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Abstract

In 1986 scientists were amazed by the discovery of materials that conducted electric-
ity without any resistance at temperatures much higher than previously thought,
an accomplishment awarded the Nobel Prize in Physics already the following year.
This led to great excitement and the hope one would be able to design materials
that would be ‘superconducting’, as the phenomenon is called, even at room temper-
ature, the holy grail of superconductivity research. The possibility to dispense the
use of expensive and cumbersome cooling would indeed revolutionize many technolo-
gies like electrified transports, and also lay the foundation for the next generation
of green innovations. However, despite intense research, many open questions re-
main and the mechanism behind high temperature superconductivity still represent
a puzzle, far from being fully understood. Recently, the most common idea is that
the comprehension of the superconducting mechanism cannot prescind from the un-
derstanding of the normal state of these materials. This is also unconventional,
and populated by a constellation of local orders, characterized by nanoscale lengths:
here, charge, spin, lattice and orbitals have a role, but their entwining and mutual
relations are still not fully understood. The core of cuprate high-T,. superconductors
(HTS) is represented by the CuO, planes, where superconductivity sets in and where
all the symmetry breaking orders reside. In order to succeed in understanding these
fascinating materials, an innovative strategy is to confine the CuOy planes at the
nanoscale in HTS, and to use strain and confinement as a knob to tune the orders
both in the superconducting and in the normal state. This can be done only if HTS
are shrunk in thin film form, preserving the bulk quality. In this way, confining the
orders on the same scale of their characteristic lengths, one may expect the locality
of charge, spin and current orders to be enhanced, possibly simplifying the physics
at play. The confinement can be obtained in two ways, either by nanopatterning
c-axis oriented HT'S thin film, where the CuOy planes take the shape of the nanos-
tructures, or depositing a-axis oriented HT'S nm-thin films, where the CuO, planes
form nanoribbons, constrained on either side by vacuum and the underlying sub-
strate. In this thesis work we have followed both of these strategies, using c-axis
and a-axis oriented YBayCuzO7_s thin films.

Keywords: High Temperature Superconductors, YBCO, Nanoscale orderings, Ne-
maticity
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List of Acronyms

Below is the list of acronyms that have been used throughout this thesis listed in
alphabetical order:

AFM Atomic Force Miscroscope
BiSCCO BiQSFQCaCUQOS_H;

LaSCO LayCuOy

PLD Pulsed Laser Deposition

SEM Scanning Electron Microscope
YBCO BagCu307_5
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Nomenclature

Below is the nomenclature of physical quantities that have been used throughout
this thesis.

Physical quantities

temperature
magnetic field
electric field
current density

resistance

TS mmS

pressure
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In this graph [1], we can see the superconducting transition tempera-
ture of a given superconductor versus the year of its discovery. On the
right we can find the respective crystal structure. Every colour cor-
responds to a family of superconducting materials, with the cuprates
(in red) being the one with the highest T,. In light purple we have a
class of materials which has attracted much interest in the last years,
the iron-based superconductors. . . . . . .. ... ... L.

Here we have the YBayCu3Og unit cell [2], made of three perovskite
cells stacked on top of each other; the Yttrium atom is located in
the central perovskite cell, while the Barium is on the top-most and
bottom-most cells. The three cells are separated by the electronically
active CuOg planes. . . . . . . . ..

This is an illustration of the superconducting energy gap [2] for (a)
s —wave order parameter, and for (b), d — wave order parameter on
a circular Fermi surface. In the picture is also indicated the sign of
the phase of the order parameter, together with the presence of nodes.

Here we have a schematic represantation of the phase diagram of
YBCO [1]. As we can see, it is characterized by a multitude of or-
ders, which make the understanding of cuprates superconductivity
especially hard. The nematic order has been placed mainly in the
underdoped region, even though its collocation is still object of the
scientific debate. It is highlighted the presence of two quantum criti-
cal points at two different critical dopings, p.; and peo. . . . . . . . .

Here [2] we have a clear visualization of the doping mechanism: if
we add highly electronegative oxygens along the [010] direction of the
top-most and bottom-most layers, it attracts electrons from the CuO,
planes, doping them with holes. . . . . . ... ... ... ... ...
This is a 2D representation of the Charge Density Wave (CDW) [2].
We can see a modulation of the density of charge, whose wavelength
is incommensurate with respect to the lattice parameter. . . . . . . .
This picture [3] shows how a modulation of the resistivity, lead back
to a nematic behaviour, could be observed in very diverse regions of
the phase diagram, pointing to a nematicity not just limited to the
pseudogap. . . . . ...
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This is a sketch [4] of the PLD system we employed to deposit the
films needed for our experiments. We have a main chamber, the turbo
vacuum pump needed to reach an ultra high vacuum regime and a
oxygen inlet to set the desired oxygen pressure in the chamber; there
is the heater, on the bottom of which we place the sample holder
during the deposition, and the material (YBCO) target positioned
few centimeters underneath. On the target an excimer laser is focused
which, thanks to its short wavelegnth and large fluence, is ideal for
the ablation of a large amount of material (atoms, molecules, clusters,
CUC...).

This is a SEM image of the surface of a twinned YBCO films. In the
zoomed panel we can have a closer look at the characteristic spiral-like
nucleation of the c-axis domains. . . . . . . .. ... ... ... ...

XRD symmetric scan, where the (00n) Bragg reflections are an indi-
cation of the out-of-plane c-axis. . . . . . . . . .. ... ... ... ..

XRD w scan (rocking curve), carried out in correspondence of the
(006) peak of YBCO. The width of the rocking curve provides infor-
mation about the mosaicity of the film. . . . . . ... ... ... ...

In the top picture we have a asymmetric 308-038 map, which shows
us the presence of two distinct peaks, one referring to a-axis and the
other to b-axis components. This map points therefore to a poor
degree of untwinning, in which there is a marked mixing of the two
in-plane directions. In the bottom picture we have a two peaks fit of
the asymmetric map; we have the two gaussian-like peaks associated
to the two different crystallographic components plotted with red-
dashed lines, the sum of the two curves with solid black line and
the actual data coming from XRD measurements indicated with blue
dots. We can see that we have almost complete superposition of the
line of the fit with the real data points, confirming the validity of the
fitting procedure. . . . ...

AFM picture of a YBCO thin film; from it we can have a clear vi-
sualization of the morphology of the surface and we are able to get
information about the roughness. In panel (a) we have the AFM im-
age of the substrate taken before the 8h annealing process, whereas in
panel (b) we can clearly see the impact of this annealing technique on
the substrate surface morphology, with the appearance of elongated
facets along the [100] direction. . . . . . . ... ... ... L.
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In panel (a) we can see a comparison between two normalized XRD
omega scans taken from the 308-038 asymmteric maps of two differ-
ent 30 nm thick YBCO films. The blue line corresponds to a film
deposited in a off-centered position of the sample holder with respect
to the plume, while the pink line corresponds to a film deposited with
the plume almost in line with the position of the substrate. As we
can see, an off-centered condition improves the untwinning degree of
the film. Indeed, its corresponding w-scan presents a less marked
presence of the peak associated to the second in-plane axis, deducible
from a curve which is more symmetric. In picture (b) we can observe
the effect of the thickness of the film on the untwinning; the thinner
the film, the better the disentanglement of the two in-plane compo-
nents. Nevertheless, it is worth mentioning that the untwinning does
not seem to be proportional to the thickness: while going from 20
nm to 30 nm thick films we do not observe a notable increase of the
twinning, moving to a 50 nm thick film we see an abrupt appearance
of the peak associated to the other axis (highlighted with the light
red curve), indicating how there could be a sort of thickness threshold
above which we have a marked degradation of the untwinning level.

308-038 asymmetric map, showing almost the exclusive presence of
the 308 peak, indicating a good degree of untwinning. In the bottom
picture we have the same fit described before, from which emerges a
limited presence of the peak associated to the b-axis component.

This is a SEM image of the surface of a twinned YBCO films. In the
zoomed panel we can have a closer look at the characteristic spiral-like
nucleation of the c-axis domains. . . . . . . . .. .. ... ... ...

In picture (a) we can see the R(T") curves measured along the two
in-plane axis in the case of a twinned sample, 50 nm thick. The two
resistances are in fact very similar, with a ratio which is equal to
1.04 at 300 K. The sample is not perfectly twinned, there is a slight
prevalence of chains along one direction, but still the properties are
much more isotropic than what is expected in bulk, untwinned, mate-
rial. In picture (b) we have instead the resistance versus temperature
in the case of an untwinned sample, 30 nm thick; we can observe a
clear anisotropy of the two resistances along the a and b axis, with a
much higher conductivity along the latter (2.20 times higher at room
temperature). . ... Lo

R(T) curve of an underdoped c-axis oriented YBCO film. At high
temperature we can identify a regime in which we have a linear resis-
tance, characteristic of the strange metal phase. T, the temperature
at which we lose this linearity marks the end of the end of the strange
metal and its value is close to the pseudogap temperature T*. The T?
dependence of the resistance is recovered at 7", and it can be seen
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as a restoration of the Fermi liquid behavior in the underdoped region. 29
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In the picture we can see the evolution of the lattice parameters as a
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SEM picture of the surface of an a-axis oriented film. We can observe
a granular structure with elongated domains, typical of a-axis films. .
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quite large, we see a clear difference between the two directions, which
points to a London anisotropy between the two in-plane directions.
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In this picture we removed the .J. contribution due to the London
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Introduction

The understanding of high temperature superconductivity in cuprates, whose dis-
covery dates back to 1986, remains one of the greatest challenges of condensed
matter physics. Within this class of compounds, the highest superconducting criti-
cal temperature T, has been measured in HgBaCaCuO, where its value is 135 K at
atmospheric pressure and even higher when high pressures are applied. Cuprates
are a class of materials whose remarkable superconducting properties have attracted
the interest of the solid state physics community for more than three decades. These
complex copper oxides show transition temperatures which are higher than the limit
predicted by BCS theory, the main theory allowing to explain superconductivity at
a microscopic level. The microscopic mechanism responsible of superconductivity in
cuprates still remains a mystery and it is believed that its understanding could open
the door to the the engineering of new materials with even higher 7.. The compre-
hension of the normal state is considered the key to unravel the secrets of HT'S, but
also there the picture is very unconventional, with properties which challenge the
concept of Fermi-Landau quasiparticles, on which ordinary metals are based.

The study of cuprates is therefore one of the main research areas in condensed matter
physics, but the complexity of their behavior makes it an extremely difficult task.
By varying the temperature or altering their chemical composition we observe a
multitude of orders and excitations, both in the normal and in the superconducting
state, among which we cannot simply establish a mere competition, but more of an
intricate inter-dependence: the scientific community is therefore still unable to find
a valid and universally accepted theoretical model to describe the full picture. The
experimental activity is therefore invested of a central role in this complicated pro-
cess, having to provide new elements to shed some light on this intricate intertwining
of orders. A conventional approach is no longer sufficient and new experiments have
to be designed, in order to modify or enhance these orderings, or even create "new
materials" in which constraints can make their reciprocal relations to stand out.
The novel strategy on which this thesis work is based is to study HTS confined at
the nanoscale. The main lengths that define cuprate HTS (the coherence length &,
the London penetration depth A and the charge and spin modulations correlation
lengths) are on the order of the nanometers and fabricating nanostructures whose
dimensions are comparable to these length scales could potentially provide a great
contribution to the study of HTS. Shrinking down HTS at the nanoscale implies the
confinement of the CuOs planes, which are the core elements in the structure of HT'S,
since both superconductivity and the main symmetry breaking orders populating the
phase diagram reside there.

