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Chapter 1 Introduction

1.1 Background

1.1.1 Superconductivity

In 1911, Kamerlingh Onnes discovered a peculiar phenomenon in which the electrical
resistance of Hg becomes zero at a certain temperature as it cools down. This phenomenon
was named superconductivity, and similar phenomena were reported in various other met-
als. The superconductors have two fundamental properties: perfect conductivity and
perfect diamagnetism (the Meissner effect). These phenomena and the thermodynamic
properties of superconductivity were explained by the London and Ginzburg-Landau the-
ories, but they were phenomenological theories, and the mechanism of superconductivity
remained a mystery for a long time. However, this problem was solved by the BCS theory
proposed by Bardeen, Cooper, and Schrieffer in 1957. According to the BCS theory, su-
perconductivity occurs when electrons form electron pairs, called Cooper pairs, which are
quantum mechanically identical. In the superconducting state, phonon-mediated attrac-
tive interactions between electrons on the Fermi surface create a bound state with energies
lower than the Fermi level. As the electron-lattice interaction increases, the superconduct-
ing transition temperature (7;) also increases. The BCS theory predicts a maximum 7T
of about 30-40 K, but the discovery of cuprate superconductors has overturned this pre-
diction [1, 2]. The mechanism of superconductivity in cuprate superconductors cannot be
explained by the BCS theory, and no unified view has yet been obtained. Such super-
conductors that do not fit into the framework of BCS theory are called unconventional
superconductors, and various other material groups, such as iron-based superconductors,
have been reported in addition to cuprate superconductors [3]. On the other hand, by
the end of 2022, the material group that has recorded the highest T, is hydrogen-based
compounds under high pressure, with zero resistance observed above 250 K in LaH;; +
at 188 GPa [4]. The isotope effects in hydrogen-based compounds are in good agreement
with BCS theory, suggesting that they are conventional superconductors. Thus, the scope
of superconductivity research continues to expand and fascinate researchers today.

Materials that exhibit high T, at normal pressure are often layered materials. Cuprate
superconductors, which are typical high-temperature superconductors, also belong to lay-

ered materials and are essentially insulators. It is known that superconductivity appears
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when carriers are doped in the CuO» layer, which serves as the conduction layer. In other
words, since only the CuOs layer is responsible for superconductivity, it is a supercon-
ductor with quasi-two-dimensional properties. But, does superconductivity appear in the
extreme case where the number of CuO; layers is reduced to one, or where the metal of a
conventional superconductor is made into a single atomic-layer? In general, the lower the
dimensionality of the system, the greater the effect of fluctuations and the harder it is for

phase transitions such as superconductivity to occur, so this question is not obvious.

1.1.2 Two-dimensional superconductivity

The study of two-dimensional superconductors has a long history, dating back to the
1960s [5], and in the 1980s, Goldman et al. reported a superconducting transition in Bi
amorphous thin films [6]. This thin film is an amorphous structure containing many defects
and disorderly arrangements at the atomic level, but on a larger scale, it can be regarded as
a homogeneous film. They fabricated this Bi amorphous film by the quench condensation
method. In this method, atoms are deposited on a substrate cooled by liquid helium,
which suppresses the diffusion of adsorbed atoms and the formation of large clusters,
thus improving the uniformity of the film [7]. In order to avoid structural changes in the
film as temperature increases, “in-situ” electron transport measurements were performed
while varying the film thickness. Fig.1.1(a) shows the temperature dependence of sheet
resistance of the Bi amorphous film. 7, decreases with decreasing film thickness, and after
a resistance value of R. = h/4e? = 6.45kQ, the conductivity changes to an insulator. This
superconductor-insulator (S-I) transition is considered to be a quantum phase transition
that appears as a result of the introduction of disorder into the two-dimensional system.
From the uncertainty principle AN Af ~ 1 (§: phase of Cooper pair, N: number of
particles), when electrons are localized due to the effect of disorder, the phase fluctuation of
the superconducting order parameter increases and a vortex is induced. When the vortex
is driven, voltage is induced, and superconductivity is suppressed consequently. Thus,
atomic-level defects and irregular structures suppress two-dimensional superconductivity
as a disorder.

As described above, as the thickness of the 2D superconductor is reduced, the system
undergoes a transition to an insulator. However, since this phase transition is caused by
the effect of disorder, it should be possible to realize an atomic-layer superconductor if
we can fabricate a two-dimensional thin film with low disorder and high crystallinity such
that the sheet resistance of the system is sufficiently smaller than the critical resistance
R, in the S-I transition. This was realized in the 2000s with the development of surface
science and ultrahigh vacuum technology.

The first reported superconducting metal thin films with low atomic-level disorder and
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high crystallinity were Pb films grown on Si(111)-(7 x 7) surfaces [8]- [10]. By heating the
Si(111) substrate to high temperatures (~ 1200 °C) in an ultrahigh vacuum environment,
an atomic-level and clean semiconductor surface can be obtained. Furthermore, Pb is
deposited on this surface using the Molecular Beam Epitaxy (MBE) method in an ultra-
high vacuum environment to obtain an ideal Pb 2D thin film. Pb and Si do not alloy and
form atomically sharp interfaces. The highly crystalline islands grown on these surfaces can
be examined in detail using scanning tunneling microscopy (STM) to study the structure
and electronic state at the atomic-level. The STM image of Fig.1.1(b) shows that the
PD islands are atomically flat and have a film thickness of 5, 6, and 7 ML [11]. Scanning
tunneling spectroscopy (STS) measurements also confirmed a superconducting gap in these

Pb islands (Fig.1.1(c)). From the temperature dependence of the superconducting gap,
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Figure 1.1 (a) Temperature dependence of resistance of Bi amorphous thin films
at various thicknesses[6]. (b) STM image of Pb ultrathin film on Si(111) substrate.
(¢) STS measurement results showing the existence of a superconducting gap in a Pb
ultrathin film grown on a Si substrate. (d) Thickness dependence of T, in Pb ultrathin
films estimated by STM and STS measurements. (e) Thickness dependence of density
of states in Pb ultrathin films at the Fermi level obtained by STS measurements. (b—e)

are taken from [10].
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the T, of the islands of 5ML, 6 ML, and 7ML were determined to be 6.09, 6.31, and 6.14
K, respectively; considering that the T, of Bulk Pb is 7.12 K, it is suggested that the T, of
the islands in atomic-layers holds similar levels and is less disorderly. In other words, the
T, of the highly crystalline metal atomic-layer thin film hardly decreases with decreasing
film thickness, indicating that it behaves as an atomic-layer thin film as the ultimate limit
of three-dimensional crystals.

In the ideal atomic-layer of Pb thin film superconductors, quantum size effects were
observed, reflecting the two-dimensionality. Fig.1.1(d) shows that the T, of the Pb is-
land oscillates with a period of 2 ML depending on the film thickness. This is a result
of the quantization of the electron wavefunction and the formation of a quantum well
state due to the [111] crystallographic orientation perpendicular to the plane. When the
wavenumber A(E) of the electron wavefunction in the [111] direction satisfies the follow-
ing Bohr-Sommerfeld quantization condition, the density of states at that energy takes a

maximum value [12].

4rd

NE) + ®(E) =2nn (1.1)

where d is the film thickness, n is an integer representing the quantum number,
and ®(E) is the total phase shift at the interface. Since the wavelength of the electron
wavefunction of Pb in the [111] direction of the Fermi level is A(Er) ~ 4 ML, the film
thickness d at which the Fermi level density of states N (Ep) has a maximum value appears
every period of A(Ep)/2 ~ 2 ML. That is, it is derived that N(Ep) oscillates every 2 ML
of film thickness. This phenomenon has been directly observed using STS, as shown in
Fig.1.1(e). Comparing Fig.1.1(d) and (e), we can see that the density of states N(Ep)
and T, at the Fermi level oscillate in the same way. This can be understood from the
exponential dependence of T, on N(Ep) in the BCS theory.

In this way, island-shaped atomic-layer thin films are superconductors with unique
two-dimensional properties, and their properties can be investigated in detail by STM. On
the other hand, since each island has a different phase and T¢, it is difficult to directly relate
them to physical properties on a macro scale. Therefore, an atomic-layer thin film with
high crystallinity over the entire surface system is desired. Also, the electronic states in
the wavenumber space of atomic-layer superconductors can be observed by angle-resolved
photoemission spectroscopy (ARPES). While ARPES measurements are surface sensitive,
they integrate macroscopic data. Therefore, in order to perform ARPES measurement,

an atomic-layer with uniform surface coverage is required as a sample.
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1.1.3 Surface superstructure superconductor

Atomic-layer superconductors uniformly covered by a surface have been found in metal
surface superstructures on semiconductor surfaces. Dangling bonds are exposed on semi-
conductor surfaces due to the interrupted periodicity of the crystals. When dangling
bonds are exposed, surface reconstruction occurs to lower the surface energy. The most
famous system is Si(111)-(7 x 7) [13]. This structure is a seven-fold change in the periodic
structure of the Si(111) unit cell to reduce the total number of dangling bonds. Such
a long-period structure appearing on the surface is called a surface superstructure. The
deposition of metal atoms on the surface terminates the dangling bonds and stabilizes
the system. Depending on the type and amount of metal deposited, various surface su-
perstructures appear, which have been studied intensively in the field of surface science
[14, 15]. As the amount of deposited metal atoms increases and the orbitals between
adjacent atoms overlap, a band is formed by the surface metal. This surface metal band
becomes a two-dimensional electronic state localized on the surface with different features
from the bulk.

In 2010, Zhang et al. reported the existence of superconducting gaps in three types of
surface superstructures [16]. These surface superstructure superconductors Si(111)-SIC-
Pb (SIC-Pb), Si(111)-(v/7 x v/3)-Pb ((V/7 x v/3)-Pb), Si(111)-(v/7 x v/3)-In ((V/7 x v/3)-
In) has the structure shown in Fig.1.2(a-c) and consists of one to two atomic-layers.
Atomic images corresponding to these periodic structures have also been observed by STM
measurements (Fig.1.2(d-f)). They also estimated T, from the superconducting gaps ob-
tained by STS measurements (Fig.1.2(g,h), Fig.4.3(a)): 7. for SIC-Pb, (\ﬁ X \/g)-Pb,
and (\ﬁ X \/5)—111 were estimated to be 1.83 K, 1.52 K, and 3.18 K, respectively. In
particular, (\ﬁ X \/3)—111 shows almost no change in 7, compared to Bulk In (7, = 3.4
K), suggesting very little disorder. These experimental facts indicate that the surface su-
perstructure superconductor is the ultimate metal thin film atomic-layer superconductor
with the thinnest bulk possible. However, the T, obtained here is only determined from
the locally measured superconducting gap, and it is not obvious whether the Cooper pair
forms a coherent superconducting state over a wide area.

As mentioned above, STS measurements measure a local superconducting gap, which
only indicates that Cooper pairs are forming locally. On the other hand, a superconducting
state is one in which the wavefunction of the Cooper pair is coherent over a long distance.
Therefore, to show that the superconducting state is manifested over the entire system, it
is essential to observe the zero-resistance by transport measurements. However, because
electrode fabrication is generally performed under atmospheric conditions in transport

measurements, surface superstructures can easily lose their superconducting properties
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due to the breakdown of atomic-layers in the atmosphere. Therefore, it is necessary
to fabricate electrodes and perform “in-situ” transport measurements in an ultra-high
vacuum environment. This problem was solved by Uchihashi et al. in 2011, and they
reported the zero-resistance of (\/7 X \/§)—In [17]. The results of this study revealed
that macroscopic superconducting states can also occur in atomic-layer superconductors.

In 2013, zero-resistance was also confirmed in SIC-Pb at T, = 1.1 K from transport
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Figure 1.2 (a-c) and (d-f) are schematic diagrams and STM images of atomic struc-
ture arrangements of surface superstructure superconductors SIC-Pb, (\/7 X \/§)—
Pb, and (V7 x v/3)-In, respectively. The superconducting gaps of SIC-Pb (g) and
(\/7 X \/g) -Pb (h) obtained by STS measurements, respectively. Temperature depen-
dence of the superconducting gap of SIC-Pb. (i) Temperature dependence of sheet
resistance of (v/7 x v/3)-In. (a-h) and (k) are taken from [16] and [19] respectively.
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measurements by Yamada et al. They noted that the sheet resistance decreased rapidly
in the temperature region of T' > T, near T, due to thermal fluctuations. Uchihashi et al.
also reported that a sharp decrease in the sheet resistance appears at T > T, and that
the sheet resistance decreases with a finite value at 7. < T near T, (Fig.1.2(i)) [19]. The
former is the precursor state of superconductivity and represents amplitude fluctuations
of the superconducting order in a two-dimensional system, while the latter represents the
effect of phase fluctuations of the superconducting order.

With the recent discovery of various surface atomic-layer superconductors [20]-[22],
superconducting phenomena reflecting the properties of the surface atomic-layers them-
selves have attracted much attention. Surface atomic-layer superconductors have three
main features: 1) the superconducting properties are sensitive to the surface/interface,
2) the superconducting properties are completely two-dimensional, and 3) the supercon-
ducting properties can be modulated by breaking the inversion symmetry at the surface.
Due to the property of 2), the orbital pair-breaking effect is suppressed when a magnetic
field is applied in the in-plane direction, and the paramagnetic pair-breaking effect be-
comes apparent. Also, due to the property 3), atomic-layer superconductors with Rashba
splitting due to large spin-orbit interactions have also been reported [23]. In this study,
we focus on the surface/interface sensitivity among these properties. By using this prop-
erty, macroscopic superconducting properties such as 7T, can be modulated by depositing
other materials. In fact, Yoshizawa et al. reported an increase in T, by depositing or-
ganic molecules [24]. Since this study is directly related to our study, we summarize its
details in Chapter 4. In the following, we introduce three studies on two-dimensional
superconductivity that have attracted much attention in recent years and are related to

surface/interface sensitivities.

1.1.4 Monolayer FeSe on SrTiOj; substrate

Among the studies on surface atomic-layer superconductivity, the study of single-layer
FeSe on SrTiOgs substrates has probably attracted the most attention. However, when
single-layer FeSe is epitaxially grown on SrTiOj3 substrate using MBE method as shown
in Fig.1.3(a), the T, increases abnormally [26]. As we have introduced, even if the super-
conducting transition occurs in atomic-layer materials, the T, decreases compared to bulk
crystals. In contrast, the T, of FeSe is increased due to the surface/interface sensitivity
derived from atomic-layers. The T, of single-layer FeSe depends on the type of measure-
ment and experimental environment, and has been measured in the range of 23 - 109
K [27]-[30],[32]. In transport measurements performed under atmospheric conditions, a
decrease in resistance began to appear at 40.2 K, and zero resistance was observed at 23.5

K [28]. As shown in Fig.1.3(b), the T, obtained by micro four-terminal probe transport
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measurements in an ultrahigh vacuum environment was anomalously large at 109 K [32].

The most important question here is why single-layer FeSe shows a higher T, than
bulk FeSe. Although various contributions by the substrate are possible, electron doping
from the substrate is considered to be the most important role based on the following
experimental results [30]. The Fermi surface of bulk FeSe consists of a hole pocket near
the I' point and an electron pocket near the M point in the Brillouin zone, making bulk

FeSe a multiband superconductor. This Fermi surface is also observed in three-layer FeSe,
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Figure 1.3 (a) Schematic diagrams of atomic structure of monolayer
FeSe/SrTiO3(001) [26].  (b) Temperature dependence of sheet resistance of
monolayer FeSe [32]. Schematic diagram of 3 ML FeSe (c¢), 1 ML FeSe (e), and
K-doped 3 ML FeSe (g). Fermi surfaces of 3 ML FeSe (d), 1 ML FeSe (f), and
K-doped 3 ML FeSe (h) obtained by ARPES measurements. (c-h) are taken from
[30].
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as shown in Fig.1.3(d). On the other hand, in single-layer FeSe, as shown in Fig.1.3(f),
the hole pocket disappears and a larger electron pocket is formed near the M point. This
is considered to be electron doping from the SrTiOg substrate. The fact that this phe-
nomenon is due to electron doping is confirmed by the fact that a similar Fermi surface is
obtained when K atoms are deposited on triple-layer FeSe and electron-doped (Fig.1.3(h)).
When the optimum amount of electrons was doped into the triple-layer FeSe, T, = 48+ 3
K was observed, indicating that the origin of the high 7, is not due to the monolayer
nature.

The very high T, of single-layer FeSe on SrTiOjs substrates is clearly due in large
part to the reconstruction of the Fermi surface by electron doping from the substrate.
This is a result of carrier doping using the interface sensitivity of surface atomic-layer
superconductors, suggesting that carrier doping using surface/interface sensitivity may

increase T, in other materials as well.

1.1.5 Atomic-layer superconductivity induced at the interface of
an electric double layer field effect transistor

The control of carriers is important for the development of superconductors with high T,
as described above. A common method for carrier doping that can be adapted to a wider
variety of systems is to use a field effect transistor (FET) structure based on an electric
double layer. This FET structure can induce a higher carrier density than the usual one
because the distance between the positive and negative charges in the electric double layer
is about subnanometer, which is smaller than the thickness of the insulating layer, and
because an electrolyte with a high relative dielectric constant can be used. By using this
technique to induce carriers in SrTiO3, field-induced superconductivity was realized for
the first time in a chemically undoped insulator [35].

