presence of interactions, §-functions

are replaced by combination of an incoherent broad features and a sharp quasi-particle
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peak, ARPES, provides information about the electronic structure of materials in a

momentum-resolved manner.

Z A
2
Electron
analyzer
hv /et
y |
Ry
Sz ¢
X

Photoemission geometry

FIGURE 2.6: The geometry of the ARPES experiment. By measuring the angle of the
emitted electrons relative to the sample normal and to the detector axis, the momentum
of the electrons in the initial state can be calculated.

Because the electrons travel a macroscopic distance (~1m) before entering the ana-
lyzer they can be treated as free electrons. In the free electron-approximation the total

momentum of a photoemitted electron is given by

pl = V22 28)

On the sample surface, the parallel component of the electron momentum is required to
be conserved. So for electrons which are transmitted through the surface the parallel

momentum is:

V2B
% sin 6 (2.9)

[y = Iy + Gy | =
where G is a reciprocal lattice vector, k is the crystal momentum in first Brillouin zone
and 6 is the angle between the outgoing electron and normal to the surface (see Fig. 2.6).
Therefore, by knowing the takeoff angles of the electron relative to the crystal axes and
the detector (see Fig. 2.6), the momentum wavevector of the out coming photoelectron

can be calculated. From momentum conservation, the initial state momentum of the
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electrons can be calculated. Figure 2.7 demonstrates simulated raw ARPES data. The
data can be interpreted as Lorentzians in k and E around k| and ¢ (kH)) which is fol-
lowing the bulk electronic dispersion relation. The width of Lorentzians is proportional

to the life time and correlation length or mean-free path of the quasi-particles.

ho (meV)

FIGURE 2.7: An illustration of the data recorded in an ARPES experiment along a

nodal cut, in the (7, 7) direction. A ridge made of Lorentzian around k| and E (kj))

following the dispersion relation calculated using a Tight Binding model, with quasi-
particle peak close to Ey.
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Abstract We report the successful growth of a large
(CacLa;_y)(Baj.75-xLagp254x)CuzO, (CLBLCO) single
crystal. In this material, x controls the maximum of 7,
(T™*), with minimal structural changes. Therefore, it al-
lows a search for correlations between material properties
and 7;"**. We demonstrate that the crystals are good enough
for neutron scattering and cleave well enough for Raman
scattering. These results open new possibilities for cuprate
research.

Keywords Crystal growth - Superconductivity -
Magnetism

Although high quality single crystals of cuprate supercon-
ductors have been available for quite some time, compar-
ing the properties of different crystals often raised more
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questions than answers. The main problem is that many
parameters differ between various cuprates simultaneously,
and it is difficult to understand which material property
is responsible for which physical property. A proper un-
derstanding of cuprate superconductivity can emerge only
when it is possible to vary the material parameters one
at a time preferably in single crystals. Here, we describe
the growth and characterization of large single crystals of
a (CayLaj—y)(Baj.75—xLag.25+.)Cu3zOy (CLBLCO) super-
conductor, in which it was previously demonstrated that the
variable x changes only the Cu—O—Cu buckling angle and
bond distance, and hence the super-exchange [1]. We also
demonstrate that experiments such as neutron scattering, Ra-
man scattering, and more can be performed on these crys-
tals.

The phase diagram of CLBLCO for various values of
x and y is presented in Fig. 1(a) [2]. When varying x, the
amount of Lanthanum in the chemical formula remains con-
stant and, therefore, x stands for the Calcium-to-Barium ra-
tio. The parameter y controls the oxygen level and moves the
system between the different phases. At around y = 7.15,
each family has its maximum 7, [T/"**]. Changing x from
0.1 to 0.4 varies 7™ from 58 K to 80 K [3, 4]; roughly
a 30 % increase. This T/ variation is achieved with no
apparent structural changes.

All CLBLCO compounds have YBCO-like structure
with two CuO; planes and two disordered “chain” layers
per unit cell. The symmetry is tetragonal for all values of x
and y [5]. The level of disorder is also similar for all fam-
ilies [6]. Therefore, a priori, there is no reason for 7"** to
depend on x. However, increasing x increases the amount of
the Ca?* in the Y site of YBCO at the expense of La>*. This
charge transfer is equivalent to reducing the positive charge
on the (YBCO) Y site and increasing it on the (YBCO)
Ba site, and could alter the Cu—O—Cu buckling angle. In-

@ Springer
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Fig. 1 (a) The phase diagram of CLBLCO showing the Néel (Ty),
glass (T,) and superconducting (7;) temperatures over the full doping
range for the four families. yy indicates the oxygen level where Ty
start to drop. (b) The unified phase diagram of CLBLCO. The criti-
cal temperatures, and J extracted from Ty, are divided by T/ and
plotted as a function of doping variation in the oxygen orbital An

deed, it was found by high resolution neutron diffraction
that as x increases the Cu—O—-Cu bond becomes shorter and
straighter [1], while other structural properties remain in-
tact [6]. The bond length and buckling are the major factors
that control the orbital overlap and, in turn, the hopping pa-
rameter ¢ or the super-exchange J. Thus, the newly grown
CLBLCO crystal can shed new light on the impact of 7 or J
on properties such as: 7%, the structure of the Fermi sur-
face, the magnetic resonance, the size of the gap/pseudogap,
and more.

For example, early muon spin rotation (uSR) measure-
ments using compressed CLBLCO powder samples in the
anti-ferromagnetic phase, combined with theoretical calcu-
lations, revealed that J is x-dependent, as expected, and
that 7" (x) oc J(x) [7]. Similarly, NMR established that
simple valence counting does not represent the true doping
of the CuO» planes and that a doping efficiency parameter
K (x) should be introduced; the number of holes in the oxy-
gen 2p, orbital is given by Anj, = K (x)(y —yn) where yy
is defined in Fig. 1(a) [2]. Interestingly, when plotting J (x),
T, and T, normalized by 7;"**(x) as a function of An, a
unified phase diagram is generated, as depicted in Fig. 1(b)
[2,7].

@ Springer

Fig. 2 (Top) Laue diffraction pattern of the (001) crystal plane
taken from the CLBLCO crystal. (Bottom) Photograph of the grown
CLBLCO Crystal

However, pSR is not a direct probe of J, and more pro-
found work is needed to clarify the relation between the
superconducting and magnetic energy scales. Inelastic neu-
tron or Raman scattering are more appropriate for direct J
determination. Equally, NMR does not measure the Fermi
surface size directly and a proper ARPES measurement is
needed. These advanced measurements require large single
crystals with specific orientation or high quality surfaces.
Here, we report the production of such crystals by the Trav-
eling Solvent Floating Zone method. Details of the growth
and characterization are given in the Appendix. An optical
image and a Laue diffraction pattern of one of the crystals
are shown in Fig. 2. We also demonstrate the applicabil-
ity of several experimental techniques to these crystals. It
should be pointed out that small crystals were grown before
but only their chemical properties where analyzed [8—10].

The bulk superconducting properties of this crystal were
tested by transport and magnetization measurements. The
x = 0.1 and 0.4 crystals are cut into a rectangular shape
and post-annealed in oxygen to achieve optimal doping. The
x =0.1 is annealed at a temperature of 300 °C and ambient
pressure for 150 hr. The x = 0.4 is annealed at a tempera-
ture of 400 °C and a pressure of 65 bar for 90 hr. Figure 3
shows normalized resistivity and normalized susceptibility.
We found that 7, = 58 and 78 K for x = 0.1 and 0.4, respec-
tively, which is in perfect agreement with powder sample
measurements. 7, is defined as the temperature where the
resistivity vanishes upon cooling or the susceptibility van-
ishes upon warming. The transition into the superconduct-
ing state of the x = 0.1 crystal is wide. It spans 10 K in
the susceptibility measurement and 25 K in the resistivity
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Fig. 3 Normalized resistivity and susceptibility as a function of 7' ob-
tained from an optimally doped crystal with x = 0.1 and x = 0.4

measurement. This is probably due to very small traces of
high x values. The transition of the x = 0.4 crystal is sharp
in both susceptibility and resistivity measurements. Never-
theless, there are clear variations in 7, between optimally
doped crystal with different x values. The superconducting
volume fraction extracted from the magnetization measure-
ment is approximately 100 %.

The most demanding requirements from single crystals
are those of the neutron scattering experimental technique.
For this technique, the crystals must be of the order of
10 gr. To check the applicability of neutron scattering to
our crystal, we use the ORION beam-line at PSI, Switzer-
land. This beam-line provides neutrons with a wavelength
of A =222 A. The crystal is kept at room temperature.
Using an (h, k, 0) scan and the YBCO structure parame-
ters taken from ISCD’s “Lazy Pulverix” website, we detect
the (100), (200), (110), (220) nuclear Bragg peaks as pre-
sented in Fig. 4(a). For comparing crystal qualities, we also
present the strongest LSCO nuclear Bragg peak, namely,
the (220) from a sample of equal size. The intensity of the
strongest LSCO peak, (2, 2, 0), and the strongest CLBLCO
peak, (2,0, 0), is similar.

