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Abstract 
The establishment of energy systems is demanded without dependence on fossil fuel and nuclear power in 

order to solve energy and environmental problems. As a candidate of the systems, hydrogen production by 

photocatalytic water-splitting has received a lot of attention. However, the quantum efficiency of reported 

photocatalysts has not reached a practical level. Thus, a clue to achieve a further higher photocatalytic activity 

is required. 

Sr2Ta2O7 with NiOx cocatalyst is known as a photocatalyst, which has the high activity for overall water 

splitting under ultraviolet (UV) light irradiation. The activity increases about two times by Ba substitution for 

Sr in Sr2Ta2O7, whereas it decreases to about one-half by Ca substitution. The mechanism of the changes in the 

activity has not been revealed. The larger-sized Ba or smaller-sized Ca substitution than Sr would introduce 

some distortions in the crystal structure of Sr2Ta2O7, such as changes in the degree of distortions of TaO6

octahedra and/or in the angle of the octahedral tilts. In this dissertation, based on the thought that these 

distortions in bulk of the Sr2Ta2O7 photocatalyst would change mobility of photoexcited electrons and a

probability of recombination between photoexcited electrons and holes, the author proposed a guideline for 

enhancement of the water-splitting activity by control of the distortions. For the purpose of a demonstration of 

the guideline, accurate crystal structural analysis of the photocatalysts was performed by synchrotron X-ray 

and neutron diffractions. Moreover, high-temperature UV Raman spectroscopy was performed for estimation 

of chemical bonds and vibrations of the photocatalysts. 

Sr2Ta2O7 and Ba- or Ca-substituted Sr2Ta2O7 for Sr are complex systems consisting of heavy and light 

atoms. X-ray gives precise information on heavy atoms due to the larger number of electrons but not on light 

atoms with the smaller number of electrons. Since ceramic materials consist of both heavy and light atoms, the 

crystal structures are often difficult to be decided by powder X-ray diffraction. On the other hand, neutron 

diffraction data give useful information on O atom because the neutron scattering ability of O atom is 

relatively high compared with that of X-ray diffraction. Lattice parameters and structural parameters of heavy 

atoms such as Sr, Ba, Ca and Ta were accurately obtained by using high-intensity and high-resolution powder 

synchrotron X-ray data. In addition, structural parameters of O atom were accurately obtained by powder 

neutron diffraction data. 

   Strength of chemical bonds in the substances can be estimated by in-situ observation of the Raman spectra 

at high temperature. However, the measurable region of temperature is limited under conventional Raman 

spectroscopy using visible-region excitation. Weak Raman scattering from substances is difficult to be detected 

at high temperature in comparison with an intense continuous background due to thermal emission. In such a 

case, continuous-wave UV Raman spectroscopy is more suitable for measurement at high temperature, 

because UV excitation shifts the Raman scattering to a shorter wavelength away from the intense thermal 

emission. In this dissertation, high-temperature Raman spectra up to 1773 K were successfully observed by 

using UV laser to diminish the influence of thermal emission on the background intensity of the spectra.
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This dissertation is divided into four chapters. The results in each chapter are summarized below. 

Chapter 1 presents the principle of the photocatalytic reaction on Sr2Ta2O7. The objective and significance 

of this dissertation are described. 

Chapter 2 presented the results of crystal structural analysis by synchrotron X-ray and neutron diffractions. 

Partial Ba- or Ca-substitution for Sr in Sr2Ta2O7 increases the distortions in TaO6 octahedra and induces dipole 

moments in TaO6 octahedra and the spontaneous polarization. The electronic field in whole crystal of Sr2Ta2O7

(the spontaneous polarization) and/or the local electric field around Ta ions (the dipole moments) seemingly 

enhance the photocatalytic activity of NiOx-supported Sr2Ta2O7 due to the suppression effect on the 

recombination between photoexcited electrons and holes. However, this fact cannot explain the difference 

between an increase in the activity by the Ba substitution and a decrease in the activity by the Ca substitution. 

The bond angles of Ta-O-Ta are changed by the distortions in TaO6 octahedra as well as the tilts of the 

octahedra. The Ba substitution does not change the bond angles of Ta-O-Ta, while the Ca substitution makes 

the bond angles to deviate from 180o. The deviation of the bond angles of Ta-O-Ta from 180o prevents overlap 

between Ta5d-t2g and O2p orbitals, which compose the lower part of the conduction band. In conclusion, the 

photocatalytic performance is effectively enhanced by the elemental substitution introducing the electronic 

field in the bulk crystal structure without a large deviation of bond angles of Ta-O-Ta from 180o. 

Chapter 3 presents the results of high-temperature UV Raman spectroscopy. Estimation of the strength of 

chemical bonds related to respective Raman bands was carried out by the in-situ observation at high 

temperatures, which enabled each Raman band to be assigned to vibrations of internal or external bonds of 

TaO6/NbO6 octahedra. For Sr2Nb2O7, one of the related compounds of Sr2Ta2O7, the strength of the internal 

Nb-O bonds was as weak as the external bonds. The weak Nb-O chemical bonds induce the large distortions of 

the NbO6 octahedra and the static displacements of Nb ions from the gravity center of six O ions in the NbO6

octahedra, which is as crucial as the static NbO6 octahedral tiltings to decide a deviation of the Nb-O-Nb bond 

angles from 180o. The deviation leads to a decrease in electron migration and would decrease the 

photocatalytic performance. On the other hand, for unsubstituted and Ba-substituted Sr2Ta2O7 for Sr, the 

strength of the internal Ta-O bonds in TaO6 octahedra was estimated to be stronger than that of the external 

bonds. Due to the strong Ta-O chemical bonds, the dipole moments in the TaO6 octahedra and the spontaneous 

polarization in the whole crystal lattice can be induced by the Ba substitution without a large deviation of the 

Ta-O-Ta bond angles from 180o, which enhances the photocatalytic performance. 

In chapter 4, the results of this study were summarized and the ways to enhance the photocatalytic 

performance were discussed on the basis of both results in chapters 2 and 3. 

