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Thin films of iron selenide telluride (FeSe;_,Te,) were grown using Pulsed Laser De-
position. One film grown on LSAT exhibited superconductivity with a T gpser of 9K
and a T, of 5.3K. This was measured in an RT setup. The superconducting volume
fraction was found to be very low, as no superconducting transition was observed in
magnetization measurements. This lower than expected T. is possibly caused by the
presence of excess iron in the film, which is confirmed by the positive magnetic moment
observed in magnetization measurements. The structure and stoichiometry of FeSeTe
thin films was studied using X-ray diffraction, which showed clear (001)-oriented growth
of the thin film, with a good alignment on the substrate. Also, the presence of defects
in the thin film was observed by comparing rocking curves of the film with those from
the target crystal.

Using thin flakes of FeSeg 4Teg g, N-S and S-I-S junctions were fabricated using conven-
tional photolithography and liftoff. The N-S junction exhibits intermediate behavior
between a fully transparent Andreev contact and a tunnel barrier, with an approximate
value for the barrier height of Z = 0.5 and a mixing parameter for the two supercon-
ducting condensates o« = 0.2. The S-I-S junctions fabricated with niobium show clear
Josephson behavior with a critical current of 5uA and an I.R,, product of 2uV. The crit-
ical current was observed to be suppressed by the application of microwave radiation to
the junction, and reappeared upon ramping the amount of microwave radiation, which
is an indication of Josephson behavior.
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1 Introduction

This report forms the culmination of approximately a year’s worth of research into the
physics and growth characteristics of iron-based superconductors, and specifically the
iron chalcogenide superconductor FeSeTe, iron selenide telluride.

We will approach this material in two ways. First, the evolution of research into a
certain type of material eventually calls for high quality thin films of this material to
be produced, for reasons mentioned later on in this introduction. This was attempted
by using single crystalline samples of the material, FeSeTe, as target material for pulsed
laser deposition or laser ablation. Using this method, we attempted to grow epitaxial
thin films that could be used in experiments.

In addition to the thin film growth of this iron-based superconductor, experiments were
carried out on single crystalline samples on which junctions were created to investigate
the order parameter symmetry of this material.

This introduction aims to give some background information on the basic concepts of
superconductivity and thin film growth. Topics discussed include the theory (for as far
as consensus has been reached) describing superconductivity, order parameter symmetry
and possible ways to establish this, and basic principles of thin film growth.

We then continue by describing the approach and results with regard to the growth
of this material, problems encountered and recommendations, followed by a chapter
focused on transport measurements on normal-superconductor junctions in which we
tried to establish indications towards certain order parameter symmetries in the iron
chalcogenides. In addition to this, we describe the crystalline properties of the grown
films as established by means of x-ray diffractometry or XRD.

1.1 Superconductivity

Approximately one hundred years ago in 1911, after his successful attempts at liquefying
helium, Heike Kamerlingh Onnes in Leiden sought to verify the low-temperature behav-
ior of the electrical resistance of metals. There was significant dispute in the time about
this, and Kamerlingh Onnes was in the unique position to be able to experimentally
verify the theories from (amongst others) Van der Waals and Lord Kelvin, because at
the time Leiden was the only place in the world where these measurements could be
carried out.



On cooling down a mercury resistor, Kamerlingh Onnes noticed that below a certain
temperature, the resistance completely disappeared. (Fig. 1.1) (“Kwik nagenoeg nul”,
according to his lab notes) After excluding experimental errors like for example shorts
in the circuit, he decided that this was a new phenomenon, and he coined it “supracon-
ductivity” or “supraleitung”[1].

In the years after the initial discovery, more
and more metals were discovered to exhibit
the same behavior, at varying temperatures.

After initial phenomenological theories by
the London brothers and later on Ginzburg
and Landau, in 1957 a trio of American sci-
entists, Bardeen, Cooper and Schrieffer pro-
posed the theory now known as “BCS the-
ory”, in which they offered a microscopic
theory of superconductivity[2]. It accurately
described the low temperature behavior of
simple metals and alloys, and could predict
their critical temperatures based on materi- Fjgure 1.1: Heike Kamerlingh Onnes and
als parameters like the Debye temperature, the discovery of superconductiv-
specific weight and normal state resistance. ity in mercury

210

go15

005

Cooper argued[3] that below a certain crit-

ical temperature, charge carriers in the superconductor would pair up into so-called
“Cooper pairs”, mediated by lattice vibrations or phonons. These Cooper pairs, consist-
ing of two fermions, are of bosonic nature and as such the entire ensemble of Cooper
pairs can condense into a Bose-Einstein condensate. This means they can all be de-
scribed by the same wave function, which they introduced as the superconducting order
parameter, and argued that superconductivity was a (second order) phase transition,
with a complex order parameter. This order parameter W, or rather its symmetry to be
more specific, gives vital information about the exact pairing mechanism that creates
the attractive potential that eventually leads to the formation of Cooper pairs.

An intuitive (but overly simplified) picture about Cooper pair formation in BCS super-
conductors can be drawn as follows. An electron (negatively charged) moving through
a positive lattice of ions exerts an electrostatic force on these ions, causing the lattice to
deform. This creates a local positive charge density, which then attracts another elec-
tron, which is now coupled to the first electron. This is schematically shown in Figure
1.2.

However, as research progressed and new superconducting materials were discovered,
not all materials showed the properties predicted by BCS theory. Extensions to the
BCS theory were developed, most noticeably by Eliashberg in 1960, who generalized
the BCS equations for the strong-coupling limit for the electron-phonon interaction.
Even the discovery of two-band superconductivity in MgBs could be explained using an
adaptation of standard BCS theory. However, with these relatively minor adjustments
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Figure 1.2: Electron-phonon Cooper pair formation. From [4]

all materials could still be described, and all was well.

All was well indeed, until in 1987 Georg Bednorz and Alex M’uller at IBM Z‘urich
discovered superconductivity in the perovskite material Ba,;Las_,CusO53_,) [5]. BCS
theory had predicted, for realistic material parameters like the Debye temperature and
density of state, a maximum critical temperature of approximately 30K. However, this
new material exhibited a critical temperature of 35K, which was spectacular. This trig-
gered a phenomenal research effort throughout the world, and within a few years many
more of these cuprate superconductors were discovered, with a maximum T, of 135K
for the material HgBaoCasCuszO,. Apparently a new microscopic theory for supercon-
ductivity was necessary, as these new materials proved to be quite different from the
BCS-superconductors.

Charge transport in these cuprates is very much two-dimensional, in contrast with the
BCS superconductors in which superconductivity is isotropic in space. Most of the
superconducting physics occurs in the CuOs layers and CuO chains, and charge carriers
are injected into them by the interstitial layers separating them. Also, the phase diagram
of the cuprates shows a great richness in electronic phases, as shown in Figure 1.3. The
parent compounds of these materials do not show superconductivity, but rather behave
like Mott insulators and antiferromagnetism. However, upon doping the compound with
electrons or holes, a superconducting dome emerges, which has a maximum for a certain
doping level.

After much debate, the superconducting order parameter in the cuprates was found to
be (predominantly) d-wave[6], in which superconductivity only occurs along the crystal-
lographic axes of the material, and the phase of the superconducting order parameter
changes between the ‘lobes’ of the wavefunction. However, even after thousands of re-
search articles published in scientific literature since the discovery of high-temperature
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Figure 1.3: Iron-based and copper-based superconductors. (a) Generic crystal structure for the
iron-based superconductors, consisting of a square lattice of iron atoms (red) with
pnictogens or chalcogens (As, Se, Te, etc.) shown in blue. The grey area represents
any potential filler layers, which differ for the different families. (b) Generic phase
diagram for the cuprate superconductors. Magnetism is suppressed as the doping
fraction is increased, and a superconducting dome appears. (c) Generic phase
diagram for an iron-based superconductor of the 122-family. Doping is achieved
by replacing iron atoms with for example cobalt or ruthenium, or changing the
pnictogen ion.

superconductivity, no consensus has been reached on the microscopic origin of supercon-
ductivity in these materials.

Then, in 2006, Hosono et al.[7] discovered superconductivity (by accident) in the com-
pound LaO;_,F,FeAs. This was completely unexpected, as they did not seem to re-
semble the properties of the BCS or cuprate superconductors. Most strikingly, the
compound contains iron, a magnetic material, which is unexpected as superconductivity
and magnetism were thought to be an impossible combination.

1.2 Iron-based superconductors

Discovered in 2006, the iron-based family of superconductors shook up the world of su-
perconductivity research. After all, wasn’t it Bernd Matthias[8] who stated in his famous
“six rules for finding new superconductors” that one should stay away from magnetism?
This discovery lead to a huge surge in research, with new superconducting materials
popping up every other week, and at its peak two papers on iron-based superconductors
appeared on the public servers of arXiv.org, a popular place for quick publication of
(non peer-reviewed, I should add) research, every day.

It’s interesting to draw parallels and note the differences between these new iron-based
superconductors and the other families of superconductors, like the cuprates, the BCS
superconductors and magnesium diboride (MgB3), a two-band BCS-like superconductor.
The main properties of these superconductor families are summarized in Figure 1.4.



