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A. D. Murray et al?lX, $EPETHBREH O 7 —
5 %) — ML MR LY TR AT, AR B
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(O3 222l U e LTwb, MY A FdDBi & Pb
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FEINTWARWY, SfREiE, 110av, 2iud, M
%4k:§%kmﬁﬁwnuk IR L TWh, b
i, Bi,[BiPb,_JO,[,&% 5%, Bi % 3ffie L, MEH
ORMGEIOHERT 5 L, x1306& %5, FRI,
Bi,, [BigsPbo,J Ol 1, &% 0, B L 21fid 4 4 > &M
4 M2 b D Bi-Zn-0 & D Bi, [Bi (+3),.7n,,] Ogul Joer
EEDOTEWMEFER R B

(I)Bi-Ga(+3)-0 %

S. F. Radaev et al”%%, HfEHPEFHEHNIC L o
THIERICE D L, BEEIIFED LN, 51
724b53013, Bi,[Bi(+3) ;G Qs lose TH 5o

(IV)Bi-Fe(+3)-0 #&
D. C. Craig et al”ld, H&H XHEITIZ L - T
&FwO%@?V%%FWA%®%ﬁ%ﬁW M A
5D B #HEE L ZETFVEREL VS, &
@ﬂ%%i,&/Mzm#%Tﬂét H%@&
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HEETdH 5 7O D L2 S, 2240
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Table 2.1 Summary of the results of structure analysis and chemical formula for the sillenite

compounds reported in the literatures

Literature Method

Chemical Formula

Bi-Zn-0 % (+2)
D.C.Craig et al."”
S.F.Radaev et al.”

Single crystal X-ray diffraction

Single crystal Neutron diffraction

Bi-Pb-O % (+2)
A.D.Murray et al. 3

Powder Neutron diffraction

Bi-Ga-O ;& (+3)
S.F.Radaev et al. ¥

Single crystal Neutron diffraction

Bi-Fe-O % (+3)
D.C.Craig et al. "
S.F.Radaev et al. »

Single crystal X-ray diffraction
Single crystal Neutron diffraction

Bi-Ti-O & (+4)
Sh.M.Efendiev et al. >

Single crystal X-ray diffraction

Bi-Ge-O /& (+4)
S.C.Abrahams et al, ?

7
C.Svensson et al.

Single crystal X-ray diffraction
Single crystal X-ray diffraction

Bi-Si-O & (-+4)
S.C.Abrahams et al. ¥

Single crystal X-ray diffraction

Bi-V-O % (+5)
J.L.Soubeyroux et al.”
S.F.Radaev et al. '*

Powder Neutron diffraction

Single crystal Neutron diffraction

Bi ,[Bi(+5),37n13]104
Bip,[Bi(+3),34n,,]0, 9.33D().67

Bi,,[Bi,Pb, 10,51,

Bi),[Bi(+3),5Ga, 510 19450(:]0.50

Bi,,[Bi(+5)y,s0F€0 50)02
Bi,Z[Bi(+3)0.50Feo>5n]01950[]0450

Bi,[Ti]Oy

Bi},[Ge, L] 104
Bi,,[Ge, | 10,0

Biy[Si, (1 10y,

Bitz[Bi(+5)KV(+5)4/5.xDo.2o]Ozo, x=0-0.8
Bi 1 [Bi(+3)0.0: Vo sol 08102027

i) %o ﬂ:iﬁci, Bi,, [Bi (+ 3) o_soFeo,so] Ol&)_SUDOASO & 5 o

(V)Bi-Ti(+4) -0 H

Z DFESEEIZDOWTIE, Sh. M. Efendiev et al?
(2 & o T ELE R XOEHR % B WOl SRS E IR AT AT b
NTWBD, ZBILOFIEIZOWTIZHRED Z ST
2\, Biy[TilOphtZ DILERTH 5,
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Fig. 21 The position of interstitial Oxygen

(10) and the Oxygen vacancy site
([ vacancy) in the sillenite structure.
The top figure shows the non-defect

structure, middle ¢O, and bottom vacancy.
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Table 2.2 Condition of single crystal X-ray
diffraction data collection
wave length (A) 0.5608
a (A) 10.1471(8)
Vv (43) 1044.8 (3)
1 (Ag-Kaem1) 559.19
Crystal radius (um) 40
Scan-type 26-w
26max (*) 100
Number of reflections
Measured 9332
Used(Fobs>6a(Fobs)) 5180
Independent 1963

Table 2.3 Final R-factors, weighted R-factors
and S-values of [ree atomic model and

jonic model

free atomic model ionic model
R(F)-Factor 0.0441 0.0326
WR(F)-Factor 0.0456 0.0318
S-Value 1.4671 1.0211

s A VIRBOFETHELET (A4 ' T)

(Bi**) ,,(Ge™) (079,
ACBAFETAL S KR, & 4 DR RGELIA &
FUE L, oz REF, wRET, SHOHE,
B O RS, RERTE Table 2.3, J2 U Table 24
WRY . F72, B0 N/ofMEE Fig 2210077,
fiftT iz & > T B Ge DEART,

- 71 —7 PAEFL 1.33(5)

AT VEFN 0.98(2)
VIR ELR ST,
TODETFNVEILET S L, RINT, GeD 5A
R, BIORERTICRERBOIESTSL b
5o ENENOFAHELIN T H R LTEDS
N7 REFTIE, A4y EFLVOHEH/NE W RETF
525, £z, HEE, RERTIEESLE, 7
D=7 MAETNTCIE, HEFE1336) &Y
HNZBVWEZI I hoTBY, ZORERT22.74
(ADEREL YNNG VAR E2TWAELIHICH
Z, THLOETFTNVTIRBOMERL TWnd L HIRE
Do —HAFVETFTVDLLELIRT Ge O A EIL
0.98(2), MR T13046(ANE T HHLDETFIVT
13, E#FEELZET L L Bi & Ge ISR
SRA THER IS L TV b L v )k ol
ZDOEHITXBE RO RGN CE, A4

Table 24 Atomic

thermal

coordinates and equivalent

parameters of X-ray
diffraction

(a) [ree atomic model (b) ionic model

X Ly z Beg (A")

Bi 24f 0.8240(3) 0.6816(3) 0.9841(3) 0.727(5)

Ge 2a 0.0 0.0 0.0 2.74(9)

o(1) 24f 0.8654(6) 0.7493(6) 0.5139(8) 0.91(8)
0o(2) 8¢ 0.807(1) 0.807 0.807 0.88(9)
0(3) 8¢ 0.100(1) 0.100 0.100 1.11(9)
x v z Beg (A")

Bi 24f  0.8242(2) 0.6816(2) 0.9840(2) 0.719(5)

Ge 2a 0.0 0.0 00  0.46(9)

o(1) 24f 0.8654(4) 0.7486(4) 0.5138(4) 0.84(8)
0(2) 8¢ 0.806(1) 0.806 0.806 0.81(9)
o(3) 8¢ 0.100(1) 0.100 0.100 1.09(9)

S
( {3 ‘l . ..
Q T B
O ‘!";- (3
A r
';'va .!‘» * ® )

Fig. 22 Crystal structure of Bi,GeO, (Space
Group 123, Z = 2)
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FHRELRF, HAEZE, mERL, BFEELZLS
L ZERIETLEDOTIST A —& & L T& LB
KR L, WALITRKDDIHINT A =5 Thb, ZD
7o, T OB/TIREIKFET, B THELs
Lo ETEREZ TV, RO SERE EREIK
W, XORKEE BN ET) LT 5,
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Table 25 Condition of single ecrystal Neutron

diffraction data collection

wave length (A) 1.00529
wiem ) 0.0030
Crystal radius (mm) 5.5
Scan-type @
20max () 100
Number of reflections
Measured 752
Used 642

2. 3 2 PEFERVEESENT

R CHEL S L, BP0, 2F 9 A
FUREEIZIIHE SN VWO TXBERL Y, R
HORT-O A & IR & BRI R s, KPS
REBRETDHIENTE L, Lo THETRPIFEER
THEFOEAR FREIKD, XHORKE L LBdEt
o i SR e a0

27Nk LCiE Birrich MUK O BUE 20 5 i F &
72 Bi,,GeOyp % BRIR CEZE r=55mm) 2T L72b D%
Vs, T SR BUER R AR O S TR SEBRAT O B
BhVY#h A7 ET4CND (4 =1.00529 A) % Fl V> TRl
27 o7, EFRIEIZBWTIE, (hk) & (k) OSRFE
WE L 72. BT V72 Bil,GeOpP G FE H1E X
MTHRONTb DR VT, BITICHW T O
GLE I, Bi:85310(X10A), Ge: 8.1930(Xx10"
A), 0:58030(X102A)TH D, EEREMIL, Table
2515,

