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• Abstract 

Below a temperature of 40 K, SrTiO3, known as a typical perovskite-structured 

material, shows quantum paraelectricity with suppression of the ferroelectric state by a 

quantum fluctuation. In the quantum paraelectric (QPE) phase, the local symmetry 

around a Ti atom is expected to be reduced by external stimuli such as ultraviolet (UV) 

light and direct-current (DC) electric field. Although the physical properties of QPE 

SrTiO3 under external stimuli have been studied by many researchers, the evidence of 

the electric dipole moment presence in a unit cell remains unclear. In this study, the 

electric dipole moment resulting from Ti off-center displacement in SrTiO3 and its 

behavior under UV irradiation and a DC field are revealed using resonant X-ray 

emission spectroscopy (RXES). The element specificity and orbital selectivity of RXES 

are useful to probe the electronic structure around a Ti atom, which is expected to 

change with Ti off-center displacement.  

For a SrTiO3 single crystal in the QPE phase, Ti-L and Kβ RXES measurements are 

performed under UV irradiation and a DC field. The obtained RXES spectra provide the 

information about crystal-field (dd) and charge-transfer (CT) excitations influenced by 

p–d hybridization between Ti-3d and O-2p orbitals. As a major result, the RXES 

measurements show that a Ti atom is displaced from the body-center site of the TiO6 

octahedron at low temperature. The electric dipole moment hidden by a quantum 

fluctuation is directly detected by observing the change of CT excitation. In addition, 

UV irradiation leads to an increase of Ti off-center displacement, and the UV-induced 

electric dipole moments evolve into polar regions owing to DC field application. It is 

clarified that Ti off-center displacement in the QPE phase is developed due to external 

stimuli and that it is the origin of polar regions. The author confirms that RXES 

contributes to the investigation of the microscopic nature of dielectric materials.  
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1. Introduction 

1.1. Physical Properties of SrTiO3 

1.1.1. Characteristics 

SrTiO3, known as an ABO3 perovskite oxide, is a typical band insulator. The crystal 

structure is cubic with space group Pm3
–

m at room temperature, and its lattice constant is 

3.905 Å (Figure 1-1). The direct and indirect band-gap energies between Ti-3d 

conduction band and O-2p valence band are 3.4 and 3.2 eV, respectively. This crystal is 

a useful substrate material because of its high chemical stability. 

SrTiO3 has also been studied with regard to various properties such as 

superconductivity [1] and the giant Seebeck effect. [2] Recently, two-dimensional 

electron gas (2DEG) with a high mobility has been discovered on the SrTiO3 

surface [3, 4] and at the LaAlO3/SrTiO3 heterointerface. [5] At low temperatures, 

ultraviolet (UV) irradiation with a photon energy greater than the optical band gap of 

SrTiO3 induces intriguing properties such as visible luminescence and enhancement of 

the dielectric constant. SrTiO3 is a fluorescent material that emits visible light under UV 

irradiation. Stoichiometric SrTiO3 emits greenish light at low temperature, whereas 

lanthanum-doped or oxygen-deficient SrTiO3 emits blue light at room temperature. 

[6, 7]  
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Figure 1-1. Unit cell of SrTiO3 is a perfect cube at room temperature. A 
Ti atom (blue ball) at the body center is surrounded by six equivalent O 
atoms (red balls) 

• Splitting of 3d Electronic State 

d orbital of a transition metal has normally quintuple degeneracy. In case of SrTiO3, 

3d orbitals of Ti under Oh symmetry are split into triply-degenerated t2g components and 

doubly-degenerated eg components by the coulomb potential of the anion (O2–), i.e., 

crystal field splitting [Figure 1-2(a)]. The energy gap between t2g and eg states is 

characterized using crystal field parameter 10Dq. Each limb of t2g orbitals (xy, yz, zx) is 

pointing to the according edge of the cubic lattice, away from the oxygen site. In 

contrast, each limb of eg orbitals (x2–y2, 3z2–r2) extends towards the oxygen site [Figure 

1-2(b)].

a

b
c
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Figure 1-2. (a) Crystal-field splitting of 3d electronic state under Oh 
symmetry. (b) The schematics of 3d_t2g electron clouds (xy, yz, zx) and 
3d_eg electron clouds (3z2–r2, x2–y2).
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1.1.2. Quantum Paraelectricity 

Both SrTiO3 and KTaO3 have the perovskite structure. Hence, they are known as 

typical quantum paraelectric (QPE) materials. [8, 9, 10] Generally, dielectric materials 

show ferroelectricity below a certain phase transition temperature called the Curie 

temperature (TC). In case of SrTiO3, the structural phase transition temperature is 105 K, 

which is comparatively lower than that of ferroelectric materials. Therefore, the 

paraelectric state remains, since quantum fluctuations suppress the ferroelectric state.  

As shown in Figure 1-3(a), the dielectric constant (εr) of SrTiO3 (STO16) is 

gradually saturated without ferroelectric-like transition below 40 K. [11, 12] In the high 

temperature region, the temperature dependence of the dielectric constant shows the 

classical Curie-Weiss behavior. On the other hand, in the low temperature region, the 

graph is fitted using the Barrett-type quantum paraelectric law, 

  

 
(1-1) 

  

where A is a constant and T1 is determined experimentally. [8] According to 

Equation 1-1, the relation between the dielectric constant and temperature is graphed in 

Figure 1-3(b). In the low temperature region, the temperature dependence of the 

dielectric constant is well simulated using this equation. 
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Figure 1-3. (a) Temperature dependence of the dielectric constant for 
SrTiO3. [11] The bottom graph is for SrTi16O3 and the top graph is for 
SrTi18O3. (b) The dielectric constant as a function of temperature 
according to the Barrett-type quantum paraelectric law. [8]
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1.1.3. Photoinduced Electric Dipole Moment 

SrTiO3 is known as a nearly ferroelectric material. This means that dielectric 

polarization easily arises owing to element substitution and external stimuli. For 

SrTi16O3, the oxygen isotopic exchange of 18O induces ferroelectricity without the 

application of external fields. According to the measurements of the dielectric constants 

[see Figure 1-3(a)], the SrTi18O3 crystal shows ferroelectricity below 23 K. 

Homoepitaxial SrTiO3 films with off-stoichiometry also lead to the ferroelectric phase 

transition at a temperature greater than room temperature. [13] Below 100 K, even 

stoichiometric SrTiO3 shows enhancement of the dielectric constant under UV 

irradiation and if a bias direct-current (DC) electric field is applied, as shown in Figure 

1-4. [14] This implies the existence of a polarized region under UV irradiation and a DC 

field at low temperature. The origin of the electric polarization induced by UV 

irradiation has been discussed by Hasegawa et al., [15] who proposed the presence of a 

photoinduced polar domain (PIPD) formed by lattice distortion. Photocarriers induced 

by UV excitation form polarons, [16] which distort the local symmetry around a Ti atom 

and lead to the formation of dipole moments. They suggested that the PIPD constructed 

by polarons induces anomalous dielectric behavior at low temperature.
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Figure 1-4. Temperature dependence of the dielectric constant of 
SrTiO3. [14] Under UV irradiation and a DC field, the value of the 
dielectric constant (εUV&DC) at 5 K is 60 times larger than the value of 
the dielectric constant without UV irradiation and DC field application 
(ε). 

 

Figure 1-5. Schematic illustration of a photoinduced polar domain 
(PIPD). [15] Photocarriers induced by the interband excitation form 
small polarons, which distort the local symmetry around a Ti atom and 
lead to the formation of dipole moments.

sity of irradiation, the recovery time becomes longer. In
addition, this effect was well reproduced for more than
several hundred times of repetition of switching on and off
of DC field. Therefore, we conclude that the observed effect
is a reversible switching effect applicable for photoelectric
devices. Its origin is intrinsic and is not any of the persistent
effects induced by photoirradiation, such as photochemical
defects. We can also experimentally conclude that the
present effect is not due to some defects in the contact region
between the electrode and the sample surface.

