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Abstract

This thesis presents a study of superconducting phenomena in iron chalcogenides (FeCs)

and transition metal dichalogenides (TMDs). Using mechanical exfoliation and dry trans-

fer methods, thin flake devices have been fabricated from these materials. These devices

were characterised primarily using magnetotransport measurements to examine changes

in the superconducting critical temperature, electronic structure and carrier dynamics.

The iron chalcogenides are ideal candidates for studying the mechanism of unconven-

tional pairing in iron-based superconductors due to their relatively simple crystal structure,

and the ready availability of high-quality bulk single crystals. Furthermore, due to the

weak van der Waals bonding of the C-Fe-C layers, these materials cleave readily, allowing

the exploration of unconventional superconductivity in a perfectly crystalline sample that

can be thinned down to the single layer level. Additionally, there is significant interest in

both understanding and characterising the physics associated with van der Waals-bonded

superconductors, as well as the incorporation of them into current and next-generation

technologies.

The bulk of this thesis concerns an experimental study of exfoliated iron selenide (FeSe)

samples as they are thinned down towards the monolayer limit. Measurements of the su-

perconducting critical temperature and upper critical field reveal that as the thickness

of FeSe is reduced below ∼20 nm, there is a transition from a weakly anisotropic super-

conducting regime, to a highly anisotropic regime with strong two-dimensional character

where superconductivity is suppressed. Using a two band model and mobility spectrum

analysis, it was found that there is a dichotomy between the behaviour of electrons and

holes in thin flakes. While hole mobilities remain high at low temperatures, electron mo-

bilities are observed to fall substantially, suggesting that these carriers become localised.

This is in stark contrast to what is observed in bulk FeSe, where a very high mobility

electron pocket emerges below 10K.

The final chapter concerns incorporating 2H-NbSe2 and, by a wider extension, other

2D materials into Josephson junction (JJ) and superconducting quantum interference

device (SQUID) structures. Utilising a dry transfer technique, it was found that NbSe2

can be stacked to form a JJ in which the junction dynamics can be tuned by varying the

misalignment angle between the flakes. Using a relatively simple fabrication procedure,

these junctions have been etched into SQUID geometries. The resulting NbSe2 SQUIDs

display large stable current and voltage modulation depths in an applied magnetic field.
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Chapter 1

Introduction

Superconductivity is a phenomenon which is characterised by zero resistivity and the ex-

pulsion of magnetic field lines and is observable in a large number of metallic elements

and compounds. First discovered in 1911 by Kamerlingh Onnes, it wasn’t until 1957

when the Nobel prize-winning microscopic theoretical description would be formalised by

Bardeen, Cooper, and Schreiffer (BCS) [1]. The underlying assumption of BCS theory is

that the pairing of electrons can be induced by a weakly attractive interaction mediated

by phonons. Many new superconducting materials were subsequently discovered, with

the highest critical temperatures reaching Tc ≈ 20 K in the ”A15” compounds [2]. These

newly discovered materials appeared to follow the BCS description, and so many thought

the phenomenon of superconductivity to be a problem solved. However, the scientific

community was to be rocked, as by the end of the decade the highest recorded Tc would

be well over 100 K due to the discovery of superconductivity in a number of copper oxide

compounds. It also became clear that this new family of superconductors did not fit within

the BCS framework, leading to the use of the term ”unconventional superconductivity”.

The interest in studying unconventional superconductors arises not only from the asso-

ciated theoretical challenge, but also from the many possible technological applications.

This is due to the significant increase in the superconducting critical current, field, and

temperature exhibited by certain unconventional superconductors when compared to their

conventional counterparts.

Superconductivity in an iron-based superconductor (FeBS) was first reported in 2006

in the compound LaFePO with Tc ≈ 5 K [3]; two years later the same group would report

on the discovery of superconductivity in LaFeAsO1−xFx with Tc ≈ 26 K [4]. This ignited

the scientific community’s interest in the FeBS, resulting in a period of rapid materials

1



Chapter 1. Introduction

discovery with an increasingly higher Tc, reaching 56 K in the SrFeAsF system by 2009 [5].

Iron selenide (FeSe) is a member of the the newly discovered family of materials with a

relatively low Tc of ∼ 9 K [6], however, unique amongst the FeBS, it exhibits no magnetic

ground state at any temperature. Additionally, in comparison to the copper oxide super-

conductors where superconductivity is induced through hole- or electron-doping, FeSe is a

stoichiometric superconductor. As there is no need for dopant atoms, the crystal quality

of samples is generally higher [7], which is vital for the observation of effects such as quan-

tum oscillations. FeSe is also a van der Waals (vdW) bonded material, allowing for the

layers to be easily cleaved apart, thus providing the opportunity to examine the electronic

properties of the material down to a single layer. Interest in the two-dimensional nature

of FeSe sparked in 2012 after a research group examined a single unit cell of FeSe grown

on a strontium titanate (SrTiO3) substrate and reported a Tc above 100 K [8]. Although

it has proved difficult to reproduce this record high Tc, it is well established that the crit-

ical temperature of a single unit cell FeSe/SrTiO3 can reach at least 65 K [9]. This high

Tc superconducting phase is accompanied by a significant change in the Fermi surface,

thought to be caused by charge transfer between the FeSe layer and the SrTiO3 substrate.

To date, studies of on this exotic new superconductor have generally made use of thin

film growth techniques, which mixes any thickness dependence effects with ones caused

by strain and stoichiometry. An alternative route, which largely avoids these issues, is to

exfoliate high quality single crystals and fabricate thin flake devices from them, allowing

the inherent thickness dependence of the electronic structure to be examined.

One other group of materials that is of great interest in the field of 2D materials is

the transition metal dichalcogenides (TMDs). Composed of a transition metal (M) and

chalcogen (X) in the form MX2, the atoms are arranged into an X-M-X configuration

whereby a single plane of transition metal atoms is sandwiched between two planes of

chalcogen atoms. In the bulk form, many metallic TMDs (eg. NbSe2, TaSe2, TaS2)

exhibit a superconducting ground state. Following investigations in the 1960s [10], it was

noted that their layered crystal structure offered the possibility to obtain material with a

thickness of a single layer. The electronic properties of a single layer were predicted to be

dramatically different properties to those of its bulk counterpart. Although attempts were

made to isolate single layers in the 1970s (indeed with some success [11]), it wasn’t until

the isolation of graphene in 2004 [12] and the rapid development of fabrication techniques

applicable to 2D materials, that single layers of a TMD were isolated and their properties

2



measured.

Due to their high stability under both normal conditions and during nanofabrication

(where exposure to organic solvents, polymer resists, and water is required), the most

intensely studied group of TMDs are semiconductors. To date, single layers of MoS2,

MoSe2, WS2, and WSe2 have been isolated and integrated into a wide range of different

devices alongside graphene and the wide bandgap insulator hexagonal boron nitride (hBN)

[13]. In contrast, studies of superconducting materials, alongside their formation into vdW

heterostructures and devices, are somewhat lacking. This can largely be attributed to the

sensitivity of metallic 2D materials to the nanofabrication procedure, which often results

in deterioration of the material due to oxidation [14, 15]. Despite the difficulties involved

in fabricating superconducting devices from vdW materials, they are of significant interest

to the scientific community for integration into superconducting circuits.

1.0.1 Thesis structure

This thesis describes the experimental research into superconductivity in iron chalcogenide

and transition metal chalcogenide devices conducted at the University of Bath under the

supervision of Professor Simon J. Bending. The thesis is structured as follows:

� Chapter 2 presents a brief overview of the London, Ginzburg-Landau, and BCS the-

ories of superconductivity. A key application of these theories in the form of the

Josephson effect is discussed, leading to an introduction to Superconducting QUan-

tum Interference Devices (SQUIDs). Next, the structural, magnetic, and electronic

properties of Fe-based superconductors (FeBS) are examined, with a focus on the

similarities between all FeBS, as well as the key differences between the iron pnic-

tides and the iron chalcogenides. Finally, this chapter presents a brief overview of

superconductivity in other van der Waals bonded (vDW) materials, with a specific

focus on the transition metal dichalcogenides (TMDs).

� Chapter 3 describes the main techniques and equipment used for sample fabrication

and characterisation. Specifically, the nanofabrication protocols used to make elec-

trical contacts, the methods used to exfoliate and transfer 2D materials, and the

characterisation methods of magnetotransport and quantum oscillations.

� Chapter 4 presents an electronic transport study of superconductivity in exfoliated

flakes of FeSe. It focusses on the behaviour of the upper critical field as a function

3



Chapter 1. Introduction

of temperature and angle in samples with a thickness ranging between 9-100 nm.

� Chapter 5 presents a high magnetic field transport study of FeSe, examining changes

in the magnetotransport properties of FeSe as a function of sample thickness. Sam-

ples with a thickness ranging between 14-125 nm are examined in fields up to 37.5

T. The temperature and field dependence of the magnetoresistance, Hall effect, and

quantum oscillations are used to extract information about the behaviour of the

carriers as the sample thickness is reduced towards the monolayer limit.

� Chapter 6 details the development of a fabrication procedure to form Josephson

junctions from a twisted NbSe2 heterostructure. The performance of the resulting

devices are examined by measuring the current-voltage characteristics as a function

of temperature and twist angle. These devices are then etched into the geometry of

a superconducting quantum interference device, and the resulting device properties

measured as a function of applied magnetic field.

� Chapter 7 closes the thesis and presents a summary of the final conclusions of the

experimental work, as well as a discussion on the future prospects on research on

the topics presented.

� Bibliography contains the cited bibliography.
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Chapter 2

Superconductivity in 2D crystals

In this chapter I will present a brief overview of the London, Ginzburg-Landau, and BCS

theories of superconductivity. I will then examine a key application of these theories in

the form of the Josephson effect, leading to an introduction to Superconducting QUantum

Interference Devices (SQUIDs). Next, I will review the structural, magnetic, and electronic

properties of Fe-based superconductors (FeBS), with a focus on the similarities between all

FeBS, as well as the key differences between the iron pnictides and the iron chalcogenides.

I will then present a brief overview of superconductivity in other van der Waals bonded

(vDW) materials, with a specific focus on the transition metal dichalcogenides (TMDs).

2.1 Theories of superconductivity

Superconductivity is a phenomenon which is characterised by zero resistivity and the

expulsion of magnetic field lines, and is observable in a large number of metallic elements

and compounds. H. Kamerlingh Onnes was the first to liquefy Helium, and in 1911

used such cooling capabilities to measure the resistivity of pure Mercury, observing for

the first time the superconducting transition to a zero resistance state [16]. In 1923,

W. Meissner and R. Ochsenfeld discovered that when Sn and Pb samples were cooled

below their respective superconducting transition temperature, they expelled all applied

magnetic field from their interior [17]. This perfect diamagnetism persisted up until a

critical magnetic field value, and is known as the Meissner–Ochsenfeld effect. To explain

such interesting properties, a new theoretical framework was required. In the following

section, I will briefly introduce some of these phenomenological and microscopic models.

For a rigorous derivation of the equations derived in the following sections, the reader is

5



Chapter 2. Superconductivity in 2D crystals

referred to the following references [18,19].

2.1.1 London theory

The first significant phenomenological theory of superconductivity was proposed by the

brothers Fritz and Heinz London [20], in what became known as the London equations.

In these equations, the two main electrodynamics properties of perfect conductivity and

diamagnetism were described. The first London equation describes the phenomenon of

perfect conductivity, and is given by

d

dt
js =

nse
2

me
E, (2.1)

where js is the superconducting current density inside the superconductor, ns, me, and e

are the number density, mass, and charge of the superconducting electrons respectively,

and E is the electric field. This equation states that a steady current can be sustained in

a superconducting material without the presence of an electric field. This is in contrast to

normal metals, where in order to sustain a constant current flow, a constant electric field

in required.

The second London equation describes the phenomenon of perfect diamagnetism, and

is given by

B = − me

nse2
∇× js, (2.2)

where B is the magnetic field. This equation states that in response to an external

magnetic field, superconducting currents inside the superconductor generate an opposing

magnetic field (B). This, when combined with the Ampère–Maxwell law in the form

∇×B = µ0js, leads to

∇2B =
1

λ2L
B, (2.3)

with

λL =

√
me

µ0nse2
, (2.4)

where µ0 is the vacuum permeability. This equation implies that there is a length scale (λ)

over which the applied magnetic field is screened from the interior of the superconductor.
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B

SuperconductorVacuum

λL

x

B(0)

Figure 2.1: Variation of the magnetic field near the surface of a semi-infinite superconducting

slab. The screened magnetic field decays exponentially over a length scale determined by the

London penetration depth λL.

Assuming a one-dimensional system with a uniform applied magnetic field, the solution

to Equation 2.3 is given by

B(x) = B(0)e
− x
λL . (2.5)

This equation states that the magnetic field decays exponentially inside the super-

conductor, as shown in Figure 2.1, over a characteristic length scale called the London

penetration depth, λL. A feature of these equations is that the penetration of the mag-

netic field increases with temperature T , such that complete penetration of the applied

field occurs at T ≥ Tc, i.e. when the superconducting state is destroyed. Although London

theory was a success as it agreed qualitatively with experiments, it did not explain what

gives rise to superconductivity.

2.1.2 Ginzburg-Landau theory

In 1950 Ginzburg and Landau developed a theory of superconductivity based on an order

parameter or wave function, ψ(r), that describes the behaviour of the superconducting

electrons [21]. This was based on a previously established theory of second-order phases

transitions, and is characterised by an order parameter which is non-zero in the low symme-

try ordered state below a critical temperature Tc, and zero in the high symmetry ordered

state above Tc. This complex spatially varying order parameter used to characterise the

superconducting state is given by ψ(r) = |ψ(r)|eiθ(r). |ψ(r)|2 is used to represent the lo-

cal density of superconducting electrons, ns(r). Although no direct interpretation of this

order parameter was given in the original paper, it can be interpreted as a wave function

for the centre of mass motion of Cooper pairs, where |ψ(r)|2 = ns/2 is the ground state

7
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Fs - Fn Fs - Fn

α > 0 α < 0

ψ ψ
ψ0

Figure 2.2: Ginzburg-Landau free energy functions for T > Tc (α > 0) and T < Tc (α < 0). The

large dots indicate equilibrium positions.

density of Cooper pairs, as shall be seen in Section 2.1.5.

The basic postulate of GL theory is that if ψ is small, and varies slowly in space, the

free-energy density in the superconducting state, Fs, can be expressed as

Fs = Fn + α|ψ|2 +
β

2
|ψ|4 +

1

2me
|(−i~∇− 2eA)ψ|2 +

|B|2
2µ0

, (2.6)

where Fn is the free energy in the normal state, α and β are phenomenological parameters,

A is the magnetic vector potential, and B = ∇ × A is the magnetic induction at each

point in the superconductor.

Assuming a homogeneous superconductor in the absence of fields and gradients, this

simplifies to

Fs − Fn = α|ψ|2 +
β

2
|ψ|4. (2.7)

β is positive and temperature-independent1, which leads to two specific cases for α. First,

if α is positive, then the minimum free energy occurs at |ψ|2 = 0, and so corresponds to

the normal state. Second, if α is negative, then the minimum occurs at

|ψ|2 = |ψ∞|2 ≡ −
α

β
, (2.8)

where |ψ∞|2 is used to denote that ψ approaches this value infinitely deep in the inte-

rior of the superconductor, where it is fully screened from any currents or surface fields.

Substituting Equation 2.8 into 2.7 leads to

1If β was be negative, then the lowest free energy would occur for arbitrarily large values of |ψ|2, which

would not be physical.
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Fs − Fn = −µ0
H2

c

2
=
−α2

2β
, (2.9)

where Hc is defined as the thermodynamical critical field. It can be seen that α(T )

must change from positive to negative at the superconducting critical temperature Tc, as

by definition this is the temperature at which |ψ|2 6= 0 gives a lower free energy than

|ψ|2 = 0. The resulting two free energy curves are shown in Figure 2.2.

In the absence of boundary conditions, the free energy is minimised by taking ψ = ψ∞

everywhere. Minimisation of the GL free energy leads to the much celebrated Ginzburg-

Landau differential equations,

αψ + β|ψ|2ψ +
1

2m
(−i~∇− 2eA)ψ = 0 (2.10)

and

j =
2e

m
Re {ψ∗(−i~∇− 2eA)ψ} . (2.11)

Here, Equation 2.11 has the same form as the quantum-mechanical expression for

particles of mass 2me, charge 2e, and wavefunction ψ(r) minus the non-linear β term in

the first bracket. Similarly, Equation 2.10 has the form of Schrödinger’s equation for such

particles, with energy eigenvalue −α. Key here is that the nonlinear term acts like a

repulsive potential, tending to favour wavefunctions ψ(r) which are as uniformly spread

out as possible.

A key result from the Ginzburg-Landau equations is the description of the coherence

length, ξ, which describes the characteristic length scale over which the superconducting

state transitions to the normal state. To extract this from Equation 2.10, we assume a

simplified case in which no fields are present (A = 0), and the order parameter ψ(r) is

real. In one-dimension, the equation reduces to

a(T )ψ(x) + βψ3(x)− ~2

4me

d2ψ(x)

dx2
= 0. (2.12)

Applying appropriate boundary conditions, the solution to 2.12 is given by

ψ(x) = ψ0 tanh

(
x√

2ξ(T )

)
, (2.13)

where the coherence length is given by

9



Chapter 2. Superconductivity in 2D crystals

x xξ λ ξλ

Interface Interface

Type I Type II

S N S N

H

H
Ψ(x)

Ψ(x)

a) b)

Figure 2.3: a) Illustration of the interface between coexisting superconducting and normal do-

mains for a type I and b) type II superconductor.

ξ(T ) =

√
~2

4me|a(T )| . (2.14)

The physical interpretation of this is that there is a finite length over which which the

superconducting state transitions to the normal state.

2.1.3 Type I and Type II superconductors

Another major success of GL theory is the description of the mixed state that arises in what

is known as type II superconductors. To understand this, we describe a superconductor

using the characteristic parameters of the penetration depth λ(T ), and the coherence

length ξ(T ), as shown in Figure 2.3. A third characteristic parameter, the mean free

path l, is used to indicate if the superconductor is in the ’clean’ limit (l > ξ), or the

’dirty’ limit (l < ξ). The surface energy per unit area of the superconductor is defined

by γ ≈ (ξ − λ)
(
µ0H

2
c /2
)
, with a temperature-independent dimensionless parameter κ =

λ(T )/ξ(T ) used to classify the two groups:

� Type I superconductors, for κ < 1/
√

2 where ξ > λ, have a positive surface energy.

This means that it is energetically unfavourable to create interfaces between the

superconducting and normal state. When a small external magnetic field is applied

to a type I superconductor, the magnetic field inside remains zero as described by the

Meissner–Ochsenfeld effect. This state persists up until the magnetic field reaches a

critical threshold Hc, as shown in Figure 2.4a.

� Type II superconductors, for κ > 1/
√

2 where ξ < λ, have a negative surface energy.

10
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H
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MO 
state

Mixed 
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Normal

Tc

Type II
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Figure 2.4: Illustration of the applied field versus temperature (H-T) phase diagram for a type I

b) and type II superconductor.

This means that it is energetically favourable to create a normal-superconducting

interface due to a minimisation of the total energy. Similar to type I superconductors,

in sufficiently small applied magnetic fields, type II superconductors expel magnetic

field according to the Meissner–Ochsenfeld effect. However, once the applied field

exceeds a critical value Hc1, magnetic flux begins to penetrate leading to a mixed

normal-superconducting state. As the applied field is increased further, there exists

a second critical field Hc2, where superconductivity in completely destroyed. These

two states are pictured in Figure 2.4b.

Materials that exhibit type I superconductivity are typically elemental metals such as

mercury and lead, and display a critical field (Hc) of up to a few hundred millitesla.

Materials that exhibit type II superconductivity typically display a lower critical field

(Hc1) of a few millitesla, with values of the upper critical field (Hc2) which can be in excess

of tens of tesla. Many type II superconductors can have complex chemical formulas, with

a famous example being the copper oxide superconductor YBa2Cu3O7−x.

2.1.4 The vortex state

In 1957, a significant prediction of GL theory was made by Alexei Abrikosov [22], in which

he explained that in a type II superconductor above the lower critical field Hc1, the field

penetrates inside the superconductor forming a lattice of quantised tubes of flux known as

vortices. This can be seen by solving the general Ginzburg-Landau equation shown in 2.6,

in the regime where κ is large (ξ < λ) and the applied field is near to Hc2. It is found that
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ns

B

2ξ

2λ

Figure 2.5: Sketch showing the structure of a vortex inside a type II superconductor. The

field falls with a characteristic length scale λ, and the superelectron density falls to zero over a

characteristic length scale ξ.

the order parameter ψ(r) forms a periodic lattice of vortices, each carrying a quantum of

flux Φ0 = h/2e = 2.07 mTµm2. This result describes how the magnetic flux penetrates

into the superconductor in the mixed state between the lower and upper critical fields.

A single vortex contains a non-superconducting core which is ≈ 2ξ in diameter, where

ψ(r) is strongly suppressed and becomes zero at the centre. Supercurrents encircle the

normal region, decaying over a characteristic length scale λ. A schematic of a single vortex

is shown in Figure 2.5. Abrikosov’s solution is exact close to Hc2, where the vortices form

a lattice equally separated by distances of the order of the coherence length ξ(T ). In

this limit, the upper critical field Hc2 can be related to the coherence length through the

formula,

Hc2(T ) =
Φ0

2πµ0ξ(T )2
. (2.15)

2.1.5 BCS theory

A microscopic theory of superconductivity was first derived by Bardeen, Cooper and Schri-

effer, and is known as BCS theory [1]. The theory is based around the 1956 formulation

by Cooper that at sufficiently low temperature an arbitrarily small attraction between

electrons can cause a bound pair state known as a Cooper pair. The weak attraction

12



2.1. Theories of superconductivity

a) b)

-kF

+kF
e-

e-

Figure 2.6: a) The formation of a bound electron pair, known as a Cooper pair, via the electron-

lattice interaction. b) An illustration of a Cooper pair, consisting of a correlated pair of electrons

with opposite momentum and spin.

required to bind the electrons can be provided by interaction with the crystal lattice, a

concept first proposed by Herbert Fröhlich in 1950 [23].

Consider a phonon q emitted by an electron with momentum ~k, which exits with

momentum ~k′, is then absorbed by a second electron with momentum ~k, acquiring a

momentum ~k′. Through the conservation of momentum, ~k−~k′ = ~q, with the phonon

energy equal to ~wq, corresponding to an effective interaction between the two electrons.

Physically, this can be pictured as follows: an electron in a metal passes through the

crystal lattice, it polarises the medium by attraction of the positive ion cores, leading to

an increase in positive charge density which in turn attracts the second electron of the

pair. An illustration of this phenomena is shown in Fig. 2.6a, with an illustration of a

Cooper pair shown in Fig. 2.6b. If the attraction is greater than the Coloumb repulsion

felt by the two electrons, then superconductivity can occur.

BCS theory provided an explanation for the essential aspects for superconductivity

troubling theorists at the time, including at accurate description of experimental phe-

nomena such as the isotope effect Tc ∝ M−α. This is where the transition temperature

changes with the mass of the crystal lattice ions [24], and can been seen as an enhance-

ment of Tc when substituting natural mercury 202Hg with a different isotope 198Hg. In

BCS theory, it is predicted that alpha is a universal isotopic coefficient with a value of

α = 0.5, however, this value has been found to deviate 0.5 in a number of different su-

perconducting systems [25,26]. The isotope effect is due to the relation between the mass
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of lattice ions and the Debeye frequency of phonons which then relates to an increased

attractive interaction between Cooper pairs. The concept of Cooper pairs being bound by

the electron-phonon interaction explains why an excellent conductor such a gold, which

has very weak electron-phonon coupling, does not exhibit superconductivity.

Another piece of strong evidence for BCS theory is the existence of an energy gap at

the Fermi level. Consider the case of two electrons near the Fermi level at T = 0. In the

lowest energy state, the total momentum must equal zero, leading to the electrons having

equal and opposite momenta. The total wavefunction is described by |Ψ〉 = |ψr, ψσ〉, and

must be asymmetric under an exchange of the two electrons. |ψσ〉, which describes the

spin wavefunction, can be in the antisymmetric singlet spin state | ↑↓ − ↓↑〉, or in one of

the symmetric spin triplet states | ↑↓ + ↓↑〉, | ↑↑〉 and | ↓↓〉. In practice the probability

amplitude is larger for the spin singlet state, however, spin triplet superconductivity is

considered a possibility for exotic superconductors such as Sr2RuO4 [27].

To extend the theory to treat the problem of multiple electrons, Bardeen, Cooper, and

Schrieffer used the variational method with the following pairing Hamiltonian:

H =
∑

k,σ

εkc
†
kσckσ +

∑

k,k′
V ′kk′k

†
k′↑c

†
−k′↓c

c
−k↓k ↑, (2.16)

where εk is the energy of an electron with momentum ~k and spin σ =↑, ↓ within ±~ωD of

the Fermi energy, and c†, c are creation and annihilation operators respectively. The first

term describes the kinetic energy, with the second term corresponding to the interaction

of an electron pair scattered from (−k, ↓)(k, ↑) to (k′, ↑) (−k′, ↓).
Next, the BCS variational wavefunction is introduced

|ΨBCS〉 =
∏

k

(
u∗k + vkc

†
k↑c
†
−k↓

)
|0〉, (2.17)

where uk and vk are variational parameters such that |uk|2 + |vk|2 = 1. By minimising

the total energy E = 〈ΨBCS |H |ΨBCS〉, we obtain the BCS excitation spectrum

± Ek = ±
√

(εk − EF )2 + ∆2, (2.18)

where ∆ is the much celebrated BCS gap parameter. An illustration of the energy spec-

trum is shown in Figure 2.7. To understand this, consider that in a normal metal, the

electrons are filled up to the Fermi energy, EF , and hence there is a finite density of states

at the Fermi level. However, in a superconductor below Tc, a small gap of size 2∆ opens
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Figure 2.7: Quasiparticle energy as a function of k near the Fermi wave vector kF. The hole

and electron energies are shown by the grey dashed lines. It can be seen that there are no states

available within ±∆ in the superconducting states.

up in the electronic density of states, separating occupied and unoccupied states. This is

perhaps rather unintuitive, as single electrons are forbidden from condensing to the same

energy level, however, as a Cooper pair is formed by a correlated pair of electrons with

opposite momentum and spin, they can collectively take the character of a boson, and so

condense into the ground state.

