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xPT = xP + Ax (2.106)

0000000000000000000000000 Ax=0000000000 %
00000000000
0000 S(x) O

}:w fil (2.107)

0000000 (2105 0000000000DO0O0ODOO

PS N[ 0fi ofi )

Oz;0ry 22[8xjwi8xk - axjakai(yi — filx )) (2.108)
9S _ ~~90fi »

o, —-2i:1 axjuhhh fi(x?)] (2.109)

000000 (2.108)0 mxm O0O0O00OO0OOO0O0ODOQO Hessian 00000 0O (2.105)
000000000000000000000000000000000 Newton O (
Newton-Raphson 000 00)00000000CO00O0O0OCOCO0OODOOOOODOOO
000000000000 O0ODODO0O000000fi(x) D 200000000000
000000000000 00D00DO0000DO0000 Gauss-NewtonOODOGOODOO
O00000D00000000000 MarquardtO OO OO OMarquardtO OO OO0
000000000000000000 MEM(Maximum Entropy Method) D 00000
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(AWA)Ax = AW (y — f(x)) (2.110)

0000000000000 000000000x0 AxOyO Ay=y—f(x)0OO
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(AWA)Ax = AWAy (2.111)
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xPH) = x®) ¢ o Ax (2.112)

D000000000«000000000000000000000000
S(xPD) < 5(xP) (2.113)

oboboboobooboobd

_ Az = —2AXA(y —f)
OX |, (2.114)

— —2AXAAAx = —2[|AAZ|? <0

0
— S(xP)
S(x"P) + aAx)

a=0
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S(x+0d-d)=S(x) +5<Z djg) + O(6%) (2.115)
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doboooooooooooboooobooooooooooobooooooooooo
gooooooooodoonodooodooboooooooooooooooobood
O000000000000000 Gram-Charlier Series Expansion (GCE) 0 0 0O OGCE
O00D0001.03.000000Gauss0000000O0ODOOODOODODOODODOO
goooooooooooooooo

Joo0doooooooooodoooooooooooooonooooooonon
O000000000ooooo 50

obooboon

paveraged(r) = Pstatic *¥ bdt (2124)
_ / praie(r — 1) PAf()du (2.125)

where * denotes convolution

00000000 GCEDUOOO0OO0OO0OOOO (One-Particle Potential : VOPP)
goooooo
T(Q) = (') = / Pdf(u)e'Qdu = F[Pdf(u)] (2.126)

o0

<> : emsamble or time average

F : Fourier transform operator

GCE O OO PDF
1 .. 1 .
Pdf(u) = Pdfhar(U) (1 —+ ngijeijk(U) —+ Ec”leeijkl(u) + ) (2127)
He;ji,.. : generalized Chebyshev-Hermite polynomials

VOPP 00O PDF °

Pdf(u) = N - Pdfhar(u)(l - cijkuiujuk - cijkluiujukul + ) (2.128)

N : normalization factor

SVOPPOOOO PDFOOD
Boltzmann 00000000000 VOPP (V=W + Viae+Vaen) O PDEFOOOOODOODOOOODO
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GaussUOODOOOODOODOODODOOOOOOOOOODODODODODOOO
suoggboboboooobboogd
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gogdoooooooobbbbbtbooooooooouoooboobobobbbood
goodddooooobbbbbbtoooooooouooooobobobboon
00000000 (symmetry-adopted linear combination : SALC) 00 O O O O Point
Symmetry D 000000000 0O0ODOO0ODOOODOOO

gbooooogn

gbbboodgbobboooobobodan

Schrodinger [0 0 0

hQ 2 1 2
B '3 f o) = Eo(o) (2129)
gbooooooboobgon
Pdf(u) = %eXp(—V/kBT)
= %exp(—(vo + Vhar + Vann)/kBT)
1

=7 eXp(_Vb/kBT) exp(_vhar/kBT) exp(_vanh/kBT)

— N

~ ? eXp(—Vhar/k‘BT)(l — Vanh/kBT)
=N Pdfhar(u)(l - cijkuiujuk - cijkluiujukul + )
kp : Boltzmann constant, 7T :temperature,

Z = [exp(=V/kgT)du, Z'=Z/exp(—Vy/ksT)
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3 3
Ezz}jlﬂM::EZ(nf+%)hwm wi =\/ki/m, n;=0,1,2, ... (2.130)

3 3
o(x) = [[ &4 = [T NoiHu (0 zi)e /2 (2.131)
1/4
« 1
a; = w;m/ ’ (W) T

H,, : n;-th order of Gauss-Hermite polynomials

goooog

gbbbuodgbbbuooobbooogbbbuoobbboooobbogao
oboooooooooooo v, obooboobbuooboboboboonog

Schrodinger 00 0O O

[_%VQ + Vhar + Vanh:| ¢(r) = EQ?(") <2132)
Y(r) = cupul(r) (2.133)

¢n(r) : wave functions of anisotropic harmonic oscillator

¢, : expansion coefficients to be solved

24.3 0J00O0OO0OOOO0OO SALCOOOO

V,,, 000000000000000000000000000000000000
000000000000000000000000000000000
3m(Td) 0000000

000 Hemite 0000000 40000000000000000000000
00000000000000000000 (AET)000000000000000
imn) 00000 Hermite D000 ¢l¢ ¢, 0000
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1st 2nd

Ay |200) + [020) + |002)

Ap

E 21002) — |200) — |020)

( |200) — |020) )

Ty

T> | (]100),|010) , |001)) (|110) ,|101),]011))

3rd 4th

Ay 111) |400) + [040) + |004)

|220) + |202) + |022)

Ag

E 21004) — |400) — |040)

|400) — |040)
21220) — |202) — |022)
|202) — [022)

T |210) — (012) |310) — |130)
|021) — |201) |031) — |013)
|102) — [120) |103) — |301)

T, | (]300),|030) ,]003)) |310) + [130)
|210) + [012) |031) + [013)
|021) + [201) |103) + [301)
[102) + [120) (|211) ,]121) ,]112))

T Normalization factor is omitted.
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gooboogobbboooboboboooo20b0bbooooboboboooobon
oboooogbo pbFOODDODOOODOODOO

i J

U : symmetry adopted wave function of the system
¢; : Hermite basis function of the system

|lmn) : product of one-dimensional Hermite functions ¢;¢/, ¢,

pOoroOO0nooonooong

Pdf = an\ll’;‘lln with normalization an =1. (2.135)

n

v, : symmetry adopted wave function of the system

pn : occupancy factor for ¥,

gooboooobbboooobobboooobobobo 230b000an

Basis set
¢1 = (]200) 4 [020) + [002))/V/3
o2 = 111)
Wave functions
¥y = |000)
Uy = (o1 + ¢2)/V2
PDF

Pdf(u) = 0.700; + 0.3050,
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(c) U, (d) U5, (e) 0.7%50, + 0.3W;W,

0 2.3: Example of wave function and PDF in 43 m (or T4) field symmetry

2.4.4 Gram-Charlier 00O OOOOO PDF

Gram-Charlier 00000 Gaussd 0O Pdf(u) O Gram-Charlier 0 000000000
O0000D0 GaussOOODOODOODODODOODOODOODODOODODOODOO Gram-
Charlier OO OOOOODOO0ODOOO0ODOODODOODOOOOOODOOODOODOOO
gobbobboogoooboboboobbbooooooobobbbooooooboon
guoooooooooobbbbbbtoooooooooooooobobbboboon
guddodoooooobbbbbuooooooooououooooboboboboon
goodooooooobobon

1 .. 1
Pdf(u) = Pdfy.(u) (1 + 5c”klﬁ[ijk(u) + Ecw’flmjkl(u)
1 . 1 .
+ EcmklmHZ’jklm(U) + acmklmnH@'jklmn<u)) (2136)

H;jy,... : generalized Chebyshev-Hermite polynomials

Cijk... : expansion coefficients

25 UO0OO0OOOODOOODOO

000 PDFO Boltzmann 00000000 DO0OOOO0O0ODOOO0OOOOOOOO
O Effective One Particle Potential OO0 O OO0OOO0O0OO
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V(u) = —kgT In[Pdf(u)/Pdf(u = uy)] (2.137)

kg : Boltzmann constant T : temperature
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gooogg