To confine CuO, planes we have followed two different approaches. The first one
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is to pattern nanowires on c-axis oriented YBCO thin films. These nanowires have
been instrumental to the investigation of the nematic order in the superconducting
state. This order breaks the four-fold symmetry of the HTS lattice, and profoundly
modifies the transport properties of HTS. Its evidence is still very elusive, although
confirmed by several experimental techniques, in the normal state, while it has never
been observed in the superconducting state. Measuring the critical current density
J. in nanowires patterned at different in-plane angles, we have the possibility to
check if an unexpected anisotropy in J,. is present, which should be connected to
the presence of a nematic superconducting condensate. The second approach is
based on the realization of a-axis oriented YBCO thin films, spanning the whole
underdoped region of the phase diagram. Here, the CuO, planes are confined by the
thickness of the film and form nanoribbons, all arranged in series perpendicularly to
the substrate. This peculiar approach can allow us to investigate YBCO transport
properties from a different perspective, possibly modifying the coupling between
adjacent planes, along the c-axis direction, and influencing the different orders, i.e.
the charge order, populating the underdoped side of the phase diagram.

The outline of the thesis is the following:

In chapter 1 a small overview of superconductivity is provided, highlighting histor-
ical milestones and some fundamental theories. We introduce High Temperature
Superconductors (HTS) and we talk about cuprate superconductors, in particular
YBCO, the material object of this thesis work.

In chapter 2 we will discuss about the deposition of YBCO thin films and their
morphological, structural and electrical characterization.

In chapter 3 we write about the nanofabrication procedure, used to pattern c-axis
oriented YBCO thin films.

In chapters 4 and 5 we present and discuss the experimental results. In particular,
in the former chapter we focus on the study of nematicity in c-axis YBCO nanowires
and in the latter we present the results of the measurements carried out on the a-axis
oriented films.

Finally, in the last chapter we briefly summarized the main achievements of the
thesis, and discuss about the possible outlooks.



1

Theory

In this chapter we will provide a brief summary of the history of superconductivity.
Some of the theory which describes the behavior of superconductors will be high-
lighted, in order to provide a background useful for the understanding of the thesis
work.

1.1 Brief historical overview of superconductivity

e 1911. While conducting experiments with liquid helium, Kamerlingh Onnes
discovers that going below a certain temperature the resistance of mercury
rapidly vanishes. Perfect conductivity below a critical temperature, T, be-
comes the first hallmark of this new class of materials, which will be called
superconductors.

e 1933. Walther Meissner and Robert Ochsenfeld observe that superconductors
are characterized by a perfect diamagnetism. A magnetic field less than a
critical value, B., is excluded from the bulk of a superconductor when the
latter is cooled down below T, (the so-called Meissner effect) [7]. This is
the second and perhaps most significant signature of superconductivity, which
contributes to isolate superconductors from others materials and elevate their
behavior to peculiar and worth of thorough study.

e 1935. Fritz and Heinz London develop two equations, which are able to ac-
count for the two main characteristics of superconductors mentioned above [8].
These two fundamental equations relate the electromagnetic field to current
in superconductors, and their expression is the following:

n 6*2
O Js = — 1.1
o= = (L.1)
*2
VoxJ = (1.2)
m

where Js is the superconducting current density, F and B are respectively
the electric and magnetic field inside the superconductor, n, is the density
of superconducting carriers which flow without dissipation, m* and e* are
respectively the effective mass and the effective charge of superconducting
electrons (which are generally assumed to take double the value of the mass and
the elementary charge in the normal state, which would be the rest mass and
the charge of the electron). The equation 1.1 describes the perfect conductivity,
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while the other, combined with the Ampere’s law, takes care of explaining the
Meissner effect:

1 m*
Y%B, )\L = ,U/O’n/se*Q (13>

V2B =

with po corresponding to the vacuum magnetic permeability. When we enter
the bulk of the material, we have that there is a complete screening of the
magnetic field due to the formation of screening currents flowing in a thin
region at the surface of the superconductor. Both the screening currents and
the magnetic field decay exponentially into the superconductor from its surface
with a characteristic length given by A, which is known as London penetration
depth.

e 1950. Ginzburg and Landau postulate a phenomenological model [9], based
mainly on thermodynamical considerations; this model picked up on Landau’s
previously established theory regarding second-order phase transitions and
extended it, incorporating London’s theory into the picture by considering
the superfluid density n,(r) as a function of spatial variables. A complex
wavefunction, related to the superfluid density, is introduced, and is defined
as:

W(r) = [0 (r)le" (1.4)

where |U(r)| = y/ns(r) is the amplitude and ¢(r) is the phase as a function of
the position. The theory is postulated close to the superconducting temper-
ature, where the order parameter is assumed to be small and slowly varying.
One can then expand in series the expression of the free energy of the system,
immersed in a magnetic field B. The equilibrium wavefunction can be found
minimizing the expression of the free energy. From the final expression can
be extracted a second characteristic length, representing the distance at which
the order parameter can vary and not cause a significant energy increase of
the system. Its expression is the following:

h2

2m*|a|

m
Il

(1.5)

e 1950. Maxwell observes the isotope effect for Hg, discovering that the T, is in-
versely proportional to the root of the mass of the isotope of which the material
it’s made [10]. Since the phonon frequency shows the same kind of dependence
with respect to the lattice atoms oscillating mass, this discovery would point
directly to a possible relation between the electron-phonon coupling and the
superconducting phenomenon.

» 1957. Bardeen, Cooper and Schrieffer come up with the first microscopic the-
ory of superconductivity [11], providing a successful framework within which
to understand and describe conventional superconductors. The fundamental
insight of BCS theory is that electrons, which would normally be subject to
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Coulomb repulsion, form pairs through the mediation of a phonon and con-
dense into a phase that could be assimilated to a superfluid state. If the energy
of the phonon is too high, the electrons cannot couple through lattice vibra-
tions in a sustainable way, reason for which 30 K was believed to be the upper
limit for the critical temperature of superconductors.

e In 1986 Bednorz and Miiller discovered a new class of materials with a 7T,
roughly equal to 35 K, greater than one predicted by BCS, and this can def-
initely be marked as one of the major scientific breakthroughs of the last
decades. The first material to show this remarkably high 7T, was BaLaCuO;
few months later another cuprate, YBayCuzO7_s, was discovered, with a record
T, of 92 K, higher than the boiling point of nitrogen.
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Figure 1.1: In this graph [1], we can see the superconducting transition temper-
ature of a given superconductor versus the year of its discovery. On the right we
can find the respective crystal structure. Every colour corresponds to a family of
superconducting materials, with the cuprates (in red) being the one with the highest
T,. In light purple we have a class of materials which has attracted much interest
in the last years, the iron-based superconductors.

1.2 High-T7,. superconductors and YBCO

Other cuprate HTS have been discovered since then (see fig. 1.1), with even higher
critical temperature, but after more than 30 years from their discovery a unified and
universally accepted theory to explain this 'unconventional’ behavior has not been
found.

In this thesis work we will focus on YBCO. The YBayCusOg unit cell (see fig. 1.2)
consists of three perovskite cells on top of each other. Each perovskite unit cell
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contains a Y or Ba atom at the center: Ba in the bottom and in the top unit
cells, Y in the middle one. Cu atoms occupy all the corner sites, while oxygens are
placed in the middle edge positions. The CuO, planes are located right above and
below the Y ion. The chemistry of YBCO amplifies the Coulomb repulsion between
electrons. Looking at its structure we can identify two-dimensional copper oxide
layers, separated by ionic, electronically inert, buffer layers.

YBBQCU;;OB

a=b=3.86 A c=11.82 A

Figure 1.2: Here we have the YBayCu3Og unit cell [2], made of three perovskite
cells stacked on top of each other; the Yttrium atom is located in the central per-
ovskite cell, while the Barium is on the top-most and bottom-most cells. The three
cells are separated by the electronically active CuO, planes.

As would happen in the case of well-separated atoms, the electronic orbitals that
describe the states formed in the CuO, planes are well localized, and it takes a large
amount of energy to transfer an electron from one site to another. This produces
what can be called a "traffic jam of electrons", resulting in poor conductivity (Mott
insulator). At room temperature is such a bad conductor that, according to the
theory of conventional superconductors, YBCO and, more generally, copper oxides,
would have seemed the least likely materials where to look for superconductivity.
The CuO, planes can be ’"doped’ by altering the chemical makeup of what we referred
to as buffer layers, which act as a sort of charge reservoir. We can either add electrons
(electron doping) or remove them (hole doping), influencing the physical properties
of the system. For the purposes of this work, our discussion will be limited to
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hole-doped systems, and in particular to YBCO.

In YBCO, the doping consists in adding oxygens at the top and bottom planes of
the unit cell, which will arrange themselves exclusively along the [010] direction,
giving rise to the oxygen chains. The presence of the oxygen facilitates the motion
of electrons along that direction, which would otherwise be hindered by the Pauli
exclusion principle, making the b-axis more conductive than the a-axis.

The cuprate high-T, superconductors are all layered compounds where the CuO,
planes steer all the electronic properties that characterize them. Those planes are
only weakly coupled between each other, reason for which the out-of-plane prop-
erties differ a lot from the in-plane ones. Cuprates are superconductors of type
I1, defined by a region in which they still exhibit superconducting behaviour even
tough they allow the penetration of magnetic field through the material. They are
not conventional superconductors, that is their properties cannot be described in
terms of BCS theory. In contrast to low-7, conventional superconductors, in which
the superconducting energy gap, and therefore the pairing of electrons into Cooper
pairs, are isotropic (can be described by a s — wave order parameter), the gap in
cuprates presents a strong anisotropy. Thanks to phase sensitive experiments it has
been possible to show that the gap can be generally described by a dg2_,» orbital
geometry, with a gap which shows its maxima along the Cu-O bonds and nodes
along the diagonals (see fig. 1.3).

Fermi

surface

Figure 1.3: This is an illustration of the superconducting energy gap [2] for (a)
s —wave order parameter, and for (b), d —wave order parameter on a circular Fermi
surface. In the picture is also indicated the sign of the phase of the order parameter,
together with the presence of nodes.

1.2.1 The phase diagram

As the study of copper oxides started to be carried out with an ever-increasing level
of precision, in the scientific community it was soon realized that the well-understood
quantum theories employed to explain the behavior of metals and conventional su-
perconductors were completely inadequate to account for the physical properties of
this new class of materials. The main issue appeared to be the high correlation
between the electrons, which is capable of giving rise to a plethora of orders and
intertwined phases (see picture of the phase diagram, fig. 1.4).
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At zero doping every CuO, unitary plane has an odd number of electrons, and the
spin orientation is still a dynamical degree of freedom. Because of the Pauli exclusion
principle, virtual hopping of electrons produces an antiferromagnetic interaction
between neighbouring spins, which is responsible for a Neél ordered phase below
room temperature; we therefore have static magnetic moments on the Cu sites with
an orientation that reverses itself from one Cu to the next.
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Figure 1.4: Here we have a schematic represantation of the phase diagram of
YBCO [1]. As we can see, it is characterized by a multitude of orders, which make
the understanding of cuprates superconductivity especially hard. The nematic order
has been placed mainly in the underdoped region, even though its collocation is still
object of the scientific debate. It is highlighted the presence of two quantum critical
points at two different critical dopings, p.; and pgs.

