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Chapter 1

Introduction

In this study, we aim at enhancing supercondugtirggperties by utilizing oxide
heterostructure. First, we explain factors to detee the superconducting transition
temperature. Second, the features about BaRitich is a target material of this work are
reviewed, and the problem of disorder in Ba{Bly)Os; superconductors is discussed. At last,
the developments of physical properties in oxiderbstructures are described as attempts to

suppress the effect of disorder.

1.1 Superconductivity

Superconductivity, which is a phenomenon with zdeatrical resistance and perfect
diamagnetism, has provided great benefits for tmelensed matter physics and human life,
since H. K. Onnes discovered zero-resistance &t s 2nercury (Hg) in 1911 [1].

Many important theories in condensed matter physw® been established through
the researches of superconductivity, suchoagon theoryGinzburg-Landau (GL) theory and
Bardeen-Cooper-Schrieffer (BS@)eory [2]. The emergence of cuprate superconductors
suggests that magnetic interaction between elsctsormportant for realizing higfi,, and
accelerates the investigation about the physistsaigly correlated electrons [3, 4].

On the other hand, in the field of practical agians, superconducting materials are
focused as meaningful tools. Magnets made fromrsoipducting materials are one of the
strongest electromagnets, which are used im#gmetic resonance imaging (Mii)the medical
region. Josephson junction which is the device istaas of superconductor is useful for a
magnetometer, named as SQUID (superconducting wnamtterference devices). If the
transition temperature rises above room temperattiie zero-resistance state in
superconductors will enable the electrical transiomswithout energy loss, which is the dream

of superconductivity [5].



Therefore, the discovery of new superconductors #mel enhancement of
superconducting transition temperature have signifimeanings for not only the progress of

fundamental science but also application to thedmife.

1.1.1 What Determines Superconducting T.?

In BCS theory, the formation of cooper pairs by @teactive interaction between
electrons is required in order to realize supenecingty. From the BCS framework, the

superconducting transition temperaftiyes described as [6]

T, = 1.14@D8Xp(m) (Eq1-1)

, Where@h is Debye temperaturis(0) indicates density of state near Fermi leval,\Ashows
the electron-phonon coupling. This equation isdvalnder the assumption d{O)V « 1,
which is called as a weak coupling region. In tbgon, high@, largeN(0), and strony are
needed to increaJe

This equation is difficult to reproduce higlerin materials witiN(O)V ~ 1 which is
classified as a strong coupling region. In thisoregf strong coupling, McMillan suggests that
the equation of is modified like [7]

9 —1.04(1 + )
1P T+ 062 1)

T, (Eq.1-2)

, WhereA is described biN(0)V representing the attractive interaction betweectreins, while
Coulomb interactiop is expressed by(0)U.. U. is named as a Coulomb pseudo-potential.
L is also described like,

. 7
" 1+ puln(Er/hwp)

u (Eq.1-3)

, using screened electron-electron interagtiegnN(0)V.. This equation indicates that effective

Coulomb interaction between electrons is reducethéyalue of the denominator. That is



reflected by the difference of time scale betwedectren-electron interaction and
electron-phonon interaction. Generagliytake a value around 0.1.
On the other hand, is given by,

RO

Miw?) (Eq.1-4)

Here,M is the mass of ion, arilis a parameter of electron-phonon scatterifdndicates the
frequency of phonon.

Materials with larged can realize higi., according to BCS theory. Howeve, is
likely to be saturated whehincreases to ~ 1, and the instability of crystaicttire emerges at
A> 1. Therefore]. of phonon-medicated superconductor has been eoeditb have an upper
limit about 30 ~ 40 K, which is often called as ‘B@all”.

1.1.2 Superconducting Materials

Figure 1-1 shows the history about the developmiestiperconducting materials [8].
Since superconductivity was discovered in Hg, sgpelucting temperaturé; has been
increasing. These superconductors in Fig.1-1 assified by two types of materials, in term of
attractive interaction which generates cooper .p@re is electron-phonon coupling, and the
other is electron-electron coupling such as ardifieagnetic interaction. This kind of magnetic
coupling indicates the direct interaction betwelgetens which is larger than conventional
phonon-mediated interaction in BCS theory. Thuestein-electron interaction is expected to
demonstrate higher.. In reality, superconductivity of layered cuprasesl iron-pnictides is
thought to be originated from electron-electronptiog, and realizes high, which exceeds a

BCS wall, as shown in Fig. 1-1.
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Fig. 1-1. History of superconducting temperatuss [

In phonon-mediated superconductors, there is amesido be a limitation of BCS as
described in the previous section, but some conafsostmow higiT.which is comparable to a
BCS wall. As expressed in Eg. 1-1, high Debye teatpes & and large electron-phonon
interaction/ are required to demonstrate highGenerally, light elements and strong covalent
bonds realize high Debye temperature, resultingetitancement of.. For example, light
elements included MgBand (CsRb)Gsare reported to b&; = 39 K [9] and 33 K [10],
respectively.

Furthermore]. is anticipated to rise, with increasiig However, too largd forms
the electron pairs in real space, as shown inIR). This stabilizes charge density wave,
inductive of an insulating properties. A chargeeoidsulator BaBi@shows superconductivity
with high T, = 33 K by K doping [11]. In this superconductosé@ on BaBi@ A is in the
strong coupling region [12]. This might indicatetticharge order of BaBiJs realized due to
an enormously largd. Thus, BaBi@ has a chance to exhibit highrby melting a charge
order without introducing disorder which is diffietédrom chemical doping.

These achievements of hidh throw questions at the existence of a BCS wall in
phonon-mediated superconductors. How miabf phonon-mediated superconductors can be
enhanced in reality is an interesting subjectferdevelopment of superconducting materials. In

this work, we attracted attentions to the systesedban BaBi@as a target to increase
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1.2 Solid-solution Ba(Pb,,Bi,)Os; System

In this work, we draw attention to the solid salo$ of BaBiQ and BaPb@which
exhibit superconductivity. Adescribed in the previous sectidpof BaBiO; increases to 30 K
by K doing which is originated from strong elect@monon coupling. This indicates that
BaBiO; has a potential to demonstrate highSolid-solutions of Ba(RRBi,)Os also become
superconductors [13], but include the disorder lprotwhich might reducé. [14]. Therefore,
we considered that the removal of disorder byzirtdi BaBiQ/BaPbQ heterostructures might
enhancd..

In this section, first, the intriguing points ofpsuconductivity in BaBi@are introduced.
Second, crystal structures and physical propeti@a(PhBix)Os; are reviewed as a function

of x (Bi content). At last, the effect of disorder ia(Bh«Bix)Os is discussed.



1.2.1 Charge Order and Superconductivity in BaBiOs

Charge order and superconductivity are the mosarieble phenomena in BaBiO

(BBO). BBO is a perovskite-type compound with thieeé-dimensional network of octahedral
BiOs in Fig. 1-3 (a). In BBO, the nominal valence ofi84+, indicating 6s orbital has one
electron. From a classical band theory, BBO is e®gdeto show metallic behavior due to the
half-filled state of 6s orbital. However, in replBi** is skipped, and the stability of the closed
cell realizes Bi (6€) and Bt (6¢) states (Fig. 1-4) [15]. In addition, Biand Bf* form an

ordered array which means the charge order stafieoas in Fig 1-3 (b). Thus, BBO shows
semiconducting properties with energy gap of 2¥8}. BBO has been often called as “Valence

skipper”, after skipped Bi[17].

(@)
Ba—) /O QO _ )O \BI3;
Bi of -
0O 5 BN
c e , /O c
0 0" | b
Q,L ) v

Fig. 1-3. (a) Crystal structure of BaBi@lack cubic indicates a unit cell. (a) Displacatne

of Bi*" and Br* in BBO
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Fig. 1-4. Electronic structure of BaBi@nergy gap opens due to the skipping 6(B§) state.

The charge order in BBO is suppressed by chemamahg. As a result, a metallic
phase of B (65), including superconductivity at low temperaturaspears [11, 13]. This
presence of state has been considered to be a key to demerstprconductivity in BBO
system. As shown in Fig. 1-5 (a), the highest sgpelucting transition temperatures is known
to be 30 K in (BadKo4BiOs. Other example of superconductors related to BeQhe solid
solutions Ba(PlBix)Os (BPBO) atx = 0.1 ~ 0.35. In BPBO system, the highest tramsiti
temperatur@. is known to be 12 K at= 0.25 (Fig (b) and (c)).
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[18]. (c) Bi composition dependence of carrier dgasdT, [18].

In addtion, the charge order state in BBO is censitito be assosiated with breathing
distortion of BiQ octahedra. BBO also has tilting distortions of 8i©tahedra, and the crystal
structure of BBO takes a monoclinic symmetry ahrdaemperature. Blow 750-800 K, both of
tiiting and breathing distortions is reported tasexwhile only breathing distortion remains
above 750-800 K. mainly [15]. This indicates tl tharge order state is thought to exit in

BBO at any tempetarue.



The control of crystal distortions might lead topsess the charge order, resulting
superconductivity in BBO. As a way to modulate talydistortions, there were attempts using
an epitaxial strain from substrate of thin film€d{sSto 5 MNOz grown on SrTiQis an example
in which the physical properties are controllecgb\epitaxial strain [19-21].

In an epitaxial thin film of BBO fabricated on Mgbstrate [22], the crystal structure
holds a cubic symmetry, which is different from radmic of BBO in bulk materials. From the
X-ray diffraction (XRD) measurement, in BBO filntéjng distortion is found to be suppressed,
while, breathing distortion is found to remainBBO include tilting distortion, the Bragg peak
around 76 degree should be spitted like in Fig(@&x6However, in the thin film of BBO, the
splitting of peaks is not observed as shown in1Fgy(b). On the other hand, when there is
breathing distortion, the BiOs and BF*Os octahedra array alternatively, inducing the foiomat
of the superstructure along 111direction. XRD paité BBO film shows 333 reflection, which
is the superlattice peaks in Fig 1-6 (c). As altghin film of BBO shows insulating properties

like bulk, implying the epitaxial strain cannot pugss the charge order state of BBO.
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Fig. 1-6. XRD pattern of BBO films fabricated on ®§01) substrate [22]. (&) The evidence f
the alsence of tilting distortion. (a) shows XRD pattefl8BO film, while (b) indicates XRD patte

of bulk BBO. (c) The evidence for the existencbrefithing distortion.



1.2.2 Crystal Structure of Ba(Pb,,Biy)O3; System

Evaluation of crystal structure as a functiorxa$ very complicated. Ba(RBi)Os
undergoes a clearly unestablished structural gtaasstions between tetragonal, orthorhombic,
and monoclinic phase at room temperature as adaraftthe bismuth content. First, Cox and
Sleight reported that Ba(RIBi,)Os exhibit orthorhombic phase for 0x<< 0.05, tetragonal
phase for 0.05 x < 0.35, orthorhombic phase for 0.3% <0.9, and monoclinic phase for k<
< 0.05 [23]. Some years later, they investigatexdnatp observe a mixture of tetragonal and
orthorhombic phase arourd: 0.25 [24]. This dimorphism was also found by ¥aral [25].
Other researchers have conducted the analysigstélcstructure in BPBO as summatrized in

Fig 1-7, but the general consensus is not obtained.

Lead Content
1.0 0.8 0.6 0.4 0.2 0.0

BanGB T T T T T T T —r“"’wBaBiC}'g
Ref. 1 JOl—T——ofe—"——0 —| M|
Ref.8 Jor 0* —
Ref. 9,10 | O —— | M|
Ref. 11 +—O—T or Of 0 ——f M|
Ref, 12,13 fo—M*— M|

Present Work —]M"' |'l'+U'| O o M—"|

Fig. 1-7. Crystal symmetry of BPBO at room tempeestvhich previous studissiggeste
[23, 25-30]. T, O, and M indicate tetragonal, aleonbic, and monoclinic, respectively.

In recent years, the detailed characterization¥Xgy and neutron diffraction also
reveal the coexistence of tetragonal and orthoriwrstiucture in the range of chemical
composition showing superconductivity in Fig. 1a8 [31]. This research also suggested that
tetragonal phase shows superconductivity, whileodmbmbic phase is not superconductor (Fig.
1-8 (b)) [31]. The formation of the nanostructuréetragonal phase is reported by the analysis

of a transparent electron microscopy (TEM) [32].
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orthogonal phase coexist [31]. {[f)e relationship between superconducting volunetidraan:
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1.2.3 Physical Properties of Ba(Pb,,Bi,)Os; System

Ba(Ph.Bix)Os solid solutions show interesting properties asuraction of x (Bi

contents) [33]. They are classified by three regyiwhich are reviewed as below.

A:0<x<0.20

In this region, the physical properties are undedsby the rigid band model [34]. The
hybridization between Pb 6s valence band and @&guction band give rise to a finite density
of state near Fermi enerf0). That leads to a semi-metallic nature in BaRBPO). By the

11



replacement of Pb site for Bi atoms, one 6s eleqer atom is doped in the conduction band.
The shape of Fermi surface is almost sphericalfrendiffective mass is lighter than that of free
electrons. Optical reflectivity is reasonably titiey a Drude model, and the reflectivity edges
move to the higher frequency region with increasifgp]. This behavior of reflectivity edges
indicates the enhancement of carrier density asaidn ofx which is understood by the rigid
band model. In addition, the experimental data aif effect [18] and thermopower [36] are
consistent with this rigid band picture. The supedticting transition temperatufgenhances
to around 10 K systematically with increasia@y the estimation from the McMillan equation,
this x dependence df; is originated from the enhancementiNgd) and the electron-phonon

interaction [37].

B: 0.20<x<0.35

In this region, BPBO shows superconductivity whsis beyond 10 K, buf; does
not enhance so much with increasing. take a maximum value of 12 Kxat= 0.25, and
reduces with increasing xo= 0.35 where the metal-semiconductor transiti@osdn spite of
the lowN(0), Tcis surprisingly high, suggesting that the elecpsbanon coupling is considered
to be outstandingly strong. Moreover, transpomperies of the normal state exhibit anomalous
behavior. For example, the resistivity $hows a negative temperatufedependence, namely,
dadT < 0 [18], and the temperature dependence of thmawer is not linear [36]. The optical
measurements are also not explained within theeframk of normal metallic state. This
implies the appearance of a pseudogap in the ylefsiiates near Fermi eneg{D) [38]. This
pseudogap become larger with increagjrand a full gap opensat 0.35. This depression of
theN(0) fromx = 0.20 is also supported by the experiments dfdffatt and specific heat [39].