The dielectric loss D (tan !) also shows a marked
photoinduced effect only in the case (1) (hereafter denoted
as DUV&DC). DUV&DC increases anomalously below 100K as
shown in the upper inset of Fig. 1(b). The increase of DUV is
negligibly smaller than DUV&DC. The enhancement of
DUV&DC should be related to the photoconductivity. The
photoconductivity has been already reported in the QPE
system, SrTiO3

11) and KTaO3.
12) The present result for D

shows that the photoconductivity of SrTiO3 is anomalously
enhanced by UV irradiation under a DC field.

Figures 2(a) and 2(b) show the dependences of "UV&DC on
UV intensity and DC field in SrTiO3 at 5K, respectively. An

extreme enhancement of "UV&DC appeared as shown in Fig.
2(a). The ratio of "UV&DC=" reaches 750 at 5K with the high
intensity of UV excitation of 4:7! 1016 photons/cm2s. It is a
clear contrast to the value 10 at the low excitation intensity
of less than 8:2! 1013 photons/cm2s at 5K. The value of
dielectric constant is also changed in the quantum ferro-
electrics as reported previously.7,9,10) However, the increase
of dielectric constant due to the change from the QPE to the
ferroelectric state is less than three times. The value
"UV&DC=" shows nonlinear dependences on the intensity of
UV and the magnitude of DC as shown in both Figs. 2(a) and
2(b). Both results shown in Figs. 2(a) and 2(b) are well fitted
by the simple relation ð"UV&DC="Þ $ 1 % x#, where x is the
UV intensity or the DC magnitude. Based on the best fit, #
values of 0.63 and 2.25 have been obtained as shown by the
solid lines in Figs. 2(a) and 2(b).

The gigantic increase of the dielectric constant "UV&DC

has been observed on KTaO3 in the experimental condition
of the case (1) as shown in Fig. 3(a). In contrast to this, the
gigantic photoinduced effect did not appear in the ‘‘quantum
ferroelectric’’ system SrTi18O3. As shown in Fig. 3(b), the
temperature dependence of "UV&DC in SrTi18O3, where the
ferroelectricity is induced by the substitution of 18O for 16O
in SrTiO3,

10) shows no enhancement but rather a slight
decrease as compared to the value of ". The enhancement in
DUV&DC of SrTiO3 also has not been observed in SrTi18O3.
Both of "UV&DC and DUV&DC of SrTi18O3 show the peak
anomaly near Tc.

10) These results indicate that the observed
gigantic enhancement of "UV&DC originates from a new
effect inherent to the QPE system stimulated by UV and DC.

Here, we discuss about the physical origin of the gigantic
enhancement phenomenon in the dielectric constant under
UV and DC in the QPE system. SrTiO3 undergoes an
antiferrodistortive structural phase transition at Ta ’ 105K.
It has been discussed that the domain structure below Ta may
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38 J. Phys. Soc. Jpn., Vol. 72, No. 1, January, 2003 LETTERS M. TAKESADA et al.

reduced STO.16) The diffusion process can be simplified as a
one-dimensional process because the spot-size of the photo-
excitation is much larger than the diffusion length. Then, we
obtain n / 1=l. With the constant excitation density, the
temperature dependence of ! is given via the carrier-density
as ! / 1=n /

ffiffiffiffi

T
p

. This reproduces the data as shown in Fig.
3(b) (dashed curve).

In the following section, we would like to discuss the
origin of the photo-induced dipole. In STO, it is confirmed
that photocarriers induced by the interband excitation are
promptly charge separated and localized as small polarons.9)

We believe that the small polaron is the origin of the photo-
induced dipole. In spite of a quite low small polaron density
(n ! 1015 cm3, 1mW/cm2), the drastic enhancement of the
dielectric constant is observed in our experiments. If the
whole sample is homogeneously excited as strongly as the
surface is, the enhanced dielectric constant should be 500
times larger than the observed one ("0 ¼ 3:1# 107 at 5K).
Such a huge dielectric constant has not been achieved by any
other method. This means that the photo-induced small
polaron has a huge dipole moment. It is expected that
spatially extended strong lattice distortion should form a
photo-induced polar domain (PIPD). The schematic picture
of PIPDs is depicted in Fig. 5. These PIPDs would interact

antiferoelectrically with each other [JðnÞ < 0]. Its finite
lifetime prevents PIPD from the long-range ordering. This
PIPD creation and annihilation process will also induce the
re-distribution of PIPD and give rise to an unconventional
relaxation process.

In summary, the anomalous giant dielectricity is observed
in photo-excited STO at low temperatures. The origin of the
induced dielectricity is considered to be PIPD. This means
that a novel dielectric material is created under the optical
control.

One of the authors (T.H.) would like to thank JSPS
Research Fellowships for Young Scientists. This work is
partly supported by the Asahi Glass Foundation. We also
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These macroscopic physical phenomena induced by UV irradiation have been studied 

through the research of the electronic structure. In this regard, Nozawa et al. 

investigated the temperature dependence and photoinduced change of Ti-3d electronic 

states using X-ray absorption spectroscopy (XAS). [17] Using Ti K-edge XAS, the 

pre-peaks derived from t2g and eg components of Ti-3d states are observed in the 

pre-edge region. The intensity decrease of these pre-peaks (A1 and A2) in Figure 1-6(a) 

shows that thermal-random vibration of a Ti atom is suppressed by cooling. In addition, 

the intensity of A2 peak derived from eg component increased under UV irradiation at 

low temperature, as shown in Figure 1-6(b). The photoinduced enhancement of A2 peak 

can be explained by uniaxial vibration of a Ti atom along the Ti–O bond direction. This 

result implies that the electric dipole moment is induced in the TiO6 octahedron under 

UV irradiation. 

The photoinduced electric dipole moment in quantum paraelectric SrTiO3 is 

theoretically supported. The quantum fluctuation of perovskite oxides in the quantum 

paraelectric phase is influenced by T1u phonons [Figure 1-7(a)] owing to the 

double-well potential along the Ti–O bond. [9, 18] In case of SrTiO3 under UV 

irradiation, a photogenerated electron is weakly coupled with T1u phonon (self-trapped 

off-center polaron). In addition, if an external electric field is applied, a photogenerated 

electron is trapped by multiple T1u phonons aligned by the electric field as shown in 

Figure 1-7(b) (super-paraelectric large polaron). This large polaron has no long-range 

order. Therefore, it implies that the electric dipole moment and the local polar region are 

induced by UV irradiation. 
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Figure 1-6. (a) Temperature dependence of the Ti K-edge XAS spectra 
in the pre-edge region of SrTiO3. [17] (b) The photoinduced XAS 
spectra at 12 K. The lower lines in (a) and (b) show the difference 
spectra. A1 and A2 peaks are induced by a quadrupole (Ti 1s → 3d) 
transition. A1 and A2 peaks have the origin of t2g and eg components. 

and A2 peaks are t2g and eg components, respectively, due to
an electric quadrupole Hamiltonian, taking account of the
geometry of x-ray polarization and the molecular orbitals.
Actually, the energy interval of between the A1 and A2 peaks
is close to the value of the crystal field splitting energy re-
ported by an oxygen 1s XAS measurement in SrTiO3.18 The
prepeak A3 is rather insensitive to the azimuthal angle !.
Therefore, it is essentially of dipole origin, because the elec-
tric dipolar absorption is insensitive to the azimuthal angle !
in the Oh symmetry.19