R CIE, TTTRTOTF— 7 (7152(8) % v T
WEAT > TR, HMTH DK CHERTIRE
R DS DONE v, FEICHETREITRE WS OITR
LTEFDMEADPHEECH LI &, T2, RmEMIINE
BROBEBNPRKE N EWbh oz, £ TEHEN,
MRS DOREDENF NS DFIH L D 10% UL ER %
% b O (110f8) % B 726424 % T b 9 — FEfRAT %
T, ZORRICH LT CeDEERE /T A-F L
LRI B 21T o 720 F DR, REW%E R
AT, wRKF, STEHIZHZ %, 0.0458, 0.0637, 3.86&
73?0 f:o

AR TR & L R, B L USRS R T 1
Table 2.6127R T F 7z Bl I 4 F- [l P FZER A &
FEALE NI Ge D EFZFIL, 1.03(2) &)k RAE
VARV AW A

Table 2.6 Atomic coordinates and equivalent
thermal parameters of Neutron
diffraction

x oy z Beg (A®)

Bi 24f 0.8241(1) 0.6813(1) 0.9841(1) 1.62(5)

Ge 2a 0.0 0.0 0.0 1.44(4)

o(1) 24F 0.8650(1) 0.7487(1) 0.5146(1) 1.78(3)

0(2) 8¢ 0.8059(4) 0.8059 0.8059 1.80(3)

0(3) 8c 0.1005(4) 0.1005 0.1005 2.10(3)

2 3 3 &0

X, BIOUHRHELEFEROMRE, SHBVWL
Bi-rich @B 2> 5 F B L 72 Bi,,GeOpll DWW TId, Ab-
rahams et al®, Svensson et al”IZ & > THE SN T
WA, Ge DRLEIZEBITHH10% D Z2ILIFER S I
P, BAIT o IALFOWOMREE —T 5 RO
Bi & Ge DFEFEIZ12 1 1 LALFREFHHBIZE V) &
W) KRR S Lz,
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5, ZOEETOFERIE, [Lial eMewl IND]JO, &
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DEI8 BITHIE T Ho INEMZAENdTFA FIZD
B T < DT, BUEILLEITE, ZOETIL
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%o Table 3142, MgO WRMN&E & & 2 72 4 Mo LN
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FTo Tz db b, BAFT A roEELHA
T DEDEN SO L KD, MO RlllE D%
bz > ZILEOEL LA DOET VO THEEE,
Fig. 3212k LTdH 5, (Grabmaier 52 & 4 O 5 —
YadhhbdT7ay PLTWh, )L nw—8%RLE
R LFHEL TR W E2% 5, Fig 3.3
i, e [MgO) & [Li] /INpl ok LTy b L
1o AT T hERR LI, FlOOKE, [Li,Mg[]]

MgO-content Formula
0.0% [LioosNbooi[_Joos][Nb]O3
¢ LifNb = 0.94
3.0% [LiosaMgoosl_loos][Nb]O3
i Mg — Li
8.0% [LiossMgoos[_loos][Nb]O3
¢ Li/Nb = 0.84
28% [Lio.7sMgo21][Nbo.o31Mgo.os9] O3

Fig. 3.1 Ideal scheme of MgO-incorporation in

congruent LN (lithium niobate).

Table 3.1 Crystallographic Data of Congruent

and MgO-doped Lithium Niobates.

“r . 28 .
Speci Composition Lattice Parameters Density
PECHMET | Nb20s : Li20 : MpO (1% ) (A) (gem3)
= 5.1499(1
G 904 :9.57 : 0.00 L e (3‘) 4.6454
= 5.1498(4
MGo1 90.3:9,56: 0.20 o= 13‘8652(()7) 4.6454
MG03 89.8:9.30: 0.86 L e 46419
MGO5 89.6:9.00 : 1.21 o 153.1535«30979(?6) 4.6408
MGO7 89.3:8.78 : 1.92 o 4.6370

4. The crystal symmetry is rhombohedral, and space group is R3c.
The parameters are expressed in the hexagonal system.

[ND, JO,D LD MBANI XTI L 72b DT, ZDF A
&) EOMEE T, =47 M, Mg Ao T
W BIREE, TOSEETIE, ) F Y A A MCEFE A
NB*(NL" )5 Ao TWAIRREEZ R L TWwhb, [Li]
[Nb] =0.84 DAL, HIKT Nb Db L WIRHF DM
AR L TwWd, oKL, TRLTWSD,

T
(%)

(%)

Li / [ Li+Nb+Mg+Vacancy |

Vacancy / [ Li+Nb+Mg+Vacancy ]

40 T T T T T T T T T T
0 2 4 6 8 10
Mg / [ Li+Nb+Mg+Vacancy | (% )
I I | i | '

0 4 F 12 MgO / [LiNbO +MgO] ( % )
< ® Grabmaier et al (1991 )
B The present study

Li Vacancy
Fig. 3.2 Change of Li- and vacancy-contents by
the MgO-doping into congruent lithium
niobate. Solid marks correspond to

vacancy, and empty ones Li.
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Fig. 3.3 The

plotted

showing MgO-content
Li/Nb ratio. The

specimens are plotted in the diagram as

diagram

against

circles: The solid circles show the
specimen with lower wave number of
OH stretching vibration, and the empty

one with higher wave number.
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B, REE L O 7 R LTWAEWL D, [
L, YT ILIDDTHL, DAY T T LIIHE

T, RgEEET Vb FRINLMBEOEE T

Oy b Lz, EBERETTUNPEL—HLTHDLZ
EDhb, BB, TORIE, REEOFRERS X
RLTWA,

AREF VT, WOCHEER LT 50, MgO
TIMC & 0 =il A0 (A GEIETIVLTCIE
Nb A b DZALDRD S B 720) T B & SNI2W,
FreDETIVTIE, LiA MIOARZEIEHFTEL
Lo MgO IS & ) Miic = fLoBES 2 Tnb,
CAUEMEHEE A L B b W) HELFIET A LD
WCRAZ B, EIRMO LN TRAELIKREL 2D
(Z2fLASHE 2 )13 &, SRGWA L, mHisEo <
V3 RIS S S L ASh o TR D EE TELLO
ENFE L, BERESIN ET A, Lid, HMIIIER
8\,

3 3 3 E\EMBELT MgO MDD LN D OH
DIRED & & fEkEE

LiNbOIZBWT, KRERFH, BEELERHS L <
EEIRTOR = ¥ FHERIC, REHORKD HA
P E A D A A, BRFBICHE L TKER/REEZED
~O-H--H DA ZERT 5. IO LiNDO,IZ B\
Tix, (1)O-H DOR#EIRENIC & 5 AR 423,
385em I HEIZA BN D Z &, (2)%Ed 2RI,
cHiloxt L CEREOFIIRELS A TwE I L, (3)
AT ORI, [Li]/ IND) AR AE L T B9,
V2 TEIZIE, B 2w &, 26 TnET0,

—7, MgO @I LiNbO,IZ BV Tid, MgO DN
BHAM5-50mol B 2z % L, O-H OfffEIRENIC L %
IRV OIREEAS, L 0 SHRE I D 3550cm 5T
BB 29, ZoMMEIE, BB RD KE L
5 MgOBMESE —H L TWwbH, T, T3,
O-H O MHEIRENC & 2 IRV O 3R EN L & & D RY
HMEFINDL Z LI L - T, RIS LA B
AL NCTELWRERER LTV A,

ZMNFE T, MgO #IN D LiNbO,IZ & 5 12 Cr, Nd,
Ti, Mn, In, Gd, Er, Tm, Sc, Y, Lu #@iiL7zd
DIZDWTIE, O-H OMHEIRE) IZ & % AR 3R
B80S Kovae H 2 & » THRE SN TWAEY 95, K[
gL OFEIZOWTIERE P Z 3 hTwiwvwl, £
72, Sc,0 7 IND LINDOIZ BT, AR ATE I
ol

Zolal, FEEBRII RIS I & o T O-H O fEIRE)

Table 3.2 Chemical formulae of the crystals

used in this work.

