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Abstract

From the late 20 th century, the development of the nanofabrication tech-

nology of ultrathin films promotes surface/interface science and the study

of dimensionality. Researches and applications of various interfaces such

as metal magnetic materials and oxides have been attempted since the dis-

covering of superconducting in copper oxides. Quantum well state of opti-

cal devices, 2 dimensional electron gas in high electron mobility transistor,

quantum Hall effect and solar cells are popular applications of phenomena

emerging at 2 dimensional clean interface. In recent years, functional ox-

ide interface of strongly correlated oxide materials have been studied as

new alternative candidates to Si-based integrated devices. The interface of

them is very interesting subject of discussion from the viewpoint of quan-

tum mechanics because of the interaction of strongly correlated electrons

with different neighbors. The structural modulation of the crystal struc-

ture across the interface and strong correlation with degrees of freedom of

electrons such as valence, spin, and orbital can manipulate their emerging

physical properties from rich electronic phase.

One of the problems of surface/interface science is the lack of exper-

imental methods to observe the structure of surface/interface. The lack

of structural information prevent the understanding of the behavior of the

electrons in the spatially inhomogeneous potential near the surface/interface

region. Especially in strongly correlated oxides, sub Å spatial resolution is

required because the scale of structural modulation as a result of correlation

with d electron state is sub Å.

In this dissertation, we focus on the two subject of discussion. One is

the development of a new analysis technology based on crystal truncation

rods(CTR) scattering method, a kind of surface X-ray diffraction technique.

Second is the structural condensed matter physics study of the strongly

correlated oxides interface. This dissertation is organized in 6 chapters.

Chapter 1 presents the background of my study. Some previous im-

portant reports about interfacial phenomena in strongly correlated materi-
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als and previous technique of surface/interface structural observation tech-

niques are introduced. These are candidates of the study of interface for the

activity of developing application tools utilizing the behavior of electrons

in 2 dimensional surroundings. Then, the utility and difficulties of CTR

scattering method are presented. The principle and experimental method

used through this dissertation are also presented in this chapter.

In chapter 2, our developed analysis technique for CTR scattering data

based on the Bayesian inference theory is described. Bayesian inference

extracts the structural parameters as probability distribution. This makes it

possible to quantitatively evaluate the validity of structural models. Monte-

Carlo optimization actualize semi-auto refinement of 60 to 100 parameters

of complex structural model of the interface in few days. To reveal the

utility of the techniques, our developed software is applied to the virtual and

experimental CTR data from LaAlO3 ultrathin film on SrTiO3 substrate.

The 0.01 Å of precision of atomic position is expected by our developed

method.

The structures of LaNiO3 thin films whose conductivity depend on a

film thickness and two different substrates, SrTiO3(001) and LaAlO3(001)

are investigated by CTR scattering experiment in chapter 3. The different

mechanisms of metal-insulator transition of LaNiO3 thin films depending

on the substrates are suggested by the depth dependence of the value of

structural parameters.

Chapter 4 presents the structural study of LaMnO3 thin films on

SrTiO3(001) substrate whose magnetism depends on a film thickness. In

addition, the analysis method and results of Mn valence distribution in

LaMnO3 film by resonance CTR scattering data are presented. As a results,

we found the value of c-lattice spacing corresponding to LaMnO3 antifer-

romagnetic phase only at the top of a LaMnO3 layer, while that of middle

layers of the LaMnO3 is the same as ferromagnetic phase. In addition, in

the 10 unit-cell thick film, localized Mn2+ at the interface was observed,

suggesting the existence of charge transfer effect in the LaMnO3/SrTiO3

interface.

The structural information and Mn valence distribution of the

LaMnO3/LaNiO3 multilayer and exchanged one LaNiO3/LaMnO3 are inves-

tigated in chapter 5. Our analysis results show the stacking order dependent

Mn4+ distribution in LMO region, which implies the different mechanism of

emergent ferromagnetism in multilayer. In particular, the measurement of

spatial distribution of valences state by non-destructive methods provides

complementary information to spectroscopic methods.

Finally, chapter 6 is devoted to summary of this dissertation.
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Chapter 1

Introduction

1.1 Surface/interface related phenomena in

strongly correlated oxide study

Strongly correlated oxides often have large electron-lattice coupling. Us-

ing this coupling, new electronic states have been pursued in the metal

oxide films and interfaces. Basic research and physical property design

have been conducted for various combinations of strongly correlated ma-

terial interfaces[1, 2]. A large response with a small external field control-

ling is expected due to the phase competition state of different energetically

antagonistic electronic phases.

Figure 1.1: Schematic picture of the perovskite structure and its expitaxial
interface

1.1.1 Electronic state engineering through the epitaxial

strain

Perovskite oxides display a wide variety of their physical properties such

as magnetism, electronic transport, superconductivity, and so on[3, 4]. The
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1.1 Surface/interface related phenomena in strongly correlated oxide study

various electronic phase is derived from the strong coupling among degrees of

freedom of d-electrons, such as orbital, valence and spin as well as the degree

of lattice. Their chemical stability and variety of physical properties make

them not only ideal for the study of electronic correlation but also useful

for explorations of functional material design for application as electronic

devices. In recent years, there has been a lot of approaches to manipu-

late their property as well as create new functionalities in heterostructures.

One can make a clean epitaxial interface due to structural similarity of per-

ovskites. Such coherent interfaces of perovskite oxides provide us with an

opportunity to study the effect of low dimensionality on strongly correlated

electron systems. Because electrons are affected by surrounding electrons,

their behavior must be different at surfaces [5] or interfaces [6, 7, 8]. The

broken time reversal symmetry, space inversion symmetry, and gauge sym-

metry across the interface can tune peculiar phenomena not found in the

bulk constituents[1]. New electronic phases due to the symmetry breaking

are accompanied with the structural modulation of epitaxial interface and

vice versa. The epitaxial modulation, atomic interdiffusion, and BO6 con-

nectivity modulation across the interface change the atomic coordination,

affecting the magnetic and electronic properties.

The study of thin film properties in the early 2000s was mainly to in-

vestigate the influence of epitaxial strain from the substrate. For example,

Ref.[9] indicated that lattice deformation caused by applying epitaxial strain

to BaTiO3 could manipulate the Curie temperature(TC). TC of epitaxially

strained BaTiO3 film on DyScO3 is enhanced from 400K to 900K. This en-

hancement and residual polarization are originated from Ti4+ displacement

by compressive strain from DyScO3. Another example is the correlation be-

tween lattice and orbital, that is, the manipulation of the Jahn-Teller(JT)

effect. Fig. 1.2 shows the magnetization and electrical resistivity of strained

manganese oxides. Under compressive(c/a > 1) or tensile(c/a < 1) strain,

the stabilization of outermost dx2−y2 and d3z2−r2 is selected and they exhibits

the different type of antiferromagnetic or ferromagnetic order state[10]. The

epitaxial strain effect to convert the magnetic state has been studied for

various heterointerfaces including the notable three component[11, 12, 13].

1.1.2 Electronic reconstruction of the interfaces

Recent research has expanded to charge, orbital and spin reconstruction

due to electron correlation at the interface in addition to the effect of strain.

The most studied two-dimensional electron systems at the oxide heteroin-

terface is the formation of a two-dimensional electron gas at the LaAlO3

2



1 Introduction

Figure 1.2: Temperature dependence of magnetization(upper panel) and
resistivity(bottom panel) of Mn oxides fabricated on LaAlO3, SrTiO3 and
La1−xSrxAl1−yTayO3[10]. The number attached below the substrate in up-
per panel is the ration of lattice constant c/a. Compressive(LAO) and ten-
sile(STO) strain to La1−xSrxMnO3 each stabilize the d3z2−r2 and dx2−y2 ,
resulting in C, F, and A type antiferromagnetic spin order.
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1.1 Surface/interface related phenomena in strongly correlated oxide study

and SrTiO3(LAO/STO) interface [14]. The conductivity data shown in Fig.

1.3 exhibits the films thicker than 4 u.c. of LaAlO3 layer is metallic. This

thickness dependence of conductivity is discussed by polar discontinuity at

the interface[15]. When electrically polarized LAO is stacked on a non-polar

STO substrate, the electrostatic potential increases toward the surface. As

a result, the electrons near the surface move to the interface to avoid an

increase in potential energy, resulting in a two-dimensional electron gas.

Figure 1.3: (a)Schematic LAO/STO interface, (b)resistivity[14]

One can design the band structure of the strongly correlated substance

interface from the idea of polarity discontinuity[16]. They successfully tuned

the Schottky barrier heights between metallic SrRuO3 and n-type semicon-

ductor of Nb doped SrTiO3 by inserting the positive charged LaO layer or

negative charged AlO2 layer. The inserted layer and screening charges make

a dipole at the interface and generate the local electric field which bend the

interfacial band. The remarkably large tunable energy range of 1.7 eV of

Schottky barrier and its flexibility of combination of materials exhibit high

potential of versatile application for nano-scale material design.

Rotation modes of the BO6 octahedron contained in the perovskite struc-

ture affects the hybridization of 3d and O2p orbitals, resulting in changes in

the behavior of 3d electrons. Such a rotation mode can also be controlled

by forming epitaxial interface[17, 18]. Fig. 1.4 shows the formation interval

dependence of B-O-B bond angles and B-O bond length in superlattice of

4



1 Introduction

cubic SrMnO3 and rhombohedral LaNiO3. For superlattices with formation

periods m = 1, the rotations are strongly suppressed in both MnO6 and

NiO6, while large rotations are induced in the SrMnO3 layers for the case

of m = 4. This is one of the manipulation methods of interfacial properties

utilizing the structural modulation and electronic reconstruction across the

interface[19].

Figure 1.4: Propagation of octahedral rotation in (SrMnO3)n/(LaNiO3)m
super lattice[17].(a)Schematic picture of super lattice with different periods
of cubic and rhombohedral BO6 octahedra. (b)B-O-B bond angles and (d)
bond length as a function of composition, C=(n/n + m) and (c), (e) are
those as a function of misfit strain

The effect of charge transfer (described in chapter 4 and 5) and the ex-

change interaction between spins across the interface also lead reconstruction

of their electronic phase and create new properties. Thus, many studies have

been conducted on the interface of strongly correlated materials as a target

for the interfacial engineering.
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1.2 Experimental techniques for surface/interface structure

1.2 Experimental techniques for surface/interface

structure

Total understanding of mechanism of functionality of the strongly cor-

related materials requires not only macroscopic physical properties but also

microscopic structural information. There are several reasons. For one

thing, we need to confirm whether the fabricated sample is constructed as

designed. The structure inside the thin film like perovskites is spatially inho-

mogeneous from one layer to layer in the depth direction. Theoretical studies

are based on ideal interface without assumption of effects of structural dis-

order and surface termination. Characterization of chemical and structural

order is also a critical issue because intermixing of cation atoms can alter

the chemical potential at the interface and promotes charge transfer[20, 21].

The structural observations can exclude such assumptions of the structure

and provide accurate physical properties of the interface[22, 23]. Second,

the sub AA spatial resolution of atomic position is required to understand

the behavior of electrons, especially in perovskites oxides. The Thomas-

Fermi screen length of strongly correlated careers is expected to be much

shorter(1-2 nm) than the semiconductor junctions(∼10 nm), so the details of

the structure of interface is more important than that in conventional semi-

conductors. The charge transfer effect alter the atomic valence and cause

structural modulation due to Coulomb interaction. Jahn-Teller active ma-

terials like RMnO3 have different Metal-Oxygen bonds. The scale of these

structural alternation is 0.1 Å.

The interfacial structures are often examined by using scanning trans-

mission electron microscopy, which is sometimes combined with electron

energy loss spectroscopy [24, 25]. This requires slicing the sample, which

sometimes causes damage to the newly exposed surface. The beam damage

to sample sometimes alter the electronic state. In addition, the sample envi-

ronment is hardly controlled. The resolution of the atomic displacement is

typically 0.5 Å. However, when we want to study the electric polarization,

which is an essential for the physical properties of oxides, the resolution is

still insufficient.

1.2.1 Surface X-ray diffraction

A technique for examining the structure of a material surface using

X-rays is called surface X-ray diffraction. The greatest feature of surface

X-ray diffraction is that the structure in the depth direction from a mate-

rial surface can be obtained without any physical contacts. Surface X-ray

6



1 Introduction

diffraction has high versatility that can be simply applied to any mate-

rials regardless of the their physical properties because of its weak inter-

action with matters. Surface X-ray diffraction is classified into X-ray re-

flectivity(XRR) method, Crystal truncation rod (CTR) scattering method,

and grazing-incidence small-angle X-ray scattering (GISAX) method. These

are roughly distinguished by the difference in the incident angle of X-rays.

GISAX measures the scattering from small incident angle comparable with

the total reflection critical angle. The scattering in GISAX region reflects

the spatial distribution of particles aggregated on a larger scale than inter-

atomic distance, such as nanoparticles. XRR is a method for determining

film structure parameters such as film thickness, density, and surface and

interface roughness by examining the incident angle dependence of X-ray

reflectivity.

The CTR scattering method has been proposed since the 1980s[26, 27,

28, 29]. It is the scattering signal from the truncated periodic structures

having atomically flat surfaces. The advantage of CTR method is to observe

the depth dependence of structural information and the spatial resolution

of sub Å scale. The high transmission of x-ray reveals the atomic position

of tens nm region in the depth direction from the surface. CTR scattering

method measures the scattering intensity at high incident angle from crystal

without large structural disorder.

Atomic structure with high spatial resolution by CTR method pro-

vides us various insights of the mechanism of emerging physical property

around the surface/interface. Ref.[23] reports the atomic arrangement of

a five monolayer film of LaAlO3 on SrTiO3. The formation of a quasi-

two-dimensional electron gas is explained as that the atomically intermixed

region(La1−xSrxTiO3) form tetragonal structure and increase hopping in-

tegral via O2p, enhancing the conductivity. The band structure calculated

by density functional theory calculation based on the obtained structure

also exhibits the metallic band. Thus, synergy of structural information

with first-principles calculation is also a great advantage of CTR scattering

method.

Thus, CTR method has many advantages for examining transition metal

oxide interface that requires strict evaluation of atomic coordinates. How-

ever, CTR method has not been used as a general surface observation tech-

nique. Ordinary X-ray generators do not provide sufficient flux to obtain

CTR scattering intensity necessary for analysis. In addition, since system-

atic software for the phase retrieval of CTR data has not been established,

great deal of works and cost are required to extract the structural informa-

tion from CTR data.

7



1.2 Experimental techniques for surface/interface structure

1.2.2 Principles of Crystal truncation rods scattering

method

The CTR scattering method is described by the kinematical diffraction

theory. In addition to Bragg reflections in the reciprocal space, rod-like

scattering is obtained in the surface normal direction if the electron density

distribution is truncated at the surface. This rod like scattering is called

CTR scattering. Fig. 1.5 shows the structure of the interface of LaAlO3

and SrTiO3 observed by STEM(left) and CTR method. While the electron

microscope can directly observe the electron density in real space with a

resolution of about 0.5 Å, the CTR scattering method enables structural

observation with a resolution of about 0.1 Å by analyzing the diffraction

data.

Figure 1.5: (a)The observed interfacial structure of LAO/STO by STEM.
(b)Depth dependence of electron density of LAO/STO interface by
STEM[15]. (c)The CTR data and (d)analyzed electron density distribution
as a function of depth[30].

Calculation of the CTR scattering

Here, the scattering amplitude of CTR scattering from a sample having

a atomically flat surface without any effects of surface reconstruction and

adsorption is derived. We assume the crystal has a surface parallel to the

c planes, that is, surface normal direction is z axis, and x, y axis is located

8



1 Introduction

within the c plane. The wave vectors of incident and scattered X-ray are k

and k′, and Q = k′ − k is the scattering vector. The scattering amplitude

F (Q) is proportional to the Fourier transform of electron density. The F (Q)

from single crystal with a finite size is calculated by Fourier transform of the

product of the electron density of a crystal with infinitely spread periodicity

ρ∞(r) and the function of the crystal shape BOX(r). The value of BOX(r)

is 1 and 0 for in and out of the crystal region. Then, F (Q) is written as

FB(Q) =

∫
ρ∞(r)BOX(r) exp[−µt(r)] exp[iQ · r]dr, (1.1)

the term exp[−µt(r)] gives the decay of incident X-ray as a function of the

depth from the surface t(r). In case of a wide plate shape sample whose

periodicity parallel to the surface is unchanged from the interior region of

the crystal, FB(Q) written by discrete Fourier transform is,

FB(Q) =

∞∑
n1=−∞

∞∑
n2=−∞

0∑
n3=−∞

cell∑
j

fj exp [iQ · (rj + n1a+ n2b+ n3c)] exp(µn3c)

= LF (ξ)LF (η)
cell∑
j

fj exp(iQ · rj)
0∑

n̄3=∞
exp(2πin̄3ζ) exp(−µn̄3c)

=
LF (ξ)LF (η)

1− exp(2πiζ) exp(−µc)
Fcell(Q), (1.2)

where a, b and c are the unit translational vectors, LF is the Laue function

and Fcell(Q) is the structure factor of the unit cell. The summation for n3

is rewritten by n̄3 = −n3. fj is the atomic scattering factor for j-th atom

written as

fj(Q) =

∫
ρj(r) exp(iQ · r) exp[−BjQ

2]dr, (1.3)

where ρj is the electron density. Bj(Å) is the atomic displacement factor of

j-th atom defined as Bj(Å
2
) = 8π2⟨u2j ⟩, where uj is the atomic displacement

from averaged position rj. We have the limit of the absorption coefficient

to zero (µ → 0) because the µ tends to be the small value(typically 10−6

to 10−5 for 5 keV to 20 keV) in case of hard X-ray beam. The scattering

intensity I(Q) is given by the square value of the amplitude. The scatter-

ing amplitude from truncated crystal at certain plane is calculated by Eq.

1.2. The scattering amplitude FS(Q) from the different structure in film or

9



1.2 Experimental techniques for surface/interface structure

interface region is calculated as follows.

FS(Q) =

∞∑
n1=−∞

∞∑
n2=−∞

cell∑
j

fj exp [iQ · (rj + n1a+ n2b+ zjc)] exp(−µzj)

= LF (ξ)LF (η)
cell∑
j

fj exp(iQ · rj) exp(−µzj). (1.4)

Here, zj is the atomic position in depth direction of j-th atom. The scattering

amplitude F (Q) is given by FB(Q) + FS(Q). Fig. 1.6 shows the effect of

structural modulation in the surface to the CTR profile. The CTR profiles

were calculated by the 4 models of 4 u.c. thick LAO film on SrTiO3(001)

flat surface(A to D). The number of bumps between the substrate Bragg

peaks increased with the thickness, as expected from a simple calculation of

interference. However, unlike the bulk structure determination, the lattice

spacing of the film could not be derived from the peak positions. This

is because the lattice spacing for the j th layer from the surface is not

necessarily the same as that of the (j + 1) th layer. In addition, the Bragg

reflections for ultrathin films are ill defined; one cannot find clear Bragg peak

positions for the films. Therefore, one has to perform a structure refinement

using the CTR profiles even to derive the lattice spacing as a function of

the depth. The roughness of the surface(Model B) decreases the intensity

in the intermediate points of Bragg peaks. The structural disorder enlarge

the Debye-Waller factorexp(−BQ2), resulting in the exponential decay to

high angle region(Model C). Analytical calculation of the roughness and

disorder effects on CTR intensity was studied elsewhere[26]. Comparing the

results of model A and D in Fig. 1.6, the only 1.02 times larger c-lattice

spacing(about 0.08 Å) make a clear difference in CTR profile appears. Thus,

CTR scattering strongly reflects the structure in the depth direction of the

material near the surface. The surface structure can be determined with

sub Å resolution by analyzing the CTR scattering data.

Experiment of CTR method

Fig. 1.7 shows (a)four-circle diffractometer we used for CTR scattering

experiment in Photon factory BL-3A. The yellow arrows shows the incident

and scattered X-ray. The sample was set to the center of four axis and

kept in a vacuum chamber at 10−5 torr covered with the Beryllium window

to prevent the radiation damage. The scattered X-ray is detected by a

two dimensional pixel array detector XPAD(imXpad)(Fig. 1.7(b)) or an

ordinary point detector. Fig. 1.8 shows the schematic picture of experiment

10
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Figure 1.6: CTR scattering calculated by 4 u.c. thick LaAlO3 film models
on SrTiO3. A: All atoms is placed at SrTiO3 lattice points. Their atomic
occupancy is 1, and atomic displacement parameters B is 0.5. B: The oc-
cupancy of top layer is 0.5. C: Atomic displacement parameters B is 2. D:
The value of c-lattice constant of all LaAlO3 layers is 1.02 times as large as
model A.

arrangements in the reciprocal space. The detector acceptance with XPAD

extends across CTR scattering(a part of red solid curve of Ewald’s sphere).

The CTR scattering is detected by moving the 4 axis of diffractometer so

that the detector acceptance moves along c⋆ direction. After subtracting

the background noise, illumination area and Lorentz factor corrections were

applied to the integrated intensity following Ref.[31]. To avoid count loss of

intensity due to geometric factors, oscillation photograph method was used

for low-ζ measurements. The definition of oscillation photograph is the

image data recording integrated scattering intensity during exposure time

of X-ray with rotating sample around the origin of the reciprocal space. The

integrated intensity is stored in one piece of photograph data. In case of the

measurements of four circle diffractometer, the θ angle is rotated to make

the detectable region crossing CTR scattering(Fig. 1.7). The velocity at

which the Ewald’s sphere passes through the rod differs depending on Q,

so the Lorentz correction factor for oscillation photograph is also necessary.

One example of single shot of CTR scattering is shown in Fig. 1.9.

11
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Figure 1.7: (a) 4-circle diffractometer installed at KEK-PF BL-3A, (b)2
dimensional detector ‘XPAD(imXpad S70)’ (c)A plate shape sample of per-
ovskite oxide thin film(10 mm × 5 mm)

Figure 1.8: Schematic CTR scattering in reciprocal space is presented. The
blue bars elongating to ζ direction express the CTR scattering. The red
curve, a part of Ewald sphere, is detector acceptance by single shot of 2D
detector. CTR scattering can be observed at the crossed point of red curve
and blue rod. ζ dependence of CTR scattering is detected by ζ scanning.
The CTR scattering of low angle region of 2θ is observed by oscillation
photograph method.

12
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Figure 1.9: (a) Single shot photograph of CTR scattering by XPAD. (b)
The CTR scattering intensity profiles from 1 to 5 unit-cell thick LaNiO3

thin films on LaAlO3 substrate.

1.2.3 Previous technique for analysis method of CTR scat-

tering

In the kinematical diffraction theory, the structure could be determined

easily by calculating the inverse Fourier transform, if it were possible to di-

rectly measure the complex amplitude. Actually, the experiments observe

only the intensity, the squared value of amplitude, and lost the phase infor-

mation of the scattered wave. This problem is known as ‘phase problem’. In

the case of single crystal structures, the real space structure can be derived

by ’direct method’ software to solve the phase problem. An initial structural

model is constructed to reproduce the experimental results well, then the

least square method is applied. Likewise, the phase problem must be also

solved for CTR data. However, high freedom of the structural arrangement

makes it difficult to produce the correct structure because the breaking of

the lattice translational symmetry in the depth direction causes the increase

of the number of independent structural parameters. The large number of

parameters makes it easy to fall into a local minima. The acceptance for

the initial model to achieve the global minimum is often narrow. Here, we

consider the case of ten unit-cell-thick perovskite-type strongly correlated

oxide epitaxial thin films as an example. Assuming Each layer has 6 struc-

tural parameters, the total number of parameters is 60 to 100. Grid search

is a distant idea in this case. A grid search with 60 structural parameters

and 10 calculations per parameter require 1060 times calculations. In other

words, some analytical method is required to extract information on the

electron density distribution. The previous techniques to obtain the appro-

13



1.2 Experimental techniques for surface/interface structure

priate first model are classified into following three methods, (1) iterative

phase recovery,(2) holograph method, and (3)direct space method.

(1)Iterative phase recovery

Iterative phase recovery is utilized for not only the X-ray diffraction but

also the general diffraction experiments[32]. In this method, iterative cal-

culation cycle of the Fourier and inverse Fourier transform are executed re-

peatedly until the electron density distribution that satisfies the constraints

in real and reciprocal space is obtained. The basic process is written as

follows.

1. The provisional electron density distribution ρ1(r) is calculated by the

inverse Fourier transform of the product of the experimental scale of

amplitude with the first random phase

ϕ(Q) like ρ1(r) = FT−[
√
Iexp(Q) exp[ϕ(Q)]].

2. The constraint condition in the real space is applied to ρ1(r) and

next generation ρ2(r) is generated. For example, the ρ(r) is corrected

by the characteristic distribution of electron density like atomicity,

non-negativity, the zero values outside of the crystal(generally called

support region S), the similarity of the bulk structure and so on.

3. The amplitude F (Q) is obtained by the Fourier transform of ρ2(r).

Then the constraint condition in the reciprocal space is applied to

the F (Q). The amplitude is replaced with the root of the scattering

intensity obtained in the experiment with the phase unchanged.

4. The inverse Fourier transform is applied to the new F (Q) again to

derive the improved ρ(r).

5. After repeating n cycles(n ∼ 103) of the process 2 to 5, the ρn(r)

satisfied with both real and reciprocal constraint is recovered.

There are some expanded technique of iterative phase recovery method

called Hybrid input-output (HIO)[33], difference-map method[34], etc., de-

pending on the type of constraints in real and reciprocal space. The advan-

tage of this method is the flexibility of initial electron density distribution.

However, there are two fatal problems. One is the difficulty in model con-

verging into a physically appropriate solution without strong constraints

in the real space. In a technique called DCAF[35], the electron density

distribution of the LaAlO3/SrTiO3 heterostructure can be obtained stably

by incorporating unique constraints in the iterative method.(shown in Fig.
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1.10) Another problem is the low density of the real space information due

to the limitation of the measurable region of the reciprocal space. In order

to obtain a sufficient density, the scattering intensity data are needed to be

extrapolated. Such a problem of the degree of freedom of the structure, and

the operation of the data insertion cause a convergence to arbitrary answers.