The emergence of a pseudogap is considered to thesetransition into the
semiconducting phase. The instability of local Ci3\Whe most reliable origin of the pseudogap,
which has been proposed theoretically. This kinCDBW instability is originated from the
strong electron-phonon coupling in BPBO [40-42]n&lly, in the system with the strong

electron-phonon interaction, the realization of RV state often makes the metallic state

12



unstable. Therefore, a local CDW instability, initecof a charge disproportionation of*Bi
and Br", is realized even in the metallic BPBO phasengid strong influence on the physical

properties of BPBO.

€C:0.35<x<1

In this wide range of Bi content, semiconductingperties are observed. In order to
explain the origin of the semiconducting energy, gapme theories has suggested a
three-dimensional CDW model [35, 40-42]. In this delp conduction electrons and a
breathing-mode phonon are strongly coupled, statglithe formation of CDW. However, this
model is not consistent with some experimentas fA&, 45-47].

Evidences for the formation of CDW are providedHgy/optical measurements [38, 46,
47]. In the spectrum of infrared spectroscopy BB = 1), a characteristic phonon mode is
observed. This mode is considered to be assowiatiech superlattice structure, indicating a
three-dimensional ordered arrangement of two kifd sites. It is confirmed over the whole
semiconducting region, supporting the scenarioad ICDW. In the measurements of Raman
scattering, BBO shows an extremely intensive lihelwvis explained by the breathing phonon.
This line in Raman spectrum also suggests theeggistof interband excitation across the
semiconducting energy gap.

Moreover, the measurements of transport and magoetperties also support the
formation of CDW [33, 48]. These properties arecoldd in only the semiconducting phase,
indicating the demonstration of bipolaronic conaurcand the existence of CDW domain walls

[48].

13



1.2.4 Disorder Effect in Ba(Pb,,Bi,)Os; superconductors

Disorder is considered to be an essential factanderstanding the physical properties
of BPBO. The difference o between BPBO and BKBO is often explained to bgirated
from disorder by chemical doing. In BKBO, chemisabstitutions take place on Ba atoms of
BBO, indicating that the effect of conduction alectin Bi is considered to be small. However,
in BPBO, Bi atoms which contain conduction elecrare replaced by Pb atoms, leading large
disorder effect. Thu3, of BPBO is considered to be lower than that of BKB

The transport properties of BPBO system as a tundix also indicate the effect of
disorder. Resistivity of BBOx(= 1) is the highest value in BPBO system. As deing the
content of Bi, resistivity become smaller systeaadyi, and BPO X = 0) show the lowest
resistivity in this system, as shown in Fig. 1-p [@8]. Carrier density and superconducting
transition temperature form similar dome-shapedglitagram as a function xfas Fig. 1-5
(c) indicates. The behavior of carrier densityas nelated to thex dependence of resistivity,
suggesting the effect of disorder by chemical gubshs is a dominant factor to determine the

transport properties.

Reduction of Superconducting T, by Disorder

Electrons move diffusively in the presence of disorsuch as the scattering by
impurities, indicating that the effective Coulongpulsion increases. This enhancement of the
effective Coulomb interaction weakens the elegiaoron interaction which drives to form
cooper pairs in superconductors [49, 50]. Thalissrder has been known to decredseshis
disorder dependenceTfis also demonstrated experimentally [51, 52).

Disorder is known to cause localization. In terrhicalization, disorder reduces the
density of state (DOS) near Fermi energy. D. Rigicribes DOS like

N(&) = —F
(@) = T+ 1) (Eq.1-5)
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by introducing Y’ as a parameter of disorder [53-5%ere, N( @) is the DOS estimated at a
characteristic phonon frequency, ade is the DOS at Fermi level of the normal metal outh
disorder. He applies this relationship betwee®S and disorder into the McMillan equation

aboutT. in strong coupling superconductors, resultingptbes equation,

0p -1.04(1+ 1+Y"

T, = exp |= —
c T 1as P |I - p+0624/(1+Y))]

(Eq.1-6)

where & is Debye temperature, apds the disorder dependent electron-phonon interact
and A is the disorder dependent Coulomb pseudopoteftias equation explains the

experimental data dt, well in Pb thin films as shown in Fig. 1-9.

Te(K)

MO UMO - NwH oo 9

280/ Te
w &

Fig. 1-9. Solid curve are theoretical predictiomdtie transition temperatuaad th

ratio 24yks T [55]. The dashed curve indicates the theoretisalltrfor 24/ks T, with

am Einstein spectrum. Circles show experimental afeb.
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Possibility to Enhance Superconducting T,

The point-contact spectroscopy tunneling measursnaea done on BPBO, and the
reduction of density of states (DOS) is observets Suppression of DOS yields the estimation
of a disorder paramet¥which is introduced in 1.3.1. Figure 1-8 showt the enhancement of
T.in BPBO is suggested if the disorder can be rethpegectly, namelyy = 0 [14].

In addition, it is reported that disorder is reddi® a metal-insulator transition (MIT) in
BPBO. This kind of disorder induced MIT is obseniedSi-doped Nb and explained by
McMillan’s scaling theory [56]. The behavior inrisport properties and tunneling DOS in
BPBO agree with the predictions which are origithdtem this scaling theory. This transition
occurs ak ~ 0.30 which is different from~ 0.35 of realizing charge order state. Thus, MK
~ 0.30 is considered to have different origin @rgle order, namely disorder [14]. The evidence

of disorder induced MIT implies that disorder is immportant factor to determine physical

properties of BPBO.
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Fig. 1-10. Effect of disorder in superconductingperties of Ba(PRBi,)Os [14].

Inset indicate¥” dependence of calculatégd
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1.3 Superconductivity at Interface

In order to enhancg, high DOS near Fermi level and strong attractiteraction are
needed within the framework of BCS theory. Largéeradensity means high DOS near Fermi
level, and carrier doping is a way to realize AiglHowever, the chemical doping accompanies
the introduction of disorder such as impurities lattate distortion, which is responsible for the
drop of Tc.as shown in the section of 1.2. Thus, carrierrdppiithout introducing disorder is
more powerful to demonstrate high In this section, the methods of modulating cad@ensity

without introducing disorder and their applicatitmsontrol physical properties are reviewed.

1.3.1 Charge Transfer across Oxide Interfaces

The recent development in technique to synthesaterials at atomic-scale enables to
design oxide heterostructure with the high crysigll This kind of progress accelerates the
researches about the surface and the interfaeettaaterials. In particular, the oxide interfaces
are focused as a stage to emerge novel physicabipleaon [57-59]. The demonstration of
physical phenomenon at oxide interface is a basicapt of this study, and it is originated from
the charge transfer at the interface which isazaaioping without disorder-introducing. So far,
superconductivity [60, 61], ferromagnetism [62,, &8id the quantum Hall effect [64, 65] have
been reported to emerge at oxide interfaces. fhdction, we focus on superconducting

transitions among outstanding achievements in axiddaces, and reviewed them.

Superconductivity at LaAlO5/SrTiOz interface

LaAlO4/SrTiO; heterostructures are the most famous systemsnordgate the
interface state. While both of LaAJQ.AO) and SrTiQ (STO) are insulators with a wide
energy gap, the interface between LAO and STO becustallic implying the realization of
two-dimensional electron gas (2DEG) as shown inFl [66]. The origin of this 2DEG has
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been a subject of discussion since the metallte staLAO/STO interface was achieved.
Despite much effort to reveal the origin of thigallie state, the general consensus has not been
reached yet. Some scenarios about the mechanisthaaje accumulation at LAO/STO

interface are suggested such as the polar catastritig oxygen deficiency, and the cation

interdiffusion.

LaAlO;, (80 A) /SrTIO4(001) LaAlO, (60 A) /SrTi0,(001) LaAlO, (60 A) /SrTiO,(001)
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Fig. 1-11. Temperature dependence of transporegieg{electrical resistance, Hall coefficient, mobi

at LaAlOySITIG; interface [66].

Figure 1-12 (a) indicates that 2DEG at LAO/STO rfate undergoes a
superconducting transition Bt~ 180 mK [60], although the phase transition isst@ined due
to the presence of strong fluctuations. The angldpendence of upper critical figfd, shows
anisotropic behavior, indicating superconductigyconfined in a narrow area. When the
magnetic field is parallel to the two-dimensionkne, H., take a maximum value, ard},
reduces systematically with decreasing the angleveea magnetic field and the
two-dimensional plane, as shown in Fig. 1-12 (Btailed analysis of this anisotropyHt,
reveals that superconductivity at LAO/STO is twamelnsional with the thickness of 10 nm [67].
The current-voltage characteristics and the teriyeralependence of electrical resistance
suggest that this transition into a superconductstgte can be understood as a

Belezinskii-Kosteliz-Thouless transition, suppatiwo-dimensional superconductivity [60].
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Fig. 1-12. Superconducting properties at LAO/ST@riace. (a) Temperatudependenc

of electrical resistance [60]. (b) The anisotrofhe upper critical field [67].

Superconducting properties at LAO/STO interface madulated by utilizing a gate

voltage Vc) in a field effect transistor (FET) structure likg. 1-13 (a) [68]. SrTi@substrate

has a large dielectric constant, indicaifigacross the substrate enables to control thercarrie

density at LAO/STO interface. Th¥s dependence off; showed the dome-shaped

superconducting phase diagram in Fig. 1-13 (b), aguantum phase transition from a

superconducting ground state to an insulating@idsed at LAO/STO interface.
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Fig. 1-13. (a) Device structure of a field effeahsistor fabricated for LAO/STO interface [68]

(b) Vs dependence Gt at LAO/STO interface [68].
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Cuprate interface

Interface states of layered cuprates which shoglsteimperature superconductivity
are created. Thin films of heterostructure withglsirinterface between an over-doped metal
(Lay 5850 49CuQy and a Mott-insulator LE&UQ, was formed to show superconductivity. More
interestingly, at the interface between an oveedopnetal (LassSkh49CuQ, and a
superconductor LEUQ,.5 transition temperatur€. is increased to 50 K, which exceeds the
maximumT, of bulk (La,SrCuQ, system, as shown in Fig. 1-14 (a) [61]. Atomicalharpe
interface was demonstrated from the analysis afinsag transparent eletron microscope
(STEM) and electron energy-loss spectroscopy (EELSE)g. 1-14 (b), denying that inter-site
mixing induce superconductivity [61]. The interfacgerconductivity was suggested to present

even in a single CuQayer [69].
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interface [61] (b) STEM image and EELS spectrum of a cupnatterostructure with single
interface [61]
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1.3.2 Electrostatic Doping by Field Effect Transistor

In the conventional metal-oxide-semiconductor feffect transistor (MOSFET)
structure, the physical properties can be modulatedhanging the gate voltage. The control of
T. at LAO/STO interface is one of examples for thel Ffpplication, as introduced in the
section of 1.2.1. This electrostatic carrier doplaghonstrates a high tenability of carrier density,
and realizes the absence of disorder which igelifftédrom chemical doping [70]. By using the
FET configuration, the electric-field-control ofpgiconductivity was performed in cupate thin
films [71]. However, superconductivity is not inéddoy the electrostatic carrier doping in FETS,
because the accumulated carrier density at thefairgeis not enough to demonstrate a
superconducting transition.

In recent year, electric double layer transistobl(B which is different from
MOSFET structure attracts attentions. In EDLT apnfation like Fig. 1-15 (@), ionic
conductors such as ion liquid are utilized as getalator instead of solid gate dielectrics in
MOSFET. At the interface between semiconductori@md conductor, an electric double layer
is formed with the thickness of a few nanometehss Touble layer is considered to be a
capacitor composed of a sheet of ions in the elgerand another sheet of accumulated image
charges on the surface of solid. In these strigtlage charge accumulation is realized as a
two-dimensional carrier density around1€n? [72]. This value is 1-2 orders of magnitude
larger than that induced in MOSFETs. In EDLT stigt the application of gate voltage
realized metal-insulator transition with supercastigiity at low temperatures, which was
observed in SrTi@ [73] in ZrNCI [74] Furthermore, a superconductitrgnsition was
demonstrated in KTa{r5] which has never reported to show supercondiychby chemical
doping. In cuprate superconductors, the contrdl.aé demonstrated [76], and in MgS.
exceeds bulk values by utlizing EDLT doping [7Not only superconductivity but
ferromagnetism and metal-insulator transition &dopmed in Co-doped TiClilms [78] and

VO, film [79], respectively.
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Chapter 2

Purpose

In this chapter, the motivation and the objectivhis study are described.

2.1 Enhancement of Superconducting Properties in Oxide
Heterostructures

Superconductivity has various potentials in conelgnmatter physics and practical
applications. Superconducting has been increasing due to much effort of sdenfi$e
technique to control the synthesis of materialsnaatomic-scale has been developed rapidly.
This provides us with the opportunities to invegtgthe interface state between materials
without introducing disorder. Oxide interfaces haeenonstrated novel phenomenon such as
superconductivity, magnetism, and the quantumeffaltt, as noted in chapter 1.

In this research, we aim at applying the technigfiefim growth to the
superconducting materials. Possible enhancemargugerconducting transition temperature is
anticipated. The creation of interface enablesrtmwwe disorder of atomic displacement in solid
solutions. The removal of disorder provides a ohdodncrease a transition temperature, but
generally, in two-dimensional system like singkeriface, a phase transition temperature might
be suppressed due to the large fluctuation. Theerafathree-dimensionality is recovered by
fabricating superlattice structure, the materiatgchv are introduced interface artificially can
realize the higher superconducting transition teatpee.

For the enhancement of a superconducting transgioperature, we consider below
two steps: First is the realization of the chargesfer and two-dimensional superconductivity at
oxide interface without disorder. Second is theaanbment of a superconducting transition

temperature by utilizing superlattice structure.
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2.2 Possibilities of BaBiOs;/BaPbO3; Heterostructures

In order to achieve the purposes described im2 Ipcus on BaBig{BBO)-BaPbQ
(BPO) systems. The solid solution Ba(fB),)Os (BPBO) of BBO and BPO is known to show
superconductivity, as introduced in chapter 1. Sigerconducting transition temperatiliggs
reported to be 12 K at maximum. (B&,)BiO; (BKBO) where Ba takes place to K in BBO
also realizes superconductivity afdincreases to 30 K. The differenceTefbetween BPBO
and BKBO is considered to be originated from theabal substituted site in BBO. In BPBO,
disorder is introduced to Bi site which dominates ¢lectrical conduction, while in BKBO
disorder by chemical substitution does not affechach to conduction site. This indicates that
BPBO has a potential to incredgeaup to ~ 30 K which g, of BKBO, if disorder is removed
from the conduction site of Bi. Therefore, in BBO® system, we tried to clarify the
relationship between superconductivity and dispréed enhance the superconducting

properties by introducing heterostructures wheserder is eliminated from Bi sites.