To relate the size of the gap to the critical temperature, we consider the case of a

superconductor in the weak-coupling limit (~ωD/kBTc � 1). The energy gap at zero

temperature is given by

∆ =
~ωD

sinh
[

1
N(0)V

] (2.19)

where N(0) is the density of states at the Fermi level. N(0)V � 1 in the weak coupling

limit, therefore the equation can be approximated as

∆ = 2~ωDe
− 1
N(0)V . (2.20)

At Tc, ∆(0)→ 0, therefore

kBTc = 1.13~ωDe
− 1
N(0)V . (2.21)
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From this we can see at T = 0, 2∆(0) = 3.528kBTc, thus that the resulting energy gap

2∆ can thus be inferred to be the energy required to break up a Cooper pair into two free

quasiparticles.

2.1.6 Beyond BCS theory

While BCS theory correctly explained a large number of experimental phenomena, and

also led to a number of major new discoveries such as the Josephson effect [28], there

were (and still are) a number of challenges to the theory. Superconductivity is analogous

to a charged-superfluid, and so the 1972 discovery of two superfluid phases in 3He led to

some interesting questions [29]. Unlike the bosonic 4He, 3He atoms are fermions, and so

the superfluid phase should be described by BCS theory; however, there is no analogue

of phonons in 3He to provide an attractive potential for the formation of Cooper pairs.

A further complication is the fact that the B-phase of 3He has an isotropic energy gap,

while the A-phase has two point nodes in its energy gap, something not described within

the BCS framework of the time. The solution to Cooper pairing in these two phases is

based upon the theoretical models developed in the 1960’s [30–32], and suggests that the

Cooper pair bound state of 3He is not the usual, l = 0, zero angular momentum s-wave

state, but an l = 1 p-wave pairing state. This was the first example of a system with

unconventional Cooper pairing.

The possibility of similar unconventional Cooper pairs also arises in superconductors,

and is aptly called unconventional superconductivity. Many superconductors are believed

to be examples of this, although there is often debate and controversy over different pairing

states. Some examples of these are the ’heavy fermion’ superconductors such as UPt3 [33]

and the copper oxides such as YBa2Cu3O7 [34], both with strong evidence of d-wave

Cooper pairing. The pairing mechanism of the recently discovered iron-based supercon-

ductors such as LaOFeP [35] are still under intense debate. However, there is growing

evidence for a possible sign changing s+−-pairing state, with anti-ferromagnetic spin fluc-

tuations providing the necessary attractive interaction.

2.2 The Josephson effect

In 1962, Brian Josephson [28] made the remarkable prediction that a zero voltage super-

current, given by
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Figure 2.8: Different types of structures in which the Josephson effect can be observed. a) Tunnel

junctions, i.e., a superconductor-insulator-superconductor sandwich. b) superconductor-normal-

superconductor sandwich. c) proximity effect. d) ion-implanted bridge. e) Dayem bridge. f)

variable thickness bridge.

Is = Ic sin ∆ϕ, (2.22)

should flow between two superconductors separated by a sufficiently thin insulating barrier.

Here, Ic is the critical current (or maximum supercurrent) that the junction can support,

while ∆ϕ is the difference in the phase of the GL wavefunction in the two electrodes.

Furthermore, he predicted that if a voltage difference V were to be maintained across the

junction, the phase difference ∆ϕ would evolve according to

d(∆ϕ)/dt = 2eV/~, (2.23)

such that the current would be an alternating current of amplitude Ic and frequency

f = 2eV/h. Thus, the quantum energy hf is equal to the energy change of a Cooper pair

transferred across the junction. These two predicted effects are known as the DC and AC

Josephson effects, respectively.

Although originally this model was predicted for the the quantum mechanical tun-

nelling of electrons through an insulating barrier, these effects are much more general, and

can be extended to a system in which two superconductors are connected via a ’weak link’.

These weak leaks can take many forms, with a select few examples shown in Figure 2.8.
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Figure 2.9: Schematic of the Resistively and Capacitively Shunted Junction (RCSJ) equivalent

Josephson junction circuit. The resistance R is the normal state resistance of the junction. The ca-

pacitor C arises due to the physical structure of the junction, which in the case of a superconductor-

insulator-superconductor junction represents a parallel plate capacitor.

2.2.1 The RCSJ model

Although Equation 2.22 and Ic(T ) are sufficient to characterise the zero voltage dc prop-

erties of a Josephson junction, a more generalised description is required. This is typically

given by the resistively and capacitively shunted junction (RCSJ) model [36,37], where we

model the physical Josephson junction by an ideal one, as described in 2.22, shunted by a

resistor R and a capacitor C. This is illustrated is Figure 2.9 and consists of the following:

� Resistor - due to quasiparticle conduction through the barrier. The value of R will

be close to the normal state resistance RN at a temperature slightly above Tc.

� Capacitor - due to the physical structure of the junction, we consider a capacitance

C forming across the weak link.

� Non-linear inductor - due to a supercurrent flowing through the barrier, the

junction can be described by a non-linear inductance LJ = ~/2eIc cosψ.

By applying Kirchhoff’s laws to the RCSJ circuit along with the DC and AC Josephson

equations, we have:

Ib = C
dV

dt
+
V

R
+ Ic sinϕ =

Φ0

2π
C
d2ϕ

dt2
+

Φ0

2π

1

R

dϕ

dt
+ Ic sinϕ. (2.24)
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Figure 2.10: a) Motion of an overdamped (βC � 1) particle in a tilted washboard potential for

two values of bias current Ib. In this regime the trajectory of the particle is that of the washboard

potential. b) I − V characteristics of typical overdamped junctions. No hysteresis is observed in

the critical current of the junction as it switches between the normal state (Ic) and back to the

superconducting state (Ir).

This equation can be interpreted as that of a particle with mass M ∝ C and damping

η ∝ 1/R in the potential U . This can be reformulated as

Md2x

dt2
+ η

dx

dt
+∇U = 0, (2.25)

where M = (φ0/2π)2C, η = (φ0/2π)2/R, and U = EJ0 [− cosϕ− iϕ].

To get a qualitative insight into the junction dynamics described by these solutions, we

use the so called ’tilted washboard’ model. For simplicity, we use the following: normalised

current i = Ib/Ic, normalised time τ = φ0t/2πRIc, and the Stewart-McCumber parameter

βC = 2πIcR
2C/φ0 [36, 37]. We then rewrite Equation 2.25 in the form

βC
d2ϕ

dτ2
+
dϕ

dτ
+ sinϕ− i = 0. (2.26)

Depending on the resistance R and capacitance C of the junction, we can describe two

regimes: over-damped where βC � 1, or under-damped where βC � 1.

Considering first the over-damped regime (βC � 1) in the absence of thermal fluctu-

ations, when the bias current Ib is lower than that of the critical current Ic, the junction

is in the superconducting state and hence the average voltage across the junction is zero.
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Figure 2.11: a) Motion of an underdamped (βC � 1) particle in a tilted washboard potential for

two values of bias current Ib. b) I−V characteristics of typical underdamped junctions. Hysteresis

is observed in the critical current of the junction as it switches between the normal state (Ic) and

back to the superconducting state (Ir).

In the tilted washboard description, one views the particle as sitting in a local minimum

of the washboard potential. As the bias current is increased, at a point Ib ≈ Ic, the par-

ticle is no longer trapped inside the potential. It is then free to move smoothly down the

washboard, which switches the junction to the finite voltage state. In the limit Ib � Ic,

the junction is in the normal state, behaving like a resistor according to Ohm’s law. An

illustration of this is given in Figure 2.10a.

The tell-tale sign of an overdamped junction is a current-voltage characteristic (I−V ),

in which no hysteresis is observed. An example of such an I − V behaviour is shown in

Figure 2.10b and is described by the relation V = R(I2 − I2c )1/2 [18].

Next, consider the underdamped regime (βC � 1) in the absence of thermal fluctu-

ations. Similar to the overdamped regime, at bias currents Ib less than the junction’s

critical current Ic, the particle is sitting in a local minimum of the washboard potential.

In the limit of βC → ∞, when Ib exceeds Ic, the particle follows a horizontal trajectory.

If βC 6= ∞, the gradient of the trajectory depends on the damping term. This results in

the voltage jumping discontinuously from V = 0 to a finite value V = RNIc.

Upon reducing Ib, the particle stays in the same voltage state, and in the limit of

βC → ∞, the retrapping of the particle happens at Ib = 0. For finite values of βC , the
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Figure 2.12: Schematic representation of a DC-SQUID which consists of a superconducting loop

interrupted by two Josephson junctions.

particle get retrapped in a potential well and switches back to the superconducting state

once Ib reaches a value known as the retrapping current Ir. An analogy in the washboard

model is that this hysteresis reflects the effect of the inertia on the moving mass. In a

system with light damping, the particle can be carried up and over a barrier which would

have trapped a particle with heavy damping. An example of underdamped I−V behaviour

is shown in Figure 2.11b.

2.2.2 Superconducting quantum interference devices

A SQUID is an extremely sensitive magnetometer, capable of measuring fields as small

as a few attotesla [38]. The device consists of a superconducting loop of inductance L

interrupted by two Josephson junctions, as shown in Figure 2.12. The SQUID acts as a

magnetic flux to voltage converter, and in order to understand this we must examine the

variation of the critical current of a SQUID as a function of applied magnetic field.

To start, we derive the static solutions of a DC SQUID, following the method of J

Clarke. et al. [39]. We begin by applying Kirchhoff’s law to the SQUID circuit in Figure

2.12,

I = I1 + I2 = Ic sinϕ1 + Ic sinϕ2. (2.27)

The flux is quantised within the superconducting loop, leading to:
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Figure 2.13: a) Modulation depth of the critical current Ic as a function of the applied magnetic

flux. The lines correspond to βL values of 0.01, 1, and 5. Large values of βL results in shallower

modulations. b) Modulation depth of the critical current ∆Ic/2I0 versus βL as a function of

inductance L [40].

ϕ2 − ϕ1 = 2π
Φ

Φ0
± 2nπ, (2.28)

where Φ = Φext + LIs is the sum of the applied external magnetic flux Φext and the self

induced magnetic flux induced by the screening current Is. Substituting Equation 2.28

into 2.27, we arrive at the following:

I = 2Ic

∣∣∣∣cos

(
π

Φ

Φ0

)∣∣∣∣ sin
(
ϕ+

πΦ

Φ0

)
= I ′c sinϕ′, (2.29)

where I ′c = 2Ic |cos (πΦ/Φ0)|, and ϕ′ = ϕ1 + πΦ/Φ0. This result tells us that the DC

SQUID effectively acts as a single Josephson junction, but with a flux tunable critical

current.

However, we have assumed that the two currents are identical (I1 = I2), and the

SQUID has very low inductance such that LIs � φ0. In real SQUIDs the self-flux will be

non-zero, as such the total flux passing through the loop is given by

Φ = Φext + LIc sinπ
Φ

Φ0
cos

(
ϕ+ π

Φ

Φ0

)
, (2.30)

where the second term is the circulating current.

In general, the self inductance L of a SQUID is given by L = Lg + Lk. Lg is the

geometric inductance given by Lg ≈ µ0l, where l is the length of the junction. Lk is the

kinetic inductance given by Lk = µ0λ
2
Ll/wt, where λL is the London penetration depth,
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2.3. Fe-based superconductors

and w and t are the width and the thickness of the electrodes, respectively. It can be seen

that if the SQUID loop is small compared to the London penetration depth (wt � λ2L),

then the kinetic term will dominate.

The self-inductance of the loop acts to reduce the critical current oscillation magnitude

and can be described by the introduction of a screening parameter βL = 2LIc/φ0. The

effect of βL is illustrated in Figure 2.13a, with the relation between the modulation depth

of the critical current ∆Ic/2I0 and the inductance shown in Figure 2.13b calculated using

a numerical iteration method [40–42].

2.3 Fe-based superconductors

The common crystal structure exhibited by the FeBS is shown in Fig. 2.14, and consists of

a plane of Fe atoms arranged in a square lattice, with pnictogen (As, P) or chalcogenide (S,

Se, Te) atoms providing tetrahedral coordination alternatively above and below the plane.

The different families are typically referred to by their stoichiometry: the ’11’ compounds

(FeSe,FeSe1−xSx,FeSe1−xTex), ’111’ (LiFeP, LiFeAs, NaFeAs), ’1111’ (LaFeAsO1−xFx),

and the ’122’ systems eg. BaFe2As2, CaFe2As2 etc. This is not an exhaustive list, as there

are many more possible structures that can separate the FeX layers, such as the addition

of thick perovskite layers [43], or organic intercalates [44]. In this next section I will give

a brief overview or the electronic and magnetic properties of FeBS with an emphasis on

the compound FeSe.

2.3.1 Phases diagrams of Fe-based superconductors

The phase diagrams of Fe-pnictides take a similar form to other unconventional supercon-

ductors [46] such as copper oxides. The system is initially antiferromagnetically ordered,

and a superconducting phase is induced by a tuning parameter such as chemical sub-

stitution or pressure, an example of such a typical phase diagram is shown in Figure

2.15a,b. Samples which are below the optimal doping for superconductivity are called

”under doped”, and upon cooling from from the high symmetry tetragonal phase exhibit

a structural distortion which breaks the four-fold rotational symmetry. As the temper-

ature is lowered, the antiferromagnetic phase forms, breaking spin-rotational as well as

time-reversal symmetry. These two symmetry breaking phases do not need to form at the

same temperature and indeed, taking the example of BaFe2(As1−xPx)2, the transitions are
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Chapter 2. Superconductivity in 2D crystals

Figure 2.14: Crystal structures of selected FeBS in their room temperature, high symmetry

phases [45]. Note that the low temperature phases of FeSe and LaFeAsO have lower symmetry

due to an orthorhombic structural distortion, and in the case of LaFeAsO, magnetic order.

separated by ≈ 10 K. This intermediate region between has been dubbed the ”nematic”

phase, as there is now a unique direction of the system (x or y), but without long-range

magnetic order.

FeSe is unique in that the system undergoes a structural distortion from a tetragonal

to orthorhombic (nematic) state, however, there is no magnetic ordering at any temper-

ature. While there is evidence from neutron scattering for stripe spin fluctuations at

low temperatures [47], there is a clear difference between FeBS containing pnictogen and

chalcogen atoms. The stoichiometric nature of FeSe is of great interest due the crystal

quality of samples being generally higher [7], which is vital for the observation of effects

such as quantum oscillations. Additionally, the relative simplicity of the crystal structure

of FeSe means that the system is an easy target for theoretical models. Furthermore,

FeSe is not the only formulation of the ’11’ system, as can been seen in Figure 2.15c, Se

can be isoelectronically substituted with S or Te to make the FeSe1−xSx and FeSe1−xTex

systems. Alloys of these compounds are extremely interesting, with S substitution sup-

pressing the nematic state, yet still retaining superconductivity [48], and Te substitution

enhancing superconductivity, leading to the development of a coexistent spin density wave

phase [49].

Superconductivity in FeSe is remarkably tunable, with the critical temperature in-
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a) b) c)

Figure 2.15: Phase diagrams adapted from the following References [50–52] for a) hole doping

of a typical cuprate, b) electron doping of Ba(Fe1−xCox)2As2 by Co substitution, c) isoelectronic

substitution of FeSe by S.

creasing to ∼37 K under an applied pressure of 9 GPa [53]. Additionally, FeSe, as well as

the other ’11’ families of FeBS, are van der Waals layered materials making them suitable

for mechanical exfoliation and chemical intercalation. It has been shown that creating

an ionic liquid gated field-effect transistor can reversibly tune Tc up to 43 K [54], reach-

ing a similar transition temperature to that of bulk FeSe intercalated with lithium [55].

Perhaps the most remarkable is the report of superconductivity above 65 K in monolayer

FeSe grown on a substrate of SrTiO3 [56–58], which will be briefly discussed later.

2.3.2 Electronic structure of FeSe

An overview of the key features of the electronic structure of FeSe is shown in Figure

2.16a. Firstly, FeSe is a ’bad metal’ with a relatively high resistivity of 0.4 mΩcm at room

temperature, which indicates the possibility of the system being close to the Mott-Ioffe

limit [59], where the mean-free path of carriers is smaller than that of the in-plane lattice

constant. The resistivity of the material exhibits two key features, a kink at Ts ≈ 90 K due

to the structural transition, and the onset of superconductivity at Tc ≈ 9 K. The nematic

susceptibility of the material slowly increases as the temperature is lowered towards the

structural transition [60,61], where there is a small distortion of the lattice in either the a

of b crystallographic axis of < 1%.

The high temperature Fermi surface of FeSe consists of ’quasi 2-D’ cylinders, with a

hole-like Fermi surface at Γ, and electron-like Fermi surfaces at the corners of the Bril-

louin zone. At the structural transition temperature, there is a significant distortion of

the Fermi surface resulting in the electron pockets at the corners of the Brillouin zone

elongating significantly, becoming extremely anisotropic. ARPES measurements of the
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Chapter 2. Superconductivity in 2D crystals

Figure 2.16: a) Temperature dependence of the resistivity of an FeSe single crystal. Insets

show the thermal expansion, susceptibility, and Fermi surfaces based on ARPES measurements.

Adapted from Reference [62].

band structure disagree significantly with DFT calculations which tend to overestimate

the size of the Fermi surface at high temperature [60], and cannot be reconciled at all

with experimental observations at low temperature. A complete overview of the electronic

structure of FeSe is too in-depth for this thesis, and so for a more complete discussion, I

refer the reader to the following review paper [62].

2.3.3 Monolayer FeSe

The discovery of high temperature superconductivity in monolayer FeSe on SrTiO3 is

one of the key motivations for the work undertaken in this thesis. However, it is vitally

important to discuss the differences between exfoliated flakes and thin films grown on a

substrate. The following paragraph contains only a brief discussion of this issue, however,

a comprehensive review can be found in reference [9].

FeSe has been successfully grown using the technique of pulsed laser deposition and
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molecular beam epitaxy on a number of substrates including LaAlO3, SrTiO3 and CaF2

[63]. Each of these substrates has different lattice constants, resulting in a large variation

of lattice mismatch at the interface between the substrate and FeSe. The critical temper-

ature is found to vary significantly depending on both the method and substrate, and has

been found to vary from the absence of superconductivity, up to a critical temperature

surpassing that of bulk [64] (e.g. FeSe/CaF2 where Tc = 15 K). Besides strain caused

by this lattice mismatch, there are a number of other effects which have been shown to

effect Tc including: Fe vacancies due to sample inhomogeneity [65], variation in the growth

conditions [66], doping due to interface interaction [67], and the film thickness [68]. Apart

from the film thickness, these effects are largely eliminated if thin flakes are exfoliated from

high quality bulk single crystals. As such, exfoliating FeSe is an ideal route towards under-

standing the inherent properties of a monolayer, and care must be taken when comparing

thin flakes to thin films.

2.4 Other 2D superconductors

While the relatively low Tc of FeSe may limit its use in technological applications, the

electronic properties are extremely interesting from a theoretical point of view. As a van

der Waals layered material, it falls within the increasingly expanding list of ’2D materials’

which have attracted new interest since the first isolation of graphene in 2004 [12]. It is

important to note that they are named as 2D materials because of weak interlayer coupling

rather than non-existent coupling. This leads to properties of the material having a thick-

ness dependence, such as the development of linear momentum dispersion which appears

in single, but not bilayer graphene [69]. Although mechanical exfoliation is a time and

resource intensive technique, there is considerable commercial interest in the integration of

2D superconductors grown using thin film techniques [70]. There is also much interest in

the aspect of combining different materials into van der Waals heterostructures, something

that greatly expands upon the use of each individual material [71]. This next section will

briefly discuss 2D superconductors, other than FeSe, that may be of particular interest for

future technological integration.
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2.4.1 Transition metal dichalcogenides

Another material group of considerable interest is the transition metal dichalogenides with

the form MX2, where M is a transition metal, and X is a chalcogen atom. Included in

this group are a number of superconducting materials including NbSe2, NbS2, TaSe2,

TaS2, and PdTe2. Additionally, superconductivity can be induced in a number of the

semiconducting TMDs by techniques such as ionic liquid gating [72]. Due to the presence

of other strongly correlated effects such as charge density waves, the superconducting

TMDs offer a rich playground to explore the interplay between competing phenomena, as

well as the influence of reduced dimensionality.

In amorphous thin films, a superconductor-insulator transition is generally observed

as the thickness of the film is reduced towards a monolayer [73]. However, vdW based

materials offer a chance to explore thickness effects in systems with pristine atomic layers.

Indeed, inherent thickness dependent effects can be observed in materials such as NbSe2,

where as a bulk crystal is thinned down to a single layer, the superconducting transition

temperature is suppressed from 7 K to below 3 K [74, 75]. In contrast, TaS2 also has

a peculiar thickness dependence, in that Tc is enhanced from a bulk value of < 1 K, to

above 5 K in the limit of a monolayer [76]. The superconducting critical temperature of

a material may not even change as a function of thickness as seen in Bi2Sr2CaCu2O8+δ

in which a single layer displays the same Tc as the bulk [77]. However, there are some

key differences between superconductivity in 2D and 3D systems, and examination of

properties such as the temperature dependence of the upper critical field (Hc2(T )) can

yield information about the dimensionality of the system. These differences are described

in further detail in Chapter 4.
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Chapter 3

Experimental methods

In this chapter I discuss the main techniques and equipment used for sample fabrication

and characterisation. Specifically, I will discuss the nanofabrication protocols used to

make electrical contacts, the methods used to exfoliate and transfer 2D materials, and the

characterisation methods of magnetotransport and quantum oscillations.

3.1 Device fabrication and characterisation

The use of micromechanical exfoliation of bulk crystals in order to isolate single atomic

layers dates back to the 1970’s, with work on NbSe2 [11]. However, due to the extreme

environmental sensitivity of materials such as FeSe, it was not until recently that a reli-

able method of isolating oxide-free flakes was developed. For 2D materials, the choice of

contact fabrication method is vast, and often involves a number of steps such as annealing,

lithography, and evaporation. While suitable for environmentally stable materials such as

graphene, many of these are detrimental to metallic materials due to sample oxidation.

Initial attempts to make such contacts to FeSe led to devices which displayed insulating

behaviour, indicating that the FeSe had completely or partially oxidised. To overcome

this, a lithography-free fabrication method was used. This is based on work by X. Xi

et al. [78], and involved the deterministic transfer of a 2D material onto pre-patterned

contacts. The details of the fabrication of devices using this method are given below.

3.1.1 Lithography

The word lithography is derived from the Ancient Greek λιθoσ meaning stone, and

γραφηιν meaning to write, and concerns the writing of text and printing of patterns. Two
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Figure 3.1: Illustration of a scanning electron microscope used in the electron beam lithography

process.

techniques are detailed below, photolithography and electron beam lithography, both of

which have been used to write micrometer-sized and deep sub-micron patterns.

Optical Lithography

Optical lithography refers to a lithographic process that uses visible or ultraviolet light to

form patterns in a photoresist. First the chosen substrate is coated with a light-sensitive

polymer which acts as the photoresist. For the work detailed below, Shipley S1813 was

chosen. Next, the substrate is placed on a rotating vacuum chuck and spun at several

thousand revolutions per minute. The centrifugal forces act to spread the polymer, creat-

ing a thin and even coating of photoresist on the surface of the substrate. The photoresist

is then place on a hotplate or in a convection oven to bake the photoresist, setting it in

place.

In this work, a direct laser writer (DLW, Heidelberg µPG 101) was used to write the

pattern into the photoresist. First a pattern is designed in a software package such as

K-Layout or ElphyPLUS, and the sample loaded into the system. Then the pattern is

written using a 375 nm UV laser diode with a beam spot size of ∼1 µm. This beam is
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rastered across the substrate, causing a photoreaction in the exposed areas. Finally, a

developer such as Microdeposit 351 is used to dissolve the areas exposed to the UV light.

Electron beam lithography

For patterns in which nanometre resolution is required, electron beam lithography (EBL)

is typically the method of choice. An EBL system consists of a high vacuum column in

which an electron beam produced by a thermal field emission electron gun is accelerated

to tens of kilovolts. A series of apertures, electromagnetic condenser lenses, and scan coils

are use collimate and focus the beam on the sample. An electrostatic beam blanker and

a pattern generator are used to control the areas which are exposed, and thus enable a

pattern to be written. The substrate is mounted on an x, y, z controlled stage allowing for

large and precise lateral and horizontal movement. There are many advantages of EBL

over photo-lithography, however, the pattern writing times are long and the initial cost of

an EBL compatible machine is high.

The procedure to produce a pattern is similar to optical lithography, with the first

step to coat the sample with an electron sensitive resist. In this work, two layers of resist

are chosen in order to to optimise the lift-off process. First a layer of low molecular

weight PMMA (P(MMA(8.5)-MAA) is drop coated, spun, and heated, after which the

process is repeated with a high molecular weight PMMA (495 PMMA). The bottom layer

is more e-beam sensitive, resulting in a higher effective dose and as such dissolves faster

in the developer (MIBK). This creates an under-cut, leading to both easier lift-off after

metallisation, and a better definition of the edges of the pattern.

3.1.2 Metal deposition

Once the lithography is complete, the photo or electron-beam resist contains an inverse

of the chosen pattern. The next step is to deposit a layer of metal, thus completing the

formation of the electrical contacts. The method chosen in the work presented in this

thesis is electron beam evaporation.

Electron Beam Evaporation

In an e-beam evaporator an intense electron beam is produced by the thermionic emission

of a tungsten filament. A permanent magnet is embedded in the system, deflecting the

beam by 270◦, directing it towards the source material (e.g. Au, Ti, or Cr). A large
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Figure 3.2: Illustration of an electron beam evaporator.

percentage of the kinetic energy of the electron beam is transferred into thermal energy,

heating the target. A series of deflecting electromagnetic coils raster the beam across the

surface of the material, ensuring even heating. The material then sublimates or melts,

resulting in a stream of material which is then incident onto the sample mounted directly

above the crucible on a rotating stage. To allow evaporated material to reach the sample

without scattering or trapping impurities, a high vacuum of at least 10−6 mbar is required

inside the chamber. A schematic of the process is shown in Figure 3.2. After deposition,

the sample is immersed in acetone, dissolving the photoresist and washing away excess

material which was not adhered to the surface of the sample.

