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Abstract

Superconducting stiffness (ps) and coherence length (£) are commonly determined from
the penetration depth (M) and the upper critical field (Hc2), respectively. However,
determining these parameters in high temperature superconductors, and iron based su-
perconductor in particular, remains challenging. In iron-based superconductors, such
as the iron-chalcogenides family, internal magnetic fields can substantially deviate from
the applied field due to exchange fields, leading to inaccurate estimates of both quan-
tities. Furthermore, a recent study on bulk single crystals of FeSegsTeq s revealed a
“knee” in the temperature dependence of the superconducting stiffness, raising ques-
tions about it’s origin. To address this problem in Feii,Se,Tei_, (x = 0.5, y = 0), we
employed the Stiffnessometer technique on pulsed-laser deposition (PLD) grown thin
films of thickness d=80 (nm). the use of thin films offers a more stable stoichiometric
homogeneity compared to bulk crystals, yeilding cleaner samples that allow us to dis-
entangle the effects of inhomogeneity and geometry. In this method, a rotor-free vector
potential (A) is applied to a superconducting ring, and the resulting current density (j)
is extracted from its magnetic moment (m). Using London’s relation j = psA and the
Ginzburg-Landau framework, we directly determine both p; and £ by numerically solv-
ing the GL equations for an annular geometry. Our stiffness measurements reproduced
the "knee” feature in the the temperature dependence of the the normalized stiffness
and using BCS theory reveal the presence of two superconducting gaps (Ag = 1.06meV,
A = 2.04meV), with temperature dependence deviating from the conventional BCS
two-gap s-wave pairing model. Additionally we calculated the lower critical field, (H,1),
and attempt an independent verification using standard magnetization measurements
under an applied magnetic field using both field cool (FC) and zero-field cool (ZFC)
protocols. In FeSeq 5Tegs we observe unexpected time-dependent magnetization, with
nonlinear dependence as function of In(t) and switching between negative and positive
magnetic moments. These temporal effect prevent the application of conventional flux
creep theories. To isolate the source of these temporal effects, we performed similar
measurements on a Nbgg1Sng.27Ng 11 annulus of comparable geometry (d=80 (nm)).
The reproduction of the time dependent behavior supports a geometric origin intrinsic

to thin superconducting rings.






Chapter 1

Introduction

Conventional superconductivity, as described by the Bardeen—Cooper—Schrieffer (BCS)
theory, involves a phonon-mediated bound state of a pair of electrons (Cooper pair) [1],
while it describes some families of superconductors, it fails to capture the behavior of
high-temperature superconductors, specifically a relatively new addition to this family,
the so called Iron based superconductors, including the relatively new iron-based family
and in particular, the promising FeSeg 5Tep 5 candidate, which may offer insights into
strongly correlated superconductors [2, 3, 4].

In a recent study by Peri et al. (2023) [5], measurements on several bulk FeSeg 5Teq 5
single crystal rings revealed a knee feature in the stiffness vs. temperature - a sudden
change in slope at a specific temperature. Interestingly, DC magnetization measure-
ments of the rings did not reveal the knee feature. The authors proposed several

possible origins for this anomaly:
1. Electronic nematic phase transition.

2. Surface superconductivity - allowing for different critical temperatures for the

bulk and surface supercurrents.

3. Multiple Fermi surfaces - accounting for distinct gap formations as function of

temperature in different bands.
4. Sample geometry.

However, further investigations were hindered by limitations of the ring geom-
etry and possible stoichiometric inhomogeneities. The origin of the knee feature -
whether intrinsic to the material or due to experimental limitations - remained a gap
in our current understanding of its properties. To address this, we examined thin film
FeSep 5 Teg 5 samples, grown using the PLD (Pulsed-Laser Deposition) method, charac-
terized through DC magnetization and Stiffnessometer measurements. Thin films offer

multiple advantages:



1. Reduced sample inhomogeneity (whether in rations of Se and Te or excess Fe),
resulting in a cleaner platform to probe magnetic responses compared to crystals

grown using the modified Bridgman method.
2. Better control over sample geometry.

By measuring the magnetic response as a function of temperature in these films,
we aim to determine whether the knee phenomenon is inherent to the material or a
byproduct of manufacturing techniques or sample geometry.

This approach allows testing the hypotheses raised by Peri et al. [5], namely:
whether the knee originates from nematic order, surface superconductivity, multiple
Fermi surfaces, or sample geometry.

Working with thin films requires new analysis methods to extract the stiffness and
coherence length [6]. These are described in the main text, and the superconducting
properties are presented in great detail.

The knee effect was reproduced in our thin film samples, and from the normalized
stiffness we conclude that it originates from multiple Fermi surfaces, as proposed by
Peri et al. To check our stiffness measurements we wanted to determine Hcl and
xi (see Eq. 19 at Peri). However, while characterizing our thin samples we noticed
an unusual effect, namely, time-dependent and positive magnetization under field-cool
(FC) conditions. In zero-field-cool (ZFC) conditions, the time dependence shows a
strongly non-linear magnetic response as function of in(t), an effect that we did not
encounter in the literature. Additionally, a switch between positive and negative values

in the magnetic moment was observed.

1.1 Superconductivity

Superconductivity is a phase of matter characterized by the Meissner effect (the dia-
magnetic expulsion of magnetic fields) accompanied by zero electrical resistance be-
low a critical temperature T.. Two main theoretical frameworks describe this phase:
the microscopic Bardeen—Cooper—Schrieffer (BCS) theory and the phenomenological
Ginzburg-Landau (GL) theory. Superconductors are classified into two main types

according to their thermodynamic and magnetic properties [1]:

e Type I superconductors exhibit perfect diamagnetism for external magnetic fields
lower than the thermodynamic critical field H., above which superconductivity

is completely destroyed.

e Type II exhibit perfect diamagnetism for external magnetic fields lower than the
lower critical field, H.1, as the magnetic field increases beyond H.;, quantized
magnetic flux lines (vortices) penetrate the superconductor, forming a mixed
state in which superconductivity coexists with normal state regions. When the

field reaches the upper critical field, H.o, superconductivity is fully suppressed.



1.1.1 London equation

The London equation describes the supercurrent density’s response to the vector po-

tential and the superconducting phase [1]:
. . Dy —
Js = —Ps (Atot - 2v¢) ) (11)
T

where fs is the supercurrent density, ps is the superconducting stiffness, Azot is the
total magnetic vector potential, ®g is the superconducting flux quantum, and ¢ is the

phase of the order parameter. The order parameter ¥ is a complex scalar field [1]
W () = W (7)] D, (1.2)

which vanishes above T, and, within the Ginzburg-Landau (GL) framework, is propor-
tional to the density of superconducting charge carriers for temperatures lower than
T..

The stiffness, ps characterizes the rigidity of the superconducting condensate against
phase twists of ¢ and is related to the order-parameter modulus and the London pen-
etration depth by [1]:

|W|? e*? 1
T oAz’

Ps (1.3)

where e* is the charge of the superconducting carrier, m* is the mass of the supercon-

ducting carrier, ug is vacuum permeability, and Az, is the London penetration depth.

1.1.2 Ginzburg-Landau (GL) equations

The GL framework introduces the complex order parameter ¥ and two characteristic
length scales: the London penetration depth A; and the coherence length &. The
London penetration depth Aj is the characteristic length scale for the exponential
decay of magnetic field inside a superconductor, and is related to the superconducting
stiffness by Equation 1.3. The coherence length ¢ is the characteristic scale over which

the order parameter varies significantly.