In an attempt to study the temperature dependence of the
electronic structure of SrTiO3, Ti K-edge XAS spectra were
measured from 15 to 300 K. Figure 2!a" shows the XAS
spectra in a pre-edge region at each temperature. In order to
clearly show the temperature dependence, the difference
spectra, which is the difference between the spectrum at each
temperature !300–30 K" and the spectrum at 15 K, are shown
in the lower part of Fig. 2!a". The whole Ti K-edge XAS
spectra at each temperature are shown in the inset of Fig.
2!a". From Fig. 2!a", it can be clearly seen that the intensities
of the A1 and A2 peaks increase upon a temperature rise.
Moreover, the intensities of the A1 and A2 peaks increase
almost linearly with the temperature. It is difficult to explain
this phenomenon by the change of the probability of the
rigid-band model, because the formal valence of Ti is
+4!3d0". Hence, it is concluded that the intensity of the
electric-quadrupole component !A1 or A2 peak" increases by
a temperature rise because the Ti 3d state hybridizes to the Ti
4p state via the O 2p state due to a collapse of the inversion
symmetry. Furthermore, the change in the spectra above
4976 eV in the difference spectra indicates the shift of the Ti
K-absorption edge to lower energy. It is suggested that this

shift of the absorption edge results from a change in the
effective valence of the Ti atom due to the influence of the
electric charge on the surrounding oxygen as the ligand. The
extended x-ray absorption fine structure !EXAFS" observed
above the Ti K-absorption edge generally reflects the crystal-
structure variations. The difference spectra in EXAFS region
are shown in the inset of Fig. 2!a". Since the period of the
EXAFS oscillations does not change with the temperature
rise as shown in the inset of Fig. 2!a", the macroscopic crys-
tal structure is not changed. The change of EXAFS ampli-
tude is due to the Debye-Waller factor because the coordina-
tion number of Ti atom in SrTiO3 does not change at
temperatures from 0 to 300 K. These EXAFS changes can be

FIG. 1. !Color" Azimuthal angle ! variation of the A1 ,A2, and
A3 prepeaks of the Ti K-edge XAS spectra in SrTiO3. The wave
vector k of the incident x ray and the x-ray electric field E are kept
68° and perpendicular to the c axis, respectively. The azimuthal
angle ! is defined by the angle around the c axis as shown in the
inset.

FIG. 2. !Color" Ti K-edge XAS spectra in the pre-edge region of
SrTiO3. The temperature dependent XAS spectra are shown in !a".
The photoinduced XAS spectra at 12 K are shown in !b". The dif-
ference spectra are shown in the lower part of each !a" and !b". The
whole XAS spectra and the difference spectra in EXAFS region are
shown in the insets.

NOZAWA, IWAZUMI, AND OSAWA PHYSICAL REVIEW B 72, 121101!R" !2005"

RAPID COMMUNICATIONS

121101-2
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Figure 1-7. Schematic image of (a) T1u mode and (b) a 
super-paraelectric large polaron. [18] A photogenerated electron is 
trapped by off-center polarons aligned by an external electric field. 
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A real-space image related to one-dimensional vibration was also obtained using 

high-resolution X-ray diffraction (XRD) and a maximum entropy method/Rietveld 

analysis. [19] Figure 1-8 shows the difference electron-density distribution of Pr-doped 

SrTiO3 obtained by subtracting “under UV data” from “without UV data.” In 

Figures 1-8(d) and 1-8(e), the electron cloud around a Ti atom becomes elongated in 

the directions of the Ti–O bonds under UV irradiation at low temperature. The 

enhancement of the Ti–O bonds shows the one-dimensional vibration of the electron 

cloud around Ti atoms. 

 

Figure 1-8. Difference electron density distribution of Pr-doped SrTiO3 
between “under UV” and “without UV”. [19] Figures (a)–(c) are obtained 
at 300 K, figures (d)–(f) are obtained at 143 K. Figures (a) and (d) show 
the 3D contour maps. Figures (b) and (e) correspond to the 
cross-sections along the TiO2 plane, and figures (c) and (f) correspond 
to the SrO plane.  

U11 ¼ 0:0078ð5Þ and U22 ¼ U33 ¼ 0:0082ð8Þ !A2. We then
employed the isotropic analyses in the present study. The
observed directional increases in electron density around
both Ti and O ions are not the thermal vibration effect but
the UV-induced effect, and then become clear at low
temperatures. On the other hand, the difference electron
density around Sr ions is isotropic and its broadening is less
dependent on temperature. This may be due to the larger
atomic displacement parameter USr of Sr than of the other
atoms.

The UV frequency generally corresponds to the electronic
polarization; thus, the observed UV-induced changes in
electron density distribution should be regarded as the
deformation of the valence-electron cloud rather than as the
vibration of the atomic nuclei. In STO, the Sr2þ ion is less
covalently bounded to the TiO2%

6 octahedron and locates at
the A site ionically. Therefore, an isotropic broadening
around the Sr site can easily be induced by UV irradiation.
The relaxed Sr cubic cage allows the deformation of the
electron cloud in the TiO2%

6 octahedron.
This UV-induced vibration or deformation of the electron

density is closely related to the UV-induced visible
luminescence. The temperature dependence of the PL
spectra is shown in Fig. 3. The 615 nm peak of the Pr3þ

color center is dominant at RT. In addition, a narrow
blue-green luminescence exists at a wavelength of 490 nm.
The latter luminescence rapidly increases in intensity with
decreasing temperature even at 140K, at which a clear
directional elongation of the electron cloud around the Ti ion
is observed. With further decrease in temperature to 10K,
the visible luminescence of Pr-STO becomes white, as
shown in Fig. 4, owing to the addition of the broad blue-to-
green luminescence ranging from 430 to 590 nm. As already
reported in many studies,7–9) this broad luminescence is
characteristic of STO. The narrow 490 nm luminescence
observed in Pr-STO locates at the center of this broad
feature. Therefore, the 490 nm luminescence can be a good

channel that efficiently passes UV energy from the STO
matrix to a color center, Pr3þ.

Below, we explain the energy transfer process using
schematic energy diagrams. The energy diagram of Pr-STO
under UV irradiation is shown in Fig. 5(a). This diagram is
the same as that presented in our previous study; therefore,
refer to Ref. 21 for the details of the formation of each
energy level. The essential points in this diagram are (i) the
pull-down of the Ti 4p level by UV-induced O 2p core
holes and (ii) the location of the Pr 4f level just below the
conduction band. The photoexcited electrons induce the
deformation or vibration of the electron cloud around Ti
ions. The polaron is one of the possible explanations for
this phenomenon. After that, the pulled-down Ti 4p level
slightly overlaps the Pr 4f level, which leads to visible
luminescence. In the case of pure STO, the doped level is
replaced by the Ti 3d split-off band created by local

Fig. 3. (Color online) PL spectra of Pr-STO powder at RT, 140K, and
10K. The excitation UV wavelength is 325 nm (3.8 eV).

Fig. 2. (Color) Difference electron density distribution of Pr-STO between UV-on and UV-off at (a)–(c) RT and (d)–(f) 143K. The left two panels show
equicontour difference electron density maps. The yellow (light blue) surface corresponds to the difference electron density of 0.15 e !A%3 (%0:15 e !A%3). The
middle and right panels show the cross sections along the ð0; 0; 1=2Þ TiO2 plane [(b) and (e)] and the (001) SrO plane [(c) and (f)], respectively, for both x and
y ranging from 0.25 to 1.25. The contour lines are drawn from %1:5 to 1.5 e !A%3 with 0.1 e !A%3 intervals. The thick (thin) contour lines represent positive
(negative) difference electron density. All figures are drawn using VESTA software.26)

N. Nakajima et al.Jpn. J. Appl. Phys. 52 (2013) 09KF05

09KF05-3 # 2013 The Japan Society of Applied Physics
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1.2. Scope of This Study 

1.2.1. Background 

• Local Origin of the PIPD 

Various photoinduced phenomena in SrTiO3 have been studied by many researchers. 

In most cases, dielectric properties and their origins are discussed based on macroscopic 

measurements. Concerning dielectric measurements, PIPDs are believed to induce 

anomalous dielectric behavior at low temperature. It is also confirmed that UV light 

leads to distortion of the local symmetry around a Ti atom. However, in both cases the 

evidence of the atomic scale structure remains unclear. The microscopic origin of polar 

regions lies behind macroscopic behavior such as quantum fluctuations. In order to 

reveal anomalous dielectric behavior, the local structure around a Ti atom must be 

examined. 