Figure 1.10: The results of electron density of LAO/STO by DCAF[35]. The
more and more right side of these figures are the results more constrained
in real space, such as positivity, atomicity, and translational similarity of
electron dencity. The strong constraint is required to obtain stable results
of electron density.

(2)Holography method

In the Holography method, the phase of the scattered amplitude is di-

rectly recovered from the absolute value of the scattering amplitude obtained

in the experiment and the structure of the the bulk as known information.

The concept of Holography method given by Takahashi in 2001 and several

similar methods have been proposed so far[36]. Here, the basic theory of

holography is introduced following the treatment of Takahashi’s method to

determine the phase of the amplitude FS from unknown surface structure.

Fig. 1.11 shows the conceptual scheme of this method. As mentioned in pre-

vious section, the scattering amplitude F (Q) at a certain scattering vector

Q is decomposed into a contribution FB(Q) from the bulk and that FS(Q)

from the region having unknown structure. The scattered intensity I(Q)

can be written as

I(Q) = [FB(Q) + FS(Q)]⋆[FB(Q) + FS(Q)]. (1.5)
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1.2 Experimental techniques for surface/interface structure

Figure 1.11: (a)The concept of holograph method[36]. FS and FB are the
scattered amplitude from unknown structure near the surface. (b) Answer
model for simulation. (c)Recovered images of electron density from CTR
intensity profile calculated by model(b)

This equation can be rewritten as

I = FBF
⋆
B + FBF

⋆
S + FSF

⋆
B + FSF

⋆
S (1.6)

= I0 + FBF
⋆
S + FSF

⋆
B, (1.7)

where I0 = |FB|2 is the squared absolute value of the scattering amplitude.

(Q) is omitted for clarity. The last term in Eq.(1.6) is ignored due to the

square of the small number. When we define the Hologram function χ as

χ(Q) =
I − I0
F ⋆
B

= FS + F ⋆
S

FB

F ⋆
B

. (1.8)

The Fourier transform of χ gives the structural change together with the

ghosts derived from the second term. One famous method based on holog-

raphy, ‘Coherent Bragg rods analysis’ (COBRA) given by Sowwan and

Yacoby[37, 38] is also utilized for the analysis of oxides interface, the or-

ganic semiconductor[39](shown in 1.12), quantum dots[40], and so on.

The problem with holography methods including COBRA, which is same

as the iterative method, is that structural parameters may not be obtained

with low density of points in real space because of the limit of the measurable

Q space. The lack of the data at low scattering angle and near the Bragg

points is also serious. In order to perform Fourier transform, continuous data

in reciprocal space is required. Hence, we need to interpolate and extrapolate
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Figure 1.12: (a)Experimental and calculated CTR scattering profile of or-
ganic semiconductors. (b)Surface structure of analyzed by COBRA[39].

the calculated values from the calculated values to lacked points, which may

affect the analysis results by added artificial data.

(3)Direct space method

When we have a structure, the intensity can be easily calculated. The

meanings of ‘direct space method’ is defined as the computational method

to search the appropriate structural model to reproduce the intensity pro-

files. In the direct space methods, the best combination of the structural

parameters to reproduce the experimental results by some kind of sampling

methods. The advantages of this methods are (1)the strict constraint can be

introduced by known information to exclude the physically incorrect models

preliminary, (2)the atomicity and positivity of electron density are kept and

(3) the possible application to the CTR data from inhomogeneous domain

structure.

The disadvantage of direct space method is the difficulty in search for

the optimal solution. The enormous number of structure parameters could

generate the countless local minimum optima in the parameter space. There-

fore, a efficient searching algorithm is essential. In addition, accurate model

selection is required because a model can produce the intensity within only

the range of its expression. The assumption of appropriate model is difficult

for samples with a surface/interface structure different from the expected in

fabrication like a unknown surface reconstruction, multi domain structure.

Currently, there are several software programs and algorithms for the

surface structure analysis. ROD[41] and its successor[42] are classical exam-

ples, whose main purpose is the refinement of the surface atomic arrange-

ment using χ2 minimization by numerial optimization method like steepest
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1.2 Experimental techniques for surface/interface structure

decent, Powell’s linear optimization, simulated annealing [43] and genetic

algorithm[44]. An analysis software GenX[45] utilizes the genetic algorithm

called different evolution. The next generation of the parameter is calculated

by adding parameter vector p generated by the randomly selected parents

to another selected parameter(See.[46] and Fig. 1.13) per calculation cycle.

In addition, to avoid the local optima, the random parameter vector is also

added to the parameter vector if the figure of merits(FOM) (For example,

χ2 factor for χ2 minimization analysis) increased. These programs provides

us the speedy convergence of the structural parameters when the model and

FOM can be correctly tuned. However, some questions about the reliability

of the refined model still remain. In χ2 minimization for arbitrary function

y(x), estimated value of the error of parameter xi which gives the global

minimum of y(x) is defined as the δx± so that the value of χ2 increase by

1(Called 68 % confidence level). In this method, the correlation between pa-

rameters cannot be reflected in the error estimation and results in tendency

to evaluate error smaller than physical expectation.

Figure 1.13: GenX[45] (a)Algorithm of genetic algorithm called different
evolution. (b)schematic picture of evolution process for the next generation
ti from randomly selected parents pj.

1.2.4 Purpose of this dissertation

As mentioned in the previous sections, for the material design and de-

velopment of new devices in the future, establishment of the new system

clarifying the interfacial structure in sub Å resolution is indispensable to

accurately understand the characteristics of electrons located in surface and

interface region. In particular, magnetic and electronic properties of metal

oxides are affected by a sub Å difference of interatomic distance. The surface

X-ray diffraction method has a high potential to determine atomic arrange-

18



1 Introduction

ment in sub Å scale without any contact to alter or break the electronic

state.

The purpose of this dissertation is following two subjects:

1. Construction of an efficient system to obtain the structural information

of surface/interface region from the CTR data.

2. Exploration of the origin of properties in the interface between vari-

ous perovskite type oxides, especially strongly correlated 3d electron

systems of nickel and manganese oxides thin films.

To achieve these aims, we have developed a new software to construct

the most probable structure model and its accuracy. After a performance

test of the software, we applied this system to experimental CTR data from

LaAlO3/SrTiO3 sample(chapter 2).
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Chapter 2

Development of Bayesian

inference software for CTR

data

2.1 Introduction

In this chapter, we describe the developed analysis method based on

the Direct space method. Direct space method can exclude physically inap-

propriate structures in advance because the refinement of atomic position

corresponds to the strict condition of constraint for electron density distri-

bution. In addition, highly accurate analysis results are expected because

this method is not affected by lowering the density of the real space informa-

tion when performing the Fourier transform of the CTR data. Considering

these advantages, Direct space method is most effective one among 3 meth-

ods introduced in previous chapter. In particular, strongly correlated oxide

interfaces that require analysis of atomic arrangement with high accuracy

of sub Å. On the other hand, the problem with the Direct space method is

that the time-scale to search for a global minimum becomes more and more

enormous as the structural parameters increase. Also, once a certain answer

model is obtained, some kind of evaluation index is necessary for quantitative

evaluation of accuracy and precision of parameters. Accuracy and precision

of structural parameters directly relate to the validity of physical property

discussion.

Therefore, what are required for direct space method are
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· Lowering the requirement for the initial values of parameters to re-

fine them.

· To devise a method to quantitatively evaluate the accuracy and precision

of a refined structural model.

In response to these problems, we have developed analysis software

that introduces the Bayesian inference combined with the Monte-Carlo

method. Bayesian inference is a information science technique based

on Bayes’ theorem to estimate the unknown information we want to

know[47, 48]. From observed data and prior information such as empirical

or other experimental facts, the unknown information can be estimated

as probability distribution which reflects the experimental noise of the

data. The advantages of the Bayesian inference is its practical feasibility

of estimation even with a small amount of data. The estimation becomes

more and more accurate with increasing the observed data. In addition,

flexible update of estimation is realized by adding the prior distribution

one after another from other experimental or theoretical facts. From these

aspects, Bayesian inference is widely utilized for the analysis of big data. In

terms of application, it is also utilized for various medical care, machinery,

machine learning, artificial intelligence and so on.

As mentioned above, the searching for maximum value is not straight-

forward due to the large number of parameters as mentioned above. One

of the an effective way for optimization problems of large scale, especially

ones where a desired global minimum(or maximum) hidden among many

local minima is the Markov chain Monte Carlo method[49]. The method

we adopt is similar to the reverse Monte Carlo method used for liquids or

amorphous bodies [50, 51, 52].

2.1.1 Fundamentals of Bayesian inference

Here, we let the unknown value we want to know be written as θ =

(θ1, θ2, . . . , θm), and the observed values be written as y = (y1, y2, . . . , yn)[m

and n are the number of parameters and that of independent data]. p(θ|y) =
p(θ,y)
p(y) denotes a conditional probability density which means the probability

distribution of θ after we have information of y, where p(y,θ) is the simul-

taneous probability. The Bayes’ theorem gives the relationship between the

conditional probability density led by the rules of probability theory[47, 48].

This formula is written as

p(θ|y) = p(θ)p(y|θ)
p(y)

∝ p(y|θ)p(θ). (2.1)
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2 Development of Bayesian inference software for CTR data

The left term p(θ|y) is called the posterior probability distribution which

reflects the uncertainty of the estimation of the unknown θ. The p(y|θ)
is called the likelihood function. It expresses the probability distribution of

observed value y from the unknown object θ, in other words, the probability

distribution of experimental data from samples. The value of θ for maximiz-

ing p(y|θ) is the most reliable estimation to reproduce the observed y. To

pursuit such a value of y is called maximum likelihood estimation(MLE). χ2

minimization analysis is based on MLE in case that θ dependence of p(y|θ)
is Gaussian distribution. If the number of independent data is large enough

to determine the parameters, the parameters can be estimated with high

accuracy by MLE.

However, sufficient information for data analysis cannot always be ob-

tained easily. Even when a lot of samples of data are available, the selection

of conditions of samples and the measurement conditions for efficiently ob-

taining high-precise results of analysis sometimes need to be determined by

intuition and experience of skilled researchers. The introduction of prior

probabilities has a strong effect on these case. Using Bayes’ rule with a cho-

sen probability model means that the data y affect the posterior inference

only through the function p(y|θ) regarded as a function of θ for fixed y.

To estimate the posterior distribution using Bayes’ theorem is called poste-

rior probability estimation. Bayes’ theorem can be interpreted as a formula

that converts the probability distribution of θ into a probability that θ oc-

curs under p(y) condition. (in other words, updates the maximum likelihood

function with prior information before and after new data acquisition). MLE

is the one case of Bayesian inference using the prior distribution as uniform

distribution(p(y) = 1) which means the estimation of the distribution of

parameters only derived from the given data without prior information of

θ.

An example of applying Bayesian inference for X-ray diffraction data is

the electron density analysis of a single protein molecule called ‘sparse phase

retrieval(SPR)’[53]. According to SPR method, by setting the prior infor-

mation of the electron density as the prior distribution which reflects the

external form. The prior distribution is set to the parabolic function to ex-

press the spatial concentration of electron density. Fig. 2.1 shows the results

of the electron density derived by SPR method and ordinary HIO method.

The electron densities are reconstructed with a reasonable computational

cost, and errors of the results are smaller than the HIO method. Bayesian

inference is also utilized for single crystal structure analysis. The quality

of single crystal structure analysis results obtained from selected samples

and the data obtained under specified measurement conditions can be pre-
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evaluated. By replacing intuition and experience with statistical analysis,

even researchers with little experience can easily determine the measurement

conditions necessary to obtain accurate analysis results[54].

Figure 2.1: SPR method[53] (a)Electron density of single protein molecule
(b)simulated data. Results of recovered electron density from (b) by (c)SPR
method and (d) HIO method

2.1.2 Analysis technique for efficient sampling of models

Markov chain Monte-Carlo sampling

This section describes Markov chain Monte-Carlo Sampling taking

Metropolis method as an example[55]. Metropolis method is one of the

sampling method with simulated annealing. At the central concept of simu-

lated annealing is an analogy with the thermodynamics, specially with the

way that liquids freeze, metals anneal and so on. For example, at high

temperatures, the molecules of a liquid move freely with respect to one an-

other while the smooth thermal mobility is lost step by step in cooling.

The so-called Boltzmann probability distribution (P (E, T )∼exp(−E/kT ))

express the idea that a system in thermal equilibrium at temperature T

has its energy probabilistically distributed among all different states E(T ).

Here, we consider the situation that the transition process between differ-

ent state A,B, . . . dependent on variable x whose energy are written as

EA(x), EB(x), . . . . The existence probability π of state A in the equilib-

rium state is expressed as πA = exp(−EA/T )
exp(−EA/T )+exp(−EB/T )... . The frequency of

any transition process is equal to the that of the inverse process in ther-
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2 Development of Bayesian inference software for CTR data

mal equilibrium condition. Using the transition probability from the state

A to B as P (A|B), equilibrium condition between A and B is written as

πAP (A → B) = πBP (B → A). The transition probability depends only on

the state A B and is independent of the state through which the system has

passed during the procedure. If one of the variable x ∈ x is moved with

this condition kept, we can extract one of the states from the Boltzmann

distribution P (E, T ). This process is called Markov chain sampling. The

meanings of Monte-Carlo here is the change of x ∈ x with random step

δx. By repeating this process, a set of variables x having a large Boltz-

mann weight can be extracted efficiently. Typical examples of the definition

of P that satisfies the equilibrium condition include a heat bath method, a

Gibbs sampling method, and a Metropolis method and so on. The Metropo-

lis method is one that maximizes the acceptance P if energy decreases by

changing the variable x ∈ x, that is, P = 1. Then, the acceptance P from

state E(x) to E(x+ δx) is written as

P (x → x+ δx) = min[1, exp(Ex+δx − Ex)/kT ]. (2.2)

If Ex+δx < Ex, the P is always 1 while the other is accepted with the

probability exp(EB − EA)/kT . This means if a change in x ∈ x causes

an increase in E, the probability of accepting the transition can be given.

The acceptance exp(EB −EA)/kT fluctuates according to the temperature

parameter. It approaches random walk at high temperature limit T → ∞
and steepest descent at low temperature limit T → 0. In the simulated

annealing process, T is set to a high value at the beginning of sampling, and

gradually decreased as the calculation cycle number.

Replica exchange Monte-Carlo sampling

The expanded sampling method of Markov chain Monte-Carlo is replica

exchange MC method. The definition of replica is the copies of n number

of variable xi under the different annealing temperature Ti =T1, T2, . . . , Tn

distributed for each replica. The high T implement the searching in wide

a parameter space while low T can make the x converged to the nearest

minima quickly. In replica exchange MC method, the T exchange event

is executed per certain cycles of MC sampling to utilize the advantage of

character of low and high T . This exchange manipulation help replicas

to jump from one minima to another minima easily, that is, the search

in wide parameter space is possible. In the replica exchange MC method,

multiple MC calculations per x with different values of T are performed in

parallel. During the calculation, each replica xi is being annealed following
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the acceptance procedure of Metropolis sampling under the corresponding

Ti. Then, for each appropriate number of steps, the states xi and xi+1 are

exchanged(or alternatively exchanging the two temperatures). According to

the Metropolis method, the acceptance probability pi of exchange event for

i and i + 1 th replica having the energy value Ei is given by

pi = min[1, exp (Ei+1 − Ei)(
1

kTi+1
− 1

kTi
)]. (2.3)

Since the exchanging replicas follows the idea of the Metropolis method,

the Markov chain is designed so that the distribution of a whole replicas

P (x1, . . . ,xi, . . .) satisfies the condition of detailed balance with a careful

choice of temperatures for each replicas.

Bootstrap analysis

The bootstrap method is a statistical method for estimating the prop-

erties of a population estimator (such as average, variance) by random sam-

pling from approximate distribution[56]. Standard use of an approximate

distribution is empirical distribution obtained from measured values. More

specifically, observed data X = (X1, X2, X3,. . .) is assumed to be the pop-

ulation of statistical quantity θ = (θ1, θ2, θ3, . . .). Bootstrap without as-

suming a probability distribution function based on a specific parameter is

so-called a nonparametric method for statistical inference. It is used instead

of estimation based on parametric assumptions when the assumed distribu-

tion is unreliable or when parametric assumptions are impossible or require

complex calculations.

The bootstrap method also includes parametric parameter estimation

based on data generation simulation. To execute parametric bootstrap, sta-

tistical model(probability distribution with certain parameters) is assumed

by the distribution of original data, like an assumption of likelihood func-

tion in previous subsection. Then, the variance of the statistical quantity

is estimated by the pseudo data distribution generated from the assumed

statistical model. the bootstrap has come to be known to have a tendency of

providing the narrower width of err bars because the rare events of the true

distribution of data is hardly included in the statistics of experimental data.

The error of obtained electron density by COBRA analysis is estimated by

bootstrap[57].
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2.1.3 Observation of polarization structure by differential X-

ray diffraction data

At the LAO/STO interface mentioned in chapter 1, the control of con-

ductivity by applying external gate voltage has been reported. The worth

noting properties of external voltage effect in LAO/STO metallic interface is

metal-insulator switching and superconductivity[58] by career tuning[59]. In

addition, the voltage dependence of carrier mobility and carrier density has

been reported, suggesting the possibility that not only the effect of simple

carrier injection but also some structural change has occurred[59]. Infor-

mation of quantitative polarized structure around the interface can clarify

various remarks as to whether polarization occurred at LAO side or the STO

side[60].

To detect a tiny structural modulation around surface caused by an

external field, the change ratio of the intensity induced by the switching ex-

ternal is useful[61]. The change ratio of the difference of observable quantity

S is defined as

Sratio =
S(+)− S(−)

S(+) + S(−)
, (2.4)

where S(±) is the signal under the positive and negative external fields.

The advantage of differential measurement is that common experimental

environment-dependent errors, i.e. systematic errors, are canceled out.

Highly sensitive measurements that capture even small changes buried in

systematic errors can be performed with Sratio.

By the differential measurement data of CTR scattering, it is possible to

capture minute signal changes by external fields in X-ray diffraction data.

R. V. Wang demonstrated the reversible switching of the ratio of polarized

domain at the surface of PbTiO3 thin films by controlling the chemical en-

vironment extracted from the X-ray scattering measurements[62]. Although

they succeeded in observing the external field effect on structure change

from the Bragg intensity, the internal detailed polarization structure have

not yet been observed. In order to analyze the details of changes in the po-

larization of the surface structure, similar experiments and analyzes on the

CTR scattering intensity needs to be conducted. For that purpose, accurate

observation of the signal change of the CTR scattering intensity reflecting

the change of the polarization structure and to conversion method of the

CTR signal change into a structural change are required.
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2.2 Development of analysis software

This section describes the concept of our developed software based on

the Bayesian inference combined with Monte-Carlo simulation. We describe

the algorithms used in the software and demonstrate the performance of the

software.

2.2.1 Bayesian Inference for CTR data

Let us adopt the Bayes’ theory to extract the probability distribution of

structural parameters from CTR data. The experimentally observed diffrac-

tion intensity from a unit area of the sample surface at scattering vector Q is

expressed by Iexp(Q). A set of CTR data is composed of the diffraction in-

tensities at differentQ, Iexp(Q) = [Iexp(Q1), Iexp(Q2), . . . , Iexp(QN )], where

N denotes the total number of measured Q positions. The posterior proba-

bility P (Θ|Iexp), that is, a probability distribution of structural parameters

under the likelihood function of the measured CTR data is given by

P (Θ|Iexp) ∝ P (Iexp|Θ)P (Θ), (2.5)

where P (Iexp|Θ) is the likelihood function, which represents the statistical

property of the measurement noise,and P (Θ) is the prior probability, which

represents prior information on the structure provided by other experimen-

tal facts or theories. Here, P (Θ) is set to a uniform distribution, which

means that no prior information is assumed for Θ. As a result, P (Θ|Iexp)

isproportional to P (Iexp|Θ). Under the assumption that the variation of

the measured value from the model point can be approximated by a Gauss

distribution, the conditional probability is given by Gaussian distribution

with a standard deviation of σ(Qi):

P (Iexp|Θ) =
1

(2π)
1
2

1

σ(Qi)
× exp

{
− [Iexp(Qi)− Icalc(Qi;Θ)]2

2[σ(Qi)]
2

}
(2.6)

The calculated intensity for structure Θ at Qi is expressed as Icalc(Qi;Θ) =

S|F (Qi;Θ)|2, where F (Qi;Θ) denotes thescattering amplitude for struc-

ture Θ at Qi and S is a scale factor. Let σ(Qi) be given by√
({γ [Icalc + Ibg(Qi)]}2 + [γIbg(Qi)]

2) to express the Gaussian noise whose

standard deviation is proportional to the intensity, which imitates the er-

ror arising from the optical misalignment. Here, Ibg(Qi) is the back-

ground intensity at Qi. More general formula of σ(Qi) is given by√
({γ[Icalc]}2 + [γNV + Istat]2), where Istat is the statistical noise of counting
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2 Development of Bayesian inference software for CTR data

photons and NV short for ’Noise-Value’ is the value of other experimental

noise. From the typical standard deviation of our CTR data at equivalent

positions in the reciprocal space, we estimate the value of the structural

parameter Θ that gives the maximum value of P (Iexp|Θ) is the most likely

one to reproduce the experimental data. For convenience, we introduce a

cost function E(Θ) = (−1
N )lnP (Θ|Iexp), whose minimization is equivalent to

maximizing a posterior distribution. Substituting equation 2.6 into E(Θ),

one obtains

E(Θ) =
1

N

N∑
i=1

{
[Iexp(Qi)− Icalc(Qi;Θ)]

2[σ(Qi)]
2

− ln
1

(2π)
1
2

1

σ(Qi)

}
(2.7)

up to a constant that is independent of Θ. The reason why the division of

data points N is to keep the same scale of the cost function for any data

with different number of N .

2.2.2 Monte-Carlo sampling procedure for CTR data

According to the Bayesian inference, we need to search the most reliable

model by achieving the maximum value of the posterior distribution func-

tion, that is the minimum value of cost function E(Θ). If the cost function

is regarded as the energy of the system, a kind of sampling method can be

utilized for searching the global minimum of the cost function, that is, the

most reliable structure.

Simulated annealing method

The procedure of Metropolis method in The CTR analysis is as follows.

1. One component of θ ∈ Θ is randomly selected to be modified. The

parameter is modified by a small step δθ defined by a Gaussian random

number with a standard deviation. (0.004 Å for atomic position and

0.01 for atomic occupancy)

2. The change in E(Θ) with the parameter modification is evaluated.

Then, the change of cost function is calculated as ∆E(Θ)=E(Θnew)-

E(Θold), where Θnew and Θold are the structure models before and

after the modification. The probability r that the modification is ac-

cepted or not is given by,

r =

{
exp[−∆E(Θ)/TMC] [∆E(Θ) > 0]

1 (otherwise).
(2.8)
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2.2 Development of analysis software

Here, TMC is a temperature parameter to adjust how often modifica-

tions are accepted in MC sampling. If the modification is not accepted,

Θnew is restored to Θold.

3. The process (1) and (2) are iterated until the value of cost function

converge to the small value with the value of TMC decreased according

to an exponential annealing schedule.

The ratio of probabilities of two states is known as the Boltzmann factor.

The Boltzmann factor characteristically depends on only the states energy

difference. The annealing schedule of TMC parameter controls the transition

probability of θ. This software employs a method of exponentially decaying

T , which is empirically effective for practical searching.

Replica exchange Monte-Carlo method

The more improved searching algorithm ‘exchange MC method’ is in-

troduced to our program [63] mainly by Mr. Nagai. The acceptance ratio

W of exchanging TMC between two replicas with adjacent TMC is given by

W (Θi, T
MC
i |Θi+1, T

MC
i+1 ) (2.9)

=

{
exp{( 1

TMC
i

− 1
TMC
i+1

)[E(Θi)− E(Θi+1)]} (E(Θi) < E(Θi+1))

1 (otherwise).
(2.10)

where TMC
i denotes the TMC for i th replica. The first temperature TMC

1 is

set to be 1/N , the inverse of the number of the data points. The probabil-

ity distribution of Θ can be determined by the statistic of sampling from

the first replica which reproduces the posterior probability. This exchange

MC enables us to spare times for analysis because we can abbreviate the

arrangement of first structure for convergence and reduce the probability of

trapped into other local minima. When this updated software is executed,

we need to set the number of replicas and temperature distribution for each

replica instead of the annealing schedule. We used exchange replica sam-

pling method for the experimental data in the chapter 3, 4 and 5 of this

dissertation.

2.2.3 Error evaluation method

After we have constructed a structural model that gives a satisfactory

small value of E(Θ) is recorded during the MC calculation with a constant

temperature TMC = 1
N , the inverse of the number of data points for normal-

ization of the effect of N. This procedure generates samples from the pos-
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2 Development of Bayesian inference software for CTR data

terior probability P (Θ|Iexp) because the equilibrium condition is satisfied

with the Metropolis method. If each component-wise posterior probability

has a peak, the peak position and standard deviation are interpreted as

theresulting structural parameter θi and its uncertainty. Since it evaluates

the precision of structural parameters by directly sampling from their pos-

terior probabilities, the MC technique can be applied to general cases where

a strong correlation exists between the structural parameters.

