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• Abstract

Titanium–oxygen polyhedra, such as TiO4 with a tetrahedron structure, TiO5 with a

square pyramidal structure, and TiO6 with an octahedron structure, commonly exist in

titanate materials from the perspective of microscopic scale. The physical properties of

titanates greatly depend on the local structure of titanium–oxygen polyhedra. For example,

Ba2TiO4, which contains a series of isolated TiO4 tetrahedra, has excellent CO2 sorption

properties. Fresnoite structure materials containing TiO5 polyhedron exhibit strong second

harmonic generation response and have been widely used in second-order nonlinear optical

materials. The TiO6 octahedron is more well-known than TiO4 and TiO5; further, it is

contained in titanates with perovskite structure, which is currently a research hotspot. A

typical example of physical property related with TiO6 octahedron is the ferroelectricity

in BaTiO3 and PbTiO3, which is produced by the displacement of a titanium ion in an

octahedron cage. In terms of structural similarity, TiO5 can be considered to be resulting

from the TiO6 octahedron with Ti ion displacement along the z-axis. The local structural

characteristics of these polyhedra in materials contribute to their physical properties.

Self-activated titanate phosphors with TiO5 polyhedra exhibit excellent photon-emission

property under UV irradiation, i.e., photoluminescence (PL). This phenomenon is also observed

in BaTiO3 with distorted TiO6 octahedron. Interestingly, both PL and ferroelectric properties

result from the distortion of TiO6 octahedron. The term “self-activated phosphors” is assigned

to non-ion-doped phosphors, whereas conventional phosphors are created by doping ions in

a matrix as the color center. The function of the doped ions is to form in-gap states. To

determine the role of the TiO5 polyhedron in self-activated titanate phosphors, the local

electronic states in the TiO5 polyhedron must be investigated. The incipient ferroelectric

material SrTiO3, which is known to be centrosymmetric over the entire temperature range,

also exhibits PL with faint blue light emission at temperatures less than 37 K. This fact

motivated us to investigate the local structure of TiO6 based on the influence of temperature

and UV irradiation. Further, for clarifying the reports about the appearance of dipole

moment and the increase in dielectric constant of SrTiO3 under UV irradiation, the local

structure information is required. Due to its sensitivity to specific atomic species and the high



resolution of spatial distribution, X-ray absorption fine structure (XAFS) is an ideal approach

for investigating the electronic states of self-activated phosphors and the local structure of

SrTiO3 under UV irradiation.

The Ti K-edge X-ray absorption near edge structure of self-activated titanate phosphors

(Ba2TiSi2O8, Sr2TiSi2O8, and Na2TiSiO5) were analyzed with UV irradiation, from which

two features in the pre-edge region were observed: a large pre-edge feature and a hump. The

electronic states of the features are determined by theoretical calculations. The electronic

states of the pre-edge, which originate from the hybridization of Ti 3d, Ti 4p, and O 2p, act

as in-gap states to emit visible light in the PL process. The electronic state of the hump,

which originates from the sub-band of Ti 4p, acts as an electron trap for the electrons excited

by UV irradiation. These results confirm the color center nature of TiO5 polyhedron. An

energy diagram of self-activated titanate phosphors was proposed to clarify the PL property.

To investigate the local structure that is advantageous to realize the PL property, a Ti

K-edge extended XAFS of SrTiO3 was performed at 22–300 K under UV irradiation. By using

the tetragonal structure model of SrTiO3 to fit the data, the dynamic Ti ion displacement

along the z-axis is confirmed, which illustrates the instantaneous existence of TiO5 polyhedron.

With UV irradiation, the Ti ion vibration along the z-axis is significantly enhanced, which

explains the appearance of dipole moment and the increase in the dielectric constant of SrTiO3.

The in-gap states are necessary to produce the PL property in non-ion-doped titanates.

Moreover, the TiO5 polyhedron can create in-gap states. The distortion of TiO6 octahedron

in SrTiO3 results in TiO5 polyhedron. Therefore, the PL property can be adopted as an

effective characterization method to investigate the in-gap electronic states and determine

the local structure distortion in non-ion-doped titanates. The simultaneous existence of PL

and the ferroelectric property caused by the local structure distortion reveal a new direction

for investigating new multifunctional materials.
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1 Introduction

1.1 Basic characteristics

Titanate materials play an important role in the field of modern condensed matter physics.

Various types of titanate compounds exhibit excellent and diverse physical properties, such

as photocatalysis, ferroelectrics, photoluminescence, and surperconductivity [1–4]. Titanate

oxides have been most popular since the discovery of ferroelectricity in perovskite-type oxides

(e.g., BaTiO3) in the first half of the 20th century. In 1972, the report on photochemical

catalysis of TiO2 by Fujishima significantly expanded the research on titanate materials and

their potential for practical applications. Currently, utilizing advanced techniques such as

sample preparation and characterization to explore the novel physical functional properties

and investigate the profound physical mechanisms behind the physical phenomena has become

very common.

The defining factor of the physical properties of any material is its constitutive structure.

The image of materials science tetrahedron (figure 1-1), which concisely depicts the relationship

of interdependence between the structure, properties, performance, and processing, shows

that the structure of materials occupies the irreplaceable top position and contacts all the

other terms [5]. In terms of scale, the structure of the material is of two types, namely,

macroscopic structure and microscopic structure; the macroscopic structure is average results

of microscopic structure. For example, the conventional interpretation of ferroelectricity in

perovskite-type titanates is Ti ion displacement from the symmetric center, whereas the

ferroelectricity in BaTiO3 along the [001] direction in the macroscopic scale is an average

result of the Ti ion displacement along the [111] direction in the microscopic scale [6]. In

addition, the microscopic structure of a material can strongly influence the physical properties

such as strength, toughness, ductility, hardness, corrosion resistance, high- or low-temperature

behavior, and wear resistance [7]. Therefore, revealing the local structure of a material can

significantly enhance the understanding of its physical properties. Generally, the macroscopic

structure of a specific material can be measured by conventional X-ray diffraction (XRD)

and Raman spectroscopy, which are sensitive to the long-range order of the materials. For
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Figure 1-1: Schematic of materials science tetrahedron.

the microscopic structure, such as chemical bond distance, coordination number, and the

symmetric property, X-ray absorption fine structure (XAFS) is an ideal approach for probing

these local structures because of its characteristics of high resolution of the spatial distribution

of atoms and sensitivity to specific atomic species and local structures [8, 9].

1.2 Titanium–Oxygen polyhedra

In terms of the local structure of titanate compounds, three types of titanium oxygen

polyhedra are available: TiO4 with tetrahedral structure, TiO5 with a square pyramidal

structure, and TiO6 with octahedral structure (figure 1-2). The different local structures

result in distinct physical properties on the macroscopic scale, and determine the practical

applications in daily life. For example, Ba2TiO4, which contains a series of isolated TiO4

tetrahedra, has excellent CO2 sorption property and can be used for improving the air qualities

[10]. TiO5 polyhedron, which is present in materials with fresnoite structure because of the

existence of the short Ti–O between the apical O and central Ti, exhibits strong second

harmonic generation response, and has been widely used for second-order nonlinear optical

materials [11]. TiO6 is not only a more common titanium–oxygen polyhedron among the

titanate compounds such as TiO4 and TiO5, but also commonly exists in perovskite-type

titanates. Tremendous physical properties are associated with the TiO6 octahedron local

structure. Specifically, in the field of titanate ferroelectric materials, ferroelectricity is produced
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(a) TiO4 (b) TiO5 (c) TiO6

Figure 1-2: Structures of various titanium–oxygen polyhedra: (a) tetrahedral TiO4, (b) square

pyramidal TiO5, (c) and octahedral TiO6.

by the displacement of titanium ions in an octahedron cage, such as BaTiO3 and PaTiO3 [2].

Further, another distortion of TiO6 octahedron is also available, which is the rotation of

the oxygen octahedron without Ti displacement. Because the centrosymmetry is not broken

during this rotation, no ferroelectricity is realized.

In the case of isolated Ti atoms, the 3d orbitals are five-fold degenerate with an equivalent

energy level (figure 1-3 (a)). In perovskite titanates, because a Ti ion is located at the center

of the octahedron, Ti4+ experiences an octahedral field with Oh symmetry. Based on the

ligand field theory, the five-fold degenerated 3d orbitals of a Ti ion with Oh symmetry will be

split into a triply degenerated t2g (dxy, dyz, and dxz) energy level and a doubly-degenerated

eg (dx2−y2 and dz2) energy level, in which the energy level of eg is higher than that of t2g.

However, in a tetrahedral field, the order of energy level is reversed and the magnitude of

splitting is less [12], as shown in Figure 1-3 (b). In the case of 3d orbitals in the TiO5

polyhedron, because the symmetry breaks along the horizontal plane, the splitting of energy

levels becomes more complicated.

Considering the local characteristic nature of titanium–oxygen polyhedra, XAFS is adopted

as the common experimental approach to detect the electronic states and the local atomic

arrangement structure. It is well-known that the pre-edge of X-ray absorption spectroscopy

(XAS) is related to the electronic transition from the core level to the unoccupied electronic

states of the conduction band; therefore, the pre-edge feature can provide useful electronic

information. Figure 1-4 shows the pre-edge of Ti K-edge XAS of strontium titanate (SrTiO3
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(a) 3d electron orbitals of isolated atoms

(b) 3d electronic orbitals under free, tetrahedral, and octahedral fields

Figure 1-3: Schematic of (a) 3d electron orbitals of isolated atoms, and (b) crystal-field

splitting of 3d electronic orbitals under different fields.

or STO). There are three peaks marked as A1, A2, and A3 in the pre-edge. The A1 peak is

corresponding to the Ti 1s to the t2g electronic transition and the A2 is corresponding to the Ti

1s to the eg electronic transition. Because of the 3d-type nature of t2g and eg, both transition

belong to the quadrupole transition. The electronic state of A3 peak originates from the

inter-atomic hybridization from 3d orbital of the absorbing Ti and the 4p of the neighboring Ti,

so A3 peak is corresponding to the dipole transition. Therefore, the information of electronic

states and transition type can be obtained from the XAS experiment. The electronic states

are sensitive to the symmetry property of the absorbing atom, so XAS experiment can also

probe the microscopic structure of the materials. Thus, the sensitivity of XAS to the local

structure makes it a suitable technique for studying the local structure of titanate compounds.

Two types of titanium–oxygen polyhedra containing materials are studied in this thesis.
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Figure 1-4: The pre-edge of Ti K-edge XAS of SrTiO3.

