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Summary

Over the past decade, experimental breakthroughs have revealed superconductivity
in hydrogen-rich compounds under high pressure at near-room temperature, renew-
ing interest in the role of hydrogen in this phase of matter. Indeed, incorporating
such an element into materials can substantially alter their electronic properties,
sometimes giving rise to new superconducting phases or modifying existing ones. It
can also influence with competing electronic orders, such as spin and charge density
waves, providing valuable insights into the mechanisms behind superconductivity
and its interplay with other ordered states.
Given this potential, hydrogen could, in principle, also serve as a promising tool in
the search for topological superconductors. These materials are predicted to host
exotic quasiparticles capable of encoding quantum information in a way intrinsi-
cally protected from local noise and decoherence, offering a potential route toward
fault-tolerant quantum computation.
Within this perspective, this thesis ultimately aims to intercalate hydrogen into
two layered materials (Bi2Se3 and FeSe1−xTex) that are promising candidates for
hosting topological superconductivity. The purpose is to investigate whether the
incorporation of such an element induces effects that provide deeper insight into
the actively pursued quantum state these systems are predicted to host. To achieve
this, a multistep approach is employed.

The first step focuses on the technique used for hydrogen intercalation: the ionic
gating-induced protonation. Although this method, based on ionic gating, has
demonstrated considerable potential for modifying the electronic properties of ma-
terials, it remains relatively underexplored, leaving opportunities for optimization
towards efficient and reliable hydrogen loading. Accordingly, the initial part of this
thesis investigates ionic gating-induced protonation using a deep eutectic solvent,
an electrolyte of a class not previously explored for this purpose. Specifically, the
study examines how tuning the process parameters can maximize hydrogen load-
ing in palladium, a material chosen for its highly suitable properties. The results
reveal a clear positive correlation between the applied gate voltage and the hy-
drogen concentration achieved. Notably, the concentrations attained exceed those
typically attained with conventional ionic liquids, which are commonly employed in
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this technique. These findings demonstrate that deep eutectic solvents can outper-
form traditional electrolytes used in ionic gating-induced protonation and provide a
potential framework for maximizing hydrogen loading in various materials, though
material-specific adjustments may be required.

Next, hydrogen intercalation via ionic gating-induced protonation is performed on
the layered transition metal dichalcogenide TiSe2. While this material has recently
been shown to exhibit superconductivity upon hydrogen intercalation, a detailed
characterization of its superconducting state remains lacking. Its study is partic-
ularly compelling, as it offers insight into the interplay between superconductivity
and the intrinsic charge density wave order of the pristine material. Through mag-
netotransport measurements, point-contact Andreev reflection spectroscopy, and
tunneling spectroscopy, the superconducting phase is found to exhibit a nontrivial
superconducting order parameter with two nodeless gaps. The temperature de-
pendence of the gaps and of the upper critical magnetic field are consistent with
both Bardeen-Cooper-Schrieffer theory and the Eliashberg formalism for a two-
gap superconductor. This study not only clarifies the superconducting properties
of HxTiSe2 but also provides hands-on experience with ionic gating-induced pro-
tonation and point-contact Andreev reflection spectroscopy on layered materials,
offering transferable expertise for the topological candidates explored later in this
thesis.

Building on this expertise, hydrogen intercalation is then performed on the layered
topological superconductor candidates Bi2Se3 and FeSe1−xTex. In Bi2Se3, no su-
perconducting transition is observed in samples treated with ionic gating-induced
protonation across a wide range of parameters, even when following the original pro-
tocol previously claimed to induce superconductivity. In contrast, in FeSe1−xTex
with x ≈ 0.5, ionic gating-induced protonation successfully tunes both the su-
perconducting critical temperature and the superconducting gaps, as measured by
point-contact Andreev reflection spectroscopy performed directly under gating – a
measurement configuration not previously explored, since ionic gating was consid-
ered to be incompatible with such a technique. In rare cases, signatures of potential
unconventional surface pairing, consistent with topological surface superconductiv-
ity, are also observed both in pristine and H-intercalated FeSe0.5Te0.5.
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Introduction

Over the last decade, experimental breakthroughs showing near-room-temperature
superconductivity in hydrogen-rich compounds under high pressure have renewed
the interest of the scientific community in the interplay between such a light ele-
ment and this phase of matter.
The hypothesis that hydrogen may unlock high-temperature superconductivity
dates back to 1968, when Ashcroft suggested that its metallic state could exhibit
superconductivity at elevated temperatures [1]. This prediction was based on three
key points. First, the low atomic mass of hydrogen should give exceptionally high-
frequency lattice vibrations. Second, the electron–phonon coupling is expected to
be strong as electron-ion interaction is governed by bare Coulomb attraction. Third,
once metallic, the electronic density of states at the Fermi level should be large,
while the effective Coulomb repulsion between electrons remains relatively weak.
However, achieving its metallic phase demands extremely high pressures that are
difficult to realize experimentally. To overcome this limitation, Ashcroft proposed
to address hydrogen-containing compounds, where chemical bonding between hy-
drogen and other elements could simulate the effects of externally applied pressure,
effectively inducing a form of chemical pre-compression [2]. This mechanism is
expected to enable the onset of high-temperature superconductivity at pressures
lower than those necessary for pure hydrogen.
In this context, extensive computational efforts have been directed towards iden-
tifying hydrides capable of exhibiting superconductivity near room temperature
under pressure. The first experimental validation of such theoretical predictions
involved the sulfur hydride system, H2S, predicted to show high-temperature su-
perconductivity [3, 4]. Notably, at 155 GPa, H3S – a compound formed through
the pressure-induced decomposition of H2S – was observed to exhibit superconduc-
tivity with a critical temperature Tc of approximately 203 K [5]. More recently,
lanthanum hydride (LaH10) demonstrated an even higher superconducting transi-
tion temperature, reaching Tc ≈ 250 K under 170 GPa [6]. These findings have
paved the way for integrating ab-initio simulations with experimental investiga-
tions to explore the role of hydrogen in high-temperature superconductivity and to
discover materials that can achieve such a state at near-room temperature under
more accessible pressures, advancing their technological feasibility [7].
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Introduction

Beyond their relevance for high-temperature superconductivity, these discoveries
have also sparked interest in using hydrogen as a tool to engineer new superconduct-
ing phases [8] or tune existing ones [9, 10, 11] at ambient pressure. The approach
relies on the same essential ingredients: the high vibrational frequencies associ-
ated with hydrogen and the coupling of these modes to the electronic states at the
Fermi level. Although the resulting phases would exhibit lower critical tempera-
tures, they can still be of practical relevance. For instance, inducing superconduc-
tivity through hydrogen incorporation in materials that, in their pristine form, host
competing orders such as spin- or charge-density waves provides valuable insight
into the microscopic mechanisms of superconductivity and its interplay with other
ordered states – a subject of active investigation within the scientific community
[12, 13, 14]. A paradigmatic example is provided by the layered transition-metal
dichalcogenide TiSe2. In its undoped state, this material undergoes a commen-
surate charge-density-wave transition below roughly 200 K, whose origin is still
debated. Upon chemical or electrostatic doping, the charge-density-wave state is
progressively suppressed and a superconducting phase emerges [15, 16, 17, 18, 19].
Interestingly, in lithium-intercalated or electrostatically doped TiSe2 [17, 18, 19],
where the two phases coexist, experiments suggests that spatial texture in the
charge-density-wave order may induce anisotropy in the superconducting pairing
or even a gap with non-trivial symmetry [20, 21, 22, 23, 24]. Consequently, sub-
stantial attention has been devoted to measurements of the superconducting gap
function to probe the interplay between these two orders. In this context, hydro-
gen also plays a crucial role. As a matter of fact, a similar level of tunability in
the properties of TiSe2 has been achieved through intercalation of this light ele-
ment [8]. Hydrogen incorporation enables robust and non-volatile control over the
charge-density-wave state across a broad doping range – suppressing it while con-
currently inducing superconductivity – thereby allowing the coexistence of these
two competing orders. However, an investigation of the superconducting gap func-
tion in hydrogen-intercalated TiSe2 is still lacking, representing a clear opportunity
for further study.

Given this potential, hydrogen could, in principle, also serve as a promising tool in
the search for topological superconductors that host Majorana bound states at their
boundaries [25]. Interest in topological superconductors was initially sparked by
the discovery of topological insulators – materials with an insulating bulk band gap
but conducting edge states at boundaries with topologically trivial phases. These
edge states arise as topological singularities that reconcile differences in topological
invariants across the interface [26, 27]. Inspired by this phenomenon, significant
research efforts have focused on finding superconducting counterparts known as
topological superconductors. These materials have garnered even greater attention
due to their ability to host exotic quasiparticles that are their own antiparticles,
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effectively serving as condensed matter realizations of Majorana fermions. Indeed,
topological superconductors exhibiting odd-parity pairing can sustain quasiparti-
cle excitations described as equal superpositions of electron and hole states, which
are effectively spinless and satisfy the self-conjugacy condition required in the sec-
ond quantization framework for Majorana fermions [28]. When these quasiparti-
cles are localized at vortex cores, defects, or system edges at zero energy, they
form Majorana bound states that exhibit non-Abelian anyonic statistics. This
non-Abelian nature means that exchanging or braiding two of such quasiparticles
transforms the system among degenerate ground states in a non-commutative way,
where the outcome depends on the order of the exchanges [28, 27]. Such braid-
ing operations enable quantum information, encoded in fermionic states formed
by spatially separated Majorana bound states, to be intrinsically protected from
local noise and decoherence, since local perturbations affecting them individually
do not alter the overall quantum state. This inherent robustness makes Majorana
bound states highly promising for implementing fault-tolerant quantum computa-
tion, where topological properties are leveraged to store and manipulate information
in a way that is inherently resistant to noise.

Motivated by these prospects, topological superconductors are actively studied and
can be broadly categorized into two classes: artificially engineered and intrinsic
topological superconductors [29, 30]. Artificially engineered systems typically con-
sist of hybrid structures, such as semiconductors with strong spin-orbit coupling
interfaced with conventional s-wave superconductors under an external magnetic
field. In these systems, Cooper pairs from the s-wave superconductor penetrate the
adjacent semiconductor over a finite distance, inducing a proximized superconduct-
ing state in the normal material. Due to the combined effects of the magnetic field
and spin-orbit coupling, this state effectively exhibits odd-parity pairing [31, 32].
In contrast, intrinsic topological superconductors are materials in which a topolog-
ically nontrivial p-wave superconducting gap emerges intrinsically [33].
Focusing on intrinsic topological superconductors, a viable strategy to realize such
an exotic state involves doping topological insulators inducing a bulk supercon-
ductivity while preserving the topological surface states. This strategy echoes the
theoretical proposal by Fu and Kane [34], who showed that when the surface states
of a three-dimensional topological insulator are proximized by an s-wave supercon-
ductor, the resulting proximized state – due to the helical spin polarization of the
surface states – effectively behaves like a two-dimensional p-wave superconductor
hosting Majorana bound states. Accordingly, in doped topological insulators, the
superconducting bulk itself is expected to proximize the surface states, potentially
realizing a similar topological superconducting phase.
Following this paradigm, considerable effort has been devoted at inducing supercon-
ductivity in the prototypical topological insulator Bi2Se3, with the goal of observing
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an unconventional superconducting state indicative of topological superconductiv-
ity. A significant advance towards this goal was achieved by electrochemically
intercalating copper [35], which induced superconductivity with Tc ≈ 3.8 K for cop-
per concentrations x between 0.2 and 0.5, corresponding to electron doping near
1020 cm−3. Point-contact Andreev reflection spectroscopy revealed a zero-bias con-
ductance peak, which has been interpreted as evidence of a bulk, unconventional,
odd-parity superconducting state [36]. Theoretical analyses subsequently showed
that an odd-parity superconductor is topological if its Fermi surface encloses an
odd number of time-reversal-invariant momenta in the Brillouin zone [37] – a crite-
rion met by CuxBi2Se3. As a result, the observed topological superconductivity in
CuxBi2Se3 is proposed to arise from a bulk nematic superconducting state rather
than from proximity-induced superconductivity of surface states. Similar super-
conducting phases have also been reported in niobium- and strontium-intercalated
Bi2Se3 [38, 39, 40, 41].
Within this context, very preliminary studies have claimed that hydrogen interca-
lation through ionic gating-induced protonation may induce superconductivity in
Bi2Se3, with a Tc of approximately 3.8 K, as determined only by DC susceptibility
measurements [42]. These initial results highlight the need for further investiga-
tion to confirm the reproducibility of hydrogen-induced superconductivity in this
compound. If confirmed, subsequent research should focus on identifying the con-
centration range where the superconducting phase appears and examining the gap
symmetry to assess whether hydrogen-intercalated Bi2Se3 exhibits a superconduct-
ing phase comparable to copper- [43, 44], strontium- [38, 45, 46], or niobium-doped
variants [40].

Concurrently, topological superconductivity driven by the proximity effect has been
proposed in iron-based superconductors, especially in FeSe1−xTex with x ≈ 0.5.
This material fulfills the conditions for Fu-Kane type topological superconductivity
[34]: (i) substituting selenium with tellurium increases spin-orbit coupling, caus-
ing notable changes in the electronic structure [47]. In particular, spin-resolved
angle-resolved photoemission spectroscopy experiments have observed Dirac-cone-
like spin-helical surface states at the Fermi level, effectively turning the system into
a topological material [48]. (ii) FeSe1−xTex exhibits s-wave superconductivity below
its critical temperature [49]. However, alternative theoretical frameworks have also
been proposed, which attribute the emergence of topological superconductivity in
this compound to the interplay of surface ferromagnetism, Rashba spin-orbit cou-
pling, and a s±-wave superconducting order parameter [50].
Regardless of the underlying mechanism, sharp zero-bias conductance peaks have
been experimentally detected within vortex cores of FeSe1−xTex [51, 52, 53, 54].
However, interpreting these zero-bias peaks as evidence of Majorana bound states
requires ruling out other trivial explanations, such as unresolved Caroli–de Gennes–
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Matricon states [55]. Specifically, these states appear in the vortex cores of conven-
tional s-wave superconductors at energies given by E = n∆2/EF, where ∆ is the
superconducting gap, EF the Fermi energy, and n is a half-integer quantum number
[55]. When these states are not fully resolved, their lowest spectral signatures can
appear as zero-energy peaks, thereby potentially mimicking the signals expected
from Majorana zero modes.
To reliably distinguish Majorana bound states, increasing the superconducting gap
is essential, as it increases the energy spacing between the zero mode and the first
trivial excitation, making their detection easier even with limited experimental reso-
lution. In this context, hydrogen intercalation could be advantageous. Experiments
indicate that hydrogen doping in FeSe1−xTex (albeit at tellurium concentration dif-
ferent from 0.5) leads to an increase in the superconducting critical temperature
[56], likely associated with an enhanced superconducting gap. It is thus of sig-
nificant interest to explore whether doping of such a light element at tellurium
substitution levels near 0.5 similarly enhances the critical temperature and the su-
perconducting gap, thereby improving the experimental detectability of Majorana
bound states in this system.

Outline of the thesis

The ultimate goal of this thesis is to intercalate hydrogen into materials that are
promising candidates for hosting topological superconductivity, with the aim of in-
ducing effects that provide deeper insight into this actively pursued quantum state.
To achieve this, a multistep approach is adopted.

Specifically, the first step of this work focuses on the technique used for hydro-
gen intercalation. Doping of such an element can be achieved through several
methods, including loading from high-temperature and high-pressure H2 gas, low-
temperature ion implantation, and electrochemical techniques [57]. While the first
two approaches are technologically demanding and less accessible, electrochemical
methods offer a more practical alternative. Among these, ionic gating-induced pro-
tonation – where hydrogen ions are driven into the host material thanks to the
strong electric fields (109 − 1010 V/m) attained at its interface with a voltage-
polarized electrolyte – has shown considerable potential in modifying the electronic
properties of materials [7]. Despite its promise, this technique remains relatively
underexplored. As such, the initial part of this thesis is dedicated to establishing
control over ionic gating-induced protonation by investigating the interplay among
its tunable parameters. The goal is to determine how to effectively regulate these
key factors to achieve efficient hydrogen uptake, ultimately developing a reliable
and controllable guidelines that can later be applied to materials of interest.

Next, hydrogen intercalation via ionic gating-induced protonation is carried out in
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TiSe2, and its superconducting state is characterized to shed light on the interplay
between superconductivity and the charge density wave order present in the pristine
material. Beyond its fundamental scientific interest, the investigation of HxTiSe2
offers additional benefits within the context of this thesis. Firstly, TiSe2, as a
layered system, shares structural similarities with materials subsequently explored
as candidate topological superconductors. Thus, developing expertise in hydrogen
intercalation via ionic gating in TiSe2 provides valuable methodological experience
that is directly transferable to those systems. Secondly, the characterization of
the superconducting phase of HxTiSe2 involves probing its superconducting gap,
which can be achieved using point-contact Andreev reflection spectroscopy. This
technique, capable of identifying signatures of unconventional superconductivity,
will also be employed in the study of candidate topological superconductors. Its
application to HxTiSe2 therefore serves as a preparatory work for the subsequent
investigation of topological superconductivity.

Having established a robust intercalation protocol and acquired proficiency in point-
contact Andreev reflection spectroscopy for probing superconducting gap struc-
tures, the final stage of this work focuses on the investigation of two candidate
topological superconductors: doped Bi2Se3 and FeSe1−xTex. These systems are
explored using the developed methodologies to assess the influence of hydrogen
intercalation on their superconducting properties and to search for potential signa-
tures of topological superconductivity.

In line with this progression, the thesis is structured as follows:

• Chapter 1 is dedicated to the technique employed in this study to achieve
modulation of the electronic properties of materials – namely, ionic gating-
induced protonation. To provide a broader context, an overview of the
electric-field-assisted doping methods, within which protonation is classified,
is provided. Particular emphasis is placed on elucidating the underlying phys-
ical mechanisms of these techniques, as well as highlighting the key results
achieved through their application.

• Chapter 2 offers a comprehensive overview of the experimental methods
central to this thesis. It details the specific protocols adopted to perform ionic
gating-induced protonation, as well as the techniques used to characterize the
materials before and after the treatment. These techniques include electric
transport measurements and point-contact Andreev reflection spectroscopy.
Particular emphasis is placed on the latter technique, with a dedicated section
introducing its underlying physics and the theoretical models used to interpret
the spectra and extract information about the superconducting gap function
in superconducting materials.
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• Chapter 3 presents the results of the investigation on ionic gating-induced
protonation, aiming at gaining a deeper understanding of the process. By ad-
justing the controllable parameters of the treatment, this study identifies the
optimal conditions for maximizing hydrogen incorporation into palladium – a
material selected for its favorable ability to indicate hydrogen uptake through
resistivity changes. Notably, ionic gating-induced protonation is conducted
using a deep eutectic solvent, an electrolyte type not previously explored
for this purpose but showing strong potential for hydrogen release under an
applied electric field. The results obtained offer guidelines for maximizing
incorporation of such a light element, though parameter adjustments may be
necessary when applying the protocol to different materials. As this study
focuses on the hydrogen insertion technique rather than on its use to mod-
ulate the superconducting properties via hydrogen insertion – central theme
of this dissertation – only key motivations and results are summarized here,
while full experimental details are provided in Appendix A.

• Chapter 4 details the results of the characterization of the superconducting
state in hydrogen-intercalated TiSe2, obtained via ionic gating-induced pro-
tonation, through magnetotransport, point-contact Andreev reflection spec-
troscopy and tunneling spectroscopy measurements. All techniques consis-
tently indicate the presence of a non-trivial superconducting order parameter,
characterized by two nodeless superconducting gaps. Specifically, both the
temperature dependence of the upper critical field, determined from magneto-
transport measurements, and the superconducting gaps, extracted from point-
contact spectroscopy and tunneling spectrocopy, are well described within the
conventional Bardeen-Cooper-Schrieffer theory as well as the more compre-
hensive Eliashberg formalism for two-band superconductivity.

• Chapter 5 reports the results obtained from hydrogen-intercalation via ionic
gating-induced protonation performed on two candidate topological supercon-
ductors: Bi2Se3 and FeSe1−xTex. For Bi2Se3, despite exploring a wide range
of parameter configurations guided by the expertise gained from chapter 3, no
superconducting transition was observed in protonated samples, even when
following the original protocol reported in the study that first claimed su-
perconductivity in hydrogen-intercalated Bi2Se3. In contrast, for FeSe1−xTex
(with x ≈ 0.5), ionic gating-induced protonation effectively tuned both its
critical temperature and the superconducting gaps, as measured by point-
contact Andreev reflection spectroscopy performed directly under gating – a
measurement configuration that had never been explored before, as ionic gat-
ing was previously considered incompatible with this technique. In some rare
cases, signatures of potential unconventional surface superconducting pairing,
consistent with the presence of a topological p-wave surface state expected
for a topological superconductor, were also observed.
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Introduction

• Conclusions and future perspectives summarizes the work presented in
this thesis by reviewing the outcomes of this multistep process toward topolog-
ical superconductivity and exploring potential directions for future research.
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Chapter 1

Electrostatic and electrochemical
ionic gating

The modification of the electronic properties of a material via the modulation of
its charge carrier concentration is widely recognized as a powerful approach for
advancing the understanding of fundamental mechanisms in condensed matter and
unlocking novel functionalities with potential for technological applications. In
this context, electric-field-assisted doping methods have emerged as promising al-
ternatives to conventional chemical methods, offering a selective and continuous
approach to tune carrier concentration [58, 59]. Although initially limited in their
ability to achieve high carrier densities, advancements over the past decade have
significantly improved their effectiveness, enabling the successful induction of high
carrier concentrations. Among these approaches, ionic gating-induced protonation
(IGP) – a technique where charge doping is realized through the insertion of hy-
drogen (H) ions into a material exploiting the strong electric field (109 −1010 V/m)
attainable at a voltage-polarized electrolyte/electrode interface – stands out for its
unique advantages. Beyond carrier doping, H insertion introduces high-frequency
vibrational modes that can have an effect on superconductivity. This method is
therefore a central focus of this thesis as a tool to induce novel superconducting
states or tune existing ones.

This chapter presents an overview of this electric-field-based doping methods, cul-
minating in IGP, with a focus on the key developments that have made high carrier
densities achievable.

1.1 Electrostatic ionic gating
A prototypical example of using electric fields to control the electronic properties of
materials is found in the semiconductor field-effect transistor. This device consists
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of a metal-insulator-semiconductor junction, across which a gate voltage (VG) is
applied (see fig. 1.1a). In such configuration, the electric field that builds up across
the insulating layer electrostatically modulates the surface charge density of the
semiconductor. Specifically, depending on the polarity of the applied VG, electrons
can accumulate or be depleted at the insulator-semiconductor interface. This pure
electrostatic doping alters the electronic properties of the semiconductor, enabling
selective opening or closing of conductive pathways – an essential mechanism for
performing logical operations.

Building on the success of field-effect transistors, electrostatic doping has been
extended beyond semiconductors, with the hope that inducing surface carrier mod-
ulations will lead to the emergence of new and intriguing phenomena.
In early studies, oxide dielectrics such as SiO2, commonly used for semiconductor
transistors, were employed for this purpose. However, the induction of larger carrier
densities via these solid dielectrics is inherently limited by the maximum electric
field (Emax) they can withstand without undergoing dielectric breakdown. Typical
Emax values are around 108 V/m, which correspond to maximum surface charge
densities (n2D) of approximately 1013 cm−2 [60].
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Figure 1.1: (a) Sketch of the electrostatic doping mechanism through an oxide
dielectric. (b) Sketch of the electrostatic doping mechanism via ionic gating.
(c) Comparison of electrostatic doping performance based on induced carrier den-
sity using an oxide dielectric, polymer electrolyte, or ionic liquid. Data reprinted
from [60].

To overcome this stringent limitation, oxide dielectrics have been replaced by elec-
trolytes, resulting in the typical configuration illustrated in fig. 1.1b. In this setup,
applying a VG across the electrolyte causes its constituent ions to migrate towards
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1.1 – Electrostatic ionic gating

or away from the gate electrode depending on their charges. This migration results
in a net accumulation of ions at the interface with the sample, as long as VG is
not high enough to trigger electrochemical reactions within the cell. To preserve
charge neutrality, an equal and opposite surface charge develops on the sample side,
thereby resulting in electrostatic doping via ionic gating.

Unlike oxide dielectrics, where the electric field builds across the entire insulating
layer, in this case, the electric field is confined to the effective capacitor formed at
the interface between the sample and the electrolyte [61]. This effective capacitor,
known as the electric double layer, extends over a distance determined primarily
by the size of the accumulated ions (≈ 1 nm), resulting in high capacitance values
typically in the range of tens of µF/cm2. In addition, electrolytes can withstand
much higher electric fields (up to 109–1010 V/m) compared to oxide dielectrics be-
fore undergoing chemical reactions that allow current to flow from the gate to the
sample. As a result, surface charge densities as high as 1014–1015 cm−2 can be at-
tained [60].

Typical electrolytes used in ionic gating include polymer electrolytes and ionic liq-
uids (ILs). Polymer electrolytes are composed of inorganic salts, such as AClO4
(where A can be Li, K, or Cs), dissolved in a polymer matrix, such as polyethylene
oxide (PEO) or polyethylene glycol (PEG). These electrolytes can exist in solid or
"gel-like" states, depending on the molecular weight of the polymer [60]. In contrast,
ILs are salts that remain liquid at or near room temperature, composed of organic
cations and either inorganic or organic anions, such as the N,N-diethyl-N-methyl-
N-(2-methoxyethyl)ammonium bis(trifluoromethylsulfonyl)imide (DEME-TFSI) or
the 1-ethyl-3-methylimidazolium tetrafluoroborate (EMIM-BF4). Due to their liq-
uid state and broader operational range where no electrochemical reactions occur
[62], ILs provide higher ionic conductivity and usually enable greater carrier ac-
cumulation than polymer electrolytes. However, although polymer electrolytes are
less efficient than ILs, their tunable physical state provides control over rigidity and
mechanical stability, making them particularly suitable for applications in printed
electronic devices [60].

1.1.1 Scientific impact on superconductivity
Ionic gating has significantly advanced the field of electrostatic doping, providing
a powerful tool to manipulate material properties and achieve configurations that
were previously unattainable.
One of the key breakthroughs enabled by ionic gating is the induction of supercon-
ductivity in layered insulators using electric fields [63, 64, 65, 66, 67, 68, 69]. Before
this development, insulator-to-superconductor transitions were achieved via chem-
ical doping methods, such as substitutional or interstitial doping, which allowed
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for sufficiently high carrier concentrations [70, 71, 69]. However, chemical methods
are not ideal for studying superconductivity, as they not only introduce doping but
also cause structural disorder, which may be detrimental to the emergence of a
superconducting state. As a result, ionic gating has emerged as a strategic alterna-
tive, offering a way to induce superconductivity in layered insulators without the
drawbacks of chemical doping.

The first successful observation of a field-driven insulator-superconductor transi-
tion occurred in insulating SrTiO3 single crystals using a KClO4/PEO polymer
electrolyte [66]. Specifically, upon gating, a superconducting state with Tc = 0.4 K
emerged at relatively low sheet carrier densities: n2D ≈ 1013 cm−2. As VG was
increased, sheet carrier densities up to 1014 cm−2 were explored, with superconduc-
tivity persisting around 0.4 K.
The replacement of polymer electrolytes with ILs enabled the attainment of even
higher carrier concentrations, further advancing the field. Notably, superconduc-
tivity was observed in both the quasi-2D layered ZrNCl [72] and the transition
metal dichalcogenide MoS2 [68] when the DEME-TFSI IL was used as the gat-
ing medium. In ZrNCl [72], increasing VG initially triggered an insulator-to-metal
transition, followed by a slight dip in resistivity, signaling the onset of supercon-
ductivity. As VG increased further, the superconducting state fully developed, as
illustrated in fig. 1.2a. This state persisted within a sheet carrier concentration
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Figure 1.2: (a) Temperature dependence of the sheet resisitance of ZrNCl under
ionic gating for gate voltages (VG) ranging from 0 to 6.5 V. Data reprinted from
Ref. [67]. (b) Phase diagram showing the superconducting critical temperature (Tc)
as a function of volume carrier density for various field-induced superconductors
obtained via ionic gating (large symbols). To highlight the effectiveness of ionic
gating compared to chemical doping, relevant data for superconductivity induced
by chemical doping (small circles) are also included. Data reprinted from Ref. [60].
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range of 1014 − 1015 cm−2, with Tc exhibiting a dome-like trend, peaking at 14.8 K
at n2D = 5 · 1014 cm−2.
A similar behavior was observed in MoS2 [68], where superconductivity emerged
abruptly at VG = 4 V, corresponding to a sheet carrier density of 6.8 · 1014 cm−2.
As VG increased, n2D continued to rise, with Tc reaching a maximum of 10.8 K
at 1.2 · 1014 cm−2, before gradually decreasing at higher densities, again forming a
dome-like phase diagram.

A summary of the selected seminal findings in field-induced superconductivity is
presented in fig. 1.2b, where the induced Tc is mapped as a function of the attained
volume carrier doping for each material.

1.2 Electrochemical ionic gating
Electrostatic doping via ionic gating, despite its success in achieving field-induced
superconductivity in layered materials, faces two significant limitations [59]. First,
it only offers temporary control over material properties, as the system returns to
its undoped state as soon as VG is removed. Second, charge accumulation is con-
fined to the surface, restricting its effectiveness in modifying bulk carrier density.
As a result, this technique is not suitable for applications that require significant
bulk doping.

These constraints can be overcome by transitioning to an electrochemical regime.
In this regime, the application of sufficiently high voltages triggers electrochemical
reactions within the electrolyte, enabling the exchange of charge carriers between
the gating medium and the entire sample. This results in gate-tunable bulk doping,
thereby overcoming the surface confinement typical of electrostatic doping. As a
result, electrochemical doping not only outperforms electrostatic doping but also
offers significant advantages over traditional chemical methods, providing a versa-
tile, on-demand approach for continuously tuning carrier concentration.
Examples of electrochemical reactions that can be triggered include the migration
of oxygen vacancies [73, 74], the intercalation of electrolyte cations [75, 76, 77],
or the intercalation of ions produced from water electrolysis or direct electrolyte
electrolysis [78, 79, 80, 81, 82, 74, 81, 83, 59, 84]. In the case of oxygen vacancy
migration, studies on oxides have shown that the electric field that forms across the
electric double layer is strong enough to promote the extraction of part of the oxy-
gen not only from the surface layer but also from deeper regions, creating vacancies
that affect bulk carrier concentration [85, 86]. In the other scenarios, instead, the
electric field promotes the injection of ions from the electrolyte into the sample.
These ions penetrate the top layer of the sample and diffuse deeper, driven by the
concentration gradient, leading to bulk carrier doping.
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Unlike electrostatic doping, the effects of electrochemical doping can be both re-
versible and non-volatile [81, 59]: non-volatile because the ions can remain in the
material even after the voltage is removed, and reversible because reversing the volt-
age polarity can extract the intercalated ions, returning the material to its original
state.

Given its potential, the following sections offer an overview of electrochemical dop-
ing via ion intercalation, with a particular focus on the doping technique used in
this thesis, namely H+ intercalation.

1.2.1 Ionic gating-induced intercalation
As previously mentioned, when a positive VG is applied to an electrolyte in a con-
figuration such as that shown in fig. 1.1b, and this voltage exceeds the stability
window of the electrolyte, the cations it contains can be injected into the sam-
ple under gating, resulting in bulk doping. For instance, with the commonly used
AClO4/polymer electrolyte, alkali ions can be intercalated [78, 79, 80], while with
IL, the injection of organic cations can take place [75, 76, 77].

In this framework, a seminal demonstration of how electrochemical doping via
alkali intercalation can outperform electrostatic gating can be found in the study
by Shi et al. [80]. In this work, ionic gating via KClO4/PEG is performed on
the transition metal dichalcogenide WS2, systematically increasing VG to probe
both doping regimes. Changes in sample conductivity are evaluated by measuring
the current (IDS) flowing through the sample under a constant bias voltage, while
the onset of electrochemical doping is monitored by tracking the gate current (IG)
flowing between the electrolyte and the sample.
For VG < 3 V, IDS increases due to the electrostatic accumulation of charge, with
IG remaining negligible. Between 3 and 8 V, a rise in IG signals the onset of K+ ion
intercalation, although its impact on IDS is still limited. Beyond 8 V, both IDS and
IG increase sharply, marking the transition to dominant electrochemical doping.
The progression of IDS across these regimes is shown in fig. 1.3a.
Hall measurements confirm that electrochemical doping outperforms electrostatic
doping, achieving bulk carrier densities up to 1022 cm−3, compared to the electro-
static limit of 1020 cm−3. Within part of this concentration range, a superconducting
phase emerges in KxWS2 characterized by a doping-independent Tc of 8 K (fig. 1.3b).
Previously, such result had only been achieved using conventional chemical meth-
ods or electrostatic doping of thinner samples, where the reduced dimensionality
enabled more effective tuning of electronic properties through changes in n2D [87,
88].
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(a)

(c)

(b)

Figure 1.3: (a) Response of WS2 to the application of a gate voltage (VG) in an ionic
gating configuration. The lines illustrate how the current (IDS) flowing through
the sample, under a constant bias voltage, varies with increasing (solid lines) and
decreasing (dashed lines) values of VG. Colored circles represents the Hall carrier
density (nHall, right axis) measured at 200 K plotted against VG. (b) Phase diagram
of ionic gating-intercalated WS2, showing the superconducting critical temperature
(Tc) as a function of bulk carrier density (n3D). The shaded region highlights the
doping range in which a full superconducting transition to a zero-resistance state
takes place. Adapted from Ref.[80].

