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Introduction

QUANTUM MECHANICS has earnestly changed the classical view of Physics,
stimulating a half-century of scientific investigation for unusual physical phe-
nomena and technological progress such as computing systems with quantum-
enhanced security and speed. For these reasons, the scientific community is
in continuous fervour to make Quantum Technologies a reality. Indeed, novel
materials, which frequently exhibit unexpected or even revolutionary physi-
cal properties, are essential for significant advances in fundamental Physics
knowledge and to increase technological progress. In this respect, simulta-
neous control of structural and physical properties through a small electrical
current or voltage is of extreme relevance, and have been a long-desired but
elusive aim of science.

Contemporary studies of spin-orbit-coupled materials, especially 4d- and
5d-transition metal oxides [1,2], have provided a strong indication that this
goal may be finally achieved [3-5]. These metal oxides highlight strong spin-
orbit coupling and host uncommon energy scales defined by comparable and
competing spin-orbit and Coulomb interactions. This energy configuration
produces a unique interplay between the fundamental interactions and places
these materials poised between different ground states. Consequently, these
materials are very susceptible to even small external stimuli [6,7]. In this
scenario, the electrical current as a new external stimulus (joining the mag-
netic and electric field, pressure, light, etc) is surprisingly effective. Indeed,
the electrical current can couple to the lattice and expands it, thus generat-
ing new electronic arrangements or ground states. In this regard, the Mott
insulators form a fascinating research platform.

In this thesis, we first introduce some theoretical aspects of Mott insula-
tors, then we concentrate our experimental research on pure single crystals
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of CagRuQOy4 in which application of a small current causes drastic changes in
both structural and physical properties. In particular, we combined electrical
transport and x-ray diffraction measurements to refine the crystallographic
structural phases induced by electrical current.

Moreover, we electrically characterised the eutectic system constituted by
CagRu0O4 with embedded metallic Ru inclusions. Our study on this system
shows that it can be relevant for electronic applications since it maintains the
properties of the pure system but is structurally stiffer.

Although it is much debated whether the insulate to metal transition in
CagRuQy is a result of Joule heating or electronic effects, a parameter that
has been left unexplored in this context is the size of the samples. Here, we
have tackled this issue by utilising an innovative technique that involves a
Ga™ focused ion beam to prepare microscopic samples out of bulk crystals of
CagRuOy4. That not only allowed adequate measurements of samples since
the geometry of the micro-crystal has been accurately controlled but also
gave us the possibility to establish that the size of the samples is a tuning
parameter of the electrical transport properties of this material. Generally,
with CagRuQOy, the main difficulty is accessing the local sample temperature
that makes the local Joule heating out of control, and this can give rise to
deceptive behaviour. Therefore, extreme care must be taken to assure that
the current-controlled phenomena in CaoRuQ,4 are intrinsic. For this reason,
we carefully evaluated the role of the local unavoidable Joule heating in our
experiment. Indeed, exploiting the potentiality of our microscopic samples,
we have lithographically fabricated a platinum thermometer directly on top
of selected microscopic samples. This way, we ensured the robustness of the
observed phenomena by ruling out any possible effect coming from Joule
heating.

In conclusion, we believe that our results on the Mott insulator CasRuO4
have greatly improved the current scientific understanding of this complex
system.

The "non-conventional" searching of these exotic quantum properties have
also been studied in another flavour of the Physics field: The Superconduc-
tivity.

In the majority of physical systems, the individual quantum states start to
smear by increasing the number of interacting particles. As a result, almost
all the charming characters of quantum mechanics are typically observed in
systems with less than few atoms. Superconductors, however, do not suffer
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this drawback, making them an ideal platform for investigating quantum phe-
nomena. In fact, in superconductors, due to the bosonic nature of the Cooper
pairs [8], there is only one order parameter that can represent the whole super-
conducting condensate. On the other hand, this does not mean that the size
of a superconducting system has no importance. On the contrary, mesoscopic
systems can give considerably better control over superconductivity. Indeed,
they can be employed to identify some of the unique and exotic quantum
states in nature that are crucial to our comprehension of the mechanisms
involved in some of the most debatable phenomena of modern Physics.

The behaviour of any quantum system is determined by its wave function.
In superconductors, this corresponds to the pairing function of the electrons
that form the Cooper pairs. A superconductor can therefore be characterized
by the type of symmetry that defines its pairing function. However, it is well
established by the Pauli principle that fermions, such as electrons, can only
be paired with each other if their combined wavefunction is antisymmetric.
One way to satisfy this condition would be if the pairing occurred between
electrons with opposite spins. This turns out to be the case with conventional
superconductors. There is, however, no reason for this to be the only stable
configuration. Cooper pairs can also be formed by electrons of equal spin as
long as its total wave function is odd. This is the case of unconventional su-
perconductors. Moreover, in superconductors with inversion symmetry, the
parity symmetry imposes a constraint on the pairing state, which must be
either spin-singlet with even parity (conventional superconductors) or spin-
triplet with odd parity (unconventional superconductors). On the other hand,
there is another class of superconductors without an inversion centre known
as non-centrosymmetric superconductors. In this case, the broken parity sym-
metry is expected to give rise to an admixture of spin-triplet and spin-singlet
pairing states. However, experimental confirmation of pairing mixing remains
still elusive. In the last chapter of this thesis, we will introduce the Little-
Parks experiment as a way to establish the symmetry of the Cooper pairing.
This phase-sensitive experiment can be helpful in determining the presence of
spin-triplet components in polycrystalline rings of non-centrosymmetric su-
perconductors [9]. The experiment was performed on a submicrometer-sized
ring array designed for field-dependent transport measurements on the non-
centrosymmetric superconductor Nbg 1g8Reg.g2. The main reason to use such
a mesoscopic structure in our studies is related to the possible observation
of an unusual state known as the half-quantum flux. Such state can form
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equal-spin triplet pairing, and in contrast to the classic full-quantum flux, it
is accompanied by a spin current whose free energy grows logarithmically with
the dimensions of the system. Consequently, the half-quantum flux states be-
come energetically less favourable and improbable to stabilise in macroscopic
(bulk) systems. Our preliminary results on the anomalous behaviour of the
magnetovoltage curves suggest that these anomalies could be originated by
unconventional superconducting mechanisms in Nbg 18Reg g2. However, the
experimental work is still in progress.
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OUTLINE OF THE THESIS

e Chapter 1 (Mott Insulators) provides a general theoretical introduc-
tion to the Mott insulators. The focus of this chapter is then directed
towards a peculiar member of this family, CasRuQO,4, whose particular
known properties are presented here.

e Chapter 2 (Properties of CagRuOy4 Induced by Current and Voltage)
is related to the current induced electrical and structural properties of
mm-sized samples of pure CasRuQy single crystals, and with the voltage
and current induced electrical properties of mm-sized samples of the
eutectic system CasRuO4-Ru (CagRuO,4 with embedded Ru inclusions).

e Chapter 3 (Universal size-dependent nonlinear charge transport in sin-
gle crystals of the Mott insulator CagRuOy). Here we present a totally
new effect in CagRuQ4. We discovered that reducing the size of the sam-
ples down to um range we find a four orders of magnitude increase in the
current density required for driving the material out of the insulating
state into a metastable phase that is the precursor to the fully metal-
lic one. Furthermore, fabricating a microscopic platinum thermometer
directly on the microscopic CagRuO,4 samples, and performing thermal
simulations, we gain insight into the local temperature during simulta-
neous application of current, and established that the size dependence
is not a result of Joule heating.

e Chapter 4 (Unconventional Features of Non-Centrosymmetric Super-
conductors) is based on unconventional superconductors with an em-
phasis on the non-centrosymmetric ones. Here, we introduce the non-
centrosymmetric superconductor Nbg 1sReg g2 that we employed to in-
vestigate its unconventional nature in terms of pairing symmetry and
physical features. The last section of this chapter revisits the Little-
Parks half-quantum flux in Nbg138Reg g2 as a powerful phase-sensitive
experiment. We report the fabrication method to obtain a Nbg 1g8Req g2
array of submicrometer-sized rings, and our preliminary measurements.
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The research presented in this thesis, being an experimental
work that deals with extremely complicated systems, fabrication
techniques, and measurements, has been strongly affected by the

COVID-19 pandemic since it has slowed down the experimental

activities.



Chapter 1

Mott Insulators

The transport of electrons is a fundamental matter at the basis of science
in any field. In general, the directed motion of energy, charge, spin, etc.,
is a process that happen out of thermodynamic equilibrium. Moreover, in
the case of electron transport in a solid there are also three different effects
to be accounted: the potential of the ions, the electron-electron interaction,
and externally applied fields. In view to treat the basic theoretical aspect of
the Mott metal-insulator transition, let’s provide the definition for metal and
insulator and a schematic division of this latter using the dominant interaction
that causes the insulating behaviour as a criterion.

For interacting many-particle systems far from thermal equilibrium, a
very complex formalism has to be employed to calculate transport properties.
Here we consider the conducting properties near thermal equilibrium, hence
the presence of any external perturbations is “small”. Therefore, to ensure
the validity of Ohm’s law we restrict to the case of weak external fields.

Another restriction we need to take into account is that the distinction
between metal and insulator is strictly meaningful only at zero temperature
(T' = 0). One could think this is only a theoretical simplification but, the limit
T — 0 is actually of fundamental importance to distinguish between metal
and insulator. With these restrictions in mind, we may define an insulator in

DC

terms of its static electrical conductivity, c~“, in momentum and frequency

space as

DC o — . . _
0og (I'=0) = lim lim |(111|I—r>10 Re{oap(q,w)} =0 (1.1)

where o, 8 = 1, ..., d being d the dimension of the system.
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In the case of a finite metallic conductivity at small frequencies we may
apply the Drude model that yields

T

(1 + W) (12)

Re{oap(T = 0,w = 0)} = (Dc)ap
where (D.)qp is the Drude weight and 7 is the mean free time. Suppose we
have no scattering, then in this case the translational invariance is restored
and 77! — 0 which leads to the case of an ideal metal. In that situation the
equation (1.2) becomes

Re{0as(T = 0,0 — 0)} = (D¢)asd(w) (1.3)

The assumption to consider 7' = 0 and small external fields allows us to iden-
tify two basic categories of insulators. Indeed we can distinguish insulators
due to the electron-ion interaction, and those due to the electron-electron in-
teraction. If we consider only static ion configurations, then the insulators due
to the electron-ion interaction can be understood in terms of a single-electron
theory. The following classes of insulators are prominent representatives:

e Bloch-Wilson or band insulators
e Peierls insulators

e Anderson insulators

The Bloch-Wilson insulators are materials due to the electrons’ interaction
with the periodic potential of the ions while the Peierls insulators are due to
the electrons’ interaction with static lattice deformations, and the Anderson
insulators to the presence of disorder, e.g., the electrons’ interaction with
impurities and other lattice imperfections.

The insulators due to the electrons’ mutual interaction are conceptu-
ally different. In this case, we can define another class of insulators, the so
called Mott insulators. In other words, Mott insulators constitute a category,
where the insulating behaviour is understood as a cooperative many-electron
phenomenon. However, it is possible to distinguish further between Mott-
Heisenberg and Mott-Hubbard insulators, depending on whether or not there
is long-range order in the charge and/or spin density of the electrons.

In real materials the interactions used in the above classification scheme
are always simultaneously present such that the classification of experimen-
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tally observed insulators is not always that straightforward. In fact, an ob-
served metal-insulator transition need not be dominated by one interaction
alone to the exclusion of the others. Although a single interaction may drive
the transition, its nature often is strongly affected by the others. In the vicin-
ity of the transition they can become relevant perturbations. Here we will
address only “pure” cases of Mott transitions, where the Coulomb interaction
dominates the others throughout the transition.

1.1 Theoretical Aspects

In this section, we introduce some basic theoretical concepts that allow to
understand the role of electron-electron interactions in the solid-state. Its
influence on low-energy properties is successfully included in metals in the
Landau’s Fermi-liquid theory that fails at the metal-insulator transition. It is
immediately clear that the problem of the Mott transition is strictly related
to the stability of Fermi-liquid theory thus the contribution of the electron-
electron interactions plays a key role.

To evaluate the strength of the electron-electron interaction, with respect
to the electrons’ kinetic energy, we will introduce the pair correlation function
and the local magnetic moment. This way, we can naturally introduce the
Mott insulators.

Considering independent electrons may seem a very unrealistic assump-
tion since the Coulomb interaction is long-range and strong. Nevertheless,
many experiments can be explained qualitatively and even semi-quantitatively
neglecting it. However, there are two aspects that explain the remarkable suc-
cess of the independent electron approximation and how, in many cases, the
interaction can qualitatively be taken into account. First, in systems with
itinerant electrons the Coulomb interaction between the charge carriers is
very effectively screened within the inverse of the Fermi wave number k;l.
Secondly, let’s consider a set of noninteracting electrons and imagine to grad-
ually switch on the interactions between them. What happen now is that
the energies of each one-electron level will be modified as in the Hartree-Fock
approximation and its refinements. Moreover, electrons will be scattered in
and out of the single electron levels, which are no longer stationary. This
does not happen in the Hartree-Fock approximation, where one-electron lev-
els continue to give valid stationary states of the interacting system. Whether
this scattering is relevant enough to invalidate the independent electron pic-
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ture depends on how rapid the rate of scattering is. One may think that the
electron-electron scattering rate is quite high since the Coulomb interaction
is rather strong. However, the Pauli principle comes to gives us a lifeline by
reducing the scattering rate in many cases of major interest. Indeed, in the
presence of a Fermi surface the scattering rate between electrons near the
Fermi surface with energy Er + w vanishes proportional to w? since the ex-
clusion principle strongly reduces the number of scattering channels that are
compatible with energy conservation. This concept is at the base of Landau’s
Fermi-liquid theory [10,11].

Suppose a Fermi surface exists for the interacting Fermi system as for the
non-interacting case (Fermi gas). In that case, the excitations near the Fermi
surface are long-living fermions (Landau quasi-particles) in a one-to-one cor-
respondence to the electron and hole excitations of the Fermi gas. Thus the
energetically low-lying one-electron excitations of the Fermi gas and the Fermi
liquid can be mapped completely onto each other. Since the Fermi energy
in metals is almost always very much larger than typical thermal energies,
only low-energy excitations are relevant for the thermodynamics and elec-
trical transport properties. The residual interaction between Landau quasi-
particles can effectively be described in terms of a few Landau parameters.
Consequently, physical properties are only quantitatively modified in a Fermi
liquid as compared to a Fermi gas. However, there is no qualitative difference
between a Fermi gas and a Fermi liquid, both describe metallic states. Under
which conditions a Fermi surface exists remains an open problem within the
solely phenomenological Fermi-liquid theory. We can only base on the physi-
cal point of view the self-consistency of the Fermi-liquid picture in describing
the influence of electron-electron interactions in metals. Indeed, we can argue
that the electrons are highly mobile in the crystal, thus their mutual interac-
tion is well screened. Therefore, we may apply Fermi-liquid theory for their
description, which implies that the screened electron-electron interaction does
not qualitatively change the picture, which was the starting point of our anal-
ysis. It is clear, as we anticipated before, that these arguments have to break
down at the metal-Mott insulator transition.

Exchange and Correlations

The dynamic self-screening of itinerant electrons is one of the most important
effect in metals. However, most of the time, the interaction effects cannot be
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simply neglected, or merely subsumed into an effective single-electron de-
scription. In general, the repulsive electron-electron interaction tends to keep
the electrons apart from each other. This localization tendency is in conflict
with the electrons’ kinetic energy that tries to spread out the electrons over
the whole crystal. To evaluate the effective strength of the electron-electron
interactions as compared to their kinetic energy, a quantitative parameter
needs to be defined.

Let’s consider s electrons with spin o =7, | and electron density n (where
n is the ratio of the number of electrons to the number of ions, n = N./Ny). In
second quantization it is possible to define the Fermi creation and annihilation
operators for o electrons in position space as ¥} (r) and zba( ), respectively,
and the corresponding particle density operators A, (r) = 9 (r)hy(r), A(r) =
Yo T (r). The average potential energy for the Coulomb interaction between
these electrons is given by

Z/drdr |I‘ — I‘" <¢ (r)&;(r,)ﬁa’(r/)d)a(r)) (1.4)

Now, to determine the strength of the electron-electron interaction from (1.4)
we need to know the probability distribution to find a ¢’ electron at r’ when
there already is a o electron at r. This information is contained in the pair
correlation function g

9ot (1,1) = (DF ()9, (") ot ()5 (X)) — (i (X)) (i (1)) (1.5)

It is worth to note that this quantity differs from the expectation value we
need for the evaluation of (1.4) by the subtraction of a product of two-fermion
expectation values. The reason for this is twofold: first, we expect the pair
correlation function g, ./ (r,r’) to vanish at large electron separation. Second,
if the probability of finding a o electron at r is independent of the ¢’ electron
at r/, the pair correlation function as defined in (1.5) will indeed vanish.
Hence, g,/ (r,r’") measures the correlations in the system.

In the pair correlation function there is the contribution due to the particle
statistics (Pauli exclusion principle) and the pure electron correlations in-
duced by the electron-electron interaction. Following, we address these two
contributions separately.