One is TiO5 polyhedron containing titanates, which exhibit intense photoluminescence (PL)

under UV irradiation. Because these titanate phosphors do not contain dopants to act as color

centers, they can be termed as self-activated titanate phosphors. The materials belonging to

the fresnoite family with intrinsic square pyramidal TiO5 polyhedron, Ba2TiSi2O8 (BTSO),

Sr2TiSi2O8 (STSO), and Na2TiSiO5 (NTSO) are typical self-activated titanate phosphors,

and can emit intense visible light under UV irradiation. The TiO5 polyhedron structure plays

a crucial role in the PL process. To understand the PL mechanism of these self-activated

titanate phosphors, the electronic states around the valence band are required. The electronic

states formed by the TiO5 polyhedron are studied by X-ray absorption near edge structure

(XANES). The other material is SrTiO3 containing TiO6 octahedron. SrTiO3 exhibits various

physical responses to UV stimulation. At room temperature, cubic SrTiO3 does not possess

the PL property; however, once the TiO6 octahedron in SrTiO3 becomes distorted, SrTiO3

exhibits faint emission under UV irradiation [13]. Furthermore, SrTiO3 exhibits PL at low

temperatures of less than 37 K [14]. Because SrTiO3 maintains centrosymmetry over the

entire temperature range, as observed from the XRD results, no substantial distortion exists

in the TiO6 octahedron; consequently, no PL should occur. Some studies have reported that

the Ti ion movement along the [001] direction in SrTiO3 can be excited under UV irradiation,

which will form the TiO5 polyhedron [15]. This phenomenon has a significant importance
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in investigating ferroelectricity in SrTiO3. However, Ti ion motion under UV irradiation has

not been proved experimentally. Therefore, the local structure of SrTiO3 is investigated by

XAFS.

1.3 TiO5 polyhedron containing self-activated titanate phosphors

Photoluminescent materials have wide practical application prospects, such as lighting,

photosensitive detectors, cathode ray tubes, bioimaging, and decoration [16–18]. Generally,

photoluminescent materials are obtained by doping ions in a host matrix. The doped ions

serve as color centers, and the host matrix provides a suitable crystal field environment. The

doped ions can create in-gap states between the valence band and the conduction band. The

electrons in the valence band can be excited to the conduction band by UV irradiation. The

excited electrons undergo energy and momentum relaxation toward the in-gap states. Visible

light with longer wavelength compared with UV light will be emitted after the electron jump

back the band gap minimum (Figure 1-5). During the PL process, the in-gap states play

an important role in inducing the emission of visible light. Because rare earth elements

contain abundant electronic energy levels and exhibit bright emission intensity and high

quantum conversion efficiency, rare-earth ion-doped photoluminescent materials have been

most widely utilized in light-emitting materials in the past few decades. However, due to

limited availability and the continuously increasing cost of rare-earth elements, it is necessary

to find appropriate alternatives for rare-earth ion-doped phosphors. Non-doped titanate

materials with good photoluminescent property are garnering increasing attention owing to

their advantages of high emission intensity, wide emission band, and rare-earth-free nature

[19].

Generally, titanate compounds with high crystal symmetry have wide energy gaps, e.g.,

3.3 eV for tetragonal BaTiO3 (space group P4mm) and 3.4 eV for cubic SrTiO3 (Pm3m),

and do not exhibit PL. If the structures are distorted, these perovskite titanates exhibit PL

under UV irradiation [13, 20]. The distortion of the TiO6 octahedron is shown in figure 1-6.

After the distortion, the linkage of adjacent TiO6 octahedron along the z-axis is broken.

Further, because a square pyramidal titanium–oxygen polyhedron TiO5 is produced, the
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Figure 1-5: Energy diagram of the photoluminescence process

TiO5 polyhedron can be regarded as a distorted TiO6 octahedron. During distortion, the

symmetry of the octahedron is reduced, and the energy levels of eg and t2g will be further

split [21], resulting in the creation of in-gap states. The creation of in-gap states causes

the PL phenomenon in the distorted perovskite titanates. Therefore, the existence of TiO5

polyhedron is indispensable for producing the PL property.

Many TiO5 polyhedron containing titanate compounds exhibit PL. Table 1-1 lists some

self-activated phosphors containing TiO5 polyhedron with different excitations and emission

wavelengths; among these, the white-light-emitting phosphors are more interesting than the

others. In recent years, the application of white-light-emitting rare-earth-free phosphors in

white-light-emitting diodes has received considerable attention because of their high brightness,

low energy consumption, and environment-friendly property. Moreover, they can be used in

field-emission displays, thereby realizing displays with thin panels, wide viewing angle, fast

response time, high contrast ratio, and low power consumption. Many oxide compounds

containing transition metal ions coordination polyhedron with d0 electron configurations such

7



Figure 1-6: Lattice structure of BaTiO3 with (a) Oh symmetry TiO6 octahedron and (b)

distorted octahedron TiO5 [20].

as Ti4+, V5+, and W6+ have shown good white light emission intensity under UV irradiation.

Among such closed-shell transition metal containing phosphors, titanate phosphors have been

more extensively studied because of their advantageous optical properties; furthermore, these

materials are used as tunable solid-state laser hosts, nonlinear optical materials, phosphors,

and long-lasting phosphorescence materials. All these benefits make titanate phosphors more

advantageous than the other rare-earth-free phosphors.

It is well-known that Ti4+ ions-doped or –containing materials exhibit blue and yellow

emission under UV irradiation. The blue emission is caused by the charge-transfer transition

from 2p orbits of O2− to 3d orbits of Ti4+, i.e., O2−-Ti4+ → O−-Ti3+, whereas the yellow

emission results from the titanium octahedron associated with oxygen defects [3]. In the case

of self-activated titanate phosphors, because there are no doping ions to act as color centers in

which electron excitation and de-excitation occur, the color responsible for the PL property is

unclear. The methods for producing in-gap states differ between rare-earth-doped phosphors

and self-activated titanate phosphors; therefore, the electronic states and the microscopic

structure of self-activated titanate phosphors essential for realizing the photoluminescent

phenomenon should be different. It has been reported that a single short Ti–O bond in a TiO5

polyhedron is essential for PL [22], but this theory has not been studied in detail. Although
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Table 1-1: Various TiO5 polyhedron containing self-activated titanate phosphors and their

PL properties.

Titanate phosphors
Wavelength (Ex.)

(nm)

Wavelength (Em.)

(nm)
ref

Ba2TiSi2O8 260 450 [23]

Sr2TiSi2O8 260 492 [24]

Na2TiSiO5 250 460 [3]

Ba2TiP2O9 254 490 [25]

Li2TiSiO5 250 505 [26]

LiTiPO5 254 490 [26]

Na2TiGeO5 255 425 [27]

the electronic states have been evaluated using the Raman spectroscopy data in previous

works, there are no reports that correlate the in-gap states and the orbital characteristics

of the relevant atoms. Thus, the electronic states of self-activated titanate phosphors are

investigated via UV irradiation.

To investigate the electronic states essential for realizing the PL property in self-activated

titanate phosphors, an appropriate technique must be used. As discussed above, XANES has

the advantageous characteristics of high resolution in measuring the electronic states around

the valence band, and is sensitive to particular atomic species and local structures [8, 9]. The

origin of XANES is the transition of the Ti 1s electrons to the unoccupied electrons states

near the bottom of the conduction band. Because the conduction band mainly originates from

the vacant 3d atomic orbitals of the Ti atoms in the compound, the lowest conduction band

can be a battle field for UV and X-ray excited electrons. Thus, XANES is an ideal technique

for studying the photoluminescent phenomenon of self-activated phosphors. The doping ratio

of ion-doped phosphors is only several percentage or less, detecting which is difficult using

XANES.
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1.4 TiO6 Octahedron distortion in SrTiO3

Perovskite-type SrTiO3 has perfect cubic structure at room temperature and undergoes

an antiferrodistortive phase transition at 105 K, which is the rotation of the TiO6 octahedron

along the z-axis [28]. An Sr subunit cell of SrTiO3 with two phases is shown in Figure

1-7. Despite undergoing phase transition, the stability of the centrosymmetry within the

entire temperature range makes SrTiO3 a very stable structure. SrTiO3 has the space group

Pm3m with 3.905 Å lattice constant at room temperature and I4/mcm space group at low

temperatures.

SrTiO3 possesses several excellent physical characteristics such as high thermostability and

chemical stability, large dielectric constant, photocatalysis, superconductivity, and sensitivity

to external stimulation such as pressure or photon. [29, 30]. SrTiO3 is a typical incipient

ferroelectric material and has quantum paraelectricity below 37 K [31]. With decreasing

temperature, the dielectric constant increases gradually, but the ferroelectric phase never

appears, which is a result of quantum fluctuations and the antiferrodistortive phase transition

at low temperature [32]. Nevertheless, various physical approaches have been used to obtain

ferroelectricity in SrTiO3 in the macroscopic scale even at room temperature, such as ion

doping, isotropic exchange, strain performance, low dimension treatment, and coherent motive

modulation [33–37].

(a) (b)

Figure 1-7: Sr subunit cell of SrTiO3: (a) tetragonal structure and (b) cubic structure; the

rotation of the TiO6 octahedron in (a) corresponds to antiferrodistortive phase transition.
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As discussed above, cubic SrTiO3 do not exhibit PL, and only the distorted SrTiO3 shows

faint emission under UV irradiation. However, SrTiO3 exhibits PL below 37 K (Figure 1-8),

which has an important significance in investigating new physical properties of SrTiO3 [14].

Because SrTiO3 maintains centrosymmetry over the entire temperature range, as revealed by

XRD results, no large distortion exists in the TiO6 octahedron; thus, no PL should occur.

With the statement in the last section, the existence of TiO5 polyhedron is very important for

the PL property of self-activated titanate phosphors. The TiO5 square pyramid is frequently

considered as the Ti ion displacement from the octahedral center along the c-axis. In addition,

the point group of the distorted TiO6 by the way of Ti ion displacement is C4v, which is same

as the TiO5. It is reasonable to suspect that small distortion of the TiO6 in SrTiO3 exist

to produce the PL property. To resolve this problem, the local structure of TiO6 in SrTiO3

must be investigated. Because the UV irradiation is the necessary for the PL property, the

technique used for the detection must be available to combine the UV irradiation.

Figure 1-8: Photon emission spectra of SrTiO3 at less than 37 K; no PL property appears at

high temperatures [14].

Various methods have been reported to detect the distortion of the TiO6 octahedron

related with the off-center Ti ion in the octahedral cage. The conventional techniques of

11



XRD and Raman can provide local structure information about the average positions of the

atoms in the crystal lattice. Thus, they are not suitable to detect the microstructure of

SrTiO3. One of the reports about the Ti displacement in cubic SrTiO3 was measured by

nuclear magnetic resonance spectroscopy (NMR). A model of eight off-center displacements

along with the eight [111] direction in SrTiO3 was proposed (figure 1-9). In this model, the

Ti displacement caused by the soft mode combined with the 8-site order-disorder model gave

a good agreement with the experiment data [38]. However, the NMR technique is difficult to

combine the UV irradiation.

Figure 1-9: Intrinsic Ti disordered along the eight [111] directions off-center displacements

[38].
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On the microscopic scale, XAFS is one of the best techniques to detect Ti displacement.

It is well-known that the intensity of the pre-edge of Ti K-edge XANES is a good indicator of

the appearance of Ti ion displacement. In addition, extended X-ray absorption fine-structure

spectroscopy (EXAFS) can directly measure the magnitude of Ti ion displacement in perovskite

materials. The quasiamorphous phases of SrTiO3 do not show macroscopic scale polarization,

but both XANES and EXAFS results reveal clear Ti displacement in quasiamorphous SrTiO3

(Figure 1-10) [39]. It is interesting that the Ti K pre-edge XANES has some intensity even for

the crystalline cubic SrTiO3, which indicates that the Ti displacement in cubic SrTiO3 may

exist. This assumption has been verified by the EXAFS results [40], which have shown that

the displacement value is approximately 0.1 Å. However, the quality of data in this report is

not good. Generally, the longer of the data range in k-space, more precise of the measurement

can be obtained for the distance between the atoms. In this report, only k range (2.5 to 9

Å−1) was used. The direct consequence of this shorted data is that only one peak (Ti-Ti)

appears, the peak of Ti-Sr is overlapped in the Ti-Ti peak, which will reduce the accuracy

of the measurement. In my present study, more long k range data were obtained with more

higher resolution in energy.