A similar successful example of modifying electronic properties through ion inter-
calation can be found in the study by Wang et al. [76], where organic cations from
the EMIM-BF4 IL are intercalated into the FeSe superconductor. In their study,
a voltage of 4 V is applied across EMIM-BF4 maintained at 355 K, driving the in-
tercalation of EMIM+ cations into FeSe single crystals. X-ray diffraction analysis
confirms this incorporation, revealing a pronounced expansion of the c-axis lattice
parameter, indicative of the insertion of relatively large molecular species. Based
on the applied voltage polarity, the intercalated species are identified as EMIM+

ions. This intercalation significantly modifies the superconducting behavior of FeSe,
raising the superconducting onset temperature from 8 K to 44.4 K, as verified by
both resistivity and magnetic susceptibility measurements.

1.2.2 Ionic gating-induced protonation
Beyond simple intercalation of cations from the electrolyte, other electrochemical
reactions can take place within the electrolyte beyond its stability window, leading
to bulk carrier doping of the sample under gating. One of the most significant
reactions is the electrolysis of water molecules, which may be naturally present
or intentionally introduced into the electrolyte. Specifically, when the applied VG
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exceeds the electrolysis threshold – 1.23 V at room temperature [89] – water dissoci-
ates into protons (H+) and superoxide ions (O2−). Depending on the polarity of the
applied voltage, either H+ or O2− ions can be injected into the sample, driven by
the electric field across the electric double layer, and diffuse into the material due
to the concentration gradient, resulting in bulk doping. A schematic representation
of this process is illustrated in fig. 1.4a.
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Figure 1.4: (a) Sketch of the ion loading and diffusion process that occurs when a
humid ionic liquid (IL) is properly gated, leading it into the electrochemical regime
where water dissociation takes place. (b) X-ray diffraction pattern of SrCoO2.5
under electrochemical doping. Data reprinted from Ref. [81]

The first evidence of electrochemical doping through water electrolysis was ob-
served in studies on strongly correlated transition metal oxides. In particular,
gating single-crystal VO2 nanowires with a humid ionic liquid led to a modulation
of their metal-insulator transition temperature – an effect that did not occur when
the same ionic liquid was used in its dry form [90]. This behavior was attributed to
IGP caused by water electrolysis. Secondary ion mass spectrometry measurements
confirmed bulk diffusion, showing H presence throughout the entire thickness of the
sample, with a peak concentration at the surface [74]. This pattern aligns with the
scenario of an initial H+ surface penetration followed by subsequent diffusion into
the entire bulk.
Further investigation of the transport properties of VO2 after gating showed that
the injection of H+ ions led to bulk carrier doping, enabling the tuning of the metal-
insulator transition. Depending on the doping level, the metal-insulator transition
temperature could shift from 320 K in the undoped material to lower temperatures,
eventually disappearing entirely, with the material exhibiting metallic behavior
[74]. This has important implications for technological applications, as the optical
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1.2 – Electrochemical ionic gating

properties of VO2 also change with the metal-insulator transition, particularly in
terms of visible and infrared transmission. As a result, gate-tunable HxVO2 holds
potential for smart window applications, where gating can adjust its transition tem-
perature and, in turn, its transmission properties [91].

Building on this evidence, further studies on transition metal oxides have examined
IGP to gain more insight on this intercalation technique. Notably, electrochemical
doping of SrCoO2.5 using a humid ionic liquid has proven to be both non-volatile
and reversible. Specifically, applying a positive voltage of +3.8 V to SrCoO2.5 in-
duces H+ loading leading to the formation of a new phase, HSrCoO2.5 [81], which
remains stable even after the voltage is reduced to 0 V. Conversely, applying a neg-
ative voltage of −2.3 V restores the system to its original state, demonstrating the
reversibility of the process. A similar behavior is observed for O2− loading: apply-
ing a voltage as low as −2.7 V results in the formation of SrCoO3−δ, which remains
stable upon voltage removal, while the original state can be recovered by applying
a voltage of 1.8 V. This phase progression is illustrated in fig. 1.4b, where X-ray
diffraction results show the structural evolution of gated SrCoO2.5 as a function of
the applied VG.
While SrCoO2.5 retains the properties resulting from H+/O2− loading [81], VO2 re-
verts to its initial state once the gate voltage is removed [74], highlighting that IGP
cannot be considered universally non-volatile. Instead, its non-volatility is strongly
dependent on the specific material.

Beyond water electrolysis, an alternative method to achieve IGP, which has not
been explored in the literature yet, involves engineering the electrolyte to facili-
tate bond breaking when VG is applied, leading to the release of H+ ions. This
approach relies on direct electrolyte electrolysis to generate ionic by-products that
may load into the sample, thereby modifying its electronic properties. However,
it is crucial to highlight in this preliminary discussion that operating in a regime
where electrolyte electrolysis takes place increases the risk of unwanted chemical
reactions with the sample, such as electrochemical etching [92], due to the high re-
activity of the electrolyte. Therefore, great care must be taken to avoid irreversible
damage to the sample. Controlled electrolyte electrolysis for IGP will be addressed
experimentally in chapter 3.

1.2.3 Ionic gating-induced protonation: scientific impact
on superconductivity

The modulation of metal-insulator transitions is just one application of IGP [82,
74, 81, 83, 59]. Another field where IGP holds immense potential is that of super-
conductivity, where carrier doping is achieved alongside the introduction of high-
frequency vibrational modes due to the presence of H. This combination may be
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crucial for discovering new materials that, when loaded with H, could exhibit HTSC
at ambient pressure, or for the enhancement of the superconducting properties of
materials that already display superconductivity.

Traditionally, H loading has been carried out through methods such as absorption
from gases at high temperatures and pressures, ion implantation, or electrolysis of
acids like HCl or H2SO4 [57]. However, these approaches come with challenges,
including technological complexity and environmental concerns. In this context,
IGP offers a simpler, more efficient, and sustainable alternative to conventional H
loading techniques.
A striking example of superconductivity enhancement via proton intercalation is
demonstrated by Meng et al. [11], who showed that the superconducting Tc of FeSe
iron chalcogenide can be raised from 10 K to 44 K upon IGP. By carefully controlling
the gating time, the concentration of intercalated H+ ions was precisely adjusted,
enabling fine-tuned electron doping. This process led to the appearance of multiple
distinct superconducting phases in HxFeSe, each with a specific Tc and carrier
concentration (see fig. 1.5). Crucially, due to the small size of H+ ions, structural
disruption was minimal, ruling out changes in interlayer spacing as the cause for
Tc enhancement. Consequently, the discrete superconducting phases observed are
attributed solely to electron doping, which both suppresses the nematic ordering
present in the pristine phase and significantly alters its band structure.
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Figure 1.5: Evolution of the superconducting onset temperature (T onset) of FeSe
crystal as a function of the duration of ionic-gating induced protonation treatment.
Data reprinted from Ref. [11]

A more modest but still notable increase in Tc was observed in Ref. [10], where
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IGP was performed on the topological superconductor candidate PdTe2. After
proton intercalation, the Tc increased from approximately 1.6 K to 3.8 K. While
the increase is less pronounced compared to FeSe, the result remains noteworthy,
indicating that IGP holds promise for investigating topological superconductivity.
With its ability to precisely and continuously control carrier doping, IGP proves to
be a valuable tool for studying topological superconductor candidates, especially in
cases where the desired phase may only emerge within a specific doping range.

Given its remarkable potential and comparatively limited investigation relative
to other intercalation methods, IGP will be employed throughout this thesis to
fine-tune superconductivity in a range of materials, including potential topological
superconductors. This will follow an initial study aimed at optimizing IGP free
parameters to achieve precise control over the intercalation process.
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Chapter 2

Experimental techniques

The operative core of this experimental thesis lies in the modulation and charac-
terization of the electronic properties of materials. The modulation, which seeks
either to induce novel superconducting states or tune existing ones, is achieved
via the ionic gating-induced protonation (IGP) technique, outlined in the previous
chapter. The characterization, on the other hand, primarily relies on electric trans-
port measurements, including both real-time monitoring of the room-temperature
(T ) resistivity during IGP and T -dependent resistivity measurements taken before
and after the treatment. The continuous tracking of resistivity during IGP enables
the observation of the evolution of the electric transport properties as it occurs,
while T -dependent measurements are essential for identifying the emergence of new
superconducting phases or modifications to existing ones resulting from the pro-
tonation process. When superconductivity is observed, the superconducting state
is further analyzed using point-contact Andreev reflection spectroscopy (PCARS).
This technique offers direct insights into the superconducting order parameter and
its evolution under IGP, making it an invaluable tool for identifying potentially
unconventional superconducting states induced by IGP.

The following sections offer a detailed discussion of these experimental techniques
and their implementation, providing the experimental foundation for the investiga-
tions presented in the subsequent chapters.

2.1 Electric transport measurements
In this thesis, the changes in the electronic properties of the investigated materials
are primarily tracked by using their electrical resistivity (ρ) as a proxy. For sam-
ples with known geometry, ρ is obtained from resistance measurements performed
according to established protocols, which are selected based on the geometry of the
sample and the required level of accuracy [93].
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Since this work focuses on low-resistance materials and superconductors, whose
resistance drops to zero below their critical temperature (Tc), the four-probe mea-
surement technique is adopted to ensure high accuracy. In this method, a current
(I) is injected into the sample under investigation through a pair of leads, while
a separate pair measures the resulting voltage drop (V ). The resistance (R) is
then calculated as R = V/I. The four-probe setup is preferred over the two-probe
method because the latter includes spurious resistive contributions from the leads
and contact interfaces between the sample and the electrodes. Although such con-
tributions are typically negligible for high-resistance samples, they can significantly
distort measurements in low-resistance systems and superconductors. Thus, the
four-probe method is essential for reliable resistance measurements in this work.
To further improve accuracy, a current-reversal technique is used. In this approach,
I is first applied in one direction, then reversed. For each direction, the voltage drop
is measured, and the voltage half-difference ∆V between the two measurements is
calculated. The resistance is then determined using the formula R = ∆V/I. This
technique effectively cancels out common-mode offsets, such as thermoelectric volt-
ages arising from junctions of dissimilar materials maintained at different temper-
atures [93].

With these precautions in place, the four-probe technique is modulated to imple-
ment the most suitable and precise configuration for measuring the resistivity of the
samples, depending on their geometry. Two primary configurations are employed,
based on whether the samples are bar-shaped (fig. 2.1a) or have an arbitrary planar
form (fig. 2.1b).
For bar-shaped samples, the current electrodes are designed to cover the entire
cross-sectional area at each end, ensuring a uniform and parallel current flow. Volt-
age is measured between two inner contacts along the length of the sample, which
are kept small to minimize disturbance to the current path. Given the measured
∆V and injected I, the resistance is calculated and used to determine ρ through
the relation:

ρ = R
t · w

L
(2.1)

where L is the distance between voltage contacts, t is the sample thickness, and w
is the cross-sectional width (fig. 2.1a).
For samples with arbitrary shape, the van der Pauw method is employed [94].
Four small electrical contacts are thus placed around the perimeter of the sample,
ensuring contact with both the surface and sides. A current is passed between each
adjacent pair of contacts, and the resulting voltage drop is measured across the
opposite pair. By averaging the resulting resistance values, two distinct resistances
are obtained for each perpendicular direction within the sample: Rhoriz and Rvert
(fig. 2.1b). These resistances are related to the resistivity of the sample through
the equation [94]:
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e−π t Rhoriz/ρ + e−π t Rvert/ρ = 1 (2.2)
By entering the measured resistances and the sample thickness into this equation
and solving it numerically, ρ can be determined.
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Figure 2.1: (a) Schematic representation of the measurement configuration used for
resistivity characterization of a bar-shaped sample using the collinear four-probe
configuration. (b) Schematic representations of the measurement configurations
used for resistivity characterization of an arbitrarily shaped sample via the four-
probe van der Pauw technique. Two orthogonal resistance values, Rhoriz and Rvert,
are obtained from the shown configurations and used in the van der Pauw equation
(2.2) to determine the resistivity of the sample.

In all cases, electrical contacts are made by drop-casting conductive paste (e.g.,
gold or silver) on the sample. A gold or platinum wire is then embedded into the
conductive paste to establish a reliable electrical connection with the rest of the
circuit and instrumentation.

2.1.1 Resistivity vs. temperature characterization
The configurations outlined above are used to monitor ρ either at room T or as
a function of T . These T -dependent measurements are essential for detecting the
potential onset or modulation of superconducting phases induced by IGP.
To perform T sweeps, various cryogenic systems are used, each providing access to
progressively lower base temperatures. Specifically, measurements down to 2.8 K
are carried out using a Cryomech PT-403 pulse-tube cryocooler. For measurements
below 2.8 K and/or where the application of a magnetic field is required, samples are
mounted on the cold head of cryogenic inserts compatible with an Oxford Instru-
ments 4He cryostat, reaching T as low as 1.6 K and magnetic fields up to 9 T. For
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ultralow-T measurements, a Cryogenic Ltd 3He probe is employed in combination
with the 4He cryostat, allowing measurements down to 0.28 K.

2.2 Ionic gating-induced protonation
The underlying physical principles of IGP are discussed in detail in section 1.2.2.
This section, instead, focuses on the experimental implementation of IGP realized
in this work, highlighting the customizations made to tackle the challenges encoun-
tered in the studies presented in the following chapters.

2.2.1 Experimental configuration
The minimal experimental configuration for performing IGP consists of a metallic
gate electrode in contact with an electrolyte, in which the sample to be doped is
immersed. The gate voltage (VG) is then applied between the gate electrode and
a source electrode placed on the sample, with the source taken as the ground of
the system [95, 81, 11]. By measuring the gate current (IG) flowing between these
two electrodes, qualitative insights into the progression of the IGP process can be
obtained. This is because IG reflects the net charge transfer from the electrolyte
to the sample, resulting from water electrolysis or protonic dissociation triggered
by the applied VG [96, 90]. However, not all generated protons intercalate into
the material. For instance, some may recombine and desorb as molecular H2 [97].
Therefore, IG serves only as a qualitative indicator of proton intercalation.

To gain better control over the IGP process, this minimal experimental setup can
be enhanced by adding more components. One possible improvement is the inclu-
sion of a reference electrode – a floating electrode placed in the region where the
gated electrolyte is neutral. Measuring the voltage between this reference and the
source electrode (Vref) allows a more direct monitoring of the voltage drop across
the electric double layer at the sample interface, which directly governs proton gen-
eration and intercalation. This Vref is actually lower than the total applied VG, as
part of VG drops across the electric double layer at the gate/electrolyte interface
[98]. Increasing the contact area between the gate and the electrolyte, relative to
the sample/electrolyte interface, enhances the gate capacitance, thereby reducing
the voltage mismatch; however, it cannot eliminate it entirely. Therefore, the inclu-
sion of a reference electrode is essential for accurately determining the true working
voltage during IGP. A further source of voltage drop originates from the bulk resis-
tance of the electrolyte, which becomes significant when IG is non-negligible. This
effect on Vref can be minimized by positioning the reference electrode as close as
possible to the source electrode (see fig. 2.2b).
Another significant enhancement involves adding electrical contacts to the sample,
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as detailed in section 2.1, to enable four-probe resistivity measurements [8, 75, 99,
96]. This method provides a direct and quantitative evaluation of IGP progres-
sion through changes in the electronic properties of the sample, unlike gate-current
measurements.

A schematic of the enhanced IGP experimental configuration, including voltage
reference measurements and tracking of the sample resistivity, is shown in fig. 2.2a.
In this thesis, the gate electrode is realized as a platinum gcoil or foil, ensuring that
its surface area is significantly larger than the exposed sample surface in contact
with the electrolyte. Platinum is chosen for its excellent electrochemical stability,
ensuring that no reactions occur at the gate electrode during IGP [100]. For similar
reasons, when silver paste is used to establish electrical contacts, given the chemical
reactivity of silver, an insulating layer of GE varnish is applied over it to inhibit
unwanted electrochemical interactions.

(a) (b)

Figure 2.2: (a) Diagram illustrating the enhanced experimental configuration for
ionic gating-induced protonation, which includes the electrical connection for apply-
ing the gate voltage (VG), tracking the reference voltage drop (Vref) across the elec-
trolyte/sample interface, and measuring the four-probe resistivity. Adapted from
Ref. [7]. (b) Diagram illustrating the distribution of the applied VG across the elec-
tric double layer (EDL) capacitances at the gate/electrolyte and electrolyte/sample
interfaces, highlighting that the voltage drop across the sample is smaller than the
applied VG [98].

2.2.2 Customizations
The experimental setup described above has been tailored in the following chapters
to accommodate the specific requirements of the materials under investigation and
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the associated measurement instrumentation. For materials prone to readily releas-
ing intercalated protons, the setup has been integrated directly onto the cryogenic
probe. This configuration allows the sample to be rapidly cooled immediately af-
ter the IGP process, minimizing hydrogen (H) desorption and enabling transport
measurements at a proton concentration that would otherwise be unstable. This
method is referred to as in-situ IGP, as the intercalation process is performed di-
rectly on the probe used for both ρ vs. T and PCARS measurements.
Conversely, for materials that are capable of retaining intercalated protons, the
IGP is performed separately on a dedicated bench. After the process, the sample
is rinsed in ethanol/acetone to remove any residual electrolyte, mounted onto the
measurement probe, and subsequently electrically characterized. This method is
therefore referred to as ex-situ IGP.
In the following, a brief summary of the specific customizations made for both
in-situ and ex-situ IGP is presented.

Ex-situ ionic gating-induced protonation

The ex-situ IGP, conducted on a dedicated bench, provides significant flexibility as
is not constrained by the limitations imposed by cryogenic probes. This allows for
the full implementation of the enhanced configuration shown in fig. 2.2a by pouring
the electrolyte into a Duran crucible where both the gate electrode and the con-
tacted sample are fully immersed [8]. Additionally, the operating temperature of
the IGP can be raised above room temperature by placing the setup on a hot plate
[11, 101]. Higher temperatures are expected to enhance proton generation in the
electrolyte and improve their diffusion into the sample [102, 103, 104].
However, for extended IGP treatment durations, electrical contacts for four-probe
measurements are deliberately not included. This decision is based on the fact
that prolonged exposure to a polarized electrolyte, which naturally degrades and
becomes more reactive, increases the likelihood of interactions with the electrical
contacts. This occurs regardless of the insulating GE varnish layer, leading to un-
reliable electrical measurements. Consequently, during extended IGP treatments,
the process progression is monitored solely through Vref and IG. Only at the end
of the IGP, the four-probe resistivity measurements are carried out as a function
of temperature to assess the effects of each gating protocol.

In-situ ionic gating-induced protonation

Concerning the in-situ IGP, instead, the setup shown in fig. 2.2a must be adapted
to fit the physical constraints of the cryogenic probes.
In the cryocooler configuration, an L-shaped holder is attached to the cold finger,
supporting a compact version of the original setup shown in fig. 2.2a. Here, the
electrolyte is contained within a custom-made Stycast pool, with the sample secured
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at the base and a platinum foil gate electrode fixed to one of the inner walls (see
fig. 2.3a). This L-shaped geometry ensures that the electrolyte remains level despite
the vertical orientation of the cold finger, preventing spillage that could result in
poor sample coverage or electrical shorting with surrounding components.

VG
V

IDSIDS

IDSIDS
V

VG

Electrolyte 

(a) (b)

(c)

V

IDS
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Electrolyte 

Figure 2.3: (a) Upper panel: L-shaped holder designed to house the compact ex-
perimental setup for in situ ionic gating-induced protonation (IGP) within the
cryocooler. Electrical connections for the simultaneous application of the gate volt-
age (VG) and monitoring the four-probe resistivity of the sample during gating are
depicted. Lower panel: top view of the downsized experimental setup mounted
on the L-shaped holder. (b) Schematic of the experimental setup, modified for
mounting on 4He inserts. The Stycast pool, which contains the downscaled IGP
configuration, is placed into the spill-catching holder. This holder is specifically
designed to reduce the impact of potential electrolyte spillage when the 4He insert
is vertically rotated for insertion into the 4He cryostat. (c) Diagram illustrating the
planar geometry implemented to enable IGP within the 3He probe.

For the 4He inserts, the L-shaped holder is not feasible. To address this, the insert is
kept in a horizontal position during the IGP process to maintain a level electrolyte
surface within the Stycast pool. Once the process is complete, the probe is rotated
into its vertical operating position and quickly inserted into the cryostat to rapidly
freeze the electrolyte. A Kapton foil cover is applied to prevent leakage before the
electrolyte reaches the freezing point, and the entire assembly is placed in a custom
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spill-catching holder to avoid shorts from potential spillage (see fig. 2.3b).
In the more space-constrained 3He probe, even the full pool configuration is not
viable. As a result, a planar geometry is employed, where the gate electrode is
aligned parallel to the sample, and a droplet of electrolyte wets both surfaces (see
fig. 2.3c). Since the sample must be mounted upside down, gravity could cause the
droplet to detach and spill. To improve wettability and adhesion, a Kapton foil
is placed over the droplet. For thin-film samples, this foil also helps flatten the
droplet into a uniform layer, reducing mechanical stress from thermal expansion
mismatch and protecting the sample during thermal cycling.
In addition to these physical constraints, the limited number of electrical contacts
available on the probes makes simultaneous four-wire resistivity measurements and
monitoring of Vref unfeasible. Since electrical characterization is performed right
after the IGP process, with the probe cooled to preserve the protonated phase
while simultaneously measuring resistivity, the four-wire setup has to be config-
ured beforehand. As a result, Vref cannot be measured during the process. To
compensate for the lack of this information, the gate contact area with the elec-
trolyte is intentionally made much larger than the sample surface, minimizing the
mismatch between the user-controlled VG and the actual voltage drop that drives
proton intercalation [105].

2.2.3 Typical voltage treatment
Ex-situ and in-situ IGPs differ not only in their experimental configurations but
also in how VG is managed throughout the process. In both methods, a VG ramp
is applied from 0 V up to a user-defined target voltage high enough to trigger elec-
trochemical reactions within the electrolyte, resulting in proton generation and
subsequent intercalation. The transition from a purely electrostatic to an electro-
chemical regime is identified by the onset of a non-negligible IG, as is common
practice (see 1.2) [80]. After the desired outcome is achieved, the two methods
follow different procedures. In ex-situ IGP, the process is rapidly stopped by phys-
ically removing the sample from the electrolyte, thereby immediately opening the
circuit. This abrupt termination is preferred over ramping VG back to 0 V before
sample extraction, as reducing the voltage can trigger the de-intercalation of the
freshly intercalated protons. In contrast, in the in-situ IGP method, VG is main-
tained even after the target is reached. This is because in-situ IGP is typically
conducted on systems that are prone to easily release intercalated protons. Re-
moving the voltage in these cases would halt proton pumping and allow proton
loss to dominate. Therefore, instead of removing VG to stop further intercalation,
the sample is rapidly cooled to at least the freezing point of the electrolyte. This
effectively suppresses any ongoing electrochemical activity, while mantaining the
electric double layer polarized, thereby minimizing the potential release of protons.
With the voltage still applied, the probe is then further cooled down to reduce the
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likelihood of proton unloading through the formation of neutral H or H2.

2.3 Point-contact Andreev reflection spectroscopy
As the final step in the characterization process, once superconductivity is detected,
PCARS is performed. This technique consists in measuring the differential conduc-
tance of a point-like junction between a normal metal and the superconductor
under investigation. Under suitable conditions, PCARS allows for the detection of
the superconducting gap (∆) and provides insights into its spatial symmetry and
modulation by exploiting the phenomenon of Andreev reflection [106]. As such,
PCARS can uncover spectral signatures indicative of unconventional – and poten-
tially topological –superconductivity [36, 107].
In the subsequent sections, the fundamental principles of Andreev reflection are
briefly reviewed, along with the criteria for obtaining reliable spectroscopic data.
The experimental implementation of PCARS and the theoretical model employed
to extract the gap information from measured spectra are then presented.

2.3.1 Andreev reflection
When a normal metal (N) is placed in contact with a superconductor (S) and a
voltage bias is applied across the N/S junction, subgap electrons can contribute to
transport through a mechanism known as Andreev reflection. In this process, an
incident electron from the normal metal is reflected back as a hole, while a Cooper
pair is simultaneously transmitted into the superconductor (fig. 2.4a). This process,
solution of the Bogoliubov–de Gennes equations at the N/S interface, conserves
both charge and momentum, leading to a doubling of the conductance compared
to a N/N junction for sub-gap energies [108].
As a result, for applied voltages less than ∆/e and in the case of perfect barrier
transparency, the current is carried entirely via Andreev reflection, producing this
characteristic doubling of conductance. As the bias approaches ∆/e, the current
contributed by Andreev reflection reaches a saturation point, referred to as the
excess current. Beyond this voltage, two conduction channels open: Andreev re-
flection continues for electrons with sub-gap energies, while electrons with energies
above the gap can undergo normal transmission into the superconductor. In this
regime, the I–V characteristic exhibits a voltage-dependent component from nor-
mal transmission added to the constant excess current [109], causing the overall
conductance to return to the N/N value (fig. 2.4b). Consequently, by measuring
the normalized conductance of an ideal, barrierless N/S junction relative to an
N/N equivalent case (fig. 2.4c), one can extract the value of the superconducting
gap ∆, provided the energy of electrons crossing the junction is well defined. This
requires the contact size to be smaller than the inelastic mean free path, ensuring
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Figure 2.4: (a) Electrical transport of an ideal normal metal/superconductor (N/S)
junction at 0 K, where only the Andreev reflection channel is active for voltages
below ∆/e (left panel), while both the Andreev reflection and normal transmission
channels are open for voltages above ∆/e (right panel). (b) I-V characteristic of
an ideal N/S junction at 0 K, assuming no Andreev reflection for electrons with
energy greater than ∆ (solid black line), compared with the I-V characteristic of a
N/N junction with the same resistance (dashed line). Both curves are normalized
to the N/N current value at V = ∆/e. (c) Theoretical conductance (G) of the ideal
N/S junction, normalized to the equivalent N/N conductance (GNN).

ballistic or diffusive transport – where electrons experience either no scattering or
only elastic scattering, respectively. In addition, the contact dimensions must be
smaller than the superconducting coherence length. This requirement is crucial for
two reasons: first, to prevent proximity effects from suppressing superconductivity
at the interface; and second, to avoid the destruction of the superconducting state
around the contact due to overcritical current densities. Indeed, when the bias
voltage is close to ∆/e, the current density at the contact may exceed the critical
value. Although the current density decreases as it spreads away from the contact,
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if the region where it remains overcritical is comparable in size to the supercon-
ducting coherence length, then the superconductivity near the contact is destroyed
[110, 111].

2.3.2 Transport regimes
PCARS provides energy-resolved insight into the superconducting gap, but only
under the condition that the energy of electrons crossing the junction remains well
defined. This requires the absence of inelastic scattering within the contact re-
gion, since such scattering randomizes electron energies and induces local, voltage-
dependent heating. The resulting local suppression of superconductivity produces a
conductance spectrum that lacks spectroscopic information, appearing as a broad-
ened peak centered at zero bias [112, 113].

To prevent these effects, the contact size (a) must be smaller than the inelastic
mean free path (ℓ). When this condition is met, two distinct transport regimes can
be identified:

• Ballistic regime:
This ideal regime occurs when the contact size is much smaller than the in-
elastic mean free path (a ≪ ℓ) and smaller than the elastic mean free path
(a < ℓe). In this case, electrons travel through the contact without undergo-
ing scattering.
The ballistic nature of a point contact can be evaluated by measuring its
resistance and estimating the contact size using the Sharvin resistance for-
mula, which is applicable in this regime. Assuming the contact is circular
with radius a, the Sharvin resistance is given by [114]:

RS = 4ρℓ

3πa2 (2.3)

where ρ is the residual resistivity of the material. From the measured RS,
along with known values of ρ and ℓ, the contact size a can be calculated.
If the condition a ≪ ℓ holds, the contact is confirmed to be in the ballistic
regime.

• Diffusive regime:
In this case, the contact size is still smaller than the inelastic mean free path
but exceeds the elastic mean free path (ℓe < a < ℓ). Elastic scattering occurs
within the contact region, leading to partial suppression of spectroscopic fea-
tures compared to the ballistic limit. Additional complications may arise if
the current exceeds the critical value, driving the superconducting region of
the contact into the normal state. Indeed,the total resistance in the diffusive
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regime can be expressed as [106, 115]:

R = RS + Γ
A

ℓ

a

B
ρ1 + ρ2

4a
(2.4)

Here, ρ1 and ρ2 are the resistivities of the two materials forming the contact,
and Γ is a geometric factor that approaches 1 when a ≪ l and 0.7 when a ≫ l.
If the superconducting side becomes normal due to overcritical current, ρ2
becomes finite, introducing an extra voltage drop across the contact. This
suddenly reduces the conductance, potentially distorting the spectrum. If
the transition to the normal state occurs at energies well above the gap, the
extracted gap value ∆ remains unaffected. However, if it occurs near ∆, it
can compromise the spectroscopic signal.

2.3.3 Soft point-contact Andreev reflection spectroscopy
Experimentally, creating a small contact between N and S – narrow enough to
ensure ballistic electron transport –is commonly achieved using the needle-anvil
technique [116, 117, 118, 119]. In this method, a metallic tip, sharpened by elec-
trochemical or mechanical means, is gently pressed against the sample. A current
is applied across the tip-sample interface, and the resulting voltage is measured to
obtain the I–V characteristic of the junction. Differentiating this curve yields the
differential conductance as a function of voltage, which reflects the electron energy.
This technique offers several key advantages. By adjusting the pressure applied to
the tip, one can control the contact resistance, optimizing the spectroscopic con-
ditions. Additionally, the contact can be repositioned, allowing for multiple mea-
surements across different regions of the sample. This spatial flexibility, combined
with the small contact area of the tip, facilitates local probing of superconducting
properties. However, the needle-anvil method has limitations. Due to its limited
mechanical stability, the contact is highly sensitive to vibrations and thermal cy-
cling, which can be particularly problematic for superconducting gap measurements
at cryogenic temperatures. Moreover, positioning the tip accurately on very small
or fragile samples can be challenging.

To overcome these challenges, a "soft" point-contact approach has been adopted
[120, 106, 121, 122, 36]. In this method, a thin metallic wire – typically gold, about
25µm in diameter – is gently pressed against the sample and optionally stabilized
using a small drop of conductive paste, such as silver or gold paint. The resulting
contact spot is around 50µm when paint is applied, or considerably smaller without
it. In the first case, despite its larger apparent size, the contact can remain in the
ballistic regime, as electrical conduction occurs only at discrete microscopic regions
where the gold wire or silver grains of the paste physically touch the sample (see
fig. 2.5a). Thus, the overall contact behaves as a parallel of microjunctions, which
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can result in ballistic electron transport [106]. If the ballistic regime is not initially
achieved, the contact can be optimized for spectroscopy by applying short voltage
or current pulses (≈ 50 ms duration) [123]. These pulses can disrupt existing
microjunctions or form new ones by breaking through thin oxide layers on the
sample surface, thereby tuning the contact into the desired ballistic regime.
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Figure 2.5: (a) Sketch of the actual soft point-contact Andreev-reflection spec-
troscopy (PCARS) contact, highlighting the formation of a parallel of microjunc-
tions where silver grains in the conductive paste are in direct contact with the
sample. (b, c) Electrical configurations for performing soft PCARS along different
crystallographic directions: along the c axis (b) and within the ab plane (c) respec-
tively.

Compared to the needle-anvil technique, this configuration offers enhanced mechan-
ical and thermal stability, making it ideal for low-temperature measurements after
thermal cycling, as well as for use with delicate or small crystals [124]. It allows sta-
ble electrical contacts to be made on different facets of a sample, enabling current
to be injected along different crystallographic directions in anisotropic materials
and enabling directional characterization of their properties. For layered materials
or thin films, this allows the current to be preferentially oriented either along the c
axis or within the ab plane [121, 125, 126]. The corresponding electrical connection
schemes for directional soft-PCARS are shown in fig. 2.5b,c.

Soft point-contact Andreev reflection spectroscopy under gating

Remarkably, during this Ph.D. work, the soft PCARS technique has been per-
formed even on samples under gating – that is, with the samples covered by frozen
electrolyte and with VG applied. This setup has never been explored before, since
ionic gating was traditionally considered detrimental to forming reliable and tun-
able spectroscopic soft contacts. However, for samples that readily release H when
gating is removed, a conventional preparation step from IGP to PCARS at room
temperature without applied voltage would cause the intercalated state to vanish.
In such cases, performing PCARS under gating became essential, so the samples
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were prepared with contacts compatible with soft PCARS prior to IGP. Strikingly,
tunable spectroscopic contacts were successfully attained.

2.3.4 Analysis of point-contact Andreev-reflection spectra
The actual PCAR spectra are significantly more complex than the simplified ex-
ample shown in fig. 2.4c. That curve represents the theoretical conductance for an
ideal case: a perfectly transparent N/S interface at 0 K, where both the normal
metal and the superconductor are isotropic and have spherical Fermi surfaces. Un-
der these conditions, the normalized conductance sharply doubles at the energy
corresponding to ∆ and remains constant within the energy range from −∆ to +∆
[127].
These ideal conditions are seldom realized in practice. Therefore, the model –
known as the Blonder–Tinkham–Klapwijk (BTK) model – must be refined by in-
troducing adjustable parameters that reflect deviations from ideal behavior. To
extract meaningful physical information – such as the magnitude and symmetry
of the superconducting gap – from PCARS measurements, a fitting procedure is
employed. In this process, experimental data are compared with theoretical pre-
dictions, and the model parameters are iteratively adjusted to achieve the best
agreement.

