
LOCAL STRUCTURES AROUND SOME IMPURITY 

ATOMS IN TiO2, BaTiO3 AND CeO2 STUDIED BY 

SYNCHROTRON X-RAY ABSORPTION 

SPECTROSCOPY 

 

 

 

 

Darin  Onkaw 

 

 

 

 

 

 

 

 

A Thesis Submitted in Partial Fulfillment of the Requirements for the 

Degree of Doctor of Philosophy in Physics 

Suranaree University of Technology 

Academic Year 2010 



โครงสรางโดยรอบอะตอมสารเจือบางชนิดใน TiO2 BaTiO3 และ CeO2  
ศึกษาโดยวิธีการดูดกลนืรังสีเอ็กซจากแสงซนิโครตรอน 

 
 
 
 
 
 

 
 
 

นางดาริน  ออนขาว 
 
 
 
 
 

 
 
 
 
 
 

วิทยานิพนธนีเ้ปนสวนหนึง่ของการศึกษาตามหลักสูตรปริญญาวิทยาศาสตรดุษฎีบณัฑิต 
สาขาวิชาฟสิกส 

มหาวิทยาลัยเทคโนโลยีสุรนารี 
ปการศึกษา  2553 



LOCAL STRUCTURES AROUND SOME IMPURITY 

ATOMS IN TiO2, BaTiO3 AND CeO2 STUDIED BY 

SYNCHROTRON X-RAY ABSORPTION 

SPECTROSCOPY 

 

 Suranaree University of Technology has approved this thesis submitted in 

partial fulfillment of the requirements for the Degree of Doctor of Philosophy. 

Thesis Examining Committee 

________________________________ 
(Asst. Prof. Dr. Chinorat  Kobdaj) 

Chairperson 

________________________________ 
(Dr. Saroj  Rujirawat) 

Member (Thesis Advisor) 

________________________________ 
(Prof. Dr. Sukit  Limpijumnong) 

Member 

________________________________ 
(Asst. Prof. Dr. Prayoon  Songsiriritthigul) 

Member 

________________________________ 
(Dr. Wantana  Klysubun) 

Member 

 

________________________________ ________________________________ 
(Prof. Dr. Sukit  Limpijumnong) (Assoc. Prof. Dr. Prapun  Manyum) 

Vice Rector for Academic Affairs Dean of Institute of Science 



ดาริน  ออนขาว : โครงสรางโดยรอบอะตอมสารเจือบางชนิดใน TiO2 BaTiO3 และ CeO2 
ศึกษาโดยวิธีการดูดกลืนรังสีเอ็กซจากแสงซินโครตรอน (LOCAL STRUCTRUES 
AROUND SOME IMPURITY ATOMS IN TiO2, BaTiO3 AND CeO2 STUDIED BY 
SYNCHROTRON X-RAY ABSORPTION SPECTROSCOPY) อาจารยที่ปรึกษา : 
อาจารย ดร. สาโรช รุจิรวรรธน, 129 หนา. 
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ตําแหนงของสารเจือในวัสดุที่มีอนุภาคขนาดเล็ก ในระบบที่ถูกเลือก 3 ชนิด ไดแก สารประกอบ
ไทเทเนียมไดออกไซดเจือดวยกํามะถัน สารประกอบแบเรียมไทเทเนตเจือดวยแมงกานีส และ
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เปนอีกทางเลือกหนึ่ง 
 ในระบบของสารประกอบไทเทเนียมไดออกไซดเจือดวยกํามะถันซึ่งเปนตัวเรงปฏิกิริยา
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ซัลเฟต (SO4

2-) และมีความเปนไปไดสูงวาจะเกาะอยูบนผิวของอนุภาคผลึก นอกจากนี้ ยังไม
สามารถตรวจพบสารประกอบ TiSxO2-x ซ่ึงขัดแยงกับความเชื่อของผูวิจัยเกี่ยวกับตัวเรงปฏิกิริยาดวย
แสงบางกลุม 

ในการศึกษาจุดกอกําเนิดโดเมนที่มีโครงสรางแบบเฮกซะโกนอลของสารประกอบแบเรียม
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ตาม 

สําหรับการศึกษาอนุภาคของสารประกอบซีเรียมออกไซดเจือดวยเหล็ก ซ่ึงเปนสารกึ่ง
ตัวนําเจือจางดวยสารแมเหล็ก ในกลุมสารประกอบออกไซด พบวา อะตอมของเหล็กกอตัวเปน
โดเมนขนาดจุลอนุภาคในรูปของสารประกอบเหล็กออกไซด (Fe2O3) ในสารตัวอยางซีเรียม
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อุณหภูมิหองของสารประกอบออกไซดชนิดสารกึ่งตัวนําเจือสารแมเหล็กตัวนี้ ควรรวมผลอันเกิด
เนื่องจากการมีอยูของโดเมนขนาดเล็กของเหล็กออกไซด เขาไปดวย 
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 This work is focused on utilizing the synchrotron-based x-ray absorption 

spectroscopy (XAS) to pin-point the atomic location of doping atoms in nano-

crystalline materials. Three systems of materials were selected for the investigation 

namely: S-doped TiO2, Mn-doped BaTiO3, and Fe-doped CeO2. Characterizations of 

these nano-crystalline materials by standard methods failed to give satisfying result. 

On the other hand, XAS was shown to be the method of choice. 

 In S-doped TiO2 photo-catalytic nanocrystal system, it was shown that the 

majority of sulfur atoms are in the form of (SO4)2-, possibly attached to the surface of 

nanocrystals. The trace of TiSxO2-x alloys was undetected. This finding is contradicted 

to the standard believe in the major photo catalytic community.  

 In the study of Mn-doped BaTiO3 nano-crystalline ferroelectric powder, the 

origin of hexagonal domains in Mn-doped BaTiO3 ferroelectric powder was 

investigated. Mn atoms were found to reside in Ti(1) and Ti(2) hexagonal sites of 

BaTiO3 regardless of what Mn concentration was. This suggests that Mn is the key 

component that induce the formation of sub-nano hexagonal domains in Mn-doped 

BaTiO3, even though pure BaTiO3 is tetragonal at room temperature. 
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 For the investigation of Fe-doped CeO2 oxide based diluted magnetic 

semiconductor nanocrystals, it was found that Fe atoms were in the form of Fe2O3 

sub-nano domains in Fe-doped CeO2 nanocrystalline samples. This finding suggests 

that the explanation of the room temperature ferromagnetic behavior of this oxide 

based diluted magnetic semiconductor should include the existing of Fe2O3 sub-nano 

domains.  

 From the results obtained from the three systems, it was demonstrated that the 

synchrotron-based XAS is suitable for the investigation of atomic location of the 

interested dopants in nanocrystal materials. It is concluded that, in special 

applications, XAS (when coupled with suitable calculation) provide more advantages 

such as better structural detection limit and better resolving resolution, over the 

standard characterization methods such as XRD and TEM.    
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CHAPTER I 

INTRODUCTION 

 

 The perfect crystal is normally not found in the world. Most of them usually 

contain some defects. However the defect is not a bad thing. In natural gemstone, 

impurities can be identified as color centers. For example, the chemical formula of 

sapphire is alpha aluminum oxide, α -Al2O3, a less than percent of titanium and iron 

will make the sapphire blue, while a little bit of chromium results in a deep red ruby. 

The discovery of semiconducting diode in 1874 is another good example for defect. 

The impurities atom or dopant will be introduced into an intrinsic semiconductor to 

increase the carrier. For doped semiconductor, there is some localized state in 

between the band gap which can lead to the reduction of band gap. 

 There are various types of defects in crystal such as point defect, line defect, 

surface defect or bulk defect. The most we concerning about in this thesis is the point 

defect.   

 

 

Figure 1.1 Three types of point defects. 

Vacancy 

Interstitials 

Substitution 



 

2

 The point defect consists of the lattice vacancy, self interstitial atom, substation 

impurity atoms and interstitial impurity atom. The lattice vacancy occurs when an 

atom is missing from its site. The interstitial mean that an atom has occupied the site 

which is not the true lattice site of structure. The interstitial atom can be an impurity 

or the same atomic component in that material. The substitution occurs when the 

impurity atom replacing atom in the lattice site. This type of defect can be resulting in 

the changing of electronic properties (Wang et al., 2009), magnetic properties 

(Meansiri et al., 2009; Matsumoto et al., 2010) or optical properties (Umebayashi et 

al., 2002; 2003). To identify, the type of defect, researcher much find the way to 

probe material at atomic resolution. 

 There is a general desire among material researchers to be able to “see” the 

atom in materials with high resolution. It may be a long quest in science on the 

attempt to find a new way to see the structure of materials at atomic scale. For this 

purpose, x-ray diffraction (XRD) is one of the earliest methods developed in the 

1900s. (Cullity and Stock, 2001) By employing the interference nature of x-ray wave, 

the structure of material periodic symmetry could be resolved with high resolution. 

Normally, the field of crystallography deals with extracting of information from x-ray 

diffraction. A large number of crystals have been studied and tremendous amount of 

information has been uncovered by x-ray diffraction alone. The most famous example 

is the discovery of DNA structure in 1950s. (Watson and Crick, 1953) In the present 

day, protein crystallography technique still uses the similar x-ray diffraction 

procedure that could be traced back to the one that was pioneered by the Braggs. 

 In 1920s, the field of electron microscope has been developed by Ruska (Ruska, 

1980). With in a short time, it has been realized that the wave-particle duality could 
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extend the use of electron beam into the microscopy field. The shorter wavelength of 

high energy electron beam led to higher magnification.  The modern, high resolution 

transmission electron microscope (HRTEM) could resolve the structure of crystal at 

atomic scale easily. Moreover, it is not difficult to extract the crystal structure form a 

high resolution electron micrograph due to the fact that the information is given in an 

image form. These make electron microscope to be one of the popular tools to be used 

in modern material research. Furthermore, several cross-bred techniques between x-

ray diffraction and electron microscope have evolved such as electron diffraction and 

x-ray microscopy. 

 In 1980s, yet another type of microscope, the scanning tunneling microscope 

(STM) has been invented. (Binnig and Rohrer, 1986) This new family of microscopes 

utilizes the tunneling effect in quantum mechanics to create the microscopic image of 

materials surface. The imaging tip can be positioned precisely using piezoelectric 

material. By scanning and controlling the position of imaging tip precisely and 

recording the tunneling current between the tip and the sample, a topographic image 

of the surface can be created. The atoms on the surface could be imaged with 

unprecedented resolution. Based on similar idea, several types of scanning probe 

microscope have been evolved, including a popular one:  atomic force microscope 

(AFM). 

 Even though, the method to view material structure at atomic scale has been 

achieved for a long time, there still be some limitations for any technique to be 

universally employed. XRD could be applied effectively only when the sample is in 

crystal form. Moreover, the randomly distributed atoms in crystal such as impurities 

or dopants in semiconductor may not be resolved by x-ray diffraction at all. The 
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transmission electron microscope faces the similar obstacle. To obtain a high 

resolution TEM image, the sample must be specially prepared. In a proper TEM 

sample, the materials should have at least several layers of periodic atomic rows and 

columns to scatter enough electrons to make contrast of the image. The STM could 

achieve the resolution lower than fraction of a single atom. However, STM is 

applicable only in the region near surface of material. The random distributed atoms 

inside the material are inaccessible by those techniques described above. 

 At present, the nanotechnology has gradually changed the direction of high 

technology industries such as semiconductor, electronics and chemical industries with 

the nano-world based information. Novel nanostructures are invented in a daily basis 

in many high-tech laboratories around the world. The nanocrystal, the simplest class 

of nano structure, has already made a large impact on the catalytic industry due to its 

superior surface area. By doping nanocrystal with selected impurity atoms, the 

performance of the material can be even enhanced.  

 However, to allow the material to work properly, the atoms must be sitting in 

the “right” position in the sub-nano lattice of nanocrystals. The new basic problem 

arise when dealing with nanostructure: where in the nano-world, “the atom” is ? The 

precise structure of materials is needed for the systematic improvement of the material 

characteristics for new applications, i.e. the optical absorption of a nanocrystal may be 

tailor- made if the basic composition and structure are known.  

 In order to precisely find the atomic arrangement in those nanostructures, 

several characterization techniques must be employed. In many cases such as locating 

the position of impurities in nanocrystal, the standard methods such as XRD, TEM, 

STM and AFM can not be utilized and failed to give the final answer. A compliment 
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characterization technique is needed to answer such a basic (but very important) 

question.    

 In this thesis, it is proposed to use the method called X-ray absorption 

spectroscopy (XAS) to “view” the impurity atoms in some selected nano-crystalline 

materials at atomic scale resolution. XAS is not a new technique since it was 

developed in 1920s. (Kossel, 1920) However, the early days of XAS usage was 

limited to the study materials of known structure due to limitation in theory and 

computation resource. During 1970s, XAS has evolved into a powerful tool after the 

extended x-ray absorption fine structure (EXAFS) technique has been developed. 

(Sayers, Stern, and Lytle, 1971) At present, the x-ray absorption near edge structure 

(XANES) technique is reaching its maturity. (Rehr and Albers, 2000) The XAS, 

available at most of the synchrotron radiation facilities, has become a versatile and 

unique technique for probing the “unreachable” atom in many materials. 

 In this thesis, the local structures around dopant atoms in three systems are 

investigated. They are selected because the standard characterizations can not provide 

the clear information about where the dopant atom should be. 

 Titanium dioxide (TiO2) is a wide band gap semiconductor which has band gap 

∼  3.2 eV. There are commonly found in natural in three forms: rutile, anatase and 

brookite. Since the discovery of its ability as a photoelectrochemical decomposition of 

water under irradiation with light and without any applied electric power, TiO2 has 

received an attention from worldwide (Fujishima and Honda, 1972). TiO2 has a long 

term stability, non toxicity, low cost and commercial available, it is safe to use in 

many applications. TiO2 has an ability to decompose different kind of organic and 

inorganic wastes in both liquid and gas phase. Their applications on these properties 



 

6

are the self-cleaning windows, an antibacterial (Dunnill et al., 2009), water treatment 

(Liga et al., 2010). However, the much higher intensity of visible light region than the 

others region which is irradiated by the sun, lead to the reduction of band gap. 