The Pauli principle guarantees that two electrons of the same spin cannot
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occupy the same orbital. Hence, the pair correlation function for electrons
with like spin is different from zero even if no electron-electron interaction
was present. Considering for example the three-dimensional homogeneous
Fermi-gas ground state, we have

3n\ sinz — zcosz]>
90,0’(1"1',) - [(5) ] (1.6)

m3

hence on the scale of the reciprocal Fermi wave number 1/kr the Pauli prin-
ciple reduces the probability to find a o electron in the vicinity of another o
electron (exchange hole). This effect is completely independent of the pres-
ence of electron-electron interactions and is only due to the Fermi statistics
of the electrons. For electrons with different spin quantum numbers the ex-
clusion principle does not hold, thus

9o,—o(r,¥') =0 (1.7)

this means that 1 and | spins are entirely uncorrelated in the Fermi gas.

To illustrate how the Pauli principle leads to an “exchange interaction”
we can consider the exact N-electron Schrédinger equation in the equivalent
variational form, which affirm that a solution to HV = EV is given by any
U that makes stationary the quantity

(¥, HVY)

Hiv =" 5y

(1.8)
with (¥, ®) =37 ...>°,  [dri.deyP*(risy, ..., rnsy)®(r1s1, ..., rysy) and
H is the Hamiltonian. Particularly, the ground state wave function is the one
that minimizes (1.8). A suitable choice is a ¥ that is a Slater determinant of
one-electron wave functions, namely

Yi(ris1)Yi(rese) ... Pi(rnsn)
Pa(r1s1)Pa(rase) ... Ya(rnsn)

U(risi,r2s2,...,INSN) = : : (1.9)

Yn(ris1)Yn(rese) ... Yn(rnvsw)

Indeed, is relatively easy to show that the (1.9) is the simplest combination
that satisfy the Pauli principle which requires the sign of ¥ to change when
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any two of its arguments are interchanged

\Il(rlsl, cy 3Siy ., 585, .00 I'NSN) = —111(1‘181, PR LI PRIIPR S I PRT I‘NSN)
(1.10)
Using (1.9) in (1.8) and minimizing this latter with respect to the ¢} leads
to the so called Hartree-Fock equations

h2
" 2m

V24 (1) +U ™ (r)i(r) + U (r)hi(r)

e2
30 [ @ G 6 ()5, = ()

lr —r/

(1.11)

the last term on the left side is the exchange term. Due to this term, the
(1.11) are usually quite intractable except for the Fermi gas. Indeed, when
the periodic potential is zero (or constant) the Hartree-Fock equations can be
solved exactly by using a set of orthonormal plane waves as ;. Furthermore,
we can evaluate the energy of the N—electron system that now include the
electron-electron interaction that yields to

2
3 3e kF:| (1-12)

E=N|—-ep— -

[5 F74 n
this equation is usually expressed in terms of the rydberg (1 Ry= e2/2ay)
and the parameter rs/ag where 75 is defined as the radius of a sphere whose
volume is equal to the volume per conduction electron, and ag is the Bohr

radius

(1.13)

E [ 221 0.916] R
N |(rs/ag)? 7s/ag
the first term is the usual energy contribution in the non-interacting electrons
picture, while the second one is due to the exchange term and is known as
exchange interaction. For example, this energy contribution is crucial to
explain ferromagnetism in transition metals and is also at the basis of the
metal-insulator transition in the Slater theory.

It is important to note that in metals the ratio rs/ap is in 2 + 6 range.
Consequently, the second term in (1.13) is the same order of magnitude of
the first one, indicating that electron-electron interactions cannot be neglected
in any free electron evaluation of the electronic energy of a metal.

However, in a high-density expansion (i.e., small r5/ag) of the ground-
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state energy of the electron gas, M. Gell-Mann et al. [12] have calculated that
E/N is

E 2.21 0.916
N - 0.0622 In (7 —0.096 + O(rs Ry (1.14
N (’rs/ao)2 Ts/a/O + n (Ir /a0) + (’T’ /ao) y ( )

the first two terms are the Hartree-Fock result (1.13) while the next two and
all other corrections are conventionally known as the correlation energy.

The true many-body effects, over the exchange effect, is contained in the
correlation function g, _,(r,r’) between electrons of different spin. However,
as we have seen above, the Fermi statistics of the electrons produces an “ex-
change term” between electrons of the same spin (consequently g, .+ (r,r") # 0
), but sometimes this effect is misleadingly interpreted as the result of “cor-
relations” instead of “exchange”.

We refer to systems with a non-vanishing pair correlation function be-
tween 1 and | electrons as “correlated electron systems”. Naturally, the in-
teraction also changes the correlation function between electrons of the same
spin species. If the pair correlation functions for electrons of the same spin
and electrons of opposite spin are comparable in size, the system is termed
“strongly correlated”. In general, a o electron will not only be surrounded by
an exchange hole but also by a “correlation hole” since the repulsive electron-
electron interaction will also prevent electrons of different spin to come close
to each other. In contrast to Slater’s views Mott emphasizes the significance
of correlations for the understanding of the metal-insulator transition.

Magnetic Moments

Unfortunately, the pair correlation function is not easily accessible either
experimentally or theoretically. Consequently, one have to restrict to a less
complete and more local probe of systems’ properties. Thus we focus ourselves
to the terms r = r’ in the pair correlation function g, ,/(r,r’). In other words,
we suppose our electrons moving on a lattice with sites R.

Using natural units and choosing the z axis as the quantization axis, is
possible to define the local magnetic moment in the z direction as

[M*(R)]® = (S*(R)S*(R)) (1.15)

where §#(R) = (74(R) — 7, (R))/2. We can write the instantaneous magnetic
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moment into three positive definite terms, namely
[M*(R))* = [M*(R)]}¢ + [M*(R)]7ro + [M*(R)] (1.16)

The Fermi-gas contribution [M?(R)]%, = 1/8(A(R))(2 — (A(R))), is a conse-
quence of the Pauli principle, thus reflects the particle statistics only, therefore
can be ignored in discussions of local moments due to interactions. The sec-
ond term [M*(R))2,, =1/ 2(S#(R))? is non-zero only if the spin rotational
symmetry is broken, for example as a result of ferromagnetism or antifer-
romagnetism. This term is referred as the contribution due to “long-range
order”. The last term [M?(R)]% = —1/2¢+ (R, R) is the “correlation contri-
bution” to the moment. It is the importance of this term that is emphasized
in Mott’s view.

The relative local moment defined as [M?(R)|%,, = [M*(R)]? — [M*(R)]%q
may not show up in low-energy properties in the metallic phase but it is
nevertheless present at finite frequencies for all non-zero interaction strengths.
As a consequence, a proper description of the metal-insulator transition where
the low-energy (Fermi-liquid) picture breaks down must necessarily include
the effects of local moments.

Mott Insulator

Following Mott’s description, if there are no moments formed, a Mott insu-
lator would be a metal. Also he emphasizes that this notion “... depends on
the existence of moments and not on whether or not they are ordered”. This
is reflected, for example, in the fact that “for an antiferromagnetic insulator
the most important property is that the magnitude of the Hubbard gap is not
greatly affected when the temperature goes through the Néel point Tx” [13].

The pre-formed local moments arise because the electrons try to stay away
from each other to keep at minimum their Coulomb repulsion. Furthermore,
the electrons may but need not localize on different sublattices as in Slater’s
view.

These arguments lead to the following definition of a Mott insulator: for
a Mott insulator the electron-electron interaction leads to the occurrence of
(relative) local moments. The gap in the excitation spectrum for charge ex-
citations may arise either from the long-range order of the pre-formed mo-
ments (Mott-Heisenberg insulator) or by a quantum phase transition induced
by charge and/or spin correlations (Mott-Hubbard insulator) [14].
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Mott-Hubbard Insulator

Mott [15,16] provided the following example for a metal-insulator transition
(see also [13]) which is formalized in the Hubbard model and also, more
precisely, in the Harris-Lange model.

Consider a d-dimensional cubic lattice with a constant @ and hydrogen
atoms with Bohr radius ap arranged on it. The L lattice sites are provided
by protons for N = L electrons (half filling).

To formulate the potential energy part of our Hamiltonian we assume
that the effective electron-electron interaction will be local. We can define

now the intra-atomic energy, ionization energy minus electron affinity called
the “Hubbard” U

U=EH—-H")-|EMH—H) (1.17)

In this picture it is tacitly assumed that the electrons dominantly sit on and
not between the lattice sites. Moreover, we assume that electrons may hop
between neighboring atoms. This “tight-binding” approximation for indepen-
dent electrons [17] (tunneling between nearest neighbors on a cubic lattice)
results in a cosine dispersion relation

d
e(k) = —24; » _ cos (kia) (1.18)
=1

with a bandwidth W = 2Z A;, where Z = 2d is the number of nearest neigh-
bors and A; > 0 is the tunnel amplitude which depends on a/ap.

At large distances between the H atoms, a > ap, the overlap between the
atomic wave functions is small, which implies W <« U. In the ground state
every lattice site will be singly occupied since we are at half band-filling.
The Fig. 1.1 illustrates the situation schematically. The energy ut(N) =
Eo(N + 1) — Eg(N) necessary to add another electron is given by u™(N =
L) = U — W1/2 since charge excitations with energy U are mobile such that
they form a band of width Wy = W1 (U/W) (see Fig. 1.1(a)). This band is the
“upper Hubbard band”, which is generally not a one-electron band. Instead,
it describes the spectrum of charge excitations for an extra electron added
to the ground state of the half-filled electron system. The energy required
to remove an electron, u=(N) = Eg(N) — Eo(N — 1), is given by u~ (N =
L) = +Ws(U/W)/2. The corresponding spectrum for the removal of a charge
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from the half-filled ground state constitutes the “lower Hubbard band” (see
Fig. 1.1(b)). At half band-filling and for (W; + W3)/2 < U we expect
that the chemical potential p(N) is not continuous, but a gap for charge
excitations occurs, Au(N = L) = (ut—pu~)(N = L) = U— (W1 +W3)/2 > 0.
Since we find an energy gap for charge excitations at half band-filling, if
(W1 + W3)/2 ~ W <« U, the system is an insulator. Moreover, a gap for
a single charge excitation implies a vanishing DC conductivity if electron
pairing is absent.

HG1E ottt ot
(a)

POt - 1Ot - 110t
(b)

Fig. 1.1: (a) Electrons coherently move as double occupancies in the upper Hubbard
band and (b) as holes in the lower Hubbard band.

In a thought experiment we may now reduce the distance between the hy-
drogen atoms, which increases the overlap in their atomic wave functions and
corresponds to an enhancement of the screening and the electrons’ tendency
to delocalize. The combined bandwidth of the upper and lower Hubbard band
W1 4 Wy increases accordingly: the two bands finally overlap for a =~ ap, and
the gap for charge excitation vanishes. Low-energy excitations hardly change
the charge distribution in this situation and thus are gapless. For W > U
the system is a paramagnetic metal, while for intermediate values, around
U = W, we expect a metal-insulator transition. This transition appears to be
a metal-band insulator transition since the upper and lower Hubbard band
begin to “overlap”. However, these bands do not represent single-electron
states; the transition is at heart a consequence of electron correlations, and
not merely the result of a simple band crossing. These considerations lead us
to the following definition of a Mott-Hubbard insulator. For a Mott-Hubbard
insulator the electron-electron interaction leads to the formation of a gap in
the spectrum for single charge excitations. The correlations force a quantum
phase transition from a correlated metal to a paramagnetic Mott-Hubbard in-
sulator, in which the local magnetic moments do not display long-range order.
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We will observe drastic changes in the resistivity even at finite temperatures
when we go through the quantum phase transition value for our external pa-
rameters (e.g., pressure) that control the relative strength of the electrons’
kinetic and potential energy, U/W. For temperatures small compared to the
single-electron gap, kT < Ap, we may then speak of a “Mott-Hubbard
insulator” in practical terms even at finite temperatures.

Mott-Heisenberg Insulator

In our above discussion of the Mott-Hubbard insulator we did not consider
the possibility of an ordering of magnetic moments. Thus, the concept of
the Mott-Hubbard insulator has to be supplemented by that of the Mott-
Heisenberg insulator for which the insulating state displays long-range order.
What we totally ignored in the previous subsection was the exchange inter-
action between localized spins. Even for U > W the tunneling of electrons
to neighboring sites is allowed (“virtual” hopping processes). Formal per-
turbation theory in second order around the half-filled ground state with all
electrons localized provides an antiferromagnetic coupling J ~ A? /U between
the spin-1/2 electrons on neighboring lattice sites (“itinerant exchange”) [18].
For large interactions, U > W, and half band-filling the energy scales for
charge excitations (Au ~ U — W) and spin excitations (J ~ A2/U) are
well separated. We are in the Mott-Hubbard insulating regime since the gap
Ap =~ U — W due to the quantum phase transition at U ~ W is finite.
The spin energy scale, however, cannot be ignored for temperatures around
or below that of the corresponding exchange interaction. The local mag-
netic moments in the Mott-Hubbard insulator may long-range order at the
temperature kgIn = O(ZJ) < Ap. The system goes over from the Mott-
Hubbard insulator into the (antiferromagnetic) Mott-Heisenberg insulator in
a thermodynamic phase transition at T' = Tyn. According to Mott [13] the
size of the local moments does not change much in the transition through
the Néel temperature. For small interactions, below the quantum phase tran-
sition at U ~ W, the Mott-Hubbard gap is absent but correlations for all
U > 0 lead to preformed magnetic moments. Again, these moments may
long-range order at the Néel temperature, and we observe a thermodynamic
phase transition from a paramagnetic (correlated) metallic state into the (an-
tiferromagnetic) Mott-Heisenberg insulating state. Again, the magnitude of
the local moments does not change (much) at the Néel temperature. These
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considerations lead us to the following definition of the Mott-Heisenberg insu-
lator. The Mott-Heisenberg insulating state is the result of a thermodynamic
phase transition in which the pre-formed local (magnetic) moments (antifer-
romagnetically) order below the critical (Néel) temperature. Above the Néel
temperature the Mott-Heisenberg insulator goes into a paramagnetic phase,
which can either be a correlated metal or the Mott-Hubbard insulator. We
emphasize that, the moments are already present in the Mott-Heisenberg
insulating state and remain in the paramagnetic metallic phase above the
transition temperature. Since pre-formed moments, the important signature
of electron correlations, order at the metal-insulator transition we introduced
the concept of the “Mott-Heisenberg insulator” to provide a clear distinction
between the ideas of Slater (self-consistent single-electron theory) and Mott
(many-electron correlations).

1.2 CazRuO4

The Mott-Hubbard insulator CagRuOy4 (hereafter Ca214) was synthesized for
first time in 1997 at the Kyoto University, Japan [19]. It is a noncuprate ruthe-
nium layered perovskite belonging to the solid solution series Cag_,Sr,RuQy4.
The one end member (z = 2) is the SraRuO4 [20] (hereafter Sr214), supposed
to be a spin-triplet superconductor, while complete substitution (x = 0) of
isovalent Ca changes the superconductor into the Mott insulator Ca214 by
introducing distortions to RuOg octahedra which correspond to compressions,
tilting and rotations [21]. However, both Sr214 and Ca214 have the single-
layered tetragonal KoNiF, structure. In Fig. 1.2 a schematic draw of the
Ca214 crystalline structure is reported. We can think of it as made of RuO,
layers built up of corner-sharing RuOg octahedra (space group Pbca, a =
0.5402 nm b = 0.5493 nm ¢ = 1.1932 nm). The unique crystal structure of
Ca214, and in particular the role of the octahedra deformations, are at the
basis of its peculiar physics properties. Indeed, the distortion induced in the
lattice structure by Sr — Ca substitution lowers the crystal symmetry from
cubic to orthorhombic, resulting in significant changes in magnetic, electronic,
and structural properties [22-24].

The ground state of Ca214 is antiferromagnetic (AFM) insulating. With
increasing temperature, it becomes paramagnetic (PM) insulating at the Néel
temperature Ty = 113 K. Further increasing on temperature leads it to per-
form a thermally driven Mott insulator-to-metal transition (IMT) bringing
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Fig. 1.2: Crystalline structure of Ca214.

the material in a PM metallic state at Ty = 357 K.

The IMT is first order, as evidenced by the observation of thermal hystere-
sis. Further, the transition is driven by an elongation of the RuOg octahedra
with increasing temperature through IMT temperature, and therefore the in-
sulating and metallic states are characterized by short S-Pbca and long L-Pbca
c-axis lattice parameters, respectively [24,25].

In the insulating phase, Ca214 shows an orbital order. This orbital-
ordered insulating phase is highly sensible for external stimulations such as
pressure application, which induces a ferromagnetic metal and subsequently
a superconducting state with a critical temperature below 0.4 K [26].

