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Abstract

The discovery of high-temperature superconductivity in an epitaxial monolayer
of FeSe grown on the SrTiO3(001) substrate suggests the possibility of realizing
high superconducting critical temperatures via heterostructure engineering. The
mechanism behind this remarkable phenomenon remains unclear, however, although it
is evident that the Sr'TiO3 substrate plays a crucial role. Possible contributing factors
include enhanced electron-phonon coupling involving the Fuchs-Kliewer phonon
modes of the substrate, and carrier donation by the substrate. In this dissertation, I
focus on the possible origins of charge donation. Specifically, I explore the possible
role of oxygen vacancies and niobium dopants in the Sr'TiO3 substrate and the role
of Fe vacancies in the FeSe films. The experiments involved detailed studies of the
substrate preparation and thin film growth protocols, using molecular beam epitaxy,
scanning tunneling microscopy, (angle-resolved) photoemission, and ez-situ X-ray
diffraction and magnetic measurements. We show that the use of selenium etched
SrTiO3 substrates minimizes charge transfer across the interface and that the T,
enhancement via postannealing is primarily due to the reduction of Fe vacancies in
the film. The latter has a profound effect on the Fermi level location and screening
dynamics of the films. We finally investigated FeTe monolayers on SrTiO3. While
the structure and composition of these films are nearly identical to those of FeSe on
SrTi03, they are not superconducting. Possible reasons for this dissimilar behavior

will be discussed.
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Chapter 1

Introduction

1.1 Conventional Superconductivity

Quite a few materials exhibit zero DC electrical resistance and perfect diamagnetism
below a certain critical temperature 7T;; this phenomenon is called superconductivity
(Figure 1.1a and Figure 1.1b). Diamagnetism arises from the fact that in the presence
of a magnetic field, a superconductors spontaneously generates a supercurrent or
screening current at its surface to prevent the field from entering its interior. This is
the so-called Meissner effect. Due to the superconductors’ ability to carry electrical
current without dissipation, superconducting coils have been commercialized very
successfully to generate large magnetic fields. However, superconductors lose their
superconducting property above a certain critical magnetic field (H.).

Bulk elemental superconductors, originally discovered by Kamerlingh Onnes
(1911), are classified as Type I superconductors. Type II superconductors were
discovered in later years. These are characterized by an upper and a lower critical
magnetic field. Superconductivity ceases to exist above the upper critical magnetic
field (H2), where the superconductor becomes a normal metal. Below the lower
critical magnetic field (H;), type II superconductors have zero DC resistance and

are perfectly diamagnetic, just like the Type I superconductors. However, in-between
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Normal metal

Resistivity

Superconductor
T, Temperature T>Tg T<Te
(a) Resistivity as a function of temperature (b) Type I superconductors be-
of a normal metal and a superconductor. come perfect diamagnets in the
superconducting state (Jaworski,
2005).

Figure 1.1: Zero DC resisitivty and Meissner effect of a superconductor.

the lower and upper critical fields, Type II superconductors still have zero resistance
but they are no longer perfectly diamagnetic. Here, magnetic fields penetrate the
superconductor in the form of vortices, each of which carries a single flux quantum.

Over the last century, physicists have spent much effort to identify new supercon-
ductors, ideally those with a higher T, and /or H.,. The discovery of superconductivity
in elemental metals such as mercury and lead (Onnes, 1911b,a) was soon followed by
the discovery of superconducting alloys and compounds, such as NbN, NbsSn, and
Nb3Ge, but T, never exceeded 30 K until 1986. These compounds are indicated by
the green circles in the discovery timeline plot in Figure 1.2.

Theories of superconductivity were developed during that same time. The
London brothers, Fritz and Heinz London, derived their famous ‘London’ equation
in 1935. Even though it had been derived from classic physics, it was able to
explain the Meissner effect (London and London, 1935; Ashcroft and Mermin,
1976). In the 1950’s, Ginzburg and Landau developed a phenomenological theory
of superconductivity where they expanded the expression for the free energy of
a superconductor in terms of an order parameter and its derivatives, and then

minimized the free energy with respect to that same order parameter (Ginzburg,
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Figure 1.2: Timeline of the discovery of superconductors versus 7T.: High-
temperature superconductors typically refer to materials that have a critical
temperature exceeding the boiling point of liquid nitrogen (77 K). Most of these
materials are classified as unconventional superconductors, with the exception of some
high-pressure materials, such as HaS and LaH;q (PJRay, 2015).

1950; Ashcroft and Mermin, 1976; Tinkham, 2004). The theory allows for the
spatial variation of properties within the superconductor and naturally introduces
the concept of a superconducting coherence length. The order parameter was later
identified as the superfluid density ny(7)=|¥(F)?, where WU(F) = [¥(7)]e! is a
complex wavefunction that allows for the existence of a supercurrent. By connecting
the supercurrent density from Ginzburg-Landau theory with the London expression
J = —(nse2/m)A (A is the vector potential), it was possible to firmly establish the
connection between the order parameter |¥(7)[* and the superfluid density. It also
indicated that the superconducting current is carried by electron pairs.

Bardeen, Cooper and Schrieffer developed the microscopic theory (BCS theory)
of superconductivity in 1957 (Cooper et al., 1957). The theory demonstrated that no
matter how weak the attractive interaction between the electrons around the Fermi

level is, it will always lead to the formation of a two-electron singlet bound state. The

total angular momentum of this ‘Cooper pair’ is zero, which is usually referred to as



isotropic s-wave pairing. The attractive interaction is made possible by the coupling
to the phonon system, and only involves electrons within a very narrow energy shell
of hwp (wp is the Debye frequency) around Fermi level. The pairing interaction
opens up a finite energy gap A in the energy spectrum, which prevents electrons from
scattering elastically as there are no single-particle states available to scatter into. The
superconducting state can be viewed as a Bose-Einstein condensate of the individual
Cooper pairs. The Cooper pair wavefunction V() acquires rigidity in the sense that
it is macoscopically coherent with a globally rigid phase. The latter explains many
superconducting phenomena such as Meissner screening, flux quantization, and the
Josephson effect.

Key (mean-field theory) predictions of the BSC theory are:

A(T = 0) = 1.764kgT, (1.1)

kpT. = 1.134hwpe /N OV) (1.2)

N(0) is the density of states at the Fermi level and V' is the electron-phonon coupling
constant. A large number of metal elements satisfy the BCS gap equation quite well.
These are usually called conventional superconductors. Physicists tried to enhance
T. by fabricating material with higher wp and N(0), but the T, of most conventional
superconductors remains 30 K with only a few notable exceptions. Physicists later
noticed the remarkable connection between Ginzburg-Landau theory and the BCS
theory (Ashcroft and Mermin, 1976). In particular, when the temperature is very
close to T, the BSC theory can be reduced to the Ginzburg-Landau theory (Gor’kov,
1959).

1.2 Unconventional Superconductors: Cuprates

Following the predictions of BCS theory, physicists started to investigate materials

with strong electron-phonon coupling. This could potentially be realized in doped



perovskite materials with narrow metallic bands and strong Jahn-Teller deformations.
Following this strategy, Johannes Georg Bednorz and Karl Alex Miiller discovered
that lanthanum barium copper oxide was a superconductor with 7, = 35 K,
higher than all the other superconductors found previously (Bednorz, J George and
Miiller, K Alex, 1986). This success was recreated in many other cuprates including
Lag_«MyCuO4 (LMCO, with M = Ba, Sr, Ca), YBayCu3O7_, (YBCO) and others
that are indicated by the blue diamond symbols in Figure 1.2. The T, of YBCO
was even higher than the boiling point of liquid nitrogen (77 K), which was a major
breakthrough as it would no longer be necessary to use expensive liquid He refrigerant
to enter the superconducting phase.

The cuprates all have similar crystal structures (Figure 1.3a): the superconduc-
tivity takes place in 2D CuOs layers, which are separated by insulating layers that
provide the dopant charges. The undoped cuprates are antiferromagnetic (AFM)
insulators and only become superconducting with a certain doping range. A generic
phase diagram of the cuprates is shown in Figure 1.3b. Soon after the discovery of the
high T, cuprates, it became clear that the physics of these systems in dominated by
strong electron correlation and spin fluctuations. Carrier doping introduces magnetic

frustration as illustrated in Figure 1.4 and suppresses AFM order. In light of
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Figure 1.3: Generic properties of cuprates.
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Figure 1.4: Schematic of magnetic frustration when doping the cuprates

the close proximity of the AFM and superconducting phases, researchers began to
explore the possibility that the pairing interaction is mediated by spin fluctuations
or paramagnons, as opposed to the conventional phonon picture (Scalapino, 2012).
Due to the strong electron-electron repulsion in these compounds, electrons can only
pair up if they can avoid double occupancy, which can only be realized in a non-
zero angular momentum state. This situation is fundamentally different from that in
conventional superconductors where the (time-retarded) interaction is on-site. It is
now generally accepted that the Cooper pairs in cuprates pair up in the [ = 2 angular
momentum channel, thus implying d-wave pairing (Tsuei and Kirtley, 2000). Still,
the mechanism of high temperature superconductivity in the cuprates is not fully

understood. For further discussion, see Ref. (Plakida, 2012).

1.3 Iron-Based Superconductors

Magnetism is supposed to kill superconductivity, as it may flip the spin and
break the singlet Cooper pairs. It therefore was a great surprise to discover
superconductivity in iron-based compounds. In 2006, Kamihara and collaegues
discovered superconductivity in LaFePO with a T, about 5 K (Kamihara et al., 2006).

Two years later they found that fluorine-doped LaFeAs reaches a T, of about 25 K



(Kamihara et al., 2008). This led to the discovery of a new class of doped high-
temperature superconductors, as indicated by the orange square symbols in Figure
1.2.

Based on their chemical composition, Fe-based superconductors can be grouped
into the pnictide family (FePn, Pn: As/P) and chalcogenide family (FeCh, Ch:S/Se/Te).
Based on the element ratio, they can be classified as: LaFeAsO(1111), MFeyAsy(122),
MFeAs(111), FeSe(11), SroMO3FePn(21311), and the defect structure AggFe; gSeq
(122*) (Stewart, 2011). Similar to the cuprates, these materials have a quasi 2D
crystal structure, where superconductivity takes place in layers made of Fe-Pn (Fe-
Ch) tetrahedrons. Figure 1.5a shows the crystal structure of the pnictide and
chalcogenide families. Their superconducting properties are dominated by multiple Fe
3d bands crossing the Fermi level. This situation is far more complex than that of the
cuprates, which are single-band (3d,2_,2-2p hybridized) systems. Interestingly, the
phase diagram of the Fe-based superconductors is quite similar to that of the cuprates
in the sense that the undoped parent compounds are generally antiferromagnetic while
superconductivity is established via chemical doping. An important difference is that
the parent compounds are metallic, as opposed to the Mott insulating behavior of
the cuprates, while some of the undoped compounds are already superconducting. In
some cases, (spin density wave) magnetism may even co-exist with SC (Chen et al.,
2009). These Fe-based superconductors generally exhibit a structural transition from
a tetragonal high-temperature phase to a low-temperature distorted orthorhombic
structure, as illustrated for Ba(Fe;_Coy)2Ass in Figure 1.5b.

Considering the remarkable similarity of the cuprate and pnictide (chalcogenide)
phase diagrams, as well as their high T, it seems natural to attribute Cooper pair
formation to spin fluctuations. However, there are essential differences that make
the Fe-based superconductors special. First, the electron-correlation strength is
much weaker than in the cuprates, as was shown by Yang et al. and Vilmercati
et al., see Figure 1.6a (Yang et al., 2009; Vilmercati et al., 2012). As a result, the

order parameter might still have the s-wave symmetry. In fact, the order parameter
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(b) Schematics of different gap symmetries:
The color indicates the phase of A(k). (a)
isotropic st as in BCS theory. (b) st~ gap
on the hole and electron pockets of the Fermi
surface are same in magnitude but opposite
in phase (with 7 phase difference). Due to
the presence of multiple orbitals, the gap may
have angular dependence, such as (c¢) nodal
st (d) d-wave, (e) nodeless d-wave, and (f)
even more complicated cases with arbitrary
phase differences (Chubukov and Hirschfeld,
2015).

Differences between the pnictide (chalcogenide) and cuprate



symmetry of the pnictides is likely of the s™~ type, which is due to the presence of
multiple Fermi surface pockets inside the Brillouin zone (Onari et al., 2010). Figure

1.6b illustrates the possible order parameter symmetries in such multi-pocket systems.

1.4 Single Layer of Iron Selenide on SrTiO3(001)

Among the FeSCs, Iron Selenide (FeSe) has the simplest crystal structure, which
makes it a good template to study the mechanism of superconductivity. Bulk FeSe
has a T, about 8 K (Hsu et al., 2008), which can be enhanced by applying high
pressure (Medvedev et al.; 2009; Sun et al., 2016), intercalating chemical dopants
into the van der Waals gap, see, e.g., (Lij_yFey)OHFeSe and Ky Fes_ySes) (Chen
et al., 2016; Lu et al., 2015), or by applying an electric field (Shiogai et al., 2016).
The resulting T, is typically in the 30—40 K range. Surprisingly, a one-unit-cell
thick FeSe layer or ‘monolayer’ FeSe grown epitaxially on a SrTiO3(001) or ‘STO’
substrate revealed a spectacular increase of T, to about 65 to 80 K, according to
in-situ ARPES (Lee et al., 2014; He et al., 2013) and STM (Wang et al., 2012; Li
et al., 2014) experiments. T, determined from ez-situ transport (Wang et al., 2012;
Zhang et al., 2014; Pedersen et al., 2020; Sun et al., 2014) and magnetic measurements
(Zhang et al., 2014; Sun et al., 2014; Deng et al., 2014) is usually lower, presumably
because the protective capping layer weakens the superconductivity. This one order
of magnitude enhancement over the bulk T, is puzzling, because T, is expected to
decrease with decreasing film thickness. For instance, when monolayer FeSe was
grown on graphene, T, = Tio(1 — d./d), where Ty is the bulk T, and d. = 7 A is the
critical thickness below which superconductivity disappears (Song et al., 2011).
With the help of scanning tunneling spectroscopy (STS), Wang et al. found
that only the first monolayer exhibits enhanced superconductivity, while a second
layer of FeSe is semiconducting. STS of both monolayer and second layer FeSe on
STO are shown in Figure 1.7. The first monolayer reveals a superconducting gap

with coherence peaks at £9 and £20.1 meV while the second layer exhibits a gap
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Figure 1.7: Scanning tunneling spectrum of the monolayer and double layer FeSe
film on STO: (a) Monolayer FeSe displays a superconducting gap with coherent
peaks at +£9 and +20.1 meV; (b) The second layer FeSe reveals an asymmetric
semiconducting gap (Wang et al., 2012).

that is no longer centered at the Fermi energy. The latter is reminiscent of an n-
type semiconductor gap. This result suggests that the FeSe/ STO interface plays
a crucial role in the enhancement of 7.. The next step is to understand what is
so special about STO and what would be the crucial step towards achieving high
T.. A particularly exciting prospect is to control the superconducting transition
temperatures via interface engineering.

The lattice parameters of bulk STO and FeSe are 3.90 and 3.77 A, respectively,
thus the FeSe monolayer is likely under a 3% tensile strain. However, similar T
values were obtained when monolayer FeSe was grown on KTaOj3 (Peng et al., 2014a),
BaTiOj (Peng et al., 2014b), STO(110) (Zhang et al., 2016a), LaAlO3 (Huang et al.,
2016), Anatase TiO, (001) (Ding et al., 2016), Rutile TiO5 (100) (Rebec et al., 2017),
LaFeO3 (Song et al., 2021), even though the substrate lattice parameters are all
different, especially in the case of STO (110), where the lattice constant b is enlarged
by a factor of v/2. Therefore, in-plane strain hardly seems to be an essential factor

for achieving high T¢.
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Doping is an another important factor to discuss as it plays an important role in
the cuprates and other FeSCs. The Fermi surface of bulk FeSe exhibits a hole pocket
centered at I' and an electron pocket centered at M. Monolayer FeSe on STO, on the
other hand, only exhibits an electron pocket at M while the hole pocket at I" dropped
below the Fermi level, as shown in Figure 1.8. This suggest a significant amount of
carrier doping, presumably due to charge transfer from the STO substrate (Lee et al.,
2014; Rebec et al., 2017).

Other STS and ARPES experiments on monolayer FeSe/STO revealed that the
films have to be post annealed in order to obtain the superconducting phase. Post
annealing further populates the electron pocket at I', which appears to be essential
for obtaining high T, (Li et al., 2014; He et al., 2013). Doping alone, however, cannot
explain the high T, of the monolayer films. Deposition of potassium atoms onto
the FeSe/STO monolayer did not produce conclusive corroborative results and it is

increasingly likely that these oxide substrates contribute to the 7, enhancement in a
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Figure 1.8: Fermi surface of (a) 60ML-FeSe, (b) K doped 3ML-FeSe/STO (001), (c)
IML-FeSe/STO (001), (d) 1ML-FeSe TiOs, (e)—(h) The respective bandstructures

around M, measured along the red line cuts through the Fermi surface (Rebec et al.,
2017).
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rather special way (Yao et al., 2019; Shi et al., 2017; Miyata et al., 2015; Tang et al.,
2016; Song et al., 2016). A summary of 7. and superconducting gap values for a
variety of FeSe systems is given in Figure 1.9.

It is not fully understood in which way the STO substrate dopes the FeSe thin
film, but it is quite likely that oxygen vacancies produced during the high-temperature
annealing of the STO substrate in vacuum and selenium depletion during the post
annealing of the FeSe films both play an important role. Tanaka and his colleagues
grew FeSe monolayers on different STO(001) surface reconstructions and claimed
a dome-like 7. behavior as function of the valence band location for each of these
surface reconstructions, see Figure 1.10 (Tanaka et al.,; 2018, 2020b). In this study,
the location of the valence band feature in STS is considered a measure of the doping
level. It is generally believed that the reconstructions of the STO(001) surface are

related to the different ordering patterns of the oxygen vacancies.

1.4.1 Interface phonon

Another important clue was provided by Lee et al. In their ARPES experiments, they
found that the monolayer exhibited replica bands at 100 meV below the main band
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Figure 1.9: Linear fit of 7T, and superconducting gap for a variety of FeSe systems.
These systems are dived into three groups: Without doping and interface effect (red),
chemical doping (light blue), substrate doping and interface effect (purple) (Rebec
et al., 2017).
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Figure 1.10: Dome-like behavior of FeSe monolayers on different reconstructed STO
(Tanaka et al., 2020b).

feature at the M-point (Figure 1.8 (g)). No such replica bands were seen on thicker
FeSe layers (Lee et al., 2014). The prevailing interpretation of this replica band is
that it is caused by a bosonic excitation from electron-phonon coupling intrinsically.
Because the dispersion of the main band and replica band are identical, there is no
significant momentum transfer in this process (Lee et al., 2014). One of the most
promising models is that Cooper pairing in the FeSe layer is mediated by the Fuchs-
Kliewer (FK) optical phonon of the STO substrate. In Lee et al.’s model, it is assumed
that there is a single-layer of FeSe located at z = 0 and that there is a 2D array of
oscillating dipole moments at the STO surface at z = -hg; see Figure 1.11a. The dipole
moments dp,(x,y,-hg) are associated with the phonon excitation associated with the
perpendicular vibrations of the Ti and oxygen atoms, and induce an electrostatic
potential in the FeSe layer. The electron-phonon coupling in the FeSe layer would be

proportional to the Fourier component of the potential, resulting in:

9(q) = goe™ 1M/ (1.3)

where ¢! = hoy /%7 ) and e, are the in-plane and perpendicular dielectric
constant in the interface region, respectively. If g, 'is large, the induced potential
will be exponentially peaked at ¢ = 0, or in other words, in the forward scattering

direction. It can also be shown that the forward-focused interaction can enhance the
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Figure 1.11: Interface phonon mechanism of superconductivity.

Cooper pairing for any pairing symmetry (Lee et al., 2014; Bulut and Scalapino, 1996;
Johnston et al., 2014; Sandvik et al., 2004; Johnston et al., 2010; Varelogiannis et al.,
1996; Aperis et al., 2011; Santi et al., 1996). When T. < €, which is true for FeSe,
T. can be evaluated from (Rademaker et al., 2016):

A, 2

T.= 5o ® “gf; (1.4)
where A\, = ¢2/Q% Q is the FK phonon frequency. Based on this electrostatic
model of the interface electron-phonon coupling, 7. will be enhanced significantly
when the interface has a large anisotropy £ > ¢, and a large distance between the
superconducting layer and the dipole plane hy.

The FK mode of the STO substrate involves the titanium (Ti) and oxygen (O)
atoms oscillating vertically relatively to the plane of the film, This is illustrated in
Figure 1.11b. The energy of this mode is about 92 meV from ab initio calculations
(Wang et al., 2016), which agrees with the energy shift of the replica band in
APRES (Lee et al., 2014). The relevant FK phonon mode spectra have also
been obtained experimentally via high-resolution-electron-energy-loss-spectroscopy
(HREELS) (Zhang et al., 2016b, 2018). The intensity of the relevant FK phonon mode
in HREELS decays as the thickness of the FeSe film increases, which may explain why

T, can only be enhanced for FeSe films thinner than several unit-cells. Transmission
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electron microscopy (TEM) and synchrotron X-ray diffraction experiments indicated
that the STO surface is terminated by a double TiO, layer. which is directly relevant
for understanding the surface phonon spectra (Li et al., 2016a; Sims et al., 2019; Peng
et al., 2020; Zou et al., 2016).

Similar replica band in ARPES were found for high 7T, monolayer FeSe grown on
BaTiOs (Peng et al., 2014b), TiOy (Figure 1.8 (d)) and FeLaOs (Song et al., 2021).
A double FeOy termination of FeLaOs was also found in TEM (Song et al., 2021).
However, an exception was noted: monolayer FeS grown on Sr'TiO3 exhibited a replica
band and sufficient electron doping, but it did not show superconductivity (Shigekawa
et al., 2019). Alternatively, the replica band observed in ARPES can also be explained
by the interaction between photoelectrons and the substrate extrinsically, within the
framework of semiclassical dielectric theory. The appearance of these replicas depends
on the free electron density, particularly in two-dimensional confinement. Moreover,
the intensity of the replicas in HREELS and ARPES is consistent with this model.
Although this model does not diminish the importance of electron-phonon coupling.
(Li and Sawatzky, 2018). Despite all these results, more experiments are needed to
firmly elucidate the role of the surface phonons in enhancing T.. In particular, there
still is no consensus on the role of oxygen vacancy and non-ideal stoichiometry of the

FeSe monolayer films.

1.4.2 The role of magnetism

The dome-like feature in the phase diagram of FeSe monolayers on STO is reminiscent
of the phase diagrams of bulk cuprates and pnictides. It is thus reasonable to assert
that the pairing mechanism in the FeSe monolayer is mediated by spin fluctuations.
Even so, the Fermi surface of an FeSe monolayer on STO is quite different from those
of bulk FeSe and pnictide superconductors. Since there is no hole pocket around I,
the s™~ pairing symmetry seems unlikely unless considering the incipient band pairing

(Huang and Hoffman, 2017; Bang, 2019). While neutron scattering experiments
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of bulk FeSe revealed strong spin fluctuations below the orthorhombic transition
temperature, no such experiments can be performed on monolayer FeSe/STO. Neither
is there any evidence of magnetic ordering in these films (Huang and Hoffman, 2017).

Interestingly, a monolayer FeTe on STO, which is structurally very similar to the
FeSe/STO system, does not show any superconductivity at all. Neither does bulk
FeTe. The monolayer film becomes superconducting, however, when forming a solid
solution with Se as in FeTe;_,Sey; see (Figure 1.12) (Li et al., 2015; Han et al., 2017;
Maheshwari et al., 2015). Actually, AFM ordering was found in bulk FeTe, which
led to the idea that superconductivity in FeTe is preempted by antiferromagnetism.
(Bao et al., 2009; Maheshwari et al., 2015; Fang et al., 2008; Yeh et al., 2008).

