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Abstract
Bi square net compound is a promising platform to investigate the interaction between
two-dimensional electronic nature and strong spin-orbit coupling. Layered AMBi2 compounds (A: alkaline earth and rare earth, M: metal elements) with Bi – square net have
been extensively studied until today, leading to the emergence of the wide variety of
quantum phenomena such as anisotropic Dirac fermion and Kondo lattice behavior,
while superconducting Bi – square net has not been realized yet. In contrast to the rich
material group of Bi – square net compounds, there are few reports about the synthesis of
Bi2 – square net compounds except for ThCr2 Si2 -type R2 O2 Bi (R: rare earth) in polycrystalline form, where only metal-to-insulator transition and antiferromagnetic ordering of
R cations were reported so far. Therefore, detailed physical properties of Bi2 – square net
is not fully understood despite the possible emergence of various attractive properties.
In this thesis, fascinating properties of Bi2 – square net in R2 O2 Bi compounds were
explored via two approaches: the fabrication of epitaxial thin films and the synthesis
of bulk polycrystalline powders. In thin film study, I succeeded in the fabrication of
Y2 O2 Bi epitaxial thin films for the first time by developing two novel solid-phase epitaxy
techniques, leading to the observation of intrinsic two-dimensional electronic nature. In
the study about polycrystalline powders, I discovered two-dimensional superconductivity
of Bi2 – square net in R2 O2 Bi.
Single crystalline samples were desired to investigate the intrinsic properties of
R2 O2 Bi rather than polycrystalline powder specimen presently available. In this thesis,
Y2 O2 Bi epitaxial thin films were successfully obtained by developing two solid-phase
epitaxy techniques: reductive solid-phase epitaxy utilizing direct reaction between (Y,Bi)
mixed powders and Y2 O3 amorphous thin film, and multilayer solid-phase epitaxy utilizing subnanometer thick [Bi/Y/Y2 O3 ] multilayer precursor film. In both techniques,
i

Abstract
the reduction of Bi by strong reductant Y was essential to achieve Y2 O2 Bi phase. This
concept would be applicable to the epitaxial growth of not only other R2 O2 Bi compounds
but also analogous layered compounds. The detailed electrical transport properties were
evaluated for Y2 O2 Bi epitaxial thin film. The film showed weak anti-localization eﬀect
and two-fold symmetric angular dependent magnetoresistance. These results demonstrated the interaction between two-dimensional electronic state and strong spin-orbit
coupling in Bi2 – square net, similar to the topological insulator which is an innovative
spintronic material. Furthermore, the onset of superconductivity was observed in several
samples. However, both Meissner eﬀect and zero resistance were not obtained probably
due to very small superconducting volume fraction.
According to the results about Y2 O2 Bi epitaxial thin film, polycrystalline Y2 O2 Bi
samples were synthesized by varying the nominal amount of O in starting materials.
As a result, abrupt c-axis expansion was observed only for the samples with high O
content in contrast with constant a-axis length among all samples. This result suggested O incorporation between Bi2 – square net and adjacent Y termination layer in
c-axis expanded samples. Notably, both Meissner eﬀect and zero-resistance were observed only for the samples with high O content, indicating bulk superconductivity. This
new layered superconductor showed Berezinskii-Kosterlitz-Thouless transition, indicating two-dimensional nature of the superconductivity. This was the first observation
of superconducting Bi square net. Notably, the superconductivity in Y2 O2 Bi emerged
concomitantly with the abrupt expansion of c-axis length, i.e., expansion of Bi internet distance. This result indicates that the superconductivity in Y2 O2 Bi was induced by
enhancing two-dimensionality of Bi2 – square net. Such nonstoichiometric atom incorporation into hidden interstitial site could be a new methodology to induce superconductivity
in layered compounds.
Furthermore, the superconductivity was also observed in other R2 O2 Bi (R: Tb, Dy,
and Lu) by same driving force: enhanced two-dimensionality of Bi2 – square net via
O incorporation was crucial to induce the superconductivity. Notably, complex phase
competition among the superconductivity, antiferromagnetic ordering, and charge density
wave was observed in Tb2 O2 Bi, indicating unusual mechanism of the superconductivity
in Bi2 – square net. The universal superconductivity with rich electronic phases depending
ii

on R in R2 O2 Bi indicates that R2 O2 Bi would provide intriguing platform to investigate
the interplay between two-dimensional superconductivity and strong spin-orbit coupling.
In conclusion, I established the novel routes to investigate the physical properties of
Bi2 – square net in R2 O2 Bi compounds. According to these techniques, I clarified the
rich electronic phenomena of Bi2 – square net such as universal two-dimensional superconductivity and similar electronic nature to the topological insulator. These findings
indicate that R2 O2 Bi was the model compound to investigate the peculiar phenomena of
Bi2 – square net. Furthermore, obtained concepts such as two solid-phase epitaxy techniques and structural control via O incorporation would provide the insight for exploring
physical properties of layered compounds.
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Chapter 1
General introduction
1.1

Layered superconductors

Since the discovery of high temperature superconductivity in cuprates [1], naturally and
artificially layered compounds have attracted great interest to induce fascinating superconductivity with high transition temperature and unconventional pairing mechanisms.
Extensive studies have developed this field deeper and wider, resulting in the discovery
of a wide variety of novel layered superconductors such as ruthenates, nitride chlorides,
LaAlO3 /SrTiO3 heterostructures, and Fe-based superconductors [2–6]. In this section, I
introduce the properties of layered superconductors, especially the cuprate and Fe-based
high temperature superconductors.

1.1.1 High temperature superconductors
The most famous and intriguing nature in layered superconductors is the high transition temperature observed in cuprates and Fe-based compounds. These compounds are
composed of two-dimensional building blocks such as superconducting layer and blocking layer. The latter has large flexibility of crystal structures and constituent elements,
enabling to engineer the various materials and transition temperatures.
Figure 1.1 shows the crystal structures of mother compounds of well-known cuprate
superconductors: La2 CuO4 , YBa2 Cu3 O7 , and Bi2 Sr2 CaCu2 O8 . All compounds possess two-dimensional square CuO2 sheet showing superconductivity with various block-

1
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Figure 1.1: Crystal structures of mother compounds of cuprate superconductors. Broken
lines denote unit cells. In this thesis, the crystal structures were drawn by VESTA [7].
ing layers. La2 CuO4 was a first series of high temperature superconductors reported
in 1986 [1] and T c rose to around 36 K in La1.8 Sr0.2 CuO4 [8]. YBa2 Cu3 O7 is the
first superconductor possessing higher Tc of 93 K than boiling point of liquid N2 [9].
Bismuth-strontium-calcium-copper oxide compounds can be represented by chemical
formula Bi2 Sr2 Can−1 Cun O2n+4 [10]. These compounds have large blocking layers and
T c increased over 100 K for n = 3. These superconductors are the promising materials
for the future application to transmission cables without energy loss, superconducting
maglev, and so on.
Another family of high temperature superconductor is the Fe-based compounds
(Fig. 1.2). First reported compound is LaFeAsO1−x F x with Tc of 26 K [6]. In this
compound, PbO-type FeAs layer composed of edge sharing FeAs4 tetrahedron becomes
superconducting, and T c increases over 50 K by substiution of rare earth elements [11].
The Fe-based superconductors also form a wide group of materials by converting the
crystal structure of blocking layer such as BaFe2 As2 (Tc = 38 K) [12] and LiFeAs
(Tc = 18 K) [13]. Furthermore, iso-structural layered iron chalcogenides like FeSe also
2
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Figure 1.2: Crystal structures of mother compounds of Fe-based superconductors. Broken lines denote unit cells.
become superconducting (Tc = 8 K) [14].

1.1.2 Two-dimensional superconductivity
Layered superconductors own two-dimensional electronic nature. This leads to the
novel properties, e.g. diﬀerent upper critical fields between parallel and perpendicular
directions of applied magnetic fields to superconducting layer [2].
One characteristic phenomenon in two-dimensional superconductor is the BerezinskiiKosterlitz-Thouless (BKT) transition, clearly observed at the superconducting oxide interface in LaAlO3 /SrTiO3 heterostructure [5]. In the two-dimensional superconducting
system, vortex-antivortex pairs form the ionic-like lattice, and melt at characteristic BKT
transition temperature (TBKT ). This behavior appear as V ∝ I α law in voltage-current
characteristics where α turns from 1 (ohmic law) above T c to 3 at TBKT and more by
decreasing temperature (Fig. 1.3a,b) [15, 16]. The TBKT is independently derived from
electrical resistivity (Fig. 1.3c) [17]. These separately derived temperatures show a same
value, proving the BKT transition. This transition is also observed in both cuprate and
Fe-based superconductors [18–21], confirming two-dimensional electronic nature and
weak inter-layer interaction of layered superconductors.

3
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Figure 1.3: (a) Voltage-current characteristics of LaAlO3 /SrTiO3 heterostructure around
T c . (b) Temperature dependence of exponent α. (c) Temperature dependence of
(d ln R/d T)−2/3 . Reprinted with permission from [5]. Copyright 2007 by American
Association for the Advancement of Science.

1.1.3 Complex phase diagram
Figure 1.4a shows a schematic image of typical superconducting phase diagram in cuprate
superconductors [2]. The mother compounds are antiferromagnetic (AF) Mott insulator.
By introducing carriers into the CuO2 plane, the long-range AF ordering is weakened
and breaks resulting in the emergence of superconductivity. It is considered that this AF
interaction is the driving force of Cooper pairing with d-wave symmetry in stark contrast
to that by electron-phonon coupling in BCS-type s-wave superconductors [22]. However, recent studies report the competition between superconductivity and charge density
wave order indicating the presence of strong electron-phonon coupling [23, 24]. These
results complicate the elucidation of superconducting mechanism of cuprates. Fe-based
superconductors also show the complex phase competition among superconductivity,
antiferromagnetism with spin density wave, and structural transition, although detailed
superconducting mechanism is still unclear [25, 26].

4
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Figure 1.4: Schematic images of superconducting phase diagram for cuprates. SC and
AF denote superconducting and antiferromagnetism, respectively [2].

1.1.4 Schemes to search novel layered superconductors
There are few layered compounds which show the superconductivity as its stoichiometric
composition and at ambient pressure, so that carrier doping and applying pressure are
widely utilized to induce the superconductivity [2]. The carrier doping techniques
mainly have two approarches: alio-valent ion substitution and ionic intercalation into van
del Waals gap (Fig. 1.5). Generated carriers due to charge neutrality are injected into
conductive layer, changing temperature dependence of electrical resistivity (ρ-T curve)
from insulating to superconducting behavior in La2−x Sr x CuO4 (Fig. 1.6 left) [27]. The
high pressure environment is generally realized by the diamond anvil cell up to over
700 GPa maximum [28], also resulting in the emergence of superconductivity (Fig. 1.6
right) [29].
Exploring iso-structural compounds of layered superconductors is one promising
strategy to discover novel superconductors. For example, Sr2 RuO4 has a same structure
to La2 CuO4 with quite low T c of around 1.5 K. This compound is considered to possess
spin-triplet Cooper pairing with p-wave symmetry, which will induce exotic quantum phenomena [3]. Furthermore, the exploration of the layered compounds structurally similar
to Fe-based superconductors develops the generation of large variety of superconducting
family such as layered Ti2 O-based and BiS2 -based superconductors [26].

5
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Figure 1.5: Schematic images of carrier doping techniques: (a) alio-valent ion substitution and (b) ionic intercalation into van del Waals gap.

(a)

(b)

Figure 1.6: (a) The ρ-T curves of La2−x Sr x CuO4 with various x (left). Reprinted with
permission from [27]. Copyright 2001 by American Physical Society. (b) The ρ-T
curves of CaFe2 As2 under pressure at 0, 2.3, 3.5, 5.1, 5.5, 8.6, 12.7, 16.8, and 19.3 kbar.
Reprinted with permission from [29]. Copyright 2008 by American Physical Society.
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1.1.5 Superconductivity in strong spin-orbit coupled system
In the field of condensed matter physics, topological insulator has attracted much attention
for these ten years, which is a bulk insulator but possessing conductive edge/surface state
with linear band dispersion called Dirac cone [30]. The completely spin-polarized
mass-less carriers can propagate at this edge/surface state without any back-scattering
eﬀects, connecting to the emergence of novel quantum phenomena like quantum spin
Hall eﬀect and the application to innovative energy-saving spintronics devices. Strong
spin-orbit coupling is the driving force to emerge this new quantum state of matter, so that
layered Bi compounds, especially layered Bi2 Se3 composed of Se-Bi-Se-Bi-Se quintuple
layers (Fig. 1.7), have been extensively studied to investigate the intriguing properties in
topological insulators [30–32].
In 2010, the emergence of superconductivity was reported in electron doped Bi2 Se3
via Cu intercalation into van del Waals gap (Fig. 1.7) [33]. This novel layered superconductors are now considered as a model compound of topological superconductivity which
will generate Majorana fermions at its surface state connecting to the ultra high speed
quantum computing [31,34]. However, relatively low sample quality of superconducting
Cu x Bi2 Se3 such as small superconducting volume fraction and generation of by-products
hampers detailed evaluation of physical properties in spite of the many extensive works to
achieve good sample quality [33–37]. This indicates that the searching novel candidates

Figure 1.7: A crystal structures of Bi2 Se3 . Broken lines denote unit cells.
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of topological superconductors is quite meaningful issue to investigate the interaction
between (quasi) two-dimensional superconductivity and strong spin-orbit coupling in
both fundamental and practical aspects.

1.2

Bi square net compounds

Bi is a heavy semimetal element whose atomic number is 83 possessing the strong
spin-orbit coupling. The electronic configuration of Bi is [Xe]4 f 14 5d 10 6s2 6p3 , so that
Bi generally possesses +5, +3, and −3 valent state with various local structures in
compounds. For example, elemental Bi forms buckled honeycomb lattice [38], and
Bi3+ and Bi5+ form octahedra with anions such as BiO6 in BaBiO3 [39] and BiSe6 in
Bi2 Se3 [33], respectively. Bi3 – anions can be realized by the coexistence of highly
electro-positive elements such as alkaline earth and rare earth, forming the complicated
polyhedra with these cations [40]. Notably, Bi can form the monatomic square net
structure with incomplete filled electron shell such as Bi – state and unusually reductive
Bi2 – state. This section reviews the fascinating properties of Bi square net compounds.