3.1.3 Reactive-ion etching

In order to shape the 2D-material into a desired pattern, unwanted material must be

removed by an etching process. In this project, the etching technique used is reactive

ion etching (RIE), where a high-density plasma is generated using an inductively coupled

rf power supply (ICP). To selectively etch 2D materials, lithography is used to pattern

the sample, masking off the area which does not need to be etched. The sample is then

loaded onto a wafer plate situated in the RIE-ICP system. The chamber is then pumped
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down to ∼10−6 mbar. Process gas (in this work SF6 + O2) enter through small inlets at

the top of the chamber, exiting through the vacuum pump system at the bottom. The

ICP source generates the high-density plasma through coupling between an RF antenna

and the plasma. The antenna creates an alternating RF magnetic field, which in turn

induces RF electric fields providing energy to the electrons. A large voltage difference is

generated between the plate and the plasma, leading to positive ions drifting towards the

plate. These ions then interact with the 2D-material + substrate either by transferring

kinetic energy or by chemical reaction, etching away the material. The process is highly

tunable and strongly depends on thee choice of gas type, gas pressure, and RF power.

The typical recipe used in this project is described in Chapter 6 and is used to etch both

h-BN and NbSe2 at rates of 10’s of nm per minute.

3.1.4 Fabrication of pre-patterned contacts

Having described the various nanofabrication methods used in the experimental work

undertaken in this thesis, I will now detail the method implemented to create pre-patterned

contacts for the electrical measurement of 2D materials.

The process begins with a choice of substrate that the device will be built upon. The

substrate used in all devices presented in this thesis is Si/SiO2, a material that is robust,

reasonably inexpensive, and has a flat insulating surface. Due to its significance in the

history of electronics, suitable fabrication methods for the substrate are well established.

Commercially available silicon wafers with a thickness of 525 µm and oxide layer of 300

nm are cut into 10 x 10 mm squares using a diamond scribe. The resulting squares as

then cleaned using trichloroethylene, acetone, and isopropanol (IPA) in an ultrasonic bath

for ≈ 5 minutes per solvent; this is to remove any debris or residues on the surface of the

substrate.

To begin the fabrication procedure the SiO2 substrate is coated with Shipley S1813

photoresist, which is then spun at 3000 rpm and heated at 90◦C for 30 minutes. The

substrate is transferred to the DLW where the ’outer contacts’ are patterned in the resist.

The substrate is then developed using a Microdeposit 351 developer + DI water mixture.

The patterned substrate is then transferred into the e-beam evaporator. Cr and Au of

thickness 20 and 250 nm respectively are then evaporated onto the surface of the sample.

This thickness is chosen as it is suitable for wire bonding, and the choice of bilayer Cr/Au

is dictated by the need for an adhesion layer between Au and the Si/SiO2 substrate. After
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Figure 3.3: a) A schematic of a typical deterministic transfer set-up. The exfoliated material is

placed onto a ’stamp’ held by a microscope slide attached to an xyz translation stage, with the

substrate on a second xyzθ stage. Utilising a microscope, the substrate and stamp are brought

into contact, resulting in the deterministic transfer of the exfoliated flake of interest.

evaporation the sample is soaked in acetone and gently agitated, removing the excess

resist and metal. This process is then repeated to form the inner contacts, with the

photolithographic step replaced with EBL if sub-micron features are required. As the 2D

material will be placed on top of these contacts, the inner contacts must be thinner than

the outer contacts to ensure the material sticks to the SiO2 surface. The thickness chosen

is typically 5/30 nm of Cr/Au respectively.

3.1.5 Deterministic transfer

The method used to deterministically transfer 2D flakes is known as dry transfer, and is

based upon a proposal by A. Castellanos-Gomez et al. [79]. This technique is relatively

simple, and requires no solvents or heating, in contrast to wet-transfer [80], or hot pick-up

techniques [81]. The key components are detailed in Figure 3.3, with a description given

in the text below.

Thin flakes are mechanically exfoliated from high quality bulk single crystals onto a

silicone elastomer polydimethylsiloxane (PDMS) ’stamp’ placed on a microscope slide. An

optical microscope is used to find thin flakes with suitable geometry, with the thickness of

flakes being initially estimated from their optical contrast. The microscope slide containing

the thin flake of choice is placed face down upon an xyz translation stage, with the target

substrate placed on an xyzθ translation stage. The thin flake and metal contacts are
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(i) (ii) (iii)
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SiO2/Si

Prepatterned
Au leads

PDMS stamp

SiO2/Si

SiO2/Si

2D material

SiO2/Si

SiO2/Si

vdW heterostructure

θ

SiO2/Si

PDMS stamp

Figure 3.4: An illustration demonstrating the deterministic transfer of an exfoliated flake onto

a set of pre-patterned metal contacts. i) First the pre-patterned contacts are located under the

microscope. ii) The 2D material is exfoliated onto a PDMS stamp and positioned above the

contacts. iii) The PDMS is slowly lowered, contacting the area of the substrate with exfoliated 2D

material. iv) The PDMS stamp is raised, leaving the 2D material adhered to the substrate and

contacts. If required, the substrate is rotated. v) The processes of i-iii are then repeated. vi) The

PDMS is raised, leaving behind the final vdW structure.

brought into focus alternatively, with the angle and position of the substrate being changed

until the thin flake is in the required position. The thin flake is then brought into focus,

and the height of the substrate z stage slowly raised until the PDMS stamp and substrate

are in contact; this is easily seen due to a change in the colour of the image which results

from the contact between the PDMS and the substrate. This contact line is slowly brought

over the thin flake, and then slowly removed, leaving the thin flake deposited on the metal

contacts - this process is illustrated in Figure 3.4. To assemble multi-layered structures,

this procedure is simply repeated. To improve the environmental stability of the device,

a thin layer of the 2D insulator hBN is then typically transferred on top of the material.

For the assembly of air- or moisture-sensitive materials, it is imperative that the entire

set-up is housed inside a nitrogen or argon glovebox.
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Figure 3.5: a) Schematic of an atomic force microscope. b) A typical package used in transport

measurements. Thin Au wires have been wire-bonded between the outer contact of the sample

and the Au pads of the package.

3.1.6 Device characterisation

The in-plane dimensions of the sample can be reasonably measured using a calibrated

optical microscope, however, as the thickness of an exfoliated flake is typically < 100

nm, an atomic force microscope is used to measure the thickness. An illustration of the

process is shown in Figure 3.5a and involves a cantilever with a sharp tip scanning across

the surface of a sample. When the tip is brought in close proximity to the surface of

the sample, the force between the tip and surface leads to a deflection of the cantilever.

The forces measured by the AFM can depend on the property of interest i.e. magnetic

force, van der Waals force etc. As the aim is to measure the thickness of the sample, a

topographical mode of measurement is used. The deflection of the cantilever is measured

by a laser beam which is reflected off the back of the cantilever and onto a photodetector.

As the tip is rastered across the surface of the sample, a topographic map of the surface

is constructed, allowing the thickness of the 2D material to be accurately measured.

3.1.7 Packaging and wirebonding

Once the dimensions of the device have been measured, the sample is ready to be mounted

in a package so that its transport properties can be measured. One of the types of packages

used is shown in Fig. 3.4b, however, the basic structure of each type of package is the

same. The substrate is mounted in the package using a thin layer of GE varnish or silver
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paint. To connect between the outer contacts on the substrate and the bond pads of the

package, the method of wirebonding is used. The technique of wire bonding is a solid

phase welding technique, with the specific type of bonder used in this work being a wedge

bonder. This type uses an ultrasonic vibration to produce a metallurgical bond between

the wire and the target. This bonding is created first on the package before being dragged

to the substrate after which a second bond is created. This electrically connects the

substrate and the package, thus finishing the entire fabrication procedure. The package

is then plugged into a measurement system, which connects the electrical leads of the

package to the measurement system.

3.1.8 Generating high magnetic fields

The generation of strong magnetic fields relies on the process of passing current through

loops of wire. The device is known as a solenoid, and an illustration of the resulting

magnetic field lines is shown in Fig. 3.6a. There are many different types of magnet

systems, and in this project I have used magnets in three separate groups.

The size of the SQUID loops used in Chapter 6 results in oscillations on the order

of tens of µT . At such small field strengths, resistive electromagnets are an ideal choice.

The electromagnet used in the work presented in this thesis was formed by hand winding

copper wire into an air cored coil. This was then mounted on the cryostat such that the

sample sits at the center of the electromagnet. An 8A Kepco power supply provide current

to the coil, resulting in a maximum field of ∼20 mT.

I have also used a Quantum Design PPMS which houses a superconducting magnet;

in this system, the current is carried by superconducting wires based on thin filaments of

NbTi inside a copper matrix. The superconducting magnetic is immersed in a reservoir

of liquid helium, ensuring that all wires are kept below the material’s superconducting

critical temperature. The maximum field of the magnet system that I have used is 16 T.

Due to an in-built rotator on the sample mounting system, the field direction relative to

the sample can be changed from 0-360◦, allowing for both in- and out-of-plane magnetic

field measurements.

Finally, in order to reach the high magnetic fields required to examine properties such

as quantum oscillations, or the Hc2 of high-Tc type-II superconductors, a different type of

system in required. One method to generate such fields is to pass extremely high currents

through a resistive magnet cooled with high-pressure water. The high-field magnet used in
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a) b)

Figure 3.6: a) A cross sectional view of the magnetic field lines created by an eight loop solenoid.

b) Schematic of a Fermi sphere arranged into Landau tubes due to the presence of a quantising

magnetic field [83].

this report in a 37.5 T DC resistive magnet housed in the High Field Magnet Laboratory

in Nijmegen [82].

3.2 Resistivity in metals

The resistivity of a metal is a measure of how well or poorly the material conducts electrical

current. This property is governed by the electronic structure of the material, or more

importantly in metals, the Fermi surface. The concept of the Fermi surface arises from

the consideration that in a periodic lattice of atoms, the solutions to the single-electron

Schrödinger equation are known as Bloch waves

ψnk(r) = eik.runk(r), (3.1)

where n is known as a band index, and k is a vector of real numbers known as the crystal

wave vector. The eigenvalues of each band n constructs a function εn(k) which describes

the dispersion relation of electrons within the band. As the electrons are spin 1/2 particles,

they obey Fermi-Dirac statistics and so fill the energy states up to a characteristic energy

equal to the zero temperature Fermi level. The boundary between filled and unfilled

electron states in k-space is known as the Fermi surface, and electrons near this level

dominate the transport properties of a material.
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If the dispersion relation εn(k) of a band is such that the band maximum is just above

the Fermi level, the band is ’nearly full’ of electrons, and so it is convenient to describe the

band as being comprised of ’missing electrons’ which are known as holes. For sufficiently

small carrier densities, these holes behave as if they have positive charge, and so a hole-like

band crossing the Fermi level creates a hole-like Fermi surface, while an electron-like band

creates an electron-like Fermi surface. FeSe is an example of such a material as it is a

stoichiometric compound, and so contains an an equal number of electron-like and hole-

like carriers. The topological aspects of the Fermi surface are also of vital importance, as

these reflect both the symmetry and structure of the crystal lattice. Indeed this is the

reason why layered materials such as FeSe exhibit quasi-2D Fermi surfaces.

Measuring the resistivity of a metallic sample as a function of magnetic field or tem-

perature can reveal a wide variety of information about a sample. For example. the

transition to a superconducting state results in an unmissable signature in the resistivity.

Other, more subtle features can be observed in the resistivity, arising from phenomena

such as charge density waves (eg. NbSe2), structural transitions (e.g FeSe), or magnetic

transitions. These are seen due to alterations to the scattering rates of of carriers in dif-

ferent bands of the of the material. Furthermore, even in the absence of such a transition,

resistivity can reveal important information about the mechanism of scattering. At room

temperature phonons are the dominant source of scattering; upon reducing the sample

temperature towards T = 0, phonons ’freeze out’ leaving only impurity scattering. By

comparing the ratio between the room temperature and T = 0 resistance, the residual

resistance ratio RRR = R300K/R0K
1 can be calculated. This gives a good indication of

the sample quality, as extremely pure samples will have low impurity scattering, and thus

high RRR. Additionally, changes in the resistivity as a function of temperature (ρ(T )) can

reveal information about scattering mechanisms. This can be seen in materials such as

optimally doped cuprates, where the temperature dependence of resistance deviates from

the typical Fermi liquid behaviour of R = R0 +AT 2 at low temperature.

3.2.1 Magnetoresistance and the Hall effect

Magnetoresistance is defined as the magnetic field dependence of a sample’s resistance

while the Hall resistance is created by the Hall effect, and is due to the Lorentz force

1For superconductors, the RRR is typically defined as a ratio between 300 K and a temperature slightly

above Tc.
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acting to change the trajectory of a charged carrier in the presence of a magnetic field.

Combining these measurements together can yield a significant amount of information

about the Fermi surface. To measure the Hall resistance careful considerations about the

measurement and sample geometry must be made. Resistance is converted to resistivity by

ensuring uniform current distribution across the sample and through careful measurement

of the sample geometry. Current is applied along the x axis with a perpendicular applied

field along z. The electric field E is then given by E = ρ.j, where j is the current density,

and the resistivity tensor ρ is

ρ =


ρxx ρyx

ρxy ρyy


 (3.2)

where ρyx = −ρxy and ρyy = ρxx by symmetry.

In a one band system, the Hall effect is given by ρxy(B) = RHB = −B/ne, and so is

strictly linear in an applied magnetic field, with the gradient depending upon the carrier

density n. The magnetoresistivity is given by ρxx = 1/ | neµ | where µ is the mobility,

and so is independent of the applied field. However, in a multiband system such as FeSe,

the magnetoresistivity can be positive or negative, and the Hall effect may be non-linear.

Taking the example of a two band band system, the longitudinal and Hall resistivities

can be modelled by considering each band as a resistor in parallel, resulting in a total

resistivity of ρ = 1/(
∑

i ρ
−1
i ). For simplicity the terms σi =| nieµi | and Ri = −1/nie are

introduced, resulting in the resistivity matrices

ρi =


1/σi −RiB
RiB 1/σi


 . (3.3)

The ρxx and ρxy terms of the total resistivity tensor are given by

ρxx =
(σ1 + σ2) + σ1σ2(σ1R

2
1 + σ2R

2
2)B2

(σ1 + σ2)2 + σ21σ
2
2(R1 +R2)2B2

(3.4)

ρxy =
(σ21R1 + σ22R2)B + σ21σ

2
2R1R2(R1 +R2)B

3

(σ1 + σ2)2B + σ21σ
2
2(R1 +R2)2B3

. (3.5)

In the case of a stoichiometric compound such as FeSe, a two-band picture would suggest

that R1 = −R2, or that there is one electron-like and one hole-like band. This results in a

non-saturating magnetoresistance at high field, as well as a strictly linear Hall resistance

with the gradient dependent on the mobilities of the two bands.
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Figure 3.7: a) Circuit diagram of the measurement configuration for a) longitudinal voltage (Vxx)

and b) Hall voltage (VH or Vxy). The arrow indicates the direction of current flow.

By measuring both ρxx and ρxy of a sample, the variation of resistivity as a function of

magnetic field can be fitted, extracting information about carrier densities and mobilities.

In practice, a software package such as MATLAB is used to fit experimental data to

the equations detailed above. In Chapter 5, these techniques are utilised to examine the

changes that occur in FeSe when the sample is thinned towards the monolayer limit.

3.2.2 Measuring the resistivity of a sample

There are many different electrical measurements that can be performed on a sample, and

each type of measurement may require a vastly different experimental set-up. Measure-

ments have been performed in three different locations: at the University of Bath, Univer-

sity of Oxford, and the High Magnetic Field Laboratory in Nijmegen. However, the typical

measurement set-up is the same at all places and involves measuring the temperature- or

field-dependence of the 4-terminal resistance of the sample, with a typical circuit diagram

shown in Fig. 3.7.

A typical 4-terminal resistance measurement involves current passing through and then

being grounded by the outer leads on a thin flake sample, with the resulting voltage drop

being measured by an SR830 lock-in amplifier across two inner leads. Through Ohms law,

the voltage drop can be converted into the resistance of the sample between the two voltage

terminals. An AC technique is preferred over DC measurements due to benefits of the

lock-in signal recovery technique, as well as to reduce the influence of thermal voltages.

The temperature or field dependence of the sample can then be measured through use

of a cryocooler and a variable magnet. The measurement system is connected to a PC

which, using a variety of software packages such as LabView, can record and output the

measurements as data files. In turn these measurements are analysed using a variety of
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programmes such as MATLAB.

3.3 Quantum oscillations as a probe of the Fermi surface

In the presence of an applied magnetic field, a semiclassical approach shows that the quasi-

particles move perpendicular to the applied magnetic field, in directions along surfaces of

constant energy in momentum (k) space. An important result is that the areas of the

allowed orbits are quantised in k-space [84],

A(l, B) = (l + λ)
2πeB

~
. (3.6)

The quantisation of the areas in k-space leads to the idea of ’Landau tubes’ shown

in Fig. 3.6b. For an isotropic dispersion such as a Fermi sphere, the Landau tubes are

cylinders, however, they exist for any shaped Fermi surface and are given by constant

energy paths in planes perpendicular to the applied magnetic field. These Landau tubes

are separated in energy by ~ωc, where ωc = eB/m∗ is known as the cyclotron frequency.

As the applied magnetic field is increased, the areas of each tube grow resulting in the

tubes passing through the Fermi surface and causing a large modulation of the density of

states at the Fermi level. This occurs with a characteristic periodicity in 1/B, as a Landau

tube will pass through an extremal area Aext with a periodicity ∆ given by

∆
( 1

B

)
=

2πe

~
1

Aext
. (3.7)

The oscillations are described by the ’Osanger relation’ and are given in terms of a fre-

quency F , with units of Tesla,

F =
~

2πe
Aext. (3.8)

By examining the frequency of oscillations observed in thermodynamic or transport

properties, the extremal areas of the Fermi surface can be calculated. In general, mate-

rials may exhibit many different frequencies of oscillation due to multiband behaviour or

anisotropic dispersion of the Fermi surface.

3.3.1 The role of damping in quantum oscillations

At T = 0, the Fermi surface is perfectly sharp such that the Fermi-Dirac functions which

describe the occupancy of states is a step function. However, at finite temperature, states
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within ≈ kBT of the Fermi level may be occupied. This gives rise to a superposition of

oscillations with different phases, causing interferences of their amplitudes when compared

to the ideal T = 0 case. The thermal damping term RT is given by

RT (B, T ) =
X

sinhX
, where X =

2π2kBTm
∗
therm

e~B
. (3.9)

It can be seen that X is proportional to kBT/hωc, which describes the ratio of the thermal

energy to the energy spacing of the Landau tubes. By fitting the temperature-dependence

of the amplitude of oscillations to Eqn 3.9, the effective mass m∗therm can be extracted.

Another source of damping is impurity scattering, something which is relevant at all

temperatures and is highly dependent on the quality of the sample being measured. From

the uncertainty principle, the finite lifetimes contribute to a broadening of the Landau

energy levels [85]. The relevant scattering term RD is given by

RD(B) = exp
(
− πmb

eBτ

)
, (3.10)

where mb is a band mass, i.e the effective mass as calculated in density functional theory,

or from ARPES measurements. The scattering term τ in the above expression corresponds

to a ’quantum lifetime’ [86], which is generally shorter than the ’transport lifetime’ i.e.

the time taken to fully randomise the momentum of an electron.

Eqn. 3.10 can be rewritten as [87]

RD(B) = exp
(
− π

lB

√
2~F
e

)
, (3.11)

where l is now the mean free path of the sample, which is an average over an entire orbit.

It is usually the impurity scattering term which determines whether quantum oscillations

can be observed in a sample. For FeSe, the highest frequency oscillation is ≈ 0.75kT ;

assuming a field of B = 30T , RD(l = 600Å)/RD(l = 300Å) = 6, i.e. a factor of 2

increase in the impurity scattering rate corresponds to a sixfold decrease in the amplitude

of oscillation. For this reason thin films and thin flakes are not generally investigated for

quantum oscillations, although there are some notable exceptions such as graphene [88].

3.3.2 Measurement of Shubnikov de Haas oscillations

Shubnikov de Haas (SdH) oscillation are oscillations in the transport properties of metals,

i.e. ρxx and ρxy. A simple argument for the existence of quantum oscillations in transport
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properties is that the scattering rate depends on the final density of states at the Fermi

level due to Fermi’s Golden Rule [85], and therefore oscillations can be caused by the

passing of Landau tubes through the Fermi surface. In general it is often thought that

oscillations in magnetisation are ’easier’ to observe [85], however, this is a bulk probe and

as such is not suitable for thin flakes where the measurement resolution is often insufficient.

In practice, oscillatory signals from a 4-point resistance measurement are analysed after

subtraction of a high order polynomial background. The data is then converted to 1/B

format, interpolated, and Fourier transformed to isolate individual oscillation frequencies.
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Chapter 4

Suppression of superconductivity and enhanced crit-

ical field anisotropy in thin flakes of FeSe

4.1 Preamble

As outlined in Section 2.3, there is significant interest in understanding the superconduct-

ing properties of FeSe as a function of thickness. Thin films of FeSe have been intensely

studied since the discovery of high temperature superconductivity in monolayer FeSe films

grown on SrTiO3 [9]. However, as discussed in Section 2.3.3, there is a need to examine

the electronic and superconducting properties of FeSe monolayers in the absence of strong

substrate interactions. This Chapter addresses this issue using the method of dry-transfer

to fabricate FeSe thin flake devices exfoliated from high quality bulk crystals.

To date, the study of FeSe thin flakes has been reported in a number of previous studies.

B. Lei et al. examined the high-temperature superconducting phase of FeSe induced by

ionic liquid gating [54], with further work by B. Lei et al. and T.P. Ying et al. who

used a solid ion conductor as the gate dielectric [89, 90]. Finally, work by R.Yang et al.

reported on the sensitivity of superconductivity in FeSe flakes to environmental exposure

[15]. A key observation in these studies was the suppression of the superconducting critical

temperature in thin FeSe flakes (reported Tc’s ≤ 7 K) when compared to high quality single

crystals (Tc ∼ 9 K). Additionally, it was noted that this suppression of superconductivity

was stronger in thinner flakes [15], indicating a possible thickness dependence of Tc. It was

also observed that prolonged exposure to air and moisture destroyed superconductivity in

the thinnest samples. To fabricate these devices, the authors made electrical contacts to

FeSe flakes using traditional lithographic techniques which exposes the flakes to both high
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temperatures and numerous chemicals. This method of fabrication may then mix and

confuse any thickness dependent effects with those caused by oxidation. Furthermore, the

presented experiments were limited to observations of Tc at B = 0, and so the influence on

the critical magnetic field is yet to be explored. Due to these reasons, an in-depth study

of the thickness dependence of superconductivity in FeSe thin flakes is required.

This chapter concerns the work by L. Farrar et al. entitled “Suppression of supercon-

ductivity and enhanced critical field anisotropy in thin flakes of FeSe” [91] and is presented

in Section 4.2. This work focusses on the thickness dependence of superconductivity in

FeSe thin flake devices fabricated using a dry-transfer technique. This fabrication method

removes the need for the prolonged exposure of the FeSe structures to air and lithographic

chemicals, yielding high quality devices. These FeSe thin flakes devices are primarily char-

acterised by measurements of the resistivity as a function of temperature, magnetic field,

and relative angle of the applied magnetic field with respect to the plane of the sample.

The temperature dependence was studied using two variable temperature cryostats, with

a base temperature of 1.8 K and 360 mK respectively. The upper critical field was studied

using applied magnetic fields up to 16 T and 37.5 T in two different magnet systems. Fur-

thermore, in both cryostats, the samples were mounted onto rotator pucks, which allowed

for the angular dependence of the upper critical field to be examined including both the

parallel (B ‖c) and perpendicular (B ⊥c) orientations as referenced to the plane of the

sample.
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ARTICLE OPEN

Suppression of superconductivity and enhanced critical field
anisotropy in thin flakes of FeSe
Liam S. Farrar 1✉, Matthew Bristow 2, Amir A. Haghighirad2,3, Alix McCollam4, Simon J. Bending1 and Amalia I. Coldea 2✉

FeSe is a unique superconductor that can be manipulated to enhance its superconductivity using different routes, while its
monolayer form grown on different substrates reaches a record high temperature for a two-dimensional system. In order to
understand the role played by the substrate and the reduced dimensionality on superconductivity, we examine the
superconducting properties of exfoliated FeSe thin flakes by reducing the thickness from bulk down towards 9 nm.
Magnetotransport measurements performed in magnetic fields up to 16 T and temperatures down to 2 K help to build up complete
superconducting phase diagrams of different thickness flakes. While the thick flakes resemble the bulk behaviour, by reducing the
thickness the superconductivity of FeSe flakes is suppressed. The observation of the vortex-antivortex unbinding transition in
different flakes provide a direct signature of a dominant two-dimensional pairing channel. However, the upper critical field reflects
the evolution of the multi-band nature of superconductivity in FeSe becoming highly two-dimensional and strongly anisotropic
only in the thin limit. Our study provides detailed insights into the evolution of the superconducting properties of a multi-band
superconductor FeSe in the thin limit in the absence of a dopant substrate.

npj Quantum Materials            (2020) 5:29 ; https://doi.org/10.1038/s41535-020-0227-3

INTRODUCTION
Amongst iron-based superconductors, FeSe has the simplest
stoichiometric crystal structure, making it an ideal candidate to
study the mechanisms of superconductivity1. Two-dimensional FeSe
has attracted much interest due to the discovery of high
temperature superconductivity in monolayer FeSe grown on
SrTiO3

2–5, which is one of the highest critical temperatures amongst
all iron-based superconductors. In addition, due to the weak van der
Waals bonding of the FeSe layers, the material cleaves readily and
has potential applications in heterostructure devices6,7. It is therefore
important to understand any changes in the properties of the
material as it is thinned towards the monolayer limit.
Previous studies examining the thickness dependence of FeSe

have been limited to measurements on thin films grown using
techniques such as molecular beam expitaxy8–10, pulsed laser
deposition11 and DC sputtering12, all of which require well-
optimised growth protocols. The resulting thin films are strongly
susceptible to interaction with the growth substrate, due to
factors such as strain and charge transfer5. As the thickness of the
FeSe films is reduced, superconductivity is usually suppressed,
resulting in a superconductor-insulator transition either caused by
disorder or strain induced by the change in the lattice
parameters12,13. In FeSe/SrTiO3, superconductivity in thin films
can be enhanced by high temperature annealing that leads to
changes in the carrier doping at the interface9. It is therefore
important to establish the necessary ingredients to enhance
superconductivity in FeSe in the absence of a strong substrate
interaction that can induce direct doping, as well as applies strain.
An alternative to the growth of thin films is to create devices by

mechanical exfoliation of high quality single crystals. This has
proven extremely successful in the case of the layered super-
conductors NbSe2

14, TaS2
15 and Bi2Sr2CaCu2O8+δ

16, in which the
inherent thickness-dependence of the superconducting transition

has has been measured down to a monolayer. Recently, exfoliated
FeSe devices have been realised17–19, with samples displaying
superconducting behaviour at a thickness where thin films of FeSe
are typically insulating12. However, these samples exhibit a
suppressed superconducting critical temperature when compared
to the bulk crystals from which they were exfoliated. One possible
factor in suppressing superconductivity is the sample degradation
caused by multiple fabrication steps, as well as long term
exposure to air20. It is therefore important that any study of the
thickness dependence of superconductivity of FeSe utilise a
fabrication method free from the harsh chemicals and high
temperatures involved in traditional lithographic processing.
In this work we present a detailed study of the nature of

superconductivity in ultra-thin flakes of FeSe fabricated utilising
a deterministic transfer method21. We use magnetotransport
measurements in high magnetic fields up to 16 T to investigate
the effect of thickness on this material’s superconducting
properties. As the thickness is reduced from 100 nm towards
9 nm, we detect that the upper critical field shows a crossover
towards a two-dimensional character in superconductivity that
manifests as a significant enhancement in the anisotropy of the
upper critical field. Furthermore, the observation of the
Berezinskii–Kosterlitz–Thouless transition provides important
insights into the dominant intrinsic two-dimensional nature of
multi-band superconductivity of FeSe, in the absence of the
strong interaction with substrate or doping effects.