• Advantage of Resonant X-ray Emission Spectroscopy 

Photoinduced one-dimensional vibration of a Ti atom along the Ti–O bond direction 

is demonstrated using Ti K-edge XAS measurements at low temperature. However, 

these results are inadequate for a definitive conclusion of the existence of the electric 

dipole moment, since there is no data on the electronic state of oxygen hybridized with 

Ti-3d orbitals. Therefore, we perform Ti-Kβ resonant X-ray emission spectroscopy 

(RXES) measurements, which provide the information about orbital hybridization and 



Introduction 
 

 13 

low energy excitations along the Ti–O bond. The electric dipole moment is reveled in a 

unit cell directly. 

1.2.2. Purposes of This Study 

In this study, we investigate the origin of photoinduced Ti off-center displacement, 

i.e., the electric dipole moment in a unit cell. The purposes of this study are summarized 

below. 

• Electronic state observation 

For a SrTiO3 single crystal in the QPE phase, the electronic state around a Ti atom is 

investigated using Ti-L and Kβ RXES measurements under external stimuli. 

• Ti off-center displacement 

In Ti-Kβ RXES measurements at low temperature, Ti off-center displacement is 

proved by the change of the charge transfer excitation. 

• Photoinduced polar region 

The local origin of the photoinduced polar region is revealed by the electronic state 

around a Ti atom. 
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2. Experimental Methods 

2.1. X-ray Spectroscopy 

X-rays are electromagnetic waves with short wavelengths from 10–11 to 10–8 nm. 

Their energy range is from 100 eV to 100 keV. Electromagnetic waves with various 

energies have specific properties and lose energy because of some interactions with 

nuclei and electrons in materials. This phenomenon is referred as “absorption.” As 

shown in Figure 2-1, various processes, such as character X-ray emission, elastic and 

inelastic scattering, and photoelectron emission, occur while X-ray absorption. The 

probability of each process varies depending on the irradiated material and the incident 

X-ray energy. In this study, we used X-ray absorption spectroscopy (XAS) and X-ray 

emission spectroscopy (XES) to detect inelastic scattering and fluorescence X-rays. 

 

Figure 2-1. Interaction between an X-ray and a material. When the 
X-ray irradiates the material, photons and electrons with various 
energies are emitted. 
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2.1.1. X-ray Absorption Spectroscopy 

An electron is excited from the ground state to an unoccupied state of valence or 

conduction band when an X-ray is absorbed. The experimental method for measuring 

the energy dependence of X-ray absorption coefficient µ is called XAS. We can get the 

information mainly about electronic states of absorbing atoms and local structures 

around absorbing atoms. The transition probability of an electron irradiated by an X-ray 

is obtained using Fermi’s golden rule. 

The left side of Figure 2-2 is the schematic diagram of the XAS spectrum. Several 

jumps in the absorption coefficient corresponding to the absorption edges can be 

observed. The K-edge XAS spectrum is divided into two regions: X-ray absorption 

near-edge structure (XANES) and extended X-ray absorption fine structure (EXAFS). 

The electronic state and coordination environment of an absorbing atom are reflected in 

the XANES region. EXAFS, the higher energy side of the edge jump is a broad 

oscillating structure resulting from interference between a photoelectron and the 

scattering wave formed by scattering of the photoelectron by neighboring atoms. The 

local structure around an X-ray absorbing atom is obtained through radial distribution 

functions using the Fourier transformation of oscillating components in the EXAFS 

region. 

The absorption edge energy corresponds to the energy of excitation between 

quantized electronic states. The excitation energy differs depending on the element. For 

this reason, electron transition is selectively observed by tuning to a specific energy 

even if a target material is composed of multiple elements. 

Absorption coefficient µ is directly observed using transmission measurements. In 

this method, a XAS spectrum is expressed by 

  

 (2-1) 
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where I0 is the incident X-ray intensity, I is the transmitted X-ray intensity, and t is the 

sample thickness. The sample should be thin enough for penetrating X-rays with a 

certain intensity. Although the transmission method is an easily-performed measurement 

technique, this method is not adequate for thick samples like single crystals. 

A XAS spectrum can be also observed by detecting fluorescence. Excited electrons 

and holes created by the X-ray absorption process are relaxed owing to emission of 

fluorescence X-rays and Auger electrons. The yield of fluorescence X-rays and Auger 

electrons are proportional to the X-ray absorption coefficient. Therefore, we can 

indirectly observe the absorption coefficient by detecting them (Figure 2-3). The 

fluorescence method has two options. One option is a total fluorescence yield (TFY) 

mode, in which all fluorescence X-rays are detected regardless of their energy. Another 

option is a partial fluorescence yield (PFY) mode, in which the fluorescence X-ray 

energy is measured, and then the fluorescence X-rays with a specific energy are 

monitored. 

 

Figure 2-2. Schematic of X-ray absorption as a function of the incident 
photon energy. The right figure is the Ti K-edge XAS spectrum as an 
example. 
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Figure 2-3. Schematic XAS diagram of the fluorescence method. In the 
PFY mode, the fluorescence X-rays with a specific energy are detected 
as functions of the incident X-ray energy. 

2.1.2. X-ray Emission Spectroscopy 

When a core hole is created by an X-ray, the outer-shell electron immediately 

occupies the hole through various relaxation channels emitting excess energy as a 

fluorescence X-ray or exciting other electrons as Auger electrons, as shown in Figure 

2-4(a). The used spectroscopic method for detecting emitted X-rays in the second-order 

optical process is XES. The intensity of the XES signal is significantly weaker than that 

of the first-order optical process such as X-ray absorption and photoelectron emission. 

However, XES has several advantages. Since XES is a photon-in/photon-out technique, 
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the measurements can be performed under external fields, e.g., magnetic and electric 

fields, which cannot be used if electron-detection methods are implemented. XES is 

insensitive to the charge-up phenomena. Thus, it can be used not only for metals but 

also for insulators. The XES optical process follows a clear selection rule due to the 

core-hole localization. Therefore, the localized density of states and electronic structures 

around specific atoms can be observed. For researches on complex compounds and 

strongly-correlated electron systems, XES is still a suitable experimental approach. 

2.1.3. Resonant X-ray Emission Spectroscopy 

In a normal XES process, an incident X-ray has sufficiently high energy compared to 

the electron-binding energy, and core electrons are excited to higher energy bands above 

the Fermi level. Then the fluorescence X-rays with a constant emission energy are 

observed regardless of the incident X-ray energy. Two first-order optical processes, 

excitation and relaxation, occur successively. On the other hand, RXES exciting to near 

absorption edge depends on the incident X-ray energy. When the ground electrons are 

selectively excited to a specific intermediate state, the emission spectra consist of not 

only fluorescence X-rays but also X-rays scattered inelastically owing to the Raman 

scattering [Figure 2-4(b)]. The Raman scattering occurs if the incident (excitation) 

X-ray energy is close to the energy difference between the ground state and an 

unoccupied state (resonance condition). The resonance effect becomes clear if the 

unoccupied state is localized with a narrow energy width. X-ray Raman scattering 

provides the information on electronic states. The Raman peaks in RXES spectra are 

mainly influenced by orbital hybridization between constituent elements and reflect 

low-energy excitations in materials. The excitations induced by the crystal field and 

charge transfer are described in the following subsection. 
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A RXES spectrum is expressed by the Kramers-Heisenberg formula as follows: 

  

 
(2-2) 

  

where Ω and ω are the incident and emitted photon energies, respectively, ! , " , and 

#  are the initial, intermediate, and final states, respectively, Ei, Em, and Ef are the 

energies of each state, respectively, Γ is the spectral broadening due to the core-hole 

lifetime in the intermediate state, and T1 and T2 are the dipole transition operators. 