Although the method described above can be adapted for a variety of insulators,
only the study performed by Iwasa et al. is presented here [36]. They employed MoS,
as the insulating sample. They fabricated a FET structure using a flake-like sample
obtained by cleaving MoS,, as shown in Fig.1.4(a). The dependence of the sheet resistance
Rs of the sample on the sample temperature 7" and the gate voltage Vg of the ionic
liquid is shown in Fig.1.4(b). For Vi < V, an insulating conduction characteristic is
exhibited where the sheet resistance Ry increases as the temperature decreases. On the
other hand, for gate voltages of 1 V < Vpg < 4 V, a metallic conduction characteristic
is observed. In the 4 < V& region, a sharp decrease in the sheet resistance is observed
at low temperatures, indicating a superconducting transition. Fig.1.4(c) shows that the
highest value, T, = 10.8 K, is about 40 % higher than the T, obtained by chemical doping.

The temperature dependence of the in-plane critical magnetic field indicates that the two-
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Figure 1.4 (a) Optical micrograph of MoS2 FET device used for superconductivity
measurements. (b) Temperature dependence of resistance of MoS electrical double
layer FET modulated by the gate voltage. (c¢) Dependence of superconducting tran-
sition temperature T, of both electrostatically and chemically doped MoS2 on carrier
density nop. Fig.1.4 are taken from [36].

dimensional electron system induced in MoSs is concentrated in 2-3 atomic layers near

the interface.

1.1.6 Intercalated bilayer graphene

To correlate surface atomic-layer superconductivity with carrier doping, it is preferable
to use surface scientific methods. For example, the local structure and superconducting
properties can be obtained by STM, and the band dispersion can be obtained by ARPES,
allowing a comparison between the two. The superconducting transition phenomenon
in chemically doped bilayer graphene has been studied by surface science methods, and
the origin of the superconducting transition has been elucidated. The studies on bilayer
graphene are introduced below.

Ichinokura et al. prepared bilayer graphene by heating a SiC(0001) substrate at 1550
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°C. They deposited Ca and Li onto this bilayer graphene in an ultrahigh vacuum environ-
ment and performed “in-situ” transport measurements. Metals deposited on graphene
can intercalate between graphene layers (intercalation), resulting in the structure shown
in Fig.1.5(a). Such materials are called intercalated bilayer graphene. The temperature
dependence of the sheet resistance of C4CaCg and CgLiCg shows that only CgCaCg un-
dergoes a superconducting transition at 7, = 2 K (Fig.1.5(b)).

The reason why superconductivity did not develop in CgLiCg was explained as follows.
Fig.1.5(c) shows the band dispersion of CgCaCs and CgLiCg [41]. In CCaCg, the free
electron-like intercalation bands produced by the interlayer interactions cross the Fermi

level, forming a Fermi surface. On the other hand, in C4LiCg, no intercalation bands are
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calculation [41]. (a,b) are taken from [40].
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observed at the Fermi level, which is theoretically predicted to be located at higher energy
than the Fermi level [42]. Intercalation bands have been pointed out to have an important
role in the occurrence of superconductivity in graphene interlayers.

By correlating the band structure obtained by ARPES with the superconducting
properties obtained by transport as described above, the mechanism of superconductivity
appearance is being elucidated. Thus, it is possible to clarify the correlation between car-
rier doping and the superconducting properties of atomic-layer superconductors through

a comprehensive study using surface science experimental techniques.

1.2 Research objectives

As introduced so far, ultra-high vacuum technology and surface science have greatly con-
tributed to research on atomic-layer superconductors. In recent years, various systems of
atomic-layer superconductors have been discovered, and research on special superconduct-
ing states derived from atomic-layers has attracted attention. The three recent research
results mentioned above show that atomic-layer superconductivity can be an effective
platform for both “new material production” and “T, increase”. In atomic-layer su-
perconductors, the influence of the surface interface extends to the entire system. This
is an advantageous feature for artificially modulating the superconducting properties. In
this study, we aimed to modulate the superconducting properties of surface atomic-layer
superconductors by organic molecule adsorption and to elucidate the mechanism. In gen-
eral, organic molecules exert only weak interactions such as van der Waals forces with
surfaces and do not destroy atomic-layer materials. Therefore, this method is expected
to be applicable to various surface atomic-layer superconductors. Since organic molecules
have a high degree of freedom in fabrication, clarifying the effects of organic molecules on
atomic-layer superconducting properties will make it possible to create more compatible
combinations. Based on the above background, in this research, we aim to clarify the ef-
fects of carrier doping with organic molecules on surface atomic-layer superconductors and
the effects of adsorption structures of organic molecules on surface atomic-layer supercon-
ductors. The target samples are “ZnPc adsorbed Si(111)-(v/7 x v/3)-In” and “PTCDA
adsorbed Si(111)- (\ﬁ X \/g)—In”. The reason why we chose Si(lll)—(ﬁ X \/§)—In as the
surface atomic-layer superconductor is that it does not have a complicated chemical com-
position and its structure is well understood both experimentally and theoretically. This
is because the interpretation of experimental results is easy.

In this study, the following methods were used for research.
We investigated the adsorption structure of organic molecular thin films on (\ﬁ X \/3) -In
using STM. Using ARPES, we estimated the electronic state change and carrier doping of

(\ﬁ X \@)—In by organic molecular adsorption. From ab initio calculations, the amount of
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carrier doping by the adsorbed organic molecules and the spin magnetic moment possessed
by the organic molecules were obtained. In addition, we also calculated the density of states
of (\ﬁ X \/3)—11(1. Finally, transport measurements were taken to measure 7, that changed
due to organic molecular adsorption, and by clarifying the correlation with experimental
results obtained by other methods, the effects of organic molecular adsorption on 7, were
comprehensively investigated.

This research was conducted in collaboration with the Sakamoto Laboratory of Osaka
University and the Minamitani Laboratory of Osaka University. The Sakamoto labora-
tory provided the ARPES measurement results, and the Minamitani laboratory provided
ab initio calculations results for ZnPc and CuPc on (\ﬁ X \/3)-In. In addition, the au-
thor performed sample preparations, LEED measurements, STM measurements, transport
measurements, and ab initio calculations of the density of state of (\ﬁ X \/§) -In at Uchi-
hashi Laboratory.

1.3 Outline of the dissertation

In Chapter 2, we introduce the derivation of theories and equations necessary for the
analysis and interpretation of the experimental results obtained in this study, citing several
references. Chapter 3 describes the methods and principles used in the experiments and
analyses. We also introduce the experimental equipment used. Chapter 4 introduces the
basic physical properties and superconducting properties of (\ﬁ X \/g)—In. In addition,
we will introduce previous studies directly related to this study and clarify the unresolved
problem of the effect of organic molecule adsorption on 7,.. Next, the results of this
study are shown and discussed through comparison with previous studies. In Chapter 5,
after introducing previous studies on PTCDA, we present and discuss the results of this
study. Chapter 6 compares the results of the above two studies and presents the overall

conclusion.
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Chapter 2 Fundamentals

2.1 BCS theory

In this section, we introduce the Bardeen-Cooper-Schrieffer (BCS) theory, which is the
standard theory for superconductivity in metals.

The ground state of a metal in the normal conduction state is a state in which all energy
states below the Fermi energy Er are occupied (Fermi sea). Consider a pair of electrons
interacting via a two-body attraction potential on a filled Fermi surface; the influence of
electrons other than the one-electron pair is assumed to be incorporated only through
Pauli’s principle. At the lowest energy state of the electron pair, the total momentum is

expected to be zero, so the wavefunction is
U(ry,ry) Zg Jeikrt ik (2.1)

where g(k) is the probability amplitude of finding a two-electron in state k,—k. The
two-body wave function of the Fermi particle must be antisymmetric with respect to
the coordinate exchange of the particles. That is, this two-body wavefunction must be
antisymmetric with respect to either the pair wavefunction or the spin wavefunction, which
describes the relative motion between the electrons. Since the electron-electron interaction
is an attractive one, the closer the two electrons are, the smaller the energy should be.
Therefore, the two-body wave function should be in a spin-singlet state with zero center-
of-gravity motion of the electron pairs.

Substituting Eq.2.1 into the Schrédinger equation with the interaction potential between

two electrons as V(r), the energy eigenvalue E can be expressed by the following equation.

g(k)(E — 2¢(k Z V (kK )g(K) (2.2)

where V (k, k') is the Fourier component of V (r) and e(k) = h*k?/2m. The gravitational
potential in BCS theory is an interaction through phonons. Therefore, no more energy
can be exchanged than the energy hwp (hwp: Debye frequency) of the phonon with the
highest energy in the solid. Therefore, the range of momentum that the electron can take

is specified as follows.
Er —hwp < e, < Erp + hwp (2.3)
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In general, since hwp << Er in metals, the range of possible energies for electrons is very

narrow. Also, assuming that the attractive interaction is isotropic

| =V (Ep —hwp < € < Ep + hwp)
Viao = { 0 (otherwise) (2:4)
In this case, the right-hand side of Eq.2.2 is constant regardless of k, therefore
gk
g(k) = v 2= 9) (2.5)

- 2e(k)-F
Summing over k on both sides and dividing by > g(k)

1 1
V- Zk,: 2 (k) — E) (26)

Using the density of states N(E) at the Fermi level and replacing the sum of states with
the energy integral

(2.7)

1 Erthen  N(e—FEp) 1 2Er — E + 2hwp
de -~ 2F) _ 2 N(Bp)
/EF Qe —F) o R

Since N(Ep) << 1 for most general superconductivity, we transform Eq.2.7 using the
weak coupling approximation.

E ~ Ep — 2hwp exp <—2> (2.8)

N(Ep)V

From Eq.2.8 we can see that: the energy of the electron pair with k > kg is lower than
that of the Er. This means that it is energetically more beneficial for the two electrons
to form a bound state. Also, no matter how small the attractive interaction is, the energy
of the two-electron pair on the Fermi surface is always lower than the group of electrons
occupying the Fermi surface and below. Therefore, the Fermi sea corresponding to the
ground state of the normal-conducting metal becomes unstable and must change to another
ground state.

In BCS theory, Cooper pairs are spin-singlet electron pairs with zero center-of-
momentum and the attractive interaction between electrons is assumed to be isotropic.
The previous discussion has shown that when Cooper pairs are formed due to the
attractive interaction between electrons, the formation of a new ground state is required.
In this new ground state (BCS ground state), electrons below the Er are redistributed
above the Er. Only the scattering process via phonons such that the momentum vector
of the Cooper pair changes from (k 1, —k |) — (k' 1,—k’ ]) is taken out and under the
assumption of the Cooper pair in the BCS theory the Hamiltonian of the BCS ground
state can be described as follows.

H = Z f(k)C]tUCkg + Z V(k, k/)CT—k’ic};’Tck/Tc_k'i (29)
k,o k,k’
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where c'(c) is the electron creation (annihilation) operator, £(k) is the electron energy
measured from the chemical potential, and V (k.k’) is the attractive interaction required
to create Cooper pairs. This Hamiltonian is called BCS reduced Hamiltonian. However,
since it is difficult to treat the interaction term of the Hamiltonian as it is, a mean-field

approximation is performed. We introduce < CLTCT_ gy > as the mean field.
T /T Al Al
CppClpy = <cmc_k¢> + (CkTC—lw - <cmc_k¢>) (2.10)
C_k[Ckt = <C_k¢clg¢> + (c_kwm — <C_k¢CkT>) (2.11)

Also, using this mean field, the gap function A(k) is defined as follows.

A(k) = — Z V(k, k/) <c_k/¢ck/¢> (212)
K/

Ak) = - Y V(kK) <c,LTcT_ . ¢> (2.13)
L/

Substituting equations 2.10 - 2.13 into Eq.2.9, the mean-field approximation Hamiltonian

is as follows.
Hw = Y 60)chen0 = > (AM)clyel ) + 87 1) (el ) (219)
ko k
Equation 2.14 can be diagonalized using the following Bogoliubov transformation.
bt = upCrr — vkciki (2.15)
bT_,w = u}ZCT_N + v crt (2.16)

The newly introduced particles (elementary excitations) described by b', b are called quasi-
particles because they are different from the electrons described by the usual creation and
annihilation operators acting on the vacuum state. Since quasiparticles are also fermions,
an anticommutation relation is required. As a result, the coefficients should have the

following relationships:
|uk|2 + |’U]<;|2 =1 (2.17)

Also, rewrite Eq.2.14 using equations 2.15 and 2.16. Then the condition for the off-diagonal

term to be 0 is
26 (K)upvy — A(k)vi? + A(k)*ui =0 (2.18)

From equations 2.17 and 2.18

E(k) = v/€2(k) + [A(k)[? (2.20)
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A(k) corresponds to the energy of an unpaired electron excited to the state designated
by k. In particular, considering an electron lying on the Fermi surface (£(k = 0), it is
excited with infinitesimal energy in the normal state, whereas in the BCS ground state, an
energy of at least |A(k)| is required for excitation. When Eq.2.18 holds, the Hamiltonian

is diagonalized and reduced to the following form, where Wy is the ground state energy.

Hyrw = W + > B(K) (bybis + b0y bk ) (2.21)
k

If bLTka and bT_ & ¢b_k 1 in the second term on the right side of Eq.2.21 are interpreted
as the number density operators of quasiparticles with upward spin and downward spin,
is isomorphic to the free-particle Hamiltonian. In other words, within the mean-field
approximation, the quasiparticles excited from the BCS ground state can be regarded as
forming a free Fermi particle system with the energy given by Eq.2.20.

Since quasiparticles are in a free Fermi system, the statistical mean of the number of

quasiparticles with excitation energy F/(k) follows the Fermi-Dirac function f(FE(k)).

(blbr ) = (b1 bors ) = F(E() (2.22)

With 8 = 1/kgT, substituting equations 2.15, 2.16, and 2.22into Eq.2.12 yields the fol-

lowing equations.

A(K")
E

Ak) == V(kK) 5
"

tanh BﬁE(k’)] (2.23)

This is the general gap equation extended to finite temperatures. Under the assumption
of the BCS theory, the attractive interaction is isotropic, so we can set V(k, k') = —V.
Therefore, A(k) on the left side also becomes isotropic and does not depend on k. First,
both sides of Eq.2.23 are divided by A. Next, the transition temperature T, can be
defined as the temperature at which A(T) — 0 when 7" — T,, and considering that
(k) — |¢(K).

| £ [ i) £()
1~-V —+tanh | =>—~ | ~VN(FE dé —tanh | =—= 2.24
Zk; Yok [Zk:BTC (Er) | déggtanh o0 T (2.24)
Also, considering that kT, << hwp for ordinary metals, the following equation is ob-
tained. .
T.=1.1 _— 2.2
kp 3hwpexp ( N(EF)V> (2.25)

From Eq.2.25, it can be seen that the transition temperature 7, depends on the attractive
interaction V' and the density of states N(FEp) at the Fermi level. In other words, in
order to increase the T, of a superconductor, it is necessary to increase the attractive
interaction V and the density of states N(Er) at the Fermi level. This is very important

in considering this research.
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Also, from Eq.2.23, A(T = 0) at absolute zero is obtained as follows.

A(0) = 2hwpexp <_N(£;F)V> (2.26)

Comparing equations 2.25 and 2.26,

A(0)
kpT.

=1.76 (2.27)

Equation 2.27 is a material-independent universal constant within the BCS theory. Fur-
thermore, since E(k) in the superconducting state has a one-to-one relationship with &(k)
in the normal state, the superconducting density of states Ng(FE) is expressed by the

following equation.
N,(B)AE = Ny (€)dg (2.28)

Therefore, from equations 2.20 and 2.28,

Ny(E) [0 (E| < 8)
i { e 153 =

The constant N, (§) = N,,(Er) is set because only the vicinity of the Fermi level is focused.
This result also indicates that an energy gap of 2A opens near Er. In the normal state,
the state in the gap moves to £ = Er £ A, and a density of states peak appears. This is

called a coherence peak.

2.2 Fundamentals of two-dimensional

superconductivity

In layered materials and thin films, the thickness of the superconducting electronic sys-
tem may be thinner than the GL coherence length £, (0). Such superconductivity can be
regarded as a two-dimensional superconductor with a degree of freedom only in the two-
dimensional plane direction because the macroscopic wave function ¥ cannot change in
the thickness direction. Two-dimensional superconductors transform into insulators when
disturbances are introduced into the system. In general, Anderson’s theorem states that
superconductivity is not significantly affected by perturbations unless the time-reversal
symmetry is violated. However, this theorem does not consider the effects of Anderson
localization and superconducting phase fluctuations due to disturbances. Therefore, in
two-dimensional systems, these effects become important, making superconductivity vul-
nerable to perturbations.

When the whole d-dimensional system is in the normal state, the energy required
to generate a pair of Cooper pairs is the superconducting condensation energy poHco/2

per unit volume. Changes in the order parameter occur within the coherence volume &¢.
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Therefore, when the thermal energy kg1 satisfies the following equation, the generation

of Cooper pairs begins near T, due to thermal fluctuation.

H.
kpT ~ gd% (2.30)

Vortexes are also generated even if the whole system is in a superconducting state. The
former is called amplitude fluctuation in superconductivity, and when the volume of the
system is larger than the coherence volume, the normal resistance begins to decrease
above T.. The latter is called phase fluctuation in superconductivity and causes residual
resistance below T.. As can be seen from Eq.2.30, the lower the dimension d, the smaller
the energy required for these quantum fluctuations. Therefore, the effect appears more
prominently in two-dimensional superconductors.