26 U0O0OOOOOOOOOOOOO

KEK PF BL-14AO00O000O0 XOOOODOOOO gbobodgoobooooon
gboboobooboobobooboobooboboobuoobobbobod
Dooboboobobooobobo20300 PRFODODOpO0DOOOODOODODO
gbobbuogoboboboooobbbooobbobuoooobboooobboood
00000000000 PFOOOO2009G005000000000000 (2010R-12)
gooon

0O

1. 000.753A000 04mmO 00000000000 0.lmmO00 00O0O0O0D0OO
2. 000000AD000000000D0OSID0DO0D0DOO0ODOOo0OobDOoODD
. 00boobobbobsobooboobobbobooo

4. 0000000-26400000000000000000000 (axpr)000
000 (eps) 0000

5. 0200 0040000000000020000000000

0d

ool xgd yuououououooooooooooooooobboobobo
gboboboooobbbogoobbblcotoooobbbooobboboooobn
gioodobobooooobbbuo4e620b0bo0oooboboboooonoon
O300000000000000000O00O00ODO cos30°C DOOODOODODOO

34



oboboobooboobobooboobobbooboobooboboobon
gbobbuooobbboooobbuoooobbbooobbbuooobobboood
gbobooogoooboooobon

00 04mmUonogon

D00 o04dmmO0dogbobOobobobuobooooboboobobobonbg
gobo300pm 000 oooooooood

"2bar_6_4.txt_tmp" u ($10*sqrt(3.)/2.:11:8
3e+05 ======-
2e+05 sroveses
1 E+US ———

150

T

—
o

i

=

z WA
#

1

'''''''
& @
v -® el e

-
1

100

P, # . %
" . %
& L] o b & !
. s o el N 4 150
" ® L
e e Y L LTI T LA o

] 1 "'"'----I----------------I---------------I--------------I B 1 1 ] _2[}0
-200 -150 -100 -50 0 50 100 150 200 250 300

024 00004mmO00000000000O000O0O0O00O0O :x0D00000O0z0000
gbobbobooboobooboobobboboobooboobo

OO0 0.8mmU0dogon

xO0OOOOOOoOooooOoO (x)00o000o0od (yybooooooooooooo
oboobobboboboo

35



a/si_101004/ing

cps

350000

300000

250000

200000

150000

100000

50000

ident_be;am_inteﬁsity_chéck/Zbar_g6_4_incibent_pinf!10le=0.8g_.txt" u (§10*sqrt(é.)/2.):8 ;

0
-700

-600

-500

-400 -300 -200 -100

025 000 (x)00000

36

0



cps

350000

300000

250000

200000

150000

100000

50000

T T T T
"2bar_6_4 incident_pinhole=0.8_.txt"u 11:8 ——

026: 000 (x00000

400

gobobooogobobbooooobobobuoooooobbooooobbbooaon

gbbboogobbbouooan

gbbobooggbbobuoooboboboooobbbooobboooobboood

gobobogooboboooobbboooobobobooonobobooooboboood

gbbbuogobbbuooobbbuoooobbboodobbbooobobobooan

gboboboooobobooon

37



oy

1]

L. V. Azaroff. Polarization correction for crystal-monochromatized X-radiation. Acta

Crystallographica, Vol. 8, No. 11, pp. 701-704, Nov 1955.

P. J. Becker and P. Coppens. Extinction within the limit of validity of the Darwin
transfer equations. I. General formalism for primary and secondary extinction and
their applications to spherical crystals. Acta Crystallographica Section A, Vol. 30,
No. 2, pp. 129-147, Mar 1974.

P. J. Becker and P. Coppens. Extinction within the limit of validity of the Darwin
transfer equations. II. Refinement of extinction in spherical crystals of SrFy and LiF.

Acta Crystallographica Section A, Vol. 30, No. 2, pp. 148-153, Mar 1974.

P. J. Becker and P. Coppens. Extinction within the limit of validity of the Darwin
transfer equations. III. Non-spherical crystals and anisotropy of extinction. Acta

Crystallographica Section A, Vol. 31, No. 4, pp. 417-425, Jul 1975.

C. Scheringer. Negative volumes and central moments of anharmonic probability
density functions. Acta Crystallographica Section A, Vol. 44, No. 3, pp. 343-349,
May 1988.

38



U030 bbtbbbbtbobobtbdoot
SI‘1PI‘4(SiO4)3ODDDDD

3.1 0OOO0OO

0000000000000000000000000000000000000
(Solid Oxide Fuel Cell, SOFC) 000 0000000000000 O000000000
oooooQ

000000000 199500 Nakayama 0000 [16,17]000000000000
000000000000000000000000LngeSigOsr(Ln=La, Nd, Sm, Gd,
Dy) 0000000000 La>Nd>Sm>Dy 0000000000000000000
000000 [160c000000000000¢000000000000000 [20]0
00 c000000000000000000000000000000000000
000000000000000000000000000 SryPry(Si0,);000000
000 XO00OO0O0OO0OO0OoOoOooo

3.1.1 0O0O0OOoOooOoo

0000000 P63/mO000000O0O P63OP3ODO0O0OOP6;/mO0CDOOOO
oboooboboobooooboo3sgooMioM2O00 TODODODOODODDOOOOoODOO
4000 Oo10o020030 00 o40D0000ooOooOoooboooooDooOo s10oDooo
000000 MIuM24(TO4)30, 0000000 x=100000100 0400000
gbobogdbbbdidiix<10bbuddibx>1oggobbogogbboogon
00000 O05S0000000000O0S0000000ODO0O00ODO (1,35, 11)00000
gbooboooon

39



al

U 310000

REODOOOUDAEOOOOOUOOODAOOOCOOOOOOODOUOOOOOOOOoM1O
M2O0TOOOQOOOOoOOoOoOooooOoooDooooooogooogogooogogo
M1 O : RE*OAE*DATOOO
M2 O : RE3t O
TO :Si*t O
M1IOO RE* 0O AE* 00 ATODODOOOAEX OO0 ATO0DO0OO0OOOO OO
OoogoooMiOOOoOoOoooooDooooooooooogogoooo M1oOOd

gbooboboboboboo20b3000bogboobobogobooogon 3200
ooooo

40



t/C

800 600 400 300 200
T 1 1T 1T 1 | T

- o
| |
ﬁfﬁﬁ
DQO
O
2
O
:8
©
| 1

log(cT / Sem ]K)
G L
|
O
Uo
Uo
0o
|

n O
-4r l"o 0O o
5-'
-5t ue S
RE,Sr(Si04),0
MIEESBE | |
1.0 s 20
T /x107(K)

Fig. 2. Temperature dependence of electrical conductivity for sintered samples:
(O) Lay33(Si04)602; (@) Sr2Lag(Si04)602; (O) Ndo 33(SiO4)s02: (M)
SroNdg(Si04)60,.

032MIO000OMIOOOOOOOOOOOOOO [15]

ooooobooboboboM20b00bOobOobOoboM20b00bO0bObODO
0000000000000 TO S 000000000000 ABTOMg2rO00
Dbhobooboobooboboosuoobo2000b000b0ob0 TOhOoOoDOD
gobobuogdoboboogobbboooobbboooobbbooooobooon
gbbbuoodgobbboobooobbboooobbbuooobbboooobn
00000000000000000000000 [16,17,18, 29000000000
gbobobodgg 33dbubbouguoobodgag 340000

41



0.75

1M Dy Gd 'Sm Nd T la
0.975 [ 4 0.725
% 0.95[ 1 07 %
0.925[ 4 0.675
0.9 L L 0.65
0.09 0.095 0.1 0.105

ionic radius of Ln**/nm

Fig. 2 Relationship between the ionic radius of Ln?* and the lattice
constants of Ln,y(510,)s0; with the hexagonal structure

033 00000000000000 [17]

0 —5 & Tpy Gd Sm Nd T L ]2
Y

=43
120 |- 9
=40
j=]
T =
re] 3]
€ 100 | 45
g £
Q
u 4692
o
80 - b=
°

47

60 1 ] ] 8

0.085 0.09 0.095 0.1 0,105

ionic radius of Ln®*/nm

Fig. 4 Relationship between the ionic radius of Ln*' and the
electrical properties. Note that the four samples with smalier ionic
radius (Ln=Y, Ho, Er and Yb) are monoclinic, while the others are
hexagonal.