1.2.1 Crystal structure
There are mainly two types of Bi square net compounds whose chemical formulas are
represented by AMBi2 (A: alkaline earth and rare earth, M: metal element) and R2 X2 Bi
(R: rare earth and actinoid, X: O and N) [40, 41]. The former possesses a Bi – square net
in stark contrast to an unusual Bi2 – square net in the latter.
There is a large variety of AMBi2 compounds because of the flexibility of the combination between A and M. Figure 1.8 shows crystal structures of AMBi2 compounds which
can be further classified into two structures: ZrCuSi2 -type (space group: P4/nmm) and
SrZnBi2 -type (I4/mmm) [40, 42]. In both structures, the Bi – square net is separated
from edge sharing MBi4 tetrahedra slab (same as PbO-type structure) by the interstitial
A metals, and the classification is originating from the diﬀerent arrangement of A atoms
adjacent to Bi – square net (bottom of Fig. 1.8), resulting in the double sized unit cell
in SrZnBi2 -type structure. The compounds’ list of these structure types are summarized
in Table 1.1. It seems that several compounds such as RNiBi2 and RPdBi2 show the
8
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Figure 1.8: Crystal structures of ZrCuSi2 -type (left) and SrZnBi2 -type (right) AMBi2
compounds. Broken lines denote unit cells. Bottoms show the local crystal structures
around Bi – square net.

Table 1.1: Crystal structure of AMBi2 compounds with Bi – square net (R: rare earth)
Structure

Compounds

ZrCuSi2
(P4/nmm)

CaMnBi2 [43], YbMnBi2 [44], LaLiBi2 [45], RNiBi2 [46],
RPdBi2 [47], RCuBi2 [48], RAgBi2 [49], RAuBi2 [50], RZnBi2 [51]

SrZnBi2
(I4/mmm)

SrMnBi2 , BaMnBi2 [52], EuMnBi2 [53], CeGeBi2 [40], BaZnBi2 ,
SrCdBi2 , BaCdBi2 [54]

9
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Figure 1.9: (a) Crystal structure of ThCr2 Si2 -type R2 O2 Bi. Broken line denotes unit cell.
(b) Lattice constant variation of R2 O2 Bi. Structural data refers to [41, 57–59].
intrinsic defect in M site, so that they are often represented as AM1−x Bi2 [46, 47].
In contrast to a large variation of Bi – square net compounds, there are a few reports
of Bi2 – square net compounds: Ac2 N2 Bi (Ac: Th, U, Am, Cm) [55, 56] and R2 O2 Bi
(R: rare earth) [41, 57–59]. Both groups have anti-ThCr2 Si2 -type structure composed of
[R2 O2 ]2+ (or [Ac2 N2 ]2+ ) slab with PbO-type structure and Bi2 – square net (Fig. 1.9a).
Here, "anti-" means that the positions of anions and cations are inverted from normal
ThCr2 Si2 -type compounds, e.g. BaFe2 As2 high temperature superconductor. The space
group is I4/mmm. The Bi2 – square net is rotated by 45◦ on PbO-type layer compared with
the Bi – square net in AMBi2 . Figure 1.9b shows lattice constants plotted as a function
of ionic radii of R3+ [60] in R2 O2 Bi reported in previous studies [41, 57–59]. The lattice
constants show systematical variation according to the lanthanoid contraction, evidencing
the R3+ state which indirectly confirms highly reductive Bi2 – state. Furthermore, larger
Bi–Bi bond length in Bi2 – square net, i.e. a-axis length, than that in Bi – square net
(∼3.2 Å) [58] also supports Bi2 – state as discussed later.
The multinary compounds composed of electropositive elements (e.g. alkaline earth
and rare earth) and electronegative elements (e.g. group 13–16 elements) are called
as Zintl phase where the former donates their electrons to the latter [61, 62]. Each

10
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Figure 1.10: Bi framework in Ca11 Bi10 . Ca cations are not shown here. Broken line
denotes unit cell.
electronegative element forms cluster structure according to the octet rule, so that Bi
anions generally form the following frameworks: isolated square or zig-zag chain for
Bi – , dimer for Bi2 – , and isolated atom for Bi3 – . One typical example is Ca11 Bi10 [63]
whose charges of each element are assigned as (Ca2+ )22 (Bi – )4 (Bi2 – )8 (Bi3 – )8 , where four
Bi – anions form one isolated square, eight Bi2 – anions form four dimers, and eight Bi3 –
anions are isolated (Fig. 1.10). Both AMBi2 and R2 O2 Bi compounds are considered as
a kind of Zintl phase, while a monatomic Bi square net layer cannot be explained by
semiclassical Zintl concept.
These nonclassical structures can be explained by introducing the hypervalent bonding
rule [62]. The simplest example is Bi37 – forming a linear trimer, whose electronic
configuration is equal to typical hypervalent product I3 – . By assuming the bonding axis
along x direction, there are four electrons in three Bi p x orbitals with fully occupied
s, p y , and pz orbitals (Fig. 1.11a). These electrons occupy only bonding and nonbonding molecular orbitals, resulting in the formation of Bi37 – linear trimer. Increase
of the number of Bi atoms leads to the formation of Bin(2n+1)− linear chain (Fig. 1.11a),
converging to one-dimensional Bi2 – linear chain structure in the crystal (n → ∞). The
next step is the formation of Bi square net by considering the array of one-dimensional
Bi2 – linear chain along y direction (Fig. 1.11b). In order to make Bi–Bi bond between
filled p y orbitals of Bi2 – anions, it is necessary to remove one electron per one Bi2 –
anion, resulting in two-dimensional Bi – square network. Therefore, only Bi – anions
11
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Figure 1.11: Hypervalent bonding rule to form (a) one-dimensional Bi2 – linear chain
and (b) two-dimensional Bi – square net [62].
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Figure 1.12: Schematic image of herringbone-type structure. Reprinted with permission
from [66]. Copyright 2016 by American Physical Society.
can form the square net structure even in hypervalent bonding rule, indicating unusual
condition of Bi2 – square net in R2 O2 Bi.
The similar electronic configurations to Bi2 – square net are widely observed in
chalcogen compounds such as RTe2 and RTe3 [62] where Te – anions should form square
net. However, observed square net is quite unstable and incidentally shows Peierls distortion, i.e., charge density wave (CDW) transition, because one excess electron occupies
an anti-bonding orbital in addition to the favorable dimerization of Te – due to the octet
rule. Indeed, the analogous compounds R2 O2 Sb also shows CDW transition where Sb2 –
anions form dimers resulting in herringbone-type Sb layer (Fig. 1.12) [64, 65]. On the
other hand, surprisingly, there are no CDW transition in R2 O2 Bi compounds [57–59].
Theoretical report indicates that strong spin-orbit coupling and chemical pressure eﬀect
suppress CDW instability, unusually retaining the complete Bi2 – square net [66]. The
longer Bi–Bi bond length in R2 O2 Bi than that in AMBi2 is due to the presence of one
anti-bonding electron, evidencing Bi2 – state.

1.2.2 Anisotropic Dirac fermion in Bi square net compounds
Although the existence of Bi square net has been known for half a century ago, recent
discovery of anisotropic Dirac fermion in Bi square net explosively accelerated its research. Figure 1.13 shows angle-resolved photoelectron spectroscopy (ARPES) images
of SrMnBi2 [67]. Along Γ-M line (cut 2), the sharp needle-like band dispersion is
observed both near Fermi level and at high binding energy, indicating the existence of
13
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(a)

(b)

(c)

Figure 1.13: The results of ARPES of SrMnBi2 . (a) Fermi surface. Band dispersion (b)
perpendicular to Γ-M line (blue broken line in (a)) and (c) parallel to Γ-M line (orange
broken line in (a)). Reprinted with permission from [67]. Copyright 2011 by American
Physical Society.
Dirac fermions. The estimated Fermi velocity of vF∥ ≈ 1.1 × 106 m s−1 is comparable to
the value of graphene. On the other hand, band dispersion shows curvature near Fermi
level perpendicular to Γ-M line (cut 1) with almost linear dispersion at high binding
energy resulting in relatively small Fermi velocity of vF⊥ ∼ 2 × 105 m s−1 . This result
indicates the large anisotropy of Dirac-like band dispersion with vF∥ /vF⊥ ≳ 5, consistent
with the theoretical calculation [42,67,68]. This anisotropic Dirac fermion has been only
theoretically proposed in such as bent graphene and some nanocomposites [67], probably connecting to the exotic quantum phenomena and application to novel electronic
devices with diﬀerent direction of carrier conduction path. Therefore, naturally formed
anisotropic Dirac fermion in SrMnBi2 is valuable and attracts much attention.
The existence of Dirac fermions in Bi – square net are also characterized in electrical
transport properties [69]. Figure 1.14a shows angular dependence of magnetoresistance
(MR) of SrMnBi2 . The MR showed two-fold symmetry with complete fitting by | cos θ|
function, demonstrating two-dimensional carrier conductive path, i.e., Bi – square net.
Notably, MR shows unsaturated linear behavior confirmed by constant dM R/dB at
high field, contrary to a saturation at high field in normal metals (Fig. 1.14bc). This
unsaturated linear MR is a typical phenomenon of linear band dispersive compounds
which are experimentally observed and theoretically explained [69, 70]. In addition,
small eﬀective mass of carriers (0.29me ) and high carrier mobility (250 cm2 V s−1 [67]
14
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(b)

(c)

Figure 1.14: (a) Angular dependence of MR. Inset shows measurement configuration.
(b) MR at various temperatures. (c) The field derivative of MR at various temperatures.
Reprinted with permission from [69]. Copyright 2011 by American Physical Society.
and 3400 cm2 V s−1 [69]) are estimated from the MR data. These results strongly support
the existence of Dirac fermions in Bi – square net.
The anisotropic Dirac fermions are also observed in other AMBi2 compounds such as
CaMnBi2 [71, 72], LaAgBi2 [73], EuMnBi2 [53, 74], BaMnBi2 [75], and YbMnBi2 [44].
It was initially considered that magnetic ordering mediated the formation of anisotropic
Dirac fermions because first compounds such as SrMnBi2 and CaMnBi2 show AF ordering of MnBi4 . However, the similar behavior in non-magnetic LaAgBi2 suggests the
universal existence of anisotropic Dirac fermions in Bi – square net. Indeed, theoretical
studies support this scenario [42, 67, 68]. A single Bi square net can possess Dirac like
band dispersion composed of Bi 6p x and 6p y orbitals. The Dirac band is weakly hybridized with adjacent atoms A in AMBi2 compounds especially perpendicular to Γ-M
line, resulting in the anisotropy of Dirac band between parallel and perpendicular to Γ-M
line. Furthermore, there are mainly two eﬀects of A atoms to Dirac band. First, the
diﬀerent arrangement of A atoms adjacent to Bi square net (bottom of Fig. 1.8) causes
diﬀerent hybridization eﬀect demonstrating the flatter band shape of CaMnBi2 than that
of SrMnBi2 . Second, diﬀerent kinds of atoms change the strength of spin-orbit coupling
of Bi square net, resulting in the larger bang gap of SrMnBi2 than that of CaMnBi2 .
These results indicate that the properties of Bi square net can be engineered by designing
surrounding environment of Bi square net.
The AF ordering of MnBi4 in SrMnBi2 and CaMnBi2 seems not to aﬀect the Dirac
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Figure 1.15: Magnetic structures of CaMnBi2 (left) and SrMnBi2 (right). Reprinted with
permission from [76]. Copyright 2014 by American Physical Society.
band formation. However, their diﬀerent spin ordering states possibly have some influence on electrical transport properties with (without) kink at TN in electrical resistevity
in CaMnBi2 (SrMnBi2 ), where CaMnBi2 has ferromagnetic inter-layer coupling and
SrMnBi2 has AF one (Fig. 1.15) [76, 77]. Recent study claims that YbMnBi2 is a first
compound possessing magnetic Weyl fermion [78]. In addition, buckled Bi square net is
theoretically proposed as a novel two-dimensional topological insulator with large band
gap, connecting to the possible application to room temperature innovative device [79].
The exploration of Dirac band in Bi square net is still developing, so that various exotic
phenomena will continue to be induced.

1.2.3 Kondo lattice behavior in CeMBi2
Several CeMBi2 compounds such as CeNiBi2 and CePd1−x Bi2 show Kondo lattice behavior originating from Ce3+ moment [80, 81]. These compounds show AF ordering
of Ce 4 f 1 moment at low temperature (∼6 K) with strong anisotropy in temperature
dependence of magnetic susceptibility ( χ-T curve). The magnetic easy axes are [001]
directions. Notably, the deviation of χ-T curves from Curie-Weiss law is observed below
50 K for CeNiBi2 and 75 K for CePd1−x Bi2 , attributed to the strong eﬀect of crystalline16
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(a)

Figure 1.16: (a) The ρ-T curves of CePd1−x Bi2 at various fields. (b) Magnetoresistance
data of CePd1−x Bi2 below 75 K. Reprinted with permission from [81]. Copyright 2015
by American Physical Society.
electric-field. The interaction between Kondo and crystalline-electric-field eﬀect cause
interesting phenomena in electrical transport properties. Figure 1.16a shows ρ-T curves
of CePd1−x Bi2 at various fields. The broad shoulder-like anomaly is observed around
75 K originating from the interaction between Kondo and crystalline-electric-field effect, which is widely observed in Ce-based compounds [81]. The ρ minimum at 20 K
is attributed to the typical Kondo eﬀect. In addition, abrupt ρ drop at 6 K is due to
the AF ordering, and this anomaly shifts to lower temperature followed by suppression
with increasing magnetic field, because AF ordering connects to metamagnetic transition induced by the field. The MR shows small positive values (∼0.2 %) at T > 75 K in
CePdBi2 . On the other hand, the MR turns to negative values with larger absolute values
at T < 75 K (Fig. 1.16b), except for anomaly at T < TN attributed to the AF to metamagnetic transition. The polarity change of MR is due to the Fermi surface reconstraction
caused by interaction between Kondo and crystalline-electric-field eﬀect around 75 K.
The similar complicated interaction is also observed in CeNiBi2 [80].