2.2.1 Charge Transfer and Two-dimensional Superconductivity at
BaBiOy/BaPbO; Interface

This is a first topic of this study which is dissed mainly from chapter 5 to chapter 7.
We aim at demonstrating two-dimensional supercdivitycat BBO/BPO interface. The
heterojunction of BBO and BPO is expected to osaperconductivity as a result of the charge
transfer, implying that 6s electrons move fromit& ® Pb site near BBO/BPO interface. For
that, we fabricated thin films with atomically flaBBO/BPO interface in chapter 5.
Superconductivity and its dimensionality were qoméid by some measurements of transport
properties in chapter 6. Moreover, the charact&imof superconducting BBO/BPO interface
were performed and the possibility of cation infirsion was argued by comparison with

transport properties of solid-solution BPBO in d¢baja.
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Fig. 2-1. Concept of thetroduction of the heterojunction into the solmuion system. BPO/BB

interface has a potential to show superconducasity result of charge transfer.

2.2.2 Enhancement of Superconducting T. in BaBiOy/BaPbOs;
Superlattices

This topic is discussed in chapter 8. In a singkOHBPO interface,T. might be
suppressed by the thermal fluctuation inherenv@rdimensional systems, even if disorder is
removed from BPBO systems. In order to overcongepiablem, we focused on superlattice
structure, indicating the control of distance betwmterfaces. In the limit of a long superlattice
period, BBO/BPO interfaces do not interact withheatber, and the superconducting properties
will be the same as the thin film with a single BBRO interface. However, when the distance
between BBO/BPO interfaces become smaller, thdapvef interface region might recover
three-dimensionality and realize the higher cadamsity at the area between interfaces, leading
to enhancé..

We selected Ba(BkBio290; as a chemical composition of superlattices. At Bii
content, it is known that bulk BPBO shows the haghie. To keep this composition,
BBO,BPG;y, superlattice was fabricated. The transport pnagesf BBQBPO;, were

investigated as a functionf indicating the distance of interfaces.
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Chapter 3

Experimental

In this chapter, we summarized equipment and métin@kperiments of this study.

3.1 Fabrication of Thin Films
Pulsed Laser Deposition Method

The technique of pulsed laser deposition (PLD}deas utilized to fabricate thin films
with high quality for a decade or more. In PLD roetha high power pulsed laser is used to
evaporate a target material from its surface. pitusess is called as "ablation” where a plasma
plume with atoms composing a target material ersergen the surface of the target. These
ablated particles are deposited on an appropriateyed substrate, and the thin film grows on
the substrate. The process of ablation is usuatfgqoned under the ultra-high vacuum or in the
presence of gases such as oxygen or nitrogenetheique of PLD has some advantages as
below;

It is suitable for fabricating thin films of oxidesth a high melting temperature
The difference of composition between target nadsegind thin films is small.
Impurities are difficult to be contaminated duéh®usage of laser.

The growth rate is precisely controllable by chagdine number of laser pulses.

RN NN

It is appropriate for the fabrication of heteradtinoes since the target material are easy to egehan

during deposition.

Considering these merits, we synthesized thin filrtkis study by utilizing a pulsed
laser deposition (PLD) technique. Figure 3-1 shiessetup of a PLD system where we used
KrF excimer laserA = 248 nm) as an ablation laser. Mg®D~(4.21 A) was chosen as the
substrate because of the relatively good match B&B® and BPO where the pseudocubic
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lattice parameters are ~ 4.36 A and ~ 4.26 A, otisply. The repetition rate of the laser was
fixed to be 5 Hz, and the growth rate of films \ahsut 10 pulses per one unit cell. The other
growth conductions, such as substrate temperabygen pressure were noted in the following
chapters. In addition, we consider chemical cortipnosi of target materials due to the high

voracity of Ba, Bi, and Bi atoms.

nfrared laser light
Abrasion laser beam N —
(KiF excimer | Nd:YAG) r Substrate rotation
RHEED
pattern

oscillation

Evacuation

Fig. 3-1. Schematic picture of a PLD system whietuged in this study [80].
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3.2 Structural and Compositional Analysis of Thin Films

The crystal structures and the thickness of tmrsfin this study were characterized by
X-ray diffraction (XRD) and X-ray reflection (XRR)neasurement on a diffractmeter
(SmartLab, Rigaku), using CuoKradiation. The surface morphology of thin filmsreve
evaluated by reflect high energy electron diffactiRHEED) and atomic force microscopy
(AFM; SPA400, SII NanoTechnology). Chemical comiimsi of synthesized films were
checked by a scanning electron microscope (SEM38, Keyence) equipped with energy
dispersive X-ray spectrometry (EDS, INCAPentaFET™»dprd Instruments).

In addition, an atomic-resolved EDS mapping of tness-sectional BBO/BPO
interface was performed, using a probe formingratien corrected scanning transmission
electron microscopy STEM (JEM-ARM200F, JEOL), whishequipped with a dual silicon
drift detectors (dual-SDD) of EDS. This STEM-EDSselvation was done by collaborating
with Prof. lkuhara’s group in the University of fak

All measurements for these kinds of characterizafi@re demonstrated at room
temperature. As below, we briefly summarized tladufes of techniques which were used to

characterize thin films fabricated in this study

X-ray Diffraction (XRD)
When X-ray is applied materials, the scatteredyXdicates the diffraction patterns

which reflect atomic position and crystal symmeinpm these diffraction patterns inherent in

materials, we can calculate their lattice pararseter
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X-ray Reflection (XRR)

X-ray is applied at a very low angle against théasa of thin film. The X-rays are
reflected at interfaces such as vacuum/film anddiibstrate, and they interfere each other. By
changing the angle of incident X-ray, we measuee ititensity of reflected X-ray which
indicates the oscillation as a function of the enghis oscillation includes the information

about the thickness and the density of thin filrh&tvwe can estimate.

Reflect High Energy Electron Diffraction (RHEED)

Electron-beam is applied at an extreme low anghknsgthe surface of thin film.
Incident electron-beams are diffracted by the atomghe surface of thin film, and form the
diffraction patterns, which give us the informataoout the surface structure of film. In this
study, RHEED measurement was done in a PLD chasobarafter the deposition of thin film

in-situ.

Atomic Force Microscopy (AFM)
By detecting the force between the tip and thenahtere can get the real-space image

of the surface of material, and evaluate the smrfaorphology. Moreover, the surface

roughness can be estimated quantitatively frorAfié image.
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Energy Dispersive X-ray Spectrometry (EDS)

Characteristic X-rays is emitted by radiating etecbeams to materials. The energy of
characteristic X-rays is inherent in elements. Tiugscan obtain the chemical composition of
materials by analyzing the spectrum of charadterstrays. Usually, EDS detectors are
equipped with scanning electron microscopes (SEM)teansmission electron microscopes

(TEM).

Scanning transmission electron microscope (STEM)

This is a sort of transmission electron microsc¢pEd/). As scanning electron-beams
focused in the area of sub-nanometer scale, tleegpglied to materials. Scanning images are
obtained by detecting scattered transmission efebieams. By using a high-angle detector
with STEM, we can obtain a high-angle annular diatt (HAADF) image which realizes the

contrast depending on atomic numbers.
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3.3 Measurement of Transport Properties

Transport properties of thin films were measure@ g@hysical property measurement
system (PPMS, Quantum Design). Four-terminal metihddvan der Pauw method are used in
the measurement of electrical resistance and ésaditance. Current-voltage measurement was
done by a home built apparatus which generatetsedpelectrical current, in order to prevent
the thermal effect. Wiring was performed by usioggdgvires (NIRACO; 25um) and silver
pastes (Dupont; 4922N). At these measurementglebiic current was flowed to bep@
which is enough small for a superconducting ctiticerent ~ 1 mA, which was obtained in
chapter 6.

In solid-solution BPBO films, the superconductimgnsition temperaturd. was
determined by the measurement of magnetizationnoagaetic property measurement system
(MPMS, Quantum design) equipped with a supercomducuantum interference device
(SQUID). Applied magnetic field was 10 Oe whichersough small in comparison with the

upper critical fieldT; was defined as an onset of the transition of nt@gmement.

Four-terminal method

Four-terminal method enables to measure electasatance precisely, by excluding
the contribution of contact resistance and winstaagce. When we flow electric curréntfrom
1 to 4, we measure electrical voltagebetween 2 and 3, and calculate raw electricataesie
Raw asVodl14 (Fig. 3-2). By usindRay We can estimate the sheet resisté@nd resistvity

as following;
w
Rs = Ryaqw T’ p=dXR; (Eq.3-1)

Wherew, |, andd indicate width of film, distance between terminatsd thickness of film. The

measurement of current-voltage characteristicsasagperformed in this configuration.
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Fig. 3-2. Configuration of four-terminal method.

Van der Pauw method

Van der Pauw method enables to estimate shedamnesB; of film. In this method,
the shape of sample should be a square, and wirelde attached at the corners as shown Fig.
3-3. When we flow electric curreht from 1 to 2, we measure electrical voltagebetween 4
and 3, and calculate electrical resistdRegsasVad/l12 (Fig. 3-3). In a similar way, we calculate

electrical resistancBy4 23 asVidlos R is obtained as a solution of below equation, ygus

Ri2.43andRy423
e—TL’R12,43/R5 + e_nR14-,23/RS = 1 (Eq3'2)
Vig
1 4 1/ 4 /
<. / S

ha 48 7 A7
| a ya

> 13 / 2 3

Fig. 3-3. Configuration of Van der Pauw method.
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Hall measurement

When magnetic fiel® is applied perpendicular to the plane and elettiarrent flow

Ix from 2 to 4, electrical fiel&, emerge by Lorenz force, as shown in Fig 3-&g§ given by,
ek, = eBvy (Eq.3-3)
Ry is defined as Hall coefficient like,

jxB (env,)B en

wheree andn indicateelementary chargand carrier density. In additidR, is described by,

E V R
- Y _ Y, W .
Ry = 7B IxBZ 5 Z (Eq.3-5)
R
Ry _ 1 (Eq.3-6)
B ezn

wherez is the thickness of sample aRg is defined by,/ly. Thus, we can evaluate carrier
densityn, by estimatindR- or Ryy.

In experiment, we use the configuration of VanRuw method as shown in Fig 3-4
(b). By flowing the electrical curremt = 1,4, we measur®y = Vs, and plot the slopes of line

aboutB dependence &y as a function of temperature.

(a) (b)

£ /}3} \1 4

/ E

¢ ha = & o =l

Fig. 3-4. (a) Principle of Hall effect. (b) Configtion of Hall measurement.
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Chapter 4
Optimal Growth Conditions and Physical Properties

of Ba(Pb,,Biyx)O3 Films

Epitaxial thin films of BBO and BPO are useful fine fabrication of BBO/BPO
heterostructures. In order to realize the epitaynaivth, the growth condition such as oxygen
pressure, substrate temperature should be optinftethiometry of fabricated thin films
should also be considered because of the highityoosd®a, Pb, and Bi atoms. In this chapter,
we aim at clarifying the best condition for thetagal growth ofsolid-solution BPBO [=
Ba(Ph.;Bio2904], BPO, and BBO, and investigating their physicaperties. Furthermore, we
preformed the characterization of BB®gO and BBGQyMgO. They are constituents of
BBO/BPO heterostructures with single interface civlivere used from chapter 5 to chapter 7.

4.1 Ba(Pbo_75Bio_25)03 Films

First, the growth conditions of oxygen pressure apbstrate temperature were
optimized in the fabrication of solid-solution Bb{ABio290s films. Superconducting

properties of films were also investigated.

4.1.1 Fabrication by Using a Stoichiometric Target Material

The material with the nominal composition of Ba(HBio29Os was prepared as a
target compound for a laser ablation of PLD. Bg@&BQ, and B}O; powders were mixed to
be Ba:Pb:Bi = 1:0.75:0.25, and sintered at 8D(for 2 days. The obtained materials were
pelletized for the PLD target and were heated aé®00°C by using a spark plasma sintering
(SPS) method.
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Figure 4-1(a) shows&68 scan of XRD pattern in BPBO films, which were fedted
at the oxygen pressupé30 mTorr and 190 mTorr, keeping the substratpézature at 60TC.
The total thickness of both films was estimatedd@bout 250 nm by XRR measurement. In
XRD pattern, all peaks except for MgO contributase considered to be originated from the
reflection of perovskite-type structure with outptdine lattice parameters about 4.28 A ~ 4.30
A. These value are comparable to those of bulk BadBly290s. However, the epitaxial
growth along [001] direction was not realized. Thenber of peaks depended on oxygen
pressure. The BPBO film deposited at 190 mTorrthadoeaks from 0Gand @ reflection,
while the BPBO film with oxygen pressure of 30 nlincluded various kinds of Bragg peaks
This oxygen pressure dependence indicates thatrhiglygen pressure is needed to realize
BPBO films with high orientation.

Full width at half maximum (FWHM) afuscan around 002 reflection at 30 mTorr and
190 mTorr were 1.1° and 0.52°, respectively. SthiseFWHM is a parameter of crystallinity,
the lower value of FWHM at 190 mTorr suggests highmlity of BPBO films. In addition, a
coherent epitaxial film generally has FWHM fscan with less than ~ 0.1°. This implies that
the effect of epitaxial strain could be negligisgak in these BPBO films.

This difference in crystallinity was also confirmbg electrical resistance of films
which was measured at room temperature by a ciestier. Electrical resistance of films
fabricated at 30 mTorr and 190 mTorr were ~ Q0akd ~ 0.2 &, respectively. Low electrical
resistance generally suggests the high crystgligiitce the amount of impurity and the effect of
domain boundary is considered to be small. Theseattaut 2 8scan, FWHM ofwscan, and
the value of electrical resistance indicates tigtt bxygen pressure is a merit for the film

growth. In the following fabrications, oxygen prasswas fixed at 190 mTorr.
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Fig. 4-1. XRD measurement of BPBO solid solutiomdj fabricatedinder several oxgen pressure:

26-@scan. (byvscan around 002 reflection peak.