(a) (b)

Figure 1-10: (a) Ti K-edge XANES spectra of crystalline, amorphous and quasiamorphous

SrTiO3, and (b) magnitudes of Fourier transforms of the k2-weighted EXAFS spectra for

crystalline, amorphous, and quasiamorphous SrTiO3 [39].
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The advantage of EXAFS is not only the sensitivity of the local structure and atomic

species, but also the time scale. The lifetime of an excited state in XAFS is in the order of

femtoseconds, which far exceeds the periodic time of atomic vibration and the fluorescence

decay time of PL. Therefore, EXAFS is suitable for detecting the influence of UV on SrTiO3.

The meaning of the measurement for the displacement of Ti ion off center is not limited

at revealing the origin of the PL property of SrTiO3. It also can explained other physical

phenomenon of SrTiO3 related with the UV stimulation. A prominent physical property of

SrTiO3 is photosensitivity. Takesada reported a drastic increase in the dielectric constant of

quantum paraelectric SrTiO3 under UV irradiation and weak DC Electric Field (Figure 1-11)

[41]. The influence of UV on the dielectric constant indicates that UV can affect the local

structure of SrTiO3. It is considered that the enhancement of the dielectric constant is caused

by the photoinduced polar domain. However, this conclusion is controversial, because after

the UV irradiation, the electrons in valence band can be excited to the conduction bands, the

electron migration in the conduction band can cause the leakage of electric current between

the electrode during the measurement, which can also increase the value of measured dielectric

constant. Nozawa investigated this phenomenon using XANES and found an enhancement

of the pre-edge, which is considered as the vibration of Ti ions along the z-axis (Figure 1-12)

[15, 42]. However, no experiments have been conducted to measure the vibration of Ti ions

directly.

Figure 1-11: UV-induced drastic increase in the dielectric constant of quantum paraelectric

SrTiO3 under weak DC Electric Field [41]
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Figure 1-12: (a) Random vibration of Ti ions under thermal perturbation and (b) UV-induced

vertical vibration of Ti ion in SrTiO3 [15].

1.5 Objective of this study

Based on the response to UV irradiation, the changes in the physical property differ

depending on the titanium–oxygen polyhedra. Because the titanates belonging to the fresnoite

family with TiO5 polyhedron exhibit excellent PL property under UV irradiation, they can

be a good substitute for rare-earth-doped phosphors. However, the electronic in-gap states

essential for realizing the PL property are unclear. XANES, which is corresponding to the

electronic transition from the core level to the unoccupied electronic states, is a good approach

to in-gap states. SrTiO3 exhibits PL at low temperature as well with UV irradiation, which

speculates a small distortion of TiO6 octahedron in SrTiO3. EXAFS, which is capable to

measure the distance between atoms, is a suitable way to measure the distortion. Previous

studies on the pre-edge of Ti K-edge XANES have proposed the enhancement of Ti ion

vibration along the c-axis with UV irradiation. This physical phenomenon should be investigated

by EXAFS.

In this thesis, the influence of the disorder of titanium–oxygen polyhedra is examined

quantitatively, considering the UV effect. XAFS is adopted as the basic experimental approach.

The objectives of this research are listed below:
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(1) The electronic states of the titanate phosphors belonging to the fresnoite family are

investigated via XANES to evaluate the role of TiO5 polyhedron in the PL process. To

reveal the energy diagram of the PL process, the origin of in-gap states must be clarified

based on the experimental results and theoretical calculations.

(2) The local structure around the Ti atom in SrTiO3 is investigated via EXAFS to detect

the distortion of TiO6 octahedron. Then, the origin of PL property in SrTiO3 at low

temperature is investigated.

The titanium–oxygen polyhedra and related physical properties were discussed in this

section. The other four sections presented in this thesis are presented below. Sample preparation

and XAFS experiment are discussed in the “Experiment” section. To overcome the different

penetration of UV and X-ray, superfine powder was obtained by using a micron-sized sieve.

The influence of UV was analyzed by irradiating UV light on the sample during the XAFS

experiment. The electronic states of the self-activated titanate phosphors obtained by XANES

are described in the third section. Then, the role of TiO5 polyhedron in realizing the PL

property is presented. In the fourth section, the origin of PL property in SrTiO3 is studied by

measuring the small distortion of TiO6 octahedron. EXAFS is adopted as the main technique

to detect this small distortion. In the “Conclusion” section, the relationship between the PL

property of titanates and the TiO5 polyhedron is summarized.
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2 Experimental Techniques

2.1 Sample preparation

2.1.1 Self-activated titanate phosphor powder

The self-activatied titanate phosphor samples (Ba2TiSi2O8, Sr2TiSi2O8, and Na2TiSiO5)

were synthesized via the conventional solid-state reaction method. Commercial BaCO3,

SrCO3, Na2CO3, TiO2, and SiO2 powders with a purity of higher than 99% were used as

raw materials. They were weighed and mixed to obtain uniform stoichiometric mixtures of

three samples. To obtain homogeneous compositions, all the mixtures were carefully ground,

and then pressed into pellets. The pellets of Ba2TiSi2O8 and Sr2TiSi2O8 were annealed at

1000◦C for 12 h under air atmosphere, and were ground again. After repelletization, the

pellets were calcined at 1300◦C under air atmosphere for 2 h. The final powder samples were

obtained by grinding the pellets. Na2TiSiO5 was prepared following the same procedure, with

the exception of the annealing and calcination temperatures of 600◦C and 850◦C, respectively.

X-ray diffraction:

Because XAFS is very sensitive to the composition of measuring sample, the XRD patterns

of these powder samples were recorded on an X-ray powder diffractometer with Cu K radiation

(Rigaku, Miniflex) to check the purity and degree of crystallinity. A Rietveld refinement

analysis was performed to confirm and analyze the XRD data.

Figure 2-1 compares the observed XRD patterns of Ba2TiSi2O8, Sr2TiSi2O8, and Na2TiSiO5

with the calculated patterns obtained from Rietveld refinement analysis, which demonstrates

the high crystallinity of the samples. The intensities of the observed and calculated patterns

were normalized to unity. The crystal parameters obtained from our Rietveld analysis are

listed in Table 2-1, which are comparable to the previously reported values [25, 43, 44]. The

corresponding crystal structures are illustrated in the insets in each panel of Figure 2-1,

which highlight the TiO5 polyhedra. The top two panels exhibit similar diffraction patterns

because the crystal structures of Ba2TiSi2O8 and Sr2TiSi2O8 belong to the same fresnoite
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structure with the tetragonal space group P4bm. A small amount of impurities exists in these

two samples, as indicated by the arrows. However, neither SiO2 nor SrTiO3 affect the Ti

K-edge XAS spectra because the signal is relatively weak. No impurity peak was observed for

Na2TiSiO5. As shown in the XRD patterns in Figure 2-1, Na2TiSiO5 has another different

crystal structure with the orthorhombic space group Pmc21. This structure contains TiO5

polyhedral as well, as depicted in the inset.

Figure 2-1: Rietveld refinement results for XRD patterns of Ba2TiSi2O8, Sr2TiSi2O8, and

Na2TiSiO5. The experimental data are indicated by cross marks, and the calculated data

are represented by red line. The difference between the observed and calculated patterns are

shown in the lower part of each panel. Impurities are indicated by arrows. Ba2TiSi2O8 and

Sr2TiSi2O8 show a similar crystal structure and contain the TiO5 polyhedron, Na2TiSiO5

possesses a different crystal structure, but contains the TiO5 polyhedron.
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Table 2-1: Refined crystal parameters of Ba2TiSi2O8, Sr2TiSi2O8, and Na2TiSiO5

Sample Ba2TiSi2O8 Sr2TiSi2O8 Na2TiSiO5

a(Å) 8.519(3) 8.323(5) 9.128(1)

b(Å) 8.519(3) 9.323(5) 4.801(4)

c(Å) 5.211(7) 5.024(7) 9.823(5)

α = β = γ 90◦ 90◦ 90◦

Space Group Pb4m Pb4m Pmc21

χ2 1.826 1.563 1.853

Fluorescence spectrophotometer:

The photoluminescence spectra were obtained using a fluorescence spectrophotometer with

Xe lamp as the light source (Hitachi, F-2700). The bandpass of the spectrophotometer was set

to 2.5 nm, thereby ensuring a high energy resolution (< 0.08 eV) for the entire spectrometer

range. A 300 nm longpass filter was used to block the excitation beam.

Figure 2-2 shows the photoluminescence excitation (PLE) and PL spectra of the three

samples. The monitored wavelengths of the PLE spectra were set to the peak wavelength of

the corresponding PL spectra, and the excitation wavelengths of the PL spectra were set to

the peak wavelengths of the corresponding PLE spectra. All the spectra were normalized to

unity at their respective maxima. All the spectral profiles are similar; specifically, the PLE

spectra of Ba2TiSi2O8 and Sr2TiSi2O8 overlap, because they are isomorphic to each other.

However, the PL spectra of these two samples show a slight difference in their peak positions:

450 nm for Ba2TiSi2O8 and 492 nm for Sr2TiSi2O8. The energy difference is 0.23 eV, which

can be discerned by the naked eye, as shown in Figure 2-2(e) and 2(f). Ba2TiSi2O8 emits

bright bluish-white light, whereas Sr2TiSi2O8 emits yellowish light under UV irradiation.

Furthermore, Na2TiSiO5 emits bluish-white light as well, similar to Ba2TiSi2O8 (Figure

2-2(g)). Although the crystal structure of Na2TiSiO5 differs from that of the two other

phosphors, as explained in the previous passage, the PL and PLE spectra of Na2TiSiO5
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exhibit some similarities with those of Ba2TiSi2O8 and Sr2TiSi2O8. These similarities confirm

that the TiO5 polyhedra, which are contained in all three samples, play an important role in

determining the PL properties of self-activated titanate phosphors.

Figure 2-2: PL property of Ba2TiSi2O8, Sr2TiSi2O8, and Na2TiSiO5. (a) PLE and PL spectra

of Ba2TiSi2O8 (black line), Sr2TiSi2O8 (red dot line), and Na2TiSiO5 (blue dash line). Images

of Ba2TiSi2O8, Sr2TiSi2O8, and Na2TiSiO5 under (b–d) natural light and (e–g) UV light

irradiation.

2.1.2 Fine strontium titanate powder

The raw material used for obtaining fine SrTiO3 powder is an SrTiO3 single crystal. First,

the single crystal was ground by using a agate mortar. The obtained powder was transferred
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Figure 2-3: 5 µm sieve was used for obtaining superfine SrTiO3 powder. The net of this sieve

is made of organic fiber and does not contain any metal.

to a beaker with ultrapure water to form a suspension of water and SrTiO3 powder under

ultrasonic treatment. Then, the suspended liquid was left still for 24 h, until the suspended

liquid was separated into two layers. The bottom layer contained relatively larger SrTiO3

particles and the top layer contained small particles.