RESULTS
Thickness dependence of the transport behaviour of FeSe thin
flakes
Figure 1a shows the typical temperature-dependence of the
normalised resistance (R(T)/R(300 K)) for a bulk crystal and five thin

1Centre for Nanoscience and Nanotechnology, University of Bath, Bath BA2 7AY, UK. 2Clarendon Laboratory, University of Oxford, Parks Road, Oxford OX1 3PU, UK. 3Institute for
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flake devices with thickness t in the range 9–100 nm (see the
Supplementary Material for additional devices). We observe
significant changes in the transport behaviour of our devices
which are highly dependent on the flake thickness. Firstly, the
thick flake devices with t ≥ 58 nm are of highly quality with large
residual resistance ratio (RRR) (see Fig. 1). They display similar
transport behaviour to bulk FeSe22, in which the nematic phase
transition occurs around Ts ~ 89 K accompanied by a super-
conducting transition at Tc ~ 9 K (see Fig. 1b). We notice that Tc
of all thick flake devices is slightly lower than in bulk, with a
maximum of Tc ~ 7 K for the 100 nm flake despite a relatively high
RRR of 16 and a sharp transition width, ΔTc of 0.3 K. Next, in
thinner flake devices we observe a systematic suppression of
superconductivity, accompanied by a broadening of the resistive
transition width, as shown in Fig. 1c). Lastly, the thinnest device
reported here with t= 9 nm displays an anomalous upturn in
resistance at low temperature, before a sharp decrease near 3 K,
indicating that a superconducting phase may only be stabilised
below the experimental temperature limit of 2 K.
Another important signature in the transport data of FeSe is the

emergence of the nematic phase that triggers a tetragonal to
orthorhombic structural transition at Ts and causes significant in-
plane distortion of the Fermi surface22. Fig. 1b shows that the
nematic transition has a sharp anomaly identified by the minimum
in dR/dT that is slightly suppressed for thick flakes (t > 50 nm), as
compared with bulk single crystals of FeSe. However, in thinner
samples (t < 50 nm) this transition is ill-defined and appears to be

significantly reduced, as shown in Supplementary Fig. S1b and Fig.
S3. This behaviour is reminiscent of that found in polycrystalline
samples of FeSe1, or Cu-doped FeSe23, in which the RRR is reduced
as the degree of disorder and local inhomogeneity is much higher
(see Supplementary Fig. S1), in comparison to high quality single
crystals of FeSe in which quantum oscillations have been
observed24.
A summary showing how the superconductivity of thin flakes of

FeSe is affected by the thickness reduction is shown in Fig. 1d.
While Tc remains relatively constant for thicker flakes (50–100 nm),
a sharp decrease in superconductivity occurs for the thinnest
flakes (t < 25 nm). We can describe the observed superconducting
behaviour using the Cooper-law given by T c � expð�tm=tÞ, where
tm= 2a/(N0V), a is the Thomas Fermi screening length and N0V is
the bulk pairing potential25,26. Since a is inversely proportional to
the square root of the density of states at the Fermi energy, this
behaviour is expected for systems with very small Fermi energy, as
found in FeSe22. The Cooper-law is commonly used to describe
superconducting thin films but the trends observed in our data
are in qualitative agreement with those found in thin films of
FeSe12, thin flakes of FeSe0.3Te0.7

27 and nanoflakes devices of FeSe
fabricated using alternate device fabrication techniques17,20.

BKT transition in FeSe thin flakes
Next, we focus on other manifestations of superconductivity in
thin flake devices of FeSe. The appearance of a Berezinskii-
Kosterlitz-Thouless (BKT) transition in a material is a signature of a
2D superconducting state28,29. This arises due to the thermal
nucleation of vortex-antivortex pairs in the absence of an external
magnetic field. Vortex-antivortex unbinding gives rise to dissipa-
tion, which results in a resistive transition even when the
temperature is below the mean field pairing temperature. Just
above the critical current, Ic, the IV curves follow the V∝ Iα(T)

dependence, where α is a temperature-dependent exponent. At
TBKT the critical exponent, α, abruptly increases from 1 at higher
temperatures, due to flux flow of thermally dissociated vortex-
antivortex pairs to 3 at lower temperatures due to the current-
driven dissociation of vortex-antivortex pairs30,31.
In order to determine whether BKT physics plays an important

role in the observed suppression of superconductivity in FeSe thin
flakes, we investigate the temperature-dependent current-voltage
characteristics for two devices with t= 14 nm and t= 100 nm at
temperatures near Tc, as shown in Fig. 2a, b. We find a non-linear
behaviour in the high current regime suggesting a current-
induced vortex-antivortex depairing, as expected for a BKT
transition, without displaying the sudden jump in α(T). The value
of the exponent reaches the critical value of α= 3 at TBKT= 2.9 K
for the t= 14 nm sample and TBKT= 6.67 K for the t= 100 nm
sample, as shown in Fig. 2c, d. In both cases, the calculated TBKT
lies below the temperature (see also Supplementary Fig. S9) at
which the resistance is 1% of the normal state value, suggesting
that BKT physics is not the cause of the suppression of
superconductivity in thin flakes. This signature of the BKT
transition in FeSe flakes of different thickness is in qualitative
agreement with previous reports on monolayer FeSe/SrTiO3 and
500 nm thick films of FeSe32,33. Furthermore, signatures of
dominant two-dimensional superconducting fluctuations have
been observed in single crystals of LiFeAs34. The BKT behaviour
suggests that the superconductivity of FeSe is quasi-two dimen-
sional and this can be a general signature of multi-band iron-
based superconductors where 2D fluctuations can be responsible
for the suppression of superconductivity. The lack of the sudden
jump in α at TBKT and the non-linear IV behaviour has been found
in other thin films of conventional superconductors, where the
disorder smears out the sharp features35. In our FeSe devices local
inhomogeneities caused by the formation of structural domains at
temperatures below the nematic transition can lead to an increase

a b

c d

9 nm

14 nm

Bulk

58 nm

24 nm
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Fig. 1 Thickness dependence of the transport properties of FeSe
thin flakes. a Temperature dependence of the normalised resistance
R(T)/R(300 K) for a bulk crystal and five different thin flakes (t= 9−
100 nm). b The high-temperature T-dependence of the normalised
derivative of resistance, dR/dT, for the bulk sample and four thin
flakes in a. The arrows indicate the position of the structural
transition at Ts. The curves in a and b are shifted vertically for clarity.
c The low temperature superconducting transitions as in a but
scaled to R(T)/R(15 K). d Thickness dependence of the super-
conducting critical temperature for several thin flake samples
measured in this study, along with data from refs. 17,20. The solid
line is a fit to the Cooper model25,26. The inset shows an optical
image of a 14 nm FeSe device capped with a thin layer (~20 nm) of
h-BN. The scale bar corresponds to 10 μm. See Methods for
definition of error bars.
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in the width of the superconducting transition. However, for our
thinnest device of 14 nm (made out of 25 monolayers of FeSe) the
sheet resistance is ~233Ω/◽ (where Ω/◽ is the standard unit of
sheet resistance) which is still much lower than the quantum
resistance required to cause localisation (the mean free path
reaches ℓ ~ 6.5 nm for 14 nm flake)36.

Enhancement of the upper critical field anisotropy in FeSe
thin flakes
A key feature of two-dimensional superconductivity is the
significant enhancement of anisotropy in the angular dependence
of the upper critical field Hc2

14. To investigate the suppression of
superconducting behaviour in a magnetic field we have measured
the resistance of several devices for different orientations of
applied field. Figures 3a, b show the temperature dependence of
the resistive transition of a thin flake device with t= 14 nm in
constant magnetic fields up to 0.8 T with H∣∣c, and in fields up to
8 T with H∣∣(ab). Additional transport measurements as a function
of magnetic field performed at different fixed temperatures, as
well as at fixed angles θ are shown in Supplementary Fig. S6.
Based on these measurements, one can construct the phase
diagram of the upper critical field for several different devices, as
summarised in Fig. 3d.
In addition, to assess the changes in the superconducting

anisotropy at the lowest experimental temperature we have
performed an angle-dependent study of the upper critical field
Hc2(θ) for two devices with t= 14 nm and t= 24 nm at T= 2 K, as
presented in Fig. 3c using a methodology presented in Fig. 8. To
be able to compare the two different devices, we plot the ratio
Hc2(θ)/Hc2(θ= 0)), as shown in Fig. 4c. Using the anisotropic
Ginzburg–Landau (GL) theory37, we can extract the anisotropy
parameter Γ defined by the ratio between Hc2 when H∣∣(ab) to Hc2

for H∣∣c. We find that Γ increases significantly from 2.4 for the t=
24 nm device to >10 when t= 14 nm. This indicates a significant

increase in anisotropy as the flakes become thinner and closer to
the two-dimensional limit, as shown in Fig. 4b (additional data for
a t= 16 nm flake is shown in Fig. 7). The value for the thicker flake
device is comparable to the value of 1.8 observed in bulk FeSe
crystals38, while the thinner flake device has a large anisotropy,
comparable to that observed in FeS crystals39. This suggests that
the enhanced anisotropy can be linked to an increase in two-
dimensionality of the Fermi surface.
As the superconducting anisotropy, Γ, is strongly temperature

dependent, we analyse in detail the complete superconducting
phase diagram as a function of magnetic fields parallel and
perpendicular to the conducting planes for different devices, as
shown in Fig. 3d. We find that the standard three-dimensional
Werthamer–Helfand–Hohenberg (WHH) model40, with the inclu-
sion of spin paramagnetism and spin-orbit scattering, describes
the temperature dependence of the upper critical field of the thick
100 nm flake device. A list of all obtained parameters can be found
in Supplementary Table S1. Orbital pair breaking alone accounts
for the temperature dependence of Hc2 for H∣∣c, as shown in Fig.
3d. However, when the magnetic field is aligned along the
conducting (ab) plane, a Pauli pair breaking contribution has to be
included which reduces the orbital-limited critical field by
μ0H

orb
c2 =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ α2M
p

, where αM is the Maki parameter. The extracted

a

c d

bt = 100 nm α = 3

t = 100 nm

t = 14 nm α = 3

t = 14 nm

α = 3

α = 1α = 1

α = 3

Fig. 2 BKT behaviour in FeSe thin flakes. a, b Voltage-current (IV)
curves for 100 nm and 14 nm FeSe devices at different temperatures
in the vicinity of Tc. The solid black lines are linear fits to the low
current regime used to extract the exponent α from the V ∝ Iα(T)

dependence. c, d Plot of the exponent α extracted from a, b) (left
axis) and the resistance transition (right axis) as a function of
temperature. α(T) reaches a value of 3 at TBKT= 6.67 K for the 100 nm
and TBKT= 2.9 K for 14 nm device. The location of TBKT is indicated by
an arrow.

a b

c d

t = 14 nm
H||(ab)

t = 14 nm
H||c

Fig. 3 Thickness dependence of the upper critical field anisotropy
Hc2 (θ) of FeSe thin flakes. a, b Superconducting transition of a t=
14 nm FeSe thin flake device as a function of magnetic field applied
parallel and perpendicular to the crystallographic c-axis, respec-
tively. c Angular dependence of the superconducting upper critical
field, Hc2(θ), at 2 K for devices with thickness of t= 14 nm and t=
24 nm (raw data are shown in Supplementary Fig. S6) Dashed line
represents a fit to the Ginzburg–Landau model for a type-II
anisotropic superconductor and the solid line represents a fit to
the 2D-GL model42. Here Hc2 is defined as the offset of super-
conductivity rather than the resistive transition midpoint as in the
other cases. See Methods for definition of error bars. d The
temperature dependence of the upper critical field for four FeSe
devices with the magnetic field applied either parallel (open
symbols) or perpendicular (closed symbols) to the crystallographic
c-axis. Dashed lines represent fits to the WHH orbital pair-breaking
model and the solid line represents a fit to the 2D-GL expression for
Hc2 (T)37.
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Maki parameter αM is 2.4 for thick flakes (t= 54 and 100 nm), close
to the value of αM= 2.1 found for bulk single crystals38. For a
thinner flake (t= 24 nm), the Maki parameter increases to 4.15. To
describe the data fully the spin-orbit scattering constant needs to
be included and varies from λSO ~ 0.2− 0.35 (see Supplementary
Fig. S5). Our WHH fitting parameters are close to the values
obtained for FeSe0.6Te0.6 single crystals where αM ~ 5.5 and λSO ~
1 suggesting that the upper critical field is dominated by Pauli
paramagnetic effects41.
In stark contrast to the behaviour found in thick devices, the

thinnest measured device with t=14 nm exhibits a drastically
different temperature dependence of the upper critical field for
Hc2∣∣(ab), reaching a relatively high value of ~12 T at 2 K despite
the strongly suppressed Tc ~ 3.63 K. As a result, the slope close to

Tc increases dramatically, predicting extremely large orbital
limiting field Horb

c2 ¼ �0:69jdHc2=dT jT¼TcT c (94 T as shown in
Supplementary Table S1) for H∣∣(ab) and the Maki parameter
becomes extremely large, αM ~ 11. This makes the WHH model
less suitable to describe the experimental data of the thinnest
flakes. Instead, we use a 2D Ginzburg–Landau (GL) theory42, which
predicts a square root temperature dependence of the in-plane
Hc2 close to Tc. This accurately describes the observed behaviour
of the t= 14 nm device, as shown in Fig. 3d by the solid line and
in Supplementary Fig. S5. This finding further emphasises the
change in character of superconductivity of FeSe in the thin limit,
determined by a highly two-dimensional Fermi surface.

DISCUSSION
In order to compare the effect of thickness on the upper critical
field of FeSe devices we investigate a reduced upper critical field
phase diagram, by normalising the upper critical field as h= Hc2/
HP(0) against the reduced temperature T/Tc of each device, as
shown in Fig. 4a. Here, the BCS Pauli paramagnetic limit is defined
in the weak coupling limit as HP(0)= 1.85Tc

43. Interestingly, for
thick devices we observe a similar temperature dependence of the
reduced upper critical field for each orientation that can be well
described by the WHH model. Furthermore, the in-plane upper
critical field at zero temperature exceeds the BCS Pauli limit, Hc2(0)
~ 1.6HP(0) for thick flakes and increases above 2 for the thinnest
t= 14 nm flake (Fig. 4a). However, FeSe is an unconventional
multi-band superconductor which is expected to deviate from the
BCS limit. The Pauli limiting field can exceed the single-band
estimate since there are several anisotropic gaps but a single Tc

44,
and therefore one could expect that the largest gap sets the Pauli
limit45,46. Considering the largest value of the superconducting
gap of bulk FeSe of Δ ~2meV44, the ratio 2Δ/(kBTc) ~ 5.3 is specific
to the strong coupling limit. As a result, the Pauli limiting field can
reach a value determined by ~Δ/

ffiffiffi

g
p

μB of 24.4 T for g= 242, which
is close to the in-plane upper critical field of bulk FeSe47. As the in-
plane critical field of FeSe thin flakes is reduced to 20 T or below
one can envisage that the dominant gap Δ is reduced as well, as
observed for the thicker flakes (see Fig. 3d). Assuming a fixed
coupling constant, we would then expect that the bulk Pauli
limiting field of 24.4 T to be reduced to approximately 10 T in the
14 nm flake, lower than our measured values of in-plane Hc2 at low
temperature (see Fig. 3d).
Exceeding the BCS Pauli paramagnetic limit coupled with a

large value of the Maki parameter (without a finite λSO) can create
the conditions in a clean system with shallow electronic bands for
a first-order transition at low temperatures, known as an FFLO
state48,49. An FFLO state is characterised by a real-space
modulation of the superconducting order parameter either in
amplitude or phase such that the system energy is minimised
under the constraints of a large Zeeman energy and super-
conducting condensation energy45–48,49. Bulk FeSe is a clean
system and it has a least one electron-like shallow band and an
FFLO sate was recently suggested to occur22,47, which manifests as
a drastic upturn in the in-plane upper critical field at low
temperatures, but is not observed in our thin flake devices. In
monolayer systems such as NbSe2

14, and ion gated MoS2
50,

intrinsic spin-orbit interaction effects can lead to Ising super-
conductivity and a significant increase of Hc2∣∣(ab), a factor 6.5
above HP(0)

14. As FeSe flakes retain inversion symmetry at all
thicknesses due to the lack of interfacial effects, this mechanism
cannot explain the enhancement of Hc2(ab)/HP(0) in the t= 14 nm
device.
Figure 4b summarises the thickness dependence of the

superconducting critical temperature Tc and the upper critical
field anisotropy parameter Γ at T= 0.9 Tc. We observe that while Γ
increases, the critical temperature Tc decreases suggesting the
evolution towards two-dimensional superconductivity in the thin
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ab 3D

ab 2D
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T = 0.9Tc

2D Quasi-2D

c

c /√2 

Fig. 4 Thickness dependence of the reduced upper critical field
Hc2/HP (θ), critical temperature Tc, anisotropy Γ, and coherence
lengths ξab, ξc of FeSe thin flakes. a The reduced superconducting
critical field Hc2/HP(0) as a function of reduced transition tempera-
ture T/Tc for magnetic field applied either parallel (open symbols) or
perpendicular (closed symbols) to the crystallographic c-axis for
devices of different thickness. Dashed lines represent fits to the
WHH orbital pair-breaking model and the solid line represents a fit
to a 2D-Ginzburg Landau model42. b The anisotropy parameter, Γ,
defined by the ratio of Hc2 for the two field orientations presented in
a at 0.9Tc (left axis) and Tc (right axis) as a function of thickness, t.
c The coherence lengths obtained from the slope of Hc2 in the vicinity
of Tc as detailed in the Supplementary Material. The horizontal solid
line indicates the c=

ffiffiffi

2
p

-axis layer spacing of bulk FeSe. The shaded
area indicates the crossover towards a two-dimensional highly
anisotropic superconducting phase, and the dashed lines in b and c
are guides to the eyes. See Methods for definition of error bars.
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limit of FeSe flakes. To understand this further, we use the
Ginzburg-Landau formalism to estimate the coherence lengths
from the slope of the upper critical value near Tc for the two
magnetic field orientations in Fig. 3d. Figure 4c shows that the
coherence length in the (ab) plane, ξab, exponentially increases
from ~4 nm to a value of ~10 nm in the thin limit. These
coherence lengths were estimated using the 3D GL theory and are
a factor of 2 larger than the values extracted using 2D GL theory in
the thin limit (see Fig. 4c). In contrast, ξc decreases significantly as
the flakes get thinner, to ξc ~ 0.6 nm when t= 14 nm, much
smaller than the bulk value of ξc ~ 1–2 nm51, and is comparable in
length to the c-axis lattice constant of ~0.55 nm, providing further
evidence that the superconductivity is becoming increasingly two-
dimensional, by confining the order parameter in one unit cell of
FeSe. In this case, the weak Josephson coupling of the (ab) planes
strongly reduces the role of orbital pair-breaking effects on Hc2.
This result is somewhat surprising, as a t= 14 nm flake is
composed of approximately 25 individual FeSe layers, well above
the FeSe monolayer limit and not comparable in thickness to the
bulk value of ξc. At low temperatures the in-plane upper critical
field is significantly suppressed due to Pauli limiting effects and
the coherence length, ξc, is likely to increase, as shown in Fig. 11.
The superconductivity in two-dimensional superconductors can

also be suppressed by disorder. In the 2D limit, conduction
electrons can be easily localised due to the quantum interference
effect in the presence of disorder that give rise to Anderson
localisation52. As the degree of disorder increases, the super-
conductivity can be destroyed due to the suppression of
amplitude of the superconducting order parameter or when the
phase fluctuates strongly and its coherence is lost. Despite a
reduced Tc and lower RRR when compared to bulk, the normal
state sheet resistance of the t= 14 nm device is ~233 Ω/◽ and
remains well below the quantum resistance (RQ= h/4e2= 6.45 kΩ/◽)
at which a superconductor-insulator transition is expected to
occur36. This indicates that the suppression of Tc is not driven by
disorder, as was previously reported in amorphous thin films33. In
order to ensure that the observed suppression of superconduc-
tivity and broadening effects are not extrinsic, we have examined
the effect of air exposure on Tc, shown in Supplementary Fig. S2.
We find that the encapsulated FeSe thick flakes are quite robust to
air exposure whereas the thinner ones are more sensitive.
However, the timescale required to significantly reduce Tc is
much longer than that used in our study (which was less than 1 h).
Another important parameter that can affect the superconduct-

ing and transport behaviour of thin flakes of FeSe is the strain
induced by the substrate and its changes with temperature.
Recent work on thin films of FeSe showed that positive in-plane
strain enhances Tc, whilst reducing the structural transition at Ts

11.
This indicates that the suppression of both superconductivity and
the structural transition in flakes cannot be solely attributed to in-
plane strain effects from the substrate. However, the substrate
inherently affects the thin flakes and can play a role in
determining the local microstructure of the nucleated twin
domain structure, and may lead to broader superconducting
transitions in thinner samples.
The superconducting anisotropy of almost 10 detected in FeSe

thin flakes is large compared with bulk FeSe and flakes of
FeTe0.55Se0.45 of similar thickness. However, large anisotropy is
also found in the ultra thin limit of a 1 nm FeSe EDLT device with a
large Tc ~ 40 K53, suggesting that the character of the two-
dimensional superconductivity is not changed by gating and
doping of charge carriers. Furthermore, the presence of the strong
two-dimensional 2D superconducting fluctuations seems to be a
signature of multi-band iron-based superconductors and it was
found in 500 nm thick films of FeSe33. To reconcile the two-
dimensional nature of SC fluctuations with the dominant two-
dimensional behaviour found for the upper critical field of the
thinnest flakes, the 2D fluctuations need to dominante the

superconductivity in multiband iron-based superconductors like
FeSe (see Fig. 10), and they can originate from a single purely 2D
band. Such a 2D band might be derived from in-plane dxy
orbitals22, but it may be only one of the two bands that dominate
the upper critical field of FeSe (Fig. 10). Thus, the multi-band
superconductivity of FeSe requires further theoretical under-
standing to elucidate the evolution of the multi-band models from
bulk towards the two-dimensional limit.
The reduced dimensionality of thin flakes together with the

short coherence lengths can enhance the thermal fluctuations of
the superconducting order parameter near Tc, in comparison to
classical superconductors54. In thin flakes of FeSe the type of
fluctuations described by the Ginzburg number (that can be also
related to ðkBT c=EFÞ4) can be large due to the small Fermi energy
of FeSe22. This number increases upon reduction of the flake
thickness, approaching values similar to those found in cuprates54.
The presence of these fluctuations coupled with the observation
of the BKT transition in the thinnest flakes supports the idea that
by thinning down FeSe, one stabilises a fluctuating two-
dimensional and highly anisotropic superconductor. The suppres-
sion of superconductivity can be either linked to strong
fluctuations or potentially to the loss of Josephson coupling
between conducting layers. As flakes become thinner, screening
of the Coulomb interaction becomes weaker and eventually the
superconductivity is destroyed. For a system with a very small
Fermi energy, such as FeSe, this mechanism is expected to be
particularly pronounced. It remains to be understood how this
type of superconductor interacts with a substrate to drive high-Tc
superconductivity towards the single atomic layer limit. The
interface between the FeSe monolayer and the SrTiO3 substrate
also plays an important a role in superconductivity due to the
strain caused by the lattice mismatch, enhancement of electron-
phonon coupling, polaronic effects associated with the high
dielectric constant of the substrate, and carrier doping from the
interface5,55.
In summary, we have investigated the evolution of super-

conductivity in high quality FeSe thin flakes devices as a function
of thickness. We have observed signatures of the BKT transition for
both thin and thick flakes suggesting that a highly two-
dimensional pairing channel dominates superconductivity in FeSe.
On the other hand, the upper critical field for thick flakes shows
similar behaviour to that of bulk FeSe, and only in the thin limit
the upper critical field becomes highly anisotropic. Our studies
indicate that in the absence of a dopant substrate, the multi-band
superconductivity of FeSe thin flakes has a dominant two-
dimensional character, but the upper critical field is strongly
affected by multiband effects. This supports the premise that
enhanced strong two-dimensional fluctuations of FeSe could be
one of the key components of this multi-band superconductor
possibly stabilised by different orbital effects. Future studies are
needed to assess independently the role of strain and carrier
doping in stabilising the robust high-temperature superconduct-
ing state in FeSe.