Superconductor-Vacuum Surface Profiles
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Figure 1.1: Interface between vacuum (left to the graph) and superconductor (plotted
region), with profiles of the normalized order parameter (blue) and normalized magnetic
field (red). The vertical dashed blue line represents £, while the vertical dashed red
line represents A. Adapted from [1].

Figure 1.1 illustrates the interface between vacuum (left) and a superconductor
(right). The figure presents the spatial profiles of the normalized order parameter
(blue curve) and the normalized magnetic field (red curve) across the superconducting
region. The superconducting order parameter rises from zero at the surface to its
bulk value (sometimes refereed to as 1)) over a characteristic length scale denoted
by the coherence length &, marked by the vertical dashed blue line. In a similar way,
the magnetic field decays exponentially to zero inside the superconductor over the

penetration depth A, indicated by the vertical dashed red line.

The ratio k = % determines the superconductor type: type-I superconductors sat-

isfy k < % and type-II satisfy k > % (see Figure 1.1).

From thermodynamical considerations, for non-interacting vortices the line energy

at penetration of the vortex is related to H. by:

€1

Hq =—
cl (I)O

(1.4)

Where €; is the vortex line energy per unit length and ®¢ is the superconducting flux



quantum. Equating this to the line energy (field plus kinetic contributions) gives:

2

@5
~ 1 1.
€1 T2 nkK (1.5)

We can then relate, He; to x (using the measured A and &) [1, 7):

ol A
Ho=—%=In{—). 1.
HoHc1 AN H(£> (1.6)

GL ‘heOI'y in‘roduces the free energy funC‘iOnal:
‘ _,’2

d"z 1.7
o (1.7)

1
F=[|fuotalwl+Suts s
2 2m*

Minimizing this functional yields the GL [1], which describe the superconductor’s ther-

modynamic and electrodynamic properties:

b= 2\ 2
al + 30> U + (,V—e*A> U =0, (1.8)
2m* \ ¢
Jooh (vivw - wvul) - e w? A (1.9)
2m*i m* ’

where a and 8 are phenomenological temperature dependent coefficients, and £ is the
reduced Plank constant. For a spatially uniform order parameter, the second equation

reduces to 1.1.

1.1.3 BCS theory

Unlike the phenomenological GL theory, BCS offers a microscopic description of su-
perconductivity. Its key constituents are Cooper pairs - bound states of two electrons
created mediated by electron-phonon interaction. These pairs behave as composite

bosons and can condense into a coherent macroscopic state.

When the temperature drops below T, an energy gap A opens at the fermi surface.
This superconducting gap represents the finite energy required to break a Cooper pair.
In the conventional case, the cooper pairs form a spin singlet state with s-wave orbital
symmetry (opposite momenta and spins), corresponding to an isotropic gap function
in momentum space. Alternatively,in d-wave pairing the gap vanishes along nodal lines
in momentum space, leading to a E—dependent gap A(T, E)

In the GL framework, A is related to the modulus of the order parameter |V (7).

In BCS theory, the electrodynamic response of the supercurrent to the vector po-

tential can be expressed in the general form [1]:

-

J(T,q) = —K(T, q)a(q), (1.10)



where q is the Fourier wave-vector, K is the response function, and a(q) is the Fourier
component of the magnetic vector potential.
For the DC limit ¢ — 0, this becomes [1]

E
K(T,0) =X 2(T) = \;? 1+2/ opf  —————dE| . 1.11
(T.0) =A% (T) =\, oS (1.11)
Thus, the normalized stiffness for s-wave pairing is:
-2
T, Ay)
&_(70_ 2/ opf - %, (1.12)
A2 (0, A0) A(T) B2 —A(T)

where Ag is the gap at T'= 0, E is quasiparticle energy, f is the Fermi-Dirac distribu-
tion.

The temperature dependence of A can be found self-consistently from [8]:

/0°° IE [tanh (Qk TVE2+A2) 1 < o (1.13)

VvVE?2 + A? E

An approximate form for the s-wave temperature dependence is [9]:

A(T) = A tanh {1.821 [1.018 (ng - 1)0'51] } (1.14)

For a system with two s-wave gaps, the total stiffness can be written as [10]:
o1 (T) = wpa, (T) + (1 - w) pa, (T) (1.15)

1.1.4 Thin films

Thin-film superconductors with d < Ar, (where d is the film thickness) differ in the
characteristic length scale governing magnetic field penetration. Instead of Ar which
accounts for the exponential decay of magnetic fields in bulk, a two-dimensional super-

conductor exhibits a power-law decay over the characteristic length scale

A=L (1.16)

known as the Pearl length [11].

1.2 Vortices in Type II Superconductors

Type II superconductors exposed to magnetic fields between H.; and H.o allow mag-
27rﬁ

netic flux to penetrate in quantized units,each of size &g =
ing flux quantum [1]. This results in the formation of Vortex lines with normal-state

cores surrounded by circulating supercurrent that screen the magnetic field over Ap.



These vortices interact with the superfluid,exert forces on each other, and can arrange

themselves into ordered lattices structures in clean superconductors.

1.2.1 Forces acting on vortices

The motion of vortices in type II superconductors is influenced by randomly distributed

pinning sites in the crystal lattice, and several distinct forces [12]:

e Lorentz force: f;, = ®gJ x 7 - arising from the interaction of the supercurrent J
with the normal core. here, 7 is the unit vector parallel to the applied magnetic
field.

 Viscous force: f, = nv, - the viscous drag due to dissipation in the core, described
by the Anderson-Kim model. here 7 is the viscosity coefficient and ), is the vortex

velocity.

e Magnus force: fyr = psPoAU x 71 - resulting from the relative velocity between
the supercurrent and the vortex, Av = v; — v, where 03 is the superfluid velocity

and v, is the vortex velocity.

e Hall force: fr = oy, X 71 - due to the transverse response of quasiparticles bound

to the moving vortex core. here ¢; is the Hall coefficient.

The net force acting on a vortex, along with the random pinning force, can pin or depin

vortices from pinning sites.

1.2.2 Collective pinning of a single vortex in a random potential

Pinning a vortex in space can occur either due to a strong pinning center or due to the
collective interaction between the vortex and a large number of randomly distributed
weak pinning centers. The vortex can be modeled as an elastic string, with the co-
ordinate along the string denoted by z, and transverse displacements by u(z). Each

segment of length L. (The Larkin length) is pinned independently.

1.2.3 Collective pinning of vortex bundles

Abrikosov showed that in the ultra clean limit, vortices form a triangular lattice [13].
In this case, the vortex lattice may be treated as an elastic medium with elastic moduli:
c11 (compression), cyq (tilt), cg (shear), these constants control the distortions on the
lattice in response to forces acting on it. In the presence of pinning centers, quenched
disorder distorts the vortex lattice to minimize the total free energy. In the case the
nucleation sites are weak and unable to pin the vortices individually, the vortices are

instead pinned collectively.



1.2.4 Dew-Hughes classification

Dew-Hughes proposed a scheme to distinguish pinning by extended and point-like de-
fects by treateing the lattice elastically, imposing a defect as a perturbation, and com-
puting the resulting energy change. Explicitly, using the reversible magnetization (i.e.,
the ultra-clean limit), one uses the relation

AW §oAMe,

Jpin = = . (1.17)

where fin is the force per unit length on a pinned flux line, W is the work done by
the driving force, x is the effective pinning interaction range, and M, is the reversible

component of the magnetization [14].