To as-prepared superfine SrTiO3 powder and the top layer liquid was flowed across sieves

of 5 µm (Figure 2-3). The superfine SrTiO3 powder was finally obtained after evaporating

the water.

2.2 Synchrotron radiation

2.2.1 Basic information about synchrotron radiation

Synchrotron radiation is a type of electromagnetic radiation, and is emitted when relativistic

charged particles move along curved trajectories when they are subject to a magnetic field

[45]. A storage ring is used to produce electrons and maintain the electrons stored at constant

energy and radio-frequency cavities. The advantage of synchrotron radiation is its wide

spectral range, which covers infrared light to hard X-rays. Thus, synchrotron radiation is used

in many applications, such as determining the material structures and properties in physics,
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Figure 2-4: Layout of the Photon Factory storage ring and beamline distribution

chemistry, and biology, and even in disciplines such as archaeology and environmental science

[46].

The main properties of synchrotron radiation are high intensity, polarization (both linear

and circular), broad and continuous spectral range (from infrared light to hard X-ray region),

natural narrow angular collimation, pulsed time structure, high brightness of the source due

to the small cross-section of the electron beam and the high degree of collimation of the

radiation, ultra-high vacuum environment, and high beam stability. All these properties can

be quantitatively evaluated.

To date, three generations of synchrotron radiation sources have been developed, each

with an improvement in quality. All the XAFS experiments in this research were conducted
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at the Photon Factory (PF)(Figure 2-4), which is a second-generation synchrotron radiation.

2.2.2 Beamline 9A of Photon Factory

The experiments on Ti K-edge XANES of self-activated phosphors were conducted at the

high-intensity, low-energy XAFS beamline BL-9A of the PF. The beamline layout of BL-9A is

shown in Figure 2-5. An Si (111) double-crystal monochromator with water cooling was used

for obtaining a wide photon energy range of 2.1–15 keV. Both transmission and fluorescent

modes can be used in this beamline. The transmission mode can be used for powder samples,

along with two ionization chambers for X-ray detection, whereas the fluorescent mode can be

used for crystal samples or bulk samples; a 19-element silicon drift detector is used for avoiding

self-absorption effects. To reduce high-order photons, a double flat mirror (Ni coated) is set

in front of the sample set-up stage.

Figure 2-5: The beamline layout of BL-9A at the PF

2.2.3 Beamline 12C of Photon Factory

The experiments on Ti K-edge EXAFS of SrTiO3 were conducted at the BL-12C: High

throughput XAFS beamline BL-12C of the PF. The beamline layout of BL-12C is shown

in Figure 2-6. An Si (111) double-crystal monochromator with water cooling was used for

obtaining a wide photon energy range of 2.1–23 keV. Both transmission and fluorescent modes
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Table 2-2: Beamline parameters of BL-9A at the PF

Energy range 2.1 - 15 keV

Measurement mode Transmission and fluorescent

Magnetic field Bending magnet

Monochromator Si(111) Water-cooled double crystal

High order light reduction Double flat mirror (Ni coated)

Energy resolution ∆E/E ∼2 × 10−4 (9 keV)

Photon flux 6 × 1011 phs/s (7 keV)

can be used in this beamline. Compared with that of BL-9A, the energy range of BL-12C is

significantly wider; therefore, XAFS for heavy element K-edge is available.

Figure 2-6: Beamline layout of BL-12C at the PF [47]

2.3 X-ray absorption

X-ray absorption is involved in the electron transition between two quantum states,

namely, initial state and final state. Generally, the initial state is the core energy level,

and is specific for each element, whereas the final state is located above the Fermi level.

Because the final states can be modulated by the chemical and physical environments around
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Table 2-3: Beamline parameters of BL-12C at the PF

Energy range 4 - 23 keV

Measurement mode Transmission and fluorescent

Magnetic field Bending magnet

Monochromator Si(111) Water-cooled double crystal

High order light reduction Double flat mirror (Ni coated)

Energy resolution ∆E/E ∼2 × 10−4 (9 keV)

Photon flux 9 × 1011 phs/s (7 keV)

the absorbing atom, measuring the absorption coefficient of X-rays can provide reliable and

useful information about the chemical and physical environments of the probe atom at the

microscopic level. The electron transition is based on the Fermi’s golden rule:

µ ≈
∑
|
〈
ψf |H′ψj|

〉
|δ(Ef − Ei − ~ω) (2-1)

Generally, the absorption coefficient µ is a smooth function of energy:

µ ≈ ρZ4

ME3
(2-2)

This equation shows that the absorption coefficient µ depends on the sample density ρ, atomic

number Z, and atomic mass A. Because of this strong dependence of µ on both density ρ and

atomic number Z, X-ray absorption is widely used in medical imaging, such as X-ray plate

and X-ray computed tomography.

In an X-ray absorption experiment, we primarily measure the absorption coefficient µ,

which produces the probability that X-rays will be absorbed according to the following

equation (Beer-Lambert law), where I0 represents the X-ray intensity incident on a sample,

t denotes the sample thickness, and I is the intensity transmitted through the sample. The

relationship between these parameters is given by the Beer-Lambert law:
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Figure 2-7: X-ray absorption spectra for several elements over the X-ray energy range of

1–100 keV. The spectra show strong energy dependence, and the sharp jumps in cross-section

correspond to core-level binding energies of the atoms [48].

I = I0e
−µt (2-3)

Generally, the absorption coefficient µ is a smooth function of energy. When the incident

X-ray equals to the binding energy of a core-level electron for a specific atom, a sharp increase

in the absorption coefficient occurs. Customarily, the rising curve is named an absorption edge,

which corresponds to the core level to the continuum. Figure 2-7 shows several absorption

edges for several specific atoms.

Two different modes can be used in an XAFS experiment, namely, transmission mode and

fluorescence mode. In the transmission mode, the intensity of the incident and the transmitted

X-ray beams are measured in an ionization chamber placed on both sides of the sample (Figure

2-8 (a)). The absorption coefficient of the transmission mode µ is expressed as:

µ(E) = In
I0
I

(2-4)
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In the fluorescence mode, the incident X-ray beam is generally measured in the ionization

chamber. Because of the existence of X-ray fluorescence or Auger electrons, a secondary

emission resulting from the absorption of X-rays can be measured by a multiple SSD detector,

as shown in figure 2-8 (b). The absorption coefficient of the fluorescence mode µ is expressed

as:

µ(E) ∝ If
I0

(2-5)

(a)

(b)

Figure 2-8: XAS experiment with (a) transmission mode and (b) fluorescence mode [9].

The equation of Fermi’s golden rule indicates that XAFS is a modulation of X-ray absorption

probability with the changing incident energy. Generally, the X-ray absorption spectrum is

divided into two regimes: XANES and EXAFS. XANES is the X-ray absorption from the core

level to the electronic states above the Fermi level. Because these electronic states are highly

sensitive to formal oxidation states and the coordination chemistry of the absorbing atom,

XANES is used to interpret the electronic information. EXAFS is the interference between

the photoelectron wave and the scattering wave, which can be used to determine the distance,

coordination number, and species of the neighbors of the absorbing atom. Figure 2-9 shows

an Fe K-edge of XAFS [48].
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Figure 2-9: XAFS µ(E) for the Fe K-edge of FeO, showing the near-edge region (XANES)

and the extended fine structure (EXAFS) [48].

2.3.1 X-ray absorption near edge structure

XANES is involved in the transition from the core level to the unoccupied states above

the Fermi level (Figure 2-10). These unoccupied states are empty molecular orbitals, which

correspond to the chemical bond states. The empty molecular orbitals are decided based

on the local site symmetry and orbital occupancy. From the perspective of molecular orbital

theory, the intensity and energy level of the pre-edge peaks correspond to the linear combinations

of unoccupied empty molecular orbitals that have specific symmetry properties. Thus, the

XANES spectrum can provide the symmetry information of the absorbing atom. In addition,

because the possibilities of dipole transition and quadrupole transition differ greatly, XANES

can identify the orbital types above the Fermi level as well.

Theoretical Calculation of XANES

Spectral simulations were performed for Ti K-edge XANES of the three samples using

the finite difference method near edge spectroscopy (FDMNES) code [49]. In this code, a full

potential calculation and relativistic corrections are employed for potential calculations with

a self-consistent treatment, followed by the multiple scattering approach for XAS calculation.
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Figure 2-10: Schematic energy diagram of XANES. The electron in the core level was excited

to the empty electronic states above the Fermi level, leaving behind a core hole

We assumed a cluster of radius 7.9 Å around a Ti ion using the crystal parameters obtained

by XRD measurement. The local density of states (LDOS) of all constituent atoms were also

calculated in the same runs.

2.3.2 Extended X-ray absorption fine structure

Because the incident X-ray energy is higher than the absorbing edge, the electrons will

escape the atom; this is known as the photoelectric effect, and the emitted electrons are

termed as photoelectrons because the absorbed X-ray is a photon. This process is illustrated

in Figure 2-11.

The photoelectrons can be described as spherical waves propagating outward from the

absorber atoms. These outgoing photoelectron waves can be scattered from the neighboring

atoms (Figure 2-12). The interference of the outgoing waves and the scattered waves causes

different features in the post edge, because the density of the unoccupied electron orbitals are
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Figure 2-11: Photoelectric effect, in which the core-level electron was excited by X-rays having

energy higher than the binding energy, leaving behind a hole in the core electron level. The

photoelectron is promoted out of the atom [48].

modulated by the interference of the photoelectron waves [50].

Because the photoelectrons have the characteristics of waves, it is convenient to use the

wavenumber to describe them. The converting equation from energy to wavenumber is given

by 2-6.

kelectron =

√
2m

~2
(Ephoton − E0) (2-6)

Because of the scattering process in the scattering atom, the phase of the scattered waves

of a photoelectron is generally not the same as that of the outgoing wave. When the phase of

the outgoing waves and scattered waves is the same at the absorber atom position, a crest in

the post edge is produced, which corresponds to the maximum absorption coefficient (2-13).

When the outgoing waves and scattered photoelectron waves are completely out of phase at

the center of the absorber atom, a valley is produced, which corresponds to a decrease in the

absorption coefficient.
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Figure 2-12: Interference of outgoing photoelectron waves from the absorbing atom and

scattered photoelectron waves from the scattering atom.

The occurrence of “in phase” or “out of phase” is determined by the photoelectron

wavelength and the interatomic distances between the absorber and the scattering atoms. The

average distance between the absorber and the neighboring atoms does not change. According

to the energy and wavenumber conversion equation, with the increasing incident X-ray energy,

the wavelength of the photoelectron wave decreases progressively, and the interference of the

two waves will be in phase and out of phase periodically. This causes an oscillation of the

absorption coefficient in the post edge. Using these oscillations, the average distances between

the absorber and the scattering atoms can be measured. In addition, as the energy of the

incident X-ray is increased above the edge, the photoelectron wavelength decreases; therefore,

increasing the energy range will improve the measurement accuracy.

EXAFS data analysis

To extract the EXAFS oscillation from the post edge, the data µ(E) must be processed

by normalization and subtraction of the background. In this process, the pre-edge is fitted

using the Victoreen formula, and then extrapolated to all energies in the measurement range

of the data [8]. By subtracting the fitted Victoreen formula from µ(E), the pre-edge portion

of the data was reduced to 0. The pre-edge subtracted data were then divided by the edge

jump, following which the value of XAS in the post edge was normalized to 1. The conversion

of µ(E) to the EXAFS oscillation χ(k) is based on the equation 2-7.