 There are many affords to dope titanium dioxide with various elements such as 

transition metal (Matsumoto et al., 2001; Liga et al., 2010; Senthilnanthan et al., 

2010; Zhao et al., 2010), transition metals, others metal (Shi et al., 2010; Zielinska et 

al., 2010), non-metal atoms (Trenczek-Zajac et al., 2009) or even the organic 

materials. In this work S-doped TiO2 is investigated. 

 The second system is Barium Titanate (BaTiO3). BaTiO3 is a well-known 

electroceramics material which is widely used in many applications such as thin film 

capacitors, thermistors, chemical sensors, and piezoelectric devices (Wang et al., 

2009). Due to its excellent ferroelectric properties and the high dielectric constant at 

room temperature, the tetragonal BaTiO3 has caught highly interests from the 

researchers worldwide. Hexagonal Mn-doped BaTiO3 is studied as the second system. 

 The cerium oxide (CeO2) is a photo catalytic material which is widely used in 

many applications such as fuel cells, catalysis luminescent, sensor and cosmetics. 

Recently, it has been reported that, the oxide based diluted magnetic semiconductor 

(O-DMS), Fe-doped CeO2 exhibits ferromagnetic (FM) at room temperature. (Mansiri 

et al., 2009 and Brito et al., 2010) The room temperature FM behavior of O-DMS can 

be potentially useful for spintronics devices.  It was proposed that Fe can be 

incorporated in the fluorite lattice of CeO2. However, it is not clear that the 

ferromagnetic property comes from Fe in CeO2 or the very small ferrite domains in 

CeO2 nano-particles. 
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 The detail studies of local structure around impurity atoms in the three systems 

will be described in the following chapters. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

CHAPTER II 

RESEARCH METHODOLOY 

 

2.1 X-Ray Absorption Spectroscopy 

 X-ray absorption spectroscopy (XAS) is a powerful technique to determine the 

local structure around the absorbing atom. The XAS spectra are found to be sensitive 

to the oxidation state, coordination number and distance, type of neighboring atoms 

and their configurations. Since XAS is an atomic probe (≈  6 Å from absorbing atom), 

the crystalline property is not required for XAS measurement. This makes XAS 

applicable to non-crystalline and highly disorder systems such as solution and doped 

sample. In many cases, including this work, XAS can be performed on elements of 

minority and even trace abundance, giving a unique and direct measurement of 

chemical and physical state of dilute species in a variety of systems. 

 

 2.1.1 Theoretical Background 

 X-ray absorption spectroscopy measures the absorption of x-ray or absorbance 

as a function of x-ray photon energy, E ω= . The x-ray absorption coefficient is 

determined from the decay in the x-ray beam intensity I  with distance x . Let us 

consider a loss of intensity di  in each infinitesimal slab of material dx  as shown in 

figure 2.1. 
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Figure 2.1 The schematic view of x-ray absorption. 

 

 If the intensity after pass through the cross section a is reduced by the constant 

parameter define asμ ,  

     di i
dx

μ= ,    (2.1) 

     di dx
i

μ= .    (2.2) 

Do integral overall thicknesses, the total intensity after pass through the sample can be 

written in the form: 

              0
xI I e μ− ⋅= .    (2.3) 

The constant parameter μ  is defined to be an x-ray absorption coefficient which is 

found to be depending on energy and atomic number of sample, Z. The x-ray 

absorption or absorbance can be expressed in the term of multiplication of x-ray 

absorption coefficient,μ  and thickness, x  

            0

1

ln Ix
I

μ ⋅ = .          (2.4) 

If the absorption coefficient is plotted as a function of energy, the given spectrum is 

called x-ray absorption spectrum or XAS spectrum as shown in figure 2.2. 

a

dx  

x

0I  i I
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Figure 2.2 The schematic view of x-ray absorption coefficient as a function of 

incident photon energy. Four x-ray edges are shown: K, L1, L2 and L3 [adapted from 

(Rehr and Albers, 2000)]. 

 

 The XAS spectrum is generally found that the x-ray absorption is decreasing 

with increasing of photon energy. The presence of the sharp rise at certain energy is 

called “edge” or “absorption edge”. Each absorption edge is related to the quantum-

mechanical transition by exciting a particular atomic core-orbital electron to the 

continuum level, as shown in figure 2.3. The absorption edge is named after the 

electron origin in the core orbital, for example, K-edges refer to transition that excite 

the innermost 1s electron. The energy that provides the first maximum rise is called 

“edge energy”. The position of edge energy is unique to a given absorbing atom and 

will be shifted to the higher energy as the oxidation state increasing, as shown in 

figure 2.4. The energies at K-edge for the elements in their non-oxidized natural forms 

are shown in figure 2.5. 
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Figure 2.3 The relationship between the energy transitions and absorption edges 

[adapted from (Rehr and Albers, 2000)]. 

 

Figure 2.4 The XAS spectrum of BaTiO3. Both Ti K-edge and Ba L3-edge are shown. 

Ti K-edge 

 



 

Figure 2.5 The periodic table represent the electron binding energy for 1s electron transition. 12 
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 Basically, there are two regions of interest in XAS spectra as shown in figure 

2.6. The first one is the x-ray absorption near edge structure or XANES. XANES 

covers the range between the thresholds of the absorption edge to the energy around 

30 eV from the absorption edge. Since it gives a large signal, therefore XANES can 

be utilized at lower concentration and does not require a perfect sample condition. 

XANES contains information about oxidation state, the configuration of neighboring 

atom, and gives a unique spectrum which can be use as fingerprint of any material. 

With the help of first principle calculation, the interpretation of XANES can be done. 

However, the analysis is quite difficult and complicate, therefore, at present, the 

quantitative analyzes of XANES using this method are only for the veterans and not 

available for the mass yet. The small feature appears before edge in some kind of 

sample is called “pre-edge” as shown in inlet of figure 2.6. This feature which is 

caused by electronic transitions to empty bound states is also used for XANES 

analysis. The second region is the extended x-ray absorption fine structure or EXAFS. 

This region is extends to the energy about 500-1000 eV after the edge. The EXAFS 

spectrum, ( )Eχ can be inferred to the oscillatory part of x-ray absorption above the 

given absorption edge, as seen in figure 2.7,  

    0

0

( ) ( )( ) E EE μ μχ
μ
−

=
Δ

,   (2.5) 

where 0 ( )Eμ is the smoothly varying atomic-like background absorption and 0μΔ is a 

normalization factor that arises from the net increase in the total atomic background 

absorption at the edge or edge step. 

 

 



 

14

 

Figure 2.6 Normalized XAS spectrum at Ti K-edge of Ti foil measured at Siam 

Photon Laboratory. Inlet: The feature of pre-edge. 

 

Figure 2.7 The relationship between the x-ray absorption coefficient ( )Eμ , the 

smooth atomic-like background 0 ( )Eμ , and EXAFS spectrum ( )Eχ for Ti K-edge. 

0μΔ  
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 The 0 ( )Eμ  can be derived from the semi-classical approach which is based on 

assumption that there is no interaction between atoms in material. Let us consider the 

scattering by a multi-electron atoms, the scattering cross section can be defined as 

    22 2( ) sine
d r f

d
σ ω

= Θ
Ω

,   (2.6) 

        2 28( )
3 ef rπσ ω = ,    (2.7) 

where er is the classical electron radius, 
2

13
2

0

2.82 10
4e

er
mcπε

−= = ×  cm. The complex 

atomic scattering factor, f , represents the electron field scattered by an multi-

electron atom, normalized to that of a single electron. For the forward scattering or 

long wavelength, f can be expressed by 

   ( ) ( )
2

0 0 0
1 22 2

1

Z

s s

f f if
i

ωω
ω ω γω=

= = −
− +

∑ ,  (2.8) 

where the real part is related to the imaginary part by the Kramers-Kronig dispersion 

relation,  

          
2

*
1 2 2

0

( )1 a

e

f Z d
r hc E

ε σ ε ε
π ε

∞

= +
−∫ .   (2.9) 

In the high-photon-energy limit, 1f  approaches *Z , which differs from the atomic 

number Z  by a small relativistic correction, 

        
2.37

*

82.5
ZZ Z ⎛ ⎞≈ − ⎜ ⎟

⎝ ⎠
.   (2.10) 

The imaginary part is derived from the atomic absorption cross section, 

              2 2
a

e

f
r
σ
λ

= .    (2.11) 
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The refractive index for x-ray radiation is commonly written as 

   ( )
2

0 0
1 2( ) 1 1

2
a en rn i f ifλω δ β
π

= − + = − − ,  (2.12) 

where  

        
2

0
1 ( )

2
a en r fλδ ω
π

= ,    (2.13) 

       
2

0
2 ( )

2
a en r fλβ ω
π

= .    (2.14) 

The wave decays with an exponential decay length, or so called absorption length, is 

            
4absl λ
πβ

= .    (2.15) 

Substitute β  from equation (2.14), thus 

      0
2

1
2 ( )abs

a e

l
n r fλ ω

= .    (2.16) 

From the definition, the linear absorption coefficient, μ , is the inverse of absorption 

length and the density, a

A

n A
N

ρ = , thus 

      0
2 ( )A eN r f

A
ρ λμ ω= ,    (2.17) 

where AN  is Avogadro’s number and A is the atomic weight. 

 For the compound material, the absorption coefficient is obtained from the sum 

of the absorption cross sections of the constituent atoms by 

            A
i ai

i

N x
MW
ρμ σ= ∑ ,   (2.18) 

where MW is the molecular weight of a compound which containing ix  atoms of type 

i .  
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 However this semi-classical approach can not describe an oscillatory structure 

that modulate the absorption. Let us consider these phenomena in quantum mechanics 

regime. The x-ray absorption is related to the transition between two quantum state, 

initial state (core state) and final state. For one electron and dipole approximations, 

the absorption coefficient can be given by the Fermi golden’s rule (Rehr and Albers, 

2000), 

   ( )2
f i

f
f D i E Eμ δ ω∝ − −∑ ,   (2.19) 

where i  is an initial core state, f  is a final state, iE and fE  is an initial and final 

state energy, respectively. D  is a dipole operator which can be expressed in the term 

of p A⋅ , where p  is the momentum operator and ( )A r is the vector potential of the 

incident electromagnetic field.  

 The EXAFS calculation relies on a muffin-tin geometry as shown in figure 2.8. 

In the multiple scattering approaches, with the aid of Green function, the Fermi’s 

golden rule can be written as 

            1 Im ( , ; ) ( )Fi p rG r r E p r i E Eμ θ
π Γ′ ′∝ − ⋅ ⋅ − ,  (2.20) 

 

 

Figure 2.8 Schematic drawing of a one and two dimensional muffin-tin potential. 
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where 

  0 1(1 )G G t −= − ,       (2.21) 

  0 0 0 0 0 0 0 0 0 0 0 ...G G G tG G tG tG G tG tG tG tG= + + + +   (2.22) 

where G is the function that described all possible ways for a photoelectron to interact 

with the surrounding atoms, G0 is the function that describe how an electron 

propagates between two points in space, and t is the function that describe how a 

photo-electron scatters from a neighboring atom. 

 Therefore, the XAS can be obtained by a finite summation of the multiple 

scattering series. 

 

 2.1.2 Experimental Aspect 

 The XAS measurement can be established by the two main compartments, the 

energy-changeable source of x-ray and the measurement of x-ray intensities. The 

typical x-ray source is a synchrotron. Due to the high brightness and high intensity, 

many orders magnitude more than the x-ray produced by conventional x-ray tube, it 

can be reduced the exposure time in an experiment. The high collimation and low 

emittance properties are very useful for the small or specific region of interest. In 

addition, it can provide a wide tunable range of x-ray energy.  

  2.1.2.1 Synchrotron x-ray and beamline 

  The synchrotron light is the electromagnetic radiation emitted when 

electrons, which are moving at velocities close to the speed of light, are forced to 

change their direction under the magnetic field. This radiation is emitted in a narrow 

cone in the forward direction at a tangent of electron orbit, as shown in figure 2.9. 
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Figure 2.9 A schematic view of storage ring and synchrotron light at Siam Photon 

Laboratory. 

 

 The synchrotron light was carries to an experimental end station by the set of 

instrument called beamline. One synchrotron facility may have many beamlines, each 

optimized for a particular field of research. A typical beamline can be consist of 

various equipments such as focusing mirrors, window, slit, monochromator, spacing 

tube, radiation detector, beam stopper etc. An example of beamline is shown in figure 

2.10. 

 

 

 

Figure 2.10 The schematic setup of beamline 8 (BL-8) at Siam Photon Laboratory. 
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Figure 2.11 The comparison of brightness for various type of x-ray source. 

 

 Since the synchrotron radiation is covered the range from infrared to x-ray, as 

shown in figure 2.11, the particular energy will be selected by a monochromator.  

 

  2.1.2.2 Mode of Measurement 

  The absorption process occurs when x-ray photon energy is greater than 

binding energy of core electrons. The core electron will be excited to a continuum 

state and leave the hole on the core shell. To keep the stability of the atom, the 

electron from the outer shell will be relaxed to replace the vacancy. The exceeding 

energy will be released in the form of an x-ray photon which is called “Characteristic 

x-ray fluorescence” or used to excite another electron to a vacuum level which is 

called “Auger electron”, as shown in figure 2.12. 
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             (a)         (b) 

Figure 2.12 The schematic diagram showing the process of x-ray absorption (a) the 

core electron which is obtained energy from an incident photon, is excited to the 

continuum level and leave a vacancy, (b) the electron from the outer shell released 

energy to occupy the vacancy. The exceeding energy from this process can be found 

into two forms: the characteristic x-ray or Auger electron. 