Increasing the doping p (number of oxygens per planar copper atom), a supercon-
ducting phase sets in, whose transition temperature grows until we reach p,,; (around
p = 0.16—0.18), then decreases before completely vanishing at high enough dopings;
we define YBCO with p < p,,: underdoped and the one with p > p,,; overdoped.
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Figure 1.5: Here [2] we have a clear visualization of the doping mechanism: if we
add highly electronegative oxygens along the [010] direction of the top-most and
bottom-most layers, it attracts electrons from the CuO, planes, doping them with
holes.

At temperatures well above T, the resistivity in YBCO is almost two orders of
magnitude larger than in simple metals and shows a temperature dependence which
is linear, in open contrast with conventional theory of metals; for this reason the
regime above T, has been named "bad metal" or, more commonly, "strange metal",
and is perhaps recognized as the most mysterious feature of the cuprates phase
diagram. The main characteristic of the strange metal phase is the total absence
of quasiparticles, meaning that it cannot be described in terms of the Fermi liquid
theory; although much of its behavior can be explained in the frame of the so
called "marginal Fermi liquid theory", where quasiparticles are spoiled, an unanimous
understanding is still missing.

In the underdoped regime, at temperatures just above 7, we observe a unique be-
havior, peculiar to the copper HTS, which takes the name of pseudogap regime. It
is characterized by a considerable suppression of the electronic density of states at
lower energies that cannot be simply explained through the occurrence of any form
of broken symmetry. The pseudogap regime appears below a temperature 7™, where
the linear-in-temperature resistivity typical of the strange metal is spoiled, and the
appearance of a partial gap is observed in spectroscopic data. The existence of
such regime was first deduced by nuclear magnetic resonance measurements, which
revealed a reduction in the low-frequency spin excitations. A mapping of the pseu-
dogap in the k-space was directly carried out with angular resolved photo-emission
spectroscopy measurements. The resulting structure was found to be roughly simi-
lar to the d — wave superconducting gap, at least from the symmetry point of view.
We can in fact observe the suppression of the density of states only in the antin-
odal region of the Brillouin zone, where the d — wave gap is the largest. According
to some theories, Cooper pairs start to form already at temperatures close to T,
which are quite higher than the onset of the superconducting state. This could be
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explained by the presence of quantum phase fluctuations that prevent the settling
of superconductivity until much lower temperatures are reached, even though the
notion of pairing correlations in absence of a substantial phase coherence is rather
far-reaching. Pervading all the underdoped region of the phase diagram, a nematic
order is far from being fully understood. Nematicity can be found in liquid crys-
tals and is characterized by the presence of a preferential direction, along which the
crystals are aligned. In the case of cuprates, nematic order determines the breaking
of full rotational symmetry, still preserving a translational invariance of the physical
properties. Moving at low temperature from the antiferromagnetic insulating-like
region to the superconducting phase, we can find a further magnetic order, the so-
called Spin Density Wave (SPDW), a periodic modulation of the of the electronic
spin density [12] [13]. This kind of spin order differentiates itself from the the AF
order at really low doping since SDW is incommensurate and uniaxial, along the
a-axis. At few K, SDW is static, while it becomes fluctuating at higher temperatures
[14] [15]. In the underdoped region there is a last state worth of being mentioned,
the Pair Density Wave, which consists in a spatial modulation with finite momentum
of the Cooper-pairs density. So far it has been found in two cuprates compounds,
LBCO [16] and BSCCO, elevating this order to a generic phase of cuprates [17] and
a possible key to explain the pseudogap regime [18].

1.3 Breaking the four-fold rotational symmetry

Among the orders that coexist in the phase diagram, we will focus in the following
on two of these, both breaking the four-fold symmetry of the crystal: charge order,
of which the main manifestation is the charge density wave (CDW), and the nematic
order.

Charge density waves have been successfully probed and widely studied in cuprate
HTS in the last ten years. Already in 1950, Rudolph Peierls pointed out that
the energy of a metallic one-dimensional chain of atoms would be lowered through
a lattice distortion whose wave vector would match the Fermi wave vector. The
presence of charge modulating waves was first predicted in cuprates in 1989 [19]
[20], trying to study the breakdown of the antiferromagnetic phase upon doping
through 3D-fluctuations: these studies indicated a tendency towards the formation of
charged magnetic domain lines. In 1995, scientists found the first evidence of charge
ordering in La-based cuprates with a doping of 1/8, in correspondance of which
we now know CDWs to be at their strongest [21]. Neutron scattering experiments
allowed to find Bragg reflections characteristic of a magnetic superstructure with
a periodicity eight times larger than the basic crystallographic unit cell, as well as
another set of reflections pointing to a four-unit-cell modulation of the crystal lattice.
Being those modulation commensurate, their treatment was limited to the real-
space and they were given the name of stripes, since physically one had nanoscale
regions with perturbed antiferromagnetic order separated by non-magnetic 'rivers’
of charge. This kind of modulation was believed to have both magnetic and electrical
nature until 2012, when, by Resonant Inelastic X-ray Scattering (RIXS), pure charge
modulations could be observed in the quasi-elastic region of the spectra, i.e. at
quasi-zero energy loss [22]. CDW is a biaxial modulation of the density of charge p,
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occurring along the two crystallographic directions a and b in the CuOy planes. The
g-vector of the modulation is incommensurate with respect to the lattice, meaning
that the wavelength of the charge modulation is not an integer multiple of the lattice
parameters.

Acow = 21/qcpw

op
o)

Figure 1.6: This is a 2D representation of the Charge Density Wave (CDW) [2]. We
can see a modulation of the density of charge, whose wavelength is incommensurate
with respect to the lattice parameter.

This charge ordering is strongly 2D: the correlation length is rather long-ranged, in
the order of up to 10 nm along the a and b axis, while along c-axis it is smaller then
the distance between adjacent CuO, planes [23]. However, a 3D charge density wave
has been observed at low temperature and high magnetic field [24] [25]; in contrast
to the quasi-2D zero field counterpart the 3D excitation is uniaxial along the b-axis.
This experimental evidence is a first signature of entwining/competition between
the CDW and the superconducting order.

Evidence of CDW has been found in the underdoped region of the phase diagram, in
the doping range 0.08 < p < 0.17, with an onset temperature which follows a dome-
shape doping dependence having its maximum at p = 0.12 [26]. The most notable
deviation of the T, from its parabolic dependence on the doping level happens at
p = 1/8, where the CDW is the strongest [27]; this feature of the phase diagram
points to a close competition between CDW and superconductivity [28] [29], further
confirmed by another occurrence. The CDW intensity increases when reducing
temperature from the onset temperature down to the critical temperature. When
entering the superconducting state, the intensity is instead reduced. However, charge
modulations get enhanced below T, and upon the application of a magnetic field,
which reduces the superconducting pairing [30].

CDW are anisotropic along the the a and b directions of the CuO, planes of YBCO,
therefore they break the four-fold symmetry of these planes. A large in-plane
anisotropy of the values of the Nernst coefficient v(7") has been observed in YBCO
samples, reaching its maximum at p = 0.12, where, as already mentioned, CDW are
at their strongest. It is important to stress that CDW are characterized by a spatial
modulation of the density of charge and are therefore defined by a finite wave-vector,
which allow us to probe them easily with the help of a spectroscopic technique with
high resolution. As already said, CDWs have beein found consistently in the under-
doped region of the phase diagram and still remains unclear their role in the frame
of cuprate superconductors transport behaviour. Recently it has been possible to
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isolate short-range dynamical charge density fluctuations in addition to the previ-
ously known quasi-critical charge density waves. They have been found to persist
beyond the pseudogap temperature, pervading a large portion of the cuprates phase
diagram [31, 32].

Nematicity, on the other hand, is far more elusive and none of the experimental
evidence collected so far can be deemed conclusive in characterizing this still myste-
rious order. First of all, nematicity is translationally invariant, which makes it really
hard to be investigated using spectroscopic techniques, since the elastic scattering
component (k=0), is always the greatest. The photons probing the nematic order
would in fact have zero momentum, like the ones that are elastically scattered (for
example by reflections on the surface due to its roughness), and they will be there-
fore indistinguishable ones from the others in the final energy spectra. Nevertheless,
ARPES measurements showed in the pseudogap region some small differences in the
circular dichroism [33], whose anisotropy could be associated to the breaking of four-
fold rotational symmetry. Among the scientific community there is no unanimous
agreement on where to place the nematic order in the phase diagram; resistivity and
Nernst coefficient measurements would confine nematicity in the low doping region
and in a narrow range of temperatures above T, establishing a link with the spin
order. O. Cyr-Choiniere etal. [34] found two types of nematicity at low doping, one
associated to an anisotropy in both transport and Nernst coefficient, and the other,
at slightly higher dopings, reflected in the anisotropy of the sole Nernst coeffiecient,
attributed therefore to the short range charge modulations, which are stronger in
that region. According to a great part of literature, nematic order would be the
symmetry breaking order characterizing the pseudogap, in an attempt to identify
this peculiar regime as a self-standing phase of the phase diagram [35]. Transport
measurements carried out on LSCO samples point instead to a more diffuse presence
of nematicity, whose evidence would not limit itself to the pseudogap but extend to
higher doping regions and even at temperatures close to the ambient one (see pic.
1.7). Wu et al. [3] patterned on LSCO thin films Hall bars arranged in a sunbeam
configuration and performed measurements of the transverse voltage while a probing
(’bias’) current flows longitudinally; what emerges is a robust and diffuse presence
of nematicity, which is indicated by a phase offset of the nematic resistivity modula-
tion influenced by the substrate. Their findings are closely related to previous works
where, thanks to different experimental techniques, a breaking of the four-fold rota-
tional symmetry was detected and associated to nematic order; nevertheless, they
were able to detect the same anisotropy even in regions of the phase diagram where
there is no sign of pseudogap or of superconducting vortices, paving the way to a
new understanding of nematicity. Furthermore, the role of the substrate in influ-
encing the character of the anisotropy in the resistivity measurement also points
to a crucial role of the strain in influencing nematicity. Measurements that would
point to a nematic behaviour have been carried out in other quantum materials, as
in magic-angle graphene [36] and kagome lattices [37], indicating the universality of
this order and its possible connection to superconductivity.
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Figure 1.7: This picture [3] shows how a modulation of the resistivity, lead back to
a nematic behaviour, could be observed in very diverse regions of the phase diagram,
pointing to a nematicity not just limited to the pseudogap.