Property Conventional superconductors Copper oxides MgB; Iron-based superconductors

T, (maximum) <30K 134K 39K 56K

Correlation effects None (nearly-free electrons)  Strong local electronic interaction None (nearly-free electrons)  Long-range (non-local)
magnetic correlations

Relationship to magnetism  No magnetism Parent compounds are magnetic No magnetism Parent compounds are

insulators magnetic metals

Order parameter Oneband, same-signswave  One band, sign-changing d wave Two band, same-signswave  Two band, presumably sign-
changing s wave

Pairing interaction Electron-phonon Probably magnetic (no consensus) Electron-phonon Presumably magnetic

Dimensionality Three dimensional Two dimensional Three dimensional Variable

Figure 1.4: Comparison of the main properties of the four most important superconductor
families. From [8]

Figure 1.3 shows the phase diagram of the cuprates and the iron-based superconduc-
tors side-by-side. The similarities are immediately visible, with a nonsuperconducting
antiferromagnetic parent compound, in which superconductivity emerges as magnetism
is suppressed. However, for the iron-based superconductors there exists a coexistence
region in which both superconductivity and antiferromagnetism occur.

It is interesting to note that the iron-based superconductors seem to combine many of
the properties of the other nonconventional superconductor families. It shares the multi-
band structure with MgBs, the nonconventional isotope effects which are also seen in the
cuprates, and magnetism (or electron spin) seems to play a significant role in the pairing
mechanism. The crystal structures of cuprates and pnictides are remarkably similar as
well, with transport taking place in the copper oxygen planes in the cuprates, whereas in
the iron-based superconductors transport occurs in the iron-layers. As with the cuprates,
charge carriers are provided by the interlayers to the planes in which conduction occurs,
although some iron-based superconductors like FeSe;_,Te, do not have any interlayers
and show superconductivity without doping. However, much is yet unknown about these
iron-based materials, and the main point of research is aimed at the symmetry of the
superconducting order parameter, which is vital in testing theories regarding the pairing
mechanism in superconductors.

1.2.1 Order parameter symmetries

The superconducting order parameter ¥ is defined as
U(r) = y/ng(r)e®™), (1.1)

where ng can be seen as the number of Cooper pairs and ¢, is the phase of the wavefunc-
tion. For BCS-like superconductors, this order parameter is isotropic in space, meaning
that superconducting energy gap has the same magnitude and phase in all directions.
The cuprates however show a gap symmetry which is highly anisotropic, with lobes along
the crystallographic ab-axes in which a phase difference exists between perpendicular
lobes. This was finally proven by Tsuei and Kirtley[6] in a phase-sensitive experiment.
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Figure 1.5: Cartoon of the order parameter symmetries of a BCS superconductor (s-wave, top

left), a cuprate superconductor (d-wave, top right), MgBs (si4, bottom left) and
the iron-based superconductors (possibly s, bottom right

For the iron-based superconductors, the jury is still out. Because of the two-band na-
ture of the order parameter, which seems to consist of two separate condensates with
each showing s-wave like behavior, the traditional phase-sensitive experiments that clar-
ified the issue in the cuprates are not applicable in this situation. Figure 1.5 shows a
schematic representation of the order parameter symmetries for the four main families
of superconductors.

Most strikingly, the Fermi surface of the iron-based superconductors is likely composed
of different surfaces, with a 7 phase difference between the two bands. Moreover, the dif-
ferent Fermi surfaces can be matched by a process called nesting, which is the translation
of a Fermi surface by a suitable momentum vector. This is thought to be facilitated by
a spin-density-wave present in many iron-based superconductors, and leads to the sus-
picion that Cooper pair formation in these materials is mediated by spin-interactions|9].

1.2.2 Experimental verification of the order parameter symmetry in
iron-based superconductors

As described by Van Harlingen in 1995[10], methods of determining the superconduct-
ing order parameter symmetry fall into two categories: experiments which measure the
magnitude of the order parameter and experiments which measure the phase relation
of the order parameter. An example of the first category is angle-resolved photoelec-
tron spectroscopy or ARPES, which basically maps the Fermi surface of the material.
However, this technique can only make a clear distinction between s-wave and d-wave
symmetry by detecting nodes in the gap function. It is clear that only ARPES measure-
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Figure 1.6: The crystal structure of iron selenide telluride. Iron atoms in orange, selenium
atoms in pink, tellurium atoms in green.

ments can never tell the whole story here, so we will need a phase-sensitive experiment
to undoubtedly confirm the order parameter symmetry.

One way to measure the phase of the order parameter symmetry is Josephson interfer-
ometry. These kinds of experiments, amongst which are the well-known corner-junction,
tricrystal and 7-ring experiments[6, 11] established the d-wave symmetry in the cuprates.
Until now, very few phase-sensitive experiments have been conducted on the iron-based
superconductors, and they have not given the ultimate proof of either d- or s-wave
symmetry[12].

In an article on the arXiv preprint server, Parker and Mazin[13] propose a few possible
phase-sensitive tests of the pairing symmetry in the iron-based superconductors. Their
idea is to take advantage of the difference in tunneling probabilities for hole-like and
electron-like quasiparticles through barrier structures of variable thickness.

Another article proposes a different kind of experiment, in which the two-band nature of
the iron-based superconductors shows itself in normal metal - superconductor junctions
in the conductance[14]. If a phase shift of 7 is present between the two bands of the
iron superconductor, they will result in Andreev bound states at nonzero energy. The
presence of these bound states within the gap would be strong evidence for s+ symmetry.

If these two scenarios are to be tested, we need to be able to create both NS and S-I-S
junctions on these materials. So far, very few high quality junctions have been realized,
and none yet on the material of our choice, FeSe;_,Te,.

1.2.3 Iron Selenide Telluride

Iron selenide (FeSe), is the simplest iron-based superconductor, from a crystallographic
point of view. Only the iron-chalcogen layers are present in this compound, without any
interlayers. It exhibits superconductivity at 8K[15], which can be improved by substi-
tution of selenium ions with tellurium. The optimal stoichiometry of this compound is
FeSeg 5Tep 5, with a T, of 17K reported in thin films[16].

The FeSeTe superconductor is a remarkable material. One of the parent compounds,
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FeSe, is an intrinsic superconductor, whereas the other, FeTe, is a semiconductor and
exhibits antiferromagnet ordering[17]. A good overview of the physics of FeSeTe can
be found in the article by Mizuguchi[18]. Both parent components have a PbO crystal
structure, and the resulting superconductor FeSe;_,Te, also shows this crystal symme-
try. The increase in T, when FeSe is combined with FeTe is thought to be caused by
the stronger antiferromagnetic fluctuations present in FeTe[19].

Good quality superconducting crystals have been grown for both FeSe;_,Te, and FeSe,
and a number of groups have reported thin films grown of this material by laser ab-
lation. This will be discussed in the chapter on film growth. Wu et al[20] made the
only reported junctions on FeSe;_,Te,, by depositing a thin film of the material on a
niobium-doped STO substrate. From the resulting current-voltage characteristic of this
semiconductor-superconductor junction they estimate the superconducting energy gap
to be approximately 2.06meV at 4.2K.

By growing thin films of FeSe;_,Te, and creating the first Josephson and N-S devices
of this material we hope to pave the way for further experiments that can elucidate the
order parameter symmetry of this remarkable material.
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2 Junctions on FeSe,Tej; crystals

To study the properties of these new iron-based superconductors, transport measure-
ments were carried out on devices made with thin flakes of iron selenide telluride. Differ-
ent devices were manufactured, combining the flakes with normal- and superconducting
materials to study the properties of hybrid junctions. In this chapter, we will review
the physics of tunneling effects, the different types of junctions that are studied and de-
scribe the process involved with manufacturing these devices, as well as the result from
transport measurements on these devices.

2.1 Junctions with superconductors: the tunneling
phenomenon

The phenomenon of particle tunneling is one of the many extraordinary effects that
occur because of the quantum mechanical nature of electronic transport. Consider two
metals separated from each other by a thin layer of insulating material, typically of the
order of nanometers. Classically, electron transport through the insulating barrier is
prohibited when the energy of the electron is lower than the height of the insulating
barrier. However, due to the wavelike nature of the electrons, there is a finite possibility
for the charge carrier to penetrate the insulator, passing to the other metal lead. This
process is known as tunneling, and forms the basis of everything we are about to discuss.

For normal metals, the behavior of a tunnel junction is ohmic at low voltages, but as
soon as one or both of the leads consist of superconducting material, things change. In
the next few sections, we will discuss these effects, first discovered by Giaever in 1960
and Josephson in 1962, respectively[21, 22].

2.1.1 Normal metal - superconductor junctions

The phenomenon of electrical transport from a normal metal to a superconductor has
been widely studied. The behavior of such a normal-superconductor (N-S) junction has
been described by Blonder, Tinkham and Klapwijk[23].