 

  The absorption process can be probed in many ways. One can count the 

total intensity incoming and outgoing pass through the sample. The others will detect 

the x-ray fluorescence emitted from the sample at constant angle or collect the Auger 

electrons produced during the beam hit at certain period of time. An individual way 

provides different yield and suitable for different sample. 

  The simple and direct method is transmission method or TM. The total 

x-ray intensity incoming and outgoing pass through the sample will be detected by 

photon detector such as ionization chamber. The ionization chamber (IC) is made 

from a gas-filled chamber which is placed two parallel plates inside, as shown in 

figure 2.13. When the x-ray photon hits an atom of filling gas, the atom will be 

E ω= If 

E
nergy 

Photoelectron 
Auger electron 
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ionized and form an ion pair. The ion pair will be separated by applied voltage on two 

parallel plates. The current will be measured. By applying the suitable voltage which 

is called ionization chamber region, the current will not depend on applied voltage, 

but depend on the number of incoming photons. 

.  

 

 
Figure 2.13 Schematic diagram of ionization chamber. 

 

  In conventional TM method, the sample will be placed in between the 

two ionization chambers, as shown in figure 2.14. The intensity of incoming and 

outgoing x-ray ( 0I  and 1I ) will be obtained by the first and second ionization 

chamber respectively. To compensate for the decreasing of x-ray intensity, the second 

ionization chamber is usually longer than the first one.  

 

 

Figure 2.14 The schematic diagram of XAS measurement in transmission mode. 

Monochromatic x-ray 
IC1 IC2 

0I  1I  

Sample 
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  The absorbance can be obtained from equation (2.4). The x-ray intensity 

after passing through the sample could not be zero. Therefore, this measurement 

method is available for the sample which is thin enough to allow some of photons 

pass through. The optimized thickness will give the sufficient signal for second 

ionization chamber and provide a good spectrum. Moreover, due to the integral 

condition, the sample should also be homogenous as it could. The distortion caused 

by thick and inhomogeneous sample will be explained in the next section. 

  By the way, the advantage of this technique is its low cost of operation. 

The ionization chamber detector is cheap and simple to set up.  

  The other method is an indirect method such as fluorescent yield method 

(FY) and electron yield method (EY), which were named after what is they probed. In 

FY mode, the emitted characteristic x-ray fluorescent will be measured. Both Lytle 

detector and solid state detector are commonly used for this purpose.  

  Lytle detector is one type of a gas-filled ionization chamber. The 

advantage of  Lytle detector are its much larger solid angle of acceptance and its 

ability to measure photons at much higher count rates than some solid state detector 

such as Germanium detector. However, for more dilute sample, it is necessary to use a 

Germanium detector. 

 

Figure 2.15 The schematic diagram of Lytle detector. 
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Figure 2.16 A Lytle detector. 

 

  The other type of x-ray fluorescence detector which commonly used is 

solid state detector or semiconductor detector such as Silicon detector and 

Germanium detector. These types of detectors measure the electron-hole pair 

produced by the radiation at the depletion region. The number of electron-hole pair is 

proportional to the energy transmitted by the radiation to the semiconductor.  

 

       

Figure 2.17 A typical Ge-Detector. 
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  The detection of single signal produced by the radiation usually 

amplified and converted to AC pulse signal. The limit of this method will reached if 

the incoming signal is too large. The dead time percentage of detector can be 

calculated from  

   % 100output signaldead time
input signal

= × .   (2.23) 

  Since the fluorescence detector used in this technique should measure 

only the x-ray fluorescence emitted from the sample, the detector is usually placed in 

the position that out of plane to the beam. The instrument set up is shown in figure 

2.18.  

 

Figure 2.18 The schematic diagram of XAS measurement in fluorescence mode. 

 

  In this method, the absorption is found to be proportional to the emitted 

x-ray photons through certain cross section at certain angle, fI , compared with the 

incident x-ray photons intensity, 0I  , as shown in Equation 2.24, 

                  
0

( ) fI
E

I
μ ∝ ,              (2.24) 

Monochromatic x-ray IC 

0I  

FL-detector 

Sample 
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where 0I  is the intensity of the incoming x-ray beam, and fI  is the monitor intensity 

of characteristic x-ray fluorescence lines associated with the absorption process.  

 The absorption in the fluorescence technique is not as straightforward as for 

transmission technique. Since there are corrections have to be made to the measured 

signal, ( )Eμ′ . For a thick sample it can be shown that 

  
0

( )sin( )
( ) sin ( ) sin

f

T T

I EE
I E E

μ θμ
μ θ μ φ

′ =
+

∼ ,  (2.25) 

where ( )T Eμ is the total absorption coefficient at energy E , fE is the fluorescence 

energy, θ  is the entrance angle of the incident x-rays, and φ is the exit angle of the 

fluorescence x-rays. This expression should be integrated over the angles φ  

subtended by the detector. For dilute samples ( )T Eμ  is nearly constant and the 

correction to ( )Eμ′  to obtain ( )Eμ  is small and can be made using tabulated 

absorption coefficients. Also, if 0I  is measured by a partially transmitting ion 

chamber, the energy dependence of the chamber efficiency must be taken into 

account. As the energy is increased the chamber becomes more transparent making 0I  

appear to be smaller. This enhances the removed signal. Both of these effects are 

relatively small (5-15%) and can be removed using tabulated absorption coefficients. 

The corrections are particularly important when the data is to be compared to 

standards taken by absorption measurements (Koningsberger and Prins, 1988). 

  In electron yield (EY) method, the free electrons create by absorption process 

were observed. A typical experimental setup for total electron yield studies is shown 

in figure 2.19.  
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Figure 2.19 Measurement scheme for total yield collection from a metal grid 

reference monitor. The electron signal is amplified by a channeltron electron 

multiplier which is operated at voltages 1V  +50 V and 2V  +2000 V, respectively. 

The amplified electron output current is collected by a collector plate kept at 3 2V V>  

by means of a high voltage battery box (2 kV ≤  3V  ≤  3 kV). [adapted from (Stöhr, 

1996)]. 

 

  The advantage and disadvantage of each measurement method are 

summarized in Table 2.1.  
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Table 2.1 The advantage and disadvantage of XAS measurement methods. 

 Transmission Fluorescence Electron yield 

Energy range All range All range Low energy  

Types of sample Transmitted sample 

only 

All types of sample 

(Solid, liquid, gas) 

Conducting sample 

only  

Concentration of 

interesting atom 

More than 5%  Best for low 

concentration. The 

high concentration 

element is also 

measurable.  

More than 5% 

Accuracy of  

spectrum 

The well prepared 

sample will give 

high accuracy. 

The height of peak 

will be attenuate 

due to self 

absorption. But the 

period is still the 

same. 
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  2.1.2.3 Parameter influencing XAS spectrum 

  The XAS spectrum can be affected by many parameters. The sample 

preparation is very important factor to obtain a good spectrum. The sample thickness 

is the first parameter to concern about if measured in transmission mode. Basically, 

the thickness effect occurs whenever some part of the incoming beam is not 

attenuated by the sample, through pinholes in the sample, or be at a different energy 

from the primary radiation. This “leakage” becomes a larger fraction of the total 

signal as the sample becomes thicker and, thus, the absorption signal appears to 

depend on sample thickness. The comparison of the normalized XANES spectra of an 

optimum thickness (black line) and the thicker one (red line) is shown in figure 2.20. 

The black line spectrum shows a good S/N ratio by their smooth and clear feature. 

While the red one gives a noisy spectrum due to its small signal of 1I  compared to 

noise level. Moreover, the reduction of the second peak correlate to the first peak in 

white line zone is also observed. 

 

Figure 2.20 The S K-edge spectra of TiS2 compare with different thickness. The 

sample with black line is thinner than the red one. 
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  2.1.2.4 Experimental set up at Siam Photon Laboratory 

  Siam Photon Source is a 1.2 GeV synchrotron light source which is 

located at Nakhon Ratchasima, Thailand. The photons used at BL-8 are produced 

from the bending magnet as shown in figure 2.21. 

 

 

Figure 2.21 Siam Photon Laboratory. 

 

  The x-ray photon energy can be selected by Double Crystal 

Monochromator (DCM), as shown in figure 2.22.  

 

 

Figure 2.22 The Double Crystal Monochromator at BL8, SPL. 



 

31

  The DCM consists of two similar crystals to reflect the continuous x-ray 

from synchrotron light source. The light reflected from the first crystal is proper to 

Bragg’s law. At the given angle, there is only one wavelength that omitted to reflect 

downward to the second crystal.  Therefore, the monochromatic x-ray light can be 

generated by DCM. The schematic diagram is shown in figure 2.23. The energy range 

can be varied depend on the type of monochromatic crystal as shown in Table 2.2. 

 

 

Figure 2.23 The schematic diagram of DCM. 

 

Table 2.2 Monochromator crystal used in this work. 

Crystal 2d ( A ) Energy range (eV) 

InSb(111) 7.481 1830 - 6400 

Si(111) 6.271 2180 - 7640 

Ge(220) 4.000 3420 - 11980 

 

 The XAS measurement set up at BL-8 can be performed in 3 modes: 

Transmission, Fluorescent and Electron yield (under commissioning). The 

Synchrotron Light  
Monochromatic 
x-rays 

Monochromator 
Crystal  
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configuration of setting is changeable to fit with any type of measurements. The 

changing of measurement technique can be easily done by changing the position of 

sample holder, as shown in figure 2.24. 

     

 

 

Figure 2.24    The schematic diagram of XAS setup at BL-8 (Top view). This setup 

consists of three measurement modes: Transmission, Fluorescent mode using Lytle 

detector and Fluorescent mode using 13-elements Ge detector.  

 

Lytle 
Detector 
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Ge Detector 

IC1 IC2 

Sample holder 
 

DCM 

Monochromatic 
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Figure 2.25   The end station of BL-8 at SPL. 

13 arrays Ge-Detector 

IC2 IC1 

Sample holder 

Free port 
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 2.1.3 Data Analysis 

  2.1.3.1 Data reduction 

  In this analysis, XAS spectra from both experiment and calculation are 

compared and analyzed by IFEFFIT package (Ravel and Newville, 2005). It is the 

free software developed primarily by Matt Newville at the Consortium for Advanced 

Radiation Sources, University of Chicago, (CARS), with some borrowing idea and 

software form UWXAFS Project, University of Washington. In addition, this package 

includes many ideas of XAS analysis, such as Fast Fourier Transform and non-linear 

least-squares fitting. For spectrum analysis in this study two programs in the package 

are used: (1) ATHENA, a program for basic XAS spectrum analysis, (2) ATHEMIS, a 

program for EXAFS analysis and fitting the experimental spectra with FEFF 

theoretical modeling. 

  To begin the spectrum analysis, the measured absorption spectrum has to 

be subtracted by the instrumental background as shown in figure 2.26. 

 

Figure 2.26 Pre-edge background subtractions for measured Ti K-edge XAS spectrum. 
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Figure 2.27 Post-edge line or normalization line for measured Ti K-edge XAS 

spectrum. 

 

  After that, to normalize absorption spectra, the normalization rank has to 

be modified to have a suitable normalization line as shown in figure 2.27. The 

normalization line is considered as a smooth atomic background absorption 

coefficient or 0 ( )Eμ  in equation (2.5). In fact, 0 ( )Eμ  is the absorption coefficient of 

isolated atom, however, if there is no actual measurement of isolated atom, the 0 ( )Eμ  

can be defined directly but carefully. Nonetheless, the defined 0 ( )Eμ  or 

normalization line should be a line that makes good fluctuation of EXAFS fine 

structure. Then, the normalized spectrum is ready as shown in figure 2.28. 
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Figure 2.28 Normalized K-edge XAS spectrum for Ti foil. 

 

  The normalized absorption spectrum in XANES region is ready to be 

compared. However, for EXAFS analysis and fitting, there are some procedures to be 

carried out further to find the structural parameters, such as 0R  (nearest neighbor 

distance), 2σ (Debye-Waller factor), and N  (coordination number). Specifically for 

EXAFS region, with the expression 

    ( )0
2

2m E E
k

−
=

h
    (2.26) 

where k  is wave number (
λ
π2

=k , where λ  is wavelength of photoelectron) and h  is 

Planck’s constant divided with 2π , the absorption coefficient ( )Eμ will be changed 

to ( )kχ , as shown in figure 2.29. 
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Figure 2.29 K-edge EXAFS spectrum in k  space, ( )kχ  for Ti. 

 

 EXAFS in k  space is usually multiplied with k factor to magnify the fine 

structure in the higher energy region. In this study, 2k  is used as the multiplication 

factor for ( )kχ , and the ( )2k kχ⋅  spectrum is shown in figure 2.30. 

 

Figure 2.30 The k2-weigthed K-edge EXAFS spectrum for Ti. 
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 Then, the spectrum in figure 2.30 is transformed from k-space to R-space by 

Fourier transform for radial environmental analysis. However, before performing the 

transform, the region of interest may be windowing as shown in figure 2.31. There are 

a few types of window that can be chose, such as Hanning window, Kaiser-bessel 

window, Welch window and Parzen window. In this study, the Hanning window 

( )W k , is used. In addition, to get averaged ( )Rχ  ( ( )0 Rχ ), with ( )W k  window, the 

Fourier transform will be performed using the expression  

   ( ) ( ) ( ) 2
0 0

1
2

i kRR k k W k e dkχ χ
π

∞
= ∫ .  (2.27) 

 

 

Figure 2.31 The k2-weigthed K-edge EXAFS for Ti foil with Hanning window. 
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Figure 2.32 The K-edge EXAFS spectrum in real space ( )Rχ  for Ti foil. 

 

 After performing Fourier transform, EXAFS spectrum is changed from 

representation in k-space to R-space as shown in figure 2.32. EXAFS in R-space can 

be considered as a radial distribution function, which shows the probability of finding 

any atoms/molecules in any radius from a center atom (shell to shell distance). Then a 

comparison for measured and calculated EXAFS can be done conveniently in R-

space. For EXAFS fitting, the spectra in k-space would be analyzed further with 

ATHEMIS. 

