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Probing electronic nematicity and anisotropic electron-phonon coupling in strained YBCO
nanowires

KARN RONGRUEANGKUL

Department of Microtechnology and Nanoscience

Chalmers University of Technology

Abstract

Despite nearly 40 years since its discovery in 1986, the underlying mechanism behind
the high-temperature superconductivity (HTS) in cuprates remains a significant enigma in
condensed matter physics. The existence of multiple intertwined local orders, originating
from the strongly correlated electrons, further complicates the study of these materials.
Such complexity of the normal state is depicted in a very intricate temperature-doping
phase diagram. A way to advance the knowledge of these materials is to tune the local
orders, both in the superconducting and in the normal state, to disentangle them for
individual study. One way to achieve such an effect is to apply strain to the cuprates
in nm-thick films. Previously, it was discovered that the unidirectional strain, induced
by few-unit-cell-thick films deposited on a nanostructured surface, can modify the charge
order and cause the in-plane resistivity of the films to become much more anisotropic
than in bulk materials. According to the Boltzmann transport model, such anisotropy
in the in-plane resistivity is due to the directional modification of the Fermi velocity
in which the velocity along one crystallographic in-plane direction is much higher than
another. This results in an anisotropic Fermi surface that connects to the presence of
an electronic nematicity, wherein the electronic structure retains translational symmetry
while spontaneously breaking rotational symmetry.

In earlier reports on the archetypal HTS YBayCuzO7_s (YBCO) superconductor,
the photoemission and transport measurements appear to show that electron-phonon
coupling (EPC) can become directionally suppressed if the Fermi surface becomes nematic
(as in our sample). This should strongly affect the heat transport in nm-thick YBCO
films. Hence, the focus of this thesis work is to investigate the anisotropic EPC through
the study of electrical and heat transport properties of YBCO nanowires oriented along
different crystallographic axes. The nanowires are fabricated from YBCO thin films
epitaxially grown by the Pulsed Laser Deposition technique, and the strain is tuned by
modifying the film thickness.

Keywords: High-Temperature Superconductors, YBCO, Electronic Nematicity.
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1

Introduction

A significant breakthrough in superconductivity research happened when the first
high-temperature superconductor (HTS) was discovered in 1986 [1], with a critical tem-
perature (7t.) above 30 K. This remarkable breakthrough defied the expectations set
by the well-established Bardeen—Cooper—Schrieffer (BCS) theory, which beautifully de-
scribes conventional superconductivity phenomena [2]. The material that is responsible
for this breakthrough belongs to the family of ceramic copper-oxide, commonly referred
to as ‘cuprate’. This discovery inspired an intense scientific pursuit, driven by the quest
for cuprate-based HT'S materials with even higher 7. values [3, 4]. The ultimate aim is
to discover the room-temperature superconductor, which will have a tremendous impact
on technological advancement. So far, the incomplete understanding of the underlying
mechanism of HT'S has prevented us from fully utilizing HT'S materials to their potential.

The microscopic origins of HT'S have posed one of the most perplexing mysteries in
the field of condensed matter physics. This is due to the strongly correlated electrons
nature of the materials [5, 6], in which the single-particle picture breaks down. For almost
40 years, theoretical models have been attempted to unravel the microscopic origins of
HTS [7-13], but none have been able to comprehensively capture their complexity. Be-
yond the unconventional superconductivity, the normal state of the HTS cuprates is even
more enigmatic. Due to the strong electron-electron correlations, intertwined spin/charge
orders exist beyond superconductivity in cuprates, leading to a complex electronic phase
diagram [6], which adds another level of complexity to the study of HTS. Although the
origins of the local orders are not completely understood, theoretical reports have linked
them to the superconducting order [14]. The strange metallicity, which is characterized
by T-linear resistivity and Planckian dissipation (carrier scattering time approaches the
fundamental threshold), adds yet another layer of complexity. The holographic model,
based on the string theory, suggested that the strange metal phase originated from the
formation of densely entangled quantum matter, or a ‘soup’ of entangled electrons [15].
Interestingly, there is evidence that hints towards a fundamental link between HTS and
strange metallicity [16]. Hence, understanding this enigmatic phase, along with local
orders, would be the key step to unraveling the secret of the HTS.
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The complexity of HTS cuprates makes it difficult to study their effects at the micro-
scopic level. Possible ways to advance the knowledge are to remove the superconductivity
[17] or to tune the local orders [18, 19]. The work done in our group focuses on tuning
local orders by applying strain to YBayCuzO7_s (YBCO), a cuprate HTS, in nm-thick
films. Recently, it has been shown that unidirectional compressive strain, induced by the
substrate with a nanostructured surface on few-unit-cell-thick films, dramatically mod-
ifies the resistivity of the films to become much more anisotropic than in bulk samples
[20]. The charge order is suppressed along the crystallographic direction orthogonal to the
applied strain, which results in the restoration of strange metallicity along one direction
down to the superconducting critical temperature. For the anisotropic resistivity, a the-
oretical model points out that the anisotropy in transport measurement could originate
from an anisotropic Fermi surface caused by the unidirectional strain. This signals the
presence of an electronic nematicity, a phase where the electronic states order themselves
in a preferred direction, with potential implications for superconductivity [14]. The pres-
ence of this nematic phase can persist from the underdoped to the optimally doped region.
The presence of an anisotropic Fermi surface would result in electron-phonon coupling
(e-ph coupling) along the in-plane crystallographic axes [21]. The suppression of e-ph
coupling should be reflected in anisotropic transport properties.

The goal of this thesis is to investigate the nematic phase through the study of
electrical and heat transport properties of YBCO nanowires. Our primary strategy to
highlight the anisotropy is to perform experiments on the nanowires that orient along
different crystallographic directions, one of which is the direction where e-ph coupling
should be suppressed. Since the strain can be tuned by changing the thickness of the
thin film, two thicknesses were selected to compare the nanowires with and without the
anisotropic Fermi surface.

The outline of the thesis is as follows:

o Chapter 2 provides a brief overview of the history of superconductivity and HTS,
properties of YBCO including its phase diagram, and evidence of nematic phase in
cuprates including YBCO.

o Chapter 3 explains the deposition of YBCO thin films, along with the characteri-
zation of structural and transport properties.

o Chapter 4 provides a comprehensive overview of the nanofabrication process to
pattern the YBCO nanowires.

o Chapter 5 aims to provide the necessary information and theoretical framework to
study electrical and heat transport in YBCO nanowires. The chapter also includes
the nanowire design, simulation, and experimental setup.

o The results of the transport measurements are discussed in Chapter 6. The first half
discusses the results for the 50 nm thick YBCO nanowires, while the second half
shifts the focus to 10 nm nanowires, a thickness that displays anisotropic behaviours.

e The last chapter concludes the study and gives some outlook for future studies.
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Background

This chapter aims to provide some historical and theoretical backgrounds that are
important for the understanding of superconductivity. Afterward, the focus will be shifted
towards an explanation of cuprate HTS, from properties to electronic phase diagram, that
acts as necessary background for this thesis.

2.1 Historical Overview of Superconductivity

The field of superconductivity began in 1911 when H. K. Onnes measured the resis-
tivity of mercury as a function of temperature with liquid helium [22]. In the experiment,
Onnes discovered that the resistivity of mercury vanishes at 4.19 K. The transition tem-
perature, where the materials become a perfect conductor, is known as ’Critical Temper-
ature (7). These materials are later referred to as 'superconductors’.

The second distinctive characteristic of superconductors — a perfect diamagnetism
- was discovered by W. Meissner and R. Ochsenfeld in 1933 [23]. They discovered that
superconductors can expel external magnetic fields from their bulk when cooling below
T.. This phenomenon is known as the ‘Meissner effect’. However, this effect breaks down
when the applied magnetic field exceeds a critical value (B.).

In 1935, the London brothers developed equations to describe the characteristics of
superconductivity [24]. They proposed that electrons in superconductors are character-
ized by the two-fluid model, composed of superfluid (characterized by zero viscosity and
entropy) and normal fluid. The main idea is that the superfluid part gives rise to the
superconducting mechanism. By relating the superfluid to the electrodynamics of the
superconductors, two London equations were established:

=

E=AZJ, 2.1
B=—AV x J, (2.2)
where A = ™, and J, are London parameter and superconducting current, re-

nse
spectively. The mass (m*), charge (e*) and density (n,) represent the superconducting

electrons in which m* = 2m and e* = 2e. The first equation describes the collisionless
response of a superconducting fluid (perfect conductivity), where the free acceleration
of the superfluid gives rise to the superconducting current J,. The second equation is
the first model that successfully describes the Meissner effect. By applying the curl of
Ampere’s law V x B = uofg, where p is the vacuum permeability, the second equation
becomes

1 A
B, A=y — (2.3)

AB = —
)\% Ho
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and its solution describes how the external magnetic field is completely screened from the
bulk material by the supercurrent which flows in a thin layer on the surface of supercon-
ductors. The characteristic length describing how much the magnetic field can penetrate
the superconductor is known as the London penetration depth (Ar).

Although the London equations successfully describe two important characteristics
of the superconductors, the first phenomenological theory to successfully describe the be-
haviours of superconductors was developed by V. L. Ginzburg and L. D. Landau in 1950
[25]. The Ginzburg-Landau theory was developed based on Landau’s theory of second-
order transition proposed in the early 1940s, as the free energy description of superconduc-
tors aligns with the general theory of second-order phase transition. In the publication,
Ginzburg and Landau introduced the order parameter, v, that represents the ‘superfluid’
part. The order parameter is assumed to be a ‘plane wave’, with ¢ (r) = [(r)| e and
ne = |1b(r)|*. Since the theory was developed close to the transition temperature, where
|o(r)| and its gradient is assumed to be small, the free energy takes the form of a field
theory:

1 1 P R |
F:FN+/ [a|¢|2+25|w|4+m\(—mv—e Ay +2M0|B|2] dv (2.4)
oF

where Fly is the free energy of the normal state, Ais the vector potential, « = £~ and

ons
B = 2271; are phenomenological parameters. The Ginzburg-Landau (GL) equations were

obtained by minimizing the free energy with respect to a variation in order parameter

(p*) and ff, which reads

ath + B P + 271n (—mﬁ — e*ﬁ)% =0 (2.5)
Jo= R ey vor) - P A 2.6
s = mg WIVY = VPT) — — || (2.6)

with a boundary condition (—ihﬁl/} — %ffd}) -1 = 0 where 7 is the unit vector normal

to the boundary. The boundary condition corresponds to J, it = 0, meaning that the
supercurrent cannot flow out of the superconductor. The second characteristic length,
the coherence length or &, can be obtained by solving the first GL equation (2.5) by
assuming that 1) the supercurrent phase 6 always remains zero everywhere (constant
superconducting electron density), 2) the magnetic field is negligible and 3) the order
parameter is real but very small and slowly varying in space. By using these assumptions,
equation (2.5) now becomes

72
Vip=h &=

£ 2maf

in which the coherence length (£) determines the distance of a spatial change in the

order parameter. The ratio between the two characteristic lengths, x = %, determine

(2.7)

whether the superconductor is type I (k < %) or type II (k > %) For type I supercon-
ductors, the interface between superconducting and normal regions is not energetically
favorable. Hence, the material can completely expel the magnetic field only up to B = B..
The situation is not the same as type II where the interface formation is favorable, as
demonstrated by A. A Abrikosov in 1957 [26]. The materials expel the applied magnetic
field similarly to type I up to the lower critical field B = B¢y. The magnetic field above
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Bei can enter the bulk in the form of vortices up to the upper critical field B = Beo
where the whole superconductor becomes normal.