1.2.4 Potential for superconducting Bi square net
The induction of superconductivity in Bi square net is fascinating issue because it should
become intriguing platform to investigate the interaction between superconductivity and
Dirac fermion, probably connecting to the topological superconductivity. In 2011,
CeNi1−x Bi2 was reported as a first compound possessing superconducting Bi – square
17
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Figure 1.17: (a) The ρ-T curves at various fields and (b) χ-T curve of CeNi0.8 Bi2 single
crystal. Reprinted with permission from [46]. Copyright 2013 by Elsevier.
net with Tc of 4.2 K [82]. Authors claimed that superconductivity associated with the
light carriers in Bi – square net coexisted with the AF ordering at ∼5 K of heavy carriers
in Ce3+ , and Ni deficiency was essential to induce superconductivity. However, this
result is not reproduced in subsequent reports [46, 83, 84]: the samples show no Ni deficiency dependence of superconducting properties, no reproducibility of the emergence,
and small superconducting volume fraction (Fig. 1.17). Furthermore, T c of 4.2 K is a
similar value to those of NiBi and NiBi3 [85, 86], and LaNi1−x Bi2 shows the same T c
and Hc2 with small superconducting volume fraction [46, 82]. These results indicate that
superconductivity of CeNi1−x Bi2 is not intrinsic but originating from impurity phases
such as NiBi and NiBi3 .
LaPd1−x Bi2 is reported as superconducting at 2.1 K although rare earth substituted
CePd1−x Bi2 shows AF ordering of Ce3+ at 6 K without superconductivity as shown in
previous subsection (Fig. 1.18) [47]. Band calculation indicates that Pd orbital has the
dominant contribution to form Fermi surface. In addition, Pd vacancy suppress the Fermi
surface nesting, i.e., CDW instability, which seems essential to induce superconductivity.
The small residual resistivity ratio (RRR) is attributed to the strong scattering by Pd
vacancy, supporting the carrier conduction at Pd layer. Furthermore, the superconductivity is suppressed by compensating Pd vacancy and also the substitution of Fe for Pd,
consistent with the band calculation [87]. These results confirm that the superconducting
path is the Pd layer.
The superconductivity is also observed at 5.7 K in SrMnBi2 with blob-like Bi
18
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Figure 1.18: (a) The ρ-T curve and (b) χ-T curve of LaPd0.85(2) Bi2 single crystal. RRR
is derived by ρ300K /ρTc . Reprinted with permission from [47]. Copyright 2013 by
American Physical Society.
residue [88]. However, this superconductivity shows strong sample dependence and
is not reproduced. It is considered that the superconductivity is originating from the
strained Bi grown on the SrMnBi2 crystals, and not from intrinsic Bi – square net [88].
To summarize the above contents, superconducting Bi square net has not been discovered in spite of the extensive studies in AMBi2 compounds.

1.2.5 Physical properties of R2 O2 Bi (R: rare earth)
In contrast to the case of Bi – square net, the physical properties of Bi2 – square net is still
not well known. Ferromagnetic ordering was observed at 154 K in U2 N2 Bi originating
from U4+ [89] around 40 years ago, but there are no follow-up reports about actinoid
compounds.
The promising platform to investigate the intrinsic properties of Bi2 – square net
is R2 O2 Bi, which was systematically synthesized in polycrystalline powder form in
2011 [58]. Figure 1.19 shows temperature dependence of normalized electrical resistivity
ρ(T)/ρ300K in various R2 O2 Bi compounds. Electrical transport property shows insulatorto-metal transition induced by chemical pressure: variation from insulating in La2 O2 Bi
to metallic behavior in Er2 O2 Bi. However, the superconductivity is not observed down
to 1.8 K [26, 58]. The origin of the insulator-to-metal transition was considered to be
attributed to a Mott transition [58], but subsequent theoretical report suggested that this
is due to the stronger electron-phonon coupling resulting in increased electron-phonon
scattering in La2 O2 Bi than that in Er2 O2 Bi [66]. The band calculation indicates that the
19
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Fermi surface is composed of Bi 6p x and 6p y orbitals of Bi2 – square net in R2 O2 Bi,
suggesting two-dimensional electronic nature [58,66]. The χ-T curves shows sharp drop
around 10 K in magnetic R2 O2 Bi (R: Pr, Gd, Er) indicating the AF ordering of 4f spins in
R cations [58]. The χ-T curves are well fitted by Curie-Weiss law χ = χ0 + C/(T − θ) at
T > TN , demonstrating similar eﬀective Bohr magneton values Peﬀ to theoretical values
of R3+ state (Table 1.2), evidencing unusual Bi2 – state.

Figure 1.19: Normalized ρ-T curves of R2 O2 Bi compounds. The inset shows Seebeck
coeﬃcients α demonstrating p-type conduction. Reprinted with permission from [58].
Copyright 2011 by American Chemical Society.

Table 1.2: Magnetic parameters for R2 O2 Bi compounds. Reprinted with permission
from [58]. Copyright 2011 by American Chemical Society.
cmpd

χ0
TN (K) (emu mol-R−1 )

θ (K)

C
(emu mol-R−1 )

Peﬀ (µB )

Pr2 O2 Bi

15.0

0.0008

−25.1

1.71

3.70

Gd2 O2 Bi

10.1

0.0011

−25.0

7.80

7.90

Er2 O2 Bi

3.0

0.0021

−19.4

12.32

9.90
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1.3

Purpose of this study

As mentioned in previous section, Bi square net compounds are good platform to investigate the exotic quantum phenomena originating from two-dimensional electronic
nature and strong spin-orbit coupling, while superconducting Bi square net have not been
realized yet. In contrast to the well-studied AMBi2 compounds with Bi – square net,
there are few reports about Bi2 – square net compounds probably due to the instability of
unusual electronic configuration. The electrical resistivity and magnetic susceptibility
are evaluated in R2 O2 Bi, but detailed physical properties of unusual Bi2 – square net
is not fully understood despite the possible emergence of various attractive properties
owing to Bi2 – square net.
The motivation of this study was to unveil the intrinsic properties and to induce the
novel phenomena of Bi2 – square net in R2 O2 Bi via two approaches: the fabrication
of epitaxial thin films and the synthesis of bulk polycrystalline powders. The main
aim of first topic was the establishment of universal fabrication method for R2 O2 Bi
epitaxial thin films which are ideal samples to evaluate the intrinsic physical properties. I
succeeded in achievement of the epitaxial thin films by developing two novel fabrication
techniques utilizing solid-phase epitaxy. In addition, the influence of two-dimensional
electronic nature and the strong spin-orbit coupling on electrical transport properties
were investigated for the first time. The purpose of second topic was the control of
physical properties of Bi2 – square net by tuning the composition and the crystal structure
of R2 O2 Bi in the form of polycrystalline powders, which are relatively easy to synthesize
in comparison with epitaxial thin film. I aimed to construct a guideline to for properties
engineering of Bi2 – square net compounds as a counterpart of various Bi – square net
compounds described above, resulting in the discovery of universal two-dimensional
superconductivity of Bi2 – square net.
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2.1

Sample preparation

2.1.1 Pulsed laser deposition
Pulsed laser deposition (PLD) is widely utilized to obtain high quality oxide epitaxial thin
film [90]. Figure 2.1 shows a schematic image of PLD method. In vacuum chamber, the
pulsed laser of KrF excimer (λ = 248 nm) is irradiated on the sintered target of sample.
The target material is vaporized and deposited on the substrate fixed at a face-to-face
position. The substrate temperature is controllable by using infrared semiconductor laser
up to ∼1000 ◦C. In addition, the background pressure is adjustable by introducing gases
such as O2 and Ar, although the deposition was conducted at high vacuum without any
gas introduction in this study. The PLD chamber is equipped with the reflection high
Heating
laser
Substrate

Pulsed
laser

Screen

Target

RHEED
gun

Figure 2.1: A schematic image of PLD equipment.
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energy electron diﬀraction (RHEED) system which enables in situ monitoring of the thin
film growth: the single crystalline sample yields in the streak or dot pattern while the
amorphous film projects halo pattern according to their surface structures.

2.1.2 Sputtering
Constituent atoms of solid are ejected from the target surface when high-energy gas
ion collide with the target. This phenomenon is called sputtering evaporation or just
sputtering [91, 92]. Currently, sputtering is widely used in semiconductor and spintronic
device manufacturing process such as surface cleaning, micromachining, thin film and
junction formation, and surface analysis. It is also applied to the thin film growth in
basic research since it is possible to fabricate the large area thin film in addition to no
limitation of material selection.
Sputtering generates a glow discharge. Its generation mechanism is as follows.
Electrons accelerated to the anode by the electric field collide with the gas molecules
such as Ar to generate the cations. The cations are accelerated to collide with the target
on cathode resulting in the emission of secondary electrons. The glow discharge is
generated during a steady state by repeating the above process. When the cations collide

Heating laser

Substrate

Ar

Sputtered particle
Ar+
Pump

Plasma
Target

DC or RF

Figure 2.2: A schematic image of sputtering chamber.
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with the target on cathode, not only secondary electrons but also the substances of the
target on cathode are emitted from the surface. These sputtered particles are deposited
on the substrate and form the thin film.
Figure 2.2 shows a schematic image of the sputtering chamber. Sputtering is performed by introducing Ar gas into the vacuum chamber. The target material is evaporated
by the irradiation of the ionized Ar and deposited on the substrate positioned in opposite
side. This chamber is equipped with a substrate heating laser, so thin film growth can be
performed at ∼1000 ◦C maximum. There are two-types of power sources: direct current
(DC) and radio frequency (RF) modes. In DC sputtering, the target material is applied to
the negative bias and the substrate is placed on anode side. This approach is utilized in
conducting materials such as a metal. However, DC sputtering cannot be applied to insulating materials due to the positively charged target by the collision with the cations. This
charge-up can be suppressed by using RF power source because electrons and cations
collide alternately by applying RF bias. The mobility of electrons in plasma is larger than
that of cations, so the target surface is biased to a negative DC potential. RF sputtering
can be used for the thin film growth of any materials from conductor to insulator.
In general, the deposition rate of the sputtering is slow due to the scattering of the
sputtered particles in the high operating pressure. Magnetron sputtering is eﬀective to
increase the deposition rate. Magnets are arranged in order to produce magnetic field
line on the target surface as shown in Fig. 2.3. Secondary electrons are confined in the
vicinity of the target along the magnetic field line, therefore it is possible to form a high
density plasma eﬃciently, resulting the decrease of operating pressure. A disadvantage
Motion of electron

Target
N
S

S
N

N
S

Figure 2.3: A schematic image of magnetron sputtering.
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of the magnetron sputtering is the reduced eﬃciency of the use of target because of
nonuniform sputtering at target surface.

2.1.3 Vacuum sealing
The polycrystalline powders of R2 O2 Bi cannot be obtained by the solid state reaction in
air because of too excess amount of O in atmosphere to achieve unusual reductive Bi2 –
state. Therefore, polycrystalline samples must be heated in vacuum sealed quartz tubes.
The starting materials are weighed, mixed, pelletized and sealed into the quartz tubes by
using vacuum valve in Ar- or N2 -filled glovebox (O2 , H2 O < 1 ppm) in order to avoid
the oxidation. The sample pellets are covered with Ta foil (0.04 mm thick, purity: 3Nup)
to suppress the side reactions and contamination with Si. Then, the quartz tubes are
transferred to air and connected to the rotary pump. Finally, the quartz tubes are sealed
with a city/propane and O2 mixed gas burner under evacuation. By heating those vacuum
sealed samples in electric furnace, it is possible to limit the O supply from only starting
materials and quartz.

2.2

Crystallographic characterization

2.2.1 X-ray diﬀraction
X-ray diﬀraction (XRD) is a powerful method to characterize the crystal structure of
solids [93]. The solid crystal has a periodic structure with angstrom order. When X-ray
having same wavelength to the periodicity is incident on the crystal, X-ray is diﬀracted
from the lattice plane according to the following Blagg’s law (Fig. 2.4),
2d sin θ = nλ

(2.1)

where d is the distance between lattice planes, θ is the incident angle of X-ray, n is the
integer, and λ is the wavelength of X-ray. Each substance possess its own diﬀraction
pattern including the structural information such as constituent elements, lattice constants,
and Miller indices. Therefore, XRD measurement enables the analysis of detailed crystal
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Figure 2.4: A schematic image of Bragg’s law.
χ
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Figure 2.5: A schematic image of measurement configuration of XRD equipment.
structure and the identification of the substance.
Figure 2.5 shows a schematic image of the diﬀractometer utilized in this study (D8
DISCOVER, Bruker AXS). The equipment owns four movable axes: ω corresponds to
the incident angle of X-ray, 2θ corresponds to the angle between incident and diﬀracted
X-ray, and ϕ and χ correspond tilt angles along in-plane and out-of-plane directions to
sample surface, respectively. In general 2θ-θ scan, the diﬀraction pattern is corrected by
moving 2θ with fixed ω = θ. As a result, all Bragg diﬀraction peaks can be corrected in
polycrystalline samples, while only the diﬀraction peaks of a specific plane orientation
(hkl) are detected in single crystalline samples by adjusting ϕ and χ axes. The rocking
curve measurement is performed to evaluate the crystallinity of the crystal. The 2θ, ϕ,
and χ axes are fixed in order to observe a specific Bagg hkl peak, then only ω is scanned.
The smaller full width at half maximum (FWHM) of diﬀraction peak corresponds to the
higher crystallinity. The ϕ scan is conducted to evaluate rotational symmetry and plane
orientation of the crystal by fixing ω, 2θ, and χ. In this study, Cu Kα (λ = 1.5418 Å) or
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monochromated CuKα1 radiation (λ = 1.5405 Å) was used for the measurement.