1.2.5 Electrodynamic equations of flux creep

Vortices in type II superconductors experience a Lorentz force due to the screening
supercurrent, which induces their motion. The motion of vortices generates an electric
field antiparallel to the supercurrent, leading to energy dissipation known as flux creep.
To describe this behavior, we use Maxwell’s equations together with the electric field

induced by vortex [15]:

V x E =—8,B, (1.18)
V x B = polJ, (1.19)
E =7 x B, (1.20)

where E is the electric field and ¥ the vortex velocity. Together, these equations govern
dissipation in the superconductor. In a simplified model, the time dependence of the

supercurrent can be written as:

100y J = 9%(vB), (1.21)

1.2.6 Depinning through thermal activation

A Vortex pinned in a shallow potential can be thermally deppinned, and the resulting

flux creep is described by [15]:

kT t
= Jgepin(l — —1In | — 1.22
J = Jdepin( - n(T>) ( )

where Jyepin is the depinning current, kg is the Boltzmann constant, Uy is the pinning

barrier, ¢ is time, and 7 is the characteristic depinning attempt time.
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1.3 Paramagnetism and Ferromagnetism

Magnetic susceptibility x characterizes the linear response of the magnetization M to
an applied magnetic field H:
M =xH (1.23)

Different microscopic mechanisms can produce a magnetic response, and the func-

tional form of y reflects these mechanisms:

1.3.1 Paramagnetism

In paramagnetic materials, atoms possess randomly oriented magnetic moments due
to the orbital and spin angular momentum of unpaired electron. When exposed to an
external field, the moments partially align parallel to the field, resulting in net mag-
netization proportional to the applied field. Thermal fluctuations oppose alignment,

leading to a diminished net response. The Curie-Weiss law describes this response [16]:

(1.24)

2 2
where C' = %}:UH) is the Curie Constant and 7T is the temperature, T, (6 for

paramagnets) is the Curie temperature pg is the vacuum permeability, up is the Bohr
magneton, N is the number of magnetic ions, g is the lande g-factor, and J is the total
angular momentum. For weak interaction between moments, the Curie temperature is
small (T, — 0).

1.3.2 Ferromagnetism

In ferromagnetic material, neighboring moments interact strongly through the exchange
field. This interaction favors parallel alignment of neighboring spins leading to spon-
taneous long range order below 7.. Below T, the net magnetization remains finite
even in the absence of applied external magnetic field. This results in a finite Curie

temperature in the Curie-Weiss law.

1.4 FeSe0,5Te0.5

1.4.1 Structure

Iron-based superconductors are a class of high-T, superconductors. FeSe belongs to the
iron-Chalcogenide family and has a simple tetragonal PbO structure. By substituting
selenium (Se) with tellurium (Te), two significant effects emerge due to increased spin-
orbit coupling (SOC) and changes to the electronic and crystal structure (aside from
the nematicity seen in [17]): an increase in the superconducting 7, and the emergence

of nontrivial topology in the electronic band structure [2].
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Figure 1.2: The crystal structure of FeSeq 5Teq 5.

Figure 1.2 shows the crystal structure of FeSey 5Teq 5 each unit cell is outlined with
dashed lines, iron atoms are purple and chalcogen atoms (Se/Te) are green. Se and Te
occupy similar sites, with small deviations observed in [18]). Figure adapted from [5]

and constructed using [19].

1.4.2 Topology

Density-functional-theory (DFT) calculations predict two electron pockets around the
M point, two hole bands near the I" point, and band inversion in FeSeg 5Teq 5 [20, 21].
Two superconducting gaps were reported in [22], while angle-resolved photoemission
spectroscopy (ARPES) has confirmed the predicted band inversion in normal state
FeSep 45Teq 55 [4]. This band inversion is responsible for the material’s nontrivial topol-
ogy, specifically the topologically protected surface states in the superconducting phase
[2, 23]. The complex low energy electronic structure also allows for unconventional pair-
ing, such as s+id, which could spontaneously break time-reversal symmetry (TRS), as

suggested in [2]and supported by [23].

1.4.3 Superconductivity

Several experimental techniques have been used to investigate the superconducting and
topological properties of FeSegsTegs. Muon-spin spectroscopy (uSR) has been used
to characterize A\; and ps, supporting a nontrivial pairing mechanism and probing
the possible spontaneous breaking of time-reversal symmetry [23]. Scanning tunneling
microscopy (STM) has been used to determine the coherence length ¢ and to probe

possible Majorana zero modes in vortex cores and at edges [24, 25]. using SnS-Andreev

12



spectroscopy and H.; measurements [22], the two superconducting gaps were measured.

1.4.4 Pinning Regimes

Pinning mechanisms have been characterized extensively in FeSeq 5Teq s tapes [26], in
bulk [27], and in films grown on substrates such as LAO and STO with d = 100, 200(nm)
[28], where I-V characteristics were measured with and without an applied field, reveal-
ing a field-dependent shift in the pinning regimes, STM imaging reveals many screw
dislocations, yet all of these characterizations showed no temporal dependence of cur-

rent or magnetization.
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Chapter 2

Stiffnessometer

The Stiffnessometer is an experimental setup designed to measure the superconducting
stiffness, ps, and the superconducting coherence length, £. The setup consists of a su-
perconducting annulus, placed concentrically around a long (ideally infinite) excitation
coil. Driving a DC current in the excitation coil threads magnetic flux through the an-
nulus. The annulus is subjected to a magnetic vector potential, ff(r) = q;%f = %im(ﬁ
(outside a long solenoid of radius R) without being directly exposed to H, so super-
currents are induced (Meissner effect) [29, 6, 5]. Two main measurement protocols are

available:

Step Action

1 Reach the desired base temperature.
2 Drive desired current in excitation coil.
3 Measure the magnetic moment.

Table 2.1: ZGFC protocol — Cooling to the desired temperature, drive a current in the
excitation coil, and measure the moment.

The Zero-Gauge-Field Cooling (ZGFC) protocol sets V¢ = 0 in the London equa-

tion (i.e., fixes the gauge).

Step Action

1 Drive desired current in excitation coil.

2 Reach the desired base temperature.

3 Extinguish (null) the current in the excitation coil.
4 Measure the magnetic moment.

Table 2.2: GFC protocol — drive current in the excitation coil, cool to the desired
temperature, set the current in the excitation coil to zero, and measure the moment.

The Gauge-Field-Cooling (GFC) protocol sets the gauge-invariant combination to
zero in the London equation Az, — %V(]ﬁ =0.
The applied magnetic vector potential generates currents in the annulus which them-
selves produce a magnetic moment, we measure this moment using a superconducting

quantum interference device (SQUID) magnetometer. The linearity of the London

15



equation allows us to distinguish between a linear-response regime and a nonlinear-
response regime, the transition occurs when the excitation-coil current reaches a critical

value I = I..

2.1 Obtaining ¢

To obtain £, we start from Equation 1.7 under a thin-ring approximation (the ring’s
self magnetic vector potential is negligible compared with that of the excitation coil).
Using the symmetry of the problem, we assume a separable order parameter solution
that minimizes free energy ¥ = v (r) © (0) with v approximately constant across the

ring’s width, and obtain the relation between the critical flux and & [6]:

(I)c ~ Tout

D &

(2.1)

2.2 Obtaining A

We start from the two-dimensional form of Equation 1.1. Using Ampere’s law and
B=Vx ff, we obtain:

6 X (6 X jsc) = —,u()ps/TT (2.2)
fq—ﬁ)ﬁ . .
V|V Asc | — V2Asc = —popsAr (2.3)
V2 Asc = pops (ffsc + z‘_fEC) (2.4)
- - ) R
V2 Asc = Hops (ASC + EC(p)@) (2.5)
2rr
%A 9?A 104 A 1 /. 1.
Tt e = (A9 (26)

where in line 2.3 we used vector identities, in line 2.4 we choose the London gauge, in
line 2.5 we substitute the vector potential of an long solenoid, and in line 2.6 we exploit
cylindrical symmetry and normalize variables as: RLpz =, #&pl) — A, R%z = A
This gives the strong formulation of the PDE. We then convert it to the weak formula-
tion (multiply by a test function and integrate by parts) and solve with FreeFEM++
to obtain the vector potential at the pickup loop, A (Ry), as function of A.