Besides GL theory, another important discovery also happened in 1950: the isotope
effect. E. Maxwell [27] discovered that the critical temperature of mercury depends
on the isotopic mass, coinciding with a theoretical prediction made independently by
H. Frohlich [28] and J. Bardeen [29] in the same year. According to the theoretical
prediction, the Ty is proportional to the mass M ~1/2. Since the vibration frequencies
show the same dependency on mass, the experiments signal the fundamental relations
between electron-phonon coupling (e-ph coupling) and superconductivity.

In 1957, J. Bardeen, L. Cooper, and J.R. Schrieffer developed the first microscopic
theory of superconductivity known as BCS Theory [30, 31]. The main ‘ingredient’ for the
development of the BCS theory is the formation of electron pairs due to e-ph coupling.
In ‘bad’ metals such as aluminum, the phonon-mediated electron-electron interaction can
dominate over Coulomb repulsion which results in the net attractive force. This attractive
force acts as a ‘glue’ for electrons with an opposite spin to pair up and form a singlet
state known as Cooper pairs. The Cooper pairs are assumed to virtually form in the
vicinity of the Fermi edge, and the pair formation is energetically favorable at T' < T..
Consequently, the density of states at the Fermi edge is approximated as a constant
N (gf) = Ny. The matrix element of the electron-phonon interaction Hamiltonian is also
assumed to be constant around the Fermi edge (Vi = Vi), otherwise becoming zero due
to Pauli blocking.

The BCS theory predicts the binding energy of the Cooper pair with a value of 2A
where A is a superconducting gap. The value of A can be calculated, through series

of approximations, at zero temperature limit using kg7, ~ QMDefﬁ in the weak-
interaction limit (kg7, < hwp) where kg and wp are Boltzmann constant and Debye
frequency, and NyVj represents the coupling parameter. Also, the T, of superconductors
can be approximated with A (0) = 1.76kgT,. Although BCS theory effectively explains
the principles governing conventional superconductors, the highest critical temperature
predicted by the theory is only 40K even in the strong interaction limit [32].
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2.2 High T Superconductor and YBa,Cu3;O;_;

High-temperature superconductors (HTS) are unconventional superconductors that
have a critical temperature higher than the theoretical values predicted by the BCS
theory. Due to their complexity, the nature of the material has still been an ongoing
research topic for nearly 40 years after their discovery. This section aims to provide
some overview of the material before explaining the properties of a specific HTS called
YBa2Cu3O7_5 in detail.

2.2.1 Brief History and Roadmap of HTS

The first HTS was discovered by J. G. Bednorz and K. A. Miiller in 1986 [1].
Las_,Ba,CuO, (LBCO), having a critical temperature of 35 K, belongs to a class of
ceramic copper-oxide materials called “cuprate”. The discovery was astonishing because
not only does the T of LBCO surpass the theoretical limit predicted by the BCS the-
ory, but cuprates are also ceramic materials that are typically associated with insulating
properties. Less than a year after the discovery, a cuprate called YBayCu3zO7_s (YBCO)
with Tt 92 K was found [33]. This discovery is also significant since YBCO is the first su-
perconductor that displays superconductivity just by using liquid nitrogen (77 K) which
is much more economically suitable for real-world applications than using liquid helium.
Since then, cuprates with higher and higher 7, under an ambient pressure were discov-
ered, even reaching 135 K in a mercury-based compound in 1999 [6]. In addition, more
classes of HT'S materials besides cuprate have been discovered since the 2000s. Figure
2.1 shows the roadmap of HTS since its discovery until recent years [4]. This thesis
focuses on the study of YBCO, which is one of the most famous cuprates for funda-
mental studies and applications alongside BisSroCaCuyOg,, (BSCCO or Bi2212) and
Lay_,Sr,CuOy (LSCO).
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Figure 2.1: Roadmap of High-Temperature Superconductivity [4].
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2.2.2 Structure and Properties of YBa,Cu3O7_;

Cuprate HTS are characterized by a quasi-2D structure consisting of layers of CuO,
planes separated by spacing layers. The structure can be described as a superlattice
with unit cells resembling a defected perovskite structure. The CuQO, planes are mainly
responsible for the carrier transport and the superconducting properties of the material.
Meanwhile, the spacing layers act as charge reservoirs for CuOs planes and maintain the
cohesion of the whole atomic structure. The coupling between adjacent CuO, planes
is weak due to spacing layers, resulting in a large anisotropy in the transport properties
between in-plane and out-of-plane directions. In the case of YBCO, the structure consists
of three perovskite layers: one cell with Yttrium in between two cells with Barium, as
shown in Figure 2.2 [34].

YBa,Cu30 YBa,Cu30,

CuO chains

Cu0, planes

CuO chains

a

Figure 2.2: Illustration of YBCO crystal structure and the hole-doping mechanism
(adapted from [34]). The parent compound (Y BasCu3Og) has a tetragonal structure
with lattice parameters a=b=3.86 A,c=11.82 A. The formation of CuO chains from
oxygen (hole) doping distorts the crystal structure, resulting in orthorhombic with
lattice parameters a = 3.82 A, b = 3.89A, ¢ = 11.68A for the fully developed CuO
chains.

The parent (undoped) compound, YBayCuzOg, has a tetragonal structure with two
oxygen-deficient layers containing only Cu atoms (the left structure of Figure 2.2). When
introducing oxygen atoms into the structure, those atoms are bonded with Cu in the
oxygen-deficient layer into quasi-1D CuO chains aligning along [010] direction (b-axis).
The presence of the CuO chain transforms the crystal structure to orthorhombic with
b > a [35], which introduces anisotropy in YBCO properties. Due to the formation of
CuO chains, the quasi-2D CuOs layers become slightly distorted, or “puckered”. The c-
axis length is also changed with the amount of doping, as observed in both single-crystal
and thin-film YBCO [36-38]. The anisotropy in the transport properties of YBCO is
reflected in anisotropic superconducting parameters, such as the penetration depth and
coherence length, along the crystallographic axes. Table 2.1 compares YBCO properties
with conventional superconductors [39-41].



2. Background

SC

Material Type Te(K) | A(meV) A% A\ A (nm) ¢ab:¢¢(nm) | B./Beoo(T)
Al 1 1.175 0.18 50 1600 0.01
PDh I 719 1.32 39 83 0.08
In I 3.405 0.52 64 440 0.028
Nb i 9.25 15 44 40 ~35
YBayCuzOg 1T 93 20—25 | 0 _~3(1)0(;)80/ L2y 5 024 120

Table 2.1: Comparison of superconducting properties of optimally doped YBCO to
some conventional superconductors.

2.2.3 Order Parameter, Fermi surface and Electron-Phonon Cou-
pling in Cuprates

While conventional superconductors have order parameters with s-wave symmetry
(Figure 2.3(a)), cuprates’ order parameters take the form of d,2_,» symmetry (also
known as d-wave) (Figure 2.3(b)) [42]. Unlike the energy gap (A) of the s-wave order
parameter that varies isotropically in the k-space, the A of the d-wave order varies ac-
cording to Ay (k) = Ag(cosk, — cosky,). The four lobes of the Ay (k) align orthogonally
along the a and b crystallographic directions. The corresponding (simplified) Fermi sur-
face is shown in Figure 2.3(c) and Figure 2.3(d). Typically for cuprates, the Fermi
surface is assumed to be a large hole-like cylinder that centers at the (7, 7) point in the
first Brillouin zone. The Fermi surface is mostly gapped at the ‘anti-nodal’ region, which
corresponds to (0,+7) and (£m,0) as shown in the figure. These are the points where
the lobes of the Ay(k) are maximized. The ‘nodal’ region corresponds to the point where
the superconducting gap is minimized. However, the topology of the Fermi surface can
be modified, for example, by changing the oxygen content which will be further explained
in the next section. (It is noted that the complete version of the Fermi surface has to
include a contribution of bi-layer splitting (bonding vs anti-bonding bands) and CuO
chain [43].)

e~ filled states

(@ (b) f:y Anti-Node  (d)

Node
Hole filled states

=

Figure 2.3: Illustration of (a) s-wave order parameter, (b) d-wave order parameter.
Both (c) and (d) are the sketch of the Fermi surface where (c) is centered at (0,0) and
(d) is centered at the (pi, pi) point of the first Brillouin zone

kx

0,0)

When looking from the perspective of the BSC theory, it seems that e-ph coupling
should play a minor role in the electron pairing mechanism in HTS. However, exper-
imental and theoretical studies (e.g., from angle-resolved photoemission spectroscopy
(ARPES) [44, 45], Resonant Inelastic X-ray Scattering (RIXS) [46], and Raman Spec-
troscopy [47]) suggested that electron-phonon coupling also plays an important role in

8
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both superconducting and normal state. There are three important phonon modes in
cuprates including YBCO [47-49]: 1) Bond Buckling mode (A4;, and B,,), where oxygen
atoms in CuQOs planes vibrate along the c-axis in alternating fashion causing the bonding
between Cu and O to become buckled, 2) bond stretching mode or breathing phonon
where oxygen, in the CuO, planes vibrate in-plane against Cu atoms causing the struc-
ture to elongate /compress (hence the name ’breathing’), and 3) Apical Oxygen mode,
where oxygen atoms above/below CuO; planes vibrate along the c-axis in the opposite
direction. When considering all phonon modes, it has been both theoretically and ex-
perimentally confirmed that the strength of e-ph coupling is stronger in the anti-nodal
region than in the nodal area (e.g., see Figure 2.4). Hence, the e-ph coupling is most
substantial along the crystallographic direction where the superconducting gap is also
maximized (Figure 2.3). In addition, a connection between e-ph coupling strength and
T. was discovered [46, 50-52], and theoretical calculations reveal that the e-ph coupling
could be involved in the formation of some local orders order [53, 54] in the materials.
However, further investigation is required to figure out the exact role of the e-ph coupling
in cuprate HTS.

Buckling
a | Ao =0023

Breathing
;\’Tn;kl — 0'02

C

Figure 2.4: Plot of the effective e-ph coupling in the first quadrant of the Brillouin
zone [44], where the colour scale shows the strength of e-ph coupling. Overall, the
electronic states couple strongly with the phonon modes in the anti-nodal region.

2.2.4 Phase Diagram of YBCO

The properties of YBCO can be tuned with the amount of oxygen doping (p) to the
CuO chains. The different amounts of doping and the complex nature of YBCO results
in an intricate phase diagram as shown in Figure2.5. The superconductivity of YBCO
spans from 0.05 < p < 0.23 and the critical temperature maximizes at p=0.16 with T, ~
93K. In YBCO, the trend of the critical temperature deviates from a superconducting
‘parabolic dome’, where the suppression is maximized at p ~ 0.125 which is typically
called 1/8 anomaly. The suppression of T, is typical among the cuprates [55], and the
suppression could be a consequence of a competition between superconductivity and
charge order (more details below). Hole doping can be divided into three distinct regions:
underdoped, optimally doped, and overdoped.
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Oxygen Content (7-3)
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Figure 2.5: Phase diagram of YBCO as a function of hole doping (p) and oxygen

content (7 — ¢) per unit cell (adapted from [34]). YBCO is characterized by multiple
intertwined orders, depending on the level of doping as shown in the diagram. T, T,

and T.,, are Néel, Pseudogap, and coherent temperature, respectively.

2.2.4.1 The Underdoped Region (p < 0.16)

The underdoped region is the most complex part of the phase diagram where multiple

spin/charge orders are intertwined. This section explains the normal state existing in the
underdoped region starting from undoped YBCO:

10

e Mott Insulator: Around zero doping, YBCO is a Mott insulator with one hole per

Cu site (half-filled) that displays antiferromagnetic (AF) order [56]. The carriers
are strongly bounded due to strong on-site Coulomb interaction, so the compound
becomes an insulator instead of metallic according to the band theory. The AF
phase can be easily destroyed by introducing hole doping (p ~ 0.05) to the lattice
causing holes to become less localized.