The pairing symmetry in monolayer FeSe on STO is also an open question.
ARPES measurements found an almost isotropic energy gap (Zhang et al., 2016¢).
Quasiparticle interference imaging (QPI) revealed the existence of in-gap Bogoliubov
bound states and absence thereof near magnetic and non-magnetic defects, respec-
tively (Fan et al., 2015). These results suggest ordinary s-wave pairing, but more

evidence is needed. It is also possible, and in fact quite likely, that several bosonic
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Figure 1.12: Phase diagram of FeTe;_,Se, (Li et al., 2015).
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channels conspire to boost Ti. in the FeSe monolayer (Rademaker et al., 2021). For

further discussion, see (Huang and Hoffman, 2017).

1.4.3 Electron correlation

Establishing the role of electron correlations in determining the pairing symmetry
and mechanism of high temperature superconductivity is always important. The
chalcogenides are generally believed to be more (less) correlated than the pnictides
(cuprates). They also exhibit different magnetic properties, for instance, FeSe does
not exhibit magnetic ordering, see Figure 1.13. Theoretically, the correlation strength
seems related to the height difference between the pnictide/chalcogenide atoms and
the Fe layer (Acharya et al., 2021; Choi and Choi, 2019; Fukaya et al., 2018), but
there is no experimental evidence to support this claim. On the other hand, TEM
measurements indicated an increase in the Ti-Se distance at the interface following
post annealing, which is the necessary step to obtain high T, (Li et al., 2016a). It is

not clear yet how any of this relates to a change in correlation strength.
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Figure 1.13: Magnetic moment and renormalization of mass in FeSCs (Yin et al.,
2011).
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1.5 Scope of the Thesis

With so many unsettled questions, it first seems necessary to acquire full under-
standing of the normal state properties before delving into the mechanistic details of
superconductivity. In this thesis, we focus our attention on the role of the substrate
and precise stoichiometry of the optimally doped thin films, Recent studies indicated
that prolonged post annealing may not be a necessary step as long as one supplies a
small excess amount of Fe following the growth of the FeSe layer (Liu and Zou, 2020;
Hu et al., 2018). This indicates that Fe vacancies may be detrimental for establishing
superconductivity. We focus our attention on establishing well defined reproducible
procedures for the preparation of the STO substrates. Our next goal is to grow
high quality FeSe/STO and FeTe/STO interfaces with well controlled stoichiometry,
as determined from STM and XPS. In particular, we show that as-grown and post
annealed thick films are generally Fe deficient, which directly affects the efficacy
of the non-local screening channels in XPS. This produces a useful XPS fingerprint
signaling the presence of Fe vacancies. We use Auger electron spectroscopy to monitor
the changes in electron correlation strength in the monolayer and bulk forms of FeSe
and FeTe. Our results indicate that electron correlations in FeSe and FeTe are indeed
stronger as compared to the pnictide superconductors, but we also found intriguing
differences in the dynamics of core-hole screening between FeSe and FeTe. Finally,
we measured the Fermi surface and band structure of the monolayer FeTe/STO and
FeSe/STO interfaces with ARPES. While the FeTe/STO data need more analysis,
we can state that the FeSe films are optimally doped.

The organization of this dissertation is as follows. Chapter 2 will first describe
the Ultra High Vacuum system and Molecular Beam Epitaxy method for film growth,
and all the apparatus and techniques that have been used in this research, including
STM, XPS, RHHED, LEED, ARPES, XRD and magnetic measurements. Our

main emphasis will be on STM and XPS. We will explain how one determines the
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stoichiometry of the FeTe thin films via core level spectroscopy and how one can
measure the electron correlation strength via Auger spectroscopy.

Chapter 3 focuses on the STO substrate preparation. Depending on the
substrate treatment, e.g., acid etching, vacuum annealing, oxygen annealing, and
selenium etching, one can obtain a variety of surface reconstructions with different
concentrations of oxygen vacancies. By comparing AC and DC current heated
samples, as well as samples subject to thermal gradients, we found evidence for electro-
migration across the substrate. Se etched STO substrates were found to exhibit the
least amount of oxygen vacancies and provided excellent terrace morphology for the
growth of atomically flat FeSe monolayers.

Chapter 4 briefly discusses the bulk phase diagram of FeSe. We then provide
details on how to control the growth mode of the FeSe thin films by via varying
substrate temperature and Fe/Se flux ratio. Their stoichiometry will be determined
by XPS. STM images indicate that the monolayer and bilayer films exhibit different
domain-wall structures that are possibly related to the different strain misfit and
composition within each layer. The lattice parameters of thick FeSe films on STO
are studied with XRD, showing that these films are fully relaxed. As grown thick
film contain a fairly large amount of Fe vacancies. Post annealing vastly improves
the film morphology and reduces the number of vacancies via Se depletion, but it
also produces magnetic precipitates, as measured via SQUID magnetometry. This is
indicative of phase separation between (possibly) stoichiometric FeSe and Fe deficient
precipitates.

Chapter 5 focuses on the characterization of monolayer FeSe films on STO. The
surface morphology will be presented from STM images and a superconducting gap is
found in STS. The stoichiometry of the monolayer film will be characterized by XPS.
ARPES indicates the formation of the electron pocket at the M point of the Brillouin
zone, consistent with previous studies. Interestingly, post annealing does not seem
to increase the number of oxygen vacancies in the STO surface layer, suggesting that

the FeSe films are self-doped by virtue of their increased Fe content.
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Chapter 6 mainly discusses the core level and Auger spectra of single layer FeSe
and bulk FeSe on STO. The survey scan will be shown first. We provide a detailed
analysis of the Fe 2p core level spectrum and its correlation with the Fe-vacancy
content. We will use the Auger spectrum to elucidate the strength of electron
correlations in these materials.

Chapter 7 focuses entirely on the FeTe system, and especially monolayer FeTe
on STO. Only very few studies on FeTe monolayers have been reported so far. We
provide the optimum growth condition and STM characterization of both monolayer
and bulk FeTe thin films on STO. The stoichiometry of the films will be provided
from XPS. The two components of Fe 2p level will be compared to those of FeSe, and
electron correlation will again be analyzed on the basis of the Auger spectra. Finally,
we measured the Fermi surface of monolayer FeTe with ARPES.

The conclusions of our work will be summarized in Chapter 8, along with

recommendations for future studies.
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Chapter 2

Experimental Methods

2.1 Ultra High Vacuum and Molecular Beam Epi-
taxy

To study the properties of a surface or thin film using surface analytical techniques,
one needs to make sure that the surface remains atomically clean for the duration of
the experiment. Contaminants in a surface science experiment mainly originate from
the residual gas molecules in the vacuum chamber. The flux I of particles impinging

on the surface is given by (Oura et al., 2003):

N — (2.1)

V2mmkgT

where p is the pressure and m is the mass of the ambient molecules; kg is Boltzmann’s
constant and 7' is the temperature. Then the time 7 needed to form an adsorbate
layer will be:

ng  nov2rmkgT
-0 BT (2.2)

I p
where ng is the number of atoms per unit area. For instance, assuming a sticking
coefficient of one, it takes about one hour to form a monolayer of contaminants at

1072 mbar. Thus, ultra high vacuum or UHV (p < 107 mbar) is required to keep
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samples as clean as possible. Our chamber typically operates in the low 107! to
10~ mbar range. UHV is maintained by a combination of vacuum pumps. The
system is initially pumped down with a mechanical pump until a pressure of 1073
mbar is reached. Then, the turbo-molecular pump is turned on to pump the system
to about 10~® mbar while the mechanical pump keeps running to maintain a 1072 to
10~% mbar fore-line pressure for the turbo pump. Ultrahigh vacuum is achieved after
thoroughly baking the system for 24 to 48 hours with the additional help of an ion
pump and titanium sublimation pump. During normal operation, the turbo pump
is valved off. Because a turbopump generates mechanical vibrations, it is shut down
during STM experiments.

Ion pumps are always running during normal operations to capture residual gases
that are constantly being released from the chamber walls and hot filaments. An
ion pump ionizes residual gas molecules and accelerates them with electric field to
sputter the electrodes inside the pump. The sputtered material (typically titanium)
then reacts with and/or traps residual gas molecules so as to maintain 1071° to 107!
mbar pressure. Titanium sublimation pumps (TSP) are also used to reached the
ultimate low pressure of about 10~'* mbar. Here, titanium is sublimated from the Ti
filament onto a metal shield to create a fresh and very reactive thin Ti deposit that
captures residual gases.

Schematic drawings of our UHV chambers are shown in Figure 2.1. FeSe and
FeTe samples were grown in the ‘FeSe Chamber’, which was directly connected to
the Advanced Photoelectron Spectroscopy (APS) core facility. In addition, we used a
vacuum suitcase to transfer samples between the FeSe chamber and low-temperature
Scanning Tunneling Microscopy (STM) chamber. The latter is also connected to an
Angle-Resolved Photoemission Spectroscopy (ARPES) chamber.

Effusion cells loaded with Fe, Se, and Te were used to grow epitaxial FeSe and FeTe
thin films with Molecular Beam Epitaxy (MBE). The source material is contained
within a ceramic crucible mounted inside a hot filament coil, and evaporated with

an accurately controlled rate with the help of a thermocouple and PID temperature
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controller. The particle flux [ is given by (Oura et al., 2003):

P(T)A
wL2\/2mmkgT

I = (2.3)
where P(T) is the equilibrium vapor pressure of the material, A is the evapora-
tion/sublimation area, L is the distance from the source to the substrate, and m is
the mass of the molecules. With the help of equilibrium vapor pressure tables, one
can roughly estimate the required effusion cell temperature to obtain desired growth
speed (typically 0.1—1 ML/min). The vapor pressure of Se is given in Figure 2.2: a
10~* to 107 mbar Se flux requires an effusion cell temperature of about 400—440 K
(127—167 °C). Because Se and Te easily condensate around the aperture of the
effusion cell, a hot-lip effusion cell is designed such that the filament provides a
higher temperature around the aperture. We modified a low-temperature effusion
cell and mounted an extra filament around the aperture to mimic the operation of a
commercial hot-lip cell. After prolonged usage, Se and Te would still clog the aperture,
which in turn reduces the Se/Te flux, growth rate and composition of the film. The
change in growth rate is readily noticed in STM and the aperture was cleaned as
needed. The stoichiometry of the films is currently being determined with X-ray
Photoelectron Spectroscopy (XPS). The source temperatures in our experiments were
Tre = 1250 °C, Ts. = 160—200 °C, and T, = 330—370 °C, which resulted in a growth
rate about 5 minutes per monolayer. Here, a monolayer is defined as a single van
der Waals slab of FeSe or FeTe. Details of the growth conditions will be discussed in
Chapter 4—7.

Apart from MBE, there exist other methods for growing thin films in UHV. In
Solid Phase Epitaxy (SPE), amorphous material is first deposited at low temperature
and subsequently annealed at higher temperature to achieve crystallinity. In Chemical
Vapor Deposition (CVD), gas phase materials reach a hot substrate, decompose, and
react to form the desired material. This is usually a high pressure process although

it can be also be done under UHV conditions. Growth rates in CVD can be much
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Figure 2.2: The vapor pressure of Se
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higher than in MBE. Some materials may not suitable for MBE because their vapor
pressures are extremely high or low and therefore difficult to control. Pulsed laser
deposition (PLD) uses laser ablation of a target material which then condenses onto
a crystalline substrate. PLD is the preferred growth method for epitaxial thin film
materials with complex chemical compositions, such as ternary or quaternary oxide
compounds, though its crystallinity may not be as good as that of MBE. Comparing
with SPE, CVD, and PLD, MBE provides the utmost control of thickness, structure
and composition, but it is also the most difficult process to master and control.
Arguably, it is the least economic method in terms of time, money, and throughput.

Our MBE chambers are all equipped with Reflection High Energy Electron
Diffraction (RHEED), which allows for real time monitoring of the thin film structure,
morphology, and growth rate (if one can see RHEED intensity oscillations). A
schematic of the experimental MBE setup and photo of our home built FeSe growth

chamber is shown in Figure 2.3a and Figure 2.3b, respectively.

substrate
shitter”~ Ml RHEED
screen
RHEED|gun
.‘"':shutter A'
source
(a) Sketch of a typical MBE set up (b) Photo of the home-built FeSe growth

chamber

Figure 2.3: Molecular Beam Epitaxy
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2.2 Scanning Tunneling Microscopy

Scanning Tunneling Microscopy (STM) is a well-developed analytical technique to
investigate the morphology, atomic corrugation, and electronic structure of a surface.
The operating principle of STM is based on quantum tunneling: when a sharp metal
tip approaches the surface to within nanometer distances, a tunneling current will
flow between the tip and the sample, depending on the applied voltage, even if there
is no physical contact.

The simplest model to describe this phenomenon employs a simple one-dimensional
rectangular tunneling barrier along the z-direction normal to the sample plane. The
Schrodinger equation is given by

P 0*(2)
2m, 022

+U(2)¥(2) = EY(z) (2.4)

where U(z) has a constant value within the gap region, i.e., in-between the tip and
the sample, WU(z) is the wave function of the electron, m, is the mass of the electron,
and F is the energy of the electron. If the gap size is d, it can be shown that tunneling

current density has the expression:
I oc em2md (2.5)

where K = \/m /h. The derivation of this formula is given in introductory
quantum mechanics textbooks. Importantly, the current density decays exponentially
as the distance between the tip and the surface d increases. This makes the STM
extremely sensitivity to height corrugations on the surface.

John Bardeen modeled the tunneling process using more realistic wavefunctions
(Bardeen, 1961; Wiesendanger, 1994). He first assumed that the tip and the surface
are far away so that they can be described by two independent tip(surface)-vacuum
systems. Within each system, the wavefunction of the tip(sample) WT(¥5) decays

into vacuum as expected from the solution of the Schrodinger equation for a step-like
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potential UT(U®). He then reduces the spacing between the two subsystems to the
tunneling regime. Employing Fermi’s golden rule, the transmitted current from the

tip to the sample is given by:

2m dN
Ist = —|Mgr|*— 2.6
st = 7| Msr|™5 o8 (2.6)
where % is the local density of states of the sample. The tunneling matrix element
Mgt is given by:
MST = /\IIEHT\PTCZZ = MTS =M (27)

Hr is the transfer Hamiltonian. The net tunneling current I includes tunneling

contributions in both directions:

4re

O / IMPnr(ng(e + eV frle) — fole+ eV)lde  (2.8)

where n(e) is the density of states of the tip (T)/sample (S) with a continuous energy
spectrum, and f(e) is the Fermi-Dirac distribution. In general it is not an easy task to
solve this equation. Tersoff and Hamann (1983, 1985) assumed that the wave function
of the tip has S wave symmetry (Tersoff and Hamann, 1983, 1985; Wiesendanger,

1994). At low temperature and low bias, the tunneling current then simplifies to
I o< Vnp(ep)e* Fng(ep, 7o) oc e 204 (2.9)

Here V is the bias applied between the tip and the sample, nr(ep) is the density
of states at the Fermi level of the tip, R is the effective tip radius, 7y is the center
of curvature of the tip, ns(ep, ) is the sample local density of states (LDOS) at
the Fermi level evaluated at 7. k = (2m.¢)/h with ¢ defined as the effective local
potential height. d is the distance between the front edge of the tip and the surface.
Once again, the tunneling current decays exponentially as a function of distance d.

It can be shown that this exponential dependence also holds for non-s-wave tips.

29



The STM is based on this decay behavior of the tunneling current: typically & is
of order about 1 A1, if d is increased by 1 A, the tunneling current will be reduced

by a factor e~2

, almost one order of magnitude smaller. The size of an atom is also
about 1 A. Therefore, the main contribution to the tunneling current originates from
the few atoms at the apex of the tip and the atoms on the surface. If the tip end is
sharp and the sample surface is flat, see Figure 2.4a, the tunneling current will mainly
be determined by channel d1 while the contribution from d2 will be minimum.

Let’s define the surface of the sample as the z-y plane and move the tip across the
sample surface. In the constant current mode, we measure the vertical deflection of
tip as a function of its location in the z-y plane, while keeping the tunneling current
constant through an electronic feedback loop. Such a measurement represents an
atomic scale topographic image of the surface or, strictly speaking, an atomically-
resolved real-space map of the surface local density of states (LDOS).

A schematic of the STM is shown in Figure 2.5. The fine motion of the tip can
be controlled along the z, y, and z directions by applying a voltage Ve, to the three

piezoelectric elements that control the (z, y, z) motion of the tip. The bias voltage

Tip Tip

d2

dlI dlI IdZ
900000 900000
> P
900000 900000

Sample Surface Sample Surface Sample Surface

(a) Sharp STM tip (b) A ‘double’ tip (c) Blunt STM tip above a
above a flat surface above a flat surface rough surface or step edge
on the surface

Figure 2.4: Main contributions to the tunneling current with different tip/surface
configurations.
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Feedback
Loop

Piezo tube

sample

Figure 2.5: Schematic of STM: The motion of the tip will be controlled by the
piezoelectric material, the feedback loop tunes the voltage applied to piezoelectric
material while tracking the tunneling current when STM works in constant current
mode.

Vhias 18 applied between the tip and the sample. Usually the sample is grounded via
the sample stage. The feedback loop controls Vie,, while measuring the value of
tunneling current. In addition, there is also constant height mode, which keeps the
tip position in z direction unchanged while measuring tunneling current /(z, y). This
mode is faster than the constant current mode but if the surface is not flat enough, the
tip may crash easily. Also, the interpretation of such images is less straightforward.

The tip condition is very important for acquiring atomic resolution images. If
there are two atoms at the apex of the tip, see Figure 2.4b, the STM image will be
a superposition of images originating from the d1 and d2 tunneling channel. This is
usually referred to as a ‘double’ tip effect. In the worst scenario, a blunt tip provides
several tunneling channels as shown in Figure 2.4c, which would, e.g., underestimate
step heights on the surface and/or wash out most atomic details.

The information about the LDOS is contained in the expression for the tunneling
current as shown in Eq. (2.8). At low temperatures and low bias, only electrons

within an eVj;,s energy interval will take part in the tunneling process. In addition,
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we may assume that the tunneling matrix elements varies slowly within this narrow
energy window. Then, assuming a constant density of states for the metal tip, we
can write:

dI
v~ ns(e +eV) (2.10)

Thus the LDOS of the surface can be obtained by sweeping the bias voltage at a
fixed tip position (z, y) with feedback loop off (otherwise the tip would retract or
approach during the bias sweep). This is called scanning tunneling spectroscopy
(STS). By taking the derivative of the measured current, we obtain the 4 spectrum
which is proportional to the LDOS. There is an another way to measure % directly
by applying a bias voltage of the form V(t) = Vpc(t) + Vacsinwt, where Vic is
small high-frequency alternating current (AC) ripple riding on top of a direct current
(DC) bias. This AC modulation produces a sinusoidal modulation in the tunneling
current that can be detected with a lock-in amplifier. The first harmonic response

of the current signal measured with the lock-in amplifier is then (via Taylor series

dr

expansion) directly proportional to 5.

The tip condition is very important for both microscopy and spectroscopy. A
sharp tip is required to obtained atomic resolution. However, such a tip configuration
is often unstable as atoms may hop back and forth between tip and sample, which
makes it hard to conduct reliable STS. On the other hand, a blunt tip may make
it difficult to acquire a good microscopy image, but it may be still good to perform
STS. The tip condition is easily degraded when scanning on a rough surface or on an
oxide material as the tip may easily ‘grab’ atoms from the surface, making it poorly
conducting. One can apply a pulse (large bias, short time) between the tip and the
sample to sharpen the tip, or crash the tip into a gold or platinum foil to make sure
the apex has a metallic density of states.

In contrast to angle-resolved photoemission, which probes the electronic structure
over mesoscopic or macroscopic distances, STM/STS truly is a local probe that probes

the local electronic structure with atomic resolution. On the other hand, it is much
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more difficult (though not impossible) to acquire momentum resolution with STS, for
which ARPES is superior. As such, STS and ARPES are truly complementary tools.
The combination of these two techniques is very powerful in the study of surfaces and

thin film materials.

2.3 Reflection High Energy Electron Diffraction

Reflection High Energy Electron Diffraction (RHEED) was mentioned in section 2.1
and is widely used during MBE growth. Electrons are emitted and accelerated
inside the electron gun with a beam energy of 10—100 keV, and are focused using
electrostatic lenses. The collimated electron beam impinges onto the substrate at
grazing angle. Forward scattered electron beams then form a diffraction pattern on
a florescent screen on the opposite side of the chamber. Due to the grazing geometry
(typically 1-5°), the RHEED gun and screen won’t be in the path of the effusion cell
beams. Therefore it is possible to monitor the diffraction pattern real time during
growth.

For the 15 keV electron beam used in our studies, the electron mean free path

inside the film, obtained using Eq. (2.11), is about 66 A.

A(nm) = ﬁ +0.054/EJeV (2.11)

For a grazing angle about 5°, the effective mean free path is about 66 A x sin(5°) =
6 A. The escape depth of the elastically scattered electron is about three times that
number or 18 A. Hence, RHEED only probes the the outer atomic layers of the crystal
or thin film. The diffraction geometry can be determined by Ewald construction, as
shown in Figure 2.6. We only consider elastic scattering. Energy conservation requires
that

|Fout| = |Fin (2.12)
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Figure 2.6: Direct space and reciprocal space of RHEED (Hasegawa, 2012).

In the Ewald sphere construction, the incident wavevector points at the origin of
reciprocal space and defines a sphere of radius |E |. The diffraction condition is fulfilled
when

— - —

kout - kin =G (213)

where G is the reciprocal lattice vector the of the crystal. For a strictly 2D film, the
reciprocal lattice constitutes an ordered array of reciprocal lattice rods as the Bragg
condition perpendicular to the film plane is fully relaxed (there is no discrete lattice
spacing along the perpendicular direction). Accordingly, the diffraction condition
becomes

Fout — Kin = éH (2.14)
where éH is a reciprocal lattice vector in the plane of the film. The intersection of
a reciprocal lattice plane and the Ewald sphere will always be circle. Therefore, the
diffraction spots follow circular patterns, which are the ‘Laue zones’ Ly and L; in
Figure 2.6. In other words, the RHEED pattern represents a cut through reciprocal
space. By collecting RHEED patters at different azimuthal angles, one can in principle

reconstruct the reciprocal lattice.
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Notice that half the RHEED screen will be dark because the electron beam can
not pass through the sample. The shadow edge indicates the vertical height of the
sample which is helpful for aligning the electron beam. The schematic in Figure 2.6
should be flipped since the effusion cells in our systems are pointing from the bottom
of the chamber with the substrate facing down.

The coherence length of the beam is given as (Hasegawa, 2012):

I = A (2.15)

\/2(A9)2 sin? o + (AE/E)*cos?

where A E and A#f are the divergence of the beam energy and beam angle, A is the
wavelength of electron beam, « is the angle between the incident beam and direction
for measuring the coherence length. For a typical 10 keV beam, Ilj, (« = 0°) =
100—200 nm, It (o = 90°) = 30—80 nm, which is about one order larger than that
of Low Energy Electron Diffraction (LEED). This means that structural coherence
over length scales larger than the coherence length will not sharpen the diffraction
pattern. In other words, the width of the diffraction spots is instrument limited.
Likewise, structural coherence on length scales shorter than the coherence length will
result in a broadening of the diffraction spots.

No perfect 2D surface exists in the real world. Finite-size domains broaden the
reciprocal lattice rods, which in turn broadens the RHEED spots. Instrumental
factors can lead to a broadening of the Ewald sphere producing elongated streaks
instead of sharp diffraction spots. Surface roughness produces all sorts of features
in reciprocal space that affect the diffraction pattern, see Figure 2.7. Finally, as the
RHEED beam penetrates several atomic layers, the intensity along the reciprocal
lattice rods will be modulated by broadened Bragg diffraction along the vertical
direction. If the thin films has a 3D island morphology, RHEED beams could
completely penetrate the islands from the side and be subject to 3D Bragg condition.

In that case, the diffraction pattern will be a 3D transmission pattern, similar to
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that of X-ray diffraction, which allows for the determination of the lattice periodicity
normal to the thin film plane.