The correlation between the data points is affected by the systematic

error of the experimental condition such as the error of mounting position

of the sample. The parameter uncertainty is underestimated because of the

assumption of independent measurements we introduced in Eq .2.7. In the

present method of error estimation, the T value we use for sampling is the

same as N , the number of Q positions in the experimental data. Smaller

TMC gives smaller MC fluctuation. Thus, if the assumption of independent

measurement is not assessed, one can use an arbitrarily small T value by

measuring many points in a narrow Q range to increase N . One has to make

some assessment of the assumption of independent measurement. While the

distance between successive points in the present data is wider than the

instrumental resolution, the number of effective data points may be overes-

timated. To estimate the effective number of data points, we calculated the

error autocorrelation CE(j):

∆(Qi) =
Iexp(Qi)− Icalc(Qi;Θ)

σ(Qi)
(2.11)

CE(j) =
∑
i

∆(Qi)∆(Qi+j)

∆(Qi)
2

(2.12)

The effective number of observations for such correlated data, Neff , is de-

fined byN/[1+
∑

j(N−j)CE(j)/N ]. The precision of parameters are correctly

estimated, considering the Neff .

2.2.4 Software coding

The coding of our developed software is designed by c++ language.

Some input text files are needed for analysis as follows.

(a)Bulk structure file

(b)Initial structural parameters file

(c)Intensity profile data file

(d)Atomic scattering factor file

(e)Anomalous scattering factor file
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2.3 Performance of the software

File (a) includes the lattice constants (a, b, c, α, β, γ) and atomic position

(x, y, z) of atoms in bulk. This file assumes the bulk having (001) flat surface.

The structural model of film structure is defined in file (b). The atom

number and initial value of structural parametersΘ (atomic position, atomic

occupancy and atomic displacement parameter) for each atoms are listed in

this file. The movement range of Θ can be introduced in this file. The

intensity scale factor, the σ value for cost function are also managed in this

file. The file (c) has the information of the experimental CTR profile and its

statistic error for each Q. The values of atomic scattering factor are listed in

file (d). Besides, the value of anomalous factor is written in file (e). Since the

value of anomalous factor varies with energy of X-ray used for experiments

and samples, it should be determined experimentally or referred to Ref.[64].

The details of the format of these files are instructed in Appendix chapter.

The flow chart of this software is shown in Fig. 2.2. To execute the

software, we need to specify the input file names, annealing schedule(The

value of TMC), a number of MC cycle, and output filename in a command

line. When sampling by replica exchange, we need to specify the number

of replicas and the TMC to be distribute for each replicas. The number of

Monte Carlo steps is typically 106 to 107. A 106 cycle iteration takes half

an hour using a 4 GHz core i7 CPU with single-core calculation. After

finishing the MC cycles, some output files will be generated as follows.

(f)Final structural parameters file

(g)Final intensity profile data file

(h)The process of the value of cost function file

(i)The records of parameters file

The value of refined parameters are listed in file (f). The final results of

intensity is also output in file (g). The format of (f) and (g) is the same as

(b) and (c) respectively. File (h) records the all process of the value of cost

function. We need to confirm complete convergence of parameters by that

of cost function. File (i) is the records of all refined parameters Θ during

MC calculations. These values are used for extracting posterior probability

distribution.

2.3 Performance of the software

To check the performance of the developed software, we applied it for

virtual measurement data. Virtual measurement data is defined as simulated
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2 Development of Bayesian inference software for CTR data

Figure 2.2: Analysis procedure of MC software
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intensity profile calculated from a known structure. The simulation to the

intensity from the known structure verify whether the known structure can

be restored, then the performance of the software is expected to be verified.

Here, we consider (001)-oriented perovskite-type ultra-thin films repre-

sented in Fig. 1.1. The structural model is regarded as an alternating stack

of AO and BO2 planes; the oxygen site in the AO plane is called the O1

site, and those in the BO2 plane are called O2 sites. In the present study,

we refined the structure of a ten-unit-cell-thick region from the surface.

Here, the structural model as follows. The in-plane structure is assumed

to have no superstructure, and the a in-plane lattice parameter to be the

same as that of substrate. Now we have only two parameters per site, that

is, the atomic displacements along the surface normal direction from the

ideal substrate lattice δz(α, n) and the occupancy occ(β, n), where α de-

notes A, B, O1 or O2, β denotes the element of each site (La and Sr occupy

the A site, and Al and Ti occupy the B site in case of LaAlO3/SrTiO3

thin film) and n denotes the layer index starting from the ideal substrate.

Constraint conditions of
∑

β,n occ(β, n) = 1 are assumed, except for n val-

ues close to the surface which suppose no defects and express the surface

roughness. The isotropic atomic displacement parameter B(Å
2
) was defined

as being common to all atoms within the film. The total number of inde-

pendent parameters m depends on the constraints we use, and the typical

value of m for the present study was 60. The structural parameters of the

model are expressed as Θ = (θ1, θ2, . . . , θm) = [δz(A, 1), δz(B, 1), δz(O1, 1),

δz(O2, 1), . . . , occ(A, 1), occ(B, 1), occ(O1, 1), occ(O2, 1), . . .]. The software

developed was applied to artificial CTR intensity profiles calculated from

the reported structure parameters of a five-unit-cell-thick LaAlO3 film on

a TiO2-terminated SrTiO3(001) substrate [30]; we will refer to this struc-

ture as E(Θ)VM. We define IVM
exp (Qi) = |F (Qi;Θ

VM)|2 + Inoise(Qi). Arti-

ficial noise Inoise(Qi) was introduced with a Gaussian distribution having a

standard deviation of γVM|F (Qi;Θ
VM)|2, where γVM was chosen to be 0.2.

Hereafter, we call IVM
exp (Qi) the virtual measurement (VM) data. IVM

exp (Qi)

are plotted in Fig. 2.3. The prepared VM data were 00, 01 and 11 rods.

The total number of data points N was 575. Here, the correlation of data

points was ignored, that is, the error autocorrelation CE(j) to i-th data is 0

for all data points.

The minimum value of the cost function E(ΘVM) was 6.84. The initial

model made with a grid search provided E(Θ) = 29.38, which corresponds

to R =
∑

|(|Fexp| − |Fcalc|)|/
∑

|Fexp| = 0.354, using the initial value of

γ = 0.15. The initial values of the structural parameters are modeled by

using the error functions Erf(x−xc, s), where xc and s are the peak position
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2 Development of Bayesian inference software for CTR data

and the width of the corresponding Gaussian function. For example, the

initial values of the c-lattice spacing c+δz(A, n+1)−δz(A, n) are expressed

as c+∆c Erf(n−nint, sz), where c is the bulk substrate lattice parameter, ∆c

denotes the difference in the c-lattice spacing between the film and substrate,

nint denotes the nominal interface position, and sz gives the sharpness of

the interface. The depth profile of the initial distance c + δz(A, n + 1) −
δz(A, n) is presented in Fig. 2.4(a), and the corresponding initial δz(A, n)

profile is shown in panel (b) by the blue triangles. After that, all variable

parameters Θ were relaxed by the MC software. The MC calculation was

divided into two stages by different temperature sequences. In the first

temperature sequence, δz(O1, n), occ(O1, n), δz(O2, n) and occ(O2, n)

were constrained to the corresponding values of metal ions on the same

layer. The initial temperature was set to 0.5 to sample a wide parameter

space. The second MC calculation with a different temperature sequence

was applied to the model resulting from the first sequence by removing

the constraints on δz(O1, n) and δz(O2, n), while the constraints on the

occupancy for oxygen sites were maintained. The initial TMC was set to 0.1

and decreased by 1 percent per 2000 steps. In total 2×106 calculation steps

were performed for both stages of MC calculation.

The intensity profiles calculated from the resulting structure are shown

in Fig. 2.3 as red curves. The structure model was improved to E(Θ) =

7.25 (R = 0.04), and the resulting γ was 0.215± 0.002. The refined values

of the structural parameters of the A site are presented in Fig. 2.4. Fig.

2.4(b) shows the depth dependence of δz(A, n). A positive displacement

represents atomic movement towards the surface. Fig. 2.4(c) shows the

depth dependence of occ(β, n). The average value of the standard deviation

of δz(α, n) for each site (σz) is listed in Table 2.1. Here, the average is

taken over the sites whose occupancy is larger than 0.5. A typical value

of (σz) for metal sites is 0.01 Å and that for the oxygen sites is 0.04 Å.

Standard deviations for the occupancy parameters at the interface (σint
occ)

and at the surface (σsurf
occ ) are also listed in the same table. The typical

precision of the metal occupancy is 3 %. The accuracy of the structure

parameters is estimated from the differences between the resulting Θ and

ΘVM, which are plotted in Fig. 2.4(b) and 2.4(c). The difference for δz(α, n)

was approximately the same as the magnitude of the error bar, and the

typical difference for occ(β, n) was three times larger than the standard

deviation estimated by this procedure. The quantitative similarity between

the accuracy and the precision suggests that the amount of information

provided by the CTR profiles is well estimated by the number of data points

N in present case.
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Figure 2.3: CTR scattering profile of Virtual measurement data(White plot),
the calculation from initial model(blue solid curve) and Fitting(red solid
curve).

2.4 Application on experimental data

2.4.1 n-type interface of LaAlO3 thin films on SrTiO3 sub-

strate

The experimental data of LaAlO3/SrTiO3 along the 00, 01 and 11 rods

with N = 575[30] were analyzed with our MC software. The initial value of

S was determined in advance of the MC calculation by the steepest descent

method using only the data near the Bragg peaks, where the CTR intensity

is rather insensitive to the detail of the surface structure model. The initial

values of the other structural parameters were the same as those used for the

analysis made on the VM data. The initial systematic noise scale was chosen

to be 0.15. The initial model made with the grid search provides the value

of E(Θ) = 42.54 (R = 0.391). The analysis process for the MC sampling

was the same as in the previous section of performance check for virtual

measurement data, except for the refinement of the atomic displacement

parameter B for the whole film.

Fig. 2.6 shows the experimentally observed CTR intensity profiles to-

gether with the calculated profiles from the resulting structure. The value

of E(Θ) was reduced to 7.66 (R = 0.110). The MC refinement is proven to

be robust enough for practical use of perovskite interfacial structure deter-

mination. Fig. 2.6(a) shows the depth dependence of δz(α, n). The main

structural features reported in Ref. [30], namely the shift of the O atoms in
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ues of c-lattice spacing. (b)Atomic displacement δz(A, n) and (c) occ(Sr-La,
n) of answer, initial and refined(Fitting) structure of LAO/STO. The differ-
ence between answer and refined structure is also presented as green plots.
The scale of difference is enhanced by ×10 for presentation.
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SrTiO3 towards the surface and the lattice expansion around the interface,

are reproduced in this analysis. Fig. 2.6(b) shows the depth dependence of

occ(β, n). Some amount of atomic interdiffusion at the interface is visible.

The average values of the standard deviation of the structural parameters

are listed in Table 2.1, where the average was taken over the sites where

the occupancy was larger than 0.5. The precision of the parameters was

similar to that in the VM analysis. The B value for the film region was

found to be 1.16±0.08Å
2
, which is about three times larger than that of the

substrate atoms. We also tried to refine the B parameters for each atom,

and found that the B parameters were scattered from site to site discontinu-

ously in depth direction, while the other parameters were nearly unchanged.

This is because the effect of each B parameter on the cost function is too

small to refine with the present data set. Lastly, we present the effect of

the prior probability P (Θ). The thickness of the film in the refined struc-

ture can be defined as the total values of occ(La, n) or occ(Al, n), which are

4.91± 0.08 and 4.46± 0.12 in the results of the refinement presented in Fig.

2.6. By applying a Gaussian prior probability with an average value of 5.0

and a standard deviation of 0.1, we obtained thicknesses of 4.92± 0.07 and

4.74 ± 0.13 for the La and Ti sites with the cost of a slight increase in R

value. The R values before and after the application of the prior probability

were 0.110 and 0.111, respectively. One can define an arbitrary P (Θ), which

will help us to find a physically reasonable model in a short time.
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Figure 2.5: CTR scattering profiles of Experimental(white plots) and calcu-
lated(red solid curves) of LAO/STO.

38



2 Development of Bayesian inference software for CTR data

-0.8
-0.6
-0.4
-0.2
0.0
0.2
0.4
0.6
0.8
1.0

0 2 4 6 8 10 12

0.0

0.2

0.4

0.6

0.8

1.0(b)

d 
z(
a

, n
)(
Å)

 A
 B
 O1
 O2

(a)
O

cc
(b

, n
)

n

 Sr
 La
 Ti
 Al
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Table 2.1: The average value of the standard deviation of the structural
parameters derived from VM and experimental data.

VM Experimental data

Atom σz(Å) σint
occ σsurf

occ σz(Å) σint
occ σsurf

occ

A 0.006 0.031 0.005 0.009 0.023 0.010
B 0.016 0.071 0.031 0.022 0.036 0.026
O1 0.043 0.044
O2 0.036 0.033
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2.4.2 Differential measurement analysis combined with

Monte-Carlo and bootstrap method

The purpose of this section is to develop an expanded practical use of

Bayesian inference technique to the ‘differential measurement data’. In this

study, we aimed to detect the structural change of the LAO/STO interface

by using the difference data when an external electric field was applied to

the interface.

2.4.3 Application for differential measurement data

The CTR measurement of used differential measurement data was per-

formed by 4 circle X-ray diffractometer installed at Photon factory BL-4C

by Mr. Fujii. The observed sample and schematic experimental condition

in which Vg was applied is presented in Fig. 2.7. The value of positive and

negative Vg is ±50V. The results of CTR measurement profiles under the

voltage are shown in the middle panel.

To extract the significant dependence of the external voltage and exclude

the systematic noise from data, the change ratio of the deference of CTR

intensity (Iratio) was calculated. Iratio is given by

Iratio(Q) =
I+ − I−

I+ + I−
, (2.13)

where I± is the intensity under Vg = ±50V. Iratio along 00ζ is also pre-

sented in Fig. 2.7. There are some points with significant signal change,

for instance, those around ζ = 2.6 and 4.2. Based on Iratio, we aimed to

extract the atomic displacement in the depth direction caused by electric

field switching. The problem is how to define the ‘0V structure’ (Θ0) and

intensity (I0), the case without applying the electric field. Here, an impor-

tant experimental result on the electric field dependence of CTR intensity

is presented. Fig. 2.8 shows the Vg dependence of scattered intensity at Q

= (0 0 4.15).

This result suggests that the scattering intensity changes symmetrically

with respect to Vg, and that has hysteresis behavior. From this result, we

determined to obtain the displacement Θ0 under the following two assump-

tions:(1)The amount of change in intensity δI changes symmetrically with

Vg ,(2)The atomic displacement δZ changes symmetrically with Vg. From
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Figure 2.7: (a)LAO/STO sample on Au electrode connected with Al wire.
ζ dependence of (b) CTR profile of 00L rods under ±50V and (c) Iratio.

Figure 2.8: Hysteresis curve of scattering intensity at Q = (0 0 4.15)
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these two assumptions, the following two equations hold:

I± = I0 ± δI, (2.14)

Z± = Z0 ± δZ, (2.15)

where I0 is calculated intensity obtained from 0V structure(Vg = 0) written

as Z0 ∈ Θ0. The δ represents the amount of change when assuming a

symmetric change. The calculated value of change ratio Iratiocalc (Q) can be

written as

Iratiocalc (Q,Θ) =
δI

I0
(2.16)

=
I0 − I−calc

I0
. (2.17)

Then, Z± can be extracted from I−calc which reproduce the experimental

value of Iratio(Iratioexp ). Structural model of LAO/STO constructed in sec.

2.4 was utilized as the structure before applying Vg, that is, Z0 and inten-

sity I0. The posterior distribution P (Θ|Iratioexp ) is assumed to be Gaussian

distribution with the deviation σ written as

P (Θ|Iratioexp ) =
1

(2π)
1
2

1

σ(Qi)
× exp

{
−
[Iratioexp (Qi)− Iratiocalc (Qi;Θ)]2

2[σ(Qi)]
2

}
(2.18)

The standard deviation σ(Qi) was determined by the law of propagation of

statistical error σ± of I±. Based on Bayes’ theorem, the atomic displace-

ment δZ from one sample of Z0 using an equation (2.18). However, one

extracted Z0 also has a distribution that reflects the errors of the surface

x-ray diffraction experiment. As a result of Bayesian inference method, the

accuracy of atomic arrangement extracted from CTR data is ∼10−2Å. This

distribution of Z0 was extracted from the experimental data with approx-

imately 20 % systematic error. Obtained P (δZ|Iratio
exp ) from one sample of

P (Θ|Iexp) does not reflect the error of Z0. More realistic P (δZ|Iratio
exp ) can

be inferred from a lot of experimental data set of I0. However, since it takes

several days to acquire a series of CTR data of one sample, to accumulate

statistics of experimental data is not realistic way.

Here, we demonstrated the nonparametric bootstrap from artificial I0

data distribution. First, artificial I0 data distribution, that is, 128 samples

of I0 were extracted from random sampling of P (Iexp0 |Z0). Then, MC calcu-

lations for 128 of extracted Iexp0 based on Bayesian inference were performed

with posterior distribution given by Eq. 2.18. The atomic displacement

42



2 Development of Bayesian inference software for CTR data

δZ(M,N) was calculated by |ZM
0 − Z−(M,N)|, where M (0 to 127) is the

index of 128 of ZM
0 models and N is that of refined models(here, N = 128)

inferred by Eq. 2.18.

Results

Fig. 2.9 shows the fitting results of Iratio(Q) of 00ζ and 01ζ for ZM=0
0 .

Results of refinement for other 127 ZM
0 were obtained with approximately

same quality.
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Figure 2.9: An example of one sample of fitting result of intensity ratio of
00ζ and 01ζ rod for one 0V model.

The depth dependence of δZ(M,N)(α, n) when the electric field is

switched from 50 V to -50 V are presented in Fig. 2.4.3. 1000 answers

are randomly selected from M × N samples for plots. The averaged stan-

dard deviation of δZ(M,N)(Sr/La, n) and δZ(M,N)(Ti/Al, n) is 5.7×10−4Å

and 2.9×10−3Å. The accuracy of z(α, n) was improved by 10 to 100 times

by differential measurement analysis compared to the analysis for general

CTR data in sec. 2.4. Only La atoms were found to displace, which suggests

that the polarization caused by the negative Vg induces internal electric field

mainly in LAO. This result is surprising because the electric field was applied

between the LAO/STO interface and the back gate. The induced electric

field in only LAO region suggests the screening effect of Vg by metallic in-

terface in STO side. Vacancies at the interface or adsorbed matter on the
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surface may be one reason to modulate the polarization between interface

and top of LAO. The direction of La displacement is also surprising. This

maybe corresponds to the difference of potential between the vacuum level

at the surface and increased potential at the LAO/STO interface under the

negative gate voltage. For elements with small atomic numbers such as Al

and oxygen, the polarization could not be large enough to be detected due

to the analytical uncertainty. Hence, local electric field in each layer cannot

be evaluated from the data under the experimental condition at PF BL-4C.

Figure 2.10: Depth dependence of atomic displacement δZ of 1000 models
of M ×N when the gate voltage is switched from +50 to -50 V. δZ is drawn
by blue(Sr, La) and red(Ti, Al) solid curves. Z = 6 is the interface position.

We can demonstrate a quantitative observation method of surface dis-

placement with higher precision by applying the combined analysis tech-

nique of Bayes inference and bootstrap idea to differential measurement of

surface X-ray diffraction data. The precision of the atomic displacement

was 10−3Å, indicating the possibility of more precise quantitative observa-

tion of microscopic displacement at the surface/interface. Local electric field

in each layer of LAO/STO cannot be evaluated from the data under the ex-

perimental condition in PF BL-4C. By using a strong light source superior

in statistical accuracy, even more detailed analysis of polarization structures

is expected.
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2 Development of Bayesian inference software for CTR data

2.5 Summary of this chapter

CTR scattering method has not be generally utilized for the analysis of

interface although its versatility for the sample, non-contact measurement

and high spatial resolution because of absence of the user-friendly analysis

technique. We have developed MC analysis software for the CTR scatter-

ing based on Bayes’ theorem. Our developed software searches the global

minimum value of the cost function by simulated annealing or replica MC

sampling method. The performance of the software was demonstrated by

using a five-unit-cell-thick LaAlO3 ultrathin film on an SrTiO3 substrate as

an example. The precision of the structural parameters estimated from the

VM data analysis was ±0.01 and ±0.04 Å for the displacement of metal and

O atoms, and that for the occupancy was ±0.03. The accuracy of the struc-

tural parameters was also examined, and it was found that the accuracy was

similar to the precision. Experimental data were successfully analyzed by

the same procedure. Excluding the data handling and appropriate model

construction, the analysis time was reduced to just within a few days al-

though it took more than one year so far. The Bayesian inference method

can be applied if the experimental data or figure of merits can be formulated

as a probability distribution. Final section of this chapter shows that it can

also be applied to differential measurement CTR data. The expected preci-

sion of atomic position is improved by 10 times in case of the experimental

condition at PF BL-4C.
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Chapter 3

Structural study of thickness

driven metal-insulator films

of LaNiO3

3.1 Introduction

Complex electronic phases are expected at the interface of transition

metal oxides because of the correlation of the spin, charge, and orbital degree

of freedom as mentioned in chapter 1. Among them, Ni perovskite oxide has

been investigated as one of the candidates for superconductivity analogous to

cuprate oxide with 2 dimensional S = 1/2 antiferromagnetic correlation by

epitaxial strain of superlattice[65]. However, superconductivity originating

from tensile strain was missing, and instead the two-dimensional electronic

state exhibited a metal-insulator transition(MIT) in metallic LaNiO3(LNO)

experimentally. According to the behavior of electrical conductivity, the

different mechanism of MIT from the charge disproportionation with the

first order transition developed in RNiO3.

Here, we focus on the 2 dimensional LNO thin films on two different sub-

strates, both of which reveal the thickness dependence of MIT. We exam-

ined the thickness dependence of the structure of LNO by using CTR data.

Then the origin of reported thickness induced MIT transition in LaNiO3

thin film under the compressive and tensile strain from LaAlO3(LAO) and

SrTiO3(STO) substrate are discussed from the structural point of view.
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3.1 Introduction

3.1.1 Known properties of LaNiO3 in the bulk form

The RNiO3 (R: rare-earth ion) is an archetypal strongly correlated

d-electron system in the charge transfer regime [65, 66]. The 3d spin config-

uration of ionic limit of Ni in RNiO3 (Ni3+) is t62ge
2
g. As a model incorpo-

rating the electron-electron interaction, Mott-Hubbard model is widely used

for localized materials even in a system with partially occupied levels. The

Hamiltonian is given by H =
∑

⟨i,j⟩,σ tijc
†
iσcjσ+U

∑
i ni↑ni↓, where ⟨i, j⟩ the

index of a site, σ is spin. tij is the transfer integral between i− j sites and

c†, c are the creation-annihilation operator. The d band splits by the on-site

Coulomb interaction strength and give rise to the Mott type gap with va-

lence band (= LHB:abbreviation for lower Hubbard band) and a conduction

band (= UHB:upper Hubbard band). According to the model, RNiO3 ma-

terials are charge transfer type insulator due to the competition between the

bandwidth (W ), on-site electron-electron correlations (U), crystal structure

and charge transfer energy between oxygen and transition metal sites (∆)

as shown in Fig. 3.1 [67].

Figure 3.1: Schematic band diagram of Mott-Hubbard model for (a)Mott-
Hubbard insulator, (b)Charge-transfer insulator [67], (c)RNiO3 and (d)
LaNiO3[68]

The transfer of eg itinerant electrons between the B-site atom through

the ligand oxygen is responsible for conductivity. Therefore, the conductiv-

ity of RNiO3 mainly depends on the degree of hybridization of Ni3d and O2p

band. Fig. 3.2 shows the Zaanen-Sawatzky-Allen diagram. They calculated

the ground state of RNiO3 as a function of the energy gap between UHB and

O2p band ∆′ (=U−∆). Such a phase transition of conductivity is correlated

with the structural phase and bonding nature of Ni-O. Fig. 3.3 shows the

structural, magnetic, and electronic properties of RNiO3 perovskites orga-

nized in [68]. Almost all member whose radius is smaller than La(in other

words, the tolerance factor become smaller than LaNiO3) show a first order

MIT. MIT is accompanied with structural transition from Pbnm orthorom-
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3 Structural study of thickness driven metal-insulator films of LaNiO3

Figure 3.2: Zaanen Sawatzky-Allen diagram of RNiO3. U , ∆ and ∆′ are
Coulomb interaction, charge transfer energy, and energy gap between Upper
Habbard band and O2p band. [67]

Figure 3.3: (a)Resistivity and (b)phase diagram of RNiO3 [68]
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3.1 Introduction

bic to P21/n monoclinic structure confirmed by X-ray diffraction results

shown in Fig. 3.4. When one or two of the number of holes contained in the

Figure 3.4: Temperature dependence of structural parameters of RNiO3.
The sudden change of (a)bond length, (b)Ni sites, (c) Schematic struc-
ture of insulating phase of YNiO3 and (d) magnetic structure by charge
disproportionation(2Ni3+ → Ni2+ + Ni4+) [69].

ligand oxygen of Ni ion is expressed as L,L2, . . . , the electronic state of Ni ion

is separated to two crystallography independent Ni sites. The change of va-

lence state can be written as 2Ni2+L → Ni2++Ni2+L2 below the phase tran-

sition temperature. This phenomenon is called charge disproportionation[69]

which derives Ni magnetic moment coupling via anti-ferromagnetic interac-

tion property. The bulk LNO belongs to a different space group as rhom-

bohedral R3̄c structure. The pseudo cubic lattice parameter apc is 3.84 Å,

and its Glazer notation is a−a−a− pattern(α = β = γ = 5.2◦). The smaller

rotation angle and shorter bond length than other RNiO3 materials bring

the wider bandwidth. This is the source of the hybridization of very closed

energy level of Ni3d and O2p band. As a result, LNO remains metallic down

to the low temperature without any structural transition. The metallic state

corresponds to a increase in the bandwidth due to the increase in hybrid of

Ni3d-O2p with a change in the Ni-O-Ni bond angle from 144◦ for LuNiO3

to 164◦ for LaNiO3[68]. In the Zaanen Sawatzky-Allen diagram, LaNiO3 is

located in the pd metal region because such a large hybridization enhance

the transfer t and minimize the effective charge transfer ∆′ to zero.