One of the first idealizations to be relaxed is the assumption of perfect interface
transparency [106]. This is accounted for by introducing a dimensionless param-
eter Z, which characterizes the potential barrier height at the N/S interface. In
this refined model, an electron incident normally on the interface may undergo
four processes: Andreev reflection, normal reflection, and transmission as either an
electron-like or hole-like quasiparticle [127]. At zero temperature, the total current
across the N/S junction is given by [109, 106]:

INS =
Ú ∞

−∞
[f(E − eV ) − f(E)] σ(E) dE (2.5)

where f(E) is the Fermi-Dirac distribution and σ(E) is the differential conduc-
tance. The conductance, obtained by solving the Bogoliubov–de Gennes equations,
is expressed as:

σ(E) = τN · 1 + τN|γ(E)|2 + (τN − 1)|γ(E)2|2

|1 + (τN − 1)γ(E)2|2
(2.6)

where τN = 1/(1 + Z2) represents the conductance of the junction when the super-
conductor is in its normal state, and γ(E) is a complex energy-dependent quantity
defined as:

γ(E) =

öõõôE −
√

E2 − ∆2

E +
√

E2 − ∆2
(2.7)
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The normalized conductance is then given by G(E) = σ(E)/τN. In the ideal case
(Z = 0), the conductance profile matches the simplified example in fig. 2.3.1c. As
Z increases, the zero-bias conductance decreases, and peaks emerge near |E| = ∆,
signaling the onset of tunneling-like behavior (see fig. 2.6a). In the limit Z →
∞, the interface behaves as a normal-insulator-superconductor junction, where
Andreev reflection is suppressed and charge transport is dominated by quasiparticle
tunneling. Non-zero Z values typically arise from surface roughness, interfacial
disorder, or oxide layers, which enhance electron reflection at the interface.

(a) (b) (c)

Figure 2.6: (a) Theoretical point-contact Andreev reflection (PCAR) spectra for
an s-wave superconductor with an energy gap ∆ = 3 meV at 0 K, shown for various
barrier transparencies Z. (b) Theoretical PCAR spectra for the same superconduc-
tor with fixed Z = 0.2, illustrating the effect of increasing temperature on thermal
broadening. (c) Theoretical PCAR spectra at 1 K and fixed Z = 0.25, demon-
strating the influence of different quasiparticle lifetime-induced energy broadenings.
Data reprinted from Ref. [106]

Another idealization that must be relaxed is the assumption that all electrons
strike the interface perpendicularly [106]. In real systems, electrons approach the
interface from a distribution of angles [128]. If the Fermi velocities on the N and
S sides are assumed equal [128], the directions of the reflected and transmitted
particles follow that of the incident electron, as required by the conservation of
transverse momentum in Andreev reflection. This angular dependence modifies the
differential conductance to σ(E, θN), where θN is the angle between the trajectory of
the incident electron and the normal to the interface. For an isotropic gap, eq. (2.6)
remains valid, but the N/N transmission coefficient τN is now angle-dependent:
τN = cos(θN)2/(cos(θN)2 + Z2). The normalized conductance is then obtained by
integrating σ(E, θN) over the entire half-plane of incidence angles and normalizing
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it by the corresponding integral of τN over the same angular range:

G2D(E) =
s+ π

2
− π

2
σ(E, θN) cos(θN)dθNs+ π

2
− π

2
τN cos(θN)dθN

(2.8)

In practice, the Fermi velocities are rarely identical on both sides, leading to a
discrepancy between the incidence angle in the normal metal, θN, and the trans-
mission angle in the superconductor, θS. Nevertheless, if the difference in Fermi
velocities is not too large, equation (2.8) can still provide a good approximation,
with the mismatch effectively incorporated into the barrier strength parameter Z,
which then becomes an effective parameter Zeff .

Despite these refinements, the model often struggles to accurately reproduce the
shape of measured PCAR spectra, particularly the width and height of the conduc-
tance peaks. This discrepancy arises because Cooper pairs have a finite lifetime,
during which they decay into quasiparticles. As a result, their energy is not sharply
defined, leading to a broadening of the gap feature. Additionally, extrinsic factors
can further broaden the spectra. To account for this broadening, the energy E is
replaced with a complex value E − iΓ, where Γ is treated as an additional fitting
parameter along with Z (see fig. 2.6c) [129, 130, 131]. Furthermore, all experi-
mental measurements are performed at finite temperatures, as opposed to absolute
zero. This introduces thermal smearing of spectral features. To model this effect,
the Fermi functions in eq. (2.5), must be evaluated at the actual experimental tem-
perature, instead of assuming ideal step functions. The differential conductance
is then obtained by convolving the calculated σ(E, θN) with the derivative of the
Fermi function evaluated at the working temperature, thus incorporating thermal
broadening into the model (see fig. 2.6b).

Finally, the model can be generalized beyond conventional superconductors, where
Cooper pairs consist of electrons with opposite spins experiencing an isotropic gap
in momentum space. Other gap symmetries are also possible, though constrained
by the spin configuration of the Cooper pair: the gap function must be even for
singlet states and odd for triplet states to preserve the overall antisymmetry of the
superconducting wavefunction under particle exchange. Adopting the terminology
from atomic orbitals to describe the angular dependence of the gap function in mo-
mentum space, even-parity gap functions can be s-wave, which are isotropic with a
uniform magnitude in all directions, or d-wave, which have two angular nodes and
a cloverleaf-like structure. Odd-parity gap functions can be p-wave, with a single
angular node and a sign change along a particular direction, or f -wave, which dis-
play more complex angular variations.
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2.3.5 Point-contact Andreev reflection spectroscopy and topo-
logical superconductivity

The final generalization discussed in the previous paragraph establishes PCARS as
a powerful probe for identifying signatures of potentially topological superconduct-
ing states. To illustrate this point, the paradigmatic example of a one-dimensional
spin-polarized p-wave superconductor is considered [132, 28, 133]. This system is
predicted to host Majorana bound states localized at its ends, or equivalently, zero-
energy Majorana modes in the excitation spectrum. In practice, this theoretical
model can be effectively realized in a one-dimensional semiconductor nanowire with
strong Rashba spin–orbit coupling placed in proximity to an s-wave superconductor
[133]. When a sufficiently large magnetic field is applied, the proximity effect gen-
erates an effective p-wave pairing, leading to the emergence of a pair of Majorana
zero modes at the two ends of the nanowire. Solving the BTK model at the end of
the nanowire for different barrier strengths Z at the superconductor/normal-metal
(here, nanowire/normal-electrode) junction produces the spectra shown in fig. 2.7a
[132]. As long as the transparency is not perfect (Z /= 0), a zero-bias conductance
peak emerges. This peak originates from the sign change of the effective p-wave or-
der parameter at the interface, which generates surface Andreev bound states that,
in this context, are precisely the Majorana quasiparticles. As the transparency

(a) (b)

Z=0

Z=2

Z=0.5

Figure 2.7: (a) Theoretical conductance of a normal metal/spin-polarized p-wave
superconductor junction, normalized to its normal-state value, for different barrier
strengths Z. The black, blue, and red curves correspond to Z = 0, Z = 0.5 and
Z = 2, respectively. (b) Energy dependence of the local density of states in a one-
dimensional spin-polarized p-wave superconductor. Adapted from [132].
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reduces (Z > 0), the peak increases in amplitude and narrows in width, consis-
tent with the expectation that for large Z, when the system crosses over from the
Andreev to the tunneling regime, the conductance spectrum approaches the local
density of states. In this limit, the density of states indeed exhibits a sharp peak
at zero energy, as shown in fig. 2.7b [132]. This example thus demonstrate the ef-
fectiveness of PCARS in detecting topological superconductivity.

Attention is now focused on a class of topological superconductors central to this
thesis, namely superconductors with a two-dimensional px ± ipy pairing symmetry.
Such systems can be realized experimentally through the proximity effect between
a topological insulator and an s-wave superconductor, which induces an effective
px ±ipy pairing on the surface while retaining the bulk s-wave character [34]. These
superconductors are predicted to host Majorana bound states in their vortex cores
- either in vortices generated by an external magnetic field or in vortices that form
even in zero applied field due to the presence of magnetic atoms within the material
[134].
These vortex-core states have been extensively studied and continue to be actively
investigated, primarily using tunneling spectroscopy. The dominance of this tech-
nique arises from two key advantages: its exceptional spatial and energy resolution
– especially when atomically sharp tips are employed – which enables mapping of
the local density of states within a vortex with nanometric precision, and its non-
contact operation [135], which makes it ideally suited for experiments in which vor-
tices (and therefore Majorana bound states) are manipulated in space. In principle,
this allows braiding operations to be performed while simultaneously monitoring
the electronic signatures of Majorana modes [54]. Consequently, before considering
how they might be distinguished using PCARS, it is useful to briefly summarize
what tunneling experiments and theory have established so far.

From tunneling theory, these states are predicted to be localized at the vortex core,
with amplitudes that decay radially over a length scale set by the superconducting
coherence length, while remaining pinned at zero energy. At zero temperature, the
peak height is expected to reach the quantized value 2e2/h [136], as in the one-
dimensional case discussed above. In real experiments, however, finite temperature
reduces the amplitude and broadens the peak in energy. The Majorana zero-energy
peak is also expected to remain robust in both height and width under variations
of magnetic field. However, at sufficiently high fields, overlap between neighboring
Majorana modes can lead to hybridization and splitting of the zero-energy state
[137]. At still higher fields, where superconductivity is suppressed, these states
disappear entirely.
Experimentally, tunneling spectroscopy has revealed zero-bias conductance peaks
consistent with Majorana zero modes confined to vortex cores [54, 135, 51, 52,
53]. Owing to its high spatial and energy resolution, the evolution of the zero-bias
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peak has been mapped across individual vortices, showing a reduction in amplitude
away from the core center while remaining centered at zero energy (see fig. 2.8).
Nonetheless, alternative explanations for zero-bias peaks must be carefully consid-

(a)

(b)

(c)

Figure 2.8: (a) Zero-bias scanning tunneling conductance map of a vortex pinned
by an impurity in LiFeAs. (b) Differential conductance (dI/dV ) as a function of
energy, measured along the white dashed line in (a) under a 2.0 T magnetic field,
highlighting the spatial resolution of scanning tunneling microscopy in resolving
vortex bound states. (c) Waterfall plot stacking the spectra from (b). Adapted
from [135]

ered. These include the Kondo effect from magnetic impurities [138], a Josephson
supercurrent arising from an unintended superconductor–insulator–superconductor
junction [139], weak antilocalization in systems with strong spin–orbit coupling
[140], and trivial Caroli–de Gennes–Matricon states [141] that can merge into an
apparent zero-bias peak if the energy resolution is insufficient. These possibilities
can be distinguished experimentally. For instance, a Kondo-induced peak is ex-
pected to split with increasing magnetic field [142]. Caroli- de Gennes- Matricon
states, by contrast, fan out and decrease in amplitude as the scanning tip is moved
away from the vortex center [55, 143], allowing the lowest-order peaks to be resolved
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if the experimental resolution is sufficient – or, if not, producing an apparent broad-
ening of the zero-bias peak. Such diagnostics are essential for separating genuine
Majorana signatures from other mechanisms that produce zero-bias features.

By analogy with the one-dimensional spin-polarized p-wave case, PCARS mea-
surements on vortices are expected to show a zero-bias conductance peak whose
height and width depend sensitively on the barrier strength Z. As in tunneling
experiments, however, such a peak can also arise from conventional mechanisms.
Applying a magnetic field helps rule out both weak antilocalization and the Kondo
effect. Moreover, because a PCARS junction is formed by a direct metallic contact
between a normal metal and a superconductor, the appearance of a Josephson su-
percurrent is highly unlikely. Turning instead to Caroli–de Gennes–Matricon states,
there is no explicit theory treating the BTK model in the presence of such bound
states. Nevertheless, since these states appear as peaks at half-integer multiples of
∆2/EF [141], it is reasonable to expect that, for finite Z, they overlap and merge
into a plateau in the conductance. Consequently, in a trivial superconductor, this
overlap would prevent a peak at zero bias, whereas in a topological superconductor,
a signature at zero energy should persist.
Experimentally, it is also important to remember that PCARS is a contact tech-
nique whose spatial resolution is far from the atomic sharpness of tunneling spec-
troscopy, especially in soft-PCARS (see paragraph 2.3.3). In this case the measured
signal is effectively a parallel sum over many microjunctions formed by the conduc-
tive paste grains contacting the sample. Consequently, part of the signal originates
from vortex cores, while part comes from regions outside the vortices, such as the
s-wave bulk. This mixing, together with the strong Z-dependence of the peak
shape, makes it difficult to predict how distinguishable the vortex signal is from
the background. Increasing the vortex density – via impurities or an applied mag-
netic field – may further be detrimental, as it can lead to wavefunction overlap and
an actual splitting of the zero-bias peak. It is therefore likely that, in such systems,
spectra exhibiting a zero-bias conductance peak will be relatively rare. In those
spectra where such a peak is observed, however, Caroli-de Gennes-Matricon states
may be safely ruled out as its origin, owing also to the aforementioned spatial av-
eraging intrinsic to (soft) PCARS; additionally, a strong indication of a topological
– rather than trivial – origin would be the lack of splitting, or broadening, under
the application of a magnetic field. Overall, these considerations should still be
considered speculative as a comprehensive theoretical framework for soft PCARS
in this context is still lacking.

Finally, a further class of topological superconductors of interest in this thesis
comprises three-dimensional systems with linearly dispersing Majorana fermions
on their surfaces [27]. These modes generate surface Andreev bound states, leading
to a zero-bias peak in the conductance spectrum. A PCAR spectrum measured
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in CuxBi2Se3, interpreted as arising from dispersive Majorana fermions, is shown
in fig. 2.9 [36, 144]. Because these modes are dispersive in energy and extend
continuously across the surface, they do not correspond to the localized Majorana
bound states with non-Abelian statistics that are of primary interest for quantum
computation. Nevertheless, this case demonstrates that PCARS can yield useful
information even in systems of this type.
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Figure 2.9: Point-contact Andreev reflection spectra (dI/dV vs. energy) of the
potentially nematic spin-triplet topological superconductor CuxBi2Se3, which is
expected to host dispersive Majorana fermions at its edge. Both spectra were
measured at the base temperature of 0.35 K with the orange curve taken at zero
magnetic field and the purple curve at 0.8 T. [36]
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Chapter 3

Deep eutectic solvents for ionic
gating-induced protonation

Despite its potential – particularly for the induction of superconductivity – ionic
gating-induced protonation (IGP) remains relatively underexplored. This gap of-
fers an opportunity to optimize IGP as an efficient and reliable approach for hy-
drogen (H) loading via ionic gating, with electrolyte choice playing a critical role.
This study examines a previously uninvestigated class of electrolytes: deep eutec-
tic solvents (DESs). Guidelines for performing DES-based IGP are developed and
optimized to maximize H loading in palladium, selected for its high H absorption
capacity and well-characterized transport properties as a function of the H content.
The results demonstrate that DESs can outperform the electrolytes convention-
ally used in IGP and establish a potential framework for maximizing H loading in
different materials, although material-specific adjustments may be required. The
findings reported here will be useful in the following chapters, where IGP is em-
ployed on candidate topological superconductors to induce superconductivity or
fine-tune the existing superconducting state.
As this study focuses on the H insertion technique itself rather than on modulating
the superconducting properties via H insertion, only key motivations and results
are summarized here; full experimental details are provided in Appendix A.

3.1 Framework
As discussed in section 1.2.2, IGP evolved as a natural extension of electrostatic
gating. Consequently, the electrolytes traditionally used in IGP are those optimized
for enabling substantial carrier accumulation, namely ionic liquids like DEME-TFSI
and EMIM-BF4 [145, 102, 146, 103, 147, 148, 101]. These electrolytes are com-
mercially available, have low melting points, wide electrochemical windows, and
minimal water content after prolonged heating in dry conditions [149]. The latter
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two properties are particularly crucial for electrostatic gating, where preventing un-
wanted electrochemical reactions is essential. However, ionic liquids are not ideal
for IGP: despite their hygroscopicity, they absorb insufficient water at ambient
conditions to support significant H+ injection in IGP, which relies on water dissoci-
ation. As a result, the external addition of pure water is often required, especially
when IGP is carried out under dry or vacuum conditions. Moreover, fluorinated
ionic liquids pose environmental and safety issues, as TFSI-based compounds are
reported to be toxic [150, 151, 152] and BF4 hydrolysis produces corrosive HF [153].
Beyond being hazardous, these corrosive byproducts can also directly compromise
the integrity of samples during IGP.

To overcome these limitations, one potential strategy is to perform IGP using
DESs, a distinct class of electrolytes compared to ionic liquids. Composed of a
H-bond donor and acceptor, DESs – unlike ionic liquids – can generate H+ via
direct solvent dissociation, eliminating dependence on water and allowing IGP in
environments that are not necessarily humid. In addition, they have melting points
far below those of their individual components [154], are less toxic, biodegradable,
and easily synthesized from inexpensive, widely available materials [155, 156, 157].

To date, DESs have not been explored for IGP. Thus, to validate their potential
as a viable alternative to ionic liquids, it is crucial to demonstrate their ability to
enable substantial H+ injection. Accordingly, a study was conducted to evaluate the
proton-loading capability of a 1:3 choline chloride:glycerol DES, hereafter referred
to as 1:3 ChCl:gly DES. This composition was chosen for its high ionic conductivity,
which promotes the formation of a strong electric field at the DES/sample interface,
and for its ability to release protons at relatively low voltages, making it well suited
for this application [158, 159, 160]. The 1:3 molar ratio further reduces viscosity
compared to 1:2 or 1:4 mixtures, enhancing conductivity and ensuring more uniform
H+ uptake [161].
Palladium (Pd) was selected as the most suitable metallic material for this study
due to its well-characterized response to increasing H doping levels, allowing real-
time evaluation of IGP effects and estimation of injected H. Both Pd thin film
and bulk foil were examined to evaluate the effectiveness of DES-based IGP across
different sample thickness. Detailed information on the properties of Pd and the
experimental methods employed in this study is provided in Appendix A.

3.2 Results
IGP were performed both on commercial Pd foils (∼ 25µm thick) and thermally
evaporated Pd films (∼ 34 nm thick). All protonation treatments were carried out
in situ under ambient conditions. The gate voltage (VG) was gradually increased
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from 0 V to a final value ranging from 2 V to 12 V to induce H+ uptake, while si-
multaneously monitoring the gate current (IG) and resistivity (ρ). A representative
example of the IGP dynamics for a Pd thin film is shown in fig. 3.1a. During the
applied VG ramp-and-hold sequence, IG remained negligible until the onset of elec-
trochemical reactions; once H+ release started, it increased, reached a maximum,
and subsequently declined due to DES degradation and pseudocapacitive contri-
butions. Concurrently, the resistivity followed the characteristic non-monotonic
evolution associated with H absorption in Pd. Pre- and post-gating resistivity vs.
temperature (ρ − T ) measurements confirmed successful protonation through the
resulting changes in the transport properties. A summary of the ρ–T responses of
Pd thin films treated at different final VG values is shown in fig. 3.1b. The curves
maintained a metallic coefficient, with their specific shape – namely, the presence
or absence of the 50 K anomaly – depending on the amount of H loaded into Pd.
Detailed descriptions of the measurement procedures are provided in Appendix A.
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Figure 3.1: (a) Typical time evolution of ionic gating-induced protonation (IGP) of
Pd thin films, presented in terms of the temporal profiles of the in-situ applied gate
voltage V G (top), the measured gate current IG (middle), and the film resistivity ρ
(bottom). Resistivity is presented both in absolute units (left axis) and normalized
to the pristine resistivity (χR = ρ(x)/ρ(0)) (right axis). (b) Resistivity as a function
of temperature for Pd thin films measured before and after IGP. Each curve is
normalized to its value at T = 295 K and labeled based on the final applied gate
voltage VG. To improve readability, curves with VG > 0 are vertically shifted by
0.05. Adapted from Ref. [105].
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From these measurements, the room-temperature resistivity after gating – specif-
ically its value normalized to that of pristine Pd (χR = ρ(x)/ρ(0)) – served as an
indirect estimate of the H content (x) introduced through IGP, bypassing the inabil-
ity to directly measure x (see Appendix A). This estimation was validated against
systematic errors by analyzing the ρ–T response after each treatment, specifically
by examining the temperature at which the resistivity anomaly occurred, when
present.
Across experiments with different final VG values, a positive correlation between
H uptake and VG emerged once the 1:3 ChCl:gly DES stability limit for electro-
chemical reactions (VG = 1.9 V) was exceeded (fig. 3.2). H concentration increased
sharply around VG ∼ 2–3 V, then continued to rise more gradually for VG > 3 V.
Efficient H loading occurred without visible Pd damage up to VG = 12 V, reaching
a maximum x = (0.85 ± 0.03) in bulk foils and an even higher H content in thin
films: x = (0.89 ± 0.03), corresponding to ∼ 5.3 × 1022 H cm−3 when accounting
for the loading-dependent PdHx unit cell [162]. Beyond VG = 12 V, rapid device
degradation occurred.
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Figure 3.2: Gate voltage (VG) dependence of the H concentrations (x) for gated
bulk foils (hollow circles) and thin films (filled circles). The gray dashed line serves
again solely as a visual guide. Adapted from Ref. [105].

To benchmark the performance of the 1:3 ChCl:gly DES, the experiment was re-
peated with EMIM-BF4 under identical conditions, except that the final VG was
limited to +3.5 V to avoid direct intercalation of EMIM+, a process known to oc-
cur above this threshold [75] (this would not be an issue in palladium, since the
large EMIM+ ion cannot be injected in its dense lattice; it would however be a
critical issue when performing IGP on the layered materials targeted in the later
chapters). Under these conditions, the maximum H concentration was achieved in
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Pd thin films at a final VG of +3.0 V, yielding x = (0.65 ± 0.04) or an H density of
∼ 3.9 × 1022 cm−3.

3.3 Discussion
Comparing the performance of 1:3 ChCl:gly DES and EMIM-BF4, it becomes thus
evident that the deep eutectic solvent outperformed the more conventional ionic
liquid. As a matter of fact, at the voltage applied to EMIM-BF4 that yielded the
maximum doping (+3 V), the 1:3 ChCl:gly DES already achieved 13% greater H
incorporation. This advantage is even more pronounced at the highest sustainable
voltage for the 1:3 ChCl:gly DES (+12 V), where it enabled significantly higher pro-
tonation – yielding a maximum H uptake 37% greater than that of EMIM-BF4 (see
table 3.1). When compared with traditional electrochemical H loading techniques,
the H concentration reached through DES-based IGP in palladium is equally im-
pressive. Traditional approaches typically employ strong acidic electrolytes such as
HCl and H2SO4, with HCl achieving H concentrations in Pd up to 5.3×1022 H cm−3

[163, 164] and H2SO4 reaching 5.8×1022 H cm−3 [165, 166]. The 1:3 ChCl:gly DES
used here attained H loading comparable to HCl and approached within 9% that
obtained with H2SO4, all without the use of corrosive or toxic substances. This
underscores the potential of the relatively underexplored IGP, when combined with
deep eutectic solvents, as a safe and effective alternative for H loading.

Compound Electrolyte Stoichiometry Cell volume H density Ref.
Å3 1022 cm−3

Pd 1:3 ChCl:gly DES PdH0.89 16.85 [162] 5.3 [105]
Pd EMIM-BF4 PdH0.65 16.69 [162] 3.9 -

Pd 1 N HCl PdH0.89 16.85 [162] 5.3 [164]
Pd 0.1 N H2SO4 PdH0.99 16.98 [162] 5.8 [166]

Table 3.1: Overview of the highest hydrogen (H) concentrations achieved in Pd
through IGP. For studies where H densities were not explicitly reported, these
values were estimated by dividing the reported stoichiometries by the corresponding
unit-cell volumes. Note that all unit-cell volumes are given per formula unit.

Although this DES-based IGP method proved to enable impressively high H load-
ing, the resulting H distribution was likely to be highly inhomogeneous (see Ap-
pendix A for supporting experimental evidence). Future work should therefore
focus on designing deep eutectic solvents that enhance H uniformity within the
host material, thereby advancing the synthesis of high-quality H-loaded samples
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via IGP and fully realizing the potential of DES-based IGP. A promising approach
involves optimizing ionic diffusivity both in the electrolyte and within the material
undergoing IGP. Ionic mobility in the electrolyte can be increased by lowering its
viscosity [167], while diffusivity inside the material can be enhanced by perform-
ing the IGP at higher temperatures [11, 101, 102, 103, 104]. However, it should
be noted that increasing the working temperature carries risks of unwanted elec-
trochemical side reactions such as electrolyte degradation or material etching [81],
emphasizing the need to develop systems that remain stable at higher tempera-
tures. In particular, alternative deep eutectic solvents for IGP applications should
be designed with the following optimal characteristics:

• low viscosity to ensure high ionic conductivity and promote uniform H transfer
[167],

• high proton availability to maximize gate-driven H injection,
• low threshold voltage for H release, allowing operation at lower gate voltages,
• a wide electrochemical window to minimize competing side reactions and permit

the application of higher voltages to stabilize phases with elevated H concentra-
tions,

• a broad liquid-phase temperature range – both above and below room temper-
ature – to enable precise control of the IGP via temperature adjustments.
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Chapter 4

Evidence for two-gap
superconductivity in HxTiSe2

So far, this thesis has focused on understanding the mechanisms underlying the
ionic gating-induced protonation (IGP) technique for inducing controlled modifica-
tions in the electronic properties of materials. These modifications have primarily
been inferred through changes in their electric transport properties. However, when
investigating superconductors – the main focus of this study – more detailed in-
sights can be gained by probing the superconducting gap function via point-contact
Andreev reflection spectroscopy (PCARS). This technique not only enables the de-
tection of changes in the gap structure due to electronic modifications but also offers
the potential to reveal the emergence of exotic superconducting states, including
those associated with topological superconductivity.

Given the critical role of PCARS in this investigation, the focus now turns toward
developing expertise in this technique for its application to candidate topological
superconductors. Specifically, PCARS is employed to investigate the supercon-
ducting gap structure of the recently synthesized compound HxTiSe2. Due to its
recent discovery, the superconducting phase of this material, obtained via hydrogen
(H) intercalation of layered TiSe2 [8], remains largely unexplored, with only prelimi-
nary magnetotransport measurements hinting at possible multigap superconductiv-
ity. Characterizing the superconducting gap function in this system is particularly
compelling, as it may shed light on the interplay between superconductivity and
the charge density wave (CDW) order present in pristine TiSe2. Accordingly, di-
rectional PCARS measurements are performed on HxTiSe2, synthesized using the
IGP expertise developed earlier, with the dual goals of directly investigating its
gap function and gaining practical experience with PCARS in a layered compound
structurally akin to materials subsequently explored as candidate topological su-
perconductors.
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The following sections provide a brief overview of the platform material, followed
by a detailed presentation and analysis of the results of the measurements carried
out to determine whether HxTiSe2 exhibits multiband superconductivity.

4.1 Framework for HxTiSe2 gap study
To appreciate the potential of assessing whether the superconducting state of re-
cently synthesized H-intercalated TiSe2, obtained via IGP, exhibits a nontrivial
superconducting gap function, it is crucial to first outline the research framework
that underpins this investigation. Specifically, this study is part of the broader
endeavor of examining the possible interplay between CDW order and supercon-
ductivity.
TiSe2 is a well-suited material for this purpose: as a layered transition metal
dichalcogenides composed of TiSe2 trilayers held together by van der Waals forces
(fig. 4.1a) [168], it features a complex electronic structure resulting in a rich phase
diagram encompassing both CDW and superconducting phases [169, 170, 171].
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Figure 4.1: (a) Schematic crystal structure of 1T -TiSe2, consisting of Se–Ti–Se
trilayers stacked via van der Waals forces, shown from the top (upper panel) and
side (lower panel) views. Adapted from Ref. [8]. (b) Electronic phase diagram of
CuxTiSe2 in the temperature–doping space. The regions of charge density wave
(CDW) order and superconductivity are delimited by their respective transition
temperatures. Data reprinted from Ref. [15]. (c) Electronic phase diagram of elec-
trostatically doped TiSe2 in the temperature–charge space. Regions showing CDW
order and superconductivity are delimited by their characteristic transition temper-
atures. The inset illustrates one of the proposed mechanisms for superconductivity,
arising at the incommensurate CDW domain walls between commensurate CDW
islands. Data reprinted from Ref. [17]

In its pristine form, TiSe2 hosts a commensurate 2×2×2 CDW phase below ≈200 K,
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whose origin remains debated. Upon Cu intercalation, this CDW order is progres-
sively suppressed, giving rise to a superconducting dome with Tc reaching up to
≈ 4.15 K [15] (fig. 4.1b). Similar tunability has been observed under external pres-
sure [172], electric-field-induced charge doping (fig. 4.1c) [17], and intercalation with
Pd [16], Li [18], and diamines [173].
Within this framework, the observation of the Little-Parks effect in electrostatically
gated and Li-doped TiSe2 – which reveals a periodic modulation of the supercon-
ducting order parameter amplitude [17, 18, 19] – raises the intriguing possibility
that the spatial texture of the CDW phase influences the superconducting state.
This influence could manifest as anisotropy in the superconducting pairing or even
a nontrivial symmetry of the superconducting gap.
Motivated by these prospects, several studies have explored the superconducting
gap structure in TiSe2. Notably, research on Cu-intercalated TiSe2 has generally
reported a single, isotropic superconducting gap (fig. 4.2a) [20, 21, 22]. However, in
regimes where CDW order coexists with superconductivity – potentially resulting
in spatial variations of the superconducting amplitude – more complex behavior
has emerged. For example, muon spin rotation (µSR) experiments have suggested
a two-gap state in underdoped CuxTiSe2 (fig. 4.2c)[23], while PCARS on electro-
statically doped TiSe2 has revealed a zero-bias conductance peak inconsistent with
simple isotropic s-wave pairing (fig. 4.2b) [17]. Tunneling spectroscopy measure-
ments on LixTiSe2 revealed an s-wave-like gap, but with a closing temperature
exceeding the BCS prediction, suggesting the presence of strong phase fluctuations
similar to those observed in superconductors in the 2D limit. Moreover, recent
experiments have proposed that unconventional s± pairing – mediated by CDW
fluctuations and triggered by a Lifshitz transition – may be responsible for super-
conductivity in both pressurized and electron-doped TiSe2 [24].
Within this framework, the recently discovered H-intercalated TiSe2 superconduc-
tor [8], synthesized through IGP, offers novel insights. Notably, 1H nuclear magnetic
resonance measurements reveal that CDW order persists strongly at the interca-
lation sites [146], implying local coexistence of CDW and superconducting orders.
Simultaneously, the high doping levels attained in HxTiSe2 (up to x ≈ 2) enable
a complete reconstruction of the Fermi surface via orbital-selective filling of the
Ti dz2 band [8]. This Fermi surface reconstruction resembles that seen in other
superconducting transition metal dichalcogenides such as NbS2 and NbSe2, where
anisotropic superconducting gap distributions lead to well-established two-gap fea-
tures [174, 175, 176, 177, 178, 179, 180, 181, 182].

Given these compelling indications of a potentially nontrivial superconducting order
parameter, this study employs IGP to intercalate H into 1T -TiSe2, enabling the syn-
thesis of the recently discovered superconducting HxTiSe2 and directly probe its yet
uncharacterized gap symmetry using three complementary techniques: magneto-
transport measurements, PCARS, and tunneling spectroscopy.
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Figure 4.2: (a) Low-temperature thermal conductivity results for Cu0.06TiSe2,
showing the normalized residual linear term κ0/T as a function of the applied
magnetic field H (in units of the upper critical field Hc2). For comparison, data
from reference materials with well-established gap structures are included, as indi-
cated in the legend. The close similarity between Cu0.06TiSe2 and the dirty s-wave
superconductor InBi suggests that Cu0.06TiSe2 is also a dirty s-wave supercon-
ductor. Data reprinted from Ref. [20]. (b) Low-temperature point-contact Andreev
reflection spectra of electrostatically doped TiSe2 at various charge carrier densities
(as labeled), showing a zero-bias conductance peak which might be incompatible
with a conventional s-wave pairing symmetry. Data reprinted from Ref. [17]. (c)
Temperature dependence of λ(T )−2, where λ is the penetration depth, extracted
from muon spin rotation measurements for underdoped CuxTiSe2 (x ∼ 0.044, lower
panel) and optimally doped CuxTiSe2 (x ∼ 0.081, upper panel). In the optimally
doped sample, the behavior follows a BCS-like trend, whereas in the underdoped
sample, the fit is poor, with a gap at 0 K that is too small, suggesting the possible
presence of multigap superconductivity, as λ(T ) in multiband systems primarily
reflects the smaller gap. Data reprinted from Ref. [23].
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4.2 Experimental methods
As anticipated, the starting point of this investigation involves inducing the super-
conducting phase in HxTiSe2 by performing IGP on pristine TiSe2. According to
the initial study that first reported superconductivity in this system [8], performing
IGP using the conventional ionic liquid EMIM-BF4 introduces H+ ions into the van
der Waals gaps of the layered TiSe2 crystal, resulting in non-volatile H incorpora-
tion. The amount of intercalated H can be controlled by varying the duration for
which the EMIM-BF4 is maintained under a gate voltage (VG) of +3 V, leading to
different degrees of modification of electronic properties.
Transport measurements show that pristine TiSe2 initially exhibits a resistivity
anomaly near 160 K, associated with CDW order. After 5 minutes of gating, the
CDW is suppressed and a superconducting transition appears below 4 K. Extend-
ing the gating time to 45 minutes further weakens the CDW and slightly increases
the superconducting onset temperature. For longer gating times, the resistivity
behavior converges to a common profile, with full superconductivity below 4 K and
only a subtle CDW signature persisting below ≈ 200 K.