Next, the substrate temperatuiig) (during deposition was controlled at 58D ~
800 °C. Figure 4-2 indicates XRD pattern o2 scan in obtained BPBO fiims. XRR
measurement determined that the thickness ofra8 fivas about 250 nm. At = 550°C ~
650 °C, the peaks of XRD pattern were not assigned by @h reflection of a perovskite
compound. Abovd = 700°C, BPBO films showed epitaxial growth along [00kgdion.
With further increase of temperature, the peakOdf @flection became broader and its peak
positon shifted to the lower angleTat= 800°C. In addition, the film synthesizedTat= 800°C
was too insulating to measure its electrical 1@sc& at room temperature by a circuit tester.
These behaviors of @9 scan in XRD and electrical resistanceTat= 800 °C might be
originated from the introduction of defects. Law are not good for the epitaxial growth,
although BPBO films deteriorate at high Therefore s around 700C is considered to be the

best temperature for realizing the epitaxial grasftBPBO films.
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Fig. 4-2. XRD measurement of BPBO solid solutidmdj fabricatedunder several substr

temperatures. (a) Whole figure @t 2scans. (b) Expanded figure around 004 reflectedk.p

Generally, thinner films are sensitive to the dagon of substrate in terms of free
energy. In order to demonstrate epitaxial growtlovbels = 700 °C, BPBO film with the
thickness of ~ 50 nm, ~125 nm, and ~250 nm wengcébd afls = 650°C andPo;= 190
mTorr Poz oxygen pressure). Figure 4-3 shows XRD patte26d scan in obtained BPBO
flms. The epitaxial growth of BPBO film on MgO sitate was realized at the thickness of 50
nm, while other BPBO films with the thickness oP5Inm and ~250 nm included the peaks
other than OOreflections. The lattice parameter of an epitaBBBO film with 50 nm is
estimated to be 4.277 A from the 004 reflectionis Nalue is comparable to the lattice
parameter of bulk BPBO, suggesting that the epitatiain is negligibly small. Thus, at the
thickness below 50 nm, epitaxial BPBO films mighidbtained even &t lower than 700C.
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Fig. 4-3. Z2@scan in XRD measurement of BPBO solid soli
films. BPBO films were prepared by changing thekitess.

As Fig. 4-4 (a) indicates, the superconductingsitians were observed below =
650 °C in the temperature dependence of magnetizatioper&nducting transition
temperaturd. was defined by the onset of a superconductingiti@m T. of BPBO films were
smaller than the bulk value of Ba@R#io.90s with T, = 12 K. In the temperature dependence

of resistivity, zero resistance states inductiveupierconductivity were also observed, as shown
in Fig. 4-4 (b) and (c).
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Fig. 4-4. (a) Temperature dependence of magnetigamiofor BPBO films. (b), (c) Temperature
dependence of resistivity for a BPBO film fabricate

The chemical composition of BPBO films dependdgmas shown in Fig. 4-5 (a). In
this chemical composition, we consider only Baafth Bi atoms, because the contribution of O
atoms in MgO substrate was found in the SEM-ED8tspe. Pb atoms tended to re-evaporate
easily with increasingds At Ts = 80C0C, the ratio of Ba, Pb and Bi is quite differeinfr the
aimed value of Ba:Pb:Bi = 1:0.75:0.25, indicatingré are many deficiencies in the BPBO film.
This off-stoichiometry afls = 800C could be the origin of high electrical resistaane the
peak shift in Z2&scan.
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Figure 4-5 (b) shows th@t dependence Gt is considered to be explained partially by
the chemical composition of BPBO films. Thatisyhich is the ratio of Bi in the total amount
of Pb and Bi, should be around 0.25 in order tizeesuperconductivity. However, even though
x was almost 0.25[; at Ts = 550°C was about 3 K which is smaller than the bulk e/ati
Ba(Ply 7Bip290s. This smallerT; of BPBO films cannot be understood in terms of Bne
contents, suggesting that there are other factolestérmind . of BPBO films.
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Fig. 4-5. (a) The ratio of Ba. Pb, and Bi in BPBIW$. (b) Substrate temperature dependeriice

Bi-content x and a superconducting transition teatpesT..
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4.1.2 Fabrication by Using a Pb-rich Target Material

In order to investigate the effect of the chemmainposition to superconducting
properties of BPBO films further, the compositioh a0 PLD target was changed to be
Ba(PR.7sx1 + 0283102503, indicating 22% excess of Pb. The mixture of Bag@BQ, and B}O;
powders were heated at 8UD for 2 days. The obtained materials were peltttioe a PLD
target, sintering again at 800 by SPS method.

BPBO films were fabricated at = 550°C ~ 700°C by using a Pb-rich PLD target.
Figure 4-6 shows 268 scan of XRD pattern for BPBO films synthesizedat 650°C and
700 °C. The thickness of these films was estimated ts BO nm. AtTs =700°C epitaxial
growth was observed, while the peak of 011 refiaatias included & = 650°C. This trend at
Ts = 650C was not found in the BPBO films fabricated byngsa Ba(PkBio 2505 target.
This indicates that the compositional change ofsfimight prevent from the epitaxial growth.
The peak position of BPBO films around 004 refiettvas the almost sameTlat= 650°C and
700°C. The out-of-plane lattice constants were estitiatée 4.277 A, which is similar to that
of bulk Ba(Pla78Bi0290s. Thus, we need not consider the effect of epltakiain, as in the

previous section.
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Fig. 4-6. Z8scan in XRD measurement of BPBO solid solutiondilming a target with t

nominal composition of Ba(Rkx«q + 024Bi021)0s. (&) Whole figure of 2 scans(b) Expande

figure around 004 reflection peak.
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All BPBO films showed a superconducting transitiothe temperature dependence of
magnetization, as shown in Fig. 4-7 (a). Whiledaggamagnetism was not observed at

650 °C, zero-resistance was observed in Fig. 4-7 (lmicahng the demonstration of

superconductivity.
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Fig 4-7. (a) Temperature dependence of magneticemofor BPBO films (b)Temperatui

dependence of magnetic moment and resistivity B#BO film fabricated af; = 650°C.

Figure 4-8 summarizeJs dependence of the chemical composition and the
superconducting properties for fabricated BPBOdilidere, T, was defined as the onset of a
superconducting transition in the magnetizationTAE 650C and 70€C, the Bi content
shifted to be arournki= 0.25 in BPBO films which were synthesized witAkarich target. AT
=650C, T;increased to 7.9 K from 2.6 K, andlat- 700C, superconductivity recovered with
T. = 6.9 K. In BPBO films at otheFs, T, was found to enhance. These enhancemerfis of

indicate that the chemical composition is one ef fdictors to determine superconducting
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properties. In additionl; of Ts = 650C with a Pb-rich target is higher than thafgf 550C
with a stoichiometric target, while the valuescaire close to 0.25 in both of BPBO films. This

suggests that the epitaxial growth might realigh fi. from the comparison of XRD patterns
between Fig. 4-2 and Fig. 4-6.
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Fig. 4-8. Substrate temperature dependence of riBduix and asuperconductir
transition temperatur€.. Solid line indicates the BPBO films fabricatednfr Pbrich

target, while broken line show the BPBO films sgsthed from stoichiometric target.
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4.2 BaPbO; Films

In this part, the growth conditions of BaRydns were considered by referring the
condition to fabricate solid-solution BPBO filmsdiscussed in the section of 4.1. This intends

to be the preparation for the fabrication of BBAIBReterostructures.

4.2.1 Fabrication by Using a Stoichiometric Target Compound

The target material for PLD method was prepardebtstoichiometric. Stoichiometric
mixture of BaCQ and Pb®@ powder were sintered at about 8@ for 2 days. An obtained
material was pelletized and heated at®@gain by SPS method.

BPO films were fabricated by changidg from 550°C to 750°C. During the
deposition, oxygen pressure was fixed to be 190mHigure 4-9 indicates@d scan of XRD
pattern for fabricated BPO films with the thickness 50 nm. Epitaxial growth of a perovskite
compound along [001] direction was observed aligwe700°C, while the films included the
peaks of 0 reflection belowTs = 650°C. This kind of temperature dependence was alsaifou
in the fabrication of BPBO films. Below = 700°C, the positions of 004 peak did not depend
on Ts. This indicate that the out-of-plane lattice cansbf BPO showed a constant value of
4.259 A fromTs = 550°C ~ 700°C. However, at onlifs = 750°C, the peak shifted to the lower
angle, implying the out-of-plane lattice constdnhgated to be 4.272 A. FMHW @b scan
around 002 reflection did not dependigrand the values of FMHW were estimated to be 1.3 ~
1.7° which is relatively large. This indicates that tingstallinity of BPO films was not high at
Ts = 550°C ~ 750°C. Thus the elongation of out-of-plain lattice ¢ansatTs = 750°C is not
considered to be originated from epitaxial strain.

Figure 4-10 showss dependence of electrical resistance and chenacgdasition for
BPO films. Electrical resistance of BPO filmTat = 750°C measured by a circuit tester was
one-order magnitude larger than at offierin the chemical composition, we considered the
contribution of Ba and Pb atoms, because the SER-§i2ctrum included the contribution of

O atoms in MgO substrate. Then, the ratio of FBRO films was calculated as the amount of
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Pb was divided by the total amount of Pb and Bacdphposition was almost 50 % below
600°C, inductive of stoichiometry, but above 6@) the ratio of Pb decreased with increasing
T, suggesting Pb is easy to re-evaporate at highgperatures. This off- stoichiometry is

considered to be origin of the high electricalstesice and the elongation of lattice constany at
=750°C.
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Fig. 4-9. XRD measurement of BPO films, fabricaieder several substrate temperatu@swWhol:
figure of 28 8scans. (b) Expanded figure around 004 reflectak.p

46



Pb-content (%)

45

40 1 ! 1 1 L
550 600 650 700 750
T, (°C)
Fig. 4-10. T; dependence oglectrical resistance for BPO films. .

Pb-content in BPO films.

4.2.2 Preparation for Fabrication of BaBiOy/BaPbO; Heterostructure
with Single Interface

Here, the condition of BPO film growth was considerfor the fabrication of
BBO/BPO heterostructure with single interface. Framevious section, it was found that Pb
atoms were easier to re-evaporate than Ba atorasdénto compensate the rack of Pb atoms,
the target of BPO where the amount of Pb is ridulshbe prepared. The nominal compositions
of PLD targets were set to be Ba:Pb = 1:1.11 (BaBh.») and Ba:Pb = 1:1.25 (BaPigOs+y).
Both of target materials were prepared by sintehigmixture of BaC@and PbQ@ powder at
800 °C for 2 days. Sintered materials of Baf0s.s; and BaPh{Os.5 were pelletized and
heated again by SPS method at ®@nd 650C, respectively.

BPO films were synthesized at sevefal by using BaPhOs.s and BaP{Os.s5
targets. During deposition, oxygen pressure wasl fim be 190 mTorr. Figure 4-11 shows the
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the XRD patterns of 8 scan for BPO films which were fabricated from &BadOs.starget,
These BPO films had the thickness of ~ 20 nnMTAt600°C ~ 700°C, BPO films performed
the epitaxial growth along [001] direction, whil®® film fabricated als = 750°C included
the peaks of 011 reflection. BPO films were foundemonstrate the epitaxial growth arotind

= 650°C, given the thickness of ~ 20 nm. The positiopeaks around 002 reflection depended
onTs At Ts = 650°C ~ 750°C, The positions of peak were almost the samee\ié position
shifted to higher angle & = 600 °C. From these peak positions, the out-of-planedatt
constants of BPO films were calculated to be 4280T, = 650°C ~ 750°C and 4.263 A &

= 600°C. The out-of-plane lattice parametefat 600°C was almost the same with bulk value
of BPO, indicating that there was not the epitagiain effect from MgO substrate. The
elongation of lattice constantsTat= 650°C ~ 750°C is considered to be originated from the
degradation of films rather than the epitaxialnst@he epitaxial stained films generally have a

high crystallinity, but FWHM ofw scan around 002 reflection is about 18 Ts = 650°C ~
750°C which is larger than 0.12°Bf= 600°C.
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Fig. 4-11. XRD measurement of BPO films, fabricateder several substrate temperatbyes

using BaPhydOs.s target. (@) Whole figure of @8scans. (b) Expanded figure around 002

reflection peak.
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Electrical resistance measured by a circuit tegteome larger at high&g as observed
in the films fabricated by using stoichiometrigtras mentioned in the section of 4.2. T At
600°C ~ 700°C electrical resistance is about 10, land the film afls = 750°C was highly
insulating to measure electrical resistance.

Figure 4-12 shows the@® scan of XRD pattern for the BPO films which were
synthesized from a BaPlgOs.starget. The fabrication was donelat 675°C ~ 750°C, and
oxygen pressure was kept at 190 mTorr. The thiskoieall BPO films was estimated to be ~
40 nm which was twice longer than that of fimsifzdied from a BaRkiOs.starget. All BPO
flms did not realize the epitaxial growth alon@10 direction, including the peaks of 011
reflection. The intensity of Bragg peak which wasigned by 011 reflection enhanced
relatively in comparison with the peak of 001 mdftan, asTs increased. This temperature
dependence of peak intensity indicates that the BP© with high orientation are easy to be
obtained at highefs. The position of peaks around 002 reflection ditidepend offs. Then
the out-of-plane lattice constant of BPO films vaémost the same value Bf = 675°C ~
750°C. These lattice constants of BPO films were esith@a be 4.266 A which was similar to
bulk value, indicating that epitaxial stain fronbstiate can be neglected. Electrical resistance of
BPO films which were measured by a circuit testengased from 0.Xkto 2 KQ with risingTs.
This Ts dependence of electrical resistance is similtratibof BPO films which were fabricated
by using other target materials of BaRla®d BaP0s.s

At last, we estimated Pb content in the total amotiBa and Pb for obtained BPO
films. In this estimation, the amount of O atoms wat considered for the reason described in
the section of 4.2.1. At all,, the content of Pb increased from BPO films faited by using
stoichiometric BaPb©target, as shown in Fig 4-13. This indicates tbempensation of
re-evaporation of Pb atoms. However, the chemaraposition of BPO films showed similar
value and temperature dependence in BaBhsand BaPh,{Os.s That is surprising because

the different composition of target materials wesed during the deposition of films.
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Fig. 4-12. XRD measurement of BPO films, fabricateder several substrate temperathges

using BaPb{Os.s target. (a) Whole figure of @8 scans. (b) Expanded figure around 00
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4.2.3 Preparation for Fabrication of BaBiOy/BaPbOs; Superlattice
Films

For the growth of BBO/BPO superlattices, we usedRhD chamber which was
different from that used in the fabrication of BBBO heterostructures with single interface. In
this section, the fabricating condition for of BRlths and was optimized again in order to

synthesize BBO/BPO superlattices.