Due to its high beam energy, inelastic scattering can give rise to so-called Kikuchi
patterns. After numerous inelastic scattering evens, the penetrating electrons are no
longer coherent with the incident beam and become a ‘point source’ of incoherent
electrons inside the crystal, emitting electron waves in all directions. Some of these
scatter off a set of parallel hkl lattice planes before exiting the crystal. The scattered
intensity is strongly peaked in the forward direction, mostly parallel to the incident
electron beam, and the intersection of the corresponding diffraction cones with the
RHEED screen produces the Kikuchi lines. Kikuchi lines always come in pairs labeled
hkl and hkl (Figure 2.8a). In addition, one observes Kikuchi bands and Kikuchi
envelopes. Figure 2.8b shows an example of a Kikuchi line and a Kikuchi band in
the RHEED pattern of a Se-etched STO crystal. The analysis of Kikuchi patterns

produces structural information of the 3D bulk.
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Figure 2.8: Mechanism of Kikuchi line formation
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2.4 X-ray Photoelectron Spectroscopy

2.4.1 General description

When a beam of photons impinges on a surface, it will interact with electrons inside
the sample and, provided the incident beam energy exceeds the work function of the
material, eject electrons into the vacuum with a certain distribution of kinetic energies.
This is the well known photoelectric effect. The kinetic energy of the photoelectrons
Ey is given by (Figure 2.9):

Ex=hvw—FEg—¢ (2.16)

which follows from energy conservation. Here, hw is the energy of the incident
photons. FEjg is binding energy defined as the minimum energy required to excite
an electron from initial state energy FE; to the Fermi level Ex. ¢ is the work function,
which is defined as the energy difference between the Fermi level of the sample and the
vacuum level. When photoelectrons are detected by a photoelectron spectrometer,
one should use the work function of the spectrometer instead. With X-ray photons,
one can access both the valence levels and the core levels of the constituent atoms
(Figure 2.9). Since the core level binding energies are element specific, one often
uses X-ray Photoelectron Spectroscopy (XPS) as a fingerprint tool to determine the

chemical composition of the sample.

2.4.2 Stoichiometry of thin films

For a homogeneous surface of the sample, the core level intensity associated with a

specific element is given by:

I =nfobyrAAT (2.17)

Where n = N/V is the volume density of the atoms, f is the X-ray flux intensity,
namely the number of incident photons per area per unit time, o is the photoelectric

cross section, 6 is the angular efficiency factor that depends on the geometry of
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Figure 2.9: Energy conservation in X-ray photoelectron spectroscopy (Hiifner,
Stephan, 2013).

the X-ray source, sample and the detector, A\ is the inelastic mean free path of
the photoelectrons in the sample, A is the area of the detected surface, and T
is the detection efficiency (Chastain and King Jr, 1992). When determining the
stoichiometry of a sample, one typically tries to eliminate instrumental factors, for
instance by taking intensity ratios, so that the determination of the stoichiometry
mostly comes down to knowing the photoemission cross sections and inelastic mean

free paths. For thin films, one also needs to know the growth morphology of the film.

2.4.3 Understanding the XPS spectrum

The photoemission process is often described within the three step model (Hiifner,
Stephan, 2013): (a) the core electron is excited by the photon. (b) the excited electron
travels from interior of the solid towards the surface. (¢) Emission of the electron from
the surface into the vacuum.

During step (b), electrons originating from deeper layers will scatter in-elastically
on their way out. The photon energy in our experiment is 1486.7 eV (Al K, radiation

coming from the Al anode of our X-ray source). With ¢ being of the order of 4 eV,
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the photoelectron energy varies between 0 and roughly 1480 eV. From the universal
formula for the inelastic mean free path, Eq. (2.11), the photoelectron mean free path
ranges from about 3 to 20 A. As a rule of thumb, only electrons originating from a
depth less than three times the inelastic mean free path can satisfy Eq. (2.16) and
contribute to the peaks in the photoelectron spectrum. Consequently, XPS is quite
surface sensitive. The surface sensitivity of an XPS measurement can be controlled
to some extent by varying the angle between the cone of the photoelectron energy
analyzer and the surface plane. For instance, in grazing emission, the escape depth
of the photoelectrons is reduced by a factor cos#, where 6 is the angle between the
analyzer cone and the surface normal. By comparing spectra recorded in both normal
and grazing emission, one can obtain a depth profile of the chemical species near the
surface.

The XPS spectrum contains many photoemission lines and various other features
that provide fruitful information about the chemical and electronic properties of the
sample. These include:

(1) Auger lines: Following the creation of a core hole by the incident photon,
the hole decays when an electron from a higher energy level drops down to fill the
hole. The energy released in that process may ionize another energy level. This
process is illustrated in Figure 2.10. The photon ionizes the 1s level (K-shell). A 2p
electron subsequently drops down to fill the core hole, leaving a hole in the 2p level
(or Log shell). The energy released in this decay process ionizes the 2p level once
again, leaving two 2p holes in the final state. This is the so-called K Lo3zLos3 Auger
transition. The emitted Auger electron’s kinetic energy is solely determined by the
spacing between the energy levels, orbital relaxations, and the hole-hole interaction
in the final state of the Auger process. It is independent of the initial photon energy.
As such it can easily be distinguished from ordinary photoemission lines, which shift
as a function of the photon energy. In our work, we explore the use of Auger electron
spectroscopy to probe the hole-hole repulsion in the valence bands of FeSe and FeTe,

which should provide a good measure regarding the strength of the electron-electron
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Figure 2.10: Schematic of K LogLs3 Auger process (Chastain and King Jr, 1992)

correlation in these compounds in comparison to other Fe-based superconductors,
such as the pnictides.

(2) Surface core level shifts. The core level binding energies in a solid differ
from those in free atoms. The chemical environment and nature of the chemical
bonding has a profound effect on the core level binding energies, for instance through
the Madelung potential in ionic solids. Figure 2.11 illustrates how the Fe 2ps/;
core level binding energy depends on the structure and chemistry of Fe containing
bulk compounds. Generally speaking, the Madelung potential reduces the core level
binding energies of the cation and increases those of the anions. Since the structural
coordination of the atoms at the surface is reduced (there are fewer neighbors), they
experience a smaller Madelung potential. In principle, the binding energies of the
surface cations should increase, while those of the surface anions should decrease as
compared to those originating from the bulk ions (Bagus et al., 2019). One may
thus observe complex core level lineshapes due to partially overlapping core levels
originating from atoms (ions) at the surface and those inside the bulk. Moreover,
since core hole screening at the surface is less effective than in the bulk, surface core

levels may experience additional shifts.
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Figure 2.11: Binding energies of the Fe 2p3/; core level in various compounds
(Chastain and King Jr, 1992)

(3) Core level shake up spectra. During the photoemission process, there is finite
possibility that a valence band electron will be excited to an unfilled conduction band
state which is usually a few eV higher in energy. Due to energy conservation, this
excitation reduces the kinetic energy of the photoelectron, and in principle produces
a satellite peak. Metals allow for a continuum of single-particle excitations across
the Fermi level that produce a tail on the high-binding energy side of the core level
spectrum (Figure 2.12). Doniach and Sunjic derived the following expression for the

photoemission line shapes in metals (Doniach and Sunjic, 1970; Hiifner, Stephan,

2013):

I'(1 — a)cos[ra/2 + (1 — «) arctan(w/7v)]

f(w> = (w2 + 72)(1—a)/2

(2.18)

I' is the I'-function, « the so-called asymmetry or skewness parameter, and 2y
the full width at half maximum of the Lorentzian line shape. The parameter o tends
to increase with the density of states at the Fermi level and angular momentum of

the conduction band states. As will be discussed in this thesis, we found that it
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Figure 2.12: Schematic of how the tail feature in a metal arises from the scattering of
the conduction band electrons scattered by the core-hole potential (Hiifner, Stephan,
2013).

is more practical to use the Mahan lineshape (Mahan, 1975) in order to determine
the stoichiometry of a metal. The reason is that the integral of the Doniach-Sunjic
lineshape does not converge.

The Mahan function used in the fitting of our XPS data is given by

&

—W

I(w) = O(-w)(2L ) (2.19)

where w = € — ¢, is the energy distance from the core level binding energy. The
measured spectrum P(w) includes the convolution of I(w) with a Lorentzian line

shape L(w) plus the inelastic background:

P(w) = A1I(w) o L(w) + Ag/ I(w) o L(w)dw (2.20)

w

Ay and As will be referred as peak intensity and background intensity when listed in

the results in the later chapters, and the convolved spectra is normalized to 1.
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There are many contributions to the photoemission line shape. The Lorentzian
lineshape mentioned above arises from the finite lifetime of the core hole. Gaussian
broadening arises from vibrational excitations upon core ionization, structural or
chemical inhomogeneity of the sample, as well as instrumental factors such as the
finite spread in photon energy and the finite resolution of the electron kinetic energy
analyzer.

Photoionization can also produce plasmon excitations that appear a distinct
satellite peaks on the high binding energy side of the spectrum. The satellite energies
correspond to the plasmon energy. In insulators, one might observe additional exciton
and/or interband plasmon satellites. Importantly, these excitations are caused by
the sudden creation of a core hole potential and are intrinsic to the photoionization
process. In contrast, extrinsic energy losses arise from inelastic scattering of the
photoelectron on its way to the surface. It is quite difficult, if not impossible, to
separate intrinsic and extrinsic loss contributions to the photoelectron spectrum.

(4) Spin-orbit coupling and multiplet splitting. In the final state of the
photoemission process, the core hole carries a spin angular momentum that couples to
the orbital angular momentum of the core level. For instance, the photoionization of a
2p core level produces two peaks corresponding to j= [+ s=3/2and j=1—s=1/2.
The peak splitting is determined by the spin-orbit coupling strength while their
intensity ratio scales with the multiplicity of the angular momentum quantum number
(2j+ 1), resulting in a peak intensity ratio of 2:1, respectively. In magnetic systems,
the core hole angular momentum also couples with the unpaired spins in the valence

levels, thus producing complex multiplet lineshapes.

2.4.4 Core level binding energy

The core level binding energy Fp in Eq. (2.16) is defined as the energy difference
between initial ground state of the N electron system F;(N) and the final (excited)
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state of N — 1 electron system E¢(N — 1):
Ep = E¢(N — 1) — Ei(N) (2.21)

The calculation of the binding energy is a complex many-body issue. In the Hartree-
Fock approximation, many-body interactions are treated at the mean field level and
by definition, the correlation energy E¢ = E®2* — FHF  Eq. (2.21) can then be
rewritten as:

Eg = EfY (N — 1) — EFF(N) + AE° (2.22)

where AE* is a correction term due to the presence of correlations in both the initial
and final state. Koopman attempted to solve it in a non-interaction picture, defining
the orbital energy €, (by convention a negative value) of the initial N electron state
as the difference between EFF (N —1) and EFF(N). This, of course, neglects the fact
that the final N — 1 electron state is an excited state that is not fully relaxed. The
discrepancy to the exact solution (or measured binding energy) is defined as relaxation
energy Fr (Egelhoff Jr, 1987; Hiifner, Stephan, 2013), and one finally arrives at the
following equation:

Ep=—e,+AE — ER (2.23)

-€, can be viewed as a first order approximation, especially when AE° and E® are
close and approximately cancel. The core level binding energy shift AFEg then can be
evaluated from -Ae,, A(AE®) and AER.

As discussed before, photoelectron spectra often contain shake up satellites.
The main peak usually has the lowest binding energy and can approximately be
viewed as the fully screened final state, which in turn corresponds to the lowest
energy state of the N — 1 electron system. Satellite peaks at higher binding energy
may arise from other (poorer) screening channels and/or other excitations of the
systems, i.e. particle-hole excitations in metals, exciton or plasmon satellites. The

Lundqvist sum rule states that the centroid of the entire spectrum or first moment
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of the photoelectron distribution corresponds to Koopman’s eigenvalue —e,. The
energy difference between the fully screened final state and the centroid of the
spectrum equals the total screening energy associated with the ionization of the core
hole (Lundqvist, 1969; Egelhoff Jr, 1987). This theorem only holds in the sudden
approximation (high photon energy) and if the excitations are intrinsic to the core
ionization. As mentioned, in practice it is often difficult to separate intrinsic from

extrinsic excitations.

2.4.5 Auger spectrum and electron correlation

Auger spectrum can be useful to study electron correlations in many body system. In
case of a core-valence-valence (CVV) auger process, the kinetic energy of the auger

electron is given by (Vilmercati et al., 2012):

B (C, V1, Va; X) = Eg(C) — Eg(Vi) — Ep(Va) — U(V4, Va; X) (2.24)

where Eg(C) is the binding energy of the core level, Eg(V}) and Eg(V2) are the
binding energy in valence band without considering electron correlation, U(V7, Va; X)
is the correlation energy of the final two holes in the state X. U(Vj, Va; X) can be
rewritten as U(Vy, Vo; X) = U°(Vy, Va; X) — R(Vy, Va; X) which explicitly separates
the Coulomb interaction term U° and relaxation or screen term R. In Cini-Sawatzky
theory, the distribution of auger electron D(E) can be written as (Sawatzky, 1977;
Cini, 1978; Vilmercati et al., 2012):

DY(E)

big) = [1— UF(E)?+ U?D(E)?

(2.25)

where D°(E) = [, ;n(E — e)n(E + €)de is the the self-convolution of the occupied
density of state n(E) (SCDOS). F(E) = P [~ % is the Hilbert transform of
DY(E). In case of no correlation U = 0, D(E) regresses to D°(E), which is easy to
understand: hole pairs inside the valence band with total energy 2F = (E—¢)+(FE +e¢)
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all produce the same kinetic energy for the Auger electron, regardless of e. If the
bandwidth is W, one can easily see that the Auger spectrum becomes twice as wide.
In experiment, one can roughly estimate the average correlation energy U from the
difference between the (D(E)) and (D°(E)), where D(E) is the experimental Auger
spectrum. There is another way to treat U more carefully, viewing U as a fitting
parameter in the Eq. (2.25). Figure 2.13 shows how U was determined for several

Fe-based pnictides, following the procedure outlined above (Vilmercati et al., 2012).
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Figure 2.13: Determination of correlation energy U iron pnictide superconductors
from Auger spectra. (a) The red lines and gray circled curves are the calculated
SCDOS D° and the measured Auger spectra, the dashed lines indicates the position
the average, U is obtained from the average difference. (b) The gray circled curve is
the measured Auger spectra and the red curve is from fitting U as a parameter in
D(E) (Vilmercati et al., 2012).
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2.5 Low Energy Electron Diffraction

Low Energy Electron Diffraction (LEED) is a powerful tool to characterize the
structure of the surface. Electrons with 30—200 eV energy are used in LEED, which
corresponds to a wave length of about 1 to 2 A. This is comparable to the atomic
lattice spacing and so we can expect a diffraction pattern to form. From Eq. (2.11),
the mean free path of electrons in LEED is about 5—8 A, so only a few surface layers
will be detected. A sketch of LEED setup is shown in Figure 2.14a: Electrons are
emitted from a cathode, accelerated to an energy of typically 100 eV, and subsequently
focused by a lens. The sample is located at the center of hemispherical fluorescent
screen with four concentric grids. While the first, fourth gird and the sample are
at ground potential, the potential of the second and third girds is slightly smaller
than that of cathode, which is used to suppress in-elastically scattered electrons from
reaching the fluorescent LEED screen. The LEED screen is at high positive bias to
accelerate the mostly elastically back scattered electrons towards the screen where
the diffraction pattern is visualized. The pattern represents the reciprocal lattice of
the surface.

The diffraction pattern can be obtained once again via the Ewald sphere
construction, see Eq. (2.12) and (2.13). The difference with RHEED is that the
incident electron beam with momentum vector k impinges on the surface at normal
incidence while the diffracted beams are back scattered towards the LEED screen.
This is illustrated in Fig. 2.14b. Again, due to the finite escape depth of the LEED
beams, the diffraction condition along the z-direction is mostly relaxed and thus the
reciprocal lattice consists of a periodic array of diffuse rods. In that case, the Bragg

condition (Eq. (2.13)) reduces to:

Eout” = Cj‘H (226)
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Figure 2.14: Low Energy Electron Diffraction

—

(ki = 0). Graphically, the diffraction condition is satisfied when the reciprocal
lattice rods intersect the Ewald sphere. The resulting pattern on the LEED screen
represents a 2D map of G7|| vectors, which is the surface reciprocal lattice. This is
further illustrated in Fig. 2.14b.

The coherence length of LEED typically is 10 to 20 nm. For domain sizes larger
than this, the LEED pattern represents an incoherent superposition of scattered
intensities originating from the different domains. For instance, if a (1 x 2) and
(2 x 1) surface reconstruction coexist as a result of e.g., the fourfold symmetry of
the substrate, then the LEED pattern will be a superposition of two LEED patterns.
One would see the extra (0,1/2) and (1/2,0) superlattice spots. On the other hand,
if small anti-phase domains coexist on an area smaller than the LEED coherence
length, additional phase relations exist that can alter the intensity and location of
the superlattice reflections.

In this discussion it is important to recall that the diffraction pattern arises from

the self-interference of the electron as in the famous double-slit experiment. This
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should be thought of as a coherent process which is truly quantum mechanical in
nature. Electrons originating from the LEED gun are completely incoherent, however.
Interference between multiple electrons with random phases are washed out during the
time it takes to collect the data. The diffraction pattern formed by a beam of electrons
thus originates from the incoherent superposition of the probability distribution of
each individual electron. Incoherent means that we are summing intensities, not
amplitudes. Due to instrumental limitations such as the divergence and energy spread
of the electron beam, the diffraction pattern is resolution limited as if the surface
structure or ‘grating’ is of limited size. This is artificial. Self interfering electrons
may be phase correlated over distances much greater than the coherence length, but
there is no way to extract such information, other than through a deconvolution of

the instrument response function.

2.6 Angle-Resolved Photoemission Spectroscopy

The electronic properties of a crystalline material are encoded in the band structure,
and particularly the bands closest to the Fermi level. Angle-Resolved Photoemission
Spectroscopy (ARPES) is able to measure the band structure, or more precisely,
the single particle spectral function A(E,w), which makes it such a powerful tool
(Damascelli et al., 2003). Like XPS, ARPES is based on the photoelectric effect and
surface sensitive due to the limited escape depth of the photoelectrons. ARPES
spectrometers are designed to measure both the energy and momentum of the
photoelectron which, through the appropriate use of conservation laws, can be related
to the energy and momentum of the electron inside the solid. Momentum resolution is
achieved by measuring the angular distribution of the photoelectrons. (XPS spectra
are usually measured in an angle-integrated mode). Figure 2.15 shows a schematic
of an ARPES spectrometer. Eq. (2.16), Fx = hw — Eg — ¢, should still be fulfilled.

Translational symmetry parallel to the surface ensures the conservation of parallel
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Figure 2.15: Schematic geometry of an ARPES measurement (Zhou et al., 2018).

momentum:

Rk = h(kij + G) + Pohoton (2.27)

hke) = \/2meFy sin 0 (2.28)

Where i, f stand for initial and final electron states, pphoton is the momentum of the
photon, and G is the reciprocal lattice vector parallel to the surface. The latter can be
absorbed into Eiu when presented in the reduced Brillouin Zone. The perpendicular
component of the momentum is not conserved as the photoelectron must traverse
the potential barrier at the surface, i.e., the work function. This is only of minor
concern when studying quasi 2D materials such as tetragonal FeSe and FeTe. For
materials with substantial band dispersion along the normal direction, one often
approximates the perpendicular momentum by assuming a free-electron like final
state with parabolic dispersion along the k: direction with the bottom of the band
located at —V{), where the ‘inner potential’ Vj is an empirical parameter of the order

of 10 to 15 eV. In that case, one finds that hk;, = \/ 2me(Ex cos? 0 4+ Vp) (Damascelli,
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2004). In order to map the dispersion in the perpendicular direction, one typically
resorts to ARPES measurements as a function of photon energy at the synchrotron.

In our experiments, we employ a UV light source with He;, and Hes, radiation
and photon energies of 21.22 eV and 40.81 eV, respectively. kphoton = E/(hc) ~
1072 A, which is negligible compared to the size of the Brillouin zone and can
be ignored. FExperimentally, the orientation of the sample is selected using the
manipulator controls which is guided by instant LEED observation. By measuring
E at angle (2, #), and using Eq. (2.16) and (2.28), the band structure Eg(k) with
k= (kj cos €2, kj sin Q) will be obtained. The ARPES data in this thesis were acquired
by Mr. Kaleb McClure, in collaboration with the group of Prof. Norman Mannella.

2.7 X-ray Diffraction

X-ray photons are scattered relatively weakly in comparison to charged particles
such as electrons and protons and, accordingly, they have a penetration depth of the
order of microns. Hence, they are ideally suited for structural investigations of bulk
materials. The wavelength used in X-ray diffraction (XRD) is also comparable to the
atomic distances inside a material. We used XRD to determine the crystallographic
structure of our FeSe and FeTe thin films. This is possible as long as the films are

reasonably thick. The Bragg condition for constructive interference is
2dhkl sin QB =nA (229)

where (hkl) are the Miller indices of the relevant crystal planes, dpi is the
corresponding plane spacing, n is the integer number that defines the order of the
diffraction maximum, and 6y is the Bragg angle between the incident X-rays and the
crystal plane.

Figure 2.16 illustrates a typical XRD experiment. Our FeSe or FeTe samples are

grown on STO substrates with dimensions of 3 x8x 0.5 mm. They were mounted onto
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Figure 2.16: Schematic of XRD

a goniometer head with double sided tape. The goniometer controls the orientation
of the samples by varying Z (parallel motion) and w/¢/x (rotation). w is the angle
between the fixed X-ray source and sample. 26 is the angle between the incident
X-rays and detector and ¢/x are the tilt and azimuthal angles as illustrated in
Figure 2.16. X-rays are generated when accelerated electrons emitted from a hot
filament collide with the anode. Here we used Cu anode, producing Cu-K,; radiation
with (A = 1.5405980 A). The X-rays were then focused and passed through the
‘incident optics’ before they hit the sample. The scattered X-rays pass through the
receiving optics before they reach the detector. The incident optics and receiving
optics can be changed depending on the precise purpose of the measurement. The
incident optics contains an X-ray monochromator and a 0.2 mm x 3 (or 8) mm
‘divergence slit” (or ‘Mask’), which produces a narrow monochromatic X-ray beam.
The receiving optics contains a receiving slit and a beam attenuator to control the
angular resolution and count rate. Too high count rates could result in non-linearity
of the detector and may even damage the detector. The coarse alignment of the
sample was obtained from the incident X-ray beam by setting 260 = 0, and alternate

scanning of the translation parameter Z and angle w, as shown in Figure 2.17.
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Figure 2.17: Schematic of XRD alignment: 26 is set to 0, so that the incident X-
ray is directly detected for the alignment of Z and w. The dashed lines indicate the
correct position (Harrington and Santiso, 2021).

2.7.1 260-w scan

For a symmetric 26-w scan, w is first set to be half the scattering angle 26. In that
case, peaks at 0 = g will be found while scanning the angle 20. After the coarse
alignment, precise alignment with respect to a well defined Bragg plane is needed
before conducting the 26-w scan. In our case, the (001) plane of the STO substrate
(with n = 2 being most intense peak) is used for alignment. 26 and w are then set
to 46.48° and 23.24°, respectively. An w-scan (or Rocking Curve) is obtained when
scanning w while keeping 20 fixed. By alternatively performing w-scans and y-scans,
and assuming epitaxial growth of FeSe or FeTe on STO(001), we align the diffraction
plane perpendicular to the FeSe(001) plane. The distance dyy; and out of plane lattice

parameter c of the film thus can be obtained from the peak position in the 26-w scan.