Building on these results, IGP was performed on single crystals of TiSe2 obtained
from HQ Graphene to induce the superconducting phase. Taking advantage of the
non-volatile nature of H intercalation – unlike in palladium (see chapter 3) – the
gating was carried out ex situ (see section 2.2.2). Crystals were immersed in a
crucible containing EMIM-BF4 (from Sigma-Aldrich), and across the electrolyte a
VG was ramped from 0 V to 3 V at an optimal rate of 1 mV/s, as determined in the
previous study on PdHx. VG was then held constant at 3 V for approximately 2
hours. After gating, the intercalated crystals were thoroughly rinsed with acetone
and ethanol before being contacted for transport measurements. Between measure-
ments, samples were stored in a vacuum desiccator to preserve their intercalated
state.
A representative T -dependent resistivity (ρ) curve of HxTiSe2 synthesized by the
outlined IGP procedure is shown in fig. 4.3a.

The resulting superconducting samples were initially characterized by performing
magneto-transport measurements up to 1 T and down to 0.3 K, employing a 3He
insert combined with a 4He cryostat. Spectroscopic analysis was then carried out
by performing soft PCARS and tunneling spectroscopy.
Soft PCARS allowed the formation of stable electrical contacts either on the sam-
ple surface or along its thin edge, allowing directional measurements by controlling
the current injection to be predominantly along the c-axis or within the ab-plane,
respectively. Current–voltage (I–V ) characteristics were then recorded and numer-
ically differentiated to yield differential conductance (dI/dV ) spectra as a function
of bias voltage V . Notably, well-defined spectroscopic features in the conductance
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curves appeared only when contacts were made immediately after cleaving (for c-
axis measurements) or breaking/cutting (for ab-plane measurements), minimizing
exposure to air and moisture. The contact resistance corresponding to clear spectro-
scopic signals differed significantly between the two directions, being considerably
higher for ab-plane contacts (RN ≥ 500 Ω) than for c-axis contacts (RN ≈ 10 Ω).
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Figure 4.3: (a) Representative resistivity (ρ) versus temperature (T ) curves for pris-
tine TiSe2 (red solid line) and H-intercalated TiSe2, synthesized via the IGP pro-
tocol described in the text (blue solid line). (b) Example of a raw current–voltage
(I–V ) curve measured by biasing a sharp Au tip in a scanning tunneling microscope
after breaching the surface oxide layer. Adapted from Ref. [183].

Concerning tunneling spectroscopy measurements, they were performed in Dr. P.
Szabò’s group at the Slovak Academy of Sciences. Here, the samples were exfoli-
ated under ambient conditions and loaded into the scanning tunneling microscope
within 20 minutes. Prior to data acquisition, the tips were prepared by mechani-
cally sharpening of an Au needle against a bulk Au piece. Then, as for PCARS,
I–V characteristics were recorded and numerically differentiated to obtain differ-
ential conductance (dI/dV ) spectra as a function of V . However, conventional
tunneling spectroscopy proved ineffective due to the rapid formation of a surface
oxide layer during sample handling, which prevented reliable spectroscopic mea-
surements. To overcome this, the Au tip was gently pressed into the sample sur-
face and subsequently slightly retracted, thereby breaching the oxide layer and
exposing the pristine HxTiSe2 surface for measurement. This configuration, ex-
hibiting a normal-state resistance RN around 5 × 106 Ω, more closely resembles a
high-resistance point-contact junction rather than a standard tunneling junction.
Despite this, the resulting I–V curves exhibited nearly ideal tunneling behavior, as
illustrated by the representative example shown in fig. 4.3b.
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4.3 Results

4.3.1 Magnetotransport characterization
As anticipated, after synthesizing the superconducting HxTiSe2, its magnetotrans-
port properties were investigated by measuring temperature (T )-dependent resis-
tivity under various magnetic fields (B) applied perpendicular to the ab-plane of
the crystal. Specifically, measurements were performed in fields up to 1 T and
temperatures down to 300 mK, thus enabling extension of the existing B-T phase
diagram of HxTiSe2 to these ultra-low temperatures [8].
Magnetotransport results are presented in fig. 4.4a, where the obtained ρ(T ) curves
– normalized to their respective values at 5 K – are displayed on a linear scale for
both zero and finite magnetic fields. Notably, at B = 0 T, the midpoint of the super-
conducting transition – defined as the temperature at which ρ(T ) reaches 50% of its
normal-state value – occurs at 3.53 K. Upon further cooling, the resistivity continues
to decrease and eventually drops below the noise threshold at Tzrs = (2.9 ± 0.2) K,
indicating the emergence of the zero-resistance state. Increasing B shifts the su-
perconducting transition toward lower temperatures and progressively broadens it.
This behavior is attributed to significant thermal phase fluctuations arising from
the inhomogeneous and quasi-2D nature of the system [184, 185]. Nevertheless, a
clear zero-resistance state remains observable up to 0.25 T, whereas higher magnetic
fields result in finite resistivity even at the lowest measured temperature.
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Figure 4.4: (a) Temperature-dependent resistivity ρ(T ) of H-intercalated TiSe2
measured under increasing perpendicular magnetic fields B ranging from 0 T to
1 T. (b) Semilogarithmic plot of the data from panel (a) as a function of T −1.
Dashed lines represent linear fits, indicating that the dissipative regime is predomi-
nantly governed by thermally activated flux flow (TAFF) scaling. Arrows mark the
characteristic temperatures Ta, where the high-field curves begin to deviate from
the TAFF regime. Adapted from Ref. [183].
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At B = 1 T, the system exhibits a normal-state ρ(T ) profile, with a slight upturn at
low temperatures likely stemming from electronic correlations [186, 187] associated
with localized Ti d orbitals [188, 189].

Additional insight into the system is gained by plotting the normalized resistivity on
a semi-logarithmic scale as a function of the inverse temperature, T −1 (see fig. 4.4b).
In this representation, the dissipative region of most curves follows the thermally
activated flux flow (TAFF) model, described by ρ(B, T ) = ρ0 exp [−U(B)/(kBT )],
where U(B) is the energy required for vortices to overcome the pinning forces and
start flowing [190]. Indeed, the model provides a good fit for most curves, as in-
dicated by the dashed lines in fig. 4.4b. However, at higher fields, the measured
resistivity at low temperatures exceeds TAFF predictions, indicating a departure
from thermally activated behavior. This deviation emerges below a field-dependent
temperature Ta(B), marked by black arrows in fig. 4.4b. Notably, this behavior was
not observed in earlier studies of HxTiSe2, likely due to the lack of measurements
below 1.6 K [8].

To accurately map the B–T phase diagram of superconducting HxTiSe2, it is cru-
cial to determine not only Tzrs(B) and Ta(B), but also the T -dependence of the
superconducting onset field, Bon(T ), as well as the mean-field upper critical field,
Bmf

c2 (T ). The latter is essential for assessing vortex-state properties and supercon-
ducting gap symmetry, while deviations of Bon(T ) from Bmf

c2 (T ) offer insight into
the influence of thermal fluctuations and spatial inhomogeneity on the supercon-
ducting phase.
Bon(T ) data are obtained via two equivalent methods, yielding consistent results.
The first extracts the complementary onset temperature Ton(B) from isofield ρ(T )
curves as the temperature where dρ/dT = 0 for each applied B [184]. The sec-
ond constructs isothermal ρ(B) curves by interpolating the isofield ρ(T ) data onto
a finely spaced temperature grid (ranging from 0.3 to 4 K in 0.1 K increments),
thereby constructing a resistivity matrix ρ(B, T ) from which fixed-T slices are
taken. From these isotherms (fig. 4.5a), Bon(T ) is identified via crossing points
of adjacent curves, following established protocols [191, 192] (fig. 4.5c). For each
crossing, the corresponding temperature is defined as the average of the two ad-
jacent isotherm temperatures, with the uncertainty given by their semidispersion.
The magnetic field at the crossing is assigned as Bon, and its uncertainty is esti-
mated from the local noise at the intersection.
The values of Bmf

c2 (T ), or equivalently T mf
c (B), are determined using the empirical

method introduced by Berghuis and Kes [193]. This approach involves identifying,
for each resistivity curve, the intersection between the linear extrapolation of its
flux-flow regime and the normal-state curve. For isofield ρ(T ) curves, this procedure
is straightforward: the flux-flow regime is linearly extrapolated to its intersection
with the normal-state curve at B = 1 T (fig. 4.5b). This intersection defines the
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Figure 4.5: (a) ρ(B) isotherms derived by matrix inversion of ρ(T ) isofield curves.
The temperature spans from 0.3 K (black) to 4 K (dark red) in 0.1 K increments,
with each curve corresponding to a specific temperature. Dashed lines define the
boundaries of the normal state envelope. The inset presents representative examples
illustrating the determination of the mean-field critical field, Bmf

c as described in
the text. Midpoints for the isotherms at 1.2 K (light blue), 1.8 K (green), and 2.3 K
(light green) are highlighted with blue-filled markers. (b) Representative example
of the determination of the mean-field critical temperature, T mf

c , determined as
described in the text. The example shown corresponds to ρ(T ) at B = 0.25 T
intersecting the curve measured at B = 1 T, representing the normal state. The
dashed line represents the linear fit to the data using the flux-flow model described
in the text. (c) Representative examples of the determination of the onset field,
Bon, defined as the crossing point of two consecutive isotherms. Adapted from
Ref. [183].

corresponding T mf
c (B) value. For ρ(B) isotherms obtained via matrix inversion,

instead, the situation is more complex. Not all inverted isotherms cover the full
magnetic field range, and the normal-state resistivity depends on temperature. To
address this, the normal-state reference is taken as the envelope of all isotherms
above Bon (see fig. 4.5a, dashed lines). For each isotherm, Bmf

c2 at that tempera-
ture is defined as the midpoint between the extrapolated flux-flow trend and the
envelope, with the associated uncertainty given by half the distance between their
actual intersections (fig. 4.5a). Compared to the common method of mapping (T ,
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B) points where resistivity drops to 90% of the normal-state value in the ρ(T )
isofield and ρ(B) isotherm curves, the Berghuis–Kes method is more robust – es-
pecially for 2D and anisotropic superconductors, where thermal fluctuations and
inhomogeneities affect resistive transitions [184, 194]. Furthermore, it is consistent
with the well-established Ullah–Dorsey scaling technique [195, 192] but avoids its
limitations, such as failure below Tc/2 and reliance on specific fluctuation models
or assumptions about dimensionality.

At this point, combining all the quantities extracted from the magnetotransport
measurements results in the detailed B–T phase diagram of HxTiSe2 presented in
fig. 4.6. Notably, the onset curve defined by Ton(B) and Bon(T ) is found to lie signif-
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Figure 4.6: Magnetic field–temperature (B–T ) phase diagram of HxTiSe2 as de-
termined from magneto-transport measurements. The green region indicates the
dissipationless zero-resistance state, bounded by Tzrs (green diamonds). Mean-field
critical values, T mf

c and Bmf
c2 , are indicated by filled and open blue circles, respec-

tively, delineating a blue-shaded region where dissipation emerges due to thermal
creep. The onset of superconductivity is identified by Ton and Bon (filled and open
red pentagons), outlining a red-shaded region between the mean-field transition and
the onset, dominated by inhomogeneities and amplitude fluctuations. Orange tri-
angles (Ta) mark the boundary of the orange region where dissipation arises from
free vortex motion. The black dashed line corresponds to the theoretical mean-
field critical line from the one-band Ginzburg-Landau model [196]. Reprinted from
Ref. [183].

icantly above the mean-field critical line determined by T mf
c (B) and Bmf

c2 (T ). This
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indicates the existence of an extended region between the onset of superconducting
fluctuations and the mean-field transition, as commonly observed in quasi-2D su-
perconductors. Furthermore, the separation between onset and mean-field critical
fields widens as the temperature decreases. Such a widening cannot be attributed
solely to thermal fluctuations of the order parameter amplitude [194, 195]. Instead,
it points to a significant role played by mesoscopic inhomogeneities [185, 197, 198],
potentially enhanced by quantum fluctuations at elevated magnetic fields.
In the region bounded by the mean-field line and the zero-resistance state bound-
ary given by Tzrs(B), the system is dominated by collective flux creep (thermal
phase fluctuations) [190]. This interpretation is supported by the observed mag-
netic field dependence of the vortex activation barrier, which follows the logarith-
mic form U(B) = U0 ln(B0/B). Fitting the data to this model yields parameters
U0 = (53 ± 2) meV and B0 = (0.48 ± 0.06) T, consistent with earlier findings for
both ion-gated [185] and H-doped [8] TiSe2. Since U(B) approaches zero for fields
B ≳ B0, the pinning potential effectively vanishes in the high-field region below
Ta(B). In this region, thermal creep breaks down, leading to pinning-free vortex
motion likely driven by a combination of finite excitation current, high-frequency
noise, and quantum fluctuations [199].
Interestingly, the mean-field critical line consistently shows an upward curvature
over the entire temperature range, mirroring the onset curve. This contrasts with
observations in gated ZrNCl [184] where the onset line exhibited an upturn at low
temperatures, but the mean-field critical one displayed a pronounced downward
curvature in agreement with Werthamer–Helfand–Hohenberg (WHH) theory. This
discrepancy indicates that, in HxTiSe2, the upward curvature of the superconduct-
ing onset curve arises not merely from inhomogeneities and fluctuations – as is the
case in ZrNCl – but is primarly an intrinsic property of the material itself, already
evident in the T -dependence of Bmf

c2 . For temperatures below Tc/2, this depen-
dence markedly deviates from both WHH predictions and the standard one-band
Ginzburg–Landau model: Bc2 ∝ (1 − t2)/(1 + t2), where t = T/Tc [196] (see black
dashed line in fig. 4.6). Such a positive curvature in Bc2(T ) typically signals the
presence of multiple effective superconducting gaps on the Fermi surface [200, 201,
202].

4.3.2 Point-contact Andreev-reflection spectroscopy
Motivated by potential signs of multigap superconductivity in the B–T phase dia-
gram, the superconducting gap structure of HxTiSe2 was investigated by performing
directional soft-PCARS.

Initial PCARS measurements were conducted at the base temperature of 0.3 K and
in zero magnetic field. Representative spectra obtained under these conditions are
shown in fig. 4.7 for both c-axis (panels a and c) and ab-plane (panels b and d)
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contacts, with recurring features marked by colored arrows.
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Figure 4.7: Representative point-contact Andreev reflection (PCAR) spectra
(dI/dV vs. V ) obtained in HxTiSe2 with current primarily injected along the
c-axis (a, c) and the ab-plane (b, d), enabling directional PCARS analysis. Each
spectrum includes labels indicating the normal-state contact resistance RN and the
measurement temperature T . Spectral features corresponding to the small gap ∆1,
large gap ∆2, and critical current dips (due to non-purely ballistic contacts) are
marked with green, violet, and red arrows, respectively. Adapted from Ref. [183].

Notably, all spectra display a conductance enhancement characteristic of the An-
dreev regime, featuring a pronounced zero-bias conductance dip between two sym-
metric maxima, indicative of a fully gapped, nodeless superconducting order pa-
rameter [106]. Two distinct low-energy conductance maxima (green arrows) are
consistently observed, pointing to the presence of a first superconducting gap (∆1).
In addition, broader features – such as shoulders or kinks marked by purple arrows
– suggest the presence of a second gap (∆2). This interpretation is supported by
the observation that these broader features occur at the same energies regardless
of contact orientation or resistance, confirming their intrinsic origin. Furthermore,
similar spectral characteristics have been observed in established multigap super-
conductors like MgB2 [126, 203] and various iron-based superconductors [121, 204,
205]. Finally, some spectra display conductance dips marked by red arrows, which
are identified as extrinsic effects stemming from non-ballistic transport at the con-
tacts, as explained in chapter 2. These dips are more pronounced in the c-axis
spectra, while in the ab-plane direction they are suppressed and shifted toward
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higher voltages, sometimes extending beyond the measured voltage range (fig. 4.7b).

Based on the initial observations at 0.3 K, the spectral features were further exam-
ined through PCARS measurements conducted at different temperatures to inves-
tigate their T -dependence. Representative dI/dV spectra, obtained with current
injected both within the ab plane (panel a) and along the c axis (panel b), are
shown in fig. 4.8.
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Figure 4.8: T dependence of the conductance spectra shown in panels (c,d) of
fig. 4.7. Adapted from Ref. [183].

In both configurations, raising the temperature leads to a gradual decrease in the
amplitude of the Andreev reflection signal. The two conductance peaks shift to
lower bias voltages and eventually merge into a broad zero-bias hump, consistent
with the thermal suppression of the superconducting gap. At sufficiently high tem-
peratures, all signatures of the Andreev reflection vanish and the spectra flatten
into the featureless profile typical of the normal state.
Notably, in both geometries, a T -dependent downward shift of the high-bias spec-
tral tails is observed. This phenomenon originates from the bulk of superconducting
HxTiSe2 transitioning to the normal state under the effect of injected current and
temperature, adding a series spreading resistance. The resulting voltage drop alters
the total measured voltage in the PCARS setup, affecting the conductance spectra
regardless of whether the point contact is ballistic. While negligible at low temper-
atures, this effect grows near Tc as the critical current decreases, causing bending
of the high-voltage tails and a downward shift of the conductance curves.

Following data acquisition, the experimental conductance spectra are analyzed to
determine whether the observed features arise from two isotropic superconducting

61



Evidence for two-gap superconductivity in HxTiSe2

gaps or from a single anisotropic one. To this end, the data are systematically
compared with theoretical models representative of both scenarios. This proce-
dure includes symmetrizing the raw conductance spectra, normalizing them to the
normal-state conductance measured just above Tc, and correcting for the influ-
ence of spreading resistance [205]. The processed spectra are then fitted using the
2D BTK model introduced in chapter 2, modified to accommodate either a single
anisotropic gap or two distinct isotropic gaps [126, 106].
For the anisotropic scenario, the gap function in eq. (2.8) is modeled with the an-
gular dependence:

∆(θ) = ∆is + ∆an cos4(2θ), (4.1)
yielding a 2D BTK model with four fitting parameters: the isotropic gap ∆is, the
anisotropic component ∆an, the interface barrier strength Z, and the quasiparticle
broadening parameter Γ.
For the two-gap case, the total conductance is modeled as a weighted sum of con-
tributions from two distinct bands: G = w1 G1 + w2 G2, where each Gi follows
eq. (2.8). This approach results in a 2D BTK model with seven free parameters:
the gap amplitudes ∆i, the broadening parameters Γi, the barrier strengths Zi,
and the spectral weights wi, constrained by the condition w1 + w2 = 1. Despite
the large number of free parameters, each one affects the spectra in a distinct and
recognizable way, allowing for a reliable and unambiguous determination of their
values [106, 121].
Fig. 4.9 shows a representative comparison of both models fitted to experimental
data acquired at the base temperature with current injected along the c-axis. This
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Figure 4.9: Comparison of the 2D BTK model fitted to a representative experimen-
tal point-contact Andreev reflection (PCAR) spectrum measured at base temper-
ature (open black circles). The model is adapted for two scenarios: two isotropic
gaps (solid red line) and one anisotropic gap (solid green lines). Corresponding
BTK model parameters are shown in the labels. Adapted from Ref. [183].
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orientation is chosen because c-axis PCAR spectra typically exhibit pronounced
shoulders and kinks, which aid in distinguishing between the models and assess-
ing their accuracy in reproducing spectral features. The two-gap model (solid red
line) provides an excellent fit up to approximately 0.75 meV, beyond which conduc-
tance dips arise due to critical-current effects. This model accurately captures the
zero-bias minimum, the peak at approximately 0.25 meV, and the shoulder near
0.65 meV. Conversely, the anisotropic-gap model (solid green line) reproduces the
spectrum only up to roughly 0.5 meV; it fits the zero-bias minimum and the low-
energy peak but fails to account for the higher-energy shoulder.

Given the better agreement with key spectral features – aside from the non-ideal
dip structures – the two-gap model is adopted, and the anisotropic single-gap sce-
nario is ruled out. Accordingly, all spectra recorded at various temperatures and for
both current injection directions are fitted using the two-band BTK model. Fitting
is limited to temperatures slightly above 2 K, as beyond this point (see fig. 4.8a,b),
spreading resistance dominates, causing the spectra to shift downward and stretch
horizontally [206, 207, 208], and thus precluding meaningful spectroscopic analysis.
Representative two-band fits to spectra measured at different temperatures are
presented in fig. 4.10a,b, using the same experimental data as in fig. 4.8a,b. The
resulting T -dependence of the gap amplitudes is displayed in fig. 4.10c,d, respec-
tively. Strikingly, both gaps vanish well below the transport-derived Tc, reaching
zero at approximately 2.6 K for the ab-plane and 2.2 K for the c-axis. This behavior
is consistently observed across all contacts, regardless of injection direction, RN, or
contact location on the crystal. Importantly, these Andreev-derived critical tem-
peratures (T A

c ) align closely with the lower bound of the estimated Tzrs, suggesting
a strong correlation with the onset of TAFF regime. This interpretation is cor-
roborated by muon-spin rotation experiments on HxTiSe2 [8], which observed the
superfluid density vanishing near 2 K. Such consistency suggests that the observed
gap suppression is not a surface effect but rather a bulk property, likely related to
a loss of superfluid stiffness.
Examining the T -dependence of the gaps for each current direction, ∆2 decreases
with increasing temperature in a BCS-like manner, vanishing near the suppressed
T A

c and following the relation ∆(T ) = ∆(0) tanh
1
1.74

ñ
T A

c /T − 1
2

(dashed purple
line). Minor deviations from this trend are observed, including a weak maximum
at low temperatures and some divergence at higher temperatures, where the spec-
tral features associated with ∆2 are in any case less well defined. The smaller ∆1
exhibits a similar overall trend and vanishes at the same T A

c . However, instead
of saturating at low temperature, it displays a linear dependence below approxi-
mately 0.7 K. This behavior is reminiscent of observations in 1H -NbSe2 via scanning
tunneling spectroscopy [209], and in RbCa2Fe4As4F2 via soft PCARS [205]. Com-
paring the two directions, the absolute values of both ∆1 and ∆2 are found to be
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Figure 4.10: (a,b) Representative two-band BTK fits (solid lines) to symmetrized
and normalized spectra measured at various temperatures and along different cur-
rent directions (symbols). The original experimental data prior to symmetriza-
tion and normalization correspond to the curves displayed in fig. 4.8a,b. (c,d)
T -dependence of ∆1 (purple circles) and ∆2 (green circles) extracted from the
fits in panels a,b, respectively. Dashed lines are BCS functions of the form
∆i(T ) = ∆i(0) tanh

1
1.74

ñ
T A

c /T − 1
2
. Adapted from Ref. [183].

comparable, indicating minimal anisotropy in the superconducting order parameter
between the ab plane and the c axis. Regarding the gap spectral weights, values of
approximately w1 ≈ 0.9 for c-axis contacts and w1 ≈ 0.4 for ab-plane contacts are
observed. This directional anisotropy is consistent with expectations for supercon-
ductors possessing a Fermi surface that cannot be approximated by a simple sphere
[106, 121].
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4.3.3 Tunneling spectroscopy
To validate the PCARS results, complementary spectroscopic measurements were
carried out in the tunneling regime by Dr. P. Szabo’s group, using a custom-built
scanning tunneling microscope operating down to 0.3 K. Due to its inherently high
spatial resolution, this technique provides a critical complement to the spatially
averaged PCARS data, helping to discriminate whether the observed multigap su-
perconductivity is an intrinsic feature of HxTiSe2 or arises from different supercon-
ducting gaps associated with spatially distinct regions.
Through this method, high-quality differential conductance spectra were obtained
across various temperatures, clearly revealing a well-defined superconducting gap
after correcting for the linear normal-state background. This correction involved
normalizing the raw data to a linear baseline, determined by fitting the dI/dV
signal within a ±0.1 mV range centered around ±2.5 mV using a linear function.
Representative spectra recorded at different temperatures are shown in fig. 4.11.
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Figure 4.11: Color map of typical normalized tunneling spectra (dI/dV vs. V ) mea-
sured at different temperatures T in zero magnetic field. Adapted from Ref. [183].

Notably, the tunneling spectroscopy results corroborate the PCARS findings, with
both techniques observing the superconducting gap closing near 2 K. Consequently,
the critical temperature extracted from tunneling spectoscopy is denoted using the
same notation as for the Andreev reflection measurements: T A

c . As for PCARS,
fitting the tunneling spectra with a single-gap model (Dynes model), where the
differential conductance is given by

dI(V )
dV

= N
Ú +∞

−∞
Re

 E − iΓñ
(E − iΓ)2 − ∆2

C∂f(E − iΓ + eV )
∂eV

D
dE (4.2)
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with N the constant density of states of the metallic tip, ∆ the superconduct-
ing gap, f(E) the Fermi distribution, and Γ the spectral broadening parameter
analogous to that in the BTK model [129], yields poor agreement. In contrast,
a two-gap 2D BTK model for a superconductor–insulator–normal metal junction
offers a significantly better fit across all temperatures up to 2 K. This comparison
is illustrated in fig. 4.12, which shows fits of both single-gap and two-gap models to
two representative spectra measured at 0.5 K and 1.1 K. At 0.5 K (fig. 4.12a), the
Dynes model (solid green line) fails to accurately reproduce key spectral features,
notably the depth of the zero-bias conductance minimum, as well as the position
and width of the coherence peaks observed between ≈ 0.4 and 0.5 meV. In contrast,
the two-gap BTK model more accurately reproduces both the position and shape of
the coherence peaks, albeit with a persistent underestimation of the zero-bias dip.
This discrepancy between the models becomes more pronounced with increasing
temperature. Indeed, at 1.1 K (fig. 4.12b), the two-gap BTK model closely matches
the full experimental spectrum, while the Dynes model continues to inaccurately
represent the zero-bias minimum and poorly fits the height, position, and width
of the coherence peaks. Interestingly, the two-gap BTK model captures the depth

0.0 0.5 1.0 1.5 2.0 2.5
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

no
rm

al
iz

ed
 c

on
du

ct
an

ce

Energy (meV)

 Data
 BTK fit
 Dynes fit

T = 0.50 K
1 = 0.350 meV
1 = 0.058 meV
Z1 = 2.312
2 = 0.570 meV
2 = 0.076 meV
Z2 = 1.400

 = 0.336 meV
 = 0.078 meV

0.0 0.5 1.0 1.5 2.0 2.5

0.4

0.6

0.8

1.0

1.2
 Data
 BTK fit
 Dynes fit

no
rm

al
iz

ed
 c

on
du

ct
an

ce

Energy (meV)

T = 1.10 K
1 = 0.280 meV
1 = 0.014 meV
Z1 = 1.400
2 = 0.501 meV
2 = 0.017 meV
Z2 = 1.400

 = 0.258 meV
 = 0.041 meV

(b)(a)

Figure 4.12: Comparison of the fits to the experimental normalized dI/dV spectra
(hollow black circles) using the one-gap Dynes model (solid green lines) and the
two-gap BTK model (solid red lines), demonstrating their respective agreements
with the raw data. The fitting parameters for both the Dynes and BTK models
are provided in the labels. Reprinted from Ref. [183].

of the zero-bias dip at 1.1 K but not at 0.5 K. This behavior can be attributed to
either a smaller superconducting gap embedded within the coherence peaks or a
broad distribution of gap amplitudes, as suggested by a noticeable change in the
slope of the low-bias tunneling curve at 0.5 K. However, as temperature increases,
thermal broadening smooths these features, enabling the fit at 1.1 K to more closely
align with the experimental data.
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Since tunneling spectroscopy, with its high spatial resolution, also detects two-gap
superconductivity, the option of two gaps arising from distinct spatial regions is
ruled out. Then, fig. 4.13a displays representative best-fit curves obtained by fit-
ting the normalized tunneling spectra at various temperatures using the two-gap
2D BTK model. The superconducting gap amplitudes extracted from these fits are
shown in fig. 4.13b.
Assuming a BCS-like T -dependence, the resulting larger gap, ∆2, closely follows
the expected behavior (green dashed line) across the entire temperature range.
Conversely, the smaller gap ∆1 gradually closes at the same T A

c , but deviates from
the BCS trend. Specifically, assuming ∆1 to follow BCS behavior near T A

c (purple
dashed line), as similarly observed in the PCARS measurements (see fig. 4.10c,d),
its deviation becomes evident around 1.4 K. Below this point, ∆1 increases approx-
imately linearly with decreasing temperature.
Notably, the weight of the smaller gap is found to be w1 ≈ 0.8, which aligns rea-
sonably well with the value obtained from PCARS along the c-axis. However, it
should be noted that the definitions of spectral weight differ between the Andreev
and tunneling regimes [106, 121].
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4.4 Discussion
Building on the PCARS and tunneling spectroscopy results, which provide evidence
for the two-gap nature of the superconducting state in HxTiSe2, and excluding the
possibility that the two gaps originate from spatially separated regions – since
highly spatially resolved tunnelling spectroscopy detects both gaps simultaneously,
and the gap ratio 2∆i/kBTc is larger than the BCS value for i = 2 and smaller for
i = 1 (see figs. 4.10c,d), as expected in multi-gap superconductors [106, 121] – it
is therefore relevant to examine whether the observed T -dependence of the gaps
and of the mean-field upper critical field can be accounted for within a two-gap
theoretical framework.

4.4.1 ∆(T ): comparison with two-band models
To evaluate the T -dependence of the superconducting gaps, a preliminary step in-
volves determining whether the PCARS and tunneling spectroscopy datasets can
be regarded as statistically equivalent and therefore averaged. This assessment
is performed at the lowest temperature, by analyzing the gap amplitudes – ob-
tained through fitting the experimental spectra with the two-gap 2D-BTK model
– as a function of the contact resistance RN. As shown in fig. 4.14a, the data
cluster into two well-defined energy intervals, highlighted by shaded regions, and
exhibit negligible dependence on RN. These findings confirm that the contacts are
in the spectroscopic regime and that the measured gaps are independent of the
specific contact. However, the significant spread within each energy range sug-
gests a spatial modulation of the gap amplitudes. Consequently, the midpoint and
half-width of each energy range are assigned as the respective gap values, yielding
⟨∆1⟩ = (0.26 ± 0.12) meV and ⟨∆2⟩ = (0.62 ± 0.18) meV at 0.3 K. This procedure is
repeated for all other temperatures, resulting in the T -dependence of the average
gap amplitudes (symbols) shown in fig. 4.14b. The average values of the larger and
smaller gaps display, respectively, BCS-like and quasi-linear T -dependencies, both
closing at the same T A

c . This behavior is consistent with the observations from indi-
vidual contact spectra and may account for the absence of low-T saturation in the
superfluid density reported by muon spin rotation measurements [8]. In a multigap
system, such a deviation from saturation can be attributed to the smaller gap(s)
being thermally excited at lower energies than the larger gap, thereby contributing
additional quasiparticles beyond those associated with the larger gap alone.

With the average T -dependence of the gaps established, the comparison with the-
oretical predictions is performed by initially calculating their expected behavior
as function of temperature within a two-band BCS framework. This specifically
involves solving the self-consistent gap equations for a two-band superconductor in
the weak-coupling limit. In the original formulation by Suhl, Matthias, and Walker
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on each data point represent the variability arising from different normalization
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uncertainty of the fitting method. (b) Dependence of the measured energy gaps
on the normalized temperature T/Tc. At each temperature T , symbols represent
the mean values obtained by averaging measurements from all contacts, with the
associated error defined as half the spread among the individual measurements.
Solid and dashed lines correspond to fits using the two-band SMW model [210] and
the Eliashberg model [211, 212, 213], respectively. Adapted from Ref. [183]

(SMW model) [210], these equations are expressed as follows:

∆1 [1 − V11N1(0)F (∆1)] = ∆2V12N2(0)F (∆2)
∆2 [1 − V22N2(0)F (∆2)] = ∆1V12N1(0)F (∆1)

(4.3)

Here, Ni(0) denotes the density of states at the Fermi level for the i-band, Vii repre-
sent the intraband interaction energies, and V12 = V21 is the interband interaction
energy. The function F (∆1,2) is defined as:

F (∆1,2) =
Ú ℏω

0
dε tanh

A
(ε2 + ∆2

1,2)1/2

2 kB T

B
/
1
ε2 + ∆1,2

22
(4.4)

For consistency with the rest of the analysis, it is convenient to reframe these
equations in terms of the dimensionless BCS coupling parameters λij = VijNj,
following the formulation in [200]. This yields the equivalent set of equations:

∆1 = ∆1F (∆1) λ11 + ∆2F (∆2) λ12

∆2 = ∆2F (∆2) λ22 + ∆1F (∆1) λ21
(4.5)
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where the inter-band couplings λ21 and λ12 are not independent, but related through
the ratio of the electronic density of states at the Fermi level for the two bands,
ν21 = N2(0)/N1(0), such that λ12 = λ21ν21.

To track the theoretical T -dependence of ∆i within this model, the coupling con-
stants λij must first be determined. This is accomplished by solving eqs. (4.5)
for λij at a fixed temperature (e.g. 0.3 K), along with the requirement that the
superconducting gaps vanish at Tc [210, 200]:

kBTc = 1.14 ℏωD exp
−

ñ
4λ12λ21 + (λ11 − λ22)2 − (λ11 + λ22)

2(λ12λ21 − λ11λ22)

 (4.6)

The above constraint is derived by imposing ∆1,2 = 0 at T = Tc into eqs. (4.5).