Spin Order: The spin order in the form of Spin Density Wave (SDW), a periodic
modulation of electron spins, exists immediately after the end of the AF phase in
the doping range of 0.05 < p < 0.08 [57]. In YBCO, the spin order does not overlap
much with the charge order which differs from other cuprates as LSCO [58-60].
Pseudogap: A phase known as pseudogap dominates a large part in the under-
doped region of the phase diagram. Pseudogap is a region where states are partially
depleted from the Fermi surface along the anti-nodal directions. As a consequence,
the Fermi surface takes the form of ‘Fermi Arcs’ (Figure2.6(a)) instead of a hole-
like cylinder (Figure 2.3(c)) [61-63]. The pseudogap phase has two important
parameters, which are the critical doping (p*), where the pseudogap phase abruptly
ends, and the onset temperature (7*). For YBCO, p* is at p = 0.19 [64]. Above this
point, the normal Fermi liquid behaviour is restored. The T™ is normally evidenced
by the formation of the Fermi arc (e.g., see [65]). For YBCO, the data on photoe-
mission is lacking so the 7™ is defined as the temperature where p(7") deviates from
linearity [66].
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The interplay between pseudogap and superconductivity is still under debate. On
the one hand, pseudogap and superconducting order seem to compete with each
other, indicated by the fact that the Fermi arcs vanish near the nodal region of the
Fermi surface when approaching 7. (where d-wave superconducting order emerges)
[67]. However, other evidence showed that pseudogap might be a precursor to the
superconducting order since both orders are linked through spin/pairing fluctuation
(68, 69]. The only possible conclusion is that the pseudogap and superconductivity
are two distinct orders [70]. The pseudogap phase, along with strange metallicity,
remains the top mystery in the topic of HTS.

k

A

I\
e

y

Figure 2.6: Simplified illustration of the Fermi surface of the pseudogap phase (Fermi
Arc). The grey lines denote the Fermi surface of the normal hole-like cylinder.

o Charge Order: A charge order in the form of Charge Density Wave (CDW) exists
in a large part of the underdoped region, covering the doping range of 0.08<p<0.16.
Generally, CDW in cuprate HT'S is a modulation of conducting electrons (charges)
density in the CuQOs plane, which is incommensurate with the in-plane lattice pa-
rameters. The onset temperature of CDW is doping dependent, and it peaks near
p 1/8, while the range of this temperature lies between the critical temperature
and T*. For YBCO, the charge order is a short-ranged and quasi-2D biaxial CDW
with an in-plane correlation length of at most ~ 75A (20 lattice constant) [71, 72].
The results from resonance x-ray scattering of YBCO revealed anisotropy in charge
modulation along the in-plane direction, which maximizes near p ~ 1/8 [73]. This
anisotropic CDW breaks the four-fold (C}) rotation symmetry. Although the CDW
has not been completely understood, there is evidence pointing toward the compe-
tition between CDW and superconductivity [71, 72]. For instance, the strength of
CDW increases when approaching 7. from high temperature but decreases below
the superconducting state. Also, the intensity of CDW is maximized at p ~ 1/8
where superconductivity is suppressed the most.

11
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2.2.4.2 The Optimally Doped Region (p = 0.16)

The optimally doped region is where the critical temperature is maximized and the
normal state is mainly characterized by a ‘strange metal phase’, which is considered one
of the most mysterious features in the HTS materials. At first glance, the trend of the
p(T) looks very simple: just a perfectly straight line from millikelvins [74] up to above
a thousand kelvin [75] (only when superconductivity is removed by applying magnetic
field). According to the Fermi liquid model, which is based on a quasiparticle picture of
the electron gas [76], the p(T") for normal metals follows complex power lats (e.g., starts
with 77 then follows by T° at low temperature due to the electron-electron and electron-
phonon scattering. The trend instead shows saturation at high temperatures because the
mean free path of electrons becomes comparable to the inter-atomic spacing (known as
the Mott-loffe-Regel limit [77]). Then, it is obvious that the microscopic behaviour of
the strange metal deviates from the typical Fermi liquid in normal metals.

Aside from the deviation of p(T") from the Fermi liquid behavior, the strange metal
phase also exhibits a fascinating anomaly: the disappearance of quasiparticles [65, 78].
The unparticle nature strongly reinforces the departure from the Fermi liquid model.
Another key feature of the strange metal is the carrier scattering time which takes values
approximately equal to the fundamental limit known as ‘Planckian dissipation’ or 7, =
h/kgT [15]. When approaching this limit, the carrier scattering rate is extremely fast so
that the quasiparticle picture breaks down. These properties seem to be universal among
cuprates [79].

The origin of the strange metal remains an enigma in the field of condensed mat-
ter physics. One hypothesis suggests that the strange metallicity could emerge from a
quantum critical point, a phase transition at the 7" = 0 and p = p* that is governed by
quantum fluctuation instead of thermal fluctuation [80, 81]. While the exact connection
between the quantum critical point and strange metallicity is still not established, recent
studies suggest a potential link to the charge density fluctuations, a charge modulation
with correlation length shorter than CDW but persisting up to room temperature, and
therefore pervasive in the strange metal region [82-84].

On the other hand, the Planckian dissipation and a loss of quasiparticle nature in
strange metal suggests that carriers form a novel state of matter referred to as ‘densely
many-body entangled quantum matter’ [15]. In this scenario, countless carriers are en-
tangled with each other, resembling a ‘soup of entanglement’. The theoretical framework
used to develop this concept is known as the holographic model, which is based on string
theory. Aside from being able to explain properties such as T-linear resistivity and
Planckian dissipation, it also reveals that the behaviour of strange metals is governed
by the law of hydrodynamics. This prediction is also valid in other strongly correlated
materials, such as Kagome metals [85]. Nevertheless, it is important to note that there is
currently no experimental confirmation of the hydrodynamic nature (e.g., turbulent flow)
of strange metal in cuprates.

12
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2.2.4.3 The Overdoped Region (p > 0.16)

The overdoped region is less complex than the underdoped region. The supercon-
ductivity in YBCO only exists up to p ~ 0.25. The normal state can be instead explained
mainly in terms of a Fermi liquid state. The main characteristic temperature in this region
is the coherent temperature (T..p,), where the electronic excitation starts to become more
coherent leading to the restoration of Fermi liquid behaviour. However, recent studies
have shown that unconventional behaviors exist in cuprates in both normal and super-
conducting states of overdoped cuprates. Examples are the formation of cooper pairs at
a temperature higher than T, [86], highly anisotropic Fermi liquid quasiparticle excita-
tion [87], and the emergence of charge order in the overdoped region [88]. The results
suggested a departure of the Fermi liquid behaviour, which prompted the research com-
munity to investigate more into the overdoped cuprates. The study of overdoped YBCO
is currently limited because by adding oxygen the maximum doping one can achieve is
p ~ 0.19 (e.g., see [89]). Hence, unconventional doping methods are required to achieve
a high level of hole doping [90, 91].

2.3 Electronic Nematicity in Cuprates

Nematic phase, also referred to as electronic liquid crystal phase, is the phase where
the electronic structure preserves the translational symmetry while spontaneously break-
ing four-fold (C,) rotational symmetry [92]. In analogous to the classical liquid crystal
[93], the ground state of this phase is somewhere between a ‘liquid’ (large quantum fluc-
tuations) and a ‘solid’ (small quantum fluctuations). The idea of the nematic phase in
curates was introduced after the discovery of stripe orders, dynamical modulations of
charge and spin in the form of ‘stripes’; in lanthanum-based cuprates and nickel oxides
[94]. Besides cuprates, the nematic phase is also observed in other unconventional su-
perconductors, such as iron-based superconductors [95] and heavy-fermion materials [96],
and topological superconductors [97].

In iron-based superconductors, the presence of a nematic phase is supported by
the direct observation of an anisotropic superconducting gap through techniques such as
ARPES, STM, and neutron scattering [98]. For cuprates, the evidence for the presence of
a nematic phase is less obvious due to its characteristics, such as short-range orders and
small energy scale [99, 100]. Since the nematic phase is also characterized by wavevector
Q=0 (translational invariance), the detection using the spectroscopy technique has proven
to be difficult as the elastic scattering components dominate [101]. Hence, the presence
of nematicity in cuprate has been indirectly observed through, for example, the study of
p(T) behavior, Nernst coefficient, and magnetic susceptibility [102-104]. In addition, the
hint of a nematic phase has been discovered using ARPES. It was found that there are
small differences between the (7,0) and (0, ) in the Pseudogap region of B2212 revealed
by the circular dichroism method. The evidence points towards the possible breaking of
rotational symmetry, a main characteristic of nematicity.

There is evidence suggesting that strain could play an important role in the formation
of the nematic phase. S. Nakata, et al. [92] reported some differences between the
(—m,0) and (0,7) points of the Fermi surface when the uniaxial strain was applied to
Pb-Bi2212. The anisotropy in the data is only visible in the pseudogap region, and the
anisotropy is related to the breaking of C; symmetry. In addition, our group reported
an unusual anisotropy in the p(7") measurement of underdoped ultrathin (10 nm) YBCO
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films grown on MgO (110) substrates [20]. When compared to the 50 nm thick films, which
behave similarly to bulk materials (Figure 2.7(a)), the p(T") shows additional anisotropy
(Figure 2.7(b)) along the two in-plane crystallographic directions that cannot be simply
explained by the structural contributions (e.g., from the CuO chains). The anisotropy can
be interpreted using the following Boltzmann transport model for electrical conductivity

2
Vg

as (1) = 26 5 st () 28)

where v is the Fermi velocity, I'(k) is the k-dependent scattering rate, and n/ is
the derivative of Fermi distribution. The key parameter is the ratio I'(k)/v%, | which is
directly proportional to the slope of p(T'). Since the I'(k) is related to the local density
of states, I'(k) is proportional to 1/vp. Hence, the slope of p(T) is proportional only
to vp. The anisotropy in p(T') is then related to the anisotropic Fermi velocity where
Upp > Up,, meaning that the Fermi surface becomes highly anisotropic as depicted
in Figure 2.7(c)), where the electronic states are suppressed along the b-axis of the
YBCO crystallographic directions. The presence of such a Fermi surface would break the
C, rotational symmetry, which signals the presence of a nematic phase in the ultrathin
YBCO films. If this scenario is true, the anisotropic Fermi surface will result in anisotropic
e-ph coupling between the two in-plane crystallographic directions (a and b). One of the
ways to confirm the presence of the nematic phase is to investigate the heat transport
properties along the in-plane directions, which is the method used in this thesis.
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Figure 2.7: The p(7T) of (a) 50 nm and (b) 10 nm thick, underdoped YBCO nanowires
aligning on the different in-plane crystallographic axes. (c) illustrates the anisotropic
Fermi Surface as interpreted from the p(7") (b), which hints at the presence of a nematic
phase [20]
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Deposition and Characterization of
YBCO thin films

The first and most important step in this thesis is the deposition of YBCO thin
films. The important benefit of studying cuprate HTS with thin films is that we can have
precise control over the composition and morphology. This allows for a systematic study
of the materials’ properties. The deposition is usually under high temperatures, resulting
in the reduction of defect density (thus higher purity). Furthermore, thin films serve as a
foundation for fabricating devices. Examples are superconducting quantum interference
devices (SQUIDs) [105, 106], which are very sensitive magnetic field detectors, and single-
photon detectors [107, 108]. For this thesis, the nanowire structure is used to investigate
the anisotropic properties of strained YBCO.