Despite all this experimental effort, a very strong signature of nematicity has not
been yet found in HTS, making this ordering one of the most elusive in the phase
diagram. Various scientific works have showed the presence of a two-fold symme-
try anisotropy in the measurements of a well-defined physical quantity, but it has
never been possible to directly and conclusively tie such anisotropy to a nematic
behaviour. The origin of a zero-momentum breaking of the rotational symmetry is
rather uncertain and it has been proposed that it could be due to quantum critical-
ity. A quantum critical point is a point of the phase diagram in which a continuous
phase transition takes place at 0 K. As in the case of second order phase transitions,
going from a disordered to an ordered (characterized by a loss of symmetry) phase is
accompanied by fluctuations; in the case of a QCP we have fluctuations of quantum
mechanical nature, scale invariant in space and time, and their impact is not limited
to a narrow region of the phase diagram, but is felt over a wide range of temper-
ature above the QCP. Antiferromagnetic fluctuations are believed to be one of the
main candidates to explain unconventional superconductivity in strongly correlated
electron systems like cuprates; in these materials, we have in fact the appearence
of a dome-shaped superconducting phase in the vicinity of end point of the anti-
ferromagnetic (AFM) order, where spin fluctuations (SDW) are at their strongest.
Nevertheless, scientists are collecting more and more evidence of the presence of
unidirectional (nematic) electronic correlations, whose fluctuations could play a key
role in superconducting pairing. They could be related to the presence of a QCP at
a critical doping close to the optimal doping [38], where the T, is maximal. To have
a clear experimental picture of nematicity and determine the essence of its role is
made particularly difficult since nematic fluctuations appear to be intertwined with
the magnetic ones mentioned above [39]; to further complicate this framework there
is the cumbersome presence of the CDW, which dominate a big portion of the phase
diagram, making the detection of nematicity a very difficult task. A good strategy,
backed up by the suggested quantum criticality origin of nematicity, would be to
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look for nematic order in the superconducting phase, at a doping not far from pp;.
However, even in this case nematicity could be difficult to see, since it might be
masked by the d — wave superconducting order parameter: indeed, a signature -
even vague - of a nematic pairing, i.e. a of nematicity in the superconducting state,
is still missing.

Strain plays a crucial role in defining nematicity and CDW; strain does not sim-
ply induce a structural anisotropy which is then reflected in the measurements of
physical properties; strain can also enhance nematicity, like a magnetic field would
make the magnetic properties of a material with randomly oriented domains visible
through macroscopic measurements. Recently it has been discovered that nematic-
ity, induced by strain, can modify the Fermi surface of cuprates and therefore act
on their charge modulations, modifying the electronic properties and enhancing the
strange metal phase [40]. Playing a major role in influencing electronic properties
and charge modulations, the nematic behaviour is believed to be a fundamental
building block of the superconducting phase; as already said, its presence is not
determined strain, whose role is to enhance it. This is confirmed by multiple sci-
entific works, which showed the presence of 'diagonal nematicity" [35], that is an
anisotropy axis not oriented along the main crystallographic directions, which are
the ones subjected to strain.
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Deposition and characterization of
YBCO thin films

YBCO can be grown both in single crystal and in thin film form; in our work thesis
we have employed the latter, in order to use the strain and confinement effects as
additional degrees of freedom to modify the ground state.

YBCO is a really challenging material to grow in thin film form, since its structure
is rather complex. Moreover, its properties are strongly dependent on the doping
of oxygens, which are extremely volatile atoms, easy to diffuse out of the structure.
Preserving pristine properties and the correct stoichiometry becomes even more
challenging when thin films have to be patterned and/or shranck at the nanoscale.

In this chapter we will describe the process we have used for the deposition of thin
films, both ¢- and a-axis oriented, together with the morphological, structural, and
electrical transport characterization.

2.1 Thin film deposition

In literature there are mainly two methods, which have been employed for the de-
position of YBCO thin films: they are high DC magnetron sputtering and pulsed
laser deposition (PLD). We have used the latter one, mainly for the flexibility it
offers to modify different deposition conditions, therefore spanning a large region of
the phase diagram. Figure 2.1 illustrates the PLD system setup we have used to
deposit the YBCO thin films.
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Figure 2.1: This is a sketch [4] of the PLD system we employed to deposit the
films needed for our experiments. We have a main chamber, the turbo vacuum
pump needed to reach an ultra high vacuum regime and a oxygen inlet to set the
desired oxygen pressure in the chamber; there is the heater, on the bottom of which
we place the sample holder during the deposition, and the material (YBCO) target
positioned few centimeters underneath. On the target an excimer laser is focused
which, thanks to its short wavelegnth and large fluence, is ideal for the ablation of
a large amount of material (atoms, molecules, clusters, etc...).

the technique consists in the transferring, by means of an explosion, a certain amount
of material from a target of the desired stoichiometry to a substrate. A laser is
focused onto the target, its energy is absorbed and we have the formation of a
highly directional plasma, the so called plume. PLD is fast, since the deposition
rate is really high; thanks to the rapid removal rate following the explosion, atomic
segregation on the target is not allowed, so the stoichiometry is preserved. The
fast and intense heating of the target surface by the laser beam can provide a
simultaneous evaporation of all the chemical components in the target, irrespective
of their binding energies, preserving also the stoichiometry of the deposited material.
Key parameters in this process are the laser fluence E and the pulse repetition rate
f, which control the kinetics of the atoms in the plasma plume, influencing the
nucleation and the growth of the thin film. YBCO is a very complex oxide and the
background oxygen pressure Py, in addition to controlling the plasma plume, helps
in replicating the correct stoichiometry on the substrate. The distance between the
target and the substrate d, together with the substrate temperature Ty, affect the
kinetics of the atoms impinging on the substrate and therefore the dynamics of the
deposition. High temperature allows for diffusion of the atoms on the substrate
surface, which adapt to the underlying lattice and form crystalline grains with a
specific direction. A steady post-annealing oxygen pressure P,,, helps in setting
the desired hole-doping, oxygenating the film after the deposition.
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2.2 Role of the substrate and strain effect

Thin films deposited by PLD grow epitaxially (from the greek words emi, which
means ‘upon’ and 7d&&ws, which means ’arrangement’) on top of a substrate, i.e.
they grow in crystalline form with well-defined orientations with respect to the
substrate. The choice of the substrate is therefore particularly important. The
substrate acts as the platform, the cast, where the crystal structure of the film we
desire to grow is built. It is therefore crucial that the lattice parameters of the
overlayer material roughly match the ones of the substrate, in order to minimize
the energy at the interface and avoid, in case of a notable mismatch, the formation
of dislocations, which could be detrimental to the quality of the structure. We
know that the superconducting and normal state properties of YBCO thin films
can greatly differ from the ones in the bulk and, for this reason, a homogeneous
and ordered growth is key to preserve these unconventional properties as much as
possible. The main responsible of this potential modification is the strain induced
by the biaxial stress due to the lattice mismatch between substrate and YBCO. The
strain can be quantified by the following parameter:
aS

€= o (2.1)
where a, is the lattice parameter of the substrate and a, is the lattice parameter
of the overlayer material; € should in principle not exceed 10 percent if we want
to ensure a sustainable epitaxial growth. The YBCO cell is orthorhombic and the
choice of the substrate can affect the orientation of the deposited film, i.e. the
twinning.

2.3 Twinning state

The YBCO unit cell is orthorombic and can be described by the three lattice pa-
rameters a, b and ¢, where @ = 3.82 A, b = 3.89 A and ¢ = 11.68 A. If one uses a
substrate with squared unit cell, which is the case of the most typical oxide mate-
rials used for the growth of YBCO, there will be a random exchange of the a and
b axis: this causes an average in the plane of the macroscopic structural and phys-
ical properties of the film, which loses the intrinsic orthorhombicity of the YBCO
unit cell. The properties will be therefore, on average, the same along the two in
plane directions. This has a crucial detrimental impact on the study of YBCO. For
instance, considering transport properties, the resistivity is anisotropic, and lower
along the b-axis direction, because of the presence of the chains along this direc-
tion, as discussed in previous chapter. In twinned films, the unidirectionality of the
chains throughout the sample is lost, and the in-plane resistivity becomes isotropic.
In order to minimize the random exchange of the two in-plane axis and therefore
getting aligned unit cells with the same orientation next to each other, we worked on
the substrate, both on the choice of material and the surface treatment, so to create
the right conditions to have the desired structural growth. The path we followed
implies the achievement of an in-plane anisotropic strain induced in the YBCO unit
cell by the substrate.
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2. Deposition and characterization of YBCO thin films

2.4 c-axis oriented YBCO films on MgO(110)

To grow c-axis oriented YBCO we used [110] oriented magnesium oxide. MgO crys-
tals are free from strain defects and have a thermal expansion coefficient similar to
that of YBCO; this is important because if we deposit the film at high temperatures
it can then experience large strain upon cooling to room temperature. MgO has
a low dielectric constant (approximately equal to 10) and microwave losses, which
make it suitable to be used in devices where a good coupling with the microwave
radiation is required. MgO has a cubic symmetry, and when YBCO thin films are
grown on its [001] oriented surface, twinned films are achieved. The [110] oriented
MgO surface is rectangular with [001]=4.21 A and [1T0]=5.96 A: this condition is
not enough however to guarantee the growth of untwinned YBCO films.

2.4.1 Twinned YBCO films

For our experiments, we have first deposited a thin layer of YBCO on a non-treated
MgO surface. After the deposition, we proceed with an annealing at a fixed oxygen
pressure, whose function is to add oxygen atom into the CuO chains through the
film, setting the desired doping.

A morphological characterization has been carried out through scanning Electron
Microscope (SEM) and Atomic Force Microscopy (AFM). As we can see from fig.
2.2, the surface of the film is smooth, with clearly visible c-axis domains, which are
characterized by a three-dimensional spiral-like growth. There are few holes and we
can estimate the surface roughness to be around 1-2 nm (see fig. 2.6, a).
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Figure 2.2: This is a SEM image of the surface of a twinned YBCO films. In the
zoomed panel we can have a closer look at the characteristic spiral-like nucleation
of the c-axis domains.

X-Ray Diffraction (XRD) is a valid tool to provide information about the crys-
tallinity of the structure, revealing the regularity of the YBCO epitaxial growth. In
this case (see fig. 2.3) we use a symmetric 20 — w scan, in which we can see the 00n
Bragg’s reflections, which indicate a fully c-axis oriented growth.
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Figure 2.3: XRD symmetric scan, where the (00n) Bragg reflections are an indi-
cation of the out-of-plane c-axis.
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Figure 2.4: XRD w scan (rocking curve), carried out in correspondence of the
(006) peak of YBCO. The width of the rocking curve provides information about
the mosaicity of the film.

By applying Bragg’s law, from the 26 position of the peaks we can derive the c-axis
length, from which we can infer information about the strain and the doping. One
of the consequences of the presence of the oxygen atoms, which are added in the
a — b planes, is to reduce the c-axis length to preserve the total volume of the cell:
for this reason the higher the doping, the smaller the length of the c-axis. Also the
strain can be inferred from the determination of the c-axis length: the measured c-
axis is longer than in the unstrained case, from which we can determine that YBCO
films grown on MgO (110) are subject to an in-plane compressive strain. We also
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2. Deposition and characterization of YBCO thin films

carried out an w-scan (rocking curve, see fig. 2.4) in correspondence of a (00n)
reflection, which shows a rather sharp peak; the width of the Bragg peaks in w can
be related to the mosaicity of the film, which is the degree of alignment between
different crystal grains. The narrow peak we see in 2.4, gives us once again insight
of the good crystallinity of the films.