Sample Chemical formulae®

ST Lio.94Nby o01350.04 O3, °
CG Lio.951Nb1 o098 Ca3903.00
HN Lio.s0aNb 019200.07703.00

MGO01 Lio.9a9Mgo 74 00.036Nb 108 O3.00 ¢
MGO03 Liog24Mgo.o3200.041Nb o3 O30 ¢
MGO5 Lin.g96Mgo.o4s0.0s6Nby s O30 ©
MGO7 Lig g72Mgo.071 Oo.060Nbp.997 03,00 ©
MGW5 Lio9197Mg0.043400.0382Nbo.ges7 O3.00

* {J denotes a vacancy.
® For chemical formulae obtained by x-ray refinement
¢ For the lattice constants and the density of these samples

wRET B HIETIT 722, FITERMD LiNbO,IZD
W, BV OE(ST), avy vy

ML O (CG), =4 7TBRE QMK OFHEHI D W
T, FZ#EL LIE, CZEE Mo 2R RERE B2
Tolze F72, MgO dSMD LiINbOIZDWTIE, CZ i
o ZHARERIC LY, FHEO MO iRINE O H
G SR A L7 (H ST BB . 2o oatEHe
DV TIEE MR % Table 321073, FBIE, &
ROLFEIHETBEZ 2w, bR, BE2 3L
THIE L7z, ThHDOFEENT DWW T Hitachi 1-300077%
SR LB & v, =T, 3400-3600cm™ o [
T, WAMEES, RO EEE Lz, ERlE, 2.0&
05ecm ' T - 7z, WIUREIE, ZEXEOMIEELTT-
T, B L, FRllEE, 74 v =21y FEt
BEHH L, 2o, BROANE L,

WXL TWhWEEHWwL L EOMRERT, Fig
34(a)l2id, ST, CG, HN DWRILFEEE 7o v b L
2o TTIZHSNT WA X ) IZRIBRBE ORI,
[Li] / INbJH ISR LT B %5, ¥ — 27 L@ I,
KELBEALIBE v, —T5, MgO #RIMO LiNbO,IZ
DWTIE, Fig 34 IR LTWEHD, ¥—7iE
&, MGO7, MGW5® 2 DDA D W C A IRE) Sl
WCKEL YT RLTW S,

ROV Z B S 2 LTwb O-H O fEIRE oM
EFNUIHIET B OH IRIE (ny,) ZHEET B 720007, W
WA b VE, REE Y (OH), HEL PEEG
DINT A—F—F/RBELLT, ¥y Ab LG, -
VyF T yOWIEBBTHE L, TS DfE,
Table 3312 A M LTW5h, OHEE (n,) ¥, ThZ
DAY M VIZIE UT Klauer e al® OB LY
Bl L7z, OHEE (n,) 13, W W10%em®*D + —
¥ —TdH o> T, LiNDO,HAED AR D K EIZHART
W DD WRIRIRETH 2 Z Db b,

Fig. 3502 HREIE v (OH) @ Nb 2R [Nb] 1Zh)§ 51K
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Fig. 34 Dependencies of the absorption coefficients due to the O-H bond stretching vibration on
the frequencies y (OH) in (a) un-doped crystals and (b) MgO-doped crystals. For the
chemical formulae of samples.

Table 3.3 Values of the O-H bond-stretching vibrational frequencies v (OH), the intensity [ and

the half-width [' at hall-maximum for each decomposed absorption spectrun.
Estimated values of the concentration m,, of hydrogen, the bond length R(O..0)
between oxygen ions, and the O-H hond length +{(OH) for eachdecomposed absorption
spectrum are also given.
v(OH) r ! noy [22] R(O-..0) [23] r(O-H) [23]
Sample”  (cm™') (cm™" (cm™2) (em™%) (A) ' A
ST 3460.5 5.0 0.7592 3.793 x 1016 2.8456 0.9896
3467.6 3.6 2.7591 1.378 x 107 2.8527 0.9890
34743 44 2.2347 1.161 x 1017 2.8596 0.9884
34818 4.0 1.8451 9214 x 10'¢ 2.8678 0.9878
3490.3 55 1.9583 9.977 x 10'¢ 2.8775 0.9870
CcG 3469.5 7.0 17.0431 8.514 x 10" 2.8546 0.9888
3488.4 13.5 84.6411 4.225 x 10'8 2.8753 0.9872
HN 3470.0 9.0 4.1563 2.076 x 107 2.8551 0.9888
34915 14.0 24.5892 1.228 x 1018 2.8789 0.9869
MGOl 3467.4 6.1 12.7758 6.382 x 10%7 2.8525 0.9890
3476.5 97 22.7157 1.134 x 1018 2.8620 0.9882
3491.7 12.3 52.5900 2.626 x 1018 2.8791 0.9869
MGO03 3468.2 6.8 12.5613 6.274 x 10V7 2.8533 0.9889
3485.2 10.9 56.3117 2.812 x 1018 2.8716 0.9875
3500.7 10.1 5.2179 2.604 x 107 2.8900 0.9861
MGO05 3469.4 9.3 10.0975 5.043 x 107 2.8545 0.9888
3485.7 10.6 36.5581 1.825 x 10!8 2.8722 0.9874
MGO07 3526.6 59 10.3798 5.177 x 107 2.9250 0.9839
3536.5 5.6 11.8267 5.897 x 107 2.9399 0.9830
3546.2 26 0.9802 4.886 x 10'9 2.9554 0.9822
MGWS5 3528.3 7.0 6.5571 3.270 x 10V7 2.9275 0.9837
3536.7 5.1 4758 2.372 x 107 2.9402 0.9830

3538.6 5.2 7.1441 5.563 x 1017 2.9432 0.9829
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Fig. 3.5 Dependencies of the O-H bond stretch-

ing vibrational frequencies v (OH) for
each decomposed spectrum given on
[Nb] in the crystals. For the chemical

formulae of samples.
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absorption intensities estimated f{rom the

transmittance spectra for (a) undoped crystals and (b) MgO-doped crystals, where we

define ¢ as the angle formed by the ¢ axis and the electric f{ield vector of the light

propagating perpendicular to the ¢ axis. For the chemical formulae of samples.
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Fig. 3.7 Schematic illustration of (a) the crys-
tal structure in LiNbO, and (b) the
oxygen plane just above Nb™. The values
of the bond length given in figure are
calculated from the structure analysis
data for the nearly stoichiometric crys-
tal. For the details of the structure
analysis data. Note that, in (b), Nb"
and Li' are located, below and above the

oxygen plane, respectively.
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Table 3.4 Compositions of samples.

Sample  [Sc]* (mol%)  Nb;OsLiz0:S¢z03 (wi%)®
cG 0.00 90.4:9.57:0.00

Sc07 0.6 —

Sc13 132 —

Sels 150 89.8:9.58:0.52

Sc27  2.66 —

Sc28  2.84 89.3:9.56:1.21

Se32 3.9 89.3:9.47:1.30

8c36  3.56 89.3:9.13:1.53

% 100 x {[Sc)/([LiNbO3] + [Sc203])}. The values are those before melting.
® The values obtained from chemical analysis.

Table 3.5 Chemical formulae of the samples. []

denotes a vacancy.

Chemical formulae

CG Lio.951 D.039Nb1 0098 03,00

Sample

Scl5 Lin.9435¢0.011100.0419Nb1 004 03,00
Sc28 Lig.930 Sci.0254 To.0459Nbo 999 O3 )
Sc32 Lio.9225¢0.0274 000516 Nbo.999 O30
Sc36 Lig.908 S¢0.0331 00060 Nbo 998 O3.00
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Fig. 3.10 Dependencies of the absorption coeffi-
cients due to the O-H bond-stretching
vibration on the frequency v (OH) in
(a) samples with [Se] < 2.66 mol% and
(b) those with [Se] > 2.66 mol%,
where the concentrations of Se, [Scl,
are for before melting. For comparison,
the absorption coefficient is also shown
for a non-doped sample with congruent

composition.
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Fig. 4.3 Tie line relations in the Al-rich part of
the system CaO-ALO,MgO at 1650C.
The system is subsolidus throughout.
Table 4.1 Crystallographic Data of CaMg-
Hexaaluminates
CAM-I CAM-II
Symmetry Rhombohedral Hexagonal
Space group R3m Pem2
Cell const. a = 5573(1)A a = 5.590(2)A
¢ = 79.810(2)A ¢ = 31.283(1)A
V = 21465 A V =846.8 A3
Z=3 Z=2
Formula® CazooMg141Alg 4046 CagogMgrnAlissOx
Formula (ideal) Ca,Mgy AlpsOug CaMgyAli6027
Structure type X type W type
Stacking? (M2S)n (MS),
Independent reflections 586 640
R factor 4.7% 57%
20 range 26 = 3°-53° 26 = 3°-70°
Data collection w scan ® scan

“ Experimental, by EPMA.
b Stacking elements: M = CaAl;,Oy and S = Mg, Al,Os.
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Table 4.2 The Positional and Thermal Parameters of CaMg-Hexaaluminate (CAM-I) obtained by
the X-ray Single Crystal Diffraction Method