034 000000000000 [17]

3.1.2 0000

MiooOoooMiOOoOobOOobooDOoOobOOobOoooOoobobooooobobooooo
gboooaodgg

42



Mi1OOODO

035 MIOOOODOOOOO :cO0O0O0DOOOO [7]

000000000 35000000000000000000 [70O

Mi1OOODOO

036:MIOODODODODOOOOO :cOO0O0ODOOOOO [32]

MIOOOODOOOOOD O4000000000 0400 04000000000 [32]0

43



obooboon

037 0000000000000 :cO000OoOoOoOoO )

Oo0000O0O0oO0oDo0oooooOoobbooooohgooooo3oo40ononm
OcOO0O0OOOOO [1, 350

3.2 OO

O000000000000000000000000000000000 Sr1Pry(Si04)30
O00o0bOoOoooboogoooboogoeCc ooboooobopooooM1IOooonoo M1
ooboooboz230000ooobooobooooooMiObooooooooooogon
gbbboggbbobuooobbobuooobobbooobobboooobbboooon
oboboboobooobooobooobooMIODOoOobooobooboobooboobo

3.3 Uooong

000 CCDOOOOO0O00 30000 (BrukerAXS Smart Apex 110 MoK, ) 0 OO
O00000D00 RTO300°C O500°C O700°C OOO 900°C DOOODOODOOO
ooooobooboboboboboboobooboMIDOoD M2DOO0DODO40
OGCEODODOODOODODOOOOOoOoooboOooDn

44



34 0O0OOOO
3.4.1 Mi1OOOOOOOOODOOO

MIOOOOOOOOOOOOoOOOsS0% 0000000000 380000

o1 o1 o1
03 M1 03
02 02 02
23°C 500°C 900°C

038 MIODODODOODODOOO0OO0OO0OOLK% 00000000 :cO00000ODODOOO

MIOOODOOOOOOOOoOOoOoo9O%uooooooooo 390000

23°C 500°C 900°C

039 MIOODOOOOOOOOOODO% 00000000 :c0000D0ODOOOO

O3j00o0b0bOobOOo0obUb0cObObOO0OObOODbODODODOODODODbOOMI
gbbbooodgbbbodchbbbboooobbboooobbbboooobbo
M1-O30O0O0O0Ooobooboooooooooboboooog

3.4.2 M2O00000O0O0OOOOOO

M200000000000000 LK% 0000000000 3100000

45



23°C 500°C 900°C

0 3.10: M2000000000000OMK%00000000 : c00O0O0DOOO
00

M200000000000009% 0000000000 3110000

23°C 500°C 900°C

0 311: M200000000000009% 00000000 :c00D0O0OODOOO

M2OO0OOOOOoOOoOoOobOOoOoboobooOoboobobooboobDbuoobboon
OoOoooooooooo40oooboooooboooobbogoooboooooo
gbooboogoon

34.3 UO0OOOOOOOO

MiOOOoOOooOooOooOooooboobooMiooooooooooooooooooo
0000000000000 0000 [4jo0o00000ooooooooooooo
gooboobobooobboobboobboobbooboboboobooboo 31200
0 3.130040d

46



t/°C
600 500 400 300
| | | [
& Sry gNdg 13(Si04)60;
[0 SrygNdg 63(Si04)50,
O Sry,g5Ndg 035(Si04)s0,

6.7%

Nd9,33(5i04)602
. o)
o |0.7%
) 0
g 0.179 M4.665[]0.335
()
|_
o ol M4.965D0.035
53 0%
M4.9915Do.0085
4 Sr,Ndg(Si0,)s0,
MSDO
_6_
| | I
1 1.5 2
T x 103%™

Fig. 3. Temperature dependence of electrical conductivities along the c-axis
for Sry Ndg 5, ,3(8104),02, NSO and SNSO single crystals.

O 312 M1OOOOooOOooooooboob:0oboboboboobooobooboboon
MiOOM2O0O0OOOOOOOOOODOOOO

O 3120MiIO0OO00OO0O0ODOO0O 3000000 20b00000b0000000O0
gobobuogooboboooobboooobbboooobbooooboobobooon
oboobooobooboboboobobobo s12oM1O00000bDOnb0On
gbobbuooobobobuooobbboooobbbuooobbbooonoobooon
OOoooooooMiOOOMIOOOODOOOODOOOoO1IDo20030000000
oboobuooboobgobuoobuoobooboobooboobooM1IDOO
gbobobuoooobbbuooobbboooobbobooooboobbbuoooob
oboobooboobuoobuoobooboooMiIooboobOooboobOoo
oboobooboobgobuoobooboobooboobooboobo M1IOO
oboooMigobooobooboobobooboobooboobuooboobo

00000000000 00o0o0™booOo 6.7%000000000000000
gbbbuoodbbboooobbuooobbboooobbbooobbbooan

47



gobobooooboobbbuoooobbbooooobbboooobboboooon
gbobbuoodobbboooobbbooobbbuooobbboooobbooon
gbboboooobbbooobboboogobbbuoooobon

000000000 0DO0OoM200000000000040 cOO0DOODODOO
oboooboobbgoboooboobboobbooboooMIOoonDODOoO
ooo40b00b0bO0bOobOoboboboobooboooobooooooooooobog
goboboooobboboooobbobbboooobobboooobobboooon
ooo400000000O0obO0bOobobooboobooboobobobbooboooooDOoo

oooboboooboobobo3sgbobobooobooMIODoobooboonooono 2
oboobooobooobooooMiobboboboobDbooboooboooboooboooo
obhboobboobooobosbbooboboooboobboobbo200000
gboboboogooobooogbo

t/°C

800 600 500 400 300
| 1 | I

4
W Sr;;Nd; 5(Si04)50 ¢
[ Sr,4Nd; 5(Si04)601 5

| NO.AB?Ol

Ndg 33(Si04)60,

log (6T / Scm™'K)
e
|

MO 6
MsOo.

SrNdg(Si04)60, MO,
_6 —

| | I
1 1.5 2

T x 10°K"

Fig. 4. Temperature dependence of electrical conductivities along the c-axis
for Sro. \Ndg_.(S104)60, . » single crystals.

0313 Mioobooooooooooooooooboobooboo

gb3gdgobobbbbbbouooooobob2bobbbouooooooobon

48



OoooooMiIOOoOOoOOoDOOoOOoOOooOoobOooooboboboooooooo
Ooo00o0d . 300oooooooMIioDboonoogDnDolno220o3bobogooogn
obhoboooobobooobobooM20bO0bDOoOoboOobLOoOoboOoM200 2000
Oo0O00ooo0oooobobooooooooobooMIOgOonDOoOoolbo200300000
gbobbuoodgobbbugouooobbboooobbboooobbbuoooob
ooobobobooboobooooMibODoooMIOooooobOooboboooooo
OoboboMiOoOoOoOooOOooOOooDOobOoooooooooboooDn

3.44 0O0O0OO

MiOOODoOOoOoooooooooooooobooobooMiODoooooooooo
OobobOooboobooboooooobobooobooooboobooooooboOoon M1
OOooogolgonosgooooooooobooobooo Xoooooooooo
Ool1oo2003000booooooooooosgooboooboobo M1-030
OOo00O0o0ooO0oO0ooOoo0ooOoooooooooboooooooboo3bgooooooo
OOo0ooOoDOo0oo0oboooooboDo4bobooooobobopboobooDboo
oooobooobooo3s+gbooobobooboM20b000D0bOO0DbOo0bLOoOonOD
sp’0000000000000000000000000000O0UO0O0OO00O0
oobooboooooM200000000000D0+2000000000000DO00ODO
gbooobooooobooo

OO000000O0O0oO o300 oo300ob0oboooooobooobooDoOoDo
OoO0ooDoOoboo3b o300nooonD s.40boopoooooooobooos-o3b0on
gbobobooodcogoobbbbuoooobbobuoooobbobooogbobooo
004000000

O 3.14: 03-030 000000 : 03-0300000000

49



O30 0300000000 0DbOOobO0bDOoD0DO0DOOslamd0bOO0OOOOOODOO
0000 [7000000000000000000000o0oooooooooOooOon
Ooobooobooboobooooboosgboooooooooooboboobobogoo
0000 T-0000000000000000000 TOO Si**O00ART0O Mg*t
gbbbuoodbbbuoogbbbuooobobbuooobobboooobboooob
ooboooooooooooogoboobo TO OO T-O0DO0b0bOObDbOODbObOOD
goobooogon

50



[]

1]

HREEN

Roushown Ali, Masatomo Yashima, Yoshitaka Matsushita, Hideki Yoshioka, Kenji
Ohoyama, and Fujio Izumi. Diffusion Path of Oxide Ions in an Apatite-Type lonic
Conductor Lag g9(Si5.70Mgo.30)O26.04. Chemistry of Materials, Vol. 20, No. 16, pp.
5203-5208, 2008.