In Fig 4(b), we show neutron scattering data acquired on
the MORPHEUS beam-line. This beam line has a higher
flux and a wavelength of A = 5.02 A which enables us access
to the first allowed magnetic Bragg peak of CLBLCO. In-
deed, using an (4, h, [) scan we are able to detect the nuclear
(001) and the magnetic (43 1) Bragg peaks of our CLBLCO
crystal as well. The magnetic peak intensity in the figure is
multiplied by 103 for clarity.

We also check the major magnetic properties of our crys-
tal by performing a ZF-uSR experiment, at PSI, Switzerland.
Figure 5(a) shows the uSR asymmetry data of an x = 0.1
crystal by symbols, and the fit of the function

2

Asy(t) = Z Ajexp(—Ait) cos(w;t + ¢) + By (1)
i=0

Counts

Fig. 4 (a) The structural Bragg peaks (red circles) of the CLBLCO
x = 0.1 single crystal obtained by neutron scattering. The (200) peak
intensity is divided by 10 for clarity. The empty black squares de-
scribed the (020) peak measure on a LSCO crystal as a reference.
(b) The magnetic Bragg peak (} 11) multiplied by 103 for clarity, and
the structural peak (001) (Color figure online)

to the data by solid lines. Here, wy is fixed at 0, and w; and
wy stand for high and low frequencies, respectively. The two
frequencies extracted from the fit are presented in Fig. 5(b).
They result from two different muon sites, common to most
cuprates. Above 300 K, the two frequencies merge into one.
The Néel temperature is determined from the @ — 0 limit
giving Ty = 375 K, which is the same as the x = 0.1 powder
sample.

For a variety of experimental techniques having single
crystals is insufficient; these crystals must also cleave with
high quality exposed surfaces. To test this requirement, we
cleave one of our samples and examine the surface by a
scanning electron microscope (SEM) equipped with an elec-
tron backscatter diffraction module (EBSD). A SEM micro-
graph taken at an acceleration voltage of 25 kV is shown in
the inset of Fig. 6. A 100 x 200 um? crystal facet is clearly
visible. The EBSD diffraction patterns from one point on the
surface is shown in Fig. 6. Clear Kikuchi lines can be seen in
the diffraction [11]. A fit to the expected Kikuchi lines from
the YBCO structure is also presented. The patterns reveal
that the surface of the facet is perpendicular to the crystal

@ Springer
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Fig. 5 (a) uSR Asymmetry with a fit of Eq. (1) to the data at vari-
ous temperatures. (b) Muon spin oscillation at high frequency w; (red)
and low frequency w, (black) as a function of temperature from the
CLBLCO x = 0.1 crystal (Color figure online)

Fig. 6 Main panel: The EBSD diffraction pattern consisting of inter-
secting Kikuchi lines, where the red lines depict the most probable fit
to the YBCO structure. Inset: SEM micrograph of the CLBLCO crystal
showing a large facet. The green squares identifies the spots at which
EBSD patterns were acquired (Color figure online)

c-axis. We repeat the EBSD measurements at all the (green)
points in the inset, and find the same Kikuchi pattern. This
indicates that all points share the same crystal orientation
and that the surface is perpendicular to the crystallographic
c-axis. This finding is also confirmed by the Raman scatter-
ing experiment described below.

@ Springer

Raman spectra of an under and optimally doped
CLBLCO samples are shown in Fig. 7. The samples are
freshly cleaved and cooled in an evacuated cryostat to
T =20 K. One surface is shown in the inset of Fig. 7. The
spectra are obtained by a Jobin-Yvon micro-Raman spec-
trometer (LabRam-HR 800) with a A = 532 nm solid state
laser and a power of less than 1 mW to avoid overheating.
The laser is focused by a microscope objective lens with
x50 magnification to a spot of about 10 pm diameter. The
scattered light is collected in backscattering geometry and
dispersed by a diffraction grating with 1800 grooves/mm
onto a liquid nitrogen cooled CCD array. Polarized Raman
spectra are obtained with a Polaroid polarizer and analyzer
placed after the laser and before the grating.

Since CLBLCO belongs to the tetragonal space group
P4/mmm, symmetry analysis [12] yields 4Ajg + 1Bjg =5
Raman active optical phonons for scattering in the ab plane.
In a’(c, c)a’ polarization (i.e., both polarizer and analyzer
rotated by 45° from the crystallographic a axis), only Ajg
phonons are allowed, while in a’(c, ¢)b’ polarization (with
the analyzer set perpendicular to the polarizer and 45° from
the crystallographic b axis) only Bj; phonons are allowed.
In the underdoped crystal, four of the five phonons are
clearly observed at 145, 298, 423, 446 cm~!. The fifth op-
tical phonon is either at 209 cm~! where a very shallow
peak is observed, or it overlaps with the multi-phonon peaks
starting around 500 cm ™. For comparison, YBCOg has five
phonons [13, 14] at about 140, 230, 335, 435, 500 em~ L

Using the rotational anisotropy of the 298 cm™! B g
phonon with respect to the electric field, the a and b di-
rection of the crystal are found. The center inset of Fig. 7
shows the phonon intensity as a function of the polarizer an-
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gle from a. The crystal direction are depicted on the cleave
surface in Fig. 7.

Another feature of the underdoped crystal, common
to all cuprates, is the broad peak centered at AEpm.x =
2580(20) cm~!. This peak is attributed to two-magnon
scattering. The Heisenberg exchange constant J is roughly
given by AEn./3 = 1240(10) K [15, 16]. This estima-
tion is in good agreement with the pSR data given in
Fig. 1(a) and (b); for the most underdoped x = 0.1 sam-
ple, we have J/T™* =20.4(1.5) and 7" =58 K, giving
J =1170(100) K. Achieving a better agreement between
the two values requires further investigations. Finally, the
two-magnon peak is absent from the spectrum of the op-
timally doped crystal due to an overdamping of the spin
excitations, which is also depicted in Fig. 7; the spectra are
shifted in intensity for clarity.

Our data indicate that CLBLCO can be grown as large
single crystals. The crystals are large enough for neutron
scattering. The crystals are cleavable, giving high qual-
ity surfaces, which make them suitable for surface probes.
Within the realm of our experiments, the crystals have the
same properties as the original powder. These properties,
combined with the unique phase diagram of CLBLCO open
new perspectives for cuprate research.
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Appendix

The crystals are grown using a Crystal System Corp. optical
furnace (FZ-T-4000-H) equipped with four parabolic mir-
rors and 300 W lamps. CLBLCO powder is first prepared
using solid state reaction from stoichiometric proportions of
Laz03 (99.99 %), CaCO3 (99.9 %), BaCO3 (99.9 %), and
CuO(99 %). The starting materials are mixed, calcined, and
ground repeatedly at 900, 925, 950, 950 °C for 24 hours,
then tested for impurities using XRD. The CLBLCO powder
is then packed into rubber tubes and hydrostatically pressed
at 400 MPa, producing 15-20 cm x & 7 mm cylindrical
rods. The density of the rods reaches more than 90 % af-
ter sintering them at 1040 °C for 24 hours ensuring stable
uninterrupted growth. The growth is carried out at a rate of
0.35 mm/h in argon atmosphere with 0.05-0.1 % oxygen,
with both feed and seed rotating in opposite directions at
15 rpm. The growth lasts up to 10 days resulting in 50—
100 mm long crystals. The grown crystals are annealed in
argon at 850 °C for 120 hours to relieve thermal stress, and,

when needed, to remove excess oxygen for magnetic mea-
surement (USR and elastic neutron scattering). It is impor-
tant to mention that we do not find any traces of copper
on the furnace quartz tube as usually happens with LSCO
growth. Therefore, we do not add any excess copper to the
initial powder.

