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systems.
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was the existence of two distinct Josephson diffraction patterns under applied RF irradi-

ation, which likely arises from flux flow and a phase slip line in FeTe1−xSex. The second



signature was the emergence of sudden jumps in the DC current at which Shapiro steps

arise, as a function of applied RF power. This was measured by mapping dV
dI

vs DC current

and RF power. We provide two potential explanations for this phenomenon based on non-

equilibrium superconductivity. The third signature is a minimum critical current at zero

magnetic field when RF irradiation is present which resembles the �-Josephson junctions
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Chapter 1

Introduction

1.1 Thesis Overview

In this thesis, I hope to give readers some familiarity with Josephson e�ects, highlight the

development and state of research into the unconventional superconductor FeTe1� xSex , and

discuss some of the unusual results we found when performing cryogenic measurements of

FeTe1� xSex .

In Chapter 2, I will give a very brief overview of the basic phenomena of Super-

conductivity to prepare unfamiliar readers for discussions of FeTe1� xSex and Josephson

junctions.

In Chapter 3, I will review the development and current state of research regarding

the unconventional superconductor FeTe1� xSex . This section may be of interest for those

concerned with Majorana fermions in FeTe1� xSex .

In Chapter 4, I will give a basic description of Josephson junctions and the related

phenomena. Speci�cally, I will describe the Josephson equations, the AC Josephson e�ects,

and the Fraunhofer pattern arising in the presence of a magnetic �eld.

In Chapter 5, I will discuss the main results of our study, the Josephson e�ects in

a FeTe1� xSex -Aluminum Josephson junction. I will discuss the presence of two Josephson
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e�ects at di�erent energy scales, discontinuous jumps in the AC Josephson di�raction

pattern as RF power is increased, and the unusual magnetic di�raction pattern arising

under RF irradiation.

In Chapter 6, I will conclude by summarizing our �ndings and discussing some of the

future avenues for research on the unconventional superconductor FeTe1� xSex .

The Appendix contains information I hope will be useful for readers interested in

some speci�c details. This section covers the details of experimental methods, details of the

deposition systems, various technical methods (tips and tricks), and �nally, a data dump of

the remaining data measured in the FeTe1� xSex -Al Josephson junction, not already shown

in Chapter 5.
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Chapter 2

Superconductivity

2.1 Introduction to Superconducting Phenomena

In the following, I will give a brief introduction to the relevant physical phenomena of

superconductors, which I learned from the excellent Introduction to Superconductivity by

Michael Tinkham (Ref. [1]), as have many before me. This phenomenological description

will serve as a basis for understanding superconducting phenomena in typical superconduct-

ing systems, as well as provide a basis for the unconventional superconductor FeTe1� xSex ,

which we utilized in our study.

Superconductivity was �rst discovered by Kamerlingh Onnes in 1911 (Ref. [2]). This

discovery was made possible by Onnes's successful liquefaction of helium in 1908, for which

he would later receive the Nobel Prize. The successful liqui�cation of helium opened the

door for generations of low-temperature experiments. However, only 3 years later, in 1911,

Onnes was researching the resistance of metals as a function of temperature, when he dis-

covered that, in Mercury, below a temperature of� 4.2 K, the electric resistance of Mercury

became negligible. A schematic representation is shown in Fig. 2.1. This is a hallmark

behavior of superconducting materials , and shortly thereafter led to demonstrations of

persistent dissipationless current 
ow in a superconducting ring.
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Figure 2.1: Resistance vs Temperature curve for a superconductor.

Another early phenomenon discovered in superconducting materials was the Meissner

e�ect, discovered by Meissner and Ochsenfeld in 1933 (Ref. [3]). The Meissner e�ect

is the demonstration of perfect diamagnetism by superconducting materials. Therefore,

superconductors expel magnetic �elds from their interior, as shown in Fig. 2.2. As noted by

Tinkham (Ref. [1]), this would seem to be described by the perfect screening of the magnetic

�elds by dissipationless currents in the superconductor. However, according to Faraday's

law, a perfect conductor would not require that the magnetic 
ux equal to zero, and would

instead require that the time rate of change of the magnetic 
ux equal to zero,dB
dt = 0.

This would trap the magnetic 
ux when the material entered the superconducting state.

In 1935 the London brothers formulated two equations,dJ
dt = ne2

m E and r � J = � ne2

m B

which result in the exponential screening and expulsion of magnetic �elds over a length

known as the London penetration depth� L =
q

m
� 0ns e2 .