By substituting the experimentally measured gaps at 0.3 K and the transport-
derived Tc into eqs. (4.5) and (4.6), a closed system of three equations is eventually
obtained for the unknowns λ11, λ22, and λ21. This system is then numerically solved
by specifying the ratio ν21 and the cutoff frequency ℏω used in the function F (∆1,2).
Specifically, ℏω is estimated by assuming a Debye temperature of approximately
203 K [214], while ν21 is initially set to a guess value of 0.35.
At this stage, eqs. (4.5) are solved iteratively by applying the previously deter-
mined λij values at progressively higher temperatures to compute the theoretical
T -evolution of ∆i. This iterative procedure involves discretizing the temperature
range and, at each temperature step, updating the gap amplitudes recursively ac-
cording to:

∆i+1
1 = ∆i

1F (∆i
1) λ11 + ∆i

2F (∆i
2) λ21 ν21

∆i+1
2 = ∆i

2F (∆i
2) λ22 + ∆i

1F (∆i
1) λ21

(4.7)

where i denotes the iteration index. Convergence is achieved when the difference
between successive iterations falls below a threshold of 10−12 meV. For i = 0, the
initial values of ∆i are taken from the gap amplitudes obtained at the previous
temperature step. Thus, the experimental values of ∆1,2 measured at 0.3 K serve
as the starting point for the entire calculation, with the first iteration carried out
at the next temperature step above 0.3 K.
This iterative method yields the T -dependence of the gaps for the trial value of
ν21 = 0.35. However, it is found that the shape of the ∆1(T ) curve – especially
near Tc – depends sensitively on the choice of ν21. Therefore, the entire procedure
is repeated for different values of ν21 until the calculated gap evolution matches the
experimental observations. The comparison is performed after rescaling the tem-
perature axis of the calculated and experimental data by Tc and T A

c , respectively,
to account for the mismatch between the two quantities. The best agreement is
obtained for ν21 = 0.48 (solid lines in fig. 4.14b) and the corresponding values of
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the BCS coupling constants are listed in tab. 4.1. Based on these optimized param-
eters, the effective total coupling constant, λeff , is also evaluated. This is done by
equating the expression for Tc as predicted by the two-band BCS model (eq. (4.6))
with McMillan’s empirical formula [215]:

kBTc = 1.14 ℏωD exp
A

− 1 + λeff

λeff − µ∗

B
(4.8)

where the Coulomb pseudopotential µ∗ is set to zero, consistent with the two-band
BCS theory, which neglects Coulomb repulsion [210, 200]. Applying this procedure
yields λeff = 0.34, which represents a lower bound for the effective coupling con-
stant of the system.

Given that the T -dependence of the gaps in HxTiSe2 is accurately captured by
the SMW two-band model, further analysis explores whether comparable agree-
ment is achievable using the more comprehensive Eliashberg formalism [211, 212,
213]. This approach involves solving the four coupled Eliashberg equations for
the gap functions ∆i and the renormalization functions Zi - with i denoting the
band index— in the absence of magnetic impurities [216, 211, 217, 212, 218, 213].
These computations were carried out by Prof. G. A. Ummarino at Politecnico di
Torino. Due to the large number of input parameters, several simplifications were
necessary to keep the problem tractable. Specifically, certain parameters were fixed
based on experimental data, while others were estimated using physically motivated
assumptions. A detailed account of the adopted approximations is provided in the
Supplementary Information of Ref. [183].
The resulting T -dependence of ∆1,2 again yields excellent agreement with experi-
mental observations (dashed lines in fig. 4.14b) for ν21 = 0.48. The corresponding
coupling constants λij are provided in tab. 4.1. Based on these values, the total
effective coupling constant, defined within the two-band Eliashberg framework as

λeff = λ11 + λ12 + ν21(λ22 + λ21)
1 + ν21

, (4.9)

is found to be λeff = 0.34, which coincides with the weak-coupling BCS limit.

At this stage, since both models accurately capture the data, a comparison be-
tween them can now be made based on tab. 4.1. This table reveals that both
models achieve the best fit to the experimental data when the strongest coupling is
the intraband interaction within the band associated with the larger gap, accom-
panied by a notable interband coupling. Furthermore, the density of states for the
band with the larger gap should be approximately half that of the band with the
smaller gap. Despite differences in the numerical values of the coupling constants
– attributable to distinct model formulations – both approaches converge on an
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effective coupling constant λeff = 0.34, indicative of a weak-coupling superconduct-
ing regime. These results confirm the robustness of the two-band BCS model in
accurately describing the T -dependence of the superconducting gaps in HxTiSe2.

λ11 λ22 λ21 ν21 λeff η21 Bc2(0)
SMW + Gurevich 0.14 0.22 0.06 0.48 0.34 12.4 0.79 T

Eliashberg 0.24 0.41 0.07 0.48 0.34 10.5 0.69 T

Table 4.1: Summary of parameters derived from calculations using either the weak-
coupling SMW-Gurevich model or the strong-coupling Eliashberg model. Reported
values include the electron-phonon coupling constants λij, the density of states ratio
ν12, the total effective coupling constant λeff , the diffusivity ratio η21, and the zero-
temperature upper critical field Bc2(0).

4.4.2 Bmf
c2 (T ): comparison with two-band models

Given the effectiveness of two-band models in describing the non-BCS, quasi-linear
T -dependence of the smaller superconducting gap, the focus now shifts to investi-
gate whether the anomalous positive curvature in Bmf

c2 (T ) can also be accounted
for within a two-band framework. To address this, Bmf

c2 is analyzed using a weak-
coupling BCS model for a two-gap superconductor in the dirty limit. Originally
proposed by Gurevich [200], this model incorporates intra-band scattering from
non-magnetic impurities through band-specific diffusivities Di, while neglecting
inter-band scattering. Within this framework, the T -dependence of Bmf

c2 is de-
scribed by the following implicit equation:

a0[ln(t)+U(b/t)][ln(t)+U(η21b/t)]+a1[ln(t)+U(b/t)]+a2[ln(t)+U(η21b/t)] = 0 (4.10)

where t = T/Tc denotes the reduced temperature, b(T ) = Bc2(T )/Bc2(0) is the
normalized upper critical field, and η21 = D2/D1 represents the ratio of band
diffusivities. The function U(x) is defined as U(x) = Ψ(x+1/2)−Ψ(x), where Ψ(x)
is the digamma function. The coefficients a0, a1, and a2 arise from combinations of
the BCS coupling constants λij, and are explicitly expressed as:

a0 = 2(λ11λ22 − λ12λ21)
λ0

, a1 = 1 + λ11 − λ22

λ0
, a2 = 1 − λ11 − λ22

λ0

where λ2
0 = (λ11 − λ22)2 − 4 λ12λ21. In this analysis, the coupling constants λij are

fixed based on values previously determined using the SMW model, while Bc2(0)
and η21 are treated as free fitting parameters. Eq. (4.10) is then solved through
nonlinear regression, minimizing the least-squares iteratively to identify the best
fit to the experimental data. This fitting process yields the optimal fit represented
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by the solid black curve in fig. 4.14b, with the resulting parameters Bc2(0) = 0.79 T
and η21 = 12.36.

Again, since the agreement with the data is excellent, a further analysis is performed
to investigate whether the same agreement level can be obtained using a two-band
model based on the more comprehensive Eliashberg theory [219, 220]. This involves
solving the Eliashberg equations in the presence of a magnetic field. These calcu-
lations, once again performed by Prof. G. A. Ummarino, use the same λij values
previously obtained from the T -dependence of the superconducting gaps and again
actions are taken to reduce the number of free input parameters. As before, efforts
are made to reduce the number of free input parameters: certain parameters are
fixed based on experimental results, while others are estimated using reasonable
approximations. For instance, the nonmagnetic scattering rates are estimated from
the T dependence of the resistivity in the normal state, under the assumption –
consistent with the BCS treatment – of negligible interband scattering. Further de-
tails on this procedure can be found in the supplementary information of Ref. [183].
The resulting curve that best fits the data is shown as a dashed line in fig. 4.15 and
corresponds to a diffusivity ratio of η21 = 10.47.
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band Ginzburg-Landau fits (solid lines). Adapted from Ref. [183]
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This result demonstrates that this Eliashberg-based model also accurately repro-
duces the experimental Bc2(T ) across the entire temperature range.
In conclusion, both the weak- and strong-coupling models, employing the same
coupling parameters used to reproduce the T -dependence of the gaps, demonstrate
excellent agreement with the experimental data. They accurately capture the tem-
perature trend, including the positive curvature, and yield comparable values for
Bc2(0) and η21. Such findings firmly distinguish the H-induced superconducting
state in HxTiSe2 from those induced in TiSe2 by either electric-field-driven charge
doping [185] or Cu intercalation [15]. In the latter cases, Bc2(T ) displays the con-
ventional negative curvature characteristic of single-gap superconductors (red and
black symbols in the inset of fig. 4.15), which is well described by the one-band
Ginzburg-Landau model (solid lines).

4.5 Possible origin of two-gap superconductivity
Since quantitative analysis of all measurements performed consistently indicates
the presence of two-gap superconductivity, this section eventually explores the pos-
sible origins of this phenomenon in HxTiSe2.

To contextualize the discussion, however, it is helpful to briefly review what is cur-
rently known about the band structure of both pristine and doped TiSe2. At low
temperatures and ambient pressure, undoped TiSe2 is well described by a single
electronic band formed by six equivalent electron pockets located at the L points
of the Brillouin zone [221, 222]. Moderate electron doping – achieved, for example,
via Cu intercalation – raises the Fermi level without significantly altering the band
structure [223, 8]. In contrast, the application of pressure markedly modifies the
Fermi surface of TiSe2, inducing a Lifshitz transition characterized by the emergence
of large hole pockets at the Γ point. This transition gives rise to multiband super-
conductivity, where electron and hole pockets contribute distinct superconducting
bands. A comparable behavior has been observed in Nb-based superconducting
transition metal dichalcogenides, such as NbS2 and NbSe2 [176, 177, 178, 179, 180,
181, 182]. By analogy, the emergence of two-gap superconductivity in HxTiSe2
could be attributed to H doping inducing a Lifshitz transition that modifies the
Fermi surface. However, Hall effect measurements do not show evidence of charge
compensation via hole pocket formation [8]. This observation suggests that the two
bands may originate from multiple inequivalent electron pockets, resembling the be-
havior observed in electron-doped semiconducting transition metal dichalcogenides
such as MoS2, WS2, MoSe2, and WSe2 [224, 225, 226, 202]. Nonetheless, this sce-
nario appears inconsistent with ab-initio calculations, which predict the presence
of only a single electronic band crossing the Fermi level in HxTiSe2 [8].
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Alternatively, drawing inspiration from 2H -NbSe2 [175], the two-gap behavior ob-
served in HxTiSe2 might be attributed to a strongly anisotropic distribution of the
superconducting gap in reciprocal space. In this perspective, the apparent two-gap
superconductivity likely originates not from multiple bands but from a multi-orbital
effect triggered by H intercalation. Indeed, ab-initio calculations revealed that H in-
tercalation in TiSe2 results in partial filling of the dz2 band, which couples strongly
to phonons, and promotes hybridization with H-derived states. Thus, given that
the Tidz2 states are mainly localized along the Γ–A direction in the Brillouin zone,
this significant alteration in the orbital character at the Fermi level is expected to
drive a pronounced gap anisotropy (fig. 4.16).

However, distinguishing between the different scenarios is not straightforward, but
requires a direct probe of the Fermi surface, including quantum oscillation measure-
ments or angle-resolved photoemission spectroscopy. Such experiments represent
promising directions for future research.

Figure 4.16: Electronic band structure of 1T -H1TiSe2 obtained from ab-initio cal-
culations, with the orbital character highlighted using different colors: red for the
dz2 contribution, green for the dxy and blue for dx2−y2 .

4.6 Conclusions
This study exploits IGP to intercalate H into 1T -TiSe2, enabling the synthesis
of the recently discovered superconducting HxTiSe2, which preliminary evidence
suggested may host a non-trivial superconducting order parameter. The nature of
this superconducting order parameter is then examined through three independent
techniques: magneto-transport measurements, directional PCARS, and tunneling
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spectroscopy. Among these, directional PCARS not only provides critical insights
into the superconducting properties of HxTiSe2 but also provides valuable technical
expertise for studying more exotic superconducting states, which will be explored
in the following chapter.

Converging evidence from these measurements supports the presence of a non-
trivial superconducting order parameter characterized by two nodeless supercon-
ducting gaps. Specifically, the temperature dependence of the superconducting
gaps extracted from PCARS and tunneling spectroscopy, together with the up-
per critical field obtained from magneto-transport data, is well described by both
BCS theory and the more comprehensive Eliashberg formalism for two-band super-
conductivity. The fits of these theoretical models to the experimental data yield
coupling constants, densities of states, and diffusivity ratios that exhibit strong
mutual agreement.

Nonetheless, variations in the gap values are observed across different PCARS con-
tacts, indicating a possible spatial modulation in the gap amplitudes. Despite this,
the highly spatially resolved tunneling spectroscopy reliably detects two distinct
gaps, effectively ruling out the possibility that these arise purely from phase sep-
aration. In light of this, drawing on insights from previous ab initio calculations,
the two-gap superconductivity observed in this system is proposed to arise from an
unconventional multi-orbital, single-band electronic structure, rather than from a
conventional multi-band Fermi surface scenario.
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Chapter 5

Towards topological
superconductivity

Having acquired proficiency in using both ionic gating-induced protonation (IGP)
and point-contact Andreev reflection spectroscopy (PCARS) to induce and probe
superconductivity respectively, this chapter presents the final investigation of the
thesis, which focuses on two candidate topological superconductors: layered Bi2Se3
and FeSe1−xTex. Specifically, IGP is performed on pristine Bi2Se3 to determine
whether hydrogen (H) intercalation induces a superconducting phase, as prelimi-
narily claimed in a previous study, and whether this hypothetical phase exhibits
potential signatures of topological superconductivity detectable via PCARS. Simi-
larly, IGP and PCARS are applied to layered FeSe1−xTex to investigate the effects
of H intercalation on its intrinsic superconducting phase and to search for potential
topological superconductivity.

The chapter is structured in two main sections, each dedicated to one of the can-
didate materials. After a brief overview of the key experimental evidence from
previous studies suggesting their potential to host topological superconductivity,
the results of the present investigation are presented and critically discussed.

5.1 Doped Bi2Se3

5.1.1 Framework for HxBi2Se3 study
Following the Fu-Kane proposal suggesting that 2D topological superconductivity
can be induced by proximizing a topological insulator with a conventional s-wave
superconductor [34], significant efforts have been dedicated to inducing conven-
tional bulk superconductivity in topological insulators. The rationale is that a
bulk superconducting state could, in turn, induce superconductivity in the inherent
topological surface states of topological insulators, thereby resulting in superficial
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topological superconductivity.

Within this context, Bi2Se3 has emerged as a particularly promising topological
insulator. This material features a favorable layered crystal structure composed of
Se–Bi–Se–Bi–Se quintuple layers, which are weakly bound to adjacent layers via van
der Waals forces [227]. Due to this layered architecture, various doping strategies,
such as substitution or intercalation of foreign atoms, can be employed to tune its
electronic properties and potentially induce superconductivity.
Thus, motivated by the successful induction of superconductivity in TiSe2 via Cu
intercalation [15], Cu was initially investigated as a dopant in Bi2Se3. Preliminary
experiments demonstrated that substitutional Cu doping, yielding Bi2−xCuxSe3
with 0 ≤ x ≤ 0.15, failed to induce superconductivity. In contrast, Cu intercalation,
resulting in CuxBi2Se3 for 0.1 ≤ x ≤ 0.3, gave rise to a superconducting phase with
Tc ≈ 3.8 K (fig. 5.1a) [228, 229]. However, transport measurements showed finite
resistivity below Tc, and DC magnetic susceptibility indicated that only about 20%
of the sample volume exhibited full diamagnetism, questioning the bulk nature of
the superconductivity and motivating the search for higher-quality samples [230].
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Figure 5.1: (a) Temperature-dependent resistivity of Cu0.12Bi2Se3 single crystals.
Reprinted from Ref. [228]. A schematic of the Cu0.2Bi2Se3 crystal structure is pre-
sented in the inset. Reprinted from Ref. [231]. (b) In-plane angular dependence of
Hc2 from magnetoresistance in SrxBi2Se3, and (c) in-plane field-angle dependence
of the irreversible magnetic torque in NbxBi2Se3, providing evidence for nematic
superconductivity. Data reprinted from Ref. [232].

To enhance sample quality, an electrochemical technique was employed to inter-
calate Cu+ ions into Bi2Se3 by applying a voltage across a saturated solution of
CuI powder in acetonitrile [233, 234]. Although samples treated via this method
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were initially non-superconducting, appropriate post-treatment annealing success-
fully induced superconductivity for x values between 0.09 and 0.64, yielding Tc
values ranging from 2.2 K to 3.6 K and shielding fractions up to 50%.
With CuxBi2Se3 prepared by electrochemical intercalation showing a Tc of 3.2 K,
PCARS measurements were then carried out to probe the superconducting gap
symmetry [36]. Contrary to expectations for a proximity-induced 2D p-wave state,
the results provided evidence for a 3D, unconventional nematic superconductivity
with odd-parity, spin-triplet Cooper pairing [36, 232, 44, 43].

Cu is not the only dopant whose intercalation into Bi2Se3 leads to superconduc-
tivity; similar effects have been observed for Sr and Nb [232]. In early work
on Sr-intercalated Bi2Se3 (SrxBi2Se3) prepared by melt growth, superconductiv-
ity emerged with Tc = 2.5 K and a shielding fraction of 91.5% for x = 0.06 [38].
Later studies reported superconductivity for x = 0.1–0.2, with Tc between 2.5 K and
3 K and shielding fractions remaining close to 90% [39, 235, 236]. Nb-intercalated
Bi2Se3 (NbxBi2Se3), also grown by the melt method, shows T ≈ 3 K and nearly
100% shielding for x = 0.25 [237, 238, 239]. In both Sr- and Nb-intercalated sam-
ples, the field–angular dependence of magnetoresistance and of the magnetic upper
critical field provides strong evidence for unconventional nematic superconductiv-
ity with odd-parity, spin-triplet Cooper pairing (fig. 5.1b,c)[45, 240, 40, 41]. In this
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Figure 5.2: DC susceptibility of HxBi2Se3, obtained via ionic gating-induced pro-
tonation of Bi2Se3 single crystals, measured under field-cooled (FC) and zero-field-
cooled (ZFC) conditions at the magnetic fields indicated in the labels. The onset of
the superconducting transition for the lowest-field curve is marked by a red arrow.
Data reprinted from Ref. [42]

context, a preliminary incomplete investigation by Cui et al. [42] indicated that H
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intercalation via IGP may also induce superconductivity in Bi2Se3, with a Tc of ap-
proximately 3.8 K, as determined from DC susceptibility measurements (fig. 5.2).
These results motivate further experiments to reproduce the claimed supercon-
ducting state and, if confirmed, to investigate its superconducting gap structure to
determine whether it is consistent with the behavior observed for other intercalants.

5.1.2 Experimental methods
This investigation was carried out on single crystals of Bi2Se3 purchased from 2D
Semiconductors Inc. The study involved performing IGP and subsequently charac-
terizing the electronic properties of the treated samples through transport measure-
ments, with the goal of identifying any modifications induced by IGP and verifying
the possible emergence of the superconducting phase previously claimed in the lit-
erature.

IGP was conducted both ex situ and in situ (see chapter 2). Initially, ex-situ IGP
was performed to replicate the conditions under which superconductivity had pre-
viously been claimed: specifically, applying a gate voltage (VG) of +3 V across the
conventional ionic liquid (IL) EMIM-BF4 at approximately 350 K for 15 days [42,
95]. The ex-situ setup was chosen because, unlike the in-situ configuration, it can
be implemented on a hot plate, thereby allowing operation above room temper-
ature (T ). Additionally, it supports long-duration IGPs due to the use of larger
electrolyte volumes compared to the in-situ approach. Larger volumes results in a
reduction of the relative rate of electrolyte degradation under a constant applied
voltage, enabling a continuous +3 V gating for the full two-week duration, provided
that a drop of water is added daily to sustain the water dissociation mechanism
underlying IL-based IGP [11].
After this treatment, the sample was quickly removed from the gating medium –
effectively stopping intercalation by opening the gating circuit – rinsed with ace-
tone, and electrically contacted to measure its resistivity vs. temperature (ρ–T )
behavior. This preparation required approximately one hour before the sample was
inserted into the 4He cryostat for transport characterization.

Subsequently, IGP was carried out by varying the tunable parameters of the original
gating protocol to investigate the response of the material to different levels of H+

intercalation. As an initial step, in the ex-situ configuration, the same procedure
described above was repeated at a reduced working temperature of 300 K. Next,
the duration of the VG application was reduced, shifting toward short-duration
IGPs on the order of hours. This adjustment enabled the usage of the in-situ
configuration, allowing real-time monitoring of the response of the material to IGP
via resistivity measurements. At the same time, it eliminated the need for rinsing
and contacting the sample prior to transport characterization, thereby removing
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any dead time between IGP treatment and transport measurements and reducing
potential sources of deintercalation.
Within this in-situ setup, additional parameters were adjusted, including the final
applied VG and the choice of the electrolyte, to explore the possibility of achieving
higher levels of H+ intercalation. Specifically, the 1:3 choline chloride: glycerol deep
eutectic solvent (1:3 ChCl:gly DES) used in chapter 3 was employed as a substitute
for the conventional EMIM-BF4. Finally, this configuration was also used to assess
the reactivity of the material to the sudden removal of VG at different temperatures,
providing insights into its deintercalation behavior.

5.1.3 Results
As anticipated, the first step in investigating HxBi2Se3 as a potential topological
superconductor involved reproducing the superconducting phase that had been pre-
liminarily claimed in literature. To this end, the original procedure used by Cui
et al. [42, 95] to observe superconductivity in Bi2Se3 was replicated. In the ex-
situ configuration at 350 K, VG was ramped from 0 V to 3 V at 1 mV/s – a rate
previously determined (chapter 3) to allow the ion dynamics in the EMIM-BF4 to
follow the gating ramp effectively – and then held constant for 15 days. The result-
ing ρ–T curve, shown in fig. 5.3a (solid brown line), exhibits a behavior markedly
different from that of pristine Bi2Se3 (solid black line). Pristine Bi2Se3 exhibits a
metallic-like T -dependence (dρ/dT < 0) arising from bulk conduction due to n-type
doping from selenium vacancies [241, 242, 243, 244]. The residual resistivity ratio
(RRR), defined here as ρ(200 K)/ρ(4 K), is 1.45 and is consistent with previous re-
ports on high-quality bulk Bi2Se3 crystals [245, 246, 247]. In contrast, IGP-treated
Bi2Se3 maintains a metallic-like trend but exhibits an increased RRR of 1.96, indi-
cating that IGP treatment effectively modifies the transport properties of Bi2Se3.
However, no evidence of superconductivity was detected, either at the previously
reported temperature of 3.8 K [42] or down to 1.7 K.

Since no superconducting transition was detected under the initial protocol, the
tunable parameters of IGP were systematically adjusted to probe how the material
responds to different levels of H+ intercalation. The aim was to investigate the
evolution of the ρ–T behavior of Bi2Se3 across varying H concentrations and de-
termine whether and when a superconducting transition emerges. As a first step,
the process temperature was adjusted: the same procedure previously applied was
repeated at 300 K instead of 350 K. Temperature has two competing effects: on one
hand, higher temperatures can facilitate H+ intercalation by enhancing water disso-
ciation in the IL and promoting ion diffusion into the sample [11, 101, 102, 103, 104];
on the other hand, elevated temperatures can accelerate electrolyte degradation,
which may diminish its capacity to sustain H+ intercalation, favor the intercalation
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Figure 5.3: Temperature (T )-dependence of the resistivity (ρ), normalized to its
value at 200 K, for Bi2Se3 single crystals treated with different ionic gating-induced
protocol (IGP) protocols. The legend summarizes, for each curve, the corresponding
IGP process in terms of electrolyte type, final applied gate voltage, and application
duration. Panel (a) presents results from long-duration IGPs, panel (b) from short-
duration IGPs, and panel (c) from ionic liquid (IL)-based IGPs performed at higher
VG compared to the original protocol that yielded a superconducting phase. For
reference, the pristine curve (solid black line) is shown in all panels.

of organic ions [76], and increase reactivity that could potentially damage the sam-
ple [248]. The resulting ρ–T curve from this adjusted protocol, shown in fig. 5.3a
as the solid red line, retains the overall shape of the 350 K-treated sample with no
evidence of superconductivity, but exhibits a higher RRR of 2.35.

Although the curves obtained so far differ, their variations remain relatively mod-
est, motivating an exploration of other parameter configurations to induce more
pronounced changes. A key parameter in this regard is the duration for which the
final VG = +3 V is applied. Indeed, longer IGP treatments are expected to result
in increased exposure to H+ injection and, consequently, higher H concentrations,
whereas shorter treatments are likely to result in samples with lower H+ content
[11]. To investigate this effect, the application time was reduced, shifting toward
in-situ IGP treatments on the order of hours. In these procedures, the gating
ramp was kept identical to that used in long-duration IGPs, but the final VG was
maintained for only 5 minutes (solid blue line, fig. 5.3b) or 1 hour (solid green line,
fig. 5.3b). Since processes above room T are not feasible in the in-situ setup, all
these IGP treatments were conducted at 300 K. In both short-duration cases, the
resulting ρ-T curves differ markedly from those obtained after long-duration IGPs,

82



5.1 – Doped Bi2Se3

both in overall shape and in RRR. Below 100 K, the resistivity decreases more
steeply with decreasing T , giving rise to a hump-like profile. This enhanced drop
results in significantly higher RRR values: 2.87 for the 5-minute treatment and
8.02 for the 1-hour treatment. Nonetheless, no evidence of superconductivity is
observed in both cases.

At this stage, another adjustable parameter was considered: the final applied VG.
Like temperature, this parameter can induce competing effects. Increasing the volt-
age enhances the reactivity of the IL, which can, on the one hand, promote more
efficient water dissociation and potentially increase the degree of intercalation. On
the other hand, higher voltages may also trigger undesired reactions, such as the
intercalation of other ionic species (e.g., EMIM+ from EMIM-BF4 [76, 75]) or di-
rect chemical interactions with the sample, potentially leading to structural damage
[248]. To enable comparison with previously studied short-duration IGPs, exper-
iments at gate voltages above 3 V were conducted over similar timescales (on the
order of hours). Initially, VG was ramped from 0 to 4.5 V at a rate of 1 mV/s and
held for 4 h. The resulting ρ–T curve (solid blue line in fig. 5.3c) clearly exhibits
a different behavior: the resistivity is larger than the pristine one in the whole
temperature range, with a positive slope between ∼ 7 and 100 K and a negative
slope between 100 and 200 K, yielding a reduced RRR of 1.27.
To further investigate this behavior, after measuring this ρ–T curve, the sample was
brought back to room T to allow the EMIM-BF4 to reactivate, and VG = +4.5 V was
applied for an additional 4 h. The resulting ρ–T curve (solid orange line, fig. 5.3c)
displayed a clear insulating-like behavior, with dρ/dT < 0 across the entire tem-
perature range. Repeating the procedure with an increased voltage of +5 V once
the EMIM-BF4 was active and maintaining it for additional 4 h produced an even
stronger insulating behavior (solid brown line, fig. 5.3c). This striking difference
in the response of the gated Bi2Se3 system to the value of VG suggests that for
VG ≤ 3 V, H+ ions were efficiently intercalated, whereas at VG > 3 V, the larger
EMIM+ ions were preferentially intercalated. Such intercalation is likely to expand
the spacing between the quintuple layers of Bi2Se3, which are held together by van
der Waals interactions [76], thereby inducing a transition from a metallic-like to an
insulating state [249]. Indeed, Bi2Se3 crystals gated at VG > 3 V often exhibited an
increase in thickness and a partial delamination when they were inspected at the
end of the measurements.

To mitigate this effect, the conventional EMIM-BF4 was replaced with the 1:3
ChCl:gly DES employed in the study presented in chapter 3, which had been shown
to facilitate a more extensive H+ intercalation in palladium compared to EMIM-
BF4 at the same applied VG [105]. In addition, the 1:3 ChCl:gly DES demonstrated
the capability to sustain H+ intercalation in palladium at voltages (up to 12 V) sig-
nificantly higher than the operational limit of EMIM-BF4. On these basis, VG was
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ramped across the 1:3 ChCl:gly DES from 0 V to 5.5 V at a rate of 1 mV/s and
then held constant for 1 h. Contrary to expectations, the resulting ρ-T curve (solid
orange line in fig. 5.3b) was found between the 5-min and the 1-h treatment ones
obtained with EMIM-BF4, exhibiting a similar hump-like profile with an RRR of
3.96 and no indication of superconductivity. This suggests that, unlike in palla-
dium, DES-based IGP on Bi2Se3 does not provide a clear advantage over IL-based
IGP, as operating at higher voltages over comparable timescales yields no signifi-
cant improvement relative to EMIM-BF4.

After exploring various alternative parameter configurations, the focus ultimately
shifted toward enabling a rigorous comparison between results obtained under in-
situ and ex-situ conditions. Indeed, unlike in-situ IGP, ex-situ treatment requires
the samples to remain at room T for at least 1 h without applied voltage during
the contacting procedure – a condition that could permit partial deintercalation.
Therefore, it is crucial to quantify the tendency of Bi2Se3 to release H+ ions and
return to its pristine state. To directly probe this effect, multiple sequential dein-
tercalation cycles were performed under in-situ conditions, enabling continuous
monitoring of the response of the material. The first deintercalation was conducted
on the protonated sample prepared by applying a final VG = +3 V for 1 h. After
recording its ρ–T characteristics, the sample was held at 240 K for 1 h with VG
removed by physically opening the gating circuit, ensuring that only deintercala-
tion could occur [11]. This temperature was chosen deliberately as an initial trial
because it minimizes deintercalation, allowing the response of the material to small
perturbations to be observed.
The resulting ρ–T curve after 1 hour of deintercalation is shown by the solid green
line in fig. 5.4, with the left panel covering the 0–200 K range and the right panel
providing a zoomed-in view of the 5–50 K subrange. Notably, the initial ρ–T char-
acteristics were smoothed, the hump-like feature was suppressed, and the RRR
decreased by 7.23%, from 8.02 to 7.44. Repeating the same procedure under iden-
tical conditions (240 K, 1 h) produced a similar curve (solid yellow line) with a
slightly lower RRR of 7.15, indicating only a limited additional effect.
To promote more substantial deintercalation, the sample was then held at 270 K
for 10 h. This cycle resulted in the solid orange curve, which preserved the overall
shape but exhibited a further reduced RRR of 5.53. A final cycle at room T for
10 h decreased RRR to 3.96 while maintaining a similar curve profile. Throughout
all cycles, no signatures of superconductivity were observed.
These results suggest that at low temperatures (240 K), deintercalation is largely
suppressed; however, the observed smoothing of the curve may indicate H rear-
rangement within the crystal. At higher temperatures, deintercalation becomes
increasingly effective, leading to a pronounced reduction in RRR.
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Figure 5.4: T -dependence of the resistivity, normalized to its value at 200 K, for
HxBi2Se3 undergoing successive deintercalation cycles. The initial HxBi2Se3 sample
(solid petrol blue line) was prepared by applying VG = +3 V for 1 h across the
EMIM-BF4 ionic liquid (IL) on pristine Bi2Se3 (solid black line). Deintercalation
was then induced by opening the gating circuit (OC = open circuit) at a specified
temperature for a controlled duration. For each curve, the legend indicates whether
the circuit was open, the temperature at which deintercalation was performed, and
the duration of the process. The right panel presents a zoom of the left panel to
better resolve the low-T behavior and highlight the effects of deintercalation.

5.1.4 Discussion
Analysis of the collected data indicates that the observed changes in the transport
properties of Bi2Se3 under IGP at +3 V are primarily due to H+ intercalation. This
interpretation is supported by tests at higher gating voltages, where EMIM+ inter-
calation takes place and produces a distinctly different material response.

In addition, deintercalation tests rule out the possibility that the ρ–T behavior
observed after long-duration ex-situ IGP experiments is primarily governed by
deintercalation during the time required for mounting the sample for resistance
measurements. Indeed, although the test carried out at room-T under open-circuit
(OC) conditions produced a 39% change in the RRR relative to its initial value, it
is important to note that this experiment was conducted over a timescale nearly an
order of magnitude longer than the time required for rinsing and contacting the ex-
situ treated samples before transport measurements. Consequently, the influence
of deintercalation on the ρ-T curves of ex-situ treated samples is expected to be
negligible, with the observed transport trends dominated by intercalation effects.
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Within this framework, the fact that the ρ–T curves from long-duration IGPs re-
tain an overall shape resembling the deintercalation curves – without exhibiting the
hump-like feature typical of short-duration IGPs – can likely be attributed to H
dynamics. In long-duration IGPs, although a larger amount of H+ is intercalated
into the crystal, the ions have sufficient time to diffuse and redistribute within the
lattice. This redistribution, previously proposed as the main factor responsible for
smoothing the hump observed during the deintercalation cycle at 240 K, occurs in
long-duration IGPs but is suppressed in short-duration IGPs, resulting in the pres-
ence of the hump in the latter.

Based on these observations, it is reasonable to infer that, under otherwise fixed IGP
conditions, longer exposure to the applied VG results in increased H+ intercalation
and, consequently, a higher overall H content in Bi2Se3. Within this perspective,
the data suggest that the RRR exhibits a dome-like trend as a function of exposure
time – or tentatively, as a function of increasing H content. As a matter of fact,
during short-time IGPs (up to 1 h), RRR increases with longer exposure. In con-
trast, long-duration IGP (15 days at 300 K) – likely corresponding to much higher
H uptake – yields a substantially lower RRR, implying that RRR first reaches a
maximum and then decreases at high H content. Consistent with this picture, the
long-duration curve obtained at 350 K, which displays an even lower RRR, can be
attributed to further enhanced H incorporation, in line with the expectation that
elevated working temperatures promote stronger intercalation and diffusion, and/or
larger disorder, as observed in H-intercalated TiSe2 [8].