Consider an electron incident on a normal metal-superconductor interface. The strength
of the barrier at the interface Z is modeled by a repulsive potential at the interface:

12
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Figure 2.2: Schematic representation of a normal metal - superconductor junction
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Uy
7 = — 2.1
hvgp’ (2.1)

where Uy is the height of the barrier, and vr the Fermi velocity of the incoming electron.

The existence of a gap in the energy spectrum of a superconductor gives rise to different
transport regimes. Depending on the energy of the electron and the strength of the in-
sulating barrier separating the metal and superconductor, there are four possible actions
for the electron incident on the interface.

e The electron can reflect back into the normal metal, for a non-transparent barrier.
This probability increases with Z.

e For F < A, because there are no electronic states available in the superconductor
below the gap, the electron will retroreflect as a hole in the normal metal, leaving
a Cooper pair in the superconductor. This process is known as Andreev reflection,
and its probability is small for energies higher than the superconducting gap A,
and goes inversely with the strength of the barrier for sub-gap energies.

e For E > A, the electron can tunnel through the superconductor as a quasiparticle.
This probability is zero for energies lower than the gap energy, and decreases with
increasing Z for £ > A.

e For F > A, the electron can tunnel with branch crossing. The probability of this
event occurring is very small, both below and above the gap energy.

Depending on the strength of the insulating barrier and the energy of the electron, the
amplitudes of these processes will vary. For energies below the superconducting gap,
tunneling is not permitted, as no electronic states are available in the superconductor at
these energies. The electron is then left with two options: either reflect off the barrier,
or retroreflect as a hole, which leaves a Cooper pair in the superconductor.

The normalized conductance of such a junction is shown in Figure 2.3 for various values
of the barrier parameter Z. It is immediately clear that Andreev reflection causes an
increase in the conductance of the junction for energies below the gap. When Z is
increased, eventually the result from a normal NIS junction is obtained, which makes
sense, as it represents a perfectly insulating barrier.

For a normal s-wave superconductor, the conductance of such a junction is shown in
Figure 2.3.

Of course, the normal BTK model makes a few assumptions in its derivation, i.e.

e Finite temperature is not taken into account. However, this is easily solved by
convolving the result from BTK with the Fermi function at the temperature of
interest.

e The barrier is ideal, without pinholes and inhomogeneities so we can define one
single value for Z.

14
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Figure 2.3: Left: normalized conductance curves at T' = 0 as a function of the barrier parameter
Z. Right: effect of nonzero temperature for fixed gap energy and barrier strength.
From [24]

e The model is purely 1-dimensional, assuming current transport only perpendicular
to the junction interface

e The superconducting wave function is assumed to be homogeneous and isotropic
in space (i.e. s-wave)

The last assumption is quite interesting. It has been shown ([14, 24, 25]) that deviations
from ideal s-wave symmetry in the superconductor gives rise to a plethora of fascinating
effects, like zero-bias conductance peaks[25]. Also, the supposedly multiband nature of
the iron-based superconductors has profound influence on the behavior of NS-junctions.
This was shown in an article by Golubov et al.[14], who derive Andreev spectra for the
case of a junction in the ab-plane of a two-band superconductor. They noticed a profound
difference between the tunneling spectra for an s, order parameter symmetry and an
s+ order parameter symmetry. Where for the case of an s 1 order parameter a zero-bias
anomaly exists for high-transparency contacts (Z = 0), destructive interference between
the two bands in the s+ case leads to the disappearance of this feature. Additionally,
in the tunneling regime (Z > 1) bound states at nonzero energy appear, as shown in
Figure 2.4. These bound states are not present in the case for s, order parameter
Symimetry.

2.1.2 Superconductor - insulator - superconductor junctions

First described by Brian Josephson[22], the electrical transport through a superconductor-
insulator-superconductor junction shows distinctly different features compared to a nor-
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Figure 2.4: Conductance in the tunneling regime, Z=10 for s; and s, order parameter sym-
metry. Taken from [14].

mal tunneling junction, due to the long-distance coherence of the superconducting order
parameter and the fact that charge carriers in a superconductor consist of bound states
of two electrons, known as Cooper pairs.

The so-called Josephson effects arise when two superconductors are weakly coupled, for
example by separating them by a thin insulating barrier. In the absense of a magnetic
vector potential A, the current that flows through the junction is determined by the
phase difference of the two superconducting condensates:

I; = I.sin (0 — 03) = I.sin ¢, (2.2)

where ¢ = 01 — 05 is the phase difference between the two superconductors. The current-
voltage characteristic of such a Josephson junction is distinctly nonlinear, with no quasi-
particle tunneling occuring for bias voltages lower than the gap energy of the supercon-
ductor. However, Cooper pairs can tunnel through the barrier, this current is called the
Josephson supercurrent, which has a maximum value I.. When the current through the
junction exceeds this critical current I., the junction goes to the so-called voltage state,
and a voltage arises over the junction.

The value of this critical current is determined by the gap energy of the superconductor
and the resistance of the junction, and decreases with temperature:
_ wA(T) tanh (2A(T))
" 2R, 2k, T
The immediate consequence of this relation is the observation that for a good quality
junction, the product of I, and R,, should be of the order of the superconducting gap.

(2.3)
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Figure 2.5: Schematic representation of a superconductor - insulator - superconductor junction

However, junction quality can vary depending on the production process, materials used,
quality of the insulating barrier et cetera. This will often lead to a decrease in the critical
current of the junction.

In order to evaluate if a true Josephson junction has been fabricated, a couple of prop-
erties of the junction can be tested. First, the phase difference between the supercon-
ductors does not only depend on the values of the phases themselves, but should be
generalized to include the effect of a magnetic vector potential. This gauge invariant
phase difference v is given by[26]

2 2
fy:@_(pl_f/lA.dl (2.4)

Taking this effect into account, it can easily be shown[26] that the critical current of a
Josephson junction will vary as a function of the applied magnetic field perpendicular
to the junction:

sin (7®/®g)

I. = 1.(0) </,

) (2.5)

where @ is the flux threading the junction and ®g represents the elementary flux quan-
tum (2 x 107 Tm?). The pattern resulting from this effect is known as a Fraunhofer
pattern. It should be noted that the description given above is valid only for s-wave
superconductors, and deviations from this predicted critical current modulation are a
sign of order parameter symmetries other than s-wave[27].
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(a) Bare FeSeTe flake. The size of the flake (b) Flake with photoresist structure. Metal
is approximately 60 x 40pm deposited in the light areas will remain on
the device after lift-off of the photoresist.

Figure 2.6: FeSeTe flakes on Si(100)

2.2 Junction fabrication

A series of junctions was made on thin crystal flakes of iron selenide telluride (FeSeg 4 Teg ¢),
provided by the University of Amsterdam, using a micromechanical cleaving process bet-
ter known as the “Scotch tape method”, made famous by the discovery of graphene[28].
Crystals were cleaved with pieces of scotch tape and subsequently deposited on 10x 10mm
Si(001) and SiOg substrates. Initial junctions were fabricated on Si(001) substrates, but
after more experiments it turned out depositing the flakes on silicon dioxide substrates
yielded more and higher quality flakes, of varying thickness. This enabled us to select
suitable crystal flakes for device manufacturing. Requirements for a good flake were
smooth surface morphology and sharp, clean edges. Flakes of different thickness were
visible, and this method seems to be a very good approach towards device manufactur-
ing. The crystals cleave very easily and yield both large and small flakes, ranging in size
from 5 to 100um. An example flake is shown in Figure 2.6a.

The substrates with flakes were subsequently covered by a layer of Olin 907/17 pho-
toresist which was baked out for 60 seconds at 100°C. This step enables us to define a
structure in the photoresist using UV photolithography, which after developing results
in a structure as shown in Figure 2.6b.

Then niobium or aluminum was deposited using a DC sputtering step, which after lifting
off the remaining photoresist with acetone results in our device. 200nm of metal was
deposited on the structures, which proved enough to cover the edges of the flake and
most structure features ended up in the final device. Some intended features did not
survive the lift-off process, resulting in approximately one in four arms of the structure
not ending up in the final device. This was accounted for in the original design of the
structure, as multiple leads going up the flake ensured good redundancy.
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Figure 2.7: Step-by-step illustration of the manufacturing process of an FST junction. Top left:
bare substrate. Top right: flake on substrate. Bottom left: structure defined using
photoresist (pink). Bottom right: niobium structure with bond wires, after lift-off.

2.3 Niobium - FeSeTe junctions

Niobium - FeSeTe Josephson junctions were fabricated by the method described above,
and were analyzed in the bath cryostat in our lab. IV-curves were measured by placing
aluminum bond wires on the bond pads connected to the niobium leads. Two bond wires
were placed on the first electrode, and one each on two other electrode, so effectively
the interface between the niobium on the first electrode and the FST superconductor is
measured in a quasi-four point geometry. This means that the voltage contact on lead
3 draws no current, and no contact resistances are measured, leaving just the resistance
of the junction.

The IV behavior of such a junction is shown in Figure 2.8, and was verified for two
other junctions. These IV characteristics were measured by applying a current through
the junction and measuring the voltage response. The current applied was a triangular
waveform with a maximum value of 20uA. Both voltage and current were measured by
a National Instruments PXI board, with a pre-amplifier to improve resolution. Multiple
current sweeps were executed, and no hysteresis effects were observed.