The correction of electrical resistance near 7T, due to amplitude fluctuation is expressed
as follows[1] - [3].

1
_ 2.31
P og+oarL +ouT ( )
e? T.

_ 2.32
TAL = 16n T - T, (2:32)

2 T, T-T,
omT = — In (2.33)

T8 T—(1+0)T, T,

oar is called the Aslamazov-Larkin (AL) term and represents the decrease in resistivity
due to Cooper pairs generated by thermal fluctuations. Also, oy is called the Maki-
Thompson (MT) term and represents the decrease in resistivity due to quasiparticles
caused by the destruction of Cooper pairs after formation. Therefore, the MT term in-
cludes a pair-breaking parameter § that expresses the strength of the anti-breaking effect.
0 is a material-specific value, typically around 0.1. A large value of § means deviation

from mean-field superconductivity.
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Chapter 3 Experimental techniques

Chapter 3 introduces the experimental methods used in this study.

3.1 Vacuum

Atomic-layer superconductors easily transition to insulators when disturbances such as
adsorption of impurities are introduced. Therefore, this research was carried out in an
ultra-high vacuum (UHV) environment from sample preparation to measurement.

The temperature dependence of the pressure with the number of molecules N incident

on a unit area per unit time is expressed by the following equation [1].

P
VvVMT

where M is molecular weight, T' is temperature, and P is pressure. Since the gas molecules

N[/m?s] = 2.6 x 10** x (3.1)

contained in the atmosphere are mainly nitrogen, when the incident molecule is nitrogen
(M = 28) at room temperature environment (7" = 300 K), Eq.3.1 is converted to the

following equation.
N=28x10*xP (3.2)

The density of a monoatomic-layer is about 101 /m? when the molecular size is 3 A, so
it is N ~ 3 x 10'® in a high vacuum (~ 10~* Pa). Assuming that all nitrogen molecules
colliding with the sample are adsorbed, the surface layer is covered with impurities in about
3 seconds. However, under the same conditions, in UHV (~ 107% Pa), it is calculated that
one layer of the surface is covered with impurities in about 8 hours, and it is possible to
keep the surface clean at the atomic level for several hours. In reality, not all the gas
molecules that collide are adsorbed, so the measurement conditions are less strict than
this measurement condition, but it can be understood that a good vacuum is important

for accurate surface analysis [2].

3.2 Low Emnergy Electron Diffraction

Low Energy Electron Diffraction (LEED) can identify the periodic structure of the
material surface by measuring the diffraction pattern of electrons that are irradiated and

scattered when the surface of the sample forms a periodic structure. In this study, it was
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used to confirm whether Indium atoms adsorbed on a Si(111) substrate form a v/7 x v/3

superstructure.

3.2.1 Fundamentals of LEED

When an electron collides with a solid, it either reflects off the solid surface or enters
the solid interior. When electrons collide with a solid surface, some of the electrons are
scattered by the atoms that make up the solid because the electrons have wave properties.
This reflection reflects the regularity of the atomic arrangement on the solid surface. The
wavelength A of the electron beam can be expressed as A = h/p from the de Broglie wave
relational expression, where p is the electron’s momentum and h is the Planck constant.
Since the kinetic energy Ej, [eV] of an electron can be expressed by Ej = p*/2m when the
effective mass of the electron is m™*, the relationship between the energy of the electron

and the wavelength is given by the following equation.

h _ [1504
V2m By, Ej

From Eq.3.3, it can be seen that the wavelength of electron beams with energies of several

A= [nm)] (3.3)

tens to several hundred electron volt is about 0.1 to 0.5 nm, which is about the same as the
lattice spacing. Therefore, even when the electron beam is incident perpendicular to the
surface, diffraction reflecting the atomic arrangement of the surface occurs. In addition,
since electrons with energies of several tens to several hundred electron volt penetrate into
the solid to a depth of about 1 nm, the reflected electron beam produces a diffraction
pattern that reflects only the information near the surface.

Next, consider the case where electrons with wavelength A are diffracted by homogeneous
atoms arranged one-dimensionally on the surface with a spacing d (Fig.3.1). Electrons are

incident at the incident angle 6y and is reflected in the direction of the reflection angle 6.

incident electron beam scattered electron beam

Figure 3.1 Electron diffraction by atoms in one-dimensional array. The
incident electron beam come from the incident angle 6y and are reflected to the
reflect angle 6.
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The path difference is d cos 8y — d cos 8, and electrons reinforce each other when this path
difference is an integral multiple of the wavelength n.
costlg —cos n

A d

Therefore, the surface atomic spacing d and the periodic structure of the atomic arrange-

(3.4)

ment can be obtained from the reflection angle 6 and the diffraction pattern.

3.2.2 Ewald sphere

The atomic arrangement on the crystal surface can be treated as a two-dimensional
crystal. In the case of diffraction from a three-dimensional crystal, the intersection of a
reciprocal lattice point on the reciprocal space and a sphere with a radius of 1/ (Ewald
sphere) gives the diffraction point. On the other hand, in the energy region of the electron
beam used in LEED, the penetration depth of the electron beam is near the surface where
there is no periodicity in the vertical dimension, so the diffraction condition is relaxed in
a rod-like manner. This perpendicular rod-like diffraction condition is called reciprocal
lattice rods, and the intersection of the reciprocal lattice rods and the Ewald sphere is
the diffraction point. Fig.3.2(a) shows a schematic diagram of the case where the electron

beam is incident perpendicular to the sample surface. In the LEED measurement, the

a incident electron beam b
reciprocal Iatticle rijs o - screen
A ~ N
I | SIW , diffraction point
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Figure 3.2 The schematic image of LEED fundamentals. (a) The schematic
image of diffraction spot obtained by LEED. The intersection of the reciprocal lattice
rods and the Ewald sphere is the diffraction point. The center of the Ewald sphere is
located on the incident axis of the electron beam at a distance of 1/A from the origin
of the reciprocal lattice space. (b) The schematic image of LEED equipment. The
sample and two grids are grounded. A stopping potential is applied to the central
sheet to remove electrons inelastically scattered by the sample. A voltage of 2 to 6
kV is applied to the screen to accelerate the electrons that have passed through the

final grid and cause the screen to emit light.
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incident angle 6 of incident electrons is 0, so the diffraction condition is given by the

following relationship from Fig.3.2(a).

cosf n
T4 (3.5)

That is, an electron beam reflected in a direction that satisfies the condition of Eq.3.5 is

observed. From this pattern of diffraction spots, the symmetry of the ordered array on the
sample surface can be identified, and if the distance between the sample screens is known,

the diffraction angle 0 (lattice constant of the ordered array) can be identified.

3.2.3 LEED experimental equipment

Fig.3.2(b) shows a conceptual diagram of the equipment used in general LEED mea-
surements. Electrons are injected perpendicularly to the sample from the electron gun
located at the center of the figure (black arrow). The electrons reflected by the sample
surface are accelerated and collide with the fluorescent screen when they reach it. As
discussed in subsection 3.2.2, diffraction spots appear on the screen that depends on the
symmetry of the surface ordering (LEED pattern). As shown in the figure, since the screen
is hemispherical, in the LEED pattern, the farther away from the center of the screen, the
greater the contribution of the hemispherical distortion. Therefore, it is necessary to pay

attention to the evaluation of the symmetry of the diffraction spots.

3.3 Scanning Tunneling Microscopy

Scanning Tunneling Microscopy (STM) is an atomic resolution microscope developed by
Gerd Binnig et al. in 1982 [3]-[5]. They won the Nobel Prize in Physics in 1986. The STM
detects tunneling currents by bringing a metal probe with a sharp tip close to the sample
surface to about 1 nm and applying a voltage of several mV to several V between the
probe and the sample. The tunneling current is exponentially dependent on the distance
between the probe and the sample, and scanning the sample surface with feedback to keep
the tunneling current constant allows direct observation of the sample surface structure

with atomic resolution.

3.3.1 Tunnelling effect

In classical mechanics, an electron between two metal electrodes cannot cross the vac-
uum barrier when the electron’s energy is less than the vacuum barrier. However, quantum
mechanically, the electron wavefunction exponentially decays within this barrier, while the
electron moves to the other electrode with a finite probability. This is called the tunnel-
ing effect. In order to understand the basic principle of STM, we explain the tunneling

phenomenon of electrons in a one-dimensional finite potential barrier and show that there
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is a high resolution in the height direction (z direction) of the sample.
Consider a tunneling current flowing between two electrodes A and B shielded by a
potential. The one-dimensional Schrodinger equation for the one-electron wavefunction

moving between electrodes A and B can be expressed as follows.

[_Znai? -+ V(z)] U =FEv (3.6)
] o (2<0,20 < 2)
Vi) = { VWw (0<z <0z0) (3.7)

The general solution of this Schrédinger equation is given as follows.

2 —F
U(z) = Ae"* + Be™™*, k= m(‘;) ) (3.8)

Here, A and B represent arbitrary constants. Considering that the wavefunction is single-
valued continuous finite in each region, we can calculate the wavefunction ¥ and the
tunneling transition probability T from the boundary conditions. Considering that the
potential barrier width zg is sufficiently large with respect to the wavelength in STM
(kzp >> 1), the tunnel current and tunneling probability function are expressed by the

following equations.
I o |T?| oc e "% (3.9)

It is assumed that the tunneling current is proportional to the tunneling transition prob-
ability. Equation. 3.9 shows that the tunneling current is very surface sensitive as it

depends exponentially on the tip-sample distance.

3.3.2 Tunneling current

The tunneling current in actual STM measurements does not depend only on the work
function and the tip-sample distance as in Eq.3.9. Therefore, in this subsection, we for-
mulate the tunneling current in more detail and consider its properties.

A general theory of STM was proposed by J.Tersoff and D.R.Hamann [6]. They regarded
the tip shape as a spherical potential, as shown in Fig.3.3, and approximated it as an s-
orbital wave function that decays exponentially in a vacuum. In this case, the tunneling

current in the low temperature/low bias region is described by the following equation.

2 2KR
2R

[ < Vi ———p:i(Er) me (r0)* 6 (en — Er) (3.10)

where R is the radius of curvature of the tip, ¢; is the work function of the tip, p;(E)
is the local density of states (LDOS) of the tip, and rg is the tip position. In addition,

U,., €, represent the expected value of the wavefunction seeping from the surface and its
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Sample

Figure 3.3 Schematic diagram of the Terrsoff-Hamann model. The tip shape
is regarded as a spherical potential and approximated by an s-orbital wave function
that decays exponentially in a vacuum.

Hamiltonian. Furthermore, this equation was extended by the new model proposed by
N.Lang [7]. The model assumes that one atom is adsorbed on two metal plate electrodes.

From this model, the tunneling current is expressed by the following equation.

EF+EV
I / dE pi(E — eV )ps(E)T (2, E,€eV) (3.11)
Er

where T'(z, E,eV) is the tunneling transition probability. From Eq.3.11, it can be seen
that the tunneling current depends on the LDOS of the tip, sample and the tunneling
transition probability. Therefore, the STM image in the constant current mode can be
interpreted as tracing the contour lines of the local density of states on the surface. When
a weak voltage is applied between the electrodes, the LDOS of the tip and the tunneling
transition probability can be considered constant, so the first derivative of the tunneling
current with respect to the applied voltage is proportional to the LDOS of the sample
surface.

Using the quasi-classical Wentzel-Kramers-Brillouin (WKB) approximation, the tunnel-

ing transition probability is expressed by the following equation [8].

2m <¢s + ¢ eV ) (3.12)

T(z,E,eV) ~ exp [—22\/h2 5 + -5

where ¢4, ¢ represents the work function of the sample surface and the tip. From Eq.3.12,
it can be seen that the tunneling transition probability, which greatly contributes to the
tunneling current, strongly depends on the probe-sample distance. Furthermore, since
the work function of the probe also contributes, the tunneling current is also affected by

changes in the shape of the probe due to molecular adsorption during STM measurements.
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Considering the tunneling junction in STM, the LDOS can vary greatly depending on
the positive and negative voltage applied to the sample. This is because the electron
tunneling transition direction differs depending on the voltage. The voltage dependence
of the STM image is particularly pronounced when measuring substances such as organic
molecules in which the spatial distribution of electron orbits strongly depends on the
voltage [9]. Fig.3.4 shows the energy diagram of the tunneling process that occurs at the
tunnel junction of the organic molecular film and metal probe. When the voltage applied
to the sample is positive (V>0), electrons tunnel from the occupied state of the tip to the
unoccupied state of the organic molecule as shown in Fig.3.4(b). An STM image reflecting
Lowest Unoccupied Molecular Orbital (LUMO) is obtained. On the other hand, when a
negative voltage (V<0) is applied to the sample, electrons tunnel from the occupied state
of the organic molecule to the unoccupied state of the tip, as shown in Fig.3.4(c). An
STM image reflecting Highest Occupied Molecular Orbital (HOMO) is obtained.

Figure 3.4 Energy diagram of tunneling process in STM.(a) Tunneling junc-

tion of organic molecular film and metal tip. (b) When a positive voltage is applied
to the sample. Tunneling transition from the occupied level of the tip to the un-
occupied level of the sample. That is, the tunneling current reflects the LDOS of
the unoccupied levels of the sample. (¢) When a negative voltage is applied to the
sample. A tunneling transition occurs from the occupied level of the sample to the
unoccupied level of the tip. That is, the tunneling current reflects the LDOS of the
occupied levels of the sample.
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3.3.3 STM experimental equipment

Fig.3.5 shows a schematic diagram of STM measurement. The probe scans the sample
surface with a piezoelectric element called a piezo tube. By applying a voltage to the
piezo tube from the controller in accordance with the detected tunneling current value, it
is possible to control the movement of the probe so as to trace the surface of the sample.
The changes in the voltage applied to the piezo tube and the detected tunneling current
are captured as changes in surface topography.

STM has two measurement modes. One is the constant current mode. In this constant

(STM CONTROLLER
Control voltages
l, Vo, X, Y, Z
S Feedback J
Piezoelectric ||| |
tube ; COMPUTER
Display
Vs
|
[Sample/ =
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MODE MODE
o?

SZZEM 00000
9: ’Q:Q‘ o‘o’o"’o'o'
,9,9,9,:,9,:,‘

%X

Figure 3.5 Schematic diagram of the STM equipment. The tunneling current
and sample shape information input to the STM controller are output to a personal
computer and can be monitored in real-time.
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current mode, feedback is applied so that the flowing tunneling current is constant, and
by scanning the sample surface, the voltage applied to the piezo tube is obtained as height
information of the surface shape. Therefore, the probe moves so as to trace the surface of
the sample. There is also constant height mode as the other measurement mode. In this
measurement mode, feedback is turned off, and the flowing tunneling current is measured
while the probe is scanned at a constant height with respect to the sample surface. Height
information of the sample surface can be obtained from the intensity of this tunneling
current. Both are non-contact with the sample, and it is possible to measure the surface

shape without destroying the sample.

3.4 Electron transport measurements

Electron transport measurements (transport measurements) can detect zero resistance,
the most typical feature in superconductivity. In this study, 7. is determined by measur-
ing the temperature dependence of the sample resistance from transport measurements.
Another representative method for detecting superconducting 7. is superconducting gap
measurement by Scanning Tunneling Spectroscopy (STS) [10]. STS is a very powerful
experimental technique which can be combined with STM to obtain correlations between
real-space-scale microscopic structures and superconducting properties [11, 12]. However,
the superconducting gap detected by STS only suggests the formation of Cooper pairs on
a local scale and does not imply the formation of the long-range order of Cooper pairs
that is characteristic of superconductors. In fact, the 7, obtained from superconducting
gap measurements by STS is higher than that found in transport measurements [13, 14].

In this section, after explaining the four-terminal measurement generally performed in
transport measurements, we introduce the electrode fabrication method and the fitting

function used to determine T, for atomic-layer superconductivity in this study.

3.4.1 Four-terminal measurement

The four-terminal measurement method, which is generally used in transport measure-
ments, can ignore the influence of contact resistance and can accurately measure the
resistance of the sample you want to measure. This subsection introduces the basic prin-
ciples of four-terminal measurements and shows that in practice contact resistance can be
ignored.

Consider a four-terminal measurement circuit as shown in Fig.3.6 (a). Here, Ry and Ry
are the contact resistances of the current application terminals, and Rs and Rg3 are the
contact resistances of the voltage measurement terminals. Ry is the internal impedance
of the voltmeter, and Rg is the sample resistance to be measured. Considering that a

current I flows through this circuit, the applied current I can be expressed by the sum of
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the current [; flowing through the sample and the current /5 flowing through the voltmeter

according to Kirchhoff’s current law.

I=1+1, (3.13)

Also, the potential difference of the sample is given by the following equation from Kirch-

hoff’s voltage law.
ILRs =12Rs + IoR3+ bRy, V =1Ry (314)

Here, the fact that the product of the internal impedance and the current I represents
the measured voltage V is used. Also, the electrical resistance can be expressed by the

following equation from the ratio of the measured voltage and current.

\%4 I
7 ZRs—(Rs—i—RQ-f—Rg)'TQ (3.15)

The second term on the right side of Eq.3.15 is the difference between the measured
resistance and the sample resistance. However, the ratio I5/I between the current flowing
through the voltmeter and the applied current in Eq.3.15 can be expressed by the following
equation.