31



Figure 2-13: Schematic diagram of the modulation of the absorption coefficient of X-ray by

the scattering photoelectron. The in-phase modulation between the outgoing photoelectron

wave and the scattering photoelectron wave causes a crest in the EXAFS region, and the

out-of-phase modulation causes a valley [48].

χ(k) =
µ(E)− µ0(E)

∆µ0
(2-7)

In actuality, because of the complexity of the surrounding environment of the absorber,

many factors must be considered to model the interference between the outgoing waves and

the scattered waves . First, because the model of the spherical wave is used for describing

the photoelectrons, a sinusoidal term is used; thus, the phase shift caused by scattering can

be included in the sinusoidal term. Second, because each atom around the absorber can be

a scatter, the sum of all the scattering paths is required to fit the experimental data. In

addition, the amplitude of each path is infected by the scattering process and atom vibration.

The theoretical EXAFS oscillation formula is expressed as follows:
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χ(k) =
∑
j

NjS
2
0(k)Fj(k)

kR2
j

exp[−2k2σ2j +
2

3
C4jk

4]e−2Rj/λjsin(2kRj + ψj(k)− 4

3
C3jk

3) (2-8)

The meaning of each parameter is defined below [8]:

� Scattering amplitude Fj(k): proportionality constant, which is itself proportional to the

possibility of scattering elastically off of the atom.

� j is the path number of each scattering path, including single scattering paths and

multiple scattering paths. To modulate the absorption probability, the sum of all

the scattering paths will be included, and each of these scattering events contributes

separately, which results in a linear combination of each path.

� ψj(k): phase shift caused by the local potential around the absorber and the scatterer.

� λj : mean free path of the photoelectrons, which causes the inelastic scattering and decay

of the core hole.

� N is the coordination number or degeneracy. Around the absorber, several scattering

atoms belong to the same species with an identical distance. To group them, degeneracy

is used to be multiplied on a single path. For single scattering paths, N is referred to as

the coordination number.

� S2
0 is the amplitude reduction factor. Once a photoelectron has been ejected from

the atom, a core hole is created at the core level. The screening effect of the core

level electrons reduces, causing all the other electrons to feel more positive charge from

the nucleus, and the orbitals adjust to this change. Irrespective of the activity of the

photoelectron, the final state of the absorbing atom is not the same as the initial state.

The amplitude reduction factor is an element-dependent constant.

� σ2 is defined by the variance in the half path length, i.e., the square of the standard

deviation of the half path length
〈
(r − r)2

〉
, always termed as the mean square relative

displacement (MSRD) or Debye-Waller factor. It is used to correct for the difference

between the experimentally determined and the theoretical χ(k) functions.
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� R is the half path length. For single-scattering paths, the half path length is simply

the average distance between the absorbing and scattering atoms. To compensate for

the difference between the real value of half path length and the assumed value in the

starting structure, δR is used.

� ∆E0: Equation 2-6 describes the relationship between E0 and wavenumber. E0 is the

energy used to calculate the momentum of the photoelectron. Because it is’ difficult to

obtain an exact value of E0, ∆E0 is used to adjust E0.

� The higher-order cumulants C3 and C4 are the further correction of the EXAFS formula,

which are defined by
〈
(r − r)3

〉
and

〈
(r − r)4

〉
− C2

2 , respectively. C3 and C4 are not

generally used in the EXAFS data analysis.

During the EXAFS data analysis, the scattering amplitude Fj(k) ψj(k): the phase shift

λj : the mean free path of the photoelectrons is obtained from the assumed initial atom

structure and the calculation procedure of the path data [51]. Based on the effect on χ,

all the other parameters defined above can be categorized into two: (a) intensity-related

parameters, namely, amplitude reduction factor S2
0, Debye-Waller factor σ2, C4, path number

j, and degeneracy N, which can affect the oscillation intensity of χ; (b) half path length R,

∆E0, and C3, which can affect the phase of χ.

Because the parameters in each group are highly correlated, it is difficult to obtain a

reasonable value for several parameters simultaneously. Thus, the common approach is to

fix one of them and guess the other. For example, the amplitude reduction factor S2
0 and

Debye-Waller factor σ2 are highly correlated and affect the intensity of χ. Therefore, to find

a reasonable physical value of σ2, S2
0 must be fixed with a specific value. The same approach

is equally applicable for the phase-related parameters as well.

Equation 2-8 describes the EXAFS oscillation caused by the interference of the outgoing

and the scattering photoelectron waves. To obtain the atomic distance, Fourier transform

must be used:

χ(R) = FT (χ(k)) =
1√
2π

∫ ∞
0

knχ(k)W (k)ei2kRdk (2-9)

As mentioned above, the wider range of X-ray energy measurement can improve the accuracy
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of the experimental measurement. However, with the increasing energy, the wavenumber

becomes longer, the amplitude of EXAFS oscillation delay fast. To emphasize the oscillations

at large wavenumbers, χ(k) is multiplied by a power of k, as shown in the Fourier transform

equation above.

To perform an EXAFS data analysis from the raw data to the reasonable value of each

parameter, several software packages are required. The scattering paths are calculated by

FEFF [51], which is an ab initio multiple-scattering code for calculating the excitation spectra

and electronic structure. The background reduction process of experimental data can be

accomplished using the software Athena. The fitting procedure of the experimental raw data

and theoretical calculations can be performed using Artemis or FEFFIT. Artemis is contained

in the Demeter package and IFEFFIT package along with Athena [52, 53]. FEFFIT has the

same algorithm as Artemis. In this study, FEFFIT is used in the fitting procedure [54].
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3 Investigation of the electronic states of TiO5 polyhedron

containing self-activated titanate phosphors by XANES

3.1 Experimental setup and configuration

The XANES experiments were performed in the beamline 9A of the PF. The spectra were

measured in the transmission mode at 100 K. The powder samples were spread over adhesive

tapes at a sufficiently low thickness to accommodate the effective penetration depths of UV

and X-ray radiation. The tape was then fixed on a rectangular copper sample holder (Figure

3-1 a). Two factors were considered in the designing of experiments: temperature control

and UV irradiation. The temperature was controlled by a closed-cycle helium cryostat. The

sample holder was placed at the center of the chamber of the cryostat. To allow UV light

irradiation on the chamber, one side of the Kapton film window was replaced with SiO2 glass

(Figure 3-1 b).

(a) (b)

Figure 3-1: Schematic of the sample setup. (a) Spreading of powder over the Scorch tape,

and (b) vertical view of the cryostat chamber.

To ensure that the sample is irradiated by X-ray and UV light simultaneously, an angle of

45◦ was set between the direction of the X-ray and the plane of the sample holder (Figure 3-2

(a)). The sample powder on the Scorch tape was faced toward the SiO2 glass window (Figure

3-2 (b)).
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(a) (b)

Figure 3-2: (a) Sample holder makes an angle of 45◦ to the incoming direction of X-rays, (b)

the sample within the direction where light is allowed to irradiate the sample through an SiO2

glass window.

An Hg-Xe lamp (Lightningcure LC8, Hamamatsu, Japan) was used as the UV light source.

The UV light was guided by an optical fiber onto the sample, and the UV power on the sample

was controlled by a neutral density filter from 0 to 500 mW cm−2. Because the excitation

energy of self-activated phosphors is approximately 250 nm, a 250 nm band-enhanced type

lamp was selected. To ensure the irradiation of sufficient intensity of UV light on the sample,

a condenser lens was placed in front of the optical fiber.

Figure 3-3: Hg-Xe lamp used as the UV light source in our experiments. The condenser lens

were used in the tail of the optical fiber to focus the UV light.
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Figure 3-4: Schematic of the XAFS experiment in BL 9A with UV irradiation.

The experiments on Ti K-edge XANES of self-activated phosphors were performed at

the beamline BL-9A of the PF at the Institute of Materials Structure Science. A schematic

illustrating the XAFS experiment with UV irradiation is shown in Figure 3-4. The angular

position of the monochromator crystals was calibrated using the Ti K-edge threshold at

4985.3 eV of standard BaTiO3 powder. The X-ray energy was varied using an Si (111) double

monochromator, and higher-order harmonics were removed using a double flat Ni-coated

mirror. The overall energy resolution of the beamline was 0.1 eV. For each sample, the

XANES spectra with and without UV irradiation were measured. The UV irradiation on the

powder was controlled at 162 mW, 324 mW, and 487 mW.

3.2 Ti K pre-edge XANES of titanate compounds

Figure 3-5 shows the Ti K-edge XANES of Ba2TiO4, Ba2TiSi2O8, and SrTiO3. SrTiO3

contains TiO6 octahedron with Oh symmetry. As shown in section 1.2, the 3d orbitals will

be split into t2g and eg energy levels. The first two peaks of Ti K pre-edge of SrTiO3 are

corresponding to the t2g and eg electronic states. Ba2TiSi2O8 contains TiO5 square pyramid

polyhedron with C4v symmetry. The intensity of the pre-edge of the TiO5-containing materials

is significantly higher than that of the TiO6-containing materials. This can be explained by

the symmetry reduction. The symmetry reduction from Oh to C4v is generally regarded to

be caused by Ti ion displacement in a TiO6 polyhedron along the vertical direction. In the
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Figure 3-5: Ti K-edge XANES of Ba2TiO4, Ba2TiSi2O8, and SrTiO3. The structure of

titanium–oxygen polyhedra (TiO4, TiO5, and TiO6) contained in each material are inserted

in each figure, respectively. The pre-edge features are noted by the dotted rectangle.

C4v symmetry, the 3d3z2−r2 orbital can hybridize with 4pz orbital, which is parity forbidden

in the Oh symmetry. This hybridization makes the electronic transition dipole allowed and

results in high pre-edge peaks. It’s worth noting that the second pre-edge peak in the TiO6

octahedron and the giant pre-edge peak in the TiO5 polyhedron have the same eg origin, so

the intensity of the pre-edge of the TiO5 polyhedron is interpreted based on the magnitude of

Ti displacement [55]. In the case of Ti K pre-edge of XAS of Ba2TiO4, not only the intensity

of the pre-edge is much more higher than that of the other two polyhedra, the energy level

also varies slightly toward lower energy. The Ba2TiO4 contains TiO4 tetrahedron with Td

symmetry. In the Td symmetry, the 5-degenerate 3d orbitals and 3-degenerate 4p orbitals

are highly hybridized to form equivalent orbitals. These orbitals are used to bond with the 4

oxygen coordination. The hybridization results in the high electronic transition and energy

level shifting.
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3.3 Ti K pre-edge XANES of self-activated titanate phosphors

The Ti K-edge XAS spectra of the three samples are shown in Figure 3-6. All the spectra

were normalized to unity at the peak maxima after the linear pre-edge backgrounds were

subtracted. The overall spectral profiles are generally similar. The main edges above 4982

eV correspond to 1s–4p dipole transitions. Above the edges, the intensity ratio of the first

two peaks, labeled as A and B, are identical in Ba2TiSi2O8 and Sr2TiSi2O8 because these

two compounds are isomorphic; the sharp cusp (labeled A) is a characteristic of Na2TiSiO5.