Zaanen-Sawatzky-Allen diagram for Ni oxides also argued another pos-

sibility of MIT in charge transfer type materials with negative ∆′ value,

called Covalent insulator. The strong electron negativity of Ni often domi-
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3 Structural study of thickness driven metal-insulator films of LaNiO3

nant strong contribution of covalency state of 3d8L (Ni2+O−) with shorter

Ni-O bonds. This bonds can be regarded as the covalent bonding which

splits to the bonding and anti bonding level and open the gap in case of

increased t enhanced the mixture between d bands and O2p bands. The

phase diagram of bond length and M-O-M angle vs its chemical bonding

nature is reported by J-S. Zhou and J.B. Goodenough[70]. Thus, a more

realistic ground state, which includes the NiO hybridization of these nicke-

lates can be described as a mixture of the Mott limit 3d72p6 (Ni3+O2−) and

the covalent limit 3d8L (Ni2+O−) configurations.

3.1.2 Metal-Insurator transition of LaNiO3 urtrathin films

Increasing U or ∆ are obviously important for conductivity of LNO. The

ground state can be altered with structural manipulation through the size

effect, dimensionality, strain from the substrate, and ochtahedral rotation by

the forming an epitaxial film. Under the compressive(LAO substrate, apc =

3.79 Å) and tensile(STO substrate, apc = 3.905 Å) strain, the energy split of

degenerate eg band(dx−y2 and 3z2−r2) by Jahn-Teller(JT) effect is expected.

The conventional quantification of strain ϵ = (afilm − asub)/afilm, where the

afilm and asub are the lattice constants of film and substrate materials, is

negative(positive) for LAO(STO) case. The orbital polarization for both

case was observed by some X-ray linear dichroism experiments(XLD). The

results indicate the 5 to 7%(0%) higher occupation of d3z2−r2(dx2−y2) in case

of LAO(STO) substrate[66, 71, 72, 73], suggesting the asymmetric JT active

characterization to epitaxial strain of RNiO3 system. Indeed many studies

have shown that LaNiO3 (LNO) films behave as a paramagnetic metal like

their bulk counterpart when they are thick enough more than 4 u.c thick of

LNO. However, it experiences the thickness driven MIT when the thickness

is less than 3 u.c under both epitaxial strain type. Let us refer some previous

reports about thickness dependence of MIT in LNO films. Fig. 3.5(a) and

(b) shows the thickness dependence of resistivity under tensile(STO) and

compressive(LAO) strain[74, 75]. The conductivity gradually cease with

the decreasing the thickness. The thickness dependence of Angle-resolved

photoemission spectroscopy(ARPES) shown in Fig. 3.6 also suggest the

insulating behavior in thin LNO from the results in lack of the DOS at

EF [76]. The photoemission spectra of LNO grown on Nb-doped STO and

LAO [74, 75] are presented in Fig. 3.5(b) and (c), respectively. As expected

from the conductivity of these samples, the density of states around the

Fermi energy EF disappear when the thickness of LNO film is less than 3

u.c.. The notable difference of both substrate was the thickness dependence
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3.1 Introduction

Figure 3.5: Thickness dependence of (a)LNO/STO and LNO/LAO resistiv-
ity at 300K, (b)DOS of LNO/STO and(c) DOS of LNO/LAO [74, 75]

Figure 3.6: Thickness dependence of (a)Temperature vs Resistivity and (b-f)
ARPES for LNO/LAO. (g)DOS and energy shift of t2g level(inset) observed
by PES. (h)X-ray diffraction and AFM(inset) data of LNO/LAO[76].
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3 Structural study of thickness driven metal-insulator films of LaNiO3

of the leading edge of the valence-band spectra of LNO grown on STO and

LAO. The sample grown on STO shows a large jump in its density of states

when the fourth LNO layer is grown, while the change in the density of

states of the LNO films on LAO appears to be much more gradual.

Many possible mechanisms for the thickness-dependent MIT of LNO

thin films have been proposed for both epitaxial type. Here we show some

previous research proposing the insulation mechanism for LNO film on two

different substrates.

3.1.3 Previous studies of MIT for LNO/STO

In case of LNO(4 u.c)/STO(3 u.c) superlattice sample, the insulating

layer of LNO is located in only ∼ 2 u.c from STO according to the depth

resolved studies of electronic structure[77]. In Ref.[77], the valence band

measured by X-ray photoemission spectra(XPS) confirms the existence of

the gap and another unexpected DOS peak observed just below the Ferml

level. Incident angle dependence of XPS from the La 4d core level sug-

gests that the another peak is not originated from the entire LNO but from

LNO/STO interface. This results infer the existence of the insulating ‘dead

layer’ located in narrow region in LNO from LNO/STO interface.

The increase of binding energy for Ni eg and t2g [77] is consistent with the

idea of polarity-driven oxygen vacancy [78]. A notable feature of LNO/STO

is the discontinuity of polarity as discussed in LAO/STO interface[15]. Fig.

3.7 shows the schematic illustration of LNO layers on STO. The polarity se-

quence from STO of (SrO)0-(TiO2)
0-(LaO)+1-(NiO2)

−1-(LaO)+1-(NiO2)
−1-

,· · · , develops the electrostatic potential to the surface, and redistribute the

charge to avoid strong potential. The observed depth dependence of c-

lattice spacing and thickness dependence of formation energy of deoxidised

LaNiO2.5 suggests oxygen defects are formed in early stage of LNO fab-

rication below 3 u.c[78]. It suppress the electrostatic potential developed

by polar discontinuity. When the film thickness reaches 4 u.c. thick, the

metallic layer of LaNiO3 is recovered as proceeding the film growth because

of the increase in formation energy of LaNiO2.5. The Ni3+/Ni2+ ratio de-

pendence of conductivity of LaNiO3−δ films was investigated by ARPES[79].

The (a)binding energy, (b)electric resistivity, and (c)Ni3+/Ni2+ ratio depen-

dence of schematic diagram of Ni-d and O-2p bands are shown in Fig. 3.8.

The underdeoxides LNO-1 with the strong Ni2+ nature exhibits the much

stronger ”A” peak assigned to Ni2+ in XPS data and insulating behavior.

The oxygen vacancy dependent transport mechanism can be explained by

the narrowed band widths because the larger Ni2+ enlarges the Ni-O bond
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3.1 Introduction

Figure 3.7: (a) Depth dependence of c-lattice spacing of LNO/STO ob-
served by CTR method. (b)polar discontinuity at LNO/STO interface
(c)Formation energy for LaNiO2.5 relative to LaNiO3 on STO substrate[78].

length and weaken the hybridization of Ni-3d and O-2p bands.

Figure 3.8: (a-b)resistivity, (c)schematic band diagram (d-e) XPS data for
O defected LaNiO3−δ [79]. The value of δ is 0.36 for LNO-1 and 0.16 for
LNO-2

3.1.4 Previous studies of MIT for LNO/LAO

LAO and LNO are both polar materials and the polarity at the interface

is continuous. Therefore, polar catastrophe is not expected for LNO/LAO.

The tilt angle γ of NiO6 along c is very close to 180◦[80] so that the sheet

resistance is not affected by the tilt angle in compressive strained LNO.
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3 Structural study of thickness driven metal-insulator films of LaNiO3

The MIT of LNO/LAO has been rationalized based on the dimensionality

of carrier conduction. The qualitative explanation of dimension crossover

given in [81] is as follows. Al on the substrate does not have d-electrons and

its electronegativity is smaller than that of Ni. Therefore, the electronic state

becomes two-dimensional at the interface. Also, on the surface, the number

of Ni is small due to the effects of atomic defects and the reconstruction of the

polar LNO surface. Therefore, the electronic state of the surface of LNO

becomes two-dimensional like the LNO/LAO interface. By reducing the

film thickness, the influence of the surface/interface increases, the electronic

state changes from three-dimensional to two-dimensional. This picture of

carrier localization is regarded as the quantum confinement. From the simple

kinematic conductivity theory, when the value of the products of Fermi wave

number kF and the mean free path l become close to unity, MIT is expected

in the system. In the two dimensional system, the sheet resistance(Rsheet)

is in inverse proportion to kF l and finally approaches to the h/e2 ∼ 25kΩ

upon the limit of the reduction of LNO thickness according to the kinematic

theory of 2D electron gas[82]. R. Scherwitzl points out the temperature

dependence of sheet resistance follow the Variable range hopping (VRH)

type of conduction[83] written as σ = Cexp[−(T0/T )
α], where T0 is the

factor determined on the DOS near the Fermi level[84] and the α = 1
d+1

is the dimension factor. The temperature dependence of various thickness

of LNO films on LAO is presented in Fig. 3.9[75, 83]. The resistivity over

100 layers is proportional to T 2 at low temperatures, similar to the Fermi-

liquid behavior of electron-electron scattering confirmed in bulk LNO. The

temperature dependence of logarithm of conductance changes gradually to

T−1/4(VRH model) with decreasing the thickness. This gradual change

from the metal state to the insulating state corresponds to the gradual gap

opening confirmed by photoelectron spectroscopy shown in Fig. 3.5. In

this way, LNO/LAO insulation does not occur abruptly with a certain film

thickness as a threshold value. This phenomenon is different from charge

disproportionation, which causes rapid temperature driven MIT.

3.1.5 Known structural information of LaNiO3 films

Here we summarize the known structural information of LNO thick films.

For the LNO films on STO, the NiO6 octahedra tilt from the c direction (the

surface normal direction), whereas octahedral rotation within the c plane

was observed for the LNO films on LAO [80]. The c-lattice parameter of

LNO on STO is 3.801 ± 0.006Å [80, 85] and that on LAO is 3.901 ± 0.006

Å [75, 80]. The c-lattice parameter of LNO on STO was increased by 0.05 Å
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Figure 3.9: Temperature dependence of (a)resistivity various thickness of
LNO/LAO. VRH type conductivity. The high temperature region of re-
sistivity is proportional to T2. (c) The temperature of transition from T2

to VRH type hopping is shifted to high value with decreasing the thick-
ness. (d)Conductivity of 4 ML sample clearly shows VRH type tendency as
log(σ) ∝ T−1/4. (e)2 and 3 ML sample shows Arrhenius-type temperature
dependence of resistivity.[75]
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3 Structural study of thickness driven metal-insulator films of LaNiO3

when the oxygen partial pressure during film growth was decreased from 0.2

to 0.02 mbar [80], which is a result of the introduction of oxygen vacancies.

As for the known structural information of LNO ultrathin films, there have

been several reports on samples grown by molecular beam epitaxy (MBE)

[73, 86, 87]. Local polarization estimated by relative displacement of oxygen

and metal sites was reported for an LNO film with a thickness of 4 u.c.

[73]. Cation displacement from the oxygen layer by ∼0.1 Å was found to

occur only a few u.c. from the surface, in accordance with their theoretical

calculation.

The BO6 octahedral connectivity and rotation modes also affect the

physical property of LNO thin films. The stable rotation modes are mainly

controlled by the structural coupling with the substrate.

Figure 3.10: NiO6 octahedral rotation α, β and tilt γ angle observed by
X-ray diffraction under epitaxial strain. (a)Definition of α, β, γ angle. (b-
c)Schematic pictures of NiO6 rotation mode of LNO/STO and LNO/LAO.
(d)The values of α, β, γ, (e)Ni-O bond length, and (f)the value of c/a ratio
as a function of strain. The positive value of strain corresponds to the tensile
strain.[80]

The reduced out-of-plane Ni-O-Ni angle θ from 180◦ narrows the band-

width. The transfer integral is proportional to the product of square of

Slater-Coster parameter(pdσ) and cos(θ). The inverse of the sheet resistance

(1/RS) of superlattice as a function of the periods of the LNO and STO

layer was reported in Ref.[88]. The samples with shorter period presents

strong localization character. The out-of-plane θ angle is reduced to 162◦

for individual single layered LNO for n = 1, while that in the inner layer of
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thick LNO has increased to 172◦. Such enhanced rotation by tensile strain

give a possibility of insulating character of Ni-O bonds disproportionation

state in RNiO3. DFT calculations for LNO/STO with the experimentally

determined lattice constants predicts the existence of the NiO6 octahedral

rotations accommodated by breathing mode distortions that causes the two

different short and long Ni-O bonds[71].

The bulk LAO surface maintains charge integrity by reconstruction of

the surface structure instead of causing polar catastrophe[89]. When a po-

lar LNO film is fabricated on an LAO substrate having such reconstructed

surface, the LAO structure returns to bulk and the LNO surface structure

is reconstructed. Thus, surface structure of LNO is easily changed by the

influence of the local electric field. The termination effect of local electric

field in LNO is studied for LaO-terminated 3 and 4 u.c. LNO films and

an NiO2-terminated 3.5 u.c. LNO film deposited on top of an LAO (001)

surface Ref[86]. Fig. 3.11 shows the temperature dependence of sheet re-

sistance for the NiO2 and LaO terminated LNO sample. The sample with

LaO termination surface has low resistivity, whereas the sample with NiO2

termination surface has high resistivity which showed local polarization as

deep as 10 Å from the surface. This difference is considered to be caused

by the influence of the local electric field generated by polar LNO. The

schematic surface structure and relative distance of oxygen to A site and B

site determined by X-ray diffraction and of different terminated sample are

shown in Fig. 3.11.

Figure 3.11: (a)Resistivity of different terminated LNO/LAO samples.
Surface mechanical force of (b)NiO2 and (c)LaO -terminated LNO/LAO.
Atomic displacement in (d)NiO2 and (e)LAO -terminated sample[86]. Pos-
itive displacement indicates the cation movement towards the surface com-
pared to the oxygen in the same layer.

In case of NiO2 terminated one, the oxygen has a displacement in the
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3 Structural study of thickness driven metal-insulator films of LaNiO3

depth direction to the bulk side while that of LaO terminated one is dis-

placed to the surface side affected by the local electric field. In the absence of

apical oxygen, LNO cannot negate the effect of the local electric field which

enhances polarization to reduce the Ni-O-Ni bond angle remains in the LNO

region. D. P. Kumah also reported that this surface polar distortion effect

can be restrained by LAO capping layer to supply apical oxygen[87]. The

insulating 3 u.c thick LNO on LAO is turned out to be metallic by introduc-

ing the apical oxygen onto the top of NiO2 from capping LAO. The Ni-O-Ni

bond angle, which is related to the transfer integral, was strongly affected

by the cap layer.

3.2 Motivation

As described above, the view on the insulation mechanism of the LNO

film is not unified. To obtain a better understanding of this difference, ex-

perimental observation from a different viewpoint is needed. For example,

the large amount of oxygen vacancies could enlarge the cation distance due

to Coulomb repulsion. The enhancement of BO6 tilt angle could shorten

the c-lattice spacing. In this section, the detailed structures of LNO films

on STO and LAO substrate are studied as a function of thickness(1 to 5

u.c. thick), then two different mechanism of MIT is studied from structural

information of thickness and substrate dependence of LNO thin films. Struc-

tural information provides direct knowledge of the chemical perturbation or

spatial coherency of electronic states.

3.3 Experiments and analysis

3.3.1 Experimental conditions

LNO thin films with a thickness of n u.c. were prepared by prof. H.

Kumigashira(Tohoku Univ. and KEK), Dr. M. Kitamura(KEK) and Dr.

E. Sakai(The Univ. of Tokyo, KEK). LNO thin films were grown on atom-

ically flat (001) surfaces of Nb:STO(n = 2 to 5) and LAO (n = 1 to 5) by

pulsed laser deposition (PLD); we denote these samples as (LNO)n/STO

and (LNO)n/LAO, respectively. During deposition, the substrate tempera-

ture was maintained at 450 ◦C under an oxygen pressure of 10−3 torr. The

film thickness was precisely controlled on the atomic scale by monitoring

the intensity oscillation of reflection high-energy electron diffraction. The

films were subsequently annealed at 400 ◦C for 45 min under oxygen at

atmospheric pressure to fill the residual oxygen vacancies. The LNO/STO
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3.3 Experiments and analysis

samples were prepared just before the synchrotron measurements because

storage at room temperature induces oxygen-vacancy formation [90]. No

such sample degradation was found for the LNO/LAO samples.

The transport properties of the LNO films presented in Fig. 3.5 were

also measured by our collaborators using the four-probe technique. Non-

doped STO substrates were used for these measurements. Temperature

dependence of the resistivity of (LNO)n/STO for n < 4 is similar to the

reported ones [78]. That for (LNO)n/LAO has already been reported in

Ref.[75]. The photo emission spectra presented in Fig. 3.22 were measured

in-situ at BL-2C of the Photon Factory, KEK, Japan[75].

The CTR scattering measurements were performed with the four-circle

diffractometers installed at BL-3A and BL-4C at the Photon Factory, KEK,

Japan and BL15XU of SPring-8, Japan. The X-ray energy was 12.0 or 12.4

keV, which are both nonresonant conditions. The typical beam size was 0.5

× 0.5 mm. The scattering intensity from LNO/LAO samples was detected

by a two-dimensional pixel array detector XPAD-S70 (imXpad), and that

from LNO/STO samples was detected by an ordinary point detector by Mr.

Maeda, an old member of Kimura laboratory. During the measurements,

the samples were kept in a vacuum chamber at 10−5 torr or Kapton dome

filled with He gas to avoid possible radiation damage. Illumination area

and Lorentz factor corrections were applied following the formula provided

in Ref.[31]. For all samples except for (LNO)4/STO, the 00, 01, 02, 11,

and 12 rods were measured up to at least ζ = 4.0. The data for the 11

and 12 rods were missing for (LNO)4/STO. Structure refinement and esti-

mation of the standard deviations of parameters were performed using the

Bayesian inference technique described in chapter 2. The prior probability

of atomic occupancy for all n u.c. sample was introduced by infinite square

well potential as the variance range to prevent them from falling into phys-

ically inappropriate value. In this study, in-plane atomic displacement was

neglected; i.e., only the occupancy parameters and out-of-plane atomic po-

sitions were refined. Atomic displacement parameters B were also refined

here. B parameters of each layers are common for all elements of eazh layers.

3.3.2 Analysis and results

LNO/STO

CTR scattering data along the hkζ rod measured for the LNO films on

STO substrates are presented in Fig. 3.12. The solid curves in Fig. 3.12

show the calculated intensity derived from the refined structure. The typical

value of R =
∑

|(|Fexp| − |Fcalc|)|/
∑

|Fexp| is 0.2.
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Figure 3.12: CTR scattering profiles and fitting results for n = 2, 3, 4 and
5 LNO/STO samples. White plots are experimental data. Red solid curves
are calculated value. The attached number on the left side of intensity
profiles is the value of hk.
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Fig. 3.13 and 3.14 show the depth profiles of A and B site atomic dis-

placement δz and atomic occupancy with respect to the substrate lattice for

insulating and metallic LNO/STO. Atomic position of A site atoms were

obtained stably while B site atoms and oxygen of LNO/STO are not stable

in this analysis. This is because of the large experimental error of ordinary

point detector as the large R value shows.
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Figure 3.13: (a)Atomic displacement δz from STO lattice and (b)atomic
occupancy as a function of depth for LNO/STO(n = 2 and 3)

The thickness dependence of atomic displacement δz(Å) is shown in

Fig. 3.3.2. The lattice spacing is defined by the slope of the curve of δz.

Deep inside the substrate, the slope is zero by definition. The thick solid

gray line is the slope for the lattice parameter of thick films on STO[80,

85]. The slopes for the thick films coincide with the slopes determined

for (LNO)5/STO. LNO film [80, 85] with c ∼ 3.80 Å only in the layers

furthest away from the LNO/STO interface. Therefore, the lattice spacing

of the LNO films is strongly affected by the substrate within the range of

∼3 u.c. from the interface. The change in the lattice spacing of the LNO

film from that of the substrate around their interface is small. The change

starts around the third layer from the nominal interface (For example, Z =

0 position in Fig. 3.13). The inner layers around Z = 0 have almost the

same or larger c-lattice spacing as that of STO. The following surface layers
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Figure 3.14: (a)Atomic displacement from STO lattice and (b)atomic occu-
pancy as a function of depth for LNO/STO(n = 4 and 5)

in thicker films have smaller lattice spacing.

LNO/LAO

CTR scattering data along the hkζ rod measured for the LNO films on

LAO substrates are presented in Fig. 3.16. The typical value of R is 0.1.

The depth dependence of structural parameters for LNO/LAO are pre-

sented in Fig. 3.17 and 3.18. Although the structure parameters of oxygen

are rather unreliable, those determined for heavy elements stably converged

regardless of the details of the fitting procedure and constraints applied.

Thickness dependence of La occupancy, atomic displacement δz(Å) and

atomic displacement parameters B(Å
2
) is also shown in Fig. 3.19. The same

trends of the depth profiles of A-site atomic displacements for all thickness

are visible except for n = 1 sample. The lattice spacing is the same as

that of an n = 100 sample, i.e., 3.90 Å, that displays metallic conductivity

[75]. The different trend between metallic and insulating samples is the

atomic displacement parameters B. n = 4 and 5 samples have the middle

layers with small value of B, while outermost layer and interface layer have

larger value of them. The expanded ‘dead layer’, whose c-lattice spacing is

larger by 0.1 Å than metallic layer seen at LNO/STO interfaces is absent in

LNO/LAO interfaces.

LAO and LNO is R3̄c symmetry with NiO6 rotation and tilting. Bragg
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3.80 Å

3.905 Å

Figure 3.15: (a)La occupancy and (b)atomic displacement δz of La as a
function of depth.

reflections from the substrate LAO also appear at points where H, K, and

L are half integers except for H = K = L. If a structure with a twofold

periodic structure appears in the LNO film, the scattering amplitude from

it interferes with the half-integer Rods from substrate, so that some bumps

from the film also appears along half integer rods. Fig. 3.20 shows the HK

map of observed HKζ rods. If one of the (H, K) is integer and half integer,

the intensity was not observed while HKζ rods both of (H, K) is half integer

could be observed.

The observed half-integer rods are presented in Fig. 3.21. These rods

were not used for MC calculation because of difficulty in separation of inten-

sity from 4 domains of R3̄c structure. Our used LAO substrate have multi

domain structure and the ration of contained domains is not clear. Thus

half-integer rods obtained from these domain are not equivalent. Besides,

the ratio of eliminated area of each domain is not clear. It changes with ζ

value. Therefore, we decided not to use this data for Bayesian inference.
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Figure 3.20: 2×2×2 structure and HK plane in reciprocal map. The squared
points are measured half integer-rods. We could observe the intensity at the
blue and red points while green points could not, which suggests the no
orthorombic ordered structure exists in LNO/LAO. Especially, the strong
bumps from interference of CTR from LAO and scattering from LNO film
were observed along 1/2 3/2 ζ rod(red point).
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Figure 3.21: Intensity profiles of half order rods of (LNO)5/LAO.
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3.4 Discussion

The atomic arrangement of LNO is greatly affected by the valence of

Ni. The information on the valence of Ni combined with the analysis results

the CTR data is essential. Therefore, we obtained the information on the

Ni valence of LNO/STO and LNO/LAO by an experiment on Ni-2p XAS,

which was performed by collaborators, H. Kumigashira, M. Kitamura and

E. Sakai.

Ni-2p XAS spectra for LNO/STO and LNO/LAO are presented in Fig.

3.22. Here, we focus on the Ni-2p XAS spectra at the Ni-L2 edge because

the (Ni-L3)-edge structure partially overlaps with the very strong La-M4

absorption edge owing to the close proximity of the two energy levels [91].

In order to examine the valence of Ni ions in the thin films, the energy of

Ni3+ (871.9 eV) and Ni2+ (870.3 eV) signals in perovskite nickelates [92]

are indicated by solid lines. As can be seen in Fig. 3.22, the Ni2+ signal

is seen only in (LNO)n/STO with small n values; (LNO)2/STO exhibits a

prominent doublet structure, which is characteristic of an Ni2+ state [92].

With increasing n, the doublet structure of the Ni-L2 edge around 871 eV

gradually smears and eventually changes into a broad single-peak structure

of Ni3+ states. In contrast, (LNO)n/LAO do not show an obvious indication

of Ni2+ states. Although the precise spatial distribution of the Ni2+ states

in the LNO films was unclear from this measurement, these results strongly

suggest that the Ni2+ states are generated at the initial stage of LNO film

growth on STO.

Based on the information on the Ni valence and the interfacial structure,

the origin of MIT of LNO/STO and LNO/LAO will be discussed respec-

tively.

3.4.1 LNO/STO interface

Let us examine the LNO/STO interface first. While the LNO/STO in-

terface involves La-Sr atomic interdiffusion, which is exhibited in Fig. 3.3.2,

it should not play an important role in the metal-insulator transition. The

reason is that the transition is reported in the samples having a different

degree of interfacial mixing, i.e., the samples made by MBE [78], magnetron

sputtering [83], and PLD (this work). In particular, Ref.[78] reports the

depth profile of the electron density, showing smaller atomic interdiffusion

at the interface than our sample. The n = 2 and 3 samples have a lattice

spacing of 3.905 Å, which is 0.1 Å longer than that of the thick films. Such

elongation can be caused by (i) valence modulation of Ni by electrostatic
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Figure 3.22: Ni L-edge absorption spectra for (a)LNO/STO and
(b)LNO/LAO

doping, (ii) change in the NiO6 octahedral tilting, or (iii) introduction of

oxygen vacancies.

The effect of valence modulation and NiO6 octahedral tilting

Since a Ni2+ ion is larger than a Ni3+ one, introducing Ni2+ expands

the lattice spacing of LNO. According to the bond valence sum method, the

expected Ni2+-O distance is 4% longer than the Ni3+-O distance. The in-

terfacial expansion of the LNO lattice spacing for 2 and 3 u.c. thick samples

is 3%. Therefore, to account for the lattice expansion caused by introducing

Ni2+, 70% to 80% of Ni sites should be occupied by Ni2+. The amount

of carrier modulation induced by the electrostatic doping mechanism esti-

mated based on the Thomas-Fermi screening length and dielectric constant

is less than 10% [93]. Therefore, electrostatic doping cannot account for the

observed lattice expansion.