We also perform Inductively-coupled plasma atomic-
emission spectroscopy (ICP-AES) [17] measurements on
the crystals and the starting powders. For ICP, we prepare
10 test tubes with the 100 mg of crystal dissolved in “Trace
Select” grade Nitric Acid, as well as 5 test tubes of the start-
ing powder. ICP allows us to measure the molar ratio of Ca,
Ba, and La to Cu in the mixture. Knowing that we have
3 Cu atoms per unit cell, we found Ca = 0.102 £ 0.005,
Ba =1.565+£ 0.05, and La = 1.319 £ 0.02 atoms per unit
cell in the powder case. The nominal values should be
Ca=0.1, Ba=1.65, and La = 1.25. This sets the sensitiv-
ity of the ICP technique. For the crystal, we find that Ca =
0.102 £ 0.005, Ba =1.57 £ 0.02, and La = 1.295 £ 0.006
atoms per unit cell. Therefore, there is no difference in the
Ca, Ba, or La content, between the crystals and powders
within the accuracy of the measurement.
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Linking dynamic and thermodynamic properties of cuprates: An angle-resolved photoemission
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‘We report angle-resolved photoemission spectroscopy on two families of high-temperature superconductors
(Ca,La;_,)(Baj 75—, Lag254,)Cu30, withx = 0.1 (7™ = 56 K) and x = 0.4 (7" = 82 K). The Fermi surface
(FS) is found to be independent of x or y, and its size indicates extreme sample-surface overdoping. This universal
FS allows the comparison of dynamical properties between superconductors of similar structure and identical
doping, but different 7"**. We find that the high-energy (|E| > 50 meV) nodal velocity in the x = 0.4 family
is higher than in the x = 0.1 family. The implied correlation between 7,"** and the hopping rate ¢ supports the
notion of kinetic energy driven superconductivity in the cuprates. We also find that the antinodal gap is higher

for the x = 0.4 family.

DOI: 10.1103/PhysRevB.89.121119

The recent synthesis of charge compensated
(CayLa;_)(Baj75-xLag25+¢)Cu30,  (CLBLCO)  single
crystals, with x = 0.1 and x = 0.4, facilitates an investigation
of the relationship between their dynamical properties,
such as the electronic dispersion relation E(k) and their
thermodynamic property 7., while applying subtle crystal
structure changes [1]. Since the valence of Ca and Ba is equal,
x has a minute effect on crystal structure but a large effect
on T.. Therefore, CLBLCO allows experiments where the
correlations between 7, and a single parameter are explored.
Experiments of such nature can reveal the mechanism for
cuprates’ superconductivity. In the present work, we measure
the electron dispersion E(K) of two extreme samples of
CLBLCO crystals, using angle-resolved photoemission
spectroscopy (ARPES), and look for correlations between
properties of E(k) and 7. In particular, we focus on the nodal
velocity. Previously, similar studies could only be done by
comparing cuprates with very different structures and levels
of disorder [2].

CLBLCO is similar to YBCO in crystal structure, but has
no oxygen chain ordering and is tetragonal for all x and y [3].
This simplifies the ARPES interpretation. While x alters the
calcium-to-barium ratio, the lanthanum content in the chemical
formula remains constant. We define four CLBLCO “families”
as samples with different x, namely, x = 0.1,0.2,0.3,0.4. The
parameter y signifies the oxygen level, which drives the system
between different phases. By varying x and y in the chemical
formula, one can generate phase diagrams that are similar in
shape yet differ in the maximum of 7, T, and Ty, and in the
critical oxygen level at which the nature of the phase diagram
changes. The phase diagram is presented in Fig. 1(a) [4]. It
is worth noting that the only structural properties that vary
with x or y are the Cu-O-Cu buckling angle, bond length,
and CuO; plane doping efficiency K (x). The crystallographic
parameters were measured with powder neutron diffraction
[5]. The buckling angle decreases by 0.5 degrees as x increases
between families. The bond length varies from 3.88 Aforx =
0.4103.91 A at x =0.1. The doping efficiency is determined
by in-plane 7O nuclear quadrupole resonance (NQR) [4]. The
variation in the number of holes on an oxygen An, is given

1098-0121/2014/89(12)/121119(5)
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by An,, = K(x)(y — yn), where yy is defined as the doping
at which Ty starts to drop [see Fig. 1(a)] [4].

The superexchange parameter J for each CLBLCO family
was previously determined with muon spin rotation (1SR)
(magnetization) versus temperature measurements [6] and
with two-magnon Raman scattering [7]. Figure 1(b) depicts
the superexchange J and glass temperature T, (both from
#SR), and T, all normalized by T"**, as a function of An,,_.
A universal phase diagram appears, demonstrating that 7,"**
scales like J [4], which implies that 7" is determined by the
overlap of the orbital occupied by electrons on neighboring
sites. Orbital overlaps also determine the hopping parameter
t, and the scaling of 7™ with J meaning that kinetic
energy controls the superconducting phase transition. How-
ever, J is determined in the AFM phase, which is “far,” in terms
of doping, from the superconducting phase. A question arises:
are the orbital overlaps important in the superconducting phase
as well? In this phase # can be measured directly. Here, we
extract ¢ from E(Kk) as the velocity in the nodal direction. We
find correlations between 7,"* and ¢, and confirm the famous
relation J o< ¢ [8]. This suggests that the band structure is
rigid as a function of doping, as suggested by recent resonance
inelastic x-ray scattering experiments [9]. By the same token,
we also measure the antinodal gaps and compare them with
Hamiltonian parameters.

The ARPES experiments were performed on the SIS
beamline at the Swiss Light Source on CLBLCO single
crystals. These unique crystals were grown using the traveling
floating zone method. A detailed discussion about growth
and characterization of these crystals is given in [1]. For this
experiment, samples with x = 0.1 and x = 0.4 were used.
The samples were mounted on a copper holder with silver
glue to improve electrical conductivity. The Fermi level and
resolution were determined from the polycrystalline copper
sample holder. The samples were cleaved in situ using a
glued-on pin at 7 = 10-20 K. Circularly polarized light with
hv =50 eV was used. The spectra were acquired with a
VG Scienta R4000 electron analyzer. Despite a base pressure
of 5 x 107! torr, the samples’ surface lifetime was only a
few hours and a high-intensity beam was required for quick

©2014 American Physical Society
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FIG. 1. (Color online) (a) The phase diagram of CLBLCO showing the Néel (Ty), glass (T), and superconducting (T,) temperatures over
the full doping range for the four families. yy indicates the oxygen level where Ty start to drop. (b) The unified phase diagram of CLBLCO. The
critical temperatures, and J extracted from Ty, are divided by 7" and plotted as a function of doping variation in the oxygen orbital An,,_ .
(c)—(e) Raw ARPES date measured on a CLBLCO x = 0.1 crystal at 7 = 16 K. The numbers on the figures correspond to cut trajectories
illustrated in the inset of the phase diagram. (f)—(h) The same as (c)—(e) but for a sample with x = 0.4 measured at 7 = 11 K.

measurements. As a consequence, the energy resolution in our
experimental conditions was limited to 17-22 meV.

In Fig. 1, we present ARPES data collected from CLBLCO
for the two samples: x = 0.1 is presented in panels (c)—(e),
while x = 0.4 is depicted in panels (f)—(h). The data were
collected at T =16 K and 11 K for x =0.1 and 0.4,
respectively. All spectra are normalized by the measured
detector efficiency. For each sample, intensities along three
cuts are shown. The cuts are illustrated and numbered on the
Fermi surface (FS) drawing in the inset of Fig. 1(b). Cuts
numbered 1 and 2 are along k, (I'-M direction). These cuts
allow better sensitivity to the gap size at the antinode. Cut
number 3 is along the diagonal line of the BZ ( I'-Y). In this
configuration, a measurement of velocity in the nodal direction
is possible. The number on the bottom of each ARPES panel
indicates the cut from which data are collected.

In Figs. 1(c) and 1(f), spectra near the antinode are plotted.
While x = 0.1 shows high-intensity spectra up to E; where
no gap is visible, the x = 0.4 sample shows a depletion of
intensity close to E, indicating a gap in the spectra at the
antinode. For the x = 0.1, the gap, if one exists, is smaller
than the experimental resolution. In Figs. 1(d) and 1(g), we
plot the intensity closer to the node. For both the x = 0.1 and
0.4 sample, we clearly see the spectra crossing E y indicating
a closed gap in the nodal region. Finally, in Figs. 1(e) and
1(h), both nodal cuts are seen, and again, the spectra cross E s,
indicating an absence of a gap along the Fermi arc for both
samples. The last panels also show a clear dispersion from
which the nodal velocity is extracted.

In Fig. 2, we show the FS in the first Brillouin zone (BZ),
for the two CLBLCO samples: x = 0.1 [Fig. 2(a)] and 0.4
[Fig. 2(b)]. The FS was obtained by integrating 10 meV around
the chemical potential. The ARPES intensity is displayed in a
false-color scale as a function of k, and k,. By comparing the
shape of the FS, we can see that the x = 0.4 sample exhibits
a Fermi arc structure [10], which is typical for an antinodal
gap. As for the x = 0.1 sample, the arc is not present, and we
observed strong intensity at the antinode, comparable to the
intensity near the nodal region. Unlike previously reported FS
measurements of YBCO [11], there is no apparent chainlike
structure in the CLBLCO FS, as expected. The red line is a
fit to a tight binding (TB) model up to three nearest neighbors
hopping. The fit parameters will be discussed below. The fit
for both FSs gives the same size, as can be seen in Fig. 2.
In fact, the FS of a variety of samples was measured and
found to be identical regardless of family (x) or bulk oxygen
level (y).