The most remarkable feature that Ca214 shows is the electrically driven
Mott IMT. Indeed, recently, low electric-field-induced IMT and current in-
duced IMT have been observed in Ca214 [27,28]. Consequently, thanks to
the relatively simple tuning methods, this material attracted considerable in-
terest from the scientific community. Although a considerable effort has been
expended to understand the nature of its physical properties, fundamental
issues remain. Here, in part of this thesis, we investigated the transport
properties of mm-size single crystals of Ca214 that expanded the knowledge
at the basis of the electrical transport of the material (see Chapter 2). Sub-
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sequently, thanks to an innovative method, we reduced the dimensionality of
the crystals down to the um range. Moreover, in the ym range we have been
able to shape the geometry of the crystals with very high accuracy. This gave
us the possibility to have access to unexplored physics of the Ca214 obtaining
unprecedented results (see Chapter 3).
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Chapter 2

Properties of CasRuO, Induced
by Current and Voltage

In this chapter, the electrical response of Ca214 single crystals is explored.
The experiments had set as a function of both temperature, T, and bias-
current density, J, crossing from the insulating to the metastable (MS) state,
the precursor of the metallic one, where non-equilibrium processes possibly
take place. Moreover, the resistivity map, p(J,T), of the system, where p
is the electrical resistivity, is plotted. This study, systematically performed
on a large number of crystals, is a relevant starting point for further investi-
gations. Indeed, it naturally highlights different conducting regimes, giving
access to the characteristic temperatures and current densities at which they
take place. In particular, here, the attention focuses on the less explored MS
state since scarce information is currently available on both the conduction
mechanisms and the corresponding crystallographic structure. For these rea-
sons, the transport measurements have been combined with x-ray diffraction
(XRD) spectra acquired as a function of J. Since these samples show a strong
anisotropic behaviour [29] both transport and XRD measurements have been
acquired in two different configurations, namely feeding the sample with the
current along the c axis, and within the ab plane of the crystals. Moreover, in
the configuration where the current is within the ab plane, the XRD spectra
have been acquired also as a function of T'.

The sections 2.1 and 2.2.1 of this chapter are based on Cirillo et al. Phys. Rev. B,
100(23):1-9, 2019.

17
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Finally, we have analysed the electrical properties of Ca214 with Ru metal-
lic inclusions.

2.1 Fabrication Method and Experimental Setup

Single crystals of Ca214 were grown by a flux feeding floating zone technique
with Ru self-flux using a commercial image furnace equipped with double
elliptical mirrors (see Fig. 2.1) described elsewhere [30]. A number of tech-
niques including XRD, energy, and wavelength dispersive spectroscopy have
been used to fully characterize the structure, quality, and purity of the crys-
tals.

Fig. 2.1: The furnace in use at M.U.S.A. laboratory of CNR-Salerno. In particular,
the image shows the double elliptical mirrors and the central rod.

The typical average dimensions of the probed crystals are about (2.0 x 1.0 X
0.15) mm. To ensure the reliability of the measurements a substantial amount
of data was collected on several Ca214 single crystals, which all behaved
consistently. The Ca214 has a rich phase diagram that is quite far from
being fully explored and understood. Moreover, it is of relevant importance
to keep under control the many experimental parameters that can influence
the state of this material. Indeed, the Ca214 is very sensitive to external
conditions, and consequently, the scientific research on this material is very
challenging. For this reason, to efficiently study this system, precise control
of the actual state of the sample, as a function of the external variables, is
required. Indeed, a systematic approach is essential to obtain reproducible
and scientifically sound results. In this respect, it is necessary to clarify that
many different measurement protocols exist in the literature under the simple
names of current or voltage drives. Therefore, the comparison of the results
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obtained by different experimental procedures may be difficult.

Here, a very straightforward measurement protocol was used, namely the
sample was current biased in a continuous mode, with the use of a steady
current source. This approach can give access to different states of the system
compared with those already reported in the literature. For instance, in the
work of Bertinshaw et al., the authors first use the voltage to bias the sample,
and once the switching to the metallic phase is achieved, they let an electrical
current to flow in the sample [3]. Instead, in Ref. [31], voltage and current
are simultaneously controlled by the use of two variable resistors.

In our work, resistivity versus temperature, for different values of the bias-
current, and V(I) characteristics as a function of T, were acquired. Since the
crystals have high resistance values compared to the ones of the wiring and
the contacts, we conducted our experiments setting the samples in a 2-probe
or 4-probe configuration indifferently (see Fig. 2.2) [27,32]. Specifically, we
have fed the crystals along the ¢ direction and within the ab plane with a
Keithley 2635 SourceMeter and read the voltage drop with a Keithley 2182A
Nanovoltmeter. In some specific situations, due to technical limitations, we
have exploited the potential of the SourceMeter using it as a current source
and voltage reader at the same time without losing any significant accuracy
(see Fig. 2.2(a)). The electrical current was chosen as the biasing stimu-
lus since it can drive the system into an intermediate phase. This phase, as
demonstrated, does not have an equilibrium analog and strongly differs from
the insulating or the metallic thermodynamic phases explored by the voltage-
driven measurements. The accessible area of the acquired resistivity values
is determined by the limit of our SourceMeter (210 V). Extreme attention
was paid to adopt all the precautions necessary to maximize sample cooling
and reduce contact resistance at the sample terminals. First, to keep con-
tact resistance as low as possible, silver pads were sputtered on the crystal.
Subsequently, gold wires (diameter 25um) were connected on the silver pads
using an epoxy silver-based glue. Then, the crystals were thermally anchored
with a small amount of cryogenic high vacuum grease on a custom-built dip
probe. The sample holder consists of massive high-thermal-conductivity cop-
per in which a Cernor thermometer was embedded. The temperature was
controlled by lowering or lifting the probe into a cryogenic liquid nitrogen
storage dewar by taking advantage of the temperature stratification natu-
rally occurring in the vapor space above the liquid surface. In this case, the
thermal stability is guaranteed by the proper design of the sample holder and
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Fig. 2.2: (a) Configuration with the bias-current along the ¢ axis in the case where
the SourceMeter was used as a single instrument to source the current and
read the voltage. (b) Configuration with the bias-current within the ab
plane in the 4-probe configuration. Note: we remark that the Nanovolt-
meter has also been used in the 2-probe configuration, namely sourcing
the current with the SourceMeter and sensing the voltage with the Nano-
voltmeter in both configurations (with the current along the ¢ axis and
within the ab plane).

by the extremely slow temperature sweeps.

As mentioned before, we also performed XRD measurements at room 7" (at
different bias-current applied along the ¢ axis of the crystal) in a specular w —
20 geometry (w is the radiation incident angle on the sample surface, while 26
is the angle between the incident and the diffracted beam) by using a Philips
X’Pert-MRD high-resolution analytic diffractometer (see Fig. 2.3) equipped
with a four-circle cradle. A Cu Ky (A = 1.5406 A) source at 40 kV and 30
mA was employed. Measurements were carried out by using monochromatic
radiation obtained by equipping the diffractometer with a four-crystal Ge 220
Bartels asymmetric monochromator and a graded parabolic Guttman mirror
positioned on the primary arm. On the secondary arm, the diffracted beam
reaches the detector with an angular divergence of 12 arcsec crossing a triple-
axis attachment and undergoing three (002) reflections within a channel-cut
Ge crystal. The XRD measurements at different 7' (and at different bias-
current applied within the ab plane of the crystal), instead, were performed
by using an automatic Bruker D8 Advance diffractometer (see Fig. 2.4) at 35
kV and 40 mA, using the nickel filtered Cu-K,, radiation (A = 1.5418 A) in
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Fig. 2.3: The Philips X Pert-MRD high-resolution analytic diffractometer at the
M.U.S.A. laboratory CNR-Salerno. On the right, there is a zoomed image
that shows the complex apparatus of this system.

Fig. 2.4: The Bruker D8 Advance diffractometer at the Department of Chemistry
of the University of Salerno. On the right, there is a zoomed image that
shows the x-ray source (left arm), the sample holder (in the centre) and the
detector (right arm). The cooling system is not shown in these pictures.
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the Bragg-Brentano 6 — 26 configuration. In this configuration, the distance
from the x-ray focal spot to the sample is the same as from the sample to
the detector. In this way, the reflected (diffracted) beam will stay focused
on the circle of constant radius, and the detector moves on this circle. In
summary, for the 6 — 20 geometry, the x-ray tube is stationary, the sample
moves by the angle 0, and the detector simultaneously moves by the angle 26.
Moreover, this system has the possibility of lowering the temperature of the
sample down to 77 K. However, the sample holder was best suited to measure
our samples in the configuration with the current applied within the ab plane.
Taking the advantage of this facility, we were able to acquire XRD patterns
at different T" and different bias-current values.



2.2 Results and Discussion 23

2.2 Results and Discussion

2.2.1 Configuration with the bias-current along the c axis

Feeding the samples with a current along the c¢ axis (see Fig. 2.2(a)), we
acquired the p. (resistivity along the c axis), as a function of 7" and J, and
E(J) characteristics as a function of T'. Fig. 2.5(a) shows in a semilogarith-
mic scale the temperature dependence of p. for selected values of J. It is
important to remark that on all the investigated samples, similar data were
obtained. The increasing of J results in a p. lowering by up to four orders
of magnitude [28]. Moreover, despite p. is always a decreasing function of
the temperature (dp./dT" < 0) [33], the shape of the resistivity curves evolves
as J is increased. As indicated in the inset of Fig. 2.5(a), distinct p.(T")
behaviours can be observed. The labels VRH, SE, and MS, stand for vari-
able range hopping, semiconducting, and metastable, respectively, that will
be discussed more in detail later. Additionally, looking at the p.(T") curves
in the semilogarithmic scale, it is immediately evident that there is a crit-
ical value Jsep =~ 0.4 mA/cm?, which sets the change in the concavity of
the p.(T) curves in agreement with the literature. The curves acquired for
J < Jsep slightly depend on the value of J, as for the ones at J = 0.2 and
0.4 mA /cm?, which entirely overlap [28]. By measuring p., lowering and in-
creasing T', an irreversible behaviour, never reported in the literature, was
observed. There are parts of the p.(T") curves whose accessibility depends on
the sample history, as shown, for example, for J = 22 and 440 mA /cm?. Here
the continuous lines indicate the data obtained by lowering T'. For J < Js¢p,
the resistance surge beyond the measurable range of our experimental setup at
a characteristic temperature, 75, ~ 130 K, while for J > J,,, the resistance
is still measurable below this value. However, by increasing the temperature
from the lowest T reached in the experiment, a measurable p. is detected
only for T' > T; (black dotted lines). The values of T, are represented
as blue triangles in Fig. 2.5(a). Curiously, for all the analyzed crystals and
independently on J, T;.. ~ 130 K, a value comparable with Tsrps. Contrary
to what reported in the literature, the measure of p.(T") can give informa-
tion on the magnetic ordering temperature in Ca214 [33]. Furthermore, this
result confirms that J induces a more conductive MS state where AFM is
suppressed [3]. More generally, J can be used to control the magnetic order-
ing of this class of materials [3,32]. However, a detailed analysis of this result
is beyond the scope of this work and will be the subject of future studies.
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Fig. 2.5: (a) Resistivity versus temperature of Ca214 single crystal. The p.(T")
curves for J = 22 (green) and 440 (red) mA/cm? measured by first de-
creasing T' (continuous lines) and then heating the sample (dashed lines)
are highlighted. Inset: selection of p.(T") curves (labeled as a, b, c) plotted
together with the different conduction regimes (VRH, SE, and MS). (b)
V(I) as a function of T. A representative curve is labeled by the letter
d. The black solid circles connect the maximum of all the curves, (Vinqz,
Iaz), as also shown on linear scales (left inset). Right inset: temperature
dependence of E,,,, (left scale) and J,4, (right scale).



2.2 Results and Discussion 25

In Fig. 2.5(b), a selection of V(I) characteristics, plotted on a double
logarithmic scale, is shown. A negative differential resistance can be observed
beyond the low J regime when the samples show an evident insulating be-
haviour [31,34]. This is consistent with the dramatic reduction of resistivity
observed in the p.(T) curves by increasing J. The change in the conduction
results in a maximum in the characteristics at (Vinaz, Imaz) [Or equivalently
at (Fmaz, Jmaz)|, as highlighted in the left inset of Fig. 2.5(b) by black solid
circles, where the curves on a linear scale are displayed. By further increasing
the current, an ohmic dependence, signature of the IMT, is expected [27].
However, we carefully avoid exceeding this threshold to preserve the crys-
tal integrity and acquire the whole resistivity map. At room temperature,
Ernaz =~ 100 V/cm and Jyq, =~ 0.9 A/cm?. In the right inset of Fig. 2.5(b),
their temperature dependence is reported. While E,,q, (black points, left
scale) rises with T" [27], Jmaez (red points, right scale) decreases on cooling.
This last behaviour is counterintuitive and requires further investigation to
be understood. It is worth noting that FE,,., should not be confused with
E,p,. Clearly, Ey, is the value at which one reaches the metallic phase [27],
while E,,,,. is the value to reach the MS state.

In order to draw the p.(J,T) contour plot of the crystal resistivity shown
in Fig. 2.6, we combined both p.(T") curves acquired at different value of J,
and E(J) characteristics as a function of 7. For ease of reference, only a
selection of p.(T') curves, representative of different conduction behaviours,
are reported in Fig. 2.6 as vertical lines (a, b, ¢). The same V(I) curve
labelled as d in Fig. 2.5(b) is represented as a horizontal line (see Fig. 2.6).
The p.(J,T) phase diagram covers different regions corresponding to different
conducting regimes (UR, VRH, SE, MS, and AFM), identified by the three
contours in Fig. 2.6. The dot-dashed vertical line denotes the value of Jsep.
The positions of the maximum of the V' (I) curves at the investigated tem-
perature are represented by black dashes (as in Fig. 2.5(b)). Finally, the
blue dotted line at Tj,., =~ 130 K shows the nonreversible behaviour of the
pc(T') curves, specifically, the onset of the AFM order. Consequently, we can
identify the following conducting regimes. The limit of both low J and T is
the so-called unexplored region (UR). Precisely, it is a deep insulating part
that is not accessible due to the limit of our experimental setup. Moreover,
scrolling along the J axis (J < Jgep, all T'), the p.(T') has a variable range
hopping behaviour. Here the resistivity is not influenced by the bias-current.
Passing through the dot-dashed line, where J > Jp, a decrease of p.(T) is
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Fig. 2.6: p.(J,T) contour plot of the crystal obtained by combining the p.(T") and
the V(I) curves. The p.(T)[V(I)] curves labeled by the letters a, b, and
c [d] in Fig. 2.5(a) [2.5(b)| are reported here. The different regions that
correspond to the conduction regimes UR, VRH, SE, MS, and AFM are
highlighted. The blue triangles (black circles) are the same of Fig. 2.5(a)
[2.5(b)].

observed [28]. On this side, the regions labelled as SE and MS, separated by
the black dashed line, define the semiconducting and the metastable regimes.
The SE regime, (Jmaz > J > Jsep and T' > Tipqz), resembles the one of an in-
trinsic semiconductor at sufficiently high 7', while the MS regime, (J > Jpaz
and T < Tjnqz), is characterized by a p.(T") that has a behaviour very dif-
ferent from both an insulator (decreasing, positive concavity in both linear
and log scale) and metal (increasing, positive concavity in both linear and log
scale). However, a decreasing behaviour with a negative (positive) concavity
in the log (linear) scale, is observed. Furthermore, this change of concavity in
the log scale allows us to identify Jsep. Such a situation, still interpreted in
the VRH model, denotes the divergence of the localization length. We inter-
preted this as the sign that at least a part of the sample becomes conducting,
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leading to a resistivity that strongly matches those of alloys. However, the
specific nature of the conducting mechanism needs to be further clarified in
this case.

To have access to the microscopic properties of the crystals at the dif-
ferent conduction regimes, we combined XRD and electronic measurements.
Specifically, we acquired the XRD patterns while passing the current along
the c axis of the crystal at room temperature. The experimental configura-
tion can be schematically seen in Fig. 2.7. Panel (a) of Fig. 2.8 shows the

Bias-current along c axis

Fig. 2.7: Schematic configuration of the experiment. Using the SourceMeter, the
bias-current was applied along the c¢ axis of the crystal, and the corre-
sponding voltage drop was sensed at the same time. For each bias-current
value applied to the sample, an XRD pattern was acquired.

dependence of the c-lattice parameter (left scale) on the normalized current
density, J/Jmaz- In the same graph, we have also plotted the normalized
E(J) characteristic (right scale), and reported the specific level arrangements
(I-SC, M’, M-long, see below). The position of (006) reflection of the XRD
w — 26 scans is employed to estimate the values of the ¢ axis by using the
Bragg law. These values, indicated by black-closed circles, represent the elon-
gation of the short ¢ axis of the insulating S phase (at J =0 ¢ = 11.914 A,
we have used a magenta closed circle) [27]. This elongation originates a dis-
tortion of the lattice cell, which now is labelled as S’. Following the trend of
the c axis elongation, at J ~ J42, @ new phase indicated as L’ and denoted
by open circles, clearly appears. Curiously, by increasing J, the ¢ axis of
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this L’ phase also elongates in the whole examined current range, that covers
the region of negative differential resistance of the E(J) curve. Subsequently,
at J/Jmax =~ 3.7, the diffraction peak correlated with the metallic L phase
appears (c = 12.264 A, black triangle) [27]. These data prove that in the
MS state, a new, possibly metallic L’ crystallographic phase coexists with the
short insulating one S’ in a quite broad range of current values and even with
the metallic one L, at the maximum current reached in the experiment. Con-
sidering the reflections (208) and (028) we computed the lattice parameters
a and b. In Fig. 2.8(b) the dependence on J/Jpme, of a and b is compared
with the ¢ axis. Remarkably, the value of the b axis (red dots) splits into
two parts at J/Jmaez = 1, as the value of the a axis (blue dots) is relatively
constant instead. Moreover, in the same region, the b axis data show sta-
tistical scattering, probably due to the release of the in-plane strain in the
crystal while the S’ and L’ phases coexist and compete with each other. It
is noteworthy that in terms of the crystallographic axis, the L’ phase moves
toward a metallic tetragonal structure, while the S’ phase gradually relaxes
back toward the S one. Indeed, once the L’ phase nucleates and expands, S
transport only a modest fraction of the flowing current. Finally, we want to
point out that the values of the lattice parameters, both in the S and in the
L phases, are consistent with the results reported in the literature [21,27,35].
Particularly, the value of the ¢ axis in the metallic phase is in accordance
with the ones reported for structural transitions induced by the electric field,
pressure, and temperature [27]. This shows that, contrary to the MS state,
L is a proper thermodynamic phase.