2.2.2 Rietveld refinement
The Rietveld refinement is a powerful technique to analyze the structural parameters of
solids such as lattice constants, fractional coordinates, and atomic displacement parameters [93, 94]. The measured powder X-ray or neutron diﬀraction pattern is refined by
theoretical pattern of assumed structural model by nonlinear least-squares method. In
other words, the Rietveld refinement minimize the residual sum of squares S(x) represented by following equation,
S(x) =

N
∑

wi [yi − fi (x)]2

(2.2)

i=1

where x is refined parameters, N is total number of datapoint, yi is observed measured
intensity, fi (x) is calculated intensity, and wi is statistical weight which usually adopts
1/yi . Furthermore, the fi (x) is described by the following equation,
fi (x) = SR (θi )A(θi )D(θi )s

∑

mK |F(h K )| 2 PK L(θ K )G(∆2θiK ) + yb (2θi )

(2.3)

K

where SR (θi ) is correlation factor for surface roughness, A(θi ) is absorption factor, D(θi )
is correlation factor for the constant irradiation width, s is scale factor, K is reflection
number, mK is multiplicity, F(h K ) is structure factor, h K is reflection indices hkl, PK is
correlation factor for preferred orientation, L(θ K ) is Lorentz and polarization factor, θ K is
Bragg angle, G(∆2θiK ) = G(2θi ) − G(2θ K ) is profile function, and yb (2θi ) is background
correlation. Although the fi (x) seems to have a complicated formula, most of factors
are automatically and uniquely determined, and generally there are only four parameters
which need to be refined: s, yb (2θi ), F(h K ), and G(∆2θiK ). Hereafter, I explain the each
function used in the Rietan-FP program [95].
Scale factor s
The scale factor s just multiplies the calculated intensity to fit into the observed in tensity.
The quantitative analysis in multiphase system is based on the s values of each phase.
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Background correlation yb (2θi )
There is no method to estimate the background accurately, so that the function of Bragg
angle is widely utilized to approximate the observed background. The Rietan-FP adopts
the sum of Legendre polynomials as the fitting function for the background described by
the following equation,
yb (2θi ) =

11
∑

b j P j (qi )

(2.4)

j=0

)
(
)
2j − 1
j −1
q j P j−1 (q j ) −
P j−2 (qi )
P j (qi ) =
j
j
(

(2.5)

where P j (qi ) is the Legendre polynomial and b j is background parameter. The yb (2θi ) is
fitted by refining coeﬃcients b j although there is no physical meaning.
Crystal structure factor F(h K )
The F(h K ) is the main component to determine the peak intensity of each reflection and
described by the following equation,
F(h K ) =

∑

f j g j T j exp[2πi(hx j + k y j + lz j )]

(2.6)

j

where j denote the atom in unit cell, f j is atomic form factor, g j is occupancy, T j is the
Debye-Waller factor, and x j , y j , z j are fractional coordinates. The f j is the scattering
power of each atom which is almost proportional to the atomic number, derived by the
Fourier transform the electron density,
(

)
(
) ∫
sin θ
sin θ
f
≃ f0
=
ρ(r) exp[2πi(k − k0 ) · r]dv
λ
λ
atom

(2.7)

where ρ(r) is the electron density of the atom at r, k and k0 are wave number vectors
of scattered and incident waves, respectively. The f becomes small with increasing θ
which is the main reason of 2θ dependence of diﬀraction intensity. The T j indicates the
attenuation of scattering amplitude du to the static disorder and thermal oscillation of the
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atoms, described by the following equation,
[

(

T j = exp −B j

sin θ K 2
λ

)]
(2.8)

where B j is atomic displacement parameter indicating the mean square displacement
from mean position. The F(h K ) is calculated by refining structural parameters such as
lattice constants, occupancy, fractional coordinates, and atomic displacement parameters,
demonstrating the crystal structure of the sample.
Profile function G(∆2θiK )
The pseudo-Voigt function is widely used to fit the peak shape, which is a linear combination between the Lorentzian and Gaussian described by the following equation,
[
√
(
) 2 ] −1
[
(
)]
2
2 ln 2
∆2θiK
∆2θiK
G(∆2θiK ) = η
1+4
+ (1 − η) √
exp −4 ln 2
(2.9)
πHK
HK
HK
πHK
where HK is FWHM and η is the Lorentzian fraction. The G(∆2θiK ) varies from
Lorentzian to Gaussian by changing η. The crystalline size and microstrain aﬀect both
Lorentzian and Gaussian components of peak shapes, so that these information can be
obtained from the refined result of profile functions.
Reliability indices
In order to judge the convergence of the Rietveld refinement, there are several indicators
as called reliability indices. The most important one is Rwp defined by the following
equation,

{∑
Rwp =

N
i=1 [yi − fi (x)]
∑N
2
i=1 wi yi

} 12
(2.10)

where the numerator corresponds to the residual sum of squares S(x). Therefore, the
Rietveld refinement is performed to minimize the Rwp . The Re is the theoretical minimum
of Rwp where the statistical deviation of the observed intensity is included, and it is
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described by the following equation,
{
Re =

N−P
∑N
2
i=1 wi yi

} 12
(2.11)

where P is the number of refined parameters. Accordingly, the ratio of Rwp to Re , i.e.,
S = Rwp /Re is utilized to judge the reliability of refined results: S = 1 indicates the
perfect fitting, and S < 1.3 is desired to regard as a suﬃciently reliable result. However,
the larger observed intensity results in the larger S, so that it is needed to cross-check the
convergence of the refinement, e.g. by checking the reproducibility of the result from the
diﬀerent initial parameters.

2.2.3 Atomic force microscope
Atomic force microscopy (AFM) which is one of the scanning probe microscopy is used
to evaluate surface morphology of solids [96]. We can get the information about the
surface structure in the order of nanometers by utilizing atomic force between the solid
surface and probe called cantilever. There is no restriction about the measurable sample
for AFM because atomic force always exists between two objects in proximity.
Measurement principle of AFM is shown in Fig. 2.6. In order to detect the change
of cantilever position, optical lever method is widely applied. Diode laser is irradiated
on the back-miller of cantilever, and angular variation of the reflected light is detected

1 2
3 4

Laser

Photodetector
Cantilever

F

Figure 2.6: A schematic image of AFM.
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by photodetector to evaluate deflection of cantilever. Measurement is performed by
fixing the deflection and moving sample stage up and down in the feedback control. In
this study, E-Sweep (Hitachi Nanotechnology Science) was used to observe the surface
morphology of thin film samples.

2.3

Composition analysis

2.3.1 X-ray photoemission spectroscopy
When monochromatic radiation is irradiated to the substance, electrons are emitted by
the photoelectric eﬀect. These electrons are called photoelectron. X-ray photoemission
spectroscopy (XPS) is a technique which measure the energy spectrum of photoelectron
by utilizing X-ray as a probe [97].
The photoelectric eﬀect is represented by the following equation,
EK = hν − EB − ϕ

(2.12)

where EK is the kinetic energy of emitted photoelectron, hν is the energy of incident
photon, EB is the binding energy of emitted photoelectron, and ϕ is the work function.
A schematic image of a relationship between photoelectric eﬀect and XPS spectrum is
Intensity
Binding energy

EF

Potential energy

hν

φ

XPS
spectrum

Vacuum level
EF

EB
Core level

Figure 2.7: A schematic image of photoelectric eﬀect and XPS spectrum.
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shown in Fig. 2.7. Since a spectrometer and conductive samples possess same Fermi
level in the actual measurement, EB is corrected to the following equation,
EB = hν − EK − ϕeq

(2.13)

where ϕeq is the work function of an equipment. Therefore, EB can be derived from
Eq. 2.13 by using monochromatic light source which have a constant hν and pre-measured
ϕeq . In case of the measurement of insulating samples, charge-up hampers the correct
evaluation of the Fermi level. It is needed to prevent the sample from charge-up by
depositing conductive film and/or irradiating electron neutralizing beam.
As can be seen in Fig. 2.7, XPS spectrum have the information of the electrons
in both core level and valence band. Each element has the characteristic EB for each
orbital electron, leading to the identification of the elements from peak positions of XPS
spectrum. Quantitative analysis is also possible from peak intensity. EB is shifted due to
the surrounding chemical conditions, so that the value of this chemical shift represents
the valence state of the element. In this way, qualitative, quantitative, and chemical state
analyses van be performed by XPS.
XPS is a highly surface sensitive because the most photoelectrons lose their energy
due to the scattering in the solid internal and are absorbed into the solid. We can obtain
the information in the depth direction by sputtering the sample surface. In this study,
XPS measurements was performed by using Al Kα radiation as the probe in PHI 5000
VersaProbe (Ulvac-Phi, Inc.) equipped with sputtering system.

2.3.2 Electron probe microanalyzer
Electron probe microanalyzer is powerful tool to perform qualitative and quantitative
analysis of constituent elements in the solid [98]. When accelerated electrons with
energy of 1–20 keV are irradiated on the surface of the substance, inner shell electrons
are excited to generate holes in the orbit. Then, outer shell electrons fall into this
empty orbit, resulting in the generation of characteristic X-ray. Since the energy of
the characteristic X-ray has a unique value for each element, qualitative analysis can
be performed by detecting it. In addition, quantitative analysis is performed from the
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intensity of characteristic X-ray. Mapping analysis is also possible by scanning the
electron probe two-dimensionally.
Energy dispersive X-ray spectrometer (EDX) is widely utilized to detect the characteristic X-ray as follows. The incident X-ray into the semiconductor device generates
electron-hole pairs whose numbers are proportional to the energy of the X-ray. These
electrons are amplified by a strong electric field, resulting in pulses with intensity proportional to the energy of incident X-ray. In this study, the qualitative analysis of
polycrystalline samples was mainly conducted by EDX installed in scanning electron
microscopy (JEOL Ltd., JSM-7100F). The energy of electron probe was 15 keV.

2.3.3 Inductively coupled plasma mass spectrometry
Inductively coupled plasma (ICP) is a form of discharge caused by the induced current of
the high frequency coil [99]. When Ar gas flows through the discharging high frequency
coil, a large amount of ions and electrons, so-called plasma, are generated by the following
chain reaction,
e− + Ar −−−→ 2 e− + Ar+
−

−

2 e + 2 Ar −−−→ 4 e + 2 Ar

+

(2.14)

where e− denotes electron. The temperature of the generated plasma reaches 10 000 K,
and it is used for atomization and thermal excitation of the sample. ICP mass spectrometry
(ICP-MS) is a composition analysis method by utilizing this generated chemical species
with mass spectrometer. The detection limit is very high as about ppb, although it
is necessary to dissolve samples in acid for the analysis. In this study, ICP-MS was
performed by Foundation for Promotion of Material Science and Technology of Japan.

2.4

Magnetic measurements

Electromagnetic induction method is utilized to evaluate the magnetic moment of material [100]. When the sample moves in homogeneous magnetic field, the electromotive
force V is induced in pick up coil due to the change of magnetic flux density Φ, that is,
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(a)

(b)
I

SQUID
Sample
Φ

Josephson
junction

Sample
position

Voltage

I
Pick up coil

Figure 2.8: (a) A schematic images of SQUID magnetometer. (b) Measurement configuration of MPMS. Inset shows schematic image of output voltage.
V = −dΦ/dt. According to the relationship Φ = km where m is the magnetic moment of
the sample and k is the factor of proportionality which depends on measurement system,
the m is obtained by the integral calculus of V,
1
m=
k

∫

t

Vdt.

(2.15)

0

Superconducting quantum interference device (SQUID) is a powerful tool to evaluate
the magnetic moment with high sensitivity [100, 101]. The SQUID magnetometer is
composed of a superconducting ring where two Josephson junctions are connected in
parallel (Fig. 2.8). In this system, the maximum of superconducting current is given by
the following formula,
Imax = 2Ic cos π

Φ
Φ0

(2.16)

where Ic is the critical current of each Josephson junction and Φ0 ≈ 2.07 × 10−15 Wb
is the flux quantum. Since the current is a periodic function with the periodicity of Φ0 ,
high sensitive detection of magnetic moment is possible with the magnetic quantum as a
unit. In the actual measurement, a steady bias current larger than Ic flows in the SQUID
ring, and thereby the voltage fluctuation with the periodicity of Φ0 is detected.
In this study, magnetic property measurement system (MPMS, Quantum Design, Inc.)
equipped with SQUID magnetometer was utilized to evaluate the magnetic properties.
Figure 2.8b shows a schematic image of measurement configuration. The sample moved
in the pick up coil and the changed magnetic flux is indirectly detected by SQUID
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magnetometer. This is because the SQUID magnetometer needs to be shielded with the
superconductor in order to avoid the influence from noise such as external magnetic field.

2.5

Electrical measurements

2.5.1 Four-probe method
Electrical resistance R = V/I can be evaluated by wiring current and voltage electrodes
properly. However, if both current and voltage are measured in same electrode, i.e. twoprobe method, the obtained R contains contribution not only from sample but also wires
and electrodes (Fig. 2.9a). Therefore, four-probe method is better to evaluate correct R
value of sample where electrodes for current and voltage are separated (Fig. 2.9b) [102].
In this configuration, obtained R corresponds to the resistance between electrodes for
voltage because current does not flow the voltmeter in ideal condition.
The obtained sample resistance R can be converted to electrical resistivity ρ by the
following equation,
ρ=R

wt
L

(2.17)

where w is a width of the sample perpendicular to the current direction, t is the sample
thickness, L is the distance between electrodes for voltage.
(a)

I

(b)
I
Sample

V+

I−
Rwire1

Rsample

Rwire2
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I+

V−
I=0

V−
I+

R = Rsample + Rwire1 + Rwire2

Rwire1

I=0

Rwire4

V+

Rsample

Rwire2

I−

R = Rsample

Figure 2.9: Schematic images of (a) two-probe and (b) four-probe configuration. I:
current, V: voltage.
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2.5.2 Hall measurement
Hall measurement is an useful technique to derive carrier type, density, and mobility.
When a magnetic field µ0 H = B is applied perpendicularly to the current I, the charge
carriers are accumulated in I × B direction due to the Lorentz force, resulting in the
generation of electric field E. This phenomenon is called Hall eﬀect. By assuming that
current flows along x (I = (I x, 0, 0)) and field is applied along z direction (B = (0, 0, Bz )),
the Hall coeﬃcient RH is defined by the following equation,
Ey
j x Bz

RH ≡

(2.18)

where E y is the so-called Hall electric field and j x is the current density. The carrier
polarity is derived from the sign of RH : RH > 0 corresponds to the hole carrier and vice
versa. Here, E y = Vy /w and j x = I x /wt are obtained due to their definition, the RH can
be transformed to the following equation,
RH =

Vy t
Ryx t
=
I x Bz
Bz

(2.19)

where Ryx = Vy /I x is the Hall resistance. In addition, the carrier density n and mobility
µ are represented by using RH as follows,
n=

1
RH e

(2.20)

µ=

RH
ρ

(2.21)

where e is the elementary charge. Therefore, we can obtain the carrier type, density, and
mobility by measuring Hall resistance.

2.5.3 Measurement configuration
Figure 2.10 shows a schematic image of measurement configuration in this study. Both
film and polycrystalline samples were processed into bar shape and the electrodes were
fabricated by Au deposition with In crimp, only In crimp, or Ag paste. All electrical
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VHall

V

H
θ
I

A
Figure 2.10: A schematic image of electrical measurement configuration in this study.
measurements were conducted by physical property measurement system (PPMS, Quantum Design, Inc.) equipped with sample rotator system. Temperature range was from
1.8 K without rotator system or 1.85 K with it to 300 K, and magnetic field was varied
in the range of −9 ≤ µ0 H ≤ 9 T by superconducting magnet. The direction of applied
magnetic field could be changed by rotating the samples in order to evaluate the angular
dependence of MR.

2.6

Specific heat measurements

Specific heat measurements were conducted by the thermal relaxation method [103] with
a 3He/ 4He dilution refrigerator [104] with the help of Kawaji group in Tokyo Institute of
Technology.

