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a b s t r a c t 

For the first time, the dielectric response of a BaTiO 3 thin film under an AC electric field is investigated 

using microsecond time-resolved X-ray absorption spectroscopy at the Ti K-edge in order to clarify cor- 

related contributions of each constituent atom on the electronic states. Intensities of the pre-edge e g 
peak and shoulder structure just below the main edge increase with an increase in the amplitude of the 

applied electric field, whereas that of the main peak decreases in an opposite manner. Based on the mul- 

tiple scattering theory, the increase and decrease of the e g and main peaks are simulated for different 

Ti off-center displacements. Our results indicate that these spectral features reflect the inter- and intra- 

atomic hybridization of Ti 3 d with O 2 p and Ti 4 p, respectively. In contrast, the shoulder structure is not 

affected by changes in the Ti off-center displacement but is susceptible to the effect of the corner site Ba 

ions. This is the first experimental verification of electronic contribution of Ba to polarization reversal. 

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Ferroelectric materials are widely used in various practical ap- 

lications, including in multilayer ceramic capacitors, actuators, 

nd memory cells, among others. However, to understand the di- 

lectric response of these materials, it is essential to first under- 

tand the dynamic behavior of spontaneous polarization reversal 

nder an electric field. Among ferroelectric materials, perovskite 

itanates (ATiO 3 ; A = Pb, Ba, Sr, Ca) attract significant attention ow- 

ng to the versatility of the functional solid solutions that are com- 

osed from them. In particular, a lack of space-inversion symmetry 

s a prerequisite for the occurrence of spontaneous polarization; 

herefore, previous related literature is primarily focused on the 

rystal structure. In the case of perovskite titanates, the off-center 
∗ Corresponding author. 
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isplacement of Ti ions in the TiO 6 octahedra is a major cause of 

olarization. [1–6] Various studies have been performed to study 

-ray absorption of Ti K-edge for BaTiO 3 . [7–11] 

Furthermore, it is obvious that also A-site cations significantly 

ffect dielectric properties of ATiO 3 , including magnitude of po- 

arization and Curie temperature. [12–14] Cohen was the first to 

heoretically demonstrate the existence of Pb 6 s and O 2 p hy- 

ridization in PbTiO 3 , [15] going beyond the hard-sphere model. 

his prediction was experimentally verified by Kuroiwa et al. via 

igh-precision X-ray diffraction analysis, which revealed the elec- 

ron density distribution between Pb and apical O. [16] Recently, 

nspoks et al. reported the correlation effects of A-site ions in O 

nd Ti based on the reverse Monte Carlo method applied to the 

xtended X-ray absorption fine structure (EXAFS) data. [17] 

Thus, it is quite evident that orbital hybridization between 

onstituent atoms is closely linked to the dielectric properties of 

TiO . Hence, direct observation of the electronic states under the 
3 
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Fig. 2. P − E hysteresis loops of the BaTiO 3 thin film before (solid) and after (dot- 

ted) TR-XAS measurements. 

Fig. 3. Schematic diagram of the TR-XAS experimental setup. 
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pplication of an electric field is an appropriate approach to in- 

estigate the dielectric properties of ferroelectric materials. We 

mployed microsecond time-resolved (TR) X-ray absorption spec- 

roscopy (XAS) because tiny changes in spectra are expected by the 

revious studies. [18,19] The TR measurement is essential to ex- 

lude any undesired influences caused by a DC measurement such 

s Joule heating and fatigues. In this study, we selected BaTiO 3 as 

he target material whose electronic states at the instant of polar- 

zation reversal were observed via microsecond TR-XAS measure- 

ents. XAS is an element-specific technique, which is sensitive to 

ocal bonding around absorbing atoms. Combined with the TR ap- 

roach, XAS can be used for the investigation of the polarization 

eversal response of the atomic bonds in BaTiO 3 . 