The critical current of the junctions was very low, in the order of 5 pA, which combined
with the normal state resistance of 52 results in an I.R,, product which is significantly
lower than expected, in the order of microvolts. For a good quality Josephson junction,
this product is of the order of the superconducting gap, which is expected to be around
5 mV. This means our junction is far from good, but this was to be expected as barrier
control was virtually nonexistent. The residual oxide on top of the iron selenide telluride
flake has not been removed by an etching step before depositing niobium, and acts as
the barrier between the two superconductors. This residual oxide is uncontrolled, and
therefore it is to be expected that the actual junction might be comprised of several tiny
junctions, yielding a bad contact.
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Figure 2.8: Current-voltage characteristic of a hybrid niobium - FeSeTe junction

In ideal circumstances, one would etch residual contaminations from the iron selenide
telluride flake, subsequently deposit a couple of Angstroms worth of insulating material
(for example, aluminum oxide) and then proceed with depositing the niobium electrode.
This would most likely result in a better defined insulating barrier and I would expect
it to strongly enhance the I.R,, product of the junctions.

The low critical current of the junction means that the signal-to-noise ratio or SNR in
our measurements is quite low, as our measurement equipment has an inherent noise
which is of the order of 1uV.

The superconducting state is clearly visible as no voltage is measured from -5 to +5
uA, and subsequently a transition to the normal state is visible for both positive and
negative bias currents. Significant attention should be paid to the fact that the these
junctions are (predominantly) c-axis oriented. Contrary to the cuprate superconductors,
which are two-dimensional in nature and have very little if any c-axis conductivity, these
junctions show clear signs of c-axis transport, which is bad news for anyone advocating
d-wave order parameter symmetries in these systems.

A magnetic field was applied to the junctions to test for the occurance of a Fraunhofer
pattern in the critical current as function of magnetic field. However, due to problems
with one of the amplifiers used to measure the voltage over the junction, the dataset of
this measurement was corrupted. Because the junction’s performance had decreased sig-
nificantly (i.e. no supercurrent was observed after cooling down again), the measurement
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could not be repeated. However, we did observe a modulation of the critical current in
the junction, which disappeared upon ramping the magnetic field, and reappeared when
ramping further. This is a good indication that a Fraunhofer pattern can indeed be
measured on these junctions. Also, the critical current of the junction disappeared upon
irradiation of the junction with microwaves, however no Shapiro steps were measured in
the current-voltage characteristics of the junction.

It is interesting to note that there have been no reports in literature about this kind
of hybrid S-I-S junction on the (11)-family of iron-based superconductors, so these are
a world-first. A good overview on the junction experiments that have been conducted
on the iron-based superconductors can be found in the review articles by Seidel[27] and
Hiramatsu[29)].

2.3.1 ab-plane contributions to conductivity

In the previous paragraph, we discussed a hybrid niobium-FST junction, which showed
clear Josephson characteristics. The flake used to produce this device was about 2um
thick. Another device was created using a much thinner flake, about 500nm thick.
This device did not show the expected S-I-S behavior, but rather looked like a normal
metal - superconductor junction, with the gap of niobium clearly visible at about 9meV.
Using the same niobium contacts, a four-point probe RT measurement was done on the
junction, and it proved to show very insulating behavior. So insulating that it could
not be accurately measured. This could have two reasons. Decreasing the thickness
of the flake decreases the ab-contribution to the supercurrent in the device. Given the
fact that our junction area is 2um?, a niobium lead of 20pum wide against a 2um thick
flake potentially makes a very large extra junction area, which possibly contributes to
the total supercurrent measured in these devices. If the flake is made much thinner,
the ab-junction area decreases with it, and the contribution of this area to the total
electrical transport through the junction decreases. However, it has also been reported
in literature[15], that thin films of this material seem to have a certain “critical thickness”
before superconductivity arises. This could well be the case here. Otherwise, it shows
that c-axis oriented junctions do not carry a significant supercurrent.

If ab-transport is significantly present in the junction characteristics as shown in Figure
2.8, then it should be possible to suppress this by applying a field perpendicular to the
ab-plane of the flake. This was done, and very little critical current modulation was
observed. This leads us to the conclusion that ab-transport is not significantly present
in the realized junction.

A good improvement on the current junction design which could shed light on this issue
would be to cover the edges of the FST flake with an insulating layer, leaving only the
top surface of the flake exposed to the niobium leads. This way, only c-axis transport is
possible, and any ab-contribution should disappear.
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2.4 Aluminum - FeSeTe junctions

Bound states within the superconducting gap of iron selenide telluride superconductors
have been argued to provide strong evidence of s order parameter symmetry, because
of interference of the two superconducting wave functions coexisting within the iron
superconductor[14]. For a fully transparent interface, an Andreev contact exists. Con-
trary to the case of cuprate superconductors, where experiments indicate strong evidence
of zero-bias conductance peaks in the dI/dV spectrum, destructive interference between
the coexisting superconducting wave functions in the pnictide and chalcogenide super-
conductors causes this zero-bias conductance peak to disappear completely.

However, fully transparent interfaces (Z < 1) are very hard to fabricate in a controlled
way, and measuring them is not straightforward because of the inherently low inter-
face resistance. In the same paper, Golubov et al.[14] argue that for large values of Z
(Z > 1), the junction is in the tunneling limit, and the two-band nature of the iron
superconductors gives rise to Andreev bound states that exist in the gap at finite bias
voltages. The existence of such bound states are strong evidence for a m phase shift
between the two condensates, and experimental evidence for them could provide the
sought-after "smoking gun”. Should the order parameter symmetry be s;, there will
be no bound states at finite bias voltage, even though band interference does occur,
resulting in a complex dI/dV characteristic.

A normal metal - superconductor junction was fabricated by sputter depositing 200nm
thick aluminum leads on a FeSeTe single crystal flake on a silicon dioxide (SiO3) sub-
strate. The IV characteristic of this junction was measured in a quasi-four point method
at 1.8K, after which a conductance curve was obtained by numerically differentiating.
This conductance plot is shown in Figure 2.9. Clearly visible is a maximum for approxi-
mately 3meV, which corresponds well to the values found in literature for FeSe; _, Te, [30].
Another shoulder in the curve is visible at -9meV, which could possibly point at a sec-
ond gap feature, corresponding to the second gap of the (multiband) FeSe;_,Te,. These
features are stable over time, measured at different days, after thermal cycling. This
indicates that these junctions are rather stable and do not degrade over a period of mul-
tiple days. However, due to the fact that one of the leads was destroyed by applying too
high a current through the sample, no further measurements at different temperatures
could be measured, which would be interesting to determine the behavior of the system
at different temperatures. The resistance of this junction is 1.1k€). It’s interesting to
note that the conductance of the junction does not completely go back to the “normal”
state, only for very high bias voltages.
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Figure 2.9: Conductance of an aluminum - FeSeTe junction showing a broad, symmetric gap
feature and a resistance of 1.1kf2.
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3 FeSe;_,Te, thin films

After the initial discovery of a certain new material, whether it is a dielectric, perovskite
or a superconductor, at some point researchers start looking for thin films of these materi-
als. Obviously, since thin films enable researchers to create hybrid devices incorporating
these new materials, enabling them to study all different properties in detail, and in a
more controlled manner than single-crystals offer them. Ideally, we would like to make
thin films, such that we can use them to fabricate (superconducting) tunneljunctions
with them.

My criteria for a good thin film can be summarized as follows:

e High quality single-crystalline films, offering good electronical properties, if pos-
sible exceeding those of the parent (bulk) compound. For example, strain effects
sometimes enhance the critical temperature T, of superconducting thin films com-
pared to their bulk values.

e Good morphology, and most importantly low surface roughness, in the order of
1 — 2nm RMS.

e Isotropic films, without any composition gradients.

e Well defined growth process, enabling researchers to grow films of arbitrary thick-
ness.

This means that in order to grow good films of iron selenide telluride, we need a good
understanding of the crystal (structure, bulk properties), the growth process and the
parameters that influence thin film quality. Multiple tools were used to gain insight
in these processes in this research project. First, basic electronic properties like the
evolution of electrical resistance as a function of temperature were studied in a dipping
cryostat. Here we measure the resistivity of the film in a four-point or Van der Pauw-
configuration at different temperatures. This enables us to measure the transition from
the normal state to the superconducting state, in the same way Kamerlingh Onnes did
it in 1911, albeit with slightly newer equipment.

Secondly, the structural properties of the deposited films were studied using an X-ray
diffractometer or XRD. Multiple experiments were carried out using X-ray diffraction to
determine the lattice parameters and orientation of the films. Also, rocking curves and
¢-scans were measured to study the possible existence of different orientations (twinning)
and defects that could negatively influence the properties of the film.
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Finally, samples were analyzed using a vibrating sample magnetometer (Quantum Design
PPMS/VSM), which was used to determine the magnetic susceptibilities of the films.
This could give insight in the magnetic properties of the grown films, and shed light on
the question if any superconducting phases are present in the films.