 

  2.1.3.2 XANES analysis 

  XANES is experimentally easier than EXAFS in that it gives much 

larger signal. Therefore XANES can be utilized at lower concentration and does not 

require a perfect sample condition. However, the interpretation of XANES is quite 

difficult by the fact that there is no useful “XANES equation”. Precise and accurate 
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calculations of all spectral features are difficult, time-consuming, and sometimes not 

reliable. At present, the quantitative analyses of XANES using first principle 

calculations are only for the veterans and not available for the mass yet. However, 

such calculations are needed for the explanation about which bonding orbital or 

atomic structures give rise to some certain spectral features observed. There exist 

some standard computer codes that can simulate the XAS spectrum including 

XANES. Nevertheless, it is required that the nearly correct atomic structure must be 

given as input to the simulation program; otherwise the calculated spectrum may not 

be useful at all. By including the characterization data from the other techniques such 

as x-ray diffraction and TEM plus theoretical modeling, some reasonable atomic 

structures may be created. Finally the accuracy of representative model can be 

verified with the XAS experimental data. 

 

Figure 2.33 Examples of XANES spectra. (See Chapter III for further discussion). 
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  Linear combination analysis (LCA) is another important utility in 

ATHENA software. In LCA, it can be assumed that XANES of one unknown sample 

can be fitted by the combinations of any pure references. Any XANES compositions 

can be combined to be fitted with the unknown XANES spectrum. The better or 

worse fitting can be judged by R-factor defined by 

           
( )2

2
MEASURED FITTED

MEASURED

XANES XANES
R factor

XANES
−

− = ∑
∑

 (2.28) 

where MEASUREDXANES  is XANES spectrum of unknown sample and FITTEDXANES  is 

XANES spectrum obtained from linear combination. The least value of R-factor is the 

best fitting to be accomplished. 

  With the successful operation of XAS experimental facility at beamline 

8 of the Siam Photon Source, the technique is available now for Thai researchers. We 

propose to use XAS at the Siam Photon Laboratory as the main tool to view impurity 

atoms in some selected groups of advanced materials. The local structure around the 

atom of interest will be studied by XAS experiment and modeling. The materials 

proposed to be studied in this thesis are impurities in TiO2, BaTiO3 and CeO2. The 

local atomic structures around the impurity atoms of interest will be selected from 

models that give best fit. 

 

  2.1.3.3 EXAFS analysis 

  The interpretation of EXAFS spectrum was introduced in 1971 by 

Sayers, Stern and Lytle (Sayers et al., 1971). They have proposed that the interference 

patterns or wiggles in the developed a quantitative parameterization of EXAFS 

described by: 
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  2 22 2 / ( ) 2
0 2

( )
( ) sin(2 2 ) R k k

R c
R

f k
k S N kR e e

kR
λ σχ δ − −= + +Φ∑  (2.29) 

where ck Eω= −h  is the photoelectron wave vector, cE is the energy of the deep 

atomic core levels, R  is the inter-atomic distance, RN  is the coordination number, σ  

is the temperature dependent r.m.s. fluctuation in bond length including the structural 

disorder effects, ( )( ) ( ) i kf k f k e Φ=  is the backscattering amplitude, cδ  is the partial-

wave phase shift of final state, ( )kλ  is the energy-dependent EXAFS mean free path, 

and 2
0S  is the overall amplitude factor.  Equation (2.29) is called the “standard 

EXAFS formula” (Rehr and Albers, 2000). Based on the standard formula, XAS 

spectrum can be analyzed and much valuable information could be extracted from the 

fitting. 
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2.2 Other Techniques 

 Although XAS is such a powerful technique, there are many criteria that far 

beyond its ability. Instruments such as x-ray diffractometer (XRD), transmission 

electron microscope (TEM) and thermal gravimetric analyzer (TGA) are also used for 

characterization. This section will dedicate for describing the principal and 

functionality of the instruments used in this work. 

 

 2.2.1 X-Ray Diffractometer (XRD) 

 The x-ray diffraction technique is a non-destructive analytical technique which 

reveals the information about the atomic structure of material, grain size and preferred 

orientation of polycrystalline or powder solid samples. The x-ray diffractometer is 

commonly used to identify unknown substances, by comparing diffraction data 

against the database. Fundamental treatment of x-ray diffraction by crystals is done by 

considering the interaction of an x-ray plane wave with the electrons of the crystal 

materials. The wave nature of the x-rays means that they are reflected by the lattice of 

the crystal, as shown in figure 2.34, to give a unique pattern of peaks of 'reflections' at 

differing angles and of different intensity, just as light can be diffracted by a grating  

of suitably spaced lines. The diffracted beams from atoms in successive planes cancel 

unless they are in phase, and the condition for this is given by the Bragg relationship, 

    2 sind nθ λ= ,    (2.30) 

where d is the distance between adjacent planes of atoms,  θ  is the angle of incidence 

of the x-ray beam, n is the order of the diffracted beam and λ represents the 

wavelength of the incident x-ray beam. 
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Figure 2.34 The X-ray diffraction beam path. 

 

 The Bragg condition can be satisfied for any set of planes whose spacing is 

greater than half the wavelength of the x-ray used (if d < λ/2, then sinθ > 1, which is 

impossible). This condition sets a limit on how many orders of diffracted waves can 

be obtained from a given crystal using an x-ray beam of a given wavelength. Since the 

crystal pattern repeats in three dimensions, forming a three-dimensional diffraction 

grating, three integers, denoted (h k l) are required to describe the order of the 

diffracted waves. These three integers are defined as the Miller indices which used in 

crystallography; denote the orientation of the reflecting sheets with respect to the unit 

cell and the path difference in units of wavelength between identical reflecting sheets. 

 In the cubic systems, the plane spacing is related to the lattice parameter and the 

Miller indices by the following relation: 

           
2 2 2hkl

ad
h k l

=
+ +

.   (2.31) 

On the other hand, the non cubic systems such as hexagonal system, the Miller indices 

can be calculated by using the lattice parameter from Bravais lattice: 

               
2 2 2

2 2 2

1 4
3

h hk k l
d a c

⎛ ⎞+ +
= +⎜ ⎟

⎝ ⎠
.   (2.32) 
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By combination with the Bragg’s law, we can rearrange equation (2.32) in the term of 

2sin θ  as, 

        
( )

2 2
2 2 2

22

4sin θ  = ( )+
4 3 /

lh hk k
a c a
λ ⎡ ⎤⎛ ⎞

∗ + +⎢ ⎥⎜ ⎟
⎢ ⎥⎝ ⎠ ⎣ ⎦

,  (2.33) 

where a and c/a are constants for a given diffraction pattern. 

 The schematic diagram of θ-2θ x-ray diffractometer used in this work 

(BRUKER X-ray diffractometer model D5005 equipped with Cu Kα sealed tube, 

wave length 1.54 Å) is shown in figure 2.35 and 2.36. The θ-2θ Diffractometer is 

used for diffraction measurements of unfixed horizontal sample. For this purpose, 

sample will be rotated to θ and x-ray detector moved to 2θ. The diffraction angle 

followed on Bragg’s equation (2.30). The one-side weight of the tube stand is 

compensated by a counter weight. Both tube stand and counter weigh are fixed to the 

outer ring. 

 

Detector

Sample
X-ray tube

d

d sin 

 crysal parallel  plane (hkl)

 

Figure 2.35 Schematic illustration of θ-2θ x-ray diffraction experiment [adapted from 

(Smith, 1993)]. 
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Sample
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Scattered 
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Figure 2.36 Schematic representation of X-ray diffractometer D5005 [adapted from 

(BRUKER, Analytical X-ray Systems, 1998)]. 

 

 2.2.2 Transmission Electron Microscope (TEM) 

 Transmission electron microscopy is a microscopy technique which is operates 

on the basic principal as the light microscope but use electron instead of light. TEMs 

use electrons as “light source” and their much lower wavelength make it possible to 

get a resolution a thousand times better than with a light microscope. The high energy 

electron beam is transmitted through an ultra thin specimen and interacting with a 

specimen as it passes through. The image is formed from the interaction of the 

electrons transmitted through the specimen. The electron-intensity distribution behind 

the specimen is imaged with a three or four-stage lens system, onto a fluorescent 

screen that converts the high energy electron image into an image that is visible to the 
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eye. The image can be recorded by direct exposure of a photographic emulsion inside 

the vacuum or digitally by CCD or TV cameras. 

The resolution of TEM can be defined in the term of the classical Rayleigh criterion 

for light microscopy, which states that the smallest distance that can be resolved, δ , 

is given approximately by (Williams and Carter, 1996) 

           0.61
sin

λδ
μ β

= ,    (2.34) 

where λ is the wavelength of the radiation, μ is the refractive index of the viewing 

medium and β  is the semi angle of collection of the magnifying lens. The term 

sinμ β  is usually called the numerical aperture (NA). 

 Based on de Broglie’s ideas of the wave-particle duality, the relation of the 

particle momentum p and its wavelength λ  with Plank’s constant h  can be written in 

the form of 

             h
p

λ = .       (2.35) 

The electron is accelerated through a potential drop V , giving it a kinetic energy eV . 

This potential energy must be equalt the kinetic energy, so 

           
2

0

2
m veV = .    (2.36) 

Equate the momentum p to the electron mass, 0m time the velocity, v , and substitute 

equation (2.36) for v , then 

    ( )
1
2

0 02p m v m eV= = .    (2.37) 

The relationship between the electron wavelength and the accelerating voltage of the 

electron microscope is 
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( )

1
2

02

h

m eV
λ =     (2.38) 

However, for electron microscopists, the relativistic effects cannot be ignored at 100 

keV energies and above because the velocity of the electrons becomes greater than 

half the speed of light, c . Therefore, the equation (2.38) can be modified to  

           1
2

0 2
0

2 1
2

h

evm eV
m c

λ =
⎡ ⎤⎛ ⎞

+⎢ ⎥⎜ ⎟
⎝ ⎠⎣ ⎦

.   (2.39) 

 TEM is comprised of the several components, which include a vacuum system 

in which the electrons travels. Schematic representation of TEM was shown in figure 

2.37. At the top of the instrument is the electron gun, which is the source of electrons. 

Then, the electrons are accelerated to high energies (typically 100-400 keV) and 

focused towards the specimen by a two-stage condenser-lens system. The condenser 

aperture used to control the convergence angle of the beam. The objective lenses 

focus the beam down to the sample, while the projector lenses are used to expand the 

beam onto the fluorescent screen or other imaging device. The magnification of the 

TEM is due to the ratio of the distance between the specimen and the objective lenses 

image plane. An image is formed from the transmitted beam, which contains 

information about electron density, phase and periodicity. 
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Figure 2.37  Cross section of column in Transmission electron microscope. 

 

 Electron diffraction (ED) is usually performed in a TEM where the electrons 

pass through a thin film of the material to be studied. The resulting diffraction pattern 

is then observed on a fluorescent screen, recorded on photographic film, on imaging 

plates or using a CCD camera. Diffraction in TEM used technique known as 

“Selected Area Electron Diffraction, SEAD”. This technique can easily choose from 

which part of the specimen to obtain the diffraction pattern. In TEM, the interactions 
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of the electron beam with planes of specimen and produced small angles lead to 

electron diffraction. An electron of diffraction from planes of atom in specimen will 

be focused by objective lens at diffraction points. The examples of diffraction pattern 

can be shown in figure 2.38. 

 

 

  Figure 2.38 Different kinds of diffraction patterns obtained from a range of 

materials in a conventional 100 keV TEM: (a) amorphous carbon, (b) an Al single 

crystal, (c) polycrystalline Au, (d) Si illuminated with a covergent beam of electrons.  

(Williams and Carter, 1996). 

 

 

(a)

Ba 
L

(b)

(d)
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 2.2.3 Thermo Gravimetric Analysis (TGA) 

 The TGA is an instrument which is used to determine relationship between the 

changes in weight of sample and the change in temperature. The TGA usually consists 

of a high-precision balance with pans such as platinum or aluminium. The type of pan 

used depends on the maximum temperature used in the testing. As platinum melts at 

1760°C and aluminium melts at 660°C, platinum pans are chosen when the maximum 

temperature exceeds 660°C. Under each pan there is a thermocouple which reads the 

temperature of the pan. Before the start, each pan is balanced on a balance arm. The 

balance arms should be calibrated to compensate for the differential thermal 

expansion between the arms. If the arms are not calibrated, the instrument will only 

record the temperature at which an event occurred and not the change in mass at a 

certain time. To calibrate the system, the empty pans are placed on the balance arms 

and the pans are weighed and zeroed. The system inside is completely thermal isolate 

from the environment. Although the temperature in many testing methods routinely 

reaches 1000°C or greater, an operator would not be aware of any change in 

temperature even if standing directly in front of the device. The simple diagram of the 

inside of a typical TGA is shown in figure 2.39. 

 

 

Figure 2.39 A schematic diagram of the TGA. 
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 The Analysis is carried out by raising the temperature of the sample gradually 

and plotting weight (percentage) against temperature. After the data are obtained, 

curve smoothing and other operations may be done such as to find the exact points of 

inflection. The weight loss curves are look similar as shown in figure 2.40. The phase 

transformation can be observed. The derivation of weight loss can be used for 

determine the point of weight loss are most apparent. The physical properties such as 

the transition temperature, the degradation temperature, the moisture absorbed in 

sample, the level of organic and inorganic components in sample etc. can be obtained. 

 

Figure 2.40 The TGA result showed the degradation of Nylon. 

 

 

Figure 2.41 The thermo gravimetric analysis (TGA) at the Suranaree University of 

Technology. 



 

CHAPTER III 

LOCAL STRUCTURE OF  

S-DOPED TiO2 NANOCRYSTAL 

 

3.1 S-Doped TiO2 

 TiO2 is naturally found in three forms, rutile, anatase and brookite. Although the 

most stable form is rutile but the anatase shows the highest activity under visible and 

UV light (Hamadanian et al., 2009). Among many affords to get the red-shift in 

absorption band edge, Umebayashi and his co workers found that the photon-to-

carrier conversion of the S-doped sample was induced during irradiation by visible 

light above 420 nm (<2.9 eV). (Umebayashi et al., 2003) Their samples were S-doped 

by either by chemical methods or physical methods which give similar photo catalytic 

activities. As shown in figure 3.1, the S-doped TiO2 has shown a red-shift in 

absorption edge to lower than 3 eV. 