I Rg

L _ 3.16
I~ Ro+Rs;+Rs+ Ry (3.16)

Considering that the contact resistance is at most about 1€), by using a voltmeter with
a sufficiently large internal impedance Ry compared to the resistance value Rg of the

sample, I5/I — 0 from Eq.3.16, that is, the current flowing through the voltmeter becomes

a b
Ry Ry
— I — W
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Figure 3.6 Schematic for four-terminal measurement. (a) Current I is applied.
R; and R4 are the contact resistances of the current application terminals, and Rs
and R3 are the contact resistances of the voltage measurement terminals. Ry is the
internal impedance of the voltmeter, and Rgs is the sample resistance to be measured.
(b) RT indicates room temperature (300 K) and LT indicates low temperature (1.7
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Is — 0. Since a voltmeter with a large internal impedance V' is used in actual four-terminal
measurement, the contribution of contact resistance can be ignored. On the other hand,
when a sample with a large sample resistance Rg is measured, Is does not become 0, and
the error contribution increases.

The sample measured in this study is a superconductor with 7, ~ 3K. Therefore, it is
necessary to cool the sample to an extremely low temperature, which is about 1.7 K or
even lower in actual measurements. In this case, the vicinity of the measuring instrument
is at room temperature, and the temperature gradient within the measuring circuit is
extremely large. Since the resistance of metal used in wiring changes with temperature,
the difference in resistance due to this temperature gradient appears as an error in the
transport measurement of superconductors. Here, we introduce a measurement method
that reduces the effect of error due to this temperature gradient. Consider a four-terminal
measurement circuit using a voltmeter with sufficient internal impedance, as shown in
Fig.3.6(b). Considering that the error due to the temperature gradient is incorporated as
the potential difference V;j,, the measured voltage V't is given by the following equation

when the current I is applied.
VTt =IRg+Vy, (3.17)

The second term on the right side of Eq.3.17 is the difference from the sample resistance.
It can be seen that this resistance difference cannot be ignored even using four-terminal
measurements. Next, when I, which is equal in magnitude to the applied current ™ but
opposite in direction, is applied, the measured voltage V~ is expressed by the following

equation.
V= =—IRs + Vi (3.18)

Therefore, when we measure both V* and V— |

vt-v-
7 = fis (3.19)

from Eq.3.19, it can be seen that the error due to the temperature gradient can be ignored.

3.4.2 Electrode fabrication method

Electrode fabrication is essential for stable transport measurements. In general, elec-
trodes are attached using silver paste or the like in the atmosphere. However, atomic-layer
superconductors with surface superstructures, which are the subject of this research, are
strongly affected by disturbances and easily undergo insulation transition. Therefore, it
is necessary to fabricate electrodes in UHV. There are two approaches to fabricating elec-
trodes in UHV. One is to use the STM tip as a movable nanoprobe [15, 16] and the other
is to fabricate a fixed electrode structure on the sample [17, 18]. The former has the ad-

vantage of being able to freely adjust the electrode spacing and select the location on the
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sample surface to be measured. However, in general, it is necessary to pay attention to
the contact of the probe, and temperature drift has an effect, especially in measurements
involving large temperature changes. On the other hand, in the latter method, the spacing
and position of the electrodes cannot be freely selected, but once electrodes with stable
and good characteristics can be produced, stable measurements can be carried out. In
this study, we chose the latter method.

Generally, to fabricate an electrode on a sample, an electrode material is deposited
on the surface. However, in the preparation of Si(111)-(v/7 x v/3)-In used in this study,
Si(111) is heated at 1250 °C for cleaning. In addition, when metals are adsorbed on
(V7 x \/3)-In, they are alloyed, and the structure is destroyed. Therefore, in this study,
patterning was performed by Ar™ sputtering. Fig.3.7(a) shows the electrode fabrication
method used in this study. A shadow mask is brought close to the sample to cover the
conducting area. After that, Art sputtering (E = 0.2 keV, Emission current = 32 mA) is
performed, to remove unnecessary regions [19, 20]. A schematic diagram of the patterned
sample is shown in Fig.3.7(b). The white area represents the unetched area, and the gray
area represents the Art sputtered area. Since the conductive region is not connected to
the edge of the sample, there is no need to consider the effects of current flowing along the

edge. In this research, the area where the voltage is actually measured is the area within

Shadow mask

Figure 3.7 Photograph and Schematic illustration of electrode fabrication.
(a) Fabrication of electrode patterning by Ar™ sputtering through a shadow mask.
The shadow mask is brought close to the sample and only the unnecessary area is
etched by Ar™ sputtering. (b) Schematic diagram of the patterned sample. The white
areas represent the unetched areas and the gray areas represent the areas etched with
Ar™ sputtering.
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the dotted frame in the center, which is 1.2 mm x 0.3 mm. Therefore, by dividing the

measured resistance by 1/4, it can be converted to sheet resistance.

3.4.3 Fitting function for 7. determination

As introduced in subsection 2.4.4, two-dimensional superconductors are susceptible to
quantum fluctuations, which modulate the temperature dependence of electrical resistance
near T.. Amplitude fluctuations produce a precursor state in which the resistance begins to
drop above T.. Electrical resistance can be corrected by the AL and MT terms in Eq.2.31,
2.32, 2.33, but they are complex and cumbersome. In this subsection, we introduce the
simplified fitting function and the T, determination method used in this study.

The fitting function used in this study is shown in the following equation [21].

Raheet(T) = (Gap u(T) + Gap o(T)) ™ (3.20)
Gapn(T) = (Ry +al®) ™" (3.21)
Gops(T) = 1;0 7 TTC (3.22)

where Gap (T") is the normal conductance, and Gap ¢(7') is the contribution to the con-
ductance due to superconducting amplitude fluctuations above T,.. Here, R,, is the residual
normal resistance at T = 0, and a7 is the temperature dependence of the resistance of

ordinary metals. where a, b, Ry, are fitting parameters. Equation 3.22 looks very similar
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Figure 3.8 Results of fitting for 7. determination. Blue points indicate exper-

imental results and black lines represent fitting functions.
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to the AL term of Eq.2.32, and the fitting function Eq.3.20 does not appear to reflect
the effect of the MT term. As can be seen from Eq.2.33, the MT term includes material-
specific parameters, and if the MT term is incorporated into the fitting function correctly,
the fitting parameters increase and become complicated. Therefore, the resistance change
due to the MT term is included in Ry to simplify the fitting function and make it easier to
handle. Fig.3.8 shows the results of the actual fitting. Blue points indicate measurement
results and black lines represent fitting functions. It can be seen that the fitting function
agrees very well with the experimental results above T.. Below T,., the fitting does not
go well, but this is the effect of phase fluctuations and does not affect the T, determina-
tion. The fitting range was taken to be 0.6 Rcan < Rsheet < Rmean, where Rgpeer is the
experimental value of sheet resistance obtained by transport measurements and R,,cqn is

defined as the average of Rgpcer measured in the range 4 K < T < 5 K.

3.5 Density Functional Theory

In this study, ab initio calculations based on Density Functional Theory (DFT) was
performed for evaluation of DOS of (/7 x v/3)-In and spin magnetic moment and charge
transfer of ZnPc on (v/7 x v/3)-In. This section provides a brief overview of DFT.

In 1964, Hohenberg and Kohn proved the following theory [22]. This theorem is called
the Hohenberg-Kohn theorem. The total energy Ey of an electronic system without de-
generacy in the ground state is given by the function of the electron density ng(r) in
the ground state. n(r) that minimizes E gives the ground state of the system (energy

variational principle). That is, it can be represented by the following equation.
Ey = E[no(r)] (3:23)

Ey = Eng(r)] < En(r)] (3.24)

These theorems are mathematically warranted for their conceptual correctness and can be
considered fundamental theorems of quantum theory based on electron density. However,
from the Hohenberg-Kohn theorem, we could not know the concrete form of the functional.
In other words, the task was to develop functionals that give the correct minimum energy
expectations for kinetic energy and electron-electron interaction energy.

In 1965, Kohn and Sham jointly developed an electronic states calculation method based
on the Hohenberg-Kohn theorem to solve this problem [23]. The Kohn-Sham method is a
method for obtaining the lowest energy and the corresponding molecular orbital accord-
ing to the variational principle for the electron-electron interaction potential, which is a

function of electron density. Here, the energy function is given by the following equation.

En(r)]=T[n(r)] + % // :g‘g/n(r)drdr’ + Eyc [n(r)] +/th(r)n(r)dr (3.25)
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where T [n(r)] is the kinetic energy, the second term on the left side is the Hartree term
(Coulomb interaction), the third term on the left side is the exchange-correlation term,
and the fourth term on the left side is the external potential term. The second and third
terms on the left side are interactions between electrons. Considering the electron orbitals
¥, of the non-interacting system, the electron density n(r) can be described using the

electron orbitals ¥, as follows.

N N
=3 [wwwea =Y v (3.20

Consider the true kinetic energy by dividing it into Ty [n(r)] for a system without in-
teraction and the deviation from it. Furthermore, this deviation is squeezed into the
exchange-correlation term, and Eq.3.25 can be transformed using Eq.3.26 into the follow-

ing equation.

! /VH(r)n(r)dr+Exc [n(r)] +/Vewt(r)n(r)dr (3.27)

T, [n( Z/ r)V2,(r)dr (3.28)

where Vi (r) denotes the Hartree term. FE,.[n(r)] contains the kinetic energy deviation.
This approximation makes use of the independent electron approximation formulation
similar to the Hartree-Fock method for the kinetic energy rather than the electron density
functional. This simple modification is most important in the Kohn-Sham method [24].
With this method, the many-body problem becomes a monolithic problem. After all, the

simultaneous equations (Kohn-Sham equations) to be solved are as follows.

s veff<r>] W) = () (3.20)
eff / | 5?56 + ‘/emt(r) (330)

where the exchange-correlation functional potential is the first derivative of the exchange-
correlation energy functional with respect to electron density. The remaining problem is
what to adopt as the exchange/correlation functional. In this study, the DFT calculations
of (v/7 x v/3)-In and adsorbed (v/7 x v/3)-In on ZnPc were performed using the Local
Density Approximation (LDA) functional and the Generalized Gradient Approximation
(GGA) functional. The iterative approximation method is adopted as the method of

solving the equations.
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3.6 Photoemission Spectroscopy

In this study, using Angle-resolved Photoemission Spectroscopy (ARPES), we evaluate
the interaction and charge transfer between organic molecular films and (v/7 x v/3)-In.
This section describes the fundamentals of PES and ARPES.

3.6.1 Fundamentals of PES

When a material is irradiated with light, electrons are emitted due to the photoelectric
effect. PES is a method of measuring the energy and intensity distribution of photoelec-
trons, and by measuring the binding energy of electrons emitted from a certain electronic
state in a substance, it is possible to directly investigate the electronic states of a solid.

An energy diagram for PES measurements is shown in Fig.3.9. The lower left graph
shows the density of states of the sample. The upper right graph is the photoelectron
spectrum obtained by PES. When a photon with energy hv > ¢ is absorbed by a solid,
electrons in the solid with binding energy E} are excited, exceed the vacuum level F,,

and are emitted into the vacuum with kinetic energy Ej. (photoelectric effect). This

intensity
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Figure 3.9 Energy diagram of photoelectron excitation process in PES

measurement.
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emitted electron is called a photoelectron. PES measures the kinetic energy Fj of this
photoelectron. Assuming that the work function of the solid material surface is ¢, the

following energy conservation law holds.
Ek = hv — d) - Eb (331)

From Eq.3.31, if hv and ¢ are known, F} can be identified by measuring Fy. In other
words, measuring Fj means measuring the electron density of states of the sample. When
the sample is conductive, the energy can be specified with reference to the Fermi level
by grounding the sample. However, in the photoelectron spectrum actually observed,
electrons that are inelastically scattered due to the effects of multiple scattering, lattice
vibration, and plasmons appear in the background as secondary electrons. Therefore, in
discussing the peak position and intensity of the photoelectron spectrum obtained, it is
necessary to process the background due to the secondary electrons. In addition, the
escape depth of photoelectrons from the solid surface (mean free path of photoelectrons

in the solid) differs due to the difference in the energy hv of the incident photons.

3.6.2 Fundamentals of ARPES

ARPES can investigate the momentum dependence of electronic states by measuring
not only the kinetic energy Fj of the photoelectrons emitted from the sample but also the
momentum. A general measurement system of ARPES is shown in Fig.3.10. Among the
photoelectrons emitted in all directions in a vacuum by the photoelectric effect, only those
with a certain energy and momentum are detected by an electron analyzer. That is, the
kinetic energy Ej of photoelectrons emitted at the emission angles 8 and ¢ is measured.

Next, we describe the correspondence between the angle at which the photoelectrons
are emitted and the band dispersion of the sample. When the effective mass of the pho-
toelectron is m* and the kinetic energy is Ej, the wave vector K of the photoelectron
emitted at the angle 0 is given by
Yoo

h

In this case, the wavenumber vector K| in the perpendicular direction and the wavenum-

K = (3.32)

ber vector K| in the in-plane direction as viewed from the sample surface can be expressed

by the following equations.

2m*E V2m*E
K, = %cos@, K, = #sin@ (3.33)

On the other hand, when the internal potential in the crystal is Vj, the wave vector k of

the electron excited in the crystal is given by

2m* (Ek + Vb)

K, = -

(3.34)
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Figure 3.10 Schematic image of photoemission. (a) Schematic image of ARPES
measurement. (b) Schematic image of in-plane momentum conservation of photoelec-

trons.

The perpendicular k; and in-plane k| wavevectors of electrons excited in the crystal can

be expressed by the following equations.

2m* (E 20+ V; V2m*E
= v2m ( k;;os + Vo) cos b, k”:$sin0 (3.35)

ki

Comparing Eq.3.33 and Eq.3.35, we can see that the perpendicular wave vector k is not
conserved because it is affected by the internal potential during photoelectron emission.
On the other hand, the in-plane wave vector satisfies the in-plane translational symmetry

of the sample and is preserved, so the following equation holds.
Ky =k (3.36)

Generally, it is difficult to determine the band dispersion because the perpendicular wave
vector in the crystal and the perpendicular wave vector of the photoelectrons do not match.
However, since low-dimensional electron systems have no momentum in the perpendicular
direction, the band dispersion can be easily determined from Eq.3.36. The same is true

for the atomic-layer superconductor (\ﬁ X \/3)—In in this study.
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3.7 Experimental equipment

In this section, the experimental equipment used in my research will be introduced.

3.7.1 UHYV - LT - Transport

A schematic diagram and a photograph of the apparatus for transport measurements
used in this study are shown in Fig.3.11(a). The apparatus consists of a preparation cham-
ber (< 2.0 x 1078 Pa) for sample preparation and an analysis chamber (< 2.0 x 10!
mbar) with an integrated LT-transport unit RT-STM unit. Both chambers are kept in
UHV, and the experimental cycle of sample preparation, sample evaluation, and transport
measurement can be performed without breaking UHV. In the preparation chamber, it
is possible to degas the sample introduced from outside the chamber, clean Si substrate,
and prepare the sample by metal deposition. In addition, sample electrode fabrication
(subsection 3.4.2) and organic molecular deposition can also be performed. In addition,
LEED equipment is installed to characterize the prepared samples. The analysis chamber
incorporates RT- STM for further characterization of the surface structure of the sam-
ple. This STM applies a voltage to the probe and detects the tunneling current flowing
through the sample. Transport measurements are performed on the high-quality samples
characterized in the analysis chamber.

It is possible to cool down the transport head from room temperature to 1.7 K by
liquid helium flow and pumping using a variable temperature cryostat (ARS Helitran). To
prevent thermal radiation from room temperature, the transport head is surrounded by a
helium return cooled radiation shield and a liquid nitrogen shield, as shown in Fig.3.11(b).
A gold-coated spring probe is used as the terminal for transport measurement (Fig.3.11(c)).
Good contact with the sample is always maintained by the spring in the contact probes
and the contact resistance is less than several ohms even if the temperature changes. In the
transport measurement, the temperature dependence of the sample resistance is obtained
by running a current of + 1 uA while measuring the sample temperature and detecting the
voltage. In addition, the prepared samples can be transferred to other apparatus without

exposure to the atmosphere using a UHV suitcase (< 5.0 x 10~ mbar).
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Figure 3.11 Experimental setup of UHV-LT-transport measurement. (a)

Schematic diagram of the entire apparatus for UHV-LT-transport measurement.
Samples can be transported to another device without breaking the UHV by us-
ing a vacuum suitcase in the blue frame. (b) Schematic illustration of the transport
unit [25]. (¢) Photograph of the spring probes for electrical contact.
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3.72 UHV -L1LT - STM

In this study, we clarified thin film structures of organic molecules using LT-STM.
Fig.3.12(a,b) shows a schematic diagram and photographs of the low-temperature STM
apparatus used. This apparatus is based on the USM1200 manufactured by UNISOKU.
The apparatus also consists of two preparation chambers (< 7.0 x 1071 Torr) for sam-
ple preparation and an STM chamber (< 7.0 x 107!° Torr). UHV is maintained in all
chambers, and by directly transporting samples prepared and characterized in the prepa-
ration chamber to the STM chamber, “in-situ” observation at cryogenic temperatures
is possible. The preparation chamber allows degassing of samples and probes introduced
from outside the chamber, cleaning of Si substrates, and preparation of samples by metal
or organic molecule deposition. Surface analysis is also possible with LEED equipment.
STM measurements are possible at 78 K or 4.6 K by introducing liquid nitrogen or liquid
helium into the cryostat containing the STM equipment. The Nanonis SPM controller
from SPECS is used as a STM controller.