The normalized A is given by:

Hom
. Asc (Rpl> _ AmRy o
A R " ponIR%.
ec (Rpr) e

A (Rpl) (2.7)

m
1

where C is a calibration constant that can be calculated from the geometry or obtained

directly from measurement.

16



This means that from the linear 7} response we can directly retrieve A (Ry;).
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Chapter 3

DC Field measurements

The Zero-Field-Cool (ZFC) protocol proceeds as follows:

Step Action

Reach T'= 15 K.

Null the applied field.

Reach the desired base temperature.
Reach the desired field.

Measure the moment as a function of time.

T W N =

Table 3.1: ZFC protocol — Heating to 15K, null the applied field, cool to the base
temperature, apply the desired field, and measure the magnetic moment.

This protocol ensures that no magnetic flux is trapped in the sample and minimizes
the influence of sample history.
The Field-Cool (FC) protocol proceeds as follows:

Step Action
1 Reach T'= 15 K.
2 Reach the desired field.
3 Reach the desired base temperature.
4 Measure the magnetic moment as a function of time.

Table 3.2: FC protocol — Heat to 15K, apply the desired field, cool to the base tem-
perature, and measure the magnetic moment.

While this protocol can retain some history effects (since flux dynamics can influ-
ence subsequent time steps from the onset of superconductivity), maintaining constant
cooling rate allow us to distinguish between the equlibrium superconducting state (set
by temperature and applied field) and history effects. This minimizes the influence of

earlier protocol iterations on the current combination of applied field and temperature.
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Chapter 4
System Setup

A thin superconducting film was deposited on an annular LaAlO3z (LAO) substrate,
and a long excitation coil threads the center of the annulus.

Both components are placed inside a Quantum Design MPMS3 SQUID magnetome-
ter equipped with an external coil capable of nulling the field or applying an external
field.

By generating a magnetic vector potential - either curl-free field using the excitation
coil or one with a finite curl using the external coil - we measure the resulting flux with

a SQUID magnetometer.

Inner-coil

Superconducting
ring

Gradiometer

External coil

Figure 4.1: Schematic of the MPMS3 in Stiffnessometer configuration. Depicted are
the ring and excitation coil ("inner coil”), a second order gradiometer (connected to a

SQUID, not shown), and an external coil for field nulling or external field application.

Figure 4.1 shows the MPMS3 in the Stiffnessometer configuration. The ring is
threaded by an excitation coil (marked ”inner coil” in the figure). Outside the ring is a
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second-order gradiometer (connected to a SQUID, not shown in Figure 4.1). These are
surrounded by an external coil for field nulling or external-field application (in practice,
the MPMS3 contains two external coils: one for field nulling and another for applying
an external field). The SQUID is then connected to a second-order gradiometer in our
setup, meaning the setup relates the flux through the gradiometer loop to a voltage (via
the SQUID electronics), allowing us to scan along the z-axis (parallel to the excitation
coil and normal to the plane of the annulus) and map the flux profile. We do this in
two main modes:

DC mode - This mode measures the sample’s magnetic moment by moving it along
the axis normal to ring’s surface. The MPMS3 records the flux threading the second-
order gradiometer and converts it into a voltage. This voltage response is then fitted
to the theoretical profile of an induced dipole, from which the magnetic moment is
determined.

VSM mode - Similar to DC mode, the sample is moved along the same measurement
axis, however, in this mode it is mechanically oscillated with a defined amplitude and
frequency. The resulting oscillating voltage is recorded and fitted to a theoretical
response profile of a magnetic moment, from which the moment is extracted.
Measurements performed using VSM and DC modes yield similar results, therefore we

use both methods interchangeably unless specified otherwise.
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Figure 4.2: Sample-holder assembly used in the Stiffnessometer experiment. The holder
consists of a copper excitation coil threading the superconducting ring and an LAO
substrate with the Fe,Se,Te;_, film.

In Figure 4.2 the Stiffnessometer sample holder is shown. It consists of two main
components: a copper excitation coil that threads the ring, and an LAO substrate with
FeSeTs film deposited on top (the ring). In practice an additional support piece is
used to secure the ring’s position. The response of the setup above T, is referred to as

background (BG) and subtracted from the measured signal when explicitly mentioned.
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Figure 4.3: Sample holder used for external field measurements. The setup consists of

a straw-bead assembly securing the superconducting ring.

In Figure 4.3, the sample holder used for external field measurements is shown. It
consists of two main components: the holder assembly (a straw and beads that secure
the ring’s position) and the superconducting ring (as depicted above). The response
of the holder with a bare LAO substrate is recorded for each field and temperature
combination and is referred to as the background (BG). This BG is subtracted from

the measured data whenever explicitly indicated.

4.1 SQUID Magnetometer

The Superconducting Quantum Interference Device (SQUID) is an extremely sensitive
detector of magnetic flux. A DC SQUID, as used in our setup, is composed of a two
halves of a superconducting loop separated by two non-superconducting segments (two

Josephson junctions).
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The critical current in the SQUID is modulated by the applied flux as:

cos (gf)‘ (4.1)

By integrating changes in the measured signal, the total flux threading the SQUID can

I.(®) =21y

be reconstructed.
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Chapter 5

Experimental results

5.1 Magnetic response

15 T T T T T

B 1/m
® curie-wiess
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o
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50 100 150 200 250 300
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Figure 5.1: Magnetic response of an Fe,Se,Te;_, film grown on an LAO substrate
measured as a function of temperature under a constant applied field of H = 1 (7).
The LAO substrate response was measured separately and subtracted to isolate the film
contribution (inset). The main panel shows the inverse magnetization as a function of
temperature, compared with the expected Curie-Weiss behavior. The measured data
(black squares) deviate from the linear Curie-Weiss fit (red circles), indicating that the
response does not follow the Curie-Weiss law and is likely not attributable to excess
iron in the film.
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The magnetic response of Fe,Se,Te;_; film grown on an LAO substrate was mea-
sured as a function of temperature under a constant field of H = 1 (T), alongside
measurements of a bare LAO substrate. By subtracting the substrate contribution we
obtain the film’s intrinsic response as a function of temperature, shown in the inset of
Figure 5.1. The maximum magnetic signal was on the order of 0.1;tA - m?. Notably
the response does not follow the expected Curie-Weiss behavior. This is evident in
Figure 5.1, where the inverse magnetization is plotted as a function of temperature: in-
stead of the expected linear dependence (red circles) the measured data (black squares)
deviate significantly. Fitting the steepest part of the curve (250K-300K) yields an effec-
tive Curie-Weiss temperature T, = —154 K, which corresponds to an antiferromagneitc
response (rather than a ferromagnetic or even paramagnetic). However, since the over-
all behavior fails to conform to the Curie-Weiss law, we cannot attribute the dominant
measured response to excess iron in the film and therefore disregard this contribution

in further analysis.
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5.2 Stiffnessometer
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Figure 5.2: (a) Excitation coil current dependence of the subtracted magnetic moment
at various temperatures (color bar). At low currents a linear relation is observed, above
a critical current the response saturates to a plateau. The low current response is iso-
lated to highlight the knee in the dM/dI response (inset). (b) Temperature dependence
of the low currents linear slope (blue triangles) and of the critical currents (green cir-