 

Figure 3.1 Photocurrent spectra of the (a) pure TiO2 and (b) S-doped TiO2 

synthesized by ion implantation and subsequent annealing (Umebayashi et al., 2003).  
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 In the main stream, photo-catalytic community, it was proposed that, the doping 

sulfur atoms have substitute the O site in TiO2 and form TiSxO2-x alloys (Asahi et al., 

2001). Thus the red shift in absorption edge may be simply explained by the standard 

semiconductor theory. In order to verify this assumption, XAS has been used to probe 

the local structure around S atom in S-doped TiO2 nano-crystals.  

 

3.2 Experimental Details 

 The sulfur-doped titanium dioxide (S-doped TiO2) samples were synthesized by 

an economic method called oxidative annealing. (Umebayashi et al., 2002) To 

synthesize S-doped TiO2, high purity titanium disulfide (TiS2) powder was heated by 

a muffin furnace in air for 2 hours at 473, 573, 673 and 773 K.  All samples were 

characterized by thermal gravimetric analysis (TGA), x-ray diffractometer (XRD) and 

transmission electron microscope (TEM). 

 The XAS measurements were performed at both Ti K-edge and S K-edge. 

Almost XAS spectra were measured in transmission mode, except the EXAFS spectra 

of sample which is annealed at 573, 673 and 773 K. Due to its low concentration of 

sulfur, EXAFS spectra of this exceptional sample have to be measured in fluorescence 

mode with 13-elements Ge-Detector (Canberra). There are some different in sample 

preparation. The samples used for measured in S K-edge EXAFS spectra were 

smeared on the sticky side of a kapton® tape. Since the transmission of soft x-ray 

through the kapton® tape is quite low, for example, the 7.5 μ m kapton® tape 

without glue allows only 80% of x-ray at 2500 eV pass through. 
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3.3 XAS Calculation Details 

 Four candidate models of S-doped TiO2 were investigated in this work: sulfur in 

TiS2 (S in TiS2), sulfur in sulfate ion (S in SO4
2-), sulfur substitutes in TiO2 (S sub O) 

and sulfur interstitial in TiO2 (Si). The structures of the four models are shown in 

figure 3.2. The input files are shown in the Appendix A. 

 The S K-edge XANES spectra of sulfur in four models are calculated using 

FEFF 8.2 codes. The IFEFFIT package was used to analyze the EXAFS spectra. 

 

 

           (a)        (b) 

 
O

T

S

 

     (c)    (d) 

Figure 3.2 The representative models of (a) sulfur in TiS2 (b) sulfur in sulfate ion (c) 

sulfur substitution in TiO2 and (d) sulfur interstitial in TiO2. 
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3.4 Results and Discussion 

 3.4.1 Thermal Gravimetric Analysis (TGA) 

 The weight change in a material as a function of temperature can be used to 

determine the phase transformation temperature, degradation temperature, absorbed 

moisture content of material, the level of organic/inorganic components in materials, 

and etc. The weight loss during heating up the pure TiS2 and derivative weight in 

relation with temperature were shown in figure 3.3. 

 

 

Figure 3.3 TGA data of TiS2 powder: the phase transition occurs around 453-503 K 

and 573-633 K. 

 

 From the TGA data, there are two transition processes occurred during the TiS2 

annealing. The first process occurred around 453-503 K and the other occurred 

around 573-633 K. The two possible processes assigned for the observed data are: 

sublimation of S from TiS2 (leaving Ti and vacancy S (Vs)) and oxidation of Ti into 

TiO2. During these processes, it was speculated that some S may be left in group VI 

site and forming TiSxO2-x alloys. 
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 3.4.2 The X-ray Diffractometer (XRD) 

 XRD is a conventional method that can be used to determine the structure of 

crystalline materials. The XRD patterns of TiO2, TiS2 and annealed TiS2 samples are 

shown in figure 3.4. The XRD measurement indicates that the sample annealed at 473 

K still have the remnant of TiS2. For the samples with higher temperature, the TiO2 

patterns dominate. It was assumed that most of TiS2 has transformed into TiO2 after 

annealed above 573 K. From XRD analysis, it was found that the annealed samples 

has anatase TiO2 form with a small amount of rutile admixture (<5%). 

 Therefore in the XAS analysis, anatase TiO2 was used as a starting framework 

for XAS calculations. 

 

 3.4.3 Transmission Electron Microscope (TEM) 

 The TEM images of the precursor TiS2 and the annealing TiS2 varied from 473 

to 773 K are shown in figure 3.5. From, the TEM images with corresponding electron 

diffraction pattern are shown that the TiS2 single layer crystal grain was oxidized into 

several nano-domains of TiO2 at 473K. As the annealing temperature increased, the 

nano-domains of TiO2 were grown larger, some of them were merged. When the 

cluster of TiO2 growth fronts reach the others, the new nano-size TiO2 crystals have 

been formed. At 673 K, almost all of TiS2 starting layers were oxidized into TiO2 

nanocrystals. At 773 K, the TiO2 nanocrystals were well annealed and the crystal 

shape is well-defined. The size of S-doped TiO2 nanocrystals was estimated to be 

around 20-40 nm.  

 From this TEM observation it is reasoning to assume that the S-doped TiO2 

sample may contain TiSxO2-x alloys. However, the subsequence XAS experiment will 

show that, this is not the case. 



 

Figure 3.4 XRD patterns of TiS2 annealing products at 473, 573, 673 and 773 K. 
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Figure 3.5 TEM micrographs of TiS2 and annealing TiS2 at 473, 573, 673 and 773 K. 
 

TiS2 

TiO2 
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 3.4.4 XAS measurement: XANES region 

 The XANES region is known to be rich in chemical information such as formal 

valence state, ligand type and coordination environment. XANES can also be used as 

a fingerprint to identify structural phase. The Ti K-edge XANES spectra of the 

samples were shown in figure 3.6. 

 

 

Figure 3.6 Normalized Ti K-edge XANES spectra of anatase TiO2, TiS2 and annealed 

TiS2 (473, 573, 673 and 773 K). 
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 The Ti K-edge spectrum of annealed sample at 473K shows the combination 

feature between TiS2 and TiO2. It can be assumed that the TiS2 are partly oxidized at 

this temperature state. For the sample annealed at 573K and above, the spectra have 

similar finger print to that of pure anatase TiO2.  

 Linear combination analysis (LCA) of XANES was used to find the ratio of 

TiO2 and TiS2 components contained in sample. The fit was done based on the 

assumption that there are only two components left in all annealed samples. If the 

intermediate phase of anatase TiSxO2-x exists, a small error adjustment can be done. 

 

Table 3.1 LCA result of Ti K-edge XANES data of S-doped TiO2 nano-crystalline 

samples. 

Annealed temperature (K) % TiS2 % TiO2(anatase) R-factor 
 

473 
 

80.6 
 

19.4 
 

0.0032 
 

573 
 

10.3 
 

89.7 
 

0.0039 
 

673 
 

0.0 
 

100.0 
 

0.0060 
 

773 
 

0.0 
 

100.0 
 

0.0067 
 

 The LCA results of Ti K-edge XANES data of the nanocrystalline samples are 

shown in Table 3.1 From the information above, we found that the annealed sample at 

about 20% of 473K sample already become TiO2. These nanodomains of TiO2 would 

give small and very broad XRD peaks, thus undetected by XRD. For higher annealing 

temperatures, the percentage of TiO2 gets larger and dominates the XRD pattern. This 

observation is also supported by the S K-edge XANES measurement. These fitting 

results are well agreed with the TGA and TEM results that the phase transformation 

from TiS2 to TiO2 begins around 450-500K.  
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 As if the Ti K-edge XANES spectra of annealed sample at 573K and above are 

indifferent, the information contains the local structure surrounding sulfur atoms can 

be obtained by analyzing S K-edge XANES data. S K-edge XANES spectra of S-

doped TiO2 nano-crystalline samples are shown in figure 3.7(a). 

 As illustrated in figure 3.7, the XANES spectrum of annealed sample at 473 K 

has the similar feature as TiS2 spectrum. There is no other phases founded which can 

be conveniently inferred that the local structure surrounding sulfur atoms remain 

TiS2-like. However, the XANES feature of anneal samples spectra at 573K and above 

are more complicate. The small feature around 2468 eV of spectra at 673K and 773K 

was identified as a bulk defect by a first principle total energy calculation based on 

the Vienna ab initio Simulation package (VASP 4.6) using supercell approach (Smith 

et al., 2007). The local structure of neutral Si obtained from their first principles 

structural relaxation is taken into account as model Si in figure 3.2(d). A large peak 

observed around 2481 eV is quite well-defined an identified as the sulfur in sulfate 

form (SO4
2-). 

 To clarify these complex XANES spectra, The FEFF calculations of four 

possible models are determined, as shown in figure 3.7(b). In many cases, the 

simulated absolute photon energy can be differed from the measured value by 3-5 eV. 

To compare the spectra efficiently, the calculated spectra are shifted to the recognized 

energy. The comparative plot of all spectra after shifted is shown in figure 3.8. Not 

that, the ION card in FEFF 8.2 can also give reasonable “shift” in absorption edge. 
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Figure 3.7 (a) Normalized S-K edge XANES spectra of TiS2 and annealing TiS2 473, 573, 673 and 773. (b) The simulated spectra of 

sulfur in TiS2, sulfur in sulfate ion, sulfur substitution in TiO2 and sulfur interstitial in TiO2 obtained from FEFF code. 

 

 

TiS2 

773K 2h 

673K 2h 

573K 2h 

473K 2h 

(a) (b) 

Si 

S in TiO2 

S in SO4
2-
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Figure 3.8 Comparison between the S-K edge XANES spectrum of TiS2 and annealed samples (a) and the spectra obtained from FEFF 

code after performed energy shifted and combined by different ratio of Si: S in SO4
2-: S substitution O site: S in TiS2 (b). 

 
     0.29:0.71:0:0 
 
 
  
   0.28:0.69:0:0.035 
 
 
 
    0.19: 0.15:0:0.56 
 
 
     0.18:0.05:0:0.77 
 
 
       0:0.03:0:0.97 
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 As shown in figure 3.8(a), the spectrum component S in TiS2 is corresponding 

to the main presented feature in TiS2 and the low temperature samples. In the similar 

way, the spectrum of Sion (SO4)2- is correlated to the main feature of high temperature 

samples. Based on the assumption that there are only four possibilities of sulfur 

allocate in all samples. The pure TiS2 already shows some trace of oxidation into 

(SO4)2- form. With higher annealing temperature the content of bulk TiS2 decreased 

and that of (SO4)2- and Si increased. It is in agreement with Ti K-edge result, that there 

is no trace of TiS2 identified in the sample annealed at 773K. 

 

 3.4.5 XAS measurement: EXAFS region 

 To support the findings from XANES, the S K-edge EXAFS spectra were taken 

and analyzed. The k2-weighted EXAFS spectra of annealed samples at varied 

temperature from 473 to 773 K with fitting result are shown in figure 3.9 and 3.10. 

 The EXAFS spectrum of 473 K annealed sample exhibits the similar 

oscillations with the TiS2 spectrum. This can be inferred that at this temperature state 

most of S remains in the form of TiS2. 

 However, the main oscillations in EXAFS spectra of annealed sample at 573 K 

and above show a general main oscillation feature which is that of (SO4)2-. 
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Figure 3.9 The k2-weighted S K-edge EXAFS spectra (dash line) of TiS2 and fitting 

result (solid line) of annealing TiS2 at 473, 573, 673 and 773 K. 

 

(Å)-1
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Figure 3.10 The fitting results (solid line) in R space of the measured EXAFS 

spectrum (dash line) of annealing TiS2 at 473, 573, 673 and 773K sample using SO4
2- 

ion representative model. 

 

(Å)

(Å
)-3
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Table 3.2 The path length, Debye-Waller factor, and coordination number, as 

obtained from the fitting within the range R = 1-3 Å.  

Annealed 
Temperature 

(K) 
Type of Bond N R(Å) σ2(Å 2) 

473 R1 [S-Ti] 3 2.3901 0.0050 

 R2 [S-S] 6 3.4001 0.0040 

573 R0 [S-O] 4 1.4558 0.0090 

673 R0 [S-O] 4 1.4560 0.0125 

773 R0 [S-O] 4 1.4507 0.0087 

 

 It can be seen that, the S K-edge EXAFS spectra of sample annealed at 573K 

and above can be fitted well with the SO4
2- ion representative model. This fitted result 

is in good agreement with the XANES result that the main sulfur component in high 

temperature samples is SO4
2-. 

 Since there is no report of TiSO4 formation, it may be concluded that SO4
2- may 

exist in the S-doped TiO2 nanocrystals samples as surface absorbance attached to Ti 

atoms. It can be speculated that these absorbance SO4
2- ions may play an important 

role in improving the catalytic activities and red-shifting the absorption band, which 

may be the topic of future research. 
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3.5 Summary 

 In this chapter, it is demonstrated that XAS can be used to determine the local 

structure around absorbing atoms in the S-doped TiO2 nanocrystals. Both XANES and 

EXAFS analysis are in good agreement that the main component which is 

corresponding to almost all features of S-doped TiO2 are sulfur in sulfate ion adsorbed 

on the TiO2 surface, not the TiSxO2-x alloys. This finding can lead to more 

understanding on photo-catalysis activity in sulfur-doped TiO2 and low cost synthesis 

of nanocrystalline photo-catalytic material. 

