
Heterogeneity and crystalline defects

at complex oxide interfaces

Kazuhiro Kawashima



Abstract

Complex transition metal oxides show a variety of fascinating physical
properties such as Mott insulators, metal-insulator transitions, multi-
ferroics, colossal magnetoresistance and high-temperature superconduc-
tivity as well as charge, spin and orbital ordering. This diversity of
the properties is based on the strong correlation between charge, spin
and orbital degrees of freedom of electrons in the 3d orbitals. The in-
vestigation of these complex oxides is important for understanding the
collective phenomena and the fundamental mechanisms underlying in
the strongly correlated electron systems, in addition, novel applications
are also the intriguing aspects of the complex oxides. In this thesis,
high temperature superconductor YBa2Cu3O7−d (YBCO) and colossal
magnetoresistive ferromagnet La1−xCaxMnO3−δ (LCMO) thin films as
well as heterostructures composed of them were investigated. The goal
of this work is to understand a role of crystalline defects as represented
by oxygen vacancies and interface heterogeneity indicating structural
mismatches in terms of lattice constants and chemical compositions be-
tween adjacent layers in the complex oxides. The functional properties
of the YBCO and LCMO compounds are sensitively influenced by the
oxygen vacancies and the lattice strain, therefore this system is an ap-
propriate candidate for that purpose. As a result, it was shown that the
interface heterogeneity and the crystalline defects are interrelated with
each other, and they play a crucial role in determination of the prop-
erties of these complex oxide thin films as well as the heterostructures
of them. These consequences are not only a mandatory information to
grab a precise picture of the YBCO/LCMO heterostructures, but also
a fundamental understanding of the nature of the complex oxide thin
films in the real system.
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Chapter 1

Introduction and
motivation

Complex transition metal oxides display a variety of fascinating physical
properties such as Mott insulators, metal-insulator transitions, multifer-
roics, colossal magnetoresistance and high-temperature superconductiv-
ity as well as charge, spin, and orbital ordering. The basis for the diver-
sity of the properties is a nature of d electrons of the transition metals.
In a free transition metal atom, the 3d orbitals are composed of five
degenerated orbitals, namely, dxy, dyz, dzx, dx2−y2 and d3z2−r2 . These 3d
orbitals have spatially-anisotropic distributions and are stretched in the
specific crystallographic orientations. This anisotropy of the wavefunc-
tions as well as strong on-site Coulomb interactions cause an interplay of
electron conduction and localization in these compounds. In addition,
a similarity in energy scales of underlying mechanisms such as Hund
coupling, Jahn-Teller splitting, and crystal field splitting also supports
their rich functionalities. According to these characteristics of d elec-
trons, the transition metal oxides acquire a strong entanglement of the
charge, spin, and orbital degrees of freedom, resulting in a rich electronic
and magnetic phases.

The investigation of these complex oxides is important for under-
standing fascinating collective phenomena and the fundamental mech-
anisms underlying in the strongly correlated electron systems, in ad-
dition, novel applications are other intriguing aspects of the complex
oxides [1,2]. The fact that the properties of the oxides are extremely sen-
sitive to structural distortions and a shift of chemical compositions sheds
light on a pathway to engineering novel functionalities. Among a wide
range of crystalline structures of the complex transition metal oxides,
extensive attention has been devoted to a specific family so-called per-
ovskite oxides, whose chemical composition is denoted as ABO3 where
the A and B sites are metal cations, generally with smaller ionic radius
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for B than A atom, and O is an oxygen atom. According to the choice of
the A and B atoms, the average cation size and valence are influenced,
giving rise to a various physical phenomena as well as a change of the
functional properties. A contribution of the cation sizes is often param-
eterized by the Goldschmidt tolerance factor t = (rA+rO)/

√
2(rB+rO),

where rA, rB and rO are the atomic radii of A, B cations and oxygen,
respectively. The tolerance factor is an important parameter of the per-
ovskite oxides, which has an impact on the physical properties [3].

Taking into account of strong correlation between charge, spin and
orbital degrees of freedom, heterostructures composed of transition metal
oxides is an unique stage to design new artificial materials whose elec-
trical, magnetic and optical properties can be modified by a subtle ma-
nipulation of d electrons and orbital occupancy of them [4, 5]. When
two complex oxides are put in touch with each other, charge transfer
takes place due to differences in the chemical potentials of both oxides.
Charge transfer induces electronic reconstruction at the interface, and
possibly causes a new electronic phase. Epitaxial strain will also play
a role at the interface between different compounds. Due to a strong
coupling between charge, spin and orbital states in the complex oxides,
the lattice strain not only influences the functional properties quanti-
tatively but also causes the electronic and magnetic phase transitions.
These consequences are based on a nature of the complex oxides, and
motivate the research on the artificial heterostructures and their inter-
facial effects. In the following, the examples of the prominent interface
phenomena at the complex oxides are going to be presented.

First example is induced conducting and even superconducting states
at the interface of two insulating oxides; SrTiO3 (STO) and LaAlO3

(LAO). Both compounds are band insulators, however, when a LAO
layer is deposited on a TiO2 terminated STO substrate, the interface
shows a metallic transport and even becomes superconducting below
0.3 K [6, 7]. The metallic state at the interface occurs when the LAO
film thickness exceeds 3 unit cells [8]. There are several scenarios pro-
posed to explain the origin of the conductive LAO/STO interface. One
possible explanation is a charge accumulation driven by polar discon-
tinuity at the interface [7]. This assumption called polar catastrophe
scenario is based on a difference of the polarity in STO and LAO. STO
is composed of two different stacking atomic layers, namely, SrO and
TiO2. The valence states are Sr2+, Ti4+ and O2−, therefore SrO and
TiO2 layers are neutral. On the other hand, LAO is composed of the
LaO and AlO2 layers. Taking account of the valence state of La3+ and
Al3+, LaO and AlO2 layers have a charge of +1 e and -1 e, respectively,
and these atomic layers are polar. When the LAO layer was deposited
on the TiO2 terminated STO substrate, the polar discontinuity takes
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place between the Ti4+O2−
2 and La3+O2− layers at the interface of STO

and LAO. According to stacking of the atomic layers in LAO, an elec-
tric potential is promoted with the thickness of the LAO layer. To avoid
the divergence of the electric potential, charge of -1/2 e is added to the
TiO2 layer at the interface. By this charge, the electric field in the LAO
layer oscillates around zero and the electric potential remains finite. The
transferred electrons enter into the Ti d orbitals at the interface, con-
tributing on the metallic conductivity. Another possible explanation is
based on a cation intermixing at the interface. It was shown in scanning
transmission electron microscopy [9] and surface X-ray diffraction [10]
that the STO/LAO interface is not chemically sharp, and there exists
a La/Sr and Ti/Al intermixing between STO and LAO, resulting in a
formation of a (La1−xSrx)TiO3 layer at the interface, which could be
responsible for the conductive transport. Finally, the oxygen vacancies
could also contribute to the conductivity at the interface. It is well-
accepted that the conductivity shows a clear dependence on the deposi-
tion condition, especially on the oxygen pressure during the deposition
of the LAO layer [11,12]. For instance, a LAO layer with a thickness of
60 Å deposited on a STO substrate at an oxygen background pressure
of 10−6 torr shows a sheet resistance of 10−2 Ω/� at a low tempera-
ture, and in the sample with the same structure deposited at 10−5 torr
a sheet resistance reaches ∼ 102− 103 Ω/� [7]. The fact implicates that
the oxygen vacancies are induced into the STO substrates depending
on the oxygen pressure during growth, and they contribute as dopants.
Yet these assumptions are waiting to be confirmed by the subsequent
measurements, and the research on this system is in progress.

The next prominent example of the interface phenomena at the com-
plex oxides is a long range proximity effect observed in the heterostruc-
tures composed of a high temperature superconductor YBa2Cu3O7−d

(YBCO) with TC of∼92 K and a ferromagnetic half metal La0.7Ca0.3MnO3

(LCMO) with Curie temperature TCurie ∼ 270 K [13]. This field was
initially inspired by the discovery of RuSr2GdCu2O8 as a ferromagnetic
superconductor with a Curie temperature TCurie higher than the super-
conducting transition temperature TC [14]. YBCO/LCMO superlattices
have been used as a model system to explore the interaction between
superconductivity and ferromagnetism in oxide thin films. The research
was supported by a successful fabrication of the YBCO/LCMO het-
erostructures, and immediately a large suppression of TC in these struc-
tures was found [15–17]. This reduction of TC is a consequence of com-
petition between two antagonistic order parameters; superconductivity
in YBCO and ferromagnetism in LCMO, indicating a robust interplay at
the YBCO/LCMO interface. The successive experiments revealed fas-
cinating features taking place at the YBCO/LCMO interfaces, such as
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extremely long range lattice proximity effect [18], long range spin charge
transfer [15,19,20] and spin-polarized quasiparticle transfer [21,22], pos-
sible contribution due to exotic spin triplet superconductivity [23,24] and
related mechanisms. Still intensive research efforts are being devoted to
clarify the origin of the nature of the YBCO/LCMO long-range inter-
play. The YBCO/LCMO system is in the focus of study in this thesis.

The primary motivation of the study on the YBCO/LCMO het-
erostructures is to investigate interplay between two antagonistic states:
superconductivity and ferromagnetism, in the strongly correlated oxide
systems. In order to evaluate precisely the properties of the YBCO/LCMO
heterostructures, one needs to understand the role of the crystalline de-
fects and interface heterogeneity in addition to the interplay between su-
perconductivity and ferromagnetism. It should be noted, however, that
there is no comprehensible study concerning the role of the crystalline
defects and interface heterogeneity in conjunction with an interrelation
between them.

Crystalline defects are often classified according to its dimensional-
ity. The zero-dimensional defects are point defects, which include miss-
ing ions from the lattice sites (vacancies), ions occupying interstitial
crystallographic sites (interstitials) and substitutional impurities. The
one-dimensional (line) defects are represented by dislocations. Dislo-
cations indicate the termination of the crystalline atomic plane within
a crystal. The two-dimensional defects include planar defects such as
grain boundaries, antiphase boundaries and stacking faults, and the
three-dimensional defects can indicate macroscopic defects such as pre-
cipitates. Among these crystalline defects, point defects as represented
by the oxygen vacancies play an important role in the oxides. Oxy-
gen vacancies influence the functional as well as structural properties
in a convoluted way. In the strongly correlated oxide systems, oxygen
vacancies not only modify quantitatively the physical properties such
as resistivity, magnetic moment and phase transition temperatures, but
also induces phase transitions, such as the insulator to superconductor
transition in YBCO. This remarkable contribution of oxygen vacancies
inspires to control the properties of the complex oxides by manipulating
the oxygen vacancies [25]. Thus, the oxygen vacancies in the oxides are
admitted as one of the central topics in the oxide physics.

Interface heterogeneity indicates a mismatch between two adjacent
thin layers from the structural aspects including the lattice constants
and the chemical compositions. The lattice constant mismatch, which
causes an epitaxial lattice strain in the adjacent layer, is a key factor in
respect of the thin film study. The deformation of the crystalline lattice
influences the electron orbitals, resulting in the significant change of the
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properties of the complex oxides due to the strong correlation between
orbital, charge and spin degrees of freedom. Since, in many cases, the
thin film fabrication is done by a hetero-epitaxial growth, which means,
the thin film is grown on the substrate with a different chemical compo-
sition (just to name a few, YBCO grown on a SrTiO3 substrate, LCMO
grown on a NdGaO3 substrate, etc.), the lattice mismatch between the
thin film and the substrate should be always taken into account.

The interrelation between the lattice strain and the crystalline de-
fects has been studied, and it is accepted that their contributions cannot
be decoupled [26–28]. The lattice strain causes an elastic energy in the
crystalline structure, and the elastic energy is going to be accommodated
via an introduction of the crystalline defects to realize an equilibrium
state of the system. This means, it is not likely that the thin films can be
fabricated with the perfect crystalline structure without any defect, and
the crystalline defects as represented by the oxygen deficiency are in-
evitable in the real oxide thin films. In conjunction with the importance
of the oxygen vacancies in the complex oxides, the lattice strain as well
as the interrelation between them is necessary to understand the real
property of the oxide thin films. In the YBCO and LCMO compounds,
their electronic and magnetic properties are sensitive to the oxygen de-
ficiency and the lattice strain. Therefore these systems are appropriate
candidates to investigate the interrelation between the crystalline defects
and interface heterogeneity.

In the case of heterostructures of the oxide thin films, the situation
becomes more complicate. Not only the mutual epitaxial strain between
different layers and strain-related defects, but also the interface prop-
erties caused by charge transfer and electronic and magnetic proximity
effects. Therefore, in order to understand the precise picture of the
genuine properties of the complex oxide heterostructures, the following
issues have to be considered simultaneously.

1. The role of the interfaces in terms of electronic and magnetic func-
tionalities.

2. The role of the crystalline defects in complex oxides as represented
by the oxygen deficiency.

3. The role of the interface heterogeneity indicating structural and
chemical mismatches at the interface.

In this thesis, single YBCO and LCMO thin films as well as YBCO/
LCMO heterostructures have been studied [29–31]. They were char-
acterized by several techniques such as a transport measurement in-
cluding photoconductivity analysis, magnetometry, high-resolution X-
ray diffraction measurement, mutual inductance, atomic force micro-

5



scope, etc. An ultimate goal of this work is to investigate the YBCO
and LCMO thin films as well as heterostructures composed of them
based on the guidelines described above, and extract the information
about the interface heterogeneity and oxygen vacancies in the YBCO
and LCMO system, in order to understand the details of the fabrication
and the physics in these oxide thin films.

As a result, it was shown that the interface quality has an impact
on the functionality at the interface and its mechanism, and that the
interface heterogeneity in conjunction with the oxygen deficiency plays
an important role in the YBCO and LCMO thin films as well as the
heterostructures. These consequences are a mandatory information not
only to understand the YBCO/LCMO heterostructure, but also to shed
light on the nature of the oxide thin films in the practical system.
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Chapter 2

High TC superconducting
YBa2Cu3O7−d and
ferromagnetic
La0.7Ca0.3MnO3

2.1 High temperature superconducting YBa2Cu3O7−d

A compound, Yttrium Barium Copper oxide (YBa2Cu3O7−d or YBCO
in short), is a representative of high temperature superconducting cuprates.
Here, the d is an oxygen deficiency, which can alter from 0 to 1, and 7−d
indicates the oxygen content. YBCO is the most investigated compound
in the high temperature superconducting cuprate family because YBCO
has a simple structure compared to the other cuprates and it is uncom-
plicated to fabricate specimens via the classical sintering method.

The superconducting transition temperature (TC) is dependent on
the oxygen content. When the oxygen content changes, the supercon-
ductivity is influenced by two parameters: (1) the hole doping in a CuO2

plane which is responsible for superconductivity in the compound and
(2) the change in flatness of the CuO2 plane due to a rearrangement of
the atomic configuration. The electronic transport property varies from
superconductor with the transition temperature of ∼ 92 K for d = 0.07
to a Mott insulator for d = 1. Not only the functional properties, but
also structural property is dependent on the d value. The lattice struc-
tures of YBCO for d = 0 and d = 1 are depicted in Fig.2.1. Fully
oxygenated YBCO with d = 0 (the left figure in Fig.2.1) has an or-
thorhombic crystal structure. The YBCO unit cell is often denoted as
a layered structure composed of several characteristic layers along the
[001] axis. An yttrium atom is sitting at the center of the unit cell,
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Figure 2.1: Unit-cell lattice structures of YBa2Cu3O7(d = 0) and
YBa2Cu3O6(d = 1).

surrounded by two CuO2 planes. At the top and the bottom of the unit
cell, so-called CuO chain layers exist. In this layer, Cu and O atoms
are aligned alternately along the b-axis. In-between the CuO2 plane
and CuO chain layer, a BaO layer is embedded. On the other hand, a
completely deoxygenated YBCO where d = 1 has a tetragonal crystal
structure (see the right figure in Fig.2.1). According to the deoxygena-
tion, all the oxygen atoms in CuO chain layer disappear, and the vacant
cite is called an oxygen vacancy. The oxygen atoms in the CuO2 plains
are stabler. The presence or absence of the oxygen atoms in the chain
layers modifies the lattice constants. The lattice constants are a=3.82
Å, b=3.89 Å and c=11.68 Å for d = 0, and a = b =3.86 Å and c=11.82
Å for d = 1 [32]. In reality, the oxygen deficiency d changes continuously
between 0 and 1, and the lattice parameters as well. The oxygen con-
tent dependence of the lattice parameters are shown in Fig.2.2. In the
orthorhombic phase, b-lattice parameter is larger than a-lattice param-
eter. This anisotropy occurs due to the existence of the oxygen atoms
only in b-axis. Upon the decrease of d from 1, at d ∼ 0.6, the structural
transition from tetragonal to orthorhombic occurs.
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Figure 2.2: (From Ref. [32]) Oxygen deficiency dependence of the lat-
tice parameters of YBCO. The a- and b-lattice parameters are shown
in the left figure, where the subscripts O and T denote orthorhombic
and tetragonal crystal structures. The right figure gives the c-lattice
parameter.

The oxygen content influences not only the structural configuration
but also the superconducting properties; TC and the superfluid density.
Here, a generic phase diagram of high-TC superconducting cuprates as a
function of temperature and doping level which indicates the hole con-
centration in the CuO2 plane is given in Fig.2.3. The superconducting
phase appears in dome-like shape. The maximum of TC corresponds to
the optimal doping level. In the high temperature region above TC, a
metallic conductivity with a linear temperature dependence is observed.
This phase is known as a strange metal phase because of its linearity of
R(T ) [33–35]. The higher and lower doping levels are overdoped (OD)
and underdoped (UD), respectively. As the doping level decreased from
the optimal value, the superconductivity gets suppressed and finally the
transition from a superconductor to an antiferromagnetic insulator oc-
curs.

The high-TC cuprates exhibits a pseudogap state which has been
studied intensively. Pseudogap denotes the non-superconducting nor-
mal state which shows partially opened gap on Fermi surface. (For
review of pseudogap, see [36,37].) In general, pseudogap appears in the
range of T ∗ > T > TC. T ∗ shifts to the high temperature according to
the reduction of the hole concentration in CuO2 plane as seen in Fig.2.3.
This pseudogap phase of cuprates was first observed in NMR [38, 39],
and then the existence of T ∗ was reported in a variety of measurements
such as neutron scattering [40,41], electrical resistivity [42,43], Hall coef-
ficient [44], specific heat [45], angle-resolved photoelectron spectroscopy
(ARPES) [46]. The origin of pseudogap is still controversial. Currently

9



Strange metal

Pseudogap

T*

TN

AFM

SCUD OD

Tc

T
em

p
er

at
u

re

Doping level

Figure 2.3: Generic phase diagram of YBCO as a function of temper-
ature and doping level. SC denotes the superconducting phase. UD
and OD mean underdoped and overdoped, respectively. AFM indicates
an antiferromagnetic state, and TN is Neel temperature which corre-
sponds to an AFM to paramagnetic transition temperature. T ∗ shows
the boundary between the strange metal and pseudogap phase.
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Figure 2.4: (From Ref. [47]) The oxygen content dependence on TC in
single crystal YBCO. Here, x is related to d according to 6 + x = 7− d

the main question is whether the pseudogap is a precursor of supercon-
ductivity or another phase. In the case that the pseudogap is a precursor
of superconductivity, pseudogap is not a certain phase and is a crossover
from the normal state to the superconducting state. In the case that
pseudogap is a phase independent from superconductivity, quantum crit-
ical point for pseudogap phase should exist. Then the next question is
whether pseudogap and superconductivity are supporting each other or
competing orders. To unveil the origin of pseudogap might give us a hint
about the mechanism of high temperature superconductivity, therefore
pseudogap is one of the most attractive research topics in cuprates.