cles).
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Figure 5.2(a) shows the excitation coil current dependence of the subtracted magnetic
moment for a range of temperatures, indicated by the color bar. At low currents the re-
sponse is linear, above a critical current the magnetic moment saturates into a plateau.
The linear response at low currents shows two pronounced features: a change in slope
around 7K, and a more pronounced change near 7T,.. From these measurements we
extract two quantities: the slope of the low current linear response, and the critical
current marking the onset of the plateau. Their temperature dependence is presented
in Figure 5.2(b). The slope values (blue triangles) decrease monotonically with tem-
perature and first exhibit a knee around 7K , followed by a pronounced drop near T..
In contrast, the critical current values (full green circles) follow a smoother trend and
vanish gradually as T approaches T.. We note that, at time of fabrication, T, was
reported to be T, ~ 13K a decrease of 7.6%, which can be attributed either to sample

degradation due to atmospheric exposure or to measurement resolution limitations.
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Figure 5.3: (a) Temperature dependence of the inverse Pearl length A, 1 (blue circles)
and the inverse coherence length ¢! (green full stars). Ay ! shows a pronounced knee
around 7(K) and vanishes at T, , while ! evolves smoothly. (b) Normalized superfluid
stiffness (open blue squares) compared with the two-gap s-wave model (filled red circles)
with T, = 13.4K. The model reproduces the overall temperature dependence and the
two-gap structure, with extracted parameters 1.1 = 13.4,(K), T2 = 7,(K), A; =
2.04meV, Ay = 1.06meV, and weight w = 0.57, but deviates close to T' = 12(K).

The temperature dependence of the inverse Pearl length, A, 1 was obtained by
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solving the London Equation 1.1 under the Coulomb gauge for a 2D annulus using
FreeFEM++ [29, 30], we then retrieve the Pearl length A7, as explained in section 2.2,
and using Equation 2.1 as explained in section 2.1 we extracted &.

The extracted values, shown in Figure 5.3(a) as blue circles, decrease monotonically
with increasing temperature, displaying a pronounced “knee” around 7(K) and van-
ishing at T.. Note that the uncertainties increase towards low temperature because
the A, vs. C(ITT}”‘ curve plateaus. The inverse coherence length ¢!, extracted indepen-
dently from the break in the linear response of ‘7 using Equation 2.1 and plotted as
green full stars in Figure 5.3(a), also decreases monotonically but follows a smoother
temperature evolution without a visible knee. From the experimentally determined
A, we extracted the London penetration depth, Az, using Equation 1.16. Using the
approximate temperature dependence of the superconducting gap Equation 1.14 and
numerically evaluating Equation 1.12 we obtained the normalized superfluid stiffness for
a two gap s-wave model. Figure 5.3(b) shows the measured normalized stiffness (empty
black squares) together with the two-gap theoretical curve (full red squares). Assum-
ing T. = 12(K) the theoretical model captures the overall temperature dependence and
the characteristic two-gap structure, though deviations appear near T.. From the fit
we extract 1.1 = 12(K), T.2 = 7(K), corresponding to gap values of A; = 1.82meV
and Ag = 1.063meV, with a relative weight w = 0.68. In comparison, [22] reported
T sns = 14(K) with gaps Aj gns = 3.3 — 3.4meV and Ag gng = ImeV. While Ag gng
agrees with our findings, Ay gng is 81-86% larger than our A; (for T, = 12(K)). We
note that the measured T, gng = 14K is 16% greater than our measured 7, and the
SNS values were obtained on bulk single crystal, and we note the limitations of the
applied model that assumes negligible coupling between the gapped bands. Allowing
T. > 12(K) the two-gap fit yields T, = 13.4 K with w = 0.57 and Ay = 2.065 meV, in
better agreement with the T, reported by the fabricators, as seen in Figure 5.3. This
may indicate that, although the system is superconducting (Cooper pairing present),

our measurement sensitivity limits prevent resolving the full response near T..
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Figure 5.4: Superconducting gap magnitudes Ay, and A, in Fe,Se,Te;_, samples plot-
ted as a function of the measured T..The figure is adapted from [22]; the original work
reports two general linear trends for the large and small gaps but does not differenti-
ate between bulk and thin-film samples, single-crystal versus polycrystalline forms, or
deviations from the target stoichiometry in x and y. The two colored circular markers
represent the gaps extracted from the present stiffnessometer measurements. Partial
agreement with the trends of [22] is observed, which is plausibly due to the use of a

model that assumes negligible interband coupling.

To compare this work’s measurements with established trends in Fe,Se,Te;_, Fig-
ure 5.4 show the adapted gap sizes vs. T, diagram from [22] and overlaid the gap values
extracted from stiffnessometer analysis (shown as the two full-color circular markers).
[22] reports two broad linear trends corresponding to the small and large superconduct-
ing gaps but does not distinguish between single-crystal and polycrystalline samples,
between bulk and film geometries, or variations arising from deviations in the actual
stoichiometry of x and y. When placed on the same diagram, my data points follow
the qualitative behavior of the reported Ay and Ag trends, though with noticeable
deviations. This partial agreement is likely connected to the simplifying assumption
in my modeling that the superconducting bands are uncoupled. The model therefore
cannot capture effects arising from interband pairing, which are believed to be relevant

in FeySe,Te;_, systems.
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To obtain an independent consistency check of the extracted coherence length £ and
penetration depth A, we used these values to compute the temperature dependence of
the lower critical field H.(T) using Equation 1.6:
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Figure 5.5: Temperature dependence of H.; extracted using Equation 1.6. The data
show a monotonic decrease of H. as temperature increases, with a visible knee feature
that corresponds to the anomaly observed in Ap(T). The absolute values of H.; fall in

the mT range.

Figure 5.5 presents the temperature dependence of H.;, obtained using Equa-
tion 1.6. As expected for a type-II superconductor, H.; decreases monotonically with
temperature. A noticeable knee appears near the same temperature at which we ob-
served a deviation in Az (7") supporting the internal consistency of the analysis. Note
that the extracted values lie within the mT regime.

Independent measurements using FC and ZFC protocols, as presented in Table 3.1 and
Table 3.2, were later performed to verify these values as seen in Figure 5.7 and Fig-
ure 5.11. The corresponding results, reveal an unexpected time dependence, highlighted

in Figure 5.6.
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Figure 5.6: Time dependence of the magnetization relative to its initial value for Zero
Field Cool (ZFC, black squares) Field Cool (FC, red upward triangles) and Gauge Cool
(GC, blue downward triangles) measurements. ZFC and FC exhibit a clear positive,

nonlinear change in magnetization over time, while GC show only a negligible increase.

Figure 5.6 presents the time dependence of the magnetization relative to its initial
value for for Zero field Cool (ZFC, black squares) Field Cool (FC, red upward triangles)
and Gauge Cool (FC, blue downward triangles). Both the ZFC and FC cases exhibit
a clear positive change in magnetization over the measured time interval, whereas the
GC response shows only a negligible positive change. in addition, the ZFC and FC

curves display a show a non-linear time dependence.
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5.3 Geometric effect
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Figure 5.7: Time dependence of the subtracted magnetic moment of the Fe,Se,Te;_,
film under the zero-field cooling (ZFC) protocol at a base temperature of ' = 1.8 (K)
during a short time period of 0.6 (ksec). The protocol (outlined in Table 3.1) pre-
vents flux trapping and eliminates sample history effects. In (a) the reduced magnetic
moment exhibits an initial nonlinear increase with applied field up to H ~ 0.1 (T), a
further unsaturated growth up to H ~ 0.2 (T), and then approaches saturation as the
field increases beyond this field and toward H = 0.5 (T"). Panels (b) and (c) show the