   As stated above, this dissertation experimentally demonstrated a guideline that enhances the photocatalytic 

water-splitting performance by inducing distortions in the bulk crystal structure of the photocatalyst by the 

elemental substitution. One of the important keys is suppression of recombination between photoexcited 

electrons and holes by introduction of electric fields into the crystal, without reduction of the electron 

migration by controlling a degree of overlap between electron orbitals composing the lower part of the

conduction band. This guideline can be applied to visible-light responsive photocatalysts and is expected to 

contribute greatly to this field. 



1

5 

1

1.1 

20 50

1.2 



1

6 

Fig. 1.1

1.3 

e h

H2 O2

500 1000 1500 2000 2500 3000 3500 4000
0.0

0.5

1.0

1.5

2.0

Fig. 1.1 37o ASTM Air Mass 1.5 
G [1] 



1

7 

Ni Pt

Rh-Cr Fig. 1.2

1.4 Sr2Ta2O7

NiOx Sr2Ta2O7

Kudo [2] Sr2Ta2O7 Ishizawa

[3] Cmcm

Fig. 1.3 TaO6 TaO6

Sr TaO6 Sr TaO6

Fig. 1.2



1

8 

Yamamoto [4]

P21/m

Kudo [2]

Yoshino [5] 3.5

Kozu [6]

Sr

Ba 2

Sr Ca

2 1

Sr Ba Ca

Fig. 1.3 Sr2Ta2O7



1

9 

1.5 

Sr2Ta2O7 Sr Ba Ca TaO6

[1] Electricity, Resources & Building Systems Integration Center, National Renewable 

Energy Laboratory, U. S. Dept. of Energy (DOE) Solar Resource Data, ASTM G-173 

Air Mass 1.5, http://rredc.nrel.gov/solar/spectra/am1.5/ 

[2] A. Kudo, H. Kato, S. Nakagawa, J. Phys. Chem. B, 104 [3], 571-75 (2000); H. Kato 

and A. Kudo, J. Photoch. Photobio. A, 145 [1-2], 129-33 (2001) 



1

10 

[3] N. Ishizawa, F. Marumo, T. Kawamura, M. Kimura, Acta Cryst. B32 [9], 2564-66 

(1976) 

[4] N. Yamamoto, K. Yagi, G. Honjyo, M. Kimura, T. Kawamura, J. Phys. Soc. Jpn., 48 [1], 

185-91 (1980) 

[5] M. Yoshino, M. Kakihana, W. S. Cho, H. Kato, A. Kudo, Chem. Mater. 14 [8], 3369-76 

(2002) 

[6] A. Kozu, H. Fujimori, K. Kim, K. Oshiro, S. Yamamoto, Y. Sakata, H. Imamura, Mater. 

Sci. Forum, 534-536, 1481-84 (2007) 



2

11 

2

2.1 

2.1.1

1 NiOx Sr2Ta2O7 Sr

Ba

Ca

Sr2Ta2O7 Ba Sr2Ta2O7

(Sr0.90Ba0.10)2Ta2O7 [ Ba10] (Sr0.85Ba0.15)2Ta2O7 [ Ba15] Ca

Sr2Ta2O7 (Sr0.40Ca0.60)2Ta2O7 [ Ca60]

A2B2O72.1.2

Ba10 Ba15 Ca60

A2B2O7

Fig. 2.1 A2B2O7

I II III I BO6

II III BO6



2

12 

II

BO6 III 2 BO6

III BO6 Fig. 2.1

A I Sr2Ta2O7

Ishizawa [1] Cmcm Z = 4 Z

A2B2O7 I1 Yamamoto [2] P21/m Z = 4

I2 2 I2

II Cmc21 Z = 4 1 III BO6

A III1 III2 III3

III4 4 Appendix A.2 III1 La2Ti2O7[3]

P21 Z = 4 III2 Ca2Nb2O7[4] Pna21 Z = 8

III3 Sr2Nb2O7[5] Pna21 Z = 8 III4 Nd2Ti2O7[6]

P21 Z = 8

Fig. 2.1 A2B2O7 Z
A2B2O7



2

13 

2.1.3

[7]

(i)

K 1 K 2

(ii)

(iii)

(iv) 2

(v)

(vi)

(vii) d

(viii)



2

14 

2.1.4

Fig. 2.2

NMR

Fig. 2.2 NMR
Fe Zr H O



2

15 

SHG2.1.5

SH

1 / 2

h k l h k l

|F(h k l)| |F(h k l)| [7]

SH

2.2 

2.2.1

Sr2Ta2O7 Ba10 Ba15 Ca60

[8]

SH2.2.2

SH Kurtz Perry [9] SH

Fig. 2.3 2

SH

Ti wave length ~800 nm, repetition rate ~82 

MHz, pulse width ~80 fs, Tsunami, Spectra-Physics, Newport Corporation, USA

CW YAG wave length 532 nm, Millennia, Spectra-Physics, Newport 

Corporation, USA SH 2

SH

L1, f = 100 mm 0.1 mm



2

16 

~800 nm SH

L2, f = 100 mm

~800 nm SH ~400 nm

transmission from near-infrared to blue light, V-44, Toshiba glass Co. Ltd., Japan

SH Hamamatsu Photonics K. K., Japan

Imaging Spectrograph 250is, Chromex Inc., USA CCD

M6296-01, Hamamatsu Photonics K. K., Japan 30 s

Sr2Ta2O7 Ba10 Ba15 2 s Ca60 2 SH

30 s Sr2Ta2O7 Ba10 Ba15

2 s Ca60 2 

2.2.3

RINT2200TS, 

Rigaku Corporation, Japan 2

Fig. 2.3 SH



2

17 

Photon Factory

BL-4B2

Table 2.1 6

1 / 5

-2

 =  = 7o 6 -2

6

DATAPRO

y*(2 )

y(2 ) [10]

Sr2Ta2O7 Ba10 Ba15 Ca60 

 Si (111) 2

 1.197487(4) 

2 7° 155°

30 rpm

Table 2.1



2

18 

2.2.4

JRR-3M BL-T1-3

HERMES HERMES

Table 2.2

Sr2Ta2O7 Ba10 Ba15 Ca60 

 Ge(331) 5

90°

10 cm 

2 cm 

 1.8265(1)  1.8204(5) 

2 7° 157° 3° 157° 3° 154°

V
0.5 cm 0.5 cm 0.495 cm 0.6075 cm 

Table 2.2



2

19 

2.2.5

RIETAN-FP[11]