For YBCO, the doping level is controlled by the oxygen content. Fig.
2.4 shows the phase diagram for the YBCO compound as a function of
the oxygen content, where x is related to d by 6+x = 7− d. TC reaches
the highest value of 92 K at x ∼ 0.93 (d ∼ 0.07). This level of the
oxygen content corresponds to the optimal doping level. Both the in-
crease and decrease of the oxygen concentration from the optimal level
suppress TC. The further doping with x > 0.93 and less doping with
x < 0.93 are overdope and underdope, respectively. The dependence of
TC vs. the oxygen content has a characteristic two plateau behavior.
One plateau corresponds to the top of TC vs. the oxygen content curve
around x = 0.93. The second plateau appears in the underdoped region
at 6.5 < 6 + x < 6.7. The reason of the second plateau is presumably
because at this oxygen content YBCO forms the ortho-II phase with
alternating full and empty chains, and additional oxygen ions fill the
empty chains, which makes a relatively small contribution to the hole
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doping level [47]. The deviation existing at 0.3 < 6 + x < 0.5 originates
from the fact that TC and the oxygen content are not unique correspon-
dent because of a coexistence of ortho-I and ortho-II phases with this
oxygen content. At less than ∼ 6.3, superconductivity disappears and
YBCO compound shows insulating behavior. From the viewpoint of
electronic structure, CuO2 plane and CuO chain layer play complemen-
tary roles with each other. CuO chain layer supplies hole to CuO2 layer
and the hole concentration in CuO2 plane increases. Eventually super-
conductivity appears in CuO2 plane. When d > 0.7, CuO chain layer
cannot provide enough holes, and then the electronic transport property
turns to an insulator.

YBCO belongs to type-II superconductors, which means Ginzburg-
Landau parameter κ satisfies κ = λ/ξ > 1/

√
2, where λ and ξ are

London penetration depth and coherence length, respectively. Type-II
superconductor has the upper and lower critical fields HC1 and HC2

(> HC1). When YBCO compound is exposed to an external magnetic
field larger thanHC1, the magnetic field penetrates into superconducting
YBCO in form of Abrikosov vortices, with the density proportional to
the external field. Superconductivity is destroyed by the magnetic field
more than HC2. In YBCO, HC1 is 250± 20 Oe for a field perpendicular
to a c-axis and 850 ± 40 Oe for a field parallel to c-axis, and HC2 are
674 T and 122 T for perpendicular and parallel, respectively [48]. The
large anisotropy originates from a layered structure of the YBCO unit
cell. Superconducting coherence length is 0.1 ∼ 0.3 nm in c direction
and ∼ 1.5 nm in the a-b plane [49]. Cooper pair has d-wave symmetry
as a consequence of anisotropy of the electronic structure in conjunction
with the lattice structure.

In a study of YBCO thin films, the thickness dependence of TC is an
important topic to understand what occurs near the interface. Fig.2.5
shows resistance vs. temperature curves for the YBCO films with differ-
ent thicknesses grown on (001) STO substrates. In Fig.2.5, the YBCO
thin film with the thickness of 24 Å is not superconducting, and the
boundary in the thickness of superconducting and non-superconducting
YBCO is ∼ 25 Å. The reason of the existence of this critical thickness
is attributed to disorder from the substrate [51]. A ultrathin YBCO
layer sandwiched between insulating PrBa2Cu3O7−d layers shows the
increase of TC abruptly at ∼ 15 Å [52]. The issue is still under debate
in conjunction with the electronic reconstruction at the interface.
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Figure 2.5: (From Ref. [50]) Normalized resistance R(T)/R(273 K) vs.
temperature for YBCO films of different thicknesses on (001) STO. The
accuracy of the thickness determination of the ultrathin films is about
10 %.

2.2 Colossal magnetoresistive
ferromagnetic La0.7Ca0.3MnO3

A Ca doped lanthanum manganite described as La1−xCaxMnO3−δ is
another one of the representatives of strongly correlated oxide system.
The undoped parent compound, LaMnO3, is an antiferromagnetic Mott-
insulator. By a partial substitution of trivalent La+3 ions by divalent
Ca2+ ions, the compound shows several phase transitions. Depending on
the concentration x, a characteristic property so-called colossal magne-
toresistance (CMR) emerges [13,53]. Besides CMR effect, LCMO shows
a couple of intriguing features, which originate from their intrinsic na-
ture, namely, strong correlation between spin, charge, orbital degrees of
freedom.

The lattice structure of LCMO has an orthorhombic crystal sys-
tem with lattice parameters of aO = 5.4717 Å, bO = 5.4569 Å and
cO = 7.7112 Å [54]. A pseudo cubic approximation is applicable with a
pseudo cubic lattice parameter a ≈ aO/

√
2 ≈ bO/

√
2 ≈ cO/2 ≈ 3.86Å.

A pseudo cubic perovskite structure is depicted in Fig. 2.6. A triva-
lent La+3 ion and divalent Ca2+ ion locate at the corners of the unit
cell. Mn ion at around the center is surrounded by six oxygen ions,
forming so-called 6-fold oxygen octahedron, MnO6. The tolerance fac-
tor t ≡ (rA + rO)/

√
2(rB + rO) influences the properties of perovskite

manganites predominantly [3] as a consequence of strong correlation as
shown in Fig.2.7. In the experiment shown in Fig.2.7, the carrier con-
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Figure 2.6: Unit-cell lattice structure of a pseudo cubic La0.7Ca0.3MnO3.

centration was fixed and a direct relationship between the Curie tem-
perature and the average ionic radius of the La site 〈rA〉, which is varied
by substituting different rare earth ions for La. Actually the change of
〈rA〉 influences the magnetic order and the magnetoresistance property
dramatically.

Figure 2.7: (Ref. [3]) Phase diagram of temperature vs. tolerance factor
for the system A0.7A

′

0.3MnO3, where A is a trivalent rare earth ion and
A′ is a divalent alkali earth ion. Open symbols denote Curie temperature
measured at 100 Oe in a heating process. PMI: paramagnetic insulator.
FMI: ferromagnetic insulator. FMM: ferromagnetic metal.
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Figure 2.8: (From Ref. [55]) Phase diagram of LCMO as a function
of doping x and temperature. FM: ferromagnetic metal, FI: ferro-
magnetic insulator, AF: antiferromagnetic, CAF: Canted AF, and CO:
Charge/Orbital ordreing. FI and/or CAF could be a spatially inhomo-
geneous state with FM and AF coexistence.

Fig.2.8 shows a schematic phase diagram as a function of doping x
and temperature presented in Ref. [55]. Both LaMnO3 and CaMnO3,
corresponding x=0 and x=1, respectively, are antiferromagnetic insula-
tors. However, a mixture of two parent phases realizes various charac-
teristic phases. For around 0.1 < x < 0.2, the phase is a ferromagnetic
insulator and a charge ordered state. For 0.2 < x < 0.5, LCMO shows
paramagnetic insulator to ferromagnetic metal transition with a colossal
magnetoresistance. The Curie temperature reaches as high as ∼ 270 K
in a bulk system. For 0.5 < x < 0.9, a charge ordered antiferromagnetic
phase appears.

In order to understand the nature of LCMO, one needs to consider
electrons in d orbitals of the Mn ions. A free Mn ion has five degener-
ated 3d orbital states, namely, dxy, dyz, dzx, dx2

−y2 and d3z2−r2 orbitals.
Mn4+ possesses three electrons on 3d orbital, and Mn3+ has four elec-
trons. When the Mn ion is present in a crystalline lattice, the degeneracy
of the 3d orbitals is lifted by the crystal field (static electric field) due to
the neighboring O2− ions. In case of MnO6, five degenerated 3d orbitals
split into three t2g orbitals with lower potential and two eg orbitals with
higher potential (Fig.2.9). The splitting energy ∆CF between t2g and eg

15



eg

t2g

DCF

x -y
2 2

3z -r
2 2

xy

Free Mn ion
3+

Jahn-Teller splittingCrystal field splitting

DJT

yz zx,

Figure 2.9: Schematic potential diagram of the 3d orbitals. The left
figure is the degenerated 3d orbital states in free Mn ion. The center
figure denotes the crystal field splitting to t2g and eg orbitals. The right
figure shows Jahn-Teller splitting in Mn3+.

is 1.5 eV [56]. In case of a Mn4+ ion, all of three electrons enter into
the lower t2g orbitals in order to form the lowest energy state. Accord-
ing to Hund coupling, which requires the parallel spin alignment by the
exchange energy of 2.5 eV [56], the spins of the three electrons in t2g
orbitals align in a parallel way (ferromagnetic alignment). In case of a
Mn3+ ion, there are four electrons in 3d orbitals and they are forced to
align in one direction due to the Hund rule. Since Hund coupling energy
2.5 eV is smaller than the crystal field splitting energy, one electron is
lifted to eg level with same spin alignment as the other t2g electrons.
Since the eg orbitals have strong correlation with O2− ligand compared
to the t2g orbitals, the 3d orbitals introduce further splitting of the en-
ergy level. This splitting of the degeneracy and induced distortion of
the orbital due to the interrelation between the ligand and the orbital
electrons is called Jahn-Teller distortion. The Jahn-Teller splitting of
the eg level is in the range of ∆JT = 0.5 ∼ 0.6 eV in various Mn3+

compounds [13].

The d3z2−r2 orbital is stretched towards the neighboring O2− ion, and
it overlaps directly with the p orbital of the oxygen. Thus it enables the
d3z2−r2 electron to transfer from d3z2−r2 of one Mn to an empty eg orbital
of another Mn site via oxygen p orbital. Importantly there is no spin-flip
on the electron during the transfer from one Mn site to the other, namely
the charge transfer is ferromagnetic coupling. This dynamics, which ex-
plains ferromagnetic conduction in the doped manganite, is referred to
as double exchange mechanism originally proposed by Zener [57]. The
double exchange mechanism is a key factor of the paramagnetic-insulator
to ferromagnetic-metal transition. Note that the double exchange inter-
action occurs at Mn4+ −O−Mn3+ configuration. On the other hand,
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the overlap between Mn t2g orbital and O p orbitals are small, and t2g
electrons tend to form a localized t2g ion core. The electron transfer from
t2g core to the adjacent Mn ion leads to antiparallel exchange coupling,
since only the antiparallel orbital is available for the coming electron.
The probability of the eg electron transfer from Mn3+ to the adjacent
Mn4+ is defined by transfer integral t = t0 cos(θ/2) [58], where θ is
the angle between the Mn spins and t0 is the normal transfer integral
depending on the spatial wave functions. The equation demonstrates
that the double exchange interaction is most enhanced when the spin
alignment of Mn ions are parallel.

Electronic and magnetic structure of LCMO is governed by two main
mechanisms: a double exchange interaction and Jahn-Teller distortion.
The double exchange interaction is responsible for the metallic conduc-
tion and ferromagnetic spin alignment. To the contrary, Jahn-Teller
distortion localizes electrons and induces the insulating ground state.
A competition of these mechanisms determines a resulting functional
property of this compound. And, the most complexity occurs from the
fact that these mechanisms are slightly or significantly affected by any
single stimulus such as chemical doping, lattice strain, tolerance fac-
tor, crystalline defects, and so on. For instance, a multiple phase sep-
aration between ferromagnetic metallic, ferromagnetic insulating, and
nonferromagnetic insulating region was observed in Mn nuclear mag-
netic resonance experiments [59]. It was shown that the localized charge
is enhanced as the film thickness goes down. The authors attributed
the phase separation to nanoscopic disorder caused by the interface [60]
and/or strain. The strain-induced phase separation occurs in thin (2-
6.5nm) compressive strained LCMO/LSAO [61]. A magnetic and/or
electronic dead layer around the interface is often discussed. This fact
makes LCMO so interesting, and so complicated to understand the in-
trinsic nature.

Colossal magnetoresistance (CMR) is a prominent property of LCMO.
Fig.2.10 shows a standard CMR effect observed in LCMO thin film on a
LSAT substrate. The resistance decreases drastically by applying an ex-
ternal magnetic field, and the resistant peak corresponding to insulator
to metal transition shifts to a higher temperature. This phenomenon was
initially found in Nd0.5Pb0.5MnO3 [62], and it was revealed that CMR
is a general feature seen in similar manganites. LCMO thin film was
also shown to exhibit a large effect [53]. As a first approximation, CMR
effect was explained by the enhancement of double exchange interaction.
As shown before, the transfer integral of double exchange mechanism is
expressed by t = t0 cos(θ/2). The external field decreases the difference
of the angle between the neighboring Mn ions, thus the transfer inte-
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Figure 2.10: CMR effect observed in 1000 Å LCMO thin film on a LSAT
substrate. The filled circle indicates the resistance vs. temperature
without an external field. The open circle denotes the resistance vs.
temperature under the external field of 6 tesla perpendicular to the
plane. The solid line is a magnetoresistance ratio defined by (R0 −
R6T)/R0, where R0 and R6T are the resistance without and with the
external field, respectively.
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Figure 2.11: (From Ref. [66]) Thickness dependence of TCurie (solid sym-
bols) and of the metal to insulator transition temperature (open sym-
bols) for the LCMO films grown on (a) LAO, (b) NGO and (c) STO.

gral is enhanced. The calculated resistivity taking account of the double
exchange and Hunds coupling showed the dependence of ρ on the mag-
netization by the simple expression ρ/ρ0 = 1−C(M/MSat)

2 [63], where
M and MSat are magnetic moment and saturation magnetization, re-
spectively. C is the temperature-independent coefficient. The variable
range hopping model was also applied to calculate the magnetoresistance
ratio of LCMO [64]. The result described the magnetization dependence
of the resistivity successfully by ln(ρ/ρ∞) = [T0(1− (M/MSat)

2)/T ]1/4.
Another explanation could be the percolative conduction of the mag-
netically disordered clusters [65]. CMR effect indicates that the system
possesses strong correlation between charge and spin degree of freedom.

The properties of the LCMO thin films depend on the thickness and
used substrates. Fig.2.11 shows the thickness dependence of the Curie
temperature and of the metal to insulator transition temperature for the
LCMO films on the different substrates. On all substrates, TCurie reduces
as the thickness decreases. Magnetic ordering disappears in the LCMO
on LAO when the thickness is less than 12 nm, where the LCMO films
on the other substrates still show the transition. On the other hand, in
the LCMO on the STO substrate, the reduction of TCurie starts at the
high temperature compared with the LCMO films on LAO and NGO
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substrates. The LCMO on NGO substrate shows most robust and stable
ferromagnetism in respect of the change of the thickness. The result
clearly indicates the correlation between the thickness and the epitaxial
strain, resulting from the strong correlation between lattice and orbital
degrees of freedom.
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2.3 YBCO/LCMO Heterostructures

The motivation on the YBCO/LCMO heterostructure was initially in-
spired by the discovery of RuSr2GdCu2O8 as a ferromagnetic supercon-
ductor with a Curie temperature higher than the superconducting tran-
sition temperature [14]. YBCO/LCMO superlattices have been used as
a model system to explore the interaction between superconductivity
and ferromagnetism in oxide thin films. The research was supported
by development of the fabrication methods of the YBCO/LCMO het-
erostructures, and immediately a large suppression of TC in these struc-
tures was found [15–17]. This reduction contradicts an understanding
that superconductivity of YBCO should not be sensitive to an adjacent
layer because of its short superconducting coherence length (0.1 ∼ 0.3
nm).

According to the comprehensive studies by using micro- and macro-
scopic analyses, several mechanisms have been proposed at the YBCO/
LCMO interface. First of all, one of the results from the transmission
electron microscope measurement is shown in Fig.2.12. The specimen
is a [8:6 nm]×20 YBCO/LCMO superlattice grown by pulsed laser de-
position. The interfaces are atomically sharp and epitaxial, indicating a
successful fabrication of the YBCO/LCMO superlattice structure. One
can clearly distinguish each layer of YBCO and LCMO. In the image
with low-resolution, the interfaces look more or less wavy. This wavy
behavior of the interface is ascribed to a strain relaxation.

Based on the improved fabrication technology of the YBCO/LCMO
heterostructures, the interface functionality was investigated in details.
And it was revealed that there are several mechanisms participate in
the physics at the YBCO/LCMO interface. One of the main partici-
pants is charge transfer where electrons move from LCMO to YBCO,
conversely holes in YBCO are transferred to LCMO [17,67,68]. As a re-
sult, a hole concentration of CuO2 plane in YBCO decreases, and then
TC is suppressed. Especially in case of a junction of YBCO and half
metal La0.7Ca0.3MnO3, the electrons injected to YBCO are fully spin-
polarized. And a further suppression of superconductivity is expected
to occur according to injection of spin-polarized carriers [15, 19, 20] and
spin-polarized quasiparticles [21, 22]. The ferromagnetic-ordered spins
transferred into YBCO scatter superconducting Cooper pairs and di-
minishes a concentration of them, because parallel spin-alignment is
competing order to an antiparallel spin-combination which is necessary
for a formation of a spin-singlet Cooper pair. The spin diffusion length
was estimated as 10 nm [69] to 30 nm [70,71]. There is also a report sug-
gesting a long range electron charge transfer from YBCO to LCMO [72],
where surprisingly the direction of electron transfer is opposite to the
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Figure 2.12: (From Ref. [17] (a) Low-resolution and (b) high-resolution
transmission electron microscope and electron diffraction (shown in in-
set) images of a [8:6 nm]×20 superlattices.
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Figure 2.13: (From Ref. [74]) Normalized X-ray absorption spectra at
the Cu L3 absorption edge, taken in bulk-sensitive (FY, top panel) and
interface-sensitive (TEY, bottom panel) detection modes with varying
photon polarization as indicated in the legend.

previous one. A reason of the discrepancy might be attributed to a
difference in microstructure and stacking configuration due to different
sample deposition methods [67], or to a difference of an electronic trans-
parency at the interface related to an interface roughness [72, 73].

The charge transfer mechanisms are closely related to an orbital re-
construction at the interface [74], where the transferred electrons mod-
ify an orbital occupancy at the interface, and magnetic proximity ef-
fect [75–77], where the electron transfer accompanies a redistribution
of a magnetic moment around the interface. The orbital reconstruc-
tion was observed in a resonant X-ray absorption spectroscopy shown
in Fig.2.13. Here, the absorption spectra gives information about the
orbital occupancy. The absorption peak around 931 eV corresponds to
the intra-ionic transition 2p63d9 → 2p53d10. The experiment was done
in the total electron yield (TEY) mode which is sensitive to the buried
interface, and in the fluorescence yield (FY) mode which is sensitive to
the bulk. The absorption spectra in the bulk-sensitive FY mode shows
a large difference between two different polarization of the X-ray. This
is an indication that Cu d3z2−r2 orbitals are occupied by electrons and
there are holes in Cu dx2

−y2 orbitals. On the other hand, at the interface,
TEY mode shows nearly same absorption spectra in both polarizations:
along c-axis and in ab-plane, indicating the similar occupancy in d3z2−r2

and dx2
−y2 orbitals in the Cu atom at the interface. The authors at-

tributed this transition of the orbital occupancy from the bulk to the
interface to the orbital reconstruction driven by the charge transfer.

23



Figure 2.14: (From Ref. [76]) Temperature dependence of the XMCD
signals of Cu and Mn compared with the bulk magnetization (simple
line). All curves are normalized to the value of dichroism on Mn. TEY:
surface-sensitive total electron yield mode. XRMS: bulk-sensitive X-ray
resonant magnetic scattering mode.