field and temperature vs. time respectively.
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Figure 5.7 (a) shows the subtracted magnetic moment (i.e. the measured moment of
the Fe,Se,Tei—, film with the substrate minus the substrate’s magnetic response) as
a function of time, for a constant base temperature 7' = 1.8 (K) in the zero field cool
protocol over 0.6 (ksec). Figure 5.7 (b) and (c) show the applied magnetic field and
temperature time dependence, respectively. The maximum temperature reached during
the protocol (T' = 15 (K)) was above the highest T, reported for this material in the
literature. As seen in the reduced magnetic moment’s response to the applied field, the
moment initially exhibits a non-linear increase with field intensity, growing for fields
lower than H = 0.19 (7). At higher fields, the growth rate increases further and shows
no sign of saturation up to about H = 0.2 (T), beyond this point, the rate of change
in the magnetic moment decreases and gradually approaches saturation for fields up to
0.5 (7).
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Figure 5.8: Panels (a), (b), (c) shows the time dependence of the background subtracted
magnetic moment under the ZFC protocol at T' = 1.8, 6, 12 (K) base temperatures
respectively. The color of each curve indicates the applied magnetic field. The inset
in panel (c¢) which corresponds to T' = 10 (K) and H = 0.12 (T'), highlights that the
measured moment can switch between positive and negative values. As temperature
increases, the initial moment at ¢ = 0 (sec) shifts toward zero and the saturation time

shortens.

In order to investigate the temperature dependence under the ZFC protocol (out-
lined in Table 3.1), we performed measurements at several base temperatures. The

results are shown in Figure 5.8, where the color of each curve corresponds to the ap-
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plied field. In all cases the LAO background was subtracted from the signal. As the
temperature increases (panels (b) and (c¢), 7" = 6 and 12 K, respectively), the ini-
tial moment at ¢ = 0 s approaches zero compared to panel (a) which corresponds to
T = 1.8 (K), and the characteristic saturation time of the curves shortens. For all
temperatures and applied fields we observe a non-linear magnetic response as a func-
tion of time, exhibiting a recurring structure of short saturation times, followed by long
saturation times, and then short times again as a function of applied field. The inset
in panel (c) which corresponds to T'= 10 (K) and H = 0.12 (T") demonstrates that the

measured moment can switch between positive and negative values.
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Figure 5.9: Time dependence of the magnetic moment under the ZFC protocol for
extended measurement times (At = 7.2 (ksec)). While most fields and temperatures
in panels (a) and (b) the correspond to T' = 1.8, 6 (K) respectively, exhibit satura-
tion over the extended interval, the response near H = 0.19 (T') at low temperatures
does not fully saturate. Close to the critical temperature, as seen in panel (¢) which
corresponds to 7' = 11 (K), the response becomes comparable to that of the film (see
Figure 5.1), indicating that measurements slightly above T, enable separation of the

superconducting contribution from the substrate background.
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For the measured time interval of At = 0.6 (ksec) some magnetic moments do not
appear to reach saturation and can only be distinguished by their initial response, as
shown in Figure 5.8. To investigate the long-time behavior, we extended the mea-
surement window to At = 7.2 (ksec) as presented in Figure 5.9. Over this extended
interval, the magnetic response at most fields and temperatures saturates as seen in
panels (a) and (b) that represent the base temperatures 7' = 1.8 (K) and T' = 6 (K)
respectively, however, at H = 0.19 (T") and in panel (a), the response does not fully
saturate. Additionally, near the critical temperature as seen in panel (¢) which corre-
sponds to T' = 11 (K), the response is comparable in magnitude to that of the film,
as seen in Figure 5.1, (noting that the maximum applied field is approximately twice
that in the inset, and the temperatures correspond to the peak response). From this,
we infer that measurements slightly above the critical temperature, may allow us to
isolate the superconducting contribution by subtracting the sample’s response above

the critical temperature.
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Figure 5.10: Superconducting moment as a function of the natural logarithm of time
under the ZFC protocol for three representative fields: H = 0.04, 0.19, 0.37 (7) in
panels (a), (b) and (c) respectively, across all measured temperatures. For low and
high fields the response is approximately linear, while at H = 0.19 (T") (panel (b)) it
becomes strongly nonlinear. At low fields (panel (a)) the response magnitude follows
the expected temperature dependence, whereas at higher fields (panel (c)) and for

T > 7 (K) a slight reduction in the response magnitude is observed.
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In Figure 5.10, the superconducting moment is plotted as a function of the natural
logarithm of time for three representative fields: H = 0.04, 0.19, 0.37 (T') in panels
(a), (b) and (c) respectively across all measured temperatures. For both low (panel
(a)) and high (panel (c)) applied fields, the response appears approximately linear over
the entire temperature range, whereas at H = 0.19 (7') (panel (b)) the response is
strongly non-linear. Furthermore, at low applied fields (panel (a)) the magnitude of
the response follows the expected temperature dependence, while at higher fields (panel
(c)) for temperatures above T' =7 (K) a slight reduction in the response magnitude is

observed.
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Figure 5.11: Panel (a) shows the subtracted magnetic moment of the Fe,Se,Te;_, film
as a function of time under the field-cool (FC) protocol at 7' = 1.8 (K). The response
shows non-linear growth with increasing field, with distinct changes in slope around
H = 0.05, 0.15, 0.25 (T'), while no additional regimes are observed at higher fields.
The inset in panel (a) demonstrates the switch between negative and positive moments.

Panels (b) and (c) show the field and temperature time dependence respectively.
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Figure 5.11(a) shows the subtracted magnetic moment (i.e. the measured moment
of the Fe,Se,Tei_, film with the substrate minus the substrate’s magnetic response) as
a function of time alongside the applied magnetic field and temperature, for a constant
base temperature ' = 1.8 (K) under the field-cool (FC) protocol. The maximum
temperature reached during this protocol (7' = 15 (K)) exceeds the highest reported
T, for this material in the literature. As seen in the reduced magnetic moment, the
response initially exhibits a non-linear increase with field intensity, growing steadily
for H < 0.05 (T'). At higher fields, the growth rate increases further, showing no sign
of saturation up to about H =~ 0.15 (7). Beyond this point, the rate of change in
the magnetic moment increases again until H ~ 0.25 (T"), where another sharp rise
is observed. For higher applied fields, no additional regimes are identified within the
measured range. The inset in panel (a) demonstrates the switch between negative and
positive moments. Panels (b) and (c¢) show the field and temperature time dependence

respectively.
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Figure 5.12: Time dependence of the magnetic moment under the FC protocol at several
base temperatures: 7' = 1.8, 6, 12 (K), in panels (a), (b) and (c) respectively with
curves colored by the applied field. The LAO background has been subtracted from
all measurements. The data show a predominantly positive response. With increasing
temperature (panels (b) and (c¢) and inset in (c)), both the initial moment and the
overall change in moment decrease toward zero, and no clear saturation is observed. As
seen in panel (a) the non-linear time dependence follows the same four-regime structure
as in Figure 5.11, with the high-field regime suppressed first (panel (b) and (c)). The
inset in panel (c) showing the response for 7' = 10 (K) and H = 0.06 (T") highlights

instances where the measured moment switches between positive and negative values.
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In order to investigate the temperature dependence under the FC protocol (out-
lined in Table 3.2), we performed measurements at several base temperatures: T =
1.8, 6, 12 (K), in panels (a),(b) and (c) respectively. The results are presented in
Figure 5.12, where the color of each curve represents the applied field. In all cases, the
LAO background was subtracted from the measured signal. We note that for nearly
all measured combinations of field and temperature, the measured moments remain
positive, indicating that the total response of the sample is aligned with the applied
field. As the temperature increases (panels (b) and (c¢) and inset in (c)), both the initial
moment at time ¢t = 0 (sec) and the overall change in moment approach zero, and no
clear saturation can be discerned. For all temperatures and applied fields, the mag-
netic response exhibits a non-linear time dependence, displaying the same four regimes
observed in Figure 5.11, with the high-field regime being suppressed first. The inset in
panel (c) showing the response for 7' = 10 (K) and H = 0.06 (7") further illustrates