In the previous sections of 4.2.1 and 4.2.2, wédirooed that Pb atoms were easy to
re-evaporate in BPO films. In order to compengaterack of Pb atoms, the targets of BPO
which contained the excess amount of Pb were gep&he nominal composition of PLD
target was set to be Ba:Pb = 1:1.11 (Bafh.») and Ba:Pb = 1:1.20 (BaPigOs.4. Both of
target materials were prepared by heating the reixtuBaCQ and Pb@powder at 800C for
2 days. Sintered materials of BaBRfs.s and BaPh,dOs.swere pelletized and sintered again
by SPS method at 70Q and 750C, respectively.

BPO films were synthesized at sevefal by using BaPhOs.s and BaPb,dOs+s
target. During the fabrication, the oxygen pressuas fixed to be 190 mTorr. Figure 4-14
shows the XRD patterns o8 scan for BPO films which were fabricated from BalDs.s
In a BaPh110s:starget, the thickness of all BPO films was esttiab be about 50 nm. At =
600°C ~ 700°C, BPO films did not perform the epitaxial growttgluding the peaks of 011
reflection. The position of peaks around 004 réfiaadid not depend ofy, indicating that the
out-of-plane lattice constant of BPO films did doainge ats = 600°C ~ 700°C. The values of
out-of-plane lattice constant were calculated te8864 A which agree with the bulk data of
BPO. This indicates that the effect of epitaxighistis negligibly small, like BPO films in

previous sections.
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Fig. 4-14. XRD measurement of BPO films, fabricaieder several substrate temperatbgesising

BaPh 1/Os,starget. (a) Whole figure of@dscans. (b) Expanded figure around 004 reflectatkp

Figure 4-15 indicates the XRD patterns &&scan for the BPO films which were
fabricated from BaRbdOs.s All of these BPO films had the thickness of ~ris0. At Ts =
650 °C and 700°C, BPO films demonstrated the epitaxial growth,levBPO film atTs =
600 °C included the peaks ofl 0eflections. The positions of peaks around OOlatsn
depended oms. At Ts=650°C, the peak of 004 reflection was the sharpestienout-of-plane
lattice constant was calculated to be 4.259 A whidhe almost same value as bulk. On the
other hand, afls = 600 °C and 700°C, the peaks became broader, indicative of lower
crystallinity, and their position moved to the lovangle region, implying that out-of-plane
lattice constants were elongated to be 4.277 A& A, respectively.

The Pb content increased from that of BPO filmsidated with a stoichiometric
BaPbQ target, indicating the compensation of re-evajmoratf Pb, as shown in Fig 4-16.
However, the chemical composition of BPO films, ekhiwere synthesized from target
materials of BaPROs:5and BaPh,dOs.5 showed similar value with the saedependence.
That is surprising, because the composition oétargaterials were different. In the section of
4.2.2, we also observed this trend that the chémaraposition of films did not depend on

some target materials.
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4.3 BaBiO; Films

In this section, the fabricating conditions for BE{hs were optimized in order to
synthesize BBO/BPO heterostructures. By consuttiegrowth conditions of BPBO and BPO

films, we investigated the conductions of synthegiBBO films.

4.3.1 Fabrication by Using a Stoichiometric Target Compound

The target material for the fabrication of BBO fliwas prepared to be stoichiometric.
Stoichiometric mixture of BaC{and BpO; powders was sintered around 8for 2 days.
Sintered material was pelletized and heated ag&bd0aC by SPS method.

BBO films were fabricated by controlling; from 550°C to 750°C, and oxygen
pressure was set to be 190 mTorr. Figure 4-17ateicKRD pattern of@8scan for fabricated
BBO films whose thickness was estimated to be rnb0BelowTs = 700°C, the Bragg peaks,
except for those of MgO substrate, are considerdoktassociated with O@eflections of
perovskite-type structure. At = 750°C, other extra peaks around 001 reflection wereapgd
in addition to the peaks from a [001] oriented pskite-type compound. The positions of 004
peaks depended dg Below 650°C, the peak positions of the 004 reflection weeealimost
same, indicating the out-of plane lattice constBBO films showed a constant value of 4.335
A which is similar to the bulk value of BBO. Theaps shifted to the lower angle area with
increasingls. This change in the peak positions indicates lthregation of out-of plane lattice
constant, whose values were 4.344 Asat 700°C and 4.365 A afs = 750°C. FWHM of w
scan around 002 reflection were ~°Ga6Ts = 550°C ~ 750°C, implying the crystallinity did
not depending oifs. Thus, the change of lattice constantTat 750°C is considered to be
originated from not the epitaxial stain from Mgsimate, but the degradation of film quality.
Extra peaks around 001 reflection might suggesippearance of impurity phases.

All BBO films were too insulating to measure elieelr resistance by a circuit tester.
This large resistance is thought to be originataa the charge order state formed in BBO films.

The impurity phases @t = 750°C was also considered to show insulating properties
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The chemical composition of BBO films dependedlgras shown in Fig. 4-18. In
analysis of the chemical composition, we took @dreut only Ba and Bi atoms, since the
contribution of O atoms in MgO substrate was olesem the SEM-EDS spectrum. The ratio
of Bi was calculated to divide by the total amooinBi and Ba. BBO films took apart from
stoichiometry afls = 550°C ~ 750°C, and Ba atoms were easy to re-evaporate at higher
temperatures. It is still not clear that the eldingaof out-of-plane lattice constant and the

sudden presence of impurity phase were relatdustoff-stoichiometry of BBO film als =
750°C.
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Fig. 4-17. XRD measurement of BBO films, fabricatedler several substrate temperatiiega

Whole figure of Z28scans. (b) Expanded figure around 004 reflectakp
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Fig. 4-18.T, dependence of Bi content in BBO films.

4.3.2 Preparation for Fabrication of BaBiOsy/BaPbO,
Heterostructures with Single Interface

The growth condition of BBO films should be optietlz in order to fabricate
BBO/BPO heterostructures with single interfaceni-tbe previous section, it was found that
Ba atoms were easy to re-evaporate in the depositBBO films. For the compensation of the
rack of Ba atoms, the target materials in the ggmihof BBO films should include excess Ba
atoms. The nominal composition of a PLD target seido be Ba:Bi = 1.12:1 (BaBiO3.y).
The target material was prepared by sintering thetura of BaCQ and ByO; powders at
600 °C for 2 days. Sintered materials were pelletized! la@ated again at 70C by SPS
method.

BBO films were synthesized by changifgfrom 600°C to 750°C. Figure 4-19
shows the XRD patterns of¢28 scan for the BBO films which were fabricated from
Bay 1BiOs.s The thickness of all BBO films was fixed ~ 40 i Ts = 600°C ~ 750°C, BBO
flms performed the epitaxial growth along 001 climn. The position of Bragg peak of 004
reflection did not depend oh. This indicate that the out-of- plane lattice ¢ants in BBO

films took the same value which were estimateatd.836 A. This lattice parameter is close to

56



that of bulk BBO, suggesting that the epitaxiaistcan be ignored as in the BBO films grown
by using a stoichiometric BBO target. In additibere were no extra peak 001 reflectiolsat
750°C which was different from the BBO film synthesifeam a stoichiometric BBO target.
All BBO films were too insulating to measure elieelr resistance by a circuit tester. This
indicates that the charge order state was stabiizeBBO films as fabricating with a
stoichiometric BBO target.

Figure 4-20 show3; dependence of Bi composition. In the analysihefdhemical
composition by SEM-EDS, the obtained spectrumsaudieel the contribution from MgO
substrate. The amount of oxygen is considered tmimliable when the compositions of BBO
were evaluated, as mentioned in the previous sedtinus, we dealt with the ratio of Bi in the
total amount of Ba and Bi. The Bi content decreasedl Ts from that of BBO films fabricated
with stoichiometric BaBi@target, implying that BBO films were close to lgestoichiometric.
This compensation for re-evaporation of Ba atonghifie related with disappearance of peaks

near 001 reflection dt = 750°C.
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Fig. 4-19. XRD measurement of BBO films, fabricatsedier several substrate temperatbgessing

Ba, 1BiOs.starget. (a) Whole figure of@dscans. (b) Expanded figure around 004 reflectatkp
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Fig. 4-20.T; dependence of Bi contents in BBO films. Red line,k@nd lineshow:

Bi content of BBO films fabricated from the targdtBaBiO; and Ba;BiOs.s

respectively.

4.3.3 Preparation for Fabrication of BaBiOs/BaPbO; Superlattice
Films

For the growth of BBO/BPO superlattices, we usedRhD chamber which was
different in the fabrication of BBO/BPO heterostues with single interface, as noted in the
section of 4.2.3. In this section, the fabricatingdition for BBO films was optimized again in
order to synthesize BBO/BPO superlattices.

In the section of 4.3.1, we found that Ba atom®\weesy to re-evaporate in the growth
process of BBO films. In order to compensate tble ¢ Ba atoms, the target materials of BBO
with the rich amount of Ba were prepared. The nahmompositions of PLD targets were set to
be Ba:Bi = 1.09:1 (BadBiOs:9 and Ba:Bi = 1.15:1 (BaBiOs.y. Both of target materials
were prepared by sintering the mixture of Bg@dd ByO; powder at 800C for 2 days.
Sintered materials were pelletized and heated ag&b0’C by using SPS method.

BBO films were deposited & = 550°C ~ 700°C, by ablating BgydBiOs.s and
Ba, 1Bi0s.stargets. In the fabrication of BBO films, oxygeregsure was fixed to be 190
mTorr. Figure 4-21 indicates the XRD patterns 8f¢%can for the BBO films which were
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synthesized from BadBiOs.s In Ba oBiOs.starget, the thickness of all BBO films was ~ 50
nm. At all T, BBO films performed the epitaxial growth. The ipos of peaks around 004
reflection did not depend oh, and the out-of-plane lattice parameters werenatgd to be
4.336 A in all BBO films. This lattice constantBBO films was similar to the reported bulk

data, indicating that BBO films were not affectgdhe epitaxial strain from MgO substrate.
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Fig. 4-21. XRD measurement of BBO films, fabricatedier several substrate temperatbgessin

Bay (BiO0;.starget. (a) Whole figure of2 &scans. (b) Expanded figure around 004 reflectiak p

Figure 4-22 shows the XRD patterns @t@scan for the BBO films which were
fabricated from Bai0s.s In Ba 1Bi0s.starget, the thickness of all BBO films was ~ 50 nm
At Ts= 600°C and 650C, BBO films demonstrated the epitaxial growth. tiiedpeaks around
004 reflection were located at the same positibhs indicates that the out-of plane lattice
constant of BBO film did not change&t= 600°C and 65CC. The value of lattice constant
was estimated to be 4.339 A. This lattice consthBBO films was close to the bulk value of
BBO, implying that the effect of epitaxial straioutd be ignored as in other BBO films
fabricated from different target materials.

All BBO films fabricated from BgdBiOs:s and BaiBiOs.s targets were too
insulating to measure electrical resistance bycaitiester. These highly insulating properties

suggest that the charge order state was reali&8dnfilms, like in bulk BBO.
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In addition, we investigated the chemical compmsitf BBO films by estimating the
ratio of Bi in the total amount of Ba and Bi. Instlevaluation, the content of O atom was
ignored, and the reason was descried in the pseweations. As shown in Fig. 2-ZB,
dependence of Bi composition did not depend orusieel PLD targets, indicating that Ba is
easy to re-evaporate at higla By changing the composition of target materiBlscontent

decreased systematically. This implies that thepemsation of re-evaporation of Ba atoms was

performed.
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Fig. 4-22 XRD measurements of BBO films, fabricateder several substrate temperathyeasing

Bay 1 BI0;. starget. (a) Whole figure of2 8scans. (b) Expanded figure around 004 reflectadk.p
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Fig. 4-23.T; dependence of Bi contents in BBO films. Bi corgterit BBOfilms
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4.4 Characterization of BBO;5 Film and BPO,s Film

Before the investigation of BBO/BPO interface statege clarified crystal structures
and physical properties of BR{X25 unit cells ~ 11 nm)/sub and BB®75 unit cells ~ 33
nm)/sub which are components of BBO/BPO heterdstexwith single interface as discussed
in chapter 5.

The XRD pattern of &8 scan indicates that BR$£and BBQs films were epitaxial
grown on MgO(001) substrate. In Fig. 4-24(a), tmagB peaks, except for those of MgO
substrate, are considered to be originated frdmme@8ctions of perovskite-type structure. From
the peaks of 004 reflection, the out-of-planedattonstants of BBO and BPO were calculated
to be 4.338 A and 4.264 A, respectively. Theseegalre comparable with those of bulk

materials of BBO and BPO, indicating that thesedibre thought to perform the fully relaxed
growth.
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Fig. 4-24. XRD patterns of@@&scan for BP@/sub (red line) and BB@sub (black
line). (a) Wide range of@ &scan. (b) Peaks from 004 reflection.

BPOys film did not show superconductivity above 2.0 Kddhe resistivity is higher
than that of bulk BPO, which is reported to beraisaetal with the resistivity ~ 0.3 @ctm at
room temperature [18], as shown in Fig. 4-25. Twe temperature logarithmic increase of
resistivity as a function of temperature in BRPfdm (inset of Fig. 4-25) is likely ascribed tceth
effect of localization which is often discussedvio-dimensional metal [81]. BB@film did
not show a superconducting transition, either. rHsestivity of BBGs film was too high to

measure, implying that charge order state is predén the thin film of BBO.

1.60 . .

BPO,s (11 nm)

0o 100 200 300
T (K)

Fig. 4-25. (a) Temperature dependence of regsfioit BPQs (11 nm). Inset of (;

shows a log plot of resistivity below 10 K.
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4.5 Summary of This Chapter

In the fabrication of BPBO films, high oxygen peswas found to increase the
guality of films. Oxygen pressure during deposii®ifixed to be 190 mTorr in the following
fabrication of films. The chemical composition d?BO films depended oh, and affected the
superconducting properties. By changing the chémmaposition of target materials, the
composition of BPBO films was modulated, inducingf tsuperconducting. was enhanced in
BPBO films. The highesi; was observed to be 7.9 K in solid solution BPB@iof this study.
This T is smaller than that of bulk materials of Ba(f3Bi 25 Os.

In BPO films, it was difficult to realize the epital growth on MgO(001) substrate.
Epitaxially grown BPO films were obtained whentiiekness was less than 20 nm anadas
around 700C. The content of Pb decrease with ridiggndicating that Pb atoms were easy to
re-evaporate in BPO films. By increasing the amotiRb in PLD targets, the re-evaporation of
Pb atoms were compensated at some degree.

All BBO film fabricated on MgO substrate in thizidy demonstrated the epitaxial
growth along [001] direction. In BBO films, Ba atsrwere easy to re-evaporate, and the ratio
of Bi atom enhanced &3 increased. By using PLD targets which were ricBanatoms, the
re-evaporation of Ba atoms were systematically @nsgted in BBO films.