The magnetism at the interface was also investigated in details, show-
ing an intriguing result. Fig.2.14 gives the result of X-ray magnetic
circular dichroism (XMCD) measurement. XMCD is a difference be-
tween absorption spectra for left- and right-polarized X-rays, defined by
I+ − I−, where I+ and I− denote the absorption curves measured with
photon helicity parallel and antiparallel to the magnetization direction.
In Fig.2.14, the temperature dependence of the XMCD signal in Mn and
Cu taken at the resonant L2,3 edges are shown. The SQUID magnetom-
etry and XMCD results obtained with surface-sensitive total electron
yield mode and bulk-sensitive X-ray resonant magnetic scattering mode
show the ferromagnetic transition with Curie temperature of 170 K. The
issue is that, the Cu atom, which does not have any spin contribution,
also exhibits the ferromagnetic signal in the same behavior of Mn atoms
with Curie temperature of ∼170 K. The induced moment in Cu atoms
was attributed to the Mn-O-Cu superexchange interaction across the
interface.

Another intriguing aspect of the YBCO/LCMO interface is that the
long range nature of the YBCO/LCMO interplay would be related to
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an exotic superconducting state with spin triplet pairing induced by a
superconductor/ferromagnet interface [23, 24]. Spin triplet Cooper pair
has strong compatibility with ferromagnetic spin alignment. Therefore,
the Cooper pair can penetrate by much longer scales than the spin sin-
glet Cooper pair, and the long range proximity effect is expected to occur
at the superconductor/ferromagnet interface. Unfortunately a clear ev-
idence of this effect has not been observed.

Besides the observations mentioned above, there are more to be
noted. An extremely long-range transfer of electron-phonon coupling in
YBCO/LCMO superlattices was shown in a Raman scattering measure-
ment [18]. The length scale of this effect was estimated as several tens of
nanometers. This effect was attributed to a consequence of long-range
Coulomb forces in conjunction with an orbital reconstruction at the in-
terface. A giant magnetoresistance was observed in LCMO/YBCO/
LCMO trilayer and superlattices [71], and an analogous structure [78].
The giant magnetoresistance is supposed to be induced due to a spin
imbalance resulting from an antiparallel or parallel alignment of the
ferromagnetic layers sandwiching YBCO layer in-between. The thermo-
electric power measurement also showed completely different behavior
in the YBCO/LCMO superlattices compared to the single YBCO and
LCMO layers [79]. Fig.2.15 shows the measured Seebeck coefficients of
the YBCO and LCMO single layers as well as the YBCO/LCMO su-
perlattice. Whereas the YBCO and LCMO thin films exhibit negative
Seebeck coefficients, which are in good agreement with data of bulk
compounds, the superlattice sample shows positive Seebeck coefficient.
The authors attributed the sign reversal of the Seebeck coefficient to
a long-range electronic reconstruction nucleated at the YBCO/LCMO
interfaces.
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Figure 2.15: (From Ref. [79]) Temperature dependent Seebeck coeffi-
cient, S, and resistivity ρ, for different samples. The structures of the
films are shown in the figure.

Advanced analyses are still being conducted to understand the mi-
croscopic mechanism of the long range interplay between high tempera-
ture superconductor YBCO and ferromagnetic half-metal LCMO. This
could support our further understanding of high TC superconductivity
in conjunction with the relation between high TC superconductivity and
magnetism in oxides, and allow us to play with the charge, spin and
orbital order via a controlled fabrication of an artificial material.
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Chapter 3

Sample preparation and
analysis techniques

3.1 Pulsed laser deposition and thin film growth

All thin film samples in this work were fabricated by pulsed laser depo-
sition (PLD). Fig.3.1 gives a schematic layout of the PLD system. In
a typical PLD process, a ceramic target is adopted as a source of ab-
lation. A high energetic pulsed laser with the duration time of a few
nano-seconds comes through a quartz glass window towards the target
mounted on a rotatable holder in the chamber. The laser is focused on
the target due to a collective lens on the laser path. In general, excimer
laser of ArF (λ=193 nm), KrF (λ=248 nm) or Nd:YAG laser (λ=1064
nm) would be applied for the ablation of complex oxides. When the
pulsed photon beam is absorbed by the target, the temperature at the
surface immediately increases up to more than 5000 K within a few
nano seconds [80] and the surface of the target is ablated. Due to the
high density of the ablated species, the dense plasma, so-called a plume,
with many species such as ablated molecules, atoms, ions, clusters, elec-
trons and photons, is produced. The ablated materials are transferred to
the substrate. They are deposited on the substrate, which is typically
located perpendicular to the plume, and a thin film is formed on the
substrate. A configuration of the thin film can differ as, for instance,
amorphous or crystalline structure with single or multiple phases de-
pending on the deposition condition. The functional property of the
deposited compound is also significantly influenced by the deposition
condition. According to the aimed compound and configuration of the
thin film, the deposition is done in the ultra-high vacuum (UHV) or in a
certain pressure with an appropriate type of gas, for instance, O2, N2O,
NO2, O3 and so on.
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Figure 3.1: Layout of a pulsed laser deposition system.

Some characteristic features of the PLD method are listed in follows.

• In PLD process, it is possible to grow thin films with the same
stoichiometry as the target.

• PLD is suitable to vary deposition speed by changing the laser flu-
ency and the pulse frequency. This enables us to control thickness
down to one unit-cell level.

• By using PLD method, one can fabricate different heterostructures
and multilayers by changing the targets.

• The type of gas and the pressure during a sample growth can be
easily altered for fabrication of the desired compound.

• A control of the variable parameters: the laser fluency, the laser
pulse frequency, the type of gas and its pressure during a sample
growth, enables us to make fine-tuning of a growth mode and the
microstructure of the sample.

• PLD is suitable to evaporate complex oxides which have wide band
gap and high melting point.

Typically the thin films are grown on crystalline substrates. The
atomic arrangement of the film mimics the crystal structure of the sub-
strate, and this growth is called epitaxial growth or epitaxy. There are
two types of epitaxy; homoepitaxial and heteroepitaxial growth. In ho-
moepitaxial growth, the deposited film has the same chemical formula as
the substrate, and the crystalline structure of the film is well matched to
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the crystalline structure of the substrate. In heteroepitaxial growth, the
substrate and the deposited material are different compounds, accord-
ingly the crystal structures of the film and the substrate are different.
This lattice mismatch between the substrate and the film could accom-
modate by epitaxial misfit strain induced in the thin film. In the strongly
correlated oxide systems, to vary epitaxial strain is one of the methods
to engineer functional properties of the complex oxides.

The growth conditions, i.e. substrate temperature, gas pressure,
laser fluency, distance between the target and the substrate, an area of
focused laser beam on the target, lattice parameters of the substrate,
etc., have to be fine-tuned to achieve necessary quality of the films and
heterostructures. The choice of the substrate is one of the important
factors that influence on the growth. The lattice parameters of the sub-
strate should be close to those of the films. If the substrate has large
lattice mismatch with the film, the crystalline structure of the grown
film can be strongly defective and even amorphous. The substrate tem-
perature and the gas pressure during growth are the other important pa-
rameters. For instance, Fig.3.2 shows the phase diagram of the YBCO
compound, exhibiting the range of oxygen pressure and temperature,
where the stable YBCO compound can be grown. An wrong deposi-
tion condition leads decomposition of YBCO compound to, for instance,
Y2BaCuO5 +CuO+ BaCuO [81].

In addition, in order to optimize formation of a crystalline structure,
a growth mode should be taken into account. Here some representative
growth modes, which are experimentally well-recognized, are demon-
strated in followings.

• Frank-van der Merwe (layer-by-layer) growth mode : In this growth
mode, adatoms nucleate islands at the beginning of the deposition.
As more adatoms reach to the substrate, they diffuse on the surface
and migrate to spaces between islands. The islands get combined
(coalescence), and finally a mono-layer is completed. The pro-
cess of mono-layer formation is repeated for subsequent layers. In
this manner, crystalline mono-layers are constructed on top of one
another.

• Volmer-Weber (Island) growth mode : The beginning of the growth
is same as layer-by-layer growth, that is, the growth starts from
formation of islands. In this growth mode, however, the adatoms
do not complete a mono-layer and they start forming new islands
on the previous islands. This could happen, for instance, when the
adatoms do not have enough mobility and/or when the deposition
rate is too high. This growth mode is not favorable from the view-
point of fabrication of flat thin films since the surface is expected
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Figure 3.2: (From Ref. [82]) Phase stability diagram of YBCO com-
pound.
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to be rough due to 3-dimensional nature of island growth.

• Stranski-Krastanov (layer-plus-island) growth mode : This mode
is defined as an intermediate between layer-by-layer growth mode
and island one. In general, this growth mode occurs in case of
heteroepitaxial growth where there is a lattice mismatch between
the deposited material and the substrate. The initial growth is
supposed to be layer-by-layer regime. However the elastic energy
due to epitaxial strain rises as the film thickness increases. And
in order to accommodate the growing elastic energy, nucleation
of the islands begins from a certain thickness, so-called a crit-
ical thickness. Stranski-Krastanov growth is a quite important
phenomenon to understand the physical and chemical properties
between the substrate and the deposited compound.

• Step flow mode : In general, a surface of a crystalline substrate
could possess atomic steps originating from a miscut of a crys-
talline substrate. A miscut substrate has atomically flat terraces
between one step to the next step. The step flow mode happens
when the adatoms diffuse through a terrace and settle down at the
step edge without nucleating an island somewhere in the terrace.
This mode occurs in case that the mobility of adatoms is high due
to an elevated substrate temperature or that a width of terrace is
narrow due to large miscut angle.

It is important to have sharp interfaces between different layers and
well-defined layer thicknesses. In this sense, 2-dimensional growth modes
such as layer-by-layer or step flow are highly recommended. The growth
condition should be optimized according to an in-situ surface analy-
sis and post analyses such as sample surface roughness and crystalline
structural quality. A proper investigation will begin with those samples
fabricated under a proper growth condition.
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3.2 Reflection High-Energy Electron Diffraction

Reflection high-energy electron diffraction (RHEED) is a technique to
characterize crystalline structure of a sample surface in real time. When
an electron beam is incident to the surface of a crystalline sample, in-
coming electrons are scattered via electrons bound to the atom of the
surface. The scattered electrons cause diffraction according to a peri-
odicity of the crystal structure of the surface. Therefore the diffraction
pattern enables us to understand the crystallography of the sample sur-
face. In RHEED process, the glancing angle of the incident electron
beam is set to 1∼5 degree. This configuration gives us an opportunity
to combine the RHEED system with the PLD process, and then in-situ
RHEED observation during growth is realized.

A schematic RHEED setup of our system is given in Fig.3.3. The
electron beam is generated from a filament with a current of 2 Ampere.
The electron beam is accelerated by 20 kV in our system. An atmo-
spheric pressure around the RHEED filament needs to be less than 10−2

Pa, so that the filament avoids to be burned. On the other hand, the
oxygen pressure in the main chamber where the sample locates could be
elevated to 0.2∼0.5 mbar for the deposition of oxide thin films. Such a
significant difference in the pressure between the main chamber and the
filament part can be realized by applying a differential pumping system.
In a differential pumping system, the beam path from the filament to
the main chamber is separated by apertures into three parts. The di-
ameters of the aperture on the filament side and on the main chamber
side are 0.2 and 0.5 mm, respectively. Each part is pumped by a turbo
pump separately, so that a differential background pressure is obtained.
The electron beam passes through the first aperture, and the pathway
is fine-tuned by an electromagnet coil, so-called a scan coil, towards the
second aperture and then the sample surface within 1-2 unit cells. The
electron beam is lead to the sample, and the electrons are diffracted at
the sample surface with a glancing angle of 1∼5 degree. The diffracted
electrons go to a fluorescence screen, and the pattern appearing on the
screen is captured by a CCD camera.
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Figure 3.3: Schmatics of RHEED system with differential pumping con-
figuration.
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Figure 3.4: Electron diffraction from a one-dimensional atomic surface.

Theoretical background of RHEED is given here. Let us take a
simplest example, that is, diffraction via one-dimensional atomic line
depicted in Fig. 3.4. Incident and reflection angles are θ and φ, respec-
tively. d is the atomic distance. kI and kS are wave number vectors of
the incident wave and scattered wave, respectively. Since the construc-
tive diffraction occurs when the path difference is equal to a multiple of
wave length λ, the diffraction requires the following relationship.

d sin θ − d sinφ = nλ, (3.1)

where n is an integer. Momentum conservation is given by

|kI| = |kS| =
2π

λ
. (3.2)

Taking account of

|kI//| = |kI| sin θ, (3.3)

|kS| = |kS//| sinφ, (3.4)

and the reciprocal lattice vector, d∗ = 2π/d, Eq.(3.1) becomes as follows.

|kI//| − |kS//| = nd∗. (3.5)

The wave number kI is a wave number of the incident electron, which is
a fixed parameter. Therefore this equation indicates a restriction on the
wave number of the scattered electron, which is described as reciprocal
lattice rods. On the other hand, momentum conservation between the
initial and final states, Eq.(3.2), gives another restriction, which is de-
scribed as so-called Ewald sphere. (In a case of one-dimensional atomic
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Figure 3.5: Relation of Ewald sphere and reciprocal lattice rods.

line, Ewald sphere appears as a circle.) Ewald sphere is defined as a
sphere with radius of |kI|. One end of the vector kI sits on the center of
Ewald sphere, and the other end is defined as zeroth Laue zone. Fig.3.5
shows a relation between Ewald sphere and reciprocal lattice rods as well
as Laue zones. The intersection point of Ewald sphere and reciprocal
lattice rod gives the wave vectors which satisfy the energy conservation
and the condition of diffraction. It is possible to expand one-dimensional
atomic line to two-dimensional atomic plane. A two-dimensional atomic
plane corresponds to a sample surface in a real measurement. In this
case, Ewald sphere is literally a sphere, and reciprocal lattice rods appear
as a two-dimensional grid.

The diffraction intensity is strongly affected by the surface morphol-
ogy. Fig.3.6 shows the evolution of the diffraction intensity during ideal
layer-by-layer growth mode. An atomically smooth surface (a top in
Fig.3.6(a)) makes optimal diffraction with high intensity. As the depo-
sition goes on, adatoms are supplied on the surface. The adatoms at
the beginning contribute on scattering the electron beam, which causes
a reduction of the diffraction intensity ( Fig.3.6(b)). When the surface
roughness is maximised, the RHEED intensity reaches the minimum
value (Fig.3.6(c)). After this point, the surface is recovered and RHEED
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Figure 3.6: Evolution of a layer-by-layer growth during deposition in
conjunction with the corresponding intensity of the RHEED.
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intensity increases (Fig.3.6(d)). When the one layer is completed, the
intensity comes back to the initial value (Fig.3.6(e)). In this manner,
one can count the number of layers during deposition by counting the
number of the oscillation of the RHEED intensity.
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3.3 Atomic Force Microscope

In general, a technique to scan a surface of a sample by a probe with
a sharp tip and map a certain physical property of the surface is called
scanning probe microscope (SPM). According to a choice of the probe,
a specific physical property is observed. In case of an atomic force
microscope (AFM), an atomic force between a specimen surface and a tip
of a cantilever is detected. A magnitude of the atomic force is sensitive
to a distance between them. Accordingly, measuring the atomic force it
is possible to derive a surface morphology of a sample with a scale of a
tip radius of curvature which is in the order of nanometers.

A schematic of the representative AFM system is shown in Fig.3.7.
When the cantilever is adjacent to the sample surface, the cantilever
undergoes a deflection due to the atomic force between the tip and the
sample surface. Because of the deflection, the laser reflected from the top
of the cantilever makes a shift of the position on the photodiode sensor.
Measuring the shift of the position of the reflected laser, the degree of
the deflection is obtained. The height of the sample stage is controlled
to keep the deflection steady, which means, the distance from the tip
to the sample surface is kept constant by moving the sample stage, and
at the same time, the surface asperity and roughness are measured.
Repeating a line scan, two-dimensional image of the sample surface can
be obtained. From the AFM analysis, we acquire the information such
as the surface roughness and surface morphology which help us to figure
out a growth mode as well as a quality of the crystalline structure.

Diode laser
Photodiode

sensor Mirror

Cantilever
Sample

CPU
Sample stage

drive line

Figure 3.7: Schmatics of an atomic force microscope.
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3.4 X-ray diffractometry

When X-ray is scattered by electrons bound by crystalline atoms, the
diffraction of the X-ray occurs due to the periodic arrangement of the
atoms. The diffraction pattern is determined by the structural period-
icity of the sample. Therefore, by analyzing the diffraction pattern, the
information of the crystalline structure is obtained.

Fig.3.8 shows a basic example of a diffraction from adjacent atomic
layers. A flux of incident X-ray is supposed to be parallel. d is a spacing
between two adjacent planes, θ is an angle between the incident X-ray
and the scattering plane, and λ is a wave length of an incident wave. The
diffraction occurs when the parameters satisfies Bragg equation relation,

2d sin θ = nλ (3.6)

where n is an integer. The equation indicates that, when the θ is a spe-
cific glancing angle where the path difference between the incident and
diffracted X-rays is a multiple of λ, interference and a peak of intensity
of diffracted X-ray appear. From the equation and measured value of
theta, one can calculate spacing of the layers, d. In θ − 2θ scan, where
2θ is a scanning parameter, multiple diffraction peaks corresponding
different n appear. Just for an example, Fig.3.9 shows a result of X-
ray θ − 2θ scan of a YBa2Cu3O7 (YBCO) thin film on a (001)-oriented
SrTiO3 (STO) substrate. The X-ray diffraction peaks from the YBCO
thin film corresponding to YBCO (00l) Bragg diffraction are present. In
addition to the diffraction from YBCO, the STO substrate gives rise to
the additional diffraction peaks corresponding to STO (00l) diffractions.
From the analysis, the orientation of the YBCO thin film is identified.

In a thin film analysis, several kinds of diffractions possibly occur

q

d

Figure 3.8: X-ray diffraction from adjacent one-dimensional atomic lay-
ers.
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Figure 3.9: θ−2θ scan of the 1000 Å YBa2Cu3O7 thin film on a SrTiO3

substrate.

from different spacing. Simple diffraction demonstrated above is the
diffraction originating from two adjacent atomic layers, where d cor-
responds to the crystalline lattice constant. The crystalline structure
and phase purity can be evaluated from this measurement. Additional
diffraction can happen around the diffraction peak of atomic layers, so-
called Laue oscillation. A spacing of Laue oscillation corresponds to a
total thickness of contributing crystalline layers. This means, Laue oscil-
lation is available for estimation of the film thickness and as an indicator
of a quality of crystalline structure. In a sample with superlattice struc-
ture which possesses the repetition of bilayer structure, another char-
acteristic spacing corresponding to the thickness of bilayer exists. This
gives rise to so-called superlattice peaks. Clarity of superlattice peaks
depends on a quality of the interface. An existence of superlattice peaks
is a principle indicator of a quality of the superlattice structure. Oscil-
lations could be observed at the low angle region around < 3 ∼ 5 deg in
θ− 2θ scan. These oscillations are called Kiessig oscillations which orig-
inate from diffraction between the surfaces of the substrate and of the
sample. Therefore Kiessig oscillations give the information of a thickness
and roughness of the sample surface. It should be noted that Kiessig
oscillations are sensitive to a roughness of the surface or interfaces, and
not to the crystalline structure. On the other hand, Laue oscillation is
originated from the volume of crystalline structure.