To get an accurate estimation of the twinning degree, XRD characterization is also
needed. From the (308)-(038) asymmetric map (see fig. 2.5) we see the presence of
two distinct peaks, which can be directly associated to the presence of a-axis (308
peak) and b-axis along one direction. Being able to distinguish between two different
peaks give us information about a poor degree of untwinning, which reflects itself
on a mixing along both the two in-plane direction, of a-axis and b-axis components.
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Figure 2.5: In the top picture we have a asymmetric 308-038 map, which shows
us the presence of two distinct peaks, one referring to a-axis and the other to b-axis
components. This map points therefore to a poor degree of untwinning, in which
there is a marked mixing of the two in-plane directions. In the bottom picture we
have a two peaks fit of the asymmetric map; we have the two gaussian-like peaks
associated to the two different crystallographic components plotted with red-dashed
lines, the sum of the two curves with solid black line and the actual data coming
from XRD measurements indicated with blue dots. We can see that we have almost
complete superposition of the line of the fit with the real data points, confirming
the validity of the fitting procedure.
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2. Deposition and characterization of YBCO thin films

2.4.2 Untwinned YBCO films

Figure 2.5 shows how the choice of the substrate and the deposition procedure
described in the previous section are not enough to produce untwinned YBCO films.
First of all, the [110] MgO orientation would allow for the growth of untwinned
YBCO only if the in-plane substrate lattice parameters were close to the ones of
YBCO. The strain induced by the MgO substrate on the overlaying YBCO films
is peculiar and very small because of the notable mismatch between the in-plane
lattice parameters (0" is roughly equal to 9 and 35 along the [0,0,1] and [1,-1,0]
MgO directions respectively). In order to induce strain on the YBCO films and
suppress the twin pairs we nanostructured the MgO surface aiming at introducing
additional asymmetry in the substrate, and therefore inducing an anisotropic strain
into the film (see fig. 2.6, b) [41]. The surface reconstruction has been obtained
through a heat treatment consisting in 5 hours of in — situ annealing, at the same
oxygen pressure employed in the deposition of the YBCO films and at a temperature
Tpreann slightly higher than Tge,,.
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Figure 2.6: AFM picture of a YBCO thin film; from it we can have a clear visu-
alization of the morphology of the surface and we are able to get information about
the roughness. In panel (a) we have the AFM image of the substrate taken before
the 8h annealing process, whereas in panel (b) we can clearly see the impact of this
annealing technique on the substrate surface morphology, with the appearance of
elongated facets along the [100] direction.

Such surface treatment does not by itself guarantee the achievement of untwinned
YBCO, since the epitaxial growth of YBCO thin films is not solely influenced by the
substrate morphology. If we want to get a proper degree of untwinning, we must act
on the different deposition parameters in order to find conditions able to favour this
peculiar arrangement of the YBCO unit cells. In particular, the relative position of
the substrate with respect to the plasma plume is also crucial. We have therefore
optimized the growth of YBCO on the MgO substrate, by depositing different films
and changing each time the substrate position. In particular, we have tried to use an
off-set position, with the center of the plume misaligned with respect to the center of
the substrate: in this way, the film grows in a diffusive regime. The ablated material,
when in contact with the substrate, will be subject to a different dynamics, which
will modify the strain induced by the substrate, producing a different strain: this
might therefore favor a different twinning state (see fig 2.10).
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Figure 2.7: In panel (a) we can see a comparison between two normalized XRD
omega scans taken from the 308-038 asymmteric maps of two different 30 nm thick
YBCO films. The blue line corresponds to a film deposited in a off-centered position
of the sample holder with respect to the plume, while the pink line corresponds to
a film deposited with the plume almost in line with the position of the substrate.
As we can see, an off-centered condition improves the untwinning degree of the film.
Indeed, its corresponding w-scan presents a less marked presence of the peak associ-
ated to the second in-plane axis, deducible from a curve which is more symmetric. In
picture (b) we can observe the effect of the thickness of the film on the untwinning;
the thinner the film, the better the disentanglement of the two in-plane components.
Nevertheless, it is worth mentioning that the untwinning does not seem to be pro-
portional to the thickness: while going from 20 nm to 30 nm thick films we do not
observe a notable increase of the twinning, moving to a 50 nm thick film we see 21
abrupt appearance of the peak associated to the other axis (highlighted with the
light red curve), indicating how there could be a sort of thickness threshold above
which we have a marked degradation of the untwinning level.



2. Deposition and characterization of YBCO thin films

By setting a fixed oxygen pressure after the deposition, we obtained films with the
desired level of doping (the parameters of the deposition are listed in table 2.1).

’ bluepoli!40 T Py d E f ‘
craxis 760 °C 0.8 mbar 55 mm 2 J/cm2 6 Hz
films

Table 2.1: In the table are listed the most relevant parameters used for the depo-
sition of c-axis oriented and untwinned YBCO thin films.

The thickness of the film might also play a major role in the overall untwinning of
the deposited film. We have discussed indeed previously about how the strain is a
crucial factor for the achievement of untwinned films. But the strain induced by the
substrate is reduced, when the thickness of the film is increased.

To investigate the relation between strain, thickness and untwinning degree, we have
grown YBCO thin films with different thicknesses in the range between 20 and 50
nm, all in the same deposition conditions. As we can see in the picture 2.7(b), for
20 and 30 nm thick films XRD 308-038 asymmetric maps show the presence of two
peaks, one much more prominent than the other, indicating a very good degree of
untwinning, almost reaching 90%. This is among the best results achieved for YBCO
thin films. However, the untwinning degree abruptly degrades when the thickness
of the films in increased from 30 to 50 nm thick films.
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Figure 2.8: 308-038 asymmetric map, showing almost the exclusive presence of the
308 peak, indicating a good degree of untwinning. In the bottom picture we have
the same fit described before, from which emerges a limited presence of the peak
associated to the b-axis component.

The SEM pictures of untwinned films (see fig. 2.9) present 1 nm deep elongated
channels, oriented mainly along the [110] direction of the substrate, which would
correspond to the YBCO a-axis. This anisotropy in the morphology of the surface
confirms the presence of a structural anisotropy due to the untwinning.
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2. Deposition and characterization of YBCO thin films

Figure 2.9: This is a SEM image of the surface of a twinned YBCO films. In the
zoomed panel we can have a closer look at the characteristic spiral-like nucleation
of the c-axis domains.

Transport measurements are a very effective way to characterize YBCO thin films.
A resistance versus temperature R(T") curve provides information regarding the su-
perconducting properties of the film, like the superconducting critical temperature,
in addition to some insight on the doping and the overall structural quality of the
film. A sharp superconducting transition is, for instance, one of the best bench-
marks of the homogeneity of the film. To check the untwinning state of the films,
we have performed measurements along the two crystallographic directions adopting
a Van der Pauw configuration [42]. The range of temperatures along which we could
perform the measurements goes from 4.2 to 300 K, even though for overdoped and
slightly underdoped films the lower temperature limit in the R(T') curve was set to
be higher.
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Figure 2.10: In picture (a) we can see the R(T") curves measured along the two
in-plane axis in the case of a twinned sample, 50 nm thick. The two resistances are
in fact very similar, with a ratio which is equal to 1.04 at 300 K. The sample is not
perfectly twinned, there is a slight prevalence of chains along one direction, but still
the properties are much more isotropic than what is expected in bulk, untwinned,
material. In picture (b) we have instead the resistance versus temperature in the
case of an untwinned sample, 30 nm thick; we can observe a clear anisotropy of the
two resistances along the a and b axis, with a much higher conductivity along the
latter (2.20 times higher at room temperature).
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2. Deposition and characterization of YBCO thin films

As we can see in the picture, in the twinned film the resistance is roughly the same
along the two directions, indicating that in both directions we measure an average
of the a-axis and b-axis contributions. In the untwinned sample we witness a clear
difference in the resistance along the two in-plane axis: a and b components are
mostly decoupled and the presence of the oxygen chains in the b direction translates
in a clearly lower resistance, with a parabolic-like behavior of the resistance at high
temperature. The anisotropy we measure in these films is of the same order as the
best untwinned YBCO single crystals [28].

2.4.2.1 Underdoped films

As already stated before, the main goal of the active research in cuprates and specifi-
cally of this work is to explore their phase diagram and investigate the forms of order
that characterize it. In order to do so, it is of course fundamental to be able to vary
in a controlled and reproducible way the doping of the YBCO films. Obtaining
slightly overdoped films is relatively easy: they are fully oxygenated and realized
using an almost atmospheric oxygen pressure in the deposition chamber during the
post-annealing [43, 44]. Going instead to the underdoped is not as straightforward:
a careful procedure has been however developed at Chalmers to succeed in this task
[45]. In order to get good quality underdoped films we proceeded, immediately after
the deposition, with an in — situ post-annealing at a fixed and steady pressure.
It is a matter of extreme importance that the pressure stays constant throughout
the whole post-annealing process, until we reach room temperature; this is because
pressure instabilities can be very detrimental to the final degree of oxygenation of
the film, causing a broad and irregular transition. In fig. 2.11 we can the R(T)
curve typical of underdoped films.
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Figure 2.11: R(T) curve of an underdoped c-axis oriented YBCO film. At high
temperature we can identify a regime in which we have a linear resistance, character-
istic of the strange metal phase. 77, the temperature at which we lose this linearity
marks the end of the end of the strange metal and its value is close to the pseudogap
temperature 7. The T? dependence of the resistance is recovered at 7%, and it
can be seen as a restoration of the Fermi liquid behavior in the underdoped region.

2.4.2.2 Determination of the doping

If we want to construct a proper phase diagram we have to determine the doping
of our films starting from the information we can get from transport and XRD
measurements, which are mainly the T, and the length of the lattice parameters. A
common approach to estimate the doping is to use the following parabolic relation:

1—T,/T" =82.6-(p— 0.16)* (2.2)

where 17" is the T, at optimal doping. However the trend of the 7, as a function
of the doping is not perfectly parabolic, with a deviation from it around p = 1/8,
where we have a depression of the T, due to the presence of strong CDW. The length
of the the c-axis increases monotonically as we move to the lower dopings and if we
carry out an interpolation of our data with the two methods we can get an accurate
estimation of the doping level of our films [29].
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Figure 2.12: In the picture we can see the evolution of the lattice parameters
as a function of the doping. We have that both c-axis and a-axis monotonically
increase, while the b-axis decreases. Those trends are due to the presence of the
oxygen: it is responsible of holding the YBCO cell structure together and is located
along the b-axis; going in the underdoped regime and therefore removing it, causes
a contraction of the b-axis while at the same time producing an expansion of both
c and a-axis.