2.6.1 Thermal relaxation method
Figure 2.11a shows measurement configuration of the thermal relaxation method composed of sample, holder, and heat bath. The holder equipped with heater and thermometer
is connected to the heat bath by thermal resistance possessing thermal conductivity k.
When the quantity of heat per unit time Q = RI 2 is applied to the sample system, the
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Figure 2.11: (a) A schematic image of measurement configuration for thermal relaxation
method. (b) Time dependence of temperature change of the sample system (top) and
heater power (bottom).
energy balance is represented by the following equation,
Cp

dT
= Q − k(T − T0 )
dt

(2.22)

where Cp is the heat capacitance of sample system, T and T0 are the temperature of
sample system and heat bath, respectively. In a steady state denoted by process 2 in
Fig. 2.11b, Eq. 2.22 is transformed into the relationship Q = k(T − T0 ) = k∆T due to
the situation of dT/dt = 0, enabling to evaluate k. When the heat supply is stopped
(Q = 0), temperature of the sample system gradually relaxes down to T0 by following the
relationship Cp dT/dt = −k(T − T0 ). By solving this diﬀerential equation, the function of
relaxation curve (process 3 in Fig. 2.11b) is obtained as follows,
(

)
( t)
t
T = ∆T exp −k
= ∆T exp −
Cp
τ

(2.23)

where τ = Cp /k is the time constant. Therefore, Cp can be derived from τ or the fitting of
relaxation curve. It is noted that obtained Cp contains the contribution from both sample
itself and holder, so that it is necessary to subtract the latter signal measured beforehand.
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2.6.2 Dilution refrigerator
The 3He/ 4He dilution refrigerator is utilized in order to realize extremely low temperature
of 0.5 K or less. The He has two stable isotopes, i.e. 3He which is Fermion and 4He which
is Boson. At very low temperature, their mixed solution undergoes phase separation into
two phases; c phase which contains rich 3He (∼100 mol%) and d phase where 3He is
dilute (∼6.4 mol%). In dilution refrigerator, these two phases are in contact. Here, 3He
has larger vapor pressure than 4He, so that it can be selectively vaporized in the d phase.
This results in the melting of 3He from c phase into d phase with the endothermic process,
enabling the continuous realization of extremely low temperature.
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3.1

Introduction

Epitaxial thin film growth of R2 O2 Bi is a challenging issue because of high vapor
pressure and strongly reductive state of Bi2 – . Indeed, PLD method was not applicable to
the fabrication of Y2 O2 Bi epitaxial thin films on various lattice-matched substrates even
in high vacuum (< 4 × 10−6 Pa), resulting in the preferential formation of cubic C-rare
earth type (Y,Bi3+ )2 O3 epitaxial thin film (Fig. 3.1). In order to obtain Y2 O2 Bi epitaxial
thin film, solid-phase epitaxy (SPE) is one promising technique because various layered
oxide epitaxial thin films were successfully achieved for the first time via SPE [105,106].
The main diﬃculties in fabrication of Y2 O2 Bi epitaxial thin film are high vapor pressure
and unusual reductive state of Bi. Thus, ingenious approach overcoming the above
problems will be desired.
In this chapter, two SPE methods were newly developed for Y2 O2 Bi: reductive SPE
and multilayer SPE (Fig. 3.2). In the first method, Y2 O2 Bi epitaxial thin film was
obtained through direct reaction between Y2 O3 amorphous thin film and (Y,Bi) mixed
powders via two-step heating in highly reductive condition, connecting to suppression
of oxidation and evaporation of Bi (Section 3.2). However, low crystalline quality of the
film hampered the evaluation of fundamental physical properties, especially the electrical
conduction. Therefore, SPE method was improved by utilizing multilayered precursor
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(Section 3.3). Highly crystalline Y2 O2 Bi epitaxial thin film enabled to observe intrinsic
physical properties, demonstrating the two-dimensional electronic state with strong spinorbit coupling.
(a) on SrTiO3 (−0.81 %) (b) on LSAT (+0.14 %)

(c) on CaF2 (+0.27 %)
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Figure 3.1: Two-dimensional XRD patterns (upper) and their projections (bottom) of films fabricated by PLD method deposited on (a) SrTiO3 , (b)
(LaAlO3 )0.3 (SrAl0.5 Ta0.5 O3 )0.7 (LSAT), and (c) CaF2 substrates. Numerals between
brackets denote lattice mismatch. Inset of (c) shows crystal structure of cubic Y2 O3 .
3.2 Reductive SPE

Bi
Y

1) 500 °C, 0.5 h
2) 750 °C, 4 h
Y2O3 amorphous film

Ar + H2 (5 %) flow

Bi

CaF2 (001) sub.

Y

3.3 Multilayer SPE

25 periods

O

Bi 0.8 nm

850 °C, 11 min
Ar, 2.0 Pa

Y 0.6 nm
Y2O3 0.7 nm

in situ
heating

CaF2 (001) sub.

F
Ca
Y2O2Bi epitaxial thin film

Figure 3.2: Schematic images of newly developed two SPE methods.
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3.2

Development of reductive solid-phase epitaxy∗

3.2.1 Experimental
A schematic procedure of reductive SPE is shown in Fig. 3.3. Y2 O3 precursor films were
√
deposited by PLD method on CaF2 (001) substrate (a/ 2 = 3.863 Å, 0.27 % of lattice
mismatch) at room temperature under high vacuum (< 10−6 Pa). The typical thickness of
Y2 O3 film was ∼40 nm without any XRD peaks, indicating amorphous nature. Then, Y
and Bi (purity: 3N) mixed powders with a molar ratio of 1 : 1 were sandwiched between
two Y2 O3 amorphous thin films. The sandwiched structure was covered with Ta foil
in order to fix the structure. These operation was conducted in an Ar-filled glovebox.
Finally, the product was heated by two-step at 500 ◦C for 0.5 h and at 750 ◦C for 4 h in
Ar + H2 (5 %) gas flow. Crystal structures of fabricated films were characterized by XRD
with a two-dimensional detector using Cu Kα radiation.

Figure 3.3: A schematic procedure of reductive SPE.

∗ This section contains the contents of the following publication. Reprinted with permission from
R. Sei, T. Fukumura, T. Hasegawa, Crystal Growth & Design 14, 4227 (2014). Copyright 2014 by
American Chemical Society.
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3.2.2 Fabrication results
Figure 3.4a-c shows a typical two-dimensional XRD pattern and its projections of an
asymmetric plane for fabricated film. A spot-like peak corresponding to Y2 O2 Bi 103
diﬀraction was clearly observed adjacent to CaF2 111 diﬀraction peak, indicating the
single crystalline growth of Y2 O2 Bi phase. Furthermore, Y2 O2 Bi 00l diﬀraction peaks
were observed along CaF2 002 diﬀraction peak in the 2θ-θ XRD pattern of a symmetric
plane (Fig. 3.4d), exhibiting c-axis oriented growth of the film. The calculated lattice
constants were a = 3.87 Å and c = 13.1 Å, where the c-axis length showed small
contraction in contrast to that in previous study (a = 3.8734 Å and c = 13.2469 Å) [58].
The reason will be discussed in Section 3.3. The epitaxial relationship between the
film and the substrate was determined from Fig. 3.4a,d: Y2 O2 Bi [100] || CaF2 [110] and
Y2 O2 Bi [001] || CaF2 [001]. These results represent the successful fabrication of Y2 O2 Bi
epitaxial thin film with c-axis orientation. This is the first fabrication report of single
crystalline R2 O2 Bi.

(a)

χ

Log intensity (arb. units)
100
101
102
103
50
(c)

Y2O2Bi
103

28

30

32

34
2θ (°)

20

30

30
Y2O2Bi 006

Y2O2Bi
103

CaF2 002

CaF2
111

Y2O2Bi 004

(d)
Y2O2Bi 002

Log intensity (arb. units)

(b)

26

35

2θ

101
100

40

χ (°)

102

Y2O2Bi 103
CaF2 111

CaF2
111
103

45

40

Figure 3.4: XRD patterns of the film fabricated by reductive SPE. (a) Two-dimensional
XRD pattern of the asymmetric plane and its projection along (b) 2θ and (c) χ axes. (d)
XRD pattern of the symmetric plane projected along 2θ axis.
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3.2.3 Reaction mechanism
In this study, two-step heating process was utilized to grow Y2 O2 Bi epitaxial thin film.
This technique was generally applied to the fabrication of polycrystalline R2 O2 Bi powders: mixed starting materials (Bi, R, and R2 O3 ) with a stoichiometric composition were
heated in evacuated silica tube at 500 ◦C, followed by heating at 750 ◦C [58]. A role
of the first heating step can be considered as the formation of rare earth bismuthides
RBi referring to R-Bi binary phase diagram [107]. Besides, other researchers have synthesized polycrystalline R2 O2 Bi and analogous R2 O2 Sb from the mixtures of Bi (Sb),
RBi (RSb), and R2 O3 [57, 59, 108]. These facts suggest that the formation of RBi was
a key to achieve R2 O2 Bi phase. Furthermore, Y2 O3 film was kept as the amorphous
state even after the first heating step, confirmed by solely heating Y2 O3 amorphous thin
film under vacuum (Fig. 3.5); no RHEED image with the slight diﬀraction peak intensity
indicates the mostly amorphous nature of Y2 O3 film at the first heating step, followed by
the complete crystallization at the second heating step. Therefore, reaction process of
the reductive SPE can be represented by a following formula.
[Y2 O3 amorphous thin film] + [(Y,Bi) powders]
500 ◦C, 0.5 h

−−−−−−−−−−−−−→ [Y2 O3 amorphous thin film] + YBi
Ar + H2 (5 %) flow

(3.1)

750 ◦C, 4 h

−−−−−−−−−−−−−→ [Y2 O2 Bi epitaxial thin film]
Ar + H2 (5 %) flow

In order to consider the details of formation mechanism of Y2 O2 Bi epitaxial thin
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Figure 3.5: (a) XRD pattern of asymmetric plane for Y2 O3 film on CaF2 substrate heated
at 500 ◦C and then at 750 ◦C. RHEED patterns of Y2 O3 film after heating at (b) 500 ◦C
and then at (c) 750 ◦C, representing the mostly amorphous phase and the crystallized
phase, respectively.
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Figure 3.6: (a) Two-dimensional XRD pattern of the film after heating Bi and Y powders
sandwiched between Y2 O3 (001) epitaxial films. (b) The XRD pattern along the 2θ
direction of the films fabricated from only Bi powder and Y2 O3 amorphous film on CaF2
substrate.
film, two referential experiments were conducted. The first topic was the replacement of
precursor Y2 O3 thin film from amorphous one to epitaxial one. Other conditions such as
the mixing ratio of (Y,Bi) powders and the heating process was unchanged. This reaction
can be summarized by a following formula.
[Y2 O3 epitaxial thin film] + [(Y,Bi) powders]
1) 500 ◦C, 0.5 h, 2) 750 ◦C, 4 h

−−−−−−−−−−−−−−−−−−−−−−→ [Y2 O3 epitaxial thin film]
Ar + H2 (5 %) flow

(3.2)

+ [Y2 O2 Bi polycrystalline thin film]
Obtained film showed strong diﬀraction peak of single crystalline Y2 O3 with a small
amount of polycrystalline Y2 O2 Bi (Fig. 3.6a), implying that the growth of Y2 O2 Bi phase
was hampered once Y2 O3 was crystallized because of the high thermodynamical stability
of Y2 O3 phase.
The second topic was the role of Y. The film was fabricated from Y2 O3 amorphous
thin film and only Bi powder with the same heating condition, as represented by a
following formula.
[Y2 O3 amorphous thin film] + [Bi powder]
1) 500 ◦C, 0.5 h, 2) 750 ◦C, 4 h

−−−−−−−−−−−−−−−−−−−−−−→ [(Y,Bi3+ )2 O3 epitaxial thin film]

(3.3)

Ar + H2 (5 %) flow

Obtained film was (Y,Bi3+ )2 O3 epitaxial thin film (Fig. 3.6b). Accordingly, Y served as
a reductant for Bi in the first heating at 500 ◦C prior to the crystallization of the Y2 O3
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amorphous film. In other words, the presence of Bi2 – might be indispensable for the
subsequent formation of Y2 O2 Bi.
With the above results taken into account, the formation mechanism of the Y2 O2 Bi
epitaxial thin film is advocated as follows. The first heating at 500 ◦C promotes the
formation of YBi with the reduction of Bi, while keeping the amorphous state of the
Y2 O3 film. The second heating at 750 ◦C stimulates the epitaxial growth of Y2 O2 Bi
with the help of the lattice matched CaF2 substrate. Hence, the first heating at 500 ◦C is
indispensable to circumvent the formation of Y2 O3 prior to the formation of Y2 O2 Bi.

3.2.4 Drawbacks of reductive solid-phase epitaxy
It was diﬃcult to measure physical properties and to evaluate them properly due to some
problems although Y2 O2 Bi epitaxial thin film was successfully obtained for the first
time by developing reductive SPE. Figure 3.7 shows dark field optical microscope image
of the film fabricated by reductive SPE method, indicating the large amount of powder
residue at film surface. In addition, weak intensity of XRD peak (Fig. 3.4) indicated quite
small crystalline volume of Y2 O2 Bi phase. These drawbacks hampered the fundamental
evaluation of physical properties. Novel fabrication technique is desired to improve
crystalline quality and to eliminate surface residue.

Figure 3.7: Dark field optical microscope image of the film fabricated by reductive SPE.
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3.3

Development of multilayer solid-phase epitaxy†

3.3.1 Experimental
In order to overcome the above problems of reductive SPE, all of the reaction precursor
was converted to the thin film form (Fig. 3.8). The multilayered precursor composed of Bi
(0.8 nm thick), Y (0.6 nm), and Y2 O3 (0.8 nm) layers was deposited on cubic CaF2 (001)
single-crystal substrate (lattice mismatch: 0.27 %) at ambient temperature by magnetron
sputtering in Ar gas atmosphere as shown in Fig. 3.8. The subnanometer thick layers
were crucial to enhance reaction eﬃciency and to preserve flat film morphology. The
base and working pressure of sputtering chamber were less than 3.3 × 10−5 and 2.0 Pa,
respectively. The each layer was deposited from pure Bi (4Nup), Y (3N), and Y2 O3 (3N)
targets in a sequence of [Y2 O3 /Y/Bi/Y/Bi] as a multilayer unit with 25 periods, followed
by the deposition of Y cap layer because of volatile Bi. Subsequently, the precursor was
in situ heated with heating rate of 30 ◦C/min up to 850 ◦C, and then the temperature was
held for 11 min. The typical film thickness was around 90 nm.
Crystal structure was evaluated by XRD using Cu Kα1 radiation. Surface morphology
was observed by AFM. Electronic state was evaluated by XPS using Al Kα radiation in
ultrahigh vacuum (∼1 × 10−6 Pa) after surface cleaning by in situ Ar sputtering. Samples
were mounted on sample holder by using conducting carbon tape in order to prevent

25 periods

Bi
Bi 0.8 nm
Y 0.6 nm
Y2O3 0.7 nm

850 °C, 11 min
Ar, 2.0 Pa

Y

Solid-phase
epitaxy

O
F
Ca

CaF2 (001) sub.