So far the XRD analysis was discussed within the out-of-plane XRD
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regime, where the diffraction occurs from the planes parallel to the sur-
face of the sample. By measuring the diffraction peaks which originate
from the crystallographic planes not perpendicular and/or parallel to
lattice vectors, one can observe not only out-of-plane information but
also in-plane one. Reciprocal space mapping (RSM) is one of those
measurements. In RSM, a reciprocal lattice space is mapped around a
certain diffraction peak in the in-plane and out-of-plane axes, and one
can calculate the lattice parameters in both directions. The shape of
the diffraction peak provides the information related to the strain state
of the thin film.

XRD is a quite powerful tool to understand a structural property of
a thin film sample. θ − 2θ scan and RSM help to derive the in-plane
and out-of-plane lattice parameters as well as a quality of a crystalline
structure. Besides these techniques, homogeneity of an orientation can
be evaluated by a rocking curve measurement. φ scan and pole figure
measurement show mosaicity of a crystalline texture.
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3.5 Photoconductivity measurement

Schematic of the optical cryostat, which is utilized for a photoconductiv-
ity measurement, is given in Fig.3.10. The optical cryostat is equipped
with a transparent quartz window, through which an external light
source illuminates a sample in the cryostat. The sample locates on
the cooling finger, which is in contact with the helium line for cooling.
During measurement, a helium flow is pumped from a helium dewar
through a cooling finger with a constant rate.

A temperature of the sample is controlled by adjusting a power of a
built-in heater sitting nearby the sample according to a simultaneously
measured temperature by a built-in temperature sensor which is also
mounted close to the sample. The measurement system is composed of
a voltmeter and a current supply for the transport measurement, and
another voltmeter connected to the temperature sensor for the tem-
perature measurement. The electrical measurement is conducted by a
standard four point contact method with evaporated Au electrodes on

Transport and Temperature
measurement system

Helium deuwer

Helium pump

Turbo-molecular pump

Xe lamp

Helium exhaust-line
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Figure 3.10: Schematic of a photoconductivity measurement set-up.
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top of the sample.

In order to avoid a thermal conduction between the sample and sur-
rounding atmosphere, the inside of the optical cryostat is kept in a high
vacuum of 10−6 mbar by the use of a turbo-molecular pump. A Xe lamp,
which has a spectral distribution from 200 nm to 2000 nm, is used as a
light source. A transmission filter was placed between the quartz win-
dow and the Xe lamp to block an infrared part of the spectrum to reduce
a heating effect.
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3.6 VSM SQUID magnetometry

A vibrating Sample Magnetometer (VSM) was used to measure mag-
netic properties of our samples. A sample is mounted in an uniform
magnetic field, and is vibrated with a certain amplitude and frequency.
The vibration of the sample causes an induced voltage in a pick-up coil
placed nearby the sample. The induced voltage is analyzed by a lock-
in amplifier, and a magnetic moment of the sample is determined. In
case that a superconducting quantum interference device (SQUID) is
applied to detect a magnetic flux inductively coupled to the sample, a
precision of the measurement can be highly improved due to an extreme
sensitivity of a SQUID. The VSM setting combined to SQUID with high
precision is called VSM SQUID.

Since VSM SQUID is quite sensitive to the existence of any stray
magnetic field, the system should be designed carefully to avoid the
influence of them. VSM SQUID is composed of :

1. Temperature control allowing to vary the sample temperature from
2 K to 400 K.

2. Facilities controlling the chamber atmosphere.

3. Magnetic field control generating external magnetic field on the
sample up to 7 tesla.

4. Motion control oscillating the sample in the magnetic field

5. SQUID detection system sensing the induced signal collected by
the pick-up coil

The temperature of the sample is controlled by cooling due to draw-
ing cryogenic helium gas into helium flow inlet going adjacent to the
sample position and heating via a heater. A flow rate of the helium gas
is controlled according to a flow sensor mounted in the inlet to achieve
a necessary supply of helium. The helium flow rate and the power on
the heater should be controlled precisely according to the thermometers
mounted around the sample holder.

During measurements, the chamber is held in a medium vacuum:
∼5 torr at a room temperature. In respect of the temperature control,
the vacuum environment is required for the inside chamber, because the
thermal radiation from the sample is avoided in the vacuum, then the
sample and sample chamber wall can achieve a uniform temperature. It
is also important that helium is the only gas in the chamber. Because
the other gases such as water vapor, nitrogen and oxygen are going to
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freeze at low temperatures, and they cause mechanical problems and
artifacts in sensitive magnetic measurements.

The uniform magnetic field on the sample is generated by a super-
conducting Niobium-Titanium solenoid, equipped with a superconduct-
ing thermal quick switch. The solenoid covers the whole area around
the sample to induce the uniform magnetic field on the sample. The
switch is immersed in liquid helium, and a heater is mounted to heat up
the switch above its superconducting critical temperature to start the
persistent mode where the solenoid current and the magnetic field are
extremely stable.

The vibrating motion of the sample during measurement is achieved
by the motion control system. We are using 14 Hz for a vibration fre-
quency, and the vibration amplitude can be altered from 0.5 mm to 8
mm depending on the sample dimension, mass and sample holder.

The SQUID detection system is the heart of the VSM SQUID sys-
tem. SQUID detection is extremely sensitive to the magnetic signal from
the sample itself, as well as stray fields inside and outside of the system.
Therefore a careful attention is paid for a construction of this part. The
superconducting detection coils are configured as a second-order gra-
diometer (shown in Fig.3.11), with counterwound outer loops which are
responsible for a cancellation of uniform magnetic fields and linear mag-
netic field gradients. As the sample moves in an oscillatory way in the
detection coil, a current is induced in the detection coil. This current is
inductively coupled to the DC SQUID which is a magnetically-shielded.
A digital lock-in amplifier is used to isolate the second harmonic signal
from the SQUID voltage, and it is digitized by the instrument electron-
ics. The resulting harmonic signal is connected to the sample vibration,
and the amplitude corresponds to a magnetic moment of the sample via
a scaling factor.
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Figure 3.11: (From Ref. [83]) Schematic view of the pickup coil and the
SQUID input circuit in a SQUID magnetometer.
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3.7 AC susceptibility measurement

AC susceptibility is measured with a mutual inductance configuration
where two pancake coils: a drive coil and a pick-up coil, sandwich a thin
film sample. Fig.3.12 shows a schematic diagram of the system.

A current power source supplies an alternative current I = I0 exp(iωt)
in the drive coil. A magnetic field induced by the drive coil is given as
H = n1 · I, where n1 is a number of coil turns of the drive coil per unit
length. The induced magnetic flux density B at the receive coil is given
by B = µ(H+M), where µ is permeability. Taking account of M = χH
with χ as a susceptibility, the magnetic flux Φ at the receive coil is given
as follows,

Φ = S ×B = S × µ(1 + χ)H, (3.7)

where S is a cross-sectional area of the coil. The induced voltage in the
receive coil V is given as

V = −n2
∆Φ

∆t
= −n1n2Sµ(1 + χ)

∆I

∆t
, (3.8)

where n2 is a number of coil turns of the receive coil. Substituting
I = I0 exp(iωt) = I0{cos(ωt) + i sin(ωt)}, and applying a complex sus-
ceptibility χ = χ′+iχ′′, where χ′ indicates Meissner effect and χ′′ energy
loss, V becomes as follows,

Re(V ) = n1n2SµI0ω|χ̃| sin(ωt+ φ), (3.9)

Im(V ) = −n1n2SµI0ω|χ̃| cos(ωt+ φ), (3.10)

with (1 + χ′) = |χ̃| cosφ and χ′′ = |χ̃| sinφ, where φ is a phase shift.
By measuring the induced voltage V in the Lock-in amplifier, the phase

AC current supply

Recieve coilDrive coil

Thermocouple

Sample

Cryostat Lock-in Amplifier

Digital multimeter

Computer

Figure 3.12: Schematic diagram of the mutual inductance setting.
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shift φ and the amplitude |χ̃| can be obtained, and then χ′ and χ′′ as
well. The temperature is measured by the temperature sensor mounted
nearby the sample position.
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Chapter 4

Results

4.1 Interrelation of epitaxial strain and oxygen
deficiency in La0.7Ca0.3MnO3−δ thin films

4.1.1 Background

Due to scientific interests for the remarkable properties such as the large
CMR effect and the high spin-polarization of the conducting electrons,
intensive studies were devoted to a fundamental understanding of the
nature of the electronic and magnetic properties of LCMO thin films.
One of the main topics in the research is the effect of the epitaxial
strain on their electronic properties. Using an appropriate substrate it
is possible to induce a tensile or compressive strain to epitaxially grown
thin films [84, 85]. These strain affects the competition between the
double exchange interaction and Jahn-Teller distortions, and leads to
a change in the transport and magnetic properties [61, 86–88]. To use
the strain is regarded as a straightforward and powerful method to de-
velop the understanding of the nature of the properties of LCMO thin
films. Additionally, the oxygen stoichiometry plays an important role
in determining the properties of LCMO. Oxygen vacancies drive the
Mn valence state from Mn4+ to Mn3+, and the functional properties
will be modified [89]. In general, the concentration of oxygen vacan-
cies is determined by the growth thermodynamics, growth kinetics, and
post-annealing. Several papers dealing with oxygen incorporation and
depletion [90, 91] in manganite thin films have already been published.
Lattice strain and the oxygen deficiency are considered as the key pa-
rameters to tune the properties of the rare earth manganite thin films
for a given cation doping level, both, electronically and geometrically.

Here, it should be noted that extrinsic strain (e.x. induced by lattice
mismatch between the substrate and the film) and intrinsic strain (e.x.
induced by growth-related defects such as oxygen vacancies, stacking
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faults, dislocations, and so on) are coupled in the real complex oxide
systems and each of their contributions cannot be separated. It was
pointed out that the lattice mismatch between film and substrate can
impact the oxygen incorporation [26, 27] via minimizing the elastic en-
ergy. Therefore, in this section, a systematic study using LCMO thin
films are performed to shed light on this interrelation and develop a gen-
eral view. The lattice strain is intentionally changed by using different
substrates: STO, LSAT and LSAO, and the oxygen concentration in
the LCMO thin films is altered by using four different oxygen pressures
during growth, namely, 0.27, 0.2, 0.13 and 0.1 mbar. Structural and
functional measurements are conducted on all samples, and the changes
of the properties are discussed in terms of the lattice strain and the
oxygen deficiency.

4.1.2 Experiments

Doped manganites thin films La1−xCaxMnO3−δ with x=0.3 were grown
by the pulsed laser deposition (PLD) method. For the PLD process a
KrF excimer laser with a wave length of 248 nm was used, applying a
commercial LCMO target (Lesker) and an energy fluency on the target
of 1.5 J/cm2. We grew 1000 Å LCMO films on (001) STO, (001) LSAO
and (001) LSAT substrates. The room temperature in-plane lattice pa-
rameter of pseudo-cubic LCMO is 3.86 Å. The lattice constants of STO,
LSAO and LSAT substrates are 3.905, 3.75 and 3.87 Å, respectively.
The lattice mismatch, m, between the LCMO films and the substrates,
calculated as m = (aF−aS)/aS, are -1.2, 2.9 and -0.3%, for STO, LSAO
and LSAT, respectively, where aF and aS are in-plane lattice parameters
of the unstrained LCMO layers and the substrates. Therefore the LCMO
films deposited on STO substrates are under tensile strain. In contrast,
the LCMO films on LSAO substrates are under compressive strain. The
lattice mismatch between the LCMO and LSAT substrate is negligible.
The deposition temperature was kept at 750 ◦C in this work. After de-
position, the samples were cooled down to 530 ◦C with 15 ◦C/min then
the oxygen pressure was set to 1 bar. The post-annealing lasted for 1
hour, afterwards the infrared laser heater for the substrate was turned
off. The samples cooled down to room temperature within 10 min. For
each substrate, four LCMO thin films were deposited with different oxy-
gen pressures, namely, 0.27, 0.2, 0.13 and 0.1 mbar. The combination of
two parameters, the controlled lattice mismatch and the oxygen pressure
during film growth, enables us to explore the interrelation between the
oxygen deficiency in the LCMO films and the lattice strain.

After the LCMO film growth, the surface morphology was investi-
gated by atomic force microscopy (AFM). X-ray diffraction (XRD) as
well as reciprocal space mapping (RSM) was used to characterize the
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Figure 4.1: RHEED pattern from the LSAT substrate.

crystal structure and the epitaxial strain states. Finally, a Quantum
Design system SQUID vibrating sample magnetometer (VSM) and a
PPMS Quantum Design system were applied to investigate the mag-
netic and transport properties. For the transport measurements Au
contacts for standard four contact methods were evaporated on the top
of the samples.

4.1.3 Results and discussions

RHEED analysis

The RHEED pattern of the cubic LSAT substrate is shown in Fig.4.1.
First of all, the spot with the strongest intensity is the direct beam.
Then, the specular spot is present in the center, below the direct beam,
surrounded by the first order Laue diffractions. The sharpness of the
reflection and diffraction spots indicates a flat surface of the substrate.
There is noticeable streaking caused by small area of coherence on the
surface originating from the step-terrace structure of the substrate.

Fig.4.2 shows the intensity of the specular spot during LCMO de-
position on LSAT substrates as a function of the time. Each RHEED
intensity curve shows more or less a different behavior. The decrease of
the oscillation amplitude with further increase of the film thickness is
ascribed to the change of the growth mode from a layer-by-layer to a
steady-state regime. The way of damping in the RHEED intensity os-
cillation is different from a sample to another. Especially in the sample
grown at 0.27 mbar, the damping of the RHEED intensity is pronounced,
and in the samples grown at lower pressures, the oscillation is more sta-
ble. All the curves exhibit one or two maximum in the RHEED intensity
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Figure 4.2: Time dependence on the intensity of the specular spot during
LCMO deposition on LSAT substrates. The intensity is shifted by a
constant for the eye. From the top, each curve indicates the intensity
during the growth at 0.27, 0.2, 0.13 and 0.1 mbar.
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Figure 4.3: RHEED pattern after deposition of 1000 Å LCMO layer on
LSAT substrate at the oxygen deposition pressure of 0.27 mbar.

during growth. The origin of those maximums is regarded to arise from
a competition between recovery of the initial reconstruction at the in-
terface and roughening during growth. Those maximums appear in the
different timing after start of the growth. These facts indicate that the
growth mode and thus the microstructure in the film are influenced by
the oxygen pressure. From the viewpoint of kinetics, the higher oxygen
pressure causes more scattering between ablated species and oxygen ions
and thus a reduced kinetic energy of them when impinging the substrate
surface. As a result, the moderated adatoms contribute to favor on the
island growth mode due to reduced mobility. Accordingly the layer-by-
layer growth mode is facilitated and a smooth surface is expected.

Fig.4.3 and Fig.4.4 show the RHEED pattern after 1000 Å LCMO
growth on LSAT substrates at 0.27 mbar and 0.1 mbar, respectively.
The both patterns denote clear RHEED pattern from the crystalline

surfaces, which confirm the nice quality of the surface structure. The
spot shapes are stretched compared to the RHEED pattern from the
substrate shown in Fig.4.2. This is because the sample surface is rougher
than the original substrate and has narrower terraces.
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Figure 4.4: RHEED pattern after deposition of 1000 Å LCMO layer on
LSAT substrate at the oxygen deposition pressure of 0.1 mbar.

The substrate dependence can be demonstrated by comparing the
growth on the different substrate with the same deposition pressure.
Fig.4.5 shows the time dependence on the RHEED intensity during
growth of LCMO thin film on STO substrate at 0.13 mbar. The growth
of LCMO on STO substrate shows continuous oscillation of the RHEED
intensity. The quality of the oscillation is similar to the one observed in
LCMO on LSAT substrate at 0.13 mbar in Fig.4.2. On the other hand,
the RHEED intensity during LCMO growth on LSAO substrate is given
in Fig.4.6. The damping of the oscillation is rapid and the oscillation
disappears quickly. The result indicates that the layer-by-layer growth
mode is strongly suppressed in the LCMO growth on LSAO substrate,
most likely, because of the large lattice mismatch m=2.9%.
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Figure 4.5: Time dependence on the intensity of the specular spot during
LCMO deposition on a STO substrate at the oxygen deposition pressure
of 0.13 mbar.
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Figure 4.6: Time dependence on the intensity of the specular spot dur-
ing LCMO deposition on a LSAO substrate at the oxygen deposition
pressure of 0.13 mbar.
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Figure 4.7: AFM image of the 1000 Å LCMO on LSAT grown at 0.27
mbar.

Surface morphology

Fig.4.7 shows the AFM image of the 1000 Å LCMO thin film grown
at 0.27 mbar on LSAT substrate. Small grains are present on the sur-
face of the sample and the surface is granular. The AFM image of the
1000 Å LCMO on LSAT grown at the oxygen pressure of 0.2 mbar is
shown in Fig.4.8. The small grains are present, however the roughness
is improved compared to the sample grown at high pressure 0.27 mbar
shown in Fig.4.7. In the 1000 Å LCMO grown at further lower de-
position pressure of 0.13 mbar, the AFM image shows further smooth
morphology (Fig.4.9). Here, not only the grain size is smaller, but also
the step-terrace structure is present. The morphology of the substrate
is transferred to the sample surface due to a nice epitaxial and two-
dimensional growth. Finally, the AFM image of the 1000 Å LCMO on
LSAT grown at 0.1 mbar is shown in Fig.4.10. The image is nearly same
as that of the sample grown at 0.13 mbar. The step-terrace structure
is present. Additionally, the AFM image of the 1000 Å LCMO thin
film on the LSAO substrate grown at 0.13 mbar is given in Fig.4.11.
Even in this sample, the step-terrace structure is visible. This result
is rather puzzling when taking account of the RHEED oscillation in
Fig.4.6, which indicates strong reduction of layer-by-layer growth in this
sample. The reason should be discussed later in conjunction with the
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Figure 4.8: AFM image of the 1000 Å LCMO on LSAT grown at 0.2
mbar.

Figure 4.9: AFM image of the 1000 Å LCMO on LSAT grown at 0.13
mbar.
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Figure 4.10: AFM image of the 1000 Å LCMO on LSAT grown at 0.1
mbar.

Figure 4.11: AFM image of the 1000 Å LCMO on LSAO grown at 0.1
mbar.
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structural analyses via XRD measurements.