G. Blasse. Influence of local charge compensation on site occupation and lumines-
cence of apatites. Journal of Solid State Chemistry, Vol. 14, No. 2, pp. 181 — 184,
1975.

R. P. Gunawardane, R. A. Howie, and F. P. Glasser. Structure of the oxyapatite
NaYy(Si04)6O0s. Acta Crystallographica Section B, Vol. 38, No. 5, pp. 1564-1566,
May 1982.

M. Hata, F. Marumo, S.-I. Iwai, and H. Aoki. Structure of a lead apatite Pbg(POy4)s.
Acta Crystallographica Section B, Vol. 36, No. 9, pp. 2128-2130, Sep 1980.

Mikio Higuchi, Hiroyuki Katase, Kohei Kodaira, and Susumu Nakayama. Float zone
growth and characterization of pr9.33(sio4)602 and sm9.33(sio4)602 single crystals
with an apatite structure. Journal of Crystal Growth, Vol. 218, No. 2-4, pp. 282 —
286, 2000.

Mikio Higuchi, Kohei Kodaira, and Susumu Nakayama. Growth of apatite-type
neodymium silicate single crystals by the floating-zone method. Journal of Crystal

Growth, Vol. 207, No. 4, pp. 298 — 302, 1999.

Islam, M. Saiful and Tolchard, Julian R. and Slater, Peter R. An apatite for fast
oxide ion conduction. Chem. Commun., pp. 14861487, 2003.

o1



8]

[10]

[12]

[13]

[14]

[15]

Kendrick, E. and Sansom, J. E. H. and Tolchard, J. R. and Islam, M. S. and Slater,
P. R. Neutron diffraction and atomistic simulation studies of mg doped apatite-type

oxide ion conductors. Faraday Discuss., Vol. 134, pp. 181-194, 2007.

Tomohiro Kinoshita, Tomoyuki Iwata, Emilie Bchade, Olivier Masson, Isabelle
Julien, Eric Champion, Philippe Thomas, Hideto Yoshida, Nobuo Ishizawa, and
Koichiro Fukuda. Effect of Mg substitution on crystal structure and oxide-ion con-
ductivity of apatite-type lanthanum silicates. Solid State lonics, Vol. 181, No. 21-22,
pp- 1024 — 1032, 2010.

S. Lambert, A. Vincent, E. Bruneton, S. Beaudet-Savignat, F. Guillet, B. Minot,
and F. Bouree. Structural investigation of Lag 33516024~ and LagAESigOqg, s-doped
apatites-type lanthanum silicate (AE=Ba, Sr and Ca) by neutron powder diffrac-
tion. Journal of Solid State Chemistry, Vol. 179, No. 8, pp. 2602 — 2608, 2006. Von
Schnering 75th Birthday:.

Laura Len-Reina, J. Manuel Porras-Vzquez, Enrique R. Losilla, and Miguel A.G.
Aranda. Interstitial oxide positions in oxygen-excess oxy-apatites. Solid State Ionics,

Vol. 177, No. 15-16, pp. 1307 — 1315, 2006.

Laura Leon-Reina, Enrique R. Losilla, Maria Martinez-Lara, Sebastian Bruque,
and Miguel A. G. Aranda. Interstitial oxygen conduction in lanthanum oxy-apatite

electrolytes. J. Mater. Chem., Vol. 14, pp. 1142-1149, 2004.

Laura Leon-Reina, Enrique R. Losilla, Maria Martinez-Lara, Sebastian Bruque,
Anna Llobet, Denis V. Sheptyakov, and Miguel A. G. Aranda. Interstitial oxygen
in oxygen-stoichiometric apatites. J. Mater. Chem., Vol. 15, pp. 24892498, 2005.

Yuji Masubuchi, Mikio Higuchi, Shinichi Kikkawa, Kohei Kodaira, and Susumu
Nakayama. Single crystal growth and oxide ion conductivity of oxyapatite type
Sr-bearing neodymium silicate. Solid State Ionics, Vol. 175, No. 1-4, pp. 357 — 360,

2004. Fourteenth International Conference on Solid State Ionics.

Yuji Masubuchi, Mikio Higuchi, Takashi Takeda, and Shinichi Kikkawa. Oxide
ion conduction mechanism in REg 33(Si04)O2 and SroREg(Si04)02 (RE=La, Nd)

52



[16]

[17]

[19]

[21]

[22]

[23]

from neutron powder diffraction. Solid State Ionics, Vol. 177, No. 3-4, pp. 263 —
268, 2006.

Susumu Nakayama, Hiromichi Aono, and Yoshihiko Sadaoka. Ionic Conductivity of
Lnp(Si04)603 (Ln = La, Nd, Sm, Gd and Dy). Chemistry Letters, Vol. 24, No. 6,
pp. 431-432, 1995.

Susumu Nakayama, Tatsuya Kageyama, Hiromichi Aono, and Yoshihiko Sadaoka.
Ionic conductivity of lanthanoid silicates, Lnjo(SiO4)O3 (Ln = La, Nd, Sm, Gd,
Dy, Y, Ho, Er and Yb). J. Mater. Chem., Vol. 5, pp. 1801-1805, 1995.

Susumu Nakayama and Masatomi Sakamoto. Electrical properties of new type high
oxide ionic conductor RE;(SigO97 (RE = La, Pr, Nd, Sm, Gd, Dy). Journal of the
Furopean Ceramic Society, Vol. 18, No. 10, pp. 1413 — 1418, 1998.

Susumu Nakayama and Masatomi Sakamoto. Ionic conductivities of apatite-type
Lax(GeO4)s01 5x 12 (X=8-9.33) polycrystals. Journal of Materials Science Letters,
Vol. 20, No. 17, pp. 1627 — 1629, 2001.

Susumu Nakayama, Masatomi Sakamoto, Mikio Higuchi, Kohei Kodaira, Mineo
Sato, Shinichi Kakita, Toshihisa Suzuki, and Katsuhiko Itoh. Oxide ionic con-
ductivity of apatite type Ndg33(SiO4)6O2 single crystal. Journal of the European
Ceramic Society, Vol. 19, No. 4, pp. 507 — 510, 1999.

Nakayama, Susumu and Highchi, Mikio. Electrical properties of apatite-type oxide
ionic conductors REg 33(Si04)6O02 (RE = Pr, Nd and Sm) single crystals. Journal
of Materials Science Letters, Vol. 20, pp. 913-915, 2001. 10.1023/A:1010928800227.

Shuji Oishi, Noriyuki Michiba, Nobuo Ishizawa, Juan Carlos Rendon-Angeles, and
Kazumichi Yanagisawa. Growth of Barium Chlorapatite Crystals from a Sodium
Chloride Flux. Bulletin of the Chemical Society of Japan, Vol. 72, No. 9, pp. 2097—
2101, 1999.

Shuji Oishi, Mai Mitsuya, Takaomi Suzuki, Nobuo Ishizawa, Juan Carlos Rendon-

Angeles, and Kazumichi Yanagisawa. Growth of Strontium Chlorapatite Crystals

93



[24]

[25]

[26]

[27]

[29]

[31]

from a Sodium Chloride Flux. Bulletin of the Chemical Society of Japan, Vol. 74,
No. 9, pp. 1635-1639, 2001.

Hiroki Okudera, Akira Yoshiasa, Yuuji Masubuchi, Mikio Higuchi, and Shinichi
Kikkawa. Temperature dependence of structural parameters in oxide-ion-conducting
nd9.33(sio4)602: single crystal x-ray studies from 295 to 900k. Journal of Solid State
Chemistry, Vol. 177, No. 12, pp. 4451 — 4458, 2004.