Eventually, concerning superconductivity, despite testing a range of parameter con-
figurations, no superconducting transition was observed, even when following the
original protocol reported by Cui et al. [42, 95]. Considering the difference in
characterization techniques between this study and Cui et al. [42, 95] – resis-
tivity measurements versus susceptibility measurements – it is possible that, if a
superconducting phase does build up, the fraction of the material exhibiting su-
perconductivity is too small to produce a detectable signal in electric transport
measurements, since they require a percolative network of the superconducting
phase to be successfully established to allow clear detection. Conversely, small
diamagnetic signals can be picked up in susceptibility measurements, and indeed
Cui et al. [42] did not evaluate the superconducting fraction corresponding to their
measured curves. If this is indeed the case, considerable effort would be required
to identify a protocol capable of achieving a zero-resistivity state. Accordingly,
future investigations on protonated Bi2Se3 should focus on systematically mapping
(both with transport and magnetic measurements) the behavior of the material at
different levels of H+ intercalation, ideally with quantitative estimation of the H
content in each treatment, to enable a more rigorous understanding of the response
of the material.
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5.2 FeSe1−xTex

5.2.1 Framework for FeSe1−xTex study
Since no superconducting phase could be induced in Bi2Se3 through IGP, the focus
was redirected towards alternative materials that may host 2D topological super-
conductivity via the proximity effect between their Dirac-cone–like surface states
and a bulk s-wave superconductivity, as proposed by Fu and Kane [34]. Within
this framework, the investigation was extended to FeSe1−xTex, which, as described
below, exhibits both Dirac-cone–like surface states and bulk superconductivity.

FeSe1−xTex belongs to the family of iron-based superconductors, the second class
of materials discovered to exhibit high temperature superconductivity [250]. Its
parent compound, FeSe, crystallizing in the tetragonal PbO-type structure, under-
goes a superconducting transition at Tc = 8 K [251]. Notably, this superconducting
phase is highly sensitive to pressure, with Tc increasing to 36.7 K under high pres-
sure [252]. Similarly, partial substitution of Se with Te, forming FeSe1−xTex, affects
Tc, increasing it to a maximum of 14.5 K around x ≈ 0.5 in the single crystals. The
complete substitution (FeTe), instead, leads to a compound with an antiferromag-
netic ground state and not exhibiting a superconducting phase (fig. 5.5).

Se/Te

Fe

Figure 5.5: Electronic phase diagram of FeSe1−xTex plotted in the temperature–Se
content plane. Adapted from Ref. [253]. The inset shows the schematic side view
of the FeSe1−xTex crystal structure. Reprinted from Ref. [254]

This scenario becomes even more complex in the presence of excess Fe, yielding
Fe1+δSe1−xTex. As a matter of fact, excess Fe ions are known to suppress Tc and
induce local magnetic behavior [255, 256].
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Beyond the enhancement of Tc, Te substitution at x ≈ 0.5 has been proposed to
drive the emergence of intrinsic topological surface states. Density functional theory
calculations along the Γ–Z direction indicate that Te substitution shifts the odd-
parity pz band of FeSe downward, toward the Fermi level (EF) [47] (fig. 5.6a). This
highly dispersive band intersects the even-parity dxz band, and the strong spin–orbit
coupling (SOC) introduced by Te [257] opens a gap at the crossing point. When the
band structure is projected onto the (001) surface, a Dirac-cone–like spin-helical
surface state appears inside this SOC gap, lying close to EF [48]. Consequently,
FeSe1−xTex (with x between 0.4 and 0.7) can be regarded as a topological insulator,
where superconductivity arising in the bulk may proximize the topological surface
states, thereby inducing a 2D p-wave topological superconductivity [34].
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Figure 5.6: (a) First-principles calculations of the electronic dispersion along the
Γ–M and Γ–Z directions of FeSe0.45Te0.55. The dashed rectangle marks the spin orbit
coupling-induced gap associated with inverted bands. Data reprinted from Ref. [48].
(b) Representative angle-resolved photoemission spectrum (ARPES) along Γ–M
measured at hν = 26 eV with p polarization. Crosses correspond to the band
dispersion extracted from momentum distribution curve analysis. Solid lines (red
and purple–orange) correspond to parabolic fits for the dyz and pz −dxz states, while
dashed curves (green and blue) highlight the dxy band and the Dirac surface state
(DSS) Reprinted from Ref. [258]. (c) Energy distribution curves obtained via spin-
resolved ARPES, illustrating the spin-helical texture of the surface states. Data
reprinted from Ref. [48]

An initial experimental evidence for this scenario was brought forward by Zhang et
al. [48]: angle-resolved photoemission spectroscopy (ARPES) revealed the Dirac-
cone–like surface states, spin-resolved ARPES verified their spin-helical texture,
and energy distribution curve (EDC) analysis showed the opening of a supercon-
ducting gap at the surface (fig. 5.6b,c).
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However, this interpretation has been challenged by more recent ARPES experi-
ments. These studies reported that the Dirac cones in FeSe1−xTex become gapped
below Tc not only at EF [259]. Such behavior has been attributed to the onset
of surface ferromagnetism, which, however, is expected to be detrimental to the
topological insulator–based mechanism for topological superconductivity just de-
scribed [260]. To address this issue, an alternative mechanism has been proposed
[50]: topological superconductivity may instead emerge from the interplay of three
ingredients – surface magnetism, Rashba SOC [261], and a hard superconducting
gap with s±-wave symmetry [262].

Regardless of the microscopic mechanism responsible for the emergence of surface
p-wave topological superconductivity, theory predicts that such a state should host
Majorana bound states at the boundary with a trivial topological phase. This
expectation directly arises from the mismatch of the topological invariants charac-
terizing the two phases. Given the relevance of Majorana bound states as funda-
mental building blocks for fault-tolerant quantum computation, considerable effort
has been devoted to investigating their presence at the boundaries of the poten-
tial topological superconducting phase in FeSe1−xTex. Such boundaries naturally
emerge around defects. For instance, zero-bias conductance peaks –interpreted as
Majorana bound states arising due to the bulk–boundary correspondence and called
Majorana zero modes MZMs – have been observed on interstitial Fe atoms at the
FeSe1−xTex surface [52] or at the ends of one-dimensional lines of missing Fe and/or
Te atoms in a single-unit-cell-thick layer of FeSe1−xTex [53].

Defects, however, are not the only route to observe MZMs in FeSe1−xTex. Bound-
aries capable of hosting MZMs can also appear in the vortex cores of a superconduc-
tor under an applied magnetic field [48, 50]. Indeed, in a p-wave topological super-
conductor, vortex cores are predicted to host vortex-bound states with energies fol-
lowing an integer sequence E = µ∆2/EF, where µ = (0, ±1, ±2, . . . ) [263]. In con-
trast, conventional s-wave superconductors exhibit vortex-bound states spaced ac-
cording to half-odd-integer levels, E = µ∆2/EF where µ = (±1/2, ±3/2, ±5/2, . . . ).
These states, which notably lack a zero-energy mode, are known as Caroli-deGennes-
Matricon (CdGM) states [141].

Unequivocally identifying a zero-energy peak as a MZM, however, is extremely
challenging. Low-energy vortex-core states can be contaminated by impurities,
bulk-state contributions, quasiparticle poisoning, and sample inhomogeneity [255].
Instrument sensitivity also plays a critical role: the measurement resolution must
be sufficient to resolve individual vortex-bound states, otherwise a zero-bias peak
could arise from the convolution of nearby finite-energy states rather than from a
true MZM [51]. For FeSe1−xTex, ARPES and scanning tunneling microscopy mea-
surements estimate EF to be 5–20 meV [264] and the smallest superconducting gap
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∆ around 1.5 meV [262], implying that the lowest trivial CdGM states, given by
(Eµ=±1/2 = ±∆2/EF), are expected to occur in the range of roughly ±(60–220)µeV.
Distinguishing MZMs from these states therefore requires energy resolution of a few
tens of µeV, achievable by operating at ultra-low temperatures to suppress thermal
broadening and by minimizing instrumental noise sources such as electrical fluctu-
ations and lock-in modulation. An illustrative example is provided by the work of
Wang et al. [54], who performed scanning tunneling spectroscopy measurements
in the vortex cores of FeSe1−xTex and reported the first observation of zero-energy
peaks, which were attributed to potential MZMs. However, a subsequent study
under similar conditions observed bound-state peaks only at finite energies, sug-
gesting a trivial origin instead [55]. This discrepancy was attributed to sample
inhomogeneity, which causes variations in the superconducting gap [265]. Support-
ing this view, another study [266] reported the coexistence of vortices exhibiting
zero-bias peaks, interpreted as MZMs, and vortices without zero-bias peaks within
the same sample, further indicating the role of inhomogeneity (see fig. 5.7). Addi-

(a)

(b)

(c)

Figure 5.7: (a) Schematic of the scanning tunneling microscopy setup used to mea-
sure dI/dV spectra of vortex cores in FeSe0.45Te0.55. In the absence of a magnetic
field, no vortices are observed and only the superconducting gap is detected, as
shown in panel (b). When a magnetic field is applied, two types of vortices ap-
pear: topological and trivial. (c) Typical dI/dV spectrum taken at the center
of a topological vortex (upper panel), showing a zero-bias in-gap state together
with Caroli-de Gennes-Matricon (CdGM) states at integer multiples of ∆2/EF. In
contrast, the spectrum at the center of a trivial vortex (lower panel) exhibits no
zero-bias peak, with CdGM states instead occurring at half-integer multiples of
∆2/EF. Adapted from Ref. [266].
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tionally, it was also noted that Wang et al. [54] conducted their measurements using
a 3He-refrigerator-based scanning tunnel microscope with an energy resolution of
approximately 250 µeV – insufficient to resolve individual vortex-bound states [51].
In this context, H intercalation in FeSe1−xTex may provide significant advantages.
Indeed, previous studies have shown that H doping (via gas absorption) in FeSe1−xTex
– albeit at a x concentration different from 0.5 – results in an increase in Tc [56].
This increase likely corresponds to an enhancement of the superconducting gap(s),
which can, in turn, increase the energy spacing between vortex-bound states, mak-
ing non-trivial states potentially more distinguishable from trivial ones even at
lower energy resolution. To explore this possibility, the present study applies IGP
to FeSe1−xTex, leveraging insights from earlier work in this thesis on parameter
tuning to optimize H intercalation. The aim is to induce an increase in Tc and
investigate the corresponding changes in the superconducting gap using PCARS.

5.2.2 Experimental methods: FeSe1−xTex samples
The measurements in this study are performed on FeSe1−xTex thin films grown
by Prof. Iida’s group (Nihon University, Tokyo). These films were specifically
grown on CeO2-coated yttria-stabilized zirconia substrates via pulsed laser depo-
sition, with an ultraviolet KrF laser (wavelength: 248 nm) employed to ablate a
FeSe1−xTex target. In this work, two batches prepared via this method, hereafter
referred to as batch A and batch B, are examined.

Preliminary structural characterization of these batches was conducted by Prof.
Iida’s group immediately after fabrication via X-ray diffraction. The resulting
diffraction patterns, shown in fig. 5.8a, display exclusively (00l) reflections from
both the film and substrate, demonstrating high phase purity and excellent c-axis
orientation of the films. The c-axis lattice parameter, determined from the 00l peak
positions, lies within the range 5.94 - 6.02 Å, consistent with the stoichiometry of
Fe1+δSe1−xTex with x = 0.5 [253, 267].
Subsequently, energy-dispersive X-ray spectroscopy (EDS) was performed by Dr.
M. Bartoli at Politecnico di Torino to determine the film composition, focusing on
iron excess and Te substitution. EDS analysis of two regions from a batch-A sam-
ple confirmed a Se:Te atomic ratio of 1:1 (x = 0.5), and revealed an iron content
approximately 20% higher than the nominal stoichiometry (fig. 5.8b). Additionally,
EDS mapping of a batch-B sample demonstrated a uniform spatial distribution of
Fe, Se, and Te, with no indication of elemental clustering.
Final characterization included measuring the film thickness and evaluating surface
morphology via atomic force microscopy (AFM). AFM scans were performed in
tapping mode using a Bruker Innova microscope equipped with RTESPA-300 silicon
tips. For batch A, the average thickness – determined from multiple edge profiles at
different sample locations – was (205 ± 3) nm, while batch B exhibited a thickness
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Atomic %Weight %Element

58.8643.63Fe 
20.5921.58Se 
20.5534.80Te 

(a) (b)

Figure 5.8: (a) Representative X-ray diffraction pattern from a batch-A sam-
ple, with the observed peaks identified and labeled as the 00l reflections of the
FeSe0.5Te0.5 film and the CeO2 coating on the substrate. (b) Representative energy-
dispersive X-ray spectrum from a 200×200µm2 scan of a batch-A sample. The inset
displays the atomic and weight percentages of the detected elements.

of (198 ± 2) nm (fig. 5.9).
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Figure 5.9: Representative topographic maps of FeSe0.5Te0.5 thin films from batch
A (a) and batch B (b), showing the film edge relative to the substrate. Insets in
each panel depict a representative height profile measured across the film edge.

High-resolution AFM scans over 1x1µm2 areas were acquired to investigate grain
morphology. Representative high-resolution topographic maps from both batches
are presented in fig. 5.10, clearly showing distinct granular features. Using ImageJ
software, the perimeters of all visible grains were manually traced, and their en-
closed areas were calculated. By approximating each grain as a circle, an effective
radius (req) was determined from these areas. The distribution of grain radii was
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then plotted as a histogram and fitted with a Gaussian curve. The resulting best-
fits reveal that batch A has larger grains with req = 68 nm and a broader size
distribution (σ = 38 nm) compared to batch B, which exhibits an average radius of
38 nm with a narrower spread (σ = 25 nm).
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Figure 5.10: Representative topographic maps of FeSe1−xTex thin films from batch
A (upper panel, a) and batch B (upper panel, b), illustrating the grain morphology.
The white scale bar in each upper panel corresponds to 200 nm. The lower panels
present histograms of the equivalent grain radius (req) distributions, obtained by
approximating the grains in the topographic maps as circles. Gaussian fits to the
distributions are shown as red solid lines.

With the batches fully characterized, the study began by measuring their electric
transport properties to identify the superconducting Tc. Directional PCARS was
then performed to explore the superconducting gap structure and detect potential
signs of unconventional superconductivity, possibly associated with surface topo-
logical states. Finally, in-situ IGP was performed on both batches with the goal
of modifying the superconducting state. After IGP treatment, the samples were
re-examined through electric transport measurements and PCARS.
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5.2.3 Pristine FeSe0.5Te0.5: results
As an initial step, the superconducting properties of pristine batch-A and batch-B
samples were characterized via electric transport and PCARS measurements. This
provided a reference for comparison with IGP-treated FeSe0.5Te0.5 and for detecting
possible treatment-induced modifications.

Electric transport characterization

The transport results are shown in fig. 5.11, where the ρ(T ) curves for both batches
are displayed. In each case, the ρ(T ) curves exhibit metallic-like behavior (dρ/dT >
0), consistent with previous reports on 200-nm-thick FeSe0.5Te0.5 films [268, 269],
and show a superconducting transition reaching a zero-resistance state. A closer
view of the transition region is shown in the right panel of fig. 5.11, where ρ(T ) is
normalized to its value at 30 K and plotted over 0–30 K to highlight the differences
between batches. Notably, the transition characteristics vary slightly: batch-A
samples exhibit a Tc = (16.1 ± 1.1) K, determined from the maximum in the dρ/dT
curve with the uncertainty given by the full FWHM of the peak, and an onset tem-
perature T on ≈ 16.9 K, defined as the intersection of the linear extrapolation of the
flux-flow regime with the normal-state curve. By contrast, batch-B samples display
a sharper transition with Tc = (17.4 ± 0.2) K and T on ≈ 17.8 K. These distinctions
are likely attributable to subtle differences in the growth process between the two
batches.
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Figure 5.11: Left panel: temperature dependence of the resistivity of pristine
FeSe0.5Te0.5 films from batch A (black line) and batch B (red line), which will
subsequently undergo ionic gating-induced protonation. Right panel: a magnified
view of the superconducting transition region, highlighting differences between the
two batches. For easier comparison, each curve is normalized to its value at 30 K.
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Point-contact Andreev reflection spectroscopy

After electrical transport measurements that determined the superconducting Tc of
both batches, PCARS was conducted to probe their superconducting gap values.
Initial measurements were carried out down to approximately 2 K. Representative
spectra obtained at this base temperature are shown in fig. 5.12 for batch A (panel
a and b) and for batch B (panel c).
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Figure 5.12: Representative point-contact Andreev reflection spectra (dI/dV vs.
V ) obtained from batch-A (panel a and b) and batch-B (panel c) FeSe0.5Te0.5.
Each spectrum includes labels indicating the main current injection direction, the
measurement temperature T and the normal-state contact resistance RN. Spectral
features associated with the superconducting gaps and the electron–boson interac-
tion are indicated by red and blue arrows, respectively.

Notably, different contacts yielded distinct PCAR spectra, reflecting variations in
barrier transparency at the superconductor/normal metal interface. Less trans-
parent barriers produced tunneling-like spectra, in which non-idealities made the
coherence peaks appear as two broad humps around a pronounced zero-bias dip
(panel a). By contrast, more transparent barriers resulted in Andreev-like spectra,
showing a conductance enhancement with two symmetric maxima (panel b and c).
Despite these differences, recurring spectral features were consistently observed,
as indicated by the colored arrows. Specifically, at energies of about ±10 meV –
provided the spectra were not strongly distorted by current dips due the contacts
not being in the ideal ballistic regime – a shoulder appeared (blue arrows). This
feature, previously observed in PCARS measurements on FeSe1−xTex [270], has
been attributed to a strong electron–boson interaction (EBI), with spin fluctua-
tions acting as the mediating boson [270]. Additional structures were observed
around ≈ ±5 meV: in tunneling-like spectra as shoulders within the dip, and in
Andreev-like spectra as symmetric maxima (outer red arrows). These features, also
observed in earlier PCARS works [270, 271, 121], are associated with an isotropic
nodeless gap residing on the electronic pockets of the FeSe0.5Te0.5 Fermi surface, a
sketch of which is shown in fig. 5.13. Much weaker features at lower energies were
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also observed, corresponding to an average of the superconducting gaps residing on
the hole pockets (inner red arrows). Unlike the other spectra, the one in panel c
exhibits an unusual zero-bias peak, the origin of which will be addressed later in
5.2.5.

Γ
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𝜷
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Figure 5.13: Sketch of the Fermi surface of FeSe0.5Te0.5, with the hole pockets
around the Γ point shown in blue and the electron pockets around the M point in
green [272]. The labels β and γ indicate collectively two Fermi sheets. This grouping
is adopted because, in the context of superconducting gaps, previous angle-resolved
photoemission spectroscopy measurements have resolved only three distinct gaps:
one associated with the α sheet, one corresponding to the combined β sheets, and
one to the combined γ sheets [273]. The finer internal structure of these sheets is
therefore not considered.

Following the acquisition of the low-T spectra, the temperature was gradually in-
creased: the evolution for the representative spectra shown in fig. 5.12 is displayed
in fig. 5.14. For both tunneling-like and Andreev-like spectra, the amplitude of the
features decreased with increasing temperature. In the tunneling-like case, the "co-
herence peaks" shifted to lower bias voltages, reducing the prominence of the zero-
bias dip. Similarly, in the Andreev-like spectra, the conductance maxima shifted
to lower bias, eventually merging into a broad zero-bias hump. These trends are
consistent with the thermal suppression of the superconducting gap residing on the
electron-like Fermi surface. Comparable trends were also observed for the weaker
features associated with the gap opening on the hole-like Fermi surfaces and the
EBI shoulder.
Additionally, a T -dependent downward shift of the conductance curves was noted.
This effect arises from the portion of the FeSe0.5Te0.5 film between the point con-
tact and the voltage electrode transitioning to the normal state under the com-
bined influence of injected current and temperature, thereby introducing a series,
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T -dependent spreading resistance. While negligible at low temperatures, this con-
tribution becomes significant near Tc as the critical current decreases, resulting in a
bending of the high-voltage tails, a downward shift of the curves, and an apparent
stretching of the horizontal scale. At sufficiently high temperatures, all Andreev
reflection features disappeared, and the spectra flattened into the featureless profile
characteristic of the normal state.
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Figure 5.14: Temperature (T ) dependence of the representative conductance spec-
tra shown in fig. 5.12

After data acquisition, the experimental conductance spectra were analyzed to
determine the energies corresponding to the superconducting gaps, providing a ref-
erence for comparison with protonated FeSe0.5Te0.5. This analysis involved several
steps: symmetrizing the raw conductance spectra, normalizing them to the normal-
state conductance measured just above Tc, correcting for the effects of spreading
resistance, and finally fitting the resulting curves with an appropriate BTK model.
Specifically, for each spectrum, the bias range below the EBI feature was initially
selected and fitted using the 2D BTK model described in chapter 2, modified to
include two distinct isotropic gaps, ∆1 and ∆2, corresponding to the gaps opening
on the hole-like and electron-like Fermi surfaces, respectively. Following the proce-
dure applied to HxTiSe2, the total conductance was expressed as a weighted sum of
contributions from the electron and hole bands: G = w1G1 + w2G2 where each Gi
is defined by eq. (2.8). This results in a 2D BTK model with seven free parameters:
the gap amplitudes ∆i, the broadening parameters Γi, the barrier strengths Zi, and
the spectral weights wi, subject to the constraint w1 + w2 = 1. The best fits to
the representative low-T curves from fig. 5.12a,b are shown in fig. 5.15 as solid red
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lines, with the corresponding fitting parameters reported in the labels. For compar-
ison, a single-band 2D BTK fit targeting ∆2 was also performed (solid green line
in fig. 5.15). The comparison clearly demonstrates that the two-gap BTK model
provides significantly better agreement with the experimental data, supporting the
validity of the two-gap approach.
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Figure 5.15: Comparison of the fits to the experimental normalized dI/dV spectra
shown in fig. 5.12a,b (hollow black circles) using the two-gap BTK model (solid
red lines) and the single-gap BTK model (solid green lines), demonstrating their
respective agreements with the raw data. The fitting parameters for both the
models are provided in the labels.

This two-gap BTK analysis was then applied to all spectra collected at different
temperatures. Best fits to the representative spectra from fig. 5.14 are shown in
fig. 5.16 (upper panels). Reliable fits could only be obtained up to about 10 K. At
higher temperatures, pronounced current dips distorted the spectra, compromising
the fitting procedure. The extracted gap amplitudes as a function of temperature
are displayed in the lower panels, alongside BCS functions of the form ∆i(T ) =
∆i(0) tanh

1
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ñ
T A

c /T − 1
2
, where T A

c is defined as the temperature at which all
Andreev reflection features vanish and the spectra assume the normal-state shape.
Interestingly, in all cases, the ratios 2∆/kBTc exceed the BCS value of 3.53. In
multiband systems, however, at least one gap is expected to have a ratio below
this value. This can be explained by considering ∆1 as the larger of the two gaps
opening at the Γ point, arising from the crossing of the α and β sheets (fig. 5.13).
Specifically, the β band generates a gap slightly larger than that associated with
the α band. The second gap, associated with the α band and expected to have
a ratio below the BCS value, is not directly observed here – likely because it is
masked by the larger gap arising from the β band [273].
It should be noted that this analysis has so far neglected the influence of the EBI
feature. Nevertheless, this structure – clearly visible as a shoulder around ±10 meV
– can have a non-trivial impact even on the lower-energy region where the two-gap
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Figure 5.16: Upper panels: Representative two-band ∆1-∆2 BTK fits (solid lines)
to symmetrized and normalized spectra measured at various temperatures (sym-
bols). The original experimental data prior to symmetrization and normalization
correspond to the representative curves displayed in fig. 5.14. Note that in panel (c),
the limited amplitude of the normalized signal requires introducing an additional
free parameter, wn, which is set to 0.9 in this case. This parameter represents the
fraction of non-superconducting contacts and is discussed in section 5.2.5, where
these spectra are analyzed again to propose an interpretation of the origin of the
peak. Lower panels: T -dependence of ∆1 (black circles) and ∆2 (red circles) ex-
tracted from the fits in upper panels, respectively. Dashed lines are BCS functions
of the form ∆i(T ) = ∆i(0) tanh
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fitting is performed, potentially introducing systematic errors in the gap estimates.
Previous work focusing on the EBI shoulder and the gap opening on the electron-
like Fermi surface showed that accounting for this high-energy feature allows for
a more accurate determination of the gap [270]. Specifically, it was found that
fitting the spectra using a two-band BTK model – where one gap corresponds to
the gap opening on the electron-like Fermi surface and the other represents the
EBI shoulder (improperly treated as a gap) – yields a more reliable estimate of the
gap itself than using a single-band model. Extending this approach to the present
case, where both superconducting gaps are to be estimated, would require a three-
band BTK model with nine free parameters, increasing the arbitrariness of the
fitting procedure. An alternative strategy was therefore employed: the results from
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fitting the low-energy part of the spectra to extract ∆1 and ∆2 were complemented
by two-band BTK fits in which one gap corresponded to a physical one and the
other to the EBI shoulder, denoted as ∆∗ in analogy with previous work. This
procedure allows the variability between the two approaches to be assessed and
incorporated into the final values, yielding more robust estimates. In particular,
for fits involving ∆∗ and ∆2, the extracted value of ∆2 differed significantly from
the previous analysis, confirming that the EBI feature – being close in energy to the
gap opening on the electron-like Fermi surface – strongly affects its determination.
Conversely, in fits involving ∆∗ and ∆1, the discrepancy in ∆1 was comparable to
the variation obtained by performing multiple ∆1–∆2 fits on the same curve under
slightly different normalizations. This behavior is therefore consistent with the
expectation that the impact of the EBI feature diminishes as the energy separation
increases.
The resulting T -dependence of the superconducting gaps for both batches are pre-
sented in fig. 5.17, with panel (a) corresponding to batch A and panel (b) to batch
B. For both batches, the final values represent the average of two T -dependent
trends obtained from different contacts. The uncertainties associated with these
averages arise from different sources: for ∆2, they are primarily due to the in-
fluence of the EBI structure on the determination of ∆2 using the two-gap BTK
fitting procedure, whereas for ∆1, they reflect the intrinsic variability of this gap
across different contacts. In line with the slightly different Tc values and super-
conducting transition shapes observed in transport measurements, the low-T gaps
differ slightly between batches. Specifically, ∆2 is consistent within uncertainties,
whereas ∆1 shows a larger discrepancy. Both gaps are well described by the BCS
T dependence: ∆i(T ) = ∆i(0) tanh
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2
, though the ratio 2∆/kBTc

remains above the 3.53 BCS value.
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Figure 5.17: T -dependence of ∆1 (black circles) and ∆2 (red circles) obtained by
averaging values from different contacts for batch A (panel a) and batch B (panel b).
Dashed lines are BCS functions of the form ∆i(T ) = ∆i(0) tanh
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As a final step in characterizing the pristine FeSe0.5Te0.5, the EBI feature present
in the PCAR spectra was analyzed to estimate the characteristic energy of the
boson spectrum, Ωb. Indeed, for iron-based superconductors, previous studies have
demonstrated that in the reversed-signed derivative of the conductance spectrum,
the energy position of the first maximum (denoted as Ep) closely corresponds to
the spin-fluctuation energy (Ωb) obtained from neutron-scattering spin-resonance
experiments, offset by the value of the larger superconducting gap [106]. Ac-
cordingly, the boson energy as a function of temperature can be estimated as
Ωb(T ) = Ep(T ) − ∆2(T ). Consequently, the conductance spectra measured at
different temperatures were differentiated to estimate Ep. Fig. 5.18 displays a rep-
resentative set of −dI2/dV 2 curves extracted from typical spectra for batch A
(panel a) and batch B (panel b), with the first maxima marked, together with the
corresponding conductance spectra from which the derivatives were obtained. For
each spectrum, the position of the first maximum was taken as Ep, and an error bar
was included to account for the uncertainty in locating the peak. This uncertainty
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Figure 5.18: (a) Conductance spectra (dI/dV vs. V ) from fig. 5.14a for batch A,
displayed over the range 0–15 mV in the left panel, along with their corresponding
derivatives (−d2I/dV 2 vs. V ) shown in the right panel. (b) Same as panel a, but
for the spectra from fig. 5.14c for batch B. Red arrows highlight the temperature-
dependent shift of the first peak, whose position, Ep, is used to estimate the char-
acteristic boson energy, Ωb. For clarity, the curves have been vertically offset.

is especially significant for noisy spectra or those measured near T A
c , where the
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signal amplitude decreases and tends to merge with the ∆2 feature, making peak
identification more challenging.

Once the energy Ep was extracted from the T -dependent spectra of the different
contacts, the values were averaged for each batch at each temperature, as was done
for the superconducting gaps. For batch A, the average reflects the mean of two
distinct trends, corresponding to the spectra employed to estimate the average gaps
for this batch. In contrast, for batch B, only a single trend is presented because the
spectra from one of the two contacts used to determine the average gaps were too
noisy to provide a reliable Ep estimate. In this averaging, the associated uncertainty
was taken as the largest individual error among all contributing Ep. These results
are presented in fig. 5.19, together with the averaged ∆2 values for batch A (panel
a) and batch B (panel b). From each pair (Ep, ∆2), the bosonic energy Ωb was
calculated, with its uncertainty obtained as the quadratic sum of the errors in Ep
and ∆2.
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Figure 5.19: T -dependence of the peak energy Ep (blue circles), the gap opening on
the electron-like Fermi surface ∆2 (red circles, same as fig. 5.17), and the charac-
teristic boson energy Ωb (green circles), obtained as difference between Ep and ∆2,
for batch A (panel a) and batch B (panel b). The plotted values represent averages
of two datasets obtained from different contacts; when only a single dataset was
available, open symbols are used. The green shaded region is the convolution of
curves of the type k ∗ ∆2(0) tanh
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Notably, Ωb is expected to follow two empirical rules. First, its value at 0 K was
empirically observed to relate to Tc through the expression Ωb(0) = 4.65 · kBTc,
where kB is the Boltzmann constant [274, 275]. Second, Ωb has been observed to
correlate with 2∆(T ) through a proportionality constant k of approximately 0.64,
a relationship observed across different classes of materials [276, 277].
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Entering the Andreev-estimated critical temperatures, T A
c = (17.1 ± 0.3) K for

batch A and (17.5 ± 0.3) K for batch B, into the first empirical rule, Ωb(0) is thus
expected to be (6.84 ± 0.12) meV for batch A and (7.00 ± 0.12) meV for batch B.
These empirically predicted values agree with the experimentally observed data
within their uncertainties. Assuming a BCS-like temperature dependence for ∆2 –
previously shown to capture the data accurately (see fig. 5.17) – the proportionality
constant k for batch A ranges from 0.51 (lower boundary of the shaded region)
to 0.75 (upper boundary), giving an average k = (0.63 ± 0.11). For batch B, k
ranges from 0.45 to 0.60, with an average k = (0.53 ± 0.08). Both averages are
consistent, within uncertainties, with the empirical value of k ≈ 0.64 observed in
other materials.

5.2.4 Protonated FeSe0.5Te0.5: results
Ionic gating-induced protonation and electric transport measurements

Following the characterization of the pristine material, IGP was performed on
FeSe0.5Te0.5 to evaluate whether this method can induce a measurable enhance-
ment of its superconducting Tc and, consequently, of its energy gap(s), and to
assess whether the process can be optimized to maximize these changes. Due to
the lack of information regarding the tendency of FeSe0.5Te0.5 to release H once
loaded, the IGP was carried out in situ. This configuration represents the most
cautious approach, as the H intercalation can be stopped by quenching the sam-
ple into the cryostat, allowing direct measurement of transport properties without
intermediate sample rinsing and contacting, as required in the ex-situ approach,
which could potentially lead to deintercalation. As an additional precaution, the
1:3 choline chloride: glycerol deep eutectic solvent (1:3 ChCl:gly DES) described in
chapter 3 was chosen as the electrolyte for IGP, based on prior observations with Pd
indicating that this DES is less reactive than the conventionally used EMIM-BF4.

Starting from pristine films, IGP treatments were conducted following the proce-
dure established in the previous chapters, which had been shown to promote H+

intercalation. VG across the 1:3 ChCl:gly DES was ramped from 0 V to a final
value – varied between processes in order to determine the threshold at which IGP
induces modifications in the superconducting properties of FeSe0.5Te0.5 and to ex-
plore the possibility of optimizing this effect – at a rate of 1 mV/s. This ramping
rate had previously been shown to allow the DES dynamics to follow the applied
voltage reliably. Once the target voltage was reached, it was held for a duration
of the order of 1 hour before the process was terminated by quenching the sample
into the cryostat.
Monitoring the sample response during the IGP treatments revealed that for fi-
nal VG values exceeding 1.5 V – where the DES is expected to release H under
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the applied bias – the resistivity of FeSe0.5Te0.5 generally decreases from its initial
value, reaches a minimum, and then increases again. This trend is illustrated in
fig. 5.20, which presents the time evolution of the resistitivity of a batch-A sample
normalized to its pristine value for a representative IGP treatment, along with the
corresponding applied VG and gate current IG. While the presence of the minimum
in the resistivity is systematic, its occurrence does not correlate directly with VG,
appearing instead within the 2–2.7 V range depending on the specific IGP process,
even among treatments nominally performed at the same final voltage. This vari-
ability is attributed to several factors, including intrinsic inhomogeneities within
the FeSe0.5Te0.5 films and an effective VG drop across the electric double layer that
deviates from the nominal applied voltage, either due to an insufficiently large gate-
to-sample surface ratio or to the intrinsic resistance of the DES (as discussed in
chapter 2 [98]).
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Figure 5.20: Representative example of an in-situ ionic gating-induced protonation
process performed on a batch-A FeSe0.5Te0.5 film up to 2.7 V, with the response of
the material monitored over time. The left panel shows the applied VG as a function
of time, the middle panel depicts the corresponding electrolyte response in terms
of the gating current (IG) flowing from the gate to the drain electrode placed on
the sample, and the right panel presents the effective response of the material in
terms of resistivity, measured in the four-probe configuration and normalized for
simplicity to its value before the treatment.