BPQOs (~ 11 nm) and BB@ (~ 33 nm) demonstrated epitaxial growth on MgO
substrate along [001] direction. In BEBub, localization effect was observed by the arsabf
temperature dependence of resistivity. On the dthed, BBGs was considered to preserve
charge order, because of highly insulating praggeriihese characterizations of B€b and

BBO;s are the preparation of chapter 5.
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Chapter 5
Fabrication of BaBiOs/BaPbO; Heterostructures

with Single Interface

The atomically flat BBO/BPO interface might demaaist charge transfer, resulting
two-dimensional superconductivity. Since a chargercssemiconductor BBO has much higher
resistance than that of a semi-metal BPO, therelifée of electrical resistance between
BPQ,/sub and BBEBPQ,/sub m (n) unit cells of BPO (BBO)] approximately providée t
resistance of BBO/BPO interface (sub: MgO(001) tsatas.

In this chapter, BB@ (33 nm)/BPG (11 nm)/sub with a bilayer structure was
fabricated on MgO(001) substrate. In order to fglatte relationship between transport
properties and the quality of interface, the faion of BPQs (11 nm)/BBQs (33 nm)/sub also
were performed. The quality of BBO/BPO was suggeBtam the surface morphology on
BBOys/sub and BPg&ysub.

5.1 Growth conditions for BaBiOs/BaPbO; Heterostructure with
Single Interface

From the discussion of chapter 4, the nominal caitipo of target materials were set
to be Ba:Bi = 1.12:1 (BaBiOs.9 and Ba:Pb = 1:1.25 (BaP¥Os.y, in order to compensate
the re-evaporation of Ba and Pb. During the depposithe substrate temperature and oxygen

pressure were kept at 650 ~ 675 °C and at 190 nndgperctively.
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5.2 BaBiO4/BaPbO3/MgO

Figure 5-3 shows XRD pattern of BR@11 nm)/sub and BB (33 nm)/BPG; (11

nm)/sub. In Fig. 5-3, the peaks except for theritmnion of MgO in both of films were

assigned with perovskite-type structure without unties, indicating the realization of the

epitaxial growth along [001]. In addition, 002 eefion peaks from BPO and BBO were clearly

separated. The out-of-plane lattice constants ofOBBnd BPO in BPg&sub and

BBOs/BPQx/sub were estimated to be 4.348 A and 4.265 A ctieply. These values are

almost the same length with the bulk values, imglyhat the epitaxial strain to BBO and BPO

from MgO substrate is negligibly small.
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Fig. 5-1. XRD pattern of &8scan for BBG/BPOxysub and BPg&sub. (a) Wide range
26-Fscan. (b) Peaks from 002 reflection.
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5.3 BaPbO4/BaBiOs/MgO

BBO/BPO interface was also realized in BPQ1 nm)/BBQs (33 nm)/sub with a
bilayer structure, where BPO was deposited onft&B0 film grown on MgO(001) substrate.
In Fig. 5-2 (a), four peaks beside the reflectimmf MgO substrate are consistent with the
epitaxial thin film of a [001] oriented perovskiigse compound without impurities. The peaks
near 004 reflection of MgO are clearly separatedhasvn in Fig. 5-2 (b). The out-of-plane
lattice constants are estimated to be 4.354 A4a&&8 A, corresponding to that of BBO and
BPO, respectively. These lattice constants are aahle to the values of bulk BBO and BPO,
implying that the epitaxial strain from MgO subtgrs negligibly small in BP&/BBO;s/sub,
like in BPQs/sub and BB@/sub.
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Fig. 5-2. XRD pattern of & 8 scan in BB@/BPO,4sub. (a) Wide range of2 8 scan. (b) Pea

around 004 reflection
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5.4 Quality of BaBiOs/BaPbO; Interface

In order to realize superconducting interface kyrgd transfer, the higher quality of
BBO/BPO interface is needed. The surface morpholafgiBBO;s/sub and BP&ysub is
important for the demonstration of atomically B&8O/BPO interface.

The difference of surface morphology was confimiigdRHEED image, which
contains the information about the surface straatimaterial. Figure 5-3 (a) and (b) show the
RHEED patterns of BB&'sub and BP&Y/sub, respectively. In BRgsub dot-like pattern was
observed, while BB@'sub showed streak pattern, implying that B#Db demonstrated a

smoother surface.

(a)

Fig. 5-3. RHEED patterns of (a) BRGub and (b) BB&Ysub.

This trend about the surface roughness was alskethby AFM measurement. Figure
5-4 (a) and (b) shows the surface images of BB and BP&/sub observed by AFM
observation. The roughness of root mean square R® estimated to be 0.97 nm on BPO
(11 nm)/sub and 0.34 nm on BR@33 nm)/sub. These RMS were obtained by the angrag
values which were measured at five different plagttsthe area of 5000 nm x 5000 nm. This
indicates that the surface of BBSub was flatter than that of BR8ub. Generally the fully
relaxed film is difficult to realize flat surfadeut it is surprising that RMS of 0.35 nm on BBO
was less than one unit cell of BBO (~ 0.43 nm). ddwer, the surface of BB&sub had the
smaller domain structure than that of BE§dIb, as shown in Fig. 5-5. The maximum height
difference Rnay ON the surface of BBfgsub and BP&Y/sub were estimated to be 3.6 nm and
11 nm in the region of 5000 nm x 5000 nm, respalgtiihese values dRn.x support the
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formation of larger domain on the surface of B#SDb quantitatively. Therefore,
BPQ,yBBOy/sub has a possibility to realize higher qualityB&O/BPO interface, which is

expected to be superconducting.

AT
o

i
o &

A

co T S i SHRE
o S T
A K ‘,_."“‘ AL
R PR DR
| PPN O D AT S
o SR R Y e -z., ,‘Q.,;_;‘ I
P’y s d L XK
Do Ca DR SIoEE RADP:

Fig. 5-4. Surface images obtained by AFM. (a) ertd BPG; (11 nmjsub. (b) Surface of
BBO;s (33 nmjsub.
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Fig. 5-5. Three-dimensional views of the surfagesire. (a) Surface of BRE11 nmjsub.
(b) Surface of BB@ (33 nmjsub.
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5.5 Summary of This Chapter

In this chapter, BBO/BPO interface was fabricatethe films of BBGy/BPOy/sub
and BPGQ/BBOgsub with a bilayer structure. From the analysiXRD pattern, these films
demonstrated a [001] oriented perovskite struatitf@ut impurities. The peaks ird2dscan
of XRD were separated, implying the contributioonir only BBO and BPO. Out-of-plane
lattice parameters of BBO and BPO in BBBPO,y/sub and BP&/BBO;s/sub, which were
close to that of bulk data, suggest the negligibigll effect of epitaxial strain, as summarized in
Table 5-1.

In order to evaluate the quality of interface iesdn heterostructures indirectly, the
surface roughness of BR{3ub and BB@/sub was focused. AFM measurement and RHEED
image suggested the surface of Bg&ib was flatter than that of BRBub. This indicates that
BPO,5/BBO;s/sub might realize the sharper BBO/BPO interfaaa BBGs/BPQys/sub.

BPO,s/MgO 4.264 A -

BBO,s/MgO - 4338 A
BBO,s/BPO,:/MgO 4.265A 4348 A
BPO,s/BBO,:/MgO 4258 A 4.354 A

cf Bulk[13] 4.26~427A  434~435A

Table 5-1. Out-of-plane lattice parameters of BROBBO in BPQysub, BBG4suh
BBO,BPQO,5/sub, and BP&BBO,5/sub.
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Chapter 6

Superconductivity at BaBiOsy/BaPbOs Interface

In this chapter, we evaluated transport propasfi@&B80O;s (33 nm)/BPG; (11 nm)/sub
and BPGs (11 nm)/BBQs (33 nm)/sub, and discussed that BBO/BPO interdigraonstrate
superconductivity or not. The dimensionality of exgonductivity is important to proof that a
superconducting transition occur at BBO/BPO interfdf detailed characterization reveals
two-dimensional nature of superconductivity, theéerfiace is considered to realize a
superconducting transition. Angular dependence pdeu critical field depends on the
dimensionality of superconductors. A Berenizingkisterlitz-Thouless transition which is
characteristic for two-dimensional system can beelabd on a current-voltage measurement

and a temperature dependence of electrical resstan

6.1 Superconducting transition in BaPbO,/BaBiOs/MgO

Figure 6-1 indicates the temperature dependenetedfical resistance (a) and Hall
resistance (b) for BP@sub and BB@/BPOxsub. The electrical resistance of
BBO/4BPQOxs/sub was smaller than that of BBub around room temperature in Fig. 6-1 (a),
probably because of conducting BBO/BPO interfabe. dhange in temperature dependence of
electrical resistance from BBEBPOys/sub to BP@/sub implies semiconducting behavior of
BBO/BPO interface. This semiconducting behaviorhtige originated from carrier-doped
BBO due to the charge transfer across BBO/BPOfaater The absolute value of Hall
resistance also decreased in BEBPOys/sub, as shown in Fig. 6-1 (b). The amount of eai
is expected to be increased by introducing BBO/BRE&face. These behaviors of transport
properties support the charge transfer at BBO/BR@face. In spite of clear signature of
charge transfer at BBO/BPO interface, supercondiydiid not appear in BB@BPOx5/sub.

The temperature dependence of electrical resistanB®Qs/BBO.s/sub was quite
weak and showed the zero-resistance indicativesaparconducting transition beldw= 3.6
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K (#1), as shown in Fig. 6-2. Considering that hegitBPQgsub nor BBGysub is a
superconductor as described in the section ofsdpkrconductivity is realized at BBO/BPO
interface. Figure 6-2 also indicates the temperati@pendence of electrical resistance for a
different sample of BPEBBO;s/sub (#2). In #2, electrical resistance was alisiostar to that

in #1, and zero-resistance was observed b&lew2.5 K which is smaller than that in #1. This
suggests thai.depends on samples, and is considered to haantefrom 2.5K to 3.6 K.

In Fig. 6-1 (a), the value of electrical resistamc®&PQyBBO;5/sub is smaller than
that in BBGQ4BPQO,y sub. Temperature dependence in BfEBBO;s/sub showed a less
semiconducting behavior than that in BBBPO,5/sub. In the absolute value of Hall resistance,
BPQ,yBBO;s/sub showed the lowest value as shown in Fig.l§-This implies that the more
carriers are accumulated on BBO/BPO interface i@8BBO;s/sub than BB&/BPOx/sub.
The differences in electrical resistance of Hallstance imply that BRGBBO.ssub has the
higher quality of BBO/BPO interface, enhancing #meount of the charge transfer. These
differences between BBEBPO,5/sub and BP&/BBO.s/sub might be related with the quality
of BBO/BPO interface, inferred in the section &.5.
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Fig. 6-1. Temperature dependence of transport pegpefor BBQsBPOy/sub (green
BBO,yBPOy4/sub (blue), and BPgsub (red). (a) Electrical resistance. (b) Halktasce.
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from 10 K to 0 K. Zero resistance was observedblé K in #1 and 2.5 K in #2.

6.2 Dimensionality of Superconductivity in BaPbO,/BaBiOs/MgO

6.2.1 Criterions for Two-dimensional Superconductivity

Before the identification of dimensionality of supnductivity, it is introduced

physical phenomena which are expected in two-dimeaisystem.

Tinkham Model

Superconductivity is destroyed by magnetic fielthe Tmagnetic field to break
superconducting state perfectly is called as tiperugritical fieldH.,. The angular dependence
of Hc, reflects the anisotropy of superconductivity, h& associated with the dimensionality
of crystal structures or artificially fabricatedustures not the symmetry of cooper pair. When
superconductors have three-dimensional structurghouwti anisotropy, He, from

Ginzburg-Landau (GL) equation is given by
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o)
H., = W,

(Eq.6-1)

where,¢ is the superconducting coherence lengthdeyid the quantum flux.

Considering the anisotropy in three-dimensionalestgmductors, the anisotropic
effective mass of electronsis often introducedn is known to be proportional to ¥ Awithin
GL theory. In particular, two-dimensional systens e anisotropy about two directions,
indicating that effective masses of electrons asertbed asy, in two-dimensional plane and
m perpendicular to the plane. Taking into accounttie kind of mass anisotropy into GL
equationHez para, Which isH at magnetic field parallel to the plane, is exgedsas

Do

ch,para = m- (Eq.6-2)

On the other hand, at magnetic field applied pelipafar to the plandi. peris described as

Dy
ch,per = anzb . (Eq-6'3)
a

In quasi two-dimensional system, conduction caraee confined in the plane, implying thagt
is heavier thamy, That is,& is smaller thaif,, Thus we can observe the anisotropigflike

Heo para> Hez per The angular dependenceaibis shown in below equation.

(chw)cos@) ; (W) -1 (Eq.6-4)

HET HE
This model is called as the anisotropic GL modg].[8 this relationshipd = 0 means the
magnetic field is applied in the plane.

The situation changes in the system with highly-dmoeensional character like thin
film superconductors. In particular, when the thess of fimd is shorter than, the
anisotropic GL model is not applicable to descrihe angular dependence B, In
superconductors confined in a very narrow regloe angular dependenceH; is discussed
by M. Tinkham [83]. When GL equation is solved asig that the locations of film edges are
+d/ 2 and the vector potential is used asH@, 0), the angular dependenceafis given by
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H.,(6)cos6
e
HCZ

Hc,(0)sing\’
+ (T2mm) -1 (Eq65)
HCZ

This model is named by Tinkham model, yielding éisemation about the thickness of the

superconducting layekinknam like

per
60, H>.
T[(Hpara)Z'

c2

drinkham = (Eq.6-6)

The big difference of the anisotropic GL model dimtkham model is the behavior
around O degree. As fig. 6-3 indicates, Tinkhamehbés a cusp at O degree, while there is no
cusp in the anisotropic GL model.