In this chapter we describe the growth and subsequent analysis of iron selenide telluride
thin films. All films were grown in a ultrahigh vacuum pulsed laser deposition chamber
and analyzed ex situ.

3.1 FeSe;_,Te, thin films in literature

A few other groups have reported epitaxial thin films of iron selenide telluride with vary-
ing quality[29]. Their results report a wide range of deposition parameters, sometimes
contradictory. One of the goals in this project was to clarify (for as much as possible)
what the optimal deposition conditions for this material are, and what the influence of
the different variables is on the quality of the deposited films.

Especially the Bellingieri group have shown excellent quality thin films of FeSeTe on
multiple substrates[31, 16], and their success seems to be caused by the significantly
shorter target-substrate distances they employ. In PLD, usually the substrate is placed at
the “edge” of the plasma plume, which is the optimal position for stoichiometric growth,
as most of the ablated material then nucleates on the substrate. Unfortunately, our
system layout limits the target-substrate distance to 45mm, which potentially hampers
the optimal growth of iron selenide telluride thin films.

3.2 Substrate choice

A first step in growing films of any material is the choice of substrate which will act as the
“template” on which the thin film will nucleate. Ideally, one chooses a substrate which
has a close lattice match with the material that will be grown. In our situation, three
different options were available. From literature it is known that it is possible to grow
superconducting thin films of iron selenide telluride on strontium titanate (SrTiOg),
magnesium oxide (MgO) and LSAT ((Lag3Sro.7) (AlpesTao.35)O3) substrates[31, 16,
32, 33]. An important characteristic that should be shared by both the film and the
substrate is the in-plane lattice parameter. A closely matching lattice parameter is
required for the thin film to grow nicely out of the substrate, using the substrate as a
template for crystal growth. Both strontium titanate or STO and LSAT have very close
lattice matches with iron selenide telluride: the lattice parameters a for these materials
are 3.905Aand 3.868A, respectively. Compared to the bulk in-plane lattice parameter
(3.79]:\) for FeSeg5Teq 5, which is the optimally doped configuration for the material,
these are very close lattice matches. However, STO has the disadvantage from a device
fabrication point of view, that it can become conducting when structures are defined in

25



it using argon etching, a popular step in device manufacturing. Therefore, LSAT was
chosen as substrate material of choice. It is a compound structure which has a cubic
symmetry, similar to MgO and STO, and an insulator. A few films were grown on MgO
as well, but as varying substrate material introduces yet another variable that could
possibly influence our parameter survey, I decided to stick to LSAT for the rest of this
project.

3.3 Thin film growth

Thin films were grown on LSAT substrates at different deposition temperatures ranging
from 400 to 600 degrees Celsius using pulsed laser deposition (PLD) with a krypton
fluoride (KrF) laser at 248nm wavelength. These temperatures are chosen because at
higher temperatures, very rough film growth is reported in literature [33], and the best
thin films seem to be grown at these temperatures. This can be understood by the
fact that a certain amount of energy is needed for the impinging ions on the surface
of the substrate to assemble a crystalline layer, and heating the substrate provides this
energy. However, an excess of heat on the substrate might cause desorption of the
ablated material from the substrate, destroying film stoichiometry. As mentioned in
section 3.1, increasing the substrate temperature causes roughening of the surface of the
film, which is an undesired effect. Therefore, substrate temperatures should be kept as
low as possible, whilst still allowing for crystalline growth to occur.

In this process, a KrF excimer laser ablates material from a target of known composition
(stoichiometry), which creates a plasma plume containing the ablated material. A sub-
strate opposite to the target is heated to a certain temperature and material from the
plume nucleates on the substrate. A schematic of the PLD process is shown in Figure
3.1. The target material is a (001)-oriented single-crystalline sample of FeSey4Teg g,
which was kindly provided by the Quantum Electron Matter group at the University
of Amsterdam. XRD scans of the target material confirm the good stoichiometry and
single-crystalline properties of the target material, as illustrated in Figure 3.9. The
slightly off-optimal stoichiometry of the target was chosen as after first attempts at
growing films using a target material consisting of FeSeg sTeq 5, grown films seemed to
lack in tellurium content, so extra tellurium was added to the target material to improve
the stoichiometry of the deposited films.

In the beginning of this project, which overlaps with another MSc project just before the
project described in this thesis[34], a nearly superconducting thin film was grown on a
magnesium oxide (MgO) substrate, exhibiting a very broad transition to the supercon-
ducting state, with a T onset Of 8K, whereas a superconducting transition temperature
of 14K was expected, which is the T, of the crystal. (Fig 3.3) Also, it should be noted
that the film’s resistivity does not drop to 0 completely, so we hesitate to classify this
as a “superconducting film”. Analysis of the binding energies in the film using x-ray
photoelectron spectroscopy showed a severe tellurium deficiency in the film, resulting in
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Figure 3.1: Schematic representation of a pulsed laser deposition process
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Figure 3.2: AFM image of a cold-grown (300K) film of FeSe;_,Te, on LSAT after annealing,
indicating very rough, island-like growth
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Figure 3.3: Almost-superconducting transition of an FeSeTe film on MgO, measured in a Van
der Pauw configuration.

a lower T.. We were unable to reproduce this result using the exact same deposition
parameters, as all our attempts resulted in very rough insulating films.

Efforts continued to grow films in the proper configuration, but proved unsuccessful.
Most films grown did not exhibit any electrical conductivity at all, with resistivities
exceeding p = 5 x 10*Q m, which is the highest value we can measure in our current
setup. The expected resistivity of a good quality thin film of iron selenide telluride would
be orders of magnitude lower, as it is a so-called bad metal in the normal state (T > T).

However, some films did prove to be electrically conductive and showed an interesting
temperature behavior. This is shown in Figure 3.4. We see an almost linear temperature
dependence in a large temperature range, and on cooling down further, an exponential
upturn of the resistance. This kind of behavior looks like that one would expect for a
semiconducting material, but the linearity is striking and unexpected. It could be that
this temperature dependence is the result of different phases present in the film, some
insulating, some (semi-)conducting, et cetera. This film was grown at 10Hz, at 450° at
a background pressure of 10~ "mbar with a target-substrate distance of 50mm.

After lowering the minimum attainable pressure in the chamber by replacing the rough-
ing pump that creates the necessary low background pressure for the turbo pump to
operate optimally, another film was grown. Films grown before this replacement were
realized in a background pressure of 1076 mbar or even higher, which increases the possi-
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Figure 3.4: Resistance as function of temperature for sample FST03, 200nm on LSAT, mea-
sured in a four-point configuration

bility of sample contamination and alters the plasma emanating from the target. Usually,
an inert gas like argon is used to shape the plasma plume, but as the plume size created
by ablating iron selenide telluride is already quite small, all films reported in literature
are grown in (ultra) high vacuum conditions, with P < 10~%mbar. This new film was
grown at a lower fluency of 2.5J/cm? at 450°, at a deposition frequency of 2Hz. These
parameters were chosen after concluding that the best reported films were grown at the
lower end of the indicated temperature range, for relatively low fluencies and deposition
frequencies. Target-substrate distance was decreased from 50mm to 35mm, which how-
ever had the unintended consequence that the shutter could no longer be placed in front
of the heater. This is done during pre-ablation, which removes any accumulated dirt and
water from the target material. However, the result was unexpected, but appreciated.

After analysis in the Bruker diffractometer, the resistivity was studied in the RT setup
(Fig 3.5). The film shows a clear superconducting transition with a T¢ onser of about 9K
and a T.p of 5.4K. The anomalous behavior of the resistance at higher temperatures
possibly indicates the presence of a semiconducting phase in addition to the (metallic)
FeSeTe-phase. This could (partially) explain the lower critical temperature, which is
expected to be around 14K for this compound. Another reason for the apparently
lower critical temperature could lie in the presence of interstitial iron atoms, which
partially suppresses superconductivity, resulting in a lower T,.. This effect was reported
by McQueen et al.[35], who measured the disappearance of superconductivity in single
crystalline samples of iron selenide, the parent compound of our iron selenide telluride,
for samples with higher iron content. As we will see in a later section, we indeed conclude
from susceptibility measurements that there is excess iron present in the thin film, and
this is a viable explanation for the lower critical temperature.
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Figure 3.5: Resistance as function of temperature for sample FSTO08, measured in a Van der
Pauw configuration
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3.4 X-ray analysis of FeSeTe thin films

To gain insight into the crystal structure of the grown films, samples were characterized
using both X-ray diffraction and — reflectivity scans. The former gives information
about the crystallinity, lattice parameters and strain influence of the films, whereas the
latter can be used to determine film thickness and — roughness. Both techniques are
crucial in understanding the growth parameters of the material. Due to the significant
surface roughness and thickness of the films, no meaningful data was extracted from the
reflectivity scans, and they will not be further discussed.