 

Figure 2-4. Schematic model of the optical processes when (a) XES 
and (b) RXES are used. The resonance excitation provides information 
on orbital hybridization and low-energy excitation in materials.
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• Crystal Field Excitation 

3d states in a 3d transition metal under Oh symmetry are split into t2g and eg states by 

the crystal field. We concentrate on the explanation of titanates. A titanate, such as TiO2 

and SrTiO3, has nominally no 3d electron from the viewpoint of ionic bonding. After a 

slight perturbation or defects, a part of 3d orbitals is occupied by electrons. The initial 

state of one 3d electron system is represented as 2p63d1_t2g via p–d hybridization 

between O-2p and Ti-3d orbitals. When a Ti-2p electron is resonantly excited to 

Ti-3d_eg state (2p53d1_t2g3d1_eg), there exists two final states exist: 2p63d1_t2g and 

2p63d1_eg. Compared with the initial state, the final 2p63d1_eg state seems to be 

generated through the dipole-forbidden transition from 3d_t2g to 3d_eg as shown in 

Figure 2-5. In the Kramers-Heisenberg formula (Equation 2-1), the intermediate states 

are included as a unit operator " "$ = 1. Hence, the dipole-forbidden transition 

seems to be possible. This apparent transition is referred to as crystal field excitation or 

dd excitation. In a RXES spectrum, the dd excitation peak is located close to the elastic 

peak. Without a d electron, no dd excitation peak is observed in the d0 electronic 

configuration. dd peak is a good demonstration of d electrons in d0 systems. 
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Figure 2-5. Schematic RXES energy-level diagram of crystal-field 
excitation. The red arrow corresponds to the dd process. 

• Charge Transfer Excitation 

The Ti4+ ion in SrTiO3 is surrounded by the nearest six-neighbor O2– ions. The 

valence electronic configuration is 3d0 in the unperturbed ground state. However, an 

electron-doped state is also introduced by oxygen vacancy creation and local distortion 

of the crystal lattice. Then d1L state with charge transfer (CT) from an oxygen atom is 

created and couples with 3d0 state via hybridization interaction, where L represents a 

ligand (oxygen) hole. 

Figure 2-6 is the schematic RXES energy-level diagram of the charge-transfer 

process in SrTiO3. The final state matches initial state c3d04p0 in most cases. This 

process is observed as elastic scattering in a RXES spectrum. In addition, another 

process occurs when some final states become c3d14p0L mediated by charge-transfer 
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excitation between Ti-3d and O-2p orbitals. The charge-transfer process requires a little 

energy (the charge-transfer energy: Δ). Therefore, the CT peak appears on the lower 

energy side of the elastic peak with an energy separation of Δ. 

 

Figure 2-6. Schematic RXES energy-level diagram of the 
charge-transfer process. c (c) represents a core electron (hole).
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2.2. Synchrotron Radiation 

2.2.1. Photon Factory at Institute of Materials Structure Science 

• Undulator Beamline BL-2C 

The Photon Factory (PF) is the second-generation synchrotron radiation source 

facility in the High Energy Accelerator Research Organization (KEK), Japan. [1] The 

PF ring storing 2.5 GeV electron beam supplies X-rays and vacuum-ultraviolet light, 

which is used in a wide range of fields from material science to biological science. 

Ti L-edge XAS and RXES measurements were performed at the undulator beamline, 

BL-2C, whose schematic view is shown in Figure 2-7 [2]. A varied-line-spacing plane 

grating with an average groove density of 1000 lines/mm was used to monochromatize 

a soft x-ray beam (250 ~ 1400 eV). A soft x-ray emission spectrometer is installed on 

the front end of this beamline, which can measure Ti-L emission spectra in vacuum. [3] 

This instrument is consisted of two-dimensional detector, gratings, photoelectron energy 

analyzer, and sample bank. The X-ray emission spectrometer shown in Figure 2-8 is 

structured on the basis of a Rowland mount type. Hence, the slit and the grating are 

fixed, and the two-dimensional detector moves in the Roland circle. The translation of 

the two-dimensional detector is triaxially controlled by a computer. Peripheral 

aberration is induced outside the center of the detector plane placed on the Rowland 

circle. However, detected image correction with consideration of the aberration can 

avoid spectral resolution deterioration. A closed-cycle helium cryostat mounted on this 

spectrometer enables us to perform low-temperature measurements. UV light emitted 

from a He-Cd laser (Kimmon-Koha IK 5451R-E) with wavelength of 325 nm is 

introduced through a quartz glass port. 
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Figure 2-7. Beamline layout of BL-2C at the PF. [2] 

Table 2-1. X-ray specification in BL-2C at PF. [2] 

Energy range 250 ~ 1400 eV 

Photon flux 109 ~ 1010 photons/sec/0.02%BW 

Energy resolution ΔE/E ~ 1 × 10+4 
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Figure 2-8. Schematic view of the experimental system of BL-2C at the 
PF. This instrument can measure Ti-L emission spectra in vacuum. 

2.2.2. Synchrotron Radiation Facility SPring-8 

• Undulator Beamline BL39XU 

SPring-8 is a large synchrotron radiation facility in Japan and stores electron beams 

with energies of 8 GeV. [4] SPring-8 that is the third generation light source opens many 

undulator beamlines with powerful beams to scientists worldwide. Using ultra-bright 

and quasi-monochromatic light emitted from an undulator, energy, angle, and time 

resolutions can be improved significantly. A bending-magnet light source and a wiggler 

are also installed. Therefore, synchrotron radiation from hard X-ray region (300 keV) to 

soft X-ray region (170 eV) is available. 
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Ti K-edge XAS and Ti-Kβ RXES measurements were performed at undulator 

beamline BL39XU, which provides X-rays with various polarization states. The 

schematic view is shown in Figure 2-9, and characteristics of the X-rays at the sample 

position are listed in Table 2-2. [5] The X-rays delivered from a liner undulator in 

vacuum are monochromatized using a diamond (111) double-crystal monochromator. A 

mechanically bended mirror provides a horizontally focused beam (50 ~ 100 µm in full 

width at half maximum). Moreover, an extra focused beam of 8 µm (V) × 7 µm (H) is 

formed by a Kirkpatrick and Baez (KB) mirror installed in front of the sample. A 

movable diamond X-ray phase retarder (XPR) is installed between the monochromator 

and the mirror. A 0.1-mm-thick XPR incorporated under the half-wave plate condition 

easily changes the X-ray polarization state from horizontal to vertical. 

The setup of Ti K-edge XAS and Ti-Kβ RXES measurements is schematically 

depicted in Figure 2-10. The XAS spectra were measured using the fluorescence-yield 

method through a silicon drift detector (SDD). In the RXES measurements, the emitted 

X-rays were monochromatized using a Ge(331) analyzer crystal with a spherical 

curvature and subsequently detected using PILATUS two-dimensional detector. [6] The 

X-ray paths were filled with helium gas to prevent scattering of X-rays by air. 

 

Figure 2-9. Beamline layout of BL39XU at SPring-8. [5]
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Table 2-2. X-ray specifications in BL39XU at SPring-8. [5] 

Energy range 5 ~ 38 keV (Si 111), 5 ~ 61 keV (Si 220) 

Flux at sample 
5.3 × 1013 photons/sec (Si 111),  
2.4 × 1013 photons/sec (Si 220) 

Energy resolution 
ΔE/E ~ 2 × 10-4 (Si 111),  
ΔE/E ~ 1 × 10-4 (Si 220) 

Linear polarization rate 99.9% 

 

Figure 2-10. Schematic view of the experimental system of the end 
station of BL39XU at SPring-8. RXES and XAS measurements are 
performed using the micro-focus X-ray beam formed by the KB mirror. 
The X-ray paths are filled with helium gas to prevent scattering of 
X-rays by air.
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2.3. Sample Preparation 

The sample used in this study was a SrTiO3 single crystal with a purity of 99.99% 

purchased from Crystal Base. In Ti L and K-edge measurements, the sample was 

attached to a beryllium-copper holder using grease with high thermal conductivity. 

Figure 2-11 shows the photograph of the sample folder for Ti K-edge X-ray 

spectroscopic measurements under UV irradiation and a DC field at low temperature. 

Silver-paste electrodes were attached to one side with a 0.5 mm separation for applying 

a DC field in the [001] direction. UV light and X-rays were focused onto the same point 

between the electrodes. For applying a DC field, Au wires with diameters of 0.1-mm 

were used to suppress thermal leak into the sample. A sapphire plate was used to isolate 

the sample from the holder electrically and thermally. 