Fig.4.12 shows the dependence of the root mean square (RMS) sur-
face roughness measured by AFM versus the oxygen pressure during
growth of all our LCMO films. The samples which were deposited at
pressures lower than 0.2 mbar showed RMS values less than 1 nm. A
higher oxygen pressure (0.27mbar) causes an increase of the RMS val-
ues up to 2.7∼4.2 nm. This tendency was observed for the different
substrates. We conclude that increase of the oxygen pressure causes a
crossover from a layer-by-layer growth mode to an island growth mode.
This conjecture follows from the fact that the PLD deposition rate in-
creases with decrease of the oxygen pressure for the same laser fluency
and not due to change of the surface mobility of the oncoming species.
Increase of the deposition rate with decrease of the oxygen pressure
causes the transition from a 3D island growth mode to a 2D layer-by-
layer growth mode.
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Figure 4.12: Relation between the surface roughness and the deposition
pressures of 1000 Å LCMO thin films on the STO substrates (filled
triangles), LSAT substrates (open circles), and LSAO substrates (filled
circles).
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XRD analysis

The results of the XRD θ− 2θ scans of all the 1000 Å LCMO thin films
are presented in Fig.4.13. Here, the magnification around the LCMO
(002) peak is shown. The diffraction intensity is normalized to the peak
intensity of the substrates. For the LCMO film grown at 0.27 mbar
oxygen pressure on STO substrate the (002) peak position is at higher
angle than the bulk value. This corresponds to a reduced out-of-plane
lattice constant compared with bulk value. For tensile strain the in-plane
lattice constant stretches, while the out-of-plane lattice constant shrinks.
For LCMO films deposited at reduced oxygen pressures the (002) peak
positions shift to lower angles, what corresponds to the increase of the
out-of-plane lattice constant. The elongation of out-of-plane parameter
indicates the increase of the oxygen deficiency in the film [89,91,92] since
oxygen vacancies cause the increase of the Mn ionic radius due to change
of the Mn valence state from Mn4+ to Mn3+. The ionic radius of Mn3+

is 0.7 Å as compared to 0.5 Å for Mn4+ [92]. The shift of the (002)
film peak position confirms that the concentration of oxygen vacancies
was modified by the change of the oxygen pressure during growth. Note
that it is difficult to estimate quantitatively the concentration of oxygen
vacancies based on the (002) diffraction peak position since the peak
position is determined not only by the concentration of oxygen vacancies
but also by the lattice strain and relaxation of it. The high quality
of the crystal structure and interface roughness of the LCMO film on
STO substrate deposited at low pressures can be judged from the finite-
thickness oscillations of X-ray diffraction intensity in the θ − 2θ scan.
The LCMO film grown at 0.27 mbar oxygen pressure does not show the
finite-thickness oscillations. This result is consistent with the fact that
the surface of this film measured by AFM is rough compared to films
grown at lower oxygen pressures.

The 1000 Å LCMO films grown on LSAT substrates with small lat-
tice mismatch also show the successive shift of the (002) peak position
due to generation of oxygen vacancies during films growth at low oxy-
gen pressures. Since the LCMO (002) diffraction peak position of the
sample deposited at 0.27 mbar oxygen pressure matches the calculated
position 47.06◦ corresponding to the bulk out-of-plane lattice constant
3.86 Å, this LCMO film is least affected by the strain as expected from
the small lattice mismatch. Here again finite-thickness oscillations are
visible on the right side of the peaks, except for the sample deposited at
0.27 mbar oxygen pressure, where the film surface is rough.

In 1000 Å LCMO films grown on LSAO substrates, the position of
the (002) peak is at a lower angle (see Fig.4.13(c)) compared to the
position expected for the bulk, what corresponds to a larger out-of-
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Figure 4.13: XRD scans around LCMO (002) peak of the 1000 Å LCMO
films. The diffraction intensity is normalized to STO (002), LSAT (002)
and LSAO (006), respectively. The (006) diffraction peak of LSAO sub-
strate is at 42.91◦, which is out of the range shown in the figure. The
vertical solid lines correspond to the expected positions of fully strained
and entirely stoichiometric LCMO films, and the dotted line represents
the position of the bulk LCMO (002) peak.

61



 !"  !"#  !$  !$#  !% 

 ! 

 !"

 !$

 !%

 !&

 

 

!
"

#
$

 
%
&
'
(
)
*

!"#$%&'&$( #)"%%*)" +,-.)/

 0( 120

 0( 3140

 0( 3142

Figure 4.14: Values of full width at half maximum of the LCMO (002)
peak of the 1000 Å LCMO films. In some samples, the values are missing
since the LCMO peaks overlap with the peaks from the substrate.

plane lattice constant compared with the bulk one. This elongation of
the out-of-plane constant could be caused by the compressive strain. In
these samples, the shift of the (002) peak position due to the change of
the oxygen pressure during growth is not noticeable in contrast to cases
of STO and LSAT substrates. Instead of that, there is a large change
in the full width at half maximum (FWHM) of the thin film peaks as
shown in Fig.4.14. The LCMO films on LSAO substrates have larger
FWHM values compared to the values of LCMO films grown on STO
and LSAT substrates. The large values of FWHM of the LCMO films
on LSAO substrate grown at 0.27 and 0.2 mbar is caused by the large
inhomogeneity in terms of the out-of-plane lattice parameter, most likely
due to strain relaxation and island growth mode which is fostered by a
compressive strain [61].
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Figure 4.15: Reciprocal space maps of 1000 Å LCMO on LSAT around
(013) LSAT diffraction peak. The figures are corresponding to the sam-
ples grown at 0.27, 0.2, 0.13 and 0.1 mbar from the left to the right.
The dotted line indicates the LSAT (013) diffraction position.

Further analysis of the crystal structure of our LCMO films were
done using reciprocal space map (RSM) plots. Fig.4.15 shows the RSM
plots of the diffracted X-ray intensity distribution in the vicinity of the
(013) Bragg peaks of 1000 Å LCMO films on LSAT substrates. And
on STO, shown in Fig.4.16. All LCMO films on these substrates are
strained to the substrate and the shift of the out-of-plane Q value is
clearly visible. Note that the shift of the out-of-plane Q value corre-
sponds to the change of the out-of-plane lattice constant obtained from
the θ − 2θ XRD scans. In the 1000 Å LCMO film grown on STO sub-
strate at 0.27 mbar oxygen pressure, the shape of the diffraction peak is
distorted in an asymmetric way. This is related to a partial relaxation of
the crystal structure in the film. The strain-free island formation takes
place earlier in this film compared to the other samples grown at lower
oxygen pressures.

63



STO /LCMO(1000A)

Q (A )In-p lane

-1

1.6 1.65

4.9

4.95

4.8

4.85

100

10

1

0.1
1.6 1.65 1.6 1.65 1.6 1.65

Q
(A

)
O

u
t-

o
f-

p
la

n
e

-1

Figure 4.16: Reciprocal space maps of 1000 Å LCMO on STO around
(013) STO diffraction peak. The figures are corresponding to the sam-
ples grown at 0.27, 0.2, 0.13 and 0.1 mbar from the left to the right.
The dotted line indicates the STO (013) diffraction position.

Fig.4.17 shows RSM plots of the (013) LCMO Bragg peak for 1000
Å films grown on LSAO substrates at different oxygen pressures. The
in-plane and out-of-plane Qs for the (013) Bragg peak of bulk LCMO
are 1.628 Å−1 and 4.883 Å−1, respectively, which are far from the (013)
Bragg peak in our LCMO films on LSAO. Therefore those films are par-
tially strained compressively and partially relaxed. The out-of-plane Q
value of the (013) Bragg peak positions of the samples grown at differ-
ent growth pressures shows tiny shift from 4.8291 Å−1 to 4.8188 Å−1,
which is consistent to the small change of out-of-plane lattice constant
observed in θ− 2θ scan. In addition the shape of the RSM spot changes
in the films grown at different oxygen pressures. Paying attention to
the change of the shape of the (013) diffraction spots, the broadening
of the out-of-plane Q value becomes smaller in the films deposited at
lower oxygen pressures. This tendency coincides with the change of
the FWHM of the (002) LCMO Bragg peak value presented in Fig.4.14
and is related to the film microstructure. The (013) diffraction spots in
the LCMO films deposited at 0.27 and 0.2 mbar oxygen pressures show
broadening of both, the in-plane and out-of-plane Q values, indicating
the relaxation due to the formation of stress-free or at least stress lean
islands. The spots of the atomically smooth films deposited at 0.13 and
0.1 mbar oxygen pressures show a further broadening of the in-plane Q
value, but shrinkage of the out-of-plane Q value. This observation indi-
cates that these films have large spread in terms of the in-plane lattice

64



1

10

1.6 1.65 1.7

4.8

4.85

4.45

4.5

LSAO /LCMO(1000A)
Q

(A
)

O
u

t-
o

f-
p

la
n

e

-1

Q (A )In-p lane

-1

4.8

4.85

4.8

4.85

4.8

4.85

Figure 4.17: Reciprocal space maps of 1000 Å LCMO on LSAO around
(013) LCMO diffraction peak. The figures are corresponding to the
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constant but the out-of-plane parameter is more homogeneous. Taking
into account the fact that the LCMO films grown on LSAO substrates
at low oxygen pressure shows surface steps in the AFM image (shown
in Fig.4.11) while films grown at higher oxygen pressure are rough, we
conclude that change of the shape of the (013) Bragg spots is caused by
the change of the LCMO film microstructure. The compressive strain is
accommodated by creating twin domains, which has been observed not
only in manganites [93,94] but also in perovskite LaNiO3 [95] when they
are in a compressive strain.
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Magnetism and transport measurements

The results of transport and magnetism measurements on the samples
grown at 0.27 mbar are shown in Fig.4.18. The magnetic moments of the
1000 Å LCMO thin films on LSAT and LSAO show a sharp ferromag-
netic transition with high TCurie of 230.4 K and 229.0 K, respectively.
On the other hand, the 1000 Å LCMO film on STO substrate shows a
broad transition with suppressed TCurie of 171 K compared to the other
samples. From the transport measurement, the peak temperatures in
the LCMO films on LSAT and LSAO are 241.5 K and 242.1 K, respec-
tively, which are higher than that of the LCMO on STO where TCurie is
206.6 K. The magnetoresistance ratio reaches its peak at the peak tem-
peratures, and the values are about 0.99. This high magnetoresistance
ratio indicates a high quality of crystalline structure of the LCMO thin
films.

The results on the samples grown at 0.2 mbar are shown in Fig.4.19.
The temperature dependence of the magnetic moment shows that TCurie

is suppressed in the LCMO on STO and LSAT. On the other hand, the
LCMO on LSAO substrate keeps high TCurie of 232.2 K. Peak temper-
ature is also suppressed in the LCMO on STO and LSAT. And in the
LCMO on LSAO, the peak temperature was not influenced that much.
The magnetoresistance ratios of all the samples are almost 0.99 as a
reflection of good crystalline structures.
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Figure 4.18: Temperature dependence on the magnetic moment, resis-
tivity and magnetoresistance defined by (R0 − R6T)/R0, where R0 and
R6T are the resistance without external field and with field of 6 T per-
pendicular to the sample plane, of the 1000 Å LCMO thin film grown at
0.27 mbar on the different substrate. The magnetic moment was mea-
sured in cooling process with the external field of 3000 Oe parallel to
the plane.
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Figure 4.19: Temperature dependence on the magnetic moment, resis-
tivity and magnetoresistance measured with field of 6 T perpendicular
to the sample plane, of the 1000 Å LCMO thin film grown at 0.2 mbar on
the different substrate. The magnetic moment was measured in cooling
process with the external field of 3000 Oe parallel to the plane.
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Figure 4.20: Temperature dependence on the magnetic moment and
resistivity of the 1000 Å LCMO thin film grown at 0.13 mbar on the dif-
ferent substrate. The magnetic moment was measured in cooling process
with the external field of 3000 Oe parallel to the plane.

The samples grown at 0.13 mbar show further suppressed TCurie’s
as shown in Fig.4.20. The TCurie’s are 128.0, 93.7 and 114.7 K for the
LCMO films on STO, LSAT and LSAO, respectively. The temperature
dependences show a granular curve, which indicates an existence of inho-
mogeneous phases. All samples show semiconductor-like behaviors with
an increase of the resistance as the temperature decreases.
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Figure 4.21: Temperature dependence on the magnetic moment and re-
sistivity of the 1000 Å LCMO thin film grown at 0.1 mbar on the different
substrate. The magnetic moment was measured in cooling process with
the external field of 3000 Oe parallel to the plane.

The magnetic and transport measurements on the samples grown at
0.1 mbar are shown in Fig.4.21. The Curie temperatures are reduced as
91.6, 88.4 and 89.3 K for the LCMO film on STO, LSAT and LSAO,
respectively. The inhomogeneity was enhanced, and the magnetic mo-
ments are very low. The resistance increases as the temperature de-
creases.
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Figure 4.22: Dependence of the Curie temperature and the peak tem-
perature of 1000 Å LCMO films on the oxygen pressure during growth.
The error bars take account of a standard error from sample to sam-
ple grown at the same condition and a standard error originating from
parameter fitting.

In Fig.4.22 the Curie temperatures are summarized as a function of
the oxygen pressure during growth. TCurie is determined as the tem-
perature where the derivative, dM/dT of magnetization M measured
at 3000 Oe parallel to the film in the field cooling (FC) regime shows
the maximum. TPeak is determined from the transport measurement as
the temperature where the resistivity has its maximum. The samples
grown at oxygen pressures lower than 0.13 mbar show semiconductor-like
behavior within the measurable temperature range, therefore no TPeak

values are observed for these films (see Fig.4.22). The other physical
properties such as saturation magnetization MS, residual resistivity ρR
and coercive field HC are summarized in Table.4.1.

The LCMO film grown on LSAT substrate at 0.27 mbar oxygen pres-
sure has a saturation magnetization of 3.6 µB/Mn, in good agreement
with the value, 3.7 µB/Mn for a bulk La0.7Ca0.3MnO3. The residual
resistivity ρR, which is related to scattering of carriers due to defects,
can be used as an indicator of the quality of the crystallinity [96]. It is
104 µΩcm which is similar to the values of the LCMO films reported in
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P (mbar)Growth

On STO

On LSAT

On LSAO

0.27 0.2 0.13 0.1

rR

M ( /Mn)S Bm

H (Oe)C

( cm)mW 411 5867

3.3 3.0 2.3 1.2

254.4 357.3 286.0 547.2

— —

P (mbar)Growth 0.27 0.2 0.13 0.1

rR

M ( /Mn)S Bm

H (Oe)C

( cm)mW 104 4412

3.6 2.9 1.1 0.9

57.6 114.3 375.0 341.0

— —

P (mbar)Growth 0.27 0.2 0.13 0.1

rR

M ( /Mn)S Bm

H (Oe)C

( cm)mW 161 118

3.2 2.7 1.5 0.9

358.2 309.9 472.4 652.4

— —

Table 4.1: List of the physical properties such as saturation magnetiza-
tion MS, residual resistivity ρR and coercive field HC of 1000 Å LCMO
films.
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the literature [96,97]. The coercive field, HC, shows a quite small value
of 57.6 Oe, indicating a weak pinning of the Bloch walls by intrinsic
defects.

The tensile-strained LCMO film on STO substrate grown at 0.27
mbar oxygen pressure shows reduced TCurie≃171 K compared to LCMO
films grown on LSAT and LSAO substrates at 0.27 mbar. We consider
two possible scenarios for this reduction of TCurie: (i) an extension of
the Mn-O bond length due to tensile strain and (ii) the oxygen defi-
ciency. According to the double exchange mechanism stretching of the
Mn-O bonds length due to a tensile strain suppresses the probability of
electron hopping, then the ferromagnetism is weakened and TCurie is re-
duced [98]. The oxygen deficiency could also cause a reduction of TCurie

since the oxygen vacancies in the crystal modifies the manganese valence
from Mn4+ to Mn3+ by giving additional electrons. The reduction of
TCurie due to the extension of the Mn-O bonds length is observed in the
thin LCMO films in which the effective tensile strain is strong, and the
effect disappears in the thick films with the thickness more than 1000
Å [99, 100]. Therefore, taking account of the thickness of our LCMO
films, the reduction of TCurie is related to the oxygen deficiency. In
addition, the onset of the magnetic transition shown in Fig.4.23, is at
around 250 K in all LCMO films grown at oxygen pressure 0.27 mbar,
however the magnetic transition is broad in tensile-strained LCMO film
on STO substrate compared with films grown on LSAT and LSAO sub-
strates. Similar broadening of the magnetic transition is observed in the
LCMO films grown at lower oxygen pressures. The transition broad-
ening increases as the growth oxygen pressure reduces (see the case of
LCMO film on LSAT substrate shown in Fig.4.23). Thus the LCMO
film grown on STO substrate at 0.27 mbar oxygen pressure has certain
concentration of the oxygen vacancies. Most likely the oxygen vacan-
cies are induced to accommodate the tensile strain [27]. Relatively large
residual resistivity 411 µΩcm in this film, which is 4 times larger than in
the LCMO film on LSAT substrate, supports this conclusion. Indeed the
oxygen vacancies are electronic defects and scatter charge carriers. The
Curie temperature also reduces due to the presence of oxygen vacancies
in this LCMO film under tensile strain.

The LCMO films grown at 0.2 mbar oxygen pressures on STO and
LSAT substrates show reduced TCurie and TPeak, and an increase of the
residual resistance. The LCMO films grown at 0.13 and 0.1 mbar oxygen
pressures on STO and LSAT substrates are insulating with significantly
reduced magnetism. Taking into account that the out-of-plane lattice
constant also increase as oxygen pressure decreases, these tendencies are
ascribed to increase of the concentration of oxygen vacancies. As the
oxygen deficiency increases, the manganese valence changes and causes
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Figure 4.23: Magnetic moments during field cooling process under ex-
ternal field of 3000 Oe. The bold curves indicate the magnetic moments
of 1000 Å LCMO films grown at 0.27 mbar on STO, LSAT and LSAO
substrates. The broken lines show the moments of 1000 Å LCMO on
LSAT grown at 0.2 0.13 and 0.1 mbar from the top line to the bottom
one.
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Figure 4.24: Magnetic loop at 5 K on the 1000 Å LCMO samples grown
at 0.27 mbar.

the reduction of the magnetic moment together with TCurie as well as
TPeak and MS. The residual resistivity also increases significantly.

The Curie temperature of LCMO film on LSAO substrate grown at
0.2 mbar oxygen pressure does not change compared to the film grown
at 0.27 mbar. The values of ρR are 161 and 118 µΩcm for the samples
grown at 0.27 and 0.2 mbar, respectively, and those are similar to the one
of fully oxygenated LCMO grown on LSAT at 0.27 mbar. This indicates
that in the LCMO films grown on LSAO substrate the generation of
oxygen vacancies is less favorable than in the films grown on STO and
LSAT substrates in the same growth condition. The compressive strain
supports the oxidization of LCMO films. The magnetization hysteresis
loops at 5 K for LCMO grown at 0.27 mbar on different substrates
are shown in Fig.4.24. The magnetic moment for film grown on LSAO
substrate is not saturated at the field of 3000 Oe, where LCMO films
on STO and LSAT substrates get saturated. This indicates that spins
are strongly pinned due to structural distortion caused by a compressive
strain.

LCMO films grown on LSAO substrate at 0.13 and 0.1 mbar show
the insulating behavior without a characteristic peak of resistivity in the
transport measurement. TCurie’s are 115 K and 89 K, respectively, and
the ferromagnetic moments are also reduced as shown in Table.4.1. In
these cases, there are two possible reasons for the reduction of conduc-
tivity and ferromagnetism. One is the oxygen deficiency, similar to the
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cases of LCMO on STO and LSAT. Although the out-of-plane lattice
parameter does not show a noticeable change, there is distinct spread
in the in-plane parameter (Fig.4.17). Therefore a certain amount of
oxygen vacancies could be generated in the crystal system despite of
the epitaxial compressive strain. The second possible reason is that
the creation of twin domains disturbs electron hopping and suppresses
the double exchange mechanism. As discussed in RSM of Fig.4.17, the
shape of (013) diffraction spot of the samples grown at 0.13 and 0.1
mbar indicates a formation of twin domains, where the domains tilted
with each other by an identical angle to accommodate the compressive
strain. At the interfaces between tilted domains the connection between
adjacent MnO6 octahedra is distorted. The double exchange interac-
tion gets suppressed and the electrons are localized. Accordingly the
conductivity and ferromagnetism are suppressed. It is also likely that
both effects are combined, namely, the oxygen vacancies can be accom-
modated by forming twin domains. In this case, both of the oxygen
vacancies and the distortion of octahedral contribute on the suppression
of the conductivity and ferromagnetism.