An extension of this phenomenon, which 
ows naturally from the idea that super-

conductors and magnetic �elds are antagonistic to each other, is the idea of the critical

�eld of a superconductor. This is a �eld large enough that the free energy cost to expel
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Figure 2.2: Diagram of the Meissner e�ect and the London penetration depth.

the �eld is greater than the free energy gained by forming the superconducting condensate,

and therefore, superconductivity is destroyed. The critical �eld follows from a maximum

value at zero temperature to zero �eld at the critical temperature of the superconductor,

see Fig. 2.3. This relation is approximately described byBc = Bc(0)(1 � (T=Tc)2).

Figure 2.3: Diagram of relationship between critical temperature and critical �eld.
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A related phenomenon in superconductors is the critical current density. This is the

maximum current density that a superconductor can maintain before the superconductivity

breaks down and transitions to the normal state, see Fig. 2.4. This breakdown of the

superconductivity is a direct consequence of the critical �eld of the superconductor. As the

current 
ows through a superconducting material, there will be a `self-�eld' generated at

the surface of the superconductor. If this surpasses the critical �eld of the superconductor,

superconductivity is destroyed. For the simple case of a cylindrical superconducting wire,

the relation Jc = B c
� 2

0 � can be derived. WhereJc is the critical current density in the

superconductor de�ned as the critical current per unit area. This relation is modi�ed in

samples with di�erent geometries or when one of the length scales of the superconductor

is smaller than the London penetration depth.

Figure 2.4: Diagram showing the critical current of a superconductor.

Lastly, I will brie
y touch on the two fundamental theories that describe the behav-

ior of superconductors. In 1957, Bardeen, Cooper, and Schrie�er established a microscopic

theory to describe how, below the superconducting transition temperature, an attractive
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electron-phonon interaction can cause pairs of electrons to condense into a bosonic quan-

tum state. It would later be found that other interactions can give rise to superconduc-

tivity besides electron-phonon coupling, in so-called unconventional superconductors. This

condensate consists of Cooper pairs and is separated from electronic states by the super-

conducting gap, 2�. Above this gap is an enhanced quasiparticle density of states, which

was `pushed' out of the superconducting gap, see Fig. 2.5. These peaks in the density of

states can be used to identify the superconducting gap in a multitude of measurements.

The BCS theory is particularly useful in its description of quasiparticles states. These Bo-

goliubov quasiparticles are unpaired superpositions of electron and hole states which exists

outside of the superconducting gap. The existence of quasiparticles in superconductors has

a number of signi�cant impacts on devices, which we will discuss in Chapter 5.

Figure 2.5: Diagram showing the electron density of states around the Fermi energy in a
superconductor.
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In order to describe the spatially-dependent phenomena in superconductors, the

Ginzburg-Landau theory was developed, which de�nes a macroscopic order parameter

based on the theory of second-order phase transitions. This order parameter turns out

to be the macroscopic wavefunction of the superconductor and is de�ned as =  0e i' .

Where  0 =
p

ns, and ns is the Cooper pair density. ' is the macroscopic phase of the

superconductor which is crucial for understanding the dynamics of systems involving su-

perconductors, as we will discuss in Chapter 4. It was later shown by Gor'kov that this

theory could be derived from the BCS theory. The wavefunction of a macroscopic su-

perconductor represented by a single phase leads to a number of interesting phenomena,

such as 
ux quantization, Type II superconductors, superconducting vortices, and most

importantly for this study, the Josephson e�ect. The Josephson e�ect occurs when two

superconductors are separated by a non-superconducting layer that is su�ciently thin to

allow for phase-coherent transport. In these devices, the phase di�erence between the two

superconductors evolves according to the Josephson equations, which will be discussed in

detail in Chapter 4.1.
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Chapter 3

Review of FeTeSe

FeTe1� xSex is a class of materials derived from the parent compounds FeTe and FeSe, which

demonstrates varying material properties based on the ratio of Te to Se. Under certain sub-

stitutional compositions, the class of FeTe1� xSex crystals demonstrate superconductivity

and topological surface states, which has motivated signi�cant research e�orts aimed at the

realization of Majorana fermions, since the discovery of superconductivity in FeTe1� xSex

in 2008 (Ref. [4]). This came less than 1 year after the discovery of the �rst iron-based

superconductor LaOFeAs (Ref. [5]), which shocked the scienti�c community because su-

perconductivity and magnetism are considered antagonistic electronic phases.