A clearer comparison of the FS size and doping between
families can be obtained by examining the node-to-node
and antinodal distances. In Fig. 2(c), we show momentum
distribution curves (MDCs) at zero binding energy (Ej)
measured in a nodal cut (“cut 3”), for both samples. The MDC
for x = 0.4 is sharper than for x = 0.1, but the peak-to-peak
distance is equal for both MDCs. Similarly, Fig. 2(d) depicts
an MDC measured in the antinode (“cut 2”) at E ;. Here, the
MDC of x = 0.1 is clearer than that of x = 0.4 because of an
open gap, but again the peak separation for both samples is
identical.

121119-2



Chapter 3. Linking dynamic and thermodynamic properties of cuprates

LINKING DYNAMIC AND THERMODYNAMIC PROPERTIES ...

Nodal MDC

(n"e) Aysuaju|

-0.9 -0.6 -0.3 0.0 0.3 0.6 0.9

40 -05 00 05 10
k, (n/a) k (m/a)

FIG. 2. (Color online) (a), (b) Spectral weight map in k space
at E; (FS) in CLBLCO x = 0.1 and x = 0.4 sample, respectively.
The data were obtained at 7 = 16 K for the x = 0.1 sample and
at T = 11 K for the x = 0.4 sample. Both samples were prepared
with optimal doping and verified with a SQUID magnetometer. The
red curve is the FS of CLBLCO obtained from tight binding fits
to experimental data (see text). (c) MDCs at zero binding energy
along a nodal cut, for the x = 0.1 [black, Fig. 1(e)] and x = 0.4
[red, Fig. 1(h)] samples. (d) MDCs at zero binding energy along the
antinodal cut, for the x = 0.1 [black, Fig. 1(d)] and x = 0.4 [red,
Fig. 1(g)] samples.

We suspect that the bulk doping independence of the FS
is due to the sample being cleaved on a charged plane,
inducing surface charge reconstruction. Such behavior was
previously reported from measurements of YBCO [11]. From
the measured nodal peak-to-peak distance as a function of
doping in YBCO described in [11], we can estimate the doping
of our sample, which turns out to be p = 0.23 = 0.02. This
result is consistent with calculations based on the FS volume.
Thus, we can conclude that the surface doping level of both
samples is equal within the experimental error, and that the
surface doping is on the edge of the superconducting dome on
the overdoped side.

To investigate the momentum dependence of the gap, we
measured the dispersion along I"-M cuts between “cut 1” and
“cut 2” for the x = 0.1 and x = 0.4 samples at a cold-finger
temperature of 7 =16 K and T = 11 K, respectively. In
Fig. 3, we plot symmetrized EDCs at k as a function of FS
angle ¢ (defined in the inset of Fig 1). For the x = 0.4 sample
[Fig. 3(a)], one can see a zero-energy intensity peak close to the
node (¢ = 36). In contrast, atan angle of ¢ = 20 and lower, we
observe an opening of a gap, which grows up to Ay = 40 meV
at the antinode (¢ = 0). The angular dependence of the gap is
shown in Fig. 1 of the Supplemental Material [12]. The gap
value at the antinode is similar to optimally doped Bi2212
[13,14] and YBCO [15,16].

For the x = 0.1 sample [Fig. 3(b)], the situation is different.
Close to the node, we observe a strong peak at zero energy
(¢ = 35). As we move to the antinode, the intensity at zero
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FIG. 3. (Color online) (a) Symmetrized EDCs for the x = 0.4
sample at k; as a function of the Fermi surface angle ¢, from the
node (top) to the antinode (bottom). The cuts are measured along the
I'-M direction. Each curve is offset for clarity. (b) The same as (a)
but for the x = 0.1 sample.

energy is partly suppressed, but unlike the x = 0.4 sample,
there is no full depletion of spectral density at E = 0. This
indicates that a gap is not present in the x = 0.1 sample, or
that it is smaller than the experimental resolution (20 meV).
A closed gap was measured with the same resolution for
two more x = 0.1 samples. Thus, we can safely say that
Ap(x = 0.4) > Ap(x =0.1).

Last but not least, we compare the nodal velocity between
families. This study was performed on six x = 0.1 and
seven x = 0.4 crystals. The dispersion in the nodal direction,
previously described in Figs. 1(e) and 1(h), was measured
for each sample in two branches with high statistics. The
samples were first oriented using a manipulator with six
degrees of freedom in a procedure which is described in the
Supplemental Material [17]. This lead to a k resolution of
0.005 (7t /a) determined by our ability to find the node to node
direction. The peak positions in the MDC of each measured
dispersion was extracted and plotted as a function of binding
energy. Exemplary dispersions of two samples are shown in
Fig. 4. An axis breaker is used in order to show the two
branches. The breaker emphasizes the differences between
ky of the two samples, which in fact is very small. Two
different linear regimes are observed. The first regime involves
low energies close to Ey, between —50 < E <0 meV.
The second regime corresponds to high energies where
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FIG. 4. (Color online) Main: The MDC peak position, extracted
from the nodal dispersion measured along I'-Y, as a function of k
for x = 0.1 (black squares) and x = 0.4 (red circles). Note the axis
breaker. The solid lines are a linear fit to the data in the —150 <
E < —50 meV range from which the high-energy velocities Vy x are
extracted. Inset: A histogram of high-energy velocities obtained from
aseries of CLBLCO samples with x = 0.1 (black, filled) and x = 0.4
(red, crossed).

—150 < E < —50 meV. The transition between these regimes
is known as the kink and involves the electron dispersion
renormalized due to correlations [18] or coupling between
electrons and low-energy bosonic degrees of freedom [19].
The slope of the dispersion dE/dk provides the velocity in
the low- (vr) and high-energy (vyg) regimes. The results are
similar to other overdoped materials [20].

We did not find differences with statistical significance in
vr between samples with different x. This is in agreement with
previous work [20]. As for vy, the results are summarized
in the inset of Fig. 4 as histograms. For the x = 0.1 family,
the average high-energy velocity is (VL) = 1.53(04) eV A,
while for the x = 0.4 it is (V%) = 1.73(04) eV A. Despite
the velocity distribution overlap, the average velocities differ
by 3.50, and hence are statistically different with 99.5%
confidence. Using these velocities we can now calculate all
the TB coefficients by dE/dk = 4at sin(k}"dea). The unit cell
parameter a = 3.91 A is nearly family independent [5]. The
coefficients are presented in the Supplemental Material [21]
and are in agreement with previously published values [22,23].
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From the data presented, we can draw several conclusions.
First, we discuss the ratio of velocities ((VI%) / (V;}é))z ~
1.26 £ 0.08. Despite the large error bar, this ratio is very
close to that expected from the ratio of the superexchange
J between families. This ratio is given by J(0.4)/J(0.1) =
T*(0.4)/T"**(0.1) 2 1.4 (see Fig. 1). Therefore, the J
#? relation is obeyed, and T/"* depends on orbital over-
laps even when the measurements are done in the doped
phase.

However, ARPES measurements do not necessarily repre-
sent the bulk properties. For example, the buckling angle might
change close to the surface. Nevertheless, if this happens in
CLBLCO, it might affect both families equally. The fact that
the ratio of J measured magnetically agrees with the ratio of
> measure by ARPES supports this notion.

Second, we discuss the gap. There are three possible
scenarios that explain the difference in the gap size: (I) A
scenario where disorder leads to broadening of the band
structure features in x = 0.1 which hide the gap. However,
high-resolution powder x-ray diffraction [24] and NMR
experiments [25] indicate that x = 0.1 samples are more
ordered than x = 0.4 ones. (II) A scenario where A opens
only below 7. It could be that in our experiment the surface of
the x = 0.4 sample is below T, but the x = 0.1 surface, is not
since its 7, is lower. In this case only the x = 0.4 sample will
show a gap. The problem with this scenario is the observation
of a Fermi arc in x = 0.4, which does not exist below T, in
any other cuprate. (III) A scenario where both samples are
above T, but there is an intrinsic difference in their gap size.
The problem here is again that in other materials there is
no gap above T in extreme overdoped samples [26]. Further
experiments are needed to clarify this point.

In conclusion, we present ARPES data from CLBLCO. We
find that the surface doping is independent of the bulk doping
or the Ca to Ba ratio. We also demonstrate that the gap can
be measured in this system. The hopping parameter ¢ is larger
for x = 0.4 than for x = 0.1 in the overdoped sides. This
suggests that 7™ is correlated with electron-orbital overlaps
on neighboring sites.