In particular, in this study, TR-XAS data of BaTiO 3 at the Ti K- 

dge are used to investigate the response of the corresponding 

lectronic states under an applied AC electric field. It was observed 

hat intensities of the pre-edge e g peak and shoulder structure just 

elow the main edge increase as the electric polarization increases, 

hereas that of the main peak decreases in an opposite manner. 

his observation indicates that in addition to Ti 3 d-O 2 p hybridiza- 

ion, a correlated effect of Ba ions on Ti electronic states also con- 

ributes to polarization reversal in BaTiO 3 . 

. Experimental 

An epitaxial BaTiO 3 (001) film with a thickness of 650 nm 

as prepared using pulsed laser deposition on a 0.5 mm thick 

LaAlO 3 ) 0 . 3 -(SrAl 0 . 5 Ta 0 . 5 O 3 ) 0 . 7 (001) substrate along with a 100 nm 

hick SrRuO 3 (001) buffer layer, which also acted as the bottom 

lectrode. A 50 nm thick Pt with a diameter of 100 μm was evap- 

rated on the BaTiO 3 film, which acted as the top electrode. Film 

rowth was verified via X-ray diffraction as shown in Fig. 1 . It was

onfirmed that all layers had a preferred (001) orientation normal 

o the surface of the film. In addition, the lattice constant, c, of the 

aTiO 3 film calculated based on the (002) peak was 4.136 Å, which 

s longer than that of the standard powder ( c = 4.018 Å). [12] This

attice mismatch between the BaTiO 3 film and substrate induces a 

ompressive strain. [20] The preferred orientation of c-axis is also 

eported in thin films with SrTiO 3 substrates where misfit strain is 

maller than our sample. [21] This result guarantees that the influ- 

nce of a domain and the domain wall motion under electric fields 

re negligible in our case. 

The ferroelectricity of the film was verified by measuring 

olarization-electric field ( P − E) hysteresis using a ferroelectric 

ester (Toyo Corporation, FCE-fast) with a triangular electric field 

f 1 kHz; these results are shown in Fig. 2 . The open loops indi-

ate ferroelectricity of the film both before (solid) and after (dot- 
ig. 1. X-ray diffraction pattern of the BaTiO 3 (001) thin film grown on a Sr- 

uO 3 (001)/(LaAlO 3 ) 0 . 3 -(SrAl 0 . 5 Ta 0 . 5 O 3 ) 0 . 7 (001) substrate. 
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2 
ed) TR-XAS measurements. These loops are shifted in the positive 

lectric field direction indicating a preferred downward polariza- 

ion. [22,23] This imprint effect is due to the extrinsic interface 

ffect, including the asymmetric properties of the top and bot- 

om electrodes. [24] It should be noted that whereas the satura- 

ion polarization decreased, the magnitude of the negative coercive 

eld increased after the TR-XAS measurements; these observations 

ight be attributed to the fatigue effects caused by domain pin- 

ing and microcracking; [25] however, the dielectric properties of 

he sample remain even after experiments because hysteresis loop 

s closed as shown in Fig. 2 , indicating low leakage current density. 

he currents at the maximum voltage before and after the TR-XAS 

easurements were 1.1 μA and 1.2 μA , respectively. The difference 

s below the experimental error, therefore it does not produce any 

etectable change in the TR-XAS data. 

XAS experiments were performed on the beamline BL-15A1 

quipment at the Photon Factory of the High Energy Research Or- 

anization (KEK-PF) using a Si (111) liquid-nitrogen cooled double- 

rystal monochromator. The X-ray beam was focused to 20 μm (H) 

20 μm (V) at the sample, which ensured the inclusion of the 

ntire beam on a top electrode. Ti K-edge spectra were recorded 

n partial fluorescence yield mode using a Si drift detector (SDD), 

s illustrated in the schematic diagram shown in Fig. 3 . X-rays 

ere incident on the top electrode of the film at an angle of 45 ◦

rom the surface normal. Furthermore, the detected X-rays were 

onverted to digital signals using a digital signal processor (DSP; 

echno-AP, APU101) with the addition of a time stamp for each 

ignal. 