4.1.4 Summary of the section

The 100 Å LCMO thin films were grown on three different substrates,
STO, LSAT and LSAO, and four different oxygen pressures for growth,
0.27, 0.2, 0.13 and 0.1 mbar, were used in order to change the con-
centration of the oxygen vacancies. According to XRD analysis, the
quality of crystal structure is good, and the oxygen deficiency becomes
larger as the oxygen growth pressure becomes smaller, enabling us to
perform a systematic study on the interrelation between strain and oxy-
gen deficiency. The shift of the (002) X-ray diffraction peak due to the
change of the oxygen growth pressure is large in the film with tensile
strain, and it is suppressed in the film with compressive strain. This
clearly indicates the entanglement of the strain and the oxygen defi-
ciency, that is, oxygen vacancies are induced to accommodate tensile
strain and compressive strain suppresses the formation of oxygen va-
cancies. Even in the transport and magnetic measurements, the same
tendency was observed. Tensile-strained LCMO film on STO substrate
grown at 0.27 mbar shows suppressed TCurie and high residual resistiv-
ity because of the induced oxygen vacancies, while LCMO film on LSAT
and LSAO substrates showed sharp transition with high TCurie and small
ρR. Changing the oxygen pressure from 0.27 mbar to 0.2 mbar, TCurie

and ρR in compressive-strained LCMO film on LSAO substrate were
stable compared to LCMO films on STO and LSAT substrates since the
compressive strain suppresses formation of oxygen vacancies.
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4.2 Superconductivity in YBa2Cu3O7−d/La1−xCaxMnO3

bilayers (x=0.3, 0.45, 0.55 and 0.8)

4.2.1 Overview of this section

This section addresses the general problem of the interplay between two
different and antagonistic ground states in complex oxides by the special
case of YBCO and La1−xCaxMnO3 (hereafter, in this section, notation
of LCMO is applied for general class of Ca doped Lanthanum manganite
La1−xCaxMnO3).

In the YBCO compound, high temperature superconductivity is in-
fluenced by the various defects such as oxygen vacancies [32], as well as
on cation disorder [101, 102] and substitution [103, 104]. In the LCMO
material the magnetic and electronic properties are strongly dependent
on the Ca concentration x [105]. A comprehensive study of YBCO/LCMO
bilayers with a different Ca concentration in LCMO is necessary for fur-
ther understanding of interface phenomena and TC enhancement or sup-
pression in the YBCO layer. In this part, a comparative study of elec-
trical transport, magnetic and structural properties of YBCO/LCMO
bilayers grown by pulsed laser deposition on SrTiO3 (001) substrates
will be presented.

The YBCO and LCMO layer thicknesses were fixed at 4 unit cells
(u.c.) ∼ 47 Å and 200 Å, respectively, while the Ca doping concentra-
tion in the LCMO layer was systematically changed. This YBCO layer
thickness was selected because TC is strongly influenced by an adjacent
LCMO layer when the thickness of YBCO layer is 50 Å [73]. The Ca
doping, x, in the LCMO layer was changed from one sample to the other
with x= 0.3, 0.45, 0.55 and 0.8. According to the phase diagram [106],
LCMO with these doping concentrations correspond to the FM state
for x=0.3, FM plus CE-type antiferromagnetic (AFM) state for x=0.45,
and CE-type AFM and C-type AFM for x=0.55 and x=0.8, respectively.
If a charge transfer of spin polarized electrons from LCMO to YBCO
is the main mechanism of TC reduction this effect would be differenti-
ated by the Fermi levels (EF) in the band diagrams of the layers and
the concentration of spin polarized electrons. EF of LCMO compounds
decreases in almost linear manner as Ca concentration increases [107],
and EF is consistently larger in LCMO than in YBCO irrespective of
x [108]. Therefore, one expects that the strongest suppression of TC

should be observed at low doping level x=0.3, where LCMO layer is fer-
romagnetic half-metal with 100% spin polarized electron carriers. The
smallest TC suppression is expected for x=0.8 where the LCMO layer
is an AFM insulator. As a result of our analysis, however, we observed
that the TC reduction tendency is opposite to what is expected, namely,
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the obvious reduction compared to a single 4 u.c. YBCO was present
in the YBCO/LCMO bilayer with x=0.3 and as the Ca concentration
increased a suppression of TC was enhanced. In the bilayers an LCMO
layer of x=0.8, the superconducting transition was absent for the entire
temperature range down to 4.2K.

In order to explain this finding we must draw attention to the fact
that a change of Ca doping x in LCMO modifies not only the magnetic
phase but also the lattice parameters of the LCMO unit cell. The largest
lattice mismatch between YBCO and LCMO occurs for x=0.8 where
no superconductivity was found. We argue that in our YBCO/LCMO
bilayers the main mechanism of the TC suppression is related to the
crystal structure. Lattice mismatch is predominantly responsible for a
creation of oxygen deficiency in the YBCO layer and an enhancement
of Ca intermixing which causes Ca doping into the YBCO and a cation
disorder effect.

4.2.2 Experiments

A single layer YBCO thin film and YBCO/LCMO bilayer samples were
fabricated by PLD. We used five different targets: the YBCO target was
synthesized in TOSHIMA Manufacturing Company (Japan) and four
LCMO targets with different Ca concentration x=0.3, 0.45, 0.55 and
0.8 were provided by Kurt Lesker Company (U.K.). STO (001) single
crystal substrates from Crystec Company (Germany) with dimensions
of 5× 5× 0.5 mm3 were used after TiO2 termination [109]. For the
PLD deposition a KrF excimer laser with a wave length of 248 nm was
utilized. The energy density on the target was set to 1.8 J/cm2. The
frequencies of the pulsed laser were 2 and 3 Hz for YBCO and LCMO,
respectively.

The thickness of the YBCO layer was fixed at 4 u.c. (∼ 47 Å)
in all samples. The in-situ reflection high energy electron diffraction
(RHEED) of the specular spot was monitored during growth. The
RHEED intensity oscillation pattern obtained during deposition of a
4 u.c. YBCO layer is shown in Fig.4.25.

In all YBCO/LCMO bilayers the YBCO layer was deposited first and
the LCMO layer was grown on top of YBCO. The thickness of the LCMO
layer was kept at 200 Å. We fabricated four different bilayers: (i) YBCO/
La0.7Ca0.3MnO3 (denoted as YL.3), (ii) YBCO/La0.55Ca0.45MnO3 (YL.45),
(iii) YBCO/La0.45Ca0.55MnO3 (YL.55) and (iv) YBCO/La0.2Ca0.8MnO3

(YL.8). The substrate was heated by an infrared laser and kept at 760 ◦C
while controlled by a radiation pyrometer. The oxygen pressure during
growth of the bilayers and the single YBCO film was 0.27 mbar. After
the deposition, all the single film and bilayers were post-annealed: first
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Figure 4.25: Time dependence of the RHEED intensity of the specular
spot during growth of the YBCO layer.

they were cooled to 520 ◦C with ramp rate of 5 ◦C/min, afterwards the
oxygen pressure was increased to 1 bar. In order to fully oxidize YBCO
layer the post-annealing time lasted for 20 min in case of single YBCO
film and 40 min for all bilayers. The bilayer samples needed longer
post-annealing time to provide complete saturation of oxygen content in
the bottom YBCO layer because the upper LCMO layer hampers the
oxygenation process. When the post-annealing was finished, an infrared
laser heater was turned off. The sample ID, the structures, as well as
TC, Curie temperature TCurie and saturation magnetization MS at 50 K
are summarized in Table 4.2.

Each sample was characterized by different techniques. To determine
the phase purity and crystalline orientation we utilized a Bruker AXS-D8
X-ray diffractometer with CuKα radiation (λ=0.1541 nm). The super-
conducting transition temperature TC was determined by mutual induc-
tance set-up from a room temperature down to 4.2 K with transmission
geometry, i.e., the samples were located between the drive and pick-up
coils. The AC drive coil current was 60 µA at a frequency of f=1.6 kHz.
Taking account of the geometry of the driving coil and the number of
turns (300 times), this current corresponds to ∼ 0.28 Oe. The tempera-
ture dependence on the magnetic moment was measured by a vibrating
sample magnetometer (VSM) SQUID in field-cooling (FC) process with
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YBCO

YL.3

YL.45

Structure MS B[ /Mn]m

Single YBCO

YL.55

YL.8

Sample ID TCurie[K]TC[K]

YBCO / La Ca MnO0.7 0.3 3

YBCO / La Ca MnO0.55 0.45 3

YBCO / La Ca MnO0.45 0.55 3

YBCO / La Ca MnO0.2 0.8 3

65.1

49.2

44.1

27.3

---

215.78 ± 2.85

---

214.49 ± 4.47

---

---

0.04

3.07

0.33

0.07

---

Table 4.2: Summary of a sample ID, corresponding structure, and phys-
ical properties such as TC, TCurie and MS. MS was taken from the
moment at 50 K during FC process under 3000 Oe.

an external field of 3000 Oe parallel to a sample plane. The in-plane
transport measurements were performed by a PPMS Quantum Design
system from 5 K to 300 K with a four-point contacts configuration.

4.2.3 Results

Fig.4.26 shows a magnification of the x-ray diffraction θ− 2θ scans of a
single layer YBCO film and four bilayers. The YBCO (005) and STO
(002) diffraction peaks appear at ∼ 38.6◦ and ∼ 46.5◦, respectively.
A position of the LCMO (002) diffraction peak shifts from 2θ = 47.2◦

to 48.9◦ as the doping concentration increases from 0.3 to 0.8. This
shift is attributed to a contraction of the out-of-plane lattice parameter
upon substitution of La ion by Ca which has a smaller ionic radius
[110]. Because the YBCO film is very thin (4 u.c.), the full width at
half maximum (FWHM) of the YBCO (005) peak is ∼ 1.7◦, which is
consistent with a rough estimation by using Scherrer formula ∆ = 0.9 ·
λ/(L cos(θ)), where λ and L are the wave length of the X-ray and the
thickness of the film, respectively, and ∆ is the FWHM of the diffraction
peak centered at 2θ. Typically for reference YBCO films with a thickness
of 1000 Å the FWHM is 0.2 ∼ 0.4◦. Two sharp diffraction peaks at
∼ 38.2◦ and ∼ 44.5◦ are ascribed to diffraction from the sample holder
as shown in the bottom of Fig.4.26.
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Figure 4.26: XRD θ−2θ scans around YBCO (005) diffraction peak and
LCMO (002) peak including STO (002) peak. The lines correspond to
single YBCO, YL.3, YL.45, YL.55 and YL.8 from the top to the lowers.
The arrow indicates the LCMO (002) peak position which shifts with
the change of Ca concentration x. The bottom indicates the background
diffraction measured without a sample, where the peaks from the holder
are shown. For clarification, asterisk symbols (*) are added on the holder
peaks
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Figure 4.27: Small angle X-ray reflectivity measurement on the bilayer
YL.8.

A small angle X-ray reflectivity measurement was performed for each
bilayer sample. In Fig.4.27, the result on the bilayer YL.8 is shown.
The result exhibits Kiessig oscillations, indicating the smooth sample
surface. The thickness obtained from Kiessig oscillations is ∼ 250 Å,
which is consistent with the expected thickness. The oscillation with
similar pattern was confirmed even in the other bilayer samples.

TC was determined from the AC susceptibility measured by a mutual
inductance set-up. A response of a pick-up coil is a complex number with
real Re(χ) and imaginary Im(χ) parts corresponding to the in-phase
(dissipative) and 90 degrees out-of-phase (inductive) couplings between
the coils. This result is shown in Fig.4.28. TC was determined by the
temperature where the Im(χ) signal departs from the value in normal
state. The single 4 u.c. YBCO thin film shows TC of∼ 65.1 K. This value
of TC for a YBCO ultrathin film is consistent with literature [73] and
much lower than TC of bulk YBCO (∼ 92 K). In YBCO/LCMO bilayers
TC is even further reduced as follows: 49.2 K in YL.3, 44.1 K in YL.45,
and 27.3 K in YL.55, respectively. The bilayer composed of an LCMO
layer with a Ca concentration of 0.8 (YL.8) was not superconducting in
the entire temperature range down to 4.2 K.
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Figure 4.28: Temperature dependence of AC-susceptibility. Im(χ) and
Re(χ) are shown in (a) and (b), respectively.
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Figure 4.29: Temperature dependence on a magnetic moment of the
bilayer samples with an external field of 3000 Oe parallel to a sample
plane.

The field cooled temperature dependences of magnetic moments for
different YBCO/LCMO bilayers are shown in Fig.4.29. The magnetic
moment was converted to Bohr magneton per one Mn atom (µB/Mn)
based on 200 Å (the thickness of LCMO layer). First, one can clearly
see that the ferromagnetic moment is observed only in two bilayers: Ca
doping of x=0.3 and 0.45. In bilayers composed of YBCO and LCMO
layers with x=0.55 and 0.8, the magnetization is close to zero in the
measured temperature range as expected for the AFM ground state.
From these temperature dependences we extracted the Curie temper-
ature for two ferromagnetic LCMO layers as a cross-point of a linear
extrapolation of M(T ) with the highest derivative dM/dT and another
extrapolation from the high temperature region where M(T ) = 0. The
saturation magnetization MS was determined at T = 50 K. In compar-
ison with bulk parameters of LCMO with x=0.3 (TCurie ∼ 270 K and
MS ∼ 3.7 µB/Mn) the YL.3 bilayer shows reduced values of TCurie ∼ 216
K and MS ∼ 3.0 µB/Mn. This is a consequence of the small layer thick-
ness and epitaxial tensile strain [66, 97]. For the bilayer YL.45 where
the LCMO layer belongs to FM plus CE-type AFM phases, we found
TCurie ∼ 214 K and MS ∼ 0.33 µB/Mn. The saturation moment is
strongly reduced compared with MS of 3.0∼3.4 µB/Mn for polycrys-
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talline samples [111, 112]. This reduction could be related to the epi-
taxial strain via a lattice mismatch with the bottom YBCO. According
to the bulk phase diagram for LCMO [113], the compound with x=0.45
is close to a charge-ordered AFM state and this state can be easily in-
duced in thin films due to the tensile strain [114, 115]. The YL.55 and
YL.8 bilayers with LCMO layers of x=0.55 and 0.8 respectively did not
show any ferromagnetic response as is expected for the AFM ground
state for the corresponding doping x. The two superconducting bilay-
ers (YL.3 and YL.45) showed a paramagnetic moment below TC of the
YBCO layer. A similar paramagnetic response was previously reported
for YBCO/LCMO superlattices [116,117] and was interpreted as a result
of the magnetic flux compression in a superconducting layer caused by
the presence of magnetic LCMO layer. The explanation of this effect is
still under discussion.

Figs.4.30(a) and (b) plot resistance versus temperature for the four
bilayers and one 4 u.c. YBCO film. The superconducting transition
temperature for the thin YBCO film, TC(R=0) ∼ 63 K, is in a good
agreement with TC obtained from mutual inductance measurements.
The resistance has a linear temperature dependence above TC. The
R(T ) dependence of three bilayers: YL.3, YL.45 and YL.55 are shown
in Fig.4.30(a) and YL.8 is presented in Fig.4.30(b).

Due to an interplay between resistances of YBCO and LCMO layers,
a metal to insulator transition (TMI) appeared in the R(T ) curves for
all bilayers except for YL.8. The metal to insulator transition tempera-
ture TMI in YL.3 at 233 K is caused by the contribution of the LCMO
layer. On the other hand, TMI ∼ 203 K in YL.55 cannot be ascribed to
the LCMO since LCMO with x=0.55 is insulating in this temperature
region. Therefore, the metal to insulator transition in YL.55 originated
from a change in the dominant contribution on the net resistance. That
is, LCMO has a lower resistance than YBCO at high temperatures and
other way around in the low temperature region. The resistance peak,
TMI ∼ 210 K, in YL.45 should be between of both features. In YL.8
the resistance increases as the temperature decreases and the supercon-
ducting transition was absent down to 5 K. This is consistent with the
mutual inductance measurement. Taking into account that the LCMO
layer with x=0.8 is insulating this result confirms that the YBCO layer
in the bilayer YL.8 is not superconducting. All the other bilayers show
superconducting transitions in good agreement with TC measured by
mutual inductance set-up and depends on the doping level of the LCMO
layer.

A surprising fact is reduction of TC with increase Ca concentration in
LCMO layer trend is counterintuitive, because the LCMO ground state
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Figure 4.30: Temperature dependence on a resistance of bilayer samples
and single YBCO. The result of YL.8 is given in (a). The other samples
are shown in (b).
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changes from FM half metal to AFM insulator. If the mechanism of the
TC reduction is electronic due to charge transfer of spin-polarized quasi-
particles from the LCMO layer into the YBCO and breaking Cooper
pairs, the maximum effect should be observed in the YBCO/LCMO bi-
layer with x=0.3 where the LCMO layer is FM half metallic. The result
is robust and opposite, namely, the maximum suppression of the TC

was observed in the bilayer with LCMO (x=0.8) layer which has AFM
insulating ground state.

4.2.4 Discussion

Contacting a thin superconducting YBCO layer with other epitaxial
oxide layer modifies the interface properties by different mechanisms.
First, if Cooper pairs can penetrate and survive in the adjacent layer
superconductivity is induced in the proximity of the interface, which is
the so-called proximity effect. Simultaneously, the leakage of Cooper
pairs weakens the superconductivity near the interface. This effect is
called the inverse proximity effect. (Note that, in case of SC/FM junc-
tions, the inverse proximity effect could be affected by magnetism in
FM layer.) These phenomena depend on the interface transmission as
well as possible pair breaking mechanisms. In case of a junction of
YBCO and the FM metal La0.7Ca0.3MnO3, the proximity effect is pro-
hibited due to the of large exchange energy of La0.7Ca0.3MnO3 (∼3
eV) [15]. It is also not likely that proximity effect plays a major role
at the YBCO/La0.2Ca0.8MnO3 interface because LCMO with x=0.8 is
a charge ordered insulator. In addition, the length scale of the inverse
proximity effect is the superconducting coherence length which is small
for YBCO (0.1∼0.3 nm) compared to the layer thickness. Accordingly,
a conventional proximity effect is not supposed to result in the TC re-
duction observed in the YL.8 bilayer. Unconventional proximity effect
which could occur due to the interplay of SC and FM states [23, 24] is
also incompatible with the TC reduction observed in YL.8.

The second electronic mechanism is charge transfer driven by a dif-
ference in the Fermi levels EF of neighboring layers. To check the appli-
cability of this approach one needs to know EF for YBCO and LCMO
with different Ca concentration. According to Ref. [108], EF of the un-
doped LaMnO3 is ∼1 eV larger than that of the optimum doped YBCO.
EF of La1−xCaxMnO3 decreases linearly by 0.72 eV as x changes from
0 to 1 [107]. A schematic representation of relative position of EF for
LCMO with x=0.3, 0.45, 0.55 and 0.8 as well as YBCO are depicted in
Fig.4.31. Based on this data we can qualitatively consider the impact
of this charge transfer mechanism on the superconductivity in YBCO.
The larger a difference between EF in adjacent layers the more electrons
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1- 3x x
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Figure 4.31: Schematic of a relation between EF of concerned com-
pounds.

are transferred to the YBCO layer and TC is suppressed. In this pic-
ture the largest effect is expected for the YBCO/LCMO bilayer with
x=0.3 (YL.3). Surprisingly, we obtained the strongest TC reduction
in YBCO/LCMO bilayer with x=0.8 (YL.8) where the smallest charge
transfer is expected from a difference between EF. Thus the simple
charge transfer model cannot be the main mechanism for the reduc-
tion of TC in YL.8. In addition, the carriers in FM LCMO with x=0.3
are fully spin polarized, while in LCMO with x=0.8 the ground state
is an AFM insulator. In conjunction with charge transfer mechanism,
spin-polarized carriers also do not cause the suppression of TC in YL.8.