The octahedral tilting is affected by the connectivity to the substrate,

and the octahedral tilt angle changes gradually from the value of the sub-

strate to that of the film within 5 u.c. of the epitaxial interface [88]. For the

LNO/STO samples, STO has no octahedral tilting in its bulk form. If the
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3 Structural study of thickness driven metal-insulator films of LaNiO3

first 2 to 3 u.c. of LNO keeps the small octahedral tilting, we should expect

larger lattice spacing than that of ordinary LNO. The expected maximum

lattice spacing is twice the apical Ni-O distance. However, the lattice spac-

ing of 3.905 Å found for the n = 2 and 3 samples is longer than twice the

reported Ni-O distance (3.866 Å [80]).

Oxygen vacancy formation

Another way to expand the lattice spacing is oxygen vacancies. A LNO

film on an STO substrate suffers from the thermal escape of oxygen atoms

even at room temperature [90], which suggests that oxygen has a very low

binding energy around the LNO/STO interface. Recent ab initio calculation

also predicts the oxygen-vacancy formation at the LNO/STO interface [78].

Oxygen vacancies introduce Ni2+, which makes the lattice expand, in ad-

dition to the expansion caused by the Coulomb repulsion between cations.

The above-mentioned 70% to 80% of Ni2+ is achieved when the interfacial

composition is LaNiO2.6 to LaNiO2.65. Such an amount of Ni2+ localized

at the interface well explains the XAS result presented in Fig. 3.22. Refer-

ence [78], which reports a result of 00ζ-CTR measurement on MBE-made

LNO/STO interface, also reached the interfacial oxygen-vacancy formation.

Oxygen vacancies also alter the local potential distribution and give rise to

a wide band gap at EF [78, 79, 94]. Therefore, we conclude that there is a

large amount of oxygen vacancies at the interface, and the oxygen deficiency

causes the insulating nature of (LNO)n/STO for n ≤ 3. This interpretation

is in accordance with the photoemission spectroscopy results indicating the

formation of insulating LNO layers at the interface with Nb:STO, although

the insulating layers attributed to the formation of a Schottky barrier in

that study[93].

3.4.2 LNO/LAO interface

The LNO/LAO samples show no clear change in the structure of the

entire film when the fourth layer is deposited. Here, we examine other

possibilities of MIT of LNO film, such as the surface termination, Jahn-Teller

(JT) effect, covalent bondionic bond crossover, charge disproportionation

and structural disorder.

Surface termination

Surface termination is known to affect conductivity in LNO/LAO[87].

However, no clear difference in surface termination was found for the metallic
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and insulating LNO films in our analysis. The common feature of surface

structure is the polarization. The atomic position of B site is displaced to

the surface relative to A site position. This trend is explained by the effect

on surface by polar nature of LNO/LAO. The LaO and (Al, Ni)O2 layer are

charged positive and negative. The atomic displacement of Ni to the surface

screen the electronic potential in surface if the termination of LNO is NiO2

plane. This polarized surface structure of LNO/LAO was also reported in

Ref.[95].

Confirmation of JT effect in LNO and idea of covalent bond insu-

lator

One of the common origins of octahedral distortion in perovskite oxides

is the JT effect. Ni3+ in the ionic limit has the e1g configuration, which is

JT active. Therefore, an orbital order-driven insulating state appears to

be a natural consequence. However, the distortion of the lattice parameter

measured by the c/a value does not depends on the thickness of LNO, which

contradicts the formation of a JT-driven insulating state.

Nickelates have close Ni 3d and oxygen 2p energy levels, leading to the

idea of a covalent insulator [67, 96], which is a charge transfer insulator with

a negative effective energy gap between the upper Hubbard band and oxygen

p-band ∆. To make LNO an insulator, a sizable amount of hybridization to

form covalent bonds is needed. The metallic and covalent bond lengths of

Ni-O bonds are 1.938 ± 0.004 and 1.918 ± 0.006 Å, respectively [70]. The

difference of them is 0.02 Å, however, such a large variance of bond lengths

are not observed between metallic and insulating samples. Therefore, the

idea of covalent bond of Ni-O is irrelevant to this case.

Charge disproportionation and structural disorder

The tendency of large atomic displacement parameter B is not consistent

in R3̄c perovskites because La and Ni site atoms located in special site of

pseudo cubic lattice points. Two possibility of large B is discussed here. One

is the La 2×2×2 ordered structure due to the change of structural symmetry

from R3̄c to Pbnm type. Pbnm type structure of RNiO3 experience the MIT

through charge disproportionation between two Ni cite[69, 97, 98].

Another possibility of MIT is structural disordered LNO layer. Indeed,

the temperature dependence of conductivity suggests the VRH type of con-

ductivity in LaNiO3[75, 81, 83]. This MIT mechanism originates from the

idea of Anderson localization in Mott materials. The product of mean free

path and Fermi wave number of eg career kF l of LNO bulk is not more than
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3 Structural study of thickness driven metal-insulator films of LaNiO3

5[99]. This is close to the insulating limit kF l = 1. The value of l = 3.5Å

at 4.2 K is smaller than that of c-lattice spacing of LNO layer, hence such a

disordered layer easily results in formation of pseudo gap[100].

Here, we compared the calculated intensity of half-rods data from struc-

tural models of La 2×2×2 ordered and various a−b−c− type NiO6 rotation

with the experimental value shown in Fig. 3.21. We constructed the models

of LNO 2×2×2 film comparable to 6 u.c. thick of 1×1×1 LNO on LAO.

The c-lattice spacing was set to 1.03 times larger than LAO and was homo-

geneous through LNO. Atomic interdiffusion of Al and Ni at the interface

and surface roughness is not considered here. We introduced in-plane and

out-of-plane La displacement or NiO6 octahedral tilt and rotation to this

film as shown in Fig. 3.23. The displacement of A site atoms is written

as (A δx, A δy, A δz). Octahedral tilt and rotation are expressed as the

displacement of oxygen (O δx, O δy, O δz), which is fractional coordinates

of 2×2×2 cubic lattice. The oxygen position of LAO bulk is displaced by

0.044 Å from cubic perovskite lattice points, which corresponds to the value

of O δx = O δy = O δz = 0.006. The AlO6 tilt and rotation for 2×2×2

LAO substrate were introduced as (O δx, O δy, O δz) = (0.01, 0.01, 0.01),

which are the same values as those in R3c̄ structure of LaAlO3 bulk.

Figure 3.23: The definition of A site(A δx, A δy, A δz) and Oxygen(O δx,
O δy, O δz) displacement in 2×2×2 ordered structure are presented.

Then, we have 3 models of 2×2×2 structure of LNO film. One is the NiO6

rotation model which mimic the in-plane Ni-O-Ni angle of LNO/LAO[80,
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101]. The values of (O δx, O δy, O δz) were (0.02, 0.02, 0). The second and

third model were the La-ordered model. The values of (A δx, A δy, A δz)

= (0.02, 0.02, 0) and (0, 0, 0.02) were introduced in second and third La-

ordered model. The values of (A δx, A δy, A δz) in second model were the

approximately same as the in-plane displacement of Nd in NdNiO3, which

exhibits localization character of charge disproportionation[102].

The calculated intensity of (a)11ζ and (b)1/2 3/2 ζ rods from NiO6

rotation model are presented with solid curves, and those for La-site dis-

placement model of (A δx, A δy, A δz) = (0.02, 0.02, 0) and (0, 0, 0.02) are

presented with dashed curves in Fig. 3.24. The intensity bumps along 1/2

2/3 ζ rod around the Bragg peaks at ζ = 0.5, 1.5, 2.5 are 10 to 100 times

larger than experimental intensity, while those of NiO6 rotation model has a

same scale as experimental value. These result indicate that no remarkable

La order exists in LNO/LAO samples, excluding the possibility of first-order

transition of localization character by charge disproportionation effect. The

larger B parameters near the surface region are originated from structural

disorder of LNO.
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Figure 3.24: CTR scattering profiles of (a)11ζ and (b)1/2 3/2ζ rods. Black
and red plots represents the experimental value. The blue solid and light
blue dot curves are calculated value of 11ζ rods from NiO6 octahedral rota-
tion and a 2×2×2 ordered structure of 6 u.c. LNO model. The pink solid
and orange dot curves are those for 1/2 3/2 ζ rods.

From analysis results and simulation of half order rods, we concluded

that the insulating behavior of LNO/LAO was caused by structural disorder.

The disordered structure is prominent on the surface of LNO. n = 1, 2 and 3

samples are composed of only structural disordered surface layers, therefore,

they exhibit variable range hopping type insulating behavior.
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3.5 Summary of this chapter

The quasi-two-dimensional nature of LaNiO3 (LNO) thin films on

SrTiO3(001) (STO) and LaAlO3(001) (LAO) substrates was examined. Al-

though both samples undergo a metal-insulator transition with decreasing

thickness,the spatial distributions of the insulating phase within the films

differ from each other. The c-lattice spacings of LNO thin films on STO and

LAOsubstrates were examined as a function of LNO film thickness using

surface X-ray diffraction.The insulating phase in LNO/STO was caused by

oxygen deficiency and stayed at the interface even when the film was thicker

than 4 u.c. In contrast, large structural disorder was observed in the surface

of LNO for LNO/LAO samples. The LNO/LAO samples thinner than 3

u.c. are composed of only structurally disordered layers near the surface

region. This disordered structure could shorten the mean free path of LNO

and exhibits the variable range hopping type conductivity. This structural

study revealed the importance ofthe systematic examination of interfacial

structure to conceive a relevant effective model of interfacial electronic struc-

ture. Interfacial electronic structure can be modulated by phenomena such

as atomic intermixing and unintentional vacancy introduction, as well as by

often discussed purely electronic interactions.
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Chapter 4

Valence distribution in

LaMnO3/SrTiO3 interface

4.1 Introduction

LaMnO3(LMO) film on STO substrate is known to have thickness-

dependent magnetism[103]. Although several mechanisms have been sug-

gested so far, the driving force of ferromagnetism is under discussion. Ac-

cording to the previous studies of LMO/STO, the magnetic property is

strongly related to charge transfer(CT) effect[103, 104, 105, 106, 107]. If

we can observe the LMO/STO interface structure and the spatial distribu-

tion of Mn ions, we will give new insights into changes in LMO properties

attributed to the effect.

In this chapter, in addition to the CTR measurement to determine the

atomic arrangement of thin film, resonant CTR spectra were measured to

obtain the depth dependence of valence state of Mn in individual layer.

Attempts to obtain spatial distribution of valence state using resonant CTR

spectra are challenging study because the accurate atomic arrangement is

required to reproduce Q dependence of CTR the scattering intensity without

remarkable error before analyzing energy spectra of CTR scattering.

4.1.1 Spontaneous charge transfer across the interface be-

tween LaMnO3 and SrTiO3

The bulk LaMnO3 is categorized in charge-transfer type Mott insula-

tor. The Mn d-spin configuration is high-spin d4 with half-filled fully spin

polarized t2g orbitals and of a potentially mobile s = 1/2 carrier in eg or-

bital. The ground state of Mn is an A-type antiferromagnetic(AFM) insu-
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Figure 4.1: Phase diagram of magnetization of Mn oxides under substitution
effect into A site atom [111]

lator, where the spin align parallel in-plane and anti-parallel out-of plane,

explained by the Mn-O-Mn superexchange interaction and strong Hund’s

coupling. A lot of hole doped manganese oxides has been studied since the

discovery of the negative colossal magnetoresistance(CMR) effect by hole

doping[108, 109, 110]. The CMR effect is explained by Double-exchange

mechanism qualitatively. Fig. 4.1 shows the phase diagram of Mn oxides

the substitution of RE site. In case of bulk La1−xSrxMnO3 [111], hole con-

centration of 10 to 15% gives ferromagnetic(FM) insulator phase, and that

of 0 to 10% gives canted magnetic insulator phase, which typically induces

1/10 of magnetization of FM phase.

LMO films grown on STO (001) terminated substrate and their super-

lattices often show the ferromagnetism not only by excess oxygen or cation

vacancies but strain effects and electron-electron interaction between LMO

and STO[104, 105]. Such a induced magnetism in heterostructures can be

modulated with the different periods of LMO/STO superlattice. Experi-

mental results of STEM combined with electron energy loss spectroscopy

observed the induced another oxidation state of Ti4+ → Ti3+, indicat-

ing that the change of SE by CT from Mn to Ti is a possible origin of

ferromagnetism[106]. X-ray linear dichroism measurements indicates the

possibility of manipulating Mn orbital occupation[107]. Different processes

of SE for AFM 3z2− r2 occupied (LMO 17/STO 2) and DE for FM x2− y2

occupied (LMO 3/STO 2) between Ti and Mn are suggested as shown in

Fig. 4.2.

Another aspect of charge leakage effect is the existence of ‘self doped’

LMO layer probably due to the polar catastrophe between polar LMO and

non-polar STO[103]. The ‘self dope’ means that CT effect of eg electron in

LMO occurs within LMO film from surface to interface. Fig. 4.3 shows the
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4 Valence distribution in LaMnO3/SrTiO3 interface

Figure 4.2: Superexchange and double exchange between Ti and Mn ion
in LMO/STO superlattice.[107] (a) AFM interaction(LMO 17/STO 2) and
(b)FM interaction(LMO 3/STO 2) are expected for different occupation of
d orbital.

thickness dependence of in-plane image of magnetic field of the LMO films

on (001) STO substrate measured by scanning SQUID. When the thickness

of LMO is larger than 5 u.c., ferromagnetism over detection limit is con-

firmed. The critical thickness of emerging FM state suggests the electronic

reconstruction mechanism similar to the LAO/STO 2 dimensional electron

gas[15].

Additional experimental results of thickness dependence of XAS spectra

from LMO films suggests that Mn2+ state is located in very thin limited

area from the interface[112]. The calculated built in potential from the

band gap of LMO and STO predicts electron accumulation region spread

only 2 u.c. from interface, which is consistent with the shift of the main peak

of Mn L-edge spectra by adding the LMO layer. The absence of another

peak of Ti L-edge spectra also supports the CT effect is limited in LMO

region and there is no transferred charge from Mn to Ti via the interface.

The magnetic but insulating character is derived from the competitive SE

of Mn3+-Mn2+ and DE among Mn3+-Mn4+. Accumulated excess charge

into the polar film side near the interface inferring self-doping effect was

also observed in Sr doped LaxSr1−xMnO3 films by scanning transmission

electron microscopy[113]. The assumption of the excess charge spread over

2 u.c. is comparative to the the screen length(∼0.2 nm) of LSMO[114].

As the debate in chapter 3, tilt and rotation angle BO6 ochtahedron
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Figure 4.3: The magnetization map of various thickness of LMO on STO by
SCAN SQUID.[103]
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strongly affects the transfer integral of Mn-O-Mn bonds[115]. The X-ray

diffraction measurement for (LMO/STO)N superlattice where N is the pe-

riodicity of deposition suggests the rotation angle can be manipulated by

changing periodicity N . The enhanced the rotation angle along c-axis and

weakened magnetism observed for smaller N samples suggests that the re-

duction of transfer integral combined with Mn-O-Mn angle prefer A-type

AFM phase.

For LMO films grown on Nb doped STO substrate, the V-I

curve and photoelectric effect were observed as in typical p-n junction

semiconductor[116, 117]. This is simply explained by the band bend-

ing across the p-type LaMnO3+δ and n-type Nb doped SrTiO3. The

band diagram of LMO/Nb:STO p-n junction was determined by XPS

measurements[118]. The rich Nb doped STO reaches degenerates semicon-

ductor. The potential difference at the interface is screened by the depletion

layer charge. p-type semiconducting state of LMO is so-called hole doped

FM state from instability of contained amount of oxygen.

4.1.2 Known structural information of LMO thick film on

STO

Here we summarize the known structural information of LMO thick

films. The differences from LNO is strong JT activity and the instability

of amount of oxygen in the LMO during film formation[119]. For the latter

reason, there is a lot of variation of c-lattice spacing and magnetic properties

in film reported, depending on conditions such as annealing schedule and

oxygen pressure when forming the LMO film. Here, reported values of the

LMO film thickness on STO substrate made by Pulsed laser deposition is

summarized in table 4.1.

Table 4.1: Reported c-lattice spacing and physical properties of LMO/STO
under different process of fabrication.
Ref thickness c(Å) Properties Annealing condition

[120] 30 nm 3.939 FM/Semiconductor As grown

[120] 30 nm 3.974 AFM/Insulator 4% H + 96% Ar gas

[112] 55 u.c. 3.94 FM/Insulator 7.5 mTorr of O2 at 750◦C

[121] - 3.985 AFM/Insulator 5×10−3mTorr of O2 at 700 to 900◦C

[121] - 3.92 FM/Insulator 200 mTorr of O2 at 700 to 900◦C

[122] 4 to 40 nm 3.864 FM/metallic -

[123] 30 nm 3.972 AFM/Insulator 4 % H + 96% Ar gas at at 500 to 900◦C

[123] 30 nm 3.912 canted AFM As grown

A number of studies have addressed that smaller c-lattice spacing of
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LMO tends to be FM insulator. In particular, Ref.[123] investigated the

annealing effect of LMO fabrication and its magnetic property. Oxygen

reduced annealing promotes to prevent over introducing of O to LMO and

keep the LMO canted AF insulator as bulk state of LMO. As grown FM

sample have smaller c-lattice spacing as shown in Fig. 4.4. We refer these

results as the typical thickness of AFM and FM phase of LMO/STO.

Figure 4.4: (a)X-ray diffraction and (b)magnetization data of LaMnO3 on
STO substrate[123]. Black and red solid curve present the data of as-grown
and post annealed samples respectively.

4.1.3 Resonant CTR scattering method

In a strongly correlated electron system, not only to examine the atomic

arrangement but also to elucidate the electronic state of charge, orbital,

and spin is essential. However, we have generally difficulties to capture

changes in the electronic state only by diffraction experiments. Resonant

X-ray diffraction(RXRD) is a method for extracting electronic state as well

as atomic arrangement using the absorption effect of target atoms. It uti-

lizes the response of an atom to X-rays, that is, the atom scattering factor

changing greatly near the absorption edge of the atom.

Here is a brief description of the principle of resonant CTR scattering

to extract the information of atomic occupancy and valence state of target

atom. The atomic scattering factor f described in chapter 2 is expressed as

the summation of a Thomson scattering term with Q dependence and an

energy dependent term. The formula of f is written as

f(Q, E) = f0(Q) + f ′(E) + if ′′(E), (4.1)

where f0(Q) is Thomson scattering term and f ′(E), if ′′(E) are the real
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4 Valence distribution in LaMnO3/SrTiO3 interface

and imaginary parts of anomalous scattering factor. Anomalous scattering

factor represents the process of excitation of core electrons by X-ray. The

energy dependence of the imaginary part is given by

f ′′(E) = (mecE/2e2h)µ(E), (4.2)

where me is the electron mass, c is the velocity of the light, e is the electron

charge, and h is Planck’s constant. Thus, f ′′(E) is linear to the products

of absorption coefficient µ(E) and E. Therefore, f ′′(E) is calculated from

µ(E) by the XANES or X-ray fluorescence spectra experimentally. The real

part is calculated by the Kramers-Krönig transformation of f ′′(E) written

as

f ′(E) =
2

π

∫ ∞

0

E′f ′′(E′)

E2 − E′2 dE
′. (4.3)

The absorption edge is shifted by the change of valence state of target ion

because of the screening effect of the charge in the nucleus of an atom. This

energy shift by different surroundings including valence sensitivity is called

chemical shifts. Fig. 4.5(a) and (b) show the energy dependence of anoma-

lous scattering factor of Mn3+(LaMnO3) and Mn4+(SrMnO3)[124] near the

K-absorption edge of Mn. At points of Q where the non-resonant scatter-

ing amplitude from Mn having different valence interferes as a difference, a

specific sharp peak is observed near the absorption edge in the energy spec-

trum as shown in Fig. 4.5(c). The reference[125] clarified the charge order

state of Nd0.5Sr0.5MnO3 from the Q dependence of energy spectra of Bragg

peaks and superlattice peaks. Ref.[126] successfully determined the spatial

distribution of valence state of Mn in (LaMnO3)n/(SrMnO3)n superlattice

from the energy dependence of intensity at some Bragg points.

In principle, by measuring the energy dependence of CTR scattering for

all Q points, the atomic occupancy and valence state are obtained with high

accuracy. The problem of resonant CTR is the complexity of the structural

model. To recover the energy spectra of scattering intensity at Q points, the

accurate atomic arrangement whose structure factor F (Q) is consistent with

the experimental value is required. The Q dependence of energy sensitivity

of CTR scattering was discussed in Ref. [127, 128]. The scattering amplitude

from bulk FB is much larger than that from surface FS close to the Bragg

peaks. The scattering intensity I = |FB|2 + F ⋆
BFS + F ⋆

SFB + |FS |2 would

have to be measured with high precision because the second and third term

including the contribution of FS is relatively small. To detect the clear

effect of the change of f ′(E) and f ′′(E) from resonant CTR scattering, the

intermediate Q points between Bragg peaks is best where FS is as large as

83



4.2 Motivation

Figure 4.5: Anomalous factor of Mn in LaMnO3 and SrMnO3 near Mn K-
edge[124]. (a) The difference between the values of chemical shift indicated
by f ′′(E) (b) f ′(Mn3+)− f ′(Mn4+) (c) Energy spectra of Bragg peaks and
superlattice peaks of Nd1−xSrxMnO3[125].

possible. The higher flux of incident wave is required then to detect the

sufficient signal exceeding the background noise.

In Ref.[126], the structural model was simplified to have only five pa-

rameters such as the lattice constants of La and Sr region, the relaxation

factor of lattice constants near the interface, and the periodicity of superlat-

tice. On the other hands, for the CTR data obtained from complex surface

structure like LAO and LNO thin films discussed in chapter 2 and 3, more

complicated structural models composed of structurally different layers are

required to reproduce the experimental scattering amplitude correctly. The

successful example of the analysis of spatial distribution of the valence state

from resonant CTR data is limited to the oxidation state at the surface of

simple metal[129]. Hence, the general application of resonant CTR has usu-

ally been used to distinguish the atoms whose scattering power are close,

for example, the determination of atomic occupancy in Cu/Si(111) epitaxial

interface[130], ultrathin layers of GaAs grown on InGaAs buffers[131].

4.2 Motivation

Some theoretical works[132, 133] predicts that the epitaxial strain from

STO modulate the structure LMO film, resulting in the emergent FM order
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4 Valence distribution in LaMnO3/SrTiO3 interface

state. However, calculations assuming a clean interface and a stable oxygen

supply do not reproduce the experimental results. As described in section,

several mechanisms of the Mn valence modulation have been proposed as

the origin of ferromagnetism in the LMO film.

To confirm whether such self-doping actually occurs, the observation of

interface structure and valence distribution of Mn are straightforward. In

this study, we investigated the thickness dependence of the structure and

Mn valence distribution of LMO thin films on Nb:STO(001) substrate by

resonant CTR scattering data. The spatial distribution of the electronic

state of Mn gives an accurate interpretation of the ferromagnetism with

CT effect in LMO. When Mn2+ by self-doping[103] is concentrated at the

interface, a large lattice should be realized according to the ionic radii of

Mn. Such accumulated valence state exhibits specific peak of energy spectra

of CTR scattering as shown in Fig. 4.8(d). We aim to understand the

mechanism of induced magnetism from the observed spontaneous CT effect

from the Q and E dependence of CTR scattering data.

4.3 Experiments and analysis

4.3.1 Experimental conditions

LMO/STO samples were provided by Prof. H. Kumigashira, Prof. K.

Horiba and Dr. M. Kitamura. Epitaxial LMO films with various thicknesses

were fabricated onto atomically flat TiO2-terminated Nb:SrTiO3 (STO)

(001) substrates in a laser molecular-beam epitaxy chamber connected to

a photoelectron spectroscopic system at beamline BL-2A MUSASHI of the

Photon Factory, KEK. A Nd-doped yttrium-aluminum-garnet laser in the

frequency-triplet mode (λ = 355 nm) at a repetition rate of 1 Hz was used

for ablation. A sintered LMO pellet was used as the target. Before the

film growth, the Nb:STO substrates were annealed at 1050◦C under an oxy-

gen pressure of 1×10−7 Torr to obtain atomically flat and chemically clean

surfaces. During LMO deposition, the substrate was kept at the temper-

ature of 600◦C and the oxygen pressure was maintained at 1×10−7 Torr.

The thickness of LMO layers was precisely controlled by monitoring the in-

tensity oscillation of the specular spot with reflection high-energy electron

diffraction during the growth. The LMO films were subsequently annealed

at 400◦C for 45 min under an atmospheric pressure of oxygen to fill residual

oxygen vacancies. There 4 LMO samples prepared with a various thickness

n, as the thicker FM samples (n = 7 and 10) and the thin suppressed mag-

netized (n = 2 and 4) samples. We denote these samples as (LMO)n/STO
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4.3 Experiments and analysis

in this chapter.

The CTR scattering measurements were performed at the Photon Fac-

tory, KEK. In off resonant condition, the procedure of measurements was

almost the same as that for the LNO film(Chapter 3). The X-ray energy

was set to 12 keV for non-resonant condition. The typical beam size was 1

× 1 mm. At least 5 hkζ rods[(h, k) = (0, 0), (0, 1), (0, 2), (1, 1), (1, 2)

and (1, 3)] were measured for all samples up to ζ = 4.1. The data intervals

∆ζ is 0.02 for (LMO)2/STO and (LMO)4/STO and 0.015 for (LMO)7/STO

and (LMO)10/STO. The path of X-ray was filled with He gas to prevent the

attenuation of X-ray.