Using these two models, the dimensionality of s@mgerconductors is classified
experimentally. In a layered perovskite supercaod@sRuQ, the angular dependenceHy
is described the anisotropic GL model (Fig. 6-4 {aflicating this compound is an anisotropic
three-dimensional superconductor [84]. The exardpionstrating Tinkham model is an
artificially fabricated delta-doped structure ofTi®; (Fig. 6-4 (b)) [85]. In this case,
two-dimensional superconductivity is realized, ahglam agree with the thickness of
Nb-doped layer. More interestingly, in a high-Tpereconductor BSLCaCuOs which has
two-dimensional crystal and electronic structulge trossover from two-dimension to
three-dimension is observed as a function temperggig. 6-4 (c)) [86]. Due to the temperature
dependence of., the distance between superconducting Ll@ck layers is longer thaf

below certain temperature, indicating superconalyddiyers can exist independently.
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Fig. 6-3. Schematic picture of the anisotropic Gidet (left) and Tinkham model (right).
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Berenizinskii-Kosterlitz-Thouless Transition

In the low dimensional systems, the thermal fluna are strong. Such kind of strong
fluctuation disturbs the occurrence of phase tiansi Mermin—Wagner theorem suggests that
two-dimensional systems have no phase transitimause the fluctuation prohibits the
development of a long range order. However, invileedimensional system described by¥a
model, a quasi-ordered phase without a long rardgr can be realized at low temperature.
This phase transition is called as Berenizinskitéditz-Thouless (BKT) transition [87-89].
First, superfluid helium film is found to undergdB&T transition. After that, Beaslegt al.
reveals that this BKT framework can also appijeothin film superconductors [90].

The fluctuation in the phase part of a wave functiwhich describes the
superconducting state generates vortex and aefivdithiere is an attractive interaction between
vortex and antivortex having logarithmic dependdndbe distance between vortexes. Due to
this attractive interaction, vortex and antivoifiaxns pairs at low temperatures. With increasing
temperature, the thermal fluctuation starts tokbvestex-antivortex pairs and generate freely
moved vortexes at a BKT transition temperatligz). When the system has large fugacity, a
high density of vortex-antivortex pairs is realizéu this condition, an ionic-like crystal of
vortex-antivortex is predicted to be formed [91].

In two-dimensional superconductor, the transitiwa the superconducting state would
also be a BKT transition, characterized by a ttianstemperatur@yr. The formation of the
vortex-antivortex pairs realizes the zero-resigtatate belowxr. When freely moved vortexes
are generated aboVer, these vortexes induce non-ohmic conduction. Tthas<T transition
is supported by no-linearity in the currehtvpltage {) characteristics likeV o< 1% with

a(Tekt) = 3. Temperature dependence of electrical rasisia reflected by a BKT transition.

b
R(T) o< Ryexp|— T TBKT)l/Zl (Eq.6-7)

whereR, andb are a parameter depending on materials [88]. A BHiisition is observed
experimentally in LaAI@SrTiO; interface superconductivity. In this case, thedgagreement
of T, andTgkr is reported [60].
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6.2.2 Angular Dependence of Upper Critical Field of
BaPbO5/BaBiOy/MgO

Two-dimensional character of the superconductivitgvealed by detailed
characterization supports that a superconductmgition occurs at an interface. As shown in
Fig. 6-7 (a), the upper critical field., of BPQsBBO.s/sub measured at 2.0 K showed a strong
angular dependence, which is characteristic faersopductors confined in the narrow region.
This measurement was performed in the sample of Fij 6-2. The penetration of quantum
flux parallel to the plane is suppressed if thekiiess of a superconductor decreases below a
Ginzburg-Landau (GL) coherence length as explainetie section of 6.2.1. Thubi, of
superconducting films has a maximum value whemrihgnetic field is applied parallel to the
film, and reduces monotonically with increasing d#mgle between the superconducting plane
and the magnetic field. Moreover, Fig. 6-7 (b) sh@acusp in the angular dependendd.of
around O degree which is the characteristic fediretwo-dimensional superconductors,
described by Tinkham model. In anisotropic threeetlisional superconductors, the angular

dependence dfi;does not have any cusp around O degree, explajnt effective-mass

better than effective-mass model (Fig. 6-7 and Bi§), proofing the two-dimensional
superconductivity at BBO/BPO interface.

From Tinkham model, the thickness of supercondyclayer drinnkham and the
superconducting coherence length in the pfasgare estimated to be 8.3 nm (~ 19 unit cells)
and 17 nm at 2.0 K, respectively. The ratid @f./ drinknamiS ~ 2 at BBO/BPO interface, which
is smaller than ~ 7 at LaAYSITIO; interface superconductivity [67]. This differenice
two-dimensionality between LaA¥SITIO; and BBO/BPO might be originated from the
orbital characters that 6s orbital of Pb or Besslanisotropic than 3d orbital of Ti. The thicknes
of superconducting layer of 8.3 nm is reasonahl|dizrstand the existence or non-existence of
superconductivity in BB&@/BPOxs/sub and BP@/BBOs/sub. From the discussion in the
section of 5.4, the BBO/BPO interface in BBBPO,y/sub was expected to have irregularity ~

11 nm at maximum, while BRgBBO;/ sub could show irregularity ~ 4 nm around
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BPO/BBO interface. Thus, in only BBgBPOyxs/sub, superconductivity was considered to be

be realized due to small roughness at interface.
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Fig. 6-7. Angular dependence of upper criticatifiel BPQ4/BBO./ sub at 2K. Broken lir
indicates Tinkham model. (a) Wide rangé&ldb) &around O degree.
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Fig. 6-8. Angular dependence of upper criticatifiel BPQ4BBO,4 sub at 2K. Broken lir

indicates the anisotropic mass model. (a) Widezrahg (b) faround O degree.
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6.2.3 Current-voltage Characteristics in BaPbOs/BaBiOs/MgO

In a two-dimensional system, the transition ineogbiperconducting state is anticipated
to be a Berenizinski—Kosterlitz—Thouless (BKT)ns#ion, where a transition temperature is
defined adgkr. As mentioned in the introduction of this chaptes, intrinsic large fluctuations
with a two-dimensional system generate vortexesamtigiortexes, which form pairs below
Tekr. The BKT transition is supported by no-linearity the current If-voltage V)
characteristics agis proportional td? with a(Tgkr) = 3. We observed the no-linearity in thé
measurement of BREBBO,s/sub, which can be explained by a BKT transitidms Buggests
that Tgkr is located between 2.6 K and 2.7 K in Fig. 6-7Thjs measurement was done with
the sample of #2 where zero resistance was re@igted 2.5 K, as shown in Fig 6-2.

In addition at temperatures close Texr, temperature dependence of electrical
resistance is known to behave IIRe= R, exp(b/(T - Texr)Y?), whereR, andb are material
parameters. In Fig. 6-7 (b), electrical resistaid@P Q.5/BBO;5/sub displayed this temperature
dependence, meaning that a BKT transition expéotedcur as in theV measurement, and
Tekr Was estimated to be about 2.7 K These two angighisthe almost samigr, indicating
that this two-dimensional superconductor undergaeBKT transition at ~ 2.7 K. In
BPQy/BBOs/sub, Tkt is comparable withl, in the temperature dependence of sheet

resistance , as observed in Lag&TiO; interface superconductivity [60].
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6.3 Summary of This Chapter

First, the signature of charge transfer was obddoyethe comparison of transport
properties between BBEBPO,s/sub and BP&Ysub. A superconducting transition with =
2.5 K ~ 3.6 K was demonstrated in BEBBO.s/sub. The demonstration of superconductivity
only in BPQ#BBO;ssub suggests that BRBBO.ssub realized the higher quality of
BBO/BPO interface than BB@BPO,y/sub. This agrees with the prediction from theaaaf
morphology of BB@ysub and BP&/sub in chapter 5.

Two dimensionality of superconductivity in BRBBO.ssub was confirmed by an
angular dependence Hf, described by Tinkham model and a current-voltdngeacteristics
indicating a BKT transition. This two-dimensionalature supports strongly that
superconductivity was realized at BBO/BPO interfaiekham model suggested that the

thickness of superconducting layer was estimatbd &3 nm (~ 19 unit cells).
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Chapter 7
Characterization of Superconducting

BaBiOs/BaPbO; Interface

In the previous chapter, we found a supercondutttimgition in BPO/BBO/sub. This
superconductivity seemed to occur at BBO/BPO mberf because detailed analysis provided
the evidences of two-dimensionality.

In this chapter, we discussed the origin of supehectivity at BBO/BPO interface.
There are two possibilities about the origin of tinterface superconductivity. One is charge
transfer at BBO/BPO interface without the integ-stixing. The other is the formation of a
solid-solution superconductor at BBO/BPO interfagecation interdiffusion. Thus, we would
like to consider which a realistic scenario is tijzing the experimental data. In order to clarify
the atomic distribution near BBO/BPO interface,T&B-EDS measurement was conducted.
In a solid—solution BPBO superconductor with thekitess about 8.6 nm, transport properties
were investigated. At last, we considered chamgester quantitatively from the calculated

transport properties at BBO/BPO interface.

7.1 Real Space Image of Cross-sectional BaBiO3/BaPbO; Interface

Interface superconductivity is expected to occly ahatomically sharp interface. In
order to clarify the atomic profile of BBO/BPO irfece, STEM measurement was demonstrate
on the cross-section of BR{BBO;s/sub. The distribution of Ba, Pb, Bi, and O atoraarrthe
cross-sectional BBO/BPO interface was also invesiibby EDS analysis. Figure 7-1 shows a
high-angle annular dark field (HAADF) image of BBBBO;s/sub which has a MgO capped
layer . The capped layer played a role to protecsémple from the damage in the processing
for the measurement. HAADF image show a clear kamyrithe between BBO and BPO. EDS

mapping of Pb and Bi indicates that the catiorrdiftasion is not likely to occur. The depth
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dependence of counts suggests that the thicknegsraofixing layer was seemed to be ~ 2 nm
at most, as shown in Fig. 7-2. However, it is clili to understand the depth dependence of
counts, because the count of X-ray must be incldced the neighbor atoms excited by
scattered electron beam. This indicates that #geddrcation interdiffusion could be less than 2
nm. Thus, in BP&/BBO;5/sub, the effect of inter-site mixing is considebé negligibly weak,
because the thickness of superconducting layercalaslated to be 8.3 nm @inkham N

chapter 6.

MgO film EDS mapping area

BaBiO,

MgO
substrate

Fig. 7-1. HAADF image of cross sectional BBO/BP@iiface in BPQ/BBO,4sub.

Pb 0 100 Bi 0 100

(nm)

Distance

1lm

Fig. 7-2. EDS mapping of cross-sectional BBO/BP@rfiace.Purple dots and blue d

indicate Pb and Bi, respectively.
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7.2 Electrical Resistance of Ba(Pb1.4Biy)Os Film

In order to clarify the effect of inter-site mixirgg BBO/BPO interface, transport
properties was investigated on the thin film inrigd the layer of solid-solution
Ba(Ply7Bio290; which has the highesk; in bulk BPBO. Superconducting BBO/BPO
interface was covered with a BPO layer which mattegsurface scattering weaker. Thus, BPO
capped Ba(RhPBip290s; film is valid to evaluate the effect of cation ertiffusion at
BBO/BPO interface. Figure 7-3 shows that in BF&PBOy (~ 8.6 nm) film, electrical
resistance was higher thah/(2®> (= 6.5 K))which is a critcal value of
superconductor-insulator transition [92], and stmegtuctivity did not appear. These behaviors
suggest that disorder by solid solution inducedldbalization of conduction electrons. This
localization effect which is often seen in two-dirsienal systems, is considered to cause the
high electrical resistance. Therefore, it is dilfico consider that the superconductivity at
BBO/BPO interface originates from accidentally fedrBPBO by inter-site mixing, because

the angular dependencettf yield a estimation of the thickness of supercotayitayer to be
8.3nm (:d'l’lnkhan)-

/
Interface | BBO,;

0 100 200 300
T (K)

Fig. 7-3. Electrical resistance of a BPBO film aaghjpy BPO. Black line is BREBPBOy, anc
blue line is BP@/BBO;s superconductor. Broken line indicat#€2e)’ (= 6.5 K2) which is

critical value of superconductor-insulator tranaiti
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7.3 Estimation of Transport Properties at BaBiOs/BaPbO; Interface

In order to clarify the origin of two-dimensionalipgerconductivity at BBO/BPO
interface quantitatively, we performed the evatuabf transport properties at the interface. This
evaluation was done by using the difference insprart properties between BRSub and
BPO/BBOs/sub. The absolute values of the electrical resistaand Hall resistance for
BPOx/BBOys/sub were smaller than those of BF§ub. BBO/BPO interface is considered to
enhance electrical conduction, because BB@b is highly insulating. Thus, we assume that
BPQOy/BBO/s/sub is composed of three parts, namely, a senalimelayer (BPO), a
superconducting layer (BBO/BPO interface) and anlating layer (BBO). Since only BPO
and BBO/BPO interface contribute to the transpapgrties in this structure, the conduction
carriers are supposed to exist in BPO and at BPO/Bierface. Here, the interface part is
assumed to be equally distributed on BPO and BB, tlae total thickness of BBO/BPO
interface is fixed ashinknam(= 8.3 Nnm), which was the thickness of a supercdimdy layer
estimated from the angular dependenceHgf The resistivity and the carrier density of
BBO/BPO interface were calculated by using thellparasistance model and the two carrier
model [93] (Fig. 7-4).

The carrier density at BPO/BBO interface is arofirdx 16" cmi® which is twice
larger than that in BPQfilm, as shown in Fig. 7-5 (a). This indicated ttt@arge accumulation
occurs at BBO/BPO interface. The carrier density.4fx 16" cm® correspond to 1.2 x 0
cm” as a sheet carrier density, indicating two elastper unit cell.

In the assumption of uniform distribution, inteddtas 0.1 electrons. However this is
different from ideal value of 0.5 electrons. InkbBPBO, carrier density is not explained by the
simple band picture in the region of large Bi cohfg BBO/BPO interface, similar situation
might occur.

In addition, Fig. 7-5 (b) shows the estimated tie#is of BPO/BBO interface is
smaller than that of BRgXfilm, supporting that carrier doping is realizé®BO/BPO interface.
Even if the positon where the interface regiorritigies changes, the enhancement of carrier

density and the reduction of resistivity are stdinfirmed at BBO/BPO interface. These
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modulations of carrier density and resistivity 8@BPO interface are considered to induce
two-dimensional superconductivity.

This quantitative estimation of transport proper&ieBBO/BPO interface is suggestive
of charge transfer at the interface, because besaviors of BBO/BPO interface are different
from those of solid-solution BPBO in bulk. In sedidiution BPBO system, the resistivity is
known to be lowest at= 0 (BPO) and rises monotonically with increasiri8i content), while
the carrier density as a functionxadhows a maximum valuesat 0.25, corresponding to the
highestT. [13]. Thisx dependence of transport properties in BPBO solidigns implies that
the chemical substitution realizes the carriersappaccompanying the increase of resistivity
due to the introduction of disorder. Therefore,ftimnation of solid-solution superconductor at
the interface by inter-site mixing cannot expldia tecrease of resistivity and the increase of
carrier density at BBO/BPO interface, maintainihgttBBO/BPO interface demonstrates

two-dimensional superconductivity due to chargeste.