Atom Site positional parameters? Thermal pammelersl’ x (04
X z Uit U33 U2 Uiz U23 BeqC

Ca 6¢c 0 0.09817(4) 164(12) 151(17) 1/2U22 0 0 1.26
Al(D 18h 0.16498(24) 0.05925(2) 47(12) 47(10) 17(18) 2(8) U3 0.39
Al(2) 18h 0.16478(24) . 0.13682(2) 48(12) 58(98) 26(18) 3(9) -U13 0.40
Al(3) % 172 0 110(16) 149(15) 172022 149(16) 2U13 1.23
Al(4) 6¢ 0 0.02230(5) 94(15) 58(19) 1/2U22 0 0 0.65
Al(S) 6c 0 0.36223(5) 85(14) 30(20) 1/2U22 0 0 0.53
Al(6) 6¢ 0 0.29652(6) 120(15) 194(24) 172022 0 0 1.15
Al(7) 6¢c 0 0.25133(5) 56(14) 28(18) 1/2U22 0 0 0.37
Al(8) 6c 0 0.43231(6) 50(15) 452(33) 1/2U22 0 0 1.45
Al(9) 6¢ 0 0.21891(5) 62(14) 34(18) 1/2022 0 0 0.42
Al(10) 6c 0 0.17454(5) 45(13) 51(18) 172022 0 0 0.37
Al(lT) 3b 0 1/2 46(18) 28(26) 112U22 0 0 0.31
O(l) 18h 0.17866(55) 0.01406(6) 97331 151(26) 64(48) 4121) -uUi3 0.86
02) 18h 0.48735(52) 0.04348(6) 63(28) 108(24) 27(44) -921) -U13 0.63
0@3) 18h 0.83405(52) 0.07007(5) 85(29) 99(25) 54(46) -22(21) -Ui3 0.66
O 18h 0.51437(51) 0.09804(5) 56(27) 42(24) -21(45) 1(22) -U13 0.57
O5) 18h 0.83718(50) 0.12569(5) 52(25) 43(22) 6(43) 18(21) -Ui3 0.45
0(6) 18h 0.48801(52) 0.15222(5) 70(29) 92(24) 54(44) 9(20) -U13 0.54.
[¢]@))] 6¢ 0 0.31962(11 100(34) 149(50) 1/2U22 0 0 0.92
O(8) 6¢ 0 0.04541(11) 5931) 88(46) 1/2U22 0 0 0.54
009) 6¢ 0 0.40319(10) 65(31) 30(44) 1/2U22 0 0 0.42
O(10) 6¢ 0 0.45877(10) 0.19
O(1h) 6¢ 0 0.15161(11) 51331 76(46) 1/2U22 0 0 0.47
a. y=2x. b.  The temperature factor is expressed as :

exp(-2m2(h 22U j + k26*2Uqp + 126%2U33 + 2hka*b* Uy + 2Ha*c*U 3 + 2klb*c*Uq3). U2z = Uit
o Byg=3L T Bima) = Sn(S X Uij).
355 30

Table 4.3 The Positional and Thermal Parameters of CaMg-Hexaaluminate (CAM-II) "obtained by
the X-ray Single Crystal Diffraction Method

Alom Site positional parameters ¢ Thermal purumelersb x 10% ¢

X z Uil U22 U33 Ui2 Ui U23 Beq
Ca la 0 0 162(73) Uit 248(56) 1/2U22 0 0 1.5
Ca Ib 0 12 146(62) Uit 133(41) 1/2U22 0 0 1.1
Al(H) 6n 0.1644(12) 0.09903(9) 35(44) Uit 59(12) 18(68) 6(29) -Uis 0.34
Al(2) 6n 0.5000(18) 0.24896(12) 115(16) Ut 88(10) 50(26) 18(14)  -Un3 0.87
Al(3) 6n 0.8352(12) 0.40076(8) 40(43) Uit 52(11) 1(68) -831)  -Uis 0.42
Al(4) 2g 0 0.19150(23) 0.175(4)
Al(S) 2g 0 0.30423(26) 144(26) url 54(28) 172U22 0 0 0.90
Al(6) 2h 173 0.34300(28) 169(57) Ut 116(35) 172U22 0 0 1.2
AKT) 2h 173 0.46073(24) 77(23) Ut 81(29) 172U22 0 0 0.63
Al(8) 2h 2/3 0.04303(22) 0.021(4)
Al(9) 2 273 0.15450(26) 5(39) Uil 111(35) 1/2U22 0 0 0.32
Al(10) 2i 173 0.17647(26) 65(49) un 7(26) 1/2U22 0 0 0.36
Al(HT) 2i 23 0.32407(26) 63(51) Ut 68(31) 1/2U22 0 0 0.51
Al(12) 2h 173 0.00757(33) 0.33(2)
Al(13) 2i 2/3 0.5060(11) 44(34) Uit 156(206) 1/2U22 0 0 0.64
o)y 6n 0.8330(25) 0.07198(30) 0.791(5)
0(2) 6n 0.4862(22) 0.13922(23) 0.200(5)
0Q) 6n 0.1824(19) 0.21653(32) 0.692(5)
O4) 6n 0.8225(20) 0.28716(26) 0.636(5)
o) 6n 0.5121(26) 0.35988(28) 0.934(6)
0(6) 6n 0.1637(20) 0.42960(26) 0.352(5)
o 3j 0.5141(37) 0 0.987(9)
O8) 3k 0.4855(31) 172 0.221(7)
09) 2g 0 0.1333(7) 0.622(11)
O(10) 2g 0 0.3652(7) 0.654(11)
ot 2h 1/3 0.0743(8) 1.00(1)
0(12) 2h 173 0.2872(6) 0.276(9)
O(13) 2i 2/3 0.2190(8) 0.872(12
0(14) 2i 23 0.4308(7) 0.06(1)

@ y=2x b. The temperature factor is expressed as :  exp(-2n2(h2a*2U | + k26*2Uq + 12c*2U 33 + 2ka*b*U | + 2hla*c*U13 + 2kib*c*Ug3).
¢ Byg=%E X Biae) =325 5 U;;).
i i
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Table 44 X-Ray Powder Patterns for CAM-I

and CAM-II Taken from Single
Crystalline Material
CAM-I, CAM-II
Ca Mg, AlygOus CaMg,AlOy
Rhombohedral Hexagonal

a = 55710(1) ¢ = 79.770(12) a = 55926(2) c = 31.297(14)

dobs et h kI dobs Lier h kI
13.26 8 00 6 7.81 10 00 4
8.85 11 00 9 5.21 35 00 6
6.65 6 0 0 12 4.39 16 1 0 3
531 39 0 0 15 4.12 5 1 0 4
443 10 0 0 18 391 33 00 8
3.79 46 1 0 13 © 313 31 0 0 10
332 33 0 0 24 2.824 25 10 9
2.945 32 00 27 2.796 42 11 0
2.899 5 1 0 22 2.634 14 11 4
2.815 8 0 1 23 2.627 87 1 0 10
2.785 37 11 0 2.608 28 0 0 12
2.657 - 100 11 9 2.464 100 11 6
2.588 59 0 1 26 2.452 53 1 0 11
2.467 90 1 1 15 2.392 7 2 0 2
2.453 15 1 0 28 2.358 24 2 0 3
2.389 18 0 1 29 2313 . 9 20 4
2.358 32 1 1 18 2275 15 11 8
2.309 7 0 2 10 2.235 ) 32 0 0 14
2.288 8 2 0 11 2.196 38 20 6
2.245 11 0 2 13 2.059 66 2 0 8
2215 67 01 32 1.9872 41 20 9
2171 15 0 2 16 1.9149 9 2 0 10
2,145 13 2 0 17 1.8440 6 2 011
2.091 18 0 2 19 1.7073 6 2 0 13
2.064 30 2 0 2 1.6198 6 21 9
2.045 16 0 0 39 1.6143 6 30 0
2.008 38 0 2 22 1.5805 46 2 0 15
1.9803 10 2 0 23 1.5646 12 0 0 20
1.9242 8 0 2 25 1.5422 21 30 6
1.7335 6 2 0 32 1.5392 18 211
1.6820 6 0 2 34 1.5217 38 2 0 16
1.6083 7 3 0 0 . 1.4657 17 2 0 17
1.5836 25 2 0 38 1.4126 13 2 0 18
1.5676 16 1 2 26 1.3982 56 22 0
1.5632 23 3 0 12 1.3622 20 2 0 19
1.5371 41 0 2 40 1.3144 5 20 2
1.5200 10 1 2 29 1.2692 5 202
1.5144 21 2 0 4 1.2345 5 31 10
1.4494 10 2 0 44 1.2121 6 1 0 2§
1.4398 6 2 1 34 1.1179 5 0 0 28
1.3928 52 2 2 0 1.1056 S 11 26
1.3889 13 1 0 55