It should be noted that these two mechanisms, proximity effect and
charge transfer, are applied for conventional superconducting and semi-
conducting heterostructures and might be not applicable for complex
oxides with strong electronic correlations and lattice structure distor-
tions. Indeed in these materials the crystal structure plays an impor-
tant role. The properties of the interfacial layers are often determined
by several interrelated mechanisms: (i) epitaxial strain due to lattice
mismatch between neighboring layers with different lattice parameters,
(ii) strong Coulomb interaction between electrons and hybridization of
orbitals, and (iii) introduction of different types of defects including oxy-
gen vacancies, intermixing or substituting of cations from an adjacent
layer, dislocations and/stacking faults.

First let us compare the lattice parameters for the YBCO and LCMO
layers. The in-plane lattice parameters of a strain-free bulk YBCO are
3.823 and 3.887 Å for the a- and b-axis, respectively [32]. To take
into account the twinning of YBCO [118], hereafter we take an average
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Figure 4.32: Relation of lattice parameters of LCMO and doping x.
The lattice parameters of a bulk LCMO are cited from Ref. [119] for
x=0 and 0.05, Ref. [120] for x=0.1, Ref. [121] for 0.2, Ref. [122] for
x=0.3, Ref. [123] for x=0.4, Ref. [112] for x=0.45, Ref. [124] for x=0.5,
Ref. [125] for x=0.55, Ref. [126] for x=0.6, Ref. [127] for x=0.7, Ref. [128]
for x=0.8, Ref. [129] for x=0.9 and Ref. [130] for x=1. The out-of-
plane lattice parameter of LCMO in bilayer samples are denoted by
open circles. The error bar corresponds to FWHM of the LCMO (002)
diffraction peak

of a and b, namely 3.855 Å as the in-plane parameter of YBCO. The
lattice parameters for bulk LCMO compound as a function of the Ca
doping concentration x are presented in Fig.4.32. Here, a, b and c lattice
parameters are derived as a = aO/

√
2, b = bO/

√
2, and c = cO/2, where

aO, bO and cO are the intrinsic orthorhombic lattice parameters cited
from references [112, 119–130]. As x approaches 0, the anisotropy of a
unit cell is enhanced and a pseudo-cubic approximation of the crystal
structure becomes inappropriate. For the region of x ≥ 0.3, however,
a pseudo-cubic approximation is acceptable. The out-of-plane lattice
parameters of LCMO in our bilayer samples are derived from LCMO
(002) diffraction peak via the Bragg equation, and are also shown in
Fig.4.32.

The out-of-plane lattice parameters in the bilayers are smaller than
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Figure 4.33: Relation of TC in the bilayer samples and in-plane lattice
parameter of LCMO in conjunction with corresponding lattice mismatch
m. The error bar originates from the FWHM of LCMO (002) diffraction
peak in a XRD measurement.

the c lattice parameter of bulk LCMO. This indicates that all LCMO
layers in our bilayers are subjected to an in-plane tensile strain due
to lattice mismatch with bottom layer and the unit cell is contracted
along out-of-plane lattice direction. This observation has the important
implication that the 4 u.c. YBCO layer did not completely reduce the
in-plane tensile strain from the STO substrate.

In Fig.4.33, TC versus in-plane lattice parameter of the LCMO layer
in YBCO/LCMO bilayers with different Ca concentration is shown.
Here, the in-plane lattice parameter, aLCMO, was derived from the out-
of-plane lattice parameter obtained in the XRD measurement with 0.35
as Poisson ratio ν, which is typically 0.3 ≤ ν ≤ 0.37 for mangan-
ites [131–135]. In addition an in-plane lattice mismatch m between
YBCO and LCMO was calculated as m = (aLCMO − aYBCO)/aYBCO,
where an average bulk value of aYBCO = 3.855 Å is adopted since we
could not experimentally estimate this parameter due to the small thick-
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ness of YBCO. There is a clear correlation between TC and lattice mis-
match m. TC decreases monotonically with a decrease of the in-plane
lattice parameter of LCMO. In the negative m region where YBCO ac-
quires an in-plane compressive strain, the suppression of TC is significant.
From this observation we conclude that the in-plane lattice mismatch
between the LCMO and thin YBCO layer has a strong impact on TC in
the YBCO/LCMO bilayers.

Now let us discuss the influence of the in-plane lattice mismatch on
the superconductivity in the thin YBCO layer. Here, two possible mech-
anisms to connect the lattice mismatch and the suppression of supercon-
ductivity in YBCO/LCMO bilayers are proposed. The first mechanism
is due to defects: oxygen vacancies or Ca intermixing or substitution,
and induced disorder in YBCO layer. The other mechanism is elec-
tronic, related to a change in the orbital occupancy of the LCMO layer
and hybridization of the Cu orbitals in the YBCO layer with increasing
Ca doping level. The latter scenario is motivated by the orbital recon-
struction and induced nonsuperconducting layer near the interface [74].
Taking into account that the orbital reconstruction in Ref. [74] is driven
by tuning the on-site energy on Mn ion and related to charge transfer,
this mechanism is not supposed to be responsible for the TC reduction
in YL.8 in an analogous manner to the EF analysis mentioned above.
However, it was pointed out that the origin of orbital reconstruction is
not fully understood [73], therefore this scenario cannot be firmly ruled
out and requires further experiments.

The defect model, however, is rather plausible since it is hard to
believe, from a technological point of view, that defect free bilayers can
be synthesized with such a large in-plane lattice mismatch between two
layers. TC in YBCO is determined by several factors. One of them is the
oxygen content. It was shown in Ref. [136] that oxygen vacancies are
induced in YBCO by a compressive strain from a LSAO substrate and
TC is suppressed more strongly than under a tensile strain from a STO
substrate. In our case, a compressive strain is introduced from the top
LCMO layer for x=0.3. Unfortunately it is not possible to quantify the
strain and oxygen content in ultrathin YBCO layers from simple XRD
analysis since the intensities of Bragg peaks are weak and the peaks
themselves are broad because of the small thickness. Another possible
effect is Ca intermixing from LCMO to YBCO. Chemical intermixing of
La and Ba on the interfacial BaO layer or Y and Ca intermixing on the
interfacial CuO2 layer is an open issue [137]. The chemical potential of
Ca ions in LCMO with x=0.8 is higher than that of LCMO with x=0.3.
Therefore Ca intermixing should be enhanced in YL.8 bilayer compared
to YL.3. In addition, the smaller ionic radius of Ca compared to Y ion
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facilitates substitution of the Y site by a Ca ion when YBCO under-
goes a large compressive strain. Ca intermixing into the YBCO layer
is accompanied by various effects such as the creation of oxygen vacan-
cies [103, 138], an enhancement the cation disorder [101] and chemical
inhomogeneity [102]. As a result, the reduction of TC correlates with an
increase of Ca concentration in LCMO layer.

The unconventional mechanisms of the interrelation between super-
conductivity and magnetic ground states are out of scope of this study.

4.2.5 Summary of the section

We systematically studied YBCO(4 u.c.∼ 47 Å)/LCMO(200Å) bilayers
fabricated using PLD on STO (001) substrates with different Ca dop-
ing concentration x=0.3, 0.45, 0.55 and 0.8 in the LCMO layer. We
observed that the superconductivity in the YBCO layers is correlated
with the Ca concentration in the LCMO layers and is suppressed as
the Ca doping level increases. This dependence cannot be explained
in terms of traditional charge transfer of spin-polarized quasiparticles
based on difference of the Fermi levels in adjacent layers. We found that
this TC suppression is correlated with the change of the in-plane lattice
mismatch between YBCO and LCMO layers as well as Ca concentra-
tion. We discussed the structural heterogeneity as an origin of the TC

reduction in our bilayers. We did not rule out the orbital reconstruc-
tion caused by a change of the orbital occupancy in the LCMO layer
with Ca doping concentration and hybridization of the orbitals in the
YBCO layer. However, to confirm this scenario further experiments are
required. Another mechanism originates from the defects induced by
the lattice mismatch. The in-plane lattice mismatch between YBCO
and LCMO layers cause different types of defects including oxygen va-
cancies (see Sec.4.1), cationic substitution (intermixing) and disorder,
and suppresses superconductivity in thin YBCO layer.

93



4.3 Persistent photoconductivity in oxygen
deficient YBCO/LCMO superlattices

Oxide heterostructures and superlattices combining materials with dif-
ferent collective electronic ordering phenomena, especially increased in
popularity due to the possibility to explore the interactions between
the long-range order of electrons and the modification of their spin and
orbital states by artificial architectures [16, 74, 76, 139]. They offer an
unique opportunity to externally control their electrical, magnetic, and
optical properties based on the coupled charge, spin, orbital, and lattice
interactions of the constituents by exposing them either to elastic, elec-
trical, or magnetic fields or to subject them to a pulsed or continuous-
wave photon flux. The physics behind is seen in the subtle balance of a
rich set of coexisting electronic phases with comparable ground state
energies. Novel architectures can be constructed, showing functions
well beyond charge density manipulations determining the functional-
ity of conventional semiconductor heterostructures. Interface engineer-
ing, currently a flourishing field, enables the tuning of the properties of
such heterostructures and might pave the way to access new quantum
phases. To explore these opportunities, a fundamental understanding of
the modifications of the electronic structure at the interface is required.
Photon exposure of complex oxides is one possibility to achieve this goal,
it alters the charge carrier density, thus change the interplay between
different phases. Especially, samples with oxygen vacancies can lead
to new photo-generated effects based on photo-doping and may guide
to novel device applications. Reciprocally, photo-doping can be used
as an analytical tool to detect oxygen vacancies in such systems. Tai-
lored changes of the electronic properties of complex oxides by intrinsic
photo-induced doping have been observed in many perovskite-type ma-
terials, amongst them the superconducting cuprates [140, 141] and the
colossal magneto-resistance manganites are the most prominent exam-
ples [142, 143]. Here, the overview of the photoconductivity in YBCO
and LCMO will be presented first, followed by a research of photocon-
ductivity in YBCO/LCMO heterostructures.

4.3.1 Background of the photoconductivity in YBCO and
LCMO

Photoconductivity in YBCO

Photoconductivity in YBCO was first reported by G. Yu et al. [144].
Here, the author illuminated insulating single crystal YBCO with an
oxygen content of 6.3 with a pulsed Nitrogen laser with duration of 600
picoseconds. The illuminated YBCO showed a large decrease of the re-
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Figure 4.34: Typical PPC effect observed in 1000 Å YBCO thin film.
The figure was taken from Ref. [141].The temperature dependences on
the resistivity of the YBCO thin film before and after illumination are
shown. The inset gives a magnification of the region of the supercon-
ducting transition.

sistance by more than 14 orders of magnitude at 50 K, and after the
illumination the resistance recovered to the original value with a power
law decay of t−0.75. Shortly after the discovery of this transient pho-
toconductivity (TPC), an impact of the persistent photoconductivity
(PPC) was announced. Kirilyuk et al. reported that a YBCO thin film
with oxygen content of around 6.45, which is insulating but close to the
boundary to the superconducting state, showed large PPC effect when
the illumination was carried out at 2 K [140, 145]. Fig.4.34 shows a
typical PPC effect observed in YBCO thin film. Not only the conduc-
tivity, but also TC increases persistently. Following this finding, large
amount of researches were performed on this issue [146–149]. Here the
brief summary of them is as follows.

• The photoconductivity is persistent as far as the sample is at a low
temperature, and the PPC effect starts relaxing when the temper-
ature increases to higher than ∼ 270 K.

• The magnitude of the photoconductivity is enhanced as the oxygen
content decreases [141, 150, 151]. In highly doped YBCO sample
with an oxygen content of 7, the photoconductivity effect is absent.
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• The effect is fostered as the amount of photon dose increases.
Higher photon dose gives rise to a stronger effect [152] and the
time to get saturation is reduced. The spectral dependence on the
efficiency of the PPC effect was also investigated, and the exci-
tation efficiency is strongly enhanced for a photon energy of 4.1
eV [153].

• Due to photo-doping, an increase of hole concentration and carrier
mobility was observed [154]. A contraction of c lattice parameter
also occurs [155]. It was observed that the contraction of the c
parameter is accompanied by the change of the resistivity, and
their behaviors are consistent.

• The CuO chain layer plays an important role in the PPC effect
[156].

Two models are mainly utilized to explain the PPC in oxygen de-
ficient YBCO. One is so-called oxygen vacancy trapping [150], and the
other is photo-induced oxygen ordering [141, 151]. In oxygen vacancy
trapping model, photo-induced electrons are trapped in oxygen vacan-
cies in the CuO chains. The trapped electrons cause a lattice distortion
and the distortion creates an energy barrier to disturb the recombination
of them. The remaining holes are transferred to the neighboring CuO2

plane and enhance the conductivity. In photo-induced oxygen ordering
model, photons assist the diffusion of oxygen by inducing local electric
fields in the chains, resulting in an increase of CuO chain length and
enhancement of the conductivity and TC. There is a report suggesting
that the photoconductivity in YBCO cannot be demonstrated by only
one model, and both mechanisms are convoluted [157–160]. Despite
intensive researches, the microscopic mechanism is not clear yet.

Photoconductivity in LCMO

LCMO is also known as a material which shows a noteworthy photo-
conductivity. The photoconductivity experiment on LCMO is originally
motivated by the following reasons. (1) LCMO is known by CMR effect
and its functional properties are quite sensitive and unpredictable to a
doping because of a nature of strongly correlated system. (2) LCMO has
a perovskite structure same like YBCO. Taking account of the fact that
YBCO shows the extrinsic PPC effect, it is worth to do photo-doping
on LCMO. As a matter of fact, a similar compound Pr0.7Ca0.3MnO3

was shown to have an anomalous PPC effect [161]. Pr0.7Ca0.3MnO3 is
an antiferromagnetic charge-ordered insulator at a low temperature. An
illumination of X-ray at 4K induced a persistent transition from the orig-
inal phase to a ferromagnetic metal as shown in Fig.4.35. This transition
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Figure 4.35: (From Ref. [161]) Conductivity measured on cooling before
X-ray illumination (dotted curve) and on heating after illumination with
X-rays for a moderate amount of time (solid curve).

is attributed to a relaxation of the lattice due to the X-ray. This find-
ing highlighted the photoconductivity effect on manganites films. Then
the PPC on La0.7Ca0.25Ba0.05MO3 and La0.7Ca0.2Ba0.1MnO3 thin films
on STO substrates were reported [162]. Shortly after this report, it was
demonstrated that oxygen vacancies play a role in the photoconductivity
effect of manganite [142,143,163]. Very briefly, the PPC effect is present
in oxygenated La0.7Sr0.3MO3 (LSMO) and LCMO. When LSMO and
LCMO acquire oxygen deficiency, the transport properties change from
a metal to an insulator. These oxygen deficient manganites films show
a TPC effect accompanied by photo-induced insulator to metal tran-
sition. The mechanism is supposed to be similar to the cuprate, that
is, the photo-electrons are trapped at the defects, most likely oxygen
vacancies, and the capturing energy becomes an energy barrier against
recombination, resulting in the PPC effect. The TPC might be related
to a weak localization of electronic wave functions in band tails due
to the disorder generated by deoxygenation [143]. In contrast, photo-
induced increase of resistance at T < TCurie was also reported [164,165].
Here the increase of resistance was attributed to the effect that double
exchange interaction which is responsible for the metallic transport was
disturbed by the illumination. Except this, a reduction of resistance
at T > TCurie due to photo-ionized Jahn-Teller small polaron [166], de-
magnetization in (NdSm)SrMnO [167], and photo-induced COI/AFM
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to FM metal transition [168,169] are reported. The existence of several
kinds of photo-induced effects is a reflection of complicated electronic
mechanisms which determine the physical properties of the manganites.
Situation is not simple and there is no general understanding of the mi-
croscopic mechanisms of photo-induced phenomena in manganites. It is
important to note that the contribution of the STO substrate can play
a role [170].

Photoconductivity in YBCO/LCMO heterostructure

When YBCO and LCMO thin films are combined, the heterostructure
showed a completely different photoconductivity from a single YBCO or
LCMO thin film [171]. Here, an oxygen deficient YBCO/LCMO bilayer
showed an large transient photoconductivity with an enhanced increase
of TC (Fig.4.36). The transient enhancement of TC due to illumination
is 23 K which is much larger than the persistent enhancement of TC

found in single YBCO with the same oxygen content d = 0.3, where
the increase of TC due to illumination is 3.6 K. Fig.4.37 shows the time
dependence of the resistance of the YBCO/LCMO bilayer sample. In
Fig.4.37, the rapid decrease of the resistance occurs as soon as the light
is turned on. Then, when the light is turned off, the resistance goes back
to the original value with a time scale of ∼ 100 seconds. The photocon-
ductivity is not persistent, but transient. The relaxation times for the

Figure 4.36: (From Ref. [171]) Resistance curves vs temperature for a
bilayer with 12 u.c. YBCO(d = 0.3)/ 40 u.c. LCMO, in the dark (open
symbols) with TC = 43 K, and under illumination (solid line).
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Figure 4.37: (From Ref. [171]) Time dependence of the resistance when
the light is switched on (t=0 s) and off for (a) a 12 u.c. YBCO(d = 0.3)/
40 u.c. LCMO bilayer, and (b) a 60 u.c. LCMO film, both at T=100 K.
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bilayer and the single LCMO film are similar, therefore the relaxation of
the photoconductivity is supposed to be related to the relaxation mech-
anism in LCMO. The origin of the waving, which is observed after the
saturation and relaxation, is unclear. The authors discussed their find-
ings in terms of light-induced charge transfer through the interface and
enhanced recombination of photo-generated holes in LCMO. This indi-
cates, the photo-induced effect can be a tool to extract the charge trans-
fer at the interface of YBCO and LCMO. From the other aspect, the pho-
toconductivity effect is significantly influenced by the oxygen deficiency.
The photoconductivity experiment should support our understanding of
the role of oxygen deficiency in YBCO/LCMO heterostructures. Due
to these interests, the photo-induced effects are investigated systemati-
cally in oxygen reduced PLD grown YBa2Cu3O7−d/La0.7Ca0.3MnO3−δ

superlattices (SLs).

4.3.2 Sample preparation

Single YBCO thin films and superlattices consisting of YBCO and LCMO
were deposited by conventional pulsed laser deposition techniques. For
the PLD process, a KrF excimer laser with a wave length of 248 nm was
used adjusting the photon fluence to 1.6 J/cm2, and the pulse frequen-
cies to 2 Hz and 3 Hz for YBCO and LCMO, respectively. All samples
were deposited on 5× 5mm2 single crystal (001)-oriented SrTiO3 sub-
strates. The thickness of single layer YBCO samples is fixed to 100 nm,
and the LCMO/YBCO SLs are composed of 20 nm of LCMO and 20 nm
of YBCO on top with 8 repetitions of them. The superlattice structure
is chosen rather than the bilayer structure ot highlight the contribution
of the interface. For the deposition, the substrates were heated to 720
◦C in an oxygen partial pressure of 0.2 mbar. All the single YBCO
and SLs are grown at this condition. After the deposition, the films are
cooled down to 520 ◦C at the ramping rate of 5 ◦C/min, and subse-
quently the oxygen partial pressure was increased to 1 bar. The samples
were annealed for 1hour to obtain complete oxygenation. To systemati-
cally adjust different levels of oxygenation, the samples were then cooled
down to 400 ◦C at a rate of 10 ◦C/min, and then exposed to a reduced
oxygen atmosphere with the partial pressure ranging from 1 bar to 10−3

mbar. The annealing times were 2.5 and 16 hours for single YBCO and
SLs, respectively. After annealing, the infrared laser heater was turned
off and the samples were cooled down to room temperature.