3.4.1 X-ray crystallography basics

The principle of x-ray diffraction is based on the scattering of x-rays by a periodic
structure, a crystal. This diffraction pattern depends both on the wavelength of the
incident wave and on the periodicity of the sample under investigation. Because the
typical interatomic distance in solids is of the order of Angstroms, an incident wave
should have a wavelength in the same order or smaller, and we end up using x-rays.
The source of our diffractometer is a copper target material, yielding (mostly) Cu-Kay
radiation with a wavelength of 1.5405A.

Due to the periodicity of the crystal, both constructive and destructive interference
occurs for different angles. This interference pattern can, in a naive model, be understood
using Bragg’s law,

2dsinf = nA, (3.1)

where d is the spacing between the crystal planes parallel to the surface and 6 the angle
of incidence of the x-ray wave. It is interesting to note that this condition only depends
on the wavelength of the incident wave and the distance between the crystal planes, and
not on the composition of these planes. A schematic overview of the Bragg condition is
shown in Figure 3.6.

From a crystallographic point of view it’s important to note that our substrate, LSAT,
has a cubic structure (Fig. 3.7a, a = b = ¢), and FeSeTe exhibits tetragonal symmetry,
where a = b # ¢ (Fig. 3.7b). The substrates are (001) oriented.

3.4.2 Experimental setup

All measurements were carried out in a Bruker D8 Discover diffractometer equipped with
a Gobel mirror and a 2-bounce monochromator, which delivers a highly collimated beam
of mostly Cu-Kay radiation, with a minor component (about 4%) of Cu-Kas radiation.
To improve resolution, slits can be used to decrease scattering. Narrow (0.2mm) slits are
used for aligning and reflectivity measurements for optimum resolution, and 6 — 26 scans
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Figure 3.8: Schematic overview of the Bruker D8 diffractometer. From left to right: the X-ray
source, Gobel mirror, rotary absorber, monochromator,slit, Eulerian cradle, slits,
detector.

are carried out with larger slits of 1 and 2mm, which offered the best tradeoff between
high resolution and beam intensity. A schematic overview of the diffractometer with all
available axes is shown in Figure 3.8.

3.4.3 Lattice parameters of FeSeTe

The crystal structure of FeSeTe thin films on LSAT was studied using 6 — 26 scans to
establish the possible different phases present in the film, and to measure the tellurium
content of the thin film, which is directly linked to the c-axis lattice parameter. This
symmetric scan measures only crystal planes parallel to the surface, so it enables us to
extract the lattice constant in the c¢ direction, provided the film is epitaxially grown on
the substrate. This is a default method to study epitaxial growth on substrates. From
the position of the different (001) peaks the lattice parameter ¢ can be determined by
solving the Bragg equation (3.1).

In order to evaluate the quality of the films, 8 — 260 scans are compared with the provided
target material which was used to ablate from. Figure 3.9 shows a 6 — 26 scan of the
target material, clearly showing the (00l) peaks of our target crystal. On zooming in
on the individual diffraction peaks, a slight bump to the right of the main peak is
visible, indicating a small different phase present. As noted in the article by Hsu et
al.[32], varying the tellurium content results in different c-axis lattice parameters, the
asymmetry in the (001) peaks indicates a small spread in tellurium content of the target
crystal. In principle, peak broadening is nothing abnormal, as it is caused by the finite
thickness of the thin film, but asymmetry in the film peaks indicates the presence of
inhomogeneities.
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Figure 3.10: 0 — 260 scan of an LSAT substrate
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6 - 26 scan FSTO05 on LSAT
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Figure 3.11: 6 — 260 scan of the insulating film FSTO05 on LSAT

In Figure 3.10 the diffraction pattern from a similar § — 26 scan on an LSAT substrate is
shown, which can be used to compare with the film scan, in which these substrate peaks
are clearly visible as well. The (001) orientation of the substrate is clearly visible from
the position of the substrate peaks, and corresponds well to the values expected from
literature.

Figure 3.11 shows a 6 — 26 scan of sample FST05, which was grown at room temperature
and subsequently annealed at 500 degrees Celsius. One can observe weak (001) peaks
belonging to the proper FeSeTe phase, in addition to another phase at lower angles.
This indicates another phase is present in the compound, and could explain the poor
electrical properties of the film. From this we conclude that growing a film at room
temperature and recrystallizing it using vacuum anneal does result in partial epitaxial
growth, but film quality is abysmal and a significant impurity phase is present, which
proved detrimental for the electronic properties of the film. However, the stoichiome-
try which was determined by the c-axis lattice parameter does correspond well to the
tellurium content in the target crystal.

The superconducting film, FSTO08, was analyzed as well. Figure 3.12 shows a high quality,
c-axis oriented film with very little impurity phases present, except for a small presence
of silver at 38°. This occurance of silver in the film is a well known phenomenon and can
be attributed to the silver paint used to glue the sample to the heater during the PLD
process. As with the previous sample, FSTO05, this film also shows broad, asymmetric
peaks, indicating significant inhomogeneity in the composition of the film. However,
the position of the maximum of the peak corresponds to a phase with a high tellurium
content, which means this forms the majority phase in the film.
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Figure 3.12: 6§ — 26 scan of the superconducting film FST08 on LSAT

To extract the lattice parameters of the films, we need to analyze the different peak
positions and solve the Bragg equation for each of them, which yields the c-axis lattice
parameter for the symmetric § — 26 scan. Some previous work[34] assumes a constant
unit cell volume and thus calculates the a-axis lattice parameter from the measured
c-axis lattice parameter, however here this is not the case, as unit cell volume is not
conserved when the c-axis enlargement is caused by selenium substitution by tellurium.
It does hold when strain causes the unit cell to stretch in order to match the substrate,
but this is not the case here.

Of course, the values we measure for the different crystallographic directions are prone to
certain errors, both systematic and random. These errors have been widely studied and
found to be minimal for 8 = 90°, so by measuring different peaks for the same material
(the 00l-peaks, for example) and calculating a linear regression through these points,
when plotted versus what is known as a Nelson-Riley function (NR), the most accurate
value for d is extrapolated for # = 90 or NR = 0[36]. The Nelson-Riley function is given
by

cos26  cos?6

NR =
R sin 6 0

(3.2)

As can be seen from Figure 3.13, for the five peaks present in our film, the fit is rather
abysmal, but with significant error in the exact position of the peaks, this is to be
expected. However, this only slightly varies the value of the extrapolated lattice spacing,
and differs very little from the usual approach of determining the lattice parameter by
doing a least-squares fit of the lattice constant versus 6.

A good way to determine the lattice parameters of the film would be to make a reciprocal
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Figure 3.13: Lattice parameter fit using the Nelson-Riley functions. The best fit for the lattice
parameter is found for NR=0, however significant deviation from the ideal fit are
clearly visible

space map of the sample, which shows the (hkl) parameters of both film and substrate
in a single two-dimensional plot. However, this requires significantly strong out-of-plane
peaks for both the substrate and film to lie within a few degrees (in 26) of each other,
as well as on a similar plane in y. We did not find a suitable pair of diffraction peaks for
FeSeTe on LSAT, and thus had to look for a different way to measure the out-of-plane
lattice parameter for our c-axis oriented film.

The solution lies in the fact that with a symmetric scan, one measures only the planes
perpendicular to the vector that bisects the incoming and reflected beam. By tilting the
sample under a certain angle x, we measure the (101) planes of the film (Figure 3.14).
Then, by once more applying Bragg’s law, we can extract the a-axis lattice parameter,
for a given (measured) value of ¢. The (101) € — 26 scan is shown in Figure 3.14. Clearly
visible are the (101), (202) and (303) peaks, where the latter coincides with the (640)
diffraction peak of the LSAT substrate. x was tilted at 57.2°.

From these scans, we conclude that the c-axis lattice parameter of film FSTOS8 is equal
to 5.92A, and a is equal to 3.82A. This corresponds well to values found in literature([33,
31, 16).

3.4.4 Stoichiometry

There exists an interesting link between the crystal structure of the iron-based super-
conductors and their superconducting properties. For example, Hsu et al. showed [32]
a direct link between the critical temperature T, and anion height in these compounds,
which means, the height of the anion (Se, Te, etc.) above the Fe-plane determines the
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Figure 3.14: 6 — 26 scan of the (101) planes of sample FST08

angle between the iron atoms and the other ions in the compound, and T, is maximized
when this angle approaches that of a perfect tetrahedron.

In a similar way, it seems like a similar mechanism is responsible for the increase in
T, in iron selenide telluride, where the critical temperature increases when increasing
the tellurium content from zero to a maximum at around a Te content of 50%. Now
because tellurium has a bigger atomic radius than selenium does, the average anion
height for a Te-rich compound will be higher than the average anion height in a Te-
deficient compound. This, in turn, determines the c-axis lattice parameter of the crystal,
as these compounds exhibit a tetragonal crystal symmetry.

This way, we can say something about the tellurium content of a thin film or crystal by
examining the crystal’s c-axis lattice parameter, which is easily measured in a 260 — w
diffraction pattern. This was shown by Wu et al, [37], who determined the c-axis lattice
parameter for different compositions of FeSe;_,Te,. Figure 3.15 shows the change in
(001)-peak position in for varying tellurium content.