2.7.2 X-ray reflectivity measurement

When an electromagnetic wave travels through medium 1 and enters medium 2, the

incident angle #; and refraction angle 6, obey Snell’s law:

in 6
L1 = N91 (230)

sin 92
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where ng; is the ratio of the refractive indices of medium 2 and 1, respectively. The
angles 6 are defined with respect to the direction normal to the dielectric interface.
The critical angle for total reflection demands that 6, = 90°. For X-rays incident from
air, mop is slightly less than one, which means that 6; should be slightly less than
90°. Total reflection for X-rays thus happens at very small incident angle relative
to the interface. The X-ray reflectivity (XRR) measurement is a 26-w scan around
the critical angle. The grazing angle is typically of the order of a few tenths of a
degree. XRR provides information about the mass density of the substrate p, the

film thickness d, and surface roughness o, see Figure 2.18:

2.7.3 Reciprocal space mapping

The symmetric 26-w scan in the previous section only provides the out of plane lattice
constant of the film. Other diffraction geometries are required to obtain the in-plane
lattice constants. After aligning the sample along the (001) direction, the sample can
be further rotated to a specific orientation by varying the angles y, ¢ and w. We

use the Bragg peak of the STO(103) plane to precisely align the sample, and perform
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Figure 2.18: Information obtained from an XRR measurement (Yasaka et al., 2010).
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a (26, w) scan in a ‘Reciprocal space mapping’ (RSM) experiment. The FeSe(104)
and FeTe(105) reflections are in close proximity to the (103) of the STO substrate,
so by comparing the momentum transfers ¢, and g, of the substrate and the film, we
can obtain the lattice parameters of the film. The measurement result is plotted in

reciprocal space, using the formulae below:

Qe = %COS(Q}) — cos(20 — w) (2.31)
q. = %Sin(w) + sin(20 — w) (2.32)

2.8 Magnetic Property Measurement System

Magnetism and superconductivity were originally believed to be mutually exclusive,
though now it is understood that magnetic fluctuations can provide the glue to bind
electrons into Cooper pairs, as is generally believed to be the case in high-temperature
cuprate superconductors. In the cuprate and possibly the Fe-based superconductors,
antiferromagnetism and superconductivity appear to have an intricate connection
that can be controlled via carrier doping. It is therefore important to explore the
phase diagram of FeSe and FeTe for the existence of magnetic phases.
The magnetic properties of a material are characterized by magnetic susceptibility
X, which is defined as:
M = xH (2.33)

M is the magnetization of the materiel and H is the strength of the applied magnetic
field. One can measure y as a function of temperature at fixed magnetic field,
or measure a magnetization loop, i.e., M as function of H at fixed temperature.
In the former case, we distinguish field-cooled (FC) measurements from zero-field
cooled (ZFC) measurement. Figure 2.19 illustrates the temperature dependence of
the magnetic susceptibility for different types of magnets. Figure 2.20 shows the

corresponding magnetization loops.

o6



Paramagnet Ferromagnet Antiferromagnet Superconductor
0.54
0.4 (a) S (b) - (c) (d) —
- . 3 1) c 0.52 C 102
. 2 = 05 ° 404
0.2 X=z X
1
0

T-T, I c\ T o
X=77> -o.
0.48 -
“ . I T+6 ——t ]

f P U R R 0.46 PR U R T B L 1 L 1 q-o8
0 25 50 75 100 0 50 100 150 200 0o 1 2 3 4 15 25 35 45
Temperature (K) Temperature (K) Temperature (K) Temperature (K)

0.1

% (emu/mol-Oe)

(20-gWwo/nwa) Xty

Figure 2.19: Magnetic susceptibility for different types of magnetic materials. The
images are modified from (Mugiraneza and Hallas, 2022).
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Figure 2.20: Magnetization loops for different magnetic materials: M., M, H. are

the remanent magnetization, saturation magnetization and coercivity, respectively
(Kotnala and Shah, 2015).
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Measuring the magnetic moment of a thin film is not an easy task as the absolute
magnitude of the magnetic signal is very tiny, especially in the monolayer regime. A
Superconducting Quantum Interference Device (SQUID) is a powerful tool to measure
the magnetic property with ultrahigh sensitivity and precision. The operating
principle of the SQUID magnetometer is based on the physics of the Josephson
junction. When two superconductors are put together with a very thin insulating
material in between, then the tunneling current I(¢) and voltage V (¢) are governed

by (Tinkham, 2004; Kraft et al., 2017):

I(t) = L sin((t)) (2.34)
06 26V (1)
5= (2.35)

where I.. is the critical current and ¢(t) = ¢ — ¢; the phase difference between the
superconducting order parameters on both sides of the junction. The wavefunction
of the Cooper pair is written as V; = \/n_jei¢f (n is the Cooper pair density, j = 1,2
labels the two superconductors). Note that in the absence of an applied bias (V(t) =
0), there will still be a tunneling current.

When two Josephson junctions are connected in parallel, it forms a DC SQUID,

see Figure 2.21a. The current of the DC SQUID is given by (Kraft et al., 2017):

o P
I =21.sin(dp) cos(q—fl)) = I cos(2m—) (2.36)
h Dy
where I, = 2I.sin(dy), do is the mean value of the phase difference of the two

Josephson junctions, &g = 2wh/q. is the flux quantum, and & is the magnetic flux.
® can be measured directly once I, is calibrated with a known field. Notice that
because P, is so small, even a tiny change of ® introduces a noticeable change in I.

In our experiment we used the Quantum Design Magnetic Property Measurement
System (MPMS) 3. The schematics of this machine is shown in Figure 2.21b. The

pickup coils are inductively coupled to the sample located at their center. With two
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Figure 2.21: Sketch of DC SQUID magnetometer: (a) is taken from (Tinkham,
2004), (b) is taken from the Quantum Design MPMS 3 user’s manual.

counter-winding loops, the pickup coils work as a second order gradiometer, thus
the generated current only responds to a magnetic disturbance. The sample size is
typically much smaller than the pickup coil, and the measured signal depends on
the sample position. The pickup coils are inductively coupled to the DC SQUID via
an input transformer, and finally the SQUID voltage is amplified and digitized by
the instrument electronics. In this sense the DC SQUID works as a highly sensitive

current-to-voltage converter.
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Chapter 3

SrTiO3(001) Substrate Preparation

3.1 Introduction

As discussed in Chapter 1, the STO substrate plays an important role towards
enhancing the superconducting 7.. The FK phonon mode and charge donation
are the two key attributes of the STO substrate. High T, FeSe monolayers can
be grown epitaxially on different STO(001) surface reconstructions, including the
c(6 % 2), (V13 x V13), (v/5 x V/5), (v/2 x /2), (2 x 1), (1 x 1) reconstructions, which
produce a range of doping levels in the FeSe thin film (Lee et al., 2014; Tanaka
et al., 2020a; Zou et al., 2016). The different surface reconstructions are related to
the varying oxygen content of the outermost surface layers, which in turn depend
sensitively on the STO substrate preparation. Despite these differences, all of them
appear to be terminated with a TiO, double layer, according to TEM, XRD and
XPS, and provide an excelent template for the growth of FeSe and FeTe thin films
(Li et al., 2016a; Sims et al., 2019; Peng et al., 2020; Zou et al., 2016; Ohsawa
et al., 2016). There is one notable exception, however. FeSe films grown on STO
surfaces with a mixed SrO/TiOy termination exhibit 3D clusters and a discontinuous
morphology (Wang et al.; 2014). In order to systematically study the mechanism

of high temperature superconductivity in these films, we aim to establish a reliable
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and reproducible procedure to fabricate the ‘optimal’ STO template for our FeSe and
FeTe thin films. This will allow us to focus on the intrinsic properties of the films,

such as stoichiometry and correlation strength.

3.2 Oxygen Vacancies and Surface Reconstruc-
tions

In order to obtain an atomically flat STO surface, it is essential to anneal the substrate
at high temperature. During this process, oxygen vacancies are inevitably created.
This can in principle be alleviated by annealing the STO substrate under an O,
atmosphere.

Our STO(001) substrates were ordered from Shinkosha. They are doped with Nb
(0.7% in weight percentage), which is essential to prevent charging in low-temperature
STM measurements. They were cut into small rectangular pieces of 3 x 10 x 0.5 mm?,
and cleaned in an ultrasonic bath of de-ionized water, acetone, and ethanol (5 mins
per bath). Following this standard cleaning protocol, the substrates were mounted
onto a molybdenum sample plate, equipped with electrical contacts for direct current
heating in vacuum. The samples are then loaded into a fast-entry chamber which
was separated from the main MBE growth chamber by a gate valve. The samples are
degassed overnight in the fast entry lock or in the main MBE chamber before any
further treatment, the degassing temperature was below 500 °C so as to minimize
vacancy formation. The temperature of the sample was measured using an optical
pyrometer with an emissivity setting of 0.7. Unless stated otherwise, the STO samples

where heated by passing an AC or DC current through them.
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3.2.1 The (vV5x+/5), (2x2) and (2 x 1) surface reconstructions
of STO

Atomically smooth STO terraces can be obtained via UHV annealing. After
the samples were thoroughly degassed, they were heated inside UHV to about
950—1000 °C. The annealing parameters are indicated in Table 3.1. This procedure
produces atomically flat terraces with single unit-cell-high steps and mostly straight
step edges. The measured step height in STM is about 0.4 nm, which is close to the
c-axis of STO. Atomic smoothness indicates that there are no SrO or TiO, clusters
on the surface. The terrace width increases at even higher temperature. However,
this also produces double-height steps and meandering step edges, see Figure 3.1.
Meanwhile, the RHEED pattern changes from a (2 x 1) diffraction pattern to a
(2 x 2) and finally a (v/5 x v/5) pattern (Figure 3.2). The concentration of oxygen
vacancies should also increase as a function of annealing temperature and annealing

time, following the same sequence, i.e., (2 x 1) < (2 x 2) < (v/5 x V/5).

3.2.2 Oxygen annealing: ¢(6 x 2), (2 x 2) and (2 x 1) recon-

structions

Following standard cleaning procedures, STO substrates were loaded into the fast

entry lock, which was pumped down to approximately 10~7 mbar. They were

Table 3.1: The details of the UHV annealing on the STO

Sample T/°C t/mins | RHEED STM

Single height steps
791 980995 45 (2x1) Straight step edges
1100—1313 13

#86 | 1170-1920 | several | 22 Mixed

Double height steps
7176 1250-1350 20 (V5 x V5) Meandering step edges
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Figure 3.1: STM images of UHV annealed STO: the top images are STM images
of sample (a) #91, (b) #86 colder part, (c) #86 hotter part, (d) #76, annealed
at 980—995 °C, 1100—1170 °C, 1220—1313 °C,1250—1350 °C, respectively. See also
Table 3.1. The bottom panels show the corresponding line profiles along the red lines
in the topographic images.
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Figure 3.2: RHEED patterns of UHV annealed STO: as the annealing temperature
increases, the STO surface displays a (a) (2 x 1), (b) (2 x 2), (¢) (V5 x v/5)
reconstruction. All RHEED patterns were acquired with the incident electron beam
pointing along the STO [100] direction.

subsequently degassed at about 500 °C under a steady flow of 107* to 10~¢ mbar
of molecular oxygen for up to two hours. Next, the samples were annealed under
1075 to 107! mbar of oxygen at 800 to 1100 °C for several hours (0.75 to 9 hrs). The
oxygen vapor pressure was controlled with a UHV leak valve.

The evolution of the surface morphology with temperature was similar to that of
the vacuum annealed substrates, see Figure 3.3. The surface morphology changes from
irregular disconnected patches to atomically flat terraces with straight single unit-cell-
high steps. The surface morphology appeared optimal with a 1000 °C anneal. Higher
temperature produces multi-step terraces with meandering step edges, as shown in
Figure 3.4. Nano structures with several nanometer tall patches begin to form after
the fourth oxygen annealing cycle of the the sample listed in Table 3.2. RHEED
images display a streaky pattern, which indicates the existence of flat 2D patches
with somewhat limited domain sizes, which is consistent with the STM observations.

The oxygen vacancy concentration is expected to depend on the oxygen pressure.
At low oxygen pressure, typically 107° to 10~* mbar range, STO surfaces exhibit

a ¢(6 x 2) reconstruction. As the pressure of oxygen increases to the 10™* to 107!
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Figure 3.3: Effects of oxygen annealing of the STO substrates: (a) STM topographic
image on the colder part of the STO sample, following the first oxygen annealing cycle.
Same after the third oxygen annealing cycle with (b) the colder part, (¢) the median
part, and (d) the hotter part, respectively. The treatment parameters of this sample
are listed in Table 3.2.
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Figure 3.4: Over annealed STO: (a) Absence of single unit-cell-height steps and
meandering step edges. (b) Nano-structures begin to form. (¢) RHEED pattern
with the incident electron beam along the STO [100] direction, displaying a streaky
pattern.
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Table 3.2: Details of the oxygen annealing parameters for the STO surface in Figure
3.3

Treatment Temperature/°C | Time/mins | Og Pressure/mbar RHEED
Degas 480—530 120 107° /
Annealing 1 | 800—890/930—1040 | 40/5 10" Spotty, ¢(6 x 2)
Annealing 2 900—1000 240 107° Spotty, ¢(6 x 2)
Annealing 3 950—1050 120 1074 Spotty, ¢(6 x 2)
Annealing 4 1000—1100 120 10~* Streaky, ¢(6 x 2)

range, with STO being kept at 960—1000 °C, RHEED patterns reveal other higher
order reflections including 1/6 order reflections not seen before, see Figure 3.5.
Samples with a large temperature gradient, annealed under an O, pressure of 1073
mbar, revealed several reconstructions with the ¢(6 x 2) on the colder (900 °C) side
and (2 x 2)/(2 x 1) on the hotter (1100 °C) side. This suggests that the oxygen

vacancy concentration follows the same sequence ¢(6 x 2) < (2 x 1) < (2 x 2).

3.2.3 Acid etching: (1 x1) and (2 x 1) surface reconstructions

It was reported that acid etching using e.g., hydrochloric acid or a buffered HF
solution, produces a TiO, terminated STO surfaces. SrO terminated surfaces would
form a strontium hydroxide layer after cleaning the surface with de-ionized water.
Subsequent acid etching would remove the strontium hydroxide layer, so that the
STO substrate is solely terminated by a TiO, layer (Kawasaki et al., 1994; Tan et al.,
2013; Zhang et al., 2014).

Details of our etching protocols are listed in Table 3.3. The STO substrates were
first cleaned in an ultrasonic bath with de-ionized water and then dipped into either
diluted HF(10:1) for 10 mins or a buffered HF solution (6:1) for 1 min. The samples
were subsequently rinsed with de-ionized water and loaded into the fast entry lock.
After degassing and oxygen annealing, uniform and atomically flat terraces with single

unit-cell-high steps were routinely obtained, as shown in Figure 3.6. However, one
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Figure 3.5: Relation between oxygen pressure and surface reconstruction of STO:
(a) Median vacancy concentration. The RHEED pattern displays a c(6 x 2)
reconstruction. (b) and (c¢) Low vacancy concentration. The RHEED pattern displays
1/2 and 1/6 order spots, different from those of the ¢(6 x 2) reconstruction in (a).
(d) High vacancy concentration. The RHEED pattern displays a (2 x 2)/(2 x 1)
reconstruction. All RHEED images were taken with the incident beam along the
STO [100] direction.
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Table 3.3: Etching protocols for STO

S?;Egle HF etching | Degas with O, | Anneal with O, | RHEED
820-865 °C
5 x 107 mbar
500 °C
Diluted (10:1) _6 40 mins,
#82 10 mins 5 x 1205 hmbar 1000 °C (2x1)
’ 5 x 107° mbar
5 mins
820-865 °C
5 x 10~% mbar
500 °C
Diluted (10:1) . 40 mins,
#83 10 mins 5 X 102 hmbar 1000 C (2x1)
5 x 107 mbar
5 mins
815-870 °C
5 x 10~% mbar
500 °C
Buffered (6:1) _5 40 mins,
#87 1 min 5 x 102 hmbar 1000 C (1x1)
5 x 10~° mbar
3 mins
850-990 °C
1 x 10~® mbar
500 °C )
Buffered (6:1) 6 40 mins,
#88 | min 1x 102 hmbar 1000 °C (1x1)
1 x 107° mbar
3 mins
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Figure 3.6: STM images of acid etched STO surfaces: (a), (b) STM images of
samples #83 and #87, respectively, showing several nanometer deep etch pits. (c),
(d) STM images from sample #88, showing atomically flat terraces after HF treatment
and in-situ oxygen anneal, respectively.
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also observes holes with depths of several nanometers, indicating that the etching
speed may have been too high. This could possibly be remedied by diluting the acid
and/or reducing the etching time. After oxygen annealing, RHEED patterns revealed
the existence of a (2 x 1) reconstruction for substrates treated with diluted HF and
unreconstructed (1 x 1) surface for substrates treated with buffered HF, see Figure

3.7.

3.2.4 Selenium and tellurium etching: (v/13 x v/13) recon-

struction

In-situ selenium etching was reported to produce atomically flat defect-free STO
terraces. It was also used to successfully grow high-T, FeSe/STO interfaces (Wang
et al., 2012). Since Se appears below oxygen in the Periodic Table, their chemical
properties are expected to be quite similar. Se etching could thus have the same effect

as oxygen annealing, ¢.e., it would suppress the formation of oxygen vacancies during

Figure 3.7: RHEED patterns of acid treated STO: (a), (b) are the RHEED patterns
of samples #82 and #88, treated with diluted HF and buffered HF, and showing a
(2 x 1) and unreconstructed (1 x 1) surface, respectively. All RHEED images were
acquired with the incident beam along the STO [100] direction.
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high-temperature annealing. Following Wang et al.’s recipe, we annealed the STO
substrate around 980—1000 °C under a Se flux for about 45 mins, The Se source was
kept at 160—180 °C, which corresponds to a chamber pressure of about 8 x 107> to
4 x 10~* mbar. STM images once again displayed atomically flat surfaces with single
unit-cell-high steps, although one occasionally finds small nanoparticles accumulated
near the step edges. Since their height is less than 0.4 nm, these are possibly Se
atom clusters’ see Figure 3.8a and Figure 3.8b. The RHEED pattern displayed a
(v/13 x 4/13) reconstruction as shown in Figure 3.8c. The presence of sharp spots on
perfect Laue circles indicates the presence of large domain sizes. As will be shown
later, Se etching does not lead to an appreciable amount of Se incorporation into the
STO.

We attempted a similar procedure using Te instead. This would enable us to grow
FeTe on Te-etched STO without the risk of incorporating unwanted Se. Here, we kept
the Tellurium source at about 330—370 °C, corresponding to a chamber pressure
of 1 x 1073 to 9 x 1072 mbar, while heating the STO substrate to 950—1000 °C
for about 45 minutes, as before. Once again, the STO surface exhibits a (v/13 x
V/13) reconstruction as shown in Figure 3.8d. However, the RHEED pattern is much
more streaky and somewhat blurred, which is indicative of smaller domain size and
increased disorder. It may be possible to fine tune the Te etching protocol, but we
opted to stick to the Se etching protocol. Here, it should be noted that practically
speaking, in-situ Se etching is a straightforward protocol while high-pressure oxygen
annealing represents an assault on the vacuum system as it can lead to deterioration
of pumps and filaments.

Combining the results from vacuum annealing, acid etching, oxygen annealing and

Se/Te etching, we assert that the oxygen vacancy concentration increases following

the sequence ¢(6 x 2)/(v/13 x V13) < (2 x 1) < (2 x 2) < (v/5 x v/5) (Figure 3.9).
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(a) STM image of Se-etched
STO: large scale

(c) RHEED image of Se-etched
STO

(b) STM image of Se-etched
STO: small scale

(d) RHEED image of Te-etched
STO

Figure 3.8: STM and RHEED images of Se/Te-etched STO, all the RHEED images
were taken with the incident electron beam along the STO [100] direction.
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Se/Te etching

Oxygen annealing

(V13xV13) c(6x2) (2x1) (2x2) (V5xV5)

— Oxygen vacancies T

Figure 3.9: Summary of the oxygen vacancy concentration on the STO prepared
with different methods: all the RHEED images were taken with the incident electron
beam along the STO [100] direction.

3.3 Electro-migration

By applying DC current through the STO substrate, one can find different surface
reconstructions along the direction of the current flow. When the DC current direction
is reversed, their order of appearance also reverses. This suggests that the polarity of
the electrodes affects the distribution of oxygen vacancies across the surface (Shimizu
et al., 2012). By applying an AC current, one would expect this effect to cancel which
could lead to a more homogeneous distribution of oxygen vacancies.

We found that the quality of the STO (\/1_3 X \/1_3) reconstruction is very sensitive
to the temperature gradient under DC heating. Uniform sharp and spotty RHEED
pattern are easily achieved when the temperature difference across the sample is less
than 50 °C. On the other hand, RHEED patterns of a Se-etched STO sample with
a 60 °C difference (960—996—1020 °C) reveal a dramatic effect, as shown in Figure
3.10. Here, one can clearly see that 3D islands are formed on the cold side of the STO
(Left edge), while high-quality (v/13 x v/13) patterns can be found on the hot side.

RHEED patterns across the large middle section of the sample are streaky, indicating
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(a) Left edge: island (b) Left: Streaky pat- (c) Right: Spot pattern
spots tern

(d) Right edge: Streaky (e) Left edge: Over
pattern annealed

Figure 3.10: Temperature effects on the quality of the STO (v13 x /13)
surface reconstruction: (a)—(d) larger temperature gradients cause island formation
(indicated by the blue arrows) on the cold side of the STO; (e) etching at higher
temperature reduces the surface quality on the colder side. All RHEED images were
taken with the incident electron beam along the STO [100] direction.
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smaller domain sizes. Island formation seems irreversible. Once 3D islands are formed
near the cold edge, increasing the temperature on the cold side to 970—1000 °C only
makes the island spots only more intense. This irreversible process may be related to
local variations in resistivity, heat dissipation, and stress. In such a case, the surface
preparation is no longer reversible, nor controllable.

We repeated the same procedure, this time with AC current. The RHEED pattern
showed modulated streaks and a blurred contrast, see Figure 3.11a. This indicates
that the surface has become rough. The arrows in Figure 3.11c indicate the presence
of extra streaks, in addition to the original original (1 x 1) streaks (blue arrows).
Prolonged annealing with DC current under a Se flux will restore the (v/13 x v/13)
surface reconstruction.

Importantly, the (v/13 x v/13) surface reconstruction can always be recovered via
Se etching under DC current heating to about 980 °C, irrespective of the sample
history. Subsequent UHV annealing once again produces the (2 x 1) reconstruction.
This is not possible with AC heating (Figure 3.12). This suggests that uni-directional
current flow helps smoothen the terraces via surface electro-migration. AC current
heating suppresses electro-migration over large distances, thus resulting in a rougher

surface.

3.4 Oxygen Vacancy Concentration of Se-etched
STO

We attempted to quantify the oxygen vacancy concentration of Se-etched STO by
studying the Ti 2p core level spectrum. The presence of oxygen vacancies reduces
the oxidation state of the Ti** ion to Ti**, which should be detectable in XPS. The
Ti3+ /Ti*" intensity ratio in the Ti 2p core level spectrum provides a means to estimate
the oxygen vacancy concentration within the escape depth of the XPS measurement

(Ohsawa et al., 2016; Kim et al., 2023; Baek et al., 2020).
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(a) AC current (b) DC current

(c) AC current zoom in

Figure 3.11: RHEED images of Se-etched STO under AC current heating. AC
current heating was followed by DC current heating while keeping the temperature
and Se flux the same. The blue arrows in (c) indicate the original (1 x 1) RHEED
streaks. All RHEED images were taken with the incident beam along the STO [100]
direction.
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Figure 3.12: RHEED patterns with annealing history of the STO surface, including
a switch between DC and AC current heating. All RHEED patterns were taken with
the incident beam along the along STO [100] direction.
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We first compare the Ti 2p normal emission spectrum of degassed (500 °C) STO
to that of Se-etched STO and look for a shoulder on the low-binding energy side of
the main 2ps3/, peak, see Figure 3.13a. It is evident that the intensity of this shoulder
is very small, suggesting that the number of oxygen vacancies is also small, We fitted
the Ti 2p spectrum with four Voigt line-shapes, representing the 2ps/, and 2p; /» peaks
of the Ti** and Ti** ions. We assume a Shirley background. The spin-orbit splitting
of the 2p3/, and 2p; /; core levels were constrained to their atomic value of 5.7 eV. The
branching ratio of the 2p; /5 and 2p; /5 core levels is supposed to be 0.5, but an energy
loss feature at ~ 6.5 eV from the main 2ps/; line coincides almost perfectly with the
2p1/2 spectrum. Rigorously speaking, one should fit the spectrum with the knowledge
of the lineshape of the energy-loss peak, which is quite complicated. Instead, we no
longer restrain the branching ratio of the Ti** core level to its theoretical value of 0.5.
This is a pragmatic way to account for the presence of the loss peak under the 2p;
spectrum. Meanwhile, the branching ratio of the Ti** core level remains restricted
to 0.5 as those peaks do not overlap the energy-loss feature.