P.J. Panteix, 1. Julien, P. Ablard, and D. Bernache-Assollant. Influence of cationic
vacancies on the ionic conductivity of oxyapatites. Journal of the Furopean Ceramic

Society, Vol. 28, No. 4, pp. 821 — 828, 2008.

Marco Pasero. Nomenclature of the apatite supergroup minerals. Furopean Journal

of Mineralogy, Vol. 22, pp. 163-179(17), March 2010.

Terutoshi Sakakura, Minami Kamoshita, Hironaga Iguchi, Jun Wang, and Nobuo
Ishizawa. Apatite-type SrPry(Si04)30. Acta Crystallographica Section E, Vol. 66,
No. 9, p. i68, Sep 2010.

J. E. H. Sansom, D. Richings, and P. R. Slater. A powder neutron diffraction study of
the oxide-ion-conducting apatite-type phases, Lag 33515026 and LagSrySigOag. Solid
State Ionics, Vol. 139, No. 3-4, pp. 205 — 210, 2001.

J. Sansom, E. Kendrick, J. Tolchard, M. Islam, and P. Slater. A comparison of
the effect of rare earth vs si site doping on the conductivities of apatite-type rare
earth silicates. Journal of Solid State Electrochemaistry, Vol. 10, pp. 562-568, 2006.
10.1007/s10008-006-0129-8.

Jonathan E. H. Sansom, Julian R. Tolchard, M. Saiful Islam, David Apperley, and
Peter R. Slater. Solid state 2?Si NMR studies of apatite-type oxide ion conductors.
J. Mater. Chem., Vol. 16, pp. 1410-1413, 2006.

J.R. Tolchard and P.R. Slater. A high temperature powder neutron diffraction
structural study of the apatite-type oxide ion conductor, Lag ¢7;5igO%6.5. Journal of

Physics and Chemistry of Solids, Vol. 69, No. 10, pp. 2433 — 2439, 2008.

o4



[32]

[35]

Tolchard, Julian R. and Islam, M. Saiful and Slater, Peter R. Defect chemistry and
oxygen ion migration in the apatite-type materials Lag 335109 and LagSraSigOog.

J. Mater. Chem., Vol. 13, pp. 1956-1961, 2003.

F. Werner and F. Kubel. Apatite-type ProK(SiO4)sO2—a potential oxide ion con-
ductor. Materials Letters, Vol. 59, No. 28, pp. 3660 — 3665, 2005.

A. A. Yaremchenko, A. L. Shaula, V. V. Kharton, J. C. Waerenborgh, D. P. Ro-
jas, M. V. Patrakeev, and F. M. B. Marques. Ionic and electronic conductivity of
Lag g3 Pr.SiysFe; 5096+ 5 apatites. Solid State Ionics, Vol. 171, No. 1-2, pp. 51 —
59, 2004.

Masatomo YASHIMA. Diffusion pathway of mobile ions and crystal structure of
ionic and mixed conductors

- a brief review. Journal of the Ceramic Society of Japan, Vol. 117, No. 1370, pp.
1055-1059, 2009.

Hideki Yoshioka, Yoshihiro Nojiri, and Shigeo Tanase. Ionic conductivity and fuel
cell properties of apatite-type lanthanum silicates doped with Mg and containing

excess oxide ions. Solid State Ionics, Vol. 179, No. 38, pp. 2165 — 2169, 2008.

Yoshioka, Hideki. Enhancement of Ionic Conductivity of Apatite-Type Lanthanum
Silicates Doped With Cations. Journal of the American Ceramic Society, Vol. 90,
No. 10, pp. 3099 — 3105, 2007.

95



40 Oootdbobobototdboboogdd
BN

4.1 0O0OOO0

RuOr200+80000000000004dA0D0O0O0O0O0OORuOsO000O0OOO
goobbooboboos3gbbbo20bb0001bbboooooooooobooon
gbbboogobbbuooobbbuoooobbboodobboooobobobooon
00000 ReODOOOOOO0OO00OODODOOOOOOO00O0OO (Ln,AE);;RusOgy
00000000 ln0D000ODAEDODODOODOODOODODOODODOODDOOD
ObO0 Xooboooooobooo

4.2 00O

00000000000000 (Nd,Ca);3RuyOyy 0000 XOODODODOODODOOODO
Ooooobogooboog3pembboobbooobooobooonon MoK, OODODO
CChODOUOODODOOO0OO 30000 (Bruker Smart ApexI) 00 000000000000
oboobooboobg 410000

o6



0 4.1: (Ln,AE);3RusO, 000000 COOOOOOOO

Crystal data

Cay.175Ndg 825Ru4024
M, =1940.16
Tetragonal, /4,

Hall symbol: I 4bw
a=11.2426 (2) A
c=16.1043 (3) A
V=12035.52 (6) A*
Z=4

F(000) = 3444

Data collection

Bruker APEXII CCD
diffractometer

Radiation source: fine-focus sealed tube
graphite
¢ and @ scans

Absorption correction: numerical
(SAINT; Bruker, 2008)

Tin = 0.507, Tipax = 0.863
17423 measured reflections

Refinement
Refinement on F~

Least-squares matrix: full

R[F? > 26(F?)] = 0.021
WR(F?) = 0.047
$=1.08

5779 reflections

125 parameters
0 restraints

Primary atom site location: structure-invariant direct
methods

27

Dy=6.331Mgm >

Mo Ko radiation, . =0.71073 A

Cell parameters from 7875 reflections
6 =2.2-40.0°

nw=21.11 mm

T=296K

Block, black

0.03 x 0.03 x 0.02 mm

5779 independent reflections
5453 reflections with 7> 2c6(])
Rine=0.019

emax = 40.00, emln = 2.20

h=-19-20
k=-20—19
[=-29-27

Secondary atom site location: difference Fourier map
w=1/[62(Fy) + (0.0127P)> + 23.2349P]

where P = (F,> + 2F)/3

(A/6)max = 0.002

Apmax =3.05¢ A7

Apmin=—1.85¢ A3

Extinction correction: SHELXL97 (Sheldrick, 2008),
Fc =kFe[1+0.001xFc*2/sin(20)] 4

Extinction coefficient: 0.000440 (12)

Absolute structure: Flack (1983), 2535 Friedel pairs

Flack parameter: 0.44 (2)



4.3 0O0OO0O0OO

(Ln,AE);Ru,O,, 0000000000000 00000000000074,074,/a0
[2/a0000000000000000Ca;1ResOgq (I41)0Sr11ReqO04 (I41/a)0Bay; 084044
(I41/a)0 S, 08,044 (12/0)000000000000000000000000000
000000000000 4100 (hk0)*000000000000000000O00
000000000000 (Nd,Ca)3RwO, 00000000 40000000000
00000000 4/mO000 4/mmmi00000000000000I4,/¢0000
00000000000 A+k00000000O000O0O00O00O000000000
00000000000 0000000000000000 4100000000

0 4.1: (Nd,Ca);;RuyOs4 O (hk0)* 00 D000

oooboboooobobobobo400b0bobooboboboobond
gobbuogooboboooboboboooobobboooobboooobobooon

o8



goboboooobobooobobobuoooobboooobbboooobobooon
ooboooobooboooobooboooobooboobooo eccboooog 2
gbobogdbbogobboobbuogbbuooboobbogbbuoobobooooon
2000000000 oobobooboobbobbdoooooobDbbbbboooobooa
OOoboobooboboocecbooooboo2gboobobobooooonogon

4.4 0O0O0O0OO

0000 I4,/e00000000CCOCOOCOOCOOOOOOOOOUOOODOOOO 68
OO0OO0O0ORI=0.034000000 3163000000000 0O0DLO0O 4000000
OO0b0oo0ooboO0 12500000R1=0.021000000 579000000000
I4,/e000000000 140000000000000000RIO0OOO0O0O0O0O
0000000O0000I4/e00 14,0000000000000C0O0O0O00O0O0O0O 1.8
oboooobbooobobooobbo ek bobooobobooobooobood
0000000000000 0D0OO0000I4/e000 400000000000
0430000000000000000000000 I4,/e00000000000
0000000000000000000000 4200000000000 I44/a0
obobbob 400000000000 DODOOODOO 420000

042 a000000000000
00 Rp0O0

All 83 0.553
F>1(c)F 70  0.490
F>4(o)F 36  0.509
F>10(c)F 12  0.367

29



......................