E Interface part

[Carriers exist in BPO and interface]

Parallel resistance model

1/ Rys.75= 1/Rgpo + 1/ Rinterface

Two carrier model

(1/RBPO)2 ny.BPO + (‘I/'E"Interface)2 ny.lnterface

(1/RBPO + 1//anterface)2

Xy,25-75 =

* R: Electricalresistance, R,: Hall resistance
25-75: Experimental value of BPO,s/BBO;s/sub

Fig. 7-4. Schematic figure of the analysis forgpmt properties of BBO/BPO interface (parallel

resistance model and two carrier model).
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Fig. 7-5. Transport properties of BBO/BPO interféag Temperature dependence of resistivity. (b)
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7.4 Summary of This Chapter

STEM-EDS analysis of a cross-sectional BBO/BPQfeate revealed that the cation
interdiffusion was not likely to occur. In a sofdiution BPBO film, superconductivity
disappeared due to disorder of solid-solution, wherfilm thickness was 8.6 nm (~ 20 unit
cells). These observation of STEM-EDS and trangpoyerties of BPBO film suggest that a
superconducting transition at BBO/BPO interfag®isoriginate from inter-site mixing near the
interface, by considering that the thickness oéstgmducting layer was estimated to be 8.3 nm
from angular dependenceld>.

In the estimated transport properties at BBO/BR&face, charge accumulation at the
interface was confirmed quantitatively. Moreovercrgase of resistivity and enhancement of
carrier density at BBO/BPO interface was not erplaiby solid solutions. This also implies
that this two-dimensional superconductivity waginated from charge transfer at BBO/BPO

interface.
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Chapter 8
Enhancement of Superconducting T,

in BaBi0Osy/BaPbO3; Superlattices

In chapter 6 and 7, BBO/BPO interface was foundstiow two-dimensional
superconductivity due to the charge transfer. Tipersonducting transition temperatdieof
BBO/BPO interface did not exceed the maximum vafumilk BPBO systems. A reason about
this lowerT, is considered to be the fluctuation of two-dimenai system. The carrier density
induced by the charge transfer across interfachtro&not enough high to surpdsof bulk
BPBO. In this chapter, we discuss the enhancenfiehitlay utilizing BBO/BPO superlattice
structure which intends the recovery of three-dsizgrality and the enhancement of the carrier

density due to the overlap of interface states.

8.1 Fabrication of BaBiOs/BaPbO3; Superlattices

From the discussion of chapter 4, the nominal caitips of target materials were
selected to be Ba:Bi = 1.15:1 (BéBiOs.4 for BBO and Ba:Pb = 1:1.20 (Ba2iDs.gyfor BPO,
in order to compensate the re-evaporation of BaRimduring the deposition, the substrate
temperature and oxygen pressure were kept at 63hd@t 190 mTorr, respectively. In the
fabrication of BaBi@BaPbQ superlattices, BBO was deposited on MgO subshtafist,
because BBO was found to have the flatter surfeare BPO from chapter 5. While the total
thickness of superlattices was fixed to be arouhdrb, the period of superlattice was changed
as a function afm, which means the number of BBO layers in a sisggeercell. In the synthesis
of superlattices, the depositions of BBO and BB@evperformed alternatively by controlling
the number of laser pulses. The chemical compositib superlattices was set to be
Ba(Pk.7Bio290; which shows the highedi; in solid-solution BPBO system. Figure 8-1

indicates the schematic picture of synthesized FHRD;, superlattices.
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Fig. 8-1. Schematic picture of the fabricated BBRO;,, superlattice.

Figure 8-2 (a) indicates 29 scan of XRD pattern for fabricated BREBPOsm
superlatticesng = 2 ~ 7). Epitaxial growth along [001] directiorasvconfirmed ain= 2 ~ 7.
From the peaks of 002 reflection, the lattice @istalong-axis are calculated to be 4.283 A,
which is the almost same value as bulk Bgf29Os. This lattice constant is considered to
be close to the average value of three BPO utstaetl a BBO unit cell, indicating that each
BBO and BPO layers in superlattice were not affElotethe strain from MgO substrate.

The superlattice peaks were observed@ndzscan of XRD pattern, and these peaks
were never seen in the bulk BPBO films as showign8-2 (b). Figure 8-3 indicates that the
superlattice periods which were estimated fronpthgiton of superlattice peaks are similar to
4m which is the ideal value of the period. SEM-EDSasueement revealed that the chemical
composition of all superlattices was found to beBPb 3:1, which is consistent with the
composition of BBEBPOs,, superlattices. The content of Ba was almost time s that of the
summation of Pb and Bi. The content of O atom vesconsidered, because MgO substrate
contributed to the spectrums of EDS and it wascdiffto estimate the amount of O in
BBOBPGsy superlattices. The periods and chemical compostiosuperlattice indicated
these BB@BP Oy, superlattices were synthesized as intended. Taleseations are a little bit
surprising, because Bi is next to Pb in the pazitable, implying that the modulation of

electron density between BBO and BPO is essertiaiil.
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8.2 Superconducting Properties of BaBiOy/BaPbO; Superlattices

In order to investigate the superconducting praseof BBQ.BP O, superlattices, the
resistivity of BBQBPGO;, superlattices were measured. Figure 8-4 (a) shmvemperature
dependence of the resistivity of BRBPOs,, superlattices and a Ba@#Big290; film.
Compared with a Ba(BkBio290s film, the value of resistivity clearly decreased i
BBOBPGO;s, superlattices. That is, the introduction of sugiick structures removed disorder
from solid solutions, indicating that the mean frath of conduction electrons become longer.

All the superlattices show superconductivity, asashin Fig. 8-4 (b). Zero-resistance
was realized an = 2, 3, but the resistivity did not goes downhie zero atn > 4. Here I is
defined as a temperature of onset for a superctingli@nsition.m dependence df; in Fig.

8-5 indicates the systematic behavior as follovtsnA=> 5, T, seems to be saturated around 4
K, andT. increases monotonically to 6.9 K with decreasirfgom 5 to 2. The constant value of
T, at largem suggests that the superconducting properties@mindted by the BBO/BPO
interface. In the case of > 5, the distance between BBO/BPO interfaces isgintauge for
interface itself to behave independently. On tiveroband, belown = 4, the interface region
start to overlap, resulting the enhancement.of hat is considered to be originated from the
recovery of three-dimensionality and the incredsikeonet carrier density due to the overlap of
interface. More interestingly, at = 5, one supercell is composed by 20 unit celBRD and
BPO. The length of 20 unit cells is comparableh®dyinknam ~ 19 unit cells which is the
thickness of superconducting layer at BBO/BPO fmte; estimated from the angular
dependence dl, in chapter 6. Therefore =5 is considered to be valid for the boundary tha

interface state overlap or not.
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8.3 Summary of This Chapter

We aimed at increasing the superconducting transiémperaturd. in BBO/BPO
superlattice structure since BBO/BPO interface Vi@asnd to show two-dimensional
superconductivity in chapter 6. The advantage#tioduce superlattice structure are considered
to be the recovery of three-dimensionality ancetifeancement of the net carrier density.

The fabrications of BBE@BPOsy, superlatticesn = 2 ~ 7) were confirmed by XRD
and SEM-EDS measurements. All BE&P Oy, superlattices show superconductivity.mit=>
5, T. was saturated, indicating that the supercondugbirmperties were dominated by
BBO/BPO interface. With decreasingn from 5, T, tends to increase, implying that
three-dimensionality is recovered and the netesatensity is enhanced due to the overlap of
interface state. Interestingtyy= 5 corresponds to 20 unit cell whose length @by nknam ~
8.3 nm,which is the thickness of superconducting BBO/BRterface, estimated from the
angular dependence ldf,. This critical length ~ 20 unit cell is consistenth the explanation

that the interface states overlap or not.
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Chapter 9

Conclusion

9.1 Realization of Two-dimensional Superconductivity at
BaBiOsy/BaPbO; Interface

BBO/BPO interface was found to undergo a superaimgutransition below 3.6 K.
The angular dependence of the upper critical fiklgdwas fitted well by Tinkham model,
indicating this superconductor has two-dimensiotladracter. BKT transition was also
confirmed in the current-voltage characteristicgpsrting that BBO/BPO interface displays
two-dimensional superconductivity.

Form the observation of RHEED and AFM, a superccinty BBO/BPO interface is
expected to be atomically flat. STEM-EDS mapping ofoss-sectional interface also suggests
that BBO/BPO interface is found to have smoothatatomic-scale in a real-space image.

The solid-solution BPBO film did not show superaactivity with the thickness of
drinknam Which is the thickness of superconducting lagémated from the angular dependence
of Hez. In the quantitative estimation of transport proge of BBO/BPO interface, resistivity of
BBO/BPO interface was smaller than that of BPO,fdmd the carrier density of BBO/BPO
interface enhance. These behaviors imply the atialivof charge transfer, and indicate that the
cation interdiffusion was not likely to occur at BBPO interface.

The enhancement @t is expected by creating heterointerfaces dueetweimoval of
disorder which is generally considered to redlicéndeed, the recent study suggests That
increase if disorder is removed in solid-solutid?B®. However], = 3.6 K anch = 1.4 x 16"
cm® at BBO/BPO interface is comparableTto~ 4 K andn ~ 2 x 16" cm® of bulk BPBO
superconductor [34], indicating that the fluctuatinith two-dimensional system might
compensate the effect of eliminated disorder.

The realization of superconductivity in a disomdgnoved BBO/BPO system is
important to develop superconducting propertieBRD/BPO heterostructure. The fabrication
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of BBO/BPO superlattices, which is removed therdsofrom BPBO solid solutions, might
enhance a superconducting transition temperatecaube the overlap of the interface region

recover three-dimensionality and increase careipsity.

9.2 Enhancement of Superconducting T. in BaBiOy/BaPbO;
Superlattices

Based on the realization of superconductivitysitgle BBO/BPO interface, we aim at
increasingl. in the system with multiple BBO/BPO interface. BEBP Oy, superlatticesn = 2
~ 7) were fabricated on MgO substrate. The anabfysi¥iRD and SEM-EDS showed that the
period and the composition of superlattices werstasded. All BBQBPG;,, superlatticesng
= 2 ~ 7) showed superconductivity was saturated at > 5, while the enhancement Tf
was realized with reducirfgom m = 5. Thism dependence 4t is explained by the control of
distance between interfaces. The consfanat m > 5 suggests that the superconducting
properties were dominated by BBO/BPO interfacegsihe distance between interfaces is long
enough to behave independently. On the other bi@hcrease of; belowm =5 indicates that
the overlap of conductive BBO/BPO interface stat®ver three-dimensionality and increase
the carrier density in the area between interfaces.

Modulation of T; by introducing the superlattice structure is ficgmt to develop
superconducting properties in oxide heterostrustufereviously, the dimensionality of
superconductor was controlled by changing the ieisk of films [84], bufl. has never
modulated. This study reveals that the distanceeface could be a parameter to determfine

opening the door to develop superconductor byiatjioxide heterostructures
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9.3 Possibility to Exceed Superconducting T. of Solid-solution
BPBO by Eliminating Disorder

The BBO/BPO interface superconductivity was redlizg charge transfer across the
interface, and BB@BPOs;, superlattices also showed superconductivigyof BBO/BPO
superlattice increased from that of a single BB@HBRterface with reducing the distance
between interfaces, implying the overlap of intefatate recover three-dimensionality and
enhance carrier density. Howeveéf, does not exceed bulk maximum value of 12 K in
Ba(PR78i0.290s.

Removal of disorder is confirmed by the reductidnresistivity in superlattices,
suggesting that disorder might not be responsibléofver T, of BPBO than that of BKBO.
Crystal symmetry is considered to be significamttfi@ superconducting properties in bulk
BPBO. Recently, the relationship between polymamhiand superconductivity in
Ba(Ph.Bix)Os has been discussed. This polymorphism means thastamce of tetragonal
phase and orthorhombic phase in superconductindBFP&ragonal phase is reported to be
origin of superconductivity. By comparison with BRB the tilting distortion of Bi@
octahedrons is suggested to demonstrate higleérBKBO than that of BPBO. In BBO/BPO
heterostructures, the crystal structures of BBO BR® are considered to take a cubic
symmetry without the tilting distortion. Thug, of BBO/BPO superlattice might exceed that of
bulk BPBO superconductors if disorder is removedgaktp the crystal symmetry of bulk BPBO.
In thin films, epitaxial strain can be controlleg &rystal distortions. Therefore, BBO/BPO
heterostructures have chances to realizehiglg further investigation about the crystal growth
of BBO and BPO.
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9.4 Perspective in BaBiO; Heterostructures and Other Oxides

This study demonstrated charge transfer and supkrciivity in BBO/BPO
heterostructures which are epitaxially grown al¢@@fl] direction on MgO substrate. The
control of crystal growth orientation is considetedenhance superconducting properties. In
BBO, the layers of Bf and Bf* are stacked alternatively along [111] directibithé thickness
of BBO becomes thinner and the number of BBO laigeessen, charge order state can be
modulated spontaneously. For example, let's canthidee layers of BBO along [111] direction,
implying that the layers of 8i, B>, and Bf* are stacked, In this case, the average valence of
Bi atoms is calculated to be 3.7 + [= (3 + 5+ 3Mdjich is not consistent with 4+ from ionic
limit. This disagreement of valence state indicaties possibility to destroy charge
disproportionation in BBO, resulting superconduigtiv his breaking of charge order does not
accompany the introduction of disorder. Therefdf] orientation of BBO film has a potential
to realize high.

Electrostatic doping on BBO is also interestingntvease superconducting properties.
In BBO/BPO heteroniterface, the accumulated chatexm temperature correspond to ~ 1.4
x 10" cm” as a sheet carrier density. This carrier dersigpimparable to expected value in
EDLT doping, but the thickness of charge distriduteea is different between BBO/BPO
interface and EDL. While the thickness of BBO/BR@iiface is estimated to be 8.3 nm, that of
EDL is expected to be a few nanometer, indicatieghiree-dimensional carrier density can be
higher by using EDLT structure.

Moreover, the creation of heterojunction betweel®BBd other oxides different from
BPO can be a platform to demonstrate higheThe amount of accumulated carrier at the
interface is considered to be a key to define sopducting properties. The carrier density at
the interface is determined by the difference a@nabal potential of materials which are
constituents of heterointerface. Therefore, by ¢bmbination of materials with a large
difference in chemical potential, there are charicegealize highT.. by constructing

heterostructures.
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