3.1 Crystal Structure and Parent Compounds

FeTeSe and its parent compounds FeSe and FeTe are two-dimensional van der Waals (vdW)

materials. This means that they are composed of atomically thin 2D layers of strongly co-

valently bonded atoms, which are weakly bonded by van der Waals forces to subsequent

layers, as shown in Fig. 3.1. The prototypical example of a 2D material is graphene.

In 2004, single-layer graphene was produced using scotch tape to separate an individual

atomic layer from a bulk piece of graphite (Ref. [6]), which is known as graphene (Gr).

This demonstration of a free-standing 2D material challenged previous assumptions based
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on early works by Pierls in 1935 (Ref. [7]) and Landau in 1937 (Ref. [8]), which implied that

divergent out-of-plane 
uctuations would cause 2D materials to be unstable. Furthermore,

in 1966 (Ref. [9]), works by Mermin-Wagner suggested that there could be no long-range

order in one-dimensional or two-dimensional systems due to the enhancement of long-range


uctuations. It should be noted that Honenburg is sometimes credited alongside Mermin

and Wagner for his earlier unpublished proof, and Berezinskii is sometimes credited as

well for his independent proof. It is now widely accepted that Gr was realizable because

it is not a perfect 2D system in the way the theoretical treatments assumed; the �nite

size of graphene monolayers and out-of-plane displacements (ripples) of the 2D structure

relax the strict requirements of these theoretical works. The discovery of two-dimensional

layers of graphene led to intense research over the past 20 years. Many interesting phenom-

ena have now been demonstrated in 2D materials, and most signi�cantly for this study,

superconductivity.

Besides being a 2D material, the layers of FeTeSe form a tetragonal PbO-type struc-

ture at room temperature, as can be seen from the diagram of FeSe shown in Fig. 3.1,

where a square structure can be seen along the c-axis. The central Fe atoms in vdW layer

are bonded to Se atoms, alternating above or below the Fe plane. In FeTeSe crystals, a per-

centage of Se atoms will be substituted with Te atoms according to the overall composition.

At lower temperatures, certain compositions of FeTeSe crystals undergo a structural tran-

sition to the orthorhombic phase, breaking the C4 rotational symmetry and resulting in C2

rotational symmetry. This occurs at � 90 K in FeSe crystals and is related to an electron-

nematic phase transition (Ref. [10]). In FeTe, which is not superconducting, there is no

electronic-nematic transition. Instead, there is a phase transition to an antiferromagnetic

phase below� 70 K (Ref. [11]).
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Figure 3.1: a,b) The 2D tetragonal crystal structure of FeTe1� xSex . The larger spacing
between layers bonded by weak vdW forces and smaller spacing in the layer due to strong
covalent bonds is visible in (a). The tetragonal structure is most clear from the square
structure visible along the c-axis of the material (b). Adapted from Ref. [4].
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3.2 Superconductivity in FeTeSe

3.2.1 Notable Attempts to Increasing Tc

As can be seen in the phase diagrams of FeTe1� xSex , the parent compound FeSe is a

superconductor with aTc of � 9 K in bulk crystals (Refs. [4, 12, 13]) and FeTe is an antifer-

romagnet which demonstrates no superconductivity (Ref. [11]). FeTe1� xSex demonstrates

superconductivity within a range of x=0.1 to x=1, depending on the growth process. De-

spite the non-superconducting nature of FeTe, when FeSe is substituted with Te, theTc can

be enhanced to 14 K. For our FeTe0:55Se0:45 crystals, we measured theTc in the range of

13 K to 14 K, see Fig. 3.3, which is in the typical range for this composition. The highest

Tc is typically measured in samples of FeTe0:6Se0:4 which can reach� 15 K (Ref. [14]).

Figure 3.2: Doping dependence of FeTe1� xSex , showing the antiferromagnetic state when
Se = 0.0 and the superconducting state from Se = 0.1 to Se = 1.0. The references in the
�gure are; `Bulk-Ref [4]': Ref. [15], `Bulk-Ref [11]': Ref. [16], `Crystal-Ref [3]': Ref. [17].
Adapted from Ref. [18].

As with all superconductors, there have been substantial e�orts to study and increase

the Tc of the family of FeTeSe materials, with the idea of understanding high-temperature
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Figure 3.3: Resistance vs temperature that we measured for a FeTe0:55Se0:45 
ake, showing
a Tc around 14 K.

superconductivity or realizing room-temperature superconductivity. Below, I give a sum-

mary of the e�orts to enhance superconductivity in the class of FeTeSe superconductors.