The negative differential resistivity of the MS state and the counterintu-
itive increase of Jp,q, with T could be explained by the appearance of the
metallic phase L’ in the crystal. Indeed, to maintain a systematic increment
of current flow in an overall insulating state at a determined critical J(T")
comparable with Jp,q.(T"), the system finds it energetically more convenient
to nucleate a more conductive crystallographic phase, L’. As a consequence,
over Jpqz(T), the electrical potential required to further increase the current
flow diminishes, and the more-conductive L’ phase grows. Furthermore, on
increasing 7', the S’ phase itself can transport more current, since it becomes
less insulating. Therefore, Jp,.;(T) is an increasing function of 7. This is
just one of the clearest signatures that the emergence of L’ is not a classical
effect driven by Joule heating, but that it comes from a much more subtle
and complex energy balance.
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Fig. 2.8: (a) Left scale: dependence of the c—lattice parameter corresponding to the
different crystallographic phases (S, S’, L, and L) as a function of J/Jp,44-
Right scale: normalized V (I) curve (E/E 0z — J/Jmaz) acquired on the
same crystal. (b) On the left (right) scale, the dependence of the c— (a—,
b—) lattice parameter as a function of J/Jq, is plotted. The error bars
are smaller than the data symbols. Lines are guides to the eyes.

To provide further evidence of the coexistence of the three distinct crystal-
lographic phases in the current-induced MS state, additional XRD data for
another single crystal are displayed in Fig. 2.9. Here the values of the c-
lattice parameters as a function of the normalized electrical current density
were derived from the (002) reflection. Again the comparison with the nor-
malized E(J) curve measured for the same crystal (right scale) confirms that
the S’ phase splits into the L’ phase at J ~ Jye = 0.8 A/cm? (see vertical
dashed line).

This phase is well distinguished in all the investigated current ranges from the
other two diffraction peaks, as shown in Fig. 2.10, where three representative
w — 20 scans of the (002) reflection are reported for different values of J/Jn4z,
corresponding to different regions of the E/FEnqr — J/Jmas characteristic.
It is evident that before reaching the maximum of the E/Enq.z — J/Jmax
characteristic, namely, in the insulating regime, only the peaks identifying
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Fig. 2.9: Left scale: dependence of the c—lattice parameter at room 7" as a function
of J/Jmasz- The bigger coloured points indicate the values of the ¢ axis
extracted from the XRD scans of the corresponding colour reported in Fig.
2.5(a). Right scale: normalized V(I) curve (E/En,q0 — J/Jmas) measured
at room 7" on the same sample.
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Fig. 2.10: Representative w — 26 scans of the (002) reflections at different values of
J/Jmas for the same sample of Fig. 2.9. The labels on the diffraction
peaks correspond to the different crystallographic phases (S, S’, L") at
different conduction regimes.

the phases S and S’ are present (dark yellow and green scans, respectively).
Above Jpqz, the diffraction peak of the L’ phase develops, as shown by the
orange line, acquired at J/Jpq0 = 2.73.
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2.2.2 Configuration with the bias-current within the ab plane

Feeding the samples with a current within the ab plane of the crystals, and
using the same experimental setup, but changing the configuration of the
sample as shown in Fig. 2.2(b), we acquired, in this case, the resistivity
within the ab plane, pp, as a function of T" and J, and E(J) characteristics
as a function of T'. Fig. 2.11(a) shows the temperature dependence of pg, for
selected values of J in a semilogarithmic scale. The results are qualitatively
the same observed with the bias-current along the c axis. Indeed, the increase
of J still results in a p,p lowering. However, in this configuration, the sample
appears less resistive. In fact, comparing p.(7), and p.(T), acquired with
roughly the same J, it is immediately clear that pg,(T") is about three order
of magnitude less resistive than p.(T"). Moreover, pg, keeps its behaviour of
a decreasing function of the temperature, albeit the shape of the resistivity
curves evolves with J increasing. In this configuration the value which sets
the change in the concavity of the pu,(T) curves is Jsp = 0.2 A/cm? (for
J < Jseps pab(T) curves slightly depend on the value of J). As found before
also here there is the characteristic temperature T, but in this case is &~ 160
K. The values of Tj,, are represented as blue triangles in Fig. 2.11(a). In Fig.
2.11(b), a selection of E(J) characteristics, plotted on a double logarithmic
scale, is shown. A negative differential resistance, in this case, can be still
observed beyond the low J regime when the sample shows an evident insu-
lating behaviour. This is consistent with the dramatic reduction of resistivity
observed in the pu,(T") curves by increasing J. The change in the conduction
results in a maximum in the characteristics at (Epnqz, Jmaz), as highlighted
in the left inset of Fig. 2.11(b) by black solid circles, where the curves on a
linear scale are displayed. By further increasing the current, an ohmic depen-
dence, signature of the IMT, is expected. However, again, we carefully avoid
exceeding this threshold to preserve the sample integrity. At room temper-
ature, Eq =~ 30 V/cm (a value lower than the one measured in the ¢ axis
configuration) and Jy,qe =~ 1.3 A/cm? (a value slightly bigger than the one
measured in the ¢ axis configuration). In the right inset of Fig. 2.11(b), their
temperature dependence is reported. As in the case of the c axis configu-
ration, while F,,,; (black points, left scale) rises with T', Jp,4, (red points,
right scale) decreases on cooling, albeit with different values. However, these
measurements show that the ab plane, although is more resistive than the ¢
axis, has qualitatively the same behaviour found in the ¢ axis.
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Fig. 2.11: (a) Resistivity versus temperature of Ca214 single crystal. The p.,(T")
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decreasing T' (continuous lines) and then heating the sample (dashed
lines) are highlighted. (b) E(J) as a function of 7. The black solid
circles connect the maximum of all the curves, (E a2, Jmaz), as also
shown on linear scales (left inset). Right inset: temperature dependence
of Epmaq (left scale) and Jp,q, (right scale).
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To have access to the microscopic properties of the crystals at the dif-
ferent conduction regimes, also in this configuration, we combined XRD and
electronic measurements. Specifically, we acquired the XRD patterns while
passing the current within the ab plane of the sample, but this time at dif-
ferent T' (by using the Bruker D8 Advance diffractometer see Fig. 2.4). The
experimental configuration can be schematically seen in Fig. 2.12.

Bias-current within ab plane

Fig. 2.12: Schematic configuration of the experiment. Using the SourceMeter, the
bias-current was applied within the ab plane of the crystal, and the corre-
sponding voltage drop was sensed at the same time. For each temperature
and bias-current value applied to the sample, an XRD pattern was ac-
quired.

All the diffraction peaks of the XRD spectra can be identified with the ex-
pected (007) Bragg reflections coming from Ca214 oriented with ¢ axis perpen-
dicular to the surface of the sample. The data were collected by step-scanning
in the angle range of 10° < 26 < 65° at step size of 0.02°. In this case, the ¢
axis values have been calculated considering the (002), (004), (006), and (008)
reflections. A representative spectrum, acquired at 7' = 198 K and J = 2.65
A/cm? is reported in Fig. 2.13.

Fig. 2.14(a) shows the dependence of the c-lattice parameter versus J at
different T, while in Fig. 2.14(b) the corresponding E(J) curves at the same
T are reported for reference. The data show qualitatively the same behaviour
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Fig. 2.13: Representative 6 — 20 spectrum acquired at T = 198 K, and J = 2.65
A/cm?. The labels on the diffraction peaks correspond to the different
crystallographic phases (S’, L, L).

we found in the c axis configuration (see Fig. 2.8). Indeed, the Fig. 2.14(a)
shows that all the phases (S, S’, L’, L) are still present at low T, albeit,
at T' = 170 K the metallic L peak phase have not been observed since, to
preserve the sample integrity, we have not continued to increase the bias-
current density. Moreover, the value of the ¢ axis in the metallic phase (L)
does not change with temperature and current. In particular, it remains the
same value found at room temperature (¢ ~ 12.26 A [3,27]) independently
of the configuration used to measure the sample. This is a further evidence
that, contrary to S, S’, and the MS state (L’ phase), L is a structurally rigid
phase from the elastic point of view.
In fact, as shown in Fig. 2.14(a), the other phases depend also on temperature.
In particular at J = 0 A/cm? the c axis values of the S phase (light grey solid
symbols) decrease with the temperature lowering as shown in Fig. 2.15, and
in accordance with Alexander et al. [35].

In Fig. 2.16 are reported the spectra of the (004) reflection, acquired at
T = 255 K at different bias-current densities. These three representative 6—260
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scans highlight that all the phases are well distinguished also at temperatures
lower than the room one. It possible to observe that while the bias-current
density is increased the peaks of the S’ and L’ phases shift to lower 26 values,
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indicating the increasing of the c axis. Lastly, at J = 1.99 A/cm? the L
phase peak emerges. To extract information from the spectral data, the curve
fitting (black lines in Fig. 2.16) with Lorentzian function has been used! [36].
Finally, we point out that this analysis is a valuable starting point to get the

199 Alem® .+ (004)
SV . 8" T=255K
AAL
1.32 Alcm’ L' s
0 Alcm’ -S
28.8 29.2 29.6 30.0 304
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Fig. 2.16: Representative 6 — 26 scans of the (004) reflections at T' = 255 K, and at
different values of J for the same sample of Fig. 2.14. The labels on the
diffraction peaks correspond to the different crystallographic phases (S,
S’, L’, L) at different conduction regimes. The black lines are the best
fits to the spectra obtained by using a Lorentzian function.

c axis phase diagram that would allow distinguishing the conduction states
as a function of temperature and current density in Ca214 single crystals.
Moreover, these data show that the MS phase (L’) is present also in this
configuration within the temperature range we explored. For this reason,
one should be very careful to identify in which region of the phase diagram
the crystal is when studying the Ca214 physical properties. In particular, to
investigate the electronic properties of Ca214 in a pristine state (e.g. avoid
any complications arising from non-equilibrium conditions), the crystal should
be kept far from the MS state that is below the Jpaz (or Engg). Indeed, in
Chapter 3, we have conducted our experiments maintaining the samples in
the S and S’ phase but never reaching J,,,4-

'We are grateful to Dr V. Granata for this analysis.
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2.3 CayRu0O, with Metallic Ru Inclusions

It has been proved that chemical engineering is an effective way of exploring
or inducing new properties in Ca214. Indeed, a prominent example is the
Caj_,Sr,RuO,4 where the physical properties strongly depend on the compo-
sition [22,37]. Generally speaking, the synthesis of an appropriate composite
can also offer an interesting opportunity to improve the physical properties
of the starting material. As an example, it has been found that in a compos-
ite system formed by Ru metal embedded in the primary phase of Sr214 the
critical temperature, T;, raised up to 3 K, which is twice that reported for
the best quality of Sr214 single crystals [38]. For these reasons, Ca2l4 is a
good playground to test if intriguing physical properties may be observed in
a composite made by Ca214 and Ru metal inclusions. A question naturally
arises whether it is possible to tune the metallicity in Ca214 solidifying Ru in-
clusions in single crystals of Ca214. Similar to what has been done in the case
of Sr214-Ru (Sr214 with embedded metallic Ru), the synthesis of an eutectic
like a composite of Ca214-Ru (Ca214 with embedded metallic Ru) could be
prepared controlling the solidification of an appropriate liquid, and for this
purpose, the floating zone method is the most effective. Indeed, as previously
discussed, this growth technique is a powerful tool for controlling the crystal-
lization of many materials and therefore to get high-quality single crystals.
Moreover, by changing the synthesis conditions and the initial composition it
is possible to grow polyphasic systems formed by a crystalline matrix embed-
ding a secondary phase [39,40]. Therefore, samples of Ca214-Ru were grown
for the first time at M.U.S.A. laboratory of CNR-Salerno, by using the flux
feeding floating zone technique described in Ref. [41]. To confirm the presence
of metallic Ru in the Ca214 matrix, scanning electron microscope (SEM) and
XRD measurements have been performed. In Fig. 2.17 an SEM image of
the Ca214-Ru sample is shown. This image has been acquired on a polished
surface parallel to the ab plane of the crystal. The small bright particles are
the Ru inclusions enclosed in the Ca214 matrix as confirmed by energy dis-
persive spectroscopic analysis, while the composition of the main dark area is
in agreement with stoichiometric CagRuO4 [41]. Moreover, a further confir-
mation of Ru inclusions has been obtained by acquiring, on a cleaved surface
of the sample, an XRD spectrum that in Fig. 2.18 is shown. The expected
(00) Bragg reflections coming from Ca214 are present, as well as the peaks
related to the Ru inclusions. These latter are emphasized in a zoomed image
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in the inset of Fig. 2.18. Furthermore, to get insight into this new system
from the electrical point of view, the transport properties should be analysed.
Indeed, in this preliminary study, we describe the electrical characterisation
of Ca214-Ru. In particular, we acquired the resistivity as a function of the
temperature at different J, E(J) and J(E) characteristics, namely, for these
last, the sample has been measured using a current-bias and a voltage-bias
correspondently. The typical average dimensions of the probed crystals are
about (1.8 x 0.6 x 0.5) mm.

Fig. 2.17: SEM image of the Ca214-Ru. The white domains are the metallic Ru
inclusions, while the main dark area is the stoichiometric CaoRuO4 ma-
trix.

Feeding the sample with a current within the ab plane of the crystal (see the
setup in Fig. 2.2), we acquired the resistivity within the ab plane, pqp, as a
function of T at different values of J. At first glance, the results, shown in
Fig. 2.19 in a semilogarithmic scale, confirm that the behaviour of pg(7T)
curves is qualitatively the same observed in the ab plane of Ca214 (see Fig.
2.11). However, from a careful analysis emerges that in the case of Ca214-
Ru the sample is less resistive than Ca214 in accordance with Granata et
al. [41]. In fact, the light grey curve in Fig. 2.19, that is the p,(T") of Ca214
acquired with J = 0.46 A /cm?, highlights the increased metallicity of Ca214-
Ru. On the other hand, it is quite intuitive that the presence of metallic
Ru in the matrix of Ca214 can increase the metallicity of the system, but,
as we pointed out before, it is not obvious that this new system preserves
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Fig. 2.18: XRD spectrum of the Ca214-Ru. The peaks related to the Ca214 and
the metallic Ru inclusions are present and well distinguished. The inset
is a zoomed image of the Ru peaks zone.

all the electric properties of the pure Ca214. Indeed, here, the characteristic
temperature T;,, has the same value found for Ca214 (~ 160 K), represented
as blue triangles in Fig. 2.19. Moreover, the value of Js., which sets the
change in the concavity of the pg(T) curves is between 0.03 and 0.3 A/cm?
(remembering that for J < Jsep, pap(T') curves slightly depend on the value
of J).