that the measured moment can switch between positive and negative values.
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Extended Field Cool
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Figure 5.13: Magnetic moment as a function of time under the FC protocol for
T = 1.8 (K) panel (a), T = 6 (K) panel (b), and 7' = 12 (K) panel (c), for mea-
surement window At = 7.2 (ksec) reveals saturation at higher temperatures (panels
(b) and (c)), while at low temperatures (panel (a)) the response remains unsaturated.
Near T, (panel (c)), the magnitude of the response approaches that of the film itself
(see Figure 5.1), suggesting that measurements slightly above T, may allow the super-
conducting contribution to be isolated. The differences observed between FC and ZFC

protocols [compare Figure 5.13(c) and Figure 5.9(c)] are attributed to trapped flux in

the superconducting state.
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For the short measurement interval (At = 0.6 (ksec)) most magnetic moments do
not appear to saturate and can be distinguished by their initial response and the overall
change, as shown in Figure 5.12. To investigate the long-time behavior, we extended
the measurement window to At = 7.2 (ksec) at the expense of the number of fields
investigated as presented in Figure 5.13. Over this extended interval, the magnetic
response saturates for most fields at higher temperatures as seen in panels (b) and (c)
which correspond toT'= 6 (K) and T' = 12 (K) respectively, however, at lower temper-
atures, as seen in Figure 5.13(a) which corresponds to T'= 1.8 (K), the response does
not fully saturate for the majority of fields. Additionally, near the critical temperature
(panel (c)), the response is comparable in magnitude to that of the film itself, as seen in
Figure 5.1, where the maximum applied field is approximately twice the intensity and
the temperature corresponds to that of the peak response in the inset. From this we
infer that measurements slightly above the critical temperature may allow the super-
conducting contribution to be isolated by subtracting the sample’s response above the
critical temperature. Finally, we note the apparent difference between Figure 5.13(c)
and Figure 5.9(c), which we attribute to the distinct response of the superconducting

state under the two protocols, specifically the trapped flux within the sample.
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Extended Field Cool
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Figure 5.14: Superconducting moment plotted as a function of the natural logarithm of
time under FC protocol for three representative applied fields: H = 0.04, 0.19, 0.37 (T')
which corresponds to panels (a), (b) and (c), across all measured temperatures. The
response is predominantly non-linear, except near the critical temperature (seen in red
in all panels). At low fields (panel (a)), the magnitude of the response deviates from
the expected temperature dependence, while at higher fields (panels (b) and (c)) the

expected behavior is recovered.

In Figure 5.14, the superconducting moment is plotted as a function of the natural
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logarithm of time for the same three representative fields: H = 0.04, 0.19, 0.37 (T
which corresponds to panels (a), (b) and (c) in Figure 5.10, across all measured tem-
peratures. For all applied fields, the response remains largely non-linear over the entire
temperature range, except in the vicinity of the critical temperature (seen in red in all
panels). At low applied fields, as shown in panel (a), the magnitude of the response
deviates from the expected temperature dependence, whereas at higher fields, shown

in panels (b) and (c) response exhibits the expected temperature dependence.
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Figure 5.15: Field-cooled measurement at 7' = 1.8 (K) and H = 0.09 (T") over an
extended time interval. Panel (b) shows the modulation of the excitation coil current,
while panel (a) and the inset present the superconducting response. The magnetic
moment switches sign. Upon applying a vector potential, the observed signal remains

both persistent and proportional to the applied vector potential.

To determine whether the measured response originates from a superconducting
contribution or from another magnetic source, we performed a FC protocol at a base
temperature of T'= 1.8 (K) and applied field of H = 0.09 (7') with the excitation coil
current [=0(A), over an extended time period. During this measurement, the magnetic
moment switched from negative to positive. The first measurement window lasted
approximately At = 25 (ksec) and was followed by a second window during which
the excitation coil current was modulated, as shown in panel (b). The corresponding
superconducting response is presented in panel (a) and in the inset, where the magni-

tude of the signal is clearly both persistent and proportional to the modulating vector
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potential. The same modulation was performed under ZFC protocol, yielding similar

results.
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Figure 5.16: Magnetic moment as a function of time for a Nbg g1 Tip.27Ng.11 ring with
geometry comparable to the Fe,Se,Te;_, samples, measured under extended time win-
dows for (a) FC and (b) ZFC protocols. In both cases a clear time-dependent re-
sponse is observed: (a) a positive response decreasing toward saturation for fields above
H = 0.1 (T'), and (b) a response that interpolates between negative and positive val-
ues, with a notable decrease in moment around H = 0.137. The comparison with
Fe,Se;Te1_, indicates that the time dependence originates from a geometric effect of

the superconducting ring.
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To isolate the origin of the time dependence, we performed extended measurements
(At = 7.2 (ksec) under both FC and ZFC on a Nbg 1727 Np.11 ring with comparable
annular dimensions and thickness (Figure 5.16, panels (a) and (b)). In panel (a), we
observe a positive response with clear time dependence, while in panel (b) we again see
a time-dependent response, which can be interpreted as switching between negative and
positive values. Notably, unlike the response observed in Figure 5.13, the response in
Figure 5.16(a) for applied fields higher H = 0.1 (T"), decreases toward zero and saturates
rather than increasing. Similarly, the response shown in Figure 5.9 differs from that
in Figure 5.16(b), where for applied fields above H = 0.1 (7') the moment decreases,
most prominently around H = 0.13 (7"). From these comparisons, we conclude that

the observed time dependence is a geometric effect of the superconducting ring.
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Chapter 6

Conclusions

Magnetic Order: In Figure 5.1 we showed that the Fe,Seq5Teg s film (d=80[nm])
exhibits a weak magnetic response on the order of m = 0.1uA - m? which does not

conform to conventional paramagnetic or ferromagnetic behavior.

Stiffnessometer: In Figure 5.2 we reproduced the "knee” observed by Peri et al [5],
and in Figure 5.3 (b) demonstrated that it most likely corresponds to the opening of a
second superconducting gap, as revealed by the comparison of the normalized stiffness
(blue) to the BCS theoretical curve (red).

These results are in partial agreement with [22] where the larger gap that corresponds to
the onset of superconductivity is approximately 80% larger than the value measured in
our experiment. We further note deviations from the conventional BCS model as seen in
Figure 5.3, particularly near the onset of superconductivity, where the stiffness exhibits
an unusually rapid increase compared to the expected behavior of standard s-wave
pairing. We propose a possible explanation where the onset of superconductivity occurs
at a temperature roughly 1K higher than the value observed in our measurements,
but the threshold for a measurable moment requires a more substantial supercurrent,
causing the apparent discrepancy between the slope of the expected BCS curve and that
of our measurements, as seen in Figure 5.3 (b) in the blue and red curves, respectively.
Another possible explanation is the presence of an unconventional pairing mechanism
that isn’t described by standard BCS theory. We finally note that the opening of the
gaps was not observed in the { measurements, as shown in Figure 5.3(a) (green), in

contrast to the clear "knee” seen in the inverse pearl length (blue).