Initial improvements to the Tc were mostly realized by improving the composition

of the crystals. As was mentioned previously, excess iron helps stabilize the growth of

FeTeSe crystals (Ref. [19]); however, it is detrimental to the material performance. This

was demonstrated in Ref. [14], where they showed an enhancement of theTc (measured

from the onset of superconductivity) from 11.6 K to 14.8 K by reducing the Fe content from

Fe1:11Te0:6Se0:4 to Fe1:04Te0:6Se0:4, as is shown in Fig. 3.4. Further, magnetic susceptibility

measurements showed a sharp transition to a diamagnetic state in Fe1:04Te0:6Se0:4 suggesting

bulk superconductivity, whereas Fe1:11Te0:6Se0:4 samples showed a broad transition which
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would suggest a reduction in the superconducting volume fraction. They suggested that

these excess Fe atoms, which sit between the vdW layers of FeTeSe, are coupled to the Fe

in the vdW layers and may lead to the localization of the superconductivity. In order to

solve the issue of the bene�cial role of excess Fe for growth and the detrimental e�ect on

superconductivity, a number of groups investigated oxygen annealing methods to remove

excess Fe after the growth of FeTeSe crystals (Refs. [19{22]). Speci�cally, it was shown

that the excess Fe could be reduced from 1.5% to 0.1% by annealing at 400� C at � 1.5%

molar ratio of oxygen to Fe for more than 1 hour (Ref. [19]). TheTc and Jc (critical current

density) were enhanced as theO2 percentage was increased, until around 1.5% when the

Jc started to slightly decrease, as is shown in Fig. 3.5.

Another method of increasing theTc in the family of FeTeSe crystals was pressure.

In studies on FeSe crystals, theTc was enhanced to� 37 K by the application of � 7-9

GPa of hydrostatic pressure (Refs. [23, 24]). At higher pressures, theTc decreases, and a

hexagonal structure arises (Fig. 3.6). The initial increase inTc up to � 7-9 GPa coincides

with the signi�cant reduction of the unit cell volume (� 10% at 1.5 GPa). This increases

the interaction strength between the atoms, which likely drives the increase inTc. We will

discuss the unconventional mechanism of superconductivity in the family of FeTeSe crystals

in Section 3.2.2.

Finally, the largest enhancement inTc was seen in monolayer FeSe �lms grown on

SrTiO3 substrates. In these devices, a superconducting gap was observed above 65 K

(Refs. [25{27]) and later con�rmed by studies utilizing Angle Resolved Photoemission

Spectroscopy (ARPES) (Refs. [28, 29]) as well as in-situ four-probe measurements (Ref.

[30]). The physical origin of the drastic increase inTc was the subject of intense investi-

gation, and, ultimately, it was suggested that the unusual pairing mechanism of FeSe is

enhanced by forward scattering electron-phonon interactions between FeSe and the SrTiO3

substrate, despite not being a typical BCS superconductor (Ref. [31]). This assertion

was backed by growing SrTiO3 with di�erent oxygen isotopes, which modi�es the strength
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Figure 3.4: Tc enhancement by removing excess Fe atoms. The positions of excess Fe atoms
are shown to be at an interstitial location within the crystal. The magnetic susceptibility
and resistivity are shown as a function of temperature for the higher Fe concentration
(SC2, 11% excess Fe) and for the lower Fe concentration (SC1, 3% excess Fe). The lower
Fe concentration improves the diamagnetic response and the Tc of the crystal. Adapted
from Ref. [14].

of the electron-phonon interaction (extracted from ARPES measurements), resulting in

modi�cations to the size of the bandgap of FeSe.
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Figure 3.5: The e�ect of oxygen annealing on removing excess Fe and improving theTc.
The diamagnetic response, critical temperature, and critical current are all enhanced due
to the e�ective removal of excess Fe by oxygen annealing. Adapted from Ref. [19]

3.2.2 Fermi Surface/Pairing Mechanism/Pairing Symmetry

To understand the pairing symmetry in FeTeSe and the larger class of iron-based super-

conductors, I highly recommend the excellent perspective by Ho�man (Ref. [32]), which

I will follow here. In order to discuss the pairing symmetry in FeTeSe, it is instructive to
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Figure 3.6: A phase diagram showing the pressure and temperature-dependent behavior
of FeSe. Speci�cally, the pressure-dependent enhancement ofTc can be seen until 10 GPa.
Afterward, this FeSe begins to undergo a transition to the hexagonal phase. Adapted from
Ref. [23]

discuss the Fermi surface in the larger class of iron-based superconductors. Speci�cally, in

the case of LaFeAsO1� xFx , Mazin et al. calculated the Fermi surface in the case of x = 0