Our own sample holder system attached to the existing closed-cycle helium cryostat 

is constructed to perform low-temperature Ti-Kβ RXES measurements under UV 

irradiation and a DC field. This system is consisted of a sample holder attached to the 

cold head of the cryostat, radiation shield to block thermal radiation, and shroud to 

evacuate air, as shown in Figure 2-13. The sample holder and the radiation shield are 

made of Cu to provide high thermal conductivity. The radiation shield and the shroud 

have five windows for incoming X-ray, emission, UV-light, and sample monitoring at 

the same level as the incident X-ray level. In particular, the windows of the shroud for 

incident X-rays, emitted X-rays, and UV light are covered using a Be plate, polyimide 

film, and quartz glass, respectively. A UV-light beam guided by an optical fiber was 

focused onto the X-ray spot on the sample with a flux power of 4 mW/cm2. This 

cryostat has vacuum feed-through for conducting wires to apply an electric field. 

Therefore, this sample holder system enables us to perform RXES measurements under 

UV irradiation and a DC field at low temperature. 



Experimental Methods 
 

 32 

 

Figure 2-11. Sample holder for Ti K-edge X-ray spectroscopic 
measurements under UV irradiation and a DC field at low temperature. 
SrTiO3 and a sapphire plate are attached using grease.  

 

Figure 2-12. Relation between the directions of X-ray polarization, DC 
field (E), and Ti–O bond. The polarization vector of incident X-rays is 
parallel to the [001] direction, which also corresponds to the Ti–O bond. 
The DC field is also applied in the direction of the X-ray polarization. 
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Figure 2-13. Schematic view of the sample holder system for 
low-temperature measurements under UV irradiation and a DC field. 
The bottom illustration shows the enlarged view around sample.  
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3. Results and Discussion 

3.1. Ti L-edge XAS and RXES Measurements 

3.1.1. Ti L-edge XAS Measurements 

The Ti L-edge XAS spectrum of a SrTiO3 single crystal at 40 K is composed of four 

major peaks (Figure 3-1). As shown in Figure 3-2, Ti-2p states are split into L2 and L3 

due to spin-orbital interaction, and Ti-3d states are split into t2g and eg due to crystal 

field splitting. Since absorption occurs between these states, the major peaks labeled as 

a, e, i, and k correspond to the absorption of Ti-2p3/2 (L3) - 3d_t2g, 3d_eg and Ti-2p1/2 

(L2) - 3d_t2g, 3d_eg in the order from lower to higher incident energies. The two 

broad features (S1 and S2) above the major peaks are satellites of the charge transfer 

between Ti and O. [1, 2] The pre-peaks denoted as P are observed below the first major 

peaks, but their origin is unclear. 

3.1.2. Ti-L RXES Measurements 

Figure 3-3 shows the Ti-L RXES spectrum of stoichiometric SrTiO3 at 40 K. The 

excitation energy equaled the Ti L3_eg absorption-edge energy labeled as e in Figure 

3-1. The energy difference from the elastic peak is denoted as the transferred energy 

(ETr). There are broad Lα1,2 fluorescence peak and two characteristic features on both 

sides of Lα1,2. A peak at ETr = 12 eV and a shoulder at 5 eV are defined as A and B, 

respectively. 
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Figure 3-1. Ti L-edge XAS spectrum of a SrTiO3 single crystal at 40 K. 
The vertical bars with characters (a–o) represent the excitation 
energies of the Ti-L RXES measurements.  

 

Figure 3-2. Schematic diagram of the transition processes for Ti 
L-edge XAS. Ti-2p initial states are split due to spin-orbital interaction, 
and Ti-3d final states are split due to the crystal field.  
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Figure 3-3. Ti-L RXES spectrum of a SrTiO3 single crystal at low 
temperature. The excitation energy equals the Ti L3_eg absorption- 
edge energy labeled as e in Figure 3-1. 

Figure 3-4 shows the intensity plot of the Ti-L RXES spectra. The horizontal and 

vertical axes are the excitation energy and the emission energy, respectively. The 

intensity plot demonstrates that the elastic scattering energy corresponds to the X-ray 

excitation energy. In Figure 3-4, the transferred energies of A and B features traced 

using the dashed lines are constant regardless of the excitation energy. This is called the 

Raman process, in which a photon loses a little energy by a certain excitation in a 

material. When the excitation energy is tuned to each charge-transfer satellite labeled as 

m and o, the A peak intensity increases resonantly, which can be indicated by the lower 

dashed line in Figure 3-4. Thus, A peak in the RXES spectra is due to charge transfer 

excitation, and from here the corresponding peak is referred as CT1. Shoulder structure 

B is faint, and it is difficult to identify its origin. Similar spectral features were observed 
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in the Ti-L RXES spectra of TiO2. [2] The Raman peaks at ETr = 14 eV and 5–10 eV are 

caused by the electronic excitation to d1L antibonding and nonbonding states. These 

features correspond to CT1 and to the shoulder in our spectrum. 

 

Figure 3-4. Intensity plot of the Ti-L RXES spectra. The horizontal and 
vertical axes are the excitation energy and the emission energy, 
respectively. The vertical slices correspond to the RXES spectra of 
different excitation energies. The two dashed lines indicate the traces 
of A and B peaks in Figure 3-3. The spectrum shown in the upper part 
of the intensity plot represents integration with respect to the emission 
energy.
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3.1.3. Ti-L RXES Measurements of Electron-Doped SrTiO3 

Ti-L RXES is also implemented to perform measurements using electron-doped 

SrTiO3 by substituting La for Sr with 5%. The excitation energy dependence of RXES 

at room temperature is shown in Figure 3-5(a). The horizontal axis represents the 

emitted photon energy. The excitation X-ray energies of each spectrum correspond to 

the labels (a–o) in Figure 3-1. The main features are similar to those obtained using 

stoichiometric SrTiO3. Furthermore, an additional peak is observed. Figure 3-5(b) 

depicts the enlarged view of the spectra between Lα1,2 and elastic peaks excited by the 

energies of a–e in Figure 3-1. The small peak grows with the resonance of excitation 

energy at Ti L3_eg (e). The energy difference from the elastic peak is a constant value, 

which is close to the energy gap between Ti L_t2g (a) and L_eg (e) peaks in Ti-L XAS. 

This peak is also observed when the excitation energy it set to Ti L2_eg (k). We conclude 

that this is a dd excitation peak derived from crystal field excitation.  

3.1.4. UV-induced dd excitation in Ti-L RXES 

Figure 3-6 shows the enlarged Ti-L RXES spectra between the elastic and Lα1,2 

peaks. In stoichiometric SrTiO3 at low temperature, a new Raman peak at ETr = 2 eV 

asymptotically increases in an exponential manner with time (blue line) under UV 

irradiation and remains after turning off UV irradiation. This peak is located at the 

energy position of dd peak obtained in electron-doped SrTiO3. 

A remarkable result is that dd peak appears in stoichiometric SrTiO3 under UV 

irradiation only at low temperature. The emergence of dd peak indicates that d electrons 

are excited to nominal d0 state in stoichiometric SrTiO3. Under UV irradiation, electrons 

are transferred from O-2p states to Ti-3d states. Therefore, d1L state is formed via p–d 
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hybridization and is strongly mixed with d0 state owing to configuration interaction. The 

UV-enhanced hybridization would remain for a certain time as evidenced by the 

one-dimensional anharmonic vibration of Ti ions reported by Nozawa et al. [3] UV 

irradiation leads to reduction of the symmetry around a Ti4+ ion. 

 

Figure 3-5. (a) Dependence of the Ti-L RXES spectra of La-doped 
SrTiO3 on the excitation energy. (b) The enlarged view near the elastic 
peaks of (a) for the excitation corresponding to a–e.  
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Figure 3-6. Dependence of the Ti-L RXES spectra on UV irradiation at 
low temperature. The spectrum of electron-doped SrTiO3 is displayed 
as a reference. The excitation energy equals the Ti L3_eg absorption- 
edge energy labeled as e in Figure 3-1. 