Y2O2Bi epitaxial thin film

Multilayered precursor

Figure 3.8: A schematic image of multilayer SPE. Right panel shows the crystal structure
of Y2 O2 Bi (001) epitaxial thin film on CaF2 (001) substrate.
† This section contains the contents of the following publication. Reprinted with permission from
R. Sei, T. Fukumura, T. Hasegawa, ACS Applied Materials & Interfaces 7, 24998 (2015). Copyright 2015
by American Chemical Society.
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the sample from charge-up. In addition, the electron beam was irradiated for charge
neutralization during the measurement. The XPS peak positions were calibrated by C
1s peak position (284.8 eV) [109]. Electronic transport properties were measured by
standard four-probe method by PPMS equipped with sample rotator system.

3.3.2 Crystal Structure and valence state of Bi
Figure 3.9a shows XRD out-of-plane 2θ-θ scan of fabricated thin film. Sharp Y2 O2 Bi
00l peaks without any secondary phases were observed in contrast the result in reductive
SPE. The lattice constants were a = 3.880 Å and c = 13.129 Å. The a-axis length was
similar to that of polycrystalline powder (a = 3.8734 Å), whereas the c-axis length was
slightly shorter (c = 13.2469 Å) [58] as discussed later. The FWHM of 0.53◦ for the
Y2 O2 Bi 006 rocking curve in inset of Fig. 3.9a also indicated the high crystallinity. Four
fold symmetry in XRD in-plane ϕ scan of the Y2 O2 Bi 103 peak (Fig. 3.9b) indicated the
epitaxial relationships as Y2 O2 Bi [100] || CaF2 [110] and Y2 O2 Bi [001] || CaF2 [001],
consistent with the result in reductive SPE. The film surface roughness was 1.1 nm in
root mean square at 2 µm square (Fig 3.9c) without any surface residue. These results
indicate the remarkable improvement of the Y2 O2 Bi epitaxial thin film than those with
reductive SPE. Y2 O2 Bi epitaxial thin films were not obtained on oxide substrates such
as SrTiO3 and LaAlO3 like reductive SPE.
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Figure 3.10: (a) Schematic images of two-types of multilayered precursors. (b) The
comparison of XRD patterns of the Y2 O2 Bi epitaxial thin films fabricated from both
types of multilayered precursors.
multilayer and [Y2 O3 /Y/Bi/Y/Bi] multilayer, the latter showed larger XRD peak intensity
(Fig. 3.10). This result suggests that the latter multilayer promoted an eﬃcient formation
of YBi alloy due to the larger number of Y/Bi interface in addition to high reaction
eﬃciency of these multilayers compared with powder precursor. These factors were
indispensable to achieve Y2 O2 Bi phase, enabling one step heating procedure and highly
crystalline quality.
Figure 3.11 shows an XPS spectrum of Y2 O2 Bi epitaxial thin film fitted by two doublet
peaks of Bi 4f and Y 3d. The Bi 4f7/2 peak was located at 156.7 eV, which is lower than
that of Bi metal (157.0 eV) [109] and comparable with that of Bi anionic state (Bi – –Bi3 – )
in LaGaBi2 (156.6 eV) [110] and R3 MnBi5 (156.7–156.8 eV) [111], indicating anionic
state of Bi in Y2 O2 Bi. The Y 3d5/2 peak was located at 157.9eV, which was between
those of Y2 O3 (156.7eV) [112] and YF3 (159.7 eV) [113], confirming Y3+ state as well
as the coexistence of Y–O and Y–F bonds in [Y2 O2 ]2+ layer as explained below. These
results verify Bi2 – state in Y2 O2 Bi.
Figures 3.12a–c show XPS depth profile along film growth direction. Near the film
surface, Bi loss due to the volatility under heating treatment was observed (Fig. 3.12a).
The chemical composition was almost constant inside the film (Fig. 3.12b). In Fig. 3.12a,b,
no peak shift was observed. At the film/substrate interface, all peaks were abruptly shifted
about 2 eV to lower binding energy (93 nm in depth, Fig. 3.12c). This shift was attributed
to the sample charge-up probably due to too small volume of sputtered conducting Y2 O2 Bi
film, because another Y2 O2 Bi film without ground by carbon tape showed similar shift
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Figure 3.11: XPS spectrum of the Y2 O2 Bi epitaxial thin film fitted by Bi 4f and Y 3d
doublet peaks.
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Figure 3.12: XPS depth profile of Bi 4f and Y 3d peaks (a) near film surface, (b) inside
the film, and (c) at the film/substrate interface. The inset of (c) shows Ca 2p spectra. (d)
XPS spectrum of Bi 4f and Y 3d peaks measured without ground by carbon tape.
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Figure 3.13: (a) F 1s spectra of the Y2 O2 Bi epitaxial thin films with diﬀerent heating
temperature. (b) F content dependence of c-axis length of the Y2 O2 Bi epitaxial thin
films.
(Fig. 3.12d). Accordingly, XPS spectra measured in this study without that of excessively sputtered film were not influenced by the sample charge-up and the fluctuation of
stoichiometry, hence these spectra indicated Bi2 – valence state.
It is noted that F was incidentally doped into the film due to the migration from the
CaF2 substrate during heating, confirmed by XPS measurement as shown in Fig. 3.13a.
The amount of F in the film was higher for higher heating temperature. The c-axis length
of Y2 O2 Bi film decreased with the presence of F (Fig. 3.13b), suggesting the substitution
of F for O site due to the smaller ionic radius of F – than that of O2 – , as was observed in
structurally similar RFeAsO [6] and ROBiS2 [114].

3.3.3 Electronic transport properties
Figure 3.14a shows the ρ-T curve of Y2 O2 Bi epitaxial thin film. The film showed
metallic behavior with one order smaller ρ than that of polycrystalline powder sample
(~103 µΩ cm) [58] as a result of single crystallization of Y2 O2 Bi. The magnetic field
dependence of Hall resistance (Fig. 3.14c) showed negative slope at any temperature
indicating the n-type conduction. This result is contradictory to the p-type conduction
derived from the Seebeck measurement in the previous report [58]. The F content
of ∼5 × 1021 cm−3 evaluated from XPS measurement was apparently smaller than that
of maximum electron carrier density ∼5 × 1022 cm−3 (Fig. 3.14b), suggesting either
the intrinsic n-type conduction like other Bi square net compounds CaMnBi2 [72] and
LaPd1-x Bi2 (3.7 × 1022 cm−3 ) [47] or the complicated multiband conduction although the
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Figure 3.14: Temperature dependences of (a) electrical resistivity, (b) carrier density
(red), and carrier mobility (blue) of the Y2 O2 Bi epitaxial thin film. (c) Magnetic field
dependence of Hall resistance (Ryx ). Ryx was derived from Ryx = [Ryx (+H)−Ryx (−H)]/2
in order to eliminate Rx x component that is even function of H.
Hall resistance was linear with magnetic field. The Hall mobility except below 50 K was
over 10 cm2 V−1 s−1 (Fig. 3.14b), which is higher than those of normal metals.
Figure 3.15a shows magnetoconductance at 2 K in out-of-plane magnetic field. The
rapid reduction of conductance from zero field was scarcely observed in the other
Bi square net compounds. This cusp-like variation is typical behavior of weak antilocalization (WAL) eﬀect. The WAL eﬀect was usually observed in strong spin-orbit
coupling system such as two-dimensional electron gas in narrow gap semiconductor
heterostructure [115] and the topological insulator [116, 117]. In two-dimensional electronic system, the Hikami-Larkin-Nagaoka (HLN) model can be applied to the WAL
eﬀect [118]. In the magnetic field range up to 9 T in this study, the magnetoconductance
is described by the original HLN equation [118–120] expressed as,
[ ( )
( z
( )
( x
)]
x +B )
BSO + 2BSO
4BSO + Bϕ
Bϕ
ϕ
e2
Be
∆G(B) = −α 2 2η
− 2η
+η
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B
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2π ℏ
(3.4)
where ∆G(B) = G(B) − G(0), α is the WAL coeﬃcient equal to −0.5 in ideal twodimensional limit of symplectic case such as surface state of topological insulator [116–
118]‡ , e is the elementary charge, ℏ is the Dirac’s constant, η function is defined as
‡ The

α equal to 1 or 0 corresponds to orthogonal or unitary case, respectively [118].
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Figure 3.15: (a) Magnetoconductance at 2 K superposed with fitting curve by the HLN
model. (b) Angular dependence of MR at 2 K and 9 T. Inset shows the measurement
configuration: I denotes current along the ab-plane, and θ denotes the tilt angle between
the film normal and applied magnetic field H.
η(x) = ln(x) − ψ((1/2) + x), ψ is the digamma function, Bi = 1/4eLi2 (i = e, SO, ϕ),
Le is the elastic scattering length, LSO is the spin-orbit scattering length along x or z
direction, Lϕ is the phase coherence length, and B = µ0 H (µ0 : vacuum permeability).
Fitting parameters were α and Li . Here, the x and z directions correspond to the a- (or
b-) and c-axis direction of Y2 O2 Bi, respectively [118, 120]. The blue line in Fig. 3.15a
represents the fitting result of the HLN model. The obtained α = −0.49 was close
to the ideal two-dimensional limit of symplectic case and similar to that of the bulk
insulating topological insulator Bi2 Se2 Te (−0.56) [117] rather than that of the bulk
conducting topological insulator Bi2 Te3 (−0.39) [116]. The obtained scattering lengths
x = 71.9 nm, L z = 14.5 nm, and L = 31.3 nm. The relations L x > L z
were LSO
e
SO
SO
SO
z
and Le > LSO
indicated the two-dimensional nature and the strong spin-orbit coupling,

respectively [118, 120]. The obtained Lϕ = 724 nm comparable to those of Bi2 Se2 Te
and Bi2 Te3 (318 and 331 nm, respectively) [116, 117] ensured the reasonable fitting
result. These results indicated not only two-dimensional nature but also strong spin-orbit
coupling in Y2 O2 Bi originating from Bi2 – square net, similar to the topological insulator.
The two-dimensional electronic transport was also confirmed in angular dependence of
magnetoresistance (MR). Figure 3.15b shows angular dependence of MR at 2 K and
9 T. MR was well-fitted to | cos θ|, indicating that MR varied by field component
perpendicular to conducting channel [69, 121], i.e. Bi2 – square net. The small change in
MR compared with SrMnBi2 and CaMnBi2 was probably due to the absence of the spin
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Figure 3.16: Onset of superconductivity observed in a certain Y2 O2 Bi epitaxial thin film.
fluctuation [69, 71].

3.3.4 Onset of superconductivity
Figure 3.16 shows the ρ-T curves at low temperature and various fields of a certain
Y2 O2 Bi epitaxial thin film. Notably, a sudden resistance drop was observed around
4.0 K for the first time in this compound and the transition was suppressed by applying
magnetic field, suggesting superconducting transition. The onset of superconductivity
was observed in several samples with varied transition temperature T c from 3 to 4 K.
In various compounds composed of Bi, Y, and O elements, only a simple Bi shows
superconductivity: Bi element (Tc = 5.2 µK) [122], high pressure phase (3.9 K for >
2.55 Pa, 7.2 K for > 2.7 Pa, 8.3 K for > 7.7 Pa) [123–126], nanowire (7.2 and 8.3 K) [126],
granular film (4.3 K) [127], and amorphous phase (6.12 K) [128]. Observed T c of Y2 O2 Bi
was diﬀerent from those in superconducting Bi, indicating intrinsic superconductivity in
Y2 O2 Bi. However, Meissner eﬀect and zero-resistance confirming bulk superconducting
nature were not observed. Therefore, superconducting volume fraction seemed to be
very small and the driving force to induce superconductivity was unclear.

3.4

Conclusion

I succeeded in the fabrication of ThCr2 Si2 -type Y2 O2 Bi epitaxial thin film for the first
time by developing two novel SPE methods: reductive SPE and multilayer SPE. In
reductive SPE, Bi metal was reduced by Y metal without the formation of the C-rare
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earth type Y2 O3 at the first heating, followed by the epitaxial growth of Y2 O2 Bi with the
Bi2 – square net on the lattice matched CaF2 substrate at the second heating. This concept
would be useful for the epitaxial growth of not only layered ThCr2 Si2 -type and analogous
compounds, but also other reductive compounds. However, the surface residue hampered
the fundamental evaluation of physical properties.
Therefore, I improved reductive SPE by utilizing multilayered precursor. Crystalline
quality of Y2 O2 Bi epitaxial thin film was dramatically enhanced and unusual valent of
Bi2 – state was directly observed. This multilayer SPE was universally applicable to
epitaxial growth of other R2 O2 Bi such as Ce2 O2 Bi [129] and Dy2 O2 Bi (Appendix D).
Magnetotransport measurements indicated the two-dimensional electronic nature in addition to strong spin-orbit coupling in the Bi2 – square net, reminiscent of the topological
insulator. Onset of superconducting transition was observed around 4 K although superconducting volume fraction was quite small. R2 O2 Bi is expected to be a good platform
to investigate the exotic two-dimensional electronic system with the strong spin-orbit
coupling.
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Chapter 4
Two-dimensional superconductivity in
polycrystalline Y2O2Bi∗
4.1