(Fig. 3.7) and found that there were two electron cylinders centered on the M point and

two hole cylinders centered on the � point (Ref. [33]). There is also a heavy hole band at

the � point; however, Mazin showed that this went away at the relatively small doping of x

= 0.04 - 0.05. This Fermi surface turns out to be representative of a large number of iron-

based superconductors. It was further deduced by Mazin that these Fermi surfaces may be

similar enough to be linked by a small range of K vectors in the Brillouin zone. Two Fermi

surfaces linked by a common wavevector result in signi�cant Fermi surface nesting, which

may give rise to a number of emergent phenomena. If superconductivity were mediated by

spin-
uctuations (a proposed pairing mechanism for the highTc cuprate superconductors),

this would require the order parameter on the electron and hole pockets to have opposite

signs. This is denoted as S� pairing, as there is a change in the sign of the order parameter

between the two pockets (hence� ), but the order parameter is isotropic and nonzero in

each of the pockets (hence S). This is in contrast to the nodal order parameter in the d-wave
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superconductivity of cuprate superconductors, which has multiple lobes.

Figure 3.7: The calculated band structure (a) and Fermi surface (b) of LaFeAsO1� xFx . The
key properties here are two electron cylinders around the M point and two hole cylinders
around the � point. Adapted from Ref. [33]

In the case of FeTeSe, the Fermi surface was experimentally veri�ed by orbital-

polarization resolved ARPES (Ref. [34]). Further, the spin-
uctuation mediated super-

conductivity was con�rmed using neutron scattering to measure the spin resonance in the

superconducting state of FeTe0:6Se0:4, which was found to be characterized by a wavevector

matching the Fermi surface nesting wavevector (Ref. [35]). Finally, the pairing symme-

try was con�rmed by scanning tunneling microscopy (STM) (Ref. [36] using a technique

known as quasiparticle interference imaging (Ref. [37]). Typical STM measurements either

measure the tunneling current as a function of applied bias voltage (Fig. 3.8b), which can

reveal the superconducting gap, or map the tunneling current as a function of position

(Fig. 3.8a), which can reveal structures within the superconductor. In order to measure

quasiparticle interference, the ratio of the conductance at positive bias and negative bias

was mapped in order to probe particle-hole symmetric quasiparticles (Fig. 3.8c). A Fourier

transform was then applied to this mapping, giving rise to a map of the quasiparticle in-

tensity as a function of wavevector (Fig. 3.8d). Because the di�erent wavevectors scatter

between pockets of the same sign or opposite sign, and the magnetic �eld induces vortices,

which may provide additional time-reversal-odd scattering, the intensity of scattering for

18




	Dedication
	Acknowledgements
	Table of Contents
	List of Figures
	Introduction
	Thesis Overview

	Superconductivity
	Introduction to Superconducting Phenomena

	Review of FeTeSe
	Crystal Structure and Parent Compounds
	Superconductivity in FeTeSe
	Notable Attempts to Increasing Tc
	Fermi Surface/Pairing Mechanism/Pairing Symmetry

	Topology
	Topology In FeTeSe

	Topological Superconductivity
	Topological Superconductivity in FeTeSe
	Higher Order Topological Superconductivity in FeTeSe

	Josephson Effects in FeTeSe-Based Devices

	Josephson Junctions
	Josephson Physics
	Derivation of Josephson Equations
	Shapiro Steps
	Magnetic Field Dependence of Josephson Junctions


	FeTeSe-Al Josephson Junction
	Fabrication and Measurements
	Fabrication
	Measurement Procedures

	Inner and outer junction effect
	Discussion of Inner/Outer Junction

	Jumps in Shapiro Mapping
	Discussion of Jumps in Shapiro Mapping

	Magnetic Field dependence
	Fraunhofer Measurements of Inner Junction and the Outer Junction
	Magnetic Field and RF Irradiation
	Discussion

	Summary

	Conclusion and Outlook
	Appendix
	Lock-in, DC, RF, and B-Field in a Dilution Refrigerator
	Lock-in Measurements
	Current-Bias Measurements
	Measurements in a dilution refrigerator
	Magnetic Field and Superconducting Magnets

	Failed Devices
	Wire Bonding Tips and Tricks
	Data dump
	Depositions System SOPs

	References

