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Abstract

Two-dimensional (2D) layered materials have been extensively studied because of
their exciting physical properties and unique electronic properties as well as potential
application for electronic and optoelectronic devices [ 1-3]. Among 2D layered materials,
transition metal dichalcogenides (TX>, T: transition metal atom, X: chalcogen atom) and
iron chalcogenides (FeX, X: chalcogen atom) have recently attracted much attention from
physicists and chemists because these materials provide a fruitful stage for the preparation
of new superconductors [4-9]. Up to now, electron accumulation of MoS» and MoSe; has
produced the superconductivity, which provided a dome-like phase diagram of
superconducting transition temperature, 7, against electron density [5,6]. Metal-doping
of MoS, also led to the superconductivity [4]. Non-doped FeSe showed the
superconductivity with the 7. as high as 8 K [7], and K-doping of FeSe provided the
higher 7. (= 31 K) than that of FeSe [8]. Furthermore, the higher 7. (> 40 K) was achieved
in metal-doped FeSe prepared using liquid NH3, in which metal atom and NH3 (or amide)
are codoped in the space between FeSe layers [9]. Thus, the metal-doping of 2D layered
materials, in particular TX> and FeX, must be a beneficial way in synthesizing new
superconductors.

Based on the above background, the author incubated the research project to prepare
a wide variety of new superconductors through metal-doping of MoSe: and FeSe:_.Te; (z
=0 and 0.5). The purposes of this Doctor thesis are (1) to prepare new superconductors
by the metal-doping of 2D layered materials using liquid NH3 and organic solvents, (2)
to systematically clarify the fundamental features of superconducting materials obtained
newly, i.e., to elucidate the correlation between intercalated metal atom and T¢, and that

between crystal structure (in particular layer-spacing) and T, and (3) to search for the



high-T, superconducting phase under high pressure.

In chapter 1, the author described the scientific background and development of
superconductors, and gave an overview for 2D layered materials. The motivation and
purpose of this study were shown in chapter 2.

In chapter 3, the syntheses and characterizations of metal-doped MoSe> prepared
using liquid NH3, (NH3)yMMoSe; (M: Li, Na and K), were fully reported. The physical
/ electronic properties and crystal structures of (NH3)yMxMoSe> were investigated. The
T of the prepared samples were ~5 K. The 7. value increased with an increase in ionic
radius of doped metal atom, i.e., the Tt increased from Li to K. The x dependence of 7«
was fully investigated, and 7. did not change against x, implying the formation of a fixed
stoichiometric compound showing superconductivity. The fact that the normal state is
metallic was evidenced from photoemission spectrum.

In chapter 4, the metal-doping of FeSei.,Te, prepared using ethylenediamine (EDA:
C>HsN2) was carried out to prepare new superconductors. The 7¢ values of
(EDA)yMxFeSe (M: Li and Na) and (EDA)yMxFeSeo sTeos (M: Li, Na and K) were 31 —
45 K and 19 — 25 K, respectively. The pressure dependence of superconductivity in
(EDA)yNaxFeSeosTeos was investigated, showing that the negative pressure dependence
in 0 — 0.8 GPa. The success in preparation of (EDA)yMxFeSe and (EDA)yMFeSeo.sTeo.s
enabled ones to make a precise 7¢ — ¢ phase diagram for MxFeSe and MxFeSeo.sTeo s,
because of an extension of layer spacing. The 7. — ¢ phase diagram showed that larger ¢
(or layer spacing) leads to higher 7c, but an extreme expansion of ¢ suppresses the 7.
This implies the importance of valance of Fermi nesting and layer interaction in metal-
doped FeSe1.,Te, materials, i.e., the optimal ¢ for the superconductivity exists.

In chapter 5, the author reported a successful preparation of new metal-doped FeSe
and FeSeo.sTeo s superconductors using various organic solvents, 1,3-diaminopropane (or
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trimethylenediamine  (TriMDA)), 1,4-diaminobutane (or tetramethylenediamine
(TetMDA)), and 1,6-hexanediamine (or hexamethylenediamine (HMDA)). As a
consequence, this study opened an avenue for the preparation of new superconductors by
metal-doping of 2D layered materials using various solvents. At the present stage, new 7t
— ¢ phase diagram could not be drawn because the lattice constants were not determined
for the prepared samples. This is now in progress, and in near future the suitable
experimental condition for effective metal-doping using the above solvents must be
further pursued, in particular that for TetMDA, because of the low shielding fraction (~
1%).

In chapter 6, the pressure dependence of 7¢ in (NH3)yNaxMoSe; was investigated,
indicating the presence of double-dome superconducting phase diagram, i.e., two
superconducting phases (SC-I and SC-II) exist in a whole pressure range of 0 — 25 GPa.
The structural phase transition was not observed in the pressure range of 0 — 20 GPa. This
implies that the transition of SC-I to SC-II does not relate to the structural variation, i.e.,
the pairing mechanism may change between SC-I and SC-II. Despite the expectation of
higher 7. than that (7. ~ 5 K) at ambient pressure, the highest 7. in the high pressure range
(SC-II) was 3.6 K at 20 GPa, which is different from the result of (NH3),CsxFeSe [10].
Therefore, the 7. — p behavior in (NH3)yNaxMoSe> cannot be explained by the analogy
with (NH3)yCsxFeSe, but the indication of high-pressure superconducting phase (SC-II)
is very exciting from view of the pursuit of pairing mechanism of SC-II.

In chapter 7, all results and discussion of this Doctor thesis were summarized. This
Doctor thesis substantially achieved three purposes of research proposed in chapter 2, but
the creation of more detailed 7. — ¢ phase diagram tried in chapter 5 remains to be
completed, because of a lack of X-ray diffraction data for the corresponding materials.
This must be achieved in near future. Nevertheless, the knowledge obtained from this
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Doctor thesis must contribute to physics and chemistry of superconductors based on 2D

layered materials, and exactly give a hint for the realization of high-7. superconductors.
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Chapter 1. Background of this study

In chapter 1, the author introduces the background of this Doctor thesis. This Doctor
thesis describes syntheses and characterization of new superconducting materials
prepared by metal-doping of two-dimensional (2D) layered materials. Author’s
motivation in summarizing this Doctor thesis is based on the volition that she wishes to
contribute to physics and chemistry of superconductors. Physics and chemistry of
superconductors are currently one of the most fundamental sciences. A number of
physicists and chemists have been concentrating their ability and force on the preparation
and characterization of new superconductors, and the elucidation of mechanism of
superconductivity as well as the application of superconductors. Needless to say, the most
important mission may be to realize new superconductors with high superconducting
transition temperature (7¢). From viewpoint of development of high-7. superconductors,
chemistry and physics of superconductors are still in progress. Not was this all, but
physics on origin of superconductivity is extensively attracting much attention of
physicists. For a precise understanding of the present status of physics and chemistry of
superconductors, this chapter arranges the following four sections:

1-1. What is a superconductor?

1-2. History of research on superconductors

1-3. A brief introduction to two-dimensional layered materials

1-4. A route to superconductivity from two-dimensional layered materials
Here, two sections, 1-1 and 1-2, refer to an outline on ‘superconductivity’ and
‘superconductor’, and the latter two sections, 1-3 and 1-4, provide information and

knowledge necessary to understand this Doctor thesis.



1-1. What is a superconductor?

One of important features of ‘superconductor’ is to show zero-resistance in cooling
temperature. In general, a sudden drop of resistance (R) is found for superconductor at
low temperature, and the R reaches zero by further cooling. The temperature of zero-
resistance is called ‘superconducting critical temperature’. This physical phenomenon is
called ‘superconductivity’. In superconductor, any decay of electric current is not
observed in case of no external perturbation, implying that a superconductor is a perfect
conductor. In addition to the above feature, the superconductor possesses some
characteristics described below:

(1) A superconductor behaves as a perfect diamagnet. This phenomenon is called

‘Meissner-Ochsenfeld effect’.
(2) A superconductor behaves so that the 24 gap exists at Fermi energy. The A
increases with lowering temperature and reaches the maximum 4, A4(0), at 0 K.
These two features cannot be explained by the fact that a superconductor is a perfect
conductor. Thus, a superconductor has physics characteristic to itself.

The superconductivity was experimentally discovered in mercury, Hg, by Heike
Kamerlingh Onnes in 1911 [1,2]. However, the microscopic / theoretical understanding
for the superconductivity was achieved at ca. 50 years after the discovery [1,2]. Bardeen,
Cooper and Schrieffer explained the superconductivity by quantum theory that is called
‘BCS theory’, in which the BCS wave function consisting of two electrons was introduced
[3,4]. The pairing electron is called ‘Cooper pair’, and the pair is formed through electron-

phonon coupling. Various phenomenological features of superconductivity was well



explained by this theory. However, a lot of superconductors which cannot be simply
explained by BCS theory and its modified theories have appeared during the past decades
[5]. The new superconducting material is called ‘an exotic superconductor’, in which the
origin of pairing mechanism is different from electron-phonon interaction. This fact
implies that physics and chemistry of superconductors are in a rich field of science, and

science enough to be pursued is still present even from theoretical point of view.

1-2. History of research on superconductors
1-2-1. Dawn of the superconducting

Superconductivity was first observed in mercury (Hg) in 1911 by Dutch physicist,
Heike Kamerlingh Onnes [1,2], at Leiden University, as described in section 1-1. This is
one of the greatest scientific discoveries in 20th century. When Hg was cooled to the low
temperature, ~4.2 K, a sudden drop of R and a subsequent approach to vanishing R were
observed. This phenomenon is quite different from that found in normal metal, because a
residual resistance remains in the normal metal at low temperature. After this discovery,
the materials exhibiting the superconductivity have extended from simple elements to
alloys and complex materials; a list of superconducting elements is shown in some
textbooks [1,2].

The most important feature is an observation of zero-R, i.e., a perfect-conductivity,
but in 1933 it was found that the superconductivity has another aspect. Meissner and
Ochsenfeld [6] reported that magnetic flux lines were expelled from the interior of
superconductor, which is now called ‘perfect diamagnetism’, as briefly described in

section 1-1. Currently, the physical phenomenon is also called ‘Meissner effect’. This is



an independent physical property of perfect conductivity. Subsequently, F. London and H.
London successfully provided a phenomenological interpretation for perfect
diamagnetism [1,2,7]. They found that one more strict restriction (London’s equation)
was required for the interpretation of perfect diamagnetism [1,2,7]. This equation
explained the perfect diamagnetism and definitized a distinction between perfect
conductor and superconductor. In this equation, the characteristic parameter (London
penetration depth), AL, appears, which is a measure of penetration of magnetic flux to the
interior of superconductor. In 1950, Ginzburg and Landau provided the most effective
phenomenological theory, i.e., Ginzburg-Landau (GL) theory [1.2,8]. In this theory, they
suggested that the superconductor has a complex order parameter below 7.. This equation
provides another characteristic parameter, £ (coherence length), which guarantees the
presence of stable superconducting state, i.e., more strictly speaking, a measure of the
distance showing non-significant fluctuating superconducting electron density at a
spatially-altering magnetic field. Based on the ratio of AL to & i.e., AL/&, superconductors
were categorized to type-I and type-II superconductors.

In 1957, a microscopic theory for superconductivity was reported by Bardeen,
Cooper and Schrieffer [1-4]. The superconductivity was explained by considering the
formation of pairing electrons (Cooper pair) as described in section 1-1. In the
conventional superconductors, the Cooper pair is formed through the electron-phonon
coupling, which can lead to the attractive force between two electrons. The most
successful achievement in the BCS theory may be the theoretical predication of 7. In the
weak coupling limit that an electron-phonon coupling constant, A (= N(Er)V), is much

smaller than 1.0, the 7t can be expressed as



T, = Léwpnexp (57 (1)
where @y, and u* are a characteristic energy relating to the attractive force V and a
renormalized Coulomb pseudopotential, respectively [4,9]. N(EF) is the density of states
(DOS) at Fermi level in the normal state. This formula was extended to the strong

coupling limit by Eliashberg and McMillan [4,10,11]. The strong-limit formula is valid

at A < 1.5. The Tt is given by

_ <o> —1.04(1 + A) )
I, = 12 P (A—u*— 0.62u*)’ (2)

where < @ > is a logarithmic average of phonon frequency.

The next significant progress in superconductor physics is a superconducting
tunnelling effect discovered theoretically by Josephson in 1962 [1,2,12], which is called
‘Josephson effect’. Three different tunnelling effects are found in the
superconductor/insulator/superconductor device. The first one is dc Josephson effect in
which the dc current flows without electric field and magnetic field. The second one is ac
Josephson effect in which ac current (or rf current oscillation) flows under application of
constant electric field. In addition to these two Josephson effects, the interference
phenomenon of the maximum superconducting current, which is called ‘macroscopic

long-range quantum interference’, is observed depending on magnetic field.

1-2-2. Advance to modern superconductors

During the past one century, many superconductors have been successively
discovered. In the beginning of 20th century, the superconducting materials have been
confined to elements [1,2]. In 1954, the superconducting behavior was discovered for

NbsSn (7. = 16.8 K) by Matthias et al. [13]. This is the first discovery of



superconductivity in alloy. In 1974, new alloy superconductor, Nb3;Ge (7c = 23.2 K), was
discovered [ 14]. These superconductors are categorized as ‘conventional superconductor’,
and the BCS theory follows up the mechanism of superconductivity. Recent significant
discovery of BCS-type superconductor is MgB> [15], which showed the 7. of 39 K. The
superconducting paring mechanism is based on electron—phonon coupling, but interesting
property that two superconducting gaps exist in MgB» is also reported [16].

In 1979, the superconductivity was found in the magnetic material, CeCu2Siz [17],
which contains 4f-electrons; the superconductivity in this compound is closely associated
with antiferromagnetic state. The superconductivity in this types of compounds
containing 4f and 5f electrons [18-21] is closely associated with antiferromagnetic state,
i.e., the pairing mechanism is suggested to be electron — electron attractive interaction
through the antiferromagnetic spin fluctuation. These compounds are currently called
‘heavy fermion system’. In some of heavy fermion systems [20,21], new superconducting
state is found at higher pressure than the pressure of antiferromagnetic quantum critical
point. Thus, the heavy fermion system is an exotic compound which is out of BCS theory.

During the past one century, the most exciting discovery of superconductor may be
a cuprate superconductor. The firstly discovered cuprate superconductor is LazxBaxCuO4
(T™'= 30 K) [22]. Just after the discovery, the T increased to 93 K in YBaxCuO7.5 [23].
The characteristic structural feature is in an alternating multi-layered structure of two-
dimensional CuO; planes. Depending on each material, the stacking structure of CuO»
planes is different. This compound has three important features: (1) two-dimensionality,
(2) overlapping between Cu 3d and O 2p orbitals, and (3) § = 1/2 spin on Cu sites. In this
system, carrier (electron or hole) doping of Mott insulator such as La,CuOs and

YBayCu3O¢ produces the superconductivity. The highest 7c at ambient pressure is now



133 K found in HgBa;Ca,Cus0g[24], T of which increased to 153 K at 15 GPa [25]. The
highest 7¢ (= 166 K) is recorded for the fluorinated sample above 23 GPa [26].

New superconducting materials containing Fe and pnictogen (As and P) [27-30] were
discovered, which opened a new research field in physics and chemistry of
superconductor. The 7. of LaFePO was 5 K [27], but its analogue, LaFeAs(O,F), showed
the 7¢ of 26 K at ambient pressure [28]. The 7¢ increased to 43 K at 4 GPa [29]. The
highest 7:°™* (= 54.6 K) is recorded for SmFeAsO;sFs [30]. Recently, the FeSe
compounds have also attracted much attention from physicists and chemists because of
the appearance of high-7¢ superconductors when metal atom is intercalated [31-34],
which is a basis of this Doctor thesis.

Very recently, a very attractive superconductor was reported by German group [35].
Namely, it has been found that H>S becomes a superconductor under an extremely high
pressure. H»>S is a common gas at ambient pressure, and it is transformed to a metallic
solid above 90 GPa. The metallic H»S solid changed to superconductor with applying
pressure further [35]. The 7. of superconducting H>S increased to 195 K at 145 GPa from
23 K at 100 GPa. The maximum onset 7c was 203 K at 155 GPa. The new superconductor
was suggested not to be H2S but H3S. This superconductor is now believed to be BCS-

type, implying that BCS theory is still effective to realize a high-7. superconductor.