In the first superconducting thin film, 3.3, we explained the lower critical temperature
of 8K by the fact that it’s c-axis lattice parameter was measured to be significantly
smaller than the target crystal’s lattice parameter, indicating a lower tellurium content.
However, in the last film grown, the tellurium content was measured to be approximately
50%, which corresponds to an optimally doped film. However, the critical temperature
was still only 9K, but with a better, steeper superconducting transition. One hypothesis
is that defects in the film, vacancies, grain boundaries and the like, significantly lower
the critical current of the film, leading to a lower critical temperature. However, this
means that still the grains in the film could have higher T.s. To investigate this, it’s
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worthwhile to look at the temperature dependence of the magnetic susceptibility of the
compound.

One of the basic properties of a superconductor is that as it reaches the critical temper-
ature, the magnetic susceptibility x drops to a negative value, because of the Meissner
effect, which is a diamagnetic effect. By measuring the susceptibility as function of tem-
perature, we can determine the critical temperature at which this phase transition takes
place. As this measurement is carried out without the need for a transport current, any
grain boundary effects are not taken into account, and it allows us to determine the
critical temperature of the individual grains.

However, a complication of this approach in the case of FeSe;_,Te, is the likely presence
of (paramagnetic) iron impurities in the film. Iron, which has a strong magnetic moment,
exhibits a strong positive susceptibility, and it’s very well possible that the signal from
the iron “impurities” masks any diamagnetic response from the superconducting volume
fraction in the film. However, if we can account for these different contributions, we can
hopefully see a clear dip in the magnetic susceptibility at T., and thus determine the
superconducting volume fraction of the film.

3.5 Magnetic measurements

As noted in the previous sections, the critical temperature as measured in the R-T setup
does not correspond to the expected 7. for the optimally doped FeSeTe-compound.
Investigation using XRD as described in the last paragraph indicates the stoichiometry
of the grown film corresponds well to the stoichiometry of the used target, which should
result in a T, of about 14K. This means that the lower T, has to be caused by some other
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(macroscopic) phenomenon that quenches superconductivity at higher temperatures.
One hypothesis is that the individual grains themselves do become superconducting at
high temperatures, but if a significant fraction of the film has the wrong stoichiometry
with a lower (if at all) T, this could result in a percolation path only becoming closed
at the critical temperature of the weakest grains that are necessary to create a fully-
connected percolation path. This is something that’s an inherent complication when
testing for superconductivity using a bias current: one needs to be able to actually drive
a current through the film.

An alternative way of establishing the critical temperature of a film is to look at the mag-
netic properties of the film. The base compound of iron selenide telluride is a bad metal
at temperatures T' > T,, showing interesting magnetic properties like antiferromagnetic
ordering, spin density waves and other related phenomena. However, upon transition
through the critical temperature, the compound becomes strongly diamagnetic, an ef-
fect known as the Meissner-Ochsenfeld effect. This means that the superconductor will
actively expel magnetic flux from its interior by creating circulating supercurrents at the
surface of the material that screen out the magnetic field.

This should be visible when measuring the magnetization of the film as a function of
temperature. The magnetic moment of the superconductor should change from a (small)
positive value above T, to a significant negative value for temperatures below the critical
temperature. We performed such measurements in a vibrating sample magnetometer
(VSM) inside a Quantum Design physical properties measurement system or PPMS. In
this experiment, the sample is quickly moved up and down in a set background field,
and the magnetization response from the sample is measured by a pickup coil which is
located around the sample. This results in a magnetization curve, which is shown in
Figure 3.16. Note that the sample has been cooled down in zero field, after which a field
of 10000e is applied and the temperature sweeped from 4K to 200K.

As we can see from this figure, the sample unfortunately does not show any indication of
a superconducting transition. (Figure 3.17). An interesting feature is the sudden jump
in magnetic moment at 65K, which corresponds to a phase transition in the FeSeTe
compound which has been seen in other work[38].Converting the measured magnetic
moment in Am? to a magnetic moment per unit cell, the film shows a magnetic moment
of approximately 0.08up, where i is the Bohr magneton, the natural unit for magnetiza-
tion. One Bohr magneton corresponds to the magnetization caused by a single unbound
spin per unit cell. In this case, it indicates that for every twelve unit cells, one indi-
vidual spin is present which contributes to the total (paramagnetic) magnetization of
the sample. Also, for low temperatures the film shows paramagnetic behaviour, where
the magnetization increases with decreasing temperature, indicative of paramagnetism.
This could well be caused by interstitial iron atoms present in the sample. To see if any
ferromagnetic phases are present in the compound, it would be worthwhile to measure
magnetization curves as function of the applied field (M-H curves) to see if any hysteric
effects can be measured, which are a clear sign of ferromagnetism. Another reason for
the lack of clear diamagnetic response in the magnetization could be that the sample
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Figure 3.16: Magnetic moment versus temperature for the superconducting sample FSTO08
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was cooled in a small background field, resulting in trapped vortices in the film. There
is a known difference reported in literature between magnetization curves for zero field
and nonzero field cooling measurements. However, this is relatively unlikely, as the back-
ground field in the PPMS is of the order of Gauss, and the critical fields of FeSeTe are
in the order of tens of thousands of Gauss.

3.5.1 Investigation of defects

Defects can have great influence on the superconducting properties of films. For example,
grain boundaries and twinning decrease the critical current between grains, which is
detrimental to a good performance of the film and devices made on it. This is usually
not a problem in (metallic) BCS superconductors, with coherence lengths in the order
of hundreds of nanometers, but as with the cuprates, the iron pnictide and chalcogenide
superconductors exhibit very short coherence lengths, meaning grain boundaries possibly
become a significant problem for superconducting transport. Control and proper analysis
of defect densities is thus of utmost importance, and should be studied. The relatively
broad superconducting transition we observed in films, and the non-superconducting
films lead us to investigate the defects in our films.

A great tool to investigate crystal defects is a so-called rocking curve, where we slowly
vary 6 around a film peak whilst keeping 26 constant. The width of this peak then
tells us something about the defect density and disorder in the film. A high-quality film
with a low defect density will show a very sharp peak, whilst a disordered film will be
indicated by a broad peak in the rocking curve.

Figure 3.18 shows such a rocking curve for film FSTOS8, which is superconducting.Also,
we can compare this rocking curve to one from the target crystal, which is shown in
Figure 3.19.

Looking at the full-width half-maximum (FWHM) of the rocking curve, we notice imme-
diately that the curve for the thin films is much broader than the one from the crystal.
This shows the crystal is of higher crystalline quality (less defects), although it seems
like two different orientations are present in the target crystal, as can be seen from the
two individual maxima in the rocking curve. This should however not influence the
quality of the thin film, as only stoichiometry is really important, since crystallinity is
only realized upon nucleation of the film.

Another check for the epitaxy of the grown film is to look at the orientation of the film
compared to that of the substrate. A good check for this is to examine a peak with both
in- and out-of-plane miller indices, and perform a ¢ scan, which should show fourfold
symmetry for the LSAT substrate. If we see the exact same (101) peak positions for
both the LSAT and FeSeTe thin film, we can conclude the film has grown in the same
orientation as the substrate has. Such a ¢-scan is shown in Figure 3.20. It’s clear from
this graph that the maxima of the (101) peaks for both the LSAT and FeSeTe coincide,
leading to the conclusion that indeed the film is grown epitaxially on top of the substrate,
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Figure 3.20: ¢-scans for the LSAT substrate and epitaxially grown FeSeTe thin film

without any hexagonal or other phases present. In addition to this, the 90° separation
of the peaks clearly indicates fourfold symmetry, corresponding to the tetragonal phase
of the superconductor.

3.6 Concluding remarks

During this project, it quickly became obvious that growing thin films of iron selenide
telluride is no simple feat. However, after much trial and error we managed to produce
a superconducting film which has a clear superconducting transition with a 7. o,ser Of
11K and a T¢ o of 5.5K, where the large AT, can most likely be attributed to defects in
the crystal and inhomogeneities in the film, which are obvious from the broad peaks in
the # — 20 peaks and rocking curves in x-ray diffraction experiments. Also, the rough
surface morphology with multiple “dots” and pinholes indicate island-like film growth,
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where superconductivity is only measured for increasingly thick films, which could well
indicate percolation-type conductivity. Also, the lower critical temperature we measured
in transport indicates grain boundaries play a significant role in the properties of the
film, and stoichiometry of the individual grains does not tell the whole story here. J.
measurements on these films would be very interesting to further investigate these effects.

Finally, when summarizing our results with those available from literature it seems like
the best superconducting films are grown at relatively low temperatures, at relatively
low deposition frequencies and -energies, with the substrate placed relatively close to the
target. Only when we moved the sample significantly closer to the target, we obtained
proper results. A significant disadvantage of the current PLD system is the minimum
heater-target distance of 45 millimeter, which, when assessing the size of the plume
emanating from the target on laser impact, is too big a distance, and could well explain
the significant amount of particulates present on the surface.
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4 Conclusions and Recommendations

4.1 Junctions on FeSe(Teyg

Using conventional photolithography, NS- and S-I-S junctions were fabricated on single-
crystalline flakes of FeSey 4 Teg.g. The aluminum - FeSeTe NS junctions show conductance
spectra similar to those obtained for a junction with interface height Z of approximately
0.5, and a mixing parameter o of 0.2. For a clear indication on the order parameter
symmetry of FeSeTe, one would ideally grow a tunnelbarrier, that is, a junction with a
Z value much larger than 1. The s* symmetry of the superconducting order parameter
would be shown by the presence of Andreev bound states at finite voltage, due to the
interference of the two tunnel modes in the junction.