1.3495 6 0 2 49

1.3307 10 2 1 5

1.2945 7 0 2 52

1.2340 6 1 3 25

1.2272 20 3 0 42

1.1087 12 1 1 66
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Fig. 44 The structure of CAM-I (X-type) and
CAM-II
(110) plane. The c-axis lengths of unit

(W-type) projected on the

cells are indicated. For reference, mag-
netoplumbite structure {M-type) is also
shown. Filled rectangulars are repre-
senting the large cations (Ca®), and
filled and open circles are .Alions.
Oxygens are not shown but situated at
the end of the bonds expressed in thin

lines.
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Fig. 4.5 Schematic representation of two series
of polytypic compounds in magnetop-

lumbite structure. The marks are the

same as Fig. 4.2.
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4. 3 SrO-ALO-MgO %

Cad Db A PEORKENSHEIRHTHLZ L
PSR B, SrO-ALO,-MgO R TiE, ¥ T
SrAl,O & SIMgALO S HI S NTHBY, FIEL, MP
B, #EE, pHoMEr ", SrO-ALO,-MgO
RIZDWT, ALOD I OMEIHRE S & IZFHMIZH
Nz A, BHO 2 20L&z, SrAl,0,
(SA6) & SrMgAl,0,, (SAM-II) % #5 SHR OB AW I
FHLuAXFH 73— MEAWTH S SAM-I
(Sr,MgAL,O,) & RoW723 2 & Ak 7429 (Fig. 4.6),
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Fig. 46 The ternary phases SAM-I and SAM-II
in the system SrO-AlLQO,-MgO.
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Table 4.5 Crystallographic Data of Sr -« Mg-
Hexaaluminates
SAM-I SAM-II
Symmetry Hexagonal Hexagonal
Space Group Pém2 P63 /mmc
Cell Const. a=5583(1)A a=5.620(1) A
c=22225(5)A c=22.400(2) A
V=599.92 A3 vV =61257 A
Z=1 Z=2
a.
Formu}a Srl 86Mg0 66A122 3736 Sr() 92Mg0 91A110.10l7
Formula(Ideal) Sr,MgAlL, O, SrtMgAl O,

a. Experimental. By EPMA

eI 7 &

#1035

3 BIDIEESE % #50 SAM-11 &, MP BID{EESE % #
D SrALOD B & ) EHHIICHAIELTWAZ L b
b, ZOMENPEMETEDL, cHIEEATH, SAG
X, 2200A T, SAM-II i3, 22399A T& 1), SAM-I
i, 2223A &b 1) Lol o TnE, Ih
i, cHMEMMZERO Y A 7L EFICEEL b
HTHHY,

ZO X9 % pRIE MP B O AL DA H A E
oo, FRIYLET I CDL) R 1k
STMOBFEDMA 4 v 2 & AT T3 42— MLE
WIZAHENTWDLDHRTH NS, [[{—1F D8
HE, STRFTCHEME Vv, 1, 3fiREeDOAF
7N A= MLEWOEE, 1MOA 4 hgilo
MEE&KD S L3 A A »HF MP B O {28
1ZAEV B, BRI EDS E S A DTHART & B
ﬁ%ﬁ@tfﬁb W%&%Mgmﬁmbiofﬁé
BOBEINELLEWI Ea L TWE, 4D
St DA, RRFHTH S VR D, 4%7¥%
X, [REREOMEEZRET L2 ERHFTHLZ DD
Mo TWBD, sr@ia,%\, %xo&Zom% &R
BHROAF v (MESAR

Table 4.6 The Positional and Thermal Parameters of SAM-I

Atom Site Number per  Positional parameters® Thermal parameters * x {0*

unit cell X zZ Un Us3 Uiz Ui Beq
Sr(l) e 1 2/3 0 52(5) 63(8) 0.5U11 0 0.44(4)
Sr(2) 3k 091(1) 0.3105(12) 172 358(64)  95(12) 305(68) 0 1.7(5)
Al(f)  6n 6 0.8316(4) 0.1405(1) 18(9) 57(8) -2(15) -10(9) 0.28(11)
Al(2) 6n 6 0.1667(4) 0.35540(9) 36(9) 78(9) 19(15) 25(10) 0.39(11)
Al(3) 2h 2 173 0.2202(2) 59(12) 11421)  0.5U11 0 0.61(9)
Al(4)  2i 2 213 0.2729(2) 29(10) 46(15) 0.5U11 0 0.28(7)
Al(5) 2h 2 173 0.0589(2) 26(10) 66(17) 0.5U11 0 0.31(7)
Al6) 21 2 2/3 0.4249(2) 42(9) 16(30) 0.5U11 0 0.3%(7)
A7)  2g 2 0 0.2478(3) 37(8) 30(14) 0.5U11 0 0.28(6)
Al8) 2g i 0 0.0100(5) 10(16) 184(72)  0.5U11 0 0.5421)
O(l)  6n 6 0.1527(7) 0.1962(2) 33(25) 62(18) 9(37) -22(15) 0.37(25)
0O(2) 6n 6 0.8440(7) 0.2997(2) 36(23) 33(14) 10(36) 5(17) 0.31(24)
0(3) o6n 6 0.5030(8) 0.1010(2) 34(20) 42(20) 10(34) 4(20) 0.31(24)
O@4)  6n 6 0.4949(8) 0.3988(2) 40(22) 92(22) 31(36) -8(19) 0.41(25)
o5y 2 2 2/3 0.1917(4) 22(19) 79(35) 0.5U11 0 0.32(14)
O6) 2h 2 1/3 0.3050(4) 41(22) 61(39) 0.5U11 0 0.38(16)
o7y 2g 2 0 0.1002(4) 34(22) 42(40) 0.5U11 0 0.29(16)
O@8) 2g 2 0 0.3936(6) 37(21) 72(34) 0.5U11 0 0.38(15)
o)y 3j 3 0.1807(7) 0 0.222(6)
O(10)y 3k i 0.6359(20) 12 0.67(2)
a y=2x. b. U2z=U11, U23=-Ui13, The thermal temperature factor is expressed as:

exp(-212(h2a*2U | + k2b¥2Un) + 12¢%2U33 + 2hka*b*U |5 + 2hla*c*U 3 + 2klb*c¥Usz).  Beq= %( S 3 B, aa) = %ﬂz( 33U
R ) - [
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Fig. 4.7 The structure of SAM-1 projected on

the (110) plane. The c-axis lengths of
unit cells are indicated. Filled rectan-
gulars are representing the large ca-
tions (Sr™),

are Alions. Oxygens are not shown but

and filled and open circles

sitvated at the end of the bonds
e, WERETEX - 727%, BAM-II(BaMg,Al,O.,) & expressed in thin lines.
Table 4.7 The Positional and Thermal Parameters ol SAM-II
Atom Sitle Number per  Positional parameters® Thermal parameters % 104
unit cell X z U U22 U U2s Beq
Sr 6h  1.84(1) 0.6891(7) 1/4 259(15)  409(35)  95(4) 0 1.88(16)
Al() 12k 12 0.8341(1) 0.10688(3) 47(3) 46(4) 64(3) -1(5) 0.42(3)
Al(2) 4f 173 0.02412(7) 69(5) Ui 62(6) 0 0.53(3)
Al(3) 4f 1/3 0.17491(7) 54(5) Ul 29(5) 0 0.36(3)
Al(4) 2a 2 0 0 53(7) Ui 43(8) 0 0.39(5)
(018)) 12k 12 0.1537(3) 0.05222(8) 66(7) 90(12) 64(6) -23(9) 0.56(7)
02) 12k 12 0.5055(3) 0.15003(7) 51(6) 50(9) 85(7) -5(10) 0.49(7)
0OQ3) 4f 4 2/3 0.0596(2) 56(10) Ul 107(15) 0 0.58(7)
O4) 4e 4 0 0.1456(2) 48(10) Un 66(13) 0 0.43(7)
O(5) 6h 2 0.3085(24) 1/4 352(89)  155(87)  32(22) 0 1.59(49)
a y=2x. b. Uz =1/2 U22, U3 =1/2U23, The thermal temperature factor is expressed as:

exp(-2m2(h2a*2U | + k2b*2Ugy + 122U 33 + 2hka*b* U (5 + 2hia*c*U 3 + 2kib*c*Ups). Beq= %@ > B jaa)) = %nz(z SU;).
LA E i
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2=0.25
Al(7) L

0.22 @
Al(3)

SAM-1 )

0.19 OINE

o(l)

0.06
AlS)
0.00 O (l)
Al(8)
o) \/
Yy X

Fig. 4.8 The structure of SAM-I, shown in sec-
tion-wise at various z-value. The c-axis
lengths of unit cells are indicated.
Large filled circles are representing the
large cations (Sr®), small filled circles
are Al ions, and large open circles are

oXygens.