1-3. A brief introduction to two-dimensional layered materials

Two-dimensional (2D) layered material possesses a defined structure in which the
2D layers are stacked in parallel. Traditional 2D layered materials such as graphite,

hexagonal boron nitride and transition metal dichalcogenides (TX>, T: transition metal
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atom, X: chalcogen atom) have attracted much attention because of their interesting
properties and potential applications for various types of practical materials and devices.
The TX; materials provide various electronic properties depending on the crystal structure
[36], the thickness [37], and types of X [38]. Furthermore, the physical properties of 2D
layered materials changed drastically by doping of carriers (holes and electrons). In this
section, the author principally describes the superconductivity realized in carrier doping

of 2D layered materials.

1-3-1. An overview of 2D layered TX; materials

Various TX, materials have attracted much attention from physicists, chemists and
materials scientists, owing to their interesting electronic properties [39-42] and potential
applications for future high-speed electronic/optoelectronic devices [43-48]; various TX>
crystals and thin films are available for transistors, p-n junctions and optoelectronic
devices. The electron-doping of TX> provided superconductivity [49-54]. Very recently,
a pressure-driven superconductivity is also found [55-59]. The possibility of Weyl
semimetal is also suggested for T¢-MoTe; [60] and T4-WTe> [61], while 177-TX> may be
a 2D topological insulator [62].

The most common TX> material may be MoS,, because of its practical application
for lubricant. The crystal takes the alternant stacking structure of MoS; layers in which a
unit of MoS; layer consists of alternant stacking of Mo and S layers (S-layer — Mo-layer
— S-layer) along the ¢ axis. The space group of typical crystal of MoS: (2H-MoS) is
P63/mmc (No. 194, hexagonal structure), which shows the semiconducting behavior [63];

the indirect band gap is calculated to be 1.29 eV [64]. The lattice constant, c, is twice as



large as the distance, d, between MoS; layers in 2H-MoS;, since two crystallographically
different MoS: layers exist in the crystal, i.e., ¢ = 2d, as shown in Figure 1-1.

The force between two MoS; layers depends on van der Waals interaction in the
MoS; crystal, which provides a variety of crystal structure. Figure 1-1 shows at least three
different crystal structures (2H-MoS: [65], 3R-MoS: [65] and 17-MoS; [66,67]). The
crystallographic data of these crystals are shown in Table 1-1. The different crystal
structures provide the different electronic structures. The band gap (indirect band gap) of
bulk 2H-MoS; was calculated to be 1.29 eV [64], while the monolayer of MoS; is a direct
bandgap semiconductor with the gap of 1.9 eV [68]. Furthermore, the electronic
properties of bulk crystals and thin films of MoS; are extensively investigated [69-71].

MoSe; and MoTe; are also typical TX, materials, crystal structures of which have
been extensively investigated [60,72-77] because of their exciting physical properties.
The crystals of MoSe> have three different crystal structures (2H-MoSe:> [72], 3R-MoSe»
[73] and 17-MoSe, [74,75]), while the crystals of MoTe, have also three different
structures (2H-MoTe; [72], 1T-MoTe; [76,77] and T4-MoTe; [60]). The 2H and 1T
crystals primarily show semiconducting behavior, while the 177 and Tq crystals show
semi-metallic behavior. The band gaps of 2H-MoSe> and 2H-MoTe; are reported to be
1.1 and 1.0 eV, respectively [64], providing the indirect band gap of (I"— (/"K)). On the
other hand, the monolayer of MoSe; and MoTe; exhibits direct K — K band gaps of 1.59
and 1.17 eV, respectively [37]. Thus, the different thickness leads to the different
electronic structures [78].

Recently, T¢-MoTe> has been attracting much interest because it is theoretically
predicted to be a Weyl semimetal [60]. The 17"-MoTez crystal showed the

superconductivity with the T¢ of 0.10 K [56] after the 17" — Tgq first-order structural
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transition when cooling 177-MoTez, implying that the Weyl semimetal, Tq-MoTe,
becomes a superconductor. With applying pressure to 17'-MoTe», the first-order
transition disappeared, and the high-T. superconductivity was found, in which the
maximum T¢ was 8.2 K at 11.7 GPa [56]. Such a pressure-driven superconductivity was

also observed in WTe; [55,79], which exhibits the T, of 7 K at 16.8 GPa.

1-3-2. Electron doping of TX: materials

Metal doping of MoS; and MoSe; yielded successfully superconductivity with T¢ =
3.6 — 6.9 K [49-51]. The metal doping was achieved using the liquid ammonia (NH3s),
which is called ‘liquid NHs method’. In this method, the metal atoms and NH3 or amide
molecule are codoped, i.e., the chemical formula is expressed ‘(NHs)yMxMoSe2’ or
‘(NH2)yMxMoSe,’. Through this Doctor thesis, the chemical formula ‘(NHz)yMxMoSe,’
was used because the codoped structure is still unclear. Owing to the weak interaction
between layers, metal atoms can be easily intercalated to the space between MoS; or
MoSe:; layers. The metal-doping of MoS, and MoSe; provided the superconductivity with
T.=3.6-6.9 K[49-51]. Here, it is noticed that various alkali or alkali earth metal-doping
of MoS; was realized [50,51], but only a Sr-doping of MoSe> was successfully achieved
to exhibit the 7¢ of 5 K [49]. Actually, the metal doping donates electrons to MoS> or
MoSe; layers.

Electrostatic electron doping has also been achieved for MoS; and MoSe; using their
transistor structures [52-54], providing a dome-like T¢ — n2p phase diagram, where nzp is
the 2D electron density. The maximum 7. of MoS, achieved by electrostatic electron

doping was 10.8 K [52], while that of MoSe; was 7.1 K [54]. The nzp providing the
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maximum 7. for MoS> and MoSe> were 1.2 x 10* cm? and > 1.6 x 10 cm™,
respectively. On the other hand, the electrostatic electron doping has not been achieved
for producing superconductivity of MoTe> [54], but the electrochemical doping of MoTe>
using KCIO4 produced the superconductivity with the 7. of 2.8 K. The electrochemical
doping of WSe, also showed the superconductivity [54]. To sum up, the
superconductivity is observed in MoTe; and WSe» in the nop range beyond that achieved
by electrostatic electron doping, which would be realized by electrochemical electron

doping.

1-3-3. An overview of Fe-based superconductors

In section 1-2, the author briefly introduced the Fe-based superconductors. In this
section, more detailed introduction is given for iron pnictides and iron chalcogenides. In
particular, the research on superconductors of iron chalcogenides is fully introduced,
because this is one of research subjects in this Doctor thesis.

The research on iron pnictides started from LaFeAs(O,F) [28], the T¢ of which was
26 K at ambient pressure. Currently, the iron pnictides can be classified to some groups,
i.e., ‘111 type’ such as LiFeAs, NaFeAs, and LiFeP [80-83], ‘122 type’ such as BaFe;As»,
SrFe>Asy [84,85], ‘1111 type’ such as LaFeAsO, SmFeAsO, and PrFeAsO [28,86,87].
The highest 7.°™" is now 54.6 K recorded for SmFeAsO1.5F5 [30]. The superconducting
pairing mechanism in iron pnictides has been attracting much attention, and various
mechanisms are suggested depending on materials. The suggested pairing mechanisms
for iron pnictides are fully reviewed in ref. 88.

Hsu et al. reported the superconductivity of PbO-type FeSe with the space group of
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P4/nmm (No. 129) [89]; the tetragonal phase FeSe, B-FeSe, is the simplest structure
among Fe-based materials, i.e., 11-type. The T of B-FeSe was 8 K at ambient pressure
[90]. With increasing pressure, the onset critical temperature (7c°"') dramatically
increased to 27 K at 1.48 GPa [91], and the maximum 7. was 36.7 K at 8.9 GPa [92].
Furthermore, the K doping of FeSe provided a very high 7. (= 31 K) at ambient pressure
[93], implying that the metal-doping of FeSe is promising for the high-T¢
superconductivity. Under high pressure, the 7c of KiFeSe increased to 48.7 K at 12.5 GPa
[94]. The metal-doping of FeSe was first achieved by high-temperature annealing method.
Subsequently, the metal-doping of FeSe was successfully achieved using liquid NH3 [95].
The T.of 46 K was observed in (NH3)NagsFeSe prepared using liquid NH3 [95], and
various alkali and alkali earth metal atoms were successfully intercalated to FeSe and
FeSeosTeos [96-102]. When the atoms with larger ionic radius are intercalated to FeSe,
the smaller lattice constant ¢ (or FeSe plane spacing) is obtained. Through these studies,
the 7. — ¢ phase diagram was successfully prepared, and the 7¢ value increased with
increasing FeSei.,Te, layers (or with an enhancement of c¢). The structure of
(NH3)yNaxFeSe was fully investigated [101], showing that two different crystal structures
exist depending on x, i.e., two different superconducting phases. Guo et al. suggested
three different superconducting phases for (NH3z)yNaxFeSe [102]. Thus, (NH3)yNasFeSe
possesses multiple superconducting phases. The superconducting metal-doped FeSe
samples were prepared using organic solvents (amines) other than liquid NH3 [103-105],
and the T¢ — ¢ (or T¢ — plane spacing) phase diagram was drawn in the range of more
expanded FeSe plane spacing, providing the interesting dome-like 7. — ¢ phase diagram.
This 7c.— c phase diagram indicates that the two-dimensionality is one of important keys

for superconductivity in metal-doped FeSe, but more expanded system (extremely high
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2D nature) destroys the superconductivity.

The T. of (NH3),CsxFeSe decreases gradually with increasing pressure to 10 GPa,
and no superconductivity was observed above 10 GPa [106]. This is well explained by
the scenario that the decrease in 2D nature by compressing the sample lowers the T.
When further increasing pressure, a sudden re-emergence of superconductivity was found
for (NH;3)yCsxFeSe, T of which reached 49 K at 21 GPa. The mechanism of re-emergence
of superconductivity still remains puzzling, but a discovery of the pressure-driven
superconductivity may be one of promising routes for high-7: superconductor.
Furthermore, the superconductivity was observed in the monolayer of FeSe on SrTiO3
[107,108], T¢ of which was reported to be ca. 100 K. The superconductivity of monolayer

FeSe was also confirmed by ARPES [109].

1-4. A route to superconductivity from two-dimensional layered

materials

As described in chapter 1-3, the exciting superconducting materials can be formed
through 2D layered materials. Through this Doctor thesis, the author directs to synthesize
and characterize new superconductors based on 2D layered materials. In this section, the
methodology of sample preparation is briefly introduced for an understanding of
synthesis chemistry of superconducting metal-doped 2D layered materials. The metal-
doping of 2D layered materials provides the superconductivity. There are three different
ways to intercalate metal atoms for 2D layered materials, i.e., (1) the high-temperature
annealing method, (2) the solvent method, and (3) electrochemical method. These

methods are summarized as follows:
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(1) The metal-doping of 2D layered materials can be achieved by annealing the
precursor materials with metal at high temperature. This method was effectively
utilized for metal-doping of Ceo [110,111], graphite [112,113] and organic
hydrocarbons [114,115]. The vapour or liquid of metal is directly intercalated to
the solid precursors to form metal-doped solids. The intercalated metal atoms
occupy the special or general sites in the crystals to form the defined
stoichiometry. The high-temperature annealing is made under vacuum, ambient
pressure (in inert gas), and high pressure.

(2) The metal-doping of 2D layered materials can be made using various liquid
solvents such as liquid NH3, and other organic solvents. The most successful
metal-doping was achieved in Ceo using this method [116,117], providing the
superconductivity of 7. as high as 38 K. Using organic solvents, the metal-
doping of HINCI and ZrNCI was successfully achieved [118,119]. In section 1-
3-3, the successful preparation of superconductors using liquid NH3 and organic
solvents is introduced.

(3) The electrochemical doping of metal atoms can be achieved using
electrochemical reaction. Using electrolytes, the metal atoms were
electrochemically intercalated into precursor materials such as Ceo [120], MoTe>
[54], WSz [54] and FeSe [120].

In this Doctor thesis, the second technique (solvent method) is employed for the

preparation of superconductors through metal-doping of 2D layered materials.
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Table 1-1. Crystal structures of MoX> (X: S, Se and Te).

X type space group  a(A) b (A) c(R) angle properties
2H [65] P6s/mmc 3.161 3.161 12.295 - semiconducting
S 3R [65] R3m 3.163 3.163 18.37 - semiconducting
1T [66,67] P3m1 5.597(1) 5.597(1) 5.994(1) - semiconducting
2H [72,75] P6s/mmc 3.283 3.283 12.918 - semiconducting
Se 3R [73] R3m 3.292 3.292 19.392 - semiconducting
1T[67,75] P3ml ? ? ? - semiconducting
2H [72,75] P6s/mmc 3.53(2) 3.53(2) 13.88(4) - semiconducting
Te 1T [75-77] P21/m 6.33 3.469 13.86 93.55° semi-metallic
Tq[60] Pnm2; 3.477 6.335 13.883 - semi-metallic

Only a Svalue is shown for P2;/m, because it is necessary for understanding the structure.
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Figure 1-1. Schematic illustrations of the 17-, 2H- and 3R-MoS,. ‘d’ indicates the

distance between MoS> layers.
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Chapter 2. Motivation and purpose of this study

In this chapter, the author describes the motivation of this Doctor thesis. This Doctor
thesis describes the syntheses and characterizations of new types of superconductors
prepared by metal-doping of two-dimensional (2D) layered materials using liquid
ammonia (NH3) and other organic solvents. The target 2D layered materials used in this
study are transition metal dichalcogenides, TX, (T: transition metal atom, X: S and Se),
and iron chalcogenides (FeSei.Te; (0 < z < 1)). The superconducting properties and
crystal structures of the metal-doped materials are fully investigated in a wide pressure
range of 0 to 20 GPa. The first purpose of this Doctor thesis is to report new
superconductors prepared by the metal-doping of 2D layered materials using liquid NH3
and organic solvents. The author pursued the preparation of superconducting materials
with high superconducting volume fraction and high-7¢ value. The second purpose is to
systematically clarify the fundamental features of superconducting materials obtained
newly, i.e., to elucidate the correlation between intercalated metal atom and 7¢, and that
between crystal structure (in particular layer-spacing) and 7.. This study may lead to the
elucidation of superconducting pairing mechanism. The third purpose is to search for the
high-T. superconducting phase which may emerge at high pressure. The study would
clarify the superconducting properties in the high pressure range. The crystal structure is
also investigated in the high pressure range to elucidate the correlation between
superconductivity and structure at high pressure. The purpose and brief explanation of the
study in each chapter of this Doctor thesis are subsequently described below.

In chapter 3, the preparation of new superconducting materials through metal-doping

of MoSe; using liquid NHj3 is reported, and their structure and physical properties are
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fully investigated. This chapter is described based on her paper published in Scientific
Reports (Xiao Miao et al. Sci. Rep. 6, 29292 (2016)). In this chapter, the author directed
herself to the preparation of new superconductors based on MoSe; which is one of the
traditional 2D layered materials, i.e., the main purpose of this chapter is to prepare new
metal-doped MoSe: superconductors. Intercalation of alkali, alkaline earth and lanthanide
atoms are tried for MoSe; crystals using liquid NH3 to produce the superconductivity,
because no superconductivity has been reported except for Sr-doped MoSe> [1].
Consequently, the intercalation of Li, Na and K successfully produced superconductors.
The crystal structure and electronic properties of metal-doped MoSe., (NH3);MxMoSe:,
obtained in this study are fully investigated, and the correlation between 7. and ionic size
of metal atoms doped is also elucidated.