The niobium - FeSeTe junctions showed clear Josephson characteristics, with a junction
area of approximately 2um?, assuming only c-axis junctions contributing to the super-
current. However, the significant thickness of the flake means that ab-axis contact can
not be neglected, even though the application of a magnetic field perpendicular to the
ab-plane did not show any significant critical current modulation. The junction shows
an I, of 5uA, which, combined with the normal state resistance of the junction gives
an I.R,, value in the order of microvolts. This indicates a low-quality junction, as for a
good Josephson junction this product should be of the order of the superconducting gap,
which is in the order of millivolts. This low I.R,, product could well be caused by the low
quality of the insulating barrier, which is formed by residual oxides and water present
on the interface of the FeSeTe flake before deposition the niobium leads. Because the
barrier is not controlled well, it could possibly have pinholes or other inhomogeneities
in it, which leads to lower junction quality. The growth of a well defined, uniform inter-
face barrier, as with the NS-junction, should improve the junction characteristics. This
could be done in situ in the Nordiko sputter system by growing a thin (1OA) layer of
aluminum on the flake, which is then left to oxidize in the Nordiko’s load lock for 30
seconds. This aluminum oxide now forms the insulating barrier between the FeSeTe
flake and the niobium lead.

An attempt at creating a S-I-S junction on a very thin flake of FeSeTe failed, as the
junction behaved like a normal metal - superconductor junction, showing a peak in the
conductance at the gap value of niobium. This could either be caused by the decrease of
ab-axis tunneling or the fact that thin flakes of FeSeTe simply do not become supercon-
ducting. More experiments need to be done on this to clarify this matter. For example,
a good first step would be to cover the sides of the flake with an insulating barrier, after
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which a pure c-axis contact can be grown by sputter deposition of the material of choice.
This should eliminate any ab-axis contribution to the total conductance.

An overall conclusion with regard to the junctions made on thin flakes of FeSeTe is
that in order to obtain high-quality junctions, interface quality and control is of utmost
importance, to make sure that “features” in the measurements are not caused by imper-
fections in the junctions, but are really a consequence of the underlying physics of the
materials. This is quite feasible, as growing a high-quality aluminum oxide barrier of
variable thickness can be grown in the same production step as the aluminum or niobium
contacts.

Furthermore, when good quality, homogeneous thin films of FeSeTe are available, ramp-
type junctions should be made to test the difference in transport properties of in- and
out-of-plane junctions. Due to the threedimensional, anisotropic shape of the order
parameter in these materials, this could be an interesting way to see if a phase-sensitive
experiment can be designed by combining an in-plane and out-of-plane oriented junction
in a single circuit.

4.2 FeSe;_,Te, thin films

A superconducting film of FeSe;_,Te, was grown using pulsed laser deposition at a tem-
perature of 450°C. The laser fluency used was 2.5J/cm? on a spot of 2 x 2mm?. The
film showed a clear T, onset of 9K and a T g of 5.3K. However, after magnetization mea-
surements we conclude that only a small superconducting volume fraction exists in the
thin film, as no diamagnetic response was observed at the expected critical temperature
of 14K. The discrepancy between the critical temperature of the film and the expected
values which have been reported in literature we were unable to account for, and was in-
vestigated using X-ray diffraction. The bad superconducting properties of the film, and
other films grown, can possibly be attributed to the large (4.5cm minimum) substrate-
target distance. This is a limitation of the PLD chamber used to grow the films, and this
problem cannot be solved in the current configuration. The shorter-than-usual required
substrate-target distance is caused by the very small plasma plume emanating from the
target upon laser irradiation. It is known that the optimal position of the substrate is
at the edge of the plasma plume, to ensure correct stoichiometric transfer of material
from the target to the substrate.

The 6 — 20 diffraction scans of the superconducting film showed clear c-axis oriented
growth, with no parasitic phases present. A minor presence of silver was measured,
which can be explained by the use of silver paste during film growth. The c-axis lat-
tice parameter of the thin film was determined using this 6 — 20 scan by means of the
Nelson-Riley method, which accounts for possible errors in the measurement, and was
determined to be 5.91A. Using this result, the in-plane lattice parameter of the tetrago-
nal FeSeTe was determined from a 6 — 20 scan of the (101) planes of the material. This
was done by rotating the y-angle of the diffractometer by 57.2°, which fulfills the Bragg
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condition for these planes. Using this approach, the a-axis lattice parameter was deter-
mined to be 3.81A, which, compared to the lattice parameter of the LSAT substrate,
indicates the film is fully relaxed on the substrate and strain is not present. However, due
to the mismatch in crystal plane alignment, reciprocal space maps could not be made
of the thin film and substrate. This would give clear insight in the possible presence of
strain in the film.

The presence of tellurium in a thin film of FeSe;_,Te, is directly related to the c-axis
lattice parameter. Comparing the c-axis lattice parameter for the grown film to values
from literature, we conclude the grown film has a composition of FeSeg5Teq 5, which is
the optimally doped stoichiometry for this material with an expected T, of 17K.

Using rocking curves, the presence of defects in the grown film was studied. This is of
significant importance, as the quality of a thin film in terms of electrical transport is
directly related to the presence of defects. FWHM values for the (001) peak of both the
target crystal and thin film were compared, and were found to be much higher in the
thin film. As this FWHM value of the rocking curve is directly related to defect density
we conclude that significantly more defects are present in the thin film, compared to the
target crystal.

The alignment of the thin film on the substrate was studied by performing ¢-scans of
the (101) peaks of both the LSAT substrate and the FST thin film. Perfect fourfold
symmetry was observed for both the substrate and the film, with the different (101)
peaks lining up perfectly, indicating good alignment of the thin film and the substrate.

4.3 Possible improvements to the Edward PLD system

During this research projects, the limitations of the PLD system we coined Fdward, after
Murphy, were quickly discovered. The controller fails at random intervals, even though
it is connected to an uninterruptable power supply (UPS). It seems to lose its settings
regularly, and becomes unresponsive. Also, the presence of many controllable motors in
the system quickly fills up the available memory for controller software. This means that
vital functions like changing the target-substrate distance are not available on demand,
and the growth process has to be stopped before this can be changed. Also, the shutter,
which is opened by another stepper motor, does not operate well, as the motor can only
just provide the torque needed to rotate the shutter axis. If this fails, the entire system
crashes and all alignment needs to be redone, which is higly undesirable and has lead to
many lost hours.

The target is aligned in the system with the alignment laser mounted on the KrF excimer
laser used for deposition. Because the beam path to the system passes two UV-mirrors,
which are quite transparent to visible light, the intensity of the alignment laser expo-
nentially decreases for every added mirror. This means only a very faint spot is visible
on the target, and because no viewport is available to look at the target other than the
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one acting as laser window, it is very hard to align the target in the laser beam.

There are a number of changes that could be implemented to improve the reliability,
userfriendliness and throughput of the system. First of all, all stepper motors on the
system are unnecessary, except for the three stages controlling target movement. As the
target is scanned in a rectangular pattern through the laser beam, and not rotated, as
in most of our other systems, these three motors are of vital importance. They operate
flawlessly, and do not need redesigning. However, the stepper motors that control the
heater position are unnecessary, as this could easily be done by hand, which has the
added benefit of being able to fine-tune the heater position to ensure the substrate is
at the right position during deposition. The stepper motor controlling the shutter is
unnecessary and even potentially endangers the functionality of the system. Before the
shutter is lowered, the heater needs to be moved back so the shutter can lower in front
of the heater. However, due to the instability of the controller which engages the motors
in the system, the shutter has, on multiple occasions, crashed into the heater before the
heater was fully out of the way. This damages the heater manipulator stick, and the
system has to be de-assembled to execute the necessary repairs. Therefore, I advise to
remove all stepper motors except for the ones controlling the target movement during
deposition.

Doing this also frees up vital lines of memory in the controller, which can then be used to
implement better checks in the software, to improve the reliability and user-friendliness
of the system. The heater stage and shutter can, and should be, operated by hand to
ensure optimal flexibility when operating the system. Also, to improve on the alignment
issue, it would help a lot if the beamline for the laser could be reduced to a single mirror
or even no mirror at all.

The system as it exists today is not equipped with a load lock. For an ultrahigh vacuum
system, this significantly limits the maximum attainable throughput of the system, in
terms of films per day. The only way we can currently attain pressures of 10~8 mbar is
when the system is degassed at 100°C for at least 24, preferrably 48 hours. Equipping
the system with a loadlock would significantly increase the usable time of the system,
and minimize downtime.
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