The resonant CTR scattering near the Mn K-absorption edge experi-

ments was also performed to determine the atomic occupancy of Ti and Mn

whose scattering power is close. That for (LMO)2/STO was not observed

due to the insufficient measurement time. First, the 00ζ scan was performed

up to ζ = 2.3 along the rods. The energy of incident beam for resonant rods

was set to 6.3, 6.4, 6.5, 6.6 and 6.7 keV. Since the used 2D detector does not

have energy resolution, we excluded some harmonics peaks from resonant

rods at ζ = 0.5 and 1.5.

We also measured the energy spectra of CTR scattering at several ζ

along the rods to determine the spatial distribution of the different valence

state of Mn. Two types of energy scans were performed per selected ζ with

the wide and narrow range of energy scan. The typical range and interval

of the observed points for the wide scan was 6.5 to 6.7 keV per 10 eV while

those for the narrow scan was 6.545 to 6.565 keV per 1 eV. For (LMO)2/STO

and (LMO)4/STO, the narrow scan was performed as 6.54 to 6.56 keV per

1 eV. The selected ζ points were picked up from ζ = 0.7, 0.8, 0.9, 1.1, 1.2,

1.4, 1.52, 1.6 and 1.8 along 00ζ rod.

In addition, CTR measurement at low temperature(10 K) in addi-

tion to measurement at room temperature (300 K) was also performed

for 10 u.c samples. The smaller thermal expansion coefficient β = 1
V

dV
dT

of LaMnO3(1.6×10−5K−1) than SrTiO3(2.6×10−5K−1) could lead more

strongly compressive strain into LMO, which stabilize the 3z2 − r2 orbital.

We investigated the effect of this difference in volume expansion on the

crystal structure. We aimed to demonstrate the systematic observation of

external field dependence of interface structure by CTR measurement and

analysis. There has been almost no report on the temperature dependence

of the structure of such a strongly correlated interface.

All CTR data were collected by using the 2 dimensional pixel array

detector(imXPAD). After the measurements, illumination area correction

and Lorentz factor correction were multiplied to all off and on resonant
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data.

4.3.2 Data processing in resonant condition

The data correction of the energy dependence of absorption coefficient

must be performed to the resonant scattering data. For general resonant

diffraction experiments, the absorption coefficient µ(E) is determined by

the normalization of the intensity of Bragg peak. The incident beam and

scattered beam travels in the long He/Air path and penetrates the beryllium

dome and several different thickness of Al plates as attenuators, hence the

absorption correction cannot be obtained only from the absorption coeffi-

cient of the sample. Here, we determined the absorption correction ‘Cµ(E)′

approximately by the fraction of the ζ average of scattering intensity of five

00ζ rods with different energy, written as
Iexp(E)ζ

Iexp(E=6.5keV)ζ
, where Iexp(E)ζ is

the ζ average of experimental intensity I(E) = D(E)Iexp(E). The absorp-

tion correction D(E) for energy spectra was calculated by the fitting linear

function of E dependence of 5 Cµ(E) points as D(E) = A′E +B′, where A’

and B’ is a fitting parameter of D(E). Finally, we obtained the corrected

intensity by I(E) = D(E)Iexp(E).

4.3.3 Analysis procedure

The model construction of all LMO/STO samples were performed by

replica exchange MC software. The number of replicas was set to 64 for all

calculations. The analysis procedure was separated to 4 stage as follows.

In the first calculation, the atomic position (z), atomic displacement

parameters (B), and atomic occupancy (occ) were refined. The in-plane

lattice constant was a = b = 3.905Å at 300K and 3.895 Å at 10K determined

by the Bragg peak position of the substrate. We also refined B parameters

for AO1 plane and BO2 plane for each atomic layer. At that time, the

parameters of occ(β, n)(β = Ti or Mn) around the interface were fixed to

the assumed value whose depth dependence were smoothly connected.

In the second calculation, we added the 00ζ rods under the resonant con-

dition to the off resonant data set. All occ(β, n) parameters were refined with

other Θ. As described in previous section, the anomalous term of the atomic

scattering factor should be determined by calculating the absorption coef-

ficient from the energy dependence of the fluorescent X-ray. However, Mn

fluorescent X-rays of LMO films were too weak to be detected. Therefore,

the calculated anomalous factor of Mn was used for analysis. We calculated

it by FDMNES[134], a the simulation software for resonant X-ray diffrac-
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4.3 Experiments and analysis

tion. The absorption coefficient µ(E) near theK absorption edge (from 6450

to 6700 eV) of Mn calculated from the bulk structure of LMO was used as

pseudo experimental data. Then, we calculated the energy dependence of

imaginary part f ′′(E) as

f ′′(E) = A′′µ(E)E +B′′. (4.4)

The constant number A” and B” were determined by the smooth connection

to the theoretical value at 6450 and 6700 eV of f ′′(E) calculated from Mn

monoatom listed in Ref.[64]. The energy correction of the incident beam at

BL-3A was determined by the comparison of the absorption edge by fluo-

rescent X-rays measurement from Mn foil and that of reported value[135].

f ′(E) was calculated from f ′′(E) by equation 4.3. The anomalous factor

of [Mn2+, Mn4+] was generated by the f ′(E − Echem) where the Echem is

the chemical shift between Mn3+ and [Mn2+, Mn4+]. The reported values

of chemical shift of Mn2+ and Mn4+ from XANES data were varied as ±3

to 5 eV for different substitution of A site cation to Mn oxides as SrMnO3,

CaMnO3[126, 136]. Here we used chemical shift Echem = 4 eV for Mn4+ and

-3 eV for Mn2+ ion. The value of f ′(E) and f ′′(E) are presented in Fig. 4.6.
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Figure 4.6: Energy dependence of anomalous scattering factor of Mn near
Mn K-edge. f ′ and f ′′ of Mn2+ and Mn4+ are calculated by shifting that
of the simulation value of Mn3+ in LaMnO3.

In the third calculation, we added the energy spectra data of CTR scat-
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tering measured at several ζ along 00ζ rod to Iexp(Q). The refined Θ in

the third calculation were the same as in the second calculation. When ana-

lyzing the data for (LMO)10/STO at 10K, the occ(β, n) parameters around

the interface were fixed to the refined value of 300K.

In the fourth calculation, the spatial distribution of Mn4+ was refined by

using the energy spectra measured at several ζ along 00ζ rods. Although the

non-resonant amplitude was calculated based on the result of third calcula-

tion, it inevitably contains some error. This error was corrected by adding

a small complex value ‘C(Q)’ to the non-resonant scattering amplitude. An

example of the deviation of spectra between experimental and calculated

value before and after adding C(Q) to scattering amplitude F (Q) is pre-

sented in Fig. 4.7.
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Figure 4.7: Energy spectra of CTR scattering at 00ζ = 0.9 for (LMO)4/STO
before and after adding C

For the analysis of the energy spectra, we introduced an the additional

structural parameter to express the mixture rate of different valence state of

Mn ion in the same site. Here, we call this parameter fractional occupancy

focc(γ, n), where γ is the notation of the different valence state of element

β (In this case, β = Mn, γ = Mn2+, Mn3+, Mn4+). The atomic occupancy

is expressed as occ(β, n)× focc(γ, n). The analysis was also performed by

the Bayesian inference assuming the systematic noise to be 10 % of the in-

tensity.Only focc(γ, n) parameters in LMO region were refined in the fourth
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calculation.

The simulated CTR spectra from the models of LMO films on STO(001)

with different spatial distribution of Mn4+ and Mn3+ are presented in Fig.

4.8. The anomalous factor f ′ and f ′′ in a layer composed of mixed valences

state of Mn with the ratio of Mn3+:Mn4+ = α : 1−α are given by the differ-

ence as f ′ = αf ′
3+ − (1−αf ′

4+) and f ′′ = αf ′′
3+ − (1−αf ′′

4+). A model No.1

having a homogeneous Mn valence(Mn3.1+) throughout LMO region shows

no significant change in spectral intensity. On the other hand, if the valence

are inhomogeneously distributed, the signal change is noticeable. Since the

change in the spectrum shows a clear Q dependence, spatial distribution

of valences can be determined from the spectral intensities at multiple Q

points.
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Figure 4.8: (a)Depth dependence of Ti/Mn atomic occupancy of LMO/STO
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(b-d) show energy spectra of CTR scattering at ζ = 0.8, 1.2, 1.6 along 00ζ
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4.3.4 Analysis and results

Fitting results of Q dependence of CTR data

CTR scattering data along the hkζ rods measured for n = 2 and n =

4 and 7 samples are presented in Fig. 4.9 and Fig. 4.10. The solid curves

show the calculated intensity derived from the refined structures. CTR

scattering data measured at 10K and 300K for n = 10 sample are shown

in Fig. 4.11. CTR scattering data along the hkζ rod for non-resonant

condition and 00ζ resonant rods measured for the n = 4, 7 and 10 samples

are also presented in Fig. 4.10 and Fig. 4.11. The typical value of R =∑
|(|Fexp| − |Fcalc|)|/

∑
|Fexp| is 0.11 to 0.13.

The reduction of one bump between the substrate Bragg peaks(for ex-

ample, only 6 bumps per L were observed for (LMO)7/STO) suggests the

thinner thickness by 1 u.c than designed thickness of LMO films or rough

interface. Appropriate models were determined by the validity from the

physical point of view of the structure. For example, the models whose

depth dependence of the structural parameter is not spatially continuous

were rejected.
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Figure 4.9: CTR intensity profile and fitting result for (LMO)2/STO. White
plots are experimental data. Red solid curves are calculated value. The
attached number on the left side of intensity profile is the value of hk.

The refined Θ for all samples as a function of depth are presented in
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Fig. 4.12, Fig. 4.13 and Fig. 4.14. Atomic displacement δz from the

substrate lattice points, the atomic occupancy, and atomic displacement

parameters B(Å
2
) are plotted in panel(a), (b) and (c). The values of c-

lattice spacing calculated by the difference of atomic position of A site atoms

(csub + z(A, n+ 1)− z(A, n)), where csub is the value of c-lattice spacing of

STO substrate, are also presented in Fig. 4.15. The dotted line represents

the reported value of LMO thick film fabricated under the condition of as

grown(FM state) and annealing with oxygen reduced gas(AFM state)[123].

The value of c-lattice spacing = 3.94Å is the expected boundary of FM

and AFM phase from Table.4.1. The error bars of Θ were determined in

consideration of the effective number of the data points.

As shown in Panels(a) in Fig. 4.12, 4.13 and 4.14, all samples have a

positive slope of atomic displacement δz corresponding to the compressive

strain from STO substrate. Typical c-lattice spacing of inner LMO region

of (LMO)7/STO and (LMO)10/STO are 3.91 to 3.92 Å comparable to the

FM phase of LMO films, while that of LMO layers around surface region is

comparable to 3.94 Å, which suggests AFM phase. The separation of the

slope between the A site and B site in surface LMO region means the polar-

ization structure exists in surface region of LMO. This tendency is lost in the

center of LMO between interface and surface region for (LMO)7/STO and

(LMO)10/STO. Focusing on the temperature dependence of (LMO)10/STO,

the smaller c-lattice spacing at 10K is observed in STO region, while almost

the same value of that is recognized in LMO region.

Panels (b) and (e) in Fig. 4.12, 4.13 and 4.14 show the depth dependence

of atomic occupancy. The atomic interdiffusion of the LMO/STO interface

spreads 2 to 3 layers. The tendency of Ti diffusion into LMO side becomes

more remarkable for thicker LMO sample.

Panels (c) and (f) in Fig. 4.12, 4.13 and 4.14 show depth dependence

of atomic displacement parameters B. B parameters of all samples increase

as Z increases. The larger B values for La than that for Mn was observed

in case of GdFeO3-type octahedral buckling, which is the same structure

of bulk LMO. Therefore the in-plane displacement of A-site is expected to

remain in LMO region. The larger B value of (LMO)10/STO at 10K than

300K is caused by tetragonal I4/mcm distortion of STO from cubic Pm3̄m.

Analysis results of energy spectra data of CTR scattering

The ζ dependence of absolute value of C and F (E = 6.51 keV) are

presented in Fig. 4.16. We confirmed that the absolute values of C were

smaller than that of amplitude F at all ζ points, which means correction C
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Figure 4.12: Depth dependence of the value of (a)δz, (b)atomic occupancy
and (c)B for (LMO)2/STO
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Figure 4.13: Depth dependence of the value of (a, d)δz, (b, e)atomic occu-
pancy and (c, f)B for (LMO)4/STO and (LMO)7/STO samples
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Figure 4.14: Depth dependence of the value of (a)δz, (b)atomic occupancy
and (c)B for (LMO)10/STO sample at 300K and 10K
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Figure 4.15: Depth dependence of c-lattice spacing defined as the difference
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98



4 Valence distribution in LaMnO3/SrTiO3 interface

for non-resonant scattering amplitude F is certainly small and F is generally

obtained correctly. All energy spectra of n=4, 7 and 10 sample after adding

C are shown in Fig. 4.17, 4.18 and 4.19.
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Figure 4.16: ζ dependence of absolute value of scattering amplitude F and
added complex number C

We had a difficulty in refining the Mn valence distribution that reproduce

the all of CTR spectra well by Bayesian inference. Therefore, we constructed

several models with different Mn valence distribution and compared the

calculated value with experimental spectra. Then, we selected the best

one. The constructed models as a function of depth and calculation from

them are shown in Fig. 4.20 to 4.36. From 6 to 7 models with different

Mn valence distribution were assumed here. For example, the red solid

curve labeled ‘Model-2P’ assume the accumulated Mn2+ around LMO/STO

interface indicated in Ref. [103].

The best answer models of Mn valence distribution for (LMO)7/STO

and (LMO)10/STO are shown in Fig. 4.39. For (LMO)4/STO, the energy

spectra calculated from 6 assumed models were not improved from no va-

lence modulation model shown in Fig. 4.17. Therefore, we could not pick

up the best answer of Mn valence distribution. For (LMO)7/STO, Model-

2P/4P is the best. The models ‘Model-2P’ and ‘Model-2P/4P’ reproduce
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Figure 4.17: Energy spectra of CTR scattering at 00ζ for (LMO)4/STO.
Black plots are experimental value. The red solid curve is calculated value
after adding C.
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Figure 4.18: Energy spectra of CTR scattering at 00ζ for (LMO)7/STO.
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Figure 4.19: Energy spectra of CTR scattering at 00ζ for (LMO)10/STO.

the sharp peaks around E = 6.54 to 6.56 keV at ζ = 0.9, 1.6 and 1.8 de-

rived from the localization of Mn2+ around the LMO/STO interface. At

ζ = 1.2, the energy spectrum is reproduced by ‘Model-2P/4P’ better than

‘Model-2P’. The Mn4+ state is located not in interface but in the middle of

LMO region. The same tendency of Mn valence distribution was observed

for (LMO)10/STO. The models having Mn2+ at the interface captured the

tendency of the sharp peaks around 6.54 to 6.56 keV of spectra at ζ = 1.2,

1.4 and 1.6.

The models of ‘Model-2P-2’ for (LMO)4/STO, ‘Model-2P-3’ for

(LMO)7/STO and ‘Model-2P-2’ for (LMO)10/STO assume the electron ac-

cumulation of Mn at the surface. However, these models were rejected. The

lattice expansion at the surface region should not be caused by the Coulomb

repulsion of increasing Mn2+.

The models of ‘Model-2P/4P-2’ for n = 4, 7 and 10 samples are also

rejected. These results indicate that accumulation of Mn2+ at the interface is

not described by a simple self-dope model assuming homogeneous structure

and homogeneous internal electronic field of LMO reported in Ref.[103, 112].
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Figure 4.20: (a)The depth dependence of B site atomic occupancy of ‘Model-
2P’ for (LMO)4/STO was plotted. ‘Ti’ and ‘Mn’ represents the total atomic
occupancy. The Mn2+ distribution are drawn by red solid line. (b)The
intensity profiles of energy spectra. The black plots are experimental values.
Solid curves are calculated value from Model-2P model.
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Figure 4.21: (a)The depth dependence of B site atomic occupancy of ‘Model-
4P’ for (LMO)4/STO. The Mn4+ distribution are drawn by blue solid line.
(b)The intensity profiles of energy spectra.
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Figure 4.22: (a)The depth dependence of B site atomic occupancy of ‘Model-
2P/4P’ for (LMO)4/STO. (b)The intensity profiles of energy spectra.
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Figure 4.23: (a)The depth dependence of B site atomic occupancy of ‘Model-
4P-2’ for (LMO)4/STO. (b)The intensity profiles of energy spectra.
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Figure 4.24: (a)The depth dependence of B site atomic occupancy of ‘Model-
2P-2’ for (LMO)4/STO. (b)The intensity profiles of energy spectra.
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Figure 4.25: (a)The depth dependence of B site atomic occupancy of ‘Model-
2P/4P-2’ for (LMO)4/STO. (b)The intensity profiles of energy spectra.
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Figure 4.26: The depth dependence of B site atomic occupancy of ‘Model-
2P’ for (LMO)7/STO. (b)The intensity profiles of energy spectra.
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Figure 4.27: (a)The depth dependence of B site atomic occupancy of ‘Model-
4P’ for (LMO)7/STO. (b)The intensity profiles of energy spectra.
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Figure 4.28: (a)The depth dependence of B site atomic occupancy of ‘Model-
2P/4P’ for (LMO)7/STO. (b)The intensity profiles of energy spectra.
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Figure 4.29: (a)The depth dependence of B site atomic occupancy of ‘Model-
2P-2’ for (LMO)7/STO. (b)The intensity profiles of energy spectra.
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Figure 4.30: (a)The depth dependence of B site atomic occupancy of ‘Model-
4P-2’ for (LMO)7/STO. (b)The intensity profiles of energy spectra.
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Figure 4.31: (a)The depth dependence of B site atomic occupancy of ‘Model-
2P-3’ for (LMO)7/STO. (b)The intensity profiles of energy spectra.
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Figure 4.32: (a)The depth dependence of B site atomic occupancy of ‘Model-
2P/4P-2’ for (LMO)7/STO. (b)The intensity profiles of energy spectra.
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Figure 4.33: The depth dependence of B site atomic occupancy of ‘Model-
2P’ for (LMO)10/STO. (b)The intensity profile of energy spectra.
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Figure 4.34: (a)The depth dependence of B site atomic occupancy of ‘Model-
4P’ for (LMO)10/STO. (b)The intensity profiles of energy spectra.
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Figure 4.35: (a)The depth dependence of B site atomic occupancy of ‘Model-
2P/4P’ for (LMO)10/STO. (b)The intensity profiles of energy spectra.
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Figure 4.36: (a)The depth dependence of B site atomic occupancy of ‘Model-
4P-2’ for (LMO)10/STO. (b)The intensity profiles of energy spectra.

119



4.3 Experiments and analysis

0 2 4 6 8 10 12 14 16 18

0.0

0.2

0.4

0.6

0.8

1.0

6

7

8

9

10

12

14

16

18

20

22

24

25

30

35

40

45

50

6

8

10

12

14

16

18

20

22

6.50 6.52 6.54 6.56 6.58 6.60
8

10

12

6.50 6.52 6.54 6.56 6.58 6.60

14

16

18

20

6.50 6.52 6.54 6.56 6.58 6.60

65

70

75

80

85

90

Z(u.c.)

 Ti
 Mn
 Mn2+O

cc
up

an
cy

(b)

(a)
n = 10

Model-2P-2

I(E
)

 Exp
 Model-2P-2

z = 1.6z = 1.4z = 1.2

z = 0.9z = 0.7

z = 1.8

z = 0.8

I(E
)

E(keV) E(keV)

I(E
)

E(keV)

Figure 4.37: (a)The depth dependence of B site atomic occupancy of ‘Model-
2P-2’ for (LMO)10/STO. (b)The intensity profiles of energy spectra.

120



4 Valence distribution in LaMnO3/SrTiO3 interface

0 2 4 6 8 10 12 14 16 18

0.0

0.2

0.4

0.6

0.8

1.0

6

7

8

9

10

16

20

24

30

40

50

60

8

12

16

20

6.50 6.52 6.54 6.56 6.58 6.60
8

10

12

6.50 6.52 6.54 6.56 6.58 6.60

14

16

18

20

6.50 6.52 6.54 6.56 6.58 6.60

65

70

75

80

85

90

O
cc
up

an
cy

Z

 Ti
 Mn
 Mn2+

 Mn4+

I(E
)

 Exp
 2p-int-4p-surfz = 0.7

z = 1.8

z = 1.6z = 1.4z = 1.2

z = 0.9z = 0.8

I(E
)

E(keV) E(keV)

I(E
)

E(keV)

(a)

(b)

n = 10

Model-2P/4P-2
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Figure 4.39: The best Mn valence distribution models of (a)(LMO)7/STO
and (b)(LMO)10/STO.

4.4 Discussion

Thick LMO/STO samples usually exhibit ferromagnetism [103, 112, 120,

121, 123] while the ferromagnetism of less than 5 u.c. thick LMO/STO sam-

ples are suppressed[103, 112]. Here, this thickness dependence is discussed

from the analysis results of structure and Mn valence distribution.

4.4.1 Structural aspects

Let us discuss the structural aspects of thickness dependence of

LMO/STO(Fig. 4.15) A common feature of the structure for all LMO/STO

samples is the existence of expanded layer at the top surface LMO layer.

The value of c-lattice spacing is comparable to that of AFM samples(3.94

Å ∼). The expanded c-lattice spacing is accompanied with 3z2 − r2 or-

bital polarization due to JT effect. The stabilized 3z2 − r2 orbital would

strengthen the C-type AFM coupling of LMO. The thinner (LMO)2/STO

and (LMO)4/STO are composed of such expanded layers, so they do not

exhibit the ferromagnetism. Indeed, the expanded region have different δz

of La and Mn, suggesting the existence of electric polarization and weakened

double exchange interaction. The XLD study in Ref.[137] reports that the

3z2 − r2 orbital are preferable than x2 − y2 and suggest the lack of surface

apical oxygen on the top of MnO2[137]. Our result of the large c-lattice

spacing at the top of LMO layer demonstrate their assumption of surface

effect.
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4 Valence distribution in LaMnO3/SrTiO3 interface

The same c-lattice spacing of the 10ML sample at 10K as that of at

300K suggests that large elastic energy is required to alter the cell volume of

LMO. An important experimental facts regarding the relationship between

epitaxial strain and JT strain in Mn oxide thin films have been reported

in Ref[138]. They pointed out that First-order phase transition with clear

lattice distortion occurs in only (011) orientated Mn oxides, not in (001).

Our (001) oriented LMO films is this elastically hard material.

The remarkable difference of structure between (LMO)2,4/STO and

(LMO)7,10/STO samples is shorter c-lattice spacing(3.91 to 3.92Å) of mid-

dle layers of (LMO)7/STO and (LMO)10/STO. The reduction of c-lattice

spacing is realized by either the reduction of Mn-O-Mn bond angle by the

MnO6 octahedral tilting, shorten Mn-O-Mn bond length by excess oxygen,

or volume collapse caused by an orbital disorder[139]. The orbital disor-

der effect emerging at 750K∼ is not appropriate here. The remaining two

possibilities are discussed in the next two sections.

4.4.2 MnO6 octahedral tilting

Let us examine the MnO6 octahedral tilting here. Fig. 4.40(a) shows

the bulk structure of LMO. The detailed Mn-O-Mn bond length of bulk

LMO is reported by J. -S. Zhou and J. B. Goodenough[140]. The bulk LMO

has distorted Pbnm perovskite including two JT modes, which separate the

three different Mn-O bond length as the long and short Mn-OII in (001)

plane and Mn-OI extending along c axis. The value of them are Mn-OII =

2.18, 1.91 Å and Mn-OI = 1.96 Å. Here, we assume that these bond lengths

have not changed.

First, let us examine the case where c-plane in Pbnm is parallel to the

surface as shwon in Fig. 4.40(b). The observed c-lattice spacing of thicker

LMO is 3.92 Å. This is exactly twice as much as Mn-OI, that is, the MnO6

octahedron is not tilted. The Mn-O-Mn bond angle is calculated by the

in-plane distance of Mn to Mn(=3.905 Å) and bond length of two Mn-OII.

In this case, in-plane Mn-O-Mn angle is 145.3◦. This value is comparable

to RMnO3 with R = Er or Ho[140]. The band width W is influenced by

Mn-O bond length dMn−O and Mn-O-Mn bond angle ϕ. According to tight

binding model, ϕ dependence of W is given by W ∝ cosω
(dMn−O)3.5

, where ω =

(180◦ − ϕ)/2[141]. This formula indicates that the reduction of the rotation

angle narrows the band width, resulting the weaken of double exchange

between Mn. The calculated ω angle is not consistent with the larger FM

trend in thicker LMO film. The suppression of the magnetization of LMO

by reduction of ω angle of MnO6 is reported in Ref. [115].
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In the case of c-plane in Pbnm perpendicular to the surface as shown in

Fig. 4.40(c), the tilt and rotation angle are calculated as 146.8◦ and 169.9◦.

The value of Mn-O-Mn angle is still small enough to make LMO FM. As a

result, assumption that the decrease in c-lattice spacing is due to a decrease

in the Mn-O-Mn angle contradicts the tendency of the thicker film having

lager magnetism.

Figure 4.40: (a) Bulk structure of LaMnO3 and three component Mn-O
bond length. The rotation and tilt angle of Mn-O-Mn are calculated in
the case where c-plane in Pbnm is (b)parallel and (c) perpendicular to the
surface.

4.4.3 Mn valence distribution

The examination of Mn-O-Mn bond angle from our observed structure

suggests the decreased c-lattice spacing in thicker LMO is originated from

not only MnO6 octahedral tilting but also shorten Mn-O bond length due

to introduction of Mn4+. Here, let us discuss the correlation of the lattice

and the valence distribution of Mn.