In chapter 4, the author reports the preparation of new superconducting FeSe_,Te,
materials using ethylenediamine (EDA: C2HgN»). This chapter is described based on her
paper published in Physical Review B (Xiao Miao et al. Phys. Rev. B 96, 014502 (2017)).
The preparation of superconducting metal-doped FeSei,Te, has been extensively
achieved thus far using liquid NH3 [2-5]. Recently, the metal-doing of FeSe has been
successfully achieved using various organic solvents such as ethylenediamine and 1,6-
hexanediamine (or hexamethylenediamine (HMDA: CsHisN2)) [6,7]; these organic
solvents are called ‘amines’. In this chapter, the author reports the successful preparation
of superconducting MxFeSeosTeo.s materials using ethylenediamine. The author’s most
important subject is to complete the 7. — layer spacing (or lattice constant c) phase
diagram in MxFeSeosTeos. The T.— ¢ phase diagram in MxFeSe is successfully drawn
based on the data collected for (NH3)yMxFeSe, (EDA)yMyFeSe and (HMDA)yMFeSe [5-

7]. On the other hand, the 7. — ¢ phase diagram is still under construction because of a
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lack of data of MxFeSeosTeos prepared using organic solvents other than NHi. To
complete it, the author tried to prepare MyFeSeo sTeo s using ethylenediamine.

In chapter 5, the author subsequently tried to prepare MxFeSei..Te, using various
organic solvents such as 1,3-diaminopropane (or trimethylenediamine (TriMDA:
C3Hio0N»)), 1,4-diaminobutane (or tetramethylenediamine (TetMDA: C4H12N>»)), and 1,6-
hexanediamine (or hexamethylenediamine (HMDA: CgsHisN2)). These solvents
correspond to the analogues of EDA. The correlation between 7. and FeSei..Te, plane
spacing (or ¢) was investigated for MxFeSe and MyFeSeosTeos based on the data shown
in this chapter. Thus, the purpose of this chapter is also to provide the precise 7c.— ¢ phase
diagram in MxFeSe;,Te,. This may lead to the clarification of superconducting pairing
mechanism.

In chapter 6, the author investigated the pressure dependence of (NH3)yNaMoSe:.
This material is one of the metal-doped MoSe> materials reported in chapter 3. The main
research purpose in this chapter is to clarify the pressure dependence of superconductivity
and structure of (NH3z)yNaxMoSe,, in particular to search for the pressure-driven high-7¢
superconducting phase, as found in (NH3),CsxFeSe [8]. The superconductivity and crystal
structure are investigated in a wide pressure range on the basis of magnetic susceptibility
(M / H) / resistance and synchrotron X-ray powder diffraction, respectively. The presence
of two different superconducting phases was suggested from the 7.— p phase diagram of
(NH3)yNaxMoSe:.

In conclusion, the author reported various superconductors prepared by metal-doping
of 2D layered materials using liquid NH3 and organic solvents. The structure and
superconductivity were investigated in a wide pressure range, providing the 7c— ¢ and 7t

— p phase diagram. In particular, the precise 7c— ¢ phase diagrams of MxFeSe1..Te, were
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drawn based on the data obtained in this study. The 7. — p phase diagram of

(NH3)yNaxMoSe; suggested the presence of two different superconducting phases, i.e.,

the phases exhibiting a negative pressure dependence of 7. and a positive pressure

dependence. To sum up, this Doctor thesis aims at evolving chemistry and physics of

superconductors based on 2D layered materials.
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Chapter 3. Preparation of new superconducting metal-doped

MoSe; using liquid ammonia

The superconducting MxMoSe> samples were prepared using a liquid NH3 technique,
and can be represented as ‘(NH3)yMiMoSe;’. The T7.’s of these materials were
approximately 5.0 K, independent of x and the specific metal atom. X-ray diffraction
patterns of (NH3)yNaxMoSe; were recorded using polycrystalline powders. An increase
in lattice constant ¢ showed that the Na atom was intercalated between MoSe; layers. The
x-independence of ¢ was observed in (NH3)yNaxMoSe>, indicating the formation of a
stoichiometric compound in the entire x range, which is consistent with the x-
independence of 7. A metallic edge of the Fermi level was observed in the photoemission
spectrum at 30 K, demonstrating its metallic character in the normal state. Doping of
MoSe; with Li and K also yielded superconductivity. Thus, MoSe; is a promising material

for designing new superconductors, as are other transition metal dichalcogenides.

3-1. Introduction

Searching for new superconducting materials is one of the most challenging and
exciting areas of research. During the past decade, iron pnictides (FeAs) and iron
chalcogenides (FeSe) have attracted much attention, not only from researchers interested
in developing new superconductors, but also physicists who are interested in the
mechanism of superconductivity [1-4]. Recently, syntheses of metal-intercalated systems
of FeSe using a liquid NH; technique have been extensively studied because various

superconductors with high superconducting transition temperatures (7¢c’s) have been
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discovered [5-8]; the highest 7¢’s are 46 K at ambient pressure [S5] and 49 K at high
pressure [9]. The pressure-induced enhancement of 7¢ has also been confirmed for non-
ammoniated K<FeSe [10]. Thus a layered compound like FeSe is a promising material
platform for investigating high-T7. superconductors.

The Mo dichalcogenide family has also attracted much attention because of the
emergence of its unique physical properties [11-12] and potential use in high-speed
transistors  [13-14].  Electrostatic electron-doping of MoS, has produced
superconductivity with a 7¢ as high as 10.8 K [11]. The plot of Tt versus the accumulated
two-dimensional (2D) electron density nop showed a dome-shaped curve, i.e., the 7. was
tuned by the extent of electrostatic electron-doping. The maximum 7. was 10.8 K at 1.2
x 10" cm™. Also, a signature of 2D superconductivity was observed in electrostatically
electron-accumulated MoS: [11]. The chemical doping of MoS; with alkali and alkaline-
carth metal atoms [15-16] provided superconductivity with 7¢’s lower than the maximum
T. of electrostatically electron-accumulated MoS: [11-12]. The chemical doping of MoS»
was achieved using the liquid NH3 technique, and many superconducting materials have
been produced.

Very recently, electron-doping of MoSe. was achieved by the electrostatic method
[17], and the T, was precisely tuned in the same manner as in MoS». In the case of MoSe»,
only a Sr atom was intercalated, and Sr-doped MoSe> then showed a T¢ as high as 5.0 K
[15]. This sample was prepared using the liquid NH3 technique, and the chemical
composition of SrxMoSe> can be expressed as ‘(NH3),SrxMoSe>’, where the nominal x
was 0.2. The shielding fraction of (NH3),Sro2MoSe> was 60%.

Here, the author reports syntheses of MxMoSe> samples (M: Li, K and Na) using the

liquid NH3 technique. In this study, Li, Na, K and Sr atoms were intercalated into MoSe:
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solids (only Sr-intercalation had previously been reported) [15]. Single-crystal-like
agglomerations of (NH3z);MiMoSe, (M: Li, Na, K and Sr) were produced. Na-
intercalation in (NH3)yNaxMoSe; was indicated by its synchrotron powder XRD pattern.
Energy dispersive X-ray spectroscopy (EDX) showed its chemical composition, and the
amount of NH3 was also determined from the mass difference before and after reaction.
The superconducting parameters were determined from the magnetic field (H)
dependence of magnetization (M). The photoemission spectrum at 30 K showed a clear

edge on the Fermi level, indicating metallic behavior in the normal state.

3-2. Experimental

Single crystals of MoSe, were formed from a polycrystalline powder MoSe, sample
by physical vapor transport using a furnace with different temperature zones [23]; the
powder MoSe, sample was prepared by annealing stoichiometric amounts of Mo and Se
at 800°C for 3 days and 1000°C for 4 days, according to a procedure reported elsewhere
[23]. To form single crystals of MoSe,, TeCls was mixed with a MoSe, sample as a
transport material, the powder MoSe; sample was set in the 1000°C source area, and
MoSe: single crystals were collected in the low-temperature zone at 900°C. Here we used
the term ‘MoSe: single crystal’, but actually it is unclear whether the entirety of an
agglomeration consists of one single crystal. Therefore, instead of the term ‘single crystal’,
it may be valid to use the term ‘agglomerate of MoSe’.

The samples of (NH3)yMxMoSe, (M: Na, Li and K) were synthesized by the liquid
NHs; technique as follows: (1) stoichiometric amounts of MoSe, agglomerates and an

alkali metal were placed in a glass tube, and then NH3 gas was condensed in the tube. (2)
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The metal dissolved in the liquid NH3z at -60 °C, and the solution (colored blue) was kept
below -50°C for 6 days. (3) When the color disappeared, the NHsz was removed by
dynamical pumping at room temperature. The same method was used for Sr-intercalation
in MoSe;.

The DC magnetic susceptibility (M / H) of all samples was measured using a SQUID
magnetometer (Quantum Design MPMS2). The single-crystal XRD patterns of the
samples were measured with a Rigaku Saturn 724 diffractometer with a Mo Ko source
(wavelength 2 = 0.71078 A). The powder XRD patterns of (NH3)yNagsMoSe, and
(NH3)yNaMoSe> (x = 0 — 1) were obtained using synchrotron radiation (1 = 0.4137(1)
A) from the BL10XU beamline and (4 = 0.6887 A) from the BL12B2 beamline,
respectively, of the SPring-8 in Japan; the incident beam was focused by a stacked
compound X-ray refractive lens. The samples were introduced into quartz tubes in an Ar-
filled glove box for M / H measurements, or into capillaries for XRD. The EDX was
obtained with an EDX spectrometer equipped with a scanning electron microscope
(SEM) (KEYENCE VE-9800 - EDAX Genesis XM>), and the photoemission spectrum
with a SCIENTAOMICRON R4000 analyzer and a discharge lamp (SPECS). The Fermi
level of the sample was referenced to that of gold, which was in electrical contact with
the sample. The sample was cleaved in the ultrahigh-vacuum chamber for the
measurement of photoemission spectrum. The photoemission spectrum was measured in

an ultrahigh vacuum of ~5 x 10 Pa.

3-3. Results
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3-3-1. Crystal structure of (NH3z)yNaxMoSe;

Single crystals of pristine MoSe, were prepared using the annealing technique;
details are described in the experimental section. A photograph of a pure MoSe, sample
is shown in Figure 3-1. A single-crystal structure analysis was performed using a piece
of MoSe> (or single crystal) separated from a MoSe> agglomerate prepared in this study
(Figure 3-1); it is unclear whether an entire agglomerate is a single crystal or consists of
multiple single crystals. A reasonable residual-factor (R) could be obtained in this
analysis (R = 2.4% and weighted R (WR) = 4.6%). Only one phase of MoSe, was included
in the single crystal, and it was confirmed that no other phase such as MosSes was
included. The structure of the MoSe:> single crystal was hexagonal (space group: No. 194,
P6s/mmc). The lattice constants were a = 3.289(7) A and ¢ = 12.96(3) A, which are
consistent with those (a = 3.283 A and ¢ = 12.918 A) reported previously for pristine
MoSe> [18]. Crystallographic data are listed in Table 3-1. As seen from the magnetic
susceptibility M / H (emu g = cm® g%) shown in Figure 3-2, no superconductivity was
observed in any precursor MoSe; sample, implying no contamination with
superconducting MosSes. The chemical composition of one MoSe, agglomerate was
determined to be ‘MoSe1.9¢2)” from the EDX spectrum (Figure 3-3). These analyses also
show that the precursor material was not superconducting MosSes [19], i.e., it was non-
superconducting MoSe>. The EDX spectra, magnetic susceptibilities and single-crystal
analyses guaranteed that all MoSe. agglomerates used for metal-intercalation throughout
this study were in fact substantially ‘MoSe>’.

Metal-doped MoSe, samples were prepared using the liquid NHs technique. The

experimental details are described in the experimental section. Here, it is worth noting
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that instead of a polycrystalline powder, in this study, an agglomerate of MoSe> was used
as the starting material for metal-intercalation. This is based on the successful synthesis
of metal-doped FeSe from an agglomerate of FeSe [20].

A photograph of (NHs)yNaosMoSe: prepared using the liquid NHs method is shown
in Figure 3-4; the stoichiometry of Na (x = 0.5) is an experimental nominal value. The
(NHz)yNaosMoSe> samples (agglomerates) look like single crystals. The EDX spectrum
for (NH3)yNagsMoSe> is shown in Figure 3-5, which shows that the (NH3)yNaosMoSe>
sample is (NH3)o.4¢1)Nao.41(1)M0Se2.041). The amount of NH3, y = 0.4(1), was determined
from the mass difference before and after the reaction that used liquid NHs. These results
indicate that NHz was included in this material, and the amount of Na is reasonably
consistent with the experimental nominal value. Here, we must consider the exact
chemical structure and appropriate representation of NHs, i.e., which form exists in the
MoSe> solid: is it in a metal-coordinated amide, does it exist as molecular NHs, or does
it take some other forms? To determine the exact chemical formula, neutron diffraction
may be required. Throughout this chapter, the simple chemical formula, (NHz)yMxMoSe;,
is used for convenience because the exact chemical form of NH3 is unclear.

The structure of (NH3)yNaosMoSez (0.5 is a nominal experimental value) was
examined as a typical example using single-crystal XRD data collected at room
temperature. As seen in Figure 3-6, the XRD Bragg spots are quite diffuse, indicating a
very disordered crystal. Because of the diffuse spots, a definitive structural analysis could
not be performed.

To confirm whether the Na atom is located midway in the space between MoSe;
layers, the powder XRD pattern of (NHs)yNaosMoSe> was measured with synchrotron

radiation (1 = 0.4137(1) A). The powder XRD pattern is shown in Figure 3-7 together

39



with the pattern calculated based on Le Bail fitting. The Le Bail fitting was performed for
two phases under the space group of P6s/mmc. The sample was prepared from Na and
MoSe; using the liquid NHs technique, and ground up for the acquisition of a powder
XRD pattern. The a and c of the main phase were determined to be 3.541(2) and 14.810(4)
A, respectively, while those of the minor phase were 3.2615(1) and 12.8133(5) A. The
minor phase can be assigned to pure MoSey, the lattice constants of which are consistent
with the values (a = 3.289(7) A and ¢ = 12.96(3) A) determined for pure MoSe; single
crystal in this study. As seen from Figure 3-7, the peak-intensity of 002 peaks for non-
doped (minor) and Na-doped MoSe, (major) observed at angles below 26 = 5° were
virtually the same, indicating that the fractions were almost equivalent. No other phase
(such as metal-doped MosSes) was found, which is reasonable because the precursor
material before metal-doping was demonstrated to be MoSe;.

The ¢ of 14.810 A of the main phase is larger by 1.85 A than that of pure MoSe>
(12.96(3) A), indicating that the Na is located in the space between MoSe: layers. The
a value also increased to 3.541(2) A from 3.289(1) A, but the expansion (Aa = 0.252 A)
is too small to be attributed to the intercalation of Na into the MoSe: layer. As discussed
later, the intercalation of Na at a 2a site, i.e., the space between MoSe; layers, seems to
be the most reasonable explanation of the observed changes. The R and weighted pattern
R (WRp) were 3.2 and 4.8% in the Le Bail fitting, respectively, which are reasonable values
that confirm the Le Bail analysis. The structure suggested is shown in Figure 3-8; in this
structure, NHz is not shown. A more precise crystal structure that includes NHz must be
determined using high-quality (NHs)yNaosMoSe; single crystals that yield sharp Bragg
spots. This study is now in progress.

In this study, the author tried to perform Rietveld refinement based on the model
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listed in Table 3-2; the atomic coordinates listed in Table 3-2 were obtained by a structural
analysis based on single-crystal X-ray data, but a reasonable R factor could not be
obtained in the single-crystal XRD analysis because of the diffuse Bragg spots collected
from the single crystal (Figure 3-6). The complete Rietveld refinement for powder XRD
pattern could not also be achieved using the above model, so it was not possible to
determine the exact location of the Na atom. However, the large expansion of ¢ suggests
that Na is located in the space between MoSe; layers. If this is the case, the location of
Na at a 2a site may be reasonable because of the presence of a large space around the 2a

site. A possible crystal structure of (NH3)yNaxMoSe: is shown in Figure 3-8.