Fig. 2.4

Sr Ba Ca

Ta

O

Ba Ca Sr Ba Ca

Sr Ba

Ca Sr

Fig. 2.4



2

20 

2.2.5.1

Sr2+, Ba2+, Ta5+, O-

h k l h k l  |F(hK)| 

RIETAN-FP

F(hK) mK 2  |F(hK)| 

|F(hK)| 

1.197487 

fj fj

Sasaki [12]

1.197487 

fj fj Table 2.3

 Table 2.3  = 1.197487 j
fj fj

j fj' fj''

Sr -0.881 1.162 

Ba -0.383 5.593 

Ca 0.348 0.818 

Ta -9.195 9.487 

O 0.029 0.019 



2

21 

2.2.5.2

X

Sr Ba Ca

2.3 

SH2.3.1

SH Fig. 2.5 800 nm

400 nm SH

Sr2Ta2O7 SH

Sr Ba

Ca Ba10 Ba15 Ca60 SH

350 400 450
0

20

40

60

80

100

(x 0.2)

Ba 10

Ba 15

Ca 60

Sr2Ta2O7

Wavelength / nm

Fig. 2.5 800 nm SH Ca60



2

22 

2.3.2

Fig. 2.6

Fig. 2.7 A2B2O7 2.1.2 6

2.3.1 SHG Sr2Ta2O7

I1 I2 Ba10 Ba15 Ca60

II III1 III2 III3 III4

Sr2Ta2O7

P21/m, Z = 4 I2 Ba10 Ba15 Ca60 P21, Z = 4 III1

A2B2O7 Ba15

(Sr1-XBaX)5Ta4O15 2

Fig. 2.8 Fig. 2.15

Ba10 Ba15 Ca60

P21, Z = 4 III1 Ca2Nb2O7[13] Unique axis b  =  = 90o, 90o

Fig. 2.16 Sr2Ta2O7 P21/m, Z = 4 I2

P21 Ca2Nb2O7[13] P21

m P21/m Unique axis b,  =  = 90o, 90o I2

Fig. 2.16



2

23 

20 40 60

Ca60

Ba15

Ba10

Sr
2
Ta

2
O

7

2  / o

60 80 100 120 140

Ca60

Ba15

Ba10

Sr
2
Ta

2
O

7

2  / o

Fig. 2.6 Sr2Ta2O7 Ba10 Ba15 Ca60 X



2

24 

20 40 60 80 100 120 140

Ca60

Ba15

Ba10

Sr
2
Ta

2
O

7

2  / o

Fig. 2.7  Sr2Ta2O7 Ba10 Ba15 Ca60



2

25 

17.5 18.0 18.5 19.0

250

300

350

400

2  / o
29.0 29.5 30.0

100

200

300

400

500

600

2  / o

32.5 33.0 33.5 34.0 34.5 35.0

150

200

250

300

350

2  / o

Fig. 2.8  Sr2Ta2O7 X
2 P21/m, Z = 4 (I2 )

P21/m, Z = 4 (I2 )
Cmcm, Z = 4 I1



2

26 

44.5 45.0 45.5 46.0

1000

1500

2000

2500

3000

3500

4000

4500

2  / o
73.4 73.6 73.8 74.0 74.2

1200

1400

1600

2  / o

Fig. 2.9 Sr2Ta2O7

2 P21/m, Z = 4 (I2 )
P21/m, Z = 4 (I2 )
Cmcm, Z = 4 I1

20.0 20.5 21.0 21.5

300

600

900

2  / o
32.8 33.0 33.2 33.4 33.6

200

300

2  / o

Fig. 2.10 Ba10 X
2 P21, Z = 4 (III1 )

III1
II III1 III4

III2 III3 III4



2

27 

39 40 41 42 43
700

800

900

1000

1100

2  / o

Fig. 2.11 Ba10
2 P21, Z = 4 (III1 )

III1
Cmc21, Z = 4 II



2

28 

17.5 18.0 18.5 19.0
250

300

350

400

450

* *

2  / o
20.0 20.5 21.0 21.5

200

400

600

2  / o

32.5 33.0 33.5

200

300

400

500

*
*

2  / o

Fig. 2.12 Ba15 X
2 P21, Z = 4 (III1 )

III1
(Sr1-XBaX)5Ta4O15 P-3m1

II
III1 III4

III2 III3 III4
* (Sr1-XBaX)5Ta4O15

P-3m1



2

29 

39 40 41 42 43

900

1000

1100

1200

*
*

*

2  / o

Fig. 2.13 Ba15
2 P21, Z = 4 (III1 )

III1
(Sr1-XBaX)5Ta4O15 P-3m1

Cmc21, Z = 4 II
* (Sr1-XBaX)5Ta4O15 P-3m1



2

30 

17.5 18.0 18.5 19.0

350

400

450

500

2  / o

20.5 21.0 21.5 22.0

400

600

2  / o

33.0 33.5 34.0
200

300

400

2  / o

Fig. 2.14 Ca60 X
2 P21, Z = 4 (III1 )

III1

II II
Fig. 2.15 II

III1 III4
III2 III3 III4



2

31 

45.0 45.5 46.0 46.5

2000

3000

4000

5000

6000

7000

2  / o

Fig. 2.15 Ca60
2 P21, Z = 4 (III1 )

III1
II 2

Fig. 2.16



2

32 

2.3.3

SHG

Sr2Ta2O7 P21/m, Z = 4 I2 Ba10 Ba15 Ca60

P21, Z = 4 III1 A2B2O7

Table 

2.4

Fig. 2.17 Sr2Ta2O7 TaO6

Ca60 c b-c a* TaO6

Ba10 Ba15 TaO6

Fig. 2.18 c

b-c a* TaO6 Ba10 Ba15 TaO6

c b-c a* 1 ~ 2o Ca60

TaO6 c b-c a* 6 ~ 8o

Fig. 2.19 Sr Sr

Ba Ca Ba10 Ba15 Ba

Sr Sr Ba Sr

Ba Sr

Ca60

Sr Ca Ca Sr

Sr

Ca

Sr



2

33 

Sr2Ta2O7 Ba10 

 1 ( ) 1 ( ) 

Sr2Ta2O7 (Sr0.9Ba0.1)2Ta2O7

649.1315 659.073 

P21/m (unique axis b) P21 (unique axis b) 

a / Å 13.74510(8) 13.7543(3) 

b / Å 5.69215(3) 5.71271(4) 
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 + wycoff letter 2 e 2 a