TR-XAS measurements were realized using the time-stamp in- 

ormation based on the step-scan method. Fig. 4 shows the block 

iagram of the signal processing system employed in this study. 

he internal time of the DSP was repeatedly reset to 0 every 3 ms 

sing a clear pulse generated by a delayed pulse generator (SRS, 
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Fig. 4. Block diagram of the signal processing system synchronized with the ap- 

plied voltage. 
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G645). In addition, the same clear pulse was also input into the 

ave generator as a trigger pulse to apply the electric field to 

he film. In particular, one cycle of the applied voltage consisted 

f a single triangular pulse ( ±25 V, 1 kHz) and null voltage for 

 ms. Using this cycle, it was possible to assign a timing to the de-

ected X-ray signals in response to the applied voltage, thereby en- 

bling TR measurements. Several scans were summed to obtain the 

nal Ti K-edge spectra with sufficient statistics. Because TR-XAS 

easurements require a long duration—e.g., 8 h for one spectral 

egion— we focused on only three spectral features in our study, 

amely e g peak, shoulder structure, and main peak. 

. Results & Discussion 

A non-TR Ti K-edge spectrum of the BaTiO 3 thin film is shown 

n Fig. 5 , along with that of standard BaTiO 3 powder as a reference.

he absorption profile above the sharp main peak at 4985 eV cor- 

esponds to the density of states of the unoccupied Ti 4 p states, 

hereas small features in the pre-edge region (4 965–4 975 eV) rep- 

esent the Ti 3 d states. In the case of an octahedral symmetry, the 

ve-fold degenerate 3 d orbitals split into three-fold and two-fold 

egenerate states with t 2g and e g symmetries, respectively. A tiny 

ump at 4967 eV corresponds to the t 2g peak, whereas clear peaks 

t 4969 eV can be attributed to e g . The reason why t 2g peak in-

ensity is very weak is mainly because it is forbidden in a dipole 

nd is allowed in quadrupole approximation. In the K-edge spec- 

ra, the probability of the 1 s to 3 d transition is much lower than

hat of the dipole transition. This effect can be observed in other 

ulk materials. [26,27] The intensity of the e g peak increases as the 

ocal distortion in the TiO 6 octahedron increases, because the pdσ
ybridization between the Ti-3 d e g orbitals and O pσ orbitals be- 
ig. 5. Ti K-edge X-ray absorption near-edge spectra for a BaTiO 3 thin film and 

tandard powder at room temperature. 
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3 
omes more pronounced, resulting in a relatively large dipole com- 

onent. It has been reported that the intensity of the e g peak is 

roportional to the mean-square displacement of a Ti ion from the 

enter of the TiO 6 octahedron. [26,28] 

As shown in the inset of Fig. 5 , the e g peak of the BaTiO 3 thin

lm is larger than that of standard powder. In addition, the t 2g 

ump of the thin film almost flattens out. This observation can be 

ttributed to the compressive strain resulting from the lattice mis- 

atch between the BaTiO 3 film and underlying substrate. Because 

he BaTiO 3 film has a preferred orientation of the c-axis with en- 

anced tetragonality, a distinct dielectric response can be expected. 

The shoulder structure at 4980 eV is a characteristic of BaTiO 3 . 

hough the electronic states responsible for this structure have not 

een identified yet, the shoulder structure indicates the contribu- 

ion of the A-site ions in the ferroelectric perovskite ATiO 3 ; the 

oom-temperature spectra of commercial ATiO 3 powders (A = Pb, 

a, and Sr) are shown in Fig. 6 (a). XAS technique is sensitive to 

he symmetry and electronic states. As the electronic states dif- 

er according to the chemical composition, so do the absorption 

pectra. For example, the Ti-K edge spectra of TiO, Ti 2 O 3 , and TiO 2 

anatase, rutile, and brookite) shown in Fig. 6 (b) are different be- 

ause their electronic states such as band structures are completely 

ifferent. 