 



 

CHAPTER IV 

THE ORIGIN OF HEXAGONAL DOMAINS  

IN Mn-DOPED BaTiO3 POWDER 

 

4.1 Mn-Doped BaTiO3 

 Barium titanate, BaTiO3 (BTO), is a well-known electroceramics material 

which is widely used in many applications such as thin film capacitors, thermistors, 

chemical sensors, and piezoelectric devices (Wang et al., 2009). Due to its excellent 

ferroelectric properties and the high dielectric constant at room temperature, the 

tetragonal BaTiO3 has caught highly interests from the researchers worldwide. As one 

of perovskite-type structure materials, it exhibits a variety of structures. A cubic-to-

tetragonal structural phase transition occurs around 132 C . The cubic phase 

transforms to a high temperature hexagonal structure around 1432 C .  The hexagonal 

BaTiO3 is reported to be thermodynamically stable above the transformation 

temperature (Kirby and Wechsier, 1991). When BTO is doped by transition metals 

such as Mn or Fe, the hexagonal phase can be obtained at room temperature. The 

doped hexagonal BaTiO3 ceramics were reported a potential candidate for use in 

dielectric resonator (Keith et al., 2004). Recently, Yoko and her coworkers have 

reported that the dielectric constant of the Mn-doped BaTiO3 thin film was higher 

than that of the undoped BaTiO3 (Yoko et al., 2009). The microscopic origin of 

tetragonal to hexagonal phase transition of BTO is still an undergoing research topic. 
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It is very interesting that only 2% of Mn in BaTiO3 could change the whole structural 

transition, as shown in figure 4.1. It was shown by XAS, recently, that Mn dopant 

replaces Ti in hexagonal BTO. (Yimnirun et al., 2010), however, the local lattice 

environment around Mn dopant was not identified. 

 

 

Figure 4.1 XRD patterns of powder Ba(Ti1-xMnx)O3 with x = 0 to 0.2. (Yimnirun et 

al., 2010). 

 

 In this work, XAS was used to investigate the local Mn site in BTO to explain 

the observed tetragonal to hexagonal phase transition behavior in this ferroelectric 

material. 
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4.2 Experimental Details 

 In this work, Mn-doped BaTiO3 samples were obtained from R. Yimnirun and 

J. Tangsritrakul (at that time at Department of Physics, Chiangmai University). 

Ba(Ti1-xMnx)O3 powders with x = 0 to 0.2 were prepared by a conventional mixed-

oxide method. Raw materials BaCO3, TiO2 and MnO2 were mixed and vibro-milled in 

ethyl alcohol for 1 hour and then oven dried overnight at 120 C . After drying, the 

powders were calcined at 1250 C  for 2 hours with 5 C /min heating and cooling 

rates. The calcined powders were pressed into disk-shaped by uniaxial hydraulic press 

using the equivalent force of 5000 N to form green pellets of 1 cm diameter. The 

green pellets were placed on the alumina powder inside an alumina crucible then heat 

treated at 500 C  for 1 hour to eliminate the PVA, followed by sintering at 

temperatures 1450 C  for 2 hours with 5 C /min heating and cooling rates. Phase 

identification of Mn-doped BTO powders and ceramics was performed by X-ray 

diffraction (XRD), as shown in figure 4.1. It can be seen that the 1% Mn-doped BTO 

powder still has a tetragonal structure as shown by XRD. XAS was used to study the 

local structure of Mn in the BTO samples. 

 The XAS measurements were performed at Ti K-edge, Ba L3-edge and Mn K-

edge. Both Ti K-edge and Ba L3-edge can be obtained in transmission mode, however, 

the Mn K-edge have to be measured in fluorescence mode with 13-elements Ge-

Detector (Canberra) due to its low concentration of Mn. At the lowest concentration, 

the measurement time per step is increased up to 30 sec.  
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4.3 XAS Calculation Details 

 The Mn substitutions in BaTiO3 were investigated in this work. Hexagonal and 

tetragonal models of BaTiO3 were used. Since their are their two different sites of 

titanium in hexagonal phase, the calculation can be separated into two models, one 

substitute in Ti(1) site and the other in Ti(2) site, as shown in figure 4.2(a). The third 

model is Mn substituted on Ti site in tetragonal phase, as shown in figure 4.2(b). 

 The calculations of XANES spectra from the three models were done using 

FEFF8.2 codes. The IFEFFIT package was used to analyze the EXAFS spectra. 

 

 

 

 

 

 

 

 

 

            (a)          (b) 

Figure 4.2 The representative model for Mn substitute in (a) hexagonal BaTiO3 (both 

Ti(1) and Ti(2) sites) and (b) tetragonal BaTiO3 (Ba : dark pink, Ti: blue, O : red, Mn: 

magenta). 

 

 

 

  

Ti(1) 
Ti(2)    
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4.4 Results and Discussion 

 4.4.1 XANES results 

 The XANES spectra of Ba(Ti1-xMnx)O3 powder with  x = 0  to 0.2 are shown in 

figure 4.3. The Ti K-edge spectra and Ba L3-edge spectra of the doped samples have 

similar features as the undoped. From, XRD results the undoped and doped samples 

have different phases. It implies that, the neighboring of Ti and Ba atoms may have 

similar structure for both hexagonal and tetragonal phases. 

 To inspect the Mn local structure, the Mn K-edge XANES spectra were taken as 

shown in figure 4.4. It is clear that the Mn XANES spectra contain similar feature for 

all doped powder samples. For XANES fingerprint comparison, the spectra of Mn 

metal, MnO and Mn2O3 were taken along with the samples. The XANES spectra in 

Mn K-edge of all Mn-doped BaTiO3 samples are found to be unmatched to all of 

them.  This can be concluded that no another forms of Mn excepted MnTi in BTO was 

observed in the samples. All Mn dopants are likely to substitute Ti in the BaTiO3 

crystal to form Ba(Ti1-xMnx)O3. 

 To investigate the preferred site of substitute, the FEFF calculations have been 

performed. The simulated XANES spectra of Mn-doped BaTiO3 in three specific sites 

were compared with Mn-doped sample as shown in figure 4.4(b). Although the 

correction term from measurement was not taken into account, the similarity between 

the doped sample and Mn substitute to Ti1 and Ti2 site of hexagonal BaTiO3 spectra 

can be seen. 

 At this state, from XANES, it is very likely that Mn atoms can replace both Ti 

sites in hexagonal BaTiO3 more that reside in tetragonal BaTiO3. 
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Figure 4.3 Normalized XANES spectra of Ba(Ti1-xMnx)O3 with x = 0 to 0.2. Left: Ti-K edge. Right: Ba L3-edge. 75 
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Figure 4.4 (a) Normalized XANES spectra of Ba(Ti1-xMnx)O3  with x = 0  to 0.2 at Mn K-edge. (b) Comparison of the Mn-K edge spectra 

obtained from FEFF code between possible models of Mn substitute in BaTiO3.        

(a) (b) 
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 4.4.2 EXAFS results 

 The k2-weighted Ba L3-edge EXAFS spectra of Ba(Ti1-xMnx)O3 powder with    

x = 0 to 0.2 are shown in figure 4.5. The Ba L3-edge EXAFS spectra show no 

significant change of neighborhood structure around Ba atoms, which can be 

expected. 

 However, the k2-weighted Ti K-edge EXAFS spectra show different features 

between undoped tetragonal BTO and hexagonal BTO. As seen in figure 4.6, the 

undoped spectrum (x = 0) shows the unique feature 1s of tetragonal phase (k ~ 4 and 

5 Å-1). The spectra of doped samples have gradually changed as the dopant’s 

concentration increased and reaching full hexagonal feature after x = 0.05, in good 

agreement with the XRD results that some doped samples can have mixed phases 

between pure BaTiO3 and hexagonal phases. The LCA of Ti K-edge EXAFS was used 

to find the ratio of tetragonal phase and hexagonal phase, using pure BaTiO3 and the 

doped sample with x = 0.2 as a representative of each phase. The fit was done based 

on the assumption that there are only two phases in doped samples. The results are 

shown in Table 4.1. 

 

Table 4.1 LCA result of Ti K-edge XANES data of Ba(Ti1-xMnx)O3 powder. 

Mole fraction of Mn Tetragonal phase Hexagonal phase 
 

x = 0.01 
 

91.5 
 

8.5 
 

x = 0.05 
 

51.2 
 

48.8 
 

x = 0.10 
 

7.3 
 

92.7 
 

x = 0.15 
 

5.7 
 

94.3 
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Figure 4.5 The k2-weighted Ba L3-edge EXAFS spectra of Ba(Ti1-xMnx)O3 powder 

with  x = 0  to 0.2. 
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Figure 4.6 The k2-weighted Ti K-edge EXAFS spectra of Ba(Ti1-xMnx)O3 powder 

with  x = 0  to 0.2. 
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Figure 4.7 The k2-weighted Mn K-edge EXAFS spectra of Ba(Ti1-xMnx)O3 powder 

with  x = 0  to 0.2. 
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 An interesting finding can be obtained from the k2-weighted Mn K-edge 

EXAFS spectra shown in figure 4.7. All the Mn spectra show the similar EXAFS 

oscillation patterns even the sample with x = 0.01 which have tetragonal structure.  

This implies that the majority of Mn is residing in similar sites: Ti sites in hexagonal 

BTO even in tetragonal sample. To ensure the conclusion, EXAFS fittings should be 

performed. 

 The EXAFS fitting results are shown in Table 4.2. By squeezing the Mn 

substitution in Ti site in tetragonal BaTiO3 model, it was found that the amplitude of 

all including paths can not be fitted by positive value as can be expected from the 

almost out-of-phase oscillations. On the opposite hand, the good fit can be obtained 

from using hexagonal model. As seen in the table 4.2, the combination between Mn 

substitution in Ti(1)and Ti(2) site of hexagonal BaTiO3 model by 20:80 ratio is the 

best fitted to Mn-doped samples. Thus, it is concluded that Mn atom substitute both 

hexagonal Ti sites in Mn-doped BaTiO3 powder samples, with more preference to 

Ti(2) site. 
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Table 4.2 The fitting results of Mn K-edge EXAFS spectra from Ba(Ti0.8Mn0.2)O3 

powder : R-factor obtained from the fitting by IFEFFIT.  

 
Mn in Ti site of 

tetragonal phase 
(%) 

Mn in Ti(1) of 
hexagonal phase 

(%) 

Mn in Ti(2) of 
hexagonal phase 

(%) 
R-factor 

 
100 

 
0 

 
0 

 
0.5037* 

 
0 

 
0 

 
100 

 
0.0995 

 
0 

 
10 

 
90 

 
0.0548 

 
0 

 
20 

 
80 

 
0.0485 

 
0 

 
30 

 
70 

 
0.0575 

 
0 

 
40 

 
60 

 
0.0728 

 
0 

 
50 

 
50 

 
0.0854 

 
0 

 
60 

 
40 

 
0.0994 

 
0 

 
70 

 
30 

 
0.1305 

 
0 

 
80 

 
20 

 
0.1904 

 
0 

 
90 

 
10 

 
0.3103 

 
0 

 
100 

 
0 

 
0.2759 

*All amplitudes are negative 
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Figure 4.8 The fitting result of Mn K-edge EXAFS spectra from Ba(Ti0.8Mn0.2)O3 powder with the combination of Ti(1)and Ti(2) site of 

hexagonal BaTiO3 model by 20:80 ratio. 
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 The XAS results can shed the light on how the tetragonal to hexagonal 

structural phase transition can occur in Mn-doped BTO samples. XAS suggest that 

Mn, by preferably occupying both Ti(1) and Ti(2) sites induce nanodomains of 

hexagonal BTO even at very low concentration of Mn dopants. These small nano-

domains can not be probed by XRD thus the over all structure still be seen by XRD 

tetragonal such as 1% Mn-doped BTO. With higher Mn concentrations the hexagonal 

domains can coalesce and become bigger domain thus detected by XRD. When the 

majority hexagonal domains take over the tetragonal domains disappear form XRD 

view point. This process may take place for the sample with Mn concentration as low 

as 2%. 

 

4.5 Summary 

 In this chapter, it is demonstrated that the XAS can be used to clarify the local 

structure around Mn dopant atoms in BaTiO3. Both XANES and EXAFS analysis are 

well agreed with the postulation that Mn dopant atoms in BaTiO3 are substituting in 

both Ti(1) and Ti(2) hexagonal sites with more preference to Ti(2) site. The result can 

be used to explain the origin of hexagonal domain in Mn-doped BaTiO3 material. 

 



 

CHAPTER V 

DETECTION OF Fe2O3 NANO DOMAIN  

IN Fe-DOPED CeO2 

 

5.1 Fe-Doped CeO2 

 Cerium Oxide (CeO2) is a photo catalytic material which is widely used in 

many applications such as fuel cells, catalysis luminescent, sensor and cosmetics. 

Recently, it has been reported that, the oxide based diluted magnetic semiconductor 

(O-DMS), Fe-doped CeO2 exhibits ferromagnetic (FM) at room temperature. (Mansiri 

et al., 2009; Brito et al., 2010) The room temperature FM behavior of O-DMS can be 

potentially useful for spintronics devices.  It was proposed that Fe can be incorporated 

in the fluorite lattice of CeO2. However, it is not clear that the ferromagnetic property 

comes from Fe in CeO2 or the very small ferrite domains in CeO2 nano-particles since 

XRD can not probe these domains as shown in figure 5.1. In this chapter, it will be 

shown that XAS can provide the answer. 

 As shown in figure 5.1, the doped samples seem to have the cubic fluorite 

structure of CeO2. While, the single-phase CeO2 exhibits diamagnetic behavior at 

room temperature, Ce0.97Fe0.03O2 calcined samples are ferromagnetism having the 

magnetizations up to 6.20 x 10-3 emu/g at 10 kOe as shown in figure 5.2. From this 

result, it was concluded that the ferromagnetic property is intrinsic to the Fe-doped 

CeO2 system and is not a result of any secondary magnetic phase or cluster formation. 
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For the verification, in this work, XAS has been used to probe the nanostructure of 

Fe-doped CeO2 nanocrystalline samples. 