METHODS
Thin FeSe flakes were mechanically exfoliated from high quality single
crystals onto silicone elastomer polydimethylsiloxane (PDMS) stamps.
Flakes of suitable geometry and thickness were then transferred onto Si/
SiO2 (300 nm oxide) substrates with pre-patterned Au contacts using a dry
transfer set-up housed in a nitrogen glovebox with an oxygen and
moisture content <1 ppm. To minimise environmental exposure a thin
capping layer (~20 nm) of hexagonal boron nitride (h-BN) was then
transferred on top of the FeSe flake, encapsulating the sample. An optical
image of a typical sample is shown in the inset of Fig. 1d. The thickness of
each sample was accurately determined by atomic force microscopy (AFM)
after all measurements had been completed. Error bars in thickness were
determined by taking the average of multiple scans across each flake.
Typical contact resistances were of the order of 100–1000 Ohms at base
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temperature, depending on the thickness of the FeSe flake, and the size of
the contacts. Magneto-transport measurements at temperatures down to
2 K and magnetic fields up to 16 T were performed using a Quantum
Design Physical Property Measurement System (PPMS), with an additional
sample measured at temperatures down to 0.37 K and magnetic fields up
to 37.5 T at the High Field Magnet Laboratory (HFML-EMFL) in Nijmegen
(see Fig. 4). The Hall and longitudinal resistivity contributions were
separated by (anti)symmetrizing the data using 4-point measurements
obtained under negative and positive magnetic fields. The devices
presented are of high quality having a relatively high residual resistance
ratio (RRR), R(300 K)/R(15 K) ~6−16, as detailed in Supplementary Fig. S3.
The superconducting critical temperature, Tc, and upper critical field, Hc2

was normally defined as the position at which the resistance reached 50%
of its normal state value or the maximum in its derivative. Error bars in Fig.
1d and Fig. 4b are defined by the onset and offset values of the
superconducting critical temperature as shown in Fig. 8. The upper critical
field was measured for two different orientations of the conducting (ab)
plane with respect to the applied magnetic field (either parallel to the
conducting plane, H∣∣(ab) (θ= 90∘) or perpendicular to it, and parallel to
the crystallographic c-axis, H∣∣c (θ= 0∘)). Angular-dependent studies were
also performed at 2 K. Error bars in Fig. 3c and Fig. 4c are given by
uncertainty in linear fits to the field induced resistive transition.
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Upper critical field and relevant parameters

In an conventional BCS superconductor, an external magnetic field can destroy the Cooper

pairs either due to a) the orbital pair breaking due to the Lorentz force acting on the charge of the

paired electrons, known as the orbital limit, ∆ ∼ µ0µBH
orb
c or b) due to the Pauli paramagnetic

pair breaking as a result of the Zeeman energy that leads to the alignment of the two opposite spins

of the two electrons forming the singlet state with the applied field, called the Pauli paramagnetic

limit [1].

WHH model

The single-band model by WHH provides predictions for the upper critical field, Hc2 of type-II

superconductors as a function of temperature, T in the dirty limit given by [2]:

ln
1

t
=

∞∑

ν=−∞

1

|2ν + 1|−

[
|2ν + 1 +

h

t
+

(αMht)
2

|2ν + 1 + (h+ λso/t)

]−1
, (1)

where t = T/Tc, and h = 4Hc2/[π
2Tc (dHc2/dT )T=Tc . λso = ~/(3πkBTcτso) accounts for spin-

orbit and spin-flip scattering with τso as the mean free scattering time.

In the absence of spin paramagnetic effect (αM = 0), the upper critical field is restricted by

orbital pair breaking effect. In the weak-coupling case, assuming λso = 0):

Horb
c2 = −0.69 · Tc · |dHc2/dT |T=Tc (2)

The Maki parameter, αM =
√

2Horb
c2 /H

pm
c2 indicates which of the orbital or spin-paramagnetic

effects is more dominant in determining the upper critical field. When αM > 1 the paramag-

netic effects become essential. This condition can be easily satisfied for materials with low Fermi

energies and high Tc.

In a single-band system, in the clean limit the parameter αM for H||c is given by [3]:

αM =
π∆m∗

4EFme

(3)

and for H||(ab) by

αM =
π∆vabF m

∗

4EFmevcF
(4)

where where vabF and vcF are Fermi surface velocities.
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For H||c, the FFLO instability occurs at αM > 1.8, where for a single-band spherical Fermi

surface which implies ∆ > EF, which can hardly happen in a single-band conventional super-

conductor with a low effective mass m∗ ∼ me [4]. The criterion αM > 1.8 can be satisfied more

easily in strongly anisotropic materials in a magnetic field parallel to the layers, H||ab, in which

case αM is enhanced by the large vabF /v
c
F ratio. A FFLO state would be easier to stabilize forH||ab,

in strongly correlated materials in presence of strong correlations where m∗ � me [4].

Coherence lengths. The superconducting coherence length quantifies the size of Cooper pairs.

In a clean metal with a large Fermi velocity, it is the strong overlap of Cooper pairs that provides

the superconducting phase coherence and the coherence length is given by:

ξ0 =
~vF
π∆

(5)

where vF is the Fermi velocity and ∆ the energy gap.

In a dirty superconductor, the mean free path ` is much shorter than the coherence length which

is given by:

ξd =

(
~`vF
3π∆

)1/2

(6)

where vF is the Fermi velocity and ∆ the energy gap.

The upper critical field perpendicular to the conducting planes, Hc2⊥ is determined by vortices

whose screening currents flow parallel to the planes.

The coherent lengths ξab and ξc were estimated from the single band anisotropic Ginzburg-

Landau equations

Hc
c2 = Hc2⊥ =

Φ0

2πξ2ab
(7)

and

Hab
c2 = Hc2|| =

Φ0

2πξabξc
(8)

The anisotropy ratio Γ is given by

Γ =
Hab

c2

Hc
c2

=
Hc2||
Hc2⊥

=
ξab
ξc

(9)

Superconductivity in anisotropic superconductors is confined to the two-dimensional planes.

The three-dimensional phase coherence is provided by Josephson current between planes.
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2D Ginzburg-Landau model A 2D Ginzburg-Landau (2D-GL) theory predicts that the upper

critical field follows the following relationship:

H⊥c2(T ) =
ϕ0

√
12

2πξGL(0)t

(
1− T

Tc

)1/2

(10)

where φ0 is the flux quantum, t is the thickness of the superconducting layer, and ξGL is the

Ginzburg-Landau coherence length. The 2D-GL behaviour exhibits a square root temperature

dependence of Hc2 ‖ab close to Tc which accurately describes the observed behaviour of the flake

with t= 14 nm.

Angular dependence of the upper critical field The anisotropic Ginzburg-Landau (GL) the-

ory [5] describes the angular dependence of the upper critical field given by the following expres-

sion: (
Hc2(θ) sin θ

H⊥c2

)2

+

(
Hc2(θ) cos θ

H
‖
c2

)2

= 1. (11)

When the conducting layers consisting of a quasi-2D superconductors are sufficiently decou-

pled, the angle dependence of Hc2 obeys the 2D Tinkham model and the orbital pair-breaking

effect is dominant. However, when Hc2 is dominated by the Pauli paramagnetic pair-breaking

effect, the angle dependence is expressed by the 3D anisotropic GL model regardless of the in-

terlayer coupling strength. In this case, the anisotropy of superconductivity reflects that of the

g-factor in the Zeeman term.

The 2D Tinkham model for thin-film superconductivity is given by [1],

Hc2(θ)| cos θ|
H⊥c2

+

(
Hc2(θ) sin θ

H
‖
c2

)2

= 1. (12)
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TABLE S1. Summary of superconducting parameters of the FeSe thin flake devices for different thickness

t. The listed parameters contain beside superconducting critical temperature, Tc, the WHH fitting param-

eters related to the the upper critical field slope of near Tc, (dHc2/dT)T=Tc , the orbital upper critical field,

µ0Horb
c2 , the zero-temperature extrapolated upper critical field µ0Hc2. The extracted Maki parameter, αM,

and the spin-orbit scattering constant, λSO, are listed.

t Tc (dHc2/dT)T=Tc µ0H
orb
c2 (0) µ0Hc2(0) αM λSO

(nm) (K) (T/K) (T) (T)

H‖c H‖ab H‖c H‖ab H‖c H‖ab H‖c H‖ab H‖c H‖ab

100 7.02 2.85 9.21 14.0 42.4 14.2 20.1 0 2.40 0.20 0.20

58 6.85 2.94 8.98 13.9 38.4 13.6 19.9 0 2.40 0.20 0.20

24 5.38 2.07 13.5 7.69 42.6 7.71 16.1 0 4.15 0.30 0.30

14 3.63 1.31 37.5 3.02 96.0 3.29 13.3 0 11.0 0.35 0.35

[6] R. Schneider, A. G. Zaitsev, D. Fuchs, and H. Von Löhneysen, J. Phys. Condens. Matter 26, 7 (2014).
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a

dc

b
t = 14 nm t = 24 nm

t = 58 nm t = 100 nm

FIG. S1. a-d) Temperature dependence of resistance four FeSe thin flakes with different thickness used to

build the phase diagram in Fig. ??. The insets show a close up of the superconducting transitions.
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t = 28 nm t = 48 nma b

c

FIG. S2. a,b) Temperature dependence of resistance normalised to 10 K (R/R10K) for a t=28 nm and

t=48 nm FeSe device measured after exposure to air for several hours. Samples were measured over several

days with no effort to control the humidity. The temperature during exposure was kept constant at 300 K.

b) Extracted superconducting transition temperatures from a,b), here the error bars indicate the width of the

resistive transition. The dashed lines are guides to the eye.
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a b

c

FIG. S3. a) Thickness dependence of the minimum in dR/dT associated with the temperature at which

bulk FeSe undergoes nematic ordering. The solid line indicated the temperature at which this structural

transition happens in bulk FeSe single crystals (Ts=89 K). b) Thickness dependent of the superconducting

transition width. The dashed line is a guide to the eye. c) Thickness dependence of the residual resistivity

ratio (R/R300K). The dashed line is a guide to the eye.
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a b
t = 14 nm

H||(ab)

t = 14 nm

H||c

t = 24 nm

H||c

t = 24 nm

H||c

t = 24 nm

H||(ab)

c d e

t = 58 nm

H||c
t = 58 nm

H||c

t = 58 nm

H||(ab)

t = 100 nm

H||c

t = 100 nm

H||(ab)

f g
c

i j

h

FIG. S4. Temperature dependence and angular magnetic field dependence of the resistance of FeSe devices

with thickness 14-100 nm.
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t = 58 nm

H||(ab)

t = 14 nm

H||(ab)

t = 14 nm

H||(ab)

t = 14 nm

H||(ab)

a b

c d

FIG. S5. a) Temperature dependence of the upper critical field of a t=58 nm sample with an applied field

||(ab). The solid lines are fits to WHH theory with varied α and λso. b) The upper critical field squared

as a function of reduced temperature for a t=14 nm device. The dashed line is a linear fit, indicating that

Hc2||(ab) follows a square root dependence near Tc c) The upper critical field as a function of reduced

temperature for a t=14 nm device. The dashed lines indcate fits to WHH theory with varied α with λso kept

at a value of 0.35. The solid line is a fit to 2D-GL theory. d) A close of c) near Tc.
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t = 14 nm

a b

dt = 24 nmc T = 2 K

t = 24 nm

T = 2 K

t = 14 nm

FIG. S6. Angular dependence of the resistance transition and upper critical field Hc2(θ) at 2 K for a 14 nm

(a) and 24 nm (c) sample. In b,d) we plot the offset value of Hc2 defined as a linear fit between the

superconducting state and the phase transition. Dashed lines are fits to the GL theory for an anisotropic

type-II superconductor. The solid line in b) is a fit to the 2D-Tinkham expression for Hc2(θ).
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a b
t = 16 nm

H||c

t = 16 nm

H||(ab)

t = 16 nmc d t = 16 nm

FIG. S7. a,b) Superconducting transition of a t=16 nm FeSe thin flake device as a function of magnetic

field applied parallel and perpendicular to the crystallographic c-axis. c) Temperature dependence of Tc

as a function of magnetic field applied parallel and perpendicular to the crystallographic c axis. Tc were

determined by the resistive transition midpoint. Dashed lines represent fits to the WHH orbital pair-breaking

expectation for Hc2(T ) for the case of H ‖ c and 2D-GL theory for H ‖(ab). d) Reduced temperature

dependence T/Tc as a function of the ratio between in-plane upper critical field and the Pauli limited

critical field Hc2/HP.
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t = 14 nm

t = 14 nma b

c dt = 14 nm t = 14 nm

FIG. S8. a) The superconducting transition temperature offset value T offc is defined as the intersect of a

linear fit between the superconducting state and the resistance transition. The onset value T on
c is defined as

the intersect of a linear between the resistance transition and the normal state resistance. b) The midpoint

value Tmid
c is defined as the maximum value of a fit to the derivative of the resistance transition. c) Temper-

ature dependence of Hc2 as a function of magnetic field parallel and perpendicular to the crystallography c

axis of the 14 nm flake. The error bars are the onset and offset values of the superconducting transition as

detailed in a) and b). d) The phase diagram as in c) but in reduced units of reduced temperature T/Tc and

magnetic field, H/HP, where HP is the Pauli limited critical field.
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FIG. S9. Resistance against temperature in the vicinity of the superconducting transition for two samples

with thickness t = 14 in a) and 58 nm in c). The low temperature resistive part is fitted toR = Rne
a−bt−1/2

,

where Rn is the normal state resistance [6]. The dashed lines are fits to the high-temperature regime above

Tc, a and b are constants and t = (T − TBKT)/TBKT is the reduced temperature. b), d) The dependence

ln(R/Rn) against t−1/2 for the two different samples from a) and c). A linear dependence is evidence that

the lowest temperature finite resistance region can be described in terms of BKT effects.
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a

b

c

FIG. S10. a) Upper critical field of a 58 nm thin flake of FeSe fitted using a two-band model, as detailed in

Ref. [4] for different orientations. The fitting parameters are listed for H||c in b) and for H||(ab) in c) and

are consistent with s± pairing in FeSe.

4.2. Publication entitled: “Suppression of superconductivity and enhanced critical field
anisotropy in thin flakes of FeSe”

69



16
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0
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(n
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c ((dHc2/dT)|T=T
c
)

c (Hc2(0))

ab 2D

c/√2 

FIG. S11. The coherence lengths obtained both from the slope of Hc2 in the vicinity of Tc as well as from

the zero temperature extrapolated upper critical field, Hc2(0) that includes the Pauli paramagnetic effects,

as shown in Table 1. The horizontal solid line indicates the c/
√
2 layer spacing of bulk FeSe. The shaded

area indicates the crossover towards a two-dimensional highly anisotropic superconducting phase.
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4.3. Discussion & concluding remarks

4.3 Discussion & concluding remarks

The work presented in Section 4.2 represents an important contribution to the understand-

ing of superconductivity in FeSe as the thickness is reduced towards the monolayer limit.

This work reports on the evolution of superconductivity as a function of thickness in thin

flakes of the iron-based superconductor FeSe, in the absence of a doping substrate, and is

the first systemic study of its kind. This was achieved by employing deterministic transfer

techniques and encapsulation to fabricate high quality FeSe thin flake devices with thick-

nesses in the range 9-100 nm. This approach allows access to the intrinsic superconducting

properties of an iron-based superconductor in the ultra-thin limit, without the drawbacks

of thin-film growth techniques that introduce strong substrate interactions and strain.

It was found that the superconductivity in FeSe thin flakes is continuously suppressed

with reducing thickness, with Tc pushed below our experimental measurement limit (2

K) for flakes thinner than 10 nm. The regime at which these changes occur is somewhat

surprising as this crossover appears to occur at a thickness of ∼20 molecular layers, which

is a regime where other layered other materials such as NbSe2 appear to behave like bulk

crystals [74,75]. It was observed that there is a transition from a weakly anisotropic super-

conductor in thicker flakes, to a highly anisotropic superconductor in samples approaching

the 2D limit, where superconductivity is suppressed and the in-plane coherence length ξab

is found to be reduced below the value of the c-axis layer spacing. Furthermore, evidence

of a vortex-antivortex unbinding BKT transition is observed, which suggests the domi-

nance of the two-dimensional behaviour of superconductivity in FeSe thin flakes. This is

in stark contrast to highly disordered thin films which exhibit a superconductor-insulator

transition below 100 nm [92].

In summary, this work identifies a strong change in the character of superconductivity

from the thick limit, in which samples show similar behaviour to that of bulk FeSe, to

the thin limit where superconductivity is strongly suppressed and highly anisotropic. An

extension to this work is detailed in the following Chapter, and focusses on providing

insight into the accompanying changes to the electronic structure and carrier dynamics

that occur in thin FeSe flakes inferred from magnetotransport and quantum oscillation

measurements.
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Chapter 5

Highly mobile hole carriers and localised electrons

in ultra-thin flakes of FeSe

5.1 Preamble

As outlined in Section 2.3, there is significant interest in understanding the superconduct-

ing properties of FeSe as a function of thickness. Thin films of FeSe have been intensely

studied since the discovery of high temperature superconductivity in monolayer FeSe films

grown on SrTiO3 [9]. However, as discussed in Section 2.3.3, there is a need to examine

the electronic and superconducting properties of FeSe monolayers in the absence of strong

substrate interactions. This Chapter follows on from Chapter 4 and aims to provide fur-

ther information about the thickness-dependent changes that occur in FeSe flakes using the

complementary techniques of magnetotransport and quantum oscillations. Understanding

superconductivity requires detailed knowledge of the normal electronic state from which it

emerges. The use of an applied magnetic field is a unique tuning parameter that can reveal

information about both the high temperature and low temperature electronic behaviour

through the magnetic suppression of superconductivity. High magnetic fields can also be

used as a probe of the Fermi surface through the measurement of quantum oscillations.

The development of low temperature chemical vapour transport (CVT) methods has

allowed for the growth of high quality single crystals with nearly perfect stoichiometry

and without impurity phases [93]. Quantum oscillations in the magnetic susceptibility

and transport properties of CVT grown bulk FeSe have been reported in a number of

previous studies [61, 94–96], however, to date there have been no studies of quantum

oscillations in FeSe thin films in which the thickness dependence can be explored. This is
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probably due to the need for high quality samples in which the impurity scattering rate

is sufficiently small that oscillations are experimentally detectable. An alternative to thin

film growth is the use of the dry-transfer technique. With this method it is possible to

exfoliate thin flakes from CVT grown crystals and subsequently make electrical contacts

to them without significant degradation. High quality samples of this type with different

thicknesses can then be used to examine the changes in electronic structure of FeSe as it

is thinned towards the single layer limit.

This Chapter reports on a detailed investigation of the changes that occur in the

electronic structure of thin exfoliated flakes of FeSe as a function of thickness. A draft

paper by L. Farrar et al. entitled “Highly mobile hole carriers and localised electrons in

ultra-thin flakes of FeSe” is presented in Section 5.3.2. This work focusses on the thickness

dependence of the magnetotransport properties of FeSe thin flake devices fabricated using

a dry-transfer technique. This fabrication method removes the need for the prolonged

exposure of the FeSe structures to air and lithographic chemicals, yielding high quality

devices. These FeSe thin flakes devices are primarily characterised by measurements of the

magnetotransport and quantum oscillations as a function of temperature and applied field

parallel to the crystallographic c-axis. The temperature dependence was studied using two

variable temperature cryostats, with a base temperature 1.8 K and 360 mK respectively.

The magnetic field dependence (B ‖c) was studied using applied magnetic fields up to 16

T and 37.5 T in two different magnet systems.

5.2 Introduction

5.2.1 Sample quality

A useful probe of the quality of a metallic crystal is the residual resistance ratio (RRR)

which is defined as the ratio between the measured resistance at room temperature (R300K)

and at 0 K (R0K). As 0 K cannot in practice ever be reached, an extrapolation from low

temperature data is used for conventional metals, while in the case of superconductors

where the normal state cannot be reached below Tc at zero field, the RRR is typically

defined as a ratio between the room temperature resistance and a value just above the

superconducting transition. This ratio is useful since impurity scattering is the only re-

maining scattering mechanism at 0 K. In two chemically similar metals, a lower value of

the resistivity at low temperature (i.e. a larger RRR) indicates a sample of higher quality
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Figure 5.1: Temperature dependence of the normalised resistance R/R(300K) for a bulk single

crystal of FeSe and a thin flake of FeSe of thickness t = 125 nm. The inset shows a close up of the

superconducting transition.

due to a reduction in the magnitude of impurity scattering.

To asses the quality of our thin flake devices in comparison to the bulk crystals from

which they were exfoliated, we plot the normalised resistance of a bulk crystal and a thin

flake with thickness t = 125 nm in Figure 5.1. From this it can be seen that, at least in this

125 nm sample, the RRR of the thin flake is identical to that of the bulk crystal, indicating

that the observed changes in the electronic structure and Tc cannot be attributed to any

degradation of the thin flake during the fabrication process.

5.2.2 The Hall effect in bulk FeSe

At high-temperature, the low field Hall voltage of FeSe is observed to be linear in applied

field, changing sign twice above 90 K. In this high temperature regime, the compensated

two band model described in Section 3.2.1 can be used to describe the resulting behaviour.

However, for bulk FeSe at low temperatures, the Hall effect is observed to become increas-

ingly non-linear as seen in Figure 5.2 a. This non-linearity can be attributed to the presence

of a second electron pocket with very high mobility and low carrier density [95]. At high

fields, the Hall coefficient is observed to change sign, indicating that the low temperature

mobility of the hole band is larger than that of the high carrier density electron pocket.

In contrast to this behaviour the Hall effect of FeSe flakes below 90 K is observed to be

strictly positive in fields up to 16 T. This discrepancy is of significant interest to the work

presented in this Chapter, and is discussed in further detail in Section 5.3.2.
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a) b)
Bulk Flake

Figure 5.2: Hall resistivity as a function of magnetic field for a) a bulk single crystal of FeSe and

b) a thin flake of FeSe with thickness t = 125 nm.

5.2.3 Shubnikov de Haas oscillations

Shubnikov de Haas (SdH) oscillations are oscillations in the transport properties of met-

als, i.e. ρxx and ρxy as a function of applied magnetic field, and reveal very important

information about the electronic structure of a material. The oscillatory contribution to

the conductivity in the Shubnikov de Haas effect is given by:

σi = σi0

(
1 +Ai sin

(
2πFi
B

))
, (5.1)

where Ai is the amplitude of oscillation of the ith Fermi surface related to the mobility

through the Dingle term as seen in Section 3.3.1, and Fi is the oscillation frequency in

Tesla. Assuming no contribution from Fermi surface corrugation (i.e. the Fermi surfaces

are strictly 2D cylinders), the oscillatory part of the signals to first order in A (i.e., A�
1) is given by [95]:

ρoscxx =
σh0σe0

(ne)2 (σh0 + σe0)
2×

(
σe0Ah sin

(
2πFh
B

)
+ σh0Ae sin

(
2πFe
B

))
H2

(5.2)

and

ρoscxy =
2σh0σe0

(ne) (σh0 + σe0)
2×

(
Ah sin

(
2πFh
B

)
−Ae sin

(
2πFe
B

))
H,

(5.3)

where σh0 and σe0 are the conductivities of the hole and electron bands respectively, and

n is the compensated carrier density.
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Figure 5.3: Inverse field-dependent oscillatory component of a) the magnetoresistance and b) the

Hall resistivity for a t = 58 nm FeSe thin flake at T = 0.37 K and c-d) the corresponding FFT.

One difficulty with the technique of quantum oscillations is its inability to determine

whether the oscillations are due to a hole or electron Fermi surface. Nevertheless, informa-

tion about carrier type can be obtained by examining the relative amplitudes of oscillations

in the longitudinal resistivity and Hall voltage. Firstly, it should be noted that the am-

plitude of oscillations is proportional to the mobility through both the conductivity σi0

and amplitude Ai i.e., a carrier with a larger mobility will exhibit stronger oscillations in

both ρxx and ρxy. However, as can be seen in the two equations above, the terms inside

the brackets are different for the two components in that for ρxx, the oscillation amplitude

Ai is multiplied by the mobility of the other carrier species, while in the case of ρxy, the

amplitude component inside the bracket depends only on the mobility of the respective

type (i.e., the hole mobility for hole bands and electron mobility for electron bands). This

means that for a two carrier system such as FeSe, the oscillations of ρxy will be propor-

tionally more sensitive to the oscillations of the more mobile carrier. This interpretation

assumes that the scattering process may not transfer a carrier from one type to the carrier
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pocket of the second type, or equivalently that the scattering rate of an electron depends

only on quantum oscillations arising from an electron pocket. For FeSe, this is a reasonable

assumption as quantum oscillations are only observed at low temperatures (< 2 K) where

the dominant process will be impurity scattering which resembles Rutherford scattering,

and as such strongly favours low-q processes. In the case of FeSe, a material in which the

Fermi surfaces are small and well-separated within the Brillouin zone, this will result in

a minimal amount of interband scattering and thus quantum oscillations in FeSe can be

reasonably approximated using the interpretation above.

As discussed in the following manuscript, it is observed that in thin flakes the hole

mobilities are significantly larger than that of the electrons. As a consequence of this, it

would be expected that stronger oscillations are detected in the ρxy component, as the

oscillations in ρxx from the more mobile hole Fermi surfaces are damped by the localised

electrons. This is indeed observed in the case of the t = 58 nm sample, where the oscillatory

component of ρxy is significantly stronger than the relatively weak oscillations observed in

ρxx as seen in Figure 5.3. From this, we are confidently able to assign this signal to the

Fermi surface pocket with hole-like character.

5.2.4 Nematic domains

Electronic nematicity is a correlated electronic state which breaks the rotational sym-

metry of the underlying crystalline lattice. This phase manifests as a transition from a

tetragonal to orthorhombic structure, and is observed in bulk FeSe below Ts = 90 K.

Despite the small changes in the lattice parameters, significant anisotropy occurs in the

electronic structure as described in Section 2.3.2. Due to the presence of impurities or

strain, orthorhombic domains emerge at Ts, with a domain wall at the boundary between

two orthogonal domains. Depending on the size of these domains, they may (or may not)

significantly impact magnetotransport measurements of thin flakes of FeSe. This is due

to the relatively small size of these flakes, which are typically of the order of a few µm in

size.

To date a number of studies have measured the size of these nematic domains, however,

there appears to be a disparity between the sizes of domains observed in thin films and

bulk crystals. Using polarised reflectivity [97] and nano-ARPES [98], the domain size

of bulk crystals is found to be a few micrometers in size. In contrast, in thin films

of FeSe, these domains are observed to be of the order of some tens of nanometers in
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size [99,100]. Additionally, the domain walls in FeSe/STO films are observed to suppress

both superconductivity and nematicity [99], indicating that an increase in the density

of domain walls within a sample may have a profound effect on the resulting transport

properties. As we have so far been unable to measure the size of domains in our thin

flakes, it is not possible to quantify the influence that they may have on our samples.