2.5 a-axis oriented films

The growth of a-axis oriented films is in general more complicated than in the c-axis
counterpart. The lower temperature employed in the deposition does not help a
proper nucleation of a-axis grains, resulting in poor crystallinity of the final film
and in a lower transition temperature. To favor the growth of a-axis oriented films,
a process has been developed at Chalmers [46], where the YBCO is grown on top
of a rf sputtered, 90 nm thick, layer of PBCO. This film, acting as a buffer layer, is
deposited on a SrLaGaQ, substrate. After the deposition of this buffer layer, which
is known to promote the growth of homogeneous a-axis superconducting films with
high crystallinity, the sample is transferred in — situ to the pulsed laser deposition
chamber. Here, a YBCO film, with a thickness of 50 nm is deposited. By slowly
increasing the temperature after the deposition, we achieve slightly overdoped films,
where the CuO chains are fully oxidized. The parameters of the deposition are listed
in table 2.2.
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Table 2.2: In the table are listed all the most relevant parameters used for the
deposition of YBCO a-axis oriented untwinned films.

A thorough X-ray Diffraction (XRD) analysis has been performed to determine
the structural properties of the ex — situ-annealed underdoped a-axis films. The
symmetrical 20 — w scans confirm what has been previously observed on the as-
grown, fully oxygenated films, i.e. that the films are highly crystalline and a-axis
oriented, with a negligible contribution coming from possible c-axis oriented grains.
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Figure 2.13: 20 — w scan. The 300 peak of the YBCO accompanied by one other
peak, corresponding to the 300 of PBCO. We cannot observe other peaks, which
implies the YBCO film is purely a-axis oriented. If there were b-axis domain, in fact,
we would have observed a further peak, coming from the 030 reflection, located at
smaller angles with respect to the 300 peak, being the b-axis always greater than the
a-axis. Same thing can be said for the 009 reflection, related to c-domains, which
would be located in the same range of angles; its absence is again a sign of a pure
a-axis nucleation of the film.

In fig. 2.13 we have the 20 — w scan carried out from 70 to 76 degrees, around
the YBCO 300 reflection; at intermediate angles between these two we cannot see
a clear third peak, which would be the (030) YBCO reflection, associated to the
b-axis: there is almost none random exchange of a and b axis, i.e. we have a sample
structure in which the dominant out-of-plane component is the a-axis. In addition
to the symmetric scan, we carried out an asymmetric map around the (038)-(308)
YBCO reflections (see fig. 2.15) and we could identify one single peak, verifying the
excellent degree of untwinning of the films. As previously done in the case of c-axis
oriented films, the morphology of the film has been investigated with SEM (see fig.
2.14).

31



2. Deposition and characterization of YBCO thin films

Figure 2.14: SEM picture of the surface of an a-axis oriented film. We can observe
a granular structure with elongated domains, typical of a-axis films.
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Figure 2.15: (a) Asymmetric 308-038 map, where we can clearly see the presence
of one single peak, associated to the sole presence of the c-axis component. (b) Fit
of the integrated intensity of panel a, in which we can see the absence of a b-axis
associated peak.

As we can see from the picture, the surface shows a granular texture, with the
elongated domains typical of the a-axis films aligned along the [010] direction of the
film (b-axis). SEM allows you also to get an insight on the transport properties of
the surface, since charging effects, which produce really bright images, are a sign of
poor conductivity.
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Nanofabrication

The main goal of this work is the study of nanoscale ordering in HTS through
transport measurements on YBCO nanostructures. In order to achieve such goal is
crucial to fabricate devices that retain as much as possible the properties of the bulk,
which we already worked so hard to maintain through a thorough optimization of
the thin film deposition parameters. This challenge is to fabricate devices without
degrading the film’s normal superconducting properties [47] [48] [49] [50]. The task
is made particularly difficult by the chemical instability of YBCO and by its really
short superconducting coherence length &, which make the final structures extremely
sensitive to structural inhomogeneities. Our group has developed and used for over
a decade a fabrication method to overcome these problems and fabricate pristine
nanowires with record high J,. [6, 51-53], method that will be described in the
following section.

3.1 Nanopatterning procedure

The nanofabrication routine consists mainly of one-step electron beam lithography
in combination with a carbon hard mask and a very gentle argon ion milling. This
method has been optimized for the fabrication of YBCO nanostructures [6, 51, 52],
and also showed to be reliable for other cuprate compounds as Pry,Ce,CuQOys
(PCCO) [54] and Lag,Sr,CuO, (LSCO). The nanostructures, whose lateral dimen-
sions have been shrank down to 50 nm, preserve both in the normal and in the
superconducting state the properties of the starting thin films. In particular for
YBCO, the nanowires have shown high critical current densities, close to the de-
pairing limit, and critical temperatures which are unchanged with respect to the
unpatterned thin film [55]. For their characteristics, they have been already suc-
cessfully employed in several devices, where nanoscale elements are needed, as single
photon detectors [56, 57] and superconducting quantum interference devices [58, 59].
The nanofabrication steps are the following:

1. Deposition of untwinned YBCO thin film via PLD.

2. Gold capping of the YBCO thin film. We start with an ex — situ evaporation
of a 60 nm thick gold layer on top of the YBCO film, which will protect the
film from contaminations and help the thermalization of the forming nanos-
tructures during the etching process, therefore limiting oxygen out-diffusion.

3. The gold capping is immediately followed by the deposition of the hard carbon
mask. The carbon mask is deposited via PLD through three steps of increasing
energy of the laser. At first the relatively low energy of the laser favours the
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growth of graphite-like carbon, which better adheres to the gold surface; then,
increasing the energy, we obtain a more diamond-like carbon, ensuring the
structural resistance of the final mask. We have then the spinning of the
resist. We span on the carbon mask two different resists, with two different
sensitivities to the electron beam.

. The nanowire geometry is defined by Electron Beam Lithography. We then

remove the exposed area during resist development.

. A thin layer of chromium is evaporated on top of the double layer of resist,

and will act as a mask for the carbon.

. The carbon mask is defined after the chromium is lifted off.

. The carbon layer which is not covered by chromium is removed by low power

oxygen plasma etching.

. The Cr layer, the Au and YBCO which are not covered by C, are etched by

Ar™ ion-beam milling. The sample to be etched is placed on a stage which is
cooled down with liquid nitrogen during the all process. As already mentioned,
YBCO is chemically unstable and high temperature would make it susceptible
to oxygen out-diffusion; this could turn out to be very detrimental to the final
nanowires superconducting properties and, in the case of underdoped YBCO,
even make the wires insulating. The heat generated by the impact of the highly
energetic argon ions on the sample is then potentially harmful: therefore the
presence of the cooled stage and the gold capping, as well as an appropriate
choice of the etching parameters (the current and beam voltage values are the
lowest allowing the etching of YBCO) ensure the minimization of the damages
caused by the ions to the nanostructures.

. The remaining carbon, which has an etching rate much lower with the respect

to the one of the YBCO, therefore resisting during the Ar* ion-beam milling,
is then removed by plasma etching, while the gold layer is kept.

All the aforementioned steps are sketched in fig. 3.1.
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Figure 3.1: This is a sketch of the steps involved in the fabrication process [5].

A SEM image of a nanowire taken at the end of the fabrication process is instead
shown in fig. 3.2.

Figure 3.2: Colourized SEM picture of a nanowire.
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Confinement by patterning to
study nematicity

In this chapter we will present the measurements and the results of the first approach
we adopted to shed light on the complex intertwining of orders we have in the phase
diagram of cuprates. More specifically, we aimed at investigating the nematic order
within the superconducting state with the help of transport measurements at cryo-
genic temperatures in YBCO nanowires. Here, the confinement of the CuQOs planes
is obtained through nanopatterning. This strategy can be effective in shedding lights
on nematicity mainly for two reasons: first, the thickness of the wires is on the order
of the nanometer, the same order of magnitude of the fundamental length-scales of
superconductivity, which makes the transport highly directional; second, the results
of transport measurements at cryogenic temperatures can shed light on the coupling
between nematicity and Cooper pairs, a link which is still missing so far.

4.1 Nematicity in YBCO nanowires

The first of the two main goals of the thesis work is to investigate the angular
dependence of the in-plane J. employing YBCO nanowires.

To design the experiment, we have first chosen to pattern YBCO films whose hole
doping level is about p = 0.19, i.e. slightly overdoped films. In the underdoped case,
the low amount of oxygen introduced by doping is randomly distributed along the
b-axis direction of the CuO planes, causing inhomogeneities at the nanoscale in the
transport properties and therefore potentially high fluctuations in the J. values; in
overdoped films the CuO chains are overall present with more regularity throughout
the sample, allowing for more stable .J.s.

A second parameter we took into account when designing the experiment was the
film thickness. As previously discussed, strain on few-unit-cell thick films (~ 10 nm)
plays a very important role in making the nematic order stand out [40]. However, the
strain induced by the substrate tends to become weaker if we increase the thickness
of the film: by previous experiments, we know for instance that 50 nm thick films
are already partly relaxed. At the same time, reducing too much the thickness could
amplify the fluctuations of the J. values [44]. As a compromise, we have opted for
using films whose thickness is 30 nm.

A third crucial parameter to consider is the twinning state of the films. We have to
pattern untwinned films, so to preserve the structural anisotropy of YBCO in bulk
form, from which anisotropic transport properties derive.
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4. Confinement by patterning to study nematicity

Finally, we have to pattern nanowires on these films with a certain width w. We
opted for fabricating nanowires with two different width: w = 100 nm, and w = 300
nm; in the former case nematicity effects are supposed to be enhanced, but at
the same time the reduced width makes them extremely susceptible to fabrication
defects and therefore amplifies J. fluctuations. Wider wires allows in principle for
more stable J,. values, still not denying the possibility to observe nematic fluctuations
of the critical density current.

Before investigating the nematic state, which is associated to an unexpected, ad-
ditional anisotropy of the transport properties, we have to check if the expected
anisotropy in the transport properties can be probed in the nano-system which we
aimed to be the focus of our investigation. Indeed, in untwinned YBCO single
crystals and thin films an in-plane anisotropy of the superconducting properties is
present, mainly due to the orthorhombicity of the crystal structure and the presence
of the b-axis oriented CuO chains. In order to verify the presence of this anisotropy
contribution we decide to pattern first on a 30 nm thick overdoped YBCO film
nanowires oriented exclusively along the two main in-plane crystallographic direc-
tions, i.e. the a and b axis.

From now on, for the sake of simplicity and of an easier comprehension of the
measurement data, we will use the convention to assign to the b and a axis the
angles 0° and 90°, respectively.

4.1.1 Nanowires at 0 and 90 degrees

In principle a structural anisotropy, such as the one introduced by the untwinning,
should reflect itself on a London anisotropy, which translates into having different
London penetration lengths along the main crystallographic directions. Indeed, the
Ginzburg-Landau formula for the theoretical depairing current value is the following,

Do

- 4.1
33/ 27TM0>\(2)50 ( )

Ja
showing how the value of the A has a strong influence on the J.. This is the reason
why we expect that the anisotropy of the film would produce an anisotropy in the J,.
values. The first step of our experiment was aimed therefore at observing different
J. along the a and b axis. We only patterned nanowires at 0 degrees (oriented along
the b direction) and at 90 degrees (oriented along the a direction). In order to
observe the expected anisotropy was crucial to collect as much measurement data as
possible, so that a large statistics could shield the final results from the unavoidable
J. fluctuations and allow us to see the effects due to the intrinsic physics at play.
We patterned a total of 176 nanowires, 88 for each of the two chosen widths, equally
divided among the 0 and 90 degrees directions. All the measurements have been
carried out at a temperature of 4.2 K, so that we could study the nematic behavior
in the superconducting state. As mentioned before the footprints of nematicity have
been observed - with some exceptions [3, 40] - mainly in the pseudogap region; our
intent was to look for nematic evidence also in the superconducting phase in order
to suggest a nematic behaviour of the Cooper pairs.