3-3-2. Characterization of superconductivity in (NH3z)yNaxMoSe;

Figure 3-9 shows the M / H — temperature (T) curves in zero field cooling (ZFC) and
field-cooling (FC) modes for (NHz3)o.41)Nao.41¢1)M0Se2.041). The Tc°™ and T were 6.0
and 5.0 K, respectively, for (NH3)o.4¢1)Nao.41(1)M0Sez04(1); the Tc was determined from the
crossing point of the extrapolation of the normal state and the drop of the M/ H —T curve
in ZFC mode, as seen from the inset in Figure 3-9. Here, it may be necessary to briefly
comment on a slow decrease in M / H below T (Figure 3-9). The inhomogeneous Na-
doping of MoSe, may be suggested as its origin. However, as described later, the different
x values in (NHs)yNaxMoSe; did not provide different T or T values, which means
that the inhomogeneous Na-doping cannot explain the slow decrease. The second
possibility is that the (NH3)yNaxMoSez agglomerates shown in Figure 3-4 are not single

crystals but aggregates of polycrystalline grains because the small size of
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superconducting grains often results in such a decrease. These possibilities are fully
explored later.

The shielding fraction at 2.5 K was 100% for (NHz3)o.41)Nao.41)M0Sez.04(1); the
shielding fraction was evaluated using the density (p = 5.64 g cm™) determined from the
above chemical stoichiometry and lattice constants shown in the subsequent section. Here
it should be noted that the above sample was made by Na-doping of an agglomerate of
MoSe». As a reference, the M / H — T plot of the (NH3)yNaosMoSe, sample prepared by
Na-doping of polycrystalline MoSe, powder is shown in Figure 3-10. The T¢ and T
(Figure 3-10) were the same as those (Figure 3-9) of a sample prepared by Na-doping of
a MoSe; agglomerate, but the shielding fraction was less than 1% at 2.5 K. The behavior
ofthe M/ H —T plot below T°™ (Figure 3-10) was also the same as that shown in Figure
3-9. These results may show that effective Na-doping can be performed on the
agglomerates of MoSe,. Moreover, we suggest that the above small fraction (< 1%) may
originate in a limiting thickness of superconductivity, i.e., a thin superconducting area
formed by metal-doping using polycrystalline MoSe. powder. Therefore, throughout this
chapter, all studies were performed using the samples prepared by metal-doping of
agglomerates of MoSex.

Finallyy, we can comment briefly on the Meissner fraction of
(NH3)o.4)Nao.411)MoSe2 041y at 2.5 K (shielding fraction = 100% at 2.5 K (Figure 3-9)).
The Meissner fraction was approximately 6.7% at 2.5 K which was evaluated from the M
/ H—T plot in FC mode (Figure 3-9), indicating a small size for superconducting grains.
Therefore, this single-crystal like (NHs)o.4)Nao.411)MoSez204) may actually consist of
polycrystalline superconducting grains, as previously suggested based on the slow drop

observed in the M / H — T plot below T™* (Figure 3-9). However, some of
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(NHz)yNaxMoSe, samples showed a Meissner fraction of more than 20%. Figure 3-11
shows M / H — T plots of (NH3)yNaosMoSe; exhibiting a Meissner fraction of 25%.
Figure 3-12 shows the M — H curve at 2 K for (NHz3)o0.41)Nao.411)M0Se2 041y, Which
exhibits a clear diamond-like shape. The lower critical field Hc: was determined to be 18
Oe from the expanded M — H curve (inset of Figure 3-12). It was concluded from the M
— H curve (Figure 3-12) that the upper critical field, He2, was > 0.3 T, indicating a type-11
superconductor. Figure 3-13 shows M / H — T plots at different H’s, and the H — T phase
diagram (Figure 3-13) was constructed from the T.°"* at each H; the fitted curve indicates
the Hc, at each temperature. The positive curvature found from the data shown in Figure
3-13 is similar to the behavior of (NH3)yKxMoS; reported recently [21]. The He at 0 K,

Hc2(0), was evaluated to be 0.31(5) T with the Werthamer-Helfand-Hochenberg (WHH)

formula, and 0.41(5) T from the curve fitting with equation, H., = H.,(0) [1—

3/273/2
(L) ] . However, the data of the Hc, — Tc plot are confined near Tc. Therefore,

Tomset
the Hc is shown just for reference. We determined the London penetration depth, 4, to
be 520 nm, from Hc1. The shape of the sample was assumed to be isotropic because the
measurements of M —H (2 K) and M/ H — T at different H’s was performed using more
than one agglomerates.

Figure 3-14 shows the x dependence of 7. in (NH3);NaxMoSe>. The x value was
determined from the EDX spectrum, and the x refers to the statistically averaged value
with a small error bar falling within the range of the circle (Figure 3-14); the EDX was
measured for several areas in one sample. The 7. was almost constant (~ 5 K) with an x-
range of 0.4 — 1. The shielding fraction was higher than 35% in all samples. For the

onset

discussion, the 7c°™% — x plot is given in Figure 3-14 again because the previous reports
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on metal-doped MoS; and MoSe; show the T7c°™'. The 7. was also constant (~ 6 K) in
the x-range of 0.4 — 1. Therefore, we cannot point out an x-dependence of
superconductivity in (NH3),NaxMoSe;. Finally, we must comment that the maximum x is
1.0 in (NH3),NaxMoSe: if the Na occupies only a 2a site in the P63/mmc lattice, as
described in the subsequent section. To sum up, it must be stressed that the x range must
be 0 — 1 in (NH3)yNaxMoSe». A list of typical superconducting samples is shown in Table

3-3.

3-3-3. Electronic structure of (NH3)yNaxMoSe:

The photoemission spectrum of a single-crystal-like agglomerate of
(NH3)yNao.sMoSe> measured at 30 K is shown in Figure 3-15; the spectrum was recorded
at the I" point using the Xe-la resonance line (8.44 eV). The photoemission intensity was
observed on the Fermi level, i.e., the metallic edge was clearly recorded. This shows that
(NH3)yNaog.sMoSe: is metallic in the normal state, and the superconducting transition of
(NH3)yNaopsMoSe, emerges from the metallic state. The evaluation of the
superconducting gap in (NH3)yNaosMoSe, has not yet been done due to the limited
resolution of 15 meV in the photoelectron spectrometer, so this is future work. While the
metallic edge was clearly observed in the normal state by Xe-Ia light, no signature of the
metallic edge was obtained when changing Xe-Ia to the He-lo resonance line (21.2 eV).
We note that the surface of the (NH3)yNaxMoSe; single crystal may be oxidized, as the
photoemission spectrum using the Xe-Ia resonance line provides more bulk-sensitive
results than He-Ta.. The successful observation of the metallic edge at the T" point is fully

treated in the Discussion section.
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3-3-4. Superconductivity in other metal-intercalated MoSe:

Figures 3-16 and 3-17 show the M / H — T curves for (NH3),LiosMoSe> and
(NH3)yKosMoSe>, in ZFC and FC modes. The 7. and T. were 6.5 and 5.0 K,
respectively, for (NH3)yLiosMoSe>, and were 7.5 and 5.3 K for (NH3)yKosMoSe>. The
shielding fraction at 2.5 K was 21% for (NH3)yLipsMoSe>, and 10.5% for
(NH3)yKo.sMoSe;. These shielding fractions were roughly estimated using the p (= 6.99
g cm™) of MoSez because the exact p could not be determined for (NH3)yLipsMoSe> and
(NH3)yKo.sMoSe> owing to the absence of structural data (lattice constants). Therefore,
the values may be slightly overestimated, but the shielding fraction suggests that the
superconducting phases can be formed by intercalating alkali metal atoms other than Na.
The Tc°™"s of these materials were higher than the 6 K of (NH3)yNagsMoSe>. However,
the 7: was almost the same for (NH3)yMxMoSe:’s. Furthermore, the superconducting
(NH3)ySrxMoSe> (nominal x = 0.2) was synthesized, which showed a T. (7c°™) as high
as 4.8 K (7.0 K) (M / H — T plots not shown); the 7. was the same as that reported
previously [15]. The shielding fraction was ~2.5% at 2.5 K which is lower than those of
alkali-metal-doped MoSe:.

In the case of (NH3)yMMoS,, the 7. generally increases with an increase in ¢
[15], and it increases with the ionic radius (7ion) of the intercalant. However, the Tc°" of
(NH3)yLixMoS; deviates from this pattern [15]. The Tc®™ vs. rion for (NH3)yMxMoSe:
(M: Li, Na, Sr and K) is plotted in Figure 3-18, together with that of (NH3)yMxMoS:
reported previously [15,16]. Similar behavior is seen in the plots of 7™ — rion of

(NH3)yMxMoSe; and (NH3)yMxMoS,. The Tc°™* of (NH3)yLixMoSe, deviates from the
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suggested relationship, as does that of (NH3)yLixMoS> [15]. The author briefly tried to
synthesize (NH3)yMxMoSe> (M: Rb, Cs, Ca, Ba, Sr and YD) as well as (NH3)yLiosMoSe>,
(NH3)yNaop sMoSe, and (NH3)yKosMoSe,. At the present stage, their superconductivity
has not yet been observed, except for (NH3),SrxMoSe> which was previously reported

[15].

3-4. Discussion

Very recently, Shi et al. succeeded in achieving superconductivity through
electrostatic electron-doping of MoSe; [17]. The maximum 7. of MoSe> reaches 7.1 K at
nap = 1.69 x 10'* cm?, and the T can be tuned by the accumulated electron density. The
maximum 7. is lower than the 10.8 K of MoS; [11] and the n2p is higher than the 1.2 x
10'* cm™ of MoSz [11]. For MoSez, a dome-like phase diagram of T.vs. nop has not yet
been observed because the number of metal-doped MoSe» superconductors discovered is
still small, i.e., a T in the mop-range (> 1.69 x 10' cm?), which will be achieved by
chemical electron-doping, has not yet been plotted.

A fresh Tc — nop diagram (Figure 3-19) was prepared using the 7. — nop plot
(electrostatic electron-doping) reported by Shi et al. [17] and the T — n2p plot (chemical
electron-doping) for (NH3)yMxMoSe; samples produced in this study. Here, it should be
noted that the 3D electron density, n3p, evaluated from the x and lattice volume in
(NH3)yNaxMoSe; was translated to 2D electron density n2p by assuming the thickness of
the channel region to be one layer (= ¢/2); the electron concentration donated from a metal
atom to the MoSe; layer was evaluated assuming that an alkali (alkali earth) metal atom

can donate only one (two) electron, i.e., complex processes such as back-electron transfer
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to NH3 were not considered. This is the same method used for the estimation of the 7t —
nop plot for metal-doped MoS» [17]. In the phase diagram, the 7¢’s of (NH3),LiosMoSez,
(NH3)yKo.sMoSez and (NH3)ySro.261(1)MoSe: are also plotted for reference, although the x
is an experimental nominal value except in (NH3),Sro261(1)MoSe>. Consequently, a dome-
like phase diagram was suggested in the same manner as MoS> [11], but a continuous
change of 7. was not obtained in the high nop range because of the almost identical 7 in
metal-doped MoSe> prepared in this study (Figure 3-19).

As described in the Results section, the 7.°™" increases with increasing rion (Figure
3-18). This behavior is contrary to that of (NH3),MxFeSe, in which the 7.°" is inversely
proportional to the 7ion [7]. In the case of (NH3),MxFeSe, the T. is closely associated with
the FeSe plane spacing (= ¢ /2) [7-9], and elements with a smaller 7in produced larger
FeSe plane spacings. This strange behavior can be explained by the fact that the crystal
structure differs (off-center or on-center structures) depending on the rion of the
intercalated element [8], so that (NH3),LixFeSe, with an off-center structure, provides a
larger FeSe plane spacing and high 7. (~44 K) [5, 8]. If the T. (or 7c°™%) also depends on
the MoSe; plane spacing in (NH3)yMxMoSe, the graph shown in Figure 3-18 implies that
an increase in the rion of the intercalant directly affects the MoSe: plane spacing. Actually,
the deviation of 7. of (NH3),LiosMoSe> and (NH3)yLipsMoS, from the 7™ — rion
curve drawn in the graph shown in Figure 3-18 may imply that (NH3)yLixMoSe> adopts a
different structure from that (see Figure 3-8) determined for (NH3)yNaxMoSe>. In other
words, we expect a different location for the Li atom in (NH3)yLixMoSe> than that of the
Na atom (probably 2a site), as found in (NH3),LixFeSe [6, 8]. To sum up, we must discuss

the superconductivity of (NH3)yMxMoSe: in the light of two variables, n2p and MoSe>
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plane spacing (or two dimensionality). This makes it difficult to observe a dome-like 7.
— nop phase diagram, as seen from Figure 3-19.

As described in the Results section (Figure 3-14), no x-dependence of T. (or Tc°"")
was observed in (NH3z),NaxMoSe,. Here, it is very interesting and significant to
investigate whether the lattice constants (¢ and c¢) change with the x value in
(NH3)yNaxMoSe.. Figure 3-20 shows the expanded X-ray diffraction patterns (26=4.0 —
8.09), indicating that the 002 peaks due to doped and non-doped phases are observed at
the same 26 values although the peak intensity due to the doped phase increases
monotonically with increasing x in the x-range of 0.35 to 0.86. From this result, it was
found that the ¢ does not change with x, suggesting that the stoichiometric
(NH3)yNaxMoSe; is formed regardless of any increase in x. In other words, the chemical
stoichiometry of (NH3)yNaxMoSe> does not change even when x increases, and only the
fraction of the non-doped phase decreases. Such behavior was recently observed in
(NH3)yKxMoS; [21], in which the Ko4MoS> (2H structure) and KioMoS, (1T and 1T’
structure) are formed in low and high K concentrations, respectively. The constant 7. may
be reasonably explained by the scenario that the stoichiometric (NH3)yNaxMoSe>
compound (or the chemical compound with fixed x and y) is formed in the entire x range,
i.e., the stoichiometric x value in (NH3)yNaxMoSe> does not change with increasing x as
determined from EDX; the EDX estimates the x value including non-intercalated Na
atoms. This scenario corresponds to the third possibility described in the Results section.

As seen from Figure 3-20, at higher x values than 0.7, a new peak was observed,
indicating the presence of a new c-expanded phase. Figure 3-21 shows the x-dependence
of ¢ in (NH3)y,NaMoSe». From this graph, three different ¢ values are found, due to (1)

non-doped pure MoSe, (2) a Na-doped MoSe: phase, and (3) another Na-doped MoSe>
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phase with a larger MoSe: spacing. Since the 7. did not change in the entire x-range
regardless of the formation of phase (3), it was unclear whether phase (3) is a new
superconducting phase. To sum up, when x increases, two different Na-doped MoSe;
phases with certain chemical stoichiometry seem to be formed in (NHj3),NaiMoSe,.
Further study is necessary to clarify the exact stoichiometry of their phases.