From the fitting (Figure 3.13b), the energy shift between the Ti** and Ti*" core
levels was 1.8 eV, consistent with published data. The ratio of Ti** /Ti*" core level
intensities is 2.7% =+ 2.3%. The large error is due to the very low intensity of the
Ti3" core level. Grazing emission (grazing angle 60°) spectra displayed a similar
result (Figure 3.13¢). Here, the intensity ratio of Ti*™/Ti** core levels was 3.4% +
3.3%. Considering the large error, we believe that the difference between normal
and grazing emission data are within the margin of error. Moreover, these spectra
are hardly distinguishable from those obtained from samples that were degassed at
500 °C and never subjected to high temperature treatment. Specifically, we find
that the core levels of degassed sample #208 almost perfectly overlap with those
of Se-etched sample #220. In other words, the vacancy content of the Se-etched
STO sample is insignificant as other STO samples exhibit similar vacancy levels, see
Figure 3.13d. The Te-etched sample even contained fewer vacancies, as compared to

Se-etched sample #220. The fitting parameters are summarized in Table 3.4 and 3.5.
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Figure 3.13: XPS study of selenium etched STO



Table 3.4: Fitting parameters for Ti 2p in normal emission

Parameters Titt Tt
Gaussian width/eV 0.6177 +0.0115 Same as Ti*"
Doublet ratio 0.6395 + 0.0259 0.5£0
Es,,,,/eV 459.0911 £ 0.00327 | 457.2532 + 0.159
Peak intensity A, , 96436 + 722 2359 4+ 793
Spin orbit split/eV 5.7459 + 0.0151 5.7£0
Lorentz width 2p3/2/eV 0.1966 + 0.0147 0.274 £+ 0.219
Lorentz width 2p;/,/eV 0.7685 % 0.0287 0.264 £ 0.281
Background intensity 2ps /o 0.0286 + 0.0104 —0.023 £ 0.813
Background intensity 2p; /; 0.012 £0.019 0.225 £0.934

Table 3.5: Fitting parameters for Ti 2p in grazing emission

Parameters Tit* Ti%*
Gaussian width/eV 0.617+0 Same as Ti*"
Doublet ratio 0.6383 £ 0.0385 0.5+0
E2p3/2/e\/' 459.0437 £ 0.00526 | 457.121 £+ 0.166
Peak intensity A, , 727274+ 91.6 242.2+£79.5
Spin orbit split/eV 5.7324 £+ 0.0235 5710
Lorentz width 2ps/,/eV 0.25606 £ 0.00782 0.27 +£0.25
Lorentz width 2p,/,/eV 0.8266 £ 0.0415 0.296 £ 0.315
Background intensity 2ps/; 0.0283 + 0.0141 —0.003 £ 0.512
Background intensity 2p; /; 0.0226 £ 0.0252 0.39 £ 1.05
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Post annealing is considered a crucial step towards achieving high 7. in monolayer
FeSe films. Our ARPES data of post annealed FeSe monolayers, to be discussed
in Chapter 5, indicate that the filling of the electron pocket at M is sufficient for
high temperature superconductivity. In principle, the chemical interaction between
the deposited Fe atoms and the outer TiO, layer of the STO substrate could alter
the concentration of oxygen vacancies at the interface, and thereby provide dopant
charges for the FeSe layer. However, our Ti 2p core level data of post annealed FeSe
monolayers on STO show no significant increase of the Ti**/Ti** intensity ratio.
(Figure 3.13¢). Again, the Ti*"/Ti'" intensity ratio seems less than 2%. Note that
the presence of a nearby Se LM M Auger peak may even contribute to the Ti** core
level intensity. Our results thus indicate that the increase in carrier concentration in
the FeSe film with post annealing can not be attributed to vacancy formation in the
substrate.

Finally, Figure 3.13f shows that the most intense Se feature in the XPS spectrum,
namely the LM M Auger peak, is barely detectable for the Se-etched STO surface,
indicating that little or no Se is incorporated into the substrate during etching.

Oxygen 1s core level spectra were acquired to investigate the various oxygen
species at the STO surface, including oxygen bonded to Ti or Sr or oxygen present
as a surface contaminant such as OH™. After Se etching and Te etching, the O
Ls spectra look exactly alike (Figure 3.14a), suggesting that there are no significant
differences in surface termination and/or cleanliness. The normal emission spectrum
of the degassed sample reveals a shoulder on the high-binding energy side, which
is almost eliminated upon Se etching. There are no noticeable changes on the low
binding energy side. The differences before and after Se etching are plotted in Figure
3.14b. Evidently, the spectrum of the degassed sample contains a chemically shifted
component at about 1.6 + 0.1 eV from the main line. This agrees with the chemical
shift of chemisorbed OH™ (Kim et al., 2023). Its intensity ratio with respect to the
main O 1s is about 3.3%. Unfortunately, we do not have the corresponding data at

grazing emission.
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Figure 3.14: XPS study of the O 1s core level for various STO substrates
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The grazing emission spectrum of the Se-etched STO overlaps almost perfectly
with the normal emission spectrum of degassed STO. Both exhibit a clear shoulder.
The spectrum can be fitted with two Voigt line shapes with an energy split of 1.1 +
0.1 eV between the two lines (Figure 3.14c). The fitting parameters are listed in
Table 3.6 . The high binding energy component has been attributed to the O 1s core
level of SrO (Kim et al., 2023). The main peak is attributed to bulk STO, assuming
there is no discernible distinction between oxygen bonded to Ti or Sr in bulk STO.
The presence of the shifted O 1s core level might indicate the presence of small SrO
patches on the surface, perhaps because Se etching may not produce uniform results
all across the rather large viewing area of XPS. We will discuss this issue in section

3.5.

3.5 SrO versus TiO, Surface Termination

We return to the discussion of the surface termination of Se-etched STO, i.e., whether
the surface is terminated by a single TiOy layer, a double TiOy layer, a SrO layer, or a
mixture thereof. Figure 3.15 (a)—(d) shows a series of spectra obtained from a survey
scan. They are all normalized with respect to the Sr 3ds/, spectrum. At first sight,

there are no significant differences between the spectra acquired at normal emission

Table 3.6: Fitting parameters for O 1s in normal emission

Gaussian width/eV 0.72684 £ 0.00892
Ratio 0.0410 £ 0.0054
E/eV 530.26 £ 0.004
Peak intensity A 16179 £ 1860
Energy shift/eV 1.1+0.1
Lorentz width main/eV 0.1111 £ 0.0098
Lorentz width shoulder/eV —0.036 £ 0.312
Background intensity main 0.0033 + 0.0162
Background intensity shoulder 0.003 £ 0.392
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Figure 3.15: XPS study on SrO/TiO, termination
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and 60° grazing emission, no matter whether the surface has only been degassed or
whether the surface was subsequently etched with Se.

A close look at the Sr 3d core level spectrum reveals an excess intensity under
the 3d3/; spectrum in grazing emission. Spectral fitting with a single spin-orbit split
doublet produces a branching ratio far greater than the expected 2/3 value for the
3d core level spectrum, indicating that there is a hidden peak underneath (Ohsawa
et al., 2016; Kim et al., 2024; Bachelet et al., 2009). We therefore fitted the Sr 3d
spectrum with two spin-orbit split doublets, using the theoretical branching ratio
of 2/3 and documented spin-orbit splitting of 1.7(5) eV, and obtained an excellent
fit by shifting the additional core level spectrum to 1.00 + 0.05 eV higher binding
energy (Figure 3.16). The fitting parameters are listed in Table 3.7 and 3.8. An
interpretation for the appearance of the shifted component was provided by Bagus
et al. who attributed this to a surface core level shift associated with the reduction
of the Madelung potential at the surface of SrO (Bagus et al., 2019). A similar
interpretation was proposed by Vanacore et al. for the case of STO (Vanacore et al.,
2010). No such shift would be expected on the O 1s core level as the initial-state
valence charge distribution on the surface oxygen is more diffuse, which offsets the
Madelung contribution to the ionic potential (Bagus et al., 2019). The main line

intensity of the Sr 3d core level spectrum would then be associated with the deeper
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Figure 3.16: Fitting on Sr 3d spectra
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Table 3.7: Fitting parameters for Sr 3d in normal emission

Parameters Bulk SrO Surface SrO
Gaussian width/eV 0.61987 +0.00415 | Same as bulk Sr
Doublet ratio 0.6667 + 0 Same as bulk Sr
Esq.,,/eV 133.7696 4+ 0.0029 | 134.7724 + 0.0518

Peak intensity Asq, , 46269 £+ 104 2784 + 274
Spin orbit split/eV 1.756 £ 0 Same as bulk Sr
Lorentz width 3ds/,/eV 0.08+0 Same as bulk Sr
Lorentz width 3ds/,/eV 0.08+0 Same as bulk Sr
Background intensity 3ds /o 0.00672 £0 Same as bulk Sr
Background intensity 3d3 /o 0.000458 £ 0 Same as bulk Sr

Table 3.8: Fitting parameters for Sr 3d in grazing emission

Parameters Bulk SrO Surface SrO
Gaussian width/eV 0.63573 £ 0.00628 | Same as bulk Sr
Doublet ratio 0.6667 £ 0 Same as bulk Sr
Esa,,,/eV 133.7180 4+ 0.0037 | 134.8208 + 0.0427

Peak intensity Asq. ,, 45777 £ 158 4983 =+ 347
Spin orbit split/eV 1.755 +0 Same as bulk Sr
Lorentz width 3d5,2/eV 0.08+£0 Same as bulk Sr
Lorentz width 3ds/,/eV 0.08+0 Same as bulk Sr
Background intensity 3ds /o 0.00672 + 0 Same as bulk Sr
Background intensity 3d3 /o 0.000458 £+ 0 Same as bulk Sr
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SrO layers. The intensity ratio of the surface and bulk components is 6.0% 4 0.6%
in normal and 10.9% + 0.8% in grazing emission. This allows us to estimate the
area fraction of the SrO terminated surface using a simple layer-by-layer attenuation
model.

Let us assume that the SrO area fraction in the outermost surface layer is m
(Figure 3.17). The photoelectron intensity of the exposed SrO layer is then written
as mly, where Iy would be the photoelectron intensity for a full SrO layer, i.e., m = 1.
The attenuation factor of the Sr 3d photoelectrons originating from deeper layers is
z = e~ ¥(0s0N) where d = 3.905 A is the lattice constant of STO; A = 2.6 nm is the

inelastic mean free path (Baeumer et al., 2015). Accordingly, we have:

[5urface — (3.1)
M =mly» 2"+ (1—m)lpy 2"/ (3.2)
n=1 n=0

From Eq. (3.1) and (3.2) we evaluate [§face/2uk a5 a function of 2z and m. Using
the experimental intensity ratio and the known value of z, we solve it for m with the
fitting results (10.9% for grazing and 6.0% for normal emission). Using the normal

emission data, we find that the SrO area fraction is 0.3940.04. In other words, about

Areal Coverage
of SrO=m

|

Figure 3.17: Schematic of partially SrO terminated STO surface.
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39% =+ 4% of the surface would be terminated by STO and 61% =+ 4% by TiO,. A
similar analysis at grazing emission yields 34% =4 3% and 66% = 3%, respectively.
Alternatively the high-binding energy component could be explained when we
consider the structural model of the (\/ﬁ X \/1_3) surface reconstruction. This
reconstruction is derived from a TiOy double layer with both TiOg and TiOs
polyhedral units in the outermost surface layers. The (\/ﬁ X \/1_3) unit cell contains 13
Sr atoms, eight of which are fully coordinated, similar to their bulk environment, while
five other atoms are undercoordinated and fully exposed to the vacuum (Figure 3.18).
In this case, it would be reasonable to associate the shifted core level with the exposed
Sr atoms. This would amount to a fractional coverage of 5/13 = 0.385. This level
of agreement the experimentally derived area fraction above is no doubt somewhat
fortuitous for such a simple toy model, but it suggests that this interpretation of

the Sr 3d core level spectrum is probably correct, especially because the surface

is uniformly covered by the (/13 x 4/13) structure, as shown by RHEED, while

Side View

o
Figure 3.18: Structure of the surface (v/13 x 1/13) reconstruction (Kienzle et al.,
2011; Katsube et al., 2023).



STM measurements always reveal single unit-cell-high steps. A mixed SrO and TiOy

termination thus seems unlikely.

3.6 Conclusions

The synthesis of high quality FeSe thin films on the STO(001) surface demands a
surface preparation procedure that produces atomically-flat TiO, terminated terraces.
This requirement can be met via high-temperature annealing at about 980 °C in UHV.
This procedure, however, unavoidably leads to the formation of oxygen vacancies, a
process that is difficult to control. Depending on the vacancy content, the surface
exhibits a variety of ordered superstructures or surface reconstructions that often
coexist. We obtained excellent and highly reproducible results by annealing the
STO(001) substrate under a selenium flux inside the MBE chamber, which is often
referred to as UHV selenium etching. This procedure results in wide, atomically-flat
TiO, terminated terraces with straight step edges. The Se-etched surface exhibits
the (v/13 x v/13) reconstruction with only very few vacancy defects and no traceable
amount of Se. This method is preferred over oxygen annealing because it produces
atomically clean STO surfaces under MBE conditions without the need for backfilling
the UHV chamber with ‘dirty’ oxygen gas. Sr 3d core level spectroscopy indicates the
presence of Sr atoms at the surface, producing a surface core level on the high binding-
energy side of the bulk spectrum. The relative intensity of the surface and bulk core
levels is consistent with the structural model of the (\/1_3 X \/ﬁ) reconstruction. We
will use this substrate termination for the growth of high-quality FeSe and FeTe thin
films, as described in the following chapters. As we will see, the films are all electron-
doped even though there are very few oxygen vacancies to provide the needed charge
for establishing superconductivity. This suggest that the doping of the films does not

require an oxygen deficient STO substrate.
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Chapter 4

Bulk FeSe

4.1 Crystal Structure and Phase Diagram of FeSe

The superconducting iron selenide phase (or [-phase) has the tetragonal PbO
type structure (space group P4/nmm). The compound tends to be slightly off-
stoichiometric, i.e., Fe;;.Se; , meaning it is often Fe rich. We simply write FeSe (Hsu
et al., 2008). The lattice parameters are a = b = 3.77—3.82 A and ¢ = 5.52—5.58 A.
In the conventional unit cell, there are two Fe and two Se atoms with Fe at the (0, 0,
0) and (1/2, 1/2, 0) positions and Se at the (1/2, 0, 0.26) and (0, 1/2, 0.74) positions.
The S-phase is a layered (slab) structure with a van der Waals gap in between the Se
layers (Figure 4.1a Top). Each FeSe slab consists of a two dimensional Fe layer with
Se atoms above and below. For theory calculations, one often uses the primitive unit
cell with only one FeSe unit. In that case, the size of the first Brillouin zone would
be doubled (Figure 4.1b).

Another stable FeSe phase crystallizes in the hexagonal NiAs structure (space
group P63/mmc), which is conventionally called the d-phase (Figure 4.2b). The
lattice parameters are a = 5.82—5.91 A, ¢ = 5.52—5.58 A. Similarly there are two
Fe and two Se atoms in the unit cell. However, it is usually Se rich, ¢.e., one should

write Fe;Sep ..
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Figure 4.1: -FeSe in real space and reciprocal space (Huang and Hoffman, 2017).

(a) Tetragonal FeSe (b) Hexagonal FeSe

Figure 4.2: Crystal structures of tetragonal and hexagonal FeSe. The images are
taken from The Material Project.
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Apart from tetragonal and hexagonal FeSe, there is the ~-phase (monoclinic
deformed o-phase), FerSeg (orthorhombic), FeSe, (marcasite) and some other meta-
stable phases. Figure 4.3 shows the complete phase diagram. Details can be found
in the reference (Okamoto, 1991).

The structure and properties of FeSe are very sensitive to the precise stoichiometry
(Figure 4.4) (McQueen et al., 2009; Chen et al.,; 2014). This gives rise to confusion
and sometimes contradictory results in the literature, as it is usually very difficult to
determine the stoichiometry precisely, especially in ultra-thin film materials. Studies
of superconductivity in ultra-thin FeSe films require very precise control of the growth
conditions, and very accurate measurements of the stoichiometry. This will be

discussed in the following sections.
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4.2 Epitaxial Growth of FeSe Films on STO(001)

4.2.1 Substrate temperature: 2D step-flow growth vs. 3D
growth

The growth mode of an epitaxial thin film depends on the substrate temperature.
When the temperature is too low, the crystallinity would be poor and the film
morphology would be rough. Since the mobility of the adatoms is low, small nuclei
are dispersed across the substrate terraces, producing a ‘patchy’ appearance. As
those patches merge at higher coverage, grain boundaries are formed. At higher
temperature, growth defects would be fewer. Ideally, one would like to achieve step-
flow growth where adatoms nucleate at the step edges and the growth front gradually
spreads across the terrace. In our situation, FeSe starts to decompose at 500—600 °C,
meaning that the growth temperature should be kept below 500°C. In order to grow
[-FeSe, the stoichiometry should be close to 1:1. Here, we kept the temperature of
the substrate T, well below the temperature of Fe source Tk, but well above that
of the Se source, Ts.. Figure 4.5 represents two different growth modes of FeSe on
STO(001). The two films were prepared exactly the same way, except that we chose a
different growth temperature for the second FeSe layer. Prior to FeSe deposition, STO
substrates were etched in-situ with Se flux in order to obtain the (\/ﬁ X \/1_3) surface
reconstruction. The Fe and Se sources were kept at 1250 °C and 180 °C, respectively.
The first FeSe layer was grown at a substrate temperature of around 450—460 °C for
both samples. (The small temperature variation is due to the existence of a small
thermal gradient across the sample). The second FeSe layer was grown at 370 °C and
at 460 °C. In the first case, we achieved step-flow growth where the incoming adatoms
remain confined to their landing terrace and diffuse to the step edge or growth front.
Growth at 460 °C resulted in multilayer growth, where single, double, and triple layer
thicknesses coexist on the same STO terrace. While on the one hand, the adatom

mobility is clearly high enough to diffuse across the entire terrace, the temperature
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Figure 4.5: Effect of substrate temperature on the growth of FeSe films: (a) 2D
step-flow growth mode, Ty, = 370 °C. (b) Multilayer growth, T, = 460 °C

is evidently high enough for those atoms to move across the step edges to start the
next layer before the first one is completed. Another aspect to consider is that fewer
Se atoms stick when the temperature is higher, which can lead to the formation of

small Fe nuclei which in turn can lead to non-uniform growth.

4.2.2 Fe/Se flux ratio

As seen from bulk FeSe phase diagram, a slight change in stoichiometry could
affect the physical properties or even produce a different phase. The Fe/Se ratio
is determined by the Fe/Se source temperature, the substrate temperature, and the
post annealing process. An added complication is that selenium easily condenses
around the aperture of the effusion cell, so that the evaporation rate diminishes over
time. In Figure 4.6, the substrate temperature during the growth of the first FeSe
layer was 450 °C. Additional layers were grown at 370 °C. New transmission spots
appear when the thickness of the film reaches three monolayers as indicated by the
red arrows in Figure 4.6b. These spots are very close to the FeSe (02) streak and
are attributed to the formation of small bee Fe clusters. For the thicker 88 ML film,
additional 45° rotated (1 x 1) pattern became visible as shown in Figure 4.6c. The

transmission spots and extra RHEED streaks disappear when exposing the surface to
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(a) IML FeSe (b) 3ML FeSe (c) 88ML FeSe (48 nm)

Figure 4.6: RHEED patterns of FeSe films grown under Fe rich conditions:
(a) Monolayer FeSe reveals nice integer order RHEED streaks. (b) Additional
transmission spots are formed when the thickness is about three monolayers. (c)
Extra 45° rotated (1 x 1) pattern are formed for the 88 ML film. The blue dashed
lines indicated the original FeSe (1 x 1) streaks. All the RHEED images were taken
with the incident electron beam along the STO [100] direction.

a Se flux while keeping the Fe source closed. This suggest that the film was initially
grown under Fe rich conditions, even though the substrate temperature was lowered
and the Se flux exceeded that of Fe by almost one order of magnitude. The absence of
bee Fe clusters in the monolayer film, in spite the fact that its growth temperature was
significantly higher, suggests that Se is more easily incorporated due to the interaction
with the STO substrate. The 45° rotated (1 x 1) domain was also found in LEED
(Figure 4.7d).

Further reduction of the substrate temperature to 350 °C resulted in Se rich
conditions for the thick FeSe films. These films often display a (\/5 X \/5)
superstructure, see Figure 4.7b and Figure 4.7e. This agrees with other studies that
reported the formation of FeySe; under Se rich conditions for bulk FeSe (Yeh et al.,
2020), FeSe thin films (Liu and Zou, 2020), and monolayer FeSe on STO (Xue et al.,
2023). The (v/5 x v/5) superstructure is due to vacancy ordering. The (v/5 x v/5)
pattern disappears when the film is annealed at 350 °C for two hours. The most
logical explanation is that excess Se is removed during prolonged annealing, so that

the film becomes more stoichiometric. We should note that RHEED and LEED are
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(a) RHEED: Fe rich (b) RHEED: Se rich (c) RHEED: Intermediate

(d) LEED: Fe rich (e) LEED: Se rich (f) LEED: Intermediate

Figure 4.7: RHEED and LEED patterns of thick FeSe films with different Fe/Se
ratios: Fe rich (#155 sample), Se rich (#196 sample as-grown), intermediate (#196
sample after post annealing). The red arrows indicate the (v/5 x v/5) superlattice
refelections. All the RHEED images were taken with the incident electron beam along
the STO [100] direction. The growth condition is listed in Table 4.1.
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Table 4.1: Growth condition of the FeSe thick films on Se-etched STO: the substrate
temperature and deposition time were listed in the monolayer /multilayer growth step
and capping step, the annealing temperature and time was listed in the post annealing

step.

st :
S?;Egle 1@;\1{? Post anneal 1 Mgurléiiier Post anneal 2 | Se capping
60 ML | 371-377 °C | 372377 °C | 372—-375°C | 367—375 °C
#155 4.75 mins 16 h 5h 2h
90 ML | 440—-476 °C 358—373 °C | 351—-393 °C
#196 4.75 mins 7.5 h 2 h
90 ML | 440—450 °C 346—350 °C
#200 4.75 mins 7.5h
177 ML | 430—453 °C 350 °C RT
#246 4.75 mins 14 h 0.5h
177 ML | 440—454 °C 340—352 °C | 337—350 °C RT
#247 4.75 mins 14 h 2h 0.5h

both surface sensitive so that the the (v/5 x v/5) superstructure may only be present

near the surface.

4.3 Domain Wall and Dislocation Defects

Two types of domain boundaries were found in monolayer FeSe grown on STO. The
bright meandering lines in Figure 4.8a and 4.8c were found under Se rich conditions.
After post annealing, the domain boundaries exhibit dark contrast. They are also
straighter, as one would perhaps expect for a tetragonal structure; see Figure 4.8b
and 4.8d. Our results agreed with Ge’s observation (Ge, 2018). In addition, Ge
proposed that the dark contrast domain boundaries are specular [110]p, edges; see
the definition of the orientation in Figure 4.9. We lack the spatial resolution to

determine the atomic structure of these domain boundaries, but we found that in the

case of second layer FeSe, domain boundaries always appear to be bright and they
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(b) Type 2: 900x900 nm?

(c) Type 1: 400x400 nm? (d) Type 2: 200%200 nm?

Figure 4.8: STM images of the two types domain boundaries on monolayer FeSe on

STO.
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Figure 4.9: Domain wall orientation proposed by Ge (Ge, 2018).

seamlessly connect to those present in the first layer. This suggests that they affect
the nucleation and growth of the second layer.

Fan and Bang found that there was a 1/2-unit-cell phase slip between adjacent
(2x1) FeSe domains no matter whether the domain walls appeared bright or dark.
(Fan et al., 2015; Bang et al., 2013). They attributed the (2x1) reconstruction to
the substrate (2x1) reconstruction, which in turn was attributed to oxygen vacancies
in their STO. We occasionally found a (2x1) LEED pattern, even though our FeSe
monolayer was grown on the STO (1/13 x v/13) substrate, see Figure 4.10. Moreover,
we never observed the (/13 x v/13) spots for the FeSe monolayer, even though the
STO (\/ﬁ X \/ﬁ) reconstruction is preserved below the monolayer (Si et al., 2022).
It thus seems unlikely that the (2x1) reflections originate from the STO substrate.
Instead, it is likely that they are a property of the FeSe film.