These minor differences above the edges reflect a slight difference in the Ti 4p states; however,

the energy levels of the corresponding states substantially exceed (ca 15 eV) the Fermi level

and are not related to the PL properties.

Figure 3-6: Ti K-edge XANES of Ba2TiSi2O8 (black solid line), Sr2TiSi2O8 (red dotted line),

and Na2TiSiO5 (blue dashed line). The inset shows an enlarged view of the humps with

offsets; humps are indicated by the vertical line.

Another characteristic of these spectra is a distinct peak at 4968.5 eV in the pre-edge

region. Farges et al. reported that this peak can be attributed to the 1s–3d ‘dipole’ transition

[56]. In general, the 1s–3d transition is dipole-forbidden, but quadrupole-allowed; therefore,

the spectral intensity of the pre-edge features is weak compared with that of the main edge.

For example, the pre-edge peak intensities of titanates with TiO6 octahedra, e.g., SrTiO3

[57, 58], are less than one-tenth of that of the main edges. Through symmetry reduction, Ti
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3d orbitals start to hybridize with O 2p orbitals, following which the 1s–3d transition becomes

dipole-allowed. The present three samples contain pyramidal TiO5 polyhedra with a short

Ti–O bond, which supports hybridization between the O 2p and Ti 3d orbitals. In addition,

the isolation of TiO5 polyhedra in the unit cell plays an important role in the creation of a

distinct pre-edge peak. Farges et al. noted that the Ti 3d orbitals form molecular orbitals

with O 2p orbitals in each isolated polyhedron, resulting in “bound states.” This process

leads to the creation of quasilocalized states just above the Fermi level.

Before discussing the UV irradiation effects, we consider the small humps observed between

the pre-edge peaks and the main edges in all three samples. This region is enlarged in the

inset of Figure 3-6. Because the hump is located above the pre-edge peak, it may serve as a

trap for UV-excited electrons.

3.4 UV effect for Ti K pre-edge XANES of self-activated titanate phosphors

Because the characteristic high intensity for the giant pre-edge peak, the UV effect were

firstly investigated. Figure 3-7 (a) shows the variation of the pre-edges of Ba2TiSi2O8 with

increasing the UV irradiation power. It is clear that the intensity of pre-edge peaks are

decreased as UV power increasing. This phenomenon can be explained by the occupancy of

the electronic states of the pre-edge by the UV excited electrons (figure 3-7 (b)). During

the X-ray absorption, the occupancy of electronic states of UV excited electrons reduces the

volume of electronic states for the X-ray excited electrons and therefore suppress the X-ray

absorption. However, the UV energy is around 5 eV, so the electronic states for receiving the

UV excited electrons should at the higher energy level than the giant pre-edge. The direct

electron transition from the O 2p valence band to the in-gap pre-edge state is unlikely to

occur. It may be assumed that the decrease of the pre-edge peak is caused by the de-excitation

process of the UV-excited electrons mediated by the trap state. To find the electronic states

of directly receiving UV excited electrons, the investigation for the electronic states at the

higher energy level is required.

The UV effect on the hump of Ba2TiSi2O8 is shown in figure 3-8 (a). The hump is enlarged
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(a) (b)

Figure 3-7: UV effect for the intensity of the pre-edge of Ba2TiSi2O8 (a). Schematic energy

diagram of the occupancy of electronic states of pre-edge by the X-ray and UV excited

electrons (b).

and underlined for indicating the variation of the intensity. It shows the intensity of hump

are also decreased with increasing the UV irradiation power. This phenomenon can also be

explained by the occupancy of the electronic states of the pre-edge by the UV excited electrons

(figure 3-8 (b)). However, the amplitude of the decreasing intensity for hump is much more

than that of the giant pre-edge, the hump is almost diminishing under the high UV irradiation

power. This gives the proof that the electronic states of hump is directly occupied by the UV

excited electrons. During the photoluminescence process, the electrons in the valence band

was excited to the electronic states of hump by UV irradiation. The electron moves to the

electronic states of pre-edge by the relaxation process. The electronic states of pre-edge act

as in-gap states for producing the visible light emission. So the electronic states of hump act

as electron traps for receiving the UV excited electrons. Therefore, the TiO5 polyhedron is

the the color center of the self-activated titanate phosphors, all the electronic states created

by the TiO5 polyhedron dominate the photoluminescence process.

For comparison, the UV effects observed in the XAS spectra of all three samples Ba2TiSi2O8,

Sr2TiSi2O8 and Na2TiSiO5 are illustrated in Figure 3-9: the top three panels present the
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(a) (b)

Figure 3-8: UV effect for the intensity of the hump of Ba2TiSi2O8 (a). Schematic energy

diagram of the occupancy of electronic states of hump by the X-ray and UV excited electrons

(b).

results for the pre-edge peaks, and the bottom three panels display the results for the humps.

For all three samples, the intensity of the pre-edge peaks decreases slightly with the increasing

UV irradiation; additionally, the hump intensity decreases with the same trend. This indicates

the same mechanism of photoluminescence for all the three sample. In addiation, The

electronic states of pre-edge act as in-gap states during the PL process. In addition, relative

smaller intensity of hump in Na2TiSiO5 indicates the relative smaller electronic density of

electron traps, which maybe explain the relatively lower emission than that of Ba2TiSi2O8.
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Figure 3-9: (a–c) show the UV effect for the intensity of Ti K pre-edge peaks for Ba2TiSi2O8,

Sr2TiSi2O8, and Na2TiSiO5, respectively. The data of different UV output powders are

indicated by lines of different colors. (d–f) show the UV effect for the intensity of hump for

Ba2TiSi2O8, Sr2TiSi2O8, and Na2TiSiO5, respectively.
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3.5 Theoretical calculation of Ti K pre-edge XANES of self-activated titanate

phosphors

Figure 3-10: Theoretical calculation of Ti K-edge XANES of Ba2TiSi2O8. The observed and

calculated data are compared in the first two panels. The LDOS of Ti 3d, Ti 4p, and O 2p

states are shown in the bottom three panels, respectively. The hump and its corresponding

LDOS state are indicated by arrows.

To confirm the energy diagram proposed in the previous section, we calculated the Ti

K-edge XAS results for the three samples using the FDMNES code. As an example, a

calculated Ba2TiSi2O8 spectrum is compared with the observed spectrum in Figure 3-10,

together with the LDOS of the related orbitals. The shaded LDOS represents the occupied

valence bands. The characteristic features are well-reproduced by the calculations. The
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general spectral profile is similar to that of the Ti 4p LDOS, which can be simply understood

as the Ti 1s–4p dipole transition. Notably, the pre-edge peak consists of both Ti 4p and Ti

3d states. The 3d LDOS is 10 times larger than the 4p LDOS, and is highly localized in the

pre-edge region. In general, the 3d and 4p states are less-hybridized in the centrosymmetric

coordination environment. By reducing the symmetry, i.e., TiO6 to TiO5, the centrosymmetry

is broke with point group reducing from Oh to C4v, the 3d and 4p belong to the same

irreducible representation A1 in the character table of C4v. Therefore, the 3d and 4p states

of an identical Ti ion start to hybridize with each other [59, 60]. This simulation results

are consistent with the discussion in section 3.2. Thus, it can be concluded that the large

pre-edge primarily originates from the intra-atomic hybridization between the Ti 3d and 4p

states. The contribution of O 2p is less pronounced in this region, which is consistent with

a previous study by Farges et al., in which destructive interference from nearest-neighbor

oxygen atoms was reported [56]. The lower degree of hybridization is beneficial for PL because

the UV-excited electrons from the O 2p valence band can survive longer in the unoccupied

conduction band. The small hump is also reproduced in the calculated spectrum, as indicated

by arrows, together with a corresponding component in the Ti 4p LDOS. Thus, the hump can

be assigned to the Ti 4p sub-band.

After the in-gap states are determined by the XAS experiment and the origin of the in-gap

states are illustrated by the theoretical calculation. The reason that Sr2TiSi2O8 possesses

different emission color with UV irradiation comparing to Ba2TiSi2O8 and Na2TiSiO5 can

be explained. The normalized pre-edge peaks of the three samples are compared in Figure

3-11. The peak position of Sr2TiSi2O8 shifts toward lower energy by 0.2 eV compared with

those of Ba2TiSi2O8 and Na2TiSiO5, which corresponds to the red shift observed in the PL

spectrum of Sr2TiSi2O8 (Figure 2-2(a)). On this basis, it may be speculated that the electronic

states of these pre-edge peaks are evidence of the color centers in these self-activated titanate

phosphors.

The different energy position of the pre-edge peaks for Sr2TiSi2O8 and Ba2TiSi2O8 can be

explained by the 3d orbitals splitting based on the crystal field theory. The energy level of 3d

orbitals with octahedral and square pyramidal structure are shown in figure 3-12. As we have
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showed above, 3d orbitals will be split into eg and t2g energy levels with Oh symmetry. When

the symmetry is reduced to the D4h point group with the lengthening the distance between

the Ti ion and two apical O ions in the same extent or the shrinking the the distance between

the Ti ion and four equatorial O ions in the same extent, the eg and t2g energy levels will

be further split. Based on the crystal field theory, the potential strength between the ions is

decided by the distance of the ions. Therefore, with the symmetry reduction from Oh to D4h,

the energy level of horizontal orbitals (dx2−y2 and dxy) will increase, the The energy level

of vertical orbitals (dxz, dyz, and dz2) will decrease. The point group will further reduced

to C4v with the Ti ion displacement along the vertical direction. If the amplitude of this

displacement is big, the bond between the Ti ion and the bottom O will be broken, which

results the formation of the TiO5 square polyhedron. The Ti ion displacement cause the

shrinking distance between the Ti ion and the top O (noted by d in figure 3-12). The effect is

that the energy level of horizontal orbitals (dx2−y2 and dxy) will decrease, the The energy level

of vertical orbitals (dxz, dyz, and dz2) will increase. Especially, the dz2 orbital has the whole

vertical direction character, its energy level is easily influenced with the changing of the value

d in the TiO5 polyhedron. The value of d for Ba2TiSi2O8 is 1.67 Å, smaller than the value

1.75 Å in Sr2TiSi2O8. The electronic states of Ti K pre-edge in TiO5-containing materials

mainly originate from dz2 orbitals. So the difference of energy position for pre-edge peaks of

Ba2TiSi2O8 and Sr2TiSi2O8 stems from the different bond length d. This result points out a

new way to characterize the Ti ion off-center displacement. In addition, the decreasing d also

increases the orbital hybridization Ti 3d with Ti 4p and O 2p. This is also the origin of the

existence of the giant pre-edge peak in TiO5-containing materials.

3.6 Energy diagram of self-activated phosphors

Based on the observed and calculated XAS spectra, a schematic energy diagram of PL and

the Ti K-edge X-ray absorption process are illustrated in Figure 3-13. First, an incident X-ray

excites a Ti 1s core electron to the unoccupied 4p state through dipole transition. A small

amount of core electrons is transferred to the Ti 3d states through quadrupole transition, which

is enhanced by the intense 3d LDOS to form a large pre-edge peak. Under UV irradiation, the
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Figure 3-11: Normalized Ti K pre-edge peaks of Ba2TiSi2O8 (black solid line), Sr2TiSi2O8

(red dotted line), and Na2TiSiO5 (blue dashed line). The energy difference between the

pre-edge peaks is represented by ∆E.