We have measured the current voltage (IV) characteristic of each wire, from which
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4. Confinement by patterning to study nematicity

we can extract the critical current I..
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Figure 4.1: Sketch of the measurement setup. The nanowire is cooled down at
T = 4.2 K with liquid helium and with two contacts at its extremities we apply a
current determined by the bias resistance. With the help of other two contacts we
read the voltage drop occurring through the wire and combining it with the voltage
drop through the series resistance we obtain the I-V characteristic of the nanowire.

The I. is the value of the current flowing through the wire beyond which we observe
an increase in voltage, that is the current value needed to kill the superconducting
state. Knowing the thickness ¢ of the film and the width w of the wires patterned
on it, we could easily derive the J. values of each wire, as J. = I./(wt).

We measured the IV of all the nanowires, which were all working: this proves the
effectiveness of the fabrication method. For every width and every orientation, we
have a population of measured J., of which we have determined the average along
with the standard deviation of the distribution. These two quantities (the latter in
form of error bar) are plotted in figure 4.2 as a function of the angle for the 0 and
the 90 degrees distributions, at each of the two different widths. Here, the values for
the -90 degrees direction are the same derived for the 90 degrees orientation, since
the two are physically equivalent; we represented them in order to provide a clearer
and symmetric visualization of the J. values anisotropy.
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4. Confinement by patterning to study nematicity
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Figure 4.2: Average and standard deviation of the J. distributions, for nanowires
oriented either at 0 or at 90 degrees. Even though the error bars are quite large,
we see a clear difference between the two directions, which points to a London
anisotropy between the two in-plane directions. The J,. values measured in 300 nm
wide wires are generally lower than in the case of narrower wires. This is due to
current crowding effects, which are amplified by the width of the nanowires [6].

We observe that the J. measured in the 100 nm wide wires are greater then the
J. measured in the wider ones. This can be explained taking into account current
crowding effects at the extremities of the nanowires, which are greater for larger
wires, and pushes the measured J. further from the depairing current density limit.
The broadening of the distributions, i.e. the error bar, is rather large and it is
width dependent, since it is almost a factor two larger for narrower wires: the un-
derstanding of the nature of these J. fluctuations will be object of further studies,
to understand if they are just extrinsic, and due to small differences between nom-
inally identical nanowires, or directly related to the the intrinsic physics at play
(nematicity).

However, as we can clearly see in figure 4.2, the measurement of a large population
of identical wires overcomes any issues connected to these intrinsically large error
bars: we can just consider the average and neglect the fluctuations of the J.. Indeed,
for both the populations, w = 100 nm and w = 300 nm, the averages are different
at the two angles, with similar ratios. The London anisotro py we found is aligned
with what we would expect from the measurements of the external magnetic field
periodicity of Dayem bridge YBCO nanoSQUIDs, according to which we have that
1 < :\\—: < 2 [5]. which should stand out more in the case of thinner wires. In
conclusion, a clear anisotropy of the critical current density along the two in-plane
directions of the YBCO cell is present. This opens the way to our next experiment.
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4. Confinement by patterning to study nematicity

4.1.2 Angular dependence

The importance of the presence of the expected anisotropy contribution due to dif-
ferent \s along the two in-plane axis is twofold: on one side, we get the confirmation
that intrinsic phenomena due to the structure of YBCO are preserved down to the
nanoscale and can be studied in our nanowires; on the other side, the knowledge
of the expected J. anisotropy helps us to isolate and pick up the possible contribu-
tion of additional anisotropies, connected for instance to a superconducting nematic
state.

After our preliminary test, we proceeded thence with the study of the full angular
dependence of the J.. We patterned nanowires along 36 different directions, ranging
from 0 to 360 degrees, with a nanowire every 10 degrees. The wires were arranged
in a sun-beam configuration, each of them extending radially from a common pad
in the center of the cluster (see fig. 4.3).

Figure 4.3: SEM picture of the nanowires arranged in a sunbeam configuration.

We fabricated a total of 9 sun-beams, all patterned on the same 30 nm thick YBCO
film; in 5 of them we had 100 nm wide nanowires, in the remaining 4 we had instead
the 300 nm wide ones. All measurements were performed in the same way as in the
experiment discussed in the previous section.

Nematic order is supposed to break the four-fold rotational symmetry, but it still
preserves 180° degrees symmetry (C2 point symmetry) and for this reason the rele-
vant directions for every sun-beam were just half of the total, being the other half
physically equivalent. Following the convention established before we plotted the
data as a function of the angle, for values ranging from 90 to -90 degrees, with 0
degrees corresponding to the b-axis, 90 degrees to the a-axis and -90 simply being
assigned the same data for the 90 degrees oriented wires. In Fig. 4.4(a) we have
plotted all the J.s collected during our measurements.
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Figure 4.4: In panel (a) we have plotted the J. that we have determined for
every single measured nanowire. In panel (b) we have plotted the average of the J.
distribution for every angle, together with its broadening ¢ in the form of error bar.

Nominally there should be 8 values per angle in the case of the 300 nm wide wires
and 10 values for the narrower wires. We could not measure every single wire but the
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4. Confinement by patterning to study nematicity

percentage of non-functioning wires is nevertheless negligible. Starting from these
data we evaluated the average and the broadening o of the J, distribution for every
angle and we plotted these new values in Fig. 4.4(b).

In order to look for a possible nematic contribution, it is essential to remove from the
data the anisotropy contribution to the J. due to the different London penetration
lengths along the two main axis, whose trend as a function of the angle ~ is given
by the following formula [60]:

J) = \/k:10032(7) + kosin?(7y) (4.2)

The angle ~ follows the same convention we established before and k; and ko are

directly related to the two in-plane London penetration depths via the relation
k1 A2
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Figure 4.5: In this graph we highlighted with a red-dotted line the J. contribution
coming from the London anisotropy. To evaluate the k; and ks coefficients we used
the J. values we found in the previous experiment, where we measured only wires
oriented along 0 and 90 degrees.

The values for k; and ks, have been evaluated considering the data we got from the
measurements discussed in the the previous section and this anisotropy contribution
is plotted in the graph as a red-dotted-line.

In Fig. 4.6 we subtracted the London anisotropy component of the J. and we observe
a a modulation of the J.. This modulation can be fitted by a sinusoidal curve (violet
line).

45



4. Confinement by patterning to study nematicity

T ) T " T T T T T
3E+7 1 o Jcaverage - JA¢ |
. é
<7 2E+7| ; ]
(]IJ ° B i
o) I i
@ 1E+7 o . ;!
2
© OE+O¢ .
(&)
—
ME+T | | |
2E+7 L

100 50 0 50 100
Angle (degrees)

Figure 4.6: In this picture we removed the J. contribution due to the London
anisotropy and we fitted a sinusoidal curve on top of the data we obtained. As we
can see, there is a modulation of the average values o the J., with a maximum in
correspondence of 25°. The fact that the maxima of the modulation are not along
the main crystallographic directions of the YBCO films might point to an anisotropy
linked to a nematic behaviour.

From the sinusoidal fit, we have estimated a J. maximum located around v =
25°. If we associate this modulation to a nematic behaviour, this occurrence could
be particularly interesting since it implies that the nematic anisotropy axis is not
oriented along the main crystallographic axis.

Notably, the error bars are larger in correspondence of the maxima of the sinu-
soidal curve we fitted. Even though we cannot categorically exclude defects due to
nanofabrication as the origin of this occurrence, we tend to believe that this peculiar
characteristic is related to the intrinsic physics of nematicity, according to which J.
fluctuations are higher when nematicity is stronger [61] [62]. Such origin would val-
idate our fit on the averages, despite the whole modulation is well within the error
bars.
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Confinement by thickness

In this chapter we will present the realization of underdoped a-axis oriented YBCO
films and the results of their transport characterization. These films are particu-
larly interesting, mainly for two reasons; first, the CuOy planes, where the differ-
ent intertwined local orders of the underdoped regime reside, are perpendicular to
the surface of the substrate and parallel to the growth direction. They are there-
fore constrained by the film thickness to form one-dimensional nanoribbons. Any
nanofabrication procedure, which could potentially introduce unwanted defects into
the final devices, is avoided.
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Figure 5.1: (a) Unit cell of YBCO. (b) Sketch of the structure of a-axis oriented
films. The CuO, planes are perpendicular to the substrate and confined by the
thickness of the film into nanobelts.

The second reason of interest resides in the possibility to study easily the electronic
transport along the c-axis, which could be helpful in understanding the physics of
YBCO.

By combining these two aspects, we could learn a lot from charge modulations, whose
bulk form has a negligible correlation along the c-axis. The peculiar arrangement of
the CuO, planes could set conditions on the CDW, allowing us to further explore
this local order and get more insight in its intertwining with superconductivity.

5.1 Growth of underdoped a-axis oriented films
It is extremely important to get underdoped YBCO films, which can be then used to

explore the underdoepd region of the the phase diagram, where all the local orders
are located and many unusual phenomena that characterize cuprates are observed.

47



5. Confinement by thickness

The process needed to get high quality underdoped c-axis oriented YBCO films is
well established [45, 63]: as we have discussed in chapter 2, by varying the post
annealing pressure after the film deposition, one can get pristine YBCO samples
with the desired doping level, characterized by a smooth and sharp superconducting
transition.

However, the scenario for a-axis oriented YBCO is different. Oxygen inter-diffusion
happens mostly along the a-b direction, where it is orders of magnitude higher than
along the c-axis direction. So, a-axis oriented films have a completely different
dynamics in the oxygenation, since we have a much larger area available for oxygen
exchange. If we try the same process employed for c-axis films to get underdoped
a-axis samples we get unsatisfactory results, with a R(7") characterized by a broad
and irregular superconducting transition and a superconducting onset fixed at the
optimally doped level, independently on the post-annealing pressure (see fig. 5.2(a)).
To overcome this problem, we developed a new technique to access the underdoped
region [64], consisting in depositing a slightly overdoped sample and then reaching
the desired doping by carrying out an ex — situ annealing at a fixed and steady
oxygen pressure. We observed that the films obtained with this technique show a
good crystallinity and a smooth and sharp transition, sign of a better oxygenation
of the sample (see fig. 5.2(b)).
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Figure 5.2: (a) R(T) curve of an underdoped a-axis oriented YBCO films obtained
following the same procedure employed for c-axis oriented films; (b) R(7T") curve of an
underdoped a-axis oriented film obtained with the different procedure we described
earlier in the text, consisting of an ex — situ annealing starting from a slightly
overdoped film. As we can see, in the former case we get an irregular (double)
and broad superconducting transition, whereas in the latter we have a much better
transition to a superconducting regime, sharper and smoother.