, SOF 1.0 Sr 0.958(2) Sr / 0.042(2) Ba 
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, U / Å2 0.0058(3)  0.0067(3) 
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, SOF 1.0 Sr 0.842(2) Sr / 0.158(2) Ba 
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, U / Å2 0.0110(4)  0.0128(4) 

Table 2.4 O

O



2

34 

Sr3
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, SOF 1.0 Ta 1.0 Ta 
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, U / Å2 = U(Ta1) = U(Ta1) 
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 + wycoff letter 2 a 2 a

, SOF 1.0 O 1.0 O 
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, SOF 1.0 O 1.0 O 
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, x, y, z 0.2002(10), 0.5055(19), 0.035(2) 0.0949(16), 0.733(8), 0.27(2)

, U / Å2 = U(O1) = U(O1) 

O3   

 + wycoff letter 4 f 2 a

, SOF 1.0 O 1.0 O 

, x, y, z 0.4122(11), 0.499(2), 0.102(3) 0.2911(11), 0.232(8), 0.321(13) 

, U / Å2 = U(O1) = U(O1) 

O4   

 + wycoff letter 2 b 2 a

, SOF 1.0 O 1.0 O 

, x, y, z 0, 0, 0.5 0.2034(19), 0.999(7), 0.558(13) 

, U / Å2 = U(O1) = U(O1) 

O5   

 + wycoff letter 4 f 2 a

, SOF 1.0 O 1.0 O 

, x, y, z 0.1971(10), 0.479(2), 0.545(4) 0.413(2), 0.010(7), 0.605(15) 

, U / Å2 = U(O1) = U(O1) 

O6   

 + wycoff letter 4 f 2 a

, SOF 1.0 O 1.0 O 

, x, y, z 0.4144(11), 0.477(2), 0.602(3) 0.2051(18), 0.985(6), 0.044(14) 

, U / Å2 = U(O1) = U(O1) 

O7   

 + wycoff letter 2 e 2 a

, SOF 1.0 O 1.0 O 

, x, y, z 0.0968(17), 0.75, 0.285(4) 0.4128(19), 0.021(7), 0.099(13) 

, U / Å2 = U(O1) = U(O1) 

O8   

 + wycoff letter 2 e 2 a

, SOF 1.0 O 1.0 O 

, x, y, z 0.3017(16), 0.25, 0.317(5) 0.0943(17), 0.731(7), 0.77(2) 

, U / Å2 = U(O1) = U(O1) 

O9   

 + wycoff letter 2 e 2 a

, SOF 1.0 O 1.0 O 

, x, y, z 0.0904(16), 0.75, 0.771(7) 0.1962(19), 0.486(7), 0.545(12) 

, U / Å2 = U(O1) = U(O1) 
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O10

 + wycoff letter 2 e 2 a

, SOF 1.0 O 1.0 O 

, x, y, z 0.2997(16), 0.25, 0.831(5) 0.412(2), 0.494(7), 0.602(15) 

, U / Å2 = U(O1) = U(O1) 

O11 

 + wycoff letter  2 a

, SOF  1.0 O 

, x, y, z  0.413(2), 0.489(7), 0.105(15) 

, U / Å2  = U(O1) 

O12 

 + wycoff letter  2 a

, SOF  1.0 O 

, x, y, z  0.006(2), 0.000(8), 0.512(5) 

, U / Å2  = U(O1) 

O13 

 + wycoff letter  2 a

, SOF  1.0 O 

, x, y, z  0.3053(11), 0.235(8), 0.828(14) 

, U / Å2  = U(O1) 

O14 

 + wycoff letter  2 a

, SOF  1.0 O 

, x, y, z  0.1889(16), 0.473(7), 0.050(12) 

, U / Å2  = U(O1) 

Uij Ueq

site U11 U22 U33 U12 U13 U23

Sr1, Sr3 0.0024(6) 0.0092(3) 0.0059(5) 0 0.0009(16) 0 

Sr2, Sr4 0.0074(9) 0.0189(5) 0.0058(6) 0 -0.002(2) 0 

Ta3, Ta1 0.0008(2) 0.0034(2) 0.0013(4) 0 0.0008(9) 0 

Ta4, Ta2 0.0015(3) 0.0043(2) 0.0030(4) 0 -0.0006(9) 0 

 Ba10 (Sr0.9Ba0.1)2Ta2O7 Sr Sr Ba SOF(Sr1, Sr) = 1 
- SOF(Sr1, Ba), SOF(Sr2, Sr) = 0.8 + SOF(Sr1, Ba), SOF(Sr2, Ba) = 0.2 - SOF(Sr1, Ba), SOF(Sr3, Sr) = 1 - SOF(Sr1, Ba), SOF(Sr3,Ba) = 
SOF(Sr1, Ba), SOF(Sr4, Sr) = 0.8 + SOF(Sr1, Ba), SOF(Sr4, Ba) = 0.2 - SOF(Sr1, Ba) 
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Ba15 Ca60 

2 1 ( ) 

(Sr0.85Ba0.15)2Ta2O7 ( Sr2.205Ba2.795)Ta4O15  (Sr0.4Ca0.6)2Ta2O7

664.0435 1540.813 592.081 

P21 (unique axis b) P-3m1 (hexagonal lattice) P21 (unique axis b) 

a / Å 13.7589(3) 5.7092(7) 13.55242(13) 

b / Å 5.72077(6) = a 5.59534(4) 

c / Å 7.92844(18) 11.728(2) 7.77635(9) 

/ o 90 90 90 

 / o 98.293(6) 90 98.233(2) 

 / o 90 120 90 

, V / Å3 617.53(2) 331.04(8) 583.607(11) 

, Z 4 1 4 

0.9923 0.0077 1 

Rwp / % 6.477 5.707 

S (= Rwp / Re)  1.1447 1.1267 

RB / % 4.046 4.887 2.695 

RF / % 2.207 2.572 1.359 

Sr1    

 + wycoff letter 2 a 1 a 2 a

, SOF 0.931(3) Sr / 0.069(3) Ba  0.441 Sr / 0.559 Ba  0.378(3) Sr / 0.622(3) Ca 

, x, y, z 0.1066(5), 0.2721(17), 0.2689(15) 0, 0, 0 0.1039(6), 0.2387(12), 0.273(2)