Figure 3-12: The 3d orbitals splitting with the symmetry reduction from Oh, D4h to C4v.
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valence electrons are excited to the Ti 4p sub-band, followed by non-radiative relaxation to the

lower Ti 3d state. The difference in the UV power dependence of the hump and the pre-edge

peak is attributed to the different orbital characteristics of the relevant states. The hump

originates from the Ti 4p orbital, whereas the pre-edge peak arises from the Ti 3d orbital.

The intra-atomic 4p–3d hybridization should be beneficial for PL because it suppresses the

direct recombination of UV-excited electrons with valence holes.

Figure 3-13: Energy diagram for self-activated titanate phosphors. (a) Schematic of X-ray

absorption, (b) X-ray absorption and PL procedure. The competition for occupying the

electronic states above the Fermi level between X-rays and UV light is indicated by the region

in red.

3.7 Conclusion

The mechanism of photoluminescent procedure of self-activated titanate phosphors was

investigated by Ti K pre-edge XANES. Two features were observed in the pre-edge region:

a large pre-edge peak and a small hump. The influence of UV on these features was studied

by irradiating UV light during the XANES experiment. The intensities of the large pre-edge

peak and hump decreased with UV irradiation. From the perspective of electronic states,

the decrease in the intensity of these features can be explained by the electron occupation

of the corresponding electronic states with UV excitation, which explains the participation

of these electronic states in the PL process. The relevant electronic states of these features

were assigned using theoretical calculations based on the FDMNES code. The large pre-edge

49



peaks and humps arise from the intra-atomic Ti 3d–4p hybridization and Ti 4p sub-band,

respectively. An energy diagram was proposed to explain the PL procedure. The electronic

states of the hump serve as a trap for UV-excited electrons, and those of the lower energy

pre-edge peak act as a color center for the self-activated titanate phosphors. We believe that

the energy diagram proposed in this study will provide new insights into the development of

high-efficiency rare-earth-free phosphors.
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4 Investigation of local distortion of TiO6 octahedron in SrTiO3

with UV irradiation by EXAFS

4.1 Experimental setup and Configuration

The EXAFS experiments were performed in the beamline 12C of the PF. The spectra

were measured in the transmission mode at 22 K (the lowest temperature available on the

beamline) to 300 K. To accommodate the effective penetration depths of UV and X-ray

radiation, the powder samples must be prepared with a sufficiently low thickness. Considering

this, equivalent SrTiO3 superfine powder was deposited on three Millipore membrane filters.

During the EXAFS experiments, three Millipore membrane filters were paralleled in line

receiving X-ray, and each of them was irradiated by UV light. A schematic of the SrTiO3

sample setup is shown in Figure 4-1. The obtained sample thickness corresponded to an

absorption jump ∆µ=0.7 at the Ti K-edge. An optical fiber with three furcated ends was

used to meet the number of membranes.

Figure 4-1: Schematic diagram of SrTiO3 sample setup
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Generally, a temperature gradient exists between the sample and the temperature sensor,

which causes experimental errors in terms of temperature. To ensure the consistency of

temperature between the sample and the thermal sensor, the membranes were sandwiched in

a good heat conductor (copper) with an opening hole for receiving X-rays (inset of Figure

4-2). Low temperature XAS measurements were performed at 22–300 K using a closed-loop

liquid helium cryostat with a heating resistor.

The beamline stage setup is the same as that in the XANES experiment described in

section 3. To facilitate UV light irradiation on the chamber, one side of the Kapton film

window was replaced with SiO2 glass (Figure 4-2).

Figure 4-2: Schematic of the EXAFS experimental setup of BL-12C at the Photon Factory.
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4.2 XAS of SrTiO3

The normalized SrTiO3 Ti K-edge XAS data at 22 K are shown in Figure 4-3; the detailed

procedure of normalization was explained in the experimental section. The main edge is

caused by the Ti 1s-4p dipole transition. The inset in Figure 4-3 shows the pre-edge feature

of SrTiO3 Ti K-edge XAS. The first two small peaks in the pre-edge region are caused by

the 1s-3d quadrupole transition. The interpretation of the pre-edge peaks of Ti K XANES is

already shown in section 1.2. Previous studies have reported that the intensity of eg is related

to the Ti ion displacements [55, 61]. Specifically, Nakajima investigated the UV-induced

one-dimensional vibration of Ti ions in SrTiO3 [62]. Because the XANES is very sensitive

too the local structure environment. Once there is Ti ion displacement along the z direction,

the hybridization of 3d3z2−r2 and 4p will be enhanced, resulting the variation of the eg peak

in the pre-edge region. The post edge that contains the EXAFS oscillation has not been

comprehensively studied under UV irradiation, because controlling the penetration of UV

light and X-rays is difficult. In this study, superfine SrTiO3 powder was used to improve the

UV effect.

Figure 4-3: Normalized Ti K-edge XAS of SrTiO3 at 22 K
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4.3 EXAFS Data fitting

As discussed in section 1, the purpose of studying SrTiO3 in this thesis is to analyze the

local structure of SrTiO3 and the variation of the local structure under UV irradiation. To

extract structural information from the EXAFS oscillation, the starting structure model of

SrTiO3 must be built, and the scattering paths used to fit the EXAFS oscillation must be

calculated by FEFF. Although the well-known structures of SrTiO3 are cubic (P3m3) and

tetragonal (I4/mcm), these results give only the macroscopic structure of SrTiO3 based on

the results of XRD. The structure in the microscopic scale is quite different from that in the

macroscopic scale, which has already been widely observed in many perovskite materials such

as BaTiO3 and PbTiO3 [6, 63].

The background subtractions of the raw XAFS data were performed using the AUTOBK

algorithm, which is embedded in the Athena software [64]. In the post edge, not all the

frequencies belong to the oscillation of EXAFS; low frequency corresponds to non-structural

Fourier components of the background signal. Thus, the 〈Rbkg〉 parameter was set to 0.6 to

reduce the low-frequency Fourier components of the background signal. The normalization

and background removal parameters are shown in Table 4-1.

Table 4-1: Normalization and background removal parameters used in the EXAFS data

extraction.

Edge E0 Rbkg Normalization order

Ti K 4978 0.6 3

During the fitting procedure, three structure model are tested: cubic, tetragonal, and

rhombohedral. After comparing the fitting results, the tetragonal model gave the best

statistical fitting results. So the structure model used in this study was a tetragonal model

based on the results of the experiments of total neutron scattering [65]. The lattice parameter

used in the FEFF calculation is shown in Table 4-2. It is well-known that the property of

these calculated scattering paths highly depends on the symmetry of the crystal structure.
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Table 4-2: The lattice parameter of SrTiO3 used in the FEFF calculation.

Crystal System Tetragonal

Space Group P4mm

Cell parameters a=3.905Å c=3.93819Å

Atom x y z

Sr 0.00000 0.00000 0.00000

Ti 0.50000 0.50000 0.50025

O1 0.50000 0.50000 0.00000

O2 0.50000 0.00000 0.50000

In this study, the investigation of the location property of Ti along the z-axis is important.

The atom position z of Ti set at 0.50025 corresponded to the Ti displacement along the

z-axis with a value of 0.001Å (figure 4-4). The purpose of setting Ti displacement to this

small value is to produce all the scattering paths required for the fitting procedure with the

tetragonal model. During the fitting procedure, a parameter zTi was assumed to obtain the

real value of Ti displacement along the z-axis. The scattering amplitude Fj(k) and phase

shift ψj(k) of each scattering path were calculated using the FEFF code (version 9.6) using

the exchange-correlation Hedin-Lundqvist potential. The calculations were performed for a

cluster of radius 9 Å and centered at the Ti atom. The calculations of the cluster potentials

were performed via the muffin-tin self-consistent-field approximation using the radius value

of 7 Å.

Generally, in the microscopic level, the Ti ion displacement in perovskite-type titanates

has two preferable directions: (a) the [001] direction corresponding to the tetragonal PbTiO3

[66, 67], and (b) the [111] direction corresponding to the rhombohedral BaTiO3 [6]. In this

thesis, the Ti displacement along the [001] direction is presented, mainly because we aim

to confirm the Ti vibration along the [001] direction under UV irradiation, which has been

reported by Nozawa [15, 42]. The main parameters used in the fitting of the tetragonal model

are listed in Table 4-3. Because of the high correlation between ∆E0 and the phase-related

parameters, ∆E0 was set to -5.2 eV based on the average value of the first run of fitting for all
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Figure 4-4: Crystal structure of SrTiO3 used in the FEFF calculation. The Ti ion

displacement with zTi=0.001 Å is indicated by an arrow.

Table 4-3: Main assumed parameters used in EXAFS data fitting with the tetragonal model.

Parameter description initial value

zTi Ti ion displacement along [001] direction 0 Å

eta Volumetric expansion coefficient for SS 0

etaMS Volumetric expansion coefficient for MS 0

σ2O MSRD of 6 O in the first shell 0.003

σ2Sr MSRD of 8 Sr in the second shell 0.003

σ2Ti MSRD of 6 Ti in the third shell 0.003

σ2MS MSRD for the MS paths 0.003
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data. Furthermore, the value of the amplitude reduction factor S2
0 due to many-body effects

was set to an estimated value of 0.95. The volumetric expansion coefficient eta was used

due to the thermal expansion with the increasing temperature and the vibration of scattering

atoms in the direction perpendicular to the chemical bonds. The actual distances from the

central absorbing Ti atom to the scattering atom were the calculated atomic distance of the

initial crystal structure and the deviation in the calculated atomic distance, which was caused

by the Ti displacement and the volumetric expansion coefficient eta.

The k range used for the forward Fourier transformation is 2.0–14.5 Å−1. The curve fitting

was performed using the Fourier transform of the k2χ(k) profile in the r space of 0.8–4.1 Å.

4.4 Temperature dependence of Ti K-edge EXAFS spectrum

Experimental k2-weighted EXAFS profiles k2χ(k) of SrTiO3 at 22–300 K at the Ti K-edge

are shown in Figure 4-5 (a). All the obtained EXAFS k2χ(k) signals have a good signal-to-noise

ratio. The signal stops at 15.5 Å−1 because of the appearance of a small Cr K-edge, which

is caused by a small Cr3+ contamination. The wave group from 3–9 Å−1 represents the

interference of the outgoing photoelectron waves from the Ti atom and the scattering waves

from the first shell of six O atoms. The wave group from 9 Å−1 to the end of this data

represents the interference of the outgoing photoelectron waves from the Ti atom and the

scattering waves from the second shell of eight Sr atoms and the third shell of six Ti atoms.

Thus, each wave group contains the information about a specific structure. A clear trend of

these oscillations is the decreasing intensity with the increasing temperature, which is due to

the enhanced thermal vibration at high temperatures.