However, it should be noted that they may potentially play an important role in the

thickness dependent transport properties of FeSe thin flakes.
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The magnetotransport behaviour of bulk FeSe reveals unusual behaviour that cannot be reconciled with other
data from spectroscopic probes. In order to understand the role played by the multiband electronic structure
and the degree of two-dimensionality in this system we have investigated the electronic properties of exfoliated
FeSe thin flakes as a function of thickness from bulk down towards the momlayer limit. Magnetotransport and
Hall resistivity measurements in magnetic fields up to 16 T and temperatures down to 2 K are well described by
fits to a two-band model and indicate that high-mobility hole bands dominate the magnetotransport behaviour of
these flakes at low temperatures. This conclusion is supported by a mobility spectrum analysis of these data that
reveals a strong asymmetry between the mobilities of the electron and hole carries, in stark contrast with bulk
FeSe. Finally, the detailed analysis of quantum oscillations measured at T = 0.37 K on a thin flake in magnetic
fields up to 37.5 T reveals the presence of a hole quasiparticle that is 50% times lighter than the comparable
carrier in bulk FeSe with scattering time that is approximately three times shorter. Our study provides important
insights into the changing dimensionality and carrier dynamics as FeSe samples are reduced in size from three-
dimensional down towards the monolayer limit in the absence of a dopant substrate.

Anisotropic single-particle scattering in multiband systems
can be realised in a number of different systems that ex-
ist close to electronic instabilities, including the iron-based
superconductors. In these materials, the nesting of elec-
tron and hole Fermi surfaces strongly enhances interband
spin or charge fluctuations with a wave vector close to the
nesting vector. These fluctuations are expected to promote
highly anisotropic scattering between the nested Fermi sur-
faces. FeSe is a unique example of a system where these
effects can be expected since, unlike other Fe-based super-
conductors, β-FeSe undergoes a tetragonal to orthorhombic
distortion at Ts ≈ 90 K without the onset of long range mag-
netic order, followed by the onset of superconductivity at ∼9
K.

The two-dimensional nature of FeSe also generates signif-
icant interest due to the discovery of high temperature su-
perconductivity in monolayer FeSe grown on SrTiO3 [1–4],
which is one of the highest critical temperatures amongst all
iron-based superconductors. However, as the thickness of the
FeSe films is reduced, superconductivity is usually observed
to be suppressed, resulting in a superconductor-insulator tran-
sition caused either by disorder or strain induced by the mis-
match in lattice parameters [5, 6]. Hence the enhancement
of superconductivity in FeSe/SrTiO3 films is thought to be
caused by carrier doping at the interface [7]. In order to under-
stand the ingredients contributing to this new high temperature
superconducting phase, it is vital to understand the changes in
electronic structure that take plase as the material is thinned
down towards the monolayer limit.

Due to the weak van der Waals (vdW) bonding of the FeSe
layers, the material cleaves readily perpendicular to the crys-
tallographic c axis, suggesting that it could have potential ap-
plications in vdw heterostructure devices [8, 9]. Using me-

chanical exfoliation, thin flakes of FeSe can be readily iso-
lated with thicknesses ranging from hundreds of nanometres
down to a single monolayer. Using fabrication methods that
require no direct lithographic patterning, electrical contacts
can be made to flakes without any significant degradation of
quality, allowing systematic investigations of the thickness de-
pendence of the electronic structure free from significant sub-
strate interactions.

Previous work on exfoliated FeSe thin flakes has shown that
superconductivity is suppressed as their thickness is reduced.
However, the upper critical field, that reflects the evolution of
the multiband nature of superconductivity in FeSe, only be-
comes strongly anisotropic and highly two-dimensional in the
thin flake limit [10]. In order to understand the interplay be-
tween the observed anisotropy and the sample thickness in this
system, in-depth studies of the electronic structure of FeSe
thin flakes are required.

In this work we present a magnetotransport study of exfoli-
ated thin flakes of FeSe and compare them with the behaviour
of the high quality bulk crystals from which they were ex-
tracted. Using a two-band model and mobility spectrum anal-
ysis, we find that the hole carriers in thin flakes have signif-
icantly higher mobilities than the electron carriers which ap-
pear to become localised at low temperatures, possibly due
to increasing orbital-dependent correlations. We also detect
quantum oscillations in the transport properties of a t = 58
nm flake which indicate the presence of hole-like bands with
lighter masses but increased scattering rates as compared with
bulk FeSe samples.

Experimental details. Thin FeSe flakes were mechani-
cally exfoliated from high quality single crystals onto silicone
elastomer polydimethylsiloxane (PDMS) stamps. Flakes of
suitable geometry and thickness were then transferred onto
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Si/SiO2 (300 nm oxide) substrates with pre-patterned Au-
contacts using a dry transfer set-up housed in a nitrogen glove-
box with an oxygen and moisture content <1 ppm. To min-
imise environmental exposure, a capping layer of thin (∼20
nm) hexagonal boron nitride (h-BN) was transferred on top of
the FeSe flake. The thickness of each sample was measured
using an atomic force microscope (AFM) after all magneto-
transport measurements had been performed. Magnetotrans-
port measurements at temperatures down to 2 K and magnetic
fields up to 16 T were performed using a Quantum Design
Physical Property Measurement system (PPMS), with high
field measurements performed at the High Field Magnet Lab-
oratory in Nijmegen (up to 37.5 T) in a Helium-3 cryostat.
The magnetoresistance and Hall resistivity contributions were
separated by symmetrizing and antisymmetrizing the data ob-
tained in positive and negative magnetic fields. The non-ideal
flake and contact geometries were accounted for by numeri-
cally evaluating the resistance to resistivity conversion factors.
Details of these calculations are provided in the Supplemen-
tary Materials (Fig. S1).

Thickness dependence of the transport properties of FeSe
thin flakes. Figure 1a) shows the temperature dependence of
the normalised 4-point resistance, R(T )/R(300K), for a bulk
crystal and six thin flakes devices with thicknesses in the range
14-125 nm. We observe that the superconducting transition
temperature Tc is already lowered from the bulk value of Tc ≈
9 K, to 7.2 K in the thickest flake sample, decreasing still fur-
ther to 3.6 K in a 14 nm sample. This suppression of super-
conductivity occurs despite the high residual resistance ratio
(RRR) of ∼40 in the 125 nm sample, which is comparable to
the bulk crystal from which the flakes were exfoliated. In thin-
ner flakes we observe that the RRR value falls as a function of
decreasing thickness, reducing to 5.5 in the 14 nm sample.

An important feature in FeSe transport data is the signature
of the emergence of the nematic phase that triggers a tetrag-
onal to orthorhombic structural transition at Ts and resulting
in significant in-plane distortion of the Fermi surface [13]. In
the thickest devices (t > 50 nm) we observe this as a cusp in
dρ/dT near Ts ≈ 90 K, close to the temperature at which it is
observed in bulk crystals. However, in thinner samples (t <
50 nm), this transition is strongly smeared and less clearly
defined with the minimum of the temperature derivative oc-
curring at lower temperatures. Figure 1b) shows the variation
of Ts and Tc as a function of inverse thickness (1/t), reveal-
ing that both are suppressed in thinner samples and suggesting
that these two parameters are correlated.

Low-field magnetotransport behaviour. FeSe is a stoichio-
metric compound in which charge compensation requires that
n = ne = nh. At high temperatures (T > 75 K) the mangeto-
transport properties of bulk FeSe can be accurately described
using a compensated two-band model in which the two bands
correspond to a hole pocket at the Brilloiun zone centre and
an electron pocket at the M point respectively [14]. A key
feature of this model is that the magnetoresistiance does not
saturate, and that the Hall voltage is linear as a function of the
applied magnetic field. Below the structural transition temper-

a

28 nm

14 nm

Bulk

58 nm

24 nm

125 nm

100 nm

b

d
b
c

e f

t = 125 nmt = 125 nm

t = 14 nm t = 14 nm

Nematic
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FIG. 1. a) Temperature dependence of the normalised resistance
R(T )/R(300K) for a bulk crystal and six thin flake devices (t = 14-
125 nm). b) Inverse thickness dependence of the superconducting
transition temperature, Tc, and the structural transition temperature,
Ts. Bulk values are shown on the far left (yellow symbols). The
dashed line is a fit to the Cooper model [11, 12]. c-f) The magnetic
field dependence of the magnetoresistance, ρxx, and Hall resistivity,
ρxy , for two different samples with thickness t = 14 and 125 nm.

ature, Ts (∼75 K), bulk crystals display the onset of non-linear
behaviour in the Hall effect, indicating a deviation from this
compensated two-band behaviour. This can be attributed to
the presence of a third Fermi pocket, with the behaviour being
accurately captured in a three-carrier model [15] with an ad-
ditional highly mobile but lower carrier density electron band
[14]. In particular, the presence of a third band explains the
reversal of the Hall coefficient from negative at low fields to
positive at high fields.

Figure 1c-f) shows the field dependence of the magnetoreis-
tance, ρ/ρ (B = 0), and Hall resistivity, ρxy , for two differ-
ent devices with thicknesses 125nm and 14 nm respectively.
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The two-band picture accurately describes the high tempera-
ture magnetotransport properties of both bulk FeSe and thin
flakes in which ρxy is observed to be linear in magnetic field
down to T = 75 K. However, at lower temperatures, the mag-
netotransport behaviour of the thin flake devices begins to de-
viate significantly from that of the bulk crystal. Although the
thicker 125nm device shows the development of non-linear
ρxy(B) below 75 K, it is extremely weak, and reverts to an
almost linear field dependence at 10 K (see Fig. S3 for the
temperature dependence of dρxx/dB and dρxy/dB). This
deviation may be due to the presence of a new low carrier
density band, or could be a result of anisotropic carrier scat-
tering [16]. In contrast, the thinner 14nm flake displays linear
ρxy(B) at all temperatures, similar to previous reports on thin
FeSe flakes [17].

To analyse this behaviour in more detail we perform a
mobility-spectrum analysis of the magnetotransport data, an
approach that has previously been successful in characteris-
ing the transport behaviour of bulk FeSe [18]. The modelling
is based on the methodology due to Huynh et al. [19], and
describes the carrier density as a function of mobility with-
out any assumptions about the transport parameters. Note that
the negative electron charge is accounted for by assigning it a
negative value of mobility in this picture. Figure 2a shows the
resulting normalised mobility spectrum for a 125 nm sample
at various temperatures. At T = 75 K, a sharp peak is seen in
the positive (hole) side of the spectrum, with a smaller shoul-
der appearing on the negative (electron) side, a clear signature
for one hole band mobility and one electron band mobility.
At this temperature the mobility of the holes is found to be
slightly larger, explaining the positive sign of the Hall coeffi-
cient as seen in Fig. 2c. As the temperature is reduced these
two peaks begin to separate, indicating that both holes and
electrons are becoming increasingly mobile. However, below
T = 45 K, the electron peak plateaus and is observed to smear
out. In contrast, the mobility of the holes continues tto in-
crease, reaching µh ∼ 1200 cm2V−1s−1 at T = 10 K.

Turning our attention to the bulk behaviour (Figure 2b),
we observe the presence of the additional low carrier density,
highly mobile electron band (e2) as a shoulder to the left of
the high carrier density electron band (e1). Comparing this
with the 125 nm and 14 nm flakes, it can be seen that there is
no clear signature of a third high mobility electron peak at any
temperature. In addition, the first electron pocket, e1, is con-
siderably less mobile in the 125 nm sample than in the bulk
sample, despite the fact that the hole mobilities at T = 30 K
remain similar at µh = 360 cm2V−1s−1 and 470 cm2V−1s−1

respectively. In the case of the 14 nm sample, both the e1

electron and hole mobilities have been drastically reduced as
compared to the bulk crystal, with values at T = 30 K of µe =
-80 cm2V−1s−1 and µh = 160 cm2V−1s−1.

To examine the impact that the more mobile holes have on
the magnetotransport behaviour, we plot the low field (B <
1T) Hall coefficient, RH = ρxy/B, in Figure (2b). It can be
seen that all the thin flake devices display a positive Hall co-
efficient below Ts. Furthermore, the Hall coefficient appears

a b

dc

e f

B < 1 T

Ts ≈ 90 K

t = 125 nm

30 K

45 K

75 K

125 nm

14 nm

T = 30 K

Bulk

60 K

20 K

e1

e2

e2

e1

FIG. 2. a) Temperature dependence of the mobility spectra of
electron-like (negative) and hole-like (positive) carriers for a 125 nm
FeSe device. b) Mobility spectra for a bulk crystal and two thin flake
devices (t = 14 and 125 nm) at T = 30 K. c) The temperature de-
pendence of the low field Hall coefficient (B< 1 T) for a bulk FeSe
crystal and three thin flake devices (t = 14-125 nm). The Hall co-
efficient has been extracted from a straight line fit to the data below
1 T. d) Temperature dependence of the carrier density extracted from
the compensated two-carrier model. Bulk data points are taken from
[14]. e) Temperature dependence of the hole and f) electron mobil-
ities for various samples (see legend). The three-carrier model has
been used below 75 K to account for the development of low-field
non-linearity in the bulk FeSe Hall effect data.

to increase in thinner flakes, suggesting that the transport be-
haviour is dominated by the hole carrier. The very large in-
crease in RH observed in the thinnest t = 14 nm flake is dif-
ficult to reconcile in terms of the difference in electron and
hole mobilities, and instead suggests a significant decrease in
the carrier concentration in the this samples. Overall, the be-
haviour of the Hall coefficient in thin flakes of FeSe is similar
to that found in thin films of FeSe1−xSx [20] and single crys-
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tals of sulphur doped FeSe1−xSx (for x > 0.11) [21], but is
in stark contrast to bulk FeSe, in which RH becomes negative
below the nematic transition at Ts as seen in Fig. (2c).

To provide further insights into the properties of carriers
in the thin flakes, we simultaneously fit ρxx and ρxy to the
compensated two-band model described earlier. From this we
can extract the carrier density n = nh = ne, and the field-
independent mobilities µh and µe, as shown in Figure 2d-f.
Data from a previous report on bulk single crystals of FeSe is
also shown as a comparison [14]. It can be seen that at high
temperatures (T > 120 K), the extracted values for n are sim-
ilar to that of bulk samples, which show a relatively constant
carrier density of n ≈ 3 − 4 × 1020 cm−3 in this tempera-
ture range. Below 120 K, the carrier density shows a marked
reduction to a value of n ∼ 1.5 × 1020cm−3 at 45 K, before
rapidly increasing back something close to the room temper-
ature value below 10 K. The drop in carrier density below Ts

cannot be reconciled with the expectation that the Fermi sur-
face pockets should only deform but not change size inside the
nematic phase in the absence of spin density wave order. It has
been speculated that this reduction may be caused by the onset
of strongly anisotropic scattering at the Fermi surfaces below
Ts [22], arising from the presence of strong spin fluctuations
(as seen by NMR [23]). The consequence of these is that parts
of the Fermi surfaces that are nested by the antiferromagnetic
ordering vector will experience a dramatic increase in the scat-
tering rate [24]. Since our model assumes isotropic scattering
on all bands, the calculated drop in the effective carrier den-
sity in the absence of any change in the Fermi surface volume,
could then be a manifestation of strongly anisotropic scatter-
ing. Clearly this must be having a very pronounced effect on
the calculated effective carrier density, with almost half of the
carriers apparently missing below Ts. A key feature of this
could be a peak in the magnitude of scattering at intermedi-
ate temperatures (possibly explaining the peak magnitude of
the (negative) Hall coefficient in bulk samples near T = 20
K), before decreasing again in the limit of T = 0 K when only
isotropic impurity scattering remains. This could then explain
the recovery of the apparent value of n for T < 20 K back to
its high temperature value in both the 125 nm and bulk sam-
ples.

The extracted mobilities from our two-band analysis are
shown in Figure 2e,f, in which we observe a striking differ-
ence in the behaviour of the two types of carrier (µe1 and µh).
In all cases we find that the hole mobilities are much larger
than those of electrons, exhibiting a similar temperature de-
pendence to that of the bulk e1 band. The hole mobiliies are
also very similar in the thicker FeSe flakes (t > 100 nm),
while the 28 nm sample exhibits a slightly decreased mobil-
ity of µh = 810 cm2V−1 at T = 10 K which can probbaly be
attributed to the increasing importnace of surface scattering
due to the increasing surface-to-volume ratio in thinner sam-
ples. In contrast to the behaviour of the holes, the electron
mobility of thin flakes displays a much weaker temperature
dependence that deviates significantly from the bulk e1 curve.
Only the electron mobility plateaus in thin flake samples at

FIG. 3. Quantum oscillations in a t=58 nm flake of FeSe. a) Re-
sistivity as a function of B1.55 and b) Hall resistivity as a function
of B for a t = 58 nm flake at T = 0.37 K. The dashed lines high-
light the observed linear dependence for magnetic fields up to 37.5
T. c) Quantum oscillations in ρxy of the t = 58 nm flake and bulk sin-
gle crystal for comparison [14]. d) The corresponding FFT spectra
from (c) for the flake (shaded area) and bulk smaples. e) The tem-
perature dependence of the oscillation amplitude for the t = 58 nm
flake. A Lifshitz-Koseivich (LK) fit (solid line) to these data yields
an effective carrier mass of meff = 3.1(2)me. f) A Dingle plot of
the FFT amplitudes allowing a mean free path of ` = 138(13) Åto
be extracted from the slope (solid line). (The Dingle temperature,
TD = 4.5± 0.4 K, and the quantum scattering time, τc = 0.27 ps).

low temperatures, as is clearly seen in the mobility spectra of
Figure (2f) . The contrasting behaviour of the mobilities of the
holes and electrons could potentially reflect orbital-dependent
localisation effects that are a function of the flake thickness.

High-field magnetotransport behaviour. Figure 3a and b
show the magnetotransport behaviour of a t = 58 nm flake in
applied magnetic fields up to 37.5 T. The Hall resistivity is
observed to be strictly linear in magnetic field as expected for
a perfectly compensated two-band system, and in contrast to
the non-linear behaviour seen in bulk samples. However, the
longitudinal magnetoresistance exhibits a B1.55 dependence,
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similar to that found in bulk FeSe at high magnetic fields [25].
We detect quantum oscillations in both the ρxx and ρxy , how-
ever, the amplitude of the signal in the Hall component is
much stronger. These oscillations in ρxy signal at T = 0.37
K are shown in Fig. 3c alongside similar oscillations from a
bulk single crystal [14]. Note that the amplitude of the oscil-
lations seen in the t = 58 nm flake has been multipled by a
fatcor of 20 in order that they be visible on the same vertical
scale.

The fast Fourier transform (FFT) spectra help to identify
the extremal areas of the Fermi surface pockets normal to the
applied magnetic field, Aki, and satisfy the Onsager relation,
Fi = Aki~/(2πe) [26]. The low-temperature experimental
Fermi surface of FeSe is composed of one warped cylindri-
cal hole band at Γ with oscillation frequencies β (kz = 0,
F = 164 T) and δ (kz = π/c, F = 664 T), and two warped
cylindrical electron Fermi surfaces located at the corners of
the Brillouin zone [13, 27, 28]. Two frequencies arise in a
quasi-2D cylindrical Fermi surface due to the presence of two
different extremal orbits contributing to the quantum oscilla-
tion signal, originating from the maximal and minimal areas.
In the thin flake, the observed oscillation frequency is 595 T,
which sits between the outer hole, δ, orbit and the outer elec-
tron orbit, γ, as shown in Fig. 3d. As the signal is more clearly
observed in the ρxy component, this is likely to correspond to
the most mobile carrier band which in this case is the hole
band, δ. The observed reduction in the size of the extremal
area of the Fermi surface suggests a reduction of kz warping
due to an increase in the degree of two-dimensionality.

The cyclotron-averaged effective masses of the quasiparti-
cles for each extremal orbit can be extracted from the temper-
ature dependence of the amplitude of the quantum oscillations
[26], as shown in Fig. 3e. The effective mass of the 595 T hole
oscillation is found to be∼ 3.1(2)me, much lighter that in the
bulk where the comparable δ hole effective mass is found to
be ∼ 4.5(1) me [27, 28].

In order to quantify how the amplitude of quantum os-
cillations at fixed temperatures is affected by impurity scat-
tering we calculate the Dingle temperature, TD [Fig.3f)],
which is a measure of the magnetic field-dependent damping
of the quantum oscillations. The Dingle factor is given by
RD = exp(−π2meffkBTD/µBB) = (−14.69meffTD/B),
and is determined by the impurity scattering rate τ−1 which
leads to exponential damping of the quantum oscillation am-
plitude in magnetic field, a process that is not usually renor-
malised by many body effects. Considering a simple two-
dimensional approximation to the Fermi surface, πk2

F =
A = 2πeF/~, the Dingle factor can be expressed as RD =
exp(−1140

√
F/`qB), with `q in Angstroms and F ,B in

Tesla [29]. This approach allows us to determine the quan-
tum mean free path of `q = 138 ± 13 Å and Dingle temper-
ature TD = 4.5 ± 0.4 K. The quantum scattering time is re-
lated to the Dingle temperature by τq = ~/(2πkBTD) and cor-
responds to a ’quantum lifetime’, which is generally shorter
than the ’transport lifetime’, i.e., the time taken to fully ran-
domise the linear momentum of an electron. For the thin flake

with t=58 nm we find τq = 0.27(2) (ps), corresponding to
a quantum hole mobility of µq ∼ 158 cm2/Vs and a Fermi
velocity of vF=5.1 × 104 m/s (vF = `q/τq). This quantum
scattering time in the thin flake is a factor of 3 shorter than
the comparable hole band of bulk FeSe for which τq = 0.7(1)
(ps) (TD = 1.6 ± 0.2 K, `q = 277 ± 35 Å). This indicates
an increase in the impurity scattering rate of the flake sample
which can also be seen in the threefold reduction in the RRR
when compared to bulk. To estimate the classical mobility we
fit ρxx and ρxy for this t=58 nm sample to the two-band model
yielding µh=1040 cm2/Vs, which can be used to estimate the
classical scattering time τh=1.83 ps. The difference between
the two scattering times probably results from the sensitivity
of the quantum mobility to both small and large angle scatter-
ing events, while the transport mobility is mainly dominated
by large angle scattering.

Conclusions. In summary, we have performed magneto-
transport measurements on high quality FeSe thin flakes with
thicknesses in the range 14 - 125 nm. It was found that al-
though the samples studied exhibited relatively large RRR’s
(up to 40 in the thickest device), their magneotransport be-
haviour was strikingly different from the bulk crystals from
which they had been exfoliated. We observe that the low
field, low temperature Hall coefficient is positive below Ts in
all the thin flake samples, with a Hall resistivity that is very
close to linear in magnetic field at all temperatures. Below the
structural transition temperature we find that the hole carri-
ers have considerably higher mobilities than the electron car-
riers which appear to become localised at low temperatures,
possibly as a result of orbital-dependent correlations. Finally
we analyse quantum oscillations in the Hall resistivity of a t
= 58 nm flake to infer the presence of hole-like bands with
lighter masses and increased scattering rates than the compa-
rable hole band in bulk FeSe. Further theoretical work will be
required to understand the relationship between the thickness
of FeSe flake samples, the carrier dynamics and the electronic
structure.
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Superconductor-insulator quantum phase transition in disor-
dered FeSe thin films, Phys. Rev. Lett. 108, 10.1103/Phys-
RevLett.108.257003 (2012).

[6] Z. Feng, J. Yuan, G. He, W. Hu, Z. Lin, D. Li, X. Jiang,
Y. Huang, S. Ni, J. Li, B. Zhu, X. Dong, F. Zhou, H. Wang,
Z. Zhao, and K. Jin, Tunable critical temperature for supercon-
ductivity in FeSe thin films by pulsed laser deposition, Scien-
tific Reports 8, 4039 (2018).

[7] Q. Wang, W. Zhang, Z. Zhang, Y. Sun, Y. Xing, Y. Wang,
L. Wang, X. Ma, Q. K. Xue, and J. Wang, Thickness depen-
dence of superconductivity and superconductor- insulator tran-
sition in ultrathin FeSe films on SrTiO3(001) substrate, 2D
Mater. 2, 10.1088/2053-1583/2/4/044012 (2015).

[8] A. K. Geim and I. V. Grigorieva, Van der Waals heterostruc-
tures, Nature 499, 419 (2013).

[9] K. S. Novoselov, A. Mishchenko, A. Carvalho, and A. H. Castro
Neto, 2D materials and van der Waals heterostructures, Science
353, 10.1126/science.aac9439 (2016).

[10] L. S. Farrar, M. Bristow, A. A. Haghighirad, A. McCollam, S. J.
Bending, and A. I. Coldea, Suppression of superconductivity
and enhanced critical field anisotropy in thin flakes of fese, npj
Quantum Materials 5, 1 (2020).

[11] L. N. Cooper, Superconductivity in the neighborhood of metal-
lic contacts, Physical Review Letters 6, 689 (1961).

[12] J. Simonin, Surface term in the superconductive Ginzburg-
Landau free energy: Application to thin films, Physical Review
B 33, 7830 (1986).

[13] A. I. Coldea and M. D. Watson, The key ingredients of the
electronic structure of FeSe, Annu. Rev. Cond. Matt. Phys. 9,
10.1146/annurev-conmatphys-033117-054137 (2018).

[14] M. D. Watson, T. Yamashita, S. Kasahara, W. Knafo, M. Nar-
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Supplemental Material: Highly mobile hole carriers and localised electrons in ultra-thin flakes of
FeSe

FIG. S1. Optical image of a 125nm thick FeSe flake device. (b) Calculated potential distribution and (c) the modulus of the calculated current
density for a 144x66 site model of the sample geometry shown in (a) with g = σρH = 0.01. Superimposed solid and dotted lines indicate the
boundaries of the underlying current and voltage leads respectively.

Geometrical corrections

The exfoliation of rectangular-shaped flakes onto pre-patterned contacts leads to samples with rather non-ideal geometries.
The current flow is inevitably quite inhomogeneous and the contacts extend a long way underneath the flake, violating the
assumptions of the van der Pauw approach commonly used for irregularly-shaped samples. As a consequence the longitudinal
and Hall resistivities have been estimated from finite difference solutions of the transport equation for a realistic sample and
contact geometry. For our two-dimensional problem the equation to be solved is

~E + ρH ~J × ẑ = σ−1 ~J, (S1)

where ~E is the 2D electric field and ~J the 2D current density, ẑ is unit vector perpendicular to the sample and σ and ρH =
B/((n2de)) are the sheet conductivity and Hall resistivity of the flake respectively, with n2d the carrier concentration. In
the example illustrated in Fig. S1 this equation has been solved in terms of the potential, V, on a 144x66 site grid subject
to the following boundary conditions. Along the left and right edges where Jx=0, the two components of the electric field
satisfy Ex = −(σρH)Ey . Along the top and bottom edges where Jy = 0, the two components of the electric field satisfy
Ey = (σρH)Ex. Once the solution has converged the current passing through the device, I, is calculated by summing the
following expression for Jx down a vertical line through the centre of the device.