, U / Å2 0.0065(4) 0.00448  0.0095(4) 

Sr2    

 + wycoff letter 2 a 2 d 2 a

, SOF 0.769(3) Sr / 0.231(3) Ba  = SOF(Sr1)  0.422(3) Sr / 0.578(3) Ca 

, x, y, z 0.4111(3), 0.7725(13), 0.3579(19) 1 / 3, 2 / 3, 0.786(4) 0.4289(3), 0.7986(10), 0.354(2)

, U / Å2 0.0182(6) 0.00481  0.0170(7) 

Sr3    

 + wycoff letter 2 a 2 d 2 a

, SOF 0.931(3) Sr / 0.069(3) Ba  = SOF(Sr1)  0.378(3) Sr / 0.622(3) Ca 

, x, y, z 0.1048(5), 0.2425(17), 0.781(2) 1 / 3, 2 / 3, 0.480(5) 0.1088(6), 0.2540(17), 0.775(2)

Table 2.4
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, U / Å2 = U(Sr1) 0.00872 = U(Sr1)

Sr4    

 + wycoff letter 2 a  2 a

, SOF 0.769(3) Sr / 0.231(3) Ba   0.422(3) Sr / 0.578(3) Ca 

, x, y, z 0.4263(3), 0.7628(18), 0.855(2)  0.4082(3), 0.7668(14), 0.851(2)

, U / Å2 = U(Sr2)  = U(Sr2) 

Ta1    

 + wycoff letter 2 a 2 c 2 a

, SOF 1.0 Ta 1.0 Ta 1.0 Ta 

, x, y, z 0.1106(3), 0.75, 0.0273(13) 0, 0, 0.698(5) 0.1115(3), 3 / 4, 0.0271(8) 

, U / Å2 0.00261(14) 0.00477  0.00286(14) 

Ta2    

 + wycoff letter 2 a 2 d 2 a

, SOF 1.0 Ta 1.0 Ta 1.0 Ta 

, x, y, z 0.3202(3), 0.2599(10), 0.0811(12) 1 / 3, 2 / 3, 0.068(4) 0.3211(3), 0.2688(7), 0.0774(7)

, U / Å2 0.0063(2) 0.00442  0.0039(17) 

Ta3    

 + wycoff letter 2 a  2 a

, SOF 1.0 Ta  1.0 Ta 

, x, y, z 0.1102(3), 0.7583(10), 0.5290(12)  0.1117(3), 0.7447(8), 0.5268(8)

, U / Å2 = U(Ta1)  = U(Ta1) 

Ta4    

 + wycoff letter 2 a  2 a

, SOF 1.0 Ta  1.0 Ta 

, x, y, z 0.3193(3), 0.2644(9), 0.5820(12)  0.3209(3), 0.2567(6), 0.5758(7)

, U / Å2 = U(Ta2)  = U(Ta2) 

O1    

 + wycoff letter 2 a 3 e 2 a

, SOF 1.0 O 1.0 O 1.0 O 

, x, y, z 0.997(3), 0.999(9), 0.999(10) 1 / 2, 0, 0  0.0139(18), 0.019(7), 0.962(2) 

, U / Å2 0.0083(5) 0.00769  0.0113(6) 

O2    

 + wycoff letter 2 a 6 i 2 a

, SOF 1.0 O 1.0 O 1.0 O 

, x, y, z 0.0919(15), 0.751(11), 0.274(18) 0.1701, -0.1701,  0.1920 0.0996(14), 0.793(6), 0.279(4) 

, U / Å2 = U(O1) 0.00873  = U(O1) 

O3    

 + wycoff letter 2 a 6 i 2 a
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, SOF 1.0 O 1.0 O 1.0 O

, x, y, z 0.2941(15), 0.238(9), 0.326(14) 0.1639, -0.1639,  0.6129 0.3053(13), 0.187(5), 0.342(3) 

, U / Å2 = U(O1) 0.00843  = U(O1) 

O4    

 + wycoff letter 2 a  2 a

, SOF 1.0 O  1.0 O 

, x, y, z 0.2028(18), 0.999(8), 0.553(14)  0.2145(19), 0.969(6), 0.595(3) 

, U / Å2 = U(O1)  = U(O1) 

O5    

 + wycoff letter 2 a  2 a

, SOF 1.0 O  1.0 O 

, x, y, z 0.414(2), 0.017(9), 0.605(17)  0.4323(15), 0.063(5), 0.632(3) 

, U / Å2 = U(O1)  = U(O1) 

O6    

 + wycoff letter 2 a  2 a

, SOF 1.0 O  1.0 O 

, x, y, z 0.2115(17), 0.999(7), 0.049(13)  0.2160(17), 0.975(5), 0.032(4) 

, U / Å2 = U(O1)  = U(O1) 

O7    

 + wycoff letter 2 a  2 a

, SOF 1.0 O  1.0 O 

, x, y, z 0.413(2), 0.024(8), 0.099(13)  0.4202(14), 0.049(6), 0.100(5) 

, U / Å2 = U(O1)  = U(O1) 

O8    

 + wycoff letter 2 a  2 a

, SOF 1.0 O  1.0 O 

, x, y, z 0.0974(17), 0.737(7), 0.773(17)  0.0846(14), 0.674(6), 0.774(5) 

, U / Å2 = U(O1)  = U(O1) 

O9    

 + wycoff letter 2 a  2 a

, SOF 1.0 O  1.0 O 

, x, y, z 0.193(2), 0.483(9), 0.546(14)  0.1821(17), 0.452(6), 0.524(4) 

, U / Å2 = U(O1)  = U(O1) 

O10    

 + wycoff letter 2 a  2 a

, SOF 1.0 O  1.0 O 

, x, y, z 0.408(2), 0.500(9), 0.603(14)  0.4009(16), 0.542(6), 0.593(4) 

, U / Å2 = U(O1)  = U(O1) 
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O11

 + wycoff letter 2 a  2 a

, SOF 1.0 O  1.0 O 

, x, y, z 0.414(2), 0.491(8), 0.105(14)  0.3997(16), 0.531(5), 0.106(4) 

, U / Å2 = U(O1)  = U(O1) 