(a) (b)

0 42 I4,/a00 [4,000000000000000 ¢ (a) I4,/e000000(b)
[4,/a0000000() 4,000

I4,/0000000000 (0 42)00000000000M40000000
00000000000000 3.05eA3 000 MAODO 0.66A00-1.85¢A=3 000
M4OODODODOOODODDO M4AODODDOOOODDOOOODODOOD M4AOOO
D00000000000000000 420b) 00000 [4,/e0000 M4DOO
0000000000 000000D0D000000D0D000000000000O00d
O00 M4ADDOOODOOODDOO M4ADOOOODOOOODOOODODOODO
00 I4/¢000000000000/4000000000000000000 4.2(c)
0000000000000 D000000D000000D0D00000DODo000onnoO
D0000D00000000000000000 42(c)0000000M700000
000000000000000000000000000000000000000
D00000000D000000bLO00O0 1/20000000004.2(c)00000
D000D000 42:)0(M000000000000O000

4.5 0OO0OO0OO0OOO

O000D000000 430000RuOGs000DO 2000000 0Rul10O6O O Ru204
00 43000000000000000000 4300000000000 20000
RuOs DO OOODOOOOODOONdDOD CalOOnoooopoooooobooonog
gboobooggn

60



0 4.3: (Nd,Ca);RusOs 00000 : () 0000000 RulOg0000Ru2,0000
0000000NdOO Ca00000050%000000000000(h) 00000
0000 00000 9%%100000000000

NdOO CalO M1OO M7TODODOOOODOOOOODOOOODOOOOODOOO 4.3
OO00ooooooooM1bOO M2O000 NdOOODOOOOMrOOD CaODODOO
000000000000 NdOO Ca600040000000000000DOO
gbbbuoooobbboooobbboooobobbuoobbbooogn

043: 00000 NdOCaODODOOOO

0000  Nd Ca
M1 0.901(3) 0.099(3)
M2 0.878(3) 0.122(3)
M3 0.599(3) 0.401(3)
M4 0.611(3) 0.389(3)
M5 0.422(4) 0.578(4)
M6  0.379(4) 0.621(4)
M7 0.047(3) 0.953(3)

61



4.6 (Ndn_xCax)Ru4Og4 (X:4175) OO000 RuOO O
NN

0 440 RulOgORu20s DODOODOOO Ru-OO00ODOODODORu1-O10 Rul-03 O
gobboogobbtbooubobuooobobooonbboooubbooobobooboo
O0O00ooDOoO00DoOoOoOoooDoO EDSOOO0DOOOOD SrO0 NdOODDOO Ca:Nd
=4.1(3):693) 00000 XO0OOOOOOOO CaOO NdOMIOO M7O0000O
OO00000000000 CaaNd=4.175: 6825000 00000000000O000OO
OO00000XOOOoOooooooooo caONdOODODDODODOOOO 4+20+430-2
obobo00d ReObODOODOODO 4900000000 RODDOODOO
goodooooooobbobbbouooooa

OO0 RuOOOO0OO+4500000 Bond Valence Sum (BVS)OOOOOO Rul O
+4800 Ru20 45000 00000DLOOO0O0ODODOO 4000000 Rul O 4+4.05
O Ru20 4420000000000 RU1I0DO0O R2000 400 ReO0O0Q0onoO
ObOo0obOob0bo0ob0odl RulU 4400 4500 RuOOOODORu20 45000
0000000000 Rul 00 Ru** O Ru’F 000000 x=4.175 000 40:60 O
000000000 Rul OO0 BVSO 4500000000 Rul OO0 Ru*t O Ru®t
0000 5050 0000000000000000 R 0 RWTO00000 Rul O
OO0o0oobooboobobOo 47 000b0ooooobooog CagNd7RuyOgy O
U000 x=400000000000000 x=417 0000000000

0 4.4: RulOs0 Ru20s 0000000 Ru-OOOOOOODOOO

RulOg octahedron Ru20g¢ octahedron

Rul-O4  1.931(5) Ru2-010  1.936(4)

Rul-06  1.942(4) Ru2-011  1.942(5)

Rul-02  1.973(4) Ru2-012  1.966(5)

Rul-O5  1.989(4) Ru2-09  1.965(4)

Rul-O1  2.005(4) Ru2-07  1.981(4)
)

Rul-0O3 2.046(4 Ru2-08 1.981(5)

Volume = 10.26A3 Volume = 9.92A3

62



[]

1]

8]

HREEN

Stefan Adams. Relationship between bond valence and bond softness of alkali halides
and chalcogenides. Acta Crystallographica Section B, Vol. 57, No. 3, pp. 278287,
Jun 2001.

K. G. Bramnik, G. Miehe, H. Ehrenberg, H. Fuess, A. M. Abakumov, R. V. Sh-
panchenko, V. Yu. Pomjakushin, and A. M. Balagurov. Preparation, Structure,
and Magnetic Studies of a New Sr;;Res Oo4 Double Oxide. Journal of Solid State
Chemistry, Vol. 149, No. 1, pp. 49 — 55, 2000.

[. D. Brown. Chemical and steric constraints in inorganic solids. Acta Crystallo-

graphica Section B, Vol. 48, No. 5, pp. 553-572, Oct 1992.

H. D. Flack. On enantiomorph-polarity estimation. Acta Crystallographica Section
A, Vol. 39, No. 6, pp. 876-881, Nov 1983.

Wolfgang Jeitschko, Horst A. Mons, Ute Ch. Rodewald, and Manfred H. Moller.
The Crystal Structure of the Potential Ferroelectric Calcium Rhenate(VI, VII)
Caq1Res 094 and its Relation to the Structure of Sri10s4094. Zeitschrift fur Natur-
forschung B, Vol. 53, pp. 31-36, 1998.

Terutoshi Sakakura, Keita Okada, Hironaga Iguchi, Jun Wang, and Nobuo Ishizawa.
(CazNdyi_z)RuyOgy (z = 4.175). Acta Crystallographica Section E, Vol. 66, No. 12,
p. 180, Dec 2010.

George M. Sheldrick. A short history of SHELX. Acta Crystallographica Section A,
Vol. 64, No. 1, pp. 112-122, Jan 2008.

Anthony L. Spek. Structure validation in chemical crystallography. Acta Crystal-
lographica Section D, Vol. 65, No. 2, pp. 148-155, Feb 2009.

63



[9]

A. Tomaszewska and H. Muller-Buschbaum. FEin Neues gemischtvalents Ox-
oosmat(VLVII): Sry;085t0siTOyy.  Zeitschrifft fur anorganische und allgemeine

Chemie, Vol. 619, pp. 1738-1742, 1993.

Makoto Wakeshima and Yukio Hinatsu. Crystal structure and magnetic ordering of
novel perovskite-related barium osmate Ba;1084,044. Solid State Communications,

Vol. 136, No. 9-10, pp. 499 — 503, 2005.

Simon P. Westrip. publCIF: software for editing, validating and formatting crystal-
lographic information files. Journal of Applied Crystallography, Vol. 43, No. 4, pp.
920-925, Aug 2010.

64



50 KNbO; ODUOUOOOOOOO
oy

5.1 O0OOO

000000000000000000000000000000000000000
0000000000000000000000000 (PZT:[Pb(Zr,Ti)]: Lead Titanate
Zirconate) 00 0000000000000000000000000O0000000
0000000O0PZTOOO0O0D0O0O0O0D0O0O0O0O00O00O000000000000
KNbO; - NagsKosNbO; 0000 0KNbO; OO Nags;KesNbO; 030000000
00000000000000000000 (R-000 (0)-000 (T)-000 (C) O
000000000000000000000000000000000000 5.10
000000000000000000000000000000000000000
0000000000000000000000000000000000000000
000000000000000000000000000000000000000
0000000000000800000000D00000000ODNO000000O0
00000000 NbOOO <111>0000000000000000000000
0000000000000000 <111>000000000000000000
0 [10)(0 5.200)00000000000 XAFSOOODOOO0O0O0O0OO0O0O0000
0008000000000 0000000OONO00NONONOONONNO00000O0
KNbO3; O NagsKesNbO; 000000000000 500°C 000000000000
00000000000 KNbO; 000000000000000000000000
00000000000000000

65



DIELECTRIC CONSTANT

5000 T T T T T T
4000 - N
KNbO \
: \
3000

2000

1000

-200 =00 0 100 200 300 400

Fic. 1. Dielectric constant of KNbQs.