Finally, it is necessary to comment on the observation of a metallic edge on the Fermi
level in the photoelectron spectrum measured at the I" point. The band dispersion in bulk
crystals of pure MoSe; shows an indirect band gap (I" — (I'K)) [22], where (I'K) means an
intermediate state between I" and K. However, the band dispersion in a single layer of
MoSe, shows a direct band gap (K — K) [21]. Therefore, a metallic edge for
(NH3)yNaxMoSe> should be observed at the (I'K) point for MoSe; crystal if we assume a
rigid-band picture of band dispersion. Furthermore, even if we assume a single-layer like
MoSe> accompanied by expansion of the spacing between MoSe> layers due to Na-
intercalation, a metallic edge must be observed at the K point. Therefore, a metallic edge
should not be observed at the I" point. Nevertheless, a metallic edge was clearly observed
in the photoemission spectrum (Figure 3-15). Relevant to this question, it can be observed
that the photoemission spectrum must detect all band dispersion of (NH3)yNaosMoSe>
since the single crystal of MoSe> must be disordered to possess different crystal
alignments. In other words, the photoemission spectrum of a polycrystalline-like
(NH3)yMxMoSe> granule is recorded in Figure 3-15. This interpretation is reasonable

since some disorder in the crystal is suggested by the XRD pattern shown in Figure 3-6.
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3-5. Conclusions and outlook

Metal-doping of MoSe> provided the superconductivity with the superconducting
transition temperature, 7T, of ~5 K, i.e. (NH3)yMxMoSe> (M: Li, Na, K and Sr) was
successfully synthesized. The plot of 7: against electron density (n2p) for electron
accumulated MoSe> was completed by this study on metal-doped MoSe; and the previous
study on electrostatically electron-accumulated MoSe; [17], showing the dome-like 7. —
nap phase diagram. The 7. increased with an increase in ionic radius of doped metal atom,
i.e., from Li to K. The x dependence of 7. was fully investigated, and 7. did not change
against x. This implies the formation of a fixed stoichiometric compound showing
superconductivity. The normal state was metallic which was evidenced from

photoemission spectrum.
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Table 3-1. Atomic coordinates of a single crystal of MoSe:.

atom site X y z Beq occupancy
Mo 2c 0.33333  0.66667 0.25000  0.24(3) 1/12
Se 4f 0.33333  0.66667 0.62096(8) 0.26(3) 1/6

Table 3-2. Atomic coordinates of a single crystal of (NH3)yNaosMoSe:.

atom site X y z Beq occupancy
Mo 2c 0.33333  0.66667 0.25000 20(3) 1/12
Se 4f 0.33333  0.66667  0.633(8) 25(3) 1/6
Na 2a 0.00000  0.00000  0.00000 17(4) 1/12
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Table 3-3. List of representative samples, (NH3)yMxMoSe;, prepared in this study.

X Te  Tc®™  Fion

M
(nominal value)  (K) (K) (A)
Na 0.3 5.0 6.0 1.02
Na 0.5 4.8 6.0 1.02
Na 0.5 5.0 6.0 1.02
Na 0.6 4.7 6.0 1.02
Na 0.6 4.7 6.0 1.02
Na 0.8 5.0 6.0 1.02
Na 0.8 5.0 6.0 1.02
Na 1.0 4.7 6.0 1.02
Li 0.5 5.0 6.5 0.76
K 0.5 53 7.5 1.38
Sr 0.2 5.0 7.0 1.18
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Figure 3-1. Photograph of agglomerates of MoSe;. A small piece of this agglomerate
was single crystal as evidenced from a successful single-crystal X-ray structure

analysis.
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Figure 3-2. M / H — T plots of the MoSe> agglomerates in ZFC and FC modes.

55



—~
%
=
c
=
o
| -
©
S
>,
=
2 Mol
O
|=
= JJ SeK, Sek,q
- A
L L L L I L L L L I L L L
0 5 10

Energy (keV)

Figure 3-3. EDX spectrum of pure MoSe;.

Figure 3-4 Photograph of (NH3)yNaosMoSe> agglomerates.
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Figure 3-5. EDX spectrum of (NH3)yNaosMoSe;.

Figure 3-6. XRD pattern of a small piece of (NHz)yNaosMoSe, showing the streaky lines.
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Figure 3-7. Powder XRD pattern of (NH3)yNaosMoSe; using synchrotron radiation. ‘x’
marks correspond to the experimental XRD pattern. Red and green lines refer to
calculated patterns (Le Bail fitting) and background, respectively. Ticks refer to the peak
positions predicted. Two phases ((NH3)yNaxMoSe; and MoSe») are used in Le Bail fitting.
The M / H— T plots in ZFC and FC modes for the (NH3)yNaogsMoSe; sample providing

the XRD pattern are shown in the inset of figure.
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© Mo

Figure 3-8. Schematic representation of possible (NH3)yNagsMoSe> structure; the
structure was drawn based on the atomic coordinates shown in Table 3-2. As
described in text, this structure may be reasonable if the Na is located in the space

between MoSe; layers, which is supported by the expansion of lattice constant c.
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Figure 3-9. M/ Hvs. Tplots of the (NH3)yNao sMoSe: agglomerates in ZFC and FC modes
(H =10 Oe). Inset shows the method used to determine 7¢. The chemical composition of

(NH3)yNaog.sMoSe, was determined to be (NH3)o.41)Nao.41(nMoSe2.04(1) (see text).
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Figure 3-10. M/ H —T plot of (NHs)yNaosMoSe; which was prepared by Na-doping
of polycrystalline MoSe; powder under ZFC and FC modes. Inset shows the method

used to determine 7.. The stoichiometry of this sample was not determined.
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Figure 3-11. M / H — T plots of (NH3)yNaosMoSe; in ZFC and FC modes. The
Meissner fraction was approximately 25% at 2.5 K. Inset shows the method used to

determine T¢. The stoichiometry of this sample was not determined.
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Figure 3-12. M — H curve measured at 2 K for the (NH3)yNaosMoSe>, agglomerates. In
the inset, the expanded M — H curve is shown together with the fitted line. The chemical
composition of (NH3)yNaosMoSe, was determined to be (NH3)o.4¢1)Nao.41(1)MoSe2.04(1)

(see text).
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Figure 3-14. x-dependence of T¢ and 7. in (NH3)yNaxMoSe;; x was evaluated from
the EDX. The shielding fraction is evaluated using the density, p, determined using each

chemical stoichiometry for (NH3),NaxMoSe>; y is assumed to be 0.4.
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Figure 3-15. Photoemission spectrum of (NH3)yNao.sMoSeo.
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Figure 3-16. M / H vs. T plots of (NH3)yLip.sMoSe> in ZFC and FC modes. Inset shows

the method used to determine 7¢. The stoichiometry of this sample was not determined.
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Figure 3-17. M / H vs. T plots of (NH3)yKosMoSe: in ZFC and FC modes. Inset shows

the method used to determine 7.. The stoichiometry of this sample was not determined.
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Figure 3-18. Plot of 7™ vs. rien in (NH3)yMxMoSe> and (NH3)yMxMoS>. Circles and

diamonds refer to (NH3)yMxMoS: and (NH3);MxMoSe>, respectively. The plot is based

on the data collected in this study (diamonds) and those in refs. 15 and 16 (circles).
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Figure 3-20. XRD patterns of (NH3)yNaxMoSe, samples with different x; each x was
determined from the EDX spectrum. The peaks at 260 = 6.1°, 5.4° and 5.1° correspond to
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Chapter 4. Preparation of new superconducting metal-doped

FeSe1-,Te; using organic solvent

In this chapter, the author reports new superconductors prepared by metal doping of
two-dimensional (2D) layered materials, FeSe and FeSeosTeos, using ethylenediamine
(EDA). The superconducting transition temperatures (7¢’s) of metal-doped FeSe and
metal-doped FeSeosTeos, i.e., (EDA)yMxFeSe and (EDA)yMxFeSeosTeo.s (M: Li, Na and
K), were 31 — 45 K and 19 — 25 K, respectively. The stoichiometry of each sample was
clarified by energy dispersive X-ray (EDX) spectroscopy, and the X-ray powder
diffraction pattern indicated a large expansion of lattice constant ¢, indicating the co-
intercalation of metal atoms and EDA. The pressure dependence of superconductivity in
(EDA)yNaxFeSeo.sTeos has been investigated at pressure of 0 - 0.8 GPa, showing a
negative pressure dependence in the same manner as (NH3)yNaxFeSeosTeos. The Tc — ¢
phase diagrams of MxFeSe and MxFeSeosTeos were drawn afresh from the 7. and ¢ of
(EDA)yMxFeSe and (EDA)yMxFeSeosTeo.s, showing that the 7. increases with increasing

¢ but that extreme expansion of ¢ reverses the 7. trend.

4-1. Introduction

During the past decade, many superconducting two-dimensional layered materials
have been fabricated [1-20]. The most significant and exciting materials are probably the
families of iron pnictides (FeAs) [1-5] and iron chalcogenides (FeSe) [6-14], because
these materials have provided a very fruitful stage for research on superconductivity. The

highest superconducting transition temperatures (7¢’s) in these materials are currently
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recorded for SmFeAsOi.5[5] and for (NHz),NaxFeSe [9]. The highest 7t of the former
material is 55 K, and that of the latter 45 K. Here, it should be noted that the T, of FeSe
is at most 8 K [6] but it increases rapidly to 31 K [7] with K doping. Clearly, metal doping
is an important way to realize high 7. superconductors using FeSe-based materials.
Furthermore, metal-doped FeSe prepared using ammonia (NH3), (NH3)yMxFeSe (M:
alkali and alkali earth metal atoms) [9-14], provided a higher 7. than non-ammoniated
metal-doped FeSe [7,8]. These results show the effectiveness of codoping of FeSe with a
metal atom and NH3s.

Recently, the author observed a very high 7t in (NH3)yCsxFeSe under high pressure,
i.e., the T. reached 49 K at 21 GPa [13]. This is the highest 7t yet reported in FeSe
materials; non-ammoniated K FeSe also formed a pressure-induced high-7. phase (7. =
48.7 K at 12.5 GPa) [8]. Thus, metal-doped FeSe has attractive physical properties. On
the other hand, the 7: of (NH3)y,CsiFeSe decreased monotonically with increasing
pressure up to 13 GPa [13]. The 7. was correlated with the lattice constant, c, i.e. the FeSe
plane spacing [13], with the correlation supported not only by the effect of physical
pressure, but also by the chemical pressure when metal atoms of different sizes were
intercalated in FeSe using liquid NH3 [9-12]. This implies that higher 7¢’s were the result
of larger FeSe plane spacing. Nevertheless, the extreme expansion of FeSe plane spacing
suppressed the 7. in FeSe material [15-17]. However, this behavior has not yet been
confirmed for FeSeosTeos, because of a lack of data for FeSeosTeos crystals with
extremely expanded layer spacing.

In this study, the preparation of metal-doped FeSeosTeos was achieved using
ethylenediamine (EDA (C>HsgN3)) instead of liquid NH3s, and the correlation between Tt

and c over a wide c-range was successfully obtained. The molecular structure of EDA is
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shown in Figure 4-1. There are many advantages of using EDA in metal doping. First,
EDA is liquid at room temperature, while NH3 is liquid below ~240 K, making sample
preparation with EDA easier than with liquid NH3. Furthermore, a larger 2D layer spacing
can be realized through the codoping of metal atoms and EDA, because the van der Waals
size of EDA is much larger than that of NH3s. In this chapter, various metal-doped FeSe
and FeSeo sTeo s samples prepared using EDA are characterized by magnetic susceptibility
(M / H), energy dispersive X-ray spectroscopy (EDX), and X-ray diffraction (XRD); M
and H refer to magnetization and applied magnetic field, respectively. The 7. — ¢ phase
diagram was obtained for metal-doped FeSe and FeSeosTeos over a wide ¢ range.
Furthermore, the pressure dependence of superconductivity in metal-doped FeSeo.sTeo s
was also investigated to determine the behavior of 7. against pressure in the low-pressure
range, because this may differ depending on the solvent molecule codoped with the metal

atoms.

4-2. Experimental

The B-FeSe and B-FeSeosTeos samples were prepared using the method described in
ref. 10; the prepared samples were identified as Feogs7(1)Se and Feo.ss2(1)S€o0.547(2)T€0.45(4)
using EDX spectroscopy, which will be described later. The samples of (EDA)yMxFeSe:.
2Te; (M =metal atom: Li, Naand K, z= 0 and 0.5) were prepared using EDA as described
below. (1) The metal was immersed together with Feogs7(1)Se or Feo.ss2(1)S€o.547(1) T€0.45(4)
in dried EDA solvent. The metal was completely dissolved, but Feosgs7(1)Se and
Feo.ss52(1)Se€0.547(1) T€0.45(4) Were not dissolved. (2) The solution was stirred at 318 K for one

week in an O2- and H.O-free glove box (O2, H.0 < 1.0 ppm). (3) Solvent was removed
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under vacuum, and the solid sample was introduced into the measurement cell for each
characterization.

The M of the sample was measured using a SQUID magnetometer (Quantum Design
MPMS?2). The T¢ and shielding fraction were 9 K and 82% at 2.5 K for Feoge7(1)Se, while
they were 14 K and 100% at 2.5 K for Feo.ss2(1)Se€os47(1)T€0.454). The XRD patterns of the
samples were measured with a Rigaku R-AXIS RAPID-NR X-ray diffractometer with a
Mo Ka. source (wavelength A = 0.71073 A). The chemical composition of each sample
was determined by EDX spectroscopy with an EDX spectrometer equipped with a
scanning electron microscope (SEM) (Keyence VE-9800 - EDAX Genesis XMy).
Throughout this chapter, the stoichiometry of the samples is initially provided as the
nominal experimental value, as in FeSe and FeSeosTeos, without an estimated standard
deviation (esd), and the exact stoichiometry as determined from the EDX spectrum is also

given with esd for all samples.

4-3. Results and discussion
4-3-1. Characterization of superconductivity in (EDA)yMxFeSei..Te,

The M / H— T plots measured in ZFC and FC modes for (EDA)yNaxFeSe prepared
by the intercalation of Na atoms in FeSe using EDA are shown in Figure 4-2. A drop in
M | H is observed below 44 K (or 7. = 44 K), and T.is 43 K. The T¢ of this
superconducting phase is similar to the 7. (= 46 K) of the high-7¢ phase of (NHs)yNaxFeSe
[12]; (NH3)yNaxFeSe has two different superconducting phases (7. = 46 K and 7. = 33
K). The shielding fraction of the (EDA)yNaxFeSe sample (7c = 43 K) was evaluated to be

25% at 5 K from the M / H — T plot shown in Figure 4-2. The superconducting
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(EDA)yNaxFeSe with T = 45 K was first generated by Noji et al. [16] who provided the
plot of Tt against FeSe layer spacing, as described later. The superconducting material
(EDA)yLixFeSe was successfully prepared in the present study, with a 7¢ of 45 K (Table
4-1).

The EDX spectrum of this (EDA)yNaxFeSe sample was measured to determine its
stoichiometry, and showed only the peaks of Na, Fe, Se, C, N and O atoms (Figure 4-3).
The O atoms may be present because the sample was exposed to air before the EDX
measurement, allowing some the oxidation of the sample. This result supports the above
chemical formula. The stoichiometry of the sample was determined to be
(EDA)yNao.s207Feo.7651)Se. The stoichiometries of all (EDA)yMxFeSe samples are listed
in Table 4-1. Here it should be noted that the low-7: phase of (EDA)yNaxFeSe was
prepared, exhibiting a 7. as high as 31 K, but that the shielding fraction was not very high
(less than 10%, Figure 4-4). The stoichiometry of low-7. phase was not determined from
EDX spectrum. Consequently, we do not discuss this superconducting phase at the present
stage.

The M / H — T plots measured in ZFC and FC modes for (EDA)yNaxFeSeosTeos are
shown in Figure 4-5. The values of 7.°®% and T. were determined to be 30 and 25 K,
respectively. The shielding fraction of this sample was 24% at 2.5 K. The T is slightly
lower than that of the high-7. phase of (NH3)yNaxFeSeo sTeo.s, which was ~27 K [18]. In
the present study, the author successfully prepared another phase of
(EDA)yNaxFeSeosTeos, i.e., the low-T. phase. The T.°™ and T. were 30 and 22 K,
respectively, as seen from the M / H — T plots in Figure 4-6. From the 7.°™" value, the
author points out that only a small fraction of the high-7. phase may be contained in this

sample. The shielding fraction of this sample was determined to be 18% at 2.5 K.
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The EDX spectra of samples containing the high-7. phase (Figure 4-7) or low-Tt
phase (Figure 4-8) of (EDA)yNayFeSeosTeos were measured to determine their
stoichiometry, showing the peaks of Na, Fe, Se, Te, C, N and O atoms in each sample.
The O atom peak may be due to sample exposure to air before the EDX measurement.
The EDX spectrum supports the chemical formula of (EDA)yNaxFeSeosTeos. The
stoichiometry of the sample containing the high-7. phase of (EDA)yNaxFeSeosTeos was
determined to be (EDA)yNaos)Feossa)Seosise)Teossas), and that of the sample
containing the low-7¢. phase was determined to be (EDA)yNao s2)Feo.s7(5)S€0.513)T€0.49(3).