O12    

 + wycoff letter 2 a  2 a

, SOF 1.0 O  1.0 O 

, x, y, z 0.003(3), 0.012(9), 0.508(6)  0.0124(18), 0.022(5), 0.509(4) 

, U / Å2 = U(O1)  = U(O1) 

O13    

 + wycoff letter 2 a  2 a

, SOF 1.0 O  1.0 O 

, x, y, z 0.3019(14), 0.250(10), 0.824(15)  0.3005(12), 0.283(6), 0.827(5) 

, U / Å2 = U(O1)  = U(O1) 

O14    

 + wycoff letter 2 a  2 a

, SOF 1.0 O  1.0 O 

, x, y, z 0.190(2), 0.489(7), 0.052(12)  0.1836(16), 0.461(7), 0.058(4) 

, U / Å2 = U(O1)  = U(O1) 

Ba15 (Sr0.85Ba0.15)2Ta2O7 Sr Sr Ba
SOF(Sr1, Sr) = 1 - SOF(Sr1, Ba), SOF(Sr2, Sr) = 0.7 + SOF(Sr1, Ba), SOF(Sr2, Ba) = 0.3 - SOF(Sr1, Ba), SOF(Sr3, Sr) = 1 - 

SOF(Sr1, Ba), SOF(Sr3, Ba) = SOF(Sr1, Ba), SOF(Sr4, Sr) = 0.7 + SOF(Sr1, Ba), SOF(Sr4, Ba) = 0.3 - SOF(Sr1, Ba). 
Ca60 (Sr0.4Ca0.6)2Ta2O7 Sr Sr Ca

SOF(Sr1, Sr) = 1 - SOF(Sr1, Ca), SOF(Sr2, Sr) = -0.2 + SOF(Sr1, Ca), SOF(Sr2, Ca) = 1.2 - SOF(Sr1, Ca), SOF(Sr3, Sr) = 1 - 
SOF(Sr1, Ca), SOF(Sr3, Ca) = SOF(Sr1, Ca), SOF(Sr4, Sr) = -0.2 + SOF(Sr1, Ca), SOF(Sr4, Ca) = 1.2 - SOF(Sr1, Ca). 

Sr5Ta4O15[14] Ba5Ta4O15[15] (Sr1-XBaX)5Ta4O15 X V V(X) = 
11.4944 + 0.2556 X Ba15 (Sr2.205Ba2.795)Ta4O15 X

(Sr2.205Ba2.795)Ta4O15 [16] Ba5Nb4O15
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Fig. 2.17 Sr2Ta2O7 P21/m Ba10
(Sr0.90Ba0.10)2Ta2O7 Ba15 (Sr0.85Ba0.15)2Ta2O7 Ca60

(Sr0.40Ca0.60)2Ta2O7 P21 Sr
Ta O Uij

U
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Fig. 2.18 TaO6 (a) c (b) b-c a*

TaO6 TaO6

Fig. 2.19 Sr Sr Ba
Ca Sr

Sr
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2.3.4

Bond Valence Sum (BVS) 2.3.4.1

Sr2Ta2O7 Ba10 Ba15 Ca60

Bond Valence Sum BVS

Table 2.5 Table 2.8 Sr Ta BVS

+2 +5 Sr-O

Ta-O

, SOF Bond Valence Parameter, R0 [17] BVS 

Sr 
Sr1 1.0 Sr 2.118 2.069 

Sr3 1.0 Sr 2.118 2.159 

Sr 
Sr2 1.0 Sr 2.118 2.194 

Sr4 1.0 Sr 2.118 1.952 

Ta 
Ta1 1.0 Ta 1.92 5.176 

Ta3 1.0 Ta 1.92 5.17 

Ta 
Ta2 1.0 Ta 1.92 5.022 

Ta4 1.0 Ta 1.92 5.201 

, SOF Average Bond Valence Parameter, R0
av BVS 

Sr 
Sr1 

0.958(2) Sr / 0.042(2) Ba 2.1250(4) 
2.237 

Sr3 2.092 

Sr 
Sr2 

0.842(2) Sr / 0.158(2) Ba 2.1444(4) 
1.96 

Sr4 2.288 

Ta 
Ta1 1.0 Ta 1.920 5.184 

Ta3 1.0 Ta 1.920 5.024 

Ta 
Ta2 1.0 Ta 1.920 5.107 

Ta4 1.0 Ta 1.920 4.892 

 Sr Bond Valence Parameter R0 Sr2+-O2- Ba2+-O2+

2.118  2.285 [17] Sr Ba Average Bond Balance Parameter
Ta Bond Valence Parameter R0 Ta2+-O2- [17] 1.920

Table 2.5  Sr2Ta2O7 Bond Valence Sum BVS

Table 2.6  Ba10 Bond Valence Sum BVS
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, SOF Average Bond Valence Parameter,  R0
av  BVS 

Sr 
Sr1 

0.931(3) Sr / 0.069(3) Ba 2.1296(5) 
2.219 

Sr3 2.104 

Sr 
Sr2 

0.769(3) Sr / 0.231(3) Ba 2.1565(5) 
1.977 

Sr4 2.332 

Ta 
Ta1 1.0 Ta 1.920 5.002 

Ta3 1.0 Ta 1.920 5.102 

Ta 
Ta2 1.0 Ta 1.920 5.029 

Ta4 1.0 Ta 1.920 5.059 

Sr Bond Valence Parameter R0 Sr2+-O2- Ba2+-O2+

2.118  2.285 [17] Sr Ba Average Bond Balance Parameter
Ta Bond Valence Parameter R0 Ta2+-O2- [17] 1.920

Table 2.7  Ba15 (Sr0.85Ba0.15)2Ta2O7 Bond Valence Sum BVS

, SOF Average Bond Valence Parameter,  R0
av  BVS 

Sr 
Sr1 

0.378(3) Sr / 0.622(3) Ca 2.0240(4) 
1.947 

Sr3 2.093 

Sr 
Sr2 

0.422(3) Sr / 0.578(3) Ca 2.0308(4) 
2.086 

Sr4 1.732 

Ta 
Ta1 1.0 Ta 1.92 5.091 

Ta3 1.0 Ta 1.92 5.184 

Ta 
Ta2 1.0 Ta 1.92 5.286 

Ta4 1.0 Ta 1.92 5.176 

 Sr Bond Valence Parameter R0 Sr2+-O2- Ca2+-O2+

2.118  1.967 [17] Sr Ba Average Bond Balance Parameter
Ta Bond Valence Parameter R0 Ta2+-O2- [17] 1.920