The panel (a) of Fig. 2.20 shows the J(E) measured in the configuration
with the voltage-bias (F field) applied within the ab plane, while the panel
(b) displays the E(J) acquired in a second run on the same sample, but using a
current-bias within the ab plane. The first, very surprising effect we observed
is that, albeit the behaviour of the curves is qualitatively the same observed in
Ca214, this time, the sample does not break as in the case of pure Ca214 [27].
This effect is also observed in other similar systems, such as Ca214 doped
with 1% of Ti [42]. However, in Ca214-Ru samples, we do not provide doping
to the material in the real sense but add a metallic Ru substructure to the
Ca214 matrix. This substructure possibly reduces the strain in the material
since there is a scarce mismatch between the metallic Ru and the Ca214
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Fig. 2.19: Resistivity versus temperature of Ca214-Ru metal single crystal. The
pab(T) curves for J = 1.8 (yellow) and 6.2 (red) A/cm? measured by
first decreasing T' (continuous lines) and then heating the sample (dashed
lines) are highlighted. The light grey curve is a p,(T") curve of the Ca214
acquired at J = 0.46 A/cm?. This latter emphasises the metallicity
increases of Ca214-Ru with respect to Ca214.

matrix. As a consequence, the crystal structure of the Ca214-Ru samples
expands more freely, avoiding the samples shatterer. Furthermore, as in the
case of Ti-doped Ca214, it is possible to acquire the S-shaped J(E) or E(J)
characteristics entirely. Moreover, the measurements can be repeated multiple
times without damaging the sample. In addition, as reported in Fig. 2.21
we observed the same effect biasing the sample along the ¢ axis. Curiously,
in this configuration, although the sample is more resistive than the ab plane
configuration, to induce the IMT is more manageable. Indeed, while in the
ab plane configuration, considerable care has to be placed to maximize the
sample cooling as in the case of Ca214 (see section 2.1), in this case, the wires
on the sample, can be simply connected by using a commercial silver epoxy,
and any other precaution is not needed. Finally, it is worth noting that in
Ca214-Ru the values at which the IMT transition occur, Ejj, in the ab plane



2.3 CasRu0O4 with Metallic Ru Inclusions

41

L E// ab plane
[ T=300K

TTTTTTT TrrTTT TrrTTT TrrTTT TrrT T TTroTT T

0 5 10 15 20 25 30
E (V/icm)

E(V/cm)

25
20 £
15 £

10 £

J /I ab plane ]
T=300 K _'

(b);

100
J(A/lcm?)

150
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Fig. 2.21: (a) J(E) characteristic of Ca214-Ru (same sample of Fig. 2.20) at room
temperature acquired providing a bias-voltage parallel to the ¢ axis. (b)
E(J) characteristic on the same sample and measurement configuration,
but feeding it with a bias-current.

and c axis configurations, are consistent with the values found in the Ca214
literature [27,28]. Moreover, we point out that our results make the Ca214-Ru
a valuable and durable system that not only conserve the properties of the
Ca2l14, allowing a deep understanding of the physics underneath its features,
but it is also a relevant material that could be used for electronic applications.
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Universal size-dependent nonlinear charge transport in single crystals of the
44 Mott insulator Ca:RuQOy4

Abstract

The surprisingly low current density required for inducing the insulator to metal
transition has made CazRuQOy4 an attractive candidate material for develop-
ing novel Mott-based electronics devices. The mechanism driving the resistive
switching, however, remains a controversial topic in the field of correlated elec-
tron systems. Here we probe an uncovered region of phase space by studying
high-purity Cas RuOy4 single crystals, using the sample size as principal tuning
parameter. Upon reducing the crystal size, we find a four orders of magni-
tude increase in the current density required for driving CasRuQO4 out of the
insulating state into a non-equilibrium phase which is the precursor to the fully
metallic phase. By integrating a microscopic platinum thermometer and per-
forming thermal simulations, we gain insight into the local temperature during
simultaneous application of current and establish that the size dependence is
not a result of Joule heating. The findings suggest an inhomogeneous current
distribution in the nominally homogeneous crystal. Our study calls for a reez-
amination of the interplay between sample size, charge current, and temperature
in driving Cas RuOy4 towards the Mott insulator to metal transition.

3.1 Introduction

Strongly correlated electron systems, and in particular the metallic oxides,
have truly marked a paradigm shift in physics, inspiring a decades-long search
for novel quantum materials to explore exotic phenomena, such as high-
temperature superconductivity [43], electron hydrodynamics [44,45], and holog-
raphy [46,47]. A prime example of this, is the family of ruthenates witch ex-
hibits a rich and diverse phase diagram that includes Mott insulators [19,48],
unconventional superconductivity [49, 50], and magnetism [51,52]. The 4d
electron Mott insulator CagRuOy4 [19] (hereafter Ca214) has become the sub-
ject of intense research in recent years due to its intriguing electrical [3,22,
26,29,31,35,37,53-58| and magnetic properties [21,59]. Specifically, at room
temperature it undergoes a current-driven insulator to metal transition (IMT)
which occurs at unusually low electric (E-)field or current density (J) thresh-
olds (~40 V/cm or few A/cm? respectively) [27,28]. This is in contrast to
previous reports on Mott insulators, where the IMT is limited to low tempera-
tures and /or to the application of high E-fields [60,61]. The capacity to switch
between resistive states at room temperature is a desirable property to real-
ize current switchable memories, neuromorphic devices, and next-generation
oxide electronics [62,63].
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The underlying mechanism responsible for such low current densities is
still a topic of intense debate. Due to its high resistivity in the insulat-
ing state, Joule heating plays a significant role since the IMT can also be
thermally driven by heating the crystal above 357 K [35]. This has led to
ambiguity about the origin of the IMT, and whether it is thermally or elec-
tronically driven, as evident by the large number of works discussing local
heating [5,28,31,42,64-66]. Specifically, in a recent work, it was found that
the IMT is always accompanied by a local temperature increase to the transi-
tion temperature [64]. Moreover, as a precursor to the metallic phase, a third
and non-equilibrium phase has been detected by x-ray and neutron diffrac-
tion experiments, and additionally with Raman spectroscopy [3,53,54]. This
non-equilibrium phase seems to be induced by low current densities, but its
role in the current-driven IMT remains elusive. Another major hurdle is the
pronounced structural transition accompanying the IMT, in which the RuO,
octahedra are elongated, and the unit cell is transformed from orthorhombic
to tetragonal [3,24,25,27,29,31,53]. This transition leads to a strong temper-
ature dependence of the unit cell volume (~1% between 100 K and 400 K),
introducing large internal strains in the crystal, often resulting in the forma-
tion of cracks or even shattering the crystal upon reentering the insulating
phase [24].

Although it is much debated whether the IMT is primarily triggered by
Joule heating or driven by electronic effects, a parameter that has been left
unexplored in this discussion is the size of the samples. Decreasing the size of
bulk samples down to um range gives larger control over current paths in the
crystal (due to the uniform rectangular cross section). Furthermore, micro
cracks and step-like terraced edges, which occur naturally in mm-sized bulk
crystals, are scarce in microscopic samples. Also, since the voltage contacts
cover the full side of the microscopic samples, current injection is more ho-
mogeneous. This is in contrast with mm-sized crystals where point contacts,
and their entailing current crowding effects, are more common. Finally, due
to the enhancement of the surface to volume ratio and the direct contact
with an isothermal substrate, the flakes are expected to be less susceptible to
thermal gradients and heating effects.

Here we carry out an extensive size-dependent study using a large num-
ber (39) of ultra-pure single crystal samples of Ca214, ranging between the
hundreds of nm and the millimeter scale. We examine the role of the current
density in inducing the non-equilibrium phase, which we can probe reversibly
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(i.e., without inducing the IMT and consequently damaging or altering the
crystal). We find a surprising enhancement of the required current density
by at least four orders of magnitude upon decreasing the cross section. By
integrating a micrometer-sized platinum thermometer, we are able to directly
probe the local temperature of the microscopic samples, and demonstrate
that the pronounced size dependence is not caused by thermal effects. Our
findings call for a careful reexamination of the relevant mechanism behind the
non-equilibrium phase and its relation to the IMT in Ca214.

3.2 Results

3.2.1 Characterizing microscopic samples

To examine the crossover from large mm-sized bulk behaviour to the micro-
scopic one, we have produced samples of varying cross section between 0.5
mm? and 0.5 gm?. The microscopic samples were fabricated using mechani-
cal exfoliation [67]. This enables us to produce micron-sized "crystal flakes",
which can be lithographically contacted for electrical transport measurements,
without compromising the material quality. In addition to the microscopic
samples, we have fabricated mm-sized bulk samples that are hand-contacted
by the use of silver paint. We employed a focused Ga™-ion beam (FIB) as the
principal structuring technique throughout this work. This provides us with
the means to control the cross section in a systematic manner. Fig. 3.1(a)
and 3.1(b) show scanning electron microscope and optical microscope images
of samples in microscopic and mm-sized ranges respectively.

All measurements are carried out by biasing a current in the ab-plane
rather than a voltage, since inducing the metallic state by the application
of electric field is more abrupt and therefore the crystals are more likely to
break. Furthermore, current density as a function of electric field is hys-
teretic which complicates the study of size effects carried out here. We have
conducted electric field versus current density (E(J)-characteristic) and re-
sistivity measurements as a function of temperature, and found that the mi-
croscopic samples qualitatively show similar behaviour as the mm-sized bulk
samples [53]. Typical results from microscopic samples are summarized in
Fig. 3.1(c) and 3.1(d). It is important to note that, despite several orders
of magnitude of size variation, we find the room temperature resistivity of
all our samples (microscopic and mm-sized bulk) to be comparable, and in
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.1: Transport characteristics of microscopic samples. (a) Displays a
false colored scanning electron micrograph of a microscopic sample (in
purple) that is contacted by yellow colored Ti/Au contacts. In blue the
embedded Pt-thermometer, that can be employed to locally measure the
temperature, is shown. The scale bar represents 3 ym. (b) Shows an opti-
cal microscope image of a mm-sized sample, where the scale bar measures
500 pm. Panel (c) shows E(J)-characteristics acquired on a microscopic
sample at different temperatures. The arrows indicate the current density
that would correspond to the Figure of Merit (see section 3.2.2). Note
that these curves are obtained below the IMT. The resistivity versus tem-
perature of a typical microscopic sample is shown in panel (d). In the
microscopic size range we do not observe a sharp temperature induced
IMT, however, as indicated by the inset (the derivative of the curve in
the main figure), there is a clear inflection point indicating the thermal
transition.

agreement with the literature values [19]. Curiously, however, the tem-

perature induced IMT is broadened in microscopic samples with respect to

mm-s

ized bulk samples (see Fig. 3.1(d)). We attribute the broadening of

the transition to the small sample thickness since similar effects are observed

in thin film samples [68-71]. We did observe an abrupt change in resistivity

upon

cooling a relatively thick (T = 1.5 ym) microscopic sample through the
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metal to insulator transition for further discussion on this aspect the reader
is referred to the Supplementary Note S2.

3.2.2 Comparing samples of different cross section

Fig. 3.1(c) shows E(J)-characteristics obtained on a microscopic sample at
different temperatures. These curves qualitatively show similar behaviour as
the mm-sized bulk samples. However, the current density required for trig-
gering the meta-stable phase, which is indicated by a negative dE/dJ as a
function of J, exceeds the literature values (for mm-sized crystals) by at least
four orders of magnitude [27,31,64]. This is demonstrated in Fig. (a), where
we plot the differential resistivity dE/dJ as a function of J for selected sam-
ples. The current density at which dE/dJ begins to decline, corresponding
to nonlinear conduction, increases if the sample size is reduced to microscopic
scales. In order to compare the nonlinear conduction under applied current
between different samples in a systematic manner, we propose a Figure of
Merit (FOM) that can be applied to samples of different sizes (see Fig. 3.2).
First, differential resistivity versus current density curves are computed by
analytically differentiating the E(J)-characteristics (Fig. 3.2(a)). The curves
are then normalized with respect to their low current value (i.e., currents for
which the resistivity is current independent and conduction is linear). We
choose the current density at which the slope of the E(J)-curve has halved
as our Figure of Merit, called the 50%-slope current density. The choice for
this FOM is suitable since we can compare the size dependence of the E(J)-
characteristic in a regime where heating effects play a relative unimportant
role (see section 3.2.3). Furthermore, at the FOM current density, neither the
metallic phase nor even the meta-stable phase is induced in the sample [53].
However, we find the shape of the E(J)-curves to be the same between all
measured samples. Therefore, the current density required for inducing the
meta-stable phase, scales with the FOM current density accordingly, which
allows for determining the current density needed to induce the meta-stable
phase. Lastly, the slope of the differential resistivity appears to be maximal
at the FOM. Therefore, the choice of this FOM leads to a small uncertainty
in the estimated current density, which would not be the case when using the
current density at the maximum FE-field, for instance.

Fig. 3.2(b) displays the FOM as a function of the sample cross section for
all measured samples. The current density at which nonlinear conduction sets
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The top panel of (a)
shows the differential resistivity dE/dJ as a function of current density
of a few selected samples at room temperature. The legend shows the
cross-sectional area of these samples. For all microscopic and mm-sized
bulk samples the low current resistivity at room temperature is found to
be corresponding to the literature values. In the lower panel of (a), the
differential resistivity of these samples is normalized with respect to the
low current resistivity (i.e., where the resistivity is current independent).
Even though the E(J)-characteristics of all samples are qualitatively the
same, the current density scale at which they exhibit nonlinear conduc-
tion differs orders of magnitude. The current density at which the slope of
the E(J)-characteristic is halved, is chosen as the Figure of Merit (FOM),
which corresponds to the horizontal reference line. (b) shows the FOM
as a function of cross-sectional area for all measured samples at room
temperature on a log-log scale. N.B. each circular point corresponds to
a single sample. The thinning study samples are depicted with a unique
non-circular symbol and a different color. The inset displays the FOM vs
sample cross section for selected samples on linear scales. The star-symbols
correspond to the FOM extracted from literature; the label indicates the
reference number.

in, grows monotonically with decreasing sample dimensions and, curiously, the
FOM shows a power law dependence on the cross-sectional area. To exclude
any potential artifacts associated with sample preparation, we performed a
thinning study on three samples over a large size range. We incrementally
modify the width and thickness of the same crystal through consecutive FIB

structuring steps, and measure the E(J)-characteristic, after each one. Fol-

lowing this procedure, we changed the width of a single microscopic sample
in up to seven different thinning steps. Moreover, in a mm-sized bulk sample,
we were able to decrease the sample width by a factor 50. Samples on which
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a thinning experiment was carried out are encircled and highlighted in Fig.
3.2(b) by a non-circular symbol and a different color. The FOM as a func-
tion of only the width or thickness of the sample (see Supplementary Note
S3) reveals the size dependence is not exclusively formed by any of these two
parameters, but is rather a combination between them, which means that
neither of these dimensions are more significant in determining the transport
properties of the crystal. The simplest combination of the two parameters
is the cross section, which is chosen in Fig. 3.2(b). Supplementary Fig. S5
shows the FOM as a function of volume.

Despite the clear trend in Fig. 3.2(b), there is a sample to sample variation
that cannot be explained by the uncertainty in the measured crystal dimen-
sions. The deviation from the trend in the mm-sized samples can be explained
by irregular current paths in the sample and inconstant cross-sectional area
throughout the length of the sample. For the microscopic samples this does
not hold. However, the ratio between width and thickness differs among the
samples, and therefore they are expected to respond differently to decreas-
ing dimensions if surface layer effects are important. Furthermore, oxygen
relocation can play a role in modifying the crystal structure when passing a
current, resulting in a change of transport properties between current cycles.
This is consistent with our observations, where, in some cases, the E(J)-
characteristic slightly changes after different current or temperature cycles.
These arguments can explain the increase in spread observed in Fig. 3.2(b).

3.2.3 The role of temperature

All the experiments reported previously, where the temperature is locally
measured in Ca214, are carried out on mm-sized bulk samples using optical
techniques, since local contact thermometry is experimentally difficult to real-
ize at these dimensions. Microscopic samples do not have this limit and enable
contact thermometry to give insight into the local sample temperature. To
implement this, we carefully designed and fabricated a platinum thermometer
on top of selected microscopic samples (see Fig. 3.1(a)). Since platinum has a
distinctly linear temperature dependence, we are able to accurately measure
the temperature of the microscopic samples, while simultaneously driving a
current using an independent bias (see Supplementary Note S1 for details).
In order to make plausible that the temperature difference between the
Pt and the sample is negligible and to investigate the likelihood of potential
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temperature gradients in the sample, we have performed thermal simulations

accompanying the thermometry results. Here we solved for a steady-state

temperature, under the assumption that heat is generated uniformly in the

crystal flake while the substrate temperature remains constant 50 um away

from the sample. The full technical details of these simulations can be found

in Supplementary Note S6.
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Fig. 3.3: The role of temperature in microscopic samples. (a) displays the

local measured Pt temperature and multiple simulated temperatures as a
function of the applied J. The data is acquired on the sample depicted in
Fig. 3.1(a). The substrate temperature is 300 K. (b) shows the electric
field acquired simultaneously with the temperature measurement. The
measured data is compared to Eihermar (i-€., the calculated electric field on
basis of Joule heating only). The vertical reference line indicates the FOM.
The local temperature increase at the FOM is below 10 K. A simulated
temperature heatmap of the sample at the FOM current density is shown
in (c). (d) displays the differential resistivity as a function of the flake
temperature. Either the background temperature or the driven current
density is changed. At all current densities, the nonlinear conduction is
stronger than heating effects can provide.

Fig. 3.3(a) displays the platinum temperature obtained on the sample
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shown in Fig. 3.1(a) (orange curve) together with the simulation results as
a function of current density. The measured temperature is exceeding the
expected averaged Pt temperature (purple curve) for high currents. This can
be caused by the absence of heat transfer barriers between the simulated ele-
ments, whereas in experiments these can be expected. The purple curve can
therefore be considered as a lower bound of the expected Pt temperature.
Nevertheless, the simulated average sample (green curve) and Pt tempera-
ture (purple curve), show correspondence to a high degree. We have also
examined temperature gradients in the sample and found temperature differ-
ences to be limited to 3 K in the sample (see Fig. 3.3(c) and Supplementary
Note S6). Furthermore, we evaluate the maximum temperature within the
simulated flake geometry (blue curve) and compare it to simulated average
Pt temperature. We find these to differ less than 2 K at the FOM current
density. Therefore, we consider our Pt thermometry technique suited for ac-
quiring the average sample temperature at the FOM. At the FOM current
density, the locally measured temperature increase is found to be less than
10 K. Therefore, we conclude that Joule heating is non-zero but similar to
mm-sized bulk samples [64].