In contrast to paraelectric SrTiO 3 with the cubic symmetry for 

hich no shoulder structure is observed in its spectra, ferroelec- 

ric BaTiO 3 and PbTiO 3 with the tetragonal symmetry do exhibit 

houlder structures. Differences in near edge structure between Ba- 

iO 3 and PbTiO 3 may be due to differences in the hybridization 

f Ti 4 p states with the states of A-site ions (i.e., Ba 6 p vs Pb

 p). [29] Moreover, the intensity of these structures seems to de- 

end on the degree of ferroelectricity; accordingly, PbTiO 3 has a 

ore prominent shoulder structure compared with BaTiO 3 . 

This trend can also be confirmed based on a series of Ti K-edge 

pectra of Ba 1 −x Ca x TiO 3 ( x = 0, 0.1, 0.18, 0.233, and 0.3), which are

hown in Fig. 7 . In particular, Ba 1 −x Ca x TiO 3 stays in the tetragonal

hase within the considered x range, and therefore, ferroelectricity 

emains stable. [30,31] As can be seen in Fig. 7 , the intensity of the

houlder structure decreases monotonically with increasing x, i.e., 

ecreasing Ba concentration. Similar results have been reported for 

aTi 1 −x Zr x O 3 . [32,33] Likewise, the intensity of the shoulder struc- 

ure decreases with an increase in x, i.e., decrease in the Ti con- 

ent. From these results, it can be concluded that the intensity of 

he shoulder structure in the BaTiO 3 spectra reflects the electronic 

ybridization between Ti and Ba. This seemingly implausible claim 

as a theoretical background proposed by Ghosez et al. based on 

he Born effective charges of each constituent atom. [34] 

As discussed above, because the e g peak and shoulder struc- 

ure directly reflect the ferroelectricity of perovskite titanates, we 

ocused on these structures as well as the main peak in our TR ex- 

eriments. The time variation of the applied electric field ( E) for 

ne cycle is shown in Fig. 9 (d); a symmetric positive-and-negative 

riangular field for 1 ms and a field-free duration time for 1 ms 

ere applied in sequence. The time variation of the triangular 

ulse corresponds to 1 kHz, which is the same frequency as that 

sed for the hysteresis measurements. It should be noted that the 

eld-free region is included to prevent Joule heating as well as to 

rovide the field-free condition. In addition, we utilized not static 

ut AC electric field to eliminate any undesired influence from fa- 

igue, which ensures that the relative change in a short time frame 

s detectable. We have not observed any measurable drift of the 

bserved values upon time. 

The maximum variation of spectra with electric fields is shown 

n Fig. 8 . The increase of e g peak intensity is 0.6 % and the peak

hifts are not observed. These tiny changes are due to a small dis- 

ortion caused by electric fields. [18,19] The unchanged Ti oxidation 

tate before and after experiments is verified by seeing peak posi- 
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Fig. 6. Ti K-edge X-ray absorption near-edge spectra of (a) ATiO 3 powders (A = Pb, Ba, and Sr) and (b) TiO, Ti 2 O 3 , and TiO 2 powders. 

Fig. 7. Ti pre-edge X-ray absorption spectra of Ba 1 −x Ca x TiO 3 powders ( x = 0, 0.1, 

0.18, 0.233, and 0.3). 

Fig. 8. Ti pre-K edge X-ray absorption spectra of BaTiO 3 with (solid) and without 

(dashed) electric fields. 
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Fig. 9. Time variation of the intensities of the (a) e g peak, (b) shoulder structure, 

and (c) main peak under the application of (d) a triangular AC electric field. (e) 

Temporal variation of the e g peak for various time windows τw . 
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ions in XAS spectra. If the valence number of Ti or its local struc- 

ure changes, the chemical shifts will occur as it is seen in spectra 

f TiO, Ti 2 O 3 , and TiO 2 , which are presented in Fig. 6 (b). In our

ase, we did not observe any changes in the peak positions with 

nd without electric fields. Then, we focus on the time variation of 

ntensities. 