Furthermore, samples of (EDA)yMxFeSeo.sTeos (M: Li and K) were also prepared
successfully. The M / H — T plots are shown in Figures 4-9 and 4-10, respectively, for
(EDA)yLixFeSeosTeos and (EDA)yK«FeSeosTeo.s, the 7¢’s of which were 22.5 and 19 K
(Table 4-1). The chemical formula is estimated to be
(EDA)yK1.17(4)F€0.83(3)S€0.523(7) T€0.477(7) from EDX spectrum (EDX spectrum is not shown).
The T. of 22.5 K for (EDA)yLixFeSeosTeos was slightly lower than the 7. (= 26 K) of
(NH3)yLixFeSeosTeps. The 7. and 7. for all superconducting phases of
(EDA)yMxFeSeosTeos are listed in Table 4-1, along with the stoichiometry of all

(EDA)yMxFeSeo.sTeosTeo.s samples.

4-3-2. Crystal structure of (EDA)yNaxFeSeo.sTeo.s

The XRD pattern of the high-7. phase of (EDA)yNaxFeSeo.sTeo.s (7c= 25 K) is shown
in Figure 4-11 together with the pattern calculated by Le Bail fitting; the sample’s
stoichiometry was (EDA)yNao.s1)Feoss@)Seosise)Teoasas). Le Bail fitting for the XRD

pattern was performed with two phases: the high-7. phase, and non-doped FeSeosTeo s in
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the space group of /4/mmm (No. 139) and P4/nmm (No. 129), respectively. The fraction
of the non-doped FeSeosTeos phase was very small, judging from the XRD pattern
(Figure 4-11), indicating that the sample’s stoichiometry corresponded to that of the high-
T. phase. The final residual pattern factor (Rp) and weighted residual pattern factor (WR))
were 2.43% and 3.55%, respectively. The a and ¢ of the high-T, phase were determined
to be 3.859(3) and 22.80(1) A, respectively, while the a and ¢ values of the non-doped
phase were 3.910(4) and 5.853(9) A, which are close to those reported previously for
FeSeosTeos: a = 3.7909(5) A and ¢ = 5.957(1) A [19]. Since the a and ¢ of
(NH3)yNaxFeSeosTeos (high-T, phase: T. = 30 K) were 3.874(2) and 19.33(1) A [18],
respectively, ¢ was expanded farther by the insertion of EDA than by NH3.

The XRD pattern of the low-T7¢ phase (7. =22 K) of (EDA)yNaxFeSeo sTeo.s is shown
in Figure 4-12 together with the calculated pattern made by Le Bail fitting; the sample’s
stoichiometry is (EDA)yNaos@)Feos7s)Seo.si13)Teos93). The Le Bail fitting for the XRD
pattern was performed for two phases, the low-7¢ phase and non-doped FeSeo sTeo 5 in the
space group of /4/mmm (No. 139) and P4/nmm (No. 129), respectively. The fraction of
non-doped FeSeosTeos was quite small, as shown from the XRD pattern (Figure 4-12),
indicating that the sample’s stoichiometry, (EDA)yNaos@)Feosrs)Seosiz)Teoqo3),
corresponded to that of the low-7¢ phase.

The final R, and wR;, values were 2.8% and 4.2%, respectively. The a and ¢ of
(EDA)yNag s2)Feo s75)Seos13Teoo3) were determined to be 3.925(3) and 24.33(1) A,
respectively, while the a and ¢ values of non-doped FeSeosTeo.s were 3.915(6) and 5.88(1)
A, which are also close to those reported previously for FeSeosTeos: a =3.7909(5) A and
c=15.957(1) A [19]. Since the a and ¢ of (NH3),NayFeSeosTeos (low-T. phase: T; = 21

K) were 3.9824(6) and 17.787(7) A, respectively [18], the expansion of c¢ was
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significantly increased by the replacement of NH; with EDA. The ¢ of 24.33(1) A in
(EDA)yNay s2)Feos75)S€0.513Teo493) wWas also larger than the ¢ of 19.33(1) A in the high-
T. phase (7. = 30 K) of (NH3)yNaxFeSeosTeo.s [18]. Table 4-1 lists the lattice constants of
(EDA)yMxFeSeosTeos (M: Li, Na, K). All ¢ values of (EDA)yMxFeSeosTeos are larger
than those of (NH3)yMxFeSeosTeos, indicating the co-intercalation of metal atoms and
EDA.

The c value of 22.80(1) A for (EDA)yNao s(1)Feo.ss@)Seosis6) Teo4s2(s) (high-T. phase)
is smaller than that of 24.33(1) A for (EDA)yNaos@)Feos7s)Seosiz)Teosos) (low-Te
phase), showing that the smaller ¢ leads to the higher 7¢ in (EDA)yNaxFeSeosTeo.s. This
result is contrary to that found in (NH3)yNaxFeSeosTeo.s, as discussed later.

The author comments briefly on the orientation of the EDA molecule in the crystal
lattice. The EDA molecule must be inserted together with a metal atom in the space
between the FeSe (FeSeo sTeo.5) layers in (EDA)yMxFeSe ((EDA)yMxFeSeo.sTeo.s) crystal.
As seen from Table 4-1, the ¢ value, 22.94(1) A, of (EDA),LixFeSeosTeos (chemical
formula: (EDA)yLixFeos741(2)S€0.45082)Te0.54¢5), Tec = 22.5 K) was larger by 4.965 A than
the 17.975(4) A of (NH3),LixFeSeosTeos [18]. The van der Waals lengths of the long and
short axes of EDA are 7.6 and 5.3 A, respectively, as seen from Figure 4-1. As the
expansion (4.965 A) was smaller than either length, the orientation of the EDA molecule

could not be definitely determined.

4-3-3. Pressure dependence of (EDA)yNasFeSe.sTeo.s

Figures 4-13 shows the pressure dependence of the M / H— T plot of the low-7¢ phase

of (EDA)yNayFeSeosTeo.s. The T value decreases with increasing pressure up to 0.5 GPa,

79



and slowly increases above 0.5 GPa. The behavior is similar to that of the low-T7¢ phase
of (NH3)yNaxFeSeo sTeos [20], in which the 7t decreases with increasing pressure below
0.5 GPa and saturates above 0.5 GPa. The d7I. / dp for
(EDA)yNao.s1)Feoss@Seoss2)Teoare) (Tc = 24 K (low-T¢ phase) and a shielding fraction
of 10% at 5 K) was determined to be -16.1(7) K GPa! from the linear fitting up to 0.5
GPa (Figure 4-13). The value is similar to that, -11.7(5) K GPa™, of the low-T, phase of
(NH3)yNao4FeSeo.sTeos [20]. This result suggests that the change from intercalated NH3
to EDA does not produce a drastic change in the relationship of 7. and pressure.
Recently, a pressure-induced high-7. phase was found for (NH;3),CsxFeSe [13], in
which the 7. monotonically decreased up to 13 GPa, then rapidly increased to 49 K at 21
GPa. In this study, the author did not investigate the pressure dependence of 7¢ in such a
high pressure range. However, investigating the pressure dependence up to a higher
pressure range is very attractive because of the possible emergence of a high-T7. phase.
The study of the pressure dependence of (EDA)yNaxFeSeosTeos in the wide pressure

range from 0 to 30 GPa is now in progress.

4-3-4. Correlation between 7. and plane spacing

The author previously showed a clear correlation between 7¢ and FeSe plane spacing
in (NH3)yMxFeSe [13,18]. The larger the plane spacing becomes in (NH3)yMxFeSe, the
higher the 7. becomes. Figure 4-14 shows the Tt as a function of ¢ in MxFeSe, for which
the 7t values were taken from refs. 9, 10, 13, 16 and 17 in addition to the data in this study.
The previous Tc — ¢ phase diagram in MyFeSe was verified by the additional data.

Furthermore, the 7¢ — c phase diagram of MxFeSeo sTeo.s (Figure 4-14) was depicted using
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the previous results [18] and the new data; the 7. values of (EDA),MxFeSeosTeo s
obtained in this study are now included in Figure 4-14. Both phase diagrams show a dome
shape, i.e., the T. increased with an increase in ¢ (or plane spacing), but then decreased
slowly as the expansion of plane spacing increased farther. The origin of such a dome-
like 7¢ — ¢ phase diagram in metal-doped FeSei..Te; 1s explained as follows [18]. (1) The
increase in 2D nature produces a fundamentally higher 7., meaning that an increase in
Fermi-surface nesting can stabilize the superconducting state and strengthen the electron
pairing. (2) When the FeSe;.,Te; plane spacing is drastically increased, the 7. saturates or
decreases, indicating that interaction between layers is important to the emergence of
superconductivity. Thus, the fact that dome-like 7. — ¢ behavior is observed in both
M FeSei_,Te, materials with z= 0 and z # 0 is a significant evidence for the above scenario.
In other words, the dome-like 7c — ¢ phase diagram is universal for superconducting

MxFese] -ZTez.

4-4. Conclusions and outlook

In this study, the author successfully prepared superconducting metal-doped FeSe
and FeSeosTeos, (EDA)yMxFeSe and (EDA)yMxFeSeo.sTeo.s, using organic solvent, EDA.
This success enabled ones to make a precise 7c — ¢ phase diagram for MxFeSe and
MxFeSeo.sTeo.s, showing that larger c (or layer spacing) leads to higher 7, but an extreme
expansion of ¢ suppresses the 7¢c. This implies the importance of balance of Fermi-surface
nesting and layer interaction in metal-doped FeSei.,Te, materials, i.e., the optimal ¢ for
the superconductivity exists. The farther expansion of ¢ using other organic solvents is

described in chapter 5. The author also investigated the pressure dependence of 7t in
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(EDA)yNaxFeSeosTeos at 0 — 0.8 GPa. This study may proceed to the observation of

pressure-driven high-7. superconductivity, which has already been confirmed in

(NH3)CsxFeSe at the pressure greater than 15 GPa [13] and K<FeSe at the pressure more

than 10 GPa [8].
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Table 4-1. Superconducting properties, chemical composition and lattice constants of

(EDA)yMxFeSe and (EDA)yMxFeSeo sTeo s.

M stoichiometry Te(K) Tconset a(A) c(A) SC%?Y
(K)
Li (EDA)LisFeosraSe 45 46 3750(3)  22.393(8) 27
Na (EDA),Na s200)Feo rosSe 43 44 3.855@) 23.50(1) 25
Li (EDA)LixFeo sarSeo ssniTeosits 25 26 37672 22.94(1) 10
Na (EDA)Nao s ensesSeosnso Tensze 2% 30 3.859(3) 22.80(1) 24
Na (EDA)Nao s FeosrsSeosi Tes sy 22 30  3.925@3) 24.33(1) 18
K (EDA)K: 170 Fe0 s569Seo s Teo a7 19 23 3.562(3) 23.57(1) 11

1) ‘SC’ refers to shielding fraction. In the evaluation of SC, the density of material was
calculated using the above lattice constants and stoichiometry, where density was
evaluated by assuming y = 0.5 since y is unclear. The y value corresponds to that in
(NH3)yMxFeSe and (NH3),MxFeSeosTeos [18]. The x of Li was assumed to be 0.5

based on its similarity to Na.
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Ethylenediamine (EDA : C2HgN>»)

Figure 4-1. Molecular structure of EDA. van der Waals sizes of EDA are also shown.
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Figure 4-2. M / H — T plots measured in ZFC and FC modes for high-7: phase in

(EDA)yNaxFeSe. Inset shows how Tt is determined.
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Figure 4-3. EDX spectrum of the (EDA)yNaxFeSe. The sample’s chemical formula was

determined to be (EDA)yNao s20(7)F€0.765(1)S€.
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Figure 4-4. M / H — T plots measured in ZFC and FC modes for low-7. phase of

(EDA)yNaxFeSe. Inset shows how T¢ is determined.
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Figure 4-5. M / H — T plots measured in ZFC and FC modes for high-7. phase in

(EDA)yNaxFeSeo.sTeo.s. Inset shows how Tt is determined.
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Figure 4-6. M / H — T plots measured in ZFC and FC modes for low-7: phase in

(EDA)yNaxFeSeo.sTeo.s. Inset shows how 7 is determined.
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Figure 4-7. EDX spectrum of high-7¢ phase of (EDA)yNaxFeSeo sTeos. The chemical

formula was determined to be (EDA)yNao s(1)Feo.884)Seo.518(6) T€0.482(6).
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Figure 4-8. EDX spectrum of low-T. phase of (EDA)yNaxFeSeo.sTeo.s. The chemical

formula was determined to be (EDA)yNaos2)Feo.s7(s)S€0.51(3) T €0.49(3).
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Figure 4-9. M / H — T plots measured in ZFC and FC modes for (EDA)yLixFeSeosTeo s.

Inset shows how 7. is determined.
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Figure 4-10. M / H— T plots measured in ZFC and FC modes for (EDA)yKxFeSeo sTeo.s.
The chemical formula is estimated to be (EDA)yK1.174)Fe€0.833)S€0.523(7)T€0.477(7) from

EDX spectrum (not shown). Inset shows how Tt is determined.
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Figure 4-11. XRD patterns (x marks) of high-7. phase in (EDA)yNaxFeSeosTeo.s. The
chemical formula is (EDA)yNaog(1)Feo.ss@)Seosise) T€o4s26). The red lines refer to the
calculated XRD patterns from Le Bail fitting. Tick marks indicate the positions of Bragg
reflections predicted from lattice constants suggested for the high-7. phase (top) and f-

FeSeo.sTeos (bottom). Inset shows expanded 002 peak.
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Figure 4-12. XRD patterns (x marks) of low-7¢ phase in (EDA)yNaxFeSeo sTeos. The
chemical formula is (EDA)yNaos@)Feosrs)Seosi3)Teoqo3). The red lines refer to the
calculated XRD patterns from Le Bail fitting. Tick marks indicate the positions of Bragg
reflections predicted from lattice constants suggested for the low-T7¢ phase (top) and f-

FeSeosTeos (bottom). Inset shows expanded 002 peak.
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Figure 4-13. Pressure dependence of T¢ in low-T. phase of (EDA)yNaxFeSeosTeos. Solid
and open circles refer to data obtained in increasing pressure and decreasing pressure,
respectively. The chemical formula is (EDA)yNao.e(1)Feo.ss@)Seoss@)Teosr2) (Te = 24 K).

The dT¢/ dp was determined from the linear relationship (red line).
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Figure 4-14. T — ¢ phase diagrams of metal-doped FeSe and metal-doped FeSeosTeo s.
Eye guides for T — c plots are given by dashed lines. Solid circles (grey) refer to the T¢
values against ¢ for (NHz)yMxFeSe obtained from refs. 9 and 10. Open circles (red) refer
to the plots obtained from the pressure-dependence of (NH3),CsxFeSe in ref. 13. The solid
triangles (green) refer to the Tcvalues vs. ¢ in (EDA)yMxFeSe, taken from ref. 16, and the
inverse-triangles (purple) refer to the T¢ values vs. ¢ of (HMDA)yMyFeSe (HMDA:
hexamethylenediamine), which are taken from ref. 17. The solid squares (orange) refer
to Tcvalues for (NH3)yMxFeSeosTeos obtained from ref. 18. Solid diamonds (black) refer
to Tcvalues vs. ¢ for (EDA)yMxFeSe obtained in this study, and solid hexagons (blue)

refer to Tcvalues vs. ¢ for (EDA)yMxFeSeosTeos obtained in this study.
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Chapter 5. Preparation of metal-doped FeSei-; Te;

superconductors using various solvents

In chapter 4, the author described the superconductors, (CoHsN»)yMxFeSei.,Te, (M:
Li, Na and K), using ethylenediamine, CoHsN> (EDA). In this chapter, the author
investigates new superconductors prepared by metal-doping of FeSe and FeSeosTeo.s
using other solvents, 1,3-diaminopropane (or trimethylenediamine (TriMDA)), 1,4-
diaminobutane (or tetramethylenediamine (TetMDA)), and 1,6-hexanediamine (or
hexamethylenediamine (HMDA)), than EDA; TriMDA, TetMDA and HMDA refer to
CsHioN2, C4Hi2N2 and  CeHigNa, respectively. The superconducting transition
temperatures (7¢’s) of MxFeSe and MxFeSeosTeos (M: Li and K) were 32 — 42 K and 22

— 25 K, respectively.