Note added in proof. Recent NMR measurements indicate
that in CLBLCO there is a gap above T in extreme overdoped
samples [27]. This suggests that there is an intrinsic difference
in the anti-nodal gap size between the two families.
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SUPPLEMENTARY MATERIAL FOR LINKING DYNAMIC AND THERMODYNAMIC PROPERTIES
OF CUPRATES: AN ARPES STUDY OF (CA,LA; ,)(BAi 5 2LA¢25:.)CUs0, (z=0.1 AND 0.4)

Gap Angular Dependence

In Figure 1 we plot the gap size as a function of Fermi surface angle for the x = 0.4 sample. The value of gap,
extracted from the symmetrized EDC’s shown in the article, is half of the peak-to-peak distance or the change in
slope of the EDC.
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FIG. 1: Gap size as a function of Fermi surface angle ¢ for the x = 0.4 sample. The red line is the d-wave gap function,
A(p) = Aol cos(26)], with Ag = 40 meV.

Nodal Cut Measurement

Because of the importance of proper orientation for the determination of the nodal velocity, we developed an
alignment protocol. First, we map the complete F'S of each sample in the first BZ. We define three angles, which can
be manipulated, as shown in the inset of Fig. 2(a). § =0, ¢ = 45, and 1) = 0 define a nodal cut. The red strait line
represents the analyzer opening. Second, the angle 6 is adjusted to give a symmetric spectrum. Third, we performed
measurements with an intentional shifts Ay and Ap angle to ensure truly perfect alignment. From each measurement
we extracted the k—space distance Ak(A, Ap) between the two Fermi points. Figure 2(a) presents Ak(Aq,0) for
1 variations in steps of 0.5 a degrees. Figure 2(b) depicts Ak(0,Agp) for ¢ rotations again in steps of 0.5 degrees.
Due to the geometry of the FS the nodal distance should be shortest when the alignment is perfect. Indeed, in both
cases, the shortest distance was measured when Ay = Agp = 0. We could determine the node to node distance with
an accuracy of 0.25 degrees. Since this distance is ~ 1 (7/a) the resolution is is 0.005 (7/a). The same procedure was
repeated for each and every measured sample.

Tight Binding Parameters

The tight binding parameters for CLBLCO extracted from the Fermi surface and nodal velocity are given in the
table.



Chapter 3. Linking dynamic and thermodynamic properties of cuprates

35

1.05

(b

-11.04

1.02

1.08 | (a)
% ky Ak }
1.06 M
) % e %
E
X
= ?
1.04 %
1.02 . . , , , . .
-1.0 0.5 0.0 0.5 1.0 -1.0 05
Ay(deg)

0.0
A (deg)

0.5

1.0

Ak (n/a)

FIG. 2: (a) The nodal distance Ak as a function of the change in angle 1, and (b) as a function of the change in angle . The
inset shows an illustration of a nodal cut upon a F'S, with the definition and action of 6, ¢ and v angles used in the experiment

i

0
1
2
3

{r=01 pz=0.1 "Yi(k)
0.134 0.152

0.110 0.125  —2[cos (kza) + cos (kya)]
-0.032 -0.036 —4 [cos (kza) cos (kya)]

0.016 0.018 —2][cos (2kza) + cos (2kya)]

TABLE I: Tight-binding coefficients and basis functions used to fit the experimental data. The second column lists the coefficient
of each term in eV for the x = 0.1 and = = 0.4 samples, following the convention: ¢ (k) =

2 timi (k)
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The origin of the pseudogap and its relationship with superconductivity in the cuprates
remains vague. In particular, the interplay between the pseudogap and magnetism is
mysterious. Here we investigate the newly discovered nodal gap in hole-doped cuprates using
a combination of three experimental techniques applied to one, custom made, single crystal.
The crystal is an antiferromagnetic La, _,Sr,CuO4 with x=1.92%. We perform angle-
resolved photoemission spectroscopy measurements as a function of temperature and find:
quasi-particle peaks, Fermi surface, anti-nodal gap and below 45K a nodal gap. Muon spin
rotation measurements ensure that the sample is indeed antiferromagnetic and that the
doping is close, but below, the spin-glass phase boundary. We also perform elastic neutron
scattering measurements and determine the thermal evolution of the commensurate and
incommensurate magnetic order, where we find that a nodal gap opens well below the
commensurate ordering at 140K, and close to the incommensurate spin density wave
ordering temperature of 30K.
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ecent low-temperature angle-resolved photoemission
Rspectroscopy (ARPES) experiments on the underdoped

cuprate superconductors indicate the presence of a fully
gapped Fermi surface (FS)!™% even in the antiferromagnetic
phase®. The natural candidates for opening such a gap are charge
or spin density waves (SDW). Out of all hole-doped cuprates,
La, ,Sr,CuO, (LSCO) is the most promising material for
exploring whether a SDW is indeed responsible for this gap.
LSCO single crystals with large size allow for magnetic
measurements such as muon spin rotation (WSR) and neutron
diffraction (ND), simultaneously with ARPES. The magnetic
probes can characterize the SDW while ARPES explores the gap.

However, the region of the phase diagram where the magnetic
properties are clearly exposed is different from the region where
the band dispersion is visible. On the one hand, long-range
magnetic order disappears as doping approaches 2% from below,
hindering our ability to perform ND. On the other hand, LSCO
becomes insulating at low temperature as the doping approaches
2% from above, thus restricting ARPES. In fact, ARPES data for
LSCO with doping lower than 3% are rare and missing the
quasiparticle peaks in the energy distribution curves (EDCs)>®.
The main problem is the high resistivity of extremely underdoped
samples, which is detrimental to ARPES due to charging effects.
Nevertheless, the resistivity of LSCO as a function of temperature,
at 2% doping, has a broad minimum around 100K’.
This minimum insures that resistivity is finite even at lower
temperatures and opens a window for both experiments.

By preparing a series of LSCO single crystals with ~0.2-0.3%
doping steps around 2%, we manage to find one to which all
techniques apply. This allows us to explore the cross-talk between
the magnetic and electronic properties of the material. We
find that the charge excitation are impartial to the commensurate
spin order. However, the nodal gap opens at a temperature
very close to the one where an incommensurate SDW sets in.
The small temperature mismatch is assigned to experimental
sensitivity.

Results

The magnetic order. The series of samples are first characterized
by pSR. In Fig. 1, we show the pSR frequency as a function of
temperature for all crystals. In samples with doping equal to or less
than 2%, the oscillation starts at temperatures on the order of
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Figure 1| pSR frequency as a function of temperature. ;1SR frequency
as a function of temperature for LSCO single crystals with different x values.
At x=2%, there is a clear transition from an antiferromagnetic to a
spin-glass ground states. The data in the rest of this paper are measured on
the x=1.92% sample, which is in the antiferromangetic phase. The error
bars were determined from the data fitting procedure described in the
Methods section.

2 NATURE

100 K. At 2%, there is a sharp transition from the antiferromagnetic
long-range order to the spin-glass state where the same oscillations
appear only at temperatures on the order of 10K (refs 8,9). More
details of the USR characterization of the samples are given below
and in the Methods section. We perform the ND and ARPES
measurements on a sample with x = 1.92% (red rhombuses) that is
antiferromagnetic with a Néel temperature Tyy~140K.

The FS. Figure 2a shows the ARPES intensity map near the
Fermi level (Eg) in the second Brillouin zone, measured along cuts
parallel to cut 1 and 2 shown in the figure. The high intensities
represent the underl(}ling FS and has the morphology of the FS in
more doped LSCO!? and other cuprates. Most of the intensity is
centred around the zone diagonal on the (0, —2n/a) to (n/a,
—n/a) line. This suggests the presence of gapped electronic
excitations in the off-diagonal (0, — 7/a) region. Similar results
were obtained at a higher doping level of x =3 — 8% (ref. 4).

The magnetic structure. Figure 2b depicts ND for the same
sample at 3 K. The scans are performed along the red line, in a

a 0.0
x=1.92% ARPES
T=10K High
-0.5
T Low
® 1.0
¥>~
-1.5
—2.0 1 1
-1.0 0.5 0.0 0.5 1.0
ky (n/a)

0.9 1 1.1
K, (n/a)

Figure 2 | The Fermi surface and incommensurate magnetic order in
LSCO with 1.92% doping. (a) Low-energy ARPES data in the second
Brillouin zone. The red lines 1 and 2 show cuts on which data were
collected. Line 3 is the cut on which temperature dependence data

are presented in Fig. 3. Point |, Il and Il mark points where EDCs

are extracted. The intensity is centred in the diagonal region.