The measurement of the local temperature enables us to calculate what
the E(J)-characteristic would look like on the basis of heating effects only. For
the resistivity versus temperature measurement on this sample, we compute
the dE/dJ from our E(J)-characteristics for low currents (i.e., where the
resistivity p is current independent):

dE

p(T) = (T, = 0) (3.1)

Since the temperature is homogeneous up to a variation of 3 K over the entire
sample, we can use the locally measured temperature as a function of current
density to find the dE/dJ as a function of heating effects:

(wtdh—f]”nal(cj) — %(T(J), J = 0) = p(T(J)) (3.2)

Integrating the equation (3.2), we can reconstruct the E(J)-characteristic
that would have been measured if Joule heating was the only mechanism



3.3 Discussion 53

causing the nonlinear conduction?!:

Ethermal(J) :/%((})d.] (33)
We denote this reconstructed function as Fipermai(J) and plot it alongside
the measured data in the lower panel of Fig. 3.3. Even at low current den-
sities, the actual measured data shows stronger nonlinear conduction than
Eihermal(J), indicating that current-driven effects are significant in the mi-
croscopic samples for all applied current densities probed in this study.

Alternatively, the differential resistivity as a function of local sample tem-
perature is plotted in Fig. 3.3(d). The purple curve describes the resistivity
as a function of temperature with a constant current density (62 A/cm?).
Alongside, we plot the differential resistivity as a function of increasing bias
current, while maintaining a constant substrate temperature. Evidently, the
slope decrease of E(J)-characteristic, caused by the application of current, is
not primarily driven by Joule heating.

We conclude on the basis of our thermometry experiments that the size
dependence presented in Fig. 3.2(b) cannot be explained by Joule heating.
Furthermore, we find that a current-driven mechanism is present parallel to
Joule heating in the non-equilibrium phase.

3.3 Discussion

Before discussing the possible origin of the observed size dependence, we con-
sider the following notes. Firstly, there seems to be no intrinsic length scale
found in our measurements. This can be seen from the absence of a specific
cross section where the FOM changes discontinuously. Secondly, we can ex-
clude the effects of micro cracks since the size dependence continues even in
the microscopic regime where micro cracks are not present. By inspecting
the samples with a scanning electron microscope, we could confirm that no
micro cracks were induced by measuring the E(J)-characteristic. Thirdly,
the observation of a current-driven mechanism parallel to Joule heating, as
observed here, was recently also reported by Jenni et al. [42]. Lastly, we note
that our findings are consistent with the reports on epitaxially grown thin

'Here the integration constant is set by the zero electric field for zero current density
criterion: E(0) = 0. See Supplementary Note S5 for more details.



Universal size-dependent nonlinear charge transport in single crystals of the
54 Mott insulator Ca;RuOg4

films of Ca214, where the current density required to induce the IMT was
also found to be many orders of magnitude higher than in bulk literature
values [68].

The emergence of the metallic phase was recently attributed by Terasaki
et al. to energy flow, as opposed to charge transport [65]. In this study,
the energy flow corresponds to the dissipated power (product of current and
voltage IV'), in contrast, here it is more insightful to describe the product of
electric field and current density EJ (power dissipation density), enabling the
comparison of samples of different length scales. Since microscopic samples
show a four order of magnitude increase in current density at which we observe
nonlinear transport, we find that the power dissipation density is eight orders
of magnitude larger in microscopic samples than in mm-sized bulk samples
(see top panel of Fig. 3.3). It is therefore unlikely that the energy flux through
the crystal is responsible for observed size dependence.

Alternatively, the size dependence might be explained by strain induced
through coupling to the substrate. In the zero-current limit, however, the sub-
strate does not exercise any strain on the crystal, as we will discuss below.
The room temperature resistivity of Ca214 is strongly dependent on strain
and the IMT can be induced by applying ~0.5 GPa of pressure [29, 57, 58].
By using ultra low currents («~-nA), we have confirmed that the insulating-
state resistivity of the micrsocopic samples matches that of their mm-sized
counterparts, signalling the absence of strain. Moreover, in a previous work
on the isotructural unconventional superconductor Sr214, we have prepared
microscopic samples using equal methods and substrates [72]. These sam-
ples retained bulk properties to sizes below 200 nm, whereas, like Ca214, its
transport properties are heavily dependent on strain [73-75]. Therefore we
conclude that our microscopic samples do not experience strain at zero cur-
rent bias. In simultaneous transport and XRD measurements, it has been
shown that at the FOM current density, there is no detectable change of the
lattice parameters [53]. Combined with the absence of strain at zero current
bias, this leads to the conclusion that our samples do not experience any
strain at the FOM, regardless of their size. Thus, we do not regard strain as
a plausible explanation for the observed size dependence.

Near the the IMT, and independent whether that is induced by current
or temperature, the arguments supporting the absence of strain no longer
hold, as the lattice constants significantly alter [3,53]. Although we are far
below the IMT in our current-driven experiments, we pass the IMT in the
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temperature sweep, presented in Fig. 3.1(d). Strain related effects could
be responsible for the observed broadening of the transition. Moreover, a
broadened transition is commonly observed in thin films, where strain induced
by the substrate is expected to be an influential parameter [68-70].

Finally, an inhomogeneous distribution of current throughout the cross-
sectional area could potentially explain the size dependence found here. Since
the current density is calculated by dividing the applied current by the entire
cross section, the apparent current density in mm-sized bulk samples might
be lower than the actual current density that is physically relevant. Due to
their size and geometry, however, in the microscopic samples the apparent
and actual current densities can be more similar.

Metallic filament formation, which are known to occur in Mott insulators,
may induce such highly inhomogeneous current distributions [76]. Contrarily,
for Ca214, Zhang et al. inspected phase separation using scanning near field
optical microscopy (SNOM) and found a ripple pattern at the phase boundary
between the insulating and metallic states [31]. Although the resolution of
the SNOM technique might be insufficient to rule out sub 100 nm channel
formation, it is difficult to reconcile the striped pattern found in SNOM with
filament formation at present.

Furthermore, Zhang et al. find that the metallic phase nucleates at the
top of the sample and its depth increases when traversing a phase boundary
in the phase-separated state. This could suggest an inhomogeneous distribu-
tion of current throughout the cross-sectional area, that is high at the edges
of the crystal and decreases towards the center of the bulk. Since the micro-
scopic crystals have a larger surface to volume ratio, the edges are relatively
more dominant. If the current density gradually increases below the current-
carrying surface, this proposed mechanism will not feature any length scale
at which a discontinuous change is expected in the FOM, which is compatible
with our findings. In Supplementary Note S7, a minimal toy model describing
the inhomogeneous current density is presented. This model can reproduce
the power law dependence observed in Fig. 3.2(b).

In conclusion, we have performed a detailed study on size-dependent elec-
trical properties of the Mott insulator CagRuQO,4. We find a surprising relation
between crystal size and the current density at which nonlinear conduction
occurs, which increases four orders of magnitude when the sample size is re-
duced from 0.5 mm? to 0.5 um?. We have strong indications that the observed
size dependence is not caused by Joule heating, using a local Pt-thermometer
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fabricated on top of selected microscopic samples. Our findings indicate an
intrinsically inhomogeneous current density distribution in single crystals of
CagRuQy4. This calls for a reexamination of the relevant role of current in the
meta-stable phase and its possible relation to the IMT. As an outlook, the
combination of microscopic samples with a well-controlled current path, and
local platinum temperature probes, provides a novel approach to study the
interplay between thermal and electronic effects, which can be used to study
the IMT in Mott insulators.

3.4 Methods

Bulk single crystals of Ca214 were grown by a flux feeding floating zone
technique with Ru self-flux using a commercial image furnace equipped with
double elliptical mirrors described elsewhere [30,41]. Several techniques, in-
cluding XRD, energy dispersive spectroscopy, and polarized light optical mi-
croscopy analysis, have been used to fully characterize the structure, quality,
and purity of the crystals.

The microscopic samples were fabricated by the use of mechanical exfo-
liation on highly resistive SrTiO3 or sapphire substrates. The flake samples
are significantly thicker than monolayers. Therefore, random strain patterns,
wrinkles and folds associated with the thin film limit are absent. Due to the
natural shape of the crystal flakes, the produced samples are suited best for
passing current in the ab-plane. Therefore all experiments are carried out in
this configuration.

Considerable effort was put into the fabrication of the electrical connec-
tions on the samples to reduce the contact resistance that possibly becomes
an extrinsic origin for nonlinear conduction due to local Joule heating. To
perform electrical transport measurements, the samples obtained by the exfo-
liation process were contacted by means of an electron beam lithography step
followed by a Ti/Au sputtering deposition and a lift-off procedure. When
necessary, we used electron beam induced deposition to provide an electri-
cal reinforcement of the contacts by locally depositing an additional layer of
tungsten-carbide on them. On the mm-sized samples, we found a resistive
background in the E(J)-characteristics, from which we extracted the contact
resistance to be less than 10 €2, which is significantly smaller than the sample
resistance, supporting the use of a 2-probe measurement.

We used the FIB technique to modify both the sample width and thickness
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enabling the full control of sample dimensions and geometry over a large
crystal size range (see Supplementary Note S4). After fabrication, we have
confirmed by scanning electron microscope inspection that the microscopic
samples lack any micro cracks. Some microscopic samples were contacted in
a 4-probe geometry. Using these samples, we could confirm that the contact
resistance is negligible in comparison to the sample resistance. In addition
to the microscopic samples, we have fabricated conventionally mm-sized bulk
samples that are contacted by hand using silver paint (Agar Scientific G3691).

In a second step of electron beam lithography, the Pt-thermometer was
added on selected samples. The Pt-circuit is electrically isolated by a thin
layer of sputter deposited SiOx (~100 nm).
This ensures that the Pt-thermometer and sample form two decoupled electri-
cal systems. The resistance between the Pt-circuit and the Ca214 sample was
found to be over 1 GQ2 and the E(J)-characteristic measured before and after
the application of the Pt-thermometer was found unaffected, as demonstrated
in Supplementary Note S1.

The electrical transport measurements were carried out by applying a
current using a Keithley 6221 current source. The voltage drop over the
sample was measured using a Keithley 2182a nanovolt meter.
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3.5 Supplementary information

3.5.1 Supplementary Note S1: Measuring the local temper-
ature of a microscopic sample with an embedded ther-
mometer

Measuring the local sample temperature proved to be vital in many proceed-
ing studies [5,28,31,42,64—66]. In order to have full insight on the local tem-
perature, we fabricate a thermometer in direct contact with selected micro-
scopic samples. After contacting the microscopic sample by Ti/Au contacts,
using electron beam lithography and a lift-off procedure (see Fig. S1(b)),
we sputter deposit a layer of approximately 100 nm SiOy. In a second step
of lithography, we design a patch over the microscopic sample that has four
leads, enabling a 4-terminal measurement over the deposited material directly
on top of the crystal, as depicted in Fig. S1(d). The material of choice for the
thermometer circuit is platinum since its resistivity is highly linear over the
temperature range where we carry out our experiments, as can be seen in the
thermometer calibration in Fig. S1(c). The resistance of the Pt-thermometer
changes by 0.27 K/m). Furthermore, the thickness of the SiOy layer was
found to be optimal, providing both a disconnected electrical system from
the crystal whereas remaining in thermal contact to provide sub-Kelvin mea-
surement precision. Fig. S1(a) depicts the IV-characteristic acquired before
and after the application of the thermometer. The induced change is found to
be minimal as expected since the crystal and sample circuits are electrically
decoupled. Generally, a resistance of over 1 Gf2 is found between the crystal
and the Pt-thermometer circuit.

Thermometry experiments were carried out on multiple microscopic sam-
ples. On thicker samples, it is technically more challenging to connect a Pt
layer on top of the crystal, to the leads on the substrate. Therefore, these
experiments are carried out on the smallest crystals only. To complement
the data presented in the main text, we present a full data set obtained on
another microscopic sample in Fig. S2.
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3.5.2 Supplementary Note S2: Abrupt transition in a rela-
tively thick microscopic sample

In most of the microscopic samples the temperature-driven IMT is broadened.
Fig. 3.1(d) of the main text shows the general resistivity versus temperature
behaviour of microscopic samples. However, on one of our microscopic sam-
ples with a relative large thickness (1.5 pum) with respect to the width (3 pm)
we have acquired a resistivity versus temperature curve that is more resem-
bling data acquired on a mm-sized bulk crystal (see Fig. S3(a)). We observe
a hysteretic curve that displays an abrupt transition upon cooling through
the MIT. N.B., the other transport properties of this sample are fully resem-
bling a typical microscopic sample, including a high Figure of Merit current
density. A false colored scanning electron micrograph of this sample is found
in Fig. S3(b).

A possible origin of the observed broadening of the transition might be
strain patterns in the sample caused by the coupling to the substrate. In the
main text we argue that our microscopic samples do not experience any strain
while driving a low current (current densities well below the IMT; including
the FOM). Near the the IMT - independent whether it is induced by current
or temperature - this no longer holds, as the lattice constants significantly
alter and strain effect can dominate [3,53]. Furthermore, a broadening of
the transition is commonly observed in thin films, where strain caused by the
substrate is a key parameter [68-70].
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Fig. S1: Images and transport properties of the embedded Pt-

thermometer. (a) Displays the E(J)-characteristic before and after the
deposition of the Pt-thermometer. (b) Shows a false colored SEM image
of the sample before the application of the thermometer and (d) shows a
false colored SEM image that is acquired after the fabrication of the ther-
mometer. In these images, the crystal is colored purple, the titanium /gold
contacts to the crystal are yellow, and the platinum is light blue. The scale
bar corresponds to 3 ym in both SEM images. In (c) the calibration curve
of the Pt-thermometer, which is fitted by a linear curve, is shown. The
slope of the fit corresponds to 0.27 K per mf2. This enables sub-Kelvin
precision thermometry.
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Fig. S2: Complementary thermometry data set obtained on a microscopic
sample. (a) Shows a false colored scanning electron micrograph of a mi-
croscopic sample with a Pt-thermometer (A = 1.8 pm). The crystal is
colored purple, the titanium/gold contacts are yellow and the platinum is
indicated by light blue. The scale bar corresponds to 6 ym. In (b) the
differential resistivity as a function of local sample temperature, analogous
to Fig. 3.3(d) of the main text, is shown. (c) depicts the local tempera-
ture and dissipated power density (product of E and J) as a function of
current density. A comparison between the measured E(J)-characteristic
and Fthermal (see section S5 and section 2.3 of the main text) is shown in
(d). The dashed line indicates the Figure of Merit current density.
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Fig. S3: Resistance versus temperature of a relatively thick microscopic
sample. (a) Shows the resistance versus temperature of a microscopic
sample that is 1.5 pm thick and 3 pm wide, which is relatively thick for
a microscopic sample. We observe hysteresis on cycling the temperature
and see an abrupt change in resistance when passing the thermal transition
temperature of 357K as indicated by the vertical reference line. In (b) a
false colored scanning electron micrograph is shown of the sample on which
the data in (a) is acquired. Purple indicates the crystal and yellow colored
are the titanium/gold contacts to it. The scale bar corresponds to 5 pm.
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3.5.3 Supplementary Note S3: The Figure of Merit as a func-
tion of other length scales

In Fig. 3.2(b) of the main text, we have chosen to plot the Figure of Merit
as a function of the cross-sectional area. Here we present the same data as a
function of thickness, width and length (between the voltage contacts) of the
crystal, as plotted in Fig. S4. Most instructive is to inspect the samples on
which we have performed a thinning study, these are highlighted by the use
of a non-circular symbol in Fig. S4. If we first consider samples of constant
thickness, we observe that the FOM can change an order of magnitude in
a single sample while decreasing the width, which rules out a dependence
solely on thickness. A similar argument can be made for the width and
length dependence. Indeed, we have carried out a single step of decreasing
the thickness of a sample, which is indicated by the use of arrows in Fig. S4.
While the width is constant, the Figure of Merit changes again if we decrease
the thickness of this sample.

If we, however, plot the Figure of Merit as a function of the cross-sectional
area of the sample, as is done in Fig. 3.2(b) of the main text, we find that
the thinning study samples follow a more coherent trend. We therefore use
the cross-section as a typical length scale measure.

We can conclude from this observation that neither thickness, width or
length of the crystal solely govern the Figure of Merit, meaning that none of
these dimensions are more special in determining the transport properties of
the crystal.

Fig. S5 shows the FOM as a function of sample volume. Since V¢ = [¢A€
(where, V is the volume, [ is the distance between the voltage contacts, A is
the sample cross-section, and c is a constant) we see a very similar dependence
of the FOM on volume as on the cross-sectional area.
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3.5.4 Supplementary Note S4: Additional information on FIB
structuring

The motivation for using FIB structuring in this work is two-fold. Employing
FIB, we can structure the microscopic samples to have a rectangular cross-
sectional area, which ensures full control over the current path. Furthermore,
in order to rule out any geometry related artifacts, we performed a thinning
study on three different samples corresponding to three different sample size
ranges. By the use of FIB, we can sculpt the sample and reduce the cross-
sectional area between consecutive E(J)-measurements.

An often heard point of criticism on FIB processing is the implantation
of Ga-ions in the material and in general damages of the crystal due to the
high impulse of the ions. Key in resolving these issues is the combination of
ultra-low beam currents and a SiOy capping layer. The first ensures that the
damages are only very local (approximately within 30 nm from the edge of
the milled structure), the second protects the top side of the crystal during
inevitable radiation of Ga-ions.