Introduction

Superconducting Bi square net would provide a new platform to explore the interaction
between low-dimensional superconductivity and strong spin-orbit coupling such as topological superconductivity [130], owing to the possibility of two-dimensional topological
insulator [79]. So far, AMBi2 compounds with Bi – square net have been extensively
studied and several compounds were reported to be superconducting [47, 82, 88]. However, the superconductivity was often subject to small superconducting volume fraction
or was attributed to neighboring layer rather than Bi – square net (see Subsection 1.2.4
and Table 4.1), indicating little hope to achieve superconducting Bi square net in AMBi2
compounds.
ThCr2 Si2 -type layered R2 O2 Bi (R: rare earth) is a new series of compounds composed
of conducting Bi2 – square net and insulating [R2 O2 ]2+ layer [58]. This compound can
be regarded as a counterpart of iso-structural FeAs-based high temperature superconductor BaFe2 As2 [12] with their inverted carrier conduction paths, Bi2 – square net and
[Fe2 As2 ]2+ layer, respectively (Fig. 4.1), possibly connecting to the emergence of superconductivity. However, R2 O2 Bi has been already concluded as non-superconducting [26],
∗ This section contains the contents of the following publication. Reprinted with permission from
R. Sei, S. Kitani, T. Fukumura, H. Kawaji, T. Hasegawa, Journals of the American Chemical Society 138,
11085 (2016). Copyright 2016 by American Chemical Society.
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Figure 4.1: The crystal structures of ThCr2 Si2 -type Y2 O2 Bi (left) and BaFe2 As2 (right).
SC: superconducting.
and the application of chemical pressure just changes the electrical transport properties
from insulating in La2 O2 Bi to metallic in Er2 O2 Bi [58]. In addition, quite large carrier density (≥ 1022 cm−3 , Subsection 3.3.3), which is consistent with one anti-bonding
electron per one Bi2 – anion (Subsection 1.2.1), demonstrates no eﬀect of further carrier
doping, indicating conventional approach was not applicable to induce superconductivity
in R2 O2 Bi.
In iso-structural BaFe2 As2 , decreasing inter-layer distance by applying uniaxial pressure along c-axis direction weakens the superconducting properties, similarly observed
in cuprate high temperature superconductor [131, 132]. This is consistent with the very
small superconducting volume in F doped Y2 O2 Bi epitaxial thin film with c-axis shrinking (Subsection 3.3.4). Therefore, inverted eﬀect, i.e., expanding c-axis length would
be one alternative route to induce superconductivity in Bi2 – square net of R2 O2 Bi. In
this study, I discovered two-dimensional superconductivity of Bi2 – square net in polycrystalline Y2 O2 Bi at about 2 K via chemical control of structure. It is noted that the
superconductivity was not observed in pristine Y2 O2 Bi but induced by expanding Bi2 –
inter-net distance through excessive O incorporation into hidden interstitial site. This
result indicates an important role of enhanced two-dimensionality of Bi2 – square net in
emergence of the superconductivity, and provides new chemical approach to explore the
superconductivity in layered compounds.
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Table 4.1: Properties of Bi square net compounds. SC: superconducting
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4.2

Experimental

Polycrystalline Y2 O2 Bi samples were synthesized as follows. The starting materials were
Bi (3N), Y (3N), and Y2 O3 (3N) powders. The Y2 O3 powder was heated at 350 ◦C for 1
day before use in order to eliminate absorbed moisture. Nominal amount of Y2 Ox Bi1.5
(1.1 ≤ x ≤ 2.0) mixed powders were pressed into pellets by ∼5 MPa and covered
with Ta foil. The excess amount of Bi was added in order to compensate volatile Bi
and remove burnable Y residue in air by forming YBi, and Bi residue evaporated from
sample pellets† . This operation was performed in Ar-filled glovebox. The pellets were
heated in evacuated quartz tubes at 500 ◦C for 7.5 h, followed by heating at 1000 ◦C for
20 h. The products were ground in the glovebox, pressed into pellets in air by ∼30 MPa,
covered with Ta foil, and heated in evacuated quartz tubes at 1000 ◦C for 10 h. Crystal
structures were evaluated by powder XRD using Cu Kα radiation. Rietvelt refinements
were performed by RIETAN-FP [95]. Magnetic properties were measured by SQUID
magnetometer. Electrical transport properties were evaluated by standard four-probe
method. Specific heat measurements were conducted by the thermal relaxation method
using a homemade calorimeter with a 3He/ 4He dilution refrigerator [133]. Out-of-plane
and in-plane magnetic field (H) direction was defined to be H parallel to and normal to
the pellet surface, respectively, because of the preferential c-axis orientation as discussed
later.

4.3

Crystal sructure

Figure 4.2 shows powder XRD patterns of all Y2 O2 Bi samples (1.1 ≤ x ≤ 2.0). Refined
structural parameters were summarized in Table 4.2. Most of diﬀraction peaks were completely fitted by simulation as ThCr2 Si2 -type Y2 O2 Bi phase (Fig. 4.3a), while several
non-superconducting minor phases appeared depending on prescribed amount of O; YBi
for reductive condition (1.1 ≤ x ≤ 1.4) and Y2 O3 for oxidative condition (1.5 ≤ x ≤ 2.0)
(Fig. 4.3b). The typical atomic ratio of Y/Bi in Y2 O2 Bi phase was almost stoichiometric,
e.g. 2.02 for both reductive (x = 1.2) and oxidative (x = 1.6) conditions, evaluated
† The nominal amount of Bi was changed to 1.8, 1.7, and 1.6 for x = 1.1, 1.2, and 1.3, respectively, in
order to compensate increased Y residue.
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Figure 4.2: XRD patterns of Y2 O2 Bi samples. Inset shows lattice constant of each
sample. Results of the Rietveld refinements are seen in Table 4.2 and Fig. 4.3.
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Figure 4.3: (a) Typical result of Rietveld refinement for x = 1.5. (b) Phase diagram for
Y2 O2 Bi samples. (c) The FWHM of 006 peaks in 2θ-θ patterns for Y2 O2 Bi samples.
by inductively coupled plasma mass spectroscopy and Rietveld refinement. The lattice
constants for reductive samples were similar to those of Y2 O2 Bi polycrystalline powder
(a = 3.8734, c = 13.2469 Å) [58], indicating their ideal composition (inset of Fig. 4.2).
On the other hand, the c-axis showed abrupt expansion for x = 1.5 followed by gradual
increase with almost constant a-axis toward x = 2.0 (inset of Fig. 4.2). This expansion
was possibly caused by O incorporation between Bi2 – square net and adjacent Y termination layers implied by jump of those distance between samples x = 1.4 and x = 1.5 in
contrast with continuously changed distance between Y termination layer and adjacent
O layer (Fig. 4.4). The FWHM of 006 diﬀraction peaks in 2θ-θ patterns showed similar
values among all Y2 O2 Bi samples, indicating that O was homogeneously incorporated
into Y2 O2 Bi framework in each sample without deterioration of the crystalline quality
(Fig. 4.3c). Thus, I succeeded in introducing chemical control of structure by varying
the amount of O in Y2 O2 Bi. This incorporation process into hidden interstitial site was
essentially diﬀerent from conventional intercalation technique into van del Waals gap:
the carrier doping was critical for tuning physical properties in the latter case [2,4,33,34],
while the structural control was essential in the former case as discussed later.
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Figure 4.4: (a) Crystal structure of Y2 O2 Bi along [100] direction. The dY–O (dY–Bi )
denotes the distance between Y termination layer and adjacent O (Bi) layer. (b) The
sample dependence of dY–O and dY–Bi . Thick lines correspond to the least square fitting
lines. (c) Schematic image of the local crystal structure around Bi2 – square net without
(left) and with (right) O incorporation into Wyckoﬀ position 8g site (0, 0.5, 0.09).
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Space
group
I4/mmm
I4/mmm
I4/mmm
I4/mmm
I4/mmm
I4/mmm
I4/mmm
I4/mmm
I4/mmm
I4/mmm
a (Å) 3.87327(11) 3.87183(12) 3.87183(17) 3.87215(11) 3.87217(18) 3.8730(2) 3.87278(14) 3.87329(2) 3.87317(14) 3.87297(13)
c (Å)
13.2363(4)
13.2329(4)
13.2311(6)
13.2345(4)
13.2607(6)
13.2643(7)
13.2713(5)
13.2734(8)
13.2758(5)
13.2780(5)
3
V (Å ) 198.573(10) 198.375(11) 198.348(15) 198.431(10) 198.828(16) 198.964(18) 199.050(13) 199.095(19) 199.156(12) 199.168(12)
Y z‡
0.33266(14) 0.33336(14) 0.33309(15) 0.33222(11) 0.33268(15) 0.33187(13) 0.33164(13)
0.3326(2)
0.33143(13) 0.33168(15)
Purity
(mol%)
91.9
85.1
88.4
96.9
98.1
96.3
70.9
57.7
58.5
46.8
Rwp
2.844
2.828
3.298
2.600
2.595
2.875
1.999
2.406
2.078
2.238
Re
1.587
1.592
1.590
1.626
1.609
1.614
1.579
1.574
1.577
1.581
S
1.792
1.776
2.074
1.599
1.613
1.781
1.266
1.528
1.318
1.416

x

Table 4.2: Summary of structural data in Y2 O2 Bi samples
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4.4

Emergence of bulk superconductivity

4.4.1 Magnetic properties
Figure 4.5a shows the χ-T curves in zero-field cooling (ZFC) and field cooling (FC)
at 5 Oe. No diamagnetic signal was observed for reductive samples (1.1 ≤ x ≤ 1.4),
whereas large diamagnetic signals due to the Meissner eﬀect were observed around 2 K for
oxidative samples (1.5 ≤ x ≤ 2.0) corresponding to the superconducting transition. The
critical temperature T c was monotonically increasing function of nominal amount of O,
i.e., x. The magnetization curve at 2 K for x = 1.9 indicated the type-II superconductivity
with a lower critical magnetic field of 18 Oe deduced from the magnetization minimum
(inset of Fig. 4.5a). Shielding volume fractions calculated from the magnetization curves
for oxidative samples confirmed bulk superconductivity of Y2 O2 Bi (Fig. 4.5b). The
shielding volume fraction over 100 % was caused by the polycrystalline nature of the
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Figure 4.5: (a) The χ-T curves with ZFC and FC process at 5 Oe. Inset shows magnetization curve at 2 K for x = 1.9. (b) Evolution of shielding volume fraction and Y2 O2 Bi
phase purity.
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4.4.2 Electrical transport properties and two-dimensional superconductivity
Hereafter, we mainly discuss the properties of x = 1.6 because of the highest purity
of Y2 O2 Bi phase (96.3 mol%) and the bulk superconductivity with suﬃciently high
shielding volume fraction (Fig. 4.5b). Figure 4.6a shows the ρ-T curves at various
magnetic fields. The sample showed metallic behavior (inset of Fig. 4.6a), similar to
that of previous report [58]. Onset of superconductivity and zero-resistance at 0 Oe
were observed at 2.04 K and at 2.01 K, respectively, and the T c decreased with increasing
magnetic field. The superconducting parameters of T c , upper critical field Hc2 (T = 0 K),
and coherence length ξ (Hc2 = Φ0 /2πξ 2 , Φ0 : the flux quantum) changed monotonically
for oxidative samples as observed in magnetic measurement from 2.02 K, 574 Oe, and
75.8 nm to 2.21 K, 1864 Oe, and 42.0 nm, respectively, as summarized in Fig. 4.6b,c and
Table 4.3.
Electrical transport properties in Y2 O2 Bi exhibited two-dimensional superconductivity, supporting the superconducting Bi2 – square net. Figure 4.7a shows voltage-current
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Figure 4.6: (a) The ρ-T curves near T c and in the range of 1.85–300 K (inset) for x = 1.6.
(b) Normalized ρ-T curves near T c for all samples. (c) Temperature dependence of upper
critical fields for 1.5 ≤ x ≤ 2.0. Inset shows magnified view near T c . Broken lines
denote fitting result with Ginzburg-Landau theory Hc2 (T) = Hc2 (0)[1 − (T/Tc )2 ].
Table 4.3: Superconducting parameters for 1.5 ≤ x ≤ 2.0.
x

1.5

1.6

T c (K) 2.02 2.04
Hc2 (Oe) 574 841
ξ (nm) 75.8 62.6

1.7

1.8

1.9

2.0

2.12
1338
49.6

2.14
1382
48.8

2.19
1559
46.0

2.21
1864
42.0
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characteristics (V-I curves) near critical current around T c . The V-I curves showed a transition of scaling law V ∝ I α above T c from α = 1 (ohmic law) to 3 and more with decreasing temperature. This tendency corresponded to the BKT transition at TBKT = 2.02 K as
seen in Fig. 4.7b [15,16]. This value was in good coincidence with TBKT independently derived from the ρ-T curve according to the relationship R(T) ∝ exp[−b(T/TBKT −1)−1/2 ], in
which b is the material constant (Fig. 4.7c) [17]. These results confirmed two-dimensional
superconductivity of Y2 O2 Bi, indicating weak coupling between superconducting layers,
i.e., Bi2 – square nets, as observed in cuprate [18,19] and Fe-based [20,21] superconductors.
The two-dimensionality was also manifested in angular dependent magnetoresistance
as shown in Fig. 4.8a, indicating higher Hc2 under in-plane magnetic field. Irreproducible
ρ at θ = 0◦ between forward and backward sweeps might be attributed to decreased effective field due to flux pinning eﬀect in insulating [Y2 O2 ]2+ layer and/or grain boundary.
Figure 4.8b shows the ρ-T curves under out-of-plane and in-plane magnetic field, demonstrating higher Hc2 under in-plane magnetic field. This result is consistent with that of
Fig. 4.8a, supporting two-dimensional superconductivity of Y2 O2 Bi.
The appearance of the two-dimensional superconductivity is probably owing to the
suﬃciently high crystalline orientation of large sized crystal. Figure 4.8c shows XRD
patterns of powder and pellet forms for x = 1.6. The Y2 O2 Bi 00l diﬀraction peaks were
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patterns of pellet (blue) and powder (red) forms for x = 1.6, representing the preferential
c-axis orientation. Inset shows scanning electron microscopy image of the pellet.
significantly enhanced in the pellet form, indicating the dominant c-axis orientation of
Y2 O2 Bi crystal normal to the pellet surface. The apparently larger crystalline size than
coherence length was confirmed by scanning electron microscopy (inset of Fig. 4.8c).