Evidence that nominally identical films can exhibit different responses to IGP is
provided by comparing the evolution of IG as a function of VG for batch-A and
batch-B samples under equivalent treatments. As shown in fig. 5.21, the two batches
exhibit distinctly different behaviors: the voltage at which IG departs from zero
– indicating the onset of electrochemical reactions – is lower for batch B than
for batch A (deviation points indicated by dashed blue lines). This observation
suggests that, although batch B appears physically similar to batch A in prior
analyses, subtle differences – such as weaker substrate adhesion and smaller grain
size, which increases the total grain-boundary length available for intercalation –
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can cause H+ insertion to begin at lower voltages. Consequently, at the same final
VG, batch B is likely to undergo more extensive H+ intercalation.
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Figure 5.21: Comparison of representative gate current (IG) vs. gate voltage (VG)
for batch-A (solid red line) and batch-B (solid black line) FeSe0.5Te0.5 samples
subjected to ionic gating-induced protonation treatments with final applied VG =
2.7 V. The dashed blue lines indicate, for each batch, the voltage at which IG
deviates from zero, marking the onset of the electrochemical regime.

Transport measurements performed immediately after IGP revealed three distinct
regimes depending on the final VG. Focusing on batch A:

• For VG ≤ 2.5 V, IGP has no detectable impact on the superconducting prop-
erties, with ρ(T ) remaining largely unchanged relative to the pristine batch-A
FeSe0.5Te0.5.

• Around VG ≈ 2.7 V, IGP effectively tunes the superconducting transition,
shifting it to higher temperatures.

• For VG ≥ 2.8 V, the injected H+ ions likely introduce excessive disorder, lead-
ing to broadened transitions that, in some cases, fail to reach zero resistance
or even show a suppressed T on compared to the pristine reference.

These behaviors are illustrated in fig. 5.22a, which presents representative ρ(T )
curves normalized to the value at 35 K for each regime: colored lines correspond to
the gated samples, while the black line represents pristine batch-A FeSe0.5Te0.5.
Notably, the curve obtained after IGP at 2.55 V (blue line) closely follows the
pristine behavior, with Tc = (16.33 ± 1.06) K and T on ≈ 17 K, fully consistent
with previously estimated values for batch A. The transition temperatures were
determined as before: Tc via the derivative criterion, and T on from the intersection
of the linear extrapolation of the flux-flow regime with the normal-state curve.
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Figure 5.22: (a) Representative temperature dependence of the resistivity for films
from batch-A FeSe0.5Te0.5 treated with ionic gating-induced protonation (IGP) at
different final VG values, as indicated in the legend. The black line corresponds
to the pristine curve previously shown in fig. 5.11, included here for reference. (b)
Representative temperature dependence of the resistivity for films from batch-B
FeSe0.5Te0.5 treated with IGP at a final VG = 2.7 V. The black and blue curves were
measured in a four-probe configuration, while all other curves were measured in a
three-probe configuration.

The green and orange curves, corresponding to IGP at 2.7 V, both show an en-
hancement of the superconducting transition, with Tc increased by about 3-4 K
and T on by about 5 K. However, the exact degree of enhancement proved highly
process-dependent: even for nominally identical final VG, the resulting ρ(T ) curves
exhibited different shapes. In the example shown, the green curve features a broader
transition with its low-T foot aligned to the pristine case, whereas the orange curve
shifts more uniformly to higher temperature. This variation, reflecting the process-
dependent variability previously observed in the time evolution of resistivity during
IGP, leads to corresponding differences in the extracted transition parameters: the
green curve yields Tc = (19 ± 6) K and T on ≈ 22.4 K, while the orange curve gives
Tc = (19.9 ± 1.9) K and T on ≈ 21.8 K. It should be noted that, since IGP alters the
curve shape, the choice of criterion for determining Tc can affect the results. For
instance, defining Tc as the temperature at which the resistivity reaches 50% of its
normal-state value yields results roughly 0.7 K higher than the derivative criterion,
corresponding to shifts of 4–5 K relative to the pristine sample instead of 3–4 K.
Finally, the red curve corresponds to one of the scenarios resulting from IGP at
VG > 2.7 V, where disorder likely prevents the superconducting transition from
reaching a zero-resistance state, indicating that a fully connected superconducting
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path was not established. The broadness of the curve also complicates the inter-
pretation of the effect of IGP on the superconducting properties. As a matter of
fact, the resulting Tc = (16 ± 3) K remains consistent with the pristine sample,
while T on of ≈ 18.7 K is higher than that of the pristine reference but lower than
the values obtained at VG = 2.7 V. Since IGP performed at voltages above 2.7 V
does not clearly outperform the results obtained at 2.7 V, in this study, VG = 2.7 V
is considered the optimized voltage for achieving the maximum enhancement of
superconducting properties in batch-A FeSe0.5Te0.5 films.

When the optimized protocol developed for batch A is applied to batch B, strong
reactions were observed, consistent with the previously noted higher reactivity of
this batch to VG. In several cases, portions of the films detached from the substrate.
For samples where detachment was limited, resistivity was measured using the
four-probe configuration (blue line in fig. 5.22b); when film adhesion compromised
contact integrity, the three-probe configuration was used instead (yellow and red
lines in fig. 5.22b). These measurements generally exhibit broad superconducting
transitions that do not reach the zero-resistance state. The onset temperature T on

varied significantly, sometimes exceeding that of the pristine reference (black line)
or dropping well below it in cases dominated by disorder, in agreement with prior
observations of FeSe0.5Te0.5 exposed to H from the gas phase [56]. Since batch B
is expected to undergo more extensive intercalation than batch A at the same final
VG, these findings confirm that the observed behavior – already apparent in the
third regime for batch A – originates from excessive disorder induced by excessive
H+ intercalation.

Point-contact Andreev reflection spectroscopy

Following IGP and electrical transport measurements, PCARS was performed to
probe the superconducting gap function of the modified superconducting phase.
Since electrical transport measurements were conducted in situ immediately after
IGP – with the sample still covered by the electrolyte and the VG applied – the same
in-situ approach was used for PCARS. This strategy ensured an accurate charac-
terization of the IGP-induced phase while minimizing the risk of deintercalation,
considering that the tendency of FeSe0.5Te0.5 to release H is not well established.
Electrical contacts suitable for soft PCARS were therefore placed on the sample
prior to IGP. After gating, the doped state was characterized via transport mea-
surements, and PCARS was performed upon reaching the base temperature. This
in-situ soft PCARS configuration had not been previously explored, as the frozen
electrolyte under an applied VG was assumed to prevent access to the spectroscopic
regime. In this work, soft contacts exhibiting clear spectroscopic features, or soft
contacts that could be tuned to the spectroscopic regime via voltage pulses, were
successfully obtained for the first time under gating.
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Representative spectra recorded at a base temperature of approximately 2 K for
samples exhibiting enhanced superconductivity, as determined from transport mea-
surements, are shown in fig. 5.23. The spectrum in panel a corresponds to batch-A
FeSe0.5Te0.5 and represents an IGP-enhanced state, where T on is increased by 1.3 K
relative to the pristine value. The spectrum in panel b, obtained from batch-B
FeSe0.5Te0.5, also corresponds to an IGP-enhanced state, with T on increased by
5.2 K. In both cases, the current was predominantly injected along the c axis. Simi-
lar to the pristine case, the point contacts exhibited different regimes depending on
the barrier transparency, ranging from Andreev-like behavior (panel a) to tunnel-
like behavior (panel b). Despite differences in transparency, the characteristic spec-
tral features observed in the pristine state were still present after IGP treatment,
although the EBI structures were on average less pronounced. A comparable be-
havior was found in samples with suppressed superconductivity.
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Figure 5.23: Representative point-contact Andreev reflection spectra (dI/dV vs.
V ) of IGP-treated FeSe0.5Te0.5 for two samples: one from batch A (panel a) and
one from batch B (panel b). Previous transport measurements on these samples
indicated enhanced superconductivity following IGP treatment. Each spectrum
is labeled with the batch type, the onset temperature T on from transport data,
the primary current injection direction, the measurement temperature T , and the
normal-state contact resistance RN. Features corresponding to the superconducting
gaps and electron–boson interaction are marked by red and blue arrows, respec-
tively.

The T evolution of the PCAR spectra was also monitored by gradually increas-
ing the temperature and acquiring a spectrum at each step. The evolution for
the representative spectra shown in fig. 5.23 is displayed in fig. 5.24. As for pris-
tine FeSe0.5Te0.5, the amplitude of the spectral features decreased with increasing
temperature, while their positions shifted toward lower energy. A T -dependent
downward shift of the conductance curves, along with bending of the high-voltage
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tails due to the spreading resistance of the film, was also observed. At sufficiently
high temperatures, all Andreev reflection features disappeared, and the spectra
flattened to the featureless profile characteristic of the normal state. These obser-
vations motivate a quantitative analysis of whether the IGP induces measurable
shifts in the energy positions of the superconducting gap features and the EBI
structures.
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Figure 5.24: Temperature (T ) dependence of the representative conductance spec-
tra shown in fig. 5.23.

Consequently, the experimental conductance spectra were analyzed to extract the
superconducting gap energies and compare them with the pristine values. As in the
previous case, the raw conductance spectra were first symmetrized, normalized to
the normal-state conductance measured just above Tc, corrected for the influence
of spreading resistance, and finally fitted using the appropriate BTK model. In
particular, each spectrum was fitted below the EBI feature using a 2D BTK model
with two isotropic gaps, ∆1 and ∆2, associated with the hole-like and electron-
like bands, respectively, as in the pristine case. Best fits to the representative
spectra of fig. 5.24b are shown in fig. 5.25a. No fitting results are reported for
spectra above 5 K, as the occurrence of non-ideal current dips distorts the signal,
making the determination of the gaps unreliable. The corresponding T dependence
of the extracted gaps is reported in panel b, together with BCS-like functions with
T A

c = 19.6 K. Interestingly, the extracted values of ∆1 and ∆2 yield 2∆/kBTc ratios
that are respectively smaller and larger than the BCS value.
Unlike in pristine FeSe0.5Te0.5, estimating gap variability by directly considering

the influence of the EBI structure on the spectra is unsuitable due to the EBI
structures being on average less pronounced. A more reliable approach is to evaluate
the gap variability through ∆1–∆2 fitting on normalized spectra derived by dividing
the raw data for slightly different normalization curves. Averaging the results from
multiple normalization choices for the spectrum in fig. 5.24a at 2 K, and taking half
the resulting spread as the uncertainty, yields gap values of ∆1 = (2.1 ± 0.3) meV
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Figure 5.25: (a) Representative two-band ∆1-∆2 BTK fits (solid lines) to sym-
metrized and normalized spectra measured at various temperatures (symbols). The
original experimental data prior to symmetrization and normalization correspond
to the representative curves displayed in fig. 5.24b. (b) T -dependence of ∆1 (black
circles) and ∆2 (red circles) extracted from the fits in panel a. Dashed lines are
BCS functions of the form ∆i(T ) = ∆i(0) tanh
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and ∆2 = (6.8 ± 0.9) meV (fig. 5.26a,b). The smaller gap is notably lower than
that of the pristine reference, while the larger gap is significantly higher, consistent
with the behavior observed in fig. 5.25, providing quantitative evidence that IGP
effectively tunes the superconducting gaps of FeSe0.5Te0.5. Specifically, it is likely
that the intercalated H, acting not only as a charge dopant and shifting the Fermi
level, could also lead to a nontrivial modification of the hole-like bands at the Γ
point (fig. 5.13). In particular, the β band – previously responsible for the larger
gap at Γ – may no longer cross the Fermi level after H intercalation, effectively
closing that gap. Consequently, the smaller gap associated with the α band at Γ,
which was previously obscured by the nearby β band and may also experience a
slight modification due to H, becomes observable.
The same limitation regarding the EBI feature visibility applies to estimating the
characteristic boson energy, Ωb, and assessing its consistency with previously dis-
cussed empirical rules. This analysis was feasible only for spectra in which these
features were clearly resolved, such as those in fig. 5.24a. Indeed, the sign-reversed
derivative of these spectra (fig. 5.26c) displays a well-defined first maximum corre-
sponding to the Ep feature, which correlates directly with Ωb. As the temperature
increases, this maximum gradually shifts from ±15 meV at 2.2 K – a value higher
than that observed in the corresponding pristine reference – to lower energies.
To extract Ωb, Ep must be corrected by subtracting the corresponding ∆2, whose
T dependence was determined using the procedure described above. For complete-
ness, panels a and b in fig. 5.26 summarize the main results of this determination.
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Figure 5.26: (a) Representative two-gap ∆1–∆2 BTK fits (solid lines) applied to
symmetrized and normalized spectra measured at various temperatures T (sym-
bols). The original raw data, prior to symmetrization and normalization, corre-
spond to the curves shown in fig. 5.24a. (b) T dependence of ∆1 (black circles) and
∆2 (red circles), obtained by averaging values from two-gap BTK fits of spectra
derived by dividing the raw data by slightly different normalization curve. One
dataset included in this average corresponds to the fits shown in panel (a). Error
bars indicate the maximum variation among values from different normalizations.
Dashed lines are BCS functions of the form ∆i(T ) = ∆i(0) tanh
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(c) Derivative of the conductance spectra (−d2I/dV 2 vs. V ) from fig. 5.24a. Red
arrows indicate the T -dependent shift of the first peak, whose position Ep is used
to estimate the characteristic boson energy Ωb. For clarity, the curves are vertically
offset. (d) T dependence of the peak energy Ep (blue circles), the electron-like gap
∆2 (red circles, same as panel b), and the characteristic boson energy Ωb (green
circles), defined as Ep − ∆2. Error bars are calculated as the quadratic sum of the
uncertainties in Ep and ∆2. The green shaded area represents the convolution of
curves of the form k ∗ ∆2(0) tanh
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with k spanning from 0.55 to
0.74.
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Specifically, panel a shows the best-fit curves of the raw spectra from fig. 5.24a,
divided by the normal state adjusted to intersect the raw data at an appropri-
ate dI/dV value. Panel b reports the average values of ∆1 and ∆2 obtained by
performing two-gap BTK fitting on spectra normalized at slightly different inter-
section points; one of these datasets corresponds to the fits shown in panel a. Ωb
was eventually calculated by subtracting the average ∆2 from Ep, and the resulting
T dependence of all three quantities is shown in fig. 5.26d.
As in the pristine case, the experimentally determined Ωb was compared with the
two empirical rules governing its behavior: the first relates its zero-T value to
the critical temperature, Ωb(0) = 4.65 · kBTc [274, 275], and the second describes
its T dependence, expected to follow twice that of ∆2, scaled by a proportion-
ality constant k [276, 277]. Using the Andreev-estimated critical temperature,
T A

c = (19.6 ± 0.6) K, the first rule predicts Ωb(0) = (7.9 ± 0.2) meV, in agreement
with the experimentally observed value. Assuming a BCS-like T dependence for ∆2
– which accurately captures the data (see fig. 5.26b) – the proportionality constant
k ranges from 0.55 (lower boundary of the shaded region) to 0.74 (upper boundary),
yielding an average value k = (0.65 ± 0.10). This result is consistent both with the
“universal” value of 0.64 reported for other materials and with the value obtained
in the pristine sample [276, 277].

5.2.5 Discussion
In fig. 5.27, the outcomes of various IGP processes that either enhanced or sup-
pressed superconductivity are presented in terms of their superconducting gap val-
ues, extracted from ∆1–∆2 BTK fits of the spectra acquired at the lowest tem-
perature, and plotted as a function of the Andreev critical temperature T A

c . Since
this temperature closely matches the onset temperature obtained from transport
measurements, it serves as a reliable indicator of superconductivity enhancement or
suppression relative to the pristine sample. This approach enables a direct visual-
ization of how the superconducting gaps evolve after the IGP processes, providing
a more robust confirmation of the trends identified in specific cases discussed in the
previous results section.
For instance, this suggests that H intercalation, besides acting as a charge dopant
and thereby shifting the Fermi level, also induces a nontrivial modification of the
bands at the Γ point-bands that, in the pristine material, give rise to two gaps
detected via ARPES. Specifically, it is plausible that the band responsible for the
larger gap no longer intersects the Fermi level upon H intercalation, resulting in
the closure of that gap. As a result, the smaller gap – previously obscured by the
proximity in energy of the larger one and likely unaffected by H intercalation –
becomes discernible.
As evident from the plot, the gap opening on the electron-like Fermi surface ∆2
follows a clear trend: the gap increases with increasing T A

c , with a ratio 2∆/kBTc ≈
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Figure 5.27: Superconducting gap values extracted from ∆1–∆2 BTK fits of low-
temperature spectra after various IGP treatments, plotted versus the Andreev crit-
ical temperature T A

c (filled circles). For comparison, gaps from pristine samples are
shown as hollow circles.

7.2, in agreement with previous observations for this gap [273]. Consequently, sam-
ples exhibiting an enhanced onset temperature also show an increased ∆2, while
those with a suppressed onset temperature display a reduced ∆2 compared to the
pristine case.
The behavior of ∆1, identified as the convolution of two gaps opening on the hole-
like pockets at the Γ point, is more complex. In the pristine sample and in samples
with suppressed onset temperatures, ∆1 follows a linear trend with a slope cor-
responding to 2∆/kBTc ≈ 4, consistent with the gap associated with the β band
at the Γ point [273]. The smaller gap associated with the α band – expected to
have a ratio below the BCS limit in multigap systems – is likely unobservable due
to its close proximity to the larger gap, which masks its spectral features. Con-
versely, in samples showing enhanced onset temperatures, the β-band-related gap
is no longer detectable, while the smaller gap becomes apparent. This observation
strongly suggests that H intercalation may close the β-band gap, slightly modify
the α-band gap, and render the latter discernible. The newly visible gap follows
a trend with T A

c corresponding to 2∆/kBTc ≈ 2.4, in agreement with expectations
for the α-band gap [273].
This nontrivial behavior, together with the fact that the enhancement of ∆2 in the
sample showing a 5 K increase in onset temperature is only a few percent compared
to the pristine case, indicates that such modifications are unlikely to significantly
improve the distinguishability of Majorana bound states inside the vortex cores
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from other trivial effects, thus allowing more definitive conclusions regarding the
origin of the observed zero-bias peak in the vortex cores.

Signatures of unconventional superconductivity

Interestingly, in a few rare instances, zero-bias peaks were detected in the low-T
spectra for both pristine and IGP-treated samples, across both batches. Represen-
tative examples are shown in fig. 5.28. The case presented in panel a, corresponding
to pristine FeSe0.5Te0.5 shown already in fig. 5.12c, is the most complete example:
within an Andreev-like signal, all previously observed features are present – namely,
the symmetric maxima and the inner shoulders associated with the gaps opening
on the electron-like and hole-like bands (red arrows), as well as the outer shoulders
related to the EBI structures (blue arrows) – together with the additional appear-
ance of a zero-bias peak (green arrow). In panel b, the tunnel-like spectrum from
an IGP-treated sample with enhanced Tc (as determined from transport measure-
ments) appears less ideal, showing predominantly the feature associated with ∆2
and the zero-bias conductance peak, while the ∆1 feature is not clearly visible,
likely due to strong convolution with the zero-bias peak.
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Figure 5.28: Representative point-contact Andreev reflection spectra (dI/dV vs.
V ) of pristine FeSe0.5Te0.5 (a) and HxFeSe0.5Te0.5 obtained via ionic-gating-induced
protonation (b). Each spectrum is labeled with the main current injection direc-
tion, the measurement temperature T , and the normal-state contact resistance RN.
Spectral features associated with the superconducting gaps, the electron–boson in-
teraction structure, and the anomalous zero-bias peak are indicated by red, blue,
and green arrows, respectively.

To further investigate the origin of the zero-bias peak, its evolution was studied
as a function of both temperature and magnetic field (B). Regarding the tem-
perature dependence, a representative example is shown in fig. 5.29a, depicting the
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evolution of the spectrum from fig. 5.28b. The zero-bias peak is clearly visible at
the lowest temperature (≈ 2 K) but disappears by approximately 3.13 K, where the
spectrum near zero bias instead exhibits a dip arising from the gap features. Panel
b illustrates the effect of an applied magnetic field on the zero-bias peak, focusing
on the spectral region near zero bias. As B increases, the peak diminishes in both
amplitude and width (estimated in terms of the full-width half maximum of the
peak), indicating its suppression under magnetic field.
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Figure 5.29: Representative conductance spectra (dI/dV vs. V ) showing the evo-
lution of the zero-bias peak with temperature (T ) (panel a) and magnetic field (B)
(panel b). Both sets of data are from pristine FeSe0.5Te0.5.

A possible origin of this peak could be the potential presence of the px ± ipy surface
topological superconducting pairing proposed by Fu and Kane [34]. Notably, the
peak is observed in both pristine and IGP-treated FeSe0.5Te0.5, suggesting that in-
troducing H via IGP – in the amounts that enhanced T on by 1.8 K and increased the
superconducting gaps – does not compromise the topological surface state, if this
is indeed the origin of the peak. If this interpretation holds, it is likely that this p-
wave signal appears alongside the s-wave pairing present in the bulk of FeSe0.5Te0.5,
since PCARS probes the material to a depth on the order of the coherence length.
As a result, the measurement can detect contributions from both the surface and
the bulk, producing spectra that effectively represent a convolution of the two sig-
nals. Similar behavior has been observed in heterojunctions formed between the
dual topological insulator BiSe and the conventional superconductor NbSe2 [278].

To test the hypothesis of a convolution between bulk and surface states, the raw
spectra were symmetrized, normalized to the normal-state conductance measured
just above Tc, corrected for the effects of spreading resistance, and finally fitted
using a two-gap 2D BTK model, where one gap corresponds to the p-wave state
and the other to the s-wave state. In this framework, only the s-wave gap ∆2,
corresponding to the dominant contribution observed in the PCARS spectra, was
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included, whereas ∆1 was neglected. This approach avoids the need for a three-gap
model, which would introduce additional free parameters and increase the risk of
overfitting. Within this two-gap BTK model, the total conductance is expressed
as: G = wsGs + wpGp where Gs and Gp are the conductances associated with the
s- and p-wave components, respectively, each defined by eq. (2.8). In particular, in
eq. (2.8), the s-wave gap ∆s is taken as isotropic (constant in momentum space),
while the p-wave gap is parameterized as ∆p[cos(kx) + sin(ky)], thereby implement-
ing the px ± ipy symmetry. This approach yields a 2D BTK model with seven free
parameters: the gap amplitudes ∆s,p, the broadening parameters Γs,p, the barrier
strengths Zs,p, and the spectral weights ws,p, subject to the normalization constraint
ws+wp = 1. Due to the limited amplitude of the normalized signal, fitting the BTK
model requires an additional free parameter, wn, which acts as a multiplicative fac-
tor on the theoretical BTK curve to rescale it vertically to match the experimental
spectra. Physically, wn represents the fraction of non-superconducting nanojunc-
tions in the micron-sized soft point contact, meaning that only a fraction 1 − wn
of the total nanojunctions actually contributes to the measured Andreev or tunnel
signal.
The results of this fitting procedure for the spectra in fig. 5.28 are shown in fig. 5.30
(solid red lines). In both cases, the BTK model reproduces the experimental
data with overall good agreement, though a noticeable discrepancy appears around
2 − 3 meV due to the absence of the ∆1 contribution in the model. As indicated
by the labels showing the best-fit parameters, the extracted p-wave gap values are
similar, and the ∆2 values are consistent with those obtained using the two-gap
∆1–∆2 analysis described earlier. Minor variations in other parameters, such as
Zs and Zp, can be ascribed to the distinct spectral character: panel (a) shows an
Andreev-like spectrum, while panel (b) is more tunnel-like. For completeness, the
best fits from the ∆1–∆2 analysis are also included in fig. 5.30 (solid blue lines).
Finally, given that the T dependence shown in fig. 5.29a exhibits a peak that dis-
appears just 1 K above the base temperature, it is challenging to extract a reliable
T -dependent trend for the potential p-wave feature from the available curves. Con-
sequently, the analysis is instead focused on the magnetic-field dependence shown
in fig. 5.29b. In this case, since the spectra were measured within a narrow range
around zero bias and no signatures attributable to the bulk s-wave component are
observed, a single-gap BTK model is applied, retaining only the p-wave compo-
nent. This is achieved by using the total conductance previously employed and
setting wp = 1. This procedure is applied to the raw conductance spectra shown
in fig. 5.29b, after symmetrization and normalization. The normal state for each
curve is approximated by fitting an even-order polynomial to the spectral tails,
since the magnetic field required to completely suppress superconductivity and ac-
cess the true normal state (∼ 50 T [279]) lies beyond the experimental range. The
resulting best fits, up to 6 T, are shown in fig. 5.31a, while fig. 5.31b displays the
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Figure 5.30: Comparison of the best-fit curves obtained by fitting the experimental
spectra shown in fig. 5.28 implementing either a conventional s+s-wave BTK model,
which accounts for the features associated with gaps ∆1 and ∆2 (solid blue lines),
or an s+p-wave BTK model, which captures the dominant s-wave gap ∆2 and the
zero-bias peak (solid red lines), assuming that the zero-bias peak originates from
surface topological superconductivity. The fitting parameters for both the models
are provided in the labels. In both cases, the fraction of normal contacts wn was
fixed at 0.9.

B dependence of the extracted p-wave gap. Notably, this quantity exhibits an ap-
proximately linear decrease with increasing magnetic field over the explored range,
consistent with the behavior expected for a superconducting gap feature and sup-
porting the association of the observed peak with a gap.

Nevertheless, more definitive evidence regarding the origin of the peak is still lacking
and is required before making claims about its possible topological nature. In
particular, it is important to understand the specific conditions that, in rare cases,
led to the observation of this peak. Notably, the peak has been detected regardless
of whether the contact was placed on the surface – injecting current along the c-axis
– or on the edge – injecting current within the ab-plane. It has also been observed
independently of the type of conductive paste used, whether gold or silver, despite
their different grain sizes that could influence the probing length. Its possible
connection to topological surface states, however, highlights the potential of PCARS
as a tool for detecting surface signatures of topological superconductivity.
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Figure 5.31: (a) Representative px ± ipy BTK fits (solid lines) to symmetrized and
normalized spectra measured at various magnetic fields B (symbols). The original
experimental data prior to symmetrization and normalization correspond to the
representative curves displayed in fig. 5.29b. (b) B-dependence of the p-wave gap
(∆p, green symbols) extracted from the fits in panel a. The dashed line represents
a linear fit to the extracted values.

5.3 Conclusions
In this final chapter, the study applied the two techniques in which expertise had
been developed in the previous chapters – IGP and PCARS – to investigate topolog-
ical superconductors, the ultimate focus of this thesis, owing to the strong interest
in this phase of matter and its potential for enabling fault-tolerant quantum com-
putation. Two candidate topological superconductors were specifically addressed:
electron-doped Bi2Se3 and FeSe0.5Te0.5. For Bi2Se3, H intercalation was induced
via IGP to attain the electron-doped phase previously claimed to be superconduct-
ing. The aim was first to verify the existence of this superconducting phase and,
if successful, to investigate its superconducting order parameter using PCARS to
determine whether it would be compatible with a topological state. In the case of
FeSe0.5Te0.5, H intercalation was instead used to enhance its critical temperature
and superconducting gaps, aiming at obtaining a functionalized material where a
zero-bias peak observed in the vortex cores can be more confidently attributed to
Majorana bound states, rather than to a convolution of finite-bias states charac-
teristic of a trivial, non-topological superconductor.

Regarding Bi2Se3, despite leveraging the expertise gained from previous IGP stud-
ies described in this thesis, H intercalation did not result in the emergence of a
superconducting transition detectable via electrical transport measurements, even
when replicating the exact conditions under which superconductivity in HxBi2Se3
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was previously claimed. This discrepancy may be attributed to differences in char-
acterization techniques, as resistivity measurements were used here, whereas the
original claim relied on susceptibility measurements. This might suggest that, if a
superconducting phase does form, the superconducting volume fraction may be too
small to produce a detectable signal under present conditions – an issue that could
be mitigated in susceptibility-based measurements.
Nevertheless, significant variability in the temperature dependence of the resistivity
of Bi2Se3 was observed across different IGP processes, where parameters such as
working temperature, gate voltage and time, and electrolyte type were tuned to
explore different levels of H intercalation. These observations motivate, as a future
perspective, a more systematic and detailed study of Bi2Se3 under varying interca-
lation levels, with quantitative estimation of H content in each treatment. Such an
approach would enable a more rigorous understanding of the response of the ma-
terial and, ideally, help identify the concentration range where superconductivity
emerges, if it indeed develops.

In contrast, for FeSe0.5Te0.5, H intercalation via IGP effectively tuned the super-
conducting phase, both in terms of critical temperature and superconducting gaps.
Specifically, an enhancement of the gap opening on the electron-like Fermi sur-
face was observed in H-intercalated FeSe0.5Te0.5 relative to the pristine material,
although modest. In addition, a nontrivial behavior was observed for the two gaps
opening at the hole-like Fermi surfaces at the Γ point. Specifically, the larger of
the two gaps observable in the pristine sample appeared to vanish upon H-induced
Tc enhancement, while the smaller gap became detectable. This behavior requires
further investigation, including scanning tunneling microscopy studies of vortex
cores, to understand its impact on the identification of Majorana bound states and
the distinction from trivial superconducting signatures. Additionally, in rare cases,
PCARS revealed a zero-bias peak in both pristine and intercalated FeSe0.5Te0.5,
interpreted as a potential signature of an unconventional, topological, supercon-
ducting state at the surface, with the bulk remaining trivial. If confirmed, the
presence of this peak in both pristine and intercalated samples suggests that the
intercalation levels achieved do not disrupt the superficial topological state of the
pristine material. This finding thus potentially opens a pathway for using PCARS
not only to probe bulk topological superconductivity but also to investigate surface
states, while employing IGP to functionalize the material and tune the supercon-
ducting properties in ways advantageous for detecting topological superconducting
phases.
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Conclusions and future
perspectives

This thesis has explored hydrogen intercalation via ionic gating-induced protona-
tion as a versatile approach to induce or tune superconductivity in thin films and
layered materials, with the ultimate goal of addressing candidate topological su-
perconductors – a research area of considerable interest due to their potential as
platforms for intrinsically fault-tolerant quantum computation. A multi-step ap-
proach was adopted to achieve this ultimate goal, beginning with the development
of expertise in ionic gating-induced protonation for attaining controlled hydrogen
intercalation, and in point-contact Andreev reflection spectroscopy to probe the
superconducting gap function and detect possible signatures of unconventional (po-
tentially topological) superconductivity. These techniques were then applied to the
study of candidate topological superconductors.

Along this pathway, the first major outcome obtained is the development of guide-
lines to maximize hydrogen loading in palladium via ionic gating-induced protona-
tion using a deep eutectic solvent – an electrolyte class not previously explored for
this purpose. Palladium was chosen as a model system due to its high hydrogen
absorption capacity and well-characterized transport properties as a function of
hydrogen content, though the guidelines outlined here can be adapted to optimize
hydrogen insertion in other materials with minimal modification. Following this
rationale, a 1:3 choline chloride:glycerol deep eutectic solvent, which is in principle
optimized for enhanced hydrogen doping, was employed. Electrical resistivity mea-
surements revealed a strong positive correlation between applied gate voltage and
hydrogen uptake, yielding hydrogen concentrations up to 37% higher than those
obtained using the conventional ionic liquid EMIM-BF4. Compared to previously
reported hydrogenation levels in materials other than palladium, the hydrogen con-
tent achieved here on averaged exceeded them by 91%.
However, despite promising results, hydrogen doping exhibited notable spatial in-
homogeneity, leading to broadened and incomplete superconducting transitions in
PdHx. This observation underscores the necessity of optimizing ion transport and
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diffusion, both within the host lattice and across the electrolyte interface. Fu-
ture efforts should focus on designing deep eutectic solvents with lower viscosity,
higher proton availability, broader electrochemical windows, and extended opera-
tional temperature ranges to achieve more uniform hydrogen distributions. Such
improvements would not only enhance the applicability of ionic gating-induced pro-
tonation in fundamental research but also broaden its utility for hydrogen storage,
superconductivity studies, and spintronic applications.

Building on the expertise gained in performing and controlling ionic gating-induced
protonation, the second stage of this work focused on 1T -TiSe2, a layered transi-
tion metal dichalcogenide exhibiting charge-density-wave order in its pristine state.
Ionic gating-induced protonation was employed to synthesize HxTiSe2, recently
shown to be superconducting and preliminarily suggested to host a nontrivial su-
perconducting order parameter. This system was investigated using three com-
plementary techniques: magnetotransport measurements, soft point-contact An-
dreev reflection spectroscopy, and tunneling spectroscopy. Experimental evidence
consistently revealed a non-trivial superconducting order parameter characterized
by two nodeless gaps, whose temperature dependence is in agreement with both
Baredeen-Cooper-Schrieffer theory and Eliashberg models for two-band supercon-
ductivity. Although variations in gap amplitudes were observed across different
Andreev reflection spectroscopy contacts – suggesting a spatial modulation of the
order parameter – tunneling spectroscopy measurements confirmed that two-gap
superconductivity occurs at the local, atomic level. This finding ruled out the
possibility of phase-separated single-gap regions that, when probed by a less spa-
tially resolved technique such as soft point-contact Andreev reflection spectroscopy,
could mimic an apparent two-gap behavior. When interpreted alongside previous
ab-initio calculations, these results suggest that HxTiSe2 exhibits multigap super-
conductivity arising from an unconventional multi-orbital single-band mechanism,
rather than from a conventional multi-band Fermi surface.
Beyond its intrinsic scientific significance, this study also offered valuable hands-
on experience with soft point-contact Andreev reflection spectroscopy on layered
materials, experience that later proved crucial for investigating the candidate topo-
logical superconductors discussed in this thesis.