Table 2.8  Ca60 Bond Valence Sum BVS
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TaO6 Sr2.3.4.2

Ba10 Ba15 Ca60 a* Fig. 2.20

Fig. 2.20 Sr b

b-c

a* TaO6

O c

O c

O-O

Sr b

O-O Sr O-O

Sr Ba Ca TaO6

TaO6 b-c a*

Fig. 2.20 TaO6 b-c a* Sr b
a*
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Sr b TaO6

Sr O

Table 2.4

2.3.4.1 Sr Ta

Bond Valence Sum BVS +2 +5
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2.3.5

Fig. 2.21

Sr2Ta2O7 TaO6

O Ta TaO6

Sr2Ta2O7 Ba10 Ba15

Ca60 2

Ta TaO6

Sr2Ta2O7

Ta5d-t2g O2p Ta5d-t2g O2p

Ta5d-t2g O2p Ta-O-Ta

2.3.5.1 2.3.5.2

TaO6 Ta-O-Ta

Fig. 2.21
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2.3.5.1

Fig. 2.22

TaO6

Fig. 2.23

Sr Ba

Ba10 Ba15

Sr2Ta2O7

TaO6

TaO6

Fig. 2.22 (i) 
 (ii) 

Fig. 2.23 TaO6 Ta
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Ba Sr

Sr Sr

Ca Ca60 Sr2Ta2O7 TaO6 TaO6

Ca

Sr Sr

Ba Ca Ta

Fig. 2.24

Sr2Ta2O7 Ba10 Ba15 Ca60

Ba Ca

Ca Ba

Ba Ca Ta

Sr Ba Ca

Fig. 2.24
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2.3.5.2

Fig. 2.25 Ta-O-Ta Ta-O-Ta

Ta5d-t2g O2p

Ta-O-Ta

180o Ta5d-t2g O2p

Ta-O-Ta 180o

Ta5d-t2g O2p

Fig. 2.25 (iii) Ta-O-Ta
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Ta-O-Ta Ta-O-Ta

20 Ta-O-Ta

Fig. 2.26 Fig. 2.26

20 Ta-O-Ta

Sr2Ta2O7 Ba10 Ba15 Ca60

Ta-O-Ta Sr Ba

Ba10 Ba15 Sr2Ta2O7 Sr

Ca Ca60 Sr2Ta2O7 10o Ta-O-Ta

Ca Ta5d-t2g O2p

Ta-O-Ta

Sr2Ta2O7 Sr Ba

Sr Ca

Fig. 2.26 20 Ta-O-Ta 20
Ta-O-Ta

150

160

170

180

Ca60 Sr
2
Ta

2
O

7
Ba10 Ba15
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2.4 

Sr2Ta2O7 Ba Ca

Table 2.9 Sr2Ta2O7 Sr Ba Ca

TaO6 TaO6

Ta

Ba Ca

TaO6 TaO6

Ta-O-Ta Ba Ta-O-Ta

Ca Ta-O-Ta 180o

Ta-O-Ta 180o

Ta5d-t2g O2p

Table 2.9 Sr2Ta2O7 Ba Ca
e h
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3

3.1 

3.1.1

Sr2Ta2O7 (Sr0.85Ba0.15)2Ta2O7 Ba15

Sr2Nb2O7

isobaric mode 3.1.2

Gruneisen parameter, iP

iT

iP [1][2]

3

ln
ln

iT
T

i

i

T

T

i
iT rK

P
K

(3.1) 

i

P

i

iP

i
iP T

1
ln
ln

(3.2) 

i i KT

i ri i

iP i i

[2] i iP
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i

i = i0+( i / T)P (T T0) (3.3) 

iP

i0 T = T0 = 298 K i (3.2) 3

i i0 iP

3.1.3

1273 K  1773 K

298 K 1773 K

ZrO2

Fig. 3.1 [3] Fig. 

3.1

Fig. 3.1 298 
~ 1773 K

ZrO2 [3]
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1473 K ZrO2 Fig. 3.2

[4]

Fig. 3.2 488.0 nm
363.8 nm 1473  K

ZrO2

[4]
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3.2 

3.2.1

 Sr2Ta2O7 (Sr0.85Ba0.15)2Ta2O7 Ba15 2

Sr2Nb2O7

3.2.2

T64000 Atago Bussan Co., Ltd., Japan

Fig. 3.3 363.8 nm

CCD

CCD

G1 S1

Fig. 3.3 T64000 Atago Bussan Co., 
Ltd., Japan
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S2

S2 G2

G1 G1

S2 S3

G3

10 K / min. 1 K 10

3.3 

Sr2Ta2O73.3.1

Sr2Ta2O73.3.1.1

298 K 1673 K

Sr2Ta2O7

Fig. 3.4

Hg

22

i = 

, 1 ~ 20

Ito

[5]

Sr2Ta2O7 473 K
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Raman shift / cm -1
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1716*15
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111098
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5 6
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1

Fig. 3.4 298 K 1673 K
Sr2Ta2O7 Hg

298 K
473 K

1~20
* i
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i = 2 298 K

473 K 773 K

Origin 6.1 PFM

i = , 1 ~ 20

Fig. 3.5

2 Sr2Ta2O7 P21/m Sr2Ta2O7

443 K Cmcm [6]-[9] Fig. 3.5

473 K
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Fig. 3.5 Sr2Ta2O7

i 1 ~ 20
i 2

P21/m 443 K Cmcm
[6]-[9]
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Sr2Ta2O7 Isobaric mode Gruneisen parameter 3.3.1.2

i = 1 ~ 20 473 K (3.3) i = 

i0 i T)P (T - T0) i0 i T)P (3.2)

isobaric mode Gruneisen parameter iP Table 3.1 Fig. 3.6

Sr2Ta2O7 (1 / V0) V T)P = 1.83 × 10-5 K-1 [10]