0 5.1: KNbO; OO0ODOOOOOOO [10]

66



~

I~

'
7 EIG, 2

The Ti or Nb displace-
ments in the [010] and
(010] chains of the aver-
age orthorhombic struc-

N W > ture.

v Av.Av. v,
2 2 2

p16] cHaiN P13 PTG cHAiN
Ti or Nb Atoms Tior Nb Atoms
in position 1 in position 2
[Bod
®
POLARISAT\
.
AVERAGE |
STRUCTURE |

2
off{ SR

-

ORTHORHOMBIC PHASE

CHAINS EXIST ONLY ALONG [019]

052:8000000 [2

5.2 [0O0O

O000XOOOD0OO0Ooooooooooceccboonoooono 30000 (Bruker Smart
ApexIIOMoK, ) D00 O0OOOOO000OO0O0OOO0DO0OOOO 80um OO0 KNbO3 OO0
0000000000000 0000000 (#9700000 NiracoD 0 )) 00000 O0O0O
Doobooooobo Xbobooooooooooodd

0000000000000 200072K0 792KO000020 < 118000000
O0o00bob0oboooogoob0obobo0oo0ognodgKNpOy DOOOO 6000
OO0 GCEOODUOODODOOobOobooooooooobobobooooooDoooDOo

67



5.3 UUOOUOODLOOON

000000000 (1100000oooo00o0o0g 530000

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

\—J;f\'i‘?j?‘.o I R _,“‘!r)""‘n,~

N - Rl B ’/ . L .. \,‘\‘/' —_— \\ ]

VAN 2SN A [fr\@ x

R (=" )L,. ARy o o) A “

D@ T K Jg)gcgm WANG AN
B '/'??t)/ iR o 0] LR
s \\,\ TN L \T\\;‘:(:J/ ‘yj J

:j:_\. ! \!h’ LT ,--
VIBNL 570 o

PR
r" A O %}/ = - —
\ Lo ,,f/ﬂ‘\\- %}g‘_ - / i
Z | "‘\,: f/< ‘1) ’! :,::‘ E-l (‘:.’."{j \}“

=
4

N
o

j i
N
=SSN

N N
}urﬁ'o\l‘l\. ‘.

Y N A PN
792K 712K

053 000000000 (1100000000000 : 000000000000
00000 0.2eA3

D00000000 KO KODOOODOOODO0O0000O0 1.50eA2 000000
00 KOODODOODODODODO -1.14eA2 0000000 42°C 000000000000
1.82A3 00 0000000000000 00000000D000000O0DO0000
obhobobobobobbobboo92Kb0n 72k 000000b000boo0bon
gbooboooooboood

54 UOUOOOOOOOONO

60000000 GCEODDODOODOODDOODOoODOobObOUODODOoOobOobDOoOoD
0540000

68



792K 712K

054 00000000O0CO (110)0000000000 : 0D000O0ODOOOOO
0530000

O00000000000 KKKOODOOOO 1.60eA3 0000000 -1.18A73 O
KONbOODDODOOODODOOOOOOOOoOobOoOoOoobooooooooobooboooo
goooooobogbobobobobooooooooboobobobooooooood
gbobobuoooobbbuooobbobouooobobboooobobon

5.5 GCEUO OO effective one particle potential

2K 000060000 GCEODDOOLOOOODOOODOOD PDFOOOODOO OO
00 9%%PDF 000000 550000

69



0 5.5: 792K0000 (110)000 95%PDF O

O-Nb-ODODODO <001 >00000000 55000000000 00DOO0O0OOO
O00000000000000000792K0000 (lkh)*0000000O 56000
U0< 001 > 0000000000000 000b0000b000bO00b0bO0n
<00l>000000000000DO0DO0ODbO

70



0 5.6: 792KO0000 (k) 00000

00000000000000000 PDFO0OOODODODOODOOODOOODOOO
00000000 Vejjeawe 100000000000000 570000000000
00000000000

gs70000d

71



Nb O PDF O Viffective

Z Z

X
(a) (b)
- [12 2] s - [12 1] wessnn
i |
<L <
Z 1500 r Z 1500 ¢
2 2
[%] [%]
o &
Ao 1000 o 1000 ¢
2 2
5 3
T 500 T 500 |
o e
o o
0 0
-08 -0.6 -04 -02 0 02 04 06 038 -0.8 -0.6 -04 -0.2 0 0.2 04 06 038
u(A) u (&)
(c) (d)
08 - 08y -
%[001]and[100] —— % [001]and[100] ——

0.7 t E [112] omerren 0.7 P\ % 7 111 1] e

0.6 0.6 r
057 057
> >
L 04 L 04r¢
> >

03t 03 r

0.2 r 0.2 r

0.1 01 +

0 . . . . . . ) 0 . . . . . . )

-08 -06 -04 -02 0 02 04 06 038 -0.8 -0.6 -04 -02 0 02 04 06 038
u (A) u (&)

(e) (f)

0 5.8 Nb O 95% PDF OO Vipreeive : (a),(b) 00000 792K 00 712K 000
0 95% PDFO (c),(d) 00000 792K 00 712K 0000 PDF 000000000

(e),() 00000 792K 00 712K 000000000000000 Vefetive 100
0o0o0ooo

72



K O PDF O ‘/effective

Z Z

X X y
(a) (b)
i~ [L11] o — [L11] o
i i
[ <L
Z 1500 r < 1500 |
2 2
@ @
: :
A 1000 r A 1000 r
= z
% 3
8 500 & 500 -
[ [
o [a B
0 0
-0.8 -0.6 -04 -02 0 02 04 06 0.8 -0.8 -06 -04 -02 0 02 04 06 0.8
u (A u (A
(c) (d)
08 08 1
[001]and[100] —— 5 [001]and [100] ——
0.7 % [112] wveweenn 0.7 l [111] v
0.6 $ 06 k =
. 05 _ 05 L
> >
L 04+ L 04+t
> >
03t 0.3
0.2 02 L
0.1 0.1
O ! ! ! ! ! ! J 0 ! ! ! ! ! ! J
-0.8 -06 -04 -0.2 0 02 04 06 0.8 -0.8 -06 -04 -02 0 02 04 06 038
u (A u ()

(e) (f)
0 5.9 KO 95% PDF 00 Vifeane : ()00 (000000000 580000

73



O 0 PDF O ‘/effective

¥ 4

X
(a)

2000 t [LOOJland[010] - - -
o —
Z 1500 r
z
@

3
Q1000 r
=
3
2 500 r
o
o
0
-0.8 -0.6 -04 -0.2 0 02 04 06 038
u (A)
(c)
08§ .
K [LOOJland[010] - - - N
0.7 1% [001] — §

V (eV)

0.1}

O L L L L L L J
-0.8 -0.6 -04 -0.2 0 0.2 04 06 0.8
u (A)

(e)
O 5.10: O O 95% PDF OO ‘/;ffective

74

Probability Density (A™%)

V (eV)

X y
(b)
2000 [100]and[010] - - -
001 —
[1L1]
1500 f
1000 f
500 f
0
-08 -06 -0.4 02 0 02 04 06 08
u (A)
(d)
0.8 1
[L00]and[010] - - -
.71 001 —
0.6 | [111] s
05 [ -
0.4 | K
0.3 P
02
01

0 1 1 1 1 1 1 J
-0.8 -0.6 -04 -02 0 02 04 06 038

u (A)

(f)

()00 (H)0D00D0O0O0000 580000



5.6 [0

KNbO, 000000000000 000O0 7I0KOOOOOO712K0000000
00792K00000000000000000000000 PDF O Vigfeaive D000
0000000000000000000000000000712K000 792K000
00000000000 0000000000000000000000000000
Nb<K<<OOOOODOOOOOOOODOOO0O0O00000000000 Vigfetive O
00000 [111)000000000000 792K0712K000000000 <100 >
000000000000000000000000000080000000000
00000 NbO <111>00000000000000000000000000
00000000000 00000000000