4.3.3 Structural analysis

X-ray diffraction was performed using a Bruker AXS-D8 X-ray diffrac-
tometer with CuKα radiation (λ=0.1541 nm). The XRD result of single
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Figure 4.38: XRD θ − 2θ scan of the 1000 Å YBCO thin films.

YBCO thin films is shown in Fig.4.38. YBCO (00l) diffraction peaks as
well as the peaks from the STO substrate are present. The YBCO (003),
(006) and (009) diffraction peaks overlap with those of STO diffraction
peaks. There are some additional diffraction peaks from the sample
holder. The magnification around YBCO (005) diffraction peak is shown
in Fig.4.39. The peak position shifts from higher to lower angles accord-
ing to the change of the pressure of post-annealing from 1 bar to 10−3

mbar. The shift of the diffraction peak position to the lower angles is in-
terpreted as a prolongation of the out-of-plane lattice parameter due to
the oxygen deficiency. According to Bragg equation, the longer spacing
leads the smaller diffraction angle.
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Figure 4.39: Magnification around the YBCO (005) diffraction peaks in
the 1000 Å YBCO thin films.

Then, the XRD result of the SL samples is shown in Fig.4.40. First of
all, YBCO (00l) diffraction peaks are clearly visible. In addition, LCMO
(00l) diffraction peaks are observed, slightly overlapping with the STO
diffraction peaks because of the similar out-of-plane lattice parameter.
The magnification around YBCO (005) is given in Fig.4.41. The shift
of YBCO (005) diffraction peak due to the change of oxygen deficiency
is present.
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Figure 4.40: XRD θ − 2θ scan of the SL samples.
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Figure 4.41: Magnification around the YBCO (005) diffraction peaks in
the SL samples.
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Figure 4.42: Magnification around the STO (002) diffraction peak in a
representative SL sample.

Fig.4.42 shows the magnification around the STO (002) diffraction
peak of one of the superlattice samples. Except for a strong STO (002)
diffraction, an oscillation of the diffraction intensity exists. This oscilla-
tion is so-called superlattice peaks, which originate from a multi-layered
structure of the sample. The existence of those superlattice peaks con-
firms the high quality of the SL structure with the chemically abrupt
interfaces between different layers. The X-ray pole figure around YBCO
(117) diffraction peak on the SL sample is shown in Fig.4.43. The sharp
(117), (-117), (1-17) and (-1-17) diffraction peaks are present. These
sharp peaks indicate the mosaicity of the YBCO layers in the SL sample
is small and a nice epitaxial growth.
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Figure 4.43: X-ray pole figure around YBCO (117) on the SL sample.

4.3.4 Persistent photoconductivity in oxygen deficient
YBCO/LCMO superlattices

The result of a standard transport measurement on single YBCO layers
without illumination is shown in Fig.4.44. In single YBCO, TC decreases
with decrease of the oxygen pressure during post-annealing. The YBCO
thin films post-annealed at lower than 5 × 10−3 mbar were not super-
conducting and insulating.

The result of transport measurements on the SL samples without
illumination is shown in Fig.4.45. In the SL samples, a similar decrease
of TC was observed. TC decreases with the increase of oxygen deficiency
in YBCO. Here, the deoxygenated SL samples show a metallic transport
property accompanied by a resistance peak at ∼ 200 K. This peak in
the resistance corresponds to an insulator to metal transition in LCMO,
and the peak temperature is related to TCurie. It is interesting to note
that, in the well-deoxygenated SL samples, the YBCO layers are not
superconducting because of the induced oxygen deficiency. On the other
hand, the LCMO layers in these SL samples are still metallic with the
peak temperature of ∼ 200 K.
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Figure 4.44: Temperature dependence on the resistance of 1000 Å YBCO
thin films with different oxygen contents. The oxygen pressures used in
post-annealing are shown.
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Figure 4.45: Temperature dependence on the resistance of the SL sam-
ples with different oxygen contents. The oxygen pressures used in post-
annealing are shown.
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Figure 4.46: Relation between the out-of-plane parameter and TC. The
error bar corresponds to the onset and off of the superconducting tran-
sition. The solid line was added for the eye.

TC of all samples are determined from the transport result. Thus
a relation of TC and the out-of-plane lattice parameters is summarized
in Fig.4.46. Here, the out-of-plane parameter of YBCO in the single
YBCO thin films as well as the superlattice samples were calculated by
a use of Nelson-Riley function. TC vs. the out-of-plane parameter curve
in the single YBCO film shows two plateaus which are characteristic
of YBCO [32]. The superlattice samples also shows a similar tendency
which is not pronounced as single YBCO.

Next, the result of the photoconductivity measurement is going to be
presented. The result of the illumination on a deoxygenated YBCO thin
film with TC of 36.0 K is given in Fig.4.47. Fig.4.47 shows the resistance
of a representative singly YBCO thin film sample during the illumination
as a function of time. The measurement was performed at 95 K. This
temperature was chosen to measure the photoconductivity in the normal
state of the YBCO thin films. When the illumination is turned on, the
resistance starts decreasing in an asymptotic way. The illumination was
lasted for 5 hours, then the ramp was turned off. With turning off the
ramp, a small jump is observed. This jump is attributed to a heating
effect due to the illumination. After turning off the illumination, the
resistance is stable, therefore the photoconductivity effect is persistent.
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Figure 4.47: Time dependence of the resistance of a 1000 Å YBCO thin
film during illumination measured at 95 K.

Fig.4.48 is the resistance vs. temperature before and after illumination.
A temperature dependence of the resistance under the illumination is
also added. Comparing the temperature dependences of the resistance in
the dark and after the illumination, TC was enhanced by the illumination
persistently from 36.0 K to 40.5 K. The two temperature dependences
of the resistance in the dark and under the illumination are overlapping,
that is, the photoconductivity is saturated and there is no transient
photoconductivity in single YBCO samples.
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Figure 4.48: Resistance vs. temperature of a 1000 Å YBCO thin film
before and after illumination. The other curve shows temperature de-
pendence of the resistance under illumination.

The photoconductivity measurement was performed in the same way
on the SL samples. Fig.4.49 shows the result on one of the deoxygenated
SL samples, which has TC of 22.1 K. The resistance decreases monoton-
ically during illumination. The heating effect is obvious compared to
the single YBCO because the magnitude of the photoconductivity is
smaller than single YBCO and relatively heating effect is pronounced.
After the illumination, the resistance was stable and the effect was per-
sistent as in the case of single YBCO. Fig.4.50 shows the temperature
dependences of the resistance before and after illumination, as well as
under illumination measured in a heating process. TC changes from 22.1
K in the dark to 28.4 K after the illumination. Similar to single YBCO,
the resistance curves after and under illumination are overlapping at a
lower temperature region, indicating an absence of a contribution of the
transient photoconductivity. Above 200 K a transient contribution of
∼ 4 % is observed, tentatively ascribed to the extended exposure to light
during a heating process of the measurement, or a transient structural
reconfiguration of the oxygen ion positions.

The photoconductivity measurement was performed on all the sam-
ples: single YBCO films and the SL samples with different oxygen con-
tent. A magnitude of the photo-induced effect was estimated from the
reduction ratio of resistance due to illumination for 5 hours at 95 K.
Here, the reduction ratio is defined by ∆R/R0, where R0 is the initial
resistance at 95 K and ∆R is the reduced value due to illumination for
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Figure 4.49: Time dependence of the resistance during illumination mea-
sured on a representative SL sample with TC of 22.1 K. The illumination
was done at 95 K.
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Figure 4.50: Temperature dependences of the resistance in a represen-
tative SL sample before and after illumination, as well as under illumi-
nation.
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Figure 4.51: Reduction ratio ∆R/R0 vs. c parameter of the YBCO
lattice of the 1000 Å YBCO (open circle) and the SL samples (closed
circle). ∆R/R0, where R0 is the initial resistance at 95 K and ∆R is
the reduced value due to illumination for 5 hours. The additional x-
axis of oxygen content was derived from c lattice parameter according
to Ref. [47]. The error bar originates from the FWHM of the Bragg
diffraction peak of YBCO.

5 hours. The reduction ratio of all the single YBCO and SL samples
are summarized in Fig.4.51. The oxygen content in Fig.4.51 was derived
from R. Liang et al. [47]. In single YBCO, the effect is enhanced as the
oxygen deficiency becomes larger. With the largest oxygen deficiency,
the reduction ratio reached nearly 90%. On the other hand, the ratio
∆R/R0 in the SL samples is moderate in all region. Especially with the
oxygen content less than 6.2, the effect is suppressed. This is because the
resistance of the oxygen deficient YBCO layers is predominantly higher
than that of the LCMO layers, even if the resistance was reduced by the
illumination. Thus, the contribution of the LCMO layers is dominant
and the net photoconductivity disappeared.
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Figure 4.52: Photo-induced persistent enhancement of TC, in a ∆TC vs.
TC plot. The superlattice data (filled circles) are compared with 1000
Å YBCO films of this work (open circles) and literature values (filled
triangles).

The persistent enhancement of TC due to illumination, ∆TC, is sum-
marized as a function of TC in Fig.4.52, together with a data for sin-
gle layer YBCO films taken from a reference [150]. The error bars in
Fig.4.52 are drawn from the onset of the superconducting transition to
the zero resistance values in the corresponding R(T ) curves. Fig.4.52
clearly shows a PPC effect in the superlattices and its increase with de-
creasing TC that coincides within the error bars with that of single layer
YBCO films.

To discriminate the TC reduction due to oxygen depletion and the
subsequent increase by photon illumination from that due to superlattice
formation we prepared a set of fully oxygenated SL films with different
YBCO layer thicknesses, namely, [ LCMO20nm/YBCOxnm]×10 ranging
from x= 8, 4.5 and 3.5 nm, respectively. The resulting R(T ) data are
represented in Fig.4.53 where the open symbols correspond to the data
taken in the dark and the full symbols the ones after illumination mea-
sured in the dark ( squares correspond to x = 8, dots to x = 4.5 and
triangles to x = 3.5 ). The resistances in the dark show the large re-
duction of the midpoint of the transition to superconductivity as the
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Figure 4.53: Temperature dependences on the resistance of SL samples
[LCMO20/YBCOx ]10 with x = 8, 4.5, 3.5 nm, respectively. The open
and filled symbols refer to the data before and after the illumination.
The inset shows the magnification of the low temperature region.

YBCO layer becomes thinner, i.e. TC = 70.2 K, 58 K and 35.3 K for
x=8, 4.5 and 3.5, respectively. The data clearly show the absence of
a photo-induced resistance change. The reduction of TC for films with
decreasing YBCO layer thickness is due to the electronic reconstruction
at the YBCO/LCMO interface as discussed previously [74, 76,139].

Comparing our results for oxygen depleted YBCO/LCMO super-
lattices grown at 720 ◦C by PLD and those of Peña et al. [171] for
YBCO/LCMO bilayer sputtered at 900 ◦C, several differences occur.
First, the bilayers grown by sputtering show no PPC effect, and single
layer YBCO films do. Second, the TC enhancement amounts up to 23
K in the sputtered bilayers, values about 6 times larger than those mea-
sured in sputtered single layer films of identical degree of oxygenation.
In contrast to this, PLD grown superlattices show a persistent photocon-
ductivity with ∆TC up to ∼ 6 K depending on the degree of oxygenation;
the TC dependence of the PPC effect matches nicely with that of single
layer YBCO films. Following the arguments given by Peña et al. [171],
the transient photoconductivity and absent PPC observed in sputtered
bilayer YBCO/LCMO structures are due to interfacial and/or electron
transfer effects. The enhancement of TC must arise from the YBCO layer
where a surplus of holes appears during photon exposure. An increased
relaxation compared to single layer YBCO films occurs, induced by the
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LCMO layer. The similarity of the time scales of the relaxation time for
the bilayer and single layer LCMO in Peña’s experiments suggest, that
charge transfer must be the driving force for the transient photoconduc-
tivity and is determined by the LCMO layer. On the other hand, this
implies that the absence of a transient photoconductivity and the pres-
ence of a persistent photoconductivity in the PLD grown superlattices
together with the quantitative agreement of ∆TC for single layers and
superlattices is caused by the lack of or drastically reduced charge trans-
fer. The reason for the difference between sputtered and PLD grown
films may rest in details of the microstructure of the films especially the
structure of the interface, probably caused by the different energy of im-
pinging atoms due to different deposition parameters and the deposition
method. Careful TEM analysis of PLD grown YBCO-LCMO-YBCO tri-
layer systems by Zhang et al. [172] reveal that the layers are epitaxial,
atomically smooth, and uniform across the entire specimen captured by
the TEM experiments. The atomic stacking sequence at the interface of
the LCMO layer grown on YBCO is different from that of the YBCO
layer grown on LCMO. Both sequences, however, are different from the
configuration previously identified in YBCO/LCMO superlattices pre-
pared by sputtering using conditions identical to those used by Peña et
al. [173].

4.3.5 Summary of the section

PLD grown oxygen depleted YBCO/LCMO superlattices show a persis-
tent photoconductivity scaling nicely with those of single layer YBCO
thin films. This is interpreted as a consequence of the lack of massive
charge transfer from YBCO to LCMO and an enhanced recombination
there. An electronic transparency at the interface is related to the qual-
ity of the interface [73]. Therefore, it is suggested our SL samples have
chemically abrupt interfaces, resulting in the suppression of charge trans-
fer between YBCO and LCMO layers. This conclusion is consistent with
the result in Sec.4.2, where the YBCO/La0.7Ca0.3MnO3 bilayer shows
the better interface quality than YBCO/La0.2Ca0.8MnO3 because of a
smaller lattice mismatch. It was shown that the photoconductivity ef-
fects are sensitive to the microstructures of the films and the interfaces,
and depend on the deposition conditions finely. Consequently, at the
current stage of even advanced complex oxide deposition technologies it
is difficult to generalize results without in depth knowledge of the struc-
ture of interfaces at the atomistic level and the role of process-induced
defects in films and interfaces.
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Chapter 5

Conclusion

In order to understand the precise mechanisms responsible for the in-
triguing properties of the YBCO/LCMO heterostructures, one has to
discuss the following issues occurring simultaneously: (1) the electronic
and magnetic properties at the interface, (2) the crystalline defects as
represented by the oxygen vacancies which can have an impact on the
property of complex oxides, and (3) the interface heterogeneity caus-
ing the lattice strain and the chemical intermixing in conjunction with
strain-induced crystalline defects. Nevertheless, in the real system these
issues are entangled with each other, and this fact made the oxide het-
erostructure as a subject hard to resolve. To address this problem, the
YBCO and LCMO thin films as well as the heterostructures composed of
these layers were investigated in respect of not only conventional SC/FM
interplay, but also the crystalline defects and the interface heterogeneity.

In Sec.4.1, the interrelation of the oxygen deficiency and the lat-
tice strain in LCMO thin films was investigated. For this purpose, the
LCMO thin films were grown on three different substrates, STO, LSAT
and LSAO, and four different oxygen pressures for growth, namely, 0.27,
0.2, 0.13 and 0.1 mbar were used. The XRD analysis confirmed the nice
crystalline structure and the change of the oxygen content of the LCMO
thin films. The shift of the (002) diffraction peak due to the change of the
oxygen growth pressure was large in the film with tensile strain and was
suppressed in the film with compressive strain, indicating oxygen vacan-
cies are induced to accommodate tensile strain and compressive strain
suppressed the formation of oxygen vacancies. Due to the systematic
analysis, the entanglement of the strain and the oxygen deficiency in
the LCMO thin films was clearly shown.

In Sec.4.2, the YBCO/LCMO bilayers were grown on STO sub-
strates. The purpose was to investigate a role of the interface hetero-
geneity and induced crystalline defects at the YBCO/LCMO interfaces,
in conjunction with the SC/FM interplay. In these bilayers, the Ca con-
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centration of the LCMO layers was intentionally changed as Ca doping
x=0.3, 0.45, 0.55 and 0.8, resulting in the change of the magnetism from
the FM state (x=0.3) to the C-type AFM state (x=0.8) simultaneously
accompanied by a contraction of the unit cell parameter of LCMO. The
thickness of the YBCO layer was fixed to 4 u.c. to highlight the reduc-
tion of TC due to the adjacent layer. This method was appropriate to
estimate the magnitude of the FM/SC interplay and that of the hetero-
geneity of the interface.

As a consequence, the impact of the interface heterogeneity on the
superconducting property of the YBCO layer was clearly shown. That is,
the bilayer composed of the YBCO and ferromagnetic metal LCMO with
x=0.3 showed the highest TC, and the superconductivity was drastically
suppressed in the bilayer of the YBCO and LCMO with x=0.8, where
the LCMO layer is an antiferromagnetic insulator. The change of TC

was monotonic along the change of Ca doping x in the LCMO layer.
This counterintuitive result indicates the interface heterogeneity has a
strong influence on the superconductivity of adjacent YBCO layer. The
mechanism of the TC suppression was ascribed to the crystalline defects
induced by the lattice mismatch and the cationic intermixing and related
disorder driven by the difference in chemical potential.

In Sec.4.3, the single YBCO thin films and the YBCO/LCMO super-
lattices (SL) were studied via the photoconductivity measurement. This
analysis allows us to approach the role of the oxygen deficiency in these
samples and the role of the YBCO/LCMO interface. The SL samples
and single YBCO thin films, where the oxygen content in YBCO was
systematically altered by the controlled post-annealing process, were de-
posited by PLD. In the XRD analysis, both the single YBCO thin films
and SL samples showed a systematic change of YBCO (005) diffraction
peak position, indicating successful control of the oxygen deficiency in
YBCO. In addition, the XRD on the SL samples showed the SL peaks
corresponding to the repetition of YBCO/LCMO bilayers, which means,
the chemically abrupt interfaces and the nice superlattice structures are
guaranteed.

After the structural analyses by using the XRD measurement, the
photoconductivity measurement was conducted on all the single YBCO
and SL samples. The single YBCO thin films showed persistent photo-
conductivity (PPC) and the magnitude of the PPC was well consistent to
the previous report. On the other hand, the SL samples showed the PPC
effect, which is contradict to the previous publication [171]. In Ref. [171],
the YBCO/LCMO bilayer showed a transient photoconductivity (TPC),
and the effect was interpreted that the relaxation of photoconductivity
was induced via charge transfer at the YBCO/LCMO interface. The
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result suggests that in our SL samples the electronic transparency of
the YBCO/LCMO interfaces was predominantly suppressed compared
to the bilayer samples previously reported, due to the high quality of
the interfaces with low electronic transparency. This consequence is con-
sistent with the result in Sec.4.2, where the YBCO/La0.7Ca0.3MnO3 bi-
layer shows higher TC than YBCO/La0.2Ca0.8MnO3 because of a smaller
lattice mismatch, indicating the better quality can be obtained at the
YBCO/La0.7Ca0.3MnO3 interface. Consequently, it was shown that the
interface quality, which is related to interface heterogeneity, influences
the properties of the YBCO/LCMO heterostructures significantly.

In this thesis, the comprehensive study of the YBCO/LCMO het-
erostructures had been presented. As a result, it was shown that the
quality of the hetero interfaces between the complex oxides has a strong
impact on the physical properties and the crystalline structures. The in-
terface heterogeneity induces creation of the crystalline defects: oxygen
vacancies and cation intermixing, which strongly influence these prop-
erties. The accomplishment is important for fast developing field of the
functional complex oxide heterostructure and interfaces.
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