For (LMO)4/STO, the appropriate Mn valence distribution model was

not identified from energy spectra. This is due to the lack of a spectrum

data in which the signal reflecting the valence distribution appears. Unless

the crystal structure is determined, the prediction of effective target points

of Q for spectrum measurement should be impossible. Here, we discuss

the valence distribution of Mn from the viewpoint of the obtained crystal
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4 Valence distribution in LaMnO3/SrTiO3 interface

structure. The excess oxygen introduces Mn4+ state and reduces the cell

volume of LMO because the values of ionic radii of Mn3+ (0.65 Å) is larger

than that of Mn4+ (0.54 Å). Here, the (La, Ca)MnO3 system is selected to

be the reference[142, 143] because the ionic radii of La and Ca are similar. If

we assume that the cell volume is constant with epitaxial strain, we expect

0.58 Å of c-lattice spacing reduction by replacing LaMn3+O3 to LaMn4+O3.

The difference of c-lattice spacing of post annealed sample(c ∼ 3.97 Å) and

our analysis result of (LMO)4/STO is ∼ 0.03 Å as shown in Fig. 4.15. This

value corresponds to 5.2 % concentration of Mn4+. This concentration is

comparable to that of AFM phase of LMO3+δ[109].

For (LMO)7/STO and (LMO)10/STO, the ‘Model-2P/4P’, where Mn4+

spreads into the middle of LMO is preferred. The smaller c-lattice spacing

of middle layer at Z = 6 to 8(3.91 to 3.92 Å) than the top of LMO(3.94 to

3.97 Å) shown in Fig. 4.15 accounts for this result. This is consistent with

the self-doping effect reported in Ref.[103, 112]. The expected concentration

of Mn4+ in middle layer LMO of (LMO)7/STO and (LMO)10/STO is 8.6

to 10.3 %, comparable to the hole concentration of hole doped FM phase of

LaMnO3+δ[109]. The critical film thickness at which this self-dope effect in

LMO occurs was 5 to 7 u.c. thick, which is thicker than that of reported

value(2 to 5 u.c thick) in Ref.[103, 112]. One possible explanation of the

increasing in critical thickness of self-doping is the Nb doping effect of STO

substrate. The Fermi level is located just below the conduction band in

STO region and modulates the band bending of LMO side. The modulated

electronic potential in LMO side reduce the CT electrons in LMO side.

The electron migration not performed from the top surface of LMO to

interface is consistent with the result of the depth dependence of c-spacing.

The expanded surface layer prefers Mn3+ state, therefore, CT effect occurred

from middle of LMO to LMO/STO interface.

The accumulated Mn2+ at the LMO/STO interface should have the lat-

tice expansion of LMO. The 0.65 Å of c-lattice spacing expansion by re-

placing LaMn3+O3 to LaMn2+O3 is expected. However, our (LMO)7/STO

and (LMO)10/STO samples do not have such a large c-lattice spacing. The

expected c-lattice expansion is 8.7 % from the 0.02 Å larger c-spacing at Z

= 5 for (LMO)7/STO and Z = 6 for (LMO)10/STO than adjacent layers.

This is not consistent with the expected models. To provide quantitative

verification, the more appropriate value of f ′ and f ′′ is required to reproduce

those of experimental value.

Models having Mn4+ localized at the interface contradicts the results of

spectra of (LMO)7/STO and 10 samples. This result rejects some causes

on CT across the interface of LMO/STO. Many studies of LMO/STO mul-
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tilayers argue that (La, Sr)MnO3 forms at the interface, producing Mn4+

and Ti3+ [106, 107, 144]. Such CT effect was not observed in the LMO

monolayer targeted in this study. According to XPS measurements for

LMO/Nb:STO[118], the Ti3+ state is not preferable because the unoccu-

pied Ti 3d band is located at energetically higher level than Mn 3d state.

This difference of chemical potential between Ti and Mn could prevents the

charge migration from Mn to Ti.

We conclude that the thickness dependent ferromagnetism in LMO films

on STO is originated from middle layers with smaller c-spacing of LMO in

(LMO)7/STO and (LMO)10/STO. These middle layers are lost in nonmag-

netic (LMO)2/STO and (LMO)4/STO where surface expanded layers are

dominant. The smaller c-lattice spacing is derived from the excess oxygen

in LMO. The larger critical thickness for self doping in LMO than reported

value(5 u.c. thick ∼[103, 112]) suggests the Nb doping effect of STO sup-

press the band bending of LMO due to polar discontinuity.

4.5 Summary of this chapter

The depth dependence of atomic arrangement and Mn valence state

were investigated by resonant CTR measurement for n = 2, 4, 7, and 10

u.c. thick LMO samples. Middle layers with small c-lattice spacing equal

to 3.92Å was observed in only FM sample thicker than 7 u.c., while 4 u.c.

thick LMO was composed of only compressively strained thicker layer at

the top of LMO, whose value of c-lattice spacing is comparable to AFM

phase. The results of simulation of resonant CTR data indicates that Mn2+

accumulates at the interface and Mn4+ spread into middle LMO layer for

(LMO)7/STO and (LMO)10/STO. This self-doping effect was observed in

only (LMO)7/STO and (LMO)10/STO. On the other hand, the models in

which Mn4+ is localized at the interface were rejected for samples with n =

7 and 10. This result supports the self doping driven ferromagnetism, not

CT effect from Mn to Ti across the interface.
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Chapter 5

Stacking order dependence

on the structure of interface

between LaNiO3 and

LaMnO3

5.1 introduction

The structural study of stacking order dependence of LaNiO3(LNO) and

LaMnO3(LMO) multilayer samples is the main topic of this chapter. One

of the phenomena that brings about a dramatic change of its transport and

magnetic properties is charge transfer(CT) effect. CT effect between tradi-

tion metal sites across the interface is mainly caused by polar discontinuity

and the difference of chemical potential. The epitaxial interface of LaNiO3

and LaMnO3 has been understood as a ferromagnetic system induced by

CT effect between Mn and Ni[91, 145, 146, 147, 148]. Surprisingly, the mag-

netism is reported to be strongly affected by the stacking order of LMO and

LNO[149]. The purpose of this study is to reveal the stacking order effect on

structure and valence distribution of Mn ion. To evaluate the stacking order

dependence of atomic arrangement and spatial distribution of Mn valence

state quantitatively, depth resolved analysis of different valence state was

performed by resonant CTR method.

5.1.1 Stacking order dependence of ultrathin films

The effects of the stacking order of thin films sometimes affects the struc-

tural properties of the interface. Epitaxial interfaces of strongly correlated
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oxides are the places where electrons having different states meet each other.

The behavior of electrons at there is different from that in the bulk mate-

rials because electrons interact with surrounding electrons. In this point of

view, the interface between perovskite structure oxide ABO3 film on top of

another perovskite oxide AB’O3 should show the same property with AB’O3

film on top of ABO3. However, it has been reported that the stacking or-

der does matter for various combination of oxide films. For example, the

interface between LaVO3 grown on SrTiO3 (001) surface has larger amount

of atomic interdiffusion than SrTiO3 on LaVO3 interface[150]. For LaVO3

grown in the layer-by-layer mode on SrTiO3, Sr segregates to the surface

with cation interdiffusion at that interface while SrTiO3 grown on LaVO3,

the interface becomes atomically sharp. The asymmetry of the interface

structure is presumed to be caused by the difference in the effect of polar

discontinuity at the interface depending on the stacking order, but there is

no clear arguments.

Such asymmetric interface led by stacking order effects can have a sig-

nificant effect on interface properties. S. J. May reports the stacking or-

der of superlattice made of antiferromagnetic SrMnO3 and ferromagnetic

LaMnO3[151]. The left panels in Fig. 5.1 show the depth dependence of

magnetization models reproducing the polarized neutron reflectivity pro-

files. From the STEM image shown in right, larger magnetization at lower

rough interface of LaMnO3 than upper smooth interface indicates a strong

dependence on asymmetric roughness of interface.

Another example is the modulation of the exchange bias effect at the

LaxSr1−xMnO3-BiFeO3 interface[152]. The change in the roughness of the

interface depending on the stacking order affects the d-electron correlation

across the interface.

5.1.2 The effect of charge transfer across the interface

CT effect is one of the technical approaches to handle the magnetic

property in addition to strain and layer sequencing. Let us give the

CaMnO3/CaRuO3 interface as a example[20, 21]. Whereas bulk CaRuO3

and CaMnO3 are paramagnetic metal and G-type antiferromagnetic insu-

lator, the interface of them reveals ferromagnetic. The observed magneti-

zation was 0.85µB, which was understood as canted spin state, since the

fully ferromagnetic Mn moment has 3µB. To realize the ferromagnetic

phase of CaMnO3, a mixture of Mn3+ and Mn4+ is expected. However,

since the atomic layers sequences as (Ca2+O2−),(Ru4+O2−
2 ),(Ca2+O2−),

(Mn4+O2−
2 )..., where all of individual layers has neutral charge, the idea of
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Figure 5.1: Asymmetric atomic interdiffusion at interface of SrMnO3

and LaMnO3 confirmed by (a)Polarized neutron reflectivity and (b)STEM
image[151]

CT by polar discontinuity does not arise. The charge leakage of a small num-

ber of itinerant electrons across Ohmic contact from CaRuO3 to CaMnO3 is

indicated by Density-functional calculations[153] and X-ray resonant mag-

netic scattering measurements[21]. Magnetic polarized region extended over

several unit cells. The exchange bias effect has been observed in the CaMnO3

region where ferromagnetism and antiferromagnetism coexist[154]. Another

way to realize interfacial CT effect is modulation doping into A site atom

while the B site atom is kept same, for example, LaTiO3/SrTiO3[155] and

LaMnO3/SrMnO3[156, 157]. This process causes the nominal electron count

on the transition metal to vary across an interface.

5.1.3 Induced ferromagnetism in the interface between

LaNiO3 and LaMnO3

In the LNO-LMO superlattice, interfacial ferromagnetism along (001)

and (111) axis and exchange-bias(Fig. 5.2) induced in only (111) stacking

was reported by M.Gibert[145].

The XAS spectra[146] show the characteristic signal of valence states of

Ni(3+ → 2+) and Mn(3+ → 4+) in [(LNO)n/(LMO)2]m superlattice. n de-

pendence of magnetization and the peak signals of Ni2+ and Mn4+ spectra

indicates the charge transfer from Mn to Ni (Mn3+ + Ni3+ →Mn4+ + Ni2+).

The weak magnetization of Ni is assumed to be from ferromagnetic coupling
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Figure 5.2: Exchange-bias effect in LNO/LMO (111) orientation.[145] (a)
Schematic picture of (111) stacking LNO/LMO interface (b)M-H curve
(c)Ni/Mn magnetic moment of LNO/LMO with different period of fabri-
cation.
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of net magnetization on the Mn and Ni. Through the discussion based on the

Kanamori-Goodenough rule in Mn4+-O-Ni2+[158], this charge modulation

is assigned to the origin of the induced ferromagnetism. The expected spin

Figure 5.3: [Thickness period n dependence of (a) Magnetization, (b)
Magnetization(n = 2), (c) Mn L3 edge XAS spectra and (d)Ni L3 edge
spectra of (LNO)n/(LMO)2]m superlattice on STO substrate[146].

configuration similar to that of La2NiMnO6 corresponds to the atomic coor-

dination in the direction of (111) termination LNO-LMO superlattice. The

presence of the exchange bias effect in the (111) and absence in (001) termi-

nation are considered qualitatively to be difference of the number of closest

sites of Ni and Mn across the interface[145]. A theoretical work reported

that the magnitude of FM in different termination was induced by quantum

confinement of down spin in LNO region[147]. M. Kitamura reported the

asymmetric spatial distribution of different valence state across the LNO-

LMO interface[91]. Fig. 5.4 shows the thickness dependence of Ni L and

Mn L-edge XAS spectra for LNO(LMO) film on 20 nm thick LMO(LNO).

The XAS spectra indicates the different critical thickness of LNO(LMO)

film for saturation of another peak derived from Ni2+(Mn4+). The critical

thickness 1ML(3ML) for LNO(LMO) film suggests that Mn4+ states spread

in LMO 3 to 4 times wider than Ni2+ localized in only ∼1 ML in LNO from

interface. Taking into consideration of the results of charge distribution and

magnetic moment in Mn and Ni, spin configuration is expected as ferro-

magnetic state of LMO induced by double exchange mechanism and canted
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antiferromagnetic state in LNO stabilized under the superexchange between

Mn4+ and Ni2+[159]. However, this picture of ferromagnetism derived from

the charge transfer effect is not a quantitative model of which LMO layer

has a significant valence change. A certain level of chemical perturbation

always existing around the interface hinders quantitative discrimination of

whether the valence distribution extends to the LMO side. For that purpose,

accurate interface structure including interface roughness and information

on the spatial distribution of valence are required.

Figure 5.4: (a)Ni and (b)Mn L edge XAS spectra for LNO/LMO and
LMO/LNO. (c, d) Thickness dependence of Mn(Ni) L-edge spectra for
LNO(LMO) thin film on 20 u.c.LMO(LNO).[91]

The stacking order effect was reported for LNO and LMO interface[149].

LNO on LMO is reported to have much larger magnetization than LMO on

LNO. According to Gibert and coworkers[149], LNO on LMO has 4 times

larger electric resistance and 7 times larger magnetization than those of LMO

on LNO(Fig. 5.5 (a) and (b)). Their soft X-ray reflectivity measurements

revealed that the magnetization is nearly homogeneously distributed in the

LMO layer within the range of 5 u.c. from the LNO/LMO interface(Fig.

5.5 (c-f)). The different magnetic property was attributed to the interfacial

intermixing. The interface in NMT is rougher than that in MNT. They also

reported larger electron migration from Mn to Ni in the rougher interface

based on the electron energy loss spectroscopy (EELS), while some Mn2+

generated by the beam damage was also found. Extensive studies of bulk

manganites show that the magnetism of the Mn oxides can be controlled

by the hole concentration and the band width[108]. The difference in mag-

netism found at NMT and MNT interfaces suggest that the difference in hole
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concentration or Mn-O-Mn angle dominates the band width in LMO[149].

Figure 5.5: (a)Sheet resistance (b)Magnetization per Mn of 10 + 10
u.c. thick LMO on LNO and LNO on LMO. (c-f)Soft X-ray reflectivity
measurements[149].

5.2 Motivation

The mechanisms of induced magnetism in oxide materials through the

interfacial contacts is roughly summarized to superexchange of B site atoms

across the interface, charge transfer and epitaxial strain. In particular, the

observation of existence and the spatial distribution of Mn4+ state in the

LMO region is the key to distinguish what the trigger of FM is dominant. For

example, if interfacial charge transfer is the main source, Mn4+ is expected

to be concentrated on the Mn-Ni interface. If excess oxygen is present

homogeneously in LMO, Mn4+ also homogeneously exists throughout the

LMO region.

We have investigated the interfacial structure of LaNiO3 on LaMnO3 and

of LaMnO3 on LaNiO3 bilayers grown on top of SrTiO3 (001) surfaces by

CTR scattering method. In addition, we also measured Mn K-edge energy

spectra of CTR scattering in order to know the spatial arrangement of Mn4+

ions. In this study, we verify the lattice distortion and Mn4+ distribution

by using non-resonant and resonant surface X-ray diffraction techniques.

Regarding the roughness of the interface, which is supposed to be influenced

by the stacking order of LNO and LMO, the quantitative difference can be

clarified by the element-selective analysis by the resonant CTR method. We

shall refer to them as NMT and MNT, respectively.
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5.3 Experiments and analysis

5.3.1 Experimental conditions

Epitaxial bilayers LNO/LMO(NMT) and LMO/LNO(MNT) were pro-

vided by prof. H. Kumigashira, Prof. K. Horiba and Dr. M. Kitamura.

Digitally controlled bilayer structures were fabricated onto atomically flat

TiO2-terminated Nb:SrTiO3 (STO) (001) substrates in a laser molecular-

beam epitaxy chamber connected to a photoelectron spectroscopic system

at beamline BL-2A MUSASHI of the Photon Factory, KEK. A Nd-doped

yttrium-aluminum-garnet laser in the frequency-triplet mode (λ = 355 nm)

at a repetition rate of 1 Hz was used for ablation. Sintered LNO and LMO

pellets were used as the targets. Before the film growth, the Nb:STO sub-

strates were annealed at 1050◦C under an oxygen pressure of 1×10−7 Torr

to obtain atomically flat and chemically clean surfaces. During LNO and

LMO depositions, the substrate was kept at temperatures of 500◦C and

600◦C, respectively, and the oxygen pressure was maintained at 1×10−3

Torr. The thicknesses of the LNO and LMO layers were precisely controlled

by monitoring the intensity oscillation of the specular spot with reflection

high-energy electron diffraction during the growth. The heterostructures

were subsequently annealed at 400◦C for 45 min under an atmospheric pres-

sure of oxygen to fill residual oxygen vacancies.

The CTR scattering measurements were performed with the four circle

diffractometers installed at BL-3A, Photon Factory, KEK. Scattered X-ray

intensity was measured by a two dimensional pixel array detector XPAD-

S70(imXpad). Samples were put in a 10−5 torr vacuum chamber to protect

them from radiation damage, and all the measurements were performed

at room temperature. Using 12 keV X-ray, a non-resonant condition, hkζ

rods along (h,k) = (0,0), (0,1), (0,2), (1,1), and (1,2) were measured. The

range of measured ζ was 0.5 to 4.2 except for the substrate Bragg points.

Additionally, 00ζ profiles were measured using several X-ray energies E close

to Mn and Ni K-absorption edges to discriminate B-site elements. In order

to study the spatial distribution of Mn4+, energy spectra around the Mn

K-edge were measured for several scattering vectors along the 00ζ line.

Intensity profiles along hkζ rods measured in both non-resonant and

resonant conditions were simultaneously analyzed by exchange Monte-Carlo

sampling software. In our analysis, the in-plane atomic positions were fixed

to the simple cubic SrTiO3 structure. Other parameters, i.e., atomic dis-

placement perpendicular to the surface direction (δz) with respect to the

substrate lattice, atomic occupancy (occ), and isotropic atomic displace-
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ment parameters (B) were refined. The total atomic occupancy for each

site was fixed to unity except for the surface region. Total number of struc-

ture parameter was approximately 90 for NMT and MNT. The parameter

uncertainty was estimated by the MC sampling with the effective number

of observation.

The anomalous scattering factors f ′ and f ′′ as functions of E for

Mn3+ were calculated by FDMNES[160] using bulk LaMnO3 structure[161].

Those for Mn4+ were generated by +4 eV of chemical shift from those for

Mn3+[126].

The analysis procedure was the same as that performed in chapter 4.

Here, The analysis was also performed with the Bayesian inference with

assuming that the magnitude of the noise is 10 % of the intensity. The

error bars of the Mn4+ concentration are estimated by the MC sampling,

while the effective number of observation is assumed to be the same with

the number of data points.

5.3.2 Analysis and results

Non-resonant and resonant CTR profiles for MNT and NMT films

are presented in Fig. 5.6. Open symbols show the experimental results,

and the solid curves show the calculated ones. The R(≡
∑

ζ,E |(|Fexpt| −
|Fcalc|)|/|Fexpt|) values, where Fexpt and Fcalc denote the square root of the

measured and calculated intensity, are 0.11 for MNT and 0.10 for NMT.

Refined Θ (δz, occ, and B) for each site, are shown in Fig. 5.7 as functions

of depth. Panel (b) shows the depth profile of the c-lattice spacing. The

c-lattice spacing for NMT (MNT) were 3.827±0.008 Å(3.803 ± 0.009 Å) in

the LNO region, and 3.938± 0.007 Å (3.91±0.01Å) in the LMO region.

Panel (c) shows the depth profile of atomic occupancy. Ref.[149] reports

larger Mn-Ni interdiffusion in LNO on LMO interfaces than LMO on LNO

interfaces. Focusing on the atomic occupancy around the interfaces, one can

evaluate the degree of atomic interdiffusion. Here, We define a parameter D

that expresses the degree of interdiffusion: D =
∑

[0.52−(occ−0.5)2] and the

summation is taken over all sites. When we want to evaluate the sharpness

of Ni-Mn interface in NMT sample, the sum is taken over Ni sites for 8 ≤
Z ≤ 14. The value 0.52 − (occ− 0.5)2 is zero when occ = 1 or 0. The value

of D is increased when the degree of interdiffusion is intense. Our results

shows D(MNT, Mn-Ni) = 0.40, D(MNT, Ni-Ti) = 0.40, D(MNT, La-Sr)

= 0.41, D(NMT, Mn-Ni) = 0.56, D(NMT, Mn-Ti) = 0.46, and D(NMT,

La-Sr) = 0.53. Slightly larger value of D for NMT than MNT indicates

a little rougher interface is constructed in NMT than MNT, however, the
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Figure 5.6: CTR scattering profiles along the hkζ rods for NMT(left) and
MNT(right). The middle and bottom panels show the 00ζ rods in reso-
nant condition close to Mn and Ni K-absorption edge. Open symbols show
the experimental results, and the solid curves show the calculated intensity
derived from the refined structure. The error bars show the statistical error
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difference is not significant. This result is different from the results of 10 +

10 u.c. thick NMT and MNT in Ref.[149]. The film formation method in

Ref.[149] is sputtering, which is different from our PLD film formation.

Panel (d) shows the depth profile of B. For NMT sample, B increases

as Z increases. Such Z-dependence of B is caused by the in-plane inhomo-

geneity of the c-lattice spacing. The B values for A-site ions are larger than

those for B-sites. In the LNO layer in NMT sample, the same value of B for

La and Ni is observed. For MNT sample, large B value for the A-site ion

was observed around the interface between STO substrate and LNO layer,

where characteristic large c-lattice expansion is observed. Away from the

interface, the magnitude of the B is decreased, and the value for A-site ions

is very close to that for B-site ions.

The refined Mn4+ distribution for NMT an MNT are presented in Fig.

5.8(a) and (b). The high concentration of Mn4+ at Mn/Ni interface was

observed for NMT while Mn4+ is homogeneously distributed in LMO for

MNT. Energy spectra around the MnK-absorption edge measured at several

points on 00ζ rod are shown in Figures 5.8(c) and (d). The total amount

of electron transfer from Ni to Mn in NMT (MNT) is 0.8± 0.3 (0.50± 0.2)

as shown in Fig. 5.8(e). Total number of Mn layers for NMT and MNT are

4.4 and 4.2, and thus the average hole concentrations of Mn site in the two

samples are 18% and 12%, respectively. In pure LMO region of NMT(Z =

8 to 10) and MNT(Z = 13 to 15), the concentration of Mn4+ is ∼5% and

10%.

137



5.3 Experiments and analysis

NMT

c-
sp
ac
in
g(
Å
)

MNT

Ti Mn Ni Ti Ni Mn

O
cc
up

an
cy

 Sr
 La
 Ti
 Mn
 Ni

B i
so
(Å

2 )

Z(u.c)

 A
 B

(a)

(b)

(c)

(d)

Z(u.c)
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 MNT

(e)

Figure 5.8: (a) Mn4+ occupancy as a function of depth for NMT. (b) That
for MNT. (c) The energy spectra of scattered X-ray intensity around the Mn
K-absorption edge measured at several points on 00ζ rod for NMT. Black
plots show the experimental results and red solid lines show the calculated
intensity. Anomalous scattering factors f ′ and f ′′ for Mn3+ and Mn4+ used
for the analysis are also shown in the panel for ζ = 1.1625. (d) That for
MNT. (e) Probability density of total amount of Mn4+ derived from the
energy spectra.
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5.4 Discussion

5.4.1 Interfacial structure of NMT and MNT

Most of LMO films grown on STO show ferromagnetism, which is differ-

ent from the bulk LMO’s canted magnetism. Here, the c-lattice spacing of

LMO are referred from the reported value in Ref. [123] again. (The c-lattice

spacing of the as grown and annealed samples were 3.912 Å and 3.973 Å,

respectively.) The c-lattice spacing of LMO in our NMT and MNT sam-

ples are 3.94 Å and 3.91 Å, which are very different from reported value for

oxygen reducing annealed LMO but rather close to the value for as grown

LMO films. The c-lattice spacing value of NMT is close to surface expanded

LMO layer of LMO single film on STO and that of MNT is close to middle

ferromagnetic layers in LMO of LMO/STO as shown in chapter 4.

Characteristic large c-lattice expansion seen in the STO-LNO interface

of MNT sample (Z∼7) can be interpreted as follows. One possible inter-

pretation is the formation of LaTiO3. We find LaTiO3 formation at the

STO/LNO interface in MNT sample. As can be seen in Fig. 5.7(b), the

LNO/STO interface has nearly 1 monolayer (ML) of LaTiO3. The cell vol-

ume of LaTiO3 is 62.596 Å
3
. The LaTiO3 layer has large c-lattice spacing as

shown in panel (b), reflecting its large cell volume[162]. Another possibility

is the introduction of oxygen vacancy. Our study on LNO/STO interface

in chapter 3 shows that LNO on STO(001) is easy to have oxygen vacancy

that results in lattice expansion.

Local electric polarization is also observed in the depth profile of δz pre-

sented in Fig. 5.7(a). The electric polarization in perovskite oxides is mainly

caused by Slater mode and Last mode atomic displacements, and both of

them involve relative displacement of A-site and B-site ions. LNO regions in

both samples show little relative displacement of A- and B- site ions, mean-

ing that there is no polarization. Since LNO is metallic, no polarization is

as expected.

5.4.2 Atomic displacement parameters

For NMT sample, the larger B values of La ions than those of Mn were

observed. This indicates that the GdFeO3-type buckling remains in LMO

region. Since STO has no octahedral buckling, the LMO layer in NMT sam-

ple should have suppressed GdFeO3-type octahedral rotation. However, this

mode is not completely suppressed in LMO region. In the LNO layer in NMT

sample, the magnitude of GdFeO3-type octahedral rotation is suppressed.

The same value to B in La and Ni indicates the rhombohedral symmetry
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of LNO, where La site exhibits no atomic displacement from pseudo cubic

lattice points.