72 (Fig. 4.10), = OfEEIE, Na,0-ALO,~MgO R IZHB
W WIEAESEIRE FF o T b, Whwd, Na g
TV 3 F (NaMg,Aly,Oy) & [ UCTd 5, [k 7 &
&, $TIZR~7 CaO-ALO,-MgO RADANFH 7 )L 3
= N CH D CAM-TI(CaMg,AL0,) IZA BN EA, =
DY, REBPEMPEITHST, R THIFR
BAM-1I @ g BID(RERE L 13, Biko>Twi,

EPMA 12 & BB A0 IC X - C, #5803, Al-rich
A TN TBY, BadA LRIFTTWE Z &8
b oic. Ba DXRIGx A B2, BaDEEERTE
LS CHENTEIT 72825, REBNF1 2B X
Ba D ZEfLRGEEL I EWbrol, 2DX) R4
MDT2HNZ, BT v X M D KR D 22 [ B
P6,/mme & O WD E L 72 P6m2i2 e > T b LD
EEZOHND,

~— Ba0  ganL0, B2, ;A Oy BagsAlOnay Ay

Fig. 49 Phase relations in the Al-rich part of
the system BaO-ALO,~MgO at 1300C.
The system is subsolidus throughout.
BAM-1: Ba, Mg, Al Oy, with 0 =
x = 1. BAM-IL BaMgsy Al [ 10
with 0 = y = 0.3. Tie lines are given
in solid and dotted lines, and solid solu-

tion series are given in hatched lines.

Table 4.8 Crystallographic Data for BAM-IL

Symmetry Hexagonal
Space group Pém2
Cell const. a=563802) A
¢ =31983(5) A
V = 880.4(3) A3
z=1
Formula“ Ba, g414)M8s.02)Al28.8(2/O0s0

Formula (ideal) Ba,MggAl,5050

“Experimental value, determined by EPMA.

4. 5 MgO FEMICL28ENEL

TOH ) HEB L E TV I F D2 IR MO &
WA 72EE, 2o Mg, EERBPICALT, AR
VREHO IMD AL A 24D Mg A 4~ CTiEH
ENBLT LA, TOEE, Al A EMg A F ¥
DA D E A 2 S EEIRFEDSE L 72D, Eo—E
MBS NG, 7TNH) THEEAE TV I+ O 275R
12 MgO ZMATHBEIZOWT, INE Tiro iR s
F L5 L HEEBHICIE, WCOPDEIPREENS,
¥ A7 1 ARERE D15,

A RNT Oy 7RO 3O Al A F H 2D
Mg A4 v TREBEENSZ EIZEDBEHOMED
W, RERBICREELLY, EBOS AT (BT
VIFEMP)DEALT B LISk o TEHEZIT
9 B3
472 T AR NVBOWEE,

AERNTOy 7D 30D AL A F VA5 2D
Mg 4 v CERINLEDTIE R, AYRIVEBIZA
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Table 4.9 Positional and Thermal Parameters of BAM-II

Positional parameters”

Thermal parameters” { x 10%)

Number per
Atom Site unit cell X z U, Uy, Uy, Uy, B.f
Ba(l) 3 0.87(1) 0.010(5) 0 288(103)  42(22)  224(115) 0 1.35(77)
Ba(2) 1b 1 0 1/2 171(10)  131(25) 0.5U,, 0 1.24(9)
ALY 6n 6 0.1652(15) 0.1019(4) 205(28)  196(36) 113(43) 36(22) 1.56{30)
Al(2) 6n 5.73(4) 0.4984(18) 0.2505(6) 74(12) 58(12) 29(18) 23(18) 0.57(15)
Al(3) 6n 6 0.8320(9) 0.3972(3} 0.178(3)
Al4) 2 2 0 0.1956(7) 93(30)  9%45)  0.5U,, 0 0.73(20)
Al(5) % 1.74(5) 0 0.3072(8) 56(29)  78(47) 05U, 0 0.50(20)
Al(6) Zh 2 1/3 0.3417(6} - 1.00(9)
AT} 2h 2 1/3 0.4460(4) 0.111(5)
Al(8) 2i 2 2/3 0.0525(5) 270(29) 94(54) 05U, 0 1.67(22)
Al(9) 2i 1.77(5) 2/3 0.1600(6) 0.372(7)
Al(10) 2h 2 173 0.1768(6) 92(20) 34K75)  0.5U,, i 1.38(23)
A1} 21 2 23 0.3215¢4) 0.03(1)
O(1) 6n 6 0.8396(17) 0.0718(8) 0.88(1)
0(2) 6n 6 0.4897(19) 0.1400(7) 0.55(1)
0(3) 6n 6 0.1777(16) 0.2150(7) 0.60{1)
O(4) 6n 6 0.8132(17) 0.283%(7) 0.85(1)
o) 6n 6 0.5166(19) 0.3564(7) 0.78(1)
O(6) 6n 6 0.1652(19) 0.4276(8) Q.57(t)
o7 2g 2 [ 0.1318(8) 0.14(1)
O(8) 2g 2 0 0.3621(9) 0.64(2)
O(9) 2h 2 1/3 0.0758(12) 0.92(2)
0(10) 2h 2 1/3 0.2839(9) 0.24(1}
o(t1) 2i 2 2/3 0.2194(10) 1.23(2)
0O(12) 2i 2 2/3 0.4241(11) 0.35(2)
o\ le 1 273 0 0.55(3)
O(14) 1d 1 173 1/2 0.86{3)

fy=12x, buzz‘_‘uu' Uyy =

2=0.251 : Alf2)
0.217
L ~Q
Q
o(11)

03) :
0.196

Al(4)

0.177
0.160

tion-wise at

BAM-II

z2=0.500 @) Ba(2)
clpe
o) @

0.446

Al(7) : :

0.426 o2
O -0
@,
0(6)
0397 Al3)
0359 >Sq
Q S O &
o T o
0.342
Al(6)
0322
Al
0.307
AlS)
0.283
D) O Q)
o(10) O(4)

Fig. 410 The structure of BAM, shown in sec-

various z-value. Large

filled circles are representing the large

cations (Ba*), small filled circles are Al

ions, and large open circles are oxygens.

— U,;. The thermal temperature factor is expressed as exp( — 2a’(W?a*?U,, + k2*2U,, + Fc*?U,, + Wka*b*U,, +
2hlatct U,y + KU, ) By = 40T, Byarn) = (S, 5, Ui

Yok OV HAL (Mg, AL, O) A SN, LRSI NRY
AVEET B

REEDY 4 7 (B 73T & MP) DEWEITICHE
B L7284, MgO B & 2fEoZbi, Fig 411
WRTEIBRTANTITATETIENTE L, HIC
&, 7Tk ) B OE NI 2O A & 2D
F= &b ANTH B, MgO WM & - T, (ZEED
YA THEAFRI S hwvE X120, HEotoifs
12, HEESHiAHE S 5 2 L2k BHY, Ziu, AER
NVEBOBHE L WA R S BIZIE, CaO-ALO,-
MgO 5% T CAM-1(CaMgAl,,0,), CAM-II(CaMg,Al,0,;)
D2 oA, D5 472 DBHIHKRI - Tw
o TITCE, TR THERILHET VI T D2TT
RONEFFTIVI A — NTHDB CaAl0,lc A LD
MP BID(EERE A2 LS H 2 b, ER&NAAY
IVEERDZ LWL > TEMMELT B ko Twnh,
SrO-ALO,~MgO R DI, SrAl,0ld MP i % #F
DI ENMS T WA, SAM-1(Sr,MgAL,Oy) D 55
A, pHlOEREE MP BIORERB S A A IVEL I
SATKEIEAE L > 2BIRILEMTHLDT, 3
MDA AF 2D Mg 44 TCEEINSZ &
12X BEWHEIL, 74 71T, REBOBHIZLS
ZENRDr b, SAMILIIEERBAFTNTRIMTDH
h, EWHEE, WU JEEEOBMNIZL LD TH AL,
BaO-ALO,~MgO R D54, BaO-ALOSRD 2 JLARD
ANFHFT NI A= NTHD Bay,AlLO,Tl, gD
(RERE 2 FE00%, MgO 2L %) bh b {REE
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CRYSTAL GROWTH OF NONSTOICHIOMETRIC OXIDE MATERIALS
USING DOUBLE CRUCIBLE CZ METHOD

5 1 INTRODUCTION

A wide variety of oxide single crystals are of
interest for use in optical applications. Most of these
multi-component oxides (intermediate

materials are

oxide compounds) and, in a strict sense, are

nonstoichiometric in the ratio ol constituent cations
due to defects in the crystal. (In this paper, the
nonstoichiometry of intermediate oxide compounds
refers to the variation in the ratio between constituent
cations. Nonstoichiometry caused by change in the
ratio of cations to oxygen is not considered.) For
optical applications, structures and densities of the
intrinsic defects substantially influence properties.
Some oxide materials used for such applications
exhibit nature in their

important common

nonstoichiometry"?.