3.2. Ti K-edge XAS and RXES Measurements 

3.2.1. Ti K-edge XAS Measurements 

Figure 3-7 shows the Ti K-edge XAS spectrum of a SrTiO3 single crystal at room 

temperature. The vertical bars with numbers (#1 to 8) denote the excitation energies of 

the Ti-Kβ RXES measurements. The excitation energy of the main Ti-Kβ RXES 

spectrum was 4.982 keV (#3), which is the energy of Ti-1s - 4p absorption edge. The 

weak features labeled as P1, P2, and P3 represent the pre-edge structures. The two 
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former features arise from the electric quadrupole transition from Ti 1s to 3d (intra- 

atomic). The latter feature arises from the electric dipole transition from Ti 1s to 3d 

hybridized with 4p states (inter-atomic). [3, 4, 5] In particular, P1 and P2 originate from 

Ti-3d_t2g and 3d_eg states, respectively. 

 

Figure 3-7. Ti K-edge XAS spectrum at room temperature. The vertical 
bars with numbers label the excitation energies of the Ti-Kβ RXES 
measurements. 

3.2.2. Ti-Kβ RXES Measurements 

The Ti-Kβ RXES spectrum at 4 K is shown in Figure 3-8 on a logarithmic scale. The 

horizontal axis represents the emitted photon energy. Except elastic scattering, three 

fluorescence peaks, Kβ1,3, Kβ", and Kβ2,5, are observed. Kβ1,3 peak is derived from 
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relaxation from occupied Ti-3p state to 1s core hole. Satellite Kβ" and Kβ2,5 peaks are 

caused by hybridization between Ti and O orbitals. The former process is often 

attributed to the transition from the orbital related to O-2s to 1s core hole, and the latter 

is attributed to the transition from O-2p orbital hybridized with Ti-3d orbital to 1s core 

hole. These fluorescence peaks also appear in other titanates such as BaTiO3, [6, 7] TiO2, 

and Ti2O3. [8] 

 

Figure 3-8. Ti-Kβ RXES spectrum excited at an energy of 4.982 keV 
(#3 in Figure 3-7). The vertical axis is in logarithmic scale.
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3.2.3. Excitation Energy Dependence of the Ti-Kβ RXES Spectra 

Two slight features are located between the elastic and Kβ2,5 peaks as shown in 

Figure 3-8. These features are the Raman peaks and are observed in other perovskite 

titanates, such as BaTiO3, too. [6, 7] They are attributed to the charge transfer excitation 

between Ti and O in the TiO6 octahedron. We label these peaks as CT1 and CT2 in 

order of increasing emission energy. Although the intensities of the CT peaks are 

significantly low compared with those of fluorescence peaks, the CT peaks are crucial 

to derive the atomic-scale information. In case of Ti-Kβ RXES, the CT peaks provide 

the information on the local electronic state around a Ti atom. 

In order to prove that CT1 and CT2 peaks observed in SrTiO3 are due to Raman 

processes, we show the excitation energy dependence of the RXES spectra in Figure 

3-9. The horizontal axis represents the transferred energy. The excitation energies of 

each spectrum correspond to the numbers in Figure 3-7. The peak position of Kβ2,5 

fluorescence is shifted towards higher transferred energies if the excitation energy is 

increased as shown using the dashed line. In contrast, the CT peaks show constant 

transferred energies if the excitation energy is increased. CT1 peak is observed at ETr = 

15 eV in all spectra. CT2 peak is also observed at ETr = 8 eV when the excitation 

energies are set to the values corresponding to #1–5. The difference in the excitation 

energy region detecting CT1 and CT2 peaks depends on the resonance effect. A clear 

resonance effect of the CT peak is observed in other titanates. [2] 
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Figure 3-9. Dependence of the Ti-Kβ RXES spectra on the excitation 
energy. The numbers on the right side of each spectrum correspond to 
the excitation energies shown in Figure 3-7. 

3.2.4. Polarization Dependence of Ti-Kβ RXES 

Polarization dependence of the Ti-Kβ RXES spectrum was measured at an excitation 

energy of 4.982 keV (#3). The relation between photon polarization and measurement 

configuration is illustrated in Figure 3-10(a). When the emitted photon polarization 

contains the same polarization direction of an incident X-ray, this geometry is referred 

to as “polarized configuration.” On the other hand, when the emitted photon 

polarization rotates by 90º from that of the incident X-ray, this geometry is referred to as 



Results and Discussion 
 

 46 

“depolarized configuration.” Kβ2,5 fluorescence peak is detected in both configurations 

as shown in Figure 3-10(b). In contrast, the CT peaks are not observed in the 

depolarized configuration. An elastic peak at ETr = 0 eV is not also detected in the 

depolarized configuration since elastic scattering follows the polarization configuration 

rule. The CT peaks show distinct polarization dependence. There are the independence 

of the CT peak position on the excitation energy and the polarization dependence of the 

CT peaks. Therefore, we conclude that CT1 and CT2 are Raman processes. 

3.2.5. Temperature Dependence of the CT Peaks 

The CT peaks are important for investigating the local electronic states of dielectric 

materials. In particular, CT2 peak is responsive to the local crystal structure and reflects 

the reaction to an external stimulus. We performed the Ti-Kβ RXES measurements 

under various conditions to investigate the local structure and the origin of the electric 

polarization in SrTiO3. 

The Ti-Kβ RXES spectra in the low-transferred energy region at room temperature 

are shown in Figure 3-11. CT1 peak is observed at ETr = 15 eV as during the 

measurements at 4 K, whereas CT2 peak is not observed (red circles). Under UV 

irradiation (blue diamonds), CT1 peak shows no changes, and no new features that 

exceed the spectral noise level are observed. These results indicate that CT2 peak 

appeared at 4 K as shown in Figure 3-8 has the characteristic information on SrTiO3 in 

the QPE phase. The sensitivity of CT2 peak makes probing slight variations in the local 

structure and in the electronic state induced by an external stimulus possible. 
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Figure 3-10. (a) Geometry of the polarization dependence 
measurement of Ti-Kβ RXES and its spectra (b) for the excitation 
corresponding to #3. The inset shows the enlarged spectra between 
the Kβ2,5 and elastic peaks. No CT peak is observed in the depolarized 
configuration. 

 

Figure 3-11. Dependence of the CT peaks on UV irradiation at room 
temperature. Neither CT2 peak nor new feature is appeared under UV 
irradiation. 
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3.2.6. Responses of the CT Peaks to UV Light and a DC Field 

The responses of the CT peaks to UV light and a DC field at 4 K are depicted in 

Figure 3-12. On the top spectrum (red circles), CT2 peak has fine structures without 

UV irradiation or DC field application. We decomposed the CT features into five 

Gaussians: CT1, CT2A, CT2B, CT2C, and CT2D components. The peak energy of each 

Gaussian is fixed since the lattice parameters are unchanged by external stimuli. [9] 

Only the electron occupation of the corresponding states is expected to change. With 

regard to the middle spectrum (blue diamonds), CT2A and CT2B intensities are 

decreased under UV irradiation. Moreover, we observe that CT2A and CT2B present an 

additional reduction in the intensity under UV irradiation and a DC field as shown in the 

bottom spectrum (green triangles). 

The appearance of CT2 and its change induced by external stimuli indicate Ti 

off-center displacement. CT2A and CT2B peaks have high sensitivity to external stimuli 

and provide the information about the electronic state around a Ti atom, which we 

discussed below. In contrast, CT1, CT2C, and CT2D show no change in their intensities 

and energies under UV irradiation or a DC field. The electric state corresponding to the 

CT peaks has already been revealed by our group [10] on the basis of the configuration 

interaction theory for a TiO6 cluster. [11] The nominal valence number of Ti in SrTiO3 is 

+4 with d0 configuration. Under a cubic or tetragonal structure, the ground state and 

CT1 state are formed by hybridizing d0 and d1L states via p–d hybridization. Among d1L 

states, a small portion remains unhybridized to create CT2 state at the energy level 

between the ground state and CT1 state. In particular, CT2 state disappears under the 

condition of the perfect cubic symmetry as shown in the Ti-Kβ RXES spectrum at room 

temperature (Figure 3-11). 
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Figure 3-12. Ti-Kβ RXES spectra between the elastic and Kβ2,5 peaks 
at 4 K and the dependence of the CT peaks on external stimuli. All CT 
peaks are fitted using several Gaussians.  