 

Figure 5.1 XRD patterns of nano-crystals CeO2 (a, b, c) and Ce0.97Fe0.03O (d, e, f) 

calcined in air at 673K, 773K and 873 K respectively (Mansiri et al., 2009). 

 

Figure 5.2 Room temperature magnetization data of precursor (1) and Ce0.97Fe0.03O 

calcined samples (2), (3) and (4) (Mansiri et al., 2009). 
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5.2 Experimental Details 

 The nanoparticles of Fe-doped CeO2 with Fe mole fraction from 0.03 to 0.09 

were synthesized and characterized by S. Mansiri and S. Phokha at Department of 

Physics, Khon Kaen University. The preparation technique is a thermal relocation 

method called polyvinyl alcohol (PVA) sol-gel solution method. The raw materials, 

Cerium (III) acetate hydrate (99.9% Sigma-Aldrich) and iron (III) nitrate hexahydrate 

(99.999% Sigma-Aldrich), were mixed by stoichiometric components. The mixed 

powder was calcined in air at 873 K for 2 hours. The calcined powder was grounded 

and sifted by 150 μm sieve. For comparison purpose, the CeO2 sample without Fe 

doping was also prepared using the similar method. The prepared samples were 

characterized by XRD and Raman spectroscopy. Magnetic properties were 

investigated by a vibrating sample magnetometer (VSM) at 293 K. The morphology 

and structure of the prepared samples were characterized by TEM. (Mansiri et al., 

2009). 

 The results from XRD, Raman spectroscopy and TEM measurements suggested 

that, within the resolving limit of the instruments, Fe is not in the form of metallic Fe 

or a stoichiometric compound of secondary phases. It was proposed that Ce atoms in 

cubic CeO2 framework were substituted by Fe atoms in the Fe-doped CeO2. 

 For XAS measurement, all samples were prepared in standard method. Both of 

Fe K-edge and Ce L3-edge were measured in fluorescence mode with 13-elements Ge 

Detector.  
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5.3 XAS Calculation Details 

 Two models of Fe-doped CeO2 are investigated in this work. The first one is 

iron substitution; some cerium sites are replaced by iron atoms. The other one is iron 

oxide nano-cluster; the iron atoms form phase-separated nano-crystalline iron oxide in 

CeO2. Pictures of the two models are shown in figure 5.3. 

 The XANES spectra of Fe2O3 and Fe substituted CeO2 are calculated using 

FEFF8.2 codes. The default values of most parameter in the FEFF calculation are 

used.  

 

 

         (a)      (b) 

 
Figure 5.3 The representative model for (a) FeCe in Fe-doped CeO2  (b) Fe2O3 

(hematite) (Fe : orange, Ce : yellow, O : red). 
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5.4 Results and Discussion 

 5.4.1 XANES region 

 As discussed previously, the XANES spectrum can be used as fingerprint to 

characterize the local neighborhood of the interested atoms. The Ce-L3 edge XANES 

spectra were shown in figure 5.4. 

 

 

Figure 5.4 Normalized Ce L3-edge XANES spectra of undoped CeO2 and Fe-doped 

CeO2 samples with Fe mole fraction 0.03 to 0.09. 
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 From the spectra comparison, there is no significant change observed in Ce L3-

edge XANES among different samples. This suggests that the local structure 

surrounding Ce atom still remains the same as the undoped CeO2. However, the key 

of changing in magnetic properties is suggested by the XANES if Fe K-edge as shown 

in figure 5.5. 

 

Figure 5.5 Normalized Fe K-edge XANES spectra of Fe3O4, FeO, Fe2O3, and Fe-

doped  CeO2 samples with Fe mole fraction 0.03 to 0.09. 
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 For XANES fingerprint comparison, the spectra of Fe3O4, FeO, Fe2O3 are taken 

along with the samples. The XANES spectra in Fe K-edge of all Fe-doped CeO2 

samples are found to be well-matched to that of Fe2O3. This strongly suggests that Fe 

atoms are mainly in the form of very small Fe2O3 nano-domain not in the Fe-doped 

CeO2 form since the local structure of the two models are different from each other 

very much. 

 To support the XANES fingerprint analysis, the FEFF calculations have been 

performed. The simulated XANES spectra of Fe-doped CeO2 and Fe2O3 were 

compared with Fe-doped CeO2 as shown in figure 5.6. Although the correction term 

from measurement was not taken into account, the similarity between the doped 

sample and iron oxide spectra can be seen, especially both of them have a pre-edge 

feature while the no pre-edge feature in the simulated spectra of iron substituted 

CeO2. This pre-edge feature is recognized, as 1s  3d transition. This transition is 

considered as an evidence for the absence of symmetric octahedral structure. (Bare, 

2005) Moreover, the oscillation of Fe-doped CeO2 is almost out-of phase when 

compared to the measured spectrum. If the doping Fe atom replaced Ce site in CeO2 

the number of nearest neighbor atoms will be 8 not 6 and the absorption edge should 

be shifted to the lower energy than that of Fe2O3. 

 At this point, it is very likely that Fe atoms are residing in very small Fe2O3 sub-

nano domains in CeO2 nano particles. Those nano domains are very small thus 

undetected by conventional characterization techniques such as XRD and TEM. 
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Figure 5.6 Comparison between the Fe K-edge spectrum of Fe-doped CeO2 samples 

and the spectra obtained from FEFF codes. Inset: The magnification of pre-edge 

feature. 
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 5.4.2 EXAFS region 

 To support the conclusion from XANES, the Fe K-edge EXAFS spectra were 

analyzed. The Fe K-edge EXAF spectrum of Fe-doped CeO2 samples were fitted by 

IFFEFFIT software using Fe-doped CeO2 and Fe2O3 models. The k2-weighted 

EXAFS spectra of doped samples (x = 0.03-0.09) with fitting results are shown in 

figure 5.7 and 5.8. It can be seen that, the main oscillations of four spectra are similar. 

All measured spectra can be fitted well by Fe2O3 model and not by Fe-doped CeO2 

model. If we try to squeeze Fe-doped CeO2 model into the fit, the distance from the 

Fe center atom to the first shell (R1) should decrease by 0.35Å and the second shell 

(R2) should decrease more than 0.71Å, about one-third of initial distance, which 

seems unlikely. On the other hand, the Fe2O3 model is well fitted to the experiment. 

The Debye-Waller factor, the co-ordination number and the path length obtained from 

the fit are shown in Table 5.1. 
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Figure 5.7 The k2-weighted Fe K-edge EXAFS spectra and fitting results of Fe-doped 

CeO2 with Fe mole fraction 0.03, 0.05, 0.07 and 0.09. 

(Å)-1
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Figure 5.8 The fitting results in R space of the measured EXAFS spectrum from Fe-

doped CeO2 sample using Fe-doped CeO2 and Fe2O3 models. 

(Å) 

(Å
)-3
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Table 5.1 The path length, Debye-Waller factor, and coordination number, as 

obtained from the fitting within the range R = 1-3 Å. 

Mole fraction Type of path N R0(Å) σ2(Å 2) 

0.03 R1 [Fe-O(1_1)] 3 1.8940 0.0084 

 R2 [Fe-O(1_2)] 3 2.0645 0.0084 

 R3 [Fe-Fe(1_1)] 4 2.9567 0.0077 

     

0.05  R1 3 1.9032 0.0074 

  R2 3 2.0737 0.0074 

  R3 4 2.9297 0.0057 

     

0.07  R1 3 1.8880 0.0083 

  R2 3 2.0585 0.0083 

  R3 4 2.9451 0.0159 

     

0.09  R1 3 1.8879 0.0082 

  R2 3 2.0584 0.0082 

  R3 4 2.9509 0.0184 
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5.5 Summary 

 In this chapter, it is demonstrated that XAS can be used to elucidate the 

nanostructure around Fe dopant atoms in CeO2.  Both XANES and EXAFS analysis 

are well agreed that Fe dopant atoms in CeO2 nanocrystalline samples are in the sub-

nano Fe2O3 domains separated from the CeO2 domains. The finding disproves the Fe-

doped CeO2 model proposed in the literatures and can shed the light into the origin of 

room temperature ferromagnetic behavior in the oxide based diluted magnetic 

semiconductors. 



 

CHAPTER VI 

CONCLUSIONS 

 

 The search for a better tool is one of the basic behaviors in human history. In 

novel material research, new requirement drive for a new characterization tool. At the 

present age, there is no existing of the universal tool. There is no unique solution for 

the new problem on the frontier research. Each problem has its own special solutions. 

 As usually occur in the characterization works on novel nanocrystal systems, 

the standard tools fail to pin-point the positions of the specific atoms. Especially, 

when the atoms of interest have distributed randomly throughout the nanocrystal 

materials, the diffraction based techniques is almost completely fail. To deal with 

such a basic problem, XAS was found to be very useful. 

 As described hitherto, XAS can be used to identify the atomic position of 

dopant atoms in three nanocrystalline materials. In the first system, it was shown that 

the majority of sulfur atoms located in S-doped TiO2 nanocrystal in the form of 

(SO4)2-. The finding does not support the TiSxO2-x alloys postulation as believed in the 

main-stream photo catalytic community. The reason for the better photo-catalytic 

performance of S-doped TiO2 over TiO2 still be waiting for future research. 

 In the second system, the origin of hexagonal domains in Mn-doped BaTiO3 

ferroelectric powder was studied. It was found that Mn atoms have resided in Ti(1) 

and Ti(2) hexagonal site of BaTiO3 regardless of what Mn concentration is. The 

suggested that Mn is the key component that induce the formation of sub-nano 
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hexagonal domains in Mn-doped BaTiO3, even though BaTiO3 is, itself, tetragonal at 

room temperature. When hexagonal domains coalesced, then the structural phase 

transition can be picked up by standard tools such as XRD or TEM. The early 

detection of hexagonal domains in Mn-doped BaTiO3 is one of the indication of better 

structural detection limit of XAS over the conventional methods. 

 For the last system, the positions of Fe dopants in CeO2 photo-catalytic 

nanocrystals were determined. It was found that Fe atoms are in the form of Fe2O3 

sub-nano domains in CeO3 nanocrystalline samples. The finding disproved the 

assumption that Fe replaces Ce in the Fe-deoped CeO2 lattice. Therefore, the 

explanation of the room temperature ferromagnetic behaviour of this oxide based 

diluted magnetic semiconductor should include the existing of Fe2O3 subnano 

domains, which may be an interesting research topic. 

 The works on the three systems has demonstrated that the synchrotron based - 

XAS may be the methods of choice for pin-pointing the location of the interested 

atomic species in the nanocrystal materials.  Since Thailand is a developing country, it 

is a good opportunity for research community in Thailand to have an existing 

synchrotron facility for scientific research. This work has utilized the XAS facility 

offered at SLRI to partially pave the way for atomic scale characterization of nano-

materials by serving some simple examples. By following the examples given, more 

interesting works on materials investigation by the SLRI users may follow in the near 

future. Therefore, this would contribute to the advancement of the Thai research 

community at last. 
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* This feff.inp file generated by ATOMS, version 2.50      
* ATOMS written by and copyright (c) Bruce Ravel, 1992-1999 
 
*       Space group "I 41/A M D" may be referenced to a different 
origin.     
*       If the atom list seems incorrect, put this line in your input 
file    
*              shift   0      0.25  -0.125                                    
*       and run atoms again.-                                                 
   
* -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * 
*       total mu =     7884.2 cm^-1, delta mu =     5883.7 cm^-1 
*       specific gravity =  5.460, cluster contains   78 atoms. 
* -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * 
*       mcmaster corrections:  0.00182 ang^2 and  0.637E-05 ang^4 
* -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * 
   
TITLE   name:     TiO_2  anatase substitute some O site by S 
TITLE   formula:  TiO_2 
TITLE   sites:     
TITLE   refer1:   wyckoff vol 1, chapter IV, p 253--4 
TITLE   refer2: 
TITLE   schoen:   d_4h^19 
TITLE   notes1:   tetragonal, distorted oxygen-octahedra 
TITLE   notes2:   coords shifted by (0,0.25,-0.125) from wyckoff 
   
EDGE      K  
S02       1.0 
   
*         pot    xsph  fms   paths genfmt ff2chi 
CONTROL   1      1     1     1     1      1 
PRINT     1      0     0     0     0      0 
   
*         r_scf   [ l_scf  n_scf  ca ] 
SCF       4.26145   0      15     0.1 
   
*         ixc  [ Vr  Vi ] 
EXCHANGE  0      0   0 
   
*EXAFS 
*RPATH     8.52289 
   
*         kmax  [ delta_k  delta_e ] 
XANES     4.0     0.07     0.5 
*         r_fms     [ l_fms ] 
FMS       4.26145     0 
* 
RPATH     0.10000 
*         emin  emax  resolution 
*LDOS      -20    20   0.1 
   
POTENTIALS 
*   ipot   z [ label   l_scmt  l_fms  stoichiometry ] 
      0   16    S      -1      -1       0 
      1   22    Ti     -1      -1       1 
      2    8    O      -1      -1       2 
   