In this paper, the characteristic
nature of nonstoichiometric oxide materials such as
Gd,Ga,Ga,0,, (GGG in abbreviation), LiNbO, (LN)
and Bi,Si0, (BSO), and the relationship between
their properties and nonstoichiometry will he briefly
discussed. All show wide variations in their proper-
ties, depending on the growth conditions and melt com-
positions from which the crystals were grown.

The main oxide crystals commercially produced
for optical applications have been grown by the Czoch-
ralski (CZ) method. Because the crystals with specific
composition along the growth axis cannot be grown
from an off-congruent melt in the ordinary CZ method,
they have been grown intentionally from a melt of
composition as close as possible to the congruent melt
composition. In the conventional CZ growth, there are
two main disadvantages; one is that if crystals are
grown from melts of off-congruent compositions or
from a melt doped with a particular component, the
composition of the growing crystal varies according
to the progress of the crystallization. The other disad-
vantage is that the melt depth changes (decreases)
as the crystallization progress. This causes some sig-

nificant changes in thermal conditions and melt con-

vections during the growth®", and consequently makes

growth of single crystals with high homogeneity dif-
ficult.

In order to overcome these problems in the con-
ventional CZ method, we have developed a double
crucible CZ method. The idea of using a double
crucible was first proposed in the fifties in order to
realize homogeneous doping of particular components

9 Such technology was not

in Ge and Si crystals
commercially utilized until recently. Now, the double
crucihle method is once again attracting attention as
some companies are applying it to the commercial
production of doped Si crystals”. Although a similar
method has been applied to single crystal growth of
some oxides such as Nd-doped Y,Al;O,, and LN, this
technology has not yet been sufficiently developed®”.
In this paper, some essential techniques of our double
crucible CZ method and its application to single crys-
tal growth of LN under nonstoichiometric control will

he demonstrated.

5. 2 NONSTOICHIOMETRIC NATURE OF GGG

AND LN
Some oxide materials such as GGG, LN and
LiTaO, (LT) exhibit common behavior in their

nonstoichiometry, as summarized by Carruthers”.

That is, each nonstoichiometric solid solution range
only expands toward one excess component side. In
the case of GGG, at high temperature, some excess
Gd ions occupy the octahedral site coordinated with
6 oxygens by §ubstituting Ga ions there. Because Ga
ions hardly occupy the Gd dodecahedral sites coor-
dinated with 8 oxygens, the GGG solid solution ex-

1o, n

pands only toward the Gd component side'™'. In the

case of LN and LT, their solid solution ranges ex-

pand only toward the Nb and Ta component sides,

respectively”™". These materials are typical oxide

single crystals, commercially produced by the Czoch-

ralski method, that exhibit considerably wide

nonstoichiometric solid solutions. In these case, the

solid phase of the stoichiometric composition coexists
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with a melt of eutectic composition and the

nonstoichiometry expands toward only one com-
ponent side, as schematically illustrated in Fig. 5.1.
Therefore, the congruent melting composition shifts
toward the excess component side of the stoichiometric
Table 51 is a

nonstoichiometric solid solution which is caused by

composition. generalization of a
an anti-site defect at one component site in the crystal.

In this case, the compositional deviation from
stoichiometry is directly caused by the density of
defects. Therefore, a crystal of congruent composi-
tion contains a certain amount of defects. In the
materials mentioned above, such defect densities are
larger by 2 or 3 orders than ordinary impurity con-

centration levels.

Fig. 5.2 shows the compositional relationship be-

16)

tween GGG garnet and the melt. Brandle et al
reported the dependence of GGG lattice parameters
on the melt compositions. “x” in the figure (percent-
age of Gd ions substituting the octahedral site in

GGG) was calculated from an equation given by Al-

stoichiometric

congruent melt
composition .
1

N composition

Temp‘ Liquid

Solid solution due to
nonstoichiometry

(A1-5,B8)xBy

A1B
A Lo X,y m senEEEy B
composition
) - - I
, Deviation from stoichiometry
= Density of defects
Fig. 5.1 Part of schematic phase diagram of

nonstoichiometric  solution expanding
toward one component side associated

with anti-site defects.

Table. 5.1 Nonstoichiometric solid solution range

of some oxide materials.

compound nonstoichiometric range congruent composition
Gd3+sGas-s012 8= +0.30 to - 0.002 8 =+0.05
Lii-ssNbi+sO3 +0.031to 0 +0.0092
Lir-ssTa1+s03 +0.025 to 0 +0.0066

after J.R.Carruthers (1975)

libert et al.'"' for the relationship between the GGG
composition and lattice parameters. The plotted points
are almost linear. Although there is no data for melt
compo-sitions below 35.7 Gd,0, mol %, it looks as if
% increases proportionally with the deviation of melt
composition from 30 Gd,0, mol %. This 30 Gd,0,
mol % is coincident with an eutectic composition in
the Ga-rich side of GGG™'7. In the case of GGG,
Gd and Ga cations are both trivalent, and this
nonstoichiometric substitution does not cause other
defects in the GGG crystal structure. Although the
lattice parameter, which is one of the most impor-
tant properties for use as a substrate material, is
strongly dependent on this substitution, it is not yet
clear whether this substitution influences the optical
properties of GGG.

Fig. 5.3 shows the corresponding relationship

for the case of LN using the previously reported com-

{Gd}s[Gdx Gar-x]y(Ga);04,
4

T T 7T T et ama 4 Lt

3 =
|
100 “'
(%) 2} "
-
-
1 e
/‘f
0'-:- Lol PR WY PRI PR T Lok

28 30 32 34 36 38 40
Gd203 mol % in melt

Fig. 5.2 Melt composition and Gd ion percent-

age at Ga octahedral site in GGG.

Li.5xNb¢,x03
BiP. Lerner et al. (1968)
4 @.).R. Carrutheys et al. (1977
@ Y. Furikawa gt al. (1992)

3 cangruent 8-
camp.

1 ]
R T L. .¢

0 Beodeodocdoodach P St
40 42 44 46 48 50 52
Nb205 mol % in melt

Nb20s5 mol % in crystal - 50 %

“54 56

Fig. 5.3 Melt composition and deviation of crys-
tal composition {from the LN stoichiomet-

ry (excess Nb,O, concentration).
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12,13, 18

positional relationships '. The inductively coupled
plasma technique (ICP-AES) and cupferron gravimet-
ric analysis were used for determining the Li and Nb
contents, respectively'™. The vertical axis represents
the deviation of crystal composition from stoichiomet-
ry, which is proportional to the density of
nonstoichiometric defects. Ignoring the slight scatter-
ing of the plotted points (caused by difficulties in
obtaining accurate chemical analysis), a linear line
fitting would intersect the horizontal axis at about 42
Nb,Oy mol %. This suggests that stoichiometric LN is
grown from a melt of this composition and excess Nb,O;
concentration in LN is increasing proportionally to
the increase of Nb,O; mol % in the melt. The congruent
composition has been reported as heing47.5 — 47.6 Nb,O,
mol %"

The excess Nb ions occupying the Li ion site
generate cation vacancies necessary for electric charge
balance. Two possible defect structure models have
to describe the vacancies.