Indeed, exploiting the proficiency developed in both ionic gating-induced protona-
tion and soft point-contact Andreev reflection spectroscopy during the earlier stages
of this work, the final part of the thesis focused on applying these techniques to
two candidate topological superconducting systems: Bi2Se3 and FeSe0.5Te0.5. In the
case of Bi2Se3, ionic gating-induced protonation was employed to test the previously
reported superconducting hydrogen-doped phase. Despite an extensive exploration
of gating parameters, no superconducting transition was observed via resistivity
measurements, even under conditions nominally identical to those described in the
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earlier study. However, the variability in the resistive behavior observed across mul-
tiple protonation configurations suggests that hydrogen incorporation does indeed
alter the electronic properties of Bi2Se3. This finding raises questions regarding the
robustness and reproducibility of the previously claimed hydrogen-induced super-
conducting phase, suggesting that the superconducting volume fraction may be too
small to be observed in transport measurements, though it might still be detectable
in susceptibility experiments as previously claimed. A more systematic investiga-
tion of hydrogen-doped Bi2Se3 – including precise quantification of the incorporated
hydrogen content – is therefore recommended to determine the precise conditions
under which superconductivity, if present, emerges.
In contrast, FeSe0.5Te0.5 displayed clear tunability of its superconducting phase via
H intercalation, both in the critical temperature observed through electrical trans-
port and in the superconducting gaps measured via soft point-contact Andreev
reflection spectroscopy – successfully performed for the first time under ionic gat-
ing. A modest enhancement of the gap opening on the electron-like Fermi surface
was observed, while the gaps opening on the hole-like Fermi surfaces at the Γ point
exhibited complex, nontrivial evolution: the larger of the two gaps, dominant in
the pristine material, appeared to vanish in compounds where hydrogen-doping sig-
nificantly enhanced their critical temperature, allowing the smaller gap, previously
obscured, to become detectable. This behavior is consistent with the disappearance
of one of the hole-like Fermi surfaces following the intercalation of hydrogen ions.
These observations thus point to complex modifications of the superconducting
state induced by hydrogen and underscore the need for complementary investiga-
tions, including scanning tunneling microscopy of vortex cores, to fully understand
the impact on the identification of Majorana bound states. Remarkably, rare zero-
bias peaks were observed in point-contact Andreev reflection spectra both for pristine
and intercalated samples, consistent with the potential presence of topological sur-
face superconductivity. The persistence of this feature under hydrogen intercalation
suggests that moderate hydrogen doping can tune bulk superconducting properties
without disrupting superficial topological states, offering a pathway to functionalize
materials for enhanced detection of Majorana bound states and highlighting point-
contact Andreev reflection spectroscopy as a valuable tool for exploring superficial
topological superconducting phases.
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Appendix A

Supporting material for chapter 3

This appendix reports the full details of the study whose main motivations and
results were briefly introduced in chapter 3. Although the work offered useful guid-
ance on ionic gating-induced protonation (IGP) for subsequent work in this thesis,
its primary focus was on the hydrogen (H) insertion technique itself, rather than
on tuning the superconducting properties of materials via H insertion – the central
theme of this dissertation. For this reason, only a summary appeared in the main
text, whereas the full study is provided here.

The appendix is organized as follows: it first reviews the properties of palladium
that motivated its choice as the experimental platform, then outlines the experi-
mental methods, and finally presents and discusses the measurement results.

A.1 Test material: palladium
As highlighted in the main text, palladium (Pd) was chosen as the most suitable
material for this study due to its well-characterized response to increasing H doping
levels.

Pd is a transition metal with a face-centered cubic crystal structure and is well
known to readily absorb H [280]. Remarkably, the H content (x) in PdHx directly
correlates with its electrical resistivity at 295 K. This correlation is commonly stud-
ied in terms of a normalized quantity χR = ρ(x)/ρ(0), where ρ(x) is the resistivity
of PdHx, while ρ(0) is the resistivity of pristine Pd. As shown in fig. A.1a, the
χR ratio increases steadily with increasing H content, reaching a maximum near
x ≈ 0.7, before gradually decreasing back to unity when x approaches 1 [281, 164,
166, 163]. This distinctive feature makes Pd a strategic choice for this study, as it
enables the indirect estimation of H uptake via resistivity measurements, effectively
addressing the difficulty of directly quantifying x with the available experimental
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setup as explained below.
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Figure A.1: (a) Empirical correlation between the χR resistivity ratio and the
hydrogen/deuterium (H/D) content x. Data taken from Ref. [281]. (b) Empirical
relationship between the superconducting critical temperature of PdH(D)x and the
H/D concentration. For PdDx, the data points are shifted horizontally by 0.04 to
facilitate comparison with the PdHx trend. Data taken from Ref. [282]

Beyond resistivity at 295 K, further insight into the H content can be obtained by
examining the temperature dependence of resistivity (ρ–T curves). These curves
reveal a distinct anomaly around 50 K, appearing as a pronounced peak. The tem-
perature at which this anomaly occurs (Ta) systematically shifts with varying H
concentration. For x > 0.6, Ta increases with increasing x, while the peak simulta-
neously decreases and ultimately disappears at higher H concentrations (x ≥ 0.8)
[283, 284]. This feature appears consistently across multiple physical properties
of PdHx, including specific heat [285, 286], internal friction [287], and thermal re-
laxation [288]. Initially, this anomaly was attributed to an order–disorder phase
transition [280, 289], but more recent investigations indicate that it is primarily
caused by kinetic effects associated with changes in the short-range ordering of H
[290, 291].

At high H concentrations (0.8 ≲ x ≤ 1), where the anomaly disappears and no
further insights on the H content can be drawn from it, PdHx undergoes a super-
conducting transition at ambient pressure, with Tc reaching up to 9 K depending
on x (see fig. A.1b) [292, 293, 165, 294, 295, 296, 283, 297]. Detecting supercon-
ductivity in PdHx synthesized through the deep eutectic solvent (DES)-based IGP
method examined in this work would thus provide direct evidence of substantial H
incorporation into the Pd lattice. Such a finding would be particularly noteworthy
given the well-known tendency of Pd to release H as readily as it absorbs it [298].
Thus, demonstrating that DES gating facilitates H intercalation even in materials
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with low H retention would indicate that this approach could have wide-ranging
applications.
Additionally, Pd-based noble metal alloys are known to exhibit superconductivity
when loaded with H [299], and theoretical studies have predicted the possibility
of high-temperature superconducting phases in PdCuHx [300]. Therefore, success-
fully achieving substantial H intercalation in pure Pd via this simple DES gating
technique would also introduce a new approach for exploring its alloys as potential
superconductors under ambient pressure conditions and relatively high tempera-
tures.

A.2 Experimental methods
Pd samples. The measurements in this study were performed on Pd samples,
either as bulk foils or thin films, with the goal of exploring different sample thick-
nesses to determine whether higher H concentrations could be achieved by reducing
the sample volume (so as to increase the surface-to-volume ratio).
Focusing on the materials used, bulk Pd foils, purchased from Sigma Aldrich with
a purity of 99.9%, were used as received after a 15-minute sonication in ethanol.
The actual thickness of these commercial foils was measured with a micrometer and
found to be (25 ± 1)µm. Surface morphology was analyzed via atomic force mis-
corscopy (AFM) in tapping mode under ambient conditions, employing a Bruker
Innova microscope equipped with RTESPA-300 silicon tips. The AFM images ob-
tained (fig. A.2a) displayed a surface predominantly marked by an oriented scratch
pattern, likely a result of the polishing process. The root mean square (RMS)
roughness and average roughness of the bulk foil was found to be approximately
14 nm and 11 nm, respectively.

In contrast, the thin Pd films were fabricated in a Hall bar pattern by Dr. D. De
Fazio at the Institut de Ciencies Fotoniques-ICFO (Barcelona) using standard mi-
crofabrication techniques. These films were grown on sapphire substrates through
photolithography, followed by thermal evaporation of a nominally 2 nm thick ti-
tanium layer, and then a nominally 35 nm thick Pd layer. AFM characteriza-
tion showed a smooth, featureless surface with no visible granular structure (see
fig. A.2b). The measured RMS and mean roughness values of 0.8 nm and 0.5 nm,
respectively, confirmed a high-quality deposition. The actual film thickness was
determined to be (34 ± 7) nm, based on an average of multiple step edge measure-
ments, one of which is shown in the inset of fig. A.2b.

Electrolyte. In this study, a 1:3 choline chloride: glycerol DES, hereafter referred
to as 1:3 ChCl:gly DES, was used as the electrolyte for IGP. This composition was
selected for its high ionic conductivity, primarily due to the choline chloride salt,
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Figure A.2: (a) Representative atomic force micorscopy (AFM) topography map
of a Pd foil sample. (b) Representative AFM topography map of a Pd thin film
sample, with the inset displaying the height profile measured across the film edge.
Adapted from Ref. [105].

which facilitates the formation of a strong electric field at the DES/sample interface.
Additionally, glycerol can release protons at relatively low voltages, making it an
ideal choice for this application [158, 159, 160]. The 1:3 molar ratio also reduces
viscosity, promoting better conductivity and more uniform H+ uptake [161]. This
1:3 ChCl:gly DES was prepared by Dr. G. Tofani at the University of Pisa, following
the procedure described in [167], and its water content was measured to be 520 ppm.

A.3 Results

A.3.1 Ionic gating-induced protonation: methods and re-
sults

In-situ IGP was performed on Pd films and foils under ambient condition, as de-
scribed in section 2.2.2, implementing the appropriate configuration based on the
selected cooling system for subsequent ρ-T measurements. In-situ protonation was
preferred over ex-situ because Pd readily releases H.

During a typical IGP procedure, the gate voltage (V G) was gradually increased
from 0 V to a value beyond the cathodic stability limit of the 1:3 ChCl:gly DES,
thereby initiating the release of free H+ ions [158, 301, 302], as anticipated in sec-
tion 2.2.3. A sweep rate of 1 mV/s was used to allow the ionic dynamics within
the 1:3 ChCl:gly DES to properly follow the changing voltage. To prevent device
degradation caused by the enhanced reactivity of the DES at high voltages, VG was
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carefully maintained below 12 V. Once the final V G was reached, it was held con-
stant for a specific duration, which was determined as explained below. Finally, the
process was stopped by rapidly cooling the system, as discussed in section 2.2.3.
Gate current (IG) was monitored alongside voltage application to study the 1:3
ChCl:gly DES response to voltage changes and gating time. Representative time
evolutions of V G and IG are shown in fig. A.3 for bulk foils (fig. A.3a) and thin films
(fig. A.3b). All IG profiles showed low values (a few nA) for V G ≲ 1.9 V, indicating
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Figure A.3: Representative examples of the dynamics that occurred during ionic
gating-induced protonation of a Pd bulk foil (a) and of a Pd thin film (b) under
ambient condition. For each process shown, the in-situ applied gate voltage V G,
gate current IG, and electrical resistivity ρ are displayed in the top, middle, and
bottom panels, respectively. The ρ values are displayed both in absolute units
(left axis) and normalized to the pristine resistivity (χR = ρ(x)/ρ(0)) (right axis).
Typical values for IDS used to measure ρ are approximately 10µA for films and
1 mA for foils. Reprinted from Ref. [105].

that H+ production was inactive in this range. When V G exceeded this thresh-
old, IG increased, marking the onset of electrochemical processes. As VG increased
further, IG continued to rise due to the enhanced release of H+ ions, reached a
peak, and then gradually decreased. This decrease could be partially ascribed to
the pseudocapacitive behavior of the polarized DES, as it began roughly when the
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voltage ramp reached its final value [303]. However, another contributing factor
was likely the gradual degradation of the DES under voltages beyond its stability
window, which compromised its ability to sustain a stable production of free H+ ion
over time. The 1.9 V threshold was notably higher than the cathodic stability limit
of 1.38 V previously reported for this 1:3 ChCl:gly DES on glassy carbon electrodes
[158, 301, 302]. However, the oxidation potential of glycerol varies significantly
with electrode material and can even drop below 1 V under certain conditions.

Since not all detected H+ ions contributing to IG are necessarily involved in pro-
tonation (some may participate in side reactions, such as H evolution [97]), the
IG measurement alone cannot confirm successful protonation. Therefore, to di-
rectly assess the impact of protonation on the sample, its resistivity was monitored
throughout the treatment. This approach was particularly relevant for PdHx, given
the established correlation between its ρ and H concentration. Representative ex-
amples of the time evolution of ρ and its derived χR are presented in fig. A.3 for
gated bulk foils (fig. A.3a) and thin films (fig. A.3b), complementing the informa-
tion from VG and IG. Both Pd foils and Pd films displayed comparable overall χR
profiles over time, characterized by an initial increase to a peak followed by a grad-
ual decrease to a stable value. This pattern mirrors the trend observed in fig. A.1a,
which illustrates the relationship between χR and H content. This suggests a direct
correlation between gating time and H uptake, with the eventual stabilization likely
resulting from a dynamic equilibrium between H intrinsically desorbed by Pd and
H injected from the DES. Once stabilization was reached, or if a change in slope
occured – potentially because the DES no longer sustained H+ pumping, allowing
H+ release from the sample – the system was then cooled down.
Closer examination of the curves reveals that gated Pd films exhibited distinct
characteristics compared to bulk foils, likely due to their lower thickness. First,
the overall variation in χR was significantly smaller for Pd films (with a maximum
χR of ≈ 1.4) compared to foils (with a maximum χR of ≈ 1.8). This observation
is consistent with previous studies on Pd thin films [304, 305] and is primarily at-
tributed to a stress-dependent reduction in H solubility [304]. Second, at voltages
VG ≲ 1.9 V, the films exhibited a localized reduction in ρ, which consequently led to
a decrease in χR (fig. A.3b). Since electrochemical processes for H production were
inactive in this region, this distinctive feature was likely the result of electrostatic
gating. This effect caused charge carriers to accumulate at the surface, increasing
the local carrier concentration and thereby decreasing ρ. Notably, while this phe-
nomenon occurred in both Pd foils and films, it produced a measurable signal only
in the films. This discrepancy was attributed to the significantly smaller thickness
of the films (34 nm compared to 25µm for the foils), which makes their electronic
properties more sensitive to surface charge accumulation [306, 307, 308, 309].

Final values of χR after gating of both Pd bulk foils (hollow circles) and Pd thin
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films (filled circles) are summarized in fig. A.4. The observed trend mirrors the
time evolution of χR shown in fig. A.3 and is similarly attributed to an increasing
H content with higher VG.
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Figure A.4: Resistivity ratio χR plotted against the final applied gate voltage VG
for both bulk foils (represented by hollow circles) and thin films (represented by
filled circles) following each ionic gating-induced protonation process. The gray
dashed lines are added as guides to the eye. Reprinted from Ref. [105].

A.3.2 Temperature-dependent resistivity characterization
T -dependent resistivity measurements were carried out before and after the IGP
treatment, as outlined in section 2.1.1, to verify that the observed changes in χR
for VG ≳ 1.9 V resulted from successful protonation. The resulting ρ−T curves are
shown in fig. A.5 for both bulk foils (panel a) and thin films (panel b), alongside
the corresponding pristine data. To facilitate better comparison, each curve is
normalized to its value at 295 K.

For bulk Pd foils, post-gating ρ − T curves (colored lines, fig. A.5a) deviated sig-
nificantly from the pristine behavior (black line, fig. A.5a). As expected for metals,
the pristine resistivity ρ(0) decreased with temperature, eventually saturating be-
low T ≲ 5 K. Its initial value of 11.5µΩ cm at 295 K (see fig. A.3a) was consistent
with literature values [310, 311]. In contrast, gated samples exhibited the charac-
teristic anomaly near 50 K, as described in section A.1, which is typical of PdHx
and thus provides strong evidence for the successful incorporation of H into the
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Figure A.5: Temperature dependence of the resistivity (ρ) of Pd bulk foils (a) and
Pd thin films (b) before and after ionic gating-induced protonation. Each curve is
normalized to its value at T = 295 K and labeled based on the final applied gate
voltage VG. For clarity, curves with VG > 0 are vertically shifted by 0.05. The color
code for the gated curves is consistent with that in fig. A.4, preserving the same
color mapping for the applied VG. Reprinted from Ref. [105].

Pd lattice. Its occurrence temperature Ta, defined as the local maximum of the
ρ − T curve within the 0–100 K range, is expected to increase with increasing x
for x > 0.6, while the peak amplitude simultaneously decreases [283, 284]. This
behavior was clearly reflected in the ρ–T curves of gated foils as VG increased from
3 to 12 V (orange and blue lines in fig. A.5a, respectively), corroborating that the
decrease in χR observed in fig. A.4 for VG ≳ 5 V primarily resulted from further
H uptake rather than desorption. However, the persistence of the anomaly, even
at VG = 12 V, suggested that the H concentration in this case likely remained be-
low the threshold required to induce a detectable superconducting transition. In
fact, previous studies have shown that in superconducting PdHx samples, the peak
height is so diminished that the resistivity anomaly becomes undetectable [293, 162].

In thin films, the pristine ρ–T behavior was also metallic (black line in fig. A.5b),
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with a 295 K resistivity of 24µΩ cm (fig. A.3b), in agreement with typical values for
35 nm-thick Pd films [312, 313]. As with foils, applying a gate voltage VG ≳ 1.9 V led
to a clear deviation of the ρ–T curves from the pristine curve, indicating successful
H incorporation into the Pd lattice. In this case, the resistivity anomaly appeared
only for final VG values between 2 V and 6 V, with the anomaly shifting to higher
temperatures as VG increased. This behavior supported the interpretation that the
observed reduction in χR (fig. A.3b) was again due to further H uptake rather than
desorption.
Unlike the behavior observed in bulk foils, the resistivity anomaly in thin films
vanished at VG = 12 V, and the ρ–T curves (solid blue lines in fig. A.5b) reverted to
a metallic-like profile, although with a much higher residual resistivity compared
to the pristine case. This suggested that, in thin films, the H concentration had
exceeded the threshold value (x ∼ 0.85) beyond which the resistivity anomaly
disappears [280]. Although the precise origin of this difference remained unclear, a
plausible explanation is that the higher surface-to-volume ratio of thin films relative
to those of foils could increase the likelihood of attaining a higher H content under
comparable gating conditions. In this high-H regime, where the peak disappears, a
non-zero superconducting critical temperature is expected to emerge, as previously
mentioned. Indeed, ρ − T measurements on thin films gated at 12 V revealed slight
drops for T ≲ 2 K, indicative of incipient superconducting transitions [162, 294,
283, 297, 296, 295, 292]. A magnified view of the 12 V gated curves shown in
fig. A.5b is provided in fig. A.6.
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Figure A.6: Magnified view of the resistivity vs. temperature (ρ-T ) curves from
fig. A.5 for the 12 V-gated thin films, measured at a magnetic field of 0 T. The
additional red curve, measured under the same conditions as the light blue curve
but at a magnetic field of 0.15 T, emphasizes the superconducting nature of the
drop in the ρ-T curves. Reprinted from Ref. [105].
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The superconducting origin of these drops was corroborated by their suppression
under a magnetic field of 150 mT, a field strength selected to exceed the zero-
temperature upper critical field of PdH1 (Hc2(0) ≈ 110 mT [292, 313, 314]), and
thus sufficient to quench superconductivity in any Pd hydride phase. An example of
this suppression is shown by the solid red line in fig. A.6. However, the observation
of only a partial transition down to 0.35 K suggested that a qualitative assessment
of H content was inadequate. A quantitative analysis was required to determine
whether this incomplete transition arises from insufficient overall H concentration
or from inhomogeneities in its spatial distribution within the film.

A.4 Determination of the hydrogen content
Direct quantitative assessment of H concentration for each IGP process could not
be achieved using ex-situ techniques. This limitation arose because protonated Pd
samples would have rapidly released H between the end of the IGP process and
the time of measurement, making any estimation of the H concentration reached
unreliable. In-situ methods, such as 1H nuclear magnetic resonance [42, 8, 146],
were also impractical because they require specialized equipment and bulk samples,
making them suitable for Pd foils but not for thin films. As a result, in-situ methods
would have provided only partial solutions to the problem. Consequently, instead
of directly measuring the H content, an indirect estimation approach was employed.
This method relied on the established correlation between the H concentration and
the χR ratio [281, 163, 164, 166]. Specifically, it exploited previous studies that in-
dependently measured the final χR ratio and the corresponding attained H content.
By interpolating these datasets, an empirical function was developed that takes the
experimental χR values as input and estimates the corresponding x concentrations
as output.

A summary of the relevant studies used to derive this empirical relationship is
shown in fig. A.7a (symbols). Notably, the dataset from Smith et al. [166] is not
shown in its original form. Instead, it has been adjusted to align with the other
datasets, which were measured at 295 K, whereas the original data from ref. [166]
were collected at 273 K. This adjustment assumes a linear dependence of ρ on T
within the relevant temperature range. Based on this assumption, the value of χR
as a function of x at 295 K was obtained from the original 273 K data using the
following relation:

χR(x,295 K) = ρ(x,273 K) [1 + αPdHx(295 K − 273 K)]
ρ(0, 273 K) [1 + αPd(295 K − 273 K)] (A.1)

where αPdHx and αPd are the temperature coefficients of the resistivity for PdHx
and Pd, respectively. According to ref. [166], αPdHx is linear in x. Thus, by linearly
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interpolating the data presented in their work, the following expression for αP dHx(x)
was derived: αP dHx(x) = (43 − 37x) × 10−4 K−1. By substituting this into eq. (A.1)
and assuming αPd = αPdHx(0), data from ref. [166] were extrapolated to 295 K.
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Figure A.7: (a) Empirical relationship relating χR to the hydrogen content x in
PdHx, based on selected significant studies in the literature. Symbols indicate data
adapted from references [281, 163, 166, 164], while the solid red curve represents
their best fit according to eq. (A.2). (b) Gate voltage (VG) dependence of the x
concentrations, indirectly derived from the χR values shown in panel (a), for gated
bulk foils (hollow circles) and thin films (filled circles). The color code is consistent
with that in fig. A.4, preserving the same color mapping for the applied VG. The
gray dashed line serves again solely as a visual guide. Adapted from Ref. [105].

Once all data had been adjusted to the same temperature, the empirical relationship
between χR and x was established using an approach similar to that outlined by
Zhang et al. in [281]. Specifically, the data from fig. A.7a were fitted with a fourth-
order polynomial, yielding the following empirical formula:

χR = a + bx + cx2 + dx3 + ex4 (A.2)

with a = (1.023 ± 0.015), b = (1.2 ± 0.3), c = (−3.3 ± 1.1), d = (9.9 ± 1.7), and
e = (−7.7 ± 0.8). The solid red curve in fig. A.7a represents this equation.

This empirical relationship, derived from bulk Pd datasets, is effective for determin-
ing H content in Pd foils. However, for thin films, the χR − x relationship deviates
from the bulk behavior due to the reduced thickness (as shown by the filled cir-
cles in fig. A.4). As a result, an adjustment was necessary when dealing with thin
films; otherwise, directly calculating χR would have yielded inaccurate estimates
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of H concentration. A practical adjustment involved mapping the measured χR,film
to an effective χR,bulk value using a linear transformation. The choice of a linear
transformation was supported by previous studies [304, 305], which showed that
the reduced thickness of Pd thin films causes a uniform suppression of the χR − x
relationship compared to bulk samples, without altering the overall shape of the
curve. Specifically, this transformation can be expressed as follows:

χR, bulk(x) = m · χR, film(x) + q (A.3)

with m and q fulfilling two conditions that ensure the intrinsic shape of the curve
is preserved. Specifically, the first condition, based on the definition of χR, requires
that at the pristine state (x = 0), the χR values for both Pd bulk and films are equal
to unity. This results in the constraint: m + q = 1. The second condition requires
that the peak position remains unchanged under the transformation, resulting in
the constraint:

χR, bulk, max = m · χR, film, max + q

where χR, bulk, max is the maximum value obtained from eq. (A.2) and χR, film, max
is the maximum χR value derived from each specific IGP process (see fig. A.3b).
Combining these two constraints yields the following expressions for m and q:

m = 1 − χR, bulk, max

1 − χR, film, max
and q = 1 − m (A.4)

With this correction applied to Pd films, the empirical relationship could be reliably
used to estimate H concentrations. However, eq. (A.2) does not provide a unique
value of x for a given χR. Instead, two distinct real solutions are obtained for each
χR value, except at the maximum of the curve. Consequently, a method was re-
quired to distinguish between these two solutions and accurately select the correct
one for the experiment, ensuring a unique mapping between χR and x. This was
achieved by analyzing the time evolution of ρ during each IGP process (fig. A.3),
in order to determine whether the final χR value was approached along the rising
or falling branch of the χR vs. time curve. Identifying the branch allows for the
exclusion of one of the two possible solutions, thus establishing a unique correspon-
dence between χR and x. The uncertainty associated with this approach arises from
the inherent variability in the literature data used to derive the empirical relation
between χR and x (fig. A.7a). Thus, for each χR value, half of the spread in the x
data shown in fig. A.7a was assigned as the uncertainty of the x value obtained by
solving eq. (A.2).

The H concentrations estimated applying this indirect method to the raw data in
fig. A.4 are shown in fig. A.7b. As before, the results are plotted as a function of
the final VG value attained during each IGP procedure.
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A.5 Validation of the indirect hydrogen-content
estimation

Before interpreting the results shown in fig. A.7, it was essential to evaluate the
accuracy of the χR–x association obtained through the indirect method outlined
above, as well as its susceptibility to potential systematic errors. This assessment
was based on a physical parameter that was independent of χR but still correlated
with the value of x, thereby avoiding circular reasoning. A suitable choice was
the temperature Ta of the anomaly observed in the ρ–T curves of PdHx. It is well
established that Ta increases monotonically with H concentration for x > 0.6 and
is independent of ρ(295 K), the quantity on which χR depends [283, 165, 284, 280].
Consequently, Ta provided a robust, independent benchmark for validating the in-
direct determination of x.
For each measured ρ–T curve, the H concentration x was first estimated using
the method based on χR. Then, Ta was determined by identifying the local max-
imum in the ρ–T curve within the temperature range 40–100 K, using a parabolic
fitting procedure. In samples with 0.5 ≤ x ≤ 0.8, the ρ–T curves exhibited a
well-defined local maximum, allowing for direct fitting of a parabolic function of
the form ρ(T ) = a + b · (T − Tmax)2, around the peak region. For samples with
H concentrations outside this range (x < 0.5 or x > 0.8), a distinct anomaly re-
mained present, but appeared as a pronounced shoulder, rather than a sharp peak,
superimposed on the underlying metallic behavior of the ρ–T curve. In these cases,
the metallic contribution was subtracted to isolate the anomaly, making it more
prominent and suitable for parabolic fitting.

Regardless of the form of the anomaly, the parameter Tmax extracted from the fit
– along with its associated uncertainty – was taken as the estimate of Ta. The
resulting Ta − x data pairs for each measured curve are shown in fig. A.8 (filled red
circles) and compared with data from Araki et al. [165] (hollow black circles), where
both Ta and H content were experimentally determined.
Qualitatively, the results exhibit strong agreement with those reported in ref. [165],
which showed that Ta remains constant with increasing x up to the phase boundary
between the α + β and pure β phases of PdHx [280]. Beyond this boundary, Ta
increases linearly within the pure β phase. To quantify this agreement, both the
present data and those from ref. [165] were fitted using a constant-plus-linear model,
and the resulting parameters were compared. The fit to the data from ref. [165]
(dashed black lines in fig. A.8) yielded a constant temperature of (53.8 ± 1.2) K up
to x = 0.65, followed by a linear dependence Ta = [(−22 ± 6) + x · (116 ± 7)] K for
x > 0.66. Applying the same model to the present data (dashed red lines in fig. A.8)
resulted in Ta = (53.8 ± 1.6) K up to x = 0.69, with a subsequent linear trend given
by Ta = [(−23 ± 10) + x · (116 ± 14)] K for x > 0.69. The fitted parameters are in
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agreement within the respective uncertainties, thereby validating the accuracy of
the adopted indirect method for determining H concentrations in gated Pd samples.
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Figure A.8: Dependence of the anomaly temperature Ta in the resistivity vs. tem-
perature curves of PdHx on hydrogen concentration (x). The filled red circles
represent our data, while the hollow black circles are data taken from ref. [165].
The dashed lines correspond to a constant-plus-linear fits for both data sets, as
explained in the text. Adapted from Ref. [105].

A.6 Discussion

A.6.1 Evaluation of the performance of the deep eutectic
solvent

The confirmed reliability of the indirect method for estimating H concentration
in gated Pd samples allowed for a confident interpretation of the data shown in
fig. A.7b. As discussed in the main text, these data revealed a positive correlation
between H uptake and gate voltage exceeding the cathodic limit of the 1:3 ChCl:gly
DES, identified at VG = 1.9 V. Notably, maintaining a final applied VG = 12 V until
χR stabilized ( ≈ 2 hours) led to a maximum x of (0.85 ± 0.03) in bulk Pd foils and
of (0.89 ± 0.03) in thin films.

With the intrinsic capacity of the 1:3 ChCL:gly DES to promote H uptake estab-
lished, its performance was directly compared to that of the widely used EMIM-BF4
to assess the potential of DESs as viable alternatives to ionic liquids for inducing
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IGP. As discussed in the main text, the experiment was thus repeated with EMIM-
BF4 and the maximum H concentration was achieved in Pd thin films by applying a
final VG of +3.0 V for 3 hours, yielding x = (0.65±0.04) as determined by the same
indirect method used earlier. This corresponded to an H density of approximately
3.9 × 1022 cm−3. This result was further corroborated by the observed anomaly
in the ρ-T dependence at (55.5 ± 0.05) K, consistent with prior findings for a H
content of 0.65 [165].
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Figure A.9: Representative temperature-dependent resistivity (ρ) of a Pd thin film
measured after ionic gating protonation, with a final gate voltage of 3 V applied for
3 h across EMIM-BF4 (orange line). The pristine behavior is shown for comparison
(black curve). Each curve is normalized to its value at T = 295 K.

Comparing the performance of 1:3 ChCl:gly DES and EMIM-BF4, it become thus
evident that the deep eutectic solvent outperformed the more conventional ionic
liquid.
Overall, the H density achieved in Pd via IGP using the 1:3 ChCl:gly DES repre-
sents the highest reported for this method to date. This outstanding performance
stemmed from the inherently high solubility of H in Pd combined with the advanta-
geous properties of the 1:3 ChCl:gly DES, highlighting the strong potential of this
class of electrolyte for future IGP applications. Table 3.1 and A.1 summarize this
result alongside previous studies in which IGP was performed using ionic liquids
on a variety of materials, including transition metal dichalcogenides and oxides.

A.6.2 Inhomogeneity
As anticipated in the main text and expanded here, although this DES-based IGP
method proved to enable impressively high H loading, the resulting H distribution
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Compound Electrolyte Stoichiometry Cell volume H density Ref.
Å3 1022 cm−3

Pd 1:3 ChCl:gly DES PdH0.89 16.85 [162] 5.3 [105]
Pd EMIM-BF4 PdH0.65 16.69 [162] 3.9 -

WO3 DEME-TFSI H0.35WO3 110 [82] 0.3 [82]
SrRuO3 N/S ionic liquid H1SrRuO3 62.5 [315] 1.6 [315]
SrFeO2.5 HMIM-TFSI H1SrFeO2.5 60.3 [145] 1.7 [145]
SrCoO2.5 DEME-TFSI H2.2SrCoO2.5 65.1 [83] 3.1 [83]
NiCo2O4 DEME-TFSI H1.86NiCo2O4 71.4 [101] 2.6 [101]

TiSe2 EMIM-BF4 H2TiSe2 65.7 [8] 3.0 [8]

Table A.1: Overview of the highest hydrogen (H) concentrations achieved in vari-
ous compounds through electrochemical loading. For studies where H densities are
not explicitly reported, these values are estimated by dividing the reported stoi-
chiometries by the corresponding unit-cell volumes. Note that all unit-cell volumes
are given per formula unit.

was likely to be highly inhomogeneous. Evidence for this came from the observation
that insufficient overall H uptake could be confidently ruled out in samples exhibit-
ing only partial superconducting transitions in this study. For instance, the sample
with the highest attained H content (PdH0.89 ± 0.03) was expected – based on earlier
studies [293] discussed in section A.1 – to exhibit a superconducting transition with
a mid-point Tc between 1.9 K and 4.3 K. However, the temperature dependence of
this PdH0.89±0.03 sample revealed only the onset of a superconducting transition at
1.9 K (fig. A.6), where the onset was defined as the temperature at which the zero-
field ρ-T curve significantly deviates from that measured at B = 150 mT. Despite
this onset, no clear mid-point of the transition was observed, even down to 0.35 K.
Given the reliable determination of the H content, this discrepancy was attributed
to pronounced inhomogeneity in H distribution within the Pd sample, leading to
a broadened and incomplete transition. This explanation is supported by previ-
ous secondary ion mass spectrometry studies on protonated oxide films [82, 84],
which showed that the gate-induced H concentration tends to peak at the surface
and gradually decreases toward the bulk. Consequently, in the gated Pd samples
studied here, the superconducting state could be limited to a thin surface layer,
potentially non-percolating, which may lead to the observed incomplete resistive
transition. Therefore, enhancing the uniformity of H concentration is critical for
advancing the synthesis of high-quality H-loaded samples via IGP. Future work
should therefore focus on improving ionic transport and achieving more uniform H
diffusion within the host material to fully realize the potential of DES-based IGP.
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