Figure 4-5 (b) displays the magnitude of the Fourier-transformed k2χ(k) profiles |FT

k2χ(k)|. The peak in the range of 1.0–2.0 Å−1 corresponds to the six O atoms in the

TiO6 octahedral coordination. The two peaks in the range of 2.5–4.0 Å−1, which are not

well-separated, correspond to the eight Sr atoms in the corner of the cubic SrTiO3 and the

six Ti atoms at the center of the neighboring cubic SrTiO3 units. It is noticeable that the

intensity of all the peaks decrease with the increasing temperature. However, the decrease in
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Figure 4-5: (a) k2-weighted experimental EXAFS profiles k2χ(k) of SrTiO3 at the Ti K-edge,

and (b) their Fourier transforms |FT k2χ(k)| from 22 K to 300 K.
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the amplitude of the first peak is less than that of the second and third peaks, which can be

explained by the bonding nature of Ti ions with the surrounding coordination. The chemical

bond between Ti and O is a covalent bond, and Ti-Sr or Ti-Ti belongs to the ionic bond.

Therefore, the TiO6 octahedra can be considered to be relatively more rigid than the Ti-Ti

and Ti-Sr sublattice [68].

Based on FEFF calculation, the obtained paths show that the first shell signal contains

a single scattering from O coordination. The second peak contains a single scattering from

Sr coordination and the triangle multiple scattering Ti0-O-O-Ti0 (Ti0 is the absorber). The

third peak contains a single scattering from Ti0-Ti and various linear multiple scattering

contributions with different Ti0–O–Ti0 chains.

Because the purpose of this work is to investigate the Ti ion motion, we mainly focus

on the first shell. During the fitting process, the tails of the paths belonging to the second

and third shells sometimes contribute to the first shell; thus, for obtaining a more accurate

value, the second and third shells were also fitted. Analyzing the second and third peaks is

more difficult because of the overlap of the contributions from outer coordination shells and

strong multiple-scattering effects. The fitting of the data at 22 K using the tetragonal model

is shown in Figure 4-6. The solid black line represents the experimental EXAFS profile, and

the dashed red line represents the fitted profiles. The same parameter setting was used for

all the data at different temperatures ranging from 22 K to 300 K. Each fitted profile agreed

well with the corresponding experimental EXAFS profile. The misfit in the range of 0–0.9 Å

was caused by the low-frequency background signal.

The effect of Ti ion displacement zTi along z-axis on temperature dependence is shown in

Figure 4-7. Obvious Ti ion displacements are present over the entire temperature range. So

the distortion of TiO6 is confirmed by the results by using EXAFS. The origin of PL property

can be explained with using the same electronic principle discussed in the last section with

self-activated titanate phosphors.

The observed Ti ion displacements are contradictory to the centrosymmetric cubic and

tetragonal structures obtained by XRD. As mentioned earlier, for a specific material, the
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Figure 4-6: Magnitude of Fourier transforms |FT k2χ(k)| of Ti K-edge EXAFS of SrTiO3 for

experimental data (solid black line) and fitted data (red dashed line)

Figure 4-7: Ti ion displacement zTi along the z-axis, as measured by Ti K-edge EXAFS.
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macroscopic structure obtained by XRD and the microscopic structure that can be measured

by EXAFS are greatly different. The distinct Ti ion displacement was explained by the

dynamic disorder by using nuclear magnetic resonance spectroscopy [38], which has been

confirmed by many other reports as well [39, 40]. In addition, the measured Ti displacement

explains the existence of the pre-edge feature in the TiK-edge of SrTiO3. Based on Vedrinskii’s

report, the area of peak eg A in the pre-edge of Ti K-edge of SrTiO3 is proportional to the

square of the off-center displacement d [55].

A =
γ

3
d2 (4-1)

where γ is a constant [6]. If SrTiO3 is perfectly centrosymmetric, the zero value of

off-center displacement d cannot explain the pre-edge peak. However, in our obtained data,

there are large error bars and irregular assumed values for zTi. This is caused by the high

correlation between the parameter zTi and σ2O. The MSRD defined by
〈
(r − r)2

〉
indicates

relative vibration between the absorber and scatter, which must be within a physically

reasonable range of values. During the fitting procedure, the Ti ion displacement caused an

uncertainty of statistical analysis. To obtain a physically reasonable value for each parameter,

zTi was set to 0.06 Å; this value was not set arbitrarily. The dynamic disorder of Ti ions has an

almost constant value, as indicated by EXAFS results [40]. σ2O with the temperature obtained

after fixing zTi is shown in Figure 4-8. σ2O increased with the temperature, indicating that the

variance in the distance between the absorber Ti0 and the first shell O increased. The EXAFS

equation indicates that χ(k) monotonically decreases with σ2; therefore, the increasing σ2O

with temperature explains the decreasing intensity of the EXAFS profiles k2χ(k) and the first

shell of |FT k2χ(k)|.

4.5 UV dependence of Ti K-edge EXAFS spectrum

The experimental k2-weighted Ti K-edge EXAFS profiles k2χ(k) of SrTiO3 and the

magnitude of their Fourier-transformed |FT k2χ(k)| at 22 K with and without UV irradiation

are shown in Figure 4-9. It is noticeable that the intensity of both EXAFS profiles and their

Fourier transforms are damped under UV irradiation. To clarify the reason for this damping,
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Figure 4-8: MSRD values obtained for Ti-O bond σ2O measured by Ti K-edge EXAFS with

temperature dependence (black squares) and UV effect (red squares)

the fitting with the same parameter set was performed with UV irradiated data. The MSRD

values obtained for UV irradiated data are compared with those of non-UV-irradiated data

in Figure 4-8. It is apparent that the intensity damping in the EXAFS profiles with UV

effect was caused by the increasing MSRD factor, which indicates the increasing variance

of the distance between the Ti ion and O. However, one factor remains to be clarified. In

the current fitting model, because the same MSRD factor σ2O was used for all the six O

coordinations, the direction responsible for the increasing variance of the distance is unclear.

To find the specific direction that is sensitive to the UV effect, the six degenerate O were

reduced to two vertical O ( O11 and O12 )and four planar O2 (Figure 4-4). Because of the

relatively compensating distance between Ti-O11 and Ti-O12, they share the same MSRD

factor σ2O1. For the planar O2, σ2O2 is used. The results of fitting for σ2O1 and σ2O2 are shown

in Figure 4-10. For the temperature effect, both σ2O1 and σ2O2 exhibit an increasing trend with

temperature. For the UV effect, the error bar of σ2O1 is large, which may be caused by the

correlation with other parameters during the fitting process. The significant increase in the

value of σ2 for Ti-O11 is obvious, which indicates the relative movement between the Ti ion
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Figure 4-9: (a) k2-weighted experimental EXAFS profiles k2χ(k) of SrTiO3 at the Ti K-edge,

and (b) their Fourier transforms |FT k2χ(k)| at 22 K with and without UV irradiation.
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Figure 4-10: MSRD values obtained for Ti-O11 bond σ2(Ti-O1) and (b) Ti-O2 bond σ2(Ti-O2)

measured by Ti K-edge EXAFS with temperature dependence (black markings) and UV effect

(red markings)
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and apical O. Under UV irradiation, σ2O2 does not exhibit a clear increase in its value, and its

variation trend with temperature is almost the same as that of the six degenerate O σ2O. This

illustrates the relatively stable bond length between Ti and planar O. The variation of σ2O1 and

σ2O2 under UV irradiation indicates the amplitude damping of the Ti K-edge EXAFS profiles

k2χ(k) of SrTiO3, and its Fourier transforms are caused by the enhanced Ti ion vibration

along the z-axis.

4.6 Conclusion

The local structure of SrTiO3 based on the influence of temperature and UV irradiation

was investigated using Ti K-edge EXAFS. The tetragonal structure model of SrTiO3 with

Ti ion displacement along the z-axis was used in the data fitting procedure. The amplitude

of Ti K-edge EXAFS profiles k2χ(k) of SrTiO3 and the magnitude of its Fourier transforms

|FT k2χ(k)| were damped with the increase in the temperature. The obtained increasing

six degenerate MSRD of Ti-O bond σ2O illustrate that these dampings were caused by the

enhanced thermal vibration. Clear Ti ion displacement was observed in SrTiO3 for the entire

temperature range, which explains the existence of the pre-edge peak of Ti K-edge XANES

SrTiO3. The amplitude of Ti K-edge EXAFS profiles k2χ(k) of SrTiO3 and the magnitude of

its Fourier transforms |FT k2χ(k)| were also damped under UV irradiation. By reducing the

degeneracy of six O in the TiO6 octahedron to two vertical oxygen and four planar oxygen,

a significant increase in the value of MSRD σ2O1 and no increase in the value of MSRD σ2O2

were obtained. This illustrates that the UV-induced damping of k2χ(k) and |FT k2χ(k)| is

caused by the enhanced Ti ion vibration along the z-axis.
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5 Conclusions

In this research, two types of self-activated titanate phosphors were investigated, namely,

fresnoite-type materials with TiO5 polyhedron and perovskite titanate SrTiO3 with TiO6

octahedra. The electronic states of the fresnoite-type phosphors were analyzed by XANES

to investigate the in-gap states, which are essential for realizing the PL property. The local

structure of the TiO6 octahedra in SrTiO3 was analyzed by EXAFS to investigate the local

structure for creating in-gap states. The UV irradiation and the temperature effect were

considered in the experiments. The main results of this research are summarized below:

The Ti K-edge XANES of fresnoite self-activated titanate phosphors were analyzed under

UV irradiation. The features in the pre-edge region were examined in detail to study the

electronic states involved in generating the PL property. Theoretical calculations indicated

that the observed large pre-edge peak corresponds to the electron transition from the Ti 1s

core level to the electronic states hybridized with Ti 3d, Ti 4p, and O 2p states. The electronic

states of the hump act as traps for the electrons excited by UV irradiation. The hybridization

between Ti 3d and Ti 4p originated from the TiO5 polyhedron. The electronic states of the

large pre-edge peak provide in-gap states to emit visible light. It can thus be concluded that

the TiO5 polyhedra play an important role in self-activated titanate phosphors. An energy

diagram of self-activated titanate phosphors was proposed to explain the electron transition

in the PL process.

To investigate the relationship between the distortion of TiO6 octahedron and the PL

property, SrTiO3 was chosen as the target material to study the local structure. The Ti

K-edge EXAFS of SrTiO3 was investigated at 22–300 K under UV irradiation. The EXAFS

data were fitted well by using a tetragonal structure model with Ti ion displacement along

the z-axis. Clear Ti ion displacement with 0.06 Å was obtained in SrTiO3 over the entire

temperature range. It not only confirmed the distortion of TiO6 octahedron in SrTiO3, but

also explained the existence of pre-edge peaks in Ti K-edge XANES SrTiO3. The Ti ion

vibration along the z-axis in SrTiO3 was significantly enhanced by UV irradiation. The

increase in the intensity of Ti K pre-edge peak and the dielectric constant of SrTiO3 under
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UV irradiation is attributed to the enhanced Ti ion vibration.

In summary, the existence of TiO5 polyhedron is essential to realize the PL property in

non-ion-doped titanate compounds. The role of the TiO5 polyhedron is to create in-gap states,

which are required for emitting visible light. The TiO5 polyhedron is intrinsically contained in

fresnoite materials. The distortion of the TiO6 octahedron in SrTiO3 induces the PL property

in SrTiO3. The relationship between the PL property and the local structure distortion

in non-ion-doped titanates opens up a new approach to characterize the titanium–oxygen

polyhedron. Furthermore, the interaction between Ti ion vibration and UV-induced electronic

transition in SrTiO3 must be investigated to understand the cause of enhanced Ti ion vibration

under UV irradiation, which will be the avenue of our future research.
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