(b) ND measurements at 3K in a small region around a magnetic reciprocal
lattice vector showing a strong and feeble incommensurate peaks.

The dashed red line depicts the measurements scan direction.
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Figure 3 | Temperature dependent ARPES data. (a-h) ARPES spectra along a cut given by line 3 in Fig. 1. The spectra are divided by resolution
broadened Fermi-Dirac distribution. At high T, the spectrum crosses the Fermi energy. At low T, it does not. (i) EDCs at the Fermi momentum of
point Il in Fig. 1b for different temperatures. The solid lines are guides to the eye. At 10K, the peak is clearly below the Fermi energy. A(T) is
presented in Fig. 4c. (j) MDC at Er as a function of temperature showing that k in the diagonal region is temperature independent.

narrow range in the reciprocal lattice space centred around the
(1, —1) point, in the standard tetragonal ARPES units of 7/a. In
fact, the scanned area of the ND experiment in k-space is only a
small fraction of the scanned area of the ARPES. A clear breaking
of the fourfold symmetry is observed in this figure. In addition,
two incommensurate peaks are present in the centre of the figure:
one is clearly observed as a red spot, and the other is weak and
will be demonstrated below. Such incommensurate peaks occur
when, on top of the main magnetic order, the system develops
spin modulations (stripes) running in diagonal to the bond
directions (diagonal stripes). The stripes and commensurate
scattering observed in our sample are in agreement with previous
reports for low-doping LSCO'"12, and are discussed further
below.

The gap. In Fig. 3a-h, we show the temperature dependence of
ARPES data in the vicinity of point IIT along cut 3 in Fig. 2a.
All spectra are divided by resolution broadened Fermi-Dirac
distribution at the nominal temperature. Data analysis by the
Lucy-Richardson deconvolution method!? is discussed in the
Methods section. At high temperatures (T>50K), the dispersive
peak crosses Er as clearly seen in Fig. 3a. In contrast, at low
temperatures (T<45K), there is a gap in the electronic spectra,
that is, the peak position at kg remains below Er. A similar gap
exists in LSCO up to 8% doping®, in LBCO at 4% (ref. 2), in the
electron doped compound!, in Bi2212 (ref. 3) and La-Bi2201
(ref. 5). It also exsists in simulations where inhomogeneous SDW
and superconductivity coexist'4 or Coulomb disorder effects are
present!®. EDCs extracted from Fig. 3a-h, at kg given by point III
of Fig. 2a, are plotted in Fig. 3i. The solid lines are guides to the
eye. At temperatures above 45K, the peak is at Ep. However,
below this temperature the peaks are clearly below Ep, indicating
the presence of a gap.

An important aspect of these EDCs is the fact that at all low
temperatures, Er is not in the middle of the gap, namely, the
intensity of the spectra immediately above Ef is lower than at Ef.
This could be an analysis artifact due to division by the resolution
broadened Fermi-Dirac function'? or indicate that the particle-
hole symmetry is broken. Particle-hole asymmetry towards the

El
S
2 33
2
5 0 w
E
a1 \/\41\,‘/
M 50
63
g
n 1 n 1 n n 1 h 1 n
-100 -50 0 -100 -50 0
E - Er(meV)

Figure 4 | Angular-dependent ARPES data. (a) EDCs at different

kg along the FS in two different temperatures. The Fermi surface angle ¢
is indicated above each EDC. Spectra | and Il are taken at the k of point
| and Il in Fig. 1b that are defined by the crossing point between the red
lines 1 and 2 and the FS. The other EDCs are from the crossing points
in between. At 10K, a gap is observed all around the FS. A(¢) is
presented in the inset of Fig. 5c. (b) Similar EDCs at 100 K. In this

case, a gap is observed only in the off-diagonal region.

diagonal region in the non-superconducting phase!, and in the
off-diagonal region!”, was found previously. However, it is very
difficult to distinguish between the two options in our sample
with extremely low carrier concentration.

NATURE COMMUNICATIONS | 5:3390 | DOI: 10.1038/ncomms4390 | www.nature.com/naturecommunications 3
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Figure 5 | Experimental parameters from all three techniques. (a) Muon
rotation frequency and the magnetic volume fraction of the sample as a
function of temperature taken from a fit to a three Lorentzian model (see
Methods section). The inset shows raw data and the fit quality for the
x=1.92% sample. (b) Commensurate and incommensurate ND intensity.
The SDW inset is the intensity versus k along the neutron scattering cut in
Fig. 2c showing the strong and feeble incommensurate peaks. The (z, 7)
inset shows the commensurate peak. (¢) ARPES nodal gap A at kg, as
obtained from the peaks in Fig. 3i, versus temperature. The inset shows the
angular dependence of the gap A(¢). The error bars were determined from
the experimental resolution.

Another parameter relevant for understanding the mechanism
by which the nodal gap opens is the temperature dependence of
kg. This is explored by extracting the momentum dispersion curve
at Eg from Fig. 3a-h, as presented in Fig. 3j. The peak position
fluctuates somewhat around a constant value as the temperature
is lowered, indicating that kr=0.63(n/a) along the diagonal is
temperature independent. Therefore, the high-intensity curves in
Fig. 2b represents the FS.

The evolution of the gap around the FS is shown in Fig. 4a,b for
10 and 100 K. The spectra marked I and II in Fig. 4a are EDCs at
the kg of points I and II in Fig. 2a. The spectra in between
correspond to kg between points I and II. EDCs shown in Fig. 4b
are from similar point along the FS. In the off-diagonal region,
there is no spectral weight at Ep. for both temperatures, indicating
that the anti-nodal gap opens at a temperature higher than 100 K.
In the diagonal region, there is high spectral weight at 100 K, but
not at 10K. Thus at 100K, we observe a Fermi arc!®, while at
10K, a gap appears all around the FS.

Summary of parameters. Finally, in Fig. 5, we present a sum-
mary of parameters extracted from all three techniques. Figure 5a

4

63 K

55 K

%

50 K

é

45K

|

40K

Intensity (a.u.)

é

35K

28K

10K

{

-100 -50 0
E - Ef (meV)

-150

Figure 6 | The Lucy-Richardson method. The same data as in Fig. 3i but
analysed using the Lucy-Richardson deconvolution method'3.

shows the temperature dependence of the muon rotation
frequency and magnetic volume fraction. The inset represents a
fit of a three-component model, with one frequency, to the uSR
data at different temperatures. More details are available in the
methods section. The magnetic parameters grow upon cooling,
saturate between 50 and 25K, and grow again at lower tem-
peratures. The temperature Tr=25K was associated with hole
freezing into one dimensional domain walls®*1°. The restriction
of the charge motion below Tr must be intimately related to the
opening of the nodal gap.

Figure 5b shows the commensurate and the incommensurate
scattering intensity. The insets show two raw data sets. The first is
a scan along (0,1 +0k,0) (in orthorhombic units), which is
the red diagonal line in Fig. 2b. This scan is sensitive to the
incommensurate fluctuations and show two asymmetric peaks.
The second scan is along (1+0h,1,0) and detects only the
commensurate order as a single peak. As the temperature is
raised, the incommensurate intensity decreases until it disappears
at Tr=30K. The commensurate intensity peaks at 25K, just
when the muon oscillation changes its behaviour, and vanishes at
Tn=130K. Our ND temperature dependence results, shape of
the peaks and incommensurability parameter (in tetragonal units)
0=0.027(n/a) are in good agreement with previously reported
data'?, While the ND data are well understood in terms of a spiral
ground state?, its relation to the gap is still mysterious, since the
nesting condition kp 4+ 8 = ¥,2* is not fulfilled in our sample.

The nodal gaps at kg, A, are determined from the peak in the
EDCs of Fig. 3i and presented in Fig. 5c as a function of
temperature. Very similar gap values are found using the
Lucy-Richardson deconvolution method, shown in Fig. 6
(ref. 13). The gap opens at 45 K. The major observations in this
figure are: (I) the nodal gap opens when the commensurate
moment is about half its full value. (II) With temperature
decreasing, the nodal gap first opens when the incommensurate
moment is barely or not detectable.

|5:3390 | DOI: 10.1038/ncomms4390 | www.nature.com/naturecommunications
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The temperature mismatch between the opening of the nodal
gap and appearance of the incommensurate peaks could be real,
but most likely is an artifact. We determined the ARPES gap from
the quasi-particle peaks. An alternative is to use the leading edge
as the measure of the gap. The leading edge crosses the Fermi
energy at a lower temperature than the peak. Therefore, the
leading edge criteria would make the temperature mismatch
smaller. In addition, the ND require both periodic and frozen
magnetic moments on a time scale determined by the instrument
resolution. ARPES is sensitive to shorter time scales than ND.
Hence, lower temperature are required for ND to pick up the
incommensurate signal than for ARPES to detect the gap. This
experimental time scale difference between techniques is an
alternative explanation to the temperature mismatch.