Load-lock

Mini
Preparation ~rEiEe
YChamber‘ - —

Chamber
m Evaporator

Figure 3.12 Experimental setup of UHV-LT-STM. (a) Schematic diagram of
the entire apparatus for UHV-LT-STM. (b) Photograph of apparatus for UHV-LT-
STM.
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3.7.3 Molecular evaporator

A self-made molecular evaporator was used for the organic molecule deposition.
Fig.3.13(a,b) show a schematic diagram and photographs of the molecular evaporator. A
quartz crucible is used in the molecular evaporator. A tungsten (W) wire (¢ = 0.3 mm) is
wound around the molecular crucible as a heating filament, and a DC current is applied
to the W filament to heat and sublimate the molecules. The molecular deposition was
performed in UHV (< 4 x 1078 Pa), and the sample temperature was kept at room tem-
perature during the deposition. The deposition amount was monitored using the quartz
crystal microbalance method (QCM). QCM parameters were set to z ratio = 1, density
= 1, tooling factor = 100 %. In molecular deposition using UHV-LT-Transport, we first
measured the molecular deposited sample using RT-STM and accurately estimated the
coverage from the obtained STM image. Next, by calibrating the coverage shown in the
QCM with that estimated from the STM image, only the QCM was used in subsequent

molecular deposition to deposit the desired amount.

molecules E—I—“I
POOOO O

Figure 3.13 Experimental setup of the molecular evaporator. Schematic
diagram (a) and photograph (b) of the molecular evaporator.
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Chapter 4 Effect of ZnPc
adsorption on atomic-layer
superconductors

Since many of the references in Chapters 4 and 5 overlap, they are summarized at the

end of Chapter 5.

4.1 Background

In this section, we first introduce (\ﬁ X \/§) -In, the subject of this study, citing pre-
vious studies. Next, we summarize the correlation between the effect of organic molecules

on (\ﬁ X \/§)—In and its superconducting properties.

top view side view

@ @ 0 O
O 0 o
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°>®
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Figure 4.1 Schematic illustrations of (\ﬁ X \/g)-In atomic structure. (a)
Top view and (b) Side view images. The red frame in (a) represent (v/7 x v/3)-In
unit cell. The black arrows indicate [112], [110] and [111] directions of the Si(111)

substrate.
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4.1.1 Atomic-layer superconductor (\/7 X \/3)-In

(\ﬁ X \/§) -In, a surface superstructure formed on a silicon substrate, can be regarded
as an atomic-layer material in which bulk In is made as thin as possible. Fig.4.1 shows
a structural model of (\ﬁ X \/?:) -In. (\ﬁ X \/3)—111 is considered to be two atomic-layers
of balk In(001) planes grown on a Si substrate and deformed to maintain consistency.
The unit cell has a long-period structure of (v/7 x v/3) for Si(111)-(1 x 1) (Fig.4.1(a), red
box). The atomic arrangement structure of (\ﬁ X \/g)—In has been well studied from both
experimental and theoretical perspectives, and this structural model is widely accepted
[1]-[3].

In general, surface superstructures exhibit physical properties that are very different
from those of the corresponding bulk crystals. Many of them exhibit semiconductor or
insulator-like electrical properties, depending on their structure [4, 5], even if composed
of metal atoms. However, as shown in Fig.4.2(a)(b), (v/7 x v/3)-In has a metallic band
structure and a large Fermi surface [1, 6, 7]. The Fermi surfaces of (v/7 x v/3)-In can be
broadly classified into two types [8]. The blue line in Fig.4.2(c) is called a butterfly-like
Fermi surface and is mainly composed of orbital hybridization between the In atomic-layer
just above the Si surface and the topmost Si surface. The red Fermi surface in Fig.4.2(c)
is called an arc-like Fermi surface, which originates from the atomic-layer of the topmost
In surface and consists of a free electron-like circular Fermi surface that is folded back
in the Brillouin zone. Both of the wave functions corresponding to these electrons decay

sharply in the Si substrate and are only about an atomic-layer wide in the perpendicular
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Figure 4.2 Electronic state of (\ﬁ X \/g)-In investigated by ARPES mea-
surements. (a) The band structure of (\ﬁ X \/g)—In [6]. (b) The Fermi Surface of
(\ﬁ X \/g)—In [7]. The blue line indicates the experimental data. The other color
lines indicate the theoretical calculation results. The Brillouin zone is indicated by
black broken lines. (c) The schematic illustration of the Fermi Surface of (\ﬁ X \/§)—
In [8].
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direction. In other words, this system forms an ideal two-dimensional electronic state at
the surface.

Recently, it was discovered that (\/7 X \/3)-In undergoes a superconducting transi-
tion upon cooling down to low temperatures. The observation of a superconducting gap
in (V7 x v/3)-In was reported by Zhang et al [9]. Fig.4.3(a) shows the dI/dV spectra
performed by STS with a superconducting probe. A peak structure characteristic of a
superconductor-superconductor (S-S) junction is observed, confirming the existence of a
superconducting energy gap and coherence peak near the Fermi level. The supercon-
ducting gap shape suggests that (\/7 X \/5)—111 is an s-wave superconductor with isotropic
attractive interaction between electrons [9, 10]. The temperature dependence of the super-
conducting gap shown in Fig.4.3(b) follows the BCS theory. Thus, the superconducting
gap measurement by STM can reveal the local electronic state of the superconductor. On
the other hand, even though the existence of a superconducting gap implies the formation
of Cooper pairs in local space, it does not necessarily mean that the Cooper pairs form

ordered states on a wide spatial scale. In 2011, transport measurements of (\/7 X \/3) -In
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Figure 4.3 Electrical properties of (\/7 X \/3)-In investigated by STM and
transport measurements. (a) dI/dV spectras of (v/7 x v/3)-In [9]. (b) Tem-
perature dependence of superconducting gap [9]. (¢) Temperature dependence of
resistance indicating superconducting transition [11].
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by Uchihashi et al. confirmed a phase transition to a zero-resistance state, indicating that
a coherent superconducting state can be realized even in atomic-layer materials [11].

The T. of (V7 x v/3)-In has been confirmed to be approximately 3 K [9],[11]-[14].
In general, T, is expected to be much lower in two-dimensional systems than in three-
dimensional systems due to localization and fluctuation effects caused by defects, but this
transition temperature is almost the same as that of bulk In, which is 3.4 K. This is due
to the fact that (\ﬁ X \/5)—In has very high crystallinity with little disorder, in addition
to being an atomic-layer material that is an extension of bulk In. As for other supercon-
ducting properties, the magnetic field response of the sheet resistance of (\ﬁ X \/g)—In
was measured by Yamada et al. and the GL coherence length {1, (0) was reported to be
25 nm [12]. The &g, ~ 47 nm is also estimated from the vortex observation by Yoshizawa
et al. On the other hand, since the effective in-plane magnetic field penetration length A
of a two-dimensional superconductor of thickness d is given by A, ~ \?/d, the magnetic
field penetration length A | of (\ﬁ X \/3)—In is estimated to be 4.4 mm [10, 11]. Therefore,
from &q(0) << Ay, (\ﬁ X \/3)—111 behaves as a type-II superconductor.

So far, we have presented various physical properties of (\ﬁ X \/§) -In. In summary,
(\ﬁ X \/g)—In is an atomic-layer superconductor with a well-defined atomic arrangement
and a two-dimensional Fermi surface. In the superconducting state, it behaves as a type-
Il s-wave superconductor according to BCS theory. This is convenient for studying the
characteristics of atomic-layer superconductors. There are unconventional superconduc-
tors, such as cuprate ones, but the mechanism of superconductivity in these materials
remains to be elucidated. However, (\ﬁ X \/g)—ln allows us to consider its properties
both theoretically and experimentally within the framework of BCS theory. In addition,
its well-known atomic structure and electronic structure allow for quantitative analysis.
Thus, (\ﬁ X \/3)—In is a useful platform for studying the general properties of atomic-layer

superconductors.

4.1.2 T, change of (\/7 X \/5)-11(1 by organic molecule adsorption

In general, atomic-layer superconductors are sensitive to surface and interface properties.
This property can be used to change the superconducting state. In bilayer graphene and
layered materials, superconducting transition and modulation of 7T, can be induced by
carrier doping through intercalation of alkali metals or application of gate voltage [15]-
[17]. However, in the case of metal atomic-layer materials formed on the substrate surface,
such a technique is not applicable because the deposited metal and gate electrodes destroy
the atomic-layer material structure itself. However, organic molecules can be adsorbed
without destroying the atomic-layer material because they interact with the metal surface

only weakly, such as by van der Waals forces. This allows carriers to be doped from organic
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molecules to the atomic-layer materials.

Yoshizawa et al. fabricated a metal phthalocyanine- (\ﬁ X \/3)—In heterostructure as
shown in Fig.4.4(a) and reported that the T, changes depending on metal-phthalocyanine
(MPc) coverage [18]. Fig.4.4(b) shows the results of CuPc adsorption; it can be seen that
the T, of (\ﬁ X \/§)—In increases as the amount of CuPc adsorption is increased. This
increase reaches a maximum at 0.8 ML, while above 1.2 ML, the T, decreases with the cov-
erage, indicating charge transfer between the CuPc film and (\ﬁ X \/§) -In, corresponding
to hole doping from CuPc to (\ﬁ X \/g) -In. Yoshizawa et al. claimed that the origin of
the T, increase is due to charge transfer effects within the framework of BCS theory. In

addition, Sagehashi et al. reported that the increase and decrease in T, caused by CuPc
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Figure 4.4 Electrical properties of (\ﬁ X \/g)-In and organic molecular film
heterostructures. (a) Schematic diagram of atomic-layer superconductor and or-
ganic molecular layer grown on a semiconductor substrate. (b) Temperature de-
pendences of the (v/7 x v/3)-In resistance modified by CuPc adsorption [18]. (c)
Temperature dependences of the (\ﬁ X \/g)—In resistance modified by MnPc adsorp-
tion [18]. (d) Electron and spin states of the coordinated metal ions of MnPc, CuPc

and ZnPc in an isolated system.
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adsorption correspond well with the amount of charge transfer estimated from ARPES
measurements [8].

On the other hand, when MnPc is adsorbed on (\ﬁ X \/5) -In, T, decreases and even-
tually superconductivity is completely suppressed (Fig.4.4(c)). This is believed to be
caused by the exchange interaction between the spin magnetic moment of MnPc and the
conduction electrons of (\ﬁ X \/g)—In. The suppression of superconductivity due to the
exchange interaction has also been observed in FePc thin ﬁlm—(\ﬁ X \/5)—In heterostruc-
ture [19, 20].

From the discussion so far, it seems that to increase the T, of the (\ﬁ X \/g)—In
superconductor, we should deposit an organic molecule that does not have a spin magnetic
moment and has a large hole doping. We note here that CuPc also has a spin magnetic
moment. Fig.4.4(d) shows the spin states of the d orbitals of the central metal ions of
MnPec, CuPc, and ZnPc in isolation; the spin states of MnPc and CuPc are S = 3/2
and 1/2, respectively. This means that if CuPc is adsorbed, T, may be lowered by the
spin magnetic moment. However, the spin magnetic moment of MnPc is perpendicular
to the surface, while that of CuPc is horizontal to the surface. Therefore, as shown in
Fig.4.5(a), the spin magnetic moment of CuPc adsorbed horizontally to the surface does
not affect (\ﬁ X \/5) -In just below the organic molecular thin film, and superconductivity
is suppressed only for MnPc adsorption. Intriguingly, T, was found to decrease in the
case of F14CuPc, which is expected to have a stronger acceptor property than CuPc and
a large amount of charge transfer. This can be attributed to the adsorption structure of
the organic molecules and the orientation of the spin magnetic moment: in the case of
F16CuPc, the spin magnetic moment is oriented horizontally, but as shown in Fig.4.5(b),
the adsorption is tilted rather than horizontal to the surface. Therefore, it is possible that
finite exchange interactions are at work and T, is reduced. In other words, the adsorption
structure of the molecule also has a significant effect on the change in 7.

Thus, previous studies suggest that “charge transfer effect,” “spin magnetic moment,”
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Figure 4.5 Schematic diagram of (a) CuPc and (b) FisCuPc adsorption
structures on (\ﬁ X \/g)-In [20].
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and “adsorption structure” contribute to the change in T,.. Among them, the suppression
of superconductivity by spin magnetic moment has been reported for MnPc and FePc,
and the experimental results can be explained by the spin states obtained by theoretical
calculations. On the other hand, the T, increase by the charge transfer effect (hole doping)
of organic molecules has been reported only for CuPc. In F14CuPc, which was expected to
have a greater effect, on the contrary, T, decreased. Although this can be explained by the
difference in the adsorption structure, an accurate understanding has not been obtained.
Therefore, it is not clear whether the origin of the T, increase can really be attributed to

charge transfer effects.

4.1.3 The purpose of this study

As mentioned in subsection 4.1.2, the T, increase in the organic molecule—(\ﬁ X \/g) -In
heterostructure was only observed when CuPc was adsorbed, and it is not clear whether
hole doping is the origin of T, increase. Therefore, the purpose of this study is to clarify the
correlation between the change in T, and the amount of charge transfer. As an organic
molecule to be adsorbed, we employed zinc phthalocyanine (ZnPc), which is the same
type of MPc and is expected to be free from spin effects (Fig.4.4(d))[21]-[23]. As shown
in Fig.4.6, the adsorption structure of ZnPc is expected to be the same as that of CuPc,
FePc, and MnPc since the central metal is only replaced by Zn. Therefore, there is no
need to consider the difference in T, change due to the adsorption structure. In other
words, we can focus only on the charge transfer effect without considering the effects of
spin magnetic moment and adsorption structure. Specifically, by comparing the amount
of charge transfer and 7T, change between the ZnPc adsorption system and the CuPc
adsorption system, the correlation between the two can be investigated.

In this study, we investigate the effect of ZnPc on (\ﬁ X \/3)—In atomic-layer super-

conductors by using the following experimental and theoretical methods: The adsorption
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Figure 4.6 Molecular structure of ZnPc [24].
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structure of ZnPc was investigated by STM measurements; the effect of ZnPc on the charge
transfer and electronic structure was evaluated using ARPES measurements; the charge
transfer effect and the presence of spin magnetic moment of ZnPc after adsorption were
investigated by ab initio calculations based on DFT. The density of states near the Fermi
level of (\ﬁ X \/§)—In was also determined by ab initio calculations. Transport measure-
ments were made to measure the change of T, with respect to the molecular coverage.
We compare the “adsorption structure”, “charge transfer”, “spin magnetic moment”,
and “Amount of change in T,.” obtained from these methods with previous studies and

comprehensively discuss the origin of the T, increase.

4.2 Sample preparation

In this study, three types of Si wafers with different doping levels were used for each
experiment. Non-doped Si wafers (resistivity p > 1000 Qm) were used in the transport
measurements to eliminate the influence of the substrate. By using non-doped Si, the
current does not flow in the Si substrate in the temperature range below about 30 K,
and we can focus only on the conduction characteristics of (\ﬁ X \/§) -In. On the other
hand, LT-STM and ARPES measurements used N-doped Si wafers with p < 0.01 Qcm
and p =1 — 5 Qcm, respectively.

In order to obtain a clean surface of Si(111), the Si substrate was flashed several
times at 1250 °C under a UHV environment. Fig.4.7(a) and Fig.4.7(b) show the results
of cleaning the non-doped Si(111) used in the transport measurements. From both the
LEED spots in Fig.4.7(a) and the STM image in Fig.4.7(b), the 7 x 7 structure, which is
the characteristic structure of the Si(111) clean surface, can be confirmed. Furthermore, In
was deposited on the cleaned Si(111) surface and annealed at about 300 °C for 10 seconds
to fabricate a (\ﬁ X \/3)—In structure. Fig.4.7(c) shows the LEED measurement results.
A 1x1 period derived from Si(111) and a (\ﬁ X \/§) period due to the In atomic-layer can
be confirmed (yellow frame). In addition, the RT-STM measurement results are shown
in Fig.4.7 (d). A (V7 x v/3)-In surface with few defects was confirmed. In the transport
experiments, (\ﬁ X \/3)—111, which has domains in three directions and has few defects on
the entire surface, was prepared and used.