Since we heat our samples by driving a DC current through the sample, there
is always a temperature gradient across the sample during thin film growth. This
makes it possible to observe both bright and dark domain walls on the same sample.
A monolayer FeSe sample was grown at 449—456 °C, annealed at 470—480 °C for
1 hour and at 373—378 °C for 17 hours. The bright and dark domain boundaries
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(a) RHEED: Se-etched STO (b) RHEED: 1ML-FeSe//STO

(c) STM: 1IML-FeSe//STO (d) LEED: 1ML-FeSe//STO

Figure 4.10: Observation of a (2x1) reconstruction on monolayer FeSe: Even

though the STO substrate displayed a (v/13 x v/13) reconstruction, the FeSe (2x1)
reconstruction could still be found in LEED. All the RHEED images were taken with
the incident electron beam along the STO [100] direction.
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were found at the low and high temperature side of the sample, respectively, as
shown in Figure 4.11.

For the monolayer, it is possible to find both types of domain boundaries on
the same area, depending on temperature. These results agree with the fact that
post annealing converts Type 1 domain boundaries to Type 2, changing from bright
contrast to a dark contrast. This contrast reversal could be due to the loss of Se
atoms at the domain boundaries. However, second layer FeSe always exhibits bright
domain walls, even after post annealing, This suggests that the STO/FeSe interface
plays a role in the formation of the dark domain walls and that the changing contrast

may be related to strain relaxation at the STO interface.

(b) Type 2: 300x300 nm?

R

BRIt e = :
(c¢) Mixture: 300x300 nm? (d) Mixture: 100x100 nm?

Figure 4.11: Effects of temperature on domain boundaries in monolayer FeSe.
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When the film thickness approaches the bulk limit, all strain is presumably relaxed
and the influence of the STO substrate should be negligible. Indeed, the bright
domain walls (Figure 4.12 (a)—(b)) have disappeared and the STO terraces are no
longer recognizable (Figure 4.12 (¢)—(e)).

While as grown thick films tend to be quite rough, their morphology is markedly
improved with post annealing, see Figure 4.13b. Figure 4.13c shows examples of screw
dislocations that can lead to the formation of beautiful growth spirals. The screw
location is at the center of the spiral. However, screw dislocations can also be found
on Se-etched STO, as shown in Figure 4.13a. The screw dislocation in the FeSe film
is not necessary related the substrate.

Thick FeSe films that are grown under Se rich condition and subsequently post
annealed still exhibit a meandering step morphology, as shown in Figure 4.13c. Tiny
1—2 nm tall clusters decorate the step edges of the FeSe film, and are marked
by red circles. These clusters pin the step edges at specific locations and prevent
the formation of straight edges. These clusters could perhaps be eliminated upon

prolonged high temperature annealing.

4.4 Strain Relaxation

The in-plane lattice parameter of the 5-FeSe is 3.77 A, which is about 3.5% smaller
than that of bulk STO (3.90 A). Thus, the FeSe monolayer should be under tensile
strain. After growing multiple FeSe layers, the strain could be gradually relaxed. The
lattice parameters of the FeSe can be measured by STM. However, STM is not very
accurate for determining lattice constants as the piezo electric elements often need
to be recalibrated. XRD is best suited to investigate lattice relaxation, although one
needs rather thick films.

We grew two thick FeSe films under the same condition, one of which was post
annealed. As will be shown, the film thickness corresponds to 177 ML FeSe. The
unnnealed film is sample #246 and the post annealed film is sample #247. The
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(c) 60 ML FeSe: 900x900 nm?

(e) 90 ML FeSe: 100x100 nm?

Figure 4.12: Strain relaxation of FeSe films on STO: The domain boundaries and
STO terraces disappear as the film thickness approaches bulk limit. The blue arrows
in these images indicates the locations of the STO terrace steps.
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(c) Defects pinning: 90 ML FeSe

Figure 4.13: Defects on Se-etched STO and on a 90 ML FeSe film: Blue circles
indicates the locations of screw dislocations and red circles indicate defect pinning
centers along the step edge.
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films were grown on Se-etched STO at 350 °C for 14 hours, while keeping the Fe
source at 1250 °C, and the Se source at 180 °C. The as-grown FeSe films display a
weak (v/5 x v/5) superstructure, indicating that they are rich in Se, see Figure 4.14a.
Sample #247 was subsequently post annealed at 350 °C. The (/5 x v/5) superlattice
spots were still visible after one hour of post annealing, but they disappeared after
two hours, which is confirmed in Figure 4.14c. Both films were capped with Se
before removal from vacuum for XRD experiments. During the capping procedure,

one initially observes additional 1/2 order streaks in RHEED, indicating that the

(a) Unannealed FeSe, as grown (b) Unannealed FeSe, Se capped

(c) Annealed FeSe (d) Annealed FeSe, Se capped

Figure 4.14: RHEED patterns of 177 ML thick FeSe films: all the RHEED images
were taken with the incident electron beam along the STO [100] direction.
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Se exposure changes the surface periodicity, see Figure 4.14b and 4.14d. The 1/2
spots could perhaps be due to the formation of Se rich FesSey, forming a v/2 x /2
superstructure structure. The superstructure would be due to the ordering of Fe
vacancies (Chen et al., 2014). As more Se accumulates, the RHEED pattern becomes
increasingly blurred as the capping layer is amorphous. The preparation procedure
of both samples is summarized in Table 4.1.

XRD 26-w scans of both samples are shown in Figure 4.15. The peak positions
of the post annealed and unannealed films are almost the same. The out-of-plane
lattice constants ¢, calculated from the XRD data, are listed in Table 4.2. These are
close to the lattice parameter of a -FeSe single crystal 5.52—5.58 A (Okamoto, 1991).
Though the peak widths are slightly different, similar differences can be seen for the
different STO substrates. This difference could be related to sample quality and/or
alignment of the equipment. No clear splitting of peaks was found, which suggests
that we obtained single phase FeSe. The good sample quality was also confirmed by
X-Ray Reflectivity (XRR). The XRR measurement of the annealed FeSe film (#247)

is shown in Figure 4.16. The oscillations indicate that the film is quite smooth, even
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Figure 4.15: 20-w scan of 177 ML thick FeSe films with and without post annealing
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Table 4.2: Out-of-plane lattice parameter ¢ of the 177 ML thick FeSe films with and
without post annealing

Sample XRD peak index | 20/° c/A
(002) 32.61 | 5.487(8)
Unannealed FeSe bulk (003) 49.83 | 5.486(5)
(004) 68.27 | 5.491(4)
(002) 32.61 | 5.487(8)
Annealed FeSe bulk (003) 49.81 | 5.488(5)
(004) 68.25 | 5.492(4)

i Annealed FeSe Bulk//Nb:STO
10° & -
|
= 10 5/ .
2 ot
& & 7\ Thickness ~90nm
10° = v
§ W
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10% k | ! | | L W
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Figure 4.16: XRR data of the annealed 177 ML thick FeSe film
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though the amorphous capping layer likely blurred these fringes. From the oscillation
period, we infer a thickness of 164 + 9 ML, which is close to our calibration from
STM: It takes 4 minutes and 45 seconds to grow a complete one monolayer. The
total growth time was 14 hours, which translates into 177 monolayers, assuming a
constant growth rate.

In-plane lattice parameters were obtained from RSM measurements, see Figure
4.17 and Table 4.3. They are also quite close to the lattice constants of a §-FeSe
single crystal: 3.77-3.83 A (Okamoto, 1991). The out-of-plane results agreed with
the data from 20-w scan. In summary, our XRD measurements confirmed that the
unannealed and post annealed FeSe films are single phase $-FeSe. The films are fully
relaxed and of good crystalline quality. The (v/5 x v/5) vacancy ordering observed
in RHEED and LEED did not noticeably affect the lattice parameter of the film.
Therefore, it is plausible that Fe vacancies primarily accumulate near the surface and

that the bulk of the film is closer to ideal stoichiometry.

4.5 Magnetic Properties

Magnetic properties measurements were also performed on samples #246 (unan-
nealed) and #247 (post annealed). Both samples were cut into small rectangular

3. They were subsequently mounted on the

shapes with dimension 3 x 5 x 0.5 mm
quartz sample holder. The applied magnetic field was normal to the sample plane.
The M(H) measurement is shown in 4.18a. Here, one must keep in mind that the
magnetic signal of the thin film is usually overwhelmed by that of the substrate and
sample holder. This is shown by measuring the bare STO substrate. Pure STO should
be diamagnetic and its magnetic signal should be independent of temperature, but
in practice, there is a paramagnetic upturn at low temperature due to the presence
of Nb dopants. The STO signal is riding on a linear negative slope, which might be

due to the changing sample position as a result of thermal expansion of the sample

and sample holder.
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Figure 4.17: Reciprocal space map data of FeSe bulk sample.

Table 4.3: Lattice parameters of thick FeSe films obtained from RSM

Sample in-plane parameter a/ A | out-of-plane parameter c/ A
Unannealed FeSe bulk 3.801(9) 5.487(6)
Annealed FeSe bulk 3.791(10) 5.494(6)
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Figure 4.18: Magnetic properties measurement on bulk FeSe.
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The magnetization of the FeSe films reveals a kink around 7. = 125 K and a large
separation between the field-cooled (FC) and zero-field cooled (ZFC) magnetization
data below T;.. This behavior was not observed for pure STO and it is most prominent
for the annealed FeSe film. This behavior is almost identical to that of bulk hexagonal
Fe;Seg below its spin reorientation temperature. The latter is associated with a
rotation of the spins from the ab plane to the ¢ axis as the temperature decreases (Li
et al., 2016b). On the other hand, bulk Fe,Ses has a kink feature around 7T, = 50 K,
which was not observed in the unannealed film (#246) (Yeh et al., 2020; Wu et al.,
2015). Neither did we observe the paramagnetic to ferrimagnetic transition of FezSe,
(T. = 300 K) (Yadav et al., 2024). M(H) measurements are shown in Figure 4.18b,
ferrimagnetic behavior was found for the post annealed sample #247. The magnetic
response of sample #246 is dominated by a linear background susceptibility, similar
to the one for pure STO. The background corrected M (H) curve is plotted in 4.18c.
From these data, one can obtain the spontaneous/saturation magnetization M, which
is 1.3 x 107° emu (#246) and 2.6 x 107° emu (#247). If one assumes that the
magnetic signal indeed originates from Fe;Seg with an average moment of 2.56 ug
per formula unit, one can obtain its volume fraction, and therefore the fraction of
Fe vacancies in the films. Accordingly, we estimate that the nominal composition of
the film is Feg¢7Se. Notice, however, that we did not find evidence for the existence
of Fe;Seg in XRD. Alternatively, if we assume that the magnetic signal originates
from tetragonal Fe, sSe;, we estimate that 6 = 0.2 (FeySes is antiferromagnetic).
In either case, the magnetic transition at 7, = 125 K would be associated with a
change of magneto-crystalline anisotropy from the [001] direction below T, to the
in-plane direction above T;, which could be resulted from tetragonal-to-orthorhombic

structural transition (Chen et al., 2014).
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4.6 Conclusions

We have explored the growth conditions for fabricating high quality bulk g-FeSe
films on STO(001). The growth mode of the films is very sensitive to the susbtrate
temperature, while the stoichiometry of the films depend on substrate temperature,
Fe/Se flux ratio and post annealing protocol. Our results highlight the importance of
post annealing in reducing the number of vacancies. The absence of superconductivity
in this films suggest that additional annealing is required to reach near perfect 1:1

stoichiometry.
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Chapter 5

Ultrathin FeSe Films on SrTiO3

5.1 Morphology of Monolayer and Multilayer FeSe
on STO.

Following the FeSe growth recipe mentioned in section 4.2, we grew monolayer (i.e.,
one unit-cell thick) FeSe films under selenium rich conditions, with the Fe and Se
sources kept at 1250 °C and 180 °C, respectively. Growth at lower temperature, for
example at 375 °C, can result in 2D step-flow growth with uniform morphology, see
Figure 5.1. Bright domain boundaries suggest Se rich conditions.

Long post annealing is crucial to obtain a superconducting FeSe film. Post

annealing reduces the amount of excess Se and might also facilitate charge transfer

Figure 5.1: 2D step-flow growth of an FeSe monolayer on STO (Sample #155),
resulting in a uniform step morphology. Ty, = 375 °C.
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from the substrate (Li et al., 2014; Zhang et al., 2017; He et al., 2013). The presence
of excess Se is due to the fact that the films have to be grown with a strongly
oversaturated Se flux, as the sticking coefficient of Se is very small. To minimize
Se excess, we increased the growth temperature to 450 °C. Under this condition, it
took 4 minutes and 45 seconds to grow a single FeSe layer. The monolayer film was
subsequently annealed for 1 to 6 hours at 480 °C, followed by an another very long
anneal, typically 10 to 17 hours, at 375—400 °C. This procedure was deemed essential
in order to create high temperature superconductivity. However, high temperature
annealing (480 °C) also reduces the coverage of FeSe film, meaning that second
layer FeSe islands gradually disappear while voids become visible in the first layer.
One could grow an FeSe film with a coverage in excess of 1 ML and obtain perfect
monolayer coverage by high temperature post annealing, which would be desirable
for XPS and ARPES measurements. These measurements do not have much spatial
resolution and thus it is highly desirable to have a uniform thickness across the
whole sample, so that one can be sure that the XPS and ARPES spectra are truly
representative of a single monolayer film. An example of high-temperature annealing
sequence is given in Figure 5.2.

During the long low-temperature (375—400 °C) anneal, the areal densities of
second layer islands and other bright features in the STM images gradually decrease.
These other features possibly arise from small clusters of excess Se on top of the
monolayer film; their height fluctuates a bit but is less than the expected step height
for the second layer islands (Figure 5.3). The STM image of the FeSe monolayer
barely changes at this temperature, indicating that the monolayer is stable. Figures
5.4a and 5.4b are topographic STM images after a 15 hour post anneal at 370 °C.

The high temperature annealing protocol is deemed necessary to make sure that
the FeSe monolayer is electron doped with doping levels that are high enough to
induce superconductivity. This will be shown with ARPES in the next section.
Post annealing serves to remove excess Se (or reduce the Fe deficiency) of the film,

thereby raising the Fermi energy. It probably improves the crystallinity as well.
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Figure 5.2: Effects of high-temperature annealing on monolayer FeSe (#132): The
monolayer FeSe film was grown at 454 °C for 5 minutes and then annealed following
the sequences from (a) to (c). The scale of the STM images, annealing temperature
and annealing time for each annealing sequence are indicated below each image.
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Figure 5.3: STM images showing some bright particles on top of the FeSe film: (a)
100x100 nm? topographic STM image of monolayer FeSe. Scan parameters: Upjas =
2.5V, Iy, = 500 pA. (b)—(d) line profile data from image (a), measured along the
corresponding green, blue and red lines in image (a).
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Figure 5.4: Growth rate inconsistency between the first and second FeSe layer
(#157) on STO
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The post annealing temperatures are too low for removing Fe. As the second layer
islands gradually disappear upon post annealing without leaving any trace of excess
Fe clusters on the surface, it is reasonable to conclude that the Fe is incorporated into
the first layer, thus making it Fe rich. This suggests that the increased Fe content
and emergence of superconductivity are related.

The second FeSe was grown 360 °C on top of the 480 °C post annealed monolayer,
producing 2D step-flow growth mode, as mentioned in 4.2. Interestingly, it took 6
minutes and 45 seconds to finish the second layer, which is substantially longer than
the the 4 minutes and 45 seconds needed to complete the first layer, see Figure 5.4.
There may be several reasons to account for this discrepancy. First of all, the Se
sticking coefficient on STO might be greater than that on the FeSe monolayer, which
is reasonable because the FeSe monolayer is relatively inert, i.e., less ‘sticky’. In that
case, the first layer would be more Se rich (more Fe deficient) than the second layer.
The longer growth time for the second layer would then be due to the increased Fe
density in the second layer. Upon prolonged post annealing, much of the second layer
Fe will be incorporated into the first layer, as discussed above. Indeed, Hu and Liu
found that there was 10%—20% extra Fe in the superconducting monolayer FeSe film
grown on STO (Hu et al., 2018; Liu and Zou, 2020).

We dismiss the idea that the increase growth time could be related to a strain
relation in the second layer, as the atomic densities of the first and second layer would
differ by at most 7%, which is too little to account for the difference in growth time.
Post annealing condition of the monolayer and double layer FeSe films on Se-etched
STO ware listed in Table 5.1.

Because it is difficult to separate the effects of carrier doping via Fe enrichment and
other mechanisms such as charge transfer from the substrate, we also deposited extra
Fe on the as-grown FeSe monolayer without any post annealing. If the excess Fe
is incorporated into the film, it would change the stoichiometry of the FeSe layer.

We deposited an excess amount of 10% and 15% atomic percent at the growth

120



Table 5.1: Post annealing condition of the monolayer and double FeSe films on
Se-etched STO

Sample Label 1% layer post anneal 274 Jayer

475—-479°C 2 h
1 ML #132 452—455 °C 5 mins 503-510 °C 2 h
477-482°C 4 h

1 ML #155 | 371-377 °C 4.75 mins
472—481°C 1h

2 ML #157 | 452—459 °C 4.75 mins 366—371 °C 15 h 359—367 °C 6.75 mins

temperature of the film, i.e., 450 °C. The resulting surface morphology is shown
in Figure 5.5.

The concentration of bright particles in the as grown films is large. Their heights
fluctuate but are lower than that of a single-layer step height. Under Se rich
conditions, we attributed them to Se clusters. Se atoms are easily ‘grasped’ and
‘released’ from the STM tip, which made the surface difficult to scan. Therefore, we
could only obtain a rough estimate of the concentration of these bright particles, which
is about 12% + 5%. We could not obtain reliable numbers for the density of voids in
the first layer. After depositing 10% extra Fe, the bright particle concentration shrunk
to 4% =+ 1% and the concentration of voids was 8% + 1%. The height of the bright
particles transformed into the step height expected for the second FeSe layer. This
suggests that the excess Fe atoms reacted with the clusters of excess Se on the surface
to form second layer FeSe islands. Finally, with 15% extra Fe, the concentration of
bright islands and dark holes were 3% =+ 1% and 4% 4+ 1%, respectively. From these
results, the extra Fe would combine with the excess Selenium either fill the holes in
the 15 layer or form 2"¢ layer FeSe. Comparing the 10% and 15% extra Fe deposits,
we find no clear difference in the area fraction of the second layer FeSe islands, but
there is a clear 4% difference in the area fraction of the holes. This shows that excess
Fe is incorporated into the first layer. Notice that the domain boundaries remain

bright (Figure 5.5 (g)), which is consistent with our previous observation that the
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Figure 5.5: Extra Fe deposition on monolayer FeSe film without post annealing:
STM morphology scan (a)—(f) at Upias = 2.5 V, I, = 300 pA; (g) at Upjas = 1.5V,
I, = 300 pA.
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appearance of dark domain boundaries requires post annealing. We should keep in
mind that there always is a finite temperature gradient across the sample, and one
can not guarantee that the concentrations inferred from those STM images are all
the same. Stoichiometric analysis thus requires many more STM images and data
averaging. We therefore resort to XPS to obtain the average stoichiometry over a

large area.

5.2 Electron Doping

Post annealing is expected to increase the concentration of the Fe?* ions and electron
concentration in the FeSe monolayer. The latter is essential for obtaining high-
temperature superconductivity. To verify whether our post annealing protocol in-
creases the Fermi energy by the correct amount, we performed ARPES measurements.
The FeSe monolayer was prepared following the recipe in section 5.1. The as-grown
film was subsequently annealed at about 480 °C for 6 hours. The sample was then
transferred from the MBE growth chamber to the ARPES system using a vacuum
suitcase. After sample transfer, the film was first annealed at 350 °C for 30 minutes
(anneal ‘A’) before taking the ARPES data. After the ARPES measurements were
completed, we continued to anneal the same film at 400 °C for 10 hours to see if
the carrier concentration could be further increased (anneal ‘B’). In both cases, we
measured the band structure along three different line cuts in the Brillouin zone
(Figure 5.6: Left). The ARPES spectra reveal the presence of an electron pocket
centered at the M-point of the Brillouin zone, which is shown in Figure 5.7. The
corresponding Fermi contour in Figure 5.6: (Right) was acquired following anneal
‘B’

The ARPES spectra measured after anneal ‘A’ and ‘B’ barely differ. The valence
band maximimum at the I' point is well below the Fermi level. The electron pocket

at M bottoms out at about 70 meV below the Fermi level (Figure 5.7).
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The top of the valence band at I' and the bottom of the conduction band at M
can be determined more precisely from the momentum distribution curves (MDC)
in Figure 5.8. The size of the Fermi surface at M was determined from the distance
between the two peaks in the MDC at the Fermi level, 0.37 + 0.05 A (anneal A) and
0.39 4+ 0.10 A (anneal B), respectively. The bottom of the electron pocket (EP) was
also marked in the MDC and is located at 76 + 4 meV (anneal ‘A’) and 84 £ 6 meV
(anneal ‘B’) below the Fermi level, respectively. The results were comparable to that
of He et al. (50-60 meV below the Fermi level) (He et al., 2013). We conclude that
the film is close to being optimally doped after the first anneal ‘A’ and that there are

no significant changes upon prolonged post annealing.

5.3 Superconducting Gap

The superconductivity of our thin layer FeSe films was checked with STS, using the
low-temperature STM in Prof. Wonhee Ko’s laboratory. The monolayer FeSe film
was grown in our MBE chamber, following the same recipe as before. The as-grown
sample was annealed at 480 °C for 1 hour and at 380 °C for an additional 16 hours.

Selenium was subsequently deposited at room temperature so as to form a protective
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Figure 5.6: ARPES measurement on monolayer FeSe. (Left): Brillouin zone
and orientation of the momentum cuts. (Right): Fermi contour near the M-point,

following anneal ‘B’. The spectral intensities were integrated over an energy window
of £10 meV.
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Figure 5.7: Comparison of the band structure of monolayer FeSe after one or two

annealing cycles.
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capping layer for sample transport through air. After the transfer, the film was
briefly sputtered with Ar™ ions (800 V, 10 mA, 30 s) to remove the atmospheric
contaminants from the capping layer. This was followed by several post annealing
cycles (30 minutes below 280 °C, 4 hours at 380—400 °C, 1 hour at 420 °C, and 1
hour at 450—460 °C), until the superconducting gap became visible in STS (Figure
5.9).

The STS data were obtained at 4.5 K with the help of a Lock-in amplifier. The
obtained % spectrum is proportional to the local density of states. The gap size A
on the FeSe monolayer was about 16—17 meV, which corresponds to a T, ~ 68—73 K
(assuming that the A(T') relationship of bulk FeSe is a reliable predictor). We did not
observe the double coherence peaks at +9 meV, but detected the peaks at +20 meV
with a smaller value (Wang et al., 2012). We attribute this difference to the incomplete
removal of the capping layer atoms or to variations in the preparation conditions of
the STO substrate. We also found that the capping layer was not uniform and thus
the quality of the surface might have degraded somewhat. A possible remedy might
be to cap the film at liquid nitrogen temperature to prevent the Se from balling up.
There also appear to be local variations in the size of the gap, indicating that the
superconductivity is inhomogeneous, which is consistent with previous reports (Zhang
et al., 2020). It is therefore highly desirable to conduct future STS experiments in
situ, 1.e., without exposing the sample to atmosphere.

Some small areas of the sample were covered with a 2 ML film. The corresponding

spectra indicate semiconducting behavior. (Figure 5.10 Right).