This chapter describes the thin film deposition of YBCO, including ultrathin films,
along with important characterization techniques for analyzing their morphology, struc-
tural, and transport properties.

3.1 Thin Film Fabrication — Pulsed Laser Deposition

Many aspects must be considered for the growth of YBCO thin films. Aside from
having a complex structure, the properties of YBCO (and cuprates in general) are highly
dependent on stoichiometry, especially the amount of oxygen doping because the proper-
ties are highly dependent on the doping level. Thus, precise control over the stoichiometry
in the thin film is the key to preserving the pristine properties of YBCO. The preferred
method to deposit high-quality YBCO thin films is epitaxial growth which can be done by
a variety of techniques. Some examples include pulsed laser deposition (PLD), molecular
beam epitaxy (MBE), and dc/rf magnetron sputtering.

In this thesis work, PLD is used to deposit YBCO thin films. The illustration of the
PLD system is shown in Figure 3.1. The PLD technique holds several advantages for
thin film deposition. The important advantages are the ability to preserve the correct sto-
ichiometry of the deposited materials, and the flexibility to modify deposition conditions
to tailor the properties of YBCO. However, the control over the deposition conditions is
complex because many deposition parameters have to be optimized.
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Figure 3.1: Illustration of the PLD system used to deposit YBCO thin films (adapted
from [34]).

The main principle of the PLD is the laser ablation of the target material. When
a pulse of laser is focused on the target material, the surface of the target (e.g., bulk
YBCO) is vaporized and ionized to form a plasma that is ejected from the target’s surface
as a plume. The ejected materials adsorb onto the surface of the heated substrate. The
stoichiometry of the ablaze materials depends on the dynamic of the plasma plume, which
is affected by the laser fluence (F), pulse repetition rate (f), and background oxygen
partial pressure (P;). The substrate temperature (7,) and target-substrate distance (d)
also determine the adsorption and diffusion of the adatoms, affecting the nucleation and
growth of YBCO thin film. The thickness of the film is determined by the number of
laser pulses (n). Right after the deposition, the oxygen is depleted from the structure
due to high substrate temperature. This results in the parent compound, YBa,Cu3Og,
with a tetragonal structure. Oxygen is reintroduced into the structure during the post-
annealing process in which the level of doping is determined by post-annealing oxygen
pressure (P,,,). Since this thesis focuses on the YBCO near the optimally doped
region (p ~ 0.16), the P,,, is set close to the atmospheric pressure.

T4 (°C) | Py(mbar) | E( mJ) | f( Hz) | d( mm) | P, ( Torr )
760 0.6 95 6 95 650

Table 3.1: Deposition condition for optimally doped YBCO thin film.

3.2 Substrate, Strain, and Twinning of YBCO Film

The selection of the substrate is of great importance for the epitaxial growth process,
as it determines the crystallographic structure and orientation of the growth materials.
To fabricate the YBCO thin films with properties similar to the bulk counterpart, one
must consider not only the crystal structure of the substrate but also the in-plane lattice
parameters of the substrate as well. The reason is that the lattice mismatch can induce
stress to the thin film, resulting in a strained YBCO structure. The lattice mismatch,
quantifying the strain, is defined as

gm — ds T Qritm (3.1)

Qs
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where a; and ay,, are lattice parameters of the substrate and thin film, respectively.
The amount of lattice mismatch needs to be considered carefully because the strain
accumulation will result in irreversible deformation and defects through, for example,
strain relaxation. Hence, the typical lattice mismatch for the epitaxial growth of high-
quality thin film is less than 1%. However, the acceptable lattice mismatch for depositing
YBCO thin film can be higher, since the film thickness selected for this thesis ranges
from very to ultra-thin (e.g., only 50-10 nm).

The preferred choice of substrates for growing YBCO thin film is oxide materials,
such as SrTiO; (STO), LaAlO3 (LAO), LSAT, and MgO. These oxide materials have
similar lattice parameters and thermal properties to YBCO. For example, the 0™ between
YBCO and STO(001) is typically 2%, while the value for YBCO/MgO(001) is 9% [109].
Table 3.2 summarizes lattice parameters of these well-known substrates and optimally
doped YBCO. It is noted that the lattice mismatch also depends on the crystallographic
orientation of the substrate’s surface. In addition, these oxide materials are chemically
stable and compatible with cuprates.

Material & Orientation | In-Plane Lattice Parameters (A)
YBCO (Optimally Doped) a = 3.82;b = 3.89
STO(001) a=b=301
LAO(001) a~b=3.19
MgO(001) a=b=421
MgO(110) a—=421:0 =596

Table 3.2: YBCO and substrate in-plane lattice parameters. The data is taken from
[105] and https://www.mtixtl.com/laalo3.aspx.

When oxygen is introduced into the structure, it is expected that the YBCO should
exhibit some anisotropy in the transport properties due to the contributions from CuO
chains. However, the growth of YBCO can lead to the formation of multiple regions that
have different crystal orientations related to certain symmetry operations, ultimately
causing a loss of anisotropy. This phenomenon is known as twinning [110]. There are two
types of twin pairs in YBCO: one that aligns along [110] diagonal plane and another that
aligns along [110] diagonal plane with respect to the tetragonal structure. The twinning
happens when YBCO is deposited on the substrate with a square in-plane lattice, in
which the YBCO films experience random exchange between the a- and b-axis. This
causes the loss of orthorhombicity in the thin film structure because the unidirectional
CuO chain does not have a preferred crystallographic alignment (e.g., they align along
both a and b directions).

To enhance anisotropy, both twinning states must be suppressed during the deposi-
tion. A possible way to achieve this is to apply anisotropic strain by selecting the right
substrate. The substrate needs to have an asymmetric in-plane structure, so a substrate
with a cubic or tetragonal structure (e.g., STO(001) and LAO(001)) cannot be used to
obtain the untwinned films. Then, it is necessary to perform surface treatments on these
substrates to introduce additional anisotropy, such as STO(001) substrates with a vic-
inal angle [109]. Another way to introduce anisotropic strain is to use substrates with
anisotropic in-plane lattice, which is the main method used in this thesis.
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3. Deposition and Characterization of YBCO thin films

3.3 YBCO Thin Film on MgO(110) — Towards Un-
twinned Films

Since this work focuses on the anisotropic properties of YBCO thin film, the films
were mainly grown on [110]—oriented MgO, or MgO(110), substrate. MgO(110) has a
rock-salt crystal structure with anisotropic in-plane lattice parameters of [100] = 4.21 A
and [110] = 5.96 A, which induces lattice mismatch of 8% and 35% respectively to the
thin film. MgO also has the thermal expansion coefficient of 10.5 x 107¢/K, which is
similar to YBCO [111]. The thermal expansion coefficient is very important for the high-
temperature deposition since the typical Ty lies between 700—900°C for YBCO deposition
in the PLD system. However, MgO(110) by itself cannot be used to suppress the twinning
states of YBCO. It was discovered that the MgO(110) substrate induces peculiarly small
strain to the thin film despite a large lattice mismatch. Therefore, additional anisotropy
has to be introduced to obtain untwinned films.

3.3.1 Untwinned YBCO films on MgO(110)

€)) before ann &

0 100 200 30 0 100 200 300
[170]y50 (nm) [170yg0 (nm)

Figure 3.2: AFM images of MgO(110) surface [108]. (a) shows a surface before
annealing, while (b) shows a surface reconstruction after 5 hours of annealing at
T = 770°C resulting in the formation of micro/nano facets.

The surface treatment to introduce additional anisotropy can be done by thermally
annealing a MgO(110) substrate at 7' = 770°C' and P = P, before YBCO deposition. The
annealing process causes the surface reconstruction of MgO(110) into micro/nanofacets
that orient along [001] MgO directions (or the b-axis of the YBCO crystal structure).
The comparison between unannealed and annealed surfaces is shown in Figure 3.2.
These structures induce additional anisotropic strain that can suppress the formation of
twinning planes [109]. According to the previous reports, the surface reconstruction is
fully formed after two hours of annealing and the effect of annealing starts to saturate
after five hours. Hence, the annealing time of t¢,,, = 5 hours is chosen to optimize the
trade-off between the processing efficiency and the untwinning rate. In addition to the
annealing process, the thermodynamics of the YBCO growth also plays an important
role in the formation of twin planes. Hence, the deposition parameters were optimized
to maximize the untwinning rate (see Table 3.1 for the values).
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3. Deposition and Characterization of YBCO thin films

The tool used to analyze the structural properties of YBCO thin film is X-ray diffrac-
tion (XRD). Symmetric 20 — w was performed to investigate the crystallinity and the
orientation of the film. An example of the data is shown in Figure 3.3. From the figure,
the scanning clearly shows the (00n) Bragg reflection that indicates the c-axis oriented
growth. From the angular position of these peaks, the c-axis parameter can be derived
by using Bragg’s law: nA = 2dsinf, where A is the wavelength of x-ray and n is the
position of Bragg’s peak. The estimated c-axis length is shown in the figure. The value
of the c-axis parameter can provide some information about the strain by comparing it
to the bulk value. Typically, the value of the c-axis length decreases with increasing
oxygen doping. The formation of the CuO chain stretches the b-axis while the a-axis
remains the same, so the c-axis shrinks to preserve the volume of the unit cell. However,
the information has to be interpreted along with the T, value to accurately estimate the
doping level.

T T T T T T

oL MgO(220) ]
L. Cang = 11.704 A

(003) (005)  (006)

Intensity (arb. unit)

(009) (0011)

(0010)
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Figure 3.3: Symmetric 20 — w scanning of YBCO film on MgO(110). The c-axis
parameter can be extracted from the peak position using Bragg’s law.

The rocking curve, which is the Aw scan associated with the (00n) peak, provides
information about the level of mosaicity or "degree of perfection' of the crystal. An
example of a rocking curve scan from (006) is shown in Figure 3.4. In principle, the
width of the rocking curve depends on the mosaicity. The better the crystal grains align,
the narrower and more intense the peak becomes. The peak shown in Figure is narrow
(FW HM ~ 1°), indicating the good crystallinity of the films.
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Figure 3.4: Rocking curve of (006) YBCO reflection. The FWHM is about 1°, which
determines the high degree of mosaicity in the thin film.
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3. Deposition and Characterization of YBCO thin films

The untwinning degree is also characterized using XRD by performing asymmetric
20 — w scanning around in-plane YBCO (308) and (038) directions, representing a- and
b-axis respectively. An example of highly untwinned YBCO films is shown in Figure
3.5(a). The two peaks seen in the maps from each figure represent the contribution
from the (308) and (038) directions. From the summation of the asymmetric 260 — w
intensity (Figure 3.5(b)) the peak with higher intensity lies in the (308) direction.
The untwinning rate is estimated by comparing the intensity of a higher peak to the
total intensity of both peaks. The shorter peak is suppressed when the untwinning rate
increases. With the optimized condition, the untwinning rate of 82% can be achieved as
shown in the figure. The lattice parameter of the a- and b-axis can be estimated from
the peak positions along (308) and (038), respectively. For this example, a ~ 3.82 A,
b = 3.87 A. Compared to the bulk values [111], the b-axis length shrinks, and the c-axis
length expands while the a-axis length remains almost the same. This means that the
strain is compressive along the b-axis when depositing YBCO on MgO(110). The effects
of the unidirectional strain will be further emphasized when discussing ultrathin films.
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Figure 3.5: (a) The asymmetric 20 — w mapping around YBCO (308)/(038) Bragg
reflections of a highly untwinned YBCO. (b) shows the summation of the asymmetric
20 — w intensity where two Gaussian curves are fitted to analyze the individual
contributions from (308) and (038).