The angular dependence of the gaps is presented in the inset of
Fig. 5¢; the angle ¢ is defined in Fig. 2a. When a peak is absent,
the gap is taken from the change of slope in the EDCs. A(¢) is in
agreement with previous measurements for 3-8% dopings?.

Discussion

On the basis of weak coupling theory, Berg et al.?! argued that the
commensurate part of the SDW can open a nodal gap only if the
moment is larger than a critical value. However, the opening of
the gap will be accompanied by a shift in kg. The effect of the
incommensurate part of the SDW depends on the properties of
time reversal followed by translation symmetry, which can be
broken or unbroken. In the unbroken case, a nodal gap will open
when the perturbation exceeds a critical value. Both these options
do not agree with our data. In the broken symmetry case, a nodal
gap can open for arbitrarily small perturbation with no impact on
kg. This option is in agreement with our measurements and bares
important information on the symmetries of the ground state.
Another possibility is that the gap is of the superconducting type,
which maintains particle-hole symmetry and keeps kg fixed. This
option would mean that the cuprates have a superconducting gap
in the antiferromagnetic phase.

In conclusion, we detect a nodal gap in the antiferromagnetic
phase of LSCO. The gap opens well below Ty and very close to
the temperature where incommensurate SDW is detected. This
finding puts strong restrictions on the origin of the nodal gap.

Methods
pSR. The experiment was carried out at PSI on the GPS beam line. We fit the
muon polarization as a function of time to

P:(t) = (1= Vi)e 7" + .
Vi {pxe*(klr)m L 7p)><e*(th)l’2 cos(wt+d))} + Py 1)

where o is the muon rotation angular frequency, V,, stands for the magnetic
volume fraction, p is the amplitude of the rotating signal resulting from the angle
between the muon spin and the internal field, D, R, and R, are relaxation rates, b;
and b, are stretching exponents, and Pgg is the background polarization from
muon that missed the sample. We could fit the data well with b, =0.5 and b, =1
for most of the temperatures. Between T =25 to 50 K, we allowed freedom in their
values to achieve an optimal fit.

ARPES. The experiment was done at the Swiss Light Source in PSI. The samples
were mounted on a specialized holder, as described in Mansson et al.?2, with silver
glue to improve electrical conductivity. The Fermi level and resolution were
determined from the polycrystalline copper sample holder. The samples were
cleaved in situ at T=10K under a ultrahigh vacuum better than 6 x 10 ~!! Torr.
Circularly polarized light with hv =55 eV was used. The spectra were acquired with
a VG Scienta R4000 electron analyser. Charging tests have been carried out by
varying the photon flux. No charging was found. In addition, after performing the
high temperature measurements, the sample was cooled again and the results at
10K were reproducible. We examined the surface with LEED at each temperature
and no surface degeneration or reconstruction was found during the
measurements.

It should be pointed out that in ARPES, the incoming light warms the
surface, and there could be a few degrees difference between the sample

surface temperature and the temperature of the cold finger which we quote
in the paper.

EDCs obtained by Lucy-Richardson deconvolution method are depicted
in Fig. 6.

Neutron diffraction. The ND experiments was carried out at Paul Scherrer
Institute (SINQ, PSI) on the RITA-II beam line. The crystal was mounted on an
aluminium sample holder with the crystallographic ¢-axis perpendicular to the
neutron beam; that is, (1,0,0)-(0,1,0) scattering plane. The beam collimation was
set to 80'-40"-80". A beryllium filter was placed before the analyser to remove
higher order neutrons. The instrument consisted of a nine-blade pyrolytic graphite
analysers. The diffraction studies were performed with 4.04 A (5meV) neutrons,
using all the blades in order to create a 2D intensity plot. The sample was aligned in
such a manner that the area of interest (commensurate and incommensurate
magnetism) was measured in the centre blade. The incommensurate part was
measured in a (0,1 4+ d4,0) scan to avoid the commensurate contribution. The high
temperature data weres subtracted to remove the leftover 4/2 contribution form the
(0,2,0) structural Bragg peak. For the commensurate part, the measurement was
performed with a scan direction (14 d4,04,0) to avoid the incommensurate
contribution.
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Chapter 4

Discussion

New Perspectives for Cuprate Research: CLBLCO Single

Crystals

The successful growth of CLBLCO single crystals has opened new possibilities for exper-
iments which previously were inaccessible for powder samples. However, a systematic
study was needed to confirm that the new crystals have the same physical properties,
in terms of the chemical composition, magnetic structure and superconductivity, as the
old generation of CLBLCO samples. Furthermore, the quality of bulk and surface of the
crystals had to be checked, in order to ensure their compatibility for advanced experi-

mental techniques, such as ARPES, neutrons scattering and Raman spectroscopy.

The bulk characterization of the crystal was performed by a multitude of techniques.
The bulk superconducting properties of this crystal were tested by transport and mag-
netization measurements. Crystals from the extreme families, x = 0.1 and 0.4, were
annealed in oxygen to achieve optimal doping. Figure 3 shows normalized resistivity
and susceptibility of both samples. At optimal doping T, measured by resistivity for
both families was found to be in perfect agreement with powder sample measurements.
The superconducting volume fraction extracted from the magnetization measurement

was approximately 100%. Inductively-coupled plasma atomic- emission spectroscopy

!The figure references in this chapter refer to the published papers
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(ICP-AES) measurement revealed there is no difference in the Ca, Ba, or La content,

between the crystals and powders [29].

The x = 0.1 samples were latter annealed in Argon atmosphere to remove oxygen in
order to explore their magnetic properties with ZF-uSR. Figure 5 shows the moun polar-
ization as well as the muon frequency at different temperatures. The sample was found
to be AFM with T 5 which is consistent with the well established phase diagram. A large
x = 0.1 crystal (shown in Fig.2) were employed in neutron diffraction measurements. We
detected the (100), (200), (110), (220) nuclear Bragg peaks as presented in Fig.4. The
nuclear (001) and the magnetic (%%1) Bragg peaks were also detected. Unfortunately,
latter neutron scattering experiment, intended to measure the spin-wave dispersion of
CLBLCO were unsuccessful, despite the promising preliminary elastic and inelastic neu-
tron scattering experiment. This is due to the low spin of cuprates which (S = %) which
reduces the neutron scattering intensity. A Larger crystal mass is required for these

experiments.

The quality of the crystal surface upon cleaving has been also explored. One sample
was cleave and placed under a scanning electron microscope (SEM) equipped with a
electron back-scatter diffraction module (EBSD) which provides a local crystal structure
measurement[30]. Clear Kikuchi lines were measured from a flat crystal facet (Fig.6).
The diffraction patterns revealed that the surface of the facet is perpendicular to the
crystal c-axis, a geometry well suited to for studying the physics of the CuOs planes).
Raman scattering experiment performed on CLBLCO confirmed the structure of the
cleaved surface. Raman measurement also revealed optical phonon spectra of CLBLCO
and two-magnon peak (Fig.7), paving the way for a more comprehensive Raman study

of CLBLCO [20].
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Linking dynamic and thermodynamic properties of cuprates:

An angle-resolved photoemission study of CLBLCO

With the success of synthesizing single crystal of the extreme case families, ARPES
experiments became applicable for the first time for CLBLCO. In the present work we
measured the electron dispersion E(k) of two extreme samples of CLBLCO crystals in
search of correlation between the properties of the electronic dispersion and T.. The
universal phase diagram of CLBLCO demonstrated that 7."%" scales like .J, the AFM
super-exchange, which implies that 77"%* is in fact related to the kinetic energy t via
the famous relation J o< ¢? [31]. t was extracted from the Fermi velocity (vg) in nodal

direction.

In the ARPES experiment the Fermi surface of the CBLCO family was explored for the
first time. In Fig.2 in the article, the FS of x = 0.1 and « = 0.4 crystal are presented.
Initially, the motivation was to measure the doping evolution of the FS morphology.
However as previously reported in YBCO, the [32, 33], CLBLCO cleaves on a non-neutral
plane and the surface undergoes a charge reconstruction which fixes the doping to p =
0.23 +£0.02 holes per unit cell, regardless of the initial doping of the sample. The two FS
presented in the article were fitted with the same tight binding (TB) model from which
the number oh hole were extracted using Luttinger’s sum rule. The TB coefficient are
given in the supplemental material for the article and are in agreement with previously
reported values [34].The resulting doping, which was confirmed by measuring the node
to node distance and comparing it to previously publish data from YBCO [33]. It is
worth noting that, in contrast to YBCO, there is no apparent chainlike structure in the

FS of CLBLCO, in agreement with previously reported data on CLBLCO [17].