Jx =
σ (Ex + (σρH)Ey)(

1 + (σρH .)
2
) (S2)

We assume that the current leads are strongly coupled to the sample and arbitrarily fix V1 = 0V and V4 = 1V everywhere in
the flake directly above them. In contrast we assume that the voltage contacts are only weakly coupled to the flake reflecting the
strong anisotropy of our layered materials, and calculate the potential at each of the voltage leads as the average of the potential
in the flake directly above it. It is then straightforward to show that the scaling factors (which are typically in the range 1-3) that
must be applied to obtain the longitudinal resistivity, % = 1/σ, and the Hall resistivity, ρH , from the experimentally-measured
longitudinal resistance, R, and Hall resistance, RH , are

% =
(

I
V̄3−V̄2

)
×R,

%H =
(

I·g
V̄2−V̄6

)
×RH .

(S3)

Here g = σρH =0.01 is a parameter that used in the numerical calculation to effectively define the magnetic field used to solve
for the Hall voltage. Since Equation S1 is linear in B the scaling factor calculated in S3 does not depend on this.
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Two-band model

Considering a multi-band system in which current is applied along the x axis of a sample with a magnetic field applied along the
z axis, the total resistivity is given by ρ =

(∑
i ρ
−1
i

)−1
which in an applied magnetic field B leads to

ρi =

( 1
σi
−RiB

RiB
1
σi

)
(S4)

where σi = |nieµi| and Ri = −1/nie contain the carrier densities ni and mobilities µi of i number of bands. In the case of a
two carrier system such as the one presented in this study, the resistivities are given by

ρxx =
(σ1 + σ2) + σ1σ2

(
σ1R

2
1 + σ2R

2
2

)
B2

(σ1 + σ2)
2

+ σ2
2σ

2
2 (R1 +R2)

2
B2

and

ρxy =

(
σ2

1R1 + σ2
2R2

)
+ σ2

1σ
2
2R1R2 (R1 +R2)B2

(σ1 + σ2)
2

+ σ2
1σ

2
2 (R1 +R2)

2
B2

As FeSe is a compensated two band system, we assign the conductivities σi to correspond to a hole and electron band. Compen-
sation requires that R1 = -R2 = 1/ne leading to a simplified form of the expression above

ρxx =
1 + 1

(ne)2σhσeB
2

(σh + σe)

and

ρxy =

1
(ne) (σh − σe)B

(σh + σe)
.

By fitting the magnetic field dependence of both the magnetoresistance ρxx and Hall effect ρxy to the above equations, the
carrier density n and the two mobilities µe and µh can be extracted. In thicker flakes we observe a non B2 field dependence of
the magnetoresistance at high fields (>7 T), similar that seen in bulk FeSe [S25]. As such, we fit only the low field range as
detailed in Table I.

The Lifshitz-Kosevich equation

The amplitude of quantum oscillations can be describe by the Lifshitz-Kosevich equation [S30]:

Ω =
(
e

2π~
)3/2 e~V B5/2

m∗π2

∑
Aext

∣∣∣∂
2Ak,i

∂k2⊥

∣∣∣
−1/2

∑∞
p=1 p

−5/2RTRDRS , cos
(

2πp
(
F
B − 1

2 + φB

2π

) [
±π4
])
,

(S5)

where RT , RD, and RS are damping terms. The first sum extends over all extremal Fermi surface areas Ak,i perpendicular to
the applied field, while the second over all p harmonics of the fundamental oscillation frequency. These oscillations are periodic
in 1/B with a frequency which is determined by orbits on the Fermi Surface that enclose locally extremal momentum space area,
where Fi = ~

2πeAk,i.
The first damping term, RT , accounts for the thermal broadening from the Fermi-Dirac distribution with temperature and is

given by

RT =
X

sinh(X)

X =
2π2kBTpm∗

e~B

(S6)

where m∗ is the quasiparticle effective mass. RT depends on the ratio X ∝ kBT/~ωc, where ωc = eB/m∗ is the cyclotron
frequency. These two equations contain the temperature dependence of the amplitude of oscillation, and by fitting data to
Equation S6 the effect mass of m∗ can be extracted.
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The second damping term, RD, is accounts for the impurity scattering of the electrons and is given by

RD = exp
(
−πpmb

eBτ

)
= exp

(
−2π2pmbkBTD

e~B

)
, (S7)

where τ is the scattering time,mb is the band mass, and TD = ~/2πkBτ is the Dingle temperature. This equations is determined
by the impurity scattering rate which acts to exponentially dampen the amplitude of the quantum oscillation in magnetic field.

The third damping term, RS , accounts for the Zeeman splitting of Landau levels, however, is not relevant for this study.
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TABLE I. Parameters extracted from magnetotransport measurements on FeSe using both compensated (ne1=nh1) and uncompensated (ne1 6=
nh1) two-band model to explain the low-temperature-high field regime as well as a three-band model to explain the low field-high temperature
data for different samples, as discussed in the text. The carrier density n and mobility µ of each carrier can be compared with quantum
oscillations value for the hole band of nh = 3.6× 1020 cm−3.

Parameters (model) ∆T (K) ∆B (T) h1 e1 e2

Bulk
n (2-band, S2) (1020 cm−3) 1.5 28-56 3.8(1) 4.7(1) –
µ (2-band, S2) (cm2/Vs) 1335 499 –
n (2-band, S2) (1020 cm−3) 1.5 28-56 3.5(1) 3.5(1) –
µ (2-band, S2) (cm2/Vs) 756 401 –
n (3-band, S4) (1020 cm−3) 10 0-13.5 2.71 2.03 0.68
µ (3-band, S4) (cm2/Vs) 623 457 1843
t = 125 nm
n (2-band) (1020 cm−3) 10 0-5 2.8(1) 2.8(1) –
µ (2-band) (cm2/Vs) 1290 192 –
t = 58 nm
n (2-band) (1020 cm−3) 0.37 20-37.5 1.39(3) 1.39(3) –
µ (2-band) (cm2/Vs) 1040 323 –
meff (2-band) (me) 3(2) – –
t = 28 nm
n (2-band) (1020 cm−3) 10 0-15 1.38(9) 1.38(9) –
µ (2-band) (cm2/Vs) 813 247 –
t = 14 nm
n (2-band) (1020 cm−3) 10 0-12 0.48(3) 0.48(3) –
µ (2-band) (cm2/Vs) 246 100 –

TABLE II. Summary of parameters of the FeSe thin flake devices for different thicknesses t. The listed parameters include the supercon-
ducting critical temperature Tc defined as linear fits between the normal state and superconducting transition (on), superconducting state and
superconducting transition (off), and maximum of the derivative of the superconducting transition (mid). The structural transition temperature
Ts defined as the minimum of the kink in dR/dT . The residual resistance ratio (RRR) defined as the ratio between R(T )/R(300K). The
geometrical correction factors for ρxx and ρxy .

t (nm) Tc(off) Tc(mid) Tc(on) Ts RRR (300/10K) Geom (ρxx) Geom (ρxy)
14 3.20 3.60 4.10 58.7 5.5 2.03 1.47
28 6.06 6.47 6.89 79.8 12.4 2.73 2.23
58 6.65 6.85 7.13 89.1 9.3 4.89 3.02
125 6.74 7.16 7.52 89.5 40.0 3.48 2.64

FIG. S2. Temperature dependence of the resistivity for four thin flake devices with thickness a) 125 nm, b) 58 nm, c) 28 nm and d) 14 nm.
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a)i)

b)i)

c)i)

d)i)

ii) iii) iv)

ii) iii) iv)

ii) iii) iv)

ii) iii) iv)

t = 14 nm

t = 28 nm

t = 100 nm

t = 125 nm

FIG. S3. Temperature dependence of i) magnetoresistance ii) and its derivative iii) Hall effect iv) and its derivative for four thin flake devices
with thickness a) 14 nm b) 28 nm c) 100 nm and d) 125 nm.
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a) b) t = 58 nm  t = 58 nm

FIG. S4. Temperature of the a) magnetoresistance and b) Hall effect for a 58 nm device.

FIG. S5. Dingle plots to extract the mean free path for a) a t = 58 nm sample and b) a bulk single crystal.
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5.4 Discussion & concluding remarks

The work presented in Section 5.3 represents an important contribution to the understand-

ing of the electronic properties of FeSe as the thickness is reduced towards the monolayer

limit. This work reports on the evolution of the magnetotransport properties of thin flakes

of FeSe as a function of thickness in the absence of a doping substrate, and is the first

systematic study of its kind. This was achieved by employing deterministic transfer tech-

niques and encapsulation to fabricate high quality FeSe thin fake devices with thicknesses

in the range 14-125 nm. This approach allows access to information about the electronic

structure of an iron-based superconductor in the ultra-thin limit, without the drawbacks

of thin-film growth techniques that introduce strong substrate interactions and strain.

It was found that although the samples presented displayed relatively large RRR’s (up

to 40 in the thickest ones), their magnetotransport behaviour was strikingly different from

the bulk crystals from which they were exfoliated. We observed that the field-dependent

Hall effect in thin flakes is approximately linear and positive at all temperature below Ts,

in contrast to the negative, non-linear Hall effect observed in bulk FeSe. Conversely, in

thicker flakes, the field dependent exponent of magnetoresistance Bα, α is found to be α =

1.55, similar to that of bulk FeSe [101]. The origin of this field dependence is thought to

be related to the emergence of strongly anisotropic scattering below Ts. The observation

of the approximate B2 field dependence of the t = 14 nm sample at all temperatures

may be due to an increase in impurity scattering, or could reflect the interplay between

two-dimensionality and the mechanism responsible for the anisotropic scattering.

Using a two band model and mobility spectrum analysis, the field dependence of ρxx

and ρxy was fitted for three thin flake devices with thickness t = 28, 58, and 125 nm. By

comparing the resulting carrier densities and mobilities as a function of thickness, it was

observed that there is a dichotomy between the behaviour of electrons and holes. At high

temperatures, the hole and electron mobilities are similar in magnitude, however, upon

cooling the electrons become localised with their mobility plateauing at T ≈ 30 K. This

behaviour is observed in both the mobility spectrum and the parameters calculated using

a two band model. It is currently unclear why the behaviour of electrons is so different

to that of holes in thicker flakes at low temperature. However, as this strong divergence

emerges only below Ts, this may result from the interplay between nematicity and the

thickness. From ARPES measurements it is clear that the nematic ordering is orbital-
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dependent in that the band splitting that occurs at Ts is particularly large for bands with

dxz and dyz character [102]. It may be that as the thickness is reduced, the weighting of

these orbital-dependent correlations changes. To examine this, a similar study of sulphur

doped FeSe1−xSx where x > 0.17 may reveal key information as at this concentration,

nematicity is fully suppressed and the material remains tetragonal at all temperatures.

Quantum oscillations were detected in both the ρxx and ρxy resistivity components at

fields up to 37.5 T. By subtracting the background signal, the oscillatory component was

isolated and using a FFT the frequency of oscillation extracted. From this the temperature

dependence and magnetic field dependence of the oscillation strength was used to extract

information about the effective mass and scattering time of the bands. The main oscillation

frequency is thought to correspond to the δ hole Fermi surface at Γ in the Brillouin zone

and is observed to have a ∼30% reduction in effective mass when compared to bulk.

The extracted quantum scattering rate was found to be three times larger than in bulk,

probably due to an increase in impurity scattering due to a lower RRR. To obtain further

information from quantum oscillations both higher fields and samples with larger RRR

(i.e., a flake similar to the 125 nm sample) are needed. A higher field would allow for the

detection of frequencies below ∼150 T. Additionally, varying the relative angle between

the sample and the applied field would yield information about the kz dispersion of the

Fermi pockets and could provide further understanding about the effects that an increase

in the two-dimensionality have on FeSe.

In summary, this work identifies a strong change in the magnetotransport characteris-

tics of FeSe thin flakes when compared to high quality bulk single crystals Furthermore,

it is observed that the magnetotransport behaviour of thin flakes evolves as a function of

thickness. In the thick limit (>20 nm), the flake devices displayed hole mobilities which

at low temperatures were several times large than that of the electrons. In the t = 125

nm device, two mobilities at T = 10 K were found to be µh = 1290 (cm2V−1s−1) and

µe = 192 (cm2V−1s−1). This disparity in mobility between electrons and holes may be

due to orbital-dependent correlations. As the sample thickness in reduced below 20 nm,

the same thickness regime where 2D superconductivity was found to emerge in Chapter

4, both the hole and electron mobilities were observed to decrease significantly, reducing

to µh = 246 (cm2V−1s−1) and µe = 100 (cm2V−1s−1) at T = 10 K. Additionally, the

resistivity is observed to be three times larger than that of both bulk FeSe and thicker

exfoliated flakes, a phenomenon that cannot be reconciled with the observed changes in
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the magnetotransport data and is perhaps a consequence of the strong enhancement of

two-dimensionality. From measurements of quantum oscillations at low temperatures and

magnetic fields up to 37.5 T, we infer the presence of hole-like bands with lighter masses

and increased scattering rates when compared to bulk. Further work is required, both the-

oretical and experimental, to understand the relationship between the thickness of FeSe

thin flakes, the carrier dynamics, and the electronic structure.
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Chapter 6

Superconducting quantum interference in twisted van

der Waals heterostructures

6.1 Preamble

Superconducting QUantum Interference Devices (SQUIDs) are key components in a wide

range of superconducting technologies including superconducting qubits, scanning SQUID

microscopy, and in the development of medical diagnostic tools used in magnetocardiog-

raphy and magnetoencephalography. This chapter explores the viability of incorporating

and integrating vdW-bonded materials into SQUID designs through examination of the

performance of SQUIDs based on twisted NbSe2 heterostructures.

Modern SQUIDs are commonly fabricated from thin film deposited heterostructures

containing superconducting electrodes coupled by oxide tunnel barriers. These routinely

suffer from noise, dissipation and decoherence due to electronic defects in both the oxide

layer and the superconducting electrodes. 2D materials offer a promising alternative to

thin film heterostructures by providing a wide variety of crystalline 2D superconductors,

insulators, and metals with atomically perfect surfaces. The draft paper presented in

Section 6.3 examines the use of 2H-NbSe2, a vdW-bonded material which has been studied

extensively, and exhibits superconductivity with a critical temperature of Tc ∼ 7.2 K.

This work draws on a report by N. Yabuki et al. in 2016 [103] of supercurrents flowing

across the interface between two NbSe2 flakes. The formation of a Josephson junction (JJ)

between two blocks of the same 2D material simplifies the design of a potential SQUID

immensely due to the removal of the need for a barrier layer. NbSe2-based JJs also offer a

new degree of freedom to explore in terms of the relative twist angle between the two flakes
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due to the in-plane anisotropy of the electronic structure in this material. Additionally,

single molecular layer films of NbSe2 have successfully been grown using chemical vapour

deposition [104], providing evidence that SQUIDs based on NbSe2 could be commercially

scalable, something which is not currently possible with devices based upon mechanical

exfoliation.

The aims of this draft paper are: (i) to explore the role of twist angle on the junction

properties of NbSe2 homojunctions; (ii) develop a fabrication procedure to etch NbSe2 JJs

into SQUID geometry; (iii) characterise the resulting NbSe2 SQUIDs and examine their

performance.

6.2 Introduction

NbSe2 exists in a number of polytypes including 2H, 4H, and 3R where the H stands

for hexagonal, R for rhombohedral, and the number 2, 3, etc., refers to the number of

Se-Nb-Se molecular layers in a single unit cell. The hexagonal polytypes exhibit both

superconductivity and charge density wave transitions at T SC
c ∼ 7.2 K, TCDW

c ∼ 32 K

(2H-NbSe2), and T SC
c ∼ 6.5 K, TCDW

c ∼ 42 K (4H-NbSe2) respectively [105]. The polytype

of focus in this Chapter is 2H variant and was chosen due to both the availability of high

quality bulk single crystals, as well as the fact that it is the most intensely studied polytype

in the literature.

6.2.1 Electronic structure of 2H-NbSe2

The electronic structure of NbSe2 is predominantly determined by the Nb 4d bands, with

a small band derived from the Se 4p electrons [108]. The Fermi surface projection arising

from these bands is shown in Figure 6.2a where it can be seen that the Nb-derived bands

have electron character along the Γ-M and K-Γ direction where the parabola opens up-

wards, and hole character near the K and Γ points where the parabola opens downwards.

Conversely, the Se 4p bands exhibit a purely hole character. Due to this, both the elec-

tron and hole carriers are expected to play a role in the transport properties of 2H-NbSe2,

marking it as a multiband system.

The Fermi surface of 2H-NbSe2 is shown in Figure 6.2b, of this, one is a small Se 4p

pz-derived ”pancake”-shaped hole pocket, while the other four are Nb 4d-derived bands

with roughly cylindrical Fermi surfaces centred at the Γ and K points in the Brillouin
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a) b)

Figure 6.1: a) The band structure (top) and Fermi surface projection (bottom) of bulk 2H-

NbSe2. Adapted from Reference [106]. b) Experimental ARPES map of the kz = 0 section of

the Fermi surface at 1 K adapted from [107]. The distribution of the superconducting (SC) and

charge density wave (CDW) gaps are shown at the top, with the variation of the electron-phonon

coupling constant λ shown at the bottom.

zone. It is found that the Nb d-electron bands give rise to both the superconducting and

CDW properties as seen in the ARPES map in the top half of Figure 6.2b. The origin

of the CDW is not currently fully understood, and there is ongoing debate over whether

the superconducting and CDW phases compete [109,110], peacefully coexist, or mutually

promote one another [111,112].

The superconducting gap opens on the Fermi sheets around both the Γ and K points,

and is found to be highly anisotropic. The angular dependence of the gap on the sheets

at Γ follow the underlying sixfold hexagonal symmetry, and is given by [113]

∆(r, k) = ∆0(r)[1 +A cos(6θ)], (6.1)

where ∆0(r) is the maximum value of the superconducting gap, and A is the anisotropy

parameter. In contrast, the Fermi sheets around the K point, has only a threefold cosine

dependence, varying with maxima every 120◦. This angular dependence is examined in

the following Section, whereby two flakes of 2H-NbSe2 are stacked on top of one another
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Figure 6.2: Stacking of two hexagonal lattices offset by a rotation of a) 0◦ and b) a small rotation

θ.

at different twist angles to infer the underlying anisotropy of the superconducting order

parameter.

6.2.2 Moiré heterostructures

If two identical patterns with a discrete translation symmetry in two dimensions are su-

perimposed with a rotation angle θ, the combined motif produces an interference pattern

with a periodicity at much longer wavelengths for an infinite set of small values of θ. The

resulting patterns are known as moiré patterns and can be realised in a vdW systems by

stacking two or more monolayers with commensurate lattice constants to form a moiré

heterostructure. For small angles, the resulting periodicity defines a moiré superlattice

which can span many unit cells. This superlattice forms a new crystal structure with a

smaller, mini Brillouin zone, which contains folded bands that result in multiple new band

crossings. Interlayer hybridisation splits these crossings [114] which, for certain angles, can

result in almost-dispersionless ’flat bands’ [115]. By electrostatically tuning the chemical

potential, these flat bands can be accessed and the resulting moiré physics explored. Such

systems can give rise to a number of exciting correlated states such as superconductivity

as seen in twisted bilayer graphene at a certain ’magic’ angle [116].
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Abstract

Modern Superconducting QUantum Interference Devices (SQUIDs) are commonly fabri-
cated from either Al or Nb electrodes, with an in-situ oxidation process to create a weak link
between them. However, common problems of such planar nano- and micro-SQUIDs are
hysteretic current-voltage curves, and a shallow flux modulation depth. Here, we demon-
strate the formation of both Josephson junctions and SQUIDs using a dry transfer technique
to stack and deterministically misalign flakes of NbSe2; allowing one to overcome these is-
sues. The Josephson dynamics of the resulting twisted NbSe2-NbSe2 junctions are found
to be sensitive to the misalignment angle of the crystallographic axes. A single lithographic
process was then implemented to shape the Josephson junction into a SQUID geometry
with typical loop areas of ' 25 µm2 and weak links ' 600 nm wide. These devices display
large stable current and voltage modulation depths of up to ∆Ic ' 75% and ∆V ' 1.4 mV
respectively.

Superconducting QUantum Interference
Devices (SQUIDs) are key components in the
development of ultra-sensitive electric and
magnetic measurement systems.1 The basic
SQUID design consists of a superconduct-
ing ring intersected by one (rf SQUID) or two
(dc SQUID) Josephson junctions; the latter
consisting of two superconducting electrodes
coupled by weak links that allow the flow of
supercurrent. The weak link can take a vari-
ety of forms including point contacts, physical
constrictions, or heterostructures consisting
of a thin normal metal or insulating barrier
separating the two superconductors.2 The lat-
ter type is typically fabricated by deposition of
metallic superconductors such as Al and Nb,
with the tunnelling barrier formed by in-situ ox-
idation.3 This oxide barrier varies in thickness
on the atomic scale and often contains defect
traps, which can lead to highly non-uniform

supercurrent distributions.4 In addition, over
time oxygen atoms in the oxide barrier diffuse
out, altering the normal state resistance of the
junction resulting in a variation of the critical
current, a process which can be detrimental to
the longevity of the device.5 Since Josephson
junctions are the basis of many superconduct-
ing technologies such as qubits,6 quantum
metrology,7 and superconducting quantum in-
terference devices (SQUIDs), development
and incorporation of new materials with im-
proved properties and functionality is vital.

An alternative route to the fabrication of
oxide-free Josephson junctions is the stack-
ing of two-dimensional materials (2D) into ver-
tical van der Waals (vdW) heterostructures,8

a technique which holds promise for creat-
ing atomically clean and defect free inter-
faces. Additionally, vdW-based devices pro-
vide access to a new selection of supercon-
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SiO2/Si
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Figure 1: a) Schematic of the device fabrication method. i) Au contacts are deposited onto a
Si/SiO2 substrate. ii) A single exfoliation is made of a bulk NbSe2 crystals and the resulting flakes
are transferred onto a PDMS stamp. iii) The PDMS is brought into contact with the substrate
which is tilted at a small angle. The PDMS is slowly pressed into the substrate until the boundary
of the PDMS-substrate contact region lies beyond one of the flakes. iv) The PDMS is then
retracted, leaving the first flake deposited onto the Au contacts. The substrate is then rotated
such that the crystallographic axes of the two NbSe2 flakes are now misaligned by an angle θ.
v) The second flake is positioned above the first and the PDMS is brought into contact with the
substrate. vi) The PDMS is now retracted leaving the second flake contacting both the first flake
and the Au contacts. b) Optical micrograph of two NbSe2 flakes on a PDMS stamp. c) Optical
micrograph of the two overlapping NbSe2 flakes on SiO2/Si. Here one of the flakes (labelled #2)
has been rotated by 60◦. d) Temperature-dependence of the normalised resistance R(T )/R(294
K) for the two NbSe2 flakes and the overlapping junction region between them.

ducting materials such as Bi2Sr2CaCu2O8+δ,9

FeSe,10 and 2H-NbSe2.11 These materials all
share a common characteristic in that they
have a layered structure and easily cleave
perpendicular to the c-axis. These properties,
along with the availability of dry transfer tech-
niques,12 has allowed the fabrication of vdW
heterostructure devices comprised of two or
more mechanically exfoliated flakes. Such
devices include junctions with dielectric tun-
nelling barriers,13,14 superconducting-normal-
superconducting Josephson junctions,15 and
van der Waals interface Josephson junc-
tions,16 which may prove useful in the for-
mation of superconducting qubits.17 Further-
more, a vdW-based device offers an addi-
tional variable in the form of controlling the rel-
ative twist angle between the crystallographic
axes of the two materials; a degree of free-
dom which is not available in conventional het-

erostructures. This twisting creates a mis-
alignment between the two crystals, changing
the atomic registry at the interface and leading
to angular-dependent interlayer interactions.
This enables one to tune the electronic cou-
pling via the twist angle, leading to effects
such as band hybridisation,18,19 minigaps and
band replicas due to scattering on moiré po-
tentials,20 charge transfer and changes in ef-
fective masses,21 and has led to the discovery
of a moiré superlattice in graphene/h-BN,22 as
well as electrically tunable superconductivity
in twisted bilayer graphene.23 This new field of
study named twistronics, may prove valuable
in the incorporation of two-dimensional mate-
rials into more complex vdW superconducting
devices such as qubits and SQUIDs.

In this study, twisted NbSe2-NbSe2 het-
erostructures are formed by stacking two
NbSe2 flake with a well-determined misalign-

2

6.3. Publication entitled: “Superconducting Quantum Interference in Twisted van der
Waals Heterostructures”

101



S1S1

S2

2Δ

S2
Δ0 = 0.93 mV

T = 3.75 K
S2

(c)

(d)

S1
Ic(0) = 1.06 mA
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Figure 2: (a) Current-voltage (I-V ) character-
istics of a NbSe2-NbSe2 junction (sample S1,
θ ≈ 6◦) for temperatures between T = 3 K
and 7.5 K. b) Temperature dependence of the
critical current Ic (red) and retrapping current
(white). The dashed line is calculated from
AB theory (see text). c) I-V characteristics for
sample S2 (θ ≈ 20◦) at T = 3.75 K. d) Temper-
ature dependence of dI/dV versus V between
T = 3.75 and 6.75 K. e) Temperature depen-
dence of the estimated superconducting gap
∆. The dashed line is calculated from an in-
terpolation approximation to BCS theory.

ment of the crystallographic axes using the
procedure described in Methods and high-
lighted in Fig 1a. Briefly, two NbSe2 are se-
quentially stacked with a small overlap onto a
Si/SiO2 substrate with pre-patterned Au con-
tacts and encapsulated with a thin layer of
hexagonal boron nitride. Typical junction ar-
eas are on the order of 20-60 µm2 (Fig. 1c).

Before describing the characterisation
of devices patterned with SQUID geome-
tries, we investigate the transport proper-
ties of twisted NbSe2-NbSe2 junctions. The
temperature-dependence of the normalised
four-point resistance R(T )/R(294K) from 4 to
294 K is shown in Fig. 1d for two NbSe2 flakes
with a relative twist angle of 60◦, as well as
the resulting junction formed by the overlap

region. We note that there is an uncertainty
of ±1◦ in the misalignment angle of devices
arising from both the resolution of the rota-
tion stage and unwanted movement of the
PDMS during the stamping progress. Both
flakes and junction show metallic transport
behaviour which is phonon-limited at high
temperature (R ∝ T ) and disorder limited
at low temperature (R approaches a con-
stant value) before reaching the supercon-
ducting state at T c ∼ 7 K.24 As the Tc of
NbSe2 is known to reduce in flakes < 10 lay-
ers,13,14 all flakes used were at least 10 nm,
ensuring negligible suppression of Tc. The
residual resistance ratio (RRR), defined as
R(T=294K)/R(T=8K), is found to be ∼ 30 for
the two NbSe2 flakes, with a small variation
due to the slightly different flake thicknesses.
This is in contrast to the RRR of the junc-
tion region which is found to vary between
∼10-25 depending on the twist angle. A close
up of the superconducting transition is shown
in Fig 1(d), where it can be seen that the
junction displays a slightly broader transition
width when compared to the individual NbSe2

flakes, indicative of additional disorder at the
interface.