In a previous work on the isostructural superconducting ruthenate Sr214,
we have shown that it is possible to structure this complex oxides with up to
200 nm features without sacrificing sample quality [72]. Superconductivity in
Sr214 is very sensitive to disorder and therefore producing samples with high
residual resistivity ratios that show a literature value critical temperature, is
a strong indication of the absence of any FIB induced damages. To illustrate
the thinning experiment, Fig. S6 shows false colored images of the three
samples before thinning and after a couple of thinning steps.
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Fig. S4: the 50%-slope current density (FOM) shown as a function of dif-
ferent length scale parameters of the measured samples. In this
figure, each circular symbol represents a single sample. The non-circular
symbols represent the thinning study samples (see Fig. S6 for images of
these). The arrows indicate the decrease of thickness during the thinning
study on the sample depicted in Fig. S6(c) and S6(d).
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Fig. S6: False colored scanning electron micrographs of samples used for
the thinning experiment in different stages of thinning. In all
images, purple is used to indicate the crystal and yellow is indicating tita-
nium/gold contacts to the sample. (a) and (b) correspond to the sample
indicated by diamond signs in Fig. 3.2(b) of the main text. It covers
the smallest size ranges; the scale bars correspond to 3 pym and 2 pm re-
spectively. Some lithography resist residue can be observed in white. The
sample depicted in (c) and (d) is covering the intermediate sizes (scale bars
are respectively 4 ym and 5 pm long) and is represented by triangles in Fig.
3.2(b) of the main text. Indicated in blue in these images is the electron
beam induced deposited tungsten used to strengthen the contacts to the
crystal. The third sample of the thinning study is shown in images (e) and
(f). It is a relatively small mm-sized bulk sample that is contacted using
silver epoxy, which is false colored in light blue. The FOM data of this
sample is depicted by red squares in Fig. 3.2(b) in the main text. The
scale bars in these images represent 100 ym and 50 pum respectively.
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3.5.5 Supplementary Note S5: Reconstructing the
E(J)-characteristic on basis of Joule heating only

Using analytical differentiation it is possible to calculate dE/dJ from E(J).
Reversely, one can calculate E(J) by integration of dE/dJ. The latter intro-
duces an integration constant that needs to be set by a boundary condition.
The boundary condition in our case is the requirement of zero electric field
for zero current density: E(0) = 0. To summarize:

dif., dE

7 a7 (J) int.> Erecon.(J) + Cint. M) Erecon.(:]) = E(J)

(3.4)

E(J)

Here Cjyt. is the integration constant and FEyecon. is the reconstructed electric
field from the derivative dE/dJ. As a sanity check, we perform differenti-
ation and integration sequentially on acquired electric field and recover the
originally measured data (see Fig. S7(a)).

The resistivity as a function of temperature is measured by calculating the
slope of the E(J)-characteristic for low currents (i.e., here, the slope of the
E(J) is current independent and no local temperature increase is measured).
We can therefore interchange the resistivity as a function of temperature
for the dE/dJ as a function of temperature at approximately zero applied
current:

dE

p(T) = (T, = 0) (3.5)

The application of the Pt-thermometer allows us to measure the local absolute
temperature as a function of current density in the sample. When the crystal
is heated, the resistivity lowers, causing a decrease of dE/dJ and therefore a
decline of the slope of the E(J)-characteristic. Since we have both the dE/dJ
as a function of temperature and the temperature as a function of current
density available, we can combine these to find the dE/dJ as a function of
the locally measured temperature caused by the application of current density,
which we denote as dEipermal/dJ:
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L0, T~ 0) & T(7) B 4 (36)
To make this substitution, we fit the measured resistivity as a function of
temperature with a 5th order polynomial to capture its phenomenological
behaviour (see Fig. S7(b)). Next, we use the fitted function to calculate
d Eihermal/dJ, which is depicted in Fig. S7(c). Finally, we apply the above
described procedure to reconstruct FEihermal using integration, yielding the

data that is shown in Fig. 3.3 of the main text and Fig. S7(d).

3.5.6 Supplementary Note S6: Details of the Comsol simula-
tions and the homogeneity of the local temperature

Since the resistance of the platinum thermometer is determined by its av-
erage temperature, our thermometry technique might be insensitive to local
temperature inhomogeneity in the sample. Furthermore, due to the ther-
mal coupling of the platinum leads to the substrate, a temperature difference
might exist between the Pt and the part of the crystal that is most effected
by heating. In order to eliminate these concerns, we have carried out thermal
simulations in Comsol multiphysics version 5.4.

We consider the geometry displayed in Fig. S8(b), which is a true to size
model of the sample shown in Fig. 3.1(a) of the main text. First, we assume
that power is only dissipated in the part of the crystal between the gold
contacts (i.e., not in the parts covered by gold). The input power is calculated
from the product of current and voltage, taken from transport measurements
(see Fig. S8(a)). Next, we assume that the substrate temperature is constant
50 pym away from the crystal. Using these two boundary conditions, we solve
for a steady state solution where the temperature of the geometry is constant.
The results of these simulations are governed by the thermal conductivity of
the materials. Terasaki et al. have evaluated the in- and out-of-plane thermal
conductivity of Ca214 to be 5.1 W/mK and 1.8 W/mK respectively [65].

In the main text, we report that the Pt-sensor is an accurate measure for
the average sample temperature. Fig. S8(c) and S8(d) give an overview of the
temperature variations within the sample at the FOM current density. Here,
the temperature increase is plotted as a function of a vertical and horizontal
line cut respectively. The temperature increases roughly quadratically from
the sides of the crystal towards the hottest point of the flake. The temperature
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Fig. S7: Summary of calculating Einermal- As a sanity check, we perform sub-

sequent differentiation and integration of a dataset and retrieve the original
measured data, which is depicted in (a). (b) shows the resistivity versus
temperature curve measured on a sample with embedded Pt-thermometer.
The data is fitted by a 5th order polynomial to capture its phenomenolog-
ical behaviour. This fit is used to find the dEihermal/dJ(J) (shown in (c)),
which is integrated to retrieve Eipermal (shown in (d) and Fig. 3.3 of the

main text).

variations in the flake were found to be lower than 3 K at the FOM.
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Fig. S8: Temperature inhomogeneity in the Comsol simulations. (a) dis-
plays the power density calculated from the transport data together with
the measured local sample temperature. There is a one to one correspon-
dence of the local temperature to the power density, giving a strong indica-
tion that we are measuring the local sample temperature. The dissipated
power is used as input data for the simulations. (b) Shows a schematic
overview of the different elements simulated. Each color corresponds to the
labeled material. (c) depicts the temperature increase AT = Tqare—300 K
along a vertical line cut through the center of the substrate, flake and ther-
mometer, at the FOM current density. The different parts of the sample
are labeled by the same colors as in (b). The temperature variations along
a horizontal line cut parallel to the Pt-thermometer leads, at the FOM
current density, are displayed in (d).

3.5.7 Supplementary Note S7: Minimal model for current
density inhomogeneity over the cross-sectional area

As described in the main text, the cross section dependence might be ex-
plained by an inhomogenous current density distribution throughout the
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cross-sectional area. Here we present a minimal toy model, and phenomeno-
logically compare it to the measured data.

Crucial in this analysis is the difference between the apparent current

density, namely the total current (I) divided by the total cross-sectional area
(4):

Japp = I /A (3.7)

and the actual current density that might be dependent on parameters de-
scribing the cross-sectional area:

dI

Jact = a

(t, w) (3.8)

Where ¢ (w) is a length parameter that runs between —7/2 (—W/2) and
T/2 (W/2), with T' (W) the thickness (width) of the crystal. The actual
and apparent current density can be related to each other by integrating the
actual current density to find the total current:

oo, = I/A =1/A / / g—i(t,w)dA (3.9)

Therefore a homogeneous current distribution (i.e., a constant actual current
density) yields an equal apparent current density:

AJy

Now we can examine what type of actual current density features the power
law dependence on the cross-sectional area that is observed in the measured
current density (displayed in Fig. 3.2(b) of the main text). To do so we assume
that the actual current density decreases as [~%, where a is a constant and [
is the distance from the edges of the sample. This means, for a rectangular
cross-section, that the total current is given by:
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T/2 pW/2 dr
I= 4/0 /0 a(t,w)dtdw (3.11)

Here we used the fact that the system is symmetric in four sectors. Each of
those can be divided in two parts:

T/2 %t w/2 rEw
I=14 / / w~ *dwdt -I—/ / t~*dtdw (3.12)
0 0 0 0

Leading to:
4 T 1—a 1974 2—a 1% l—a T 2—a
I= . — — — 3.13
ae-a|w) (=) +(7) (3) | o
Where we assumed a # 1. This can be simplified to:
8 8
I= TW)!=e = Al 3.14
(1—a)(2—a)( ) (1-—a)(2—a) (3.14)
That entails for the apparent current density:
Al—a
Jaop, = /A = 8 _ 8 4~ (3.15)

(1-a)(2—a) A (1-a)(2—a)

Which is the observed power law dependence of the measured current density.
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Chapter 4

Unconventional Features of
Non-Centrosymmetric
Superconductors

4.1 Theoretical Aspects

Since its discovery (110 years ago), superconductivity has aroused enormous
interest in the scientific community. Indeed, over the years, the research on
superconductivity has given rise not only to applications impossible to achieve
without superconductors but also to the microscopic understanding of this in-
triguing macroscopic quantum effect. Nowadays, the best microscopic theory
that explains superconductivity is the work of Bardeen, Cooper and Schrief-
fer [8] (BCS theory) which explains superconductivity as the formation of a
macroscopic coherent state of Cooper pairs formed by conduction electrons.
Indeed, in the BCS theory the interaction that enables the electrons to pair
results from the electron-phonon coupling. This kind of interaction requires
the electrons to develop Cooper pairs in their most symmetric way, usually
termed the “s-wave” channel, and thus the corresponding pair wavefunction
has even parity.

To see all the possible symmetry configurations of the wavefunction, let’s
consider 2 fermions having (ry,r2) as spatial coordinates and (o1, 02) as spin
coordinates respectively. If the total hamiltonian of this system can be writ-
ten as the sum of a piece dependent only by spatial coordinates plus one
dependent only by spin coordinates, namely

75
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H=H(I‘1,I'2)-|—H(O'1,0'2) (41)

then the wavefunction of the system could be factorized and thus written as
follow

\IJ(r17r270-1a0-2) = (b(r17r2)X(01702) (42)

To satisfy the Pauli principle, the wavefunction (4.2) must be fully antisym-
metric
\Il(rlar270-1,0-2) == ‘I/(I'2,r1,0'2,0'1) (43)

Now, if the parity, P, and the time reversal, T, are conserved, that is to say
the commutators [H, P] = 0 and [H, T| = 0, then

PlII(rl,rz,al,ag) = i\IJ(rl,rz,Gl,O'z) (44)

T\Il(rl,rz,al,az) :\I/(rl,rz,al,az) (4.5)

In this conditions the wavefunction, ¥, can be classified as in the Table 4.1.
Superconductors based on the pairing configuration of the first line in the Ta-
ble 4.1 are called “conventional”. They are well described in the BCS theory.
Putting electron-phonon coupling aside for a moment could open the opportu-

Table 4.1: Possible symmetries of the wavefunction.

(D(rlar2) X(01a02)
Even Odd
s-wave 1=0, d-wave 1=2,... spin-singlet S=0
L) — 1))
Odd Even
p-wave 1=1, f-wave 1=3,...  spin-triplet S=1
1 1)
LI + 1))
[

nity for alternative pairing mechanisms driven by electron-electron coupling,
e.g. spin fluctuation exchange. These interactions are usually longer-ranged
and allow for other pairing channels with higher angular momentum. This is
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the case of superconductors based on the pairing configuration of the second
line in the Table 4.1 that are called “unconventional”.

Therefore, pairing states may be distinguished by even and odd parity.
Furthermore, the totally antisymmetric Cooper pair wavefunction, requested
by the Pauli principle, imposes the condition that even parity is tied to the
spin-singlet and odd parity to the spin-triplet configuration. Triplet super-
conductors open a new world in the Physics of superconductivity since they
add the spin as a new degree of freedom. This makes them more exciting and
interesting than singlet superconductors. Unfortunately, there are still few
experiments that confirm spin-triplet superconductivity.

However, we emphasize that this classification relies (according to Ander-
son’s theorem) on the presence of an inversion centre in the crystal structure,
as to have the parity as a proper quantum number and, in addition, the
time-reversal symmetry. Nevertheless, there is a class of superconductors
where the crystal structure lacks a centre of inversion and the above classi-
fication does not hold anymore. These superconductors go by the name of
non-centrosymmetric superconductors (NCS). In this case, the hamiltonian
of the system does not commute with the parity, [H, P] # 0. This means that
the parity is no longer a good quantum number, and we cannot choose a com-
mon base for P and H. As a consequence, we cannot classify the wavefunction
with the eigenstates of P as in the Table 4.1.

The discovery of bulk superconductivity in the heavy fermion compound
CePt3Si, that has not inversion symmetry, by Bauer et al. [77] appeared quite
surprising and attracted great interest, since signatures of a singlet, as well as
a triplet order parameter, were observed in different response and transport
measurements [78]. The resolution of this inconsistency was pointed out by
Frigeri et al. [79,80]: the loss of the inversion symmetry introduces a special
form of spin-orbit coupling, the so-called antisymmetric spin-orbit coupling
(ASOC), which invalidates the classification of the superconducting order pa-
rameter for spin-singlet/even parity and spin-triplet/odd parity leading to the
spin splitting of the electronic states at the Fermi level. This may give rise to a
mixture of spin-singlet and spin-triplet pairing states in the superconducting
wavefunction. This mixed pairing leads NCS to display significantly different
properties from conventional superconducting systems. Indeed, NCS can ex-
hibit a variety of unconventional properties, for instance, magneto-electrical
effects, multigap behaviour, large upper critical fields (exceeding the Pauli
limit) [81-83], helical vortex-state, nodes in the superconducting gap, non-
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trivial topological effects and time-reversal symmetry breaking (TRSB) [84].
These extensive exotic behaviours in NCS are fundamental to investigate since
they could even support the development of a new technological era.

Recently, non-centrosymmetric heavy fermion superconductors have at-
tracted great interest due to the above mentioned unconventional behaviour
observed in these strongly correlated electron materials [77,85,86]. Indeed, the
effect of strong electron correlations and spin fluctuations are responsible for
the observation of unconventional superconductivity in these systems [84,87].

On the other hand, due to the absence of magnetic correlations, the
weakly-correlated electron systems, like NbyRe;_, [88], LaNiCsq [89], Lia(Pd,
Pt).B [90,91], (Rh, Ir)Gag [92] etc., are particularly promising for studying
the unconventional superconductivity in NCS. Indeed, these systems gener-
ally exhibit weak electron correlation effects and lack the magnetic complex-
ities arising from the f-electron rare-earth heavy fermions. This makes the
matter easier to explore the ramifications of inversion symmetry breaking and
thus isolate the salient features of ASOC-mediated superconductivity [93-97].
However, most of the weakly-correlated electron systems appear to show s-
wave behaviour, albeit, in some cases, they also show unconventional signa-
tures, for example, nodal superconducting gap structure [84,98,99] and TRSB.
It is clear that the role of lacking inversion symmetry on the superconducting
pairing states remains a fundamentally open question. Therefore, it is highly
desirable to shed light on the electrons pairing mechanism in NCS and thus
get insight into the role of the ASOC. In this regard, the possibility to pro-
duce NCS in thin-film form could be very useful. Indeed, the availability of
NCS thin films may allow one to sketch dedicated transport experiments that
could benefit from the well established lithographic techniques (e.g. Electron
Beam Lithography, Focused Ion Beam Lithography, etc.). That allows one to
manage the design of a sample in any geometric configuration giving access to
unprecedented experiments and thus get more insight into the unconventional
nature of the NCS. For these reasons, we considered the system Nb,Re;_,
exploiting both its feasibility in a thin film form and its weakly-correlated
electron nature.

4.2 NbRe

In this section, we focus on NCS Nbg 1sRep g2 (hereafter NbRe) since can
be a potential candidate for having a nonconventional superconducting order
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parameter. The NbRe is a phonon-mediated type-II superconductor that
has the bulk transition temperature, 7, ~ 8.8 K [88,100]. Looking into
the literature, it comes out that it is a weakly-correlated electron system
and magnetic correlations are also absent, which makes this system a good
playground to investigate the role of ASOC. Moreover, it is observed that the
upper critical field, Hcs, in this material reaches the Pauli limit, which points
out the possibility of unconventional pairing [88,101].