3.3.2 Transport Characterization

The transport properties are also investigated to observe the anisotropy in the YBCO
thin film. This is done by measuring resistance vs. temperature R(7') along the a- and
b-axis using the Van der Pauw method. The example of the R(T') at p ~ 0.16 is shown
in Figure 3.6. The T-linear trend is the key indicator of the strange metallicity. With-
out taking the twinning effect into account, the transport is expected to be anisotropic
along the in-plane directions due to the contribution from CuO chains. For the R(T)
measurements, the resistance is expected to be lower along the direction of the chains.
The twinning in YBCO films causes the transport to become more isotropic because the
random exchange between the a- and b-axis causes the chains to orient along both di-
rections. Then, the films with a high untwinning rate will have higher anisotropy in the
transport properties. This is reflected in the anisotropy in R(7T) measurement, as shown
in Figure 3.6(a). In this case, the resistance is lower along the b-axis meaning that the
chains mostly orient along this direction. Another noticeable feature is the anisotropy
in the trend of resistance. When looking only at the a-axis, the linearity extends almost
down to the T.. On the other hand, the linearity only extended to some intermediate
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3. Deposition and Characterization of YBCO thin films

temperature (about 200K in this example) for the b-axis, and the R(T) instead shows
T? dependence due to the contribution from CuO chains.
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Figure 3.6: (a) An example of the R(7T) measurement along a- and b-direction of
highly untwinned YBCO films on MgO(110). (b) shows the superconducting transition
from the measurement along the a-axis. *The electrical contacts were not in a square
here, which explains why the anisotropy factor is so high.

The doping level and uniformity are analyzed from the superconducting transition.
The superconducting transition is quantified based on two parameters, the onset temper-
ature (T°") and the broadening of T, (AT,). T°™ is defined at the 90% of the resistance
where the transition starts, while AT, is defined based on the FWHM of the dR/dT. The
doping uniformity can be estimated by observing the breadth of the superconducting
transition. In principle, the sharper the transition, the higher the uniformity. In our case
(Figure 3.6(b)), it is shown that the AT, is only about 1.5 K, which is close to the
transition of a single crystal YBCO [112]. Besides the broadening of the transition, the
non-uniformity in the doping profile can be signaled by the presence of multiple tran-
sitions. The transition temperature, together with information about the c-axis length
from the XRD measurements, can be used to estimate the doping level by applying the

following parabolic relationship

T

max
TC

where 7" is the critical temperature at the optimal doping (p=0.16). Since the
doping profile is not completely uniform, the best practice would be to use the average
T, instead, which is defined as the maxima of the first derivative of the superconducting
transition. The value of the c-axis length determines whether the sample is underdoped
or overdoped. For instance, if the c-axis length is smaller than the optimally doped
value, it means that the doping is on the overdoped side. The opposite is true for
the underdoped samples. Another method to analyze whether the sample is on the
underdoped or overdoped side, especially for the near optimally doped region, is to observe
the shape of the R(T). For the slightly overdoped samples (Figure 3.7(a)), the linear
R(T) ends above the transition temperature which marks the end of the strange metal
regime. Below such temperature, the typical Fermi liquid nature is recovered causing the
R(T) to bend upward just before the transition temperature [82]. For slightly underdoped
samples, however, the R(7T) bends downwards instead as shown in Figure 3.7(b). The
origin of this downward turn is still under debate, but it might be possible that the

—=82.6-(p—0.16)" (3.2)
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3. Deposition and Characterization of YBCO thin films

phenomenon is due to the contribution from pseudogap and other intertwined orders,
including CDW and superconducting order (paraconductivity).
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Figure 3.7: Examples of the a-axis R(T) for (a) slightly overdoped and (b) slightly

underdoped YBCO thin films. It is noted that the data were taken using the YBCO

grown on STO (001), but the behaviour is also similar to the YBCO grown on MgO
(110).

3.3.3 Ultrathin YBCO Films

There are interesting consequences when shrinking the thin films down to 10 nm
(about 8 to 9 unit cells). Due to such a thin volume of YBCO, the effect of strain induced
by the substrate becomes significant. Interestingly for the YBCO thin films grown on
MgO (110), the strain becomes tensile rather than compressive. This was evidenced by
the expansion of the b-axis and compression of the c-axis length as shown in Figure
3.8(a). The transport properties are also affected. Due to the very small thickness, the
doping mechanism during the post-annealing process becomes different from the 50 nm
thick films. Figure 3.8(b) shows the R(T') near the transition temperature of t=50 nm
and t=10 nm films that were deposited under the same growth conditions. The reduction
of the T?" and the increase in AT, are two noticeable changes in the transition behaviour
when compared to thick films. Based on the shape of R(T) of the a-axis (Figure 3.8(c)),
the reduction of 77" indicates that the thin film is more overdoped which is possibly due
to the better oxygenation of the thinner film during the annealing process. The increase
in AT, in the optimally doped region is attributed to the additional disorder caused
by, for example, inhomogeneous doping of the films. In addition, the untwinning rate in
ultrathin films is enhanced, even reaching above 90% (e.g., see Figure 3.9), which means
that the effect of anisotropy is also enhanced in the ultrathin films.

A striking feature of the ultrathin YBCO films deposited on the MgO substrate is
the additional anisotropy of the resistivity along the a- and b-axis that is hypothesized
to be a consequence of an anisotropic Fermi surface, as discussed in the previous chapter.
It was also discovered that this anisotropic behaviour persists up to the optimally doped
region of the phase diagram.
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Figure 3.8: (a) Lattice parameters of YBCO thin film at different thicknesses (the

data is taken from [20]). Panel (b) shows the comparison of R(T) superconducting

transition between t=50 nm and =10 nm films, while panel (c) compares a- and b- axis
of t=10 nm film. It is noted that four-point contacts were not a perfect square, so the
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Figure 3.9: Integration over omega of the asymmetric 20 — w mapping around YBCO
(308)/(038) Bragg reflections of an ultrathin YBCO film deposited on annealed MgO.

The untwinning rate of this film is 94%.
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Fabrication of YBCO Nanowires

For this thesis work, nanowires are used to investigate the in-plane heat transport
properties of YBCO thin films. Aside from the ability to tune the dimensions, nanowires
are used to highlight the in-plane anisotropy in the YBCO by comparing the transport
properties of the wires aligned along different crystallographic directions. The most chal-
lenging aspect of patterning YBCO nanowires is to preserve the pristine bulk properties
during the fabrication process, as the YBCO is very sensitive to the environment and
defects due to chemical instability (easy oxygen out-diffusion) and it is characterized by
a very short coherent length £. This chapter provides an overview of the fabrication
process of YBCO nanowires that still preserve the pristine HT'S properties.

4.1 Nanofabrication process of YBCO nanowires

The nanofabrication process used to pattern YBCO nanowires has been optimized
by our group over a decade [113-115] and it revealed to be successful for different HTS
compounds [116]. Here, we use electron-beam lithography in combination with an amor-
phous carbon hard mask and a gentle ion milling process. The carbon mask was chosen
because of its durability when subjected to ion milling and the capacity to be removed
using oxygen plasma. In addition to the ability to preserve the superconducting prop-
erties of YBCO thin films [89], it was shown that the nanowires exhibit a high critical
current that is close to the theoretical depairing limit which is a point where the cooper
pair breaks [113, 117]. The following is the overview of the nanofabrication (see Figure
4.1 for the illustration):

1. A 35 nm thick gold pattern is deposited ex-situ on top of the YBCO thin film by
sputtering. The gold pattern functions as a connecting surface for the wire bonding
process during the transport measurement.

2. A layer of amorphous carbon, acting as a protective layer for YBCO, is deposited
by PLD on top soon after the gold sputtering process. The carbon deposition is
done in three steps with increasing energy to ensure better adhesion of carbon onto
the surface. Then, two positive resist layers corresponding to two sensitivities to
the electron beam are spin-coated on top of the carbon film.

3. The nanowire geometry is defined by electron beam lithography using a 100 kV
beam. The exposed area is removed during the resist development.

4. A layer of chromium, acting as a mask for carbon, is deposited on top using an
electron beam evaporator.

5. A part of chromium is removed from the sample through a lift-off process, which
defines the mask pattern for the ion milling process in the later step.
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4. Fabrication of YBCO Nanowires

6. A part of carbon film that is not covered by chromium is removed by low-power

oxygen plasma etching. It is important to use low-power etching because the oxygen
plasma can introduce oxygen vacancies to the YBCO under the carbon.

. The chromium layer and YBCO not covered by carbon are etched by Ar™ ion-beam
milling. The etching parameters (e.g., accelerating voltage, beam current, and time)
were optimized to the lowest threshold to minimize the damage to the pattern
structures. The heat generated from the impact of the ions can be detrimental
to the YBCO structure, as YBCO is already chemically unstable making it prone
to oxygen out-diffusion at high temperatures. Hence, a cooled stage is used to
minimize the heating effect during the whole process.

. The rest of the carbon layer is removed through another round of oxygen plasma
etching.

Examples of the optical and SEM images of the final device are shown in Figure

4.2. Tt is noted that the parameters for ion milling and plasma etching have been chosen
differently for the 50 nm and 10 nm films. This is because the 10 nm films are even more
susceptible to the environment and defects than the 50 nm films. We can further preserve
the properties of nanowires by introducing a gold capping throughout the whole surface
[114], but it would not be possible to study the normal state of YBCO nanowires as the
whole wire is shorted.
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Figure 4.1: Overall nanofabrication process of YBCO nanowires from a thin film.



4. Fabrication of YBCO Nanowires

(b)

Figure 4.2: The (a) optical and (b) false color SEM image of the YBCO nanowires.
The bright part in (a) indicates the gold contact region. It is noted that the small
nanowires located very close to the bridge were initially designed to act as local
thermometers. However, the experiment setup has not been modified to use those
thermometers yet.
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Transport in YBCO nanowires

In this thesis work, nanowires are used to study the anisotropic Fermi surface in
YBCO by extracting information related to the electrical and heat transport properties
of the nanowires oriented along different crystallographic directions. This chapter aims to
provide an overview of the electrical and heat transport properties of the YBCO nanowires
and discuss the design to probe the heating effects.

5.1 Transport properties of YBCO Nanowires

When the electrical power is injected into a conducting nanowire (or conducting
wires in general), the wire heats up due to the Joule heating effect. This phenomenon
also happens in the normal states of YBCO nanowires near the optimally doped region
because they still behave as conductors even though they display strange properties. The
heat generated from the injected power dissipates through multiple systems which can
be imagined as a series of thermal resistors. The simple illustration is shown in Figure
5.1.

P=1I-V

J

[ YBCO, Electron (T,) ]
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AT ~ Rp_pp - P Reipn T0(<T5 +;.p>
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[ YBCO, Phonon (T,p) ]

AT ~ Rph—sub P Rph—sub % Tph x (Tsub + Rph—sub . P)

[ Substrate (Tsyp) ]

Figure 5.1: Simplified illustration of the heat transfer through a series of thermal
resistors in a YBCO nanowire.
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5. Transport in YBCO nanowires

The model of the heat transport by applied electrical power is developed based on
the YBCO heat transport equations without the effect of e-ph coupling [118] and the e-ph
coupling in normal metals at the low-temperature limit [119]. The additional term from
e-ph coupling might not be accurate because cuprates are based on strongly correlated
electrons. However, there is no report on the heat transport model of the strange metals,
at least to our knowledge. The full derivation and explanation for this simplified case will
be shown in Appendix A. For the long nanowire (L > l._pp, lo where [._,, is the e-ph
scattering length and [y is the thermal relaxation length), the contribution from thermal
conductivity (or heat dissipation from nanowire into the electrode) can be ignored as
oT

%z = 0. The relationships between electron and phonon temperature (7, and T,) and

the applied power under the steady state (& = 0) are

T, oc (T + — L p)s 5.1
( ph Fe—ph(kb/e>2 ) ( )
Tph X (Tsub + Rphfsub : P) (52)

The explanation of the thermal resistor in Figure 5.1 is as follows. Firstly, the
power is converted into heat due to Joule heating. The generated heat is then dissipated
firstly into the YBCO electronic system of the YBCO. Due to e-ph coupling, the heat
from the electronic system is dissipated into the YBCO phononic system. Lastly, the heat
from the YBCO phononic system is dissipated into the substrate through the interface
scattering. Hence, the heat dissipation goes through two thermal resistance channels:
Electron-phonon scattering (equation 5.1) and interface (Kapitza) conductance (equation
5.2).