Josephson junction performance

Next, we examine the current-voltage (I-V )
characteristics of a NbSe2-NbSe2 junction for
temperatures T = 3 to 7.5 K (S1, Fig. 2a).
Here the misorientation angle of the junction
is estimated to be θ ∼ 6◦ from comparison of
optical micrographs of the two flakes. From
the presence of distinct retrapping currents in
the I-V curves, it is clear that the junction be-
haviour is typical of an underdamped Joseph-
son junction. This indicates that the vdW in-
terface decouples the superconducting order
parameters and creates a weak link that al-
lows the flow of a Josephson supercurrent.
Each NbSe2 flake has multiple electrical con-
tacts, allowing the use of different voltage lead
configurations to confirm that the bulk criti-
cal current of each flake is substantially larger
than that of the junction. Next, we quantify
the junction dynamics by examining the Mc-
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Cumber parameter βc, found by fitting the ra-
tio between the retrapping current Ir and the
critical current Ic and comparing it to a micro-
scopic model.25 Ir/Ic is found to be ∼0.89 at
T = 3 K, leading to a McCumber parameter
βc = 0.6, placing this device in the ’weakly un-
derdamped’ category. Using the relationship
βc = 2eIcR

2
NCh̄

−1 the junction capacitance, C,
was found to be 1.6x10−13F, yielding a specific
capacitance of C/A = 0.8 µFcm−2. Assuming
the permittivity is that of vacuum, this leads
to a gap between the two flakes of <1 nm,
comparable to that of the c-axis period in 2H-
NbSe2 of 0.63 nm.

The temperature dependence of the crit-
ical current, Ic, can be calculated using
Ambegaokar-Baratoff (AB) theory,26 in which
Ic(T ) is expressed as

Ic(T )

Ic(0)
=

∆(T )

∆(0)
tanh

[
∆(T )

2kBT

]
, (1)

where Ic(0) and ∆(0) are the zero tempera-
ture critical current and superconducting gap
respectively. ∆(T ) can be described by an
interpolation approximation to the Bardeen-
Cooper-Schrieffer (BCS) theory temperature-
dependent superconducting energy gap,

∆(T ) = ∆(0) tanh 2.2
√

(Tc − T )/T ). (2)

The fit in Fig 2b shows that the critical current
of sample S1 is reasonably well described by
AB theory, in agreement with previous reports
on NbSe2 Josephson junctions,16 despite the
assumption of a symmetric single gap super-
conductor. This allows us to estimate ∆(0) =
0.90 mV and Ic(0) = 1.06 mA.

However, not all devices fabricated behave
as underdamped junctions, and upon exam-
ination of a second device presented in Fig
2c (S2, θ ∼ 20◦), we observe I-V charac-
teristics which are non hysteretic, indicative
of a junction which is in the strongly over-
damped regime (βc � 1). Here, non-linear
features arise due to quasiparticle currents
that reveal information about the supercon-
ducting density of states. We examine this
in Fig 2d by taking the numerical differential

(a) (b)

(c) (d)

θ ≈ 0° θ ≈ 10°

θ ≈ 30° θ ≈ 60°

Figure 3: a) Current-voltage (I-V ) character-
istics for twisted NbSe2-NbSe2 junctions with
twist angles θ ≈ 0◦, b) 10◦, c) 30◦, d) 60◦. The
red and black arrows indicate the direction of
the current sweep.

of the measured I-V curves. From this we
observe an intricate non-BCS like gap struc-
ture, with peaks located at ±1.79 mV at T =
3.75 K. Furthermore, we observe a shoulder-
like hump at lower energy (±1 mV), similar to
that seen in tunnelling spectroscopy of NbSe2

using van der Waals tunnel barriers.13,14 Us-
ing the BCS approximation in Eqn 2, we can
extract the zero temperature superconducting
gap ∆(0). Despite sub-gap features indica-
tive of non BCS-like behaviour, the measured
∆(T ) fits reasonably well with ∆(0) = 0.93 mV
as shown in Fig 2e.

Angular dependence

Having observed strikingly different character-
istics in NbSe2-NbSe2 junctions prepared us-
ing the same fabrication method, we turn our
attention to the role of twist angle in these de-
vices. Using the method presented in Fig 1a,
we are able to fabricate devices with a deter-
mined misalignment angle respective to the
crystallographic axes of the two flakes. The
results are shown in Fig 3a-d in which we
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I = 50 μA

V = 900 µV

V = 10 µV
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B||c = 0 µT 
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(e)
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T = 4 K
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(f)

Φ

θ

vdW Josephson Junction

Figure 4: (a) Optical image of an etched SQUID structure. The insert shows a close up of
the structure, with the overlap region between the two NbSe2 flakes highlighted in red. (b)
Schematic diagram of the SQUID device shown in (a). (c) SQUID critical current as a function
of temperature in zero applied field. (d) Current-voltage (I-V ) characteristics of a NbSe2-NbSe2

SQUID at 4 K. The red (blue) curve corresponds to the maximum (minimum) value of the positive
critical current Ic within one period. (e) Modulation of Ic as a function of the applied magnetic
flux under a voltage bias of V = 900 µV (f) and V = 10 µV. (g) Voltage modulation as a function
of the magnetic flux under a current bias of I = 50 µA.

present the current-voltage (I-V ) characteris-
tics of four NbSe2-NbSe2 junctions with twist
angles in the range θ ≈ 0 - 60◦. First we ex-
amine the θ ≈ 0◦ device, in which hysteresis
is observed in the I-V characteristics, indicat-
ing the junction is an underdamped Joseph-
son junction. In samples with larger twist
angles (>10◦, Fig 3b), this hysteresis disap-
pears, giving rise to reversible junctions which
show features of quasiparticle gap structure
at angles >20◦ (Fig 3c). As the twist angle
is increased beyond about 40◦, the gap fea-
tures disappear and the hysteresis eventually
returns near θ ≈ 60◦ (Fig 3d).

Angle resolved photo-emission spec-
troscopy (ARPES) data27 and density func-
tional theory calculations28 show that there
are five electronic bands crossing the Fermi
energy in NbSe2. Of these, one is a small Se-
4p pz-derived "pancake"-shaped hole pocket,
while the other four are Nb-4d-derived bands

with roughly cylindrical Fermi surfaces cen-
tred at the Γ and K points in the Fermi sur-
face. Based on ARPES measurements, the
Se pancake has been shown to exhibit no
superconducting gap, while the Nb-derived
sheets display superconductivity which is
strongly anisotropic in k.29,30 This anisotropy
of the superconducting order parameter is
characterised by maxima in the gap at 60◦

intervals around the Fermi sheets. From this,
we hypothesise that at twist angles close to
30◦, tunnelling is dominated by processes
that couple regions of the Fermi surface with
maximum gap in one layer with regions of
minimum gap in the other layer. This angular-
dependent selectivity in the tunnelling pro-
cess suppresses the critical current Ic, lead-
ing to a lower value of βc, and non-hysteretic
I-V characteristics.

The observed twist dependence could also
be related to the specific atomic arrangement
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at the interface which depends on the flake
terminations as well as any effects arising
from relative lateral displacements of the two
flakes. However, the latter are expected to be
negligible in our large overlap regions, which
are many hundreds of unit cells wide. We
note that we have minimised any variation in
the interface quality and homogeneity by per-
forming all fabrication in the inert environment
provided by a nitrogen glovebox.

SQUID performance

Having established the ability to fabricate high
quality non-hysteretic Josephson junctions,
we examine the ability to use them in more
complex superconducting devices such as su-
perconducting quantum interference devices
(SQUIDs). Junction devices were patterned
into a SQUID geometry using reactive ion
etching as described in Methods. An image of
a typical device is shown in Fig 4a, and con-
sists of a superconducting loop between two
∼600 nm wide Josephson junctions formed in
the overlap region of the two NbSe2 flakes.
The SQUID loop is of width, W ≈ 3.5 µm,
and length, L ≈ 7.0 µm, creating an internal
hole of area ≈ 24.5 µm2. When an external
magnetic field B ‖c is applied, phase shifts
are induced between the two junctions lead-
ing to interference and a net critical current
that oscillates with a period Φ0/A. In practice
all real SQUIDs have a finite self-inductance
that gives rise to screening currents that can
often result in undesirably low values of cur-
rent modulation ∆Ic(B ‖c).

To investigate this in our NbSe2-NbSe2

SQUIDs, we used electrical transport mea-
surements to characterise them at tempera-
tures down to T = 3.75 K. Figure 4c shows the
temperature dependence of the critical cur-
rent. We observe no reduction of the critical
temperature, indicating that etching caused
no deterioration in the junction quality. Fig
4d shows the current-voltage characteristics
for a NbSe2 SQUID, with the two curves cor-
responding to the maximum, Imaxc , and min-
imum, Iminc , measured values of the critical
current within a single oscillation period. The

modulation of the critical current, Ic(Φ) for two
different voltage set points, is shown in Fig
4e,f where Φ is the applied magnetic flux. Un-
der a bias voltage of V = 900 µV the current
modulation depth is 33%, which increases to
75% for a bias of V = 10 µV. The noise level
of the signal increased slightly at V = 10 µV
due to small temperature oscillations arising
from the refrigeration cycle of the closed-cycle
cryostat. The inductance parameter charac-
terises the amplitude of the current modula-
tion and is given by βL = 2πLIc/Φ0, where
Φ0 is the superconducting flux quantum and L
is the inductance of the SQUID loop. Fitting
our measured ∆Ic data to numerical models
we estimate that βL ≈ 2, and L ≈ 10 pH,
which is consistent with other estimates of the
self-inductance based on the SQUID geome-
try. The size of the SQUID loop A = 24.5 µm2

leads to a theoretical value of Φ/Φ0 ' 84 µT ,
which is close to the measured value of Φ/Φ0

= 78 µT . Additionally, no decrease in the over-
all current modulation, ∆Ic, was observed up
to 20 mT, the maximum output of the electro-
magnetic coil.

An important property of modern SQUIDs
is the realisation of non-hysteretic I-V char-
acteristics (βc � 1), allowing the use of flux-
locked loop feedback schemes to dramatically
increase the flux resolution.31,32 We are able
to tune this desirable property in our NbSe2

SQUIDS by deterministically controlling the
twist angle during device fabrication, with a
wide range of angles over which βc is found
to be sufficiently small. Figure 4g shows the
voltage under a bias current of 50 µA, as
a function of magnetic field applied to the
SQUID, revealing large voltage modulations
with a depth of ≈ 1.4 mV. The voltage modu-
lation depth is characterised by ∆V ' δR∆Ic,
where ∆Ic is the critical current modulation
depth, and δR is the differential resistance
of the SQUID calculated here to be δR '
28 Ω. A large value of ∆V is required to
achieve low flux noise SQUID devices as it
minimises the noise contribution from the in-
put amplifier S1/2

V,a to the white flux noise, given
by S

1/2
Φ,a ' Φ0S

1/2
V,a/π∆V , in flux-locked oper-
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ation.33 No degradation in Tc or Ic of these
SQUIDs was observed after multiple cooling
cycles or when remeasured after storage in a
nitrogen glovebox for 4 weeks, indicating that
they are both stable and suitable for repeated
long term use.

Discussion

In conclusion, we have developed a method
to fabricate Josephson junctions and SQUIDs
based on a twisted van der Waal heterostruc-
ture architecture. The formation of Joseph-
son junctions is achieved using a dry trans-
fer method and requires no ’wet’ lithographic
steps. The result is a junction device whose
I-V characteristics can be deterministically
tuned via the twist angle. A single lithographic
process is then implemented to shape the
Josephson junction into a SQUID geometry
with typical loop areas of ' 25 µm2 and weak
links ' 600 nm wide. We obtain voltage mod-
ulation depths of ∆V ' 1.4 mV and current
modulation depths of ∆I ' 75% from devices
which display long term stability.

Our method demonstrates the ability to fully
integrate 2D materials into the design of a
high-performance SQUID, paving the way for
designer superconducting circuits through in-
corporation of other 2D materials, each with
distinct electronic properties. The utilisation
of van der Waals bonded circuits may also
have other advantages: here the devices are
only anchored to the substrate by the weak
vdW force, allowing the possible pick-up and
transfer of characterised SQUIDs onto other
substrates or materials, while the intrinsically
thin nature of 2D materials may allow their in-
corporation into flexible electronic circuits.34

Other applications for the technology is in
the design of superconducting qubits such as
those based on flux qubit architectures.35,36 It
is well known that the performance of these
is often limited by dissipation, decoherence
and noise from two-level defect systems. The
single crystalline structure of 2D flakes, along
with low defect densities, may provide circuit
components with superior performance.

Method.

Thin flakes of NbSe2 were mechanically
exfoliated from high quality single crystals
onto silicone elastomer polydimethylsiloxane
(PDMS) stamps. Flakes of suitable geom-
etry and thickness were then sequentially
transferred onto Si/SiO2 (300 nm oxide) sub-
strates with pre-patterned Au contacts. To en-
sure crystallographic alignment of the twisted
vdW junctions, one single exfoliation of the
bulk single crystal is performed which results
in multiple thin flakes with aligned crystallo-
graphic axes. From this, two neighbouring
flakes were chosen with a rotation of the sub-
strate performed after stamping the first flake.
The resulting device is thus a twisted vdW
junction with the two flakes misaligned by a
chosen angle with ±1◦ accuracy. The en-
tire dry transfer set-up is housed in a nitro-
gen glovebox with an oxygen and moisture
content <1 ppm, ensuring an oxide free in-
terface. Devices selected for fabrication into
SQUIDs were subsequently capped with a
thin layer (∼20 nm) of hexagonal boron ni-
tride (h-BN) using the same dry transfer tech-
nique. Following this, a polymethyl methacry-
late e-beam resist was spin coated onto the
substrate, which was then kept under vacuum
(10−6 mbar) overnight to remove any solvent.
Next, standard e-beam lithography (EBL) was
used to define the area of the junction to be
etched to form the SQUID loop, before trans-
fer into an inductively coupled plasma etcher.
The sample was then reactively ion etched
using an O2 + SF6 mixture, after which the
sample was immersed in acetone to remove
leftover resist before storage in a nitrogen
glovebox.

Associated Content

Supporting Information

The Supporting Information is available at
xxx.
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Figure S1: Modulation of Ic of an NbSe2-NbSe2 SQUID at T = 4 K as a function of the applied
magnetic flux under various bias voltages.

Figure S2: Voltage modulation of an NbSe2-NbSe2 SQUID at T = 4 K as a function of the
magnetic flux under various bias currents.
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6.4 Discussion & concluding remarks

The work presented in Section 6.3 provides evidence that NbSe2 and, by a wider ex-

trapolation, 2D-materials are candidate materials for incorporation into JJ and SQUID

structures. Through use of the dry transfer technique, it is has been shown that NbSe2

can be stacked to form Josephson junctions. The misalignment angle of the flakes provides

an exciting opportunity to tune the junction dynamics, allowing for the optimisation of

the junction damping parameter. The work shows that devices with low-twist angles act

as underdamped junctions, where distinct critical and retrapping currents are observed.

As the twist angle of the junction is increased, the Stewart-McCumber parameter βC is

observed to become smaller, leading to reversible junctions in which quasiparticle currents

are also clearly resolved. The ability to tune this parameter is a significant advantage for

NbSe2 JJs into SQUID based circuitry, due to the need for reversible I−V characteristics.

The work then details the development of a relatively simple fabrication procedure

to to cap the NbSe2 with a protective layer of h-BN and etch the heterostructure into

a SQUID geometry. The resulting devices display large stable current and voltage mod-

ulation depths in an applied magnetic field of up to ∆Ic/Ic ∼ 75% and ∆V ∼ 1.4 mV

respectively. These values are extremely competitive when compared to modern SQUID

devices. It is hoped that the results in this chapter will stimulate interest in the devel-

opment of superconducting circuits based on 2D materials, as well as the use of twisted

vdW heterostructures to examine the gap structure of anisotropic materials.
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Chapter 7

Conclusions and Outlook

This thesis has presented a study of superconducting phenomena in iron chalcogenides

(FeCs) and transition metal dichalcogenides (TMDs). Within the FeC field there is an

ongoing debate about the microscopic origin of the unconventional superconducting pairing

mechanism. FeSe is an ideal candidate for the study of superconductivity due to its

relatively simple crystal structure and the availability of high-quality bulk single crystals.

Additionally, due to the weak van der Waals bonding of the FeSe layers, the material

cleaves readily and has potential applications in heterostructure devices. As discussed in

Chapter 4, in deposited thin film devices, superconductivity is typically suppressed due

to disorder as the thickness is reduced. The study of the evolution of superconductivity

in FeSe exfoliated flakes provides a route to understand the inherent superconducting and

electronic properties of FeSe down to the single layer level in the absence of significant

substrate interactions and strain. Additionally, there is significant interest in not only

understanding and characterising the physics associated with 2D materials, but also the

incorporation of them into current and next-generation technologies. Van der Waals (vdW)

materials offer a promising alternative to thin film heterostructures by providing a very

wide variety of crystalline 2D superconductors, insulators, and metals with atomically

perfect surfaces.

Multiple experimental and theoretical techniques were used throughout the work pre-

sented in this thesis. Primarily, magnetotransport measurements were used to examine

changes in the superconducting critical temperature, electronic structure, and dynamics.

Current-voltage (I-V ) measurements were used to search for evidence of vortex-antivortex

unbinding. Temperature- and field-dependent I-V characteristics were used to quantify

the behaviour and performance of Josephson junctions and superconducting quantum in-
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terference devices.

7.1 Summary of the main findings

Chapter 4 provided a detailed study of the changes that occur in the superconducting crit-

ical temperature, Tc, and upper critical field, Hc2, in exfoliated FeSe flakes as a function

of sample thickness. This was achieved by employing deterministic transfer techniques

and encapsulation to fabricate high quality FeSe thin flake devices with thicknesses in the

range 9 - 100 nm. This approach allows access to the intrinsic superconducting properties

of an iron-based superconductor in the ultra-thin limit, without the drawbacks of thin-

film growth techniques that introduce strong substrate interactions and strain. It was

found that superconductivity in FeSe thin flakes is continuously suppressed with reduc-

ing thickness. Evidence of a vortex-antivortex unbinding Berezinskii–Kosterlitz–Thouless

transition is observed, which suggests a dominant two-dimensional character to supercon-

ductivity in FeSe thin flakes. Furthermore, as the thickness is reduced below ∼20 nm, there

is a transition from a weakly anisotropic superconducting regime, to a highly anisotropic

regime where superconductivity is suppressed and the out-of-plane coherences length is

reduced below the value of the c-axis layer spacing. We find that in flakes with thickness

> 20 nm, the standard three-dimensional Werthamer-Helfan-Hohenberg (WHH) model,

with the inclusion of spin paramagnetism and spin-orbit scattering, accurately describes

the temperature dependence of the upper critical field. However, in stark contrast to the

behaviour of thicker flakes, samples with thickness < 20 nm exhibit a square root depen-

dence of Hc2(T ) close to Tc, the behaviour predicted by 2D Ginzburg-Landau (GL) theory.

This further emphasises the transition from a quasi two-dimensional superconductor, to

one with purely 2D character as the layer thickness is reduced.

In Chapter 5, low- and high-field magnetotransport measurements were performed to

investigate the changes that occur to the electronic structure in exfoliated FeSe flakes as

a function of sample thickness. This chapter represents a follow up study to the work

presented in Chapter 4, and aims to correlate changes in the magnetotransport behaviour

of FeSe flakes with the observed changes in Tc and Hc2. The same dry transfer and

encapsulation techniques were used to fabricate high quality FeSe thin flakes devices with

thicknesses in the range 14 - 125 nm. It was found that although the samples studied

exhibited relatively large RRR’s, their magnetotransport behaviour was strikingly different
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from the bulk crystals from which they had been exfoliated. Using a two band model

and mobility spectrum analysis, the magnetic field dependence of the longitudinal and

Hall resistivities was fitted for three thin flake devices. By comparing the resulting carrier

densities and mobilities as a function of thickness, it was observed that there is a dichotomy

between the behaviour of electrons and holes. Specifically, in the thickest flake at low

temperatures the mobility of holes was found to be ∼6 times larger than that of the

electrons. This apparent localisation of electrons in thin flakes may reflect the interplay

between two-dimensionality, anisotropic scattering, and orbital-dependent correlations.

Furthermore, from the analysis of quantum oscillations observed in the Hall resistivity,

we infer a reduction the effective mass of the hole band at the Γ point in the Brillouin

zone of 30%. This highlights that the electronic structure of thick exfoliated FeSe flakes is

somewhat different to that of bulk FeSe, despite the fact that these flakes consist of >100

molecular layers.

In Chapter 6, the viability of incorporating 2H-NbSe2 and, by a wider extension, other

2D materials into Josephson junction (JJ) and superconducting quantum interference

device (SQUID) structures was examined. Utilising a dry transfer technique, it was shown

that NbSe2 can be stacked to form Josephson junctions in which the junction dynamics

can be tuned by varying the misalignment angle between the flakes. At low-twist angles

the devices act as underdamped junctions, when distinct critical and retrapping currents

are observed. As the twist angle of the junction is increased towards 30◦, the Stewart-

McCumber parameter βC is observed to become smaller, leading to reversible junctions in

which quasiparticle currents are also clearly resolved. It is hypothesised that this angular

dependence reflects the underlying symmetry of the superconducting gap in the NbSe2

Brillouin zone. The work then details the development of a relatively simple procedure

to etch twisted junctions into a SQUID geometry with no observable decrease in the

superconducting critical temperature. The resulting devices display large stable current

and voltage modulation depths in an applied magnetic field of up to ∆Ic/Ic ∼ 75% and

∆V ∼ 1.4 mV respectively, providing a performance that is extremely competitive with

contemporary SQUID devices.
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7.2 Future outlook

7.2.1 Towards monolayer FeSe

The primary motivation of this thesis was to explore the evolution of superconductivity in

FeSe down to the single layer limit in a system without significant substrate interactions.

However, we have in practice identified significant changes to both the superconductivity

in, and the electronic structure of FeSe outside of the ultra-thin limit. As discussed

in Chapter 5, flakes that consist of hundreds of FeSe layers display magnetotransport

behaviour that is dramatically different to that of bulk single crystals. Furthermore, as

the crystals are thinned to below 20 nm, we observe a transition to a superconducting

state with strongly 2D character. The regime in which this change occurs is somewhat

surprising as this crossover appears to take place at a thickness of ∼20 molecular layers,

which is a regime where other layered other materials such as NbSe2 appear to behave like

bulk crystals [74,75]. The extension of this work by performing further magnetotransport

studies would be natural. The in-plane transport anisotropy could be investigated by

etching FeSe flakes into strips along certain crystallographic directions. Application of

larger magnetic fields, such as those generated at pulse field facilities, would allow for the

detection of quantum oscillations with lower frequency. Additionally, varying the relative

angle between the sample and the applied field would yield information about the kz

dispersion of the Fermi pockets and could lead to a better understanding of the effects

that an increase in the two-dimensionality have on FeSe. However, such techniques rely

on samples with low levels of impurity scattering (high residual resistivity ratios), which

is difficult to achieve in samples approaching the monolayer limit. Hence it is clear that

other techniques and probes will be required to fully understand this unusual behaviour.

Angle-resolved photoemission spectroscopy (ARPES) holds promise in being an in-

credibly powerful tool to understand the thickness-dependent changes in the electronic

structure of 2D materials. Although the typical beam spot size used for high-resolution

synchrotron ARPES measurements is of the order of 50 µm [117], much larger than typ-

ical exfoliated flakes, the development of nano-ARPES instruments which boast spatial

resolutions of below 1 µm may provide the solution. Notably, a recent report on nano-

ARPES measurements performed on bulk FeSe [98] achieved a relatively high resolution

determination of the band structure within a single ∼1 µm striped nematic domain. The
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7.2. Future outlook

use of such techniques could easily be extended to exfoliated FeSe flakes and could aid in

the determination of thickness-dependent changes in the band structure.

Another powerful probe is scanning tunnelling microscopy (STM), a technique which

can achieve atomic scale resolution. In FeSe/STO films, STM has been successfully used

to determine the size of nematic domains [99, 100]. Additionally, it was found that the

domain walls suppress both superconductivity and nematicity [99], indicating that an

increase in the density of domain walls within a sample may have a profound effect on the

resulting transport properties. As such, determination of the size of domains in exfoliated

FeSe flakes could be important to the interpretation of the results shown in Chapter 5.

Additionally, determination of the thickness dependence of the superconducting gap via

scanning tunnelling spectroscopy (STS) could corroborate the results in Chapter 4. Similar

measurements on sulphur-doped FeSe1−xSx where x > 0.17 may reveal key information as

at this concentration nematicity is fully suppressed and the material remains tetragonal

at all temperatures. A comparison between the behaviour of superconductivity in doped

and undoped samples may yield information about the interplay between nematicity and

flake thickness.

7.2.2 Van der Waals bonded superconducting devices

From the work presented in Chapter 6, it is clear that superconducting devices based

on 2H-NbSe2 provide a competitive alternative to Al- and Nb-based JJs and SQUIDs.

The introduction of a vdW barrier layer in between the two NbSe2 layers represents a

natural next step in making more complex junctions. Indeed, two studies on the use of

the ferromagnetic insulator Cr2Ge2Te6 as a barrier layer between NbSe2 have recently

been reported [118, 119]. This type of magnetic junction may result in the formation of

a π Josephson junction with potential uses in spintronic devices. Overall, there is still

a plethora of new superconducting systems to explore. There may also be interest in

comparing the angular dependent changes observed in 2H-NbSe2 twisted junctions with

that of 2H-NbS2. 2H-NbS2 is also a superconducting material with a critical temperature

of Tc ∼ 6 K. Importantly it displays a somewhat similar Fermi surface to that of 2H-

NbSe2 yet exhibits no charge density wave order [120]. A comparison of the two angular

dependencies may yield insights into the interplay between superconductivity and charge

density wave order in 2H-NbSe2.
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