5.4 Conclusions

We successfully fabricated monolayer and double layer FeSe films on STO(001). The
as-grown films are selenium rich, which is indicated by the formation of Fe vacancies
inside the film and the presence of small Se clusters on top of the film. Post annealing

was required to obtain an electron-doped, atomically smooth FeSe monolayer film. To
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Figure 5.10: Scanning tunneling spectroscopy of the second layer FeSe: Vi =
50 mV, Iy, = 100 pA for morphology image (Left); Vac = 1.0 mV, f = 973 Hz for
the STS (Right). The location of the colored STS point spectra are indicated by the
corresponding colored dots in the topographic image (Right).

remove excess Se (and to increase the volume density of Fe), we studied the following
post annealing protocol: (1) short high temperature post anneal; and (2) additional
long low-temperature post anneal. A high quality film was obtained following step
(2). ARPES measurements, however, indicate that a short high-temperature anneal
produces a sufficiently high carrier concentration in the electron pocket centered at the
M-point of the Brillouin zone, needed for superconductivity. The latter was confirmed
using ez-situ STS measurements. The superconducting gap of the FeSe monolayer is

about 16—17 meV, while the second FeSe layer appears to be semiconducting.
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Chapter 6

Core Level and Auger

Spectroscopy of FeSe on STO

6.1 Survey Spectrum of FeSe on SrTiOg

The survey spectrum of FeSe on SrTiOj is very complicated. An example of a 2ML-
thick FeSe film on STO is shown in Figure 6.1. For a very thin film, the core level
and Auger spectra of the STO substrate are clearly visible. These originate from
Sr, Ti, and O and are accompanied by various satellite peaks due to e.g., plasmon
excitation in the substrate and overlayer. The STO spectra are accompanied by
the core level and Auger spectra of Fe and Se. It certainly is not a trivial task to
assign all the features of the survey spectrum. Moreover, inelastic scattering produces
a very complicated background, which makes it difficult to reliably determine the
stoichiometry of the film from the core level intensities. Here we briefly discuss the
most relevant features for this thesis. A first inspection of the survey spectrum should
focus on the presence of contaminants on the sample, which is usually manifested by
the presence of the carbon Auger peak appearing at Eg = 1223 eV. The absence
of this peak indicates that there is no carbon contamination and that the sample

is clean. Notice that the C 1s core level near Eg = 285 eV would be difficult to
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Figure 6.1: XPS survey spectrum of a 2ML-thick FeSe film on STO.
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interpret since it overlaps with the Se LM M Auger spectrum. Oxygen can also
be a contaminant but this requires a more detailed analysis of the oxygen 1s core
level spectrum since oxygen is also the main element of the STO substrate. This
procedure was discussed in Chapter 3. The core levels of ‘dirty’ oxygen (for instance
physisorbed water, chemisorbed oxygen or -OH on the FeSe film), would coexist with
oxygen bonded to Sr and Ti. Moreover, the presence of oxygen vacancies in the STO
could produce a complex lineshape. Hence, understanding of the O 1s core level
requires the deconvolution of the various component via core level fitting, which can
be far from trivial. The two most intense core level spectra, the Ti 2p and Sr 3d
spectra, were studied to elucidate the number of oxygen vacancies and to confirm the
TiO4/SrO termination of the STO substrate. Here, the analysis is complicated due
to the presence of an energy-loss satellite near the Ti 2p made core level spectrum.

The Fe 2p core level and the corresponding CVV Aguer spectrum were studied
to understand the electronic properties of the FeSe film, particularly the dynamics
of core hole screening and to elucidate the significance of electron correlations in
this compound via Auger spectroscopy. This will be discussed in detail in the next
section. The Fe 2p core level spectrum does not show the presence of a chemically
shifted component due to e.g. FeyO3 (FeT), again indicating that the film is clean.

In order to determine the stoichiometry of FeSe, we need to compare the core level
intensities of Fe and Se. One usually selects the most intense peaks. The Se 3d and
Fe 2p core levels are relatively far apart in binding energy, meaning that the core level
intensities have to be corrected for the transmission function of the analyzer and for
the difference in the inelastic mean free path. To avoid this complication, we settled
on the Fe 3p and Se 3d spectra, even though they partially overlap.

To complete this discussion, we mention the presence of small Nb and Na peaks.
They are intentional and unintentional dopants of the STO substrate. Nb could
possibly play a role in doping the FeSe thin film, which will be discussed later. The

concentration of Na seems low enough to not be of any concern.
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6.2 Fe 2p Core Level and CVV Auger Spectrum

We have studied the Fe 2p core level spectra and CVV Auger spectra for a series of
FeSe samples with film thicknesses of 1 ML, 2 ML, 60 ML, and 90 ML, prepared under
different growth conditions (extra Fe deposition), and post annealing treatments (w/o
post annealing). The growth conditions for these samples are listed in Chapters 4 and
5. We remind the reader that sample #200 (90 ML) displayed (v/5 x v/5) and (1 x 1)
RHEED patterns for the unannealed (Se rich) and post annealed films (Intermediate),
respectively. Sample #196 (90 ML post annealed) displayed coexisting (1 x 1) and a
45° rotated (1 x 1) domain (Fe rich). We will show that there are subtle differences
in the Fe 2p core level, CVV Auger, and XPS valence band spectra.

Figure 6.2a compares the Fe 2p core level spectra of the various samples. The Fe 2p
spectra show at least two core level components, except for sample #205 (unannealed
IML-FeSe). These two components are separated by about 1 eV. Post annealing
enhances the relative ratio of low binding energy component no matter how thin or
thick the films are. It is most pronounced for the post annealed thick film and least
pronounced in the unannealed monolayer film. The low binding energy component is
restored after adding some extra Fe onto the unannealed monolayer film. In principle,
there are no inequivalent Fe sites in our single phase monolayer film. In addition, a
possible mixture of Fe?* and Fe?" charge states would produce a core level splitting of
about 3 eV, much larger than the observed splitting (Yeh et al., 2020). We therefore
attribute the presence of the two peaks to a final state effect whereby the peak at
low binding energy is attributed to a ‘well screened’ final state, and the one at higher
binding energy to a‘poorly screened final state’ (KKotani and Toyozawa, 1974; Fujimori
et al., 1988). A quantitative analysis of the various contributions to the core level
spectrum is complicated due to the complicated back ground signal. A detailed
analysis of the Fe 2p spectrum is currently in progress.

Interestingly, a similar double peak feature was found in NiO, CuO and in high

T, cuprates. In the case of NiO, the Ni 2p core level spectrum exhibits a shoulder on
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Figure 6.2: (a) Fe 2p core level spectra; (b) CVV Auger spectra after subtracting
a linear background. The spectra are normalized according to the maximum peak
intensity. The dashed lines mark the Fe 2p core level binding energy obtained from
(a). (c) Auger spectra plotted on two-hole binding energy scale. The SCDOS of the
Fe 3d states, obtained from DFT (Berlijn and Kong, N D), is plotted in red. The
dashed lines marked the centroid of the experimental data and that of the SCDOS.
The difference AFE is a measure of the hole-hole repulsion in the valence band of FeSe.
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the high binding energy side of the main peak that is unrelated to the charge transfer
satellites and multiplet features at higher binding energy. The intensity ratio between
the two peaks was found to be very sensitive to the sample preparation conditions.
For instance, deliberate introduction of oxygen vacancies via ion sputtering enhances
the peak at high binding energy. Alternatively when growing NiO(100) films on
MgO, the relative intensity of the low-binding energy component increases with film
thickness (Van Veenendaal and Sawatzky, 1993; Alders et al., 1996). Van Veenendaal
and Sawatzky proposed that the double peak feature is related to the nearest neighbor
and next-nearest neighbor atomic configuration, which makes their ratio very sensitive
to loss of coordination of the ionized atom due to e.g., vacancies or surface effects.
The upshot is that for oxides, the peak at high binding energy is associated with
a non-local screening channel, while the peak at low binding energy is screened via
charge transfer from a neighboring ligand orbital. For FeSe the situation should be
different because FeSe is a (correlated) metal where the density of states near the
Fermi levels is determined by the Fe 3d states. Nonetheless, the phenomenology is
similar. Post annealed FeSe films have fewer Fe vacancies and the relative intensity
of the low binding energy peak is strongest. The well screened final state is also most
pronounced for post annealed thick films, as they are mostly bulk-like with few Fe
vacancies.

Figure 6.2b shows the Fe 2p CVV Auger spectra after subtracting a linear
background. The spectra are normalized by the peak maximum. As mentioned before,
the background is complicated and the linear background subtraction represents an
initial attempt for analyzing the data. The CVV Auger spectra are plotted on the
‘two-hole binding energy scale’, which is obtained by subtracting the binding energy of
the well screened final state from the kinetic energy of Auger electrons. We calculated
the first moment of the Auger spectrum and that of the self-convoluted partial density
of states of the Fe 3d orbitals, obtained from the DFT calculation of bulk FeSe
(Berlijn and Kong, N D). No significant differences were found in the DFT results

of a free standing FeSe monolayer and the bulk (as expected for a layered van der
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Waals compound), thus we use the Fe 3d partial DOS fron the bulk calculation. The
first moments are indicated by the vertical dotted lines. As a common practice, the
difference corresponds to the hole-hole repulsion energy in the final state of the Auger
process. Evidently, these energies are of the order of 1 eV and smaller than those
of the pnictides, even though the pnictides had been analyzed in greater detail via
a detailed fitting procedure while our result is preliminary (Vilmercati et al., 2012).
This result seems unexpected but the situation is far more complicated than that.
Strictly speaking, the Cini-Sawatzky theory is only valid for closed band systems,
whereas FeSe is a metal. Secondly, it assumes that the fully relaxed final state of the
photoemission process is the initial state for the Auger decay, which does not seem
valid for FeSe. Finally, the (metallic) energy loss tail on the high binding energy side
should not be included in the calculation of the first moment of the Auger spectrum,
as it is a consequence of the fact that FeSe is an open band system for which the
Cini-Sawatzky is, strictly speaking, not valid. All these factors severely complicated

the analysis of correlation effects in the FeSe films, which is still ongoing.

6.3 Valence Band Spectra and Core Level Shifts

Valence band spectra of various FeSe films on STO and bare STO substrates are
shown in Figure 6.3. For ultrathin FeSe films, the STO contributions to the valence
band spectrum are still quite intense. The STO spectrum contains two main features,
V1 and V2, distributed around Eg = 5 and 7 eV (Figure 6.3b), respectively. Based
on the calculated DOS, these features contains contributions from the O 2p states,
hybridized with Sr 4d and Ti 3d states (Van Benthem et al., 2001). The spectra from
degassed STO and Se-etched STO overlap almost perfectly, except for a shoulder on
the high binding energy side of V2. This difference is probably due to the formation
of the v/13 x v/13 surface reconstruction on Se-etched STO. In other words, the Sr:O
ratio has changed, as we discussed in chapter 3. The concentration of oxygen vacancies

in degassed STO should be very low. Given the fact that the valence band spectra of
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Figure 6.3: Valence band of various FeSe films and STO substrates.




the degassed and Se-etched STO samples are almost identical with no changes seen in
the vicinity of V1, we conclude that the Se-etched sample also has a minimal vacancy
concentration.

The valence band features of the FeSe monolayer can be recognized from those
of thick (60 and 90 ML) FeSe films. They are labeled A, B, C, and D. Feature A
around Fg = 0.5 eV and feature B around Eg = 2 eV correspond to the Fe 3d states.
Feature C around Eg = 4 eV corresponds to hybridized Fe 3d and Se 4p orbitals, and
feature D around Ep = 6 €V originates from the Se 4p levels (Mishra et al., 2015).

For the thin layer situation in Figure 6.3c, the valence band spectra contain both
FeSe and STO related features. Features C and D are close to V1, which made it
difficult to compare the differences around 4 to 6 eV without resorting to spectral
fitting. V2 barely changes between the STO substrate and the 1 ML FeSe film, except
for the fact that the unannealed 1ML-FeSe film shows a 0.25 eV energy shift towards
low binding energy (see below). We conclude that the deposition of a 1 ML FeSe film
does not change the location of the STO valence band features, meaning that there is
no change in the band bending inside the STO substrate. This is corroborated by our
core level spectra. The Ti 2p (Figure 6.4a) and O 1s (Figure 6.4b) core level spectra
do not shift after growing a 1 ML FeSe film. The small shift for the unannealed film
mentioned above needs to be verified as the workfunction of our spectrometer could
change over time.

The valence band spectra of the unannealed and post annealed thin films reveal
some interesting differences. Upon post annealing, feature B decreases in intensity
while feature A near the Fermi level increases in intensity. The same is true when
depositing extra Fe onto the unannealed film where feature A seems most pronounced.
These changes upon annealing likely relate to the changes seen in the Fe 2p spectra.
As the Fe vacancy concentration decreases upon post annealing, the density of Fe in
the film increases and the Fermi level position rises relative to the bottom of the Fe

3d band. This is reflected in the increased intensity of feature A.
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One would expect that when the n-type STO substrate forms an intimate contact
with the FeSe metal film, n-type charge carriers would be transferred from the STO
to the metal until the Fermi levels of the STO and FeSe are equilibrated. As a result,
the valence band, conduction band, and core levels of the STO should bend upwards
near the interface, as shown in Figure 6.4c.

Band bending at the STO V13 x1/13 surface is minimal as the onset of the valence
band is 3.2 eV below the Fermi level, meaning the the Fermi level is located at the
bottom of the conduction band. The lack of a core level shift and zero shift of the
STO valence band spectrum after growing an FeSe monolayer indicates that there is
no charge transfer across the interface.

Yet, the content of the electron pocket near the M-point of the Brillouin zone
is about 0.1 electron per Fe. Zhou et al. calculated that for typical Nb dopant

concentrations of Ng = 1.1 x 10% ¢cm™3

, one would expect a band bending in the
STO of the order of 1—2 eV (Zhou and Millis, 2016). Our dopant level is very similar
(Ng =2 % 10%° cm™3), but we found no shift in the Ti 2p (Figure 6.4a), O 1s (Figure
6.4b) and STO valence band features before and after growing a 1 ML FeSe film
(including the post processed films, i.e., post annealing and/or extra Fe deposition).

Considering the lack of band bending, we conclude that there is no charge transfer

from the STO /13 x /13 substrate to the FeSe films.

6.4 Conclusions

The XPS spectra of our samples show that our films are free of contaminants, except
for the presence of some Na impurities that likely originates from the fabrication
process of the STO substrates. The information encoded in the core level and Auger
spectra is compelling, but quantitative analysis, however complicated, would be highly
desirable. Our data highlight the importance of Fe vacancies in determining the

spectral lineshapes. In addition, they demonstrate the lack of charge transfer between
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the STO substrate and FeSe film. The Fermi level rise in the post annealed films is

therefore solely attributable to the increased Fe density in the film.
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Chapter 7

FeTe on SrTiO;

7.1 MBE synthesis, STM and XRD characteriza-
tion

For the MBE synthesis of FeTe on STO, we followed the FeSe synthesis protocol
discussed before. STO substrates were prepared via in-situ etching with Se to obtain
atomically flat surfaces with the (\/ﬁ X \/ﬁ) surface reconstruction. Interestingly,
this process can be replicated using Te etching. The advantage of Te etching is that
one does not have to worry about possible Se doping of the FeTe film. On the other
hand, Se etching leaves no trace of Se in the XPS spectra of the (v/13 x v/13) surface
while the quality of the resulting (\/1_3 X \/1_3) surface is better.

Once again, in order to obtain f-phase FeTe, we have to balance the Fe/Te flux
ratio. Under Te deficient growth conditions, FeTe does not form a uniform monolayer,
as is evident from the RHEED patterns in Figure 7.1: Low Te flux (7. = 260 °C),
results in the formation of transmission spots of bee Fe, indicating that the film
contains excess Fe in the form of metallic Fe clusters. Raising the source temperature
T to 300 °C produces a mixture of transmission spots belonging to bee Fe and FeTe.

At T, = 310 °C, the RHEED pattern becomes more streaked, indicating the presence
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(a) Te: 260 °C (b) Te: 300 °C

(c) Te: 310 °C (d) Te: 330 °C

Figure 7.1: RHEED patterns of the FeTe films grown on Se-etched STO for different
flux ratios. The source temperature of Fe, Ty, = 1250 °C. The substrate temperature
T = 280—290 °C for all cases, except for panel (c) where Ty, = 320—324 °C. All
samples were post annealed at their respective growth temperature for about 5 to 10
minutes. The incident electron beam is along the STO[100] direction.
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of a flat film with additional 3D islands of both FeTe and bcc Fe. Finally at T, =
330 °C, the RHEED pattern indicates the presence of a flat FeTe film.

The Fe/Te composition ratio of the film can be fine-tuned by choosing the proper
substrate and post annealing temperatures. Figure 7.2 shows the RHEED pattern
of the as-grown FeTe monolayer film on STO, prepared using the following growth
parameters: Ty, = 1250 °C, T, = 340 °C and Ty, = 316—320 °C. The film was
sequentially annealed at different temperatures for 10 minutes. The quality of the
RHEED patterns do not show a significant improvement up to 390 °C. However, the
thin film morphology does change, according to our STM images, which are shown in
Figure 7.3. Fe transmission spots reappear at 390 °C, indicating a significant loss of
Te content. At 320 °C (Figure 7.3 (a)—(c)), the majority of the film corresponds to
the tetragonal FeTe monolayer (= 1 UC thick). The dark holes in this image expose
the STO substrate and are about 0.63(3) nm deep. This depth matches the c-axis of
tetragonal FeTe. In addition, the are some bright patches with a total height of about
0.99(5) nm, as measured from the STO substrate. Atomic resolution images of these
patches reveal a honeycomb pattern with an in-plane lattice parameter of 1.22(5)
nm. At 350 °C (Figure 7.3 (d)—(f)), the area fraction of the tetragonal monolayer
decreases while that of the honeycomb structure increases. At 365 °C (Figure 7.3
(g)—(i)), the thickness of the first FeTe layer converted from 0.63(3) to 0.48(4) nm,
indicating that the tetragonal phase is no longer stable. The heights of the mesas
with honeycomb structure also decreased by almost same magnitude, about 0.15 nm,
reaching a total thickness of 0.84(5) nm. Finally at 375 °C (Figure 7.3 (j)—(1)) the
film was fully converted to the honeycomb structure with thickness of 0.81(3) nm.
Some higher triangular shaped islands with 1.70(6) nm thickness were found as well.

Increasing the substrate temperature during the growth or extending the annealing
time produces similar results. Both procedures result is Te deficiency, discontinuous
film morphology and honeycomb structures in the STM, see Figure 7.4.

After fine tuning the growth parameters, we finally found the optimal condition

to obtain high quality monolayer tetragonal FeTe on STO. The secret is to use
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(2) Tanneal = 316—320 °C (1) Tanneal = 340—350 °C (¢) Tanneal = 365—375 °C

(d) Tannear = 390—400 °C (€) Tunneal = 430—440 °C

Figure 7.2: Influence of post annealing temperature on the quality of the FeTe
thin film, according to RHEED: A monolayer FeTe was grown using Tx. = 1250 °C,
Tre = 340 °C and Ty, = 316—320 °C. The film was post annealed for 10 minutes
in several steps, each at slightly higher temperature. The incident electron beam is
along the STO[100] direction.
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150 am

Figure 7.3: Evolution of the FeTe film morphology for different post annealing
temperatures, monitored with STM. The atomic resolution images of the tetragonal
phase and honeycomb structure in panels (e) and (m), respectively, were recorded
at 1.5 'V 300 pA. All other images were recorded at 3 V 100 pA. The annealing
temperature is labeled by green color fonts. Even though the nominal coverage of
the film is 1 UC, one observes terraces with different heights, as indicated by the
white-font numbers.
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Figure 7.4: Influence of growth temperature and post annealing time on FeTe
monolayers on STO, monitored with STM. The film in panels (a) through (c) was
grown at Tgy, = 350 °C, post annealed at 330 °C for 5 minutes and at 365 °C for 10
minutes. The film in panels (d) through (f) was grown at 320 °C, post annealed at
320 °C for 60 minutes. Both cases produced the honeycomb islands. Both samples
were grown with Tg, = 1250 °C, Ts. = 330 °C.
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even lower growth temperatures. The STO substrate was treated by Te etching.
The growth parameters are Ty, = 1250 °C, T, = 330 °C, and Ty, = 280 °C. Fe
and Te were co-evaporated for 5 mins 45 s and the film was annealed at growth
temperature for 5 minutes. Both RHEED and LEED patterns are very sharp with
low background intensity, and reveal the sole presence of the tetragonal phase, see
Figure 7.5. Second layer FeTe islands all have a rectangular shape with a thickness of
about 0.6 nm, corresponding to the c-axis of the tetragonal phase. Atomic resolution
imaging confirmed the presence of a uniform tetragonal film.

Prolonged usage of the Te effusion slowly leads to a lower Te flux as more Te
atoms condense around the aperture of the cell. To compensate the loss of flux,
we increased the Te source temperature from 330 °C up to 370 °C. This should not
affect the coverage calibration above (5.75 minutes per layer) since the growth rate
is limited by the Fe flux. We first studied the growth of FeTe multilayers on top
of the FeSe monolayer on STO, which should proceed via van der Waals growth.

Figure 7.5: High quality tetragonal FeTe monolayer, grown on Te-etched STO: (a)
RHEED pattern taken along STO [100] direction. (b) LEED pattern of the FeTe
monolayer. (c¢) and (d) STM images at 2.0 V 200 pA; (e) and (f) STM images with
atomic resolution at 20 mV, 200 pA. The STM data were measured at 77K.
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The growth parameters were as follows: T, = 1250 °C, T, = 370 °C, and Ty, =
280—290 °C. (Direct FeTe deposition onto the Te-etched (\/ﬁ X \/ﬁ) STO substrate
will be discussed later).

Deposition of the first and second FeTe layer onto the FeSe monolayer produced
an atomically flat films with sharp RHEED streaky patterns, as shown in Figure 7.6,
panels (a) and (b).

A transmission pattern was observed after depositing 5 ML of FeTe. Additional
deposition of pure Te for 20 mins at the same FeTe growth temperature (280—290 °C)
did not make a clear difference in the RHEED pattern. Sharp RHEED streaks were
recovered after heating the FeTe film to 480 °C for several minutes. Presumably,
excess Te was removed during this step. One might argue that the FeTe film
decomposed at 480 °C while the FeSe monolayer remains stable. In that case, the
streaky pattern should be attributed to the exposure of the FeSe monolayer. However,
the Fe atom cannot be removed at 480 °C and, consequently, one should expect to see
evidence of bee Fe crystallites in RHEED, which we did not. The STM image of this
film revealed step heights that are consistent with the presence of a tetragonal FeTe
film. It also revealed the presence of a 5 nm deep hole, where only a few monolayers
of FeTe covered the 1ML-FeSe/STO.

Similar to the FeTe monolayer, increased growth temperature increases the Fe
content of the film. Figure 7.7 shows The RHEED pattern of a thick FeTe grown
at Ty, = 333—341 °C on the 1 UC-thick FeSe monolayer. It exhibits sharp streaks
with relatively low background intensity. The corresponding STM image in Figure
7.7 (c) reveals the presence of 1—3 nm height islands. The single UC step heights of
the STO substrate are still recognizable, as indicated by the black arrows.

The growth parameters of the FeTe films grown on a 1 UC thick FeSe layer on
Se-etched STO are listed in Table 7.1.

After opening the chamber and removing the condensation of Te around the
aperture of the effusion cell, we grew a thick FeTe film on a Te-etched (\/1_3 X \/1_3)
reconstructed STO substrate, using the following parameters: Ty, = 1250 °C, Tre
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Figure 7.6: Thick FeTe film (#158) grown on a 1 UC-thick FeTe film under Te rich
grow condition at a substrate temperature of 280—290 °C. (a)—(d) RHEED patterns
of the FeTe film for different deposition times, corresponding to thicknesses of about
0.87 ML, 1.7 ML, 5 ML and 12 ML; (e) RHEED pattern after depositing additional Te
at the same growth temperature; (f) FeTe film from panel (e), this time post annealed
at 480 °C. The RHEED patterns were taken with the incident electron beam along
the STO [100] direction. (g) and (h) STM images corresponding to panels (b) and
(f); (i) Line profile along the red line in panel (h). The STM images were scanned at
2.5V, 300 pA.
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Figure 7.7: Thick FeTe film (#159) grown on a 1 UC thick FeSe film on STO,
grown at 333—341 °C. (a) and (b): RHEED patterns after 30 minute (5 ML) and 70
minutes (12 ML) of deposition, respectively. Both RHEED pattern were taken with
the incident beam along the [100] direction. (¢) STM image corresponding to panel
(b); (d) STM line profile along the red line in panel (c).

Table 7.1: Growth conditions of FeTe films on a 1 UC-thick FeSe layer on Se-etched
STO

Sample T FeTe Extra Te Post
label Te growth deposition anneal
12 ML o | 280—290 °C . 480 °C
#158 370 °C 70 mins 20 mins several mins
12 ML o | 333—341 °C
#159 370 °C 70 mins
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= 370 °C, Ty, = 280 °C. This resulted in a Te rich growth condition. The growth
parameters are summarized in Table 7.2.