To illustrate the validity of the assumptions, the calculation for the steady-state
heating profile of the YBCO nanowire is shown in Figure 5.2(b) [118]. The calcula-
tion was done at high temperatures, where the Kapitza conductance dominates over the
contribution from e-ph coupling inside the nanowire, making the e-ph term negligible.
The temperature is stable in the middle of the wire, and the effect of thermal relaxation
from the nanowire into the electrodes (bath), which has a length scale of approximately
lop ~ 200 nm for the YBCO nanowire with ¢ = 50 nm, is quite negligible for the long wire.
This heating profile is suitable for the study since the only terms affecting the heating
in the stabilized region are the Kapitza conductance and e-ph coupling. If the length is
too short, thermal relaxation will dominate the heating profile, making the study of e-ph
coupling more complicated due to the contribution of the thermal conductivity term.
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Figure 5.2: (a) The geometry of the YBCO nanowire used for the calculation (b) the
simulated heating profile from [113].
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5. Transport in YBCO nanowires

The effect of heat conduction through the interface between the nanowire and the
substrate is much more pronounced than the effect of e-ph coupling, especially at higher
temperatures. Typically for normal metals, the experiments need to be done at very
low temperatures (e.g., millikelvins [119]) to directly observe the effect of e-ph coupling.
However, the superconducting order in YBCO complicates the measurement at low tem-
peratures. It is possible to suppress the superconductivity by applying a magnetic field,
but it would require an extremely high field of 100 Tesla for optimally doped YBCO [17].
Nevertheless, the effect of e-ph coupling can still be indirectly observed, at least theo-
retically, by analyzing how the temperature evolves with applied electrical power T'(P).
Based on the relations above, the temperature for the Kapitza term would evolve linearly
as Ty, oc P, while the phonon temperature would evolve according to the power law with
T,; o< PY/>. Therefore, it would be possible to observe the effect of e-ph coupling if there
is any deviation from the linearity of the total T'(P).

Observing just the trend is not sufficient to identify the effect of e-ph coupling if the
Kapitza conductance significantly dominates the temperature profile. So, the compre-
hensive parameter used to quantify the effect of heating is the thermal conductivity (in
W/Km?). The total conductivity already includes the effects of the Kapitza conductance
and the heat conduction through e-ph coupling. Consequently, any changes in the total
thermal conductivity value from the Kapitza conductivity would serve as indicators for
the e-ph coupling contribution. In this analysis, the nanowires are intentionally chosen
to be sufficiently long, allowing us to neglect the anisotropic in-plane thermal conductiv-
ity between the wire and the electrodes arising from the untwinned YBCQO’s preferred
direction of CuO chains. The heat conduction at the YBCO/MgO interface is found to
be similar for nanowires oriented along both the a- and b-axes. This similarity arises
from the isotropic transport along the c-axis. So, the e-ph coupling would be a poten-
tial factor causing anisotropy in thermal conductivity. For the thicker YBCO nanowires
(e.g., 50 nm), the Fermi surface is isotropic which should result in isotropic thermal con-
ductivity along the in-plane directions. However, in ultrathin nanowires (e.g., 10 nm),
anisotropic thermal conductivity is expected due to the anisotropic Fermi surface. In
addition, electron-phonon scattering should be enhanced for the thinner structures due
to factors such as increased phonon confinement and the surface-to-volume ratio. As
a result, the effect of e-ph coupling on the total thermal conductivity should be more
pronounced in the ultrathin wires.
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5.2 Design and Simulation

Several factors need to be considered when designing the nanowires for our exper-
iments. The dimensions of the nanowires represent the first factor. Since the thickness
is fixed from the PLD deposition, only length and width can be controlled during the
nanofabrication process. COMSOL simulation was done to visualize the temperature
profile according to the selected dimensions. It is noted that the e-ph coupling is dom-
inated by the Kapitza conductance at high temperatures, so the effect of e-ph coupling
is neglected in the simulations. Since most of the measurements were done above T, the
physics of the nanowire is defined based on a normal conductor such as copper. The sim-
ulation results for the length and width dependence are shown in Figure 5.3 and Figure
5.4, respectively. For the length dependence, it was discovered that the effect of thermal
relaxation is significant when L = 1 pym. On the other hand, the profile near the middle
of the wire started to become flat, which is similar to Figure 5.2(b), when L > 5 pm.
Therefore, the appropriate lengths are 5 um or longer. It is noted that shorter wires would
be interesting for further investigation of the heating dissipation into the electrodes. The
width of the nanowire has to be appropriately chosen to minimize the effect of heat dis-
sipation on both substrate and electrodes. The effect of thermal relaxation is much more
significant for wider wires, so it is preferred to choose narrower wires. However, we want
to also minimize the effect of the non-uniform width profile of the nanowire, so narrow
wires are not desirable. Therefore, the width of the nanowire is selected to be 1 um for
the ease of experiments, and then the length is selected accordingly.
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Figure 5.3: COMSOL simulation of the length dependence of the YBCO nanowire.
The length and thickness are fixed at 10 pm and 50 nm, respectively.
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Figure 5.4: COMSOL simulation of the width dependence of the YBCO nanowire.
The length and thickness are fixed at 10 gm and 50 nm, respectively. It is shown that
the effect of heat dissipation into the electrodes is already severe when increasing the

width to 2 pm.
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5. Transport in YBCO nanowires

The last factor for the design is the position of the voltage probes. The experiment
will be done using the four-point probe configuration to accurately extract the information
from the nanowires, as shown in the sketch in Figure 5.5. The current is injected across
the wire from the terminals, while two probes are attached to/near the nanowires to read
the voltage. Since the voltage probes also act as a heat sink (see Figure 5.6 for the
effect), our initial choice was to design the probes to be as narrow as possible (100-200
nm) and the probes were placed near the bath to avoid the effects near the center of the
wires (Figure 5.7(a)). The first device was fabricated with this design choice, but it was
discovered later that this design was not well suited for the experiment because we needed
to apply the current density from low (e.g., 2 x 10® A/em?) to high (e.g., 4 x 106 A/em?).
On some occasions, the voltage probes cannot handle such high current density because
their width is much narrower than the nanowire. After the first device, we decided to
put the voltage probes on the electrode as close to the nanowires as possible (Figure
5.7(b)). However, the main trade-off is the accuracy of the heating profile extraction due
to thermal relaxation. Still, the wire length is much longer than the thermal relaxation
length making it acceptable to neglect this effect.

Figure 5.5: Sketch of the nanowire design for the 4-point measurement.
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Figure 5.6: Simulation on the effect of the voltage probes on the heating profile of the
nanowire. The probe’s width is chosen to be 500 nm to highlight the effect of heat
dissipation from the wire into the probes.
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5. Transport in YBCO nanowires

(a) (b)

Figure 5.7: The AutoCAD design of the nanowire where the probes are placed (a) on
the wire and (b) on the electrodes right next to the wire.

5.3 Measurement Setup to Extracting T'(P)

The information related to the T'(P) can be extracted from the current-voltage (IV)
characteristic and the R(7') of the nanowires, as shown in Figure 5.8. The IV curve
shown in the figure was measured in the superconducting state. When injecting the
current in the superconducting state, the current flows in a zero resistive state so the
current increases while the voltage remains zero. Above the critical current (1.), the
superconductor undergoes a transition (switching) to a normal state which is indicated
by a sudden increase in voltage. For the normal state, the DC resistance (Rp¢) and
injected power can be extracted by using Ohm’s law Rpc = Vpe/Ipc and P = Vpe - Ipe.
One can track the change in resistance with power using the extracted information. In
this example, the slope of the IV curve bends downward at high power, meaning that
the resistance increases with power. This effect is an indication of the heating in the
nanowires. Then, the temperature can be approximated from extracted Rpc to establish
the T'(P). From T(P), the thermal conductivity can be calculated by using the relation
K= mﬁ where AT/A P is the slope of T(P). The area was chosen to be the
interface area (A = L-W) to compare the extracted values with the Kapitza conductance
for the YBCO/MgO ( 10 — 20MW/Km? [120]). It is noted that the variation of the
Kapitza conductance values is due to multiple factors including the interface quality and
the coupling strength between the YBCO and the substrate’s atoms.

Current (1)
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Figure 5.8: The procedure to establish the relationship between the temperature and
applied power T'(P) from the R(T) and IV characteristics of the nanowires.
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5. Transport in YBCO nanowires

The nanowires are measured with a 4 K dip-stick system, which is shown in Figure
5.9. The devices are bonded onto the sample holder which is mounted onto the pod
located at the end of the dipstick. The whole stick is shielded and filled with helium
gas before ‘dipping’ into the liquid nitrogen to cool down the sample. The helium gas
is necessary to prevent moisture from condensing on the devices during the cool-down
process. With this setup, the temperature can be stabilized from room temperature down
to 82 K.
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Figure 5.9: Schematics of the 4K dip-stick DC measurement system. It is noted that
the only difference between the DC and Lock-In measurement is the addition of LITA
after the ADC components.

For this thesis, two types of measurements were employed to measure the IV curve.
The corresponding simplified circuits illustrating these measurement setups are shown in
Figure 5.10 and the illustrations of how the IV curve is measured are shown in Figure
5.11. The signal from the source denoted as Vj, is controlled by a function generator.
The higher ohmic series resistor R, is used to bias the device, while the lower ohmic
resistor R acts as a current sensing element that indirectly measures the current. The
signals acquired from the current and voltage terminals are then amplified by Low Noise
Amplifiers (LNA) and filtered using LC filters before further processing. The first type is
the DC measurement which is a typical method to obtain the IV characteristic. For this
measurement, a DC bias is applied to the voltage and current terminals and the resulting
current and voltage signals are measured and processed by the multimeter. This method
directly measures the IV curve. The DC measurement involves applying a triangular
voltage bias with a specific frequency that is controlled by a function generator.

The second type is the lock-in measurement, which uses the function generator to
send AC signals to the current and voltage terminals. The output voltage signals from
the two terminals are demodulated with the Lock-In Amplifiers (LIA). Demodulation
is achieved by mixing the AC signals with the synchronized reference signal from the
function generator. This mixing process generates multiple frequency components, and
unwanted components can be filtered out using low-pass and high-pass filters. The voltage
offset is applied to measure the voltage and current at different points, which can be
used to reconstruct the IV curve. By employing lock-in amplifiers, the desired signal
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5. Transport in YBCO nanowires

can be separated from surrounding noise, resulting in highly accurate measurements,
especially at the low-power limit. This makes lock-in measurements preferable to DC
measurements in certain scenarios. A comparison between the DC and Lock-In IV-curve
will be presented in the next chapter.
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Figure 5.11: The IV curve from (a) DC measurement and (b) lock-in measurements.