O00-O-Nb-O-O0000OODO00O00O 5110 792K 00 712K 0 95% PDF 0000

|
) Do
$
G*wb
&
|

0 -

@ ¢
<
T

&

(a) 792K (b) 712K

_“Q‘Ar__

O 5.11: 792K 00 712K 0000 -O-Nb-O-0000O O (a)d(b) O00ODOOO-O-Nb-O-
OOoooooooooog 7n2Kk00 -O-Nb-O-ODbobobo4000000onoo
O00OONbODO 9% PDFOOODODOO

792KO0712K 00000 PDFOOODOO -O-Nb-O-Nb-O OO OOOOOOOODOO
gooobbbobooobbbbooooooooboobbboobbooogd 5120
god

75



O 5.12: 792K 000000000000 0O0O0O0O0

KNbO; OO0O0OO8ODO0OO00OODOOOOODODODO-O-Nb-O-DOOODOOOOD
OO00b0ooooboooobboooooobooobooomn2Kooboooo-0O-Nb-
O-0000000000O0O0000O0O0O0U00OOO0D0UDOoOoOoUOobDooOoO 1
00j]00 0100000000000 00ODO 72KO0000000DOOODOOODOOO
0000000000000000000000000 DOo-000000000 10
o)oo jplo0000DO0O00C0DOO0O0DOOO0O0OOO0OODOOODOOOOOOO
obooboobooboo-oobbooboobooboobboobbdg <100>
gbobbuogobboboooobbbooobbbuooobbbuoooobboood
OO00oOoo-O-Nb-O-D0000Db0ODbO0bO0ob00obOb00obOoDbOobD s13b0b0ooog
000 <100>0000000000000D000DODO

0 5.13: -O-Nb-O-00000000DOO0O0DOOO0ODO

76



[]

1]

HREEN

Chenggang Xu and Dunmin Lin and K.W. Kwok. Structure, electrical properties
and depolarization temperature of (BipsNag5)TiO3-BaTiO3 lead-free piezoelectric

ceramics. Solid State Sciences, Vol. 10, No. 7, pp. 934 — 940, 2008.

R. Comes, M. Lambert, and A. Guinier. The chain structure of BaTiO3 and KNbO3.
Solid State Communications, Vol. 6, No. 10, pp. 715 — 719, 1968.

Kazuhiko Higashide, Ken ichi Kakimoto, and Hitoshi Ohsato. Temperature de-
pendence on the piezoelectric property of (1-x)(Nag 5K 5)NbO3-xLiNbO3 ceramics.
Journal of the Furopean Ceramic Society, Vol. 27, No. 13-15, pp. 4107 — 4110, 2007.
Refereed Reports ELECTROCERAMICS X 2006, ELECTROCERAMICS X.

Kuprina, Yu. and Teslenko, P. and Kofanova, N. and Kupriyanov, M. and Kabirov,
Yu. Radiographic study of the phase formation process in obtaining KNbOj3. Journal
of Structural Chemistry, Vol. 50, pp. 561-565, 2009. 10.1007/s10947-009-0085-0.

M D Fontana and G Metrat and J L. Servoin and F Gervais. Infrared spectroscopy
in KNbO 3 through the successive ferroelectric phase transitions. Journal of Physics

C: Solid State Physics, Vol. 17, No. 3, p. 483, 1984.

Chikako Moriyoshi, Jun ichi Kato, Yoshihiro Terado, Satoshi Wada, Masaki Takata,
and Yoshihiro Kuroiwa. Electron Charge Density Study of (Na;_,K,)NbOj3 in Cubic
Structure. Japanese Journal of Applied Physics, Vol. 47, No. 9, pp. 7745-7748, 2008.

Nobuo Ishizawa and Jun Wang and Terutoshi Sakakura and Yumi Inagaki and Ken-
ichi Kakimoto. Structural evolution of Nag 5 K¢ 5sNbOj3 at high temperatures. Journal

of Solid State Chemistry, Vol. 183, No. 11, pp. 2731 — 2738, 2010.

Phillpot, S. and Sepliarsky, M. and Stachiotti, M. and Migoni, R. and Streiffer, S.
Order-disorder behavior in KNbO3 and KNbO3/KTaOs3 solid solutions and super-

7



[10]

[11]

lattices by molecular-dynamics simulation. Journal of Materials Science, Vol. 40,

pp. 3213-3217, 2005. 10.1007/s10853-005-2687-z.

Sepliarsky, M. and Stachiotti, M. G. and Migoni, R. L. and Rodriguez, C. O. Dy-
namic mechanisms of the structural phase transitions in KNbOj3 : Molecular dy-

namics simulations. Ferroelectrics, Vol. 234, No. 1, pp. 9-27.

Shirane, G. and Danner, H. and Pavlovic, A. and Pepinsky, R. . Phase Transitions
in Ferroelectric KNbOs. Phys. Rev., Vol. 93, No. 4, pp. 672-673, Feb 1954.

Shirane, G. and Newnham, R. and Pepinsky, R. . Dielectric Properties and Phase
Transitions of NaNbOs and (Na,K)NbOj. Phys. Rev., Vol. 96, No. 3, pp. 581-588,
Nov 1954.

78



el UU

O1000000000000000000 2000000 X0000000000
gbobbuogobbbooobbbuoooobbbooobbbuoooobboood
obooXobooboobooooboooboooboobooboobuoobboobooo
Ooboboogoboboobogoobooobo Xbooooooboooobooooobooooo
obobobobooboob Xoboobooobooboobooboobooo

g30bboggobbobuoooobbbooonoboboooobbobuoooobn
OoooooooboooobOoboOoobbooooooosSorcoboboooobooOoooboobooo
oboboboobooboobooboboobooXopbobooboobooboo
gbobboggbbobuooobbobuoooobboooobboogobbboooon
obboobgoobobbobbooboobooboobobobobbobbobod
gbobbuogdobbboooobbboodbbbooobbbuoooobboood
gbooooggoood

4000000000000 000O0OO0DO0OO0O0O0O0OO0O20000000D0
oboboboobobooboboobobobbooboboob Xboboooo
gbobbuogoboboboogobbbooobbbooobbboooobboood
gobobooooboboooobboooobbboooobboooobbobooon
gbooooao

OsS000000000000000D00000D0DbO0OO KNbOs OOOOO
gobbobosgoooooboobboooooobobbboooooobobobooa
OO0-O-Nb-O-ODODOUODOODOO0bOooooooooboboooooooooooDn

gboboboodgoboboooobbboobooobboboooobboooobn
gooboooobbboooobbboooobobboooonbooon

79



HREN

gbbbooodbbbuooobbboooobbbooobbboooobboood
gobobogbbooooobbbuoooobbboooobbbooognooboobbn
gobbuogoboboboogobbbuooobbbooooboboooobbooon
gbbbuoodgbbboooobbuoooobbboodobbboooobbooan
ooooobobobooooooooooobobobooobooooooooBooooOg
gbobobooooboobbbooobbboooobbbuoooboboboooonbn
O00000000000000000000000000 B((OOODO 22360272) 00
OO0 A(DDOO0O 18206071) D0 000ODODDODODOOOOOOOOOOODODODOPFO
OO0 2007G0270 2007G0280 2009G00K0 0 O 2010R-12 0000000000 0ODODO
obooboboobobon

OOobooboboboooogooobobob oBObOobOoboOoOooooDOooDOoDO
obobo0boU LinxdOoOoooobooboobobobobooobooboo
gbobooboobobboboobobbobooboobobboboobon
gbobbuodgobbbuoooobbooodboobobbooogbbboooob
OOoo0ooooooooooooooNIMSOOODOooooooo400oooonoog
gobbooooboboooobbboooobbbooooobboooobbooon
gbbboogbbbooobbbuoodobbboooobbbooobobobooon
gbobobooooboobbboogbboboooobbbuooobobboooonn
gobobuogdobobuoooobboooobboooobbooooboobobooon
gboboboooobon

oo40000000b0bobooboboobobuboooboboboobobonbg
goboboooobboboooobbboooobbobooooooobbboooon
gbbbuodgbbboooobbboodbbboodobbboooobboood
gbboboooobooogoono

gooboogobbbuoooobbboooobboooooboobon

80