5-1. Introduction

Two-dimensional (2D) layered materials have been extensively studied owing to
their unique electronic properties [1-20]. Iron-based materials such as iron pnictides
(FeAs) [1-5] and iron chalcogenides (FeSe) [6-16] have provided a good stage for
realization of new superconductors. The highest 7¢’s recorded in FeAs- and FeSe-based
materials are now 55 K for SmFeAsO1.s [5] and 46 K for (NH3),NasFeSe [8]. The pure
FeSe shows a T.as high as 8 K [17], while K-doped FeSe provides 7. =31 K [6]. The Tt
of latter material increases to 48 K at 12.5 GPa [7]. The (NH3)yMxFeSe samples prepared
by metal-doping of FeSe using liquid NH3 were subsequently prepared [8-13], and the

FeSe plane spacing in (NH3)yMxFeSe was larger than that of MxFeSe.
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B-FeSeosTeos shows higher Tc (= 14 K) than that of B-FeSe. The metal-doping of
FeSeo.sTeo.s has also been performed using liquid NH3, and their physical properties have
been investigated [18,19]. In chapter 4, the author also reported the 7. — ¢ phase diagram
in metal-doped FeSeosTeos, in addition to that in metal-doped FeSe; this work was
published in ref. 20. In this chapter, the author reports a variety of superconductors
prepared by metal-doping of FeSe and FeSeo sTeo.s using TriMDA, TetMDA, and HMDA
which are amine derivatives. Namely, this chapter is a continuance of chapter 4 in which
EDA was used for metal-doping. Figure 5-1 shows the molecular structures of TriMDA,
TetMDA, and HMDA. van der Waals sizes of these molecules are larger than that of EDA.

As seen from Figure 5-1, only long-axis direction is continuously extended.

5-2. Experimental

The B-FeSe and P-FeSeosTeos samples were prepared according to the method
described in ref. 9. The metal-doped FeSe1,Te, samples (z = 0 and 0.5) were prepared
using the above solvetnts as follows: (1) Metal was dissolved in each solvent together
with either Fe1.037(1)Se or Feogssa@2)Seos3s2) T€o.464¢1); trace of water contained in solvents
was completely removed before the reaction of metal with FeSei,Te,. When the metal
was dissolved, the color of solvent changed to blue. (2) The reaction was done in Ar-filled
glove box (02, H20 < 1.0 ppm); the time and temperature for the reaction of metal with
FeSei.;Te; are listed in Table 5-1. (3) The metal-doped FeSe1-.Te; samples were obtained
by filtering the solution. The obtained sample was introduced into the cell for

magnetization (M) measurement without any exposure to air.
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The M / H — T plot of the sample was measured using a SQUID magnetometer
(Quantum Design MPMS2); H refers to applied magnetic field. The T. and shielding
fraction were 8 K and 62% at 2.5 K for Fex1.037(1)Se, respectively, and those were 14 K and
100% at 2.5 K for Feo.s3s02)S€0.536(2) T€0.464(1). The chemical composition of FeSei.Te;
sample was determined by an energy-dispersive X-ray spectroscopy (EDX) equipment
equipped with a scanning electron microscope (SEM) (Keyence VE-9800 - EDAX
Genesis XMy). Through this chapter, the experimental nominal values are used for the

representation of prepared sample, like FeSe and FeSegsTeos.

5-3. Results and discussion

Figure 5-2 shows the M / H — T plots measured in ZFC and FC modes for
(TriMDA)yLixFeSe prepared by Li-doping of FeSe using TriMDA. The 7. of this material
was determined to be 40 K. The shielding fraction of the (TriMDA)yLixFeSe sample was
determined to be 100% at 5 K from the M / H — T plot (ZFC). This Tt is a little lower than
the 7¢ (= 45 K) of (EDA)yLixFeSe reported in chapter 4. Superconductivity was also
observed in (TriMDA)yLixFeSeosTeo.s. The 7. values were 22 and 25 K for two samples
of (TriMDA)yLixFeSeosTeos, respectively, as seen from Figures 5-3 and 5-4. The
shielding fractions were 25 and 20%, respectively, for sample A (Figure 5-3) and sample
B (Figure 5-4). These 7t values are similar to the 7. (= 22.5 K) of (EDA)yLixFeSeosTeo.s
(chapter 4). Table 5-2 lists the superconducting parameters for all samples prepared in
this study.

The M / H — T plots measured in ZFC and FC modes for (TetMDA)yK«FeSe are

shown in Figure 5-5. The 7c was 32 K. The shielding fraction of this sample was at most
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1% at 10 K; a large amount of non-reacted FeSe (7. = 9 K) were present, as seen from
Figure 5-5, indicating a hard intercalation of K by using TetMDA. Figures 5-6 and 5-7
show the M/ H— T plots for two samples of (HMDA),LixFeSe (samples A and B) in ZFC
and FC modes. The 7. values were 38 and 42 K, as seen from Figures 5-6 and 5-7,
respectively. The shielding fractions were 8.6% and 1% for sample A (Figure 5-6) and
sample B (Figure 5-7), respectively. The 7. of 38 K is the same as that (= 38 K) of
(HMDA)yLixFeSe reported by Hosono et al. [16]. Interestingly, (HMDA)yLixFeSeo sTeo.s
did not show superconductivity down to 2.5 K. This result suggests that the
superconductivity may be suppressed by a larger expansion of FeSeo sTeo s plane spacing
caused by an insertion of large size of molecule (HMDA), as predicted from the 7. — ¢
phase diagram shown in Figure 4-14, where the c¢ refers to the lattice constant along the
stacking direction of FeSei.,Te, planes. The experimental data on superconductivity for
metal-doped FeSei.,Te; prepared using TriMDA, TetMDA, and HMDA are summarized
in Table 5-2.

In chapter 4, the author showed the correlation between 7. and FeSei.,Te, plane
spacing for MxFeSei.,Te, prepared using liquid NHs and EDA, where the pressure
dependence of 7. for (NH;3),CsxFeSe was also used. The T¢ — ¢ phase diagram (Figure 4-
14) showed a clear correlation of 7t against c, i.e., the 7. increased with an increase in ¢
(or plane spacing), but a larger extension of plane spacing suppressed the 7¢. In this
chapter, the author tried to prepare metal-doped FeSei..Te, with more extended
FeSeosTeos plane spacing, and the trial partially succeeded; the superconducting
materials with high shielding fraction have not yet been obtained in the case of TetMDA.
In this chapter, the more detailed 7. — ¢ phase diagram than Figure 4-14 was not drawn

since the ¢ value (or plane spacing) for each sample has not yet been determined from the
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XRD measurement. This is now in progress. This chapter’s final target is to make the

more precise Tc — ¢ phase diagram for MyFeSe; ., Te,.

5-4. Conclusions and outlook

The author successfully prepared metal-doped FeSe and FeSeo.sTeo.s superconductors
using TriMDA, TetMDA, and HMDA. As a consequence, this study opened an avenue
for the preparation of new superconductors by metal-doping of 2D layered materials using
various solvents. Furthermore, this work aimed at the preparation of new superconductors
with large FeSei.,Te, plane spacing, i.e., making the more detailed 7. — ¢ phase diagram.
At the present stage, a new 7. — ¢ phase diagram was not depicted since the lattice
constants were not determined for the prepared samples. This is now in progress, and in
near future the 7. — ¢ phase diagram will be completed. Furthermore, the suitable
experimental condition for effective metal-doping using the above solvents must be
pursued further, in particular that for TetMDA, because of the low shielding fraction (~

1%).
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Table 5-1. Experimental conditions for preparation of metal-doped FeSei.,Te, samples.

metal prepared sample time (day) temperature (°C)
Li (CsH1oNg)yLixFeSe 9 50
Li (CsH1oN2)yLixFeSeosTegs (sample A) 8 50
Li (CsH1oN2)yLixFeSeosTeg s (sample B) 8 50
K (CsH12N2) K FeSe 12 60
Li (CeHisN2)yLixFeSe (sample A) 5 55
Li (CeH1sN2)yLixFeSe (sample B) 7 60
Li (CeH16N2)yLixFeSeosTeos 5 60
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Table 5-2. Superconducting properties of metal-doped FeSei.,Te, samples.

metal stoichiometry T (K) Tt (K) shielding fraction(%)
Li (CsH1oNL)yLixFeSe 40 41 100
Li (CsH1oN2)yLixFeSeosTegs (sample A) 22 23 25
Li (C3H1oN2)yLixFeSeosTeg s (sample B) 25 26 20
K (CsH12N2)yKFeSe 32 33 1
Li (CeHisN2)yLixFeSe (sample A) 38 38 8.6
Li (CeH1sN2)yLixFeSe (sample B) 42 43 1
Li (CeH1sN2)yLixFeSeosTeos -- -- --
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HMDA: CsH1sN2

Figure 5-1. Molecular structures of TriMDA, TetMDA, and HMDA. van der Waals size

1s shown for each molecule.
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Figure 5-2. M/ H — T plots in ZFC and FC modes for (TriMDA)yLixFeSe. Inset shows

how T is determined.
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Figure 5-3. M / H— T plots in ZFC and FC modes in (TriMDA)LicFeSeosTeos (sample

A). Inset shows how 7. is determined.
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Figure 5-4. M/ H— T plots in ZFC and FC modes for (TriMDA),LixFeSeosTeo.s (Sample

B). Inset shows how T is determined.
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Figure 5-6. M / H— T plots in ZFC and FC modes for (HMDA)yLicFeSe (sample A).

Inset shows how 7. is determined.
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Chapter 6. Pressure dependence of superconductivity in

(N HS)yNaxM 0Se

In this chapter, pressure dependence of superconductivity and crystal structure of the
(NHz)yNaxMoSe, sample prepared by Na-doping of MoSe> using liquid NHz is
investigated under a high pressure up to 25 GPa. The T. decreases rapidly with increasing
pressure up to 5 GPa, and it slowly increases with further increasing pressure, p. The
maximum T¢ is 3.6 K at 20 GPa and the T decreases slightly at 25 GPa. The T, — p plot
suggests a double-dome superconducting phase diagram, i.e., two superconducting
phases, SC-I and SC-11, may be present in the pressure range of 0 - 25 GPa. However, the
maximum T¢ in the high pressure range does not exceed that at 0 GPa (T¢ ~ 5 K). The X-
ray diffraction (XRD) pattern of (NHs)yNaxMoSe: is measured in a wide pressure range
from 0 to 20 GPa, showing a continuous shrinkage of lattice constant, c. This means no

structural phase transition at the boarder pressure, p =5 GPa, of SC-1 and SC-11.

6-1. Introduction

Pressure dependence of superconductivity of metal-intercalated two-dimensional
(2D) layered materials has shown very interesting behaviors [1-10]. The superconducting
transition temperature, 7., against pressure (p) in the superconducting crystals of
Ko sFe17Se2, KosFer.7sSez, Tlo.cRbosFe1.67Se2, Rbo sFe165Se1.sTeo.19, RbosFer63Ser72Teo s
and Tlo4RbosFe167Se2 showed a double-dome superconductivity [1,4,5]. These materials
exhibited a 7. as high as ~30 K under ambient pressure [1,4,5], but these 7¢’s increased

up to ~48 K with further increasing pressure (p) after the monotonous decrease in 7t
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against pressure below ~10 GPa. The high-T7, phase under high pressure range was called
‘superconducting phase II (SC-II)’, and the low-T, phase under low pressure range was
named ‘superconducting phase I (SC-I)’. The pressure-induced quantum critical
transition was also observed in KogFexSe, from electrical transport under pressure [2],
indicating the presence of two transitions corresponding to the transitions (1) from
metallic Fermi liquid (FL) to non-Fermi liquid (NFL) state and (2) from
antiferromagnetism (AFM) to paramagnetism (PM). The AFM phase coexisted with FL
behavior at low pressure, and the AFM phase was assigned to 245 super-lattice structure
of Fe vacancies [5], as found in the superconducting MxFeSe sample. The 7¢ — p phase
diagram showing the presence of SC-I and SC-II was also found in ammoniated metal-
doped FeSe, (NH3),CsxFeSe, which provided the maximum 7. 0f 49 K [6].

Recently, the pressure dependence of resistance, R, in various topological insulators
and Weyl semimetal, which are also 2D layered materials, was reported in a wide pressure
range [7-10]. Sr-doped BixSe; sample exhibiting the 7t of 2.5 K under ambient pressure
provided three different superconducting phases at 0 - 80 GPa, and the maximum 7 was
8.3 K at around 16 GPa [7]. Non-doped BixSe; exhibiting no superconductivity under
ambient pressure showed the superconductivity above 12 GPa, and the maximum 7. was
8.2 K at 17.2 GPa [8], i.e., a pressure-driven superconductivity. Furthermore, possible
Weyl semimetals, MoTe> and WTe,, showed a single-dome 7. — p phase diagram,
exhibiting the maximum 7¢ of 8.2 K at 11.7 GPa [9] and ~7.0 K at 16.8 GPa [10],
respectively. Thus, the 2D layered materials with / without metal-doping showed the
interesting 7c — p phase diagram.

The author recently made new superconducting materials by metal-doping of MoSe»

which is a typical 2D layered material [11]; metal-doping was achieved using liquid NH3,
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i.e., the chemical formula is (NH3),MxMoSe, (M: Li, Na, K, Rb and Sr). This work was
described in chapter 3. The (NH3z),NaxMoSe, sample showed a 7. as high as ~5 K. The
electron accumulation of MoSe> showed a dome-like superconducting phase diagram
against two-dimensional electron-density, nop [12], i.e., the electrostatic electron doping
of MoSe; showed the dome-like 7. — nop plot, and the maximum 7. was 7 K at nop = 1.7
X 10" cm?. The metal-doping provided higher n,p than the electrostatic electron
accumulation to decrease the T, i.e., Tc ~ 5 K. Therefore, a new route must be pursued to
exceed 7Tc = 7 K achieved by electrostatic electron accumulation.

In this chapter, the pressure dependence of superconductivity was fully investigated
from the temperature (7) dependence of R in a pressure range of 0 — 25 GPa. Furthermore,
the temperature dependence of magnetic susceptibility, M / H, was also measured up to
1.1 GPato determine the 7. at each p, where M and H refer to magnetization and applied
magnetic field, respectively. The XRD pattern was measured at 295 K in a pressure range
of 0 to 20 GPa, and the lattice constants, a and ¢, were determined at each p. Throughout
this study, the double-dome 7. — p phase diagram, SC-I and SC-II, was suggested for
(NH3)yNaxMoSe;, and the presence of structural phase transition for re-emergence of

superconductivity (or appearance of SC-I1) was fully investigated.

6-2. Experimental
6-2-1. Sample preparation and characterizations

The samples of (NH3)yNaxMoSe, were prepared according to the method described
in chapter 3. The XRD pattern of the sample under pressure was measured at 295 K at

BL12B2 at SPring-8; the wavelength A of X-ray beam was 0.68841 A. A diamond anvil
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cell (DAC) was used for the high-pressure XRD measurement; the sample was loaded
into the hole of SUS plate. The pressure medium, daphine 7373, was used for the XRD
measurement under high pressure. The pressure was determined by monitoring ruby
fluorescence. The superconductivity of the (NH3),NaMoSe> sample was checked at 0 —
1.1 GPa by the DC magnetic susceptibility (M / H) recorded by a SQUID magnetometer
(Quantum Design MPMS2) for the sample characterization and pressure dependence of
superconductivity in the low pressure range; pressure medium, daphine 7373, was also

used in the case of pressure-dependent M / H measurement.