ZnPc with a purity of > 98 % was adopted as the adsorbate and deposited onto the
sample from the crucible by a resistive heating method (see subsection 3.7.4). The ZnPc
coverage for transport measurements was estimated using STM measurements. Also, the
ZnPc coverage of the samples used in ARPES was estimated using QCM. One mono-
layer (ML) was defined as the coverage of one molecular film. All processes from sample

preparation to RT-STM and LEED were performed in a UHV environment.
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4.3 ZnPc molecular film structure on (\/7 X \/g)-In

surface

First, LT-STM was used to study the ZnPc adsorption structure on the (\ﬁ X \/§)_
In surface. The sample temperature during the measurement was 4.6 K, and a Ptlr-
tip was used. Fig.4.8(a) shows an STM image of the pristine (\ﬁ X \/3)—111 surface. A
surface structure corresponding to the (\ﬁ X \/§) period can be confirmed. The blue frame
indicates the unit cell of (v/7 x v/3)-In. Black arrows indicate the [112] and [110] directions

Figure 4.7 Sample preparations for transport measurements. (a) LEED
pattern (50 eV) at RT and (b) STM image (image size: 20 x 20 nm?, sample voltage:
Vs = — 1.5 V, tunnel current: I, = 300 pA.) at RT of Si(111)-7x 7. (c) LEED pattern
(90 eV) at RT and (d) STM image (image size: 200 x 200 nm?, sample voltage: V;
= — 1.5 V, tunnel current: I; = 300 pA.) at RT of (\ﬁ X \/§)—In.
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of the lattice vectors of the Si(111) substrate, obtained from atomic images of (\/7 X \/5)—
In [25]. Next, 0.5 ML of ZnPc was deposited and STM measurement was performed.
Fig.4.8(b) shows the STM image of the ZnPc molecular film grown on the (\/7 X \/5) -In
surface. The ZnPc films are regularly arranged in a square lattice. When the sample was
prepared again and the ZnPc coverage was further increased, the (\/7 X \/5)—In surface
was completely covered with one layer, as shown in the inset of Fig.4.8(b). Fig.4.8(c) shows
an STM image with molecular resolution. Lattice vectors [112] and [110] are rotated by
60° from Fig.4.8(a) due to the domain difference. The square lattice of ZnPc was found
to have a unit cell size of 1.4 x 1.4 nm? and to grow with the lattice vector rotated 45°
parallel to the [112] direction.

This structure is identical to those of previously reported MPc¢ molecular films (M =
Cu, Mn, Fe) grown on (\/7 X \/g)—In [18, 19]. Therefore, it can be seen that the ZnPc
molecular film is epitaxially grown as a result of the ZnPc unit cell matching well with the
period of the (V7 x v/3)-In surface. However, although they have the same adsorption
structure, the amount of charge transferred to the substrate surface is different in each
system, which may lead to different T, changes. Therefore, it is necessary to investigate

the amount of charge transfer between ZnPc and (ﬁ X \/5)—In in detail.

Figure 4.8 ZnPc molecular film structure on (v/7 x v3)-In. (a) STM image
of the pristine (\/7 X \/3)—In surface (5 x 5 nm?, Vi, = 0.5V, I; = 10 pA.). The blue
frame indicates the unit cell of (\/7 X \/5)—In. Black arrows indicate the [112] and
[110] directions of Si(111). (b)(c) STM image of ZnPc thin film grown on (v/7 x v/3)-
In. (b) ZnPc coverage 0.5 ML (200 x 200 nm?, Vs = — 2.0 V, I; = 10 pA). Inset:
ZnPc coverage 1.0 ML (200 x 150 nm?, Vi, = — 2.0 V, I; = 10 pA). (c) ZnPc thin
film structure (10 x 10 nm?, V, =—-20V, I, =10 pA). The blue arrows indicate the
unit vector, and the molecular lattice of ZnPc is rotated 45° from the [112] direction.

The cell size was 1.41 x 1.41 nm? and the angle was 90°.
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4.4 Fermi surface change of (\/7 X \/3)-In by ZnPc
adsorption

To determine the amount of charge transfer by ZnPc, the Fermi surface change of
(\ﬁ X \/3)—111 was investigated using ARPES. The ARPES measurements were carried
out in collaboration with Sakamoto Laboratory at Osaka University. ARPES measure-
ments were performed using laboratory-based equipment. All the measurements were
conducted in a UHV environment (< 108 Pa) and a sample is cooled down to 85 K. As
the light source, p-polarized He-I synchrotron radiation (hv = 21.2 eV) was adopted. In
addition, the energy resolution and wavenumber resolution of the hemispherical electro-
static analyzer in this ARPES measurements were set at 20 meV and 4 x 1073A~1,

First, we obtain a molecular orbital spectrum derived from ZnPc in order to confirm
that ZnPc is adsorbed on (\ﬁ X \/§)—In. For this purpose, SiOs was adopted as a sub-
strate. The reason is that 1) the interaction is expected to be weak, and 2) since there is
no state in the valence region, the molecular orbital spectrum of ZnPc can be confirmed
without being buried in the spectrum derived from the substrate. The results are shown
in Fig.4.9(a). In the molecular orbital spectrum of SiOs deposited with 1.2 ML of ZnPc,
peaks attributed to ZnPc can be confirmed at approximately 1.8 eV, 4.0 eV, 7.5 eV, and
9.0 eV. Here, the coverage rate of 1.2 + 0.4 ML indicates the coverage rate in case of

depositing on (\ﬁ X \/§) -In. Since the energy position of the molecular orbital spectrum
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Figure 4.9 PES measurements of ZnPc adsorption on SiO, substrate and
(V7 x /3)-In surface. (a) Molecular orbital spectrums before (yellow line) and
after (black line) ZnPc adsorption of 1.2 + 0.4 ML. Black arrows indicate molecular
orbitals of ZnPc. (b) Comparison of molecular orbital spectrums. Blue, green, and
red lines show the molecular orbital spectrums of 0 ML, 1.0 £+ 0.3 ML and 1.5 + 0.5
ML of ZnPc deposited on (\ﬁ X \/g)—ln, respectively. The gray dashed line indicates
the peak position derived from ZnPc.
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peak derived from ZnPc was found, ZnPc was actually deposited on (\ﬁ X \/g)—In and
the molecular orbital spectrum was measured. As shown in Fig.4.9(b), molecular orbital
spectra derived from ZnPc can be confirmed in both cases of 1.0 &+ 0.3 ML and 1.5 + 0.5
ML adsorption on (ﬁ X \/§) -In. Therefore, ARPES measurement also shows that ZnPc
is adsorbed to (\ﬁ X \/g)—In.

Then the Fermi surface was measured by ARPES. Fig.4.10(a) shows the result for
the pristine (\ﬁ X \/5)—In Fermi surface. The horizontal axis k. and vertical axis ky
correspond to the [110] and [112] directions, respectively. The Fermi surfaces obtained in
this experiment show good agreement with previous studies [6]-[8],[26, 27]. As mentioned
in 4.1.1, the Fermi surface of (\ﬁ X \/?:) -In consists of two parts. One is an arc-like Fermi
surface that can be confirmed between ky, = —1.3 A= and k, = —1.4 A1 in the left red
frame. The second is a butterfly Fermi surface identified from k, = —1.0 A-ltok, =—1.3
A~1. The arc-like Fermi surface is attributed to the two-dimensional free-electron metal
band [6, 7]. The structure confirmed in the k, > —0.98 A~! region is the result of folding
back of the Fermi surface in —1.4 A= < k, < —0.98 A=! at the Brillouin zone boundary.
Next, the Fermi surface of (\ﬁ X \/§)—In deposited with 1.0 & 0.3 ML and 1.5 & 0.5 ML
of ZnPc was measured. The ARPES results are shown in Fig.4.10(b) and (c), respectively.
The Fermi surface of (\ﬁ X \/3)—111 is maintained even after ZnPc adsorption. This result
indicates that the structure of (\ﬁ X \/§) -In is maintained even under the ZnPc molecular
film. The Fermi surfaces of the pristine (\ﬁ X \/§) -In and ZnPc-deposited (\ﬁ X \/§) -In
are not changed. This suggests that there is only a weak interaction such as a van der
Waals force between ZnPc and (\ﬁ X \/3)—111, not a strong interaction accompanied by
orbital hybridization.

If (\ﬁ X \/3) -In is doped with holes by ZnPc, the Fermi level shifts to lower energies,
and as a result, the free-electron arc-like Fermi surface shrinks [8, 18]. Therefore, the size
change of the arc-like Fermi surface before and after ZnPc adsorption was investigated.
Fig.4.10(d) shows Momentum Distribution Curves (MDCs) measured along the white
arrows in Fig.4.10(a), (b) and (c). The peak position error was estimated to be 0.007
A~1 by Cauchy-Lorentz distribution function fitting. Fig.4.10(e) shows the MDCs in the
yellow frame of Fig.4.10(d). The peak shift widths between the pristine and 1.0 + 0.3 ML,
1.5 + 0.5 ML were —0.0037 + 0.007 A=' and +0.00043 4+ 0.007 A~!, respectively. That
is, the sizes of the two Fermi surfaces are almost unchanged. Also, the k-space mapping of
the arc-like Fermi surface in Fig.4.10(e) was plotted. This clearly indicates that the Fermi
surface is not shifted by ZnPc adsorption, and that little charge is transferred from ZnPc
to (\ﬁ X \/g)-In. In contrast, the arc-like Fermi surface of (\ﬁ X \/g)—In hole-doped by
CuPc shrinks by up to 0.018 A~! in previous studies [8, 18].
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Figure 4.10 ARPES measurements of (\/7 X \/5)-In before and after ad-
sorption of ZnPc molecules. Photoelectron mapping of the (\/7 X \/§)-In
Fermi surface in momentum space before. (a) and after (b) adsorption of 1.0
4 0.3 ML and after adsorption of 1.5 + 0.5 ML ZnPc. The region encircled by the
dashed red lines indicates an arc-like Fermi surface. (d) MDCs obtained along the
white arrow (k, = 0 A™') in Fig.4.10(a-c) and peak positions of the arc-like Fermi
surface of (\/7 X \/g)—In (f) acquired for different ZnPc coverages. Solid red circles:
0 ML, open green circles: 1.0 £ 0.3 ML, solid blue squares: 1.5 £ 0.5 ML. (e) is the
MDC inside the yellow dashed frame in Fig4.10(d).

4.5 Estimation of charge transfer amount by ZnPc

adsorption

From the peak shift obtained by ARPES measurement, the amount of charge transfer

can be estimated as follows. Since the radius of the Fermi surface of (\/7 X \/§) -In is kg
= 1.417 A=, the area of the Fermi surface is given by

Sp = 7k: =6.305 A2 (4.1)

In addition, in the arc-like Fermi surface which is the object of peak shift in ARPES
measurement, the In layer of (\/7 X \/§)—In can be approximated to the In(001) surface.
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At this time, the area of the Brillouin zone of the In(001) unit cell is

Spy = 22 3007 A2 (4.2)
Qg Gy

where a, = 3.200 A and a, = 3.325 A are given as lattice constants of [110] and [112].

Therefore, the number ny, of conduction electrons per In atom is obtained as follows.
Nip = Sk = 1.700 (4.3)

Spz
Assuming that the charge transfer reduces the Fermi radius by Akg, the number of con-
duction electrons n’,, per In atom after charge transfer is given by the following equation.
2
Ny = W (4.4)
Therefore, the change in the number of conduction electrons per In atom due to charge
transfer Any,, is
Anp, =np, —nh, = mﬁnm (4.5)
kr

where the quadratic term in Akr has been neglected. Therefore, using the peak shift
width Akp = — 0.0037 4+ 0.007 A~! when 1.0 ML of ZnPc was deposited by ARPES
measurement, Anyr, = — 0.0089 + 0.0168 e. Furthermore, considering that the surface
density ratio of Pc molecules and In atoms is 0.028 [18], the amount of charge transfer per
molecule is An,,o = — 0.32 & 0.6e. On the other hand, when 1 ML of CuPc is deposited,
similar calculations using Akp = — 0.018 + 0.004 A~ yield Anj, = — 0.043 + 0.009 e,
Any,or = — 1.53 £ 0.32 e. Thus, it can be seen that the hole doping in the case of CuPc

is clearly larger than that in the case of ZnPc.

4.6 Estimation of charge transfer and spin magnetic
moment by the ab initio calculations

Using the ab initio calculations, the amount of charge transfer between ZnPc and
(\ﬁ X \/5)—In and the magnitude of the molecular spin magnetic moment were evaluated.
ZnPc has no spin in isolation. However, in general, organic molecules adsorbed on metal
substrates change their electronic state in the isolated state by interactions with the sub-
strate [28]. Therefore, ZnPc may also have a spin magnetic moment after adsorption. The
ab initio calculations for ZnPc-adsorbed and CuPc-adsorbed (\ﬁ X \@)—In were carried
out as joint research by Minamitani Laboratory, Osaka University. Charge transfer and
spin magnetic moment were calculated by the following method. DFT-based ab initio cal-

culations were performed using the plane wave-based Vienna ab initio simulation package
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(VASP) with the projected augmented wave (PAW) method [29, 30]. The (V7 x v/3)-
In structure was obtained by optimizing a slab consisting of two In layers [1, 27] and
hydrogen-terminated Si(111) 8 layers. The structural optimization was performed until
the force acting between individual atoms was less than 0.02 eV/ A. The charge transfer
between the ZnPc molecule and the (\ﬁ X \/§)—In was estimated from the Bader analysis
of the ab initio calculation results.

Fig.4.11 shows the differential charge distribution calculated by the ab initio calcu-
lations. Here, the differential charge distribution was defined as the difference between the
charge density of the surface on which the molecule was adsorbed and the charge density
of the original surface and the molecule. Fig.4.11(a) shows that electrons are accumulated
in the interface region of ZnPc. Accumulated electrons are localized just below the central
metal of ZnPc. Thus, finite charge transfer exists due to the adsorption of ZnPc in the
ab initio calculations. The charge increase per ZnPc molecule was An,,, = — 0.76 e.
Fig.4.11(b) also shows the differential charge distribution when CuPc is adsorbed. As in
the case of ZnPc, electrons are accumulated in the interfacial region just below the central
metal of CuPc. The amount of charge transfer was An,,,; = — 1.6le. From the above
results, it was found that the charge transfer amount by ZnPc was 47 % of that by CuPc
in the ab initio calculations. Although this is quantitatively different from the ARPES
result, it is qualitatively consistent in that the amount of charge transfer is clearly smaller
in the case of ZnPc than in the case of CuPc.

The spin magnetic moment m, of ZnPc after adsorption on (\ﬁ X \/g)—In obtained

o
© 00 00O
© 00 000 O

Figure 4.11 Spatial distribution of difference charge (a) ZnPc and (b) CuPc
adsorption on (\ﬁ X \/g)-In surface. The yellow and light-blue colors correspond
to positive and negative charges, respectively. The isosurface value is 0.01 e/Bohr?®

for two cases.
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by the ab initio calculations was 0.00 pup (up : Bohr magneton). That is, ZnPc does not
have a spin magnetic moment even after adsorption. On the other hand, the spin magnetic
moment after adsorption of CuPc was found to be mgs = 0.29 pup from a previous study
[26]. However, as described in subsection 4.1.2; since the magnetic moment m associated
with the In atomic-layer is m = 0.00 pp, exchange interaction doesn't work between the
conduction electrons of (\ﬁ X \/3)—11& and the spins of CuPc. In other words, it is not
necessary to consider the effect of spin on superconductivity when either ZnPc or CuPc is
adsorbed.

Summarizing the results of ARPES and the ab initio calculations, the amount of
charge transfer from ZnPc is smaller than that from CuPc. Therefore, if the increase in T
due to CuPc adsorption is due to hole doping, the increase in T, due to ZnPc adsorption
is expected to be smaller than that of CuPc. Moreover, considering that there is no

suppression of superconductivity by spin, it is expected that T, will hardly change.

4.7 1. change due to ZnPc adsorption

Transport measurements were performed to clarify the effect of ZnPc adsorption on 7.
A shadow mask was used for the electrode preparation of the sample. The unmasked
In layer surface was sputtered with an Art beam (E = 200 eV) to limit the current
area through the sample (see subsection 3.4.2). A gold-coated spring probe for four-
terminal measurement was pressed against the electrode area of the sample, and the
resistance temperature dependence of the sample was measured while cooling to 1.7 K
by liquid helium pumping. First, transport measurements were performed on the pristine
(\ﬁ X \/5)—111, then ZnPc was sub-ML deposited and measured again. This cycle was
repeated until the coverage § = 1.5 ML.

Fig.4.12(a) plots the sheet resistance temperature dependence of the sample for each
ZnPc coverage. The pristine (\ﬁ X \/3) -In (red line) showed a sharp decrease in resistance
at low temperatures. This indicates a superconducting transition and T of this sample was
determined to be 2.81 K by fitting with a theoretical formula that incorporates fluctuations
in two-dimensional superconductivity. As the coverage of ZnPc was increased, T, tended
to increase until the coverage 8 < 1.0 ML. T, increased up to 3.13 K at coverage § = 1.0
ML (blue line). On the other hand, when the coverage 6 = 1.5 ML (light blue line), 7.
decreased (7. = 3.10 K) compared to that in the case of coverage § = 1.0 ML. In addition,
in the case of the pristine (\ﬁ X \/§)—In, the resistance abruptly approaches 0 €2, whereas
the resistance change becomes broad at the coverage § = 0.6 ML or more. This suggests
that ZnPc adsorption made T, spatially non-uniform, but the detailed cause is unknown.
Here T, is close to the maximum value determined by fitting Eq.3.20 (see subsection 3.4.3)

and considered.
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Fig.4.12(b) plots the change in T, of (\ﬁ X \/g)—In depending on the coverage of
ZnPc. Data for CnPc were also plotted for comparison [18]. Here, AT, = T.(0) — T.(0
= 0) is defined. The behaviors of AT, of ZnPc and CuPc are similar in that they tend
to increase up to a coverage # = 1 ML, and that AT, tends to decrease above 1 ML.
Nevertheless, the adsorption of ZnPc clearly increased T, more than the case of CuPc.
The maximum 7, increase was 0.32 K in ZnPc adsorption. This corresponds to 11 % of
T, for (\ﬁ X \/g)—In. Also, this is 2.7 times greater than the maximum 7T, increase of
0.12 K for CuPc. Unexpectedly, T, of (\ﬁ X \/3)—111 was increased by ZnPc adsorption,
although the charge transfer effect was almost non-existent. Table 4.1 summarizes the
increase in T, and the amount of charge transfer due to ZnPc obtained in this study and
CuPc obtained in previous studies. As is clear from Table 4.1, the change in T, does not
match the behavior expected from the amount of charge transfer (hole doping). In other

words, it was clarified that the origin of the T, increase was not the charge transfer effect.