Geometric Effect: In Figures 5.7 - 5.14 we showed that both ZFC and FC protocols
produce time-dependant magnetization. We attribute this behavior to flux dynamics
in thin films based on two observations: first, as seen in Figure 5.15 the magnetization
responds to modulations of the vector potential, indicating that the effect is associated
with the superconducting condensate. Second, similar time-dependence arises in other

samples of comparable geometry such as Nbg g1 Tip.27Ng.11 as seen in Figure 5.16. This
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is in contrast to measurements performed on bulk samples on the same material by
Peri et. al that showed no time dependence [5]. These time-dependent responses can
switch between negative and positive values in both ZFC and FC protocols. Extended
ZFC measurement reveal saturation for most temperatures and fields, except for fields
close to H = 0.19(T) as seen in Figure 5.9.

The superconducting contribution to the moment under the ZFC conditions behaves
roughly linearly with the natural logarithm of time, In(t), for most fields and tem-
peratures, but shows strong nonlinearity at certain fields as seen in Figure 5.10. Fur-
thermore, while the response magnitude follows the expected temperature dependence
at low fields, it decreases at higher fields for temperatures above T=7(K) as seen in
Figures 5.8 and 5.9 and most clearly in Figure 5.10.

In contrast, under FC conditions, the superconducting contribution to the moment in
the FC protocol is approximately linear in In(t) only at small fields and high temper-
atures, but strongly nonlinear for most other fields as seen in Figure 5.14. Here, the
magnitude of the response follows the expected temperature dependence at medium and
high fields, whereas at low applied fields it increases for temperatures above T=6(K).
Near T, the response becomes comparable in magnitude to the film’s intrinsic magnetic
signal.

We propose that the differences between ZFC and FC arise from distinct flux dynam-
ics: in ZFC, flux penetrates the sample in it’s superconducting state, while in FC, flux
exits the sample as it is cooled in the applied field. We note that, due to the temporal
character of the magnetization, standard methods to characterize the pinning regime
in our sample, such as the Dew-Hughes approach [14] and the established framework

of collective flux creep [12] are incompatible with our data.
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VPONRD MINTN MONN DV NNPHN IR MY DNOSN (d = 80[nm] Nyav »21y) NMIT NPIVDIN
:0”9PY DNV DY MDD APNNN MOOVN .MPT SY-MD0m Myavd »0ITNPN MONMIN
ST N FeSele 2 Trsn YTy NN IX MDANRD MIXNIND = SONNN-DP9 NN
NOIYNA XNNY RO ONTOPOR THDN PNINN DY MDD PIYI-IT NIIYN NIY Y0ITIODN TINN
MTTNI NPMNN NPYA PPYD 1N 2D YWNNHD T0MDINVDI VINIYN — INITIND-MD?) N .t
MPY MTTN OV MDYNN NN DYITH NNTIAY 995 191N 5192 YDDIAN DY-2'0102 NPLIN
VIDW DTN YAV APNNND 01200 PDIVNIAND XD DY-MIDn YV mann 01Ppa mpnTm
NMVINYL MON DY OP9N-DY DIV NYWO MTY qGUN, FeSele 1mIN1 20mDIgvD HY 10PN
SY-MY9M MYV YITOVNMIND VPOND PNDVNN DY NI MONN NPNR NIX Nt ,7PNNY nda
NN NN PIVDININ NPR DY MORY NNDY OPTNY OIPNNY NN NNMA NTayn .MpT
Sy MONY 12,9V VIV DINNA PT 099 NN D IPNONN NTIAYN NVDNI YNHNY 92000
TRNINN MINYN TN .NDDM-OYN D30 IPNPN NIV WNa FeSele 1mna Twdsn 0
DIMIND D) DINNNINN NN D901 172 NND TY ,NNY DI NAY DXAYIM NIIM-D¥N MNYPN

75192 >DDI1AN O0M"HYN NNAVYNN DXINN
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DPIMON NMNNA DMOIN DIVNIY YW 0N (£) NPVIINMPN TINY (ps) TOMOYN MNYP
MYNNNA IOON DIVNION NIV DY NDPDIN 0IIY NN WIAPD DIPn  Dy-20m1 OV NOPaN
YODIAN DOMN-DY DIAIMIND  NNT DY .NRNNA (Heo) YOYN YOpn RTwm A N Tnn poy
YONN NTYNN 152 1I9IND MVDI NYY N DIPYN Y00NN NTYN :TPIMINN Y3 NINYNN 5192
SV MMNYP DY OPNTN dNYSa DY DDAPNN 1 ,10INA DYNN9 MTY NYMN Hwa MNnn
D2AVNIN ,NYR DXIDINA Y- 23NN DY 11I) NIIYS DY NYPN 1t Pya . NPVIIMPN TN
NIPHNNN DT IPNNT .DPDOOMP OPNIVPOHN DANN DV NP DY Mand ohvvan o Tnynd
nnavn yan . = 0.5,y =~ 0 2>92 FejqySe,;Tej_, MMVWY (d = 80[nm]) MpT myava
931,099V PbO Man) FeSebw NN NP VIVON WD MANN ,OMI12N0 YODIAN DANN
DIAVAND TNN YN 29INMDVDIPN MANA OOP OMPY DON OPNOVI DPIVD SV NadNN T
OMPYM ND0N PAD TINX YOPAN DY TR ,INNN DY DD 1IN DY 210 YONNN NNN
PN .DPONIPIV N PNV OPDVINP OPNIVPIN DANN DN ,IMNN DY DXOSN 1)aNa
ARPES MYNNNI NONTO ,NMNY MOYVA 01D J9IND INNDIX T 90N NPVINNNN MIYONN
WYIV MTTN .DDPOIMN MDD Zero-Bias 2A80 198 STM MYNNNIY , 0009 TIHND MIYLN NYYIN
O”1D2390 MTYNN YN O»YPN DY 12XNNY 21D .TRSBY NYIVAN NMTY VYN 1SR MyNNNa
2017 0N (A) 20N PNVPI HNOXIVID DXPYIN R} NOWA ,TVMDINVDN NVIVI PYHNVYN ,IDINI
XOND 37 ATTRN NN .N2 NNANN IYR (m) YONNN VIMIND DX O TTIN ,OY-NIDM NYav Dy
NN D) PY 19IND WIIAPY YN 7 = —ps A PIND INNYHD MYNSHNA [T (§), , DN MaN NN
NN 0NNDIPVON DY RN NI £ NPVITNPN THIXR NN ON ps NIIN-DYN MNYPN
DPNNN MTYN NYSYNN YINNY T2 ,0PNN MTY DY THNDND a1 NONX OOTY T THY 1NN
MTT 2y MONNONN ,NPNNDNN MO INNYND D192 2DD12N DININA INNND DMYY TUN
AVANNIY XM NI T Heo )POYN P0MIPN NTVR DY AP DY IN DIND QUY NPTN DY
MPTHN 90NN DY DPRYTININN 1TNIV-3NATY) 2I0NI9 DY NONNN MNO NPY NTIN
10999V MYNN .DMON-"NY2 ODDIN-DY DAY NV DY DNPPD NN MTY 19VN NNV
ST MYNNNI NNRNDND TPONIVKIAND MODM-DY DY HIPNN STINNND NNY DIYIN DY DY
NPITYD Q0NN T RNDND L(VIM PAD D190 D290 TIdN) s-wave NON TN DI DY BCS
TPONIVRIANPN NPNNNN NNVONI VIVH NNND DI OPN 51912 20D1IaN DY »0mY 739
MIYIND NN MOYM MPN NPNIOVPONR NPNONPY 10 MON»PNN DAPNN KON ,OY-MI0m HY
MTTNO qONA (O NPEPND OV IPONMPIV RO NPIVD 1) OPVITIVOD RO TN IO
NIPN ON MTTH MYNOIND ONPN DTV NNN NPOVITIVD IEDVIN MTTN O) NVHY? MNYPN
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