To extract the differential current (dI) and differential voltage (dV') from the LIA
output signals (V449 and V§ure for voltage and current terminals), the following

equations are applied:

voltage SV 1
1 1
d[ — Vzggtage . ij . a . E (54)

where s, r and represents the sensitivity and voltage range of the Lock-In Amplifiers,
and G is the gain for the Low Noise Amplifiers. Then, the differential resistance can be
simply calculated using dR = dV/dI. To reconstruct the complete IV curve, the offset of
the DC voltage (V;) is swept to acquire data points analogous to the DC measurement
process (Figure 5.12). Each point (n) of the DC voltage can be calculated from the dR
and the DC current (Ip¢), reconstructed by integrating the dI signal, by using the relation
Vpe = [ Alpe dR. Since the current measurement setup does not directly measure Ip¢,
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5. Transport in YBCO nanowires

the Ipc is calculated by calculating the cumulative sum of the dI at each step of Vi by
using the following relation

Ipc = znj dr= (Vi vi) (5.5)
1=2

where n is the total number of steps. This cumulative sum provides a good estimate
of the Ipe. However, one should double-check with the values from the DC measurement
to get the correction factor.

VDC = fAIDC dR

— Vpe

Vs

Figure 5.12: Sketch of the process to translate the differential resistance (dR) into the
[V-characteristic through calculations described above.
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Results and Discussions

Building upon the theoretical framework established in the previous chapters, this
chapter presents and discusses the experimental results. The discussion is divided into
two parts. The first part focuses on the YBCO nanowires with ¢ = 50 nm, which have
properties similar to the bulk YBCO including isotropic Fermi surface. In the second
part, the preliminary results of the measurements on nanowires with ¢ = 10 nm, the
thickness that displays an anisotropic Fermi surface — a distinctive indication of elec-
tronic nematicity - are presented. The nanowires are slightly overdoped (p ~ 0.19).
The purpose is to maintain the doping near the optimally doped and, at the same time,
mitigate the effect of oxygen out-diffusion.

6.1 Results for the ¢t = 50 nm

6.1.1 Probes on the Nanowires

Ideally, it is preferable to measure the YBCO nanowires at the lowest achievable
temperature, while ensuring that the data can be observed within the normal states or
slightly above the T,.. The low temperature is necessary because the effect of the Kapitza
conductance is suppressed as temperature decreases. Hence, the first set of measurements
was done near the liquid nitrogen temperature ( ~ 82 K). The IV curve of the nanowires
with L = 10 gm and the voltage probes placed on the wires is shown in Figure 6.1(a),
and the corresponding R(7) of the wires are shown in Figure 6.1(b). The R(P) and
T(P) were extracted from the methods discussed in the previous chapter. From Figure
Figure 6.1(d), it is evidenced that the T'(P) profile of the nanowires along the a- and b-
axis are very identical and exhibit a linear trend except at low power. This deviation from
linearity is due to the switching from the superconducting to the normal state. The linear
T(P) suggests that the Kapitza conductance strongly dominates the temperature profile.
It is also shown that the Kapitza conductance is similar for both a- and b-axis-oriented
nanowires.
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6. Results and Discussions
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Figure 6.1: (a) and (b) displays the current-voltage (IV) characteristic and R(T') of
the YBCO nanowires with L = 10um. The derived resistance vs. power (R(P)) is
depicted in (c), whereas (d) shows the temperature vs. power (7'(P)) data obtained by
relating the resistance from (b) to (c).

To investigate the nature of e-ph coupling, it is crucial to also examine the low-power
limit of the T'(P) data. However, the data at low power is obscured by the switching of
the nanowires, making such observations impractical. The experiments were then carried
out across a range of temperatures above T, from 300 K down to 110 K (close to the
transition temperature). Examples of the T(P) at T = 300 K and 7" = 110 K are
shown in Figure 6.2. For both temperatures, it is shown that the T'(P) profiles are very
similar and mostly linear, consistent with previous findings. According to the Figure,
the thermal conductivity values for both a- and b-axis oriented wires are similar to the
reported Kapitza conductivity values [120]. This indicates that the Kapitza conductance
dominates the heating profile of the nanowires. It is worth mentioning that the step-
like profile in Figure 6.2(b) is due to the measurement system. It is suspected that
the behaviour is caused by the switching of the voltage scanning range in the function
generator.

To further evaluate the heating transport, the statistical data for nanowires with
different lengths and orientations are performed at different temperatures. The data
comparison of the thermal conductivity between the nanowires with L = 5 um oriented
in different directions are shown in Figure 6.3(a). The statistical data demonstrates
that the thermal conductivity values of both ae-axis and b-axis nanowires are similar.
The statistical data collected for the b-axis nanowires with different lengths, specifically
L =5 pm and 10 um, reveals similar thermal conductivity values, as depicted in Figure
6.3(b). This observation suggests that nanowires with varying lengths exhibit compa-
rable heat transport behavior, as long as the effect of thermal relaxation is negligible.
Considering this factor, we can reasonably infer that the results shown in Figure Figure
6.3(a) would also apply to nanowires with L > 5 um. Nevertheless, the domination of
the Kapitza conductance prevents the observation of the e-ph coupling.
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Figure 6.2: The comparison of T'(P) of the a- and b-axis oriented nanowires with
L =10 pm measured at (a) 300 K and (b) 110 K. The maximum bias current was about
0.4 mA.
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Figure 6.3: The statistical data of the thermal conductivity (MW/Km?) that
compares (a) the nanowires oriented along the different directions with L = 5 um and
(b) the nanowires with different lengths.

Up to this point, we have observed two distinct disadvantages of using the DC mea-
surement setup. Firstly, as previously mentioned, the data obtained at lower power is
masked by significant noise making it impossible to accurately analyze the data. The
second disadvantage is a large error bar in the data as evidenced by the statistical anal-
ysis (Figure 6.3). The Lock-In measurements were employed to address these issues.
A comparative analysis between the DC and Lock-In measurements is shown in Figure
6.4, where each line represents each quadrant of the triangular signal. Figure Figure
6.4(a) illustrates that the signals obtained from the Lock-In exhibit significantly reduced
noise and demonstrate close alignment with each other. Moreover, these signals effec-
tively reveal the data even at extremely low power, a remarkable contrast to the DC
measurement as shown in Figure 6.4(b). Overall, the Lock-In measurement provides
much more accurate results than the DC measurement. Due to its superiority, the Lock-In
measurement will be the primary method utilized for the data analysis.
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Figure 6.4: The comparison of the R(P) from (a) Lock-In and (b) DC measurement,
setup from the same nanowire.

6.1.2 Probes on the Electrodes

Due to the issues encountered with the measurement of the nanowires, we decided to
move the probes to the electrode instead (see Figure 5.7(b) for the illustration) due to
the following reasons. According to the simulation results, the effect of the heat diffusion
from the wires into the electrode can be neglected for the nanowires with L > 5 pm.
To observe such effects, only the interface area of the nanowire is used to calculate the
total thermal conductivity. From previous measurements, the values of the Kapitza
conductivity are expected to be below 25 MW/Km?. Then, the effect of heat diffusion
into electrodes can be observed if the total thermal conductivity exceeds such value.
The temperature-dependent thermal conductivity of nanowires with different lengths and
orientations are shown in Figure 6.5, while Figure 6.6 shows direct comparisons of the
thermal conductivity between a- and b-axis oriented nanowires at the same length.
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Figure 6.5: The temperature dependence of the total thermal conductivity of (a)
a-axis and (b) b-axis oriented YBCO nanowires with different lengths.
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Figure 6.6: The temperature dependence of the total thermal conductivity that
compares a- and b-axis oriented YBCO nanowires with (a) L = 8 um and (b) L = 1 um.

The total thermal conductivity of the a- and b-axis oriented YBCO nanowires are
quite similar for the wires with L > 5 um, length scale where the contribution from the
heat diffusion into electrodes is weak and the heat transport is dominated by out-of-plane
(interface) component. The thermal conductivity along the b-axis is slightly higher than
along the a-axis, which could be due to the CuO chains that align mostly along the
b-axis. Hence, the results indicate the isotropic heat transport properties in the 50 nm
thick nanowires. However, the thermal conductivity increases drastically when the wire
is only L = 1 pm long, confirming that the heat diffusion into electrodes has a great
effect on the temperature profile of the short nanowires. The length-dependency of the
thermal conductivity also indicates that the effect of the heat diffusion is stronger in the
b-axis oriented nanowires, which could also be due to the contributions from CuO chains.
Another noticeable feature is that the temperature-dependence trend of the thermal con-
ductivity is the same for all nanowires: slightly increases when approaching 130 K and
then slowly decreases when approaching 300 K. The reason is still unknown because the
interface thermal conductivity is expected to be constant at higher temperatures (e.g.,
see [121] and [122]. Therefore, further investigation is required to determine the origin
of the temperature dependency. The T'(P) measured at 110 K for L = 8 ym nanowires
are shown in Figure 6.7, which further confirms the linear T'(P) behaviour down to low
power limit. It is noted that the deviation from linearity near zero power is due to the
error in the lock-in measurements at the zero voltage offset limit.
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Figure 6.7: The T'(P) of 50 nm thick YBCO nanowires measured at 110 K with
L = 8 uym. The fittings are done at lower and higher power ranges to observe the
linearity of the T'(P).
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The following are the key takeaways from the results. Firstly, the Kapitza conduc-
tance strongly dominates the heat transport, as evidenced by the fact that the linearity
of T(P) is observed in all measurements. This is as expected since the effect of the
Kapitza conductivity strongly dominates the e-ph coupling inside the materials at higher
temperatures. Ideally, one would need to perform the measurements at very low tem-
peratures (e.g., below 1-2 K [119] to better observe the e-ph coupling effects. Since the
e-ph scattering is enhanced in a thinner structure, it might be possible to observe the
effect of e-ph coupling in the ¢ = 10 nm nanowires. Another concern is the real tem-
perature dependency of the strange metal, which has not been properly studied. In this
study, we assumed that the power-law dependency of normal metals can be applied to
strange metals. If this is not the case, then it would be challenging to separate the e-ph
coupling effects from the Kapitza conductivity. Nonetheless, the results provide a good
approximation of the Kapitza conductivity between YBCO and MgO.

6.2 Results for the t = 10 nm

According to the heat transport model (see Appendix A), the interface conductivity
should scale only with the interface area, while the e-ph coupling effect should be enhanced
with decreasing film thickness. For direct comparisons, the nanowires were fabricated
with the same geometry as the 50 nm thick nanowires and the same interface area was
used to calculate the thermal conductivity. However, the actual behaviour deviates from
the expectation. The results of the thermal conductivity measurement of the 10 nm
thick YBCO nanowires oriented along the a- and b-axis are shown in Figure 6.8. The
extracted thermal conductivity shows a similar temperature dependency as the 50 nm
thick YBCO nanowires and the thermal conductivity along the b-axis is also slightly
higher than the a-axis. Furthermore, the value of thermal conductivity for long wires
increases more than a factor of five when compared to the 50 nm thick nanowires. In
addition, the T'(P) measured at 110 K (Figure 6.9) shows no sign of deviation from
linearity as well.
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Figure 6.8: Total thermal conductivity vs. temperature of a- and b-axis oriented
ultrathin YBCO nanowires with (a) L = 10 ym and (b) L = 1 ym.