The time variation of the area-integrated intensities of the e g 
eak, shoulder structure, and main peak are presented in Fig. 9 (a), 

b), and (c), respectively. The integration area is set to ±1 eV 

round the local maxima of each spectral feature, and the inte- 

rated intensity is normalized to unity by the average intensity 

round an applied field of 0 V for 1–2 ms. The width of the time

indow ( τw 

) for each plot is 80 μs . The signal to noise ratio of

ntensities can be estimated in the region from 1–2 ms. Intensities 

n this region should be constant but there is still noise left. 
4 
It is obvious that the intensities of the e g peak and shoulder 

tructure are synchronized with the magnitude of the applied elec- 

ric field | E| beyond the noise level of ∼0.05%. Intensities of both 

eatures increase as the magnitude of the applied field increases. 

he interaction of X-rays with the electronic states of BaTiO 3 is 

ependent not on the polarity of the electric polarization but on 

he magnitude of polarization; therefore, one-half period of the ap- 

lied field was observed. This result confirms that not only the e g 
eak but also the shoulder structure is associated with the ferro- 

lectricity of BaTiO 3 . In contrast, the intensity of the main peak 

hanges in the opposite manner, i.e., its intensity decreases with 

ncreasing | E| . A naive interpretation of this opposite trend is the 

roadening of the 4 p electronic states because of the reduction in 

he coordination symmetry of the Ti ion under the applied electric 

eld. 

To better understand the time variation of the spectral features, 

e studied the data presented in Fig. 9 (e). In particular, this figure 

llustrates the time variation of the e g -peak intensity for various 

w 

. Because we detect all SDD signals using the time stamp infor- 

ation, it is possible to change the τw 

to any period longer than 

he minimum interval of the DSP-processed signals, which is typi- 

ally around 0.1 μs and depends on the setting of the instrument. 

he time variation of the e g -peak intensity is evident at any τw 

, 

ven though the noise level increases as the τw 

becomes smaller. 

n general, the response of the electronic states to the applied elec- 

ric field is instantaneous; therefore, time variation of the spectral 

eatures shows the same trend regardless of τw 

. 
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Fig. 10. Simulated Ti K-edge spectra of BaTiO 3 for various Ti off-center displace- 

ments ( δTi ) from δTi to 0.04 in atomic units. Calculations were performed using the 

FEFF 9.6 program. 
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To provide a theoretical background for the interpretation of 

he observed spectral features, the experimental spectra were com- 

ared with the simulated spectra obtained using the FEFF 9.6 pro- 

ram, which is based on the multiple scattering theory. [35] The 

imulation results are shown in Fig. 10 , wherein the Ti off-center 

isplacement ( δTi ) was varied from δTi = 0 (body-center) to 0.04 

n atomic units. It was assumed that larger displacements would 

ake the spectral changes clear. As already discussed in the lit- 

rature, [26] the intensity of the e g peak increases with increas- 

ng δTi , which reflects the enhanced Ti 3 d e g -O 2 p hybridization. 

n contrast, the intensity of the main peak decreases in an oppo- 

ite manner. The simulated results suggest that not only the effect 

f broadening the Ti 4 p states but also the compensation for the 

umber of unoccupied states would be a plausible reason for the 

bserved spectral features. 