This new procedure offers the additional advantage to allow the modification of the
doping of the same film several times. The whole underdoped side of the phase
diagram can therefore be explored using a single sample, where only the oxygen
content is modified.
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5. Confinement by thickness

Starting therefore from a 50 nm thick, slightly overdoped film, in the experiment
here presented we have explored the whole phase diagram: we decreased each time
the annealing oxygen pressure, performing X-Ray diffraction (XRD) measurements
and R(T') measurement after each annealing.
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Figure 5.3: (a) T? along the b-axis versus the pressure employed during the anneal-
ing process. We obtained a T which is generally decreasing, sign of films becoming
more and more underdoped. This is further confirmed by XRD measurements in
panel (b), which show a c-axis getting longer, proof that we are actually subtracting
oxygen from the chains and getting to the underdoped region of the phase diagram.
We also observe, as we would expect, an increase of the a-axis.

The X-Ray Diffraction analysis has been employed to determine the twinning state
(the films are totally detwinned) and the length of the a and ¢ axis, starting from the
position of their peaks in the two configuration of measurements we have discussed
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in chapter 2. The data show an increase of both ¢ and a axis, as one would expect
when going to the underdoped, where the oxygen chains along the b-axis become less
populated causing the other two axis to increase in length. This increase and the
good crystalline quality observed each time in the symmetric 20 — w scans confirm
the validity of the method we employed to achieve underdoped films.

5.2 Transport anomalies in ultrathin and under-
doped a-axis oriented films

In plane transport measurements were performed on the same 50 nm thick film dur-
ing all the experiment, after each annealing. We measured the in plane resistance
vs temperature along the two main directions, using a four-contact Van der Pauw
configuration [42]. All the data we collected are plotted in the two graphs below.
The curves refer to different dopings (on the underdoped side of the phase diagram)
and are characterized by rather sharp superconducting transition; nevertheless al-
ready from a first look the R(7) curves are characterized by peculiar features that
differentiate them from the resistance behaviour we observe in the bulk.
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Figure 5.4: (a) R(7T) measured along the b-axis on the same film annealed at
different pressures. Interestingly, we observe an upturn in the resistance at the
lowest doping we were able to reach. (b) Same as panel a, but the measurements
are here along the c-axis direction.

Figure 5.2(a) shows how in the case of the R(T) along the b axis we can observe
the total disappearance of the linear-in-T resistance, signature of the strange metal
phase. If we make a comparison (see Fig. 5.5(a) and (b)) between the R(7") mea-
sured on two different YBCO samples at the same doping level (p=0.14), one c-axis
oriented and the other a-axis oriented, we observe a radically different trend of the
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5. Confinement by thickness

resistance at high temperatures. The b-axis resistance measured from the c-axis
oriented sample shows a clear linear behaviour at high temperatures as one would
expect from the presence of the strange metal phase which emerges out of the pseu-
dogap regime. In the case of the a-axis oriented YBCO film, we have instead a
resistance which follows a clear metallic-like parabolic trend, typical of a Fermi lig-
uid (see pic. 5.5). The reason for that could be due to a strong role played by the
chains, which are oriented along the b-axis direction. In such constrained films they
might be - with respect to isodoped c-axis oriented films - very ordered and coherent
among each other, pervasively influencing the transport in the normal state.
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Figure 5.5: Here we have a comparison between two R(7") curves coming from two
different underdoped YBCO films. Picture (a) shows the resistance along the b-axis
in the case of a c-axis oriented film; at high temperature we see the conventional
linear behaviour of the resistivity due to the strange metal regime, which emerges out
of the pseudogap, where we can instead observe a parabolic trend of the resistance.
Picture (b) shows instead the resistance along the b-axis in the case of a a-axis
oriented film; notably, the resistance follows a clear metallic quadratic behaviour, in
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full agreement with the Fermi-liquid theory.

The second notable feature emerging from the transport measurements is the huge
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5. Confinement by thickness

anisotropy between the resistance measured along the b-axis and the one along the
c-axis, whose ratio can reach the order of 10° (see pic. 5.6).
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Figure 5.6: In the picture we have plotted in logarithmic scale the resistance
measured along both b-axis and c-axis at the same doping level (p=0.14). The
anisotropy, which reaches values on the order of 10°, is greater at 100 K due to the
peculiar behaviour of the resistance along the c-axis, which shows an insulating-like
growth until the superconducting transition is reached.

Such high anisotropy values have been observed both in LaSCO and BiSCCO, where
there is a much smaller coupling between the CuO, planes due to their higher dis-
tance. This suggests that the weak coupling between adjacent CuQO, planes in a-axis
films, highlighted by the insulator-like temperature dependence of R., is modified
as an effect of the confinement, and is possibly made even weaker.
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Conclusion

We presented the results of our measurements on two radically different kinds of
YBCO samples, which have in common the confinement of the CuO, planes. The
goal of the experiments was to exploit this confinement to get an insight on the
nanoscale orders that characterize and seem to govern the transport properties of
cuprate superconductors.

The first samples we have investigated were c-axis oriented slightly overdoped YBCO
thin films, where the confinement has been realized through nanopatterning of the
material, squeezing therefore YBCO into nanowires, with cross section down to
30x100 nm?. We have patterned these nanowires as a function of the in-plane angle,
to check how the critical current density J. evolves as a function of the angle. We
have observed that, on top of the expected J. anisotropy due to the orthorhombic
structure, therefore to the anisotropic London penetration depths along the a and
b axis directions, an additional anisotropy is present. Indeed, we have observed a
sinusoidal modulation of the J. with the angle, not aligned with the crystallographic
axis, which might be a signature of a nematic order in the superconducting state,
i.e. of a nematic condensate of cooper pairs. The fluctuations of the J. are large,
with the error bars wider than the amplitude of the sinusoidal curve we fitted;
nevertheless the fluctuations are higher when nematicity appears to be stronger, in
agreement with recent theories predicting this phenomenon in terms of nematicity
itself. Our data cannot exclude categorically the influence of extrinsic factors on the
large fluctuations. To better elucidate on this issue, a possible strategy to be tried
in the next future could be the following: first, one could increase the statistics to
increase the reliability of the data, measuring more nanowires; second, a thorough
SEM investigation could be carried out on the wires, in order to look for defects
and/or to measure the actual widths, which might differ from the nominal ones: in
both cases, this would possibly lead to a reduction of the high fluctuations of J, in
the measured distributions.

The second samples we have investigated were a-axis oriented YBCO thin films,
where the confinement is a mere consequence of the thickness of the films, trans-
forming the CuQOs planes into nanoribbons. First task we accomplished was the
growth of underdoped and untwinned YBCO thin films, where we took advantage
of an ex — situ oxygen annealing procedure. This procedure also offered to us the ad-
ditional advantage to span the whole underdoped side of the phase diagram using a
single film: this allowed us to investigate the different intertwined orders populating
the underdoped region of the phase diagram by using the same platform, where only
the oxygen content is modified but all the other material properties are unchanged.
The R(T') measurements we carried out on the CuOs nanoribbons showed two sur-
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prising features: i) a full parabolic behaviour of the resistance at high temperatures
and ii) high anisotropy of the resistance measured along the two in-plane axis b and
c. The high anisotropy could be due to the low coupling between the CuO, planes,
which gets even weaker confining them at the nanoscale. Cuprates superconductiv-
ity lies entirely in the CuO, planes, but this very weak coupling we observe, which
produces a resistance anisotropy comparable to the one of 2D materials like BiS-
CCO and LaSCO, could introduce some constraints on the superconducting carriers
wave-functions. If we take this almost complete decoupling into account we have
then well-defined boundary conditions along the c-axis, which would lead to a mod-
ification of the transport along the perpendicular direction, the b-axis, in which we
observed the complete disappearance of the strange metal state and a full restoration
of the Fermi liquid behaviour. This feature of the transport along b deserves further
investigation: we believe it might be due to the CuO chains, which - confined at the
nonoscale - present a level of order and coherence much greater than in the c-axis
oriented films. One of the possible approaches for future research would be repeating
the same measurements on films of different thicknesses to better study the influence
of strain, which has been proven multiple times to be a key factor in shaping the
physics of cuprates superconductors. If the Fermi liquid-like resistance would be
confirmed this could open the doors to a better understanding of the oxygen-chains
and the role of transport in the CuO, planes, which could be fundamental in solv-
ing the grand-challenge of superconductivity in cuprates. Another possible way to
take advantage of this peculiar arrangement of the CuO, planes could be to study
how the charge order is influenced by their confinement. As mentioned in the first
chapter, CDW are a biaxial excitation, happening mainly in the a — b planes. Being
these planes arranged perpendicularly to the substrate in the form of nanoribbons,
one could have plenty of room to investigate charge modulations along the c-axis,
to possibly get a clearer picture of the electronic coupling between CuO, planes.
Furthermore, the structure which characterizes a-axis oriented films could introduce
constraints in the charge modulations, locking their frequency of oscillation to a
discrete range of values. Once again, this kind of experiments could help us to shed
light on the physics of these fascinating materials and the orders that define them,
allowing us to find a solution to the mystery of the high-T, superconductivity.
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A

Appendix 1

In this appendix all the information related to the nanofabrication process will be
reported. The process has been already partly described in chapter 3.

1.

2.
3.

Ne}

11.

12.

A 30 nm thick YBCO film is deposited on a MgO substrate as described in
chapter 2.

A 60 nm thick gold layer is evaporated on top of the film.

A 100 nm thick amorphous carbon film is deposited by PLD on top of the gold
layer. The deposition is carried out at room temperature at an Ar background
pressure of 3.4 - 107%. The laser energy is ramped up in three steps, from 70
(45 s), to 90 (45 s), to 110 mJ (2 min), to increase adhesion.

. Before spinning the resist on top of the carbon mask, the surface is cleaned

with IPA.

. A double layer of e-beam resist is spin-coated on top of the C surface. The

first (bottom) layer is MMC NANO Copolymer EL4 and the second (top), is
ARP6200.13 Anisol 1:1. Both are spin coated at 6000 rpm for 60 s and baked
at 95 degrees Celsius for 5 min.

. The film is exposed by a 100 kV e-beam lithography system (JEOL JBX 9300

FS) in a pattern defined by a CAD mask. For small structures a current of 1
nA is employed, whereas for large ones the current of choice is 35 nA.

The resist is developed for 40 seconds in O-Oxylene 95% (top layer), followed
by 35 seconds in MIBK:IPA 1:3 (bottom layer). The sample is then etched 5
s in 50 W oxygen RIE plasma to remove resist residues.

. A 12 nm thick Cr metal mask is evaporated on the sample.
. The Cr is lifted off by leaving it in a 60 degrees remover 1165 for 10 minutes.
. The carbon not protected by Cr is etched for 25 minutes in a 50 W oxygen

RIE plasma at 100 mbar oxygen pressure.

The YBCO that is not protected by the previously defined carbon mask is
etched by Ar ion milling on a LN2 cooled stage. The voltage and current
are set to the lowest setting that allows both stability of the ions stream and
the etching of YBCO (300 V, 2 mA), to minimize the heating of the film. A
neutralizer is used to minimize charging f the sample.

The remaining C on top of the nanostructures is etched by a low power (15
W) oxygen RIE plasma at 100 mbar oxygen pressure.
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