(cm-1) (cm-1/K) ( ) 

l 61.2(2) -0.00321(15) 2.87(14) 
2 89.3(19) -0.0080(17) 4.9(11) 
3 95(2) -0.008(2) 4.4(12) 
4 125.4(4) -0.0089(3) 3.88(13) 
5 141.4(4) -0.0093(3) 3.61(13) 
6 198.7(17) -0.0125(12) 3.4(4) 
7 247.6(4) -0.0062(4) 1.36(10) 
8 285(3) -0.010(3) 1.9(7) 
9 298(4) -0.005(4) 0.9(7) 
10 326.7(15) -0.0083(18) 1.4(3) 
11 352(3) -0.016(3) 2.4(6) 
12 362(4) -0.009(4) 1.3(7) 
13 431(2) -0.0066(19) 0.8(2) 
14 446(3) -0.007(3) 0.9(4) 
15 459(4) -0.003(3) 0.4(3) 
16 581(3) -0.019(3) 1.8(3) 
17 630.1(7) -0.0186(7) 1.61(6) 
18 790(5) -0.002(5) 0.2(3) 
19 840.59(12) -0.01207(9) 0.785(6) 
20 884(3) -0.003(3) 0.16(18) 

i0 473 K T
= T0 = 298 K

Table 3.1 Sr2Ta2O7

i0 ( i / )P iP
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Table 3.1 Fig. 3.6 i = 7 ~ 20

i = 1 ~ 6 iP iP (3.2)

i

iP i

iP i = 7 ~ 20

iP i = 1 ~ 6

Sr2Ta2O7 (A Sr B Ta)
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Sr-O iP

iP i = 1 ~ 6 iP

i = 7 ~ 20 iP
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Ito Sr2Ta2O73.3.1.3
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iP
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(Sr0.85Ba0.15)2Ta2O73.3.2

(Sr0.85Ba0.15)2Ta2O73.3.2.1

298 K 1773 K

(Sr0.85Ba0.15)2Ta2O7 Ba15 Fig. 3.9

Hg 22
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298 K 373 K

Sr2Ta2O7

i = , 1 ~ 20

Fig. 3.10

Fig. 3.10

573 K
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(Sr0.85Ba0.15)2Ta2O7 Isobaric mode Gruneisen 3.3.2.2

parameter 

573 K (3.3)

(3.2) isobaric mode Gruneisen parameter iP Table 3.2 Fig. 

3.11 (Sr0.85Ba0.15)2Ta2O7

Sr2Ta2O7  1.83 10-5 K-1 [10]

(cm-1) (cm-1/K) ( ) 

l 60.4(2) -0.00495(16) 4.48(16) 
2 87(2) -0.006(2) 4.0(14) 
3 91.3(18) -0.0058(16) 3.5(10) 
4 126.1(5) -0.0105(3) 4.55(17) 
5 138.1(7) -0.0101(5) 4.0(2) 
6 201.2(10) -0.0139(7) 3.8(2) 
7 244.5(3) -0.0052(3) 1.16(7) 
8 286(2) -0.008(3) 1.6(5) 
9 298(3) -0.004(3) 0.7(6) 
10 327.6(14) -0.0096(14) 1.6(2) 
11 354(5) -0.016(4) 2.4(6) 
12 360(6) -0.006(5) 0.8(8) 
13 432(3) -0.008(3) 1.0(4) 
14 447(3) -0.011(3) 1.4(3) 
15 465(3) -0.008(2) 0.9(3) 
16 571(5) -0.012(5) 1.1(5) 
17 629.0(12) -0.0167(10) 1.45(9) 
18 793(13) -0.003(13) 0.2(9) 
19 843.14(15) -0.01591(11) 1.031(7) 
20 880(11) -0.009(11) 0.5(7) 

i0 473 K T
= T0 = 298 K

Table 3.2 (Sr0.85Ba0.15)2Ta2O7

i0 ( i / )P
iP
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Sr2Nb2O73.3.3

Sr2Nb2O73.3.3.1

298 K 1643 K

Sr2Nb2O7 Fig. 3.12 Hg
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1643 K Sr2Ta2O7 443 K Cmcm
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Fig. 3.14 i = 2
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Sr2Nb2O7 Isobaric mode Gruneisen parameter 3.3.3.2

Sr2Nb2O7 573 K ~ 1473 K

(3.3) (3.2)

isobaric mode Gruneisen parameter iP Fig. 3.16

 (1 / V0) V T)P = 3.31 10-5 K-1 [16]
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Sr2Nb2O7 Sr2Ta2O7 Fig. 3.17
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Nb-O
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3.5 

Sr2Ta2O7 (Sr0.85Ba0.15)2Ta2O7
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Appendix 2

A.1 A2B2O7 I1 I2 II

BO6 I I1 Cmcm, Z = 4

I2 P21/m, Z = 4 2 BO6

II Cmc21, Z = 4 1 I

I1 I2 II Fig. A-1

Z A2B2O7 Z = 4

A2B2O7 A 8 B 8 O 28

Fig. A-1. A2B2O7 I I1 I2 II
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A.2 I2 Sr2Ta2O7

I2 P21/m, Z = 4 I1 Cmcm, Z = 4

Appendix A.1

2 I2 Sr2Ta2O7 Fig. A-2

TaO6

TaO6 TaO6 c

Sr a

a Sr

Fig. A-2 Sr

TaO6 Ta

Fig. A-2. 2 I2 Sr2Ta2O7



Appendix 

85 

Sr TaO6 Sr

Ta

TaO6

c TaO6

TaO6

Ta Sr

Sr-Ta

Sr TaO6 O Sr-Ta

A.3 A2B2O7 4 III

III BO6 A

Fig. A-3 III1, III2, III3 III4 [1]-[4] Fig. A-3

A

 , , 4

A

III1 A

III2 III3 A

III3

A TaO6

A

III4 II



Appendix 

86 

4

IC

[1] M. Gasperin, Acta Cryst., B31 [8], 2129-30 (1975) 

[2] K. Scheunemann and Hk. Muller-Buschbaum, J. Inorg. Nucl. Chem., 36, 1965-70 (1974) 

[3] K. Scheunemann and Hk. Muller-Buschbaum, J. Inorg. Nucl. Chem., 37, 1679-80 (1975) 

[4] K. Scheunemann and Hk. Muller-Buschbaum, J. Inorg. Nucl. Chem., 37, 2261-63 (1975) 

Fig. A-3 A2B2O7 III III1, III2, III3 III4 [1]-[4]