Additional RHEED streaks appeared after 30 minutes (about 5 ML). As the
film grew thicker, transmission patterns became more clear, see Figure 7.8. Extra
deposition of pure Te at 280 °C did not improve the film quality. A streaky pattern
was recovered after annealing the film at 380 °C, but the pattern is rather poor and
has a high background intensity. Blurred halos indicate that the film is becoming
polycrystalline. Figure 7.9 reveals that a much better film quality is obtained after
reducing the effusion cell temperature of Te to 330 °C. A streaky RHEED pattern,
indicating a flat film morphology, remained clearly visible, even after 14 hours of
deposition time (about 146 ML), see Figure 7.9.

This film was post annealed at the growth temperature (280 °C) for one hour.
STM images revealed step heights of 0.6 nm, consistent with the ¢ parameter of

tetragonal FeTe. The atomic resolution image in Figure 7.9 (f) confirms the tetragonal

Table 7.2: Growth condition of the FeTe films on Te-etched STO

Sample T FeTe Extra Te Post Te
label Te growth deposition anneal capping
1 ML o 280 °C 280 °C
#231 370 °C 5 mins 45 s 10 mins

280-287 °C
2 h;

78 ML o 285 °C 336-354 °C

#231 370 °C 75h 30 mins;
393-400 °C
10 mins

146 ML 330 °C 280 °C 280 °C RT
#245 14 h 1h 30 mins
1 ML . 280 °C 280 °C
#251 330 °C 5 mins 45 s 5 mins
1 ML 330 °C 280 °C 280 °C 280 °C
#253 5 mins 35 s 5 mins 5 mins
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Figure 7.8: Thick 146 ML FeTe film (#245) grown on the (v/13x1/13) reconstructed
STO surface under Te rich growth condition (7. = 370 °C). RHEED patterns:
(a)—(c) After growing FeTe for 30 minutes (5 ML), 60 minutes (10 ML), and 220
minutes (38 ML); (d) post annealed under a Te flux at 280 °C for 30 mins; (e) and
(f) annealed in UHV at 280 °C and 380 °C for 20 minutes each. RHEED patterns
were collected with the incident beam along the STO [100] direction.

153



C))

Islands .

-
\ thickness /

20~40 nm

-0.4 | | | |
0 200 400 600 800

X (nm)

Figure 7.9: 146 ML thick FeTe film (#245) grown on the Te-etched (v/13 x /13)
reconstructed STO surface under optimal Fe:Te flux ratio (T, = 330 °C). RHEED
patterns: (a) FeTe after 14 hours (146 ML) of deposition; (b) post annealed at 285 °C
for 1 hour; (c) After Te capping at room temperature. All RHEED pattern were taken
with the incident beam along the STO [100] direction. STM images corresponding to
panel (b): (d) Large scale image, scanned at 2.5 V 300 pA; (e) STM line profile along
the red line in panel (d); (f) atomic resolution image of the tetragonal FeTe lattice,
scanned at 1.5 V, 300 pA.
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lattice structure. We also observed some 20—40 nm tall islands, which was likely (-
FeTe.

The out-of-plane lattice constant of the 146 ML thick FeTe film (#245) was
measured with ez-situ XRD. To this end, we deposited a protective capping layer
of pure Te at room temperature. The 26-w scan is shown in Figure 7.10. The out-of-
plane lattice parameter ¢ was calculated from the XRD peak position and is given in
Table 7.3, and is close to the lattice parameter of the 3-FeTe single crystal 6.27—6.28 A
(Okamoto and Tanner, 1990).

We found some additional reflections that could be attributed to FeTey. This
competing phase is likely produced by the capping layer, as indicated by the RHEED
pattern in Figure 7.9 (¢). Te films deposited at room temperature is expected to be
amorphous or polycrystalline, but we find that the excess Te converts part of FeTe
film to FeTey, even at room temperature. Notice that the (001) reflections with odd
[ values are forbidden for FeTe; (space group Pnnm (Persson, 2015)).

We also measured the XRR spectrum to confirm the thickness of the film. The
result is shown in Figure 7.11, The thickness of the film was confirmed by calculating

the oscillation period of the Kiessig fringes in XRR, and agreed with our STM

calibration.
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Figure 7.10: XRD 26-w scan of a 146 ML thick FeTe film (#245) on Te-etched STO
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Table 7.3: Out-of-plane lattice parameter of the 146 ML thick FeTe films (#245)
on Te-etched STO

Composition | XRD peak index | 20/° c/A
(001) 14.13 | 6.263(44)
(002) 28.47 | 6.265(21)
S3-FeTe (003) 4328 | 6.266(14)
(004) 58.88 | 6.269(10)
(005) 75.80 | 6.270(7)
(002) 34.05 | 5.252(15)
Fele; (004) 71.64 | 5.264(6)
10"
& —FeTe Bulk//STO:Nb
10 v
@ 1051 PN
s 10
8 = \\
g 10F Thickness ~ 94 nm
@ E
= 102%_
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Figure 7.11: XRR data of the 146 ML thick FeTe bulk film (#245) on Te-etched
STO
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The in-plane lattice parameters of the FeTe film were obtained from RSM
measurement, see Figure 7.12, Accordingly, we find that a = 3.839(2) A and ¢ =
6.269(3) A. These lattice parameters are very close those of a bulk single crystal of
f-FeTe: a = 3.82 A, ¢ = 6.27—6.28 A (Okamoto and Tanner, 1990). We conclude
that the 146 ML S-FeTe film on Te-etched STO is fully relaxed.

7.2 STS of Monolayer and Second-layer FeTe film

The scanning tunneling spectroscopy of FeTe film was checked at 79 K, using a lock-
in amplifier. The FeTe monolayer exhibits metallic behavior (Figure 7.13). Some
second layer FeTe patches were also found on the surface and displayed almost the
same spectroscopy data as the monolayer film (Figure 7.14).

Atomically-resolved STM images revealed some local variations in contrast, as
shown in Figure 7.15. Similar contrast variations have also been observed in
monolayer FeSe on STO(001). The high brightness sites were attributed to Fe

vacancies beneath the Se top layer or Seg, substitutional defects, while the dark sites
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a.(1/A)
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0.72 —

| L0 |
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Figure 7.12: RSM data of the 146 ML thick FeTe film (#245) on Te-etched STO
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Figure 7.13: Scanning Tunneling Spectroscopy of an FeTe monolayer film on Te-
etched STO. (a) and (b): I(V) point spectra (in grey) were repeatedly measured at
the same location on the surface. The averaged I(V) spectrum is shown in red. (c)
and (d): dI/dV spectra measured with the lock-in detection system. The modulation

frequency f = 931 Hz.
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Figure 7.14: Comparison of the monolayer and second layer FeTe film on STO. The
dI/dV spectroscopy data were acquired with a lock-in amplifier. The modulation
frequency f = 931 Hz.
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Figure 7.15: Atomically-resolved contrast variations in a 1 UC thick FeTe layer
on STO. (a): bright (#1), intermediate (#2), and dark atom sites (#3). (b) Color-
coded line profiles along the directions indicated in panel (a). (c) corresponding I(V)
spectra. (d) dI/dV spectra obtained by differentiating the I(V') spectra in panel (c).
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were attributed to Se vacancies (Liu et al., 2018; Zhang et al., 2020). Those defects
are expected to produce localized defect states, but those were not observed within
the -0.5 to 0.5 eV bias range. In fact, the STS point spectra are all very similar, see
Figure 7.15 (d).

The high contrast regions enclosed by the white circles did not reveal a clear
dependence on the tunneling bias 7.16, which suggests that the local contrast variation
may not be related to lateral variations of the LDOS, but rather to small atomic height
variations. The local height variations are of the order of 40—50 pm, as determined
from the line-profile in Figure 7.15 (b). This is very similar to the case of FeTe;_,Se,
where the bigger Te site looks brighter than Se site, independent on bias. However, in
our case we etched the STO substrate with Te and there is no detectable amount of
Se in XPS. It is therefore likely that the contrast variations are related to a small non-
periodic rippling of the atoms at the Fe/STO interface. For pure FeTe monolayers,
the roughness is reported to be about 17 pm (Li et al., 2015).

7.3 XPS Survey Scan

The XPS survey scan of the 1 UC thick FeTe film on Te-etched STO is shown in
Figure 7.17. For the most part, the spectrum is very similar to that of monolayer
FeSe on STO, except that the Se core level and Auger spectra are replaced by
the corresponding Te spectra. The Te M NN Auger spectrum around Fp =
1000—1100 eV coincides with the Ti LM M Auger spectrum, and its low-energy tail
extends all the way to the C KV'V Auger line at £y = 1233 eV. This makes it hard
to determine whether there is a tiny amount of carbon on the surface from the survey
spectrum alone. There is no iron oxide satellite near the Fe 2p3/, core level, which
indicates that our FeTe film is clean. The Fe 2p core level and CVV Auger spectrum

will be discussed later.
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Figure 7.16: Bias-dependent atomically-resolved contrast variations. (a) White
circles enclose the same 7x7 nm? region. I, = 2500 pA.
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7.4 Stoichiometry

We investigated the stoichiometry of the FeTe films by analyzing Fe 3p and Te 4d core
level spectra. The spectra of the 1 ML thick FeTe film on STO are very complicated
due to the presence of overlapping signals from the Ti 3p, Sr 4s, and Ti 3s core levels,
along with various energy-loss satellites that spread across the entire Fe 3p and Te 4d
regions (Figure 7.18a).

The spectra of the bulk-like multilayer films do not contain contributions from
the STO substrate and are thus expected to be easier to analyze (Figure 7.18b).
However, careful examination of those spectra also revealed considerable complexity.
The analyses and fitting procedures described below were developed and implemented
by Dr. Paolo Vilmercati.

To simplify the calculation of the stoichiometry, we focus on the Fe 3p and Te 4d
core level spectra, which are very close in binding energy. This implies that the kinetic
energies of the corresponding photoelectrons are almost the same. Accordingly,
differences in the inelastic mean free path and transmission probabilities through
the electron energy analyzer are negligible and will not affect the determination of
the stoichiometry.

The Fe 3p spectra near 53 eV binding energy could be fitted using a spin-orbit
split doublet with a Manhan line shape, complemented by at least three additional
Gaussian peaks at higher binding energy (Figure 7.18c). Initially, we attributed
these extra peaks to Fe multiplets; however, these multiplets features overlap with
the plasmon loss satellites of the Te 4d core levels at about 41 eV binding energy.
To estimate the excitation energies of these loss satellites, we investigated the loss
satellites of Te 3d core level spectrum, which do not overlap with any other features
in the photoelectron spectrum. They are shown in Figure 7.18d. Specifically, the
figures shows the existence of several loss satellites on the high binding energy side
of the Te 3d spectrum. A surface plasmon-loss satellite appears at AE = 14.75 eV

higher binding energy, as measured from the Te 3ds/, core level. The bulk plasmon
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appears at AE = 19.32 eV higher bonding energy. The intensity ratio between the Te
3d main core level and the plasmon-loss contribution was 1.48, which is substantial.
Similar losses should be observed for the Te 4d spectrum where they overlap with the
Fe 3p multiplet spectrum. In the following, we first assume that the Fe 3p core level
spectrum does not include contributions from the plasmon-loss satellites. Then, we
will correct the obtained stoichiometry for the presence of those satellites.

The grazing and normal emission spectra of Te 4d showed subtle differences,
prompting us to fit these spectra using two doublets (7.18¢). The intensity ratio
between these two doublets was found to be 2.3, with minimal differences observed
in grazing and normal emissions. The energy splitting between these doublets was
determined to be 0.3 eV.

After fitting the Fe 3p and Te 4d core levels separately, we performed a
simultaneous fitting of the entire spectrum using four parameters: the intensities
of the extended Fe 3p and Te 4d core level spectra, and their associated backgrounds.
The fitting results are presented in Figure 7.18b. The intensity ratio of the Fe 3p and
Te 4d can be converted to a composition ratio, after accounting for the differences in
photo-ionization cross-section. This produces a Fe:Te atom ratio of 1.57:1. Based on
the STM and RHEED/LEED experiments, this ratio should be close to the ideal 1:1
ratio of S-FeTe.

The severe overestimation of the Fe content is due to the fact that the plasmon-
loss intensities were erroneously attributed to Fe. If we assume that the plasmon
excitation probabilities for the Te 3d and 4d core level are the same, then the
plasmon-loss intensity associated with the Te 4d core level is 0.6 times the intensity
of the main line. Taking the corresponding reduction of the Fe 3p intensity into
consideration, the corrected stoichiometry becomes Fegg;Te, which is very close
to the ideal stoichiometry. Alternatively, if we consider that the plasmon-loss
probability is inversely proportional to the inelastic mean free path of the Te 3d
and 4d photoelectrons, then one obtains Fe; ;Te. Since we do not know precisely how

the plasmon excitation probability varies with the kinetic energy, some ambiguity
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remains. To improve the protocol for the determination of the stoichiometry, it would
be best to measure the excitation probabilities of the satellites using an electron gun
as the excitation source.

Next, we consider the stoichiometry of the FeTe monolayer film on STO. Before
fitting the Fe 3p and Te 4d spectra of the 1 ML sample, we first analyzed and fitted
the spectrum of Te-etched STO (Figure 7.18f). We then used the results from both
the STO and bulk multilayer FeTe (#231, 78ML-FeTe) to fit the 1 ML spectrum.
It is important to note that the 1 ML FeTe film was not grown on the exact same
STO substrate, which necessitated the introduction of an additional energy shift and
broadening parameters for the STO and Te 4d spectra. In our analysis, we found that
the Te 4d and Fe 3p features in 1 ML FeTe differed from those observed in bulk FeTe.
For Te 4d spectra, a single doublet was sufficient, whereas the Fe multiplet features
and Te 4d plasmon contributions were significantly weaker. In fact, the intensity of
the plasmon lossed should be greatly reduced in the monolayer limit. The background
was obtained as the sum of the background generated by the STO, Fe 3p, and Te 4d
core levels. The background intensity of the STO is reduced with respect to that of
pure STO. This analysis resulted in a stoichiometry of FeggsTe, which is close to the

result of the FeTe multilayer films.

7.5 Fe 2p Core Level and CVV Auger Spectrum

The Fe 2p core level and CVV Auger spectrum were measured and compared to those
of FeSe. There is no clear difference between the spectra of the annealed and as-grown
(unannealed) samples, which is probably due to the fact that our growth conditions do
not lead to an appreciable density of Fe vacancies. This will need to be verified with
a detailed stoichiometry analysis. Here, we only plot the data from the unannealed
and post annealed 78 ML thick FeTe sample (#231). In addition, the reproducibility
of our growth experiment is confirmed by the spectra of sample #253. Similar to the

case of FeSe, the Fe 2p spectrum contains at least two components, although they are
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not as distinct as in the case of FeSe. To elucidate the binding energies and relative
intensities of the two components, one would need to fit the spectrum (Figure 7.19a).
The relative intensity of the low-binding energy component in monolayer FeTe films
seems a bit higher than that of the FeSe monolayer on STO (Figure 7.19a). Unlike
the case of FeSe, post annealing does not change the spectrum in a significant way;,
suggesting that Fe vacancies may be far fewer in the as-grown FeTe films.

Similar to the case of FeSe, we plotted the Auger spectra on the two-hole binding
energy scale by subtracting the core level binding energy of the well screened final
state from the kinetic energy of the Auger electrons. This is shown in Figure 7.19c.
The energy gap between the centroid of the CVV Auger spectra and SCDOS of the
Fe 3d states, AFE, is larger than that of FeSe. The AFE’s of the monolayer films are
comparable, but the AE of the 78 ML FeTe film is almost twice as large as that
of a 90 ML FeSe film. This tendency suggests the hole-hole repulsion in FeTe is
stronger than that of FeSe, which is in line with expectations from the DEFT+DMFT
calculation (Yin et al., 2011). This preliminary conclusion does not take into account
possible differences in screening dynamics. In addition, the centroid of the Auger
spectrum needs to be corrected for the extrinsic and intrinsic contributions to the

low-energy tail. More studies are needed here.

7.6 Valence Band Spectrum

The valence band spectra of the various FeTe films and STO substrates are shown
in Figure 7.20a. The features labeled V1 and V2 in the STO valence band spectrum
were discussed in Chapter 7. Likewise, the features labeled A, B, C and D from
FeTe are also similar to those of FeSe in Chapter 7, except for the fact that the Se 4p
contribution in FeSe now becomes the Te 5p contribution. Again, there is no evidence
of band bending as the V2 feature doesn’t shift after growing the FeTe monolayer film
(see Figure 7.20a).
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Figure 7.19: (a) Fe 2p core level and (b) CVV Auger spectrum, after subtracting a
linear background. The dashed lines mark the Fe 2p core level binding energy obtained
from (a). (¢) CVV Auger spectra plotted on the two-hole binding scale. The SCDOS
of the Fe 3d states, obtained from DFT (Berlijn and Kong, N D), is plotted in red.
Dashed lines mark the first moments of the experimental Auger spectrum and the
SCDOS.
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Figure 7.20b and Figure 7.20c, show a direct comparison between the FeSe
and FeTe XPS valence band spectra of the 1 ML and bulk films (78 ML/90 ML),
respectively. It seems that feature A is relatively more intense in the case of FeTe,
even without post annealing. Overall, the XPS valence spectra of FeSe and FeTe
are strikingly similar. To understand the differences in electronic properties of FeSe
and FeTe, one would need to acquire high-resolution ARPES data and compare the
details of their respective Fermi surfaces. Those ARPES data have been recorded

and are currently being analyzed.

7.7 Magnetic Property Measurement

We explored the magnetic properties of the 146 ML thick FeTe film on STO
(sample #245). The magnetic signal of the Nb doped STO substrate was measured
independently to determine the magnetic background signal. We applied a 2000
Oe magnetic field parallel to the sample surface. As already discussed in section
of the magnetic properties measurement on bulk FeSe, the linear negative slope of
the magnetic singal of the STO (Figure 7.21), might be due to the changing sample
position as a result of thermal expansion of the sample and sample holder, and the
weak upturn at very low temperatures is likely due to paramagnetic impurities. In
addition, the small peak at around 40 K is due to oxygen condensation on the sample,
which is also a well-known artifact in SQUID magnetometry (Gregory, 1978). The
magnetic moment of the thick FeTe film decreases almost linearly with temperature,
but shows a weak cusp around 64 K. This cusp is attributed to an antiferromagnetic
to paramagnetic transition in the FeTe film, see Figure 7.21 (Bao et al., 2009;

Maheshwari et al., 2015).
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Figure 7.21: Magnetic property measurement on the 146 ML thick FeTe bulk film
(#245) and of the Nb doped STO substrate.

7.8 Conclusions

High-quality monolayer and multilayer f—FeTe films were successfully grown on the
STO substrate. An unknown honeycomb structure was found to coexist with the
tetragonal monolayer, but further fine tuning of the growth parameters led to the
formation of single phase S—FeTe, both in monolayer and multilayer form. The films
are metallic at 77 K. Atomic resolution STM images reveal atomic scale contrast
variations that are very similar to those seen in monolayer FeSe films on STO.

The Fe 2p core level spectra are also very similar to those of FeSe, showing a
characteristic splitting between the poorly screened and well screened final states.
However, the well-screened final state appears to have the larger spectral weight,
even for the as-grown FeTe monolayer film. This suggests that Fe vacancies may not
be as prevalent in the FeTe monolayer. The XPS valence band spectra are also very
similar to those of FeSe, showing no evidence for FeTe induced bending shifts in the
STO substrate.

An important difference between the FeSe and FeTe data is the presence of an

antiferromagnetic transition in the magnetization data of the multilayer film at T, =
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64 K. This transition likely preempts the formation of the superconducting state seen

in f—FeSe.

173



Chapter 8

Summary and Outlook

A critical experimental requirement for obtaining high-temperature superconductivity
in 1 UC-thick FeSe films on STO appears to be the need to post anneal these
MBE grown films. Yet, this aspect remained quite controversial as most researchers
developed their own growth protocol. This called for a detailed analysis of the various
materials aspects associated with the unusually high 7¢.. In this thesis, we investigated
the effects of electron doping introduced by post annealing and additional post-growth
Fe deposition, and compared the electronic properties of epitaxial FeSe and FeTe thin
films to uncover the origin of the 7¢ in these materials.

We began with a thorough investigation of the STO substrate preparation, which
included UHV annealing, acid etching, oxygen annealing, and Se/Te etching. These
methods enabled us to achieve atomically flat surfaces with various reconstructions,
which in turn are related to the different concentrations of oxygen vacancies. We
adhered to an ultra-clean protocol, utilizing in-situ Se etching, which resulted in a
(v/13 x v/13) surface reconstruction with minimal oxygen vacancies and flat band
conditions. The low concentration of oxygen vacancies was confirmed by analyzing
the Ti 2p and O 1s core level spectra from XPS. Data analysis of the Sr 3d core level
spectrum confirmed the presence of surface SrO with a coverage that agrees well with

the current structure model of the (v/13x1/13) surface with double TiO, termination.

174



We successfully fabricated high-quality monolayer, bilayer, and thick FeSe films
on the Se-etched (v/13 x v/13) reconstructed STO(001) substrate. By varying the
substrate temperature, source temperature, and annealing conditions, we were able
to finely tune the stoichiometry of our FeSe films. The disappearance of domain
boundaries as the films thickened indicated that our thicker films were fully relaxed,
representing the properties of bulk FeSe, a conclusion that is also supported by X-
ray diffraction (XRD) measurements. Interestingly, only monolayer FeSe exhibited
two types of domain boundaries, highlighting the distinct nature of the interface.
Magnetic property measurements of thick FeSe films indicated a deficiency in Fe
content, resulting in the absence of superconductivity. In contrast, our post annealed
FeSe monolayers exhibited a superconducting gap in STS, and sufficient electron
doping was confirmed by ARPES. The STO valence band and core level spectra
indicated that the Fermi level of the FeSe film is lined-up with the conduction band
minimum of the STO substrate, and that there is no significant band bending in -
and charge transfer from - the STO substrate. The enhancement of the Fe 3d DOS
near the Fermi level upon post annealing or post-growth Fe deposition indicates that
electron doping is mostly controlled by the stoichiometry of the film.

The two components observed in the Fe 2p core level are likely associated with two
different screening channels. In particular, the contribution of the non-local screening
channel associated with the high binding energy component of the spectrum is most
prominent when the coordination of the Fe atoms is reduced in the presence of a
surface or nearby Fe vacancies. The CVV Auger spectra are distinctly different from
those of the Fe-based pnictide superconductors, which we tentatively attribute to the
different correlation strength and screening dynamics in the FeSe films.

Additionally, we were able to grow FeTe films on Se-etched and Te-etched
(v/13 x v/13) reconstructed STO(001) surfaces. By adjusting the growth conditions,
we were able to optimize the growth parameters for obtaining single-phase [§-FeTe.
Ez-situ XRD measurements on Te-capped films revealed the presence of FeTey, which

we attributed to the presence of excess Te near the FeTe/Te interface. Tunneling
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spectroscopy data showed that both monolayer and bilayer FeTe films are metallic.
The Fe 2p spectra of FeTe furthermore indicate that the well-screened final states
carry more spectral weight as compared to the case of FeSe.

The main conclusion of this thesis is that the superconducting properties of the
FeSe monolayer on STO are very sensitive to the Fe content of the film, and that the
purported electron doping induced by post annealing should be primarily attributed
to the increased Fe density. Secondly, the STM and XPS data of FeSe and FeTe
monolayers reveal striking similarities between the two systems, which suggests that
we should focus our attention to the comparison of the ARPES and CVV Auger
spectra. The ARPES data of FeTe monolayer (not shown) are currently being
analyzed. Also, detailed fittings of the Fe and Se core level spectra and the Fe CVV
Auger spectra are currently underway. The fitting analyses are very complicated due
the unusual background of the Fe 2p spectrum, overlapping Fe 3p and Se 4d core level
spectra, and the theoretical complexity of the CVV Auger spectrum for open band
systems. The latter is even more complicated than initially thought as we will need
to include the dynamical aspects of core hole decay in the analysis.

ARPES and STS experiments on the monolayer FeSe with additional post-growth
Fe deposition would further confirm the similarities observed with post annealing.
Additionally, the reverse process of Se annealing to intentionally create Fe vacancies
could also be implemented for comparison. Finally, it would be interesting to see if
one can optimize the growth conditions, and/or develop effective doping protocols, to
induce superconductivity in FeTe and FeS, as these compounds are all very similar.
Doing so may enable us to further narrow down the reason behind the apparent

uniqueness of the superconducting FeSe/STO interface.
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