In contrast to the abovementioned two features, the shoul- 

er structure is less sensitive to the Ti off-center displacements, 

hich clearly indicates a different physical origin for the shoulder 

tructure. As previously mentioned, the shoulder structure was at- 

ributed to the A-site contribution in Ti as per several experimental 

esults. One possible explanation for the A-site contribution is the 

orn effective charge. The Born effective charge tensor, Z ∗κ,γ α, of 

n atom κ can be linked to the change of polarization P γ induced 

y the periodic displacement τκ,α along the α direction induced 

n the atom κ by an external field ε γ : Z ∗κ,γ α = V ∂ P γ /∂ τκ,α, where

 is a unit cell volume. [34,36] For the simplest case, if we con-

ider a single dipole model, the Born effective charge Z ∗ can be 

xpressed by a static charge Z by using an interatomic distance 

 as Z ∗(u ) = Z(u ) + u∂ Z(u ) /∂ (u ) . If Z(u ) changes rapidly with u,

he difference between Z(u ) and Z ∗(u ) becomes large. Ghosez et al.

oncluded that Z ∗
Ba , 33 

and Z ∗
Ti , 33 

, the Born effective charge of Ba and 

i, respectively, along the ferroelectric polarization P 3 , are com- 

arable to the charge transfer between Ti and apical O along the 

olarization direction. Therefore, it can be stated that orbital hy- 

ridization is not restricted to Ti and O but also involves Ba, or at 

east, that Ba also plays an important role in the formation of the 

alence band. 

The Born effective charge makes a major contribution to the 

ormation of the shoulder structure; the term u∂ Z(u ) /∂u is essen- 

ial for the covalent character of the Ti-O bond. This term would 

e insensitive to the static Ti off-center displacement, as shown 

n the simulation in Fig. 10 . Under the application of an AC elec-

ric field, not only Ti ions but also Ba ions are perturbed leading 

o the non-negligible enhancement of u∂ Z(u ) /∂u as compared to 

he static environment. The intensity of the shoulder structure in- 

reases in phase with that of the e g peak under the application 

f the AC field ( Fig. 9 ). Thus, it can be speculated that the charge
5 
ransfer from the Ti 4 p state to the Ba unoccupied state, e.g. the 5 d

tate, occurs as well as the charge transfer from the Ti 3 d state to 

he O 2 p state, as concluded from the e g peak. [26] The shoulder 

tructure of the Ti K-edge spectrum of BaTiO 3 provides an elec- 

ronic point of view for the dynamic piezoelectric effect of BaTiO 3 . 

Furthermore, though the A-site contribution to the ferroelectric 

roperties of ATiO 3 has been observed and studied in many pre- 

ious works, the polarization response under applied AC electric 

elds using XAS measurements provides a new insight into this, 

specially in terms of energetics of electronic hybridization. In this 

ight, Ba K-edge EXAFS would provide more advanced information 

n the A-site contribution to the ferroelectric property of ATiO 3 ; 

herefore, another TR-XAS experimental study using BaTiO 3 under 

pplied electric fields is currently in progress. 

. Conclusions 

For the first time, Ti K-edge XAS measurements for a BaTiO 3 

hin film were performed under the application of a triangular 

lectric field in the TR mode. This technique enables us to de- 

ect tiny changes in spectra and observe electronic states under 

lectric fields. Three characteristic features were studied, namely 

he pre-edge e g peak, shoulder structure, and main peak. Among 

hese three features, the responses of the first two to the elec- 

ric field were in phase, whereas that of the latter was antiphase. 

sing model simulations, it was confirmed that Ti off-center dis- 

lacements affect the increase in the e g -peak intensity and de- 

rease in the main peak intensity. However, it was observed that 

he shoulder structure was not influenced by the Ti off-center dis- 

lacement. Nevertheless, it showed a dielectric response to the AC 

lectric field that can be consistently explained from the perspec- 

ive of the Born effective charge. Thus, the Ba contribution to the 

erroelectric property of BaTiO 3 via electronic hybridization is con- 

luded experimentally using the novel TR-XAS technique. The TR- 

AS technique’s utilization of the full time stamp information of 

he DSP is versatile for many applications; therefore, it provides a 

ew approach for the study of the dynamical behavior of electronic 

tates. 
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