4.4.3 Specific heat measurement
Figure 4.9a shows the specific heat plotted as C/T vs T 2 . A large jump in the specific heat
was observed at T c for each magnetic field, evidencing again the bulk superconductivity.
An upturn below about 0.6 K was due to a Schottky anomaly originating from

209

Bi

nuclei (I = 9/2). From the curve fitting of the normal state at 1000 Oe with the following
equation, C = γNT + βT 3 + δT 5 + AT −2 , where γNT, βT 3 + δT 5 , and AT −2 correspond to
the electronic, phonon, and nuclear contributions, respectively, the Sommerfeld constant
γN = 2.71 mJ mol−1 K−2 , β = 0.582 mJ mol−1 K−4 , δ = 0.0536 mJ mol−1 K−6 , and A =
0.325 mJ mol−1 K were obtained. From the diﬀerence in the electronic specific heat Cel
between superconducting and normal states, the specific heat jump at T c was evaluated
to be ∆Cel /γNTc = 1.68 (Fig. 4.9b), which was comparable to the Bardeen-CooperSchrieﬀer weak coupling limit 1.43.
The fitting parameters obtained for the specific heat data lead to important insights.
The Sommerfeld constant γN is directly related to the density of states at the Fermi
Level, D(εF ), γ = π2k B2 D(εF )/3, where k B is the Boltzmann constant. The value of
68

4.4. Emergence of bulk superconductivity
10
8
6
4
2
0
0

(b)
x = 1.6
1000

200

400

C = γNT + βT3 + δT5 + A/T2
H // out-of-plane

1

2

3

0 Oe

100

Cel/γNT

C/T (mJ/mol K2)

(a)

3

T2 (K2)

4

2
1
0

5

0

0.2 0.4 0.6 0.8 1.0

T/Tc

Figure 4.9: (a) The specific heat plotted as C/T vs T 2 under various magnetic fields
for x = 1.6. (b) Electronic contribution of specific heat Cel divided by γNT as a
function of normalized temperature T/Tc , where specific heat jump was evaluated to be
∆Cel /γNTc = 1.68 (vertical arrow). T c was derived from the ρ-T curve.
D(εF ) was obtained as 3.4 × 1021 eV−1 cm−3 , which is quite larger than that of bismuth
metal, 3 × 1016 eV−1 cm−3 [134], but smaller than that of normal metals, such as Li metal,
33 × 1021 eV−1 cm−3 [135]. The Debye temperature ΘD was calculated to be 256 K using
the relationship β = 12π 4 Rr/5Θ3D , where R is the gas constant and r is the number of
atoms in the chemical formula. Assuming that Y2 O2 Bi is a BCS-type superconductor, the
electron-phonon coupling constant λ can be calculated from McMillan’s formula [136]:
(

)
(
)
ΘD
1.04(1 + λ)
Tc =
exp −
1.45
λ − µ∗ (1 + 0.62λ)

(4.1)

where µ∗ is the Coulomb pseudo-potential. Supposing the value of µ∗ = 0.13, which
is a typical value for the low T c metals, the substitution of the experimental values of
ΘD = 256 K and Tc = 2.04 K leads to λ = 0.53. The obtained λ is in the weak-coupling
regime, and hence supports the analysis of the specific heat jump. The nuclear term
AT −2 arises from the hyperfine splitting of the nuclear levels of

209

Bi (I = 9/2) due to

the interaction between the nuclear quadrupole moment and the electric field gradient.
Thus, the coeﬃcient A can lead to the quadrupole coupling constant, e2 qQ, through the
following equation [134],
(
)2
R (2I + 2)(2I + 3) e2 qQ
A=
.
80 2I(2I − 1)
kT
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The substitution results in e2 qQ/k = 4.13 × 10−2 K or, in terms of the frequency,
826 MHz, which is reasonable for bismuth compounds [137–139].
∗ ≈ 0.6m calculated from the relaThe estimated thermal eﬀective mass was mth
e
∗ = m γ /γ , where m and γ are the mass and Sommerfeld constant of
tionship mth
e N e
e
e

free-electron, respectively, indicating light conducting carriers in Bi2 – square net. The
γe was calculated from the relationship γe = me (Ne /ℏ2 )(π/3n)2/3 k B2 , where Ne is the
number of electrons, ℏ is the Dirac’s constant, and n is the density of electrons. Here, we
adopted Ne = 6 × 1024 mol−1 , which was the number of carriers per 1 mole of Y2 O2 Bi
estimated from the carrier density discussed later.
The specific heat data was applied to analyze the superconducting gap structure.
The field dependence of electronic specific heat coeﬃcient γ(H) which derived from
the intercept of C/T plotted by T 2 , shows γ(H) ∝ H and H 1/2 dependence in full-gap
and nodal superconductors, respectively [140]. In order to evaluate the relationship,
the nuclear contribution AT −2 was subtracted from the C/T (Fig. 4.10a). The C/T
became negative at the lowest temperature (inset of Fig. 4.10a), indicating the diﬃculty
of quantitative discussion. Figure 4.10b shows preliminary analysis of electronic specific
heat Cel . In general, full-gap superconductor shows the following Cel (T) dependence at
T ≪ Tc ,

(

)
∆0
Cel (T) = A exp −
+ γn T
k BT

(4.3)

where ∆0 is the superconducting gap and γnT is the contribution from the non-superconducting
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phase such as impurities. We performed above fitting in the range of 0.6 K ≤ T ≤ 0.8 K,
resulting in ∆0 = 0.26 meV and 2∆0 /k BTc = 3.00, where the latter was smaller than the
BCS limit of 3.54. The superconducting volume fraction derived from 1 − γn /γN was
90.3 %, showing good coincidence with the phase purity 96.3 mol% (Fig. 4.3b).

4.5

Mechanism of superconductivity

Carrier doping is a powerful technique to induce superconductivity. However, the similar
shape of ρ-T curves and RRR irrespective to the samples ruled out the possibility of carrier
doping as an eﬀect of O incorporation. Figure 4.11a,b shows ρ-T curves and T c vs RRR
plot for non-superconducting (1.1 ≤ x ≤ 1.4) and superconducting (1.5 ≤ x ≤ 2.0)
samples. Samples for 1.1 ≤ x ≤ 1.6 showed similar ρ and RRR values. In addition,
the ρ-T curves of all samples showed very similar shape despite more than two decades
change in ρ value. These results represent that the carrier density was not significantly
changed for all samples, suggesting that the O incorporation did not cause the carrier
doping. The decrease in conductivity and RRR for 1.7 ≤ x ≤ 2.0 with increased
nominal amount of O was mainly attributed to decreased Y2 O2 Bi volume (Fig. 4.3b),
and increased inter-net distance resulted in decreased inter-net conductance.
Indeed, carrier density showed almost constant values between non-superconducting
and superconducting samples. Figure 4.11c shows the carrier density of high purity
samples (1.3 ≤ x ≤ 1.6) derived from Hall resistance vs magnetic field at 100 K. These
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Figure 4.11: (a) The ρ-T curves and (b) T c as a function of RRR defined as
ρ(300 K)/ρ(Tc or 1.85 K) of Y2 O2 Bi samples. Samples for 1.1 ≤ x ≤ 1.6 and
1.7 ≤ x ≤ 2.0 are located in blue and green circles, respectively. (c) Sample dependence
of carrier density derived from Hall resistance vs magnetic field at 100 K.
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samples showed p-type conduction with rather constant carrier density (≥ 1022 cm−3 )
without systematic dependence of O content,§ which is consistent with previous result [58] and electronic configuration of Bi2 – . Since the concentration of incorporated O
has to be within several percent (~1020 cm−3 ) considering the small c-axis expansion in
comparison with atomic intercalation into layered compounds [141], this result indicates
negligible role of the incorporated O as the carrier dopant.
Alternative scenario to induce superconductivity in Y2 O2 Bi is the enhanced twodimensionality of the Bi2 – square net as a result of the abruptly expanded c-axis, because
the expansion is concomitant with the emergence of the superconductivity for 1.5 ≤ x ≤
2.0. Figure 4.12a shows the T c as a function of the inter-net distance d (d = c/2). No
superconducting signatures were observed for d ≤ 6.62 Å except for the slight resistancedrop at about 1.9 K in case of d ≈ 6.62 Å (x = 1.4 in Fig. 4.6b). The partial volume
superconductivity emerged at d = 6.63 Å with Tc = 2.02 K, evidenced by small shielding
volume fraction (Fig. 4.5b) and broad resistance-drop (x = 1.5 in Fig. 4.6b). Then, the
full volume superconductivity emerged for d > 6.63 Å with large shielding volume
fraction (Fig. 4.5b) and sharp resistance-drop (1.6 ≤ x ≤ 2.0 in Fig. 4.6b). Here, T c
was approximately proportional to d. This result suggests that the superconductivity was
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Figure 4.12: (a) Phase diagram with T c as a function of inter-net distance d = c/2.
Partial and full volume superconductivity was defined from the shielding volume fraction
(Fig. 4.3b). (b) The evolution of T c as a function of normalized Bi2 – inter-net and MN
interlayer distance for Y2 O2 Bi and Ax (Solv)y MNCl compounds, respectively. Tc0 and d0
were defined from those of x = 1.5 in this study, and those of Lix HfNCl, Lix ZrNCl, and
Nax TiNCl [142], respectively.
§ Their very low Hall resistance with the significant scattering resulted in the large error bars and
probably overestimation of the carrier density.
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induced by reducing inter-net coupling, i.e., enhancing two-dimensionality of the Bi2 –
square net. The emergence of superconductivity via enhanced two-dimensionality of
conduction layer was scarcely seen in other superconductors, indicating that this concept
would be a novel route to induce superconductivity in layered compounds.¶
Similar tendency of the enhanced T c without further carrier doping was observed
in Ax (Solv)y MNCl (A: alkali metals, Solv: organic molecules, and M: Ti, Zr, Hf) with
increasing interlayer distance d between double honeycomb MN layers by intercalating
organic molecules into the van del Waals gap [4,142,143]. Figure 4.12b shows the relative
change in T c as a function of normalized Bi2 – inter-net and MN interlayer distance for
Y2 O2 Biand Ax (Solv)y MNCl, respectively. The T c of Y2 O2 Bi increased much faster as
a function of the normalized distance than those of Ax (Solv)y MNCl without saturation
(inset of Fig. 4.12b), implying a peculiar feature of the superconductivity of monatomic
Bi2 – square net.

4.6

Possible homologous series Yn On Fn−2Bi with higher
Tc

Observed T c in polycrystalline Y2 O2 Bi was around 2 K, which was slightly lower than
the onset T c in Y2 O2 Bi epitaxial thin film (Tc ≈ 4 K, Subsection 3.3.4). Enhanced T c
with increasing Bi2 – inter-net distance suggests the possible formation of homologous
series Yn On Fn−2 Bi (Fig. 4.13) because of the incidental F doping into the film (Subsection 3.3.2). The F doping was indispensable to retain the homologous framework
for n ≥ 3 due to the charge neutrality. Same framework of blocking layer for n = 3
([Y3 O3 F]2+ ) was observed in [Eu3 F4 ]2+ layer of structurally similar Eu3 F4 Bi2 S4 [144].
In order to synthesize Y3 O3 FBi in form of polycrystalline powder, stoichiometric
amount of mixed starting materials (Bi, Y, Y2 O3 , YF3 ) were heated in evacuated quartz
tube at higher temperature than usual case, 1100 and 1400 ◦C,‖ which was applied to
¶ In case of ionic and molecular intercalation into van der Waals gap as reported in graphite, chalcogenides, nitride halides and so on, carrier doping or intercalated components were essential to induce the
superconductivity [2], rather than increased interlayer distance.
‖ Heating at 1400 ◦C caused deformation of quartz tube, suggesting higher temperature treatment would
be impossible.
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Figure 4.13: Crystal structures of homologous series Yn On Fn−2 Bi (2 ≤ n ≤ 4). Black
lines denote unit cells.
obtain other homologous series [145]. However, the products were just the mixture
of Y2 O2 Bi, Y2 O3 , and YOF, indicating diﬃculty to synthesize Y3 O3 FBi in bulk form.
This is consistent with the very small superconducting volume in Y2 O2 Bi epitaxial thin
film. Alternative technique such as high pressure synthesis would be desired to achieve
homologous series Yn On Fn−2 Bi phase.

4.7

Conclusion

I succeeded in inducing superconductivity at 2 K in Y2 O2 Bi which has been already
concluded as non-superconducting in previous reports. This is the fist report of superconducting Bi square net, which was evidenced by the BKT transition indicating twodimensional superconductivity. The superconductivity emerged by increasing inter-net
distance via O incorporation into hidden interstitial site without carrier doping, which was
scarcely observed in other superconductors, suggesting unconventional superconducting
mechanism. These concepts would be a novel route to induce superconductivity in layered compounds, shedding light on hidden superconducting compounds. The emergent
two-dimensional superconductivity of Bi2 – square net with strong spin-orbit coupling
could be associated with exotic superconductivity like topological superconductivity,
leading to possible application in quantum computer.
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Chapter 7
General conclusion
In this thesis, I developed novel synthetic routes for both epitaxial thin films and polycrystalline powders of R2 O2 Bi compounds in order to explore the detailed physical properties
of unusual Bi2 – square net. These approaches enabled to discover and characterize the
diﬀerent fascinating phenomena from those of well-studied Bi – square net in AMBi2
compounds.
In the thin film study, I succeeded in obtaining Y2 O2 Bi epitaxial thin film for the first
time by developing two SPE methods. Reductive SPE utilized direct reaction between
(Y,Bi) powders and Y2 O3 amorphous thin film. This method indicates that preferential
reduction of Bi by strong reductant Y was essential to achieve Y2 O2 Bi phase, although
surface residues hampered the fundamental evaluation of physical properties. Therefore,
this concept was applied to the improved multilayer SPE method where all reaction
precursors changed to thin film form, enabling the fabrication of high quality epitaxial
thin films with flat surface and without any residues. The multilayer SPE method could
be universally applied to obtain other R2 O2 Bi epitaxial thin films such as Ce2 O2 Bi and
Dy2 O2 Bi, which will accelerate the study about Bi2 – square net in future. The unusual
reductive state of Bi2 – square net was directly confirmed in Y2 O2 Bi epitaxial thin film by
XPS measurement. Furthermore, strong interaction between two-dimensional electronic
nature and strong spin-orbit coupling in Bi2 – square net was observed in electrical
transport properties, demonstrating the possible emergence of topological insulating
behavior in future study.
In the study about polycrystalline powders, I discovered two-dimensional super99
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conductivity of Bi2 – square net in R2 O2 Bi compounds which was concluded as nonsuperconducting in previous studies. This superconductivity was universally induced in
R2 O2 Bi compounds by enlarging c/a via O incorporation, which corresponded to the
enhancement of two-dimensionality of Bi2 – square net. Furthermore, rich electronic
phases appeared depending on R3+ in R2 O2 Bi, including the CDW instability whose
presence was contradict to the previous theoretical report. The competition among
superconductivity, AF ordering, and CDW in Tb2 O2 Bi suggested the unconventional
superconductivity of Bi2 – square net. These phenomena were possibly originating from
the diﬀerent influence of each R3+ on Bi2 – square net. Therefore, R3+ substitution and
c/a control were crucial to engineer the properties of Bi2 – square net, and R2 O2 Bi
would provide intriguing platform to investigate the interplay between two-dimensional
superconductivity and strong spin-orbit coupling.
The main findings in this study were the discovery of novel properties (e.g. superconductivity and two-dimensional electronic nature with strong spin-orbit coupling) and the
establishment of exploring techniques (e.g. novel SPE methods and chemical control of
c/a via O incorporation by CaO mixing and F substitution). The latter would be applicable not only R2 O2 Bi compounds but also other layered compounds, probably shedding
the light on hidden layered compounds. Establishment of these concepts would be the
most valuable result in this study because they would contribute to the progress of rich
physics in layered compounds.
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