The magnitude of the gap, as well as its momentum dependence has been measured
for CLBLCO with z = 0.1 and 0.4. The electronic dispersion was measured along I'-"M
cuts form the anti-node through the node. Symmetrized EDC’s at kr as a function of
the FS angle, are shown in Fig.3 of the article. For the x = 0.4 sample, zero-energy
intensity peaks were measured close to the node. In contrast, approaching the anti-node,

an opening of the gap has been observed, with a magnitude of Ay = 40 meV. For the
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x = 0.1 sample, strong peaks at zero energy were measured close to the node, but no full
depletion of spectral density was detected at the anti-node. This indicates that a gap is
not present in the x = 0.1 sample, or that it is smaller than the experimental resolution
(20 meV). More experiments were latter perform which confirmed that a gap is absent

in the z = 0.1 samples.

The discrepancy in the gap size and momentum dependence can be explained by three
possible scenarios: (I) Disorder in the z = 0.1 leads to the broadening of spectral
features. However, both NMR [21] and high resolution x-ray diffraction[19] show that
the x = 0.1 family is the most structurally ordered. (II) A scenario where A only opens
below T,, which is different for both samples. Nevertheless, the observation of a Fermi
arc for the x = 0.4 sample is inconsistent with this scenario. (III) A scenario where both
samples are above Tc, but there is an intrinsic difference in their gap size. Recent NMR
measurements indicate that in CLBLCO there is a gap above Tc in extreme overdoped
samples [35]. This suggests that there is an intrinsic difference in the anti-nodal gap size

between the two families

Finally, we compared the nodal Fermi velocity between families. The dispersion in the
nodal direction, was measured for each sample in two branches with high statistics. The
study was perform on numerous samples from both families to average out misalignment
errors, although a strict protocol was employed (described in the supplemental material)
to ensure proper alignment. Exemplary dispersion of two samples are shown in Fig. 4.
An axis breaker is used in order to show the two branches. Two linear regimes were
observed in the data, between —50 < E < 0 meV which is closer to £y and a second
regime which extends to high energies of —150 < E < —50 meV. Between the two
regime a "kink” was observed which involves the electrons dispersion re-normalized due
to correlations [36] or coupling between electrons and low energy bosonic degrees of

freedom [37].

The results summarizing the slope of the dispersion 0F/Jk which provides the high-
energy (vgg) velocity, reside in the inset of Fig. 4. For the x = 0.1 family, the average
high-energy velocity is (VL) = 1.53(04) eVA, while for the z = 0.4 it is (VJ4) =

1.73(04) eVA. Despite the velocity distribution overlap, the average velocities differ by
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3.50, and hence are statistically different with 99.5% confidence. The ratio of velocities
(<V§'§> / <V£I'é )2 ~ 1.26 £ 0.08. Despite the large error-bar, this ratio is very close to
that expected from the ratio of the super-exchange J between families. This ratio is given
by J(0.4)/J(0.1) = T™%(0.4)/T"%*(0.1) ~ 1.4 (see Fig. 1.4). Therefore, the J o< t?
relation is obeyed, and 77"** depends on orbital overlaps even when the measurements

are done in the doped phase.

The ARPES measurements reveals additional details regarding disorder in CLBLCO.
The line width of the energy dispersion curve (EDC) peak at the Fermi momentum (k)
is a measure of the single particle life time. The line width of the momentum dispersion
curve (MDC) at the Fermi energy (Ey) is a measure of the single particle coherence
length. No quantitative differences were found between the EDC line widths. The MDC
of the x=0.1 sample is broader in the nodal direction, and narrower in the anti-nodal
direction. Since the anti-nodal direction is more relevant to HTSC, it seems that from

the ARPES point of view, the x=0.1 sample is the cleaner one.

In conclusion, we present ARPES data from CLBLCO. We find that the surface doping
is independent of the bulk doping or the Ca to Ba ratio. We also demonstrate that the
gap can be measured in this system. The hopping parameter t is larger for x = 0.4
than for z = 0.1 in the overdoped sides. This suggests that 7."%* is correlated with

electron-orbital overlaps on neighboring sites.

Comprehensive study of the spin-charge interplay in anti-

ferromagnetic LSCO

Recent low temperature angle-resolved photoemission spectroscopy (ARPES) experi-
ments on the underdoped cuprate superconductors indicate the presence of a fully gapped
Fermi surface [13, 14, 38, 39]; even in the antiferromagnetic phase [12]. In this worked
we explored the possibility that the nodal gap is a result of spin density waves (SDW). A
Large, custom made, single crystal of LSCO allowed for magnetic measurements such as

muon spin rotation (uSR) and neutron diffraction (ND), simultaneously with ARPES.
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The magnetic probes characterized the SDW while ARPES was used to explores the

gap.

For this project a series of LSCO single crystals with ~0.2-0.3% doping steps around 2%
were grown, in search of one crystal on which all the experimental techniques mention
above apply. The series of samples are first characterized by puSR. Figure 1 of the
article show the uSR frequency as a function of temperature for LSCO single crystals
with different z values. For samples with doping crossing 2% a sharp transition occurs
from an antiferromagnetic long range order to a spin glass state [40]. The sample with

x=1.92% was chosen for the rest of the experiment.

The magnetic structure of the sample has been investigated using neutron diffraction.
In Fig.2(b) neutron diffraction measurement at the lowest temperature are depicted.
The scan was perform near the (7, —7) point. A double peak structure with a diagonal
orientation has been detected, indicating a broken fourfold symmetry, consistent with
an incommensurate SDW previously measured in LSCO [41, 42]. Such incommensurate
peaks occur when, on top of the main magnetic order, the system develops spin mod-
ulations (stripes) oriented diagonally to the bond directions. The commensurate (, )

peak was also detected and its temperature dependence has been followed.

Employing ARPES, the electronic spectra of the sample has been examined. The under-
lying F'S of the sample is given in Fig.2(a) and is similar to previously obtained results
for LSCO[13]. Most of the intensity is centered around the node, suggesting the pres-
ence of gapped electronic excitations in the anti-node. This can be seen more clearly in

EDC’s along the FS in Fig.4.

The key finding of the current work is described in Fig.3, a nodal gap in the AFM phase
of LSCO. At high temperatures (T' > 50 K), the dispersive peak crosses Ep as clearly
seen in the figure. In contrast, at low temperatures (7' < 45 K) there is a gap in the
electronic spectra. The nodal gap occur not only in underdoped cuprates but also in in
simulations where inhomogeneous SDW and superconductivity coexist [43] or Coulomb
disorder effects are present [44]. The position of Fermi momentum k; during the opening
of the gap was also explored. By extracting the MDC’s at Ef, we concluded that ky do

not shift as the gap opens.
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In Fig.5, we summarizes all the parameters extracted from all three techniques. In
the figure, the uSR and magnetic volume fraction, the integrated commensurate and
incommensurate signal measured with ND and the size of the nodal gap is plotted against
Temperature. The major observations in this figure are: (I) The nodal gap opens at
T = 45 K. (II) Commensurate magnetism is well developed when the gap opens. (III)
Spin density wave forms at the same temperature (more or less) then the gap opening.
The temperature mismatch between the opening of the nodal gap appearance of the
incommensurate peaks are attributed to time scale difference between the experimental

probes.

Although there is an evident link between nodal gap and SDW, they are connected in

a non trivial way. For example, the observed incommensurate SDW do not fulfill the
V2n

nesting condition, ky +4§ = YT, Moreover, Berg et al.[45] claim the commensurate part
of the SDW can destabilize the node if the magnetic moments size exceeds a critical value,
which can be true in our case. However, such gap must be accompanied with a shift in the
position in the Fermi momentum. For the incommensurate part of the SDW, can produce
a nodal depending on the properties of time reversal followed by translation symmetry. If
the symmetry is conserved, a nodal gap will open only when perturbation which exceeds
a critical value. Both options are contradiction to the data presented in our work. If
the symmetry is broken, a nodal gap can open for arbitrarily small perturbation with no
impact on k¢. From our data, it appears that the incommensurate SDW indeed breaks
the symmetry of time reversal followed by translation. Another possibility is that this

phenomenon is caused by a fully gapped topological superconducting state that coexists

with the anti-ferromagnetic order [46] or by a disorder-induced Coulomb gap [47].

In conclusion, we measured a nodal gap in the AFM phase of Las_,Sr, CuO4 with
x = 1.92%. The gap opens well below Ty and very close to the temperature where
incommensurate SDW is detected. This finding puts strong restrictions on the origin of

the nodal gap.
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