4.8 Discussion

To clarify the origin of T, enhancement, this section discusses three things: 1) the effect
of hole doping on (\ﬁ X \/3)—111, 2) correlation between AT, and the amount of hole
doping in CuPc and ZnPc, 3) mechanism of 7, increase in (\ﬁ X \/3)—111 by ZnPc and
CuPc adsorption.
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Figure 4.12 Transport measurements of (\ﬁ X \/ﬁ)-In before and after ad-
sorption of ZnPc molecules. (a) Temperature dependences of the sheet resistance
of (\ﬁ X \/5)—In acquired for different coverages of ZnPc. The dashed lines are the
fits to thermal fluctuation theories of 2D superconductivity. (b) Variation of AT, as
a function of ZnPc coverage (solid red circles/squares). The result of the previous

experiment using CuPc [18] is also plotted (open blue circles/squares).
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Table 4.1 List of the maximal changes in 7. (A7T.) and charge
transfers(An.,.;) induced by ZnPc and CuPc molecules. The negative sign

of An,er corresponds to electron transfer from the In layers to the molecule.

physical quantity —method ZnPc CuPc
AT, [K] transport 0.32 0.12
Anpor [€] ARPES —0.314+0.59 —1.51+0.32
Ao €] ab initio calc. —0.76 —-1.61

First, the effect of hole doping on (\ﬁ X \/3)—111 is investigated. From BCS theory,
T, is expressed by the following equation [31].

hw, 1
T, =113 S 46
ko eXp( N(EF)V> (4.6)

where w, is the Debye frequency of phonons, N(FEr) is the density of states per unit
volume at the Fermi level, and V is the attractive potential between electrons. From
Eq.4.6, if hole doping increases N(Ep) of (\ﬁ X \/g)—ln, the origin of the T, increase
should be the charge transfer effect. According to the energy dependence of the density
of states of (\ﬁ X \/5)-111 calculated by Park et al., hole doping reduces the density of
states [1, 2]. However, the degree of contribution of each orbital of (v/7 x v/3)-In to
superconductivity is unknown. Therefore, the projected density of states (PDOS) of each
orbital in each layer of (\ﬁ X \/g)—In were calculated. The calculation conditions are
as follows. The Quantum ESPRESSO package was used for DFT calculations [32]. The
extended plane wave method was adopted, and the local density approximation (LDA) was
used for the exchange-correlation function. The structure of (\ﬁ X \/§) -In was modeled
by repeating slabs consisting of two In layers, a hydrogen-terminated Si(111) 6 layer, and
a 3 nm-thick vacuum region. The cut-off energy of the wavefunction is 680 eV, and a
6 x 8 x 1 k-point mesh is used for the Brillouin zone. The structure was optimized so
that all forces on individual atoms were less than 2.6 x 1073 eV /A, without considering
spin-orbit interactions. PDOS were calculated using the optimized structure.

Fig.4.13(a) shows the PDOS of each orbit in each layer. These PDOS were obtained
by calculating the PDOS of the In atoms in the slab and integrating them for each In layer.
It can be seen that the p-orbitals and s-orbitals of the In 1st layer and the p-orbitals of
the In 2nd layer all reduce PDOS by hole doping. The arc-like Fermi surface is derived
from the In 1st layer p-orbital and the In 2nd layer p-orbital, while the butterfly-like Fermi
surface is derived from the 1st layer s-orbital, the In 2nd layer p-orbital, and the Si surface
p-orbital [7, 8]. So hole doping reduces N(EF) on both Fermi surfaces. In other words,
it can be interpreted that the charge transfer by CuPc reduces the N(Er) and causes a

decrease in T..
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Based on the fact that hole doping lowers T, the difference in T, increase between
ZnPc and CuPc is considered. Assuming that there is a common cause of T, increase
other than carrier doping in the adsorption of CuPc and ZnPc, it is possible to explain
the experimental fact that the increase in T, is small in CuPc with a large hole doping
amount. If this assumption is correct, when ZnPc is adsorbed, there is almost no decrease
in N(EFr) due to hole doping, which is a factor that lowers T.. On the other hand, in the
case of CuPc, hole doping reduces T, canceling the increase in T, due to other factors.
As a result, it is considered that T, increased more in the case of ZnPc adsorption than
in the case of CuPc adsorption.

So what is this common cause that raised 7.7 What is important is that the increase
in T, is not due to the charge transfer effect and that it is a factor common to both
ZnPc and CuPc. Here, it is hypothesized that the origin of T, enhancement is the push-
back effect of organic molecules. In general, the finite potential barrier in the metal
surface causes the electron wave function to leak into the vacuum side, and the electron
density near the nucleus decreases accordingly. However, when the organic molecules are
physically adsorbed to the metal substrate, the exuded electrons are pushed back toward
the metal nucleus by Pauli repulsion with the electron orbits of the organic molecules.
This is called the push-back effect, and is a universal phenomenon observed in many
systems [33]. In particular, the push-back effect is expected to work strongly for molecules

such as MPc, which have a planar shape that adsorbs flat to the substrate and have a
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Figure 4.13 Energy dependence of DOS of (\ﬁx \/3)-In obtained by ab
initio calculations. (a) DOS projected onto individual orbitals of In atoms. Black
solid/dashed lines: p-orbitals of the first (top) and second (bottom) In layers. Red

(gray) solid/dashed lines: s-orbitals of the first and second In layers. (b) Summation
of PDOS in (a).
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7 orbital with an orbital perpendicular to the sample surface. By depositing ZnPc or
CuPc, the leaked electrons from the In surface are pushed back to the vicinity of the In
nucleus and the electron density near the In nucleus increases (Fig.4.14). As a result, the
density of states per unit volume N(Fr) and the attractive potential between electrons
V' are increased, and thus 7, is considered to have increased. It has been reported that
in intercalation compounds of alkali metals and graphite, when the lattice spacing of
graphite decreases, the density of electrons responsible for the intercalation band near
the lattice increases, resulting in increased electron-phonon interaction and higher T, [34,
35]. A similar phenomenon is thought to occur in surface systems by organic molecular
adsorption.

The amount of change in T, can be expressed by the following equation using Eq.4.6.

dT. 1 av
e —— ) 2= 4.7
Since the typical value of N(Ep)V in BCS superconductors is 0.2 [31], increasing 7,
from 2.81 K to 3.13 K requires a 2 % increase in N(Er)V. This is considered to be a

realistic value. However, it is difficult to obtain this value from the first principle, and

verification of this hypothesis is a future task.
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Figure 4.14 Schematic diagram of push-back effect by MPc adsorption.
Electrons penetrating into the vacuum region are pushed back to the metal side by
Pauli repulsion, resulting in an increase in DOS per unit volume and electron density
near the metal lattice.
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4.9 Conclusion

In this chapter, we report transport measurements of (\ﬁ X \/3)—In adsorbed with ZnPc
and show that ZnPc adsorption increases the T, by up to 11 %. This value exceeds the pre-
viously reported increase in T, due to CuPc adsorption. Furthermore, STM measurements
confirmed that the film structure of ZnPc is the same as that of MPc in previous studies.
On the other hand, ARPES measurements and ab initio calculations show that the amount
of charge transfer by ZnPc is clearly less than that by CuPc. These experimental facts
indicate that the charge transfer between (\ﬁ X \/g)-In and organic molecules is not the
origin of the T, increase. Rather, the energy dependence of the PDOS of (\ﬁ X \/g)—In
obtained by ab initio calculations suggests that hole doping by organic molecules low-
ers the T, of (\ﬁ X \/g)—In. In this study, we propose the push-back effect by organic
molecules as the origin of the T, increase. The push-back effect is a universal effect in
adsorption systems on surfaces, which explains why the T, increases for both CuPc and
ZnPc adsorption. Our results provide important clues to understanding the modulation

of T, observed in various other surface/interface atomic-layer superconductors.



Chapter 5 Effect of PTCDA

adsorption on atomic-layer
superconductors

5.1 Background and the purpose

As introduced in Chapter 4, atomic-layer superconductivity is affected by the adsorption
of organic molecules in various ways. Conventionally, charge transfer and spin magnetic
moment were considered to be the two main factors affecting T, due to organic molecule
adsorption, but the results of the research in Chapter 4 reveal that other effects such as
push-back effects must also be considered. On the other hand, the adsorption structure
of organic molecules is also expected to affect superconductivity through effects such as
potential modulation of conduction electrons. Although previous studies [20] have dis-
cussed the effect of adsorption structure on 7., the spin magnetic moment is involved in
this phenomenon, which complicates the issue. Therefore, in order to investigate the influ-
ence of adsorption structure, it is desirable to use organic molecules that have a different
structure from MPc and do not have spin.

In this study, 3,4,9,10-Perylenetetracarboxylic dianhydride (PTCDA) was chosen as
an organic molecule to clarify the effect of the adsorption structure of organic molecules
on the T, of atomic-layer superconductors. PTCDA is suitable for this purpose because
it does not have a spin magnetic moment, so there is no need to consider the effect of

exchange interactions on superconductivity.
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Figure 5.1 Molecular structure of PTCDA [36].
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The molecular structure of PTCDA is shown in Fig.5.1 [36].PTCDA is a flat organic
molecule with a two-fold symmetric structure and acid anhydride groups at both ends.
PTCDA generally adsorbs flat to the substrate surface and forms various film structures
due to competition between molecule-substrate and intermolecular interactions [37]-[42].
Intermolecular hydrogen bonding due to acid anhydride groups has been pointed out as
the reason for the various structures [37]. In other words, strong directional interactions
between molecules, including the influence of the substrate, result in the appearance of
various structures. Fig.5.2(a) shows an STM image of a typical film structure of PTCDA
[38]. This zigzag structure is called a herringbone structure and appears when the in-
termolecular substrate effects are weak, similar to the bulk phase. On the other hand,
square structures, which are stabilized by intermolecular substrate interactions, have also
been identified (Fig.5.2(b)) [37, 39]. Furthermore, the coexistence of square and herring-
bone structures has also been confirmed, and it has been reported that the herringbone
structure is modulated at the boundary to fit the square structure (Fig.5.2(c)) [37]. Thus,
PTCDA exhibits a variety of structures depending on molecular symmetry and hydrogen

bonding by acid anhydride groups.

Figure 5.2 Molecular thin film structure of PTCDA. (a) STM image of
PTCDA herringbone structure on Pb/Si(111) [38]. (b) STM image of PTCDA square
structure on Ag/Si(111). (¢) STM image of the mixture of PTCDA herringbone and
square structure on Ag/Si(111). (b) and (c) were quoted from [37].
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5.2 Sample preparation

The (\ﬁ X \/§)—In samples were prepared in the same method as for transport, STM
and ARPES measurements (see Section 4.3). PTCDA with a purity > 98 % was adopted
as the adsorbed molecule. The deposition method is also the same as in Chapter 4.
The coverage of PTCDA in the samples used for transport measurements was estimated
using STM measurements. Also, the PTCDA coverage of the sample used in ARPES was
estimated by fitting with Eq.5.1 from In 4d core level spectroscopy,

T=Tyexp (-i) (5.1)

where Iy, I,t, and A\ denote the photoelectron intensity on the clean surface, the pho-
toelectron intensity after adsorption, the film thickness, and the photoelectron mean free
path in PTCDA, respectively. The value of the mean free path (A = 6 A) was taken

from Ref.[43]. One monolayer (ML) was defined as the coverage that completely covers

(V7 % V3)-In.

5.3 1. change due to PTCDA adsorption

Transport measurements were performed to clarify the effect of PTCDA adsorption on
T.. The same method as in Chapter 4 was adopted for the sample electrode preparation
and measurement method.

Fig.5.3(a) plots the temperature dependence of the sample sheet resistance for each
amount of adsorbed PTCDA. The T, of the pristine (v/7 x v/3)-In (red line) was 2.84
K. As the PTCDA coverage was increased, a marked decrease in T, was confirmed, and
it decreased to T, = 1.96 K at a coverage § = 0.9 ML (blue line). In addition, the
normal resistance value R,, of the sample increased remarkably in the temperature range
T > T.. This R,, was obtained by fitting Eq.3.20 (see subsection 3.4.3). R, of the pristine
(\ﬁ X \/g)—In was 29.0 2, but as the coverage increased, it decreased exponentially to 83.7
Q) at coverage 6 = 0.3 ML and 230.1 2 at # = 0.6 ML. and reached 1048.6 €2 at § = 0.9 ML.
Fig.5.3(b) shows the temperature dependence of the sheet resistance of the sample when
the coverage is increased to # = 1.9 ML. The sheet resistance increases with decreasing
temperature and exceeds 57.5 k€2 at T = 1.8 K. This trend was reproduced when the
same experiment was repeated with a different sample. These results are summarized
in Fig.5.3(c). It can be confirmed that the resistance value increases remarkably as the
PTCDA coverage increases from the pristine (\ﬁ X \/g)—In. Generally, the critical sheet
resistance of the superconducting-insulator transition in a general two-dimensional system

is given by the following equation [48].
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h
R, = —5 = 6.45 kQ 5.2
102 (5:2)

Therefore, it is likely that the increase in the sheet resistance changed the conductive
properties to that of an insulator.

Fig.5.3(d) and (e) plot the changes in R, and 7. of (v/7 x v/3)-In as a function
of the coverage of PTCDA. Data for ZnPc adsorbed (\ﬁ X \/3)—In are also plotted for
comparison [see Chapter 4|. R, at PTCDA coverage §# = 1.9 ML was taken from the
normal resistance 57.5 k) at 1.8 K. With ZnPc, the increase in R, was about 39 %
when 1.5 ML was adsorbed, but with the adsorption of PTCDA, it increased about 2000
times from R,, = 28.9 2 of the pristine (\ﬁ x /3)-In. In addition, as shown in Fig.5.3(e),
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Figure 5.3 Transport measurements of (\ﬁ X \/g)-In before and after ad-
sorption of PTCDA molecules.(a) Temperature dependences of the sheet resis-
tance of (\ﬁ X \/g)—In acquired for different coverages of PTCDA. The dashed lines
are the fits to thermal fluctuation theories of 2D superconductivity. (b) Temperature
dependences of the sheet resistance of PTCDA (1.9 ML) on (V7 x v/3)-In. In (c),
the results of (a) and (b) are plotted together. The y-axis is a log scale. (d) Variation
of R, as a function of PTCDA coverage (solid orange circles/ squares). The result
of the previous experiment using ZnPc [Chapter.4] is also plotted (open red circles/

squares). (e) Variation of AT, as a function of PTCDA coverage and ZnPc coverage.
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adsorption of PTCDA causes a rapid decrease in T,.. The results of this experiment suggest
that the adsorption of PTCDA introduces disorder in (\ﬁ X \/g)—ln, which increases the
sample resistance and suppresses superconductivity. This result is unexpected since only
weak interactions such as van der Waals forces generally work between organic molecules
and metal surfaces. To elucidate the cause, it is necessary to obtain information on charge

transfer and chemical bonding associated with PTCDA adsorption.

5.4 Charge transfer and chemical bonding between
PTCDA and (V7 x v/3)-In

Photoelectron spectroscopy measurements were performed to evaluate charge transfer
and chemical bonding between PTCDA and (\ﬁ X \/§)—In; the former from the change
of the Fermi surface of (\ﬁ X \/3)—111 due to PTCDA adsorption and the latter from the
shift of the core level of In, O, C atoms composing the top surface of (\ﬁ X \/3)—111 and
PTCDA. Measurements were carried out at the Sakamoto laboratory of Osaka University
as joint research. All measurements were performed at a sample temperature of 20 K
under a UHV environment (< 1078 Pa) using the Bloch beamline owned by MAX IV, a
synchrotron radiation facility in Sweden. Synchrotron radiation with an energy of 650 eV
in the X-ray region was used for core-level measurements of O 1s and C 1s of PTCDA, and
synchrotron radiation with an energy of 40 eV in the ultraviolet region was used for other
measurements. The energy resolution and wavenumber resolution of the hemispherical
electrostatic analyzer in ARPES measurements are 5.5 meV and 0.0025 A~

As mentioned above, the adsorption of PTCDA greatly increased the resistance of
(\ﬁ X \/g)—In and strongly suppressed superconductivity. Therefore, we first measured
the Fermi surface of (\ﬁ X \/g) -In after PTCDA adsorption by ARPES and investigated
whether the structure of (v/7 x v/3)-In was retained. Fig.5.4(a) is the pristine (v/7 x v/3)-
In Fermi surface. Two Fermi surfaces, arc-like and butterfly-like Fermi surfaces, can be
confirmed. Fig.5.4(b) shows the arc-like Fermi surface after PTCDA adsorption for 0.6,
1.1 and 2.0 ML. There is no significant change in the Fermi surface at all adsorption
amounts other than the background increase due to molecular adsorption. In other words,
the structure of (\ﬁ X \/g)-In is maintained even when PTCDA is deposited up to 2.0
ML, suggesting that there is no chemical bonding due to orbital hybridization.