According to the thermal conductivity values and the T'(P) characteristic, we can
conclude that the effect of anisotropic e-ph coupling cannot be observed. The main
speculation for the issues related to the anisotropy is that the thin film has a lower
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anisotropy resistivity ratio than expected (g—‘; ~ 1.5, same as 50 nm thick nanowires), as
reflected in Figure 6.10. Moreover, the difference in the slope of the T-linear resistivity
of the a- and b-axis is similar to the 50 nm thick nanowires, suggesting that the nematic
phase is weak. The information from the R(T) confirms a lack of strong anisotropy in
the measured ultrathin YBCO nanowires. Then, new ultrathin films with stronger R(7)
anisotropy are required for a proper study.
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Figure 6.9: The T(P) of 10 nm thick YBCO nanowires measured at 110 K with
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Figure 6.10: R(T) of the 10 nm thick YBCO nanowires oriented along the a- and
b-axis with L = 10 ym.

The heat transport model (Appendix A) based on the series of thermal resistors
shown in Figure 5.1 cannot explain the drastic increase in thermal conductivity when
reducing the thickness from 50 to 10 nm. Since the scaling of the thermal conductivity
is proportional to the thickness reduction factor, there should be another heat conduc-
tion channel that is strongly affected by strong dimensional confinement in ultrathin
films. One possibility for an extra channel is the coupling between YBCO’s electrons
and the substrate’s phonons, referred to as electronic Kapitza conductance. According to
the photoresponse [123, 124] and stationary [122] measurements of thicker YBCO films
(e.g., 35 to 400 nm), the values of the interface conductivity converge to 20 MW /Km?
which is also in agreement with our result (Section 6.1.1). However, the photoresponse
measurements on ultrathin films (thickness less than 15 nm) indicate that the thermal
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6. Results and Discussions

conductivity of the YBCO ultrathin films is enhanced by an order of magnitude compared
to the thicker films [125, 126]. The results from [126] suggest the presence of electronic
Kapitza conductivity. The total heat conduction channels then can be visualized accord-
ing to Figure 6.11. Only ultrathin YBCO structures can feel this effect because it exists
only at the interface between YBCO and the substrate. This would answer why the total
thermal conductivity of 10 nm thick YBCO nanowires is at least a factor of five higher
than the 50 nm thick nanowires. However, we still lack fine thickness-dependence data
to confirm the existence of the electronic Kapitza conductivity.
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Figure 6.11: The thermal resistance model of the YBCO nanowire with electronic
Kapitza conductance.
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Conclusion and Future Outlook

The focus of this thesis is on the investigation of the e-ph coupling effects in strained
YBCO nanowires through the study of electrical and heat transport measurements. To
study the effect of strain on the YBCO nanostructures, two different thicknesses were
selected for the comparison: 1) t=50 nm, where the properties of the YBCO are similar
to the bulk material, and 2) =10 nm (ultrathin), where it has been shown that the strain
would results in the anisotropic Fermi surface, signaling the stabilization of the nematic
phase.

The first part of this work focuses on the =50 nm YBCO nanowires. We discovered
that the heat transport is similar along the in-plane crystallographic directions. This be-
haviour aligns with our expectation for the YBCO with isotropic Fermi surface. However,
heat transport is strongly dominated by interface conductivity. This was evidenced by
the fact that the values of the total thermal conductivity, measured over a wide range of
temperatures, strongly align with the reported interface conductivity for YBCO/MgO.

For the ultrathin nanowires, the extracted thermal conductivity also shows the same
trend as the 50 nm thick nanowires. Two possible conclusions can be made. Firstly,
a drastic increase in thermal conductivity could be caused by another heat dissipation
channel that shows a strong effect only in ultrathin YBCO structures. A possible candi-
date is the electronic Kapitza resistance, where the electronic system inside the YBCO
couples with the substrate’s phonon at the interface. Secondly, the anisotropy is not
strong enough to properly observe the effect of anisotropic e-ph coupling, as reflected in
the thermal conductivity trends.

The following are possible outlooks for future work from this thesis:

o To confirm the presence of electronic Kapitza conductivity, the measurements of
the T-dependent thermal conductivity of nanowires with intermediate thickness
between 10 and 50 nm are required. Assuming that a drastic increase in thermal
conductivity is caused by the electronic Kapitza conductance, the effect should be
minimized after a certain thickness in the intermediate region.

o More information related to the Kapitza conductance can be extracted by studying
how the substrate heats up when the nanowires are heated. Then, it is necessary to
probe the substrate temperature by using the small nanowires as local thermome-
ters. The example of the thermometers is shown in Figure 4.2(b).

o Although the electronic Kapitza conductivity would mask the e-ph coupling effect
in YBCO, further study of the ultrathin YBCO nanowires/films should provide
some hints of the electronic nematic phase. According to the recent theoretical
model [127] which attempts to explain the origin of the nematic Fermi surface
observed in [34], the film-substrate coupling for YBCO is strongly dependent on
the substrate’s surface morphology. The key ingredient to obtain nematic Fermi
surface lies in the elongated nanofacets with a triangular profile on the annealed
MgO(110) surface. The strength of the coupling between YBCO adatoms and
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MgO surface atoms differs depending on where the adatoms land and the coupling
strength is the strongest on the nanofacets’ edges. Hence, the nanofacets on the
MgO surface result in a strongly anisotropic strain on the YBCO atomic structure
at the interface, which gives rise to a nematic Fermi surface where the electronic
states are suppressed along the same direction that the MgO nanofacets align.
Although the model correctly predicts the presence of the nematic Fermi surface
of the underdoped ultrathin YBCO (p ~ 0.12), it also predicts that the Fermi
surface becomes isotropic again while maintaining the nematicity. Therefore, the
heat transport measurement of the ultrathin YBCO nanowires with the doping level
of 0.12 < p < 0.16 should reveal more information regarding the presence of the
nematic state. Additional insights into the presence of the could be obtained by
systematically studying the CDW at the intermediate doping range (e.g., through
RIXS experiments). Furthermore, the investigation of thin films with a thickness
even thinner than 10 nm may yield intriguing findings as well.

The heat transport model for the e-ph coupling in YBCO has been developed based
on the normal metals where 7' oc PY/%. However, we have not observed any sign
of the power-law dependency even at T = 110 K. To accurately probe the contri-
bution from e-ph, we need to perform measurements at very low temperatures for
better observation. Ideally, it would require us to completely remove the supercon-
ductivity by applying a magnetic field. However, the complete suppression of the
superconducting order at the optimally doped is not feasible because the critical
field is extremely high (approximately 100 T). Then, underdoped YBCO is prefer-
able for the measurement due to lower critical temperature and critical magnetic
field.

This thesis mainly focuses on long nanowires, where the temperature profile across
the nanowire is assumed to be stable. However, a complete simulation of the heat
transport, including the heat dissipation from the nanowire into the electrodes and
from the e-ph scattering, is required to accurately model the temperature profile in
the nanowire.
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Appendix A

This section guides through the (draft) theoretical framework for the development
of the heat transport due to injected electrical power (Joules heating) for the YBCO
nanowires, which attempts to include the effect of e-ph coupling [118, 119]. The main
assumption is that the wire is in the steady state response (%F = 0), just to simplify
the physics at play. Since we want to identify how the electronic temperature (7,) and
phononic temperature (7,,) are affected by the Joule heating power, the relations are
derived using the boundary condition Pglectrical — pthermal " The temperature profile for
the electronic and phononic systems can be expressed as

0 oT., V2 Ky ? 5 5
¢ Tor (””m;) =0 o e () (72 = 73) (A1)
8 aT ]{] 2 Gint
P —as ( aﬁZh) =0 Lo () (72 -135) =7 T = Taw) . (A2)

The following is the explanation of the parameters. First, we have k. /,, and o which

are the thermal and electrical conductivity of the YBCO. The term U%z describes the
dissipated power per unit volume (P,y). Next, we have the e-ph coupling I'._,;, and the
YBCO/substrate interface conductance (G4%;) which describes different mechanisms for
heat transfer between the electron and phonon system and between the YBCO phonons
and the substrate phonons, respectively. The interface conductivity is also related to
the substrate temperature, denoted as T%,;. Finally, we have two structural parameters
which are length (L) and thickness (t). It is noted that the e-ph coupling term in (A.1)
is only valid for metallic systems, which typically is applicable for the temperature under
10K [119]. However, we do not know which functional dependence can be applied to
the YBCO as there is still currently no report on this matter. In addition, the interface
conductance term with T-linear dependency (A.2) is an empiric expression derived from
experimental observations (e.g., see [122]).

Assuming that the electron and phonon temperature are in thermal equilibrium
(T. =Ty =T),

0 or G
7 — | =Py — (T, — Tew A3
o (a4 ma G ) = P = 8 (13~ T (A3)

When the length (L) of the nanowire is much longer than e-ph scattering (l._p)
and thermal relaxation (ly) lengths (L > l._,n, 1), the contributions from the thermal

conductivity between the wire and electrodes can be ignored (g—g = 0). Then, we get

Gint
TH
onl =

(Tph - Tsub) (A4)
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which describes the temperature rise in YBCO due to the finite interface conductiv-

ity. For the general case (T # T},,) we obtain in the long wire limit by setting 8TE =
and 2= = 0 in equation (A.1) and (A.2), which yields
. 0=P o (™) (12— 13 A5
€: = Iyol — 0 *Lepn e (e_ph) ()
k Gznt
ph: 0=0-Tup ( ;) (12 —15,) - = (T — Tow) (A.6)
Then, we can subtract the electronic (A) with phononic (A.6) term to get
— kb 5 5 GTh
0=Pyuy—2-Tepn (Te —Th) + ~H (Ton = Toun) (A.7)

Lastly, we remove the contribution from the interface conductance which results in

ke
onl =0 - Fe —ph ( e ) (Te5 - Tp5h) (AS)

which describes the power dissipation due to the e-ph scattering. Therefore, we have
obtained the two coupled equations

k
e—ph: Py=0-Tep ( (;) (Te5 — T;h) (A.9)

Gznt
int : onl =

(Tph — Tsup) (A.10)

which describes how the power is dissipated through the YBCO nanowire. Firstly,
the power is converted into heat due to Joule heating. The generated heat then dissipates
firstly into the electronic system of the YBCO. Due to e-ph coupling, the heat from the
electronic is dissipated into the phononic system. Lastly, the heat from the phononic
system is dissipated into the substrate by interface scattering. Then, the relations for 7,
and T, with applied power are

1/5
1
e—ph: T,= T;’h - Py (A.11)
o - Fe —ph (kb)
. t
int : Tph = Tsub + = Gmt : onl- (A12)
The factor ———— describes the contribution of e-ph coupling to the thermal

k
i (?)

resistance (R5,7"), while the factor G%

the YBCO/substrate interface. It is noted that the unit for the R5 " does not directly
describe the thermal resistance of the e-ph scattering, but we will call the terms Rrpy
mainly for convenience. To get a better idea of how the heating effects are related to
the dimension of the nanowires, we can multiply the equations (A.11) and (A.12) by the
volume of the nanowire with (Volume = L-W -1t),

(or Ri) describes the thermal resistance at
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e—ph: P=(1/R")(L-W-t) (T2 - 1T5,) (A.13)

int: P=GP (L-W)(Ton — Teuw) - (A.14)
Which can be rearranged to take the same form as equations (A.11) and (A.12)

T A
—ph: T.=(T — . P Al
€= p < ot Volume ) (A-15)
int
it Typ = Taup + R p (A.16)

Area

Equation (A.15) and (A.16) shows that the e-ph coupling depends on the whole
volume of the nanowire, while the interface conductance only depends on the interface
area (Area = L -W). The effect of e-ph coupling is expected to be enhanced when
reducing the thickness (t) of the nanowire without affecting the temperature rise due to
interface conductivity. Then, the effect of e-ph should be more pronounced in the t=10
nm nanowires. Nevertheless, the thickness dependence measurements of the T(P) and
total thermal conductivity are required to confirm the effect.
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