For MNT sample, large B value for the A-site ion was observed around

the STO/LNO interface. This is not consistent with the rhombohedral struc-

ture of LNO bulk. This is considered as the structural disorder of LaTiO3

formation or oxygen defects, resulting in large c-lattice expansion at Z =

6. Away from the interface, the magnitude of the B is decreased with Z.

The value of B of La is very close to that of Mn. This is a characteristic

of the rhombohedral perovskites. In this case, LMO grows on top of LNO

and has the same mode of octahedral buckling with LNO. The change of

symmetry from Pbnm to R3̄c implies the Mn4+ introduction reported in

Mn perovskites oxides[109].

5.4.3 Valence distribution of NMT and MNT

Let us examine the Mn valence arrangement from structural point of

view. The lattice spacing of LNO thick film on STO is reported to be 3.80

Å [80, 85], which is the same as the present values of LaNiO3 thin flims in

Chapter 3. At the LMO/STO interface, Mn2+ was reported[112]. First, we

examine the possibility of Mn2+ formation in our samples. We estimate the

lattice expansion caused by the electron accumulation at Mn site. The (La,

Ca)MnO3 system is selected to be the reference[142, 143] as in chapter 4.

We expect 0.65 Å of c-lattice spacing expansion by reducing LaMn3+O3 to

LaMn2+O3. Fig. 5.7 (b) clearly shows that there is no such a large lattice

expansion within the LMO region. Therefore, our bilayer samples do not

have a noticeable amount of Mn2+.

At the interface where the Mn and Ni are mixed, atomic displacement

itself is insufficient to derive the valence. The Mn4+ distribution derived

from the energy spectra is therefore needed. Fig. 5.8(a) and (b) show that

the Mn4+ are concentrated at the LMO/LNO interface in NMT sample, and

the leakage of inside to the pure LMO layer is small. Since hole doped LMO

is ferromagnetic, the Mn4+ rich interface region should be ferromagnetic.

The concentrated Mn4+ in the interface is a natural consequence of a large

number of in-plane Mn-O-Ni contact. The trend of Mn4+ distribution not

concentrated in the interface but broadened into entire LMO in MNT sam-

ple does not straightforwardly deal with the charge migration of Mn-O-Ni

contacts. This stacking order dependence of Mn valence distribution is not

mentioned in Ref.[91, 159], which pointed out the asymmetric charge dis-

tribution across the interface. A qualitative explanation is the influence of

the electrostatic potential inside the LMO/LNO due to polar discontinuity
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between STO substrate and MNT and NMT double layer. In an MNT sam-

ple in which electrons move to the surface side, the migrant electrons move

in a direction that further enhance the electronic potential in the film. The

opposite direction of electron migration is expected in NMT. Therefore, the

larger amount of electron transfer in NMT than MNT is expected.

5.4.4 The relationship between structure and Mn valence

distribution

Here, the relationship between the structure and Mn valence distribution

is discussed. The hole concentrations of Mn site in the pure LMO region

of NMT and MNT samples are approximately ∼5 % and 10 %. The more

than 5% larger content of Mn4+ makes LMO c-lattice smaller by 0.026 Å

∼ as discussed in chapter 4. This is consistent with the larger c-lattice

spacing of LMO in NMT than MNT, and approximately the same as the

value of the difference of c-lattice spacing of LMO(0.03 Å) between NMT

and MNT. Remaining quantity may be derived from disappearance of Jahn-

Teller distortion in MNT and different propagation of MnO6 tilting. The c/a

value for MNT is 1.001, which is quite close to unity. This means LMO in

MNT is not JT active. The same B value for La and Mn in MNT supports

the rhombohedral phase with hole doped LaMnO3+δ[109].

LMO in MNT directly connects to LNO on STO whose Ni-O-Ni angle is

159.9◦[80] while those in NMT connects to STO with no BO6 tilting. There-

fore, the MnO6 tilting of NMT is expected to be modulated to smaller value

than MNT as a result of satisfying octahedral connectivity. The larger B

values for La than those for Mn observed in LMO region for NMT could be

derived from enhanced MnO6 rotation angle along c axis under compressive

strain. However, detailed value of titling and rotation angle cannot be eval-

uated from our results. To separate the effect of the in-plane displacement

and B to the CTR scattering, the more high angle scattering data(ζ ∼ 8 for

perovskites) is required. Data acquisition of high angle scattering data can

not achieved by the experimental condition at PF BL-3A.

A large polarization is found at the interface between LMO and LNO in

NMT sample and at the LMO region in MNT sample as mentioned above.

The polarization in two samples show opposite direction. The direction is

affected by the Coulomb interaction between B site atoms and their ionic

radii. The relative displacement of Mn, Ni toward substrate in NMT requires

smaller and larger ionic radii of Mn and Ni. This is consistent with the charge

migration from Mn to Ni. The opposite direction of polarization in MNT is

also consistent with the relationship between charge migration and stacking
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order of LNO and LMO.

We suggest that the different mechanism of FM character in NMT and

MNT. For NMT, superexchange between the accumulated Mn4+ and Ni2+

is the main factor of ferromagnetism. For MNT, the homogeneous Mn4+

distribution strengthen double exchange driven ferromagnetism.

5.5 Summary of this chapter

The stacking order of structure and valence distribution of Mn in 5 + 5

u.c. thick LaNiO3/LaMnO3 and LaMnO3/LaNiO3 double layer on SrTiO3

substrate were studied. The c-lattice spacing in LNO is the same as the value

of metallic phase while that for LMO region suggests ferromagnetism. In

addition, the larger c-spacing of LMO in NMT than MNT was observed. The

valence distribution of Mn4+ is also different. The Mn4+ states concentrates

in only Ni/Mn interface in NMT while homogeneous distribution of Mn4+ in

LMO region is observed for MNT. This trend is consistent with the 0.03 Å

larger c-lattice spacing of LMO region in NMT than NMT. The asymmetric

atomic intermixing in Mn/Ni interface by stacking order of LNO and LMO

is not remarkable, which suggests the cation interdiffusion is not affected by

the stacking order.
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Chapter 6

Conclusions and perspective

This dissertation approaches the interfacial physics of strongly corre-

lated oxide thin films from microscopic structural point of view. The epi-

taxial interfaces of perovskite oxides exhibit the a variety of properties due

to complicated electronic phase of d electrons and their correlation across

the interface. The elucidation and control of interface physical properties are

expected to result in the control of Mott carriers, which surpasses conven-

tional devices by carrier doping. These interfaces provide a fertile ground for

creating novel states , however, microscopic understanding of the electronic

state of the interface has not been reached. Almost the all discussion on the

properties has been based on the electron correlation without understanding

the spatially inhomogeneous surroundings of electrons. In order to utilize

or manipulate their functionalities, verifying the state of the interface and

clarifying the mechanism of properties buried in the interface are necessary.

The research project of this dissertation is based on two subjects. The

first is the development of analysis method of surface/interface region. The

second is the pursuit for the mechanism of properties in interface, which

cannot be realized in the bulk counterpart.

Chapter 1 provides the background of this study. Some examples of

previous studies which pursuit or utilize the high potential of the transition

metal oxide interface demonstrated by recent atomic-scale synthesis of oxide

heterostructures were introduced.Then, we focused on the crystal truncation

rod(CTR) scattering method, one of the structural observation technique to

reveal the structure in the depth direction with high spatial resolution(subÅ)

of structural information. We mentioned the utility and problems of surface

X-ray diffraction technique and then, the lack of effective analysis methods

of CTR scattering data was raised as a fundamental issue in this dissertation.

In chapter 2, developed analysis technique based on Bayesian inference
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of CTR data was introduced. We have two difficulties in the direct space

method. One is the lack of efficient algorithm to search global minimum

of the complex model composed of 10 to 100 of structural parameters. The

second is the lack of qualitative technique to evaluate the precision and accu-

racy of refined parameters. The developed Bayesian inference combined with

Monte-Carlo technique enables us to obtain the parameters as probability

distribution within a realistic time scale (2 to 3 days per one sample). The

performance of software is demonstrated by applying it to a virtual measure-

ment data for a structural model of LaAlO3 thin film on SrTiO3 substrate.

After that, we have shown that it is applicable to actual experimental data.

Finally, as an example of practical application, we demonstrated the data

analysis for the differential measurement data to conduct external electric

field switching effect to the polarized structure of LaAlO3/SrTiO3 interface.

In chapters 3 to 5, the origin of the unique physical properties was dis-

cussed from the interface structure of the interface between Ni and Mn oxides

using the analysis software shown in chapter 2.

The thickness dependent transport properties of LaNiO3 thin films(1

to 5 unit-cell thick) on (001) surface of SrTiO3(LNO/STO) and

LaAlO3(LNO/LAO) were investigated by structural aspects in chapter 3.

Samples on both substrates exhibit the metal insulator transition when the

thickness is less than 3 u.c. thick. The behavior of density of state observed

by the photo emission spectra suggests the different mechanism of MIT for

LNO/STO and LNO/LAO. In case of LNO/STO, we found a characteristic

expansion of c-lattice(3.90 Å) spacing in early stage of LNO growth. This

large c-lattice indicates the oxygen vacancy formation around the interface.

The X-ray absorption spectra showing the existence of Ni2+ supports this

oxygen-vacancy driven MIT mechanism. For LNO/LAO, we confirmed no

clear thickness dependence of LNO cell volume. The structural feature we

have discovered is a large structural disorder in about two layers of the sur-

face. Such a disordered structure promotes insulating property of LNO’s

Anderson localization. A metallic layer with little structural disorder re-

mains in the thicker metallic samples between the surface and interface

while thinner films are composed of these disordered layers.

In chapter 4, the thickness dependence of the structure of

LaMnO3(LMO) thin films on (001) surface of SrTiO3 substrate, whose mag-

netization is basically debated on the charge transfer effect between transi-

tion metal sites, was investigated. To extract the Mn valence distribution

of LMO due to charge transfer effects, we observed resonant CTR data near

the Mn K-edge CTR in addition to off-resonant condition data of 2, 4, 7

and 10 u.c thick LMO/STO samples. The observed c-lattice spacing was
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3.92 Å and 3.94 Å ∼ in middle laters and surface region for LMO samples.

The results of the energy spectra of CTR signal revealed no outstanding

charge transfer occur in 4 u.c. sample. In case of thicker ferromagnetic

samples, a certain amount of Mn4+ is introduced in the center of LMO. In

addition, the sharp peaks in energy spectra derived from Mn2+ concentrated

at LMO/STO interface were observed for 7 and 10 u.c. thick samples. This

result is consistent with the self doping mechanism of LMO/STO.

In chapter 5, the structure of 5+5 u.c. thick of LaNiO3/LaMnO3(NMT)

and LaMnO3/LaNiO3(MNT) double layer on SrTiO3 substrate were inves-

tigated. The resonant CTR data were analyzed to determine the valence

distribution of Mn ion. In addition, the reported stacking order dependence

of ferromagnetism derived from the chemical perturbation was examined.

We found several stacking order dependence of structure and Mn valence

distribution. The c-lattice spacing of LNO region in NMT and MNT is

3.8Å. This is the same value as metallic state of LNO on STO substrate.

However, the different values of c in LMO region were observed, 3.94Å for

NMT and 3.91 Å for MNT. The clear difference of spatial distribution of

Mn4+ was also observed. The Mn4+ state is concentrated in Mn/Ni in-

terface for NMT while Mn4+ is homogeneously distributed in entire LMO

region for MNT. This trend is consistent with the larger c-lattice spacing of

LMO in NMT than MNT because of smaller ionic radii of Mn4+ than Mn3+.

This result suggests that the origin of ferromagnetism of the multilayer film

in which two kinds of stacking order are different. For NMT sample, the

ferromagnetism is derived from concentrated Mn4+ suggesting the results

of large charge transfer across the interface. The ferromagnetic Mn4+-Ni2+

superexchange is expected around the interface. MNT sample shows no re-

markable charge transfer but has a uniform hole concentration throughout

LMO region, which strengthen the double exchange interaction.

In this dissertation, following subjects are accomplished as general ap-

plication or quantum study of 2 dimensional electronic state of strongly

correlated materials.

The high precised structural analysis of surface/interface structure was

achieved by Bayesian inference of CTR scattering data. MC software solves

the difficulties of parameter optimization and validates appropriate struc-

tural models quantitatively. Semi-automatic and high-speed analysis enables

systematic investigation of the interface as the studies for the bulk. The

spatial resolution of 0.02 Å for atomic position, application for in-situ mea-

surements, and temperature variation are features that cannot be realized

by other methods.

We focused on the perovskite oxide interface and showed the utility of
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developed analysis technique for structural matter physics of the interface.

For example, we successfully explained the origin of insulating properties due

to the difference in the substrate in LNO from structural information. In

this way, we have completed the fundamental approach for structural-based

physics on the interface as in case of the bulk research. This method is

expected to make a great contribution to researches on phenomena peculiar

to the interface of any materials because of its versatility of target materials.

Future prospects are to apply this method to various materials such as

solid/liquid interfaces, and in-situ measurements.

The problem with the developed analysis method is the difficulty in

identifying the position of light elements such as oxygen. This is a disad-

vantage in the characteristic of X-ray. This problem can be solved by the

development of coherent light sources and collaboration with first-principles

calculations. The development of a coherent X-ray light source enables

us to visualize in-plane structural roughness as an in-plane distribution of

structural domains or step-terrace surface. Our developed software demon-

strates the in-plane averaged structural model construction structure using

the atomic occupancy. If the in-plane structural disorder can be visualized

specifically without expression by atomic occupancy, the position of oxygen

atoms can be optimized by first-principles calculations from the obtained

lattice.

Recent developments in surface x-ray diffraction include the elucida-

tion of the static structure of complex surfaces/interfaces and time-resolved

measurements of materials with simple surface structures. This study is pro-

posed as an effective tool for the former. The latter includes the X-ray pho-

ton correlation spectroscopy analysis of CTR scattering intensity using co-

herent light source[163], a method using a high-energy x-ray[164, 165], and a

method using a multi-wavelength light source and a special equipment[166].

For example, the time resolved measurements of crystal growth of thin

films[167] provides more suitable conditions for film fabrication. The data

accumulation of optimized film fabrication conditions enables a prediction

of crystal growth pattern by machine learning and builds more stable inter-

facial structures, which has already developed for X-ray diffraction data of

bulk crystals. The static structure obtained from our analysis method is a

useful starting point of the research of time evolution of the structure.
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[35] M. Björck, C. M. Schlepütz, S. A. Pauli, D. Martoccia, R. Herger, and

P. R. Willmott. J. Phys. Condens. Matter., 20, 445006 (2008).

[36] T. Takahashi, K. Sumitani, and S. Kusano. Surf. Sci., 493, 36 – 41

(2001).

[37] Y. Yacoby, M. Sowwan, E. Stern, J. O. Cross, D. Brewe, R. Pindak,

J. Pitney, E. M. Dufresne, and R. Clarke. Nature Mat., 1, 99–101

(2002).

[38] M. Sowwan, Y. Yacoby, J. Pitney, R. MacHarrie, M. Hong, J. Cross,

D. A. Walko, R. Clarke, R. Pindak, and E. A. Stern. Phys. Rev. B,

66, 205311 (2002).

[39] Y. Wakabayashi, M. Nakamura, K. Sasaki, T. Maeda, Y. Kishi,

H. Ishii, N. Kobayashi, S. Yanagisawa, Y. Shimo, and Y. Kubozono.

J. Am. Chem. Soc., 140, 14046–14049 (2018).

151



BIBLIOGRAPHY

[40] E. Cohen, S. Yochelis, O. Westreich, S. Shusterman, D. P. Kumah,

R. Clarke, Y. Yacoby, and Y. Paltiel. Appl. Phys. Lett., 98, 243115

(2011).

[41] E. Vlieg. J. Appl. Cryst., 33, 401–405 (2000).

[42] V. Vonk. J. Appl. Cryst., 44, 1217–1221 (2011).

[43] W. H. Press, S. A. Teukolsky, W. T. Vetterling, and B. P. Flannery.

Numerical recipes in C : the art of scientific computing, pages 436–447

(1988).

[44] E. Landree, C. Collazo-Davila, and L. D. Marks. Acta Crystallograph-

ica Section B, 53, 916–922 (1997).

[45] M. Björck and G. Andersson. J. Appl. Cryst., 40, 1174–1178 (2007).

[46] M. Björck. J. Appl. Cryst., 44, 1198–1204 (2011).

[47] W. v. d. Linden, V. Dose, and U. v. Toussaint. Bayesian Probability

Theory: Applications in the Physical Sciences. Cambridge University

Press, New York, NY, USA, (2014).

[48] A. Gelman, J. B. Carlin, H. S. Stern, and D. B. Rubin. Bayesian Data

Analysis. Chapman and Hall/CRC, 2nd ed. edition, (2004).

[49] H. Szu and R. Hartley. Phys. Lett. A, 122, 157 – 162 (1987).

[50] R. L. McGreevy and L. Pusztai. Mole. Simu., 1, 359–367 (1988).

[51] M. D’Alessandro and F. Cilloco. Phys. Rev. E, 82, 021128 (2010).

[52] M. D’Alessandro. Phys. Rev. E, 84, 041130 (2011).

[53] S. Ikeda and H. Kono. Opt. Express, 20, 3375–3387 (2012).

[54] M. Hoshino, Y. Nakanishi-Ohno, and D. Hashizume. Sci. Rep., 9,

11886 (2019).

[55] N. Metropolis, A. W. Rosenbluth, M. N. Rosenbluth, A. H. Teller, and

E. Teller. J. Chem. Phys., 21, 1087–1092 (1953).

[56] B. Efron. Biometrika, 68, 589–599 (1981).

[57] H. Zhou, R. Pindak, R. Clarke, D. M. Steinberg, and Y. Yacoby. J.

Phys. D: Appl. Phys., 45, 195302 (2012).

152



BIBLIOGRAPHY

[58] A. D. Caviglia, S. Gariglio, N. Reyren, D. Jaccard, T. Schneider,

M. Gabay, S. Thiel, G. Hammerl, J. Mannhart, and J.-M. Triscone.

Nature, 456, 624–627 (2008).

[59] C. Bell, S. Harashima, Y. Kozuka, M. Kim, B. G. Kim, Y. Hikita, and

H. Y. Hwang. Phys. Rev. Lett., 103, 226802 (2009).

[60] M. Minohara, Y. Hikita, C. Bell, H. Inoue, M. Hosoda, H. K. Sato,

H. Kumigashira, M. Oshima, E. Ikenaga, and H. Y. Hwang. Sci. Rep.,

7, 9516 (2017).

[61] R. Yamamoto, H. Morisaki, O. Sakata, H. Shimotani, H. Yuan,

Y. Iwasa, T. Kimura, and Y. Wakabayashi. Appl. Phys. Lett., 101,

053122 (2012).

[62] R. V. Wang, D. D. Fong, F. Jiang, M. J. Highland, P. H. Fuoss,

C. Thompson, A. M. Kolpak, J. A. Eastman, S. K. Streiffer, A. M.

Rappe, and G. B. Stephenson. Phys. Rev. Lett., 102, 047601 (2009).

[63] K. Nagai, M. Anada, Y. Nakanishi-Ohno, M, Okada, Y, Wakabayashi.

J. Appl. Cryst., accepted, (2019).

[64] S. Sasaki. KEK Report 88-14, (1989).

[65] J. c. v. Chaloupka and G. Khaliullin. Phys. Rev. Lett., 100, 016404

(2008).

[66] A. S. Disa, F. J. Walker, S. Ismail-Beigi, and C. H. Ahn. APL Mater.,

3, 062303 (2015).

[67] S. Middey, J. Chakhalian, P. Mahadevan, J. Freeland, A. Millis, and

D. Sarma. Annu. Rev. Mater. Res., 46, 305–334 (2016).

[68] M. L. Medarde. J. Phys. Condens. Matter., 9, 1679–1707 (1997).
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W. M. Lü, M. Motapothula, L. S. Fan, J. A. Turcaud, L. R. Dedon,

C. Frederick, R. J. Xu, R. Gao, A. T. N’Diaye, E. Arenholz, J. A.

Mundy, T. Venkatesan, D. A. Muller, L.-W. Wang, J. Liu, and L. W.

Martin. Phys. Rev. Lett., 119, 156801 (2017).

156



BIBLIOGRAPHY

[113] J. A. Mundy, Y. Hikita, T. Hidaka, T. Yajima, T. Higuchi, H. Y.

Hwang, D. A. Muller, and L. F. Kourkoutis. Nat. Commun., 5, 3464

(2014).

[114] X. Hong, A. Posadas, and C. H. Ahn. Appl. Phys. Lett., 86, 142501

(2005).

[115] X. Zhai, L. Cheng, Y. Liu, C. M. Schlepütz, S. Dong, H. Li, X. Zhang,
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Appendix A

Format of input files for MC

software

Input text files for MC software(Replica exchange ver.) are needed to

be written as follows.

(a)Bulk structure file

1st line: a b c α β γ

2nd ∼: N site-index x y z B occ
...

1st line: The lattice constants of bulk structure

2nd ∼: Atomic number, the index number of atoms in the same site,

fractional atomic position x, y, z, atomic displacement parameter, atomic

occupancy

(b)Film structural parameters file

1st line: Intensity-scale Noise-scale Noise-value Bulk-B

2nd : Introduction of the format of 3rd∼ lines

3rd∼: Atom-index N x y z B toccf foccf foccf-2 fitting-switch

x-index x-param x-ratio· · · x-MIN x-MAX · · ·

•Atom-index: The index number of atoms. The start number is 0.
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Figure A.1: Example of Bulk structure file. (pseudo cubic LaAlO3(001)
substrate)

•N: Atom number (Example, the value of N for Oxygen is 8.)

·x, y, z: Fractional atomic position. The interface position is z = 0 and

positive number is the direction to the surface side.

•B: Atomic displacement parameter

•toccf, foccf, foccf2: Total atomic occupancy, fractional atomic occupancy,

fractional atomic occupancy of different valence state of the same atom.

Atomic occupancy is calculated by toccf × foccf × foccf2. foccf is utilized

for the atomic interdiffusion. foccf2 is utilized for the fraction of different

valence state in this

•fitting-switch: The number to refine the parameters written in the same

line. Please enter the number composed of 0(off) or 1(on). The number of

each digit corresponds to the each parameters from the left number. For

example, if you write ‘1111111’, all parameters(x ∼ foccf-2) of the atom

written in this line are refined. If you would like to refine only z and B,

please write ‘11000’, not ‘0011000’. The leading numbers ‘00’ correspond

to x and y must be omitted.

•x-index: The number of atom index to connect the parameter of an atom

in this line.

•x-param: The number of ‘parameter number’ to connect the parameter of

an atom in this line. The parameter numbers are x: 0, y: 1, z: 2, B: 3,

toccf: 4, foccf: 5, foccf-2: 6.

•x-ratio: The magnification of the value of MC step of the parameter to

that of the target parameter. For example, if you want to move x

•x-MAX, x-MIN: The maximum and minimum value of the parameter.

The MC step to the out side of [x-MIN, x-MAX] is prohibited.

Please write x-ratio, x-param, x-ratio and x-Max, x-Min for all pa-
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A Format of input files for MC software

rameters.

Figure A.2: Film structural parameters file. 2 unit-cell thick LaMnO3 (Part
1)

Figure A.3: Film structural parameters file. 2 unit-cell thick LaMnO3 (Part
2)

(c)Intensity data file

h k l Iexp Icalc Istat anomalous-num relative-intensity-scale-index

relative-intensity-scale-value Energy
...

• h, k, l: The value of Q = h, k, l

• Iexp: Experimental value of intensity at h, k, l.

• Icalc: the calculated value of the intensity from the model. Input value of

Icalc has no effects on the calculation.

• Istat: The value of statistical noise.
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Figure A.4: Film structural parameters file. 2 unit-cell thick LaMnO3 (Part
3)

• anomalous-num: ‘Anomalous number’ same as the anomalous scattering

factor file.

• relative-intensity-scale-index: The index of the intensity with different

value of scale factor.

• relative-intensity-scale-value: The relative value of the intensity scale

to that with relative-intensity-scale-index = 0. The value of ‘relative-

intensity-scale-value’ with relative-intensity-scale-index = 1∼ is the scale

parameter of MC calculation. The value of ‘relative-intensity-scale-value’

with relative-intensity-scale-index = 0 is fixed.

Figure A.5: Example of Intensity data file.

(d)Anomalous scattering factor file

N f ′ f ′′
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A Format of input files for MC software

...

Please write atomic number N, the value of f ′(E) and f ′′(E). You

need to create one anomalous scattering factor file per energy E. The file

name corresponding to anomalous-num = 0 is ‘anomalous.dat’, and those

of files after anomalous-num = 1 ∼ are anomalous1.dat, anomalous2.dat,

. . ..

Figure A.6: Example of Anomalous scattering factor file.

All numbers written in these files are necessary to be separated by tab

character. Please put these files into the current directory for analysis with

.exe file. To execute this software, please write the bellow command on

command line as

”Software-name(.exe) Bulk-structure-filename Intensity-filename

Initial-structural-parameters-filename output-filename The-highest-

inverse-temperature The-lowest-inverse-temperature Iteration-number”

Total number of arguments is 8. Please add extension of input file-

names except for output-filename. The number of replicas and the

frequency of exchanging replicas are controlled in source code.

After MC calculation, a folder named as the ‘outputfile’ will be created.

The following files will be created in that folder.
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(a)output-filename.log

The values of the cost function per 100 MC steps of all replicas are

recorded. Parameters convergence is judged by whether the value of cost

function is stable or not.

(b)output-filename-n.pos

(c)output-filename-n.dat

(b)Film structure file and (c)Intensity file of the final result(one sam-

ple) of MC calculation for each replica n. These files have the same format

as the input files, so they can be used as initial values for the next MC

calculation.

(d)output-filename-n.par

A file that records the transitions of all optimized parameter values.

The posterior probability distribution of parameters is generated from this

file.
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