The charge transfer was estimated from the size change of the arc-like Fermi surface.
Fig.5.4(c) shows the MDCs measured along the black arrows in Fig.5.4(b) for each cov-
erage. Peaks due to the arc-like Fermi surface can be confirmed at about k, = + 0.46
A1 for all coverages. Fig.5.4(d) shows the MDCs within the gray box in Fig.5.4(c),
where this peak slightly shifts as the coverage of PTCDA increases. The shifts from the
pristine (v/7 x v/3)-In were —0.0022 =+ 0.0005 A=! (0.3 ML), —0.0030 + 0.0002 A~*
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(0.6 ML), —0.0048 4+ 0.0025 A~! (1.1 ML), —0.0103 + 0.0002 A~! (2.0 ML). These
errors were determined by function fitting. At 2.0 ML, where the maximum peak shift
Akp = —0.0103 £ 0.0020 A~!, the charge transfer per molecule An,,o is —0.89 + 0.17
e (see Section 4.6). Here, we assumed that only the molecules directly above the In layer
contribute to the electric field transfer. This hole doping amount corresponds to 58 % of
the value obtained for CuPc adsorption.

Fig.5.5(a) shows the photoelectron intensity of the (\ﬁ X \/g)—ln sample measured
by varying the coverage of PTCDA. In addition to the peak near 1 eV observed in the
pristine (\ﬁ X \/§) -In, a new peak can be confirmed at the energy position indicated by
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Figure 5.4 ARPES measurements of (\ﬁ X \/3)-In before and after adsorp-
tion of PTCDA molecules.(a) Photoelectron mapping of the pristine (\ﬁ X \/3)—
In Fermi surfaces which consist of arc-like and butterfly-like Fermi surface in mo-
mentum space. (b) Photoelectron mappings of arc-like Fermi surface acquired for
different PTCDA coverages. (c) MDCs obtained along the black arrow (k, = 0 A=1)
in (b). Solid red circles: 0 ML, open orange circles: 0.3 ML, solid green squares:
0.6 ML, open blue squares: 1.1 ML, solid purple triangles: 2.0 ML. (d) is the MDC
inside the grey dashed frame in (c).
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the dotted line. Since this peak intensity increases as the amount of adsorption increases,
it is assigned to the molecular orbital of PTCDA. The energy at the peak position shows
good agreement with previous studies [44]. No peak shift occurred at a coverage of 0 ML
< 6 < 2.0 ML, and a new electronic state due to orbital hybridization between PTCDA
and (\ﬁ X \/§) -In could not be confirmed.

Finally, core-level measurements were performed. Fig.5.5(b-d) show results for In 4d,
O 1s and C 1s core-level measurements. As can be seen in Fig.5.5(b), the In 4d spectra

did not shift after PTCDA adsorption, indicating the absence of chemical bonding at the
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Figure 5.5 PES measurements of PTCDA adsorption on (\ﬁ X \/3)-In sur-
face.(a) Molecular orbital spectra. Grey dashed lines indicate molecular orbitals of
PTCDA. (b) In 4d core-level spectra for (v/7 x v/3)-In adsorbed PTCDA layers of
different thickness. (c¢) O 1s and (d) C 1s core-level spectra for PTCDA layers of
different thickness on (\ﬁ X \/g)—In surface. Grey dashed lines indicate core-level
peaks. Solid red circles: 0 ML, open orange circles: 0.3 ML, solid green squares: 0.6
ML, open blue squares: 1.1 ML, solid purple triangles: 2.0 ML, open black triangles:
5.0 ML.
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In atoms. On the other hand, two peaks at the O 1s of PTCDA were confirmed. The peak
at approximately Ep = 534 eV corresponds to O double-bonded to C, and the peak at
approximately Fp = 531 eV corresponds to O single-bonded to C. Compared to 5.0 ML,
both two peaks were shifted to the lower binding energy side at coverage below 2.0 ML,
where interaction between molecules and substrates may occur. Similarly, C 1s spectra
were also observed to shift below 2.0 ML. However, these are due to the electron doping
of PTCDA by charge transfer effects and the process of energy loss due to the interaction
with the outer shell electrons when the photoelectrons are emitted, not due to chemical
bonding [49].

These results are summarized as follows. 1) The (\ﬁ X \/3)-In structure is retained
after PTCDA adsorption. 2) There is a charge transfer of An,,,; = —0.89 £ 0.17 e per
molecule. 3) There is no chemical bond between PTCDA and the topmost In atoms, and
the PTCDA thin film is physically adsorbed on (\ﬁ X \/g)—In.

5.5 PTCDA molecular film structure on (\/7 X \/3)-In

surface

In order to investigate the cause of the rapid increase in sample resistance due to
PTCDA, which was mentioned in Section 5.3, we measured the molecular film structure
using LT-STM. LT-STM was used as the equipment. The sample temperature during the
measurement was 78 K and 4.7 K, and a Ptlr-tip was used. There was no difference in
the PTCDA molecular film structure depending on the sample temperature.

Fig.5.6(a) shows an STM image of a PTCDA thin film (0.8 ML) grown on the
(\ﬁ X \/g)—In surface. As can be seen from the dotted line, the PTCDA thin film tends
to grow in the direction of the Si(111) crystal axis. It is suggested from the STM image,
that PTCDA thin films with two different heights are grown on the same terrace. These
correspond to the first layer (within the red dotted line frame in Fig.5.6(a)) and the second
layer (within the blue dotted line frame in Fig.5.6(a)) of the PTCDA thin film. Fig.5.6(b)
shows the height profile measured on the black arrow in Fig.5.6(a). The heights of the first
and second layers of the PTCDA thin film are 20 pm and 240 pm, respectively, compared
to the (\ﬁ X \/?:)-In surface. In the STM image, the first layer appears to be about the
same height as the surrounding (\ﬁ X \/g)—ln, but it doesn’t mean that the molecules are
adsorbed on the lower level by destroying the outermost In atomic-layer. This is because
1) there is no chemical bond between PTCDA and (\ﬁ X \/§) -In as described in Section
5.4, and 2) if the In atomic-layer is destroyed, many In clusters should form on the surface.
The phenomenon that the adsorbed PTCDA film appears very low in STM images has

also been reported in other systems [38].
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Figure 5.6 PTCDA molecular film structure on (\ﬁ X \/3)-In. (a) STM image
of PTCDA thin film (0.9 ML) grown on (\ﬁ X \/g)—In (200 x 200 nm?, V, = —2.0V,
I, =10 pA, T = 4.7 K). The gray dotted line indicates the crystallographic orientation
of the substrate. The red and blue dotted circles indicate the first and second layers
of PTCDA film. (b) shows the height profile along the black arrow in (a). (¢) STM
image of PTCDA film structure on (v/7 X v/3)-In (20 X 20 nm*, Vs = —2.0 V, I, =
10 pA, T = 78 K). The red and blue dotted frame indicate the chain and herringbone
structure. (d) PTCDA chain and herringbone structural models. (e) is FFT image
of (¢) (5 x 5 nm~?). The spots within the yellow dotted frame reflect the subtle
periodic structure of the film structure. (d) STM image of PTCDA thin film (1.6
ML) grown on (v/7 x v/3)-In (200 x 200 nm?, V; = =2.0 V, I; = 10 pA, T = 4.7 K).
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Fig.5.6(c) shows the STM image of the first layer of the PTCDA film, and the assem-
bling structure of PTCDA can be confirmed. The molecular film has a structure similar
to the energetically stable herringbone structure (inside the blue dotted line in Fig.5.6(c)),
but its periodicity is poor, and the intermolecular distance and angle are inhomogeneous.
In addition to the herringbone structure, the PTCDA film also contains a chain structure
in which the acid anhydride groups of PTCDA are oriented facing each other (inside the
red dotted line in Fig.5.6(c)). A schematic diagram of this herringbone structure and
chain structure is shown in Fig.5.6(d). The chain structure is energetically unstable due
to Coulombic repulsion between the polarized anhydride groups, and the intermolecular
distance is larger than that of the herringbone structure. This chain structure is not
generally observed on metal surfaces, but is sometimes observed on directional surface
structures such as Si(111)-(4 x 1)-In surfaces [46].

Fig.5.6(e) shows the results of fast Fourier transform (FEFT) of the STM image in
Fig.5.6(c). Broad peaks with approximately 6-fold symmetry correspond to both herring-
bone and chain structures. The broadening of the peak width indicates that the PTCDA
film maintains some degree of periodicity but has a strongly disordered structure. Also,
elongated peaks aligned in one direction mean that the molecular film includes a two-fold
symmetry structure. This two-fold symmetry is thought to be derived from the rectangular
molecular shape of PTCDA.

So far, we have shown that a chain structure partially appears in the PTCDA film
which is energetically unstable due to Coulomb repulsion. Since PTCDA generally forms
a herringbone structure with good periodicity when the interaction with the substrate
is weak, such an unnatural structure suggests that the interaction with the substrate
surface is somewhat strong. In Section 5.4, we found that there is no chemical bond
between PTCDA and (\ﬁ X \/g)—In, but there exists a finite charge transfer. From this,
it is suggested that Coulomb attraction acts between the molecule and the surface. It is
likely that an irregular structure containing energetically unstable chain structures appears
due to multiple factors such as the Coulomb repulsion between PTCDA molecules, the
difference in symmetry, and lattice mismatch between (\ﬁ X \/§) -In and PTCDA.

When 1.6ML of PTCDA thin film was deposited and STM measurement was per-
formed, the (\ﬁ X \/§)—In surface was completely covered with PTCDA as shown in
Fig.5.6(f). In the transport measurement, the sample became an insulator due to the
adsorption of 1.9 ML of PTCDA. At this point the PTCDA film completely covered the
(\ﬁ X \@)—In surface.
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5.6 Discussion

In Chapter 4, it was mentioned that when ZnPc was adsorbed on the (\ﬁ X \/g)—In
surface, the T, increase of about 11 % was observed, which is the largest in the MPc
system. Also, the increase in R, is only about 39 % at maximum. On the other hand, the
T, of (\ﬁ X \/3)—11(1 decreased rapidly due to the adsorption of PTCDA, and at § = 1.9
ML, the temperature dependence of the sheet resistance changed like that of an insulator.
In addition, along with this, the normal resistance value increased to about 2000 times.
This result indicates that ZnPc only acts as a very weak scatterer for conduction electrons
in the In atomic-layer, whereas PTCDA acts as a strong scatterer. It is surprising to see
the result that PTCDA acts as a strong scatterer even though it is physically adsorbed
on the (\ﬁ X \/g)—In surface in the same way as ZnPc. In the following, we discuss the
cause of strong electron scattering due to PTCDA adsorption.

As can be seen from the STM images, ZnPc forms a square lattice that is well lattice-
matched with the In layer on the (\ﬁ X \/§) -In surface. This is probably because ZnPc
has four-fold symmetry, while the outermost In atomic-layer of (\ﬁ X \/§) -In also has ap-
proximately four-fold symmetry. Therefore, a regular assembling structure can be formed.
In this case, according to Bloch’s theorem, the conduction electrons are not scattered
under the periodic potential. On the other hand, PTCDA is a molecule with 2-fold sym-
metry, which is different from the substrate, and has polarized anhydride groups at both
ends, so the intermolecular interaction is strong and directional. For this reason, it is
considered that the disordered assembling structure was formed as a result of interac-
tion and competition with the substrate. In addition, since the acid anhydride group of
PTCDA is polarized, a strong electric field can be formed around it. It has been confirmed
both theoretically and experimentally that PTCDA on Ag(111) has a strong electrostatic
potential distribution due to the polarization of the anhydride group [47]. Due to these
reasons, PTCDA electrons are thought to act as strong scatterers for conduction elec-

trons. This effect should be prominent in surface-sensitive atomic-layer materials such as

(V7 % V3)-In.

5.7 Conclusion

In this chapter, we describe transport measurements of (\ﬁ X \/3)—In adsorbed with
PTCDA and show that PTCDA adsorption suppresses superconductivity and rapidly in-
creases resistance. It was found that increasing the coverage eventually leads to a transition
to an insulating-like state. On the other hand, ARPES measurements of the Fermi surface
and core level measurements indicate that (\ﬁ X \/§)—In retains its structure under the

PTCDA film and that there is little chemical bonding between the two. Furthermore,
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STM measurements show that the PTCDA film structure is not periodic and that there
are localized herringbone and chain structures. The seemingly contradictory phenomena
of the rapid increase in resistance and the very weak interaction are proposed to be ex-
plained by the irregularity of the molecular film array structure and the polarization of the
acid anhydride groups of PTCDA. This phenomenon is a clear illustration of the surface
sensitivity of atomic layer materials. The present results suggest that the regularity of
the organic molecular film structure is important for increasing the 7T, of atomic layer
superconductors, and provide important guidance for the selection of organic molecules in

the future.
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Chapter 6 Conclusions

In this study, we adsorbed organic molecules ZnPc and PTCDA on the surface of atomic-
layer superconductor (\ﬁ X \/3)—11(1 and measured the change of T, by transport measure-
ment. (\ﬁ X \/§)—In showed an increase in T, due to the adsorption of ZnPc, and com-
parison with previous studies revealed that the origin of T, increase was not the charge
transfer proposed in previous studies. On the other hand, when PTCDA was adsorbed
on (\ﬁ X \/§) -In, the superconductivity was suppressed, and finally it showed insulator-
like conducting properties. This is thought to be caused by irregularities in the thin film

structure of organic molecules. These results are summarized below.

6.1 ZnPc adsorbed (\/7 X \/3)-111

Transport measurements showed that (\ﬁ X \/3)—In was increased by ZnPc adsorption.
The maximum AT, was observed at a coverage of ~ 1 ML, with an 11 % increase in
T.. This value is 2.7 times higher than AT, due to CuPc adsorption reported in previous
studies. Furthermore, from STM measurements, it was observed that the ZnPc thin film
on the (\ﬁ X \/g)—In surface has a structure similar to that of the CuPc thin film. By
ARPES, we investigated the size change of the Fermi surface of (\ﬁ X \/3)—In due to
ZnPc adsorption, and estimated the amount of charge transfer. As a result, the amount of
charge transferred per molecule An,,,; = —0.31 £+ 0.59e. This is about 20 % compared to
the charge transfer An,,,; = —1.53 £ 0.32e per molecule of CuPc. The charge transfer per
molecule of ZnPc¢ and CuPc obtained by ab initio calculations were An,,,; = —0.76e and
Ang,,oi = —1.61e, respectively. This result qualitatively agrees with the ARPES results in
that the amount of charge transferred by ZnPc is clearly smaller than that by CuPc.

These results show that |An,,e|(ZnPc) < |Ang,q|(CuPc) while AT.(ZnPc) >
AT, (CuPc). From this, we concluded that the origin of the T, increase due to the adsorp-
tion of organic molecules is not due to the charge transfer. On the other hand, the origin
of the increase in T, has not been clarified. In this study, we proposed the push-back
effect of organic molecules as the origin of T, increase. It is likely that the push-back
effect of organic molecules increases the density of states per unit volume N(Er) and the

attractive potential V' between electrons, resulting in an increase in 7.
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6.2 PTCDA adsorbed (\/7 X \/3)-In

Transport measurements show that PTCDA adsorption suppresses the supercon-
ductivity of (\ﬁ X \/g)—ln. It should be noted that PTCDA adsorption significantly in-
creased the resistance of (\ﬁ X \/g) -In. Finally, at a coverage of 1.9 ML, the conduction
of (\ﬁ X \/3)—In showed insulating properties. On the other hand, from the Fermi sur-
face measurement by ARPES, the shape of the Fermi surface of (\ﬁ X \/3)—111 does not
change even after PTCDA adsorption, so the structure of (\ﬁ X \/g)—In is retained un-
der the PTCDA film. It was found that no peak shift due to chemical bonding between
PTCDA and (\ﬁ X \/g)—In was detected from core-level measurements. We conclude
that PTCDA is physically adsorbed on (\ﬁ X \/3)—111 due to van der Waals interaction
and there is slight charge transfer. STM measurements revealed random arrangement of
PTCDA on the (\ﬁ X \/3)—In surface.

Although the interaction between PTCDA and (\ﬁ X \/§)—In was weak, the adsorp-
tion of PTCDA significantly increased the resistance. Based on this, we proposed the
following hypothesis. PTCDA is randomly arranged on the (\ﬁ X \/g)—In surface and
polarized at both ends of the molecule. Therefore, PTCDA induces a strong random
potential and scatters the conduction electrons of (\ﬁ X \/g) -In. It is believed that this

caused an increase in resistance and suppression of superconductivity.

6.3 Insight obtained from this study

The results of ZnPc adsorption showed that the origin of the increase in T, due to
adsorption of organic molecules was not hole doping. We mentioned that the push-back
effect of organic molecules is a candidate for the origin of the 7, increase. From this,
there are two possibilities to further increase the T, of (\ﬁ X \/3)—111: electron doping or
enhancement of the push-back effect. As for the former, it is conceivable to increase T, by
adsorbing organic molecules with high donor properties. As for the latter, it is expected to
enhance the push-back effect by densely arranging organic molecules with the m-electron
system of a benzene ring in a flat configuration.

From the research results of PTCDA adsorption, we proposed that superconductivity
is suppressed by the disorder of the molecular film. This result serves as a guideline for
selecting organic molecules, in terms of whether or not they are ordered on atomic-layer
superconducting materials.

This result will provide important insight for increasing the T, of atomic-layer super-

conductors and understanding the mechanism of 7, modulation.
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