The structural phase (x phase) of the NbRe is cubic, with space group
I-43m, and includes 58 atoms in its unit cell that involve four crystallographi-
cally different sites (see Fig. 4.1). Since Re is a heavy element, the effect of the
ASOC is expected to be strong in the low Nb percentage regime. This would
give an opportunity for searching the existence of a mixture of the spin-singlet
and spin-triplet states in this compound. However, the results observed on
polycrystalline bulk samples are controversial [88,100,101|, while a recent in-
vestigation [102] conducted by combining Andreev point contact spectroscopy
and heat capacity measurements on high-quality NbRe single crystals [103]
shows the appearance of two superconducting gaps, even though it has been
asserted that there are a variety of different situations based on mixed spin
singlet-triplet pairing that may also explain these observations [102]. More-
over, in a recent work by T. Shang et al., TRSB in NbRe has been observed.
This result is suggestive of unconventional superconductivity in this system.
In summary, various superconducting properties in NbRe, for instance, upper
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Fig. 4.1: Crystalline structure of NbRe.

critical field [88,101], energy gap behaviour [102] and TRSB [104], are not well
described within the conventional BCS theory. Therefore, further investiga-
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tions on this material to clarify its unconventional nature in terms of pairing
symmetry and physical features are required. In this respect, phase-sensitive
experiments of the pairing state could give important informations to clarify
the pairing symmetry.

4.3 NDbRe Little-Parks Experiment

As we have seen, in superconductors with inversion symmetry, the parity
symmetry imposes a constraint on the pairing state, which must be either
spin-singlet with even parity or spin-triplet with odd parity. For noncen-
trosymmetric superconductors, on the other hand, the broken parity symme-
try is expected to give rise to an admixture of spin-triplet and spin-singlet
pairing states. However, experimental confirmation of pairing mixing in any
material remains elusive. A suitable way to probe the presence of spin-triplet
components in the pairing state of a given material is represented by phase-
sensitive measurements [105]. In ordinary superconductors with wave func-
tion Ug = |A5|€i9 the single-valuedness of ¥g requires that the phase of the
superconducting order parameter can change only by multiples of 27 along
any closed contour. As a consequence, the magnetic flux through a multiply
connected superconducting body is quantized in discrete units of &y = hc/2e,
where h is the Planck constant, c is the speed of light, and e is the elemen-
tary charge. The observations of the fluxoid quantization served indeed as
the first experimental verifications of the BCS theory of conventional super-
conductors [106-108].

Shortly after the initial magnetometry measurements, Little and Parks
further demonstrated oscillations of the superconducting transition tempera-
ture T, as a function of the applied magnetic flux which results from the cor-
responding periodicity of the free energy of the superconducting state [109].
The minimum of the free energy, or the maximum of the 7, is achieved when
the applied magnetic flux takes the form & = n®y, where n is an integer
number. In the following decades, the Little-Parks (LP) effect, as a stringent
test for the electron pairing, has been observed in numerous superconducting
materials [110-112].

In the case of the spin-triplet pairing state, the gap function has odd par-
ity, i.e., Ax = —A_k. As a consequence, a sign change can occur at certain
crystalline grain boundaries, inducing an additional 7 phase shift which is
responsible for half-quantum flux (HQF) of ® = (n + 1/2)®q [113]. The
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realization of HQF depends on the total number of crystalline grain bound-
aries that produce such 7 phase shift, or 7 junctions [105,113,114]. Over the
circumference of a ring, only an odd number of 7 junctions would produce
a net phase change of 7w, which leads to a HQF-hosting 7 ring. For an even
number of 7 junctions where the total phase changes add up to 2w, the loop
would show integer flux quantization, or a 0 ring.

The distinctive experimental signature of HQF in 7 rings and 0 rings can
be particularly powerful in determining the presence of spin-triplet compo-
nents in polycrystalline rings of unconventional superconductors [114], and
in particular in non-centrosymmetric superconductors such as NbRe [9]. For
this reason, we performed LP experiment on NbRe thin films. In the following
we show the preliminary results obtained.

4.3.1 Experimental details
NbRe thin film

NbRe thin film! of thickness t = 100 nm was sputtered on Si(100) substrate.
The fabrication was performed employing a UHV dc diode magnetron sput-
tering system from a NbgooReggo 99.9 % pure target. After reaching the
base pressure of the sputtering system (10_9 mbar regime), the deposition
was carried out holding the substrate at room temperature in an Ar pressure
of 3.5 ubar at a deposition rate of 0.33 nm/s. The Nb concentration of the
obtained sample was found to be x = (.18 as estimated by energy dispersive
spectroscopy. Consequently, the resulting concentration of the NbRe film is
close to the optimal one in terms of superconducting transition temperature
in the case of bulk samples [101].

NbRe micro bridge fabrication and characterization

Starting from a single film of NbRe, prepared as described above, we used
the FIB lithography to obtain a micro-bridge. As already mentioned, this
method provides a highly precise and versatile nanostructuring that can be
depicted as “cutting” the desired structure by shooting ions at a specimen to
mill away the surrounding material. Fig. 4.2 shows a schematisation of the
NbRe film and the FIB together with an actual picture of the lithography

'Thin films of NbRe were obtained for the first time at the superconducting laboratory of
the University of Salerno [115].



82 Unconventional Features of Non-Centrosymmetric Superconductors

FIB system we used at Leiden University— Netherlands Centre for Electron
Nanoscopy.

100 nm NbRe single film
on Si substrate Focused lon Beam

L

' Electron

Column
I IMAGING
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University of Leiden - Faculty of Science

Fig. 4.2: Schematisation of the NbRe film on Si substrate and the focused ion beam.
The picture is the actual lithography FIB system used at Leiden Univer-
sity— Netherlands Centre for Electron Nanoscopy.

Fig. 4.3 summarises the main four steps we followed to shape the micro-
bridge with the contact pads and the wires (the black lines are the milled
part). In particular, panel (a) shows the “sculpted” contact pads, panel (b)
and (c) the wires, and panel (d) the micro-bridge of about 3.3 pm wide
and 6 pm long. In order to ensure that the superconducting properties of
the NbRe remained unaltered after the lithographic process, and to estimate
the parameters needed for LP experiment, we have acquired both the R(T")
curve at zero field and with different magnetic field applied perpendicularly
to the micro-bridge plane with a bias-current I, = 5 pA (see Fig. 4.5). In
this way, we obtained the 7T, and estimated the upper critical field poHco
of the micro-bridge, respectively. The Fig. 4.4 shows the superconducting
transition of the micro-bridge. The T, defined as the temperature at which
the resistance is half of the one measured at T' = 10 K, is T, = 6.8 K.
Furthermore, we obtained the T, values from the R(T") curves acquired at
different magnetic field applied. These T, values are highlighted by blue solid
circles in Fig. 4.5 and reported in Fig. 4.6 as a function of the magnetic
field. The solid black line is the best fit to the data obtained by using a
linear relation that allows to extrapolate the upper magnetic field at T =
0, poHe2(0) = (14.6 £ 0.7) T. Moreover, with the assumption of a linear
dependence of the perpendicular upper critical field, it is also possible to
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Fig. 4.3: SEM images acquired during the micro-bridge structuring. In particular,
panel (a) shows the contact pads, (b) the wires, (c) the smaller wires, and
(d) the micro-bridge.

evaluate the superconducting coherence length, since pgHz = ®o/27£(0)?
where ®¢ = 2.07x 1071 Wb is the flux quantum [116]. Adopting this relation
we have £(0) = 4.7 nm. Therefore, the values of T, ugH.2, and £(0) estimated
are in reasonable accordance with the literature [88,115], thus this analysis
ensure the good quality of the NbRe nano-bridge. Finally we want to point
out to the reader that since the LP oscillations are ruled by the following
equation

T.(H) =Ty

™ (w£<0)uoH)2 &) ( ¢ )2 (46)

3 o, rZ \" " 3,

having the value of £(0) = 4.7 nm means that the amplitude of LP oscillations
are expected to be a factor 100 smaller than in for example Sr214 or S-
PdBi [114,117).
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Fig. 4.4: Resistance as a function of temperature of the micro-bridge. The resistive
transition is quite sharp, and the T, defined as the temperature at which
the resistance is half of the one measured at T'= 10 K is T, = 6.8 K.
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Fig. 4.5: Resistive transitions of the micro-bridge at different magnetic field. The
T. values, defined as the temperature at which the resistance is half of
the one measured at 7' = 10 K, are identified by the interception of the
horizontal line with the curves, and highlighted by blue solid circles.
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Fig. 4.6: T, values as a function of the magnetic field. The solid black line is the best
fit to the data obtained by using a linear relation to extrapolate poH.2(0).

4.3.2 Results and discussion

Exploiting the potentialities of the FIB lithography, we fabricated an array of
rings, cutting them out of the micro-bridge. This array, shown in Fig. 4.7(a),
is made up of 27 rings in series. This way, the expected LP oscillations in the
rings get added in series, and the signal becomes larger. Moreover, supposing
that half of the rings are m-rings, then they will be added to the other half
that are 0-rings. This means that assuming the crystalline orientations of the
grains are random, we would expect to see oscillations of HQF in this specific
sample geometry if there is any triplet pairing channel. We designed each ring
(in Fig. 4.7(b) is reported a representative one) to have a field periodicity of
about 50 Oe. For this purpose, the geometric dimensions (see Fig. 4.8) have
been estimated by using the following equation ®q = mR?ugH, where ® is
the magnetic flux quantum, R?> = R; R, is the product of inner and outer
loop radius, and pg is the vacuum permeability. We carefully calibrated and
focused the ionic Ga* beam-current to have high precision and accuracy. In-
deed, the whole 27 rings were milled in a single session of 50 minutes by using
a beam-current of 1.5 pA at 30 kV. The sample has been measured by using
a Physical Property Measurement System (PPMS) by Quantum Design in a
4-probe configuration (providing the bias-current by using a Keithley 6221
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Fig. 4.7: (a) SEM image of the NbRe array of rings. (b) SEM image of a represen-
tative ring obtained during the calibration of the patterning parameters.

current source and sensing the sample voltage drop with a Keithley 2182a
nanovolt meter). Fig. 4.9 shows the superconducting transition of the ring
array at 0, 50, and 100 mT magnetic field applied perpendicularly to the
plane of the sample. The broadening of the transition width (~1.5 K) com-
pared with that of the micro bridge (~0.2 K, see Fig. 4.4) is typical for
submicrometer-sized devices [117,118]. The LP effect can be observed when
the sample is placed at a fixed temperature within the superconducting tran-
sition regime where field-induced resistance variations occur. We identified
this regime for temperatures around 6.0 K (see inset in Fig. 4.9). However,
to investigate the field dependence, it is crucially important to examine V.
and V_ individually since LP oscillations are not necessarily invariant under
reflection. In other words, it is essential to examine magnetovoltage rather
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Fig. 4.8: (a) SEM zoomed image of the ring array shown in Fig. 4.7(a). (b) SEM
image with the measured geometric parameters of the rings.

than magnetoresistance. Therefore, we chose to acquire IV characteristics as
a function of field at T'= 6.02 K. The protocol used is:

e Setting the temperature to 6.02 K

e Field sweep from 0 to 150 Oe acquiring an IV every 2 Oe
e Warm the sample up to 7 K and oscillate to zero field

e Setting the temperature to 6.02 K

e Repeat the field sweep to -150 Oe acquiring an IV every 2 Oe

This measurement protocol ensures that no vortices are trapped in the rings.
The LP oscillations of the NbRe device are shown in Fig. 4.10. The mag-
netovoltage curves were acquired at different I, in steps of 2 uA up to +12
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Fig. 4.9: Resistance as a function of temperature of the NbRe device with 0, 50, 100
mT magnetic field applied perpendicularly to the plane of the sample. The
inset shows a zoomed image of the superconducting transitions between
6.00 and 6.12 K. The vertical line indicates the temperature at which we
performed the measurements.

uA. The oscillations have been observed on a roughly parabolic-shaped back-
ground (see Fig. 4.11(b)) that is commonly observed in LP experiments, and
it is believed to originate from the misalignment of the magnetic field and the
finite line width of the ring.

Zooming in the magnetovoltage curves as in Fig. 4.11, we observed that typ-
ical LP oscillations occur for I, > 6 uA (and I < —6 pA) with an oscillation
period of ~45 QOe, slightly lower the expected estimated value. However, for
I, < 6 pA (and I, > —6 pA) we still observe oscillations but with a different
oscillation period of about ~25 Oe (see Fig. 4.11(a)). Moreover, we note that
the magnetovoltage curves are shifted and not fully symmetric respect to the
zero field axis. Furthermore, in general, the changing of the oscillation period
with the bias-current is unusual in a classic LP experiment.

In the light of these observations, it is still not possible to make any con-
clusions for the pairing symmetries in NbRe, but these preliminary data show
that, albeit the complexity of this experiment, the feasibility is established.
Moreover the anomalous behaviour of the magnetovoltage curves suggests
that it is important to continue the experiment since these anomalies could
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Fig. 4.10: Magnetovoltage curves acquired at T' = 6.02 K and different bias-current
in steps of 2 puA up to £12 pA.

Fig. 4.11: Two representative magnetovoltage curves.
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acquired providing a bias-current I, = 2 pA, and (b) I, = 12 pA.

be originated by unconventional superconducting mechanisms in NbRe. In-

deed, the same experiment is going to be performed on more samples using

the same geometry and also different ones.
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Summary

We explored the transport and structural properties of single crystals of the
Mott insulator CagRuQy in different conditions, namely, tuning its properties
acting on different parameters. In particular, by feeding mm-sized samples
with a steady-current along the ¢ axis and within the ab plane of the crys-
tal, we measured the correspondent voltage drop in these two configurations,
varying the temperature. This measurement protocol allowed us to determine
the resistivity as a function of the temperature and current p(J,T), as well
as the V(I) characteristics at different temperatures in both configurations.
Moreover, we combined electronic measurements and x-ray diffraction spec-
tra. Specifically, we acquired the x-ray diffraction patterns while passing the
current along the c axis, and within the ab plane of the crystal. By taking
advantage of this protocol, it was possible to access a region of the phase
diagram not yet explored and to unveil the nucleation and evolution of a
metallic crystallographic phase, L’, completely compatible with the transport
data. Its corresponding cell dimensions depart from those of the insulating
short phase and approach those of the metallic long phase. These measure-
ments explain the unexpected and counterintuitive results of the transport
data and completely determine the behaviour in the metastable phase (L’).
Furthermore, in the configuration where the current is within the ab plane,
the x-ray diffraction spectra have been acquired also as a function of the tem-
perature. These measurements show that all the phases (S, S’, I, L) are still
present in the investigated temperature range, and in particular, the value
of the ¢ axis in the metallic phase (L) does not change with temperature
and current, enhancing that L is a structurally rigid phase from the elastic
point of view. This last analysis is a valuable starting point to get the c
axis phase diagram that would allow discerning the conduction states as a
function of temperature and current density in the CagRuOy4 single crystals.
Additionally, we describe the electrical characterisation of the eutectic sys-
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tem CasRuQO4 with embedded Ru inclusions. In this preliminary study, we
acquired the resistivity as a function of the temperature at different current-
bias, and current-voltage characteristics measured using a current-bias and
a voltage-bias. We found qualitatively the same curves observed in the pure
CagRuOy4. Here, the very surprising effect we observed is that the sample
does not break as in the case of pure CagRuO4. Our results make this eutec-
tic system valuable and durable. Indeed, it not only conserves the properties
of the pure CasRuOy4 but is also a relevant material that could be used for
electronic applications more efficiently than the pure one.

Our findings on mm-sized samples are consistent with the literature and
represent a significant improvement of the current knowledge of a complex
system such as CasRuQO,4, and have opened an outlook in its microscopic
characterization. For these reasons, we have also performed a detailed study
on the size-dependent electrical properties of CagRuQOy4 single crystals. In-
deed, by using an advanced fabrication method, we were able to obtain pum
sized samples with very accurate geometry. We found a surprising relation
between crystal size and the current density at which nonlinear conduction
occurs, which increases four orders of magnitude when the sample size is re-
duced from 0.5 mm? to 0.5 um?. Moreover, employing a local Pt-thermometer
fabricated on top of selected microscopic samples, we have established that
the observed size dependence is not caused by Joule heating. Our findings
indicate an intrinsically inhomogeneous current density distribution in single
crystals of CagRuQOy4. This requires a re-examination of the relevant role of
the electric current in the metastable phase and its possible relation with the
insulator to metallic transition. The combination of microscopic samples with
a well-controlled geometry and current path, and local platinum temperature
probes, pave the way for an innovative approach to study the interplay be-
tween thermal and electronic effects, which can be used to study the insulator
to metallic transition in Mott insulators.

In the last part of this thesis, we have considered non-centrosymmetric super-
conductors, with a particular interest in the unconventional nature of these
materials that could arise from the lack of an inversion centre in their struc-
ture. In particular, we examined the flux quantization in polycrystalline thin-
film devices of the non-centrosymmetric superconductor Nbg 1g8Reg g2 since
phase-sensitive experiments are unambiguous for distinguishing unconven-
tional effects such as spin-triplet pairing components. In this respect, we have
successfully fabricated a Nbg 1gReg g2 array of submicrometer-sized rings and



93

performed Little-Parks experiments. Indeed, the observation of half quantum
flux (instead of the integer ones) could be the decisive evidence for the pres-
ence of a spin-triplet pairing component in non-centrosymmetric supercon-
ductors, where a mixed pairing state is generally expected. Our preliminary
data show that, although the complexity of this experiment, the feasibility is
established. Moreover, the anomalous behaviour of the magnetovoltage curves
acquired suggests to continue the experiment since these anomalies could be
originated by unconventional superconducting mechanisms in Nbg 13Reg.g2.
For this reason, this experiment is still in progress at the moment we are
presenting this thesis on more samples using the same geometry and different
ones.
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