been proposed cation

They are the Nb-site vacancy model®™ and the Li-site

2V In both models, LN crystals of the

vacancy model
congruent composition contain large amount of such
defects. In the first model, about 5 % of Li-ion sites
are occupied by Nb ions and 4 % of Nb-ion sites are
vacant. In the latter, about 1 % and 4 % of Li-ion
sites are occupied by Nb ions and vacancies, respec-
tively. They are indicated as follow;
Nb-site vacancy model: [Liges, NDggslINDgos, Vool Os
Li-site vacancy model : [Ligg Nbgo, Vool NDb O
(V stands for vacancy.)
Although, it is still being argued which model
is more likely for the LN nonstoichiomery®, it has
turned out that the defect densities increase propor-
tionally to the excess Nb concentration and in turn
strongly influence the optical properties. Fig. 5.4
shows optical absorption spectra of LN crystals grown
from different melt compositions. The spectra were
measured by using a spectrophotometer, on c-plate
samples. The Curie temperatures of the crystals,
measured by DTA analysis, are indicated in the figure.
Crystal composition can be estimated from the Curie
temperature using the equation proposed by O'Bryan
et al'"’. According to ref."”’, Sample 3 with the Curie

temperature of 1143 C was grown from the congruent

melt composition of 485 Li,0 mol %. The other
samples were grown from Li-rich melts. The Curie
temperature of 1187 C on Sample 2, grown from a
melt of 57.0 Li,0 mol %, corresponds to a crystal
composition of 49.7 Li,O mol %. This figure clearly
indicates that the absorption decreases in crystals
grown from Li-rich melts. Sample 1 was grown from
a melt composition of 59.5 Li,0 mol %. From the com-
positional relationship summarized in Fig. 5.3, its crys-
tal composition can be regarded to be very close to
stoichiometric or, there is a possibility that the com-
position is Li-rich, Although the wavelength of the
absorption edge of Sample 1 is shorter than that of
Sample 2, some absorption can be observed as a
shoulder between 320 and 370 nm. This absorption
has also been observed in stoichiometric LN grown
from a K,0O doped melt®™, however, it has not yet been
explained.

In addition to the absorption behavior, the opti-
cal damage resistance also strongly depends on the
[Li] / [Nb] ratio in the crystal. The optical damage is
the refractive indices’ change under irradiation by a
laser beam, resulting from the photorefractive effect
of the material. According to Furukawa et al.'¥, the
optical damage was enhanced in LN crystals with coni-
position close to stoichiometric. It has been reported
that the optical damage can be suppressed by doping
with Mg, Zn and Sc®*”. A blue shift of the absorp-
tion edge was also observed for crystals doped with
these components. It is noteworthy that the
stoichiometry control and doping of particular com-

ponents exhibit different effects on their optical

0.7 | . |
0.6 ﬁ"’""
os |24/

(%)

oa LI/

:’%’ 03 | [ /3 1 Stoichio. 1 Tc:1202 C

= ﬂ / 2 Stolchlo. 2 Te:1187 C
0.2 f

3 Congfuent TE:1T43 L

o1 HIf
/AN

300 350 400 450 500 550 600
Wavelength (nm)

Fig. 54 Transmission of LN crystals grown

from different melt compositions.
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properties. In order to interpret these phenomena,
changes in the defect structures depending on the con-
28)

centration of dopant in the crystal must be clarified

This is one of the main future objectives in this field.

5. 3 NONSTOICHIOMETRY OF BGO AND BSO

In the case of Bi,GeO,, (BGO) and BSO (they
are isomorphic and have quite similar phase relation-
ships in Bi,0,-GeO, and Bi,O,-Si0, pseudo-binary sys-
tems, respectively), the nonstoichiometric solid solu-
tion ranges are considerably narrow compared with
LN and GGG. Fig. b.5b

diagram in the Bi,0,-GeO, system reported by Tissot

shows part of a schematic phase

et al.”. So far, it has been almost impossible to detect
any differences in the chemical compositions of BGO
single crystals by conventional analytical methods.
However, from the dependence of some properties of
BSO crystals on the melt compositions, the existence
of the nonstoichiometric solid solution has been recog-
nized®*’. Although it has been speculated that the
main nonstoichiometric defect in BSO and BGO is like-
ly caused by excess Bi ions in the crystal, the solid
solution ranges and the detailed defect structure have
not yet been clarified®

In order to clarify the variation in properties of
BGO due to the nonstoichiometry, we grew some single
crystals of BGO by the Czochralski method from dif-
indicated in Fig. 5.5.
(99.9999% pure) and GeO,

were used as starting materials.

ferent melt compositions,
Oxide powders, Bi,O,
(99.999% pure),
700 g of mixture in the ratios indicated in the figure
were melted in a platinum crucible of 50 mm diameter
and 50 mm height. Crystals less than 100 g weight
100>

automatic diameter control. The as-grown crystals ex-

were grown along the direction using an
hibited obvious differences in .their colors; from red-
dish brown crystal grown from the Bi-rich (8 GeO,
mol %) melt, to pale yellow grown from the Ge-rich
melt (24 GeO, mol %). Fig.

sorption spectra near the absorption edge wavelength,

5.6a shows their ab-

which were calculated from the transmission spectra
of plane-parallel polished specimemnrs cut off from the
off-facet regions of the crystals. It can be seen from
Fig. 5.6a that the BGO absorption strongly depends

on the melt composition from which the crystal was

#1035

grown. Fig. 5.6b shows the absorption coefficients at

particular wavelengths depending on the melt com-
positions. It can be considered that the absorption
coefficient at a particular wavelength is proportional
to the density of the related absorption center in the
crystal. In the figure, it can been seen that the plotted
points are indicating two groups of fitting lines. On
the Ge-rich side, these lines converge on the horizontal
axis (where the absorption coefficient = 0) ap-
proximately at melt com-position of 30 GeO, mol %.
This composition is coincident with the eutectic com-

®  The other group of

position previously reported
fitted lines on the Bi-rich side converge to a dif-
ferent melt composition. This fact represents the dif-
ference in relationships between the slopes of li-
quidus and solidus lines for the different sides.
Besides the relationship between the absorption

and melt compositions, it has been reported® that an

Bi2O3 - GeO2 system

Temp.
(C) A 1044
/_ Liquid
800 = 820
-] BisGe3O12 Bm_GeOzo B1203

T T T
50 40 30 0
GeO2 mol%

Bi12GeO20

I |
20 10

GeO2 mol%

Fig. 55 Part of the schematic phase diagram in
Bi,0,-GeO, system. BGO crystals were
grown from the melts with the follow-
ing compositions. GeO, mol % 1:8%,
2:12%, 3:14.3%, 4:20%, 5:24%
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increase in growth rate causes an increase in ab-
sorption. Also, the absorption in the facet region
(core) of the crystal was obviously increased. These
facts suggest that the absorption is resulting from the
defects caused by excess Bi ions, and that such ions
are incorporated into crystals from the melts in the
same manner as impurities.

In the case of BSO, the relationships between
the melt composition and photorefractive properties
were investigated by Garrett* and Hisada et al.*.
a BSO

grown from a Sirich melt exhibited a smaller ab-

According to Hisada et al.¥, crystal
sorption coefficient and larger two-wave coupling gain
coefficient in the diffusion regime (a parameter re-
lated to the photorefractive effect) than a crystal
grown from a stoichiometric melt. On the other hand,
it has been reported that the absorption of BSO crys-
tals doped with AlLO, was decreased in the same way
Si-rich  melt*,

as that of BSO grown from a

However, Al-doped BSO exhibited a smaller two-wave

50

UL L LA LA
GeO2 mol %
40 1 8%
2 12%
Abs. 30 3 14.3% 1
o (cm-1) 4 20%
20 5 24% ]
10
0

400 450 500 550 600
Wavelength (nm)

(a)
14 _' AL AL LA L A LA AL L L l..
1 514.5nm
121 2 488.0nm ]
10 F 3 475.0nm
Abs. sk 4 460.0nm ]
o {(cm-1)
6 - ]
4 - 4
2 [ p
0 o e b PR —
5 10 15 20 25 30
GeO2 mol % in melt
(b)

Fig. 56 BGO optical properties depending on
GeQ, concentrations in the melts,
(a) Absorption near the absorption edge
wavelength,
(b) Absorption and GeO, concentrations

at particular wavelengths

coupling gain coefficient than pure BSO*. This means
that stoichiometric control of BSO ecrystal by con-
trolling the melt composition and Al-doping into the
crystal have different effects on the photorefractive

properties.

5. 4 CRYSTAL GROWTH BY DOUBLE CRUCIBLE
CZ METHOD

As mentioned above, some single crystal
materials exhibit considerably wide variations in their
properties, especially optical properties, by changing
the melt compositions from which the crystals are
grown. In the conventional CZ growth, however,
there are some disadvantages when a crystal is grown
from an off-congruent melt. If single crystals with high
quality and high homogeneity can be grown from the
off-congruent composition melt, the optimum composi-
tion could be chosen from the wide selections for par-
ticular applications.

We have developed a double crucible Czoch-
ralski method equipped with an automatic powder
supply system in order to realize the growth of high
quality single crystals from the off-congruent melt.
For example, this method has been applied to growth
of stoichiometric LN crystals (the stoichiometric crys-
tals in Fig. 54 