6-2-2. Temperature dependence of R

Temperature dependence of R was measured in four-terminal measurement mode
under pressure. The (NH3)yNaxMoSe; sample was introduced into the DAC in an Ar-
filled glove box so as to apply the pressure to the sample without any exposure to air. The
sample was loaded directly on Kapton tape / epoxy resin / rhenium in the DAC, and six
Cu electrodes are attached on the Kapton tape, which were used for the R measurement
of sample. The applied pressure was determined by monitoring ruby fluorescence. NaCl
was used as a pressure medium for the samples, S-4 — S-6, while the pressure medium
was not used for the samples, S-2 and S-3. The R of the sample was measured in the
standard four-terminal measurement mode using an Oxford superconducting magnet
system; the temperature was regulated using an Oxford Instruments MercuryiTc, and the
H was controlled using Oxford Instruments MercuryiPS. Electric current (/) was supplied
by a Kethley 220 programmable current source, and the voltage (V) was measured by a

Keithely Nanovoltmeter 2181.
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6-3. Results and discussion
6-3-1. Characterization of superconducting (NH3z)yNaxMoSe;

Figure 6-1 shows the M / H vs. T plots of a typical (NH3)yNaxMoSe, sample under
ambient pressure in zero-field cooling (ZFC) and field-cooling (FC) modes. A clear
superconducting transition was observed in both modes, with 7.°"* and 7. of 6.0 and 4.8
K, respectively, in ZFC mode, compared with 6.0 and 5.5 K, respectively, in FC mode;
how to determine the 7. is shown in the inset of Figure 6-1. These values are the same as
those reported in the chapter 3 [11]. The shielding fraction of the sample was 100% at 2.5
K. Figure 6-2 shows the spectrum of energy dispersive X-ray (EDX) spectroscopy. The
EDX spectrum shows the peaks assigned to Mo, Se and Na. From the area intensity of
corresponding peaks, the actual stoichiometry was defined ‘(NH3)yNao 5056 M0Se2.09343)°
in which Mo’s molar ration was fixed to 1. The y value, i.e., amount of NH3, was not
determined from the EDX spectrum. Through this chapter, the actual stoichiometry of the

sample used for each experiment is described.

6-3-2. Pressure dependence of superconductivity

Figure 6-3 shows the M / H — T plots of (NH3)yNao.sa37yMoSe2.0302) at different
pressures up to 1.1 GPa, which correspond to the M / H — T plots measured at ZFC mode.
The T. against pressure is plotted in Figure 6-4. The T, decreases monotonously in this
pressure range. The M / H — T plots measured at different A from 10 to 1000 Oe under

pressure of 0.73 GPa are shown in Figure 6-5, and the diamagnetic component disappears
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at 1000 Oe. This indicates that the application of large H to the sample suppresses the
superconductivity. In other words, this sample is exactly a superconductor.

The R — T measurements under high pressure were made for five different
(NH3)yNaxMoSe, samples (samples 2 — 6); through this chapter, theses samples are
named ‘S-2 — S-6°, and the sample for M/ H — T measurements at 0 — 1.1 GPa are called
‘S-1°. Figure 6-6 shows the R — T plots of S-2 ((NH3)yNao.420)MoSe2.049(1)) at different
pressures from 2.0 to 25 GPa. The very small drop of R at low temperature was found
below 7.3 GPa, but the R drop is not so clear. The R increases with decreasing temperature
and slowly decreases in the low-temperature range, as seen from the R — T plots below
7.3 GPa (see inset of Figure 6-6); we did not assign this small drop to the superconducting
transition. These results suggest that (NH3)yNao4200)MoSe2.049(1) is either an insulator or
a granular metal in the normal state. Zero-R was observed at low temperature when
increasing pressure up to 9.7 GPa. Thus, the superconducting transition becomes clear in
the high pressure range. At 9.7 GPa, the R - T plots were measured at different H’s,
showing the suppression of R-drop with increasing H (Figure 6-7), ie., the
superconducting transition is confirmed. The superconducting transition from the metallic
state is found in all R — T plots above 7.3 GPa.

Figure 6-8 shows the R — T plots of S-4 ((NH3)yNao s423)MoSez.0791)) at different
pressures from 1.4 to 10 GPa. The 7. monotonously decreases from 4.0 K at 1.4 GPa to
< 1.5 K at 10 GPa, and the T¢ at 1.4 GPa is consistent with that determined from M / H —
T plots (Figure 6-3). This 7T¢ — p behavior is different from that shown in Figure 6-6. Zero-
R was observed for R - T plots at 1.4 GPa.

The T¢ values for all five (NH3),NaMoSe, samples (S-2 — S-6) were plotted as a

function of pressure (Figure 6-9), in which all 7. values determined from M / H — T plots
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(S-1) are also shown. The Tt rapidly decreases below 5 GPa in all samples other than S-
5 in which the T a little increases at 0 — 3 GPa and decreases rapidly. At 5 - 10 GPa, two
samples, S-3 and S-4, provide a monotonous decrease in 7¢, but two samples (S-2 and S-
6) provide a slow increase in 7. In addition, two samples (S-5 and S-6) provide the same
T. as that of the sample (S-2) exhibiting the slow increase above 5.0 GPa, which seems
to support a reliability of 7c — p behavior of S-2. Based on these results, we conclude that
of (NH3)yNaMoSe; has two different superconducting phases at 0 - 25 GPa (see eye
guide of Figure 6-9). The sample dependence found for 7: — p plots is also observed even
in the 7t — p plot of (NH3)yCsxFeSe [6]. Despite such a sample dependence, the pressure
dependence of 7. seems to be different above and below 5 GPa, when looking at the 7t —
p plot (Figure 6-9) in a comprehensive way. For the final confirmation of presence of two
superconducting phases, we must increase number of measurements of R — T plots at

pressure more than 10 GPa.

6-3-3. Pressure dependence of crystal lattice

The pressure dependence of XRD peaks in (NH3z)yNaxMoSe; were fully investigated
in a pressure range of 0 — 20 GPa. As seen from Figure 6-10, the 002 peak shifts to high
26 direction monotonously with increasing pressure, indicating the shrinkage of lattice
constant c. The 103, 2-10, 108 and 203 peaks are also plotted in Figure 6-10, showing the
shift of peak to high 26 direction.

In whole pressure range, the crystal structure was assigned to be hexagonal, i.e., the
space group of P63/mmc (No. 194, hexagonal structure). Here, an iterative approximation

was used for the determination of lattice constants. First, the ¢ was roughly determined
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from only a 002 peak. Second, the a value was determined from the ¢ and each peak of
103, 108 and 203, and the averaged a, <a>, was evaluated; if a value estimated from each
peak largely deviates from the other a values, the peak was not used for the determination
of <a>. Finally, the ¢ value was determined from the <a> and each peak, 002,103, 108
and 203, and the averaged ¢, <c>, was evaluated. Even in the final step, when the ¢ value
estimated from each peak largely deviated from other ¢ values, the peak was not used for
the determination of <¢>, in the same manner as the case of determination of <a>.

The values of <a> and <c> at 0 GPa were determined to be 3.55(1) and 14.9(2) A,
respectively, using the above iterative approximation. These values are almost consistent
with those, 3.541(2) and 14.810(4) A, reported previously [11]. The <> and <c> are
plotted as a function of pressure (Figure 6-11). These values decrease monotonously
against pressure, and any anomaly is not found at 0 - 20 GPa. The ratio of <a> at 20 GPa
to that at 0 GPa, and the ratio of <c¢> at 20 GPa to that at 0 GPa were 0.975 and 0.897,
respectively, showing a slight variation of <a> against pressure. These results indicate
that the transition of SC-I to SC-II does not relate to the structural variation.

The most important issue in this study is the origin of variation of superconductivity
in the high pressure range, i.e., reason why the transition of SC-I to SC-II occurs. As
described in section 6-3-2, the 7. — p plot suggesting the double-dome 7. — p phase
diagram was confirmed using two (NH3)yNaxMoSe> samples (S-2 and S-6). As seen from
Figure 6-9, in the SC-I phase the 7. decreases with increasing pressure, which is consistent
with the behavior of conventional superconductor which may be understandable within
the framework of BCS theorem. On the other hand, the 7t increases slowly and saturate
in the SC-II phase. The maximum 7. was 3.6 K at 20 GPa, which is lower than that, T, ~

5 K, at 0 GPa. The T¢ decreases slowly above 20 GPa. We, recently, found the double-
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dome 7¢ — p phase diagram in (NH3)yCsxFeSe, in which the maximum 7 reached 49 K in
the SC-II phase, while 7c.= 31 K at 0 GPa (SC-I) [6]. However, the maximum 7¢ in SC-
IT for (NH3),NaxMoSe> was smaller than that of SC-I. The transition of SC-I to SC-II in
(NH3)yCs<FeSe found at 10 - 15 GPa was not also associated with the variation of
structure [6], i.e., no structural transition was observed at the whole pressure range, which
is the same as the behavior of (NH3z)yNaxMoSe; in this study. From these results, we
suggest that the origin of transition of SC-I to SC-II does not relate to structural variation,
and the pairing mechanism of SC-II may be different from that (probably electron-phonon
coupling) of SC-I. The reason why the maximum 7. of SC-II phase does not exceed that

of SC-I in (NH3)yNaxMoSe; still remains puzzling.

6-4. Conclusions and outlook

This chapter showed the pressure dependence of T of (NH3)yNaxMoSe,, indicating
the presence of double-dome superconducting phase diagram. The structural phase
transition was not observed in the pressure range of 0 — 20 GPa. This implies that the
transition of SC-I to SC-II does not relate to the structural variation, i.e., the pairing
mechanism may change between SC-I and SC-11. Despite the expectation of higher T
than that (T ~ 5 K) at ambient pressure, the highest T in the high pressure range (SC-11)
was 3.6 K at 20 GPa, which is different from the result of (NHz),CsxFeSe [6]. Therefore,
the Tc — p behavior in (NHs)yNaxMoSe> cannot be explained by the analogy with
(NH3)yCsxFeSe, but an indication of high-pressure superconducting phase (SC-11) is very

exciting from view of the pursuit of pairing mechanism of SC-Il. The complete
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confirmation of two different superconducting phases and the clarification of pairing

mechanism of SC-1I must be achieved as the future work.
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Figure 6-1. M/ H — T plots for (NHs)yNaxMoSe, sample at ZFC and FC modes under
ambient pressure. Inset figure shows how to detemine 7¢; the M/ H— T plot at ZFC mode

is drawn as an example.
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Figure 6-2. EDX spectrum of (NH3),NaxMoSe, sample, the chemical composition is

(NH3)yNao.5056)M0Se2.0934(3).
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Figure 6-3. M / H — T plots for (NH3)yNaxMoSe, sample (S-1) at ZFC modes at different

pressure; the arrows show the 7.
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Figure 6-4. Plot of Tt against pressure for (NH3)yNaxMoSe; sample (S-1) in low pressure

range; the 7t is determined from M / H — T plot. The red line is a guide to the eye.
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Figure 6-5. M/ H — T plots (ZFC mode) for (NH3)yNaxMoSe> sample (S-1) at different

H’s under pressure of 0.73 GPa.

Figure 6-6. R — T plots for (NH3)yNaxMoSe, sample (S-2) at different pressures. Insets:

expanded R — T plots at 2.0 and 3.8 GPa.
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Figure 6-8. R — T plots for (NH3)yNaxMoSe> sample (S-4) at different pressures. Inset:

extended R — T plots at 1.4 and 2.9 GPa.
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(NH3)yNaxMoSe; at different pressures.
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Chapter 7. Conclusions and outlook

In this chapter, the author provides the conclusions and future perspective of this
Doctor thesis. In chapters 1 — 2, the author described the background and the motivation
of this study. In chapter 1, the author briefly introduced general history of physics and
chemistry of superconductors, and provided knowledge of physics and chemistry
necessary for understanding this Doctor thesis. In chapter 2, the motivation of this study
was summarized as follows:

1) To prepare new superconductors by the metal-doping of two-dimensional

(2D) layered materials using liquid NH3 and organic solvents.

2 To systematically clarify the fundamental features of superconducting
materials obtained newly, ie., to elucidate the correlation between
intercalated metal atom and 7., and that between crystal structure (in
particular layer-spacing) and T<.

3 To search for the high-T7. superconducting phase which may emerge at high
pressure.

Based on the above motivation, in chapters 3 — 6, a wide variety of new superconductors
were prepared by metal-doping of MoSe: and FeSe;..Te, using NH3 and various amine
solvents. The physical properties and structures were systematically investigated in a
wide pressure range. The research results and important discussion obtained in each
chapter are shown in the conclusion part of each chapter. The conclusions of chapters 3 —

6 are described again below.
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Chapter 3: Preparation of new superconducting metal-doped MoSe: using liquid
ammonia

Metal-doping of MoSe> provided the superconductivity with the superconducting
transition temperature, 7c, of ~5 K, i.e. (NH3);MxMoSe> (M: Li, Na, K and Sr) was
successfully synthesized. The 7: against 2D electron density (n2p) for electron
accumulated MoSe> was completely depicted by this study on metal-doped MoSe>
(chapter 3) and the previous study on electrostatically electron-accumulated MoSe: [1].
The phase diagram showed the dome-like behavior. The 7. value increased with an
increase in ionic radius of doped metal atom in (NH3)yMxMoSe,, i.e., the T. increased
from Li to K. The x dependence of 7. was fully investigated, and the 7. did not change
against x, implying the formation of a fixed stoichiometric compound showing
superconductivity. The normal state of (NH3)yNaxMoSe, was metallic which was

evidenced from photoemission spectrum.

Chapter 4: Preparation of metal-doped FeSe;..Te, using ethylenediamine

The author successfully prepared superconducting metal-doped FeSe and
FeSeosTeos, (EDA)yMxFeSe and (EDA)yMxFeSeosTeos, using organic solvent,
ethylenediamine (EDA). This success enabled ones to make a precise 7c — ¢ phase
diagram for MxFeSe and MxFeSeo sTeo.s, because of an extension of layer spacing. The 7t
— ¢ phase diagram showed that larger ¢ (or layer spacing) leads to higher 7., but an
extreme expansion of ¢ suppresses the 7c. This implies the importance of balance of
Fermi-surface nesting and layer interaction in metal-doped FeSei.,Te, materials, i.e., the

optimal ¢ for the superconductivity exists.
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Chapter 5: Preparation of metal-doped FeSe;.Te. superconductors using various
solvents

The author prepared new metal-doped FeSe and FeSeosTeo.s superconductors using
various amine solvents, 1,3-diaminopropane (or trimethylenediamine (TriMDA)), 1,4-
diaminobutane (or tetramethylenediamine (TetMDA)), and 1,6-hexanediamine (or
hexamethylenediamine (HMDA)). As a consequence, this study could open an avenue for
the preparation of new superconductors by metal-doping of 2D layered materials using
various solvents. At the present stage, a new 7¢ — ¢ phase diagram was not drawn since
the lattice constants were not determined for the prepared samples. This is now in progress,
and in near future the 7. — ¢ phase diagram will be completed. The suitable experimental
condition for effective metal-doping using the above solvents will be pursued, in

particular that for TetMDA, because of the low shielding fraction (~ 1%).

Chapter 6: Pressure dependence of superconductivity in (NHs)yNaxMoSe:

The pressure dependence of T of (NH3)yNaxMoSe, was investigated, which indicates
the presence of double-dome superconducting phase diagram. The structural phase
transition was not observed in the pressure range of 0 — 20 GPa. This implies that the
transition of SC-I to SC-1I does not relate to the structural variation, i.e., the pairing
mechanism may change between SC-I and SC-I1. Despite the expectation of higher T
than that (T ~ 5 K) at ambient pressure, the highest T in the high pressure range (SC-11)
was 3.6 K at 20 GPa, which is different from the result of (NHz)yCsxFeSe. Therefore, the
Tc — p behavior in (NH3)yNaxMoSe, cannot be explained by the simple analogy with
(NHz3)yCsxFeSe, but an indication of high-pressure superconducting phase (SC-I11) is very

exciting from view of the pursuit of pairing mechanism of SC-II.
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This Doctor thesis substantially achieved three purposes of research proposed in
chapter 2, but the creation of more detailed 7. — ¢ phase diagram tried in chapter 5 remains
to be completed, because of a lack of X-ray diffraction data. This must be achieved in
near future. Nevertheless, the knowledge obtained from this Doctor thesis must contribute
to physics and chemistry of superconductors based on 2D layered materials, and exactly

give a hint for the realization of high-7¢ superconductors.
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