ATOMS 
   0.00000     0.00000     0.00000    0   S1               0.00000 
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   0.00000    -1.89250     0.41291    1   Ti1              1.93702 
   0.00000     1.89250     0.41291    1   Ti1              1.93702 
   0.00000     0.00000    -1.96559    1   Ti1              1.96559 
   0.00000    -1.89250    -1.55269    2   O1               2.44794 
   0.00000     1.89250    -1.55269    2   O1               2.44794 
   1.89250    -1.89250     0.82582    2   O1               2.80091 
   1.89250     1.89250     0.82582    2   O1               2.80091 
  -1.89250     1.89250     0.82582    2   O1               2.80091 
  -1.89250    -1.89250     0.82582    2   O1               2.80091 
   0.00000    -1.89250     2.37850    2   O1               3.03954 
   0.00000     1.89250     2.37850    2   O1               3.03954 
  -1.89250     0.00000    -2.37850    2   O1               3.03954 
   1.89250     0.00000    -2.37850    2   O1               3.03954 
  -1.89250     0.00000     3.20432    2   O1               3.72145 
   1.89250     0.00000     3.20432    2   O1               3.72145 
  -3.78500     0.00000     0.00000    2   O1               3.78500 
   3.78500     0.00000     0.00000    2   O1               3.78500 
   0.00000     3.78500     0.00000    2   O1               3.78500 
   0.00000    -3.78500     0.00000    2   O1               3.78500 
   1.89250     1.89250     2.79141    1   Ti1              3.86718 
   1.89250    -1.89250     2.79141    1   Ti1              3.86718 
  -1.89250     1.89250     2.79141    1   Ti1              3.86718 
  -1.89250    -1.89250     2.79141    1   Ti1              3.86718 
   0.00000     0.00000    -3.93118    2   O1               3.93118 
  -3.78500    -1.89250     0.41291    1   Ti1              4.25186 
   3.78500     1.89250     0.41291    1   Ti1              4.25186 
   3.78500    -1.89250     0.41291    1   Ti1              4.25186 
  -3.78500     1.89250     0.41291    1   Ti1              4.25186 
   3.78500     0.00000    -1.96559    1   Ti1              4.26495 
  -3.78500     0.00000    -1.96559    1   Ti1              4.26495 
   0.00000    -3.78500    -1.96559    1   Ti1              4.26495 
   0.00000     3.78500    -1.96559    1   Ti1              4.26495 
  -3.78500     1.89250    -1.55269    2   O1               4.50762 
   3.78500    -1.89250    -1.55269    2   O1               4.50762 
  -3.78500    -1.89250    -1.55269    2   O1               4.50762 
   3.78500     1.89250    -1.55269    2   O1               4.50762 
  -1.89250     0.00000    -4.34409    1   Ti1              4.73843 
   1.89250     0.00000    -4.34409    1   Ti1              4.73843 
  -3.78500    -1.89250     2.37850    2   O1               4.85438 
   3.78500     1.89250     2.37850    2   O1               4.85438 
   1.89250    -3.78500    -2.37850    2   O1               4.85438 
  -1.89250    -3.78500    -2.37850    2   O1               4.85438 
   3.78500    -1.89250     2.37850    2   O1               4.85438 
   1.89250     3.78500    -2.37850    2   O1               4.85438 
  -1.89250     3.78500    -2.37850    2   O1               4.85438 
  -3.78500     1.89250     2.37850    2   O1               4.85438 
   1.89250    -3.78500     3.20432    2   O1               5.30805 
  -1.89250    -3.78500     3.20432    2   O1               5.30805 
   1.89250     3.78500     3.20432    2   O1               5.30805 
  -1.89250     3.78500     3.20432    2   O1               5.30805 
  -3.78500     3.78500     0.00000    2   O1               5.35280 
   3.78500     3.78500     0.00000    2   O1               5.35280 
   3.78500    -3.78500     0.00000    2   O1               5.35280 
  -3.78500    -3.78500     0.00000    2   O1               5.35280 
   3.78500     0.00000    -3.93118    2   O1               5.45715 
   0.00000    -3.78500    -3.93118    2   O1               5.45715 
  -3.78500     0.00000    -3.93118    2   O1               5.45715 
   0.00000     3.78500    -3.93118    2   O1               5.45715 
  -1.89250     1.89250    -4.75700    2   O1               5.45822 
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   1.89250     1.89250     4.75700    2   O1               5.45822 
   1.89250     1.89250    -4.75700    2   O1               5.45822 
  -1.89250     1.89250     4.75700    2   O1               5.45822 
   1.89250    -1.89250     4.75700    2   O1               5.45822 
   1.89250    -1.89250    -4.75700    2   O1               5.45822 
  -1.89250    -1.89250     4.75700    2   O1               5.45822 
  -1.89250    -1.89250    -4.75700    2   O1               5.45822 
   1.89250     0.00000     5.16991    1   Ti1              5.50541 
  -1.89250     0.00000     5.16991    1   Ti1              5.50541 
   0.00000     0.00000     5.58282    2   O1               5.58282 
   0.00000     5.67750     0.41291    1   Ti1              5.69250 
   0.00000    -5.67750     0.41291    1   Ti1              5.69250 
   3.78500    -3.78500    -1.96559    1   Ti1              5.70228 
  -3.78500     3.78500    -1.96559    1   Ti1              5.70228 
   3.78500     3.78500    -1.96559    1   Ti1              5.70228 
  -3.78500    -3.78500    -1.96559    1   Ti1              5.70228 
   0.00000     5.67750    -1.55269    2   O1               5.88599 
   0.00000    -5.67750    -1.55269    2   O1               5.88599 
END 
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* This feff.inp file generated by ATOMS, version 2.50      
  ATOMS written by and copyright (c) Bruce Ravel, 1992-1999 
 
* -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * 
*       total mu =     5140.7 cm^-1, delta mu =     3836.3 cm^-1 
*       specific gravity =  3.560, cluster contains   57 atoms. 
* -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * 
*       mcmaster corrections:  0.00182 ang^2 and  0.637E-05 ang^4 
* -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * 
   
TITLE   TiS2 
   
EDGE      K  
S02       1.0 
   
*         pot    xsph  fms   paths genfmt ff2chi 
CONTROL   1      1     1     1     1      1 
PRINT     1      0     0     0     0      0 
   
*         r_scf   [ l_scf  n_scf  ca ] 
SCF       5.18166   0      15     0.1 
   
*         ixc  [ Vr  Vi ] 
EXCHANGE  0      0   0 
   
*EXAFS 
*RPATH    10.36332 
   
*         kmax  [ delta_k  delta_e ] 
XANES     4.0     0.07     0.5 
*         r_fms     [ l_fms ] 
FMS       5.18166     0 
* 
RPATH     0.10000 
*         emin  emax  resolution 
*LDOS      -20    20   0.1 
   
POTENTIALS 
*   ipot   z [ label   l_scmt  l_fms  stoichiometry ] 
       0   16    S      -1      -1       0 
       1   22    Ti     -1      -1       1 
       2   16    S      -1      -1       2 
   
ATOMS 
   0.00000     0.00000     0.00000    0   S                0.00000 
  -0.95619     1.65626    -1.37475    1   Ti               2.35530 
  -0.95619    -1.65640    -1.37475    1   Ti               2.35539 
   1.91266    -0.00007    -1.37475    1   Ti               2.35546 
   0.00000     3.31266     0.00000    2   S                3.31266 
   0.00000    -3.31266     0.00000    2   S                3.31266 
  -2.86885     1.65633     0.00000    2   S                3.31266 
   2.86885     1.65633     0.00000    2   S                3.31266 
   2.86885    -1.65633     0.00000    2   S                3.31266 
  -2.86885    -1.65633     0.00000    2   S                3.31266 
   0.95647    -1.65646    -2.74950    2   S                3.34940 
   0.95647     1.65620     2.74950    2   S                3.34927 
   0.95647     1.65620    -2.74950    2   S                3.34927 
   0.95647    -1.65646     2.74950    2   S                3.34940 
  -1.91237    -0.00013    -2.74950    2   S                3.34917 
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  -1.91237    -0.00013     2.74950    2   S                3.34917 
  -3.82503    -0.00006    -1.37475    1   Ti               4.06458 
   1.91266     3.31259    -1.37475    1   Ti               4.06466 
   1.91266    -3.31273    -1.37475    1   Ti               4.06477 
  -0.95619     1.65626     4.12425    1   Ti               4.54609 
  -0.95619    -1.65640     4.12425    1   Ti               4.54614 
   1.91266    -0.00007     4.12425    1   Ti               4.54618 
  -1.91237     3.31253     2.74950    2   S                4.71060 
  -1.91237    -3.31279    -2.74950    2   S                4.71079 
  -1.91237    -3.31279     2.74950    2   S                4.71079 
  -1.91237     3.31253    -2.74950    2   S                4.71060 
   3.82532    -0.00013    -2.74950    2   S                4.71093 
   3.82532    -0.00013     2.74950    2   S                4.71093 
  -0.95619     4.96892    -1.37475    1   Ti               5.24351 
  -0.95619    -4.96906    -1.37475    1   Ti               5.24364 
   4.78151    -1.65640    -1.37475    1   Ti               5.24370 
   4.78151     1.65626    -1.37475    1   Ti               5.24366 
  -3.82503    -3.31273    -1.37475    1   Ti               5.24357 
  -3.82503     3.31259    -1.37475    1   Ti               5.24348 
   0.00000     0.00000     5.49900    2   S                5.49900 
   0.00000     0.00000    -5.49900    2   S                5.49900 
  -3.82503    -0.00007     4.12425    1   Ti               5.62497 
   1.91266     3.31259     4.12425    1   Ti               5.62503 
   1.91266    -3.31273     4.12425    1   Ti               5.62511 
  -5.73769     0.00000     0.00000    2   S                5.73769 
   5.73769     0.00000     0.00000    2   S                5.73770 
   2.86885    -4.96899     0.00000    2   S                5.73770 
   2.86885     4.96899     0.00000    2   S                5.73770 
  -2.86885     4.96899     0.00000    2   S                5.73770 
  -2.86885    -4.96899     0.00000    2   S                5.73769 
   3.82532     3.31253     2.74950    2   S                5.75896 
   3.82532    -3.31279    -2.74950    2   S                5.75912 
   3.82532    -3.31279     2.74950    2   S                5.75912 
   3.82532     3.31253    -2.74950    2   S                5.75896 
  -4.78122    -1.65646     2.74950    2   S                5.75879 
  -4.78122     1.65620     2.74950    2   S                5.75872 
  -4.78122    -1.65646    -2.74950    2   S                5.75879 
  -4.78122     1.65620    -2.74950    2   S                5.75872 
   0.95647     4.96886    -2.74950    2   S                5.75883 
   0.95647    -4.96912    -2.74950    2   S                5.75906 
   0.95647     4.96886     2.74950    2   S                5.75883 
   0.95647    -4.96912     2.74950    2   S                5.75906 
END 
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* This feff.inp file generated by ATOMS, version 2.50      
* ATOMS written by and copyright (c) Bruce Ravel, 1992-1999 
 
* -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * 
*       total mu =     4282.1 cm^-1, delta mu =     1455.8 cm^-1 
*       specific gravity =  3.893, cluster contains   84 atoms. 
* -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * 
*       mcmaster corrections:  0.00182 ang^2 and  0.637E-05 ang^4 
* -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * 
   
TITLE   name:     sulfate ion 
TITLE   formula:  SO42- 
TITLE   sites:    S1,O1-3 
TITLE   refer1   Kokkoros and Rentzeperis (1958) Acta Cryst. 11, 361. 
TITLE   refer2: 
TITLE   schoen: 
TITLE   notes1: 
  
EDGE      K  
S02       1.0 
   
*         pot    xsph  fms   paths genfmt ff2chi 
CONTROL   1      1     1     1     1      1 
PRINT     1      0     0     0     0      0 
  
*         r_scf   [ l_scf  n_scf  ca ] 
SCF       3.19230   0      15     0.1 
  
*         ixc  [ Vr  Vi ] 
EXCHANGE  0      0   0 
  
*EXAFS 
*RPATH     6.38459 
  
*         kmax  [ delta_k  delta_e ] 
XANES     4.0     0.07     0.5 
*         r_fms     [ l_fms ] 
FMS       3.19230     0 
* 
RPATH     0.10000 
*         emin  emax  resolution 
*LDOS      -20    20   0.1 
  
POTENTIALS 
*   ipot   z [ label   l_scmt  l_fms  stoichiometry ] 
      0   16    S      -1      -1       0 
      1    8    O      -1      -1       4 
   
ATOMS 
   0.00000     0.00000     0.00000    0   S2               0.00000 
  -0.48048     1.19794    -0.66303    1   O3               1.45104 
  -0.48048    -1.19794    -0.66303    1   O3               1.45104 
  -0.48048     0.00000     1.39284    1   O1               1.47339 
END 
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* This feff.inp file generated by ATOMS, version 2.50      
* ATOMS written by and copyright (c) Bruce Ravel, 1992-1999 
 
* -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * 
*       total mu =     4282.1 cm^-1, delta mu =     1455.8 cm^-1 
*       specific gravity =  3.893, cluster contains   84 atoms. 
* -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * 
*       mcmaster corrections:  0.00182 ang^2 and  0.637E-05 ang^4 
* -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * 
   
TITLE   name:     zinc sulfate 
TITLE   formula:  ZnSO_4 
TITLE   sites:    Zn1,S1,O1-3 
TITLE   refer1:   Kokkoros and Rentzeperis (1958) Acta Cryst. 11,361. 
TITLE   refer2: 
TITLE   schoen: 
TITLE   notes1: 
   
EDGE      K  
S02       1.0 
   
*         pot    xsph  fms   paths genfmt ff2chi 
CONTROL   1      1     1     1     1      1 
PRINT     1      0     0     0     0      0 
   
*         r_scf   [ l_scf  n_scf  ca ] 
SCF       3.19230   0      15     0.1 
   
*         ixc  [ Vr  Vi ] 
EXCHANGE  0      0   0 
   
*EXAFS 
*RPATH     6.38459 
   
*         kmax  [ delta_k  delta_e ] 
XANES     4.0     0.07     0.5 
 *         r_fms     [ l_fms ] 
FMS       3.19230     0 
* 
RPATH     0.10000 
*         emin  emax  resolution 
*LDOS      -20    20   0.1 
   
POTENTIALS 
*   ipot   z [ label   l_scmt  l_fms  stoichiometry ] 
       0   16    S      -1      -1       0 
       1    8    O      -1      -1       2 
       2   22    Ti     -1      -1       3 
   
ATOMS 
   0.00000     0.00000     0.00000    0   S                0.00000 
  -0.71600     0.78300    -1.40900    1   O                1.76381 
   1.03400    -0.78700     1.75100    1   O                2.18049 
  -2.30100    -0.11700    -0.47900    2   Ti1              2.35324 
   1.59400     0.38300    -1.68900    2   Ti2              2.35377 
  -0.41600     2.31300    -0.49900    2   Ti3              2.40250 
END 
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