3.3. Effect of External Stimuli in the QPE Phase 

3.3.1. Local Polar Region 

We discuss the local polar region in a SrTiO3 single crystal through the behavior of 

CT2 peak. No CT2 peak is observed at room temperature regardless of the presence of 
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UV irradiation. SrTiO3 has extremely high crystal symmetry (Pm 3
,

m) at room 

temperature. A Ti atom is located at the body center site of the TiO6 octahedron in the 

paraelectric phase. Hence, no local polar region is induced leading to the absence of 

CT2 peak at room temperature. 

In contrast, the appearance of CT2 peak at 4 K results from a reduction in the crystal 

symmetry, especially around a Ti atom, owing to the structural phase transition at 105 K. 

SrTiO3 remains in the paraelectric state below the structural phase transition point 

because the formation of the ferroelectric order is prevented by a quantum fluctuation. 

However, in terms of the microscopic structure, a Ti atom cannot remain at the body 

center site of the TiO6 octahedron because of a slight local lattice distortion, as 

schematically illustrated by small off-centering in Figure 3-13(a). Indeed, SrTiO3 has a 

small tetragonal distortion below the structural phase transition point, the coordination 

environment around a Ti atom is unstable. Therefore, Ti off-center displacement that is 

the electric dipole moment exists behind quantum fluctuations at low temperature. A 

tiny change lying behind the macroscopic structure can be revealed by the electronic 

state observation through CT2. 

Here, we recall the fitting results shown in Figure 3-12. CT1 and CT2 peaks together 

with the large elastic and Kβ2,5 slopes are decomposed by five Gaussians. The 

magnitudes of CT2A and CT2B components are diminished by UV irradiation at 4 K. In 

the low temperature region as shown in Figure 3-13(a), the polar region is expected to 

develop owing to a perturbation larger than the quantum fluctuation. According to 

previous researches, UV light serves as a stimulus that shifts the stable position of a Ti 

atom towards the off-center sites along the Ti–O bonds. [12, 13] Ti off-centering is 

enlarged under UV irradiation at low temperature. Therefore, we conclude that the 

UV-induced decreases in CT2A and CT2B components indicate a significant Ti 

off-center displacement, as shown in Figure 3-13(b). However, the Ti displacements are 

not aligned in the same direction since our UV light is not polarized. Therefore, the 
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electric dipole moments are introduced in random directions. Ferroelectric long-range 

order is not realized by UV irradiation alone. UV irradiation forms the local polar 

regions composed of the Ti displacements that easily evolve into ferroelectric domains 

if an additional stimulus is applied. 

Further reductions in CT2A and CT2B components occur under a DC field along with 

UV irradiation. The direction of the DC field is parallel to that of the Ti–O bond, which 

is one of the six directions of the UV-assisted Ti off-center displacements. The change 

in CT2A and CT2B components induced by DC field application corresponds to the 

alignment of the Ti off-center displacements [Figure 3-13(c)]. The DC field aligns the 

UV-assisted electric dipole moments in parallel and leads to the enlargement of the 

polar regions. To ensure this scenario, we also measured the Ti-Kβ RXES spectrum 

under DC field application at 4 K without UV irradiation and found no spectral change. 

Thus, Ti off-center displacement is not introduced by the DC field application alone.  

3.3.2. Macroscopic Dielectric Properties  

In this section, we discuss macroscopic properties of the UV-assisted electric-dipole 

moments. In previous researches, it was expected that the photoinduced polar region 

was developed under UV irradiation, which lead to the giant dielectric constant with a 

bias DC field. [14, 15] In the present RXES study, we reveal a substantial evidence of 

the presence of this microscopic polar region composed of UV-assisted the Ti off-center 

displacements or the electric dipole moments. However, compared with case of typical 

ferroelectric materials, dipole–dipole interaction between the moments is weak in 

SrTiO3 owing to a small double-well potential. [16] Therefore, the long-range order of 

the UV-induced moments is prevented by thermal or zero-point fluctuations. In fact, the 

first-order transition of the dielectric constant at the Curie temperature, which is the 
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characteristic of displacive-type ferroelectric materials, is not observed in SrTiO3 under 

UV irradiation and a DC field. In order to verify the effect of these fluctuations, the 

temporal evolution of the UV+DC-induced polar region must be examined via 

time-resolved X-ray spectroscopy.  

 

Figure 3-13. Schematic diagrams of Ti off-center displacement in the 
TiO6 octahedron induced by external stimuli. (a) At 4 K, a Ti atom is 
displaced from the body center site of the TiO6 octahedron due to a 
slight local lattice distortion. (b) UV irradiation assists a significant Ti 
off-centering along the six equivalent Ti–O directions at 4 K. (c) The 
UV-assisted displacements are aligned by a DC field (E). UV irradiation 
and DC field application introduce a local polar region in a SrTiO3 single 
crystal in the QPE phase.
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4. Conclusion 

In the present study, we examined the origin of the photoinduced electric dipole 

moment in a SrTiO3 single crystal in the quantum paraelectric (QPE) phase using 

resonant X-ray emission spectroscopy (RXES). The results can be summarized as 

follows: 

• Electronic state observation around a Ti atom 

Ti-L and Kβ RXES measurements were performed on a SrTiO3 single crystal at low 

temperature. In Ti-L RXES measurements, the crystal field excitation (dd) peak, which 

means the existence of d electrons, was observed under ultraviolet (UV) irradiation. 

This result indicates that electrons are transferred from O-2p states to Ti-3d states under 

UV irradiation. 

The X-ray Raman peaks derived from the charge transfer (CT) excitation between 

Ti-3d and O-2p orbitals were observed using Ti-Kβ RXES measurements. UV 

irradiation and direct-current (DC) electric field application decreased CT2A and CT2B 

intensities, which were not observed at room temperature. These peak reductions mean 

that change in p–d hybridization between Ti-3d and O-2p orbitals is affected by UV 

irradiation. 

• Ti off-center displacement in the TiO6 octahedron 

The appearance of CT2 peak in the Ti-Kβ RXES spectra at 4 K shows that a Ti atom 

is displaced from the body center site of the TiO6 octahedron. From the reduction of 

CT2A and CT2B intensities under UV irradiation, the Ti off-center displacement, i.e., the 
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electric dipole moment in a unit cell, is enhanced along the Ti–O direction under UV 

irradiation. In addition, the Ti-L RXES measurements also indicate that UV irradiation 

leads to a reduction of the symmetry around a Ti atom due to the change of the 

d-electron number. The results of the Ti-L RXES measurements support UV-induced 

change in the Ti-Kβ RXES spectra. 

• Photoinduced polar region 

From the additional reduction of CT2A and CT2B intensities under UV irradiation and 

a DC field, the UV-assisted electric dipole moments are aligned parallel to the applied 

DC field. Furthermore, Ti off-center displacement is not enhanced by DC field 

application alone. The applied DC field enlarges the photoinduced polar regions. 

Therefore, we successfully reveal a substantial evidence of the local polar region 

introduced by external stimuli in a SrTiO3 single crystal in the QPE phase.  

For quantum paraelectric SrTiO3, a local polar region lying behind the macroscopic 

structure was clarified from X-ray Raman features, dd and CT excitations, in the RXES 

spectra. A great advantage of RXES measurements is that the hybridized electronic state 

around a specific atom can be observed under external stimuli. Therefore, the 

transformation of Ti off-center displacement is investigated by controlling external 

stimuli. In this study, it was demonstrated that the electronic state observation using 

RXES contributes to researches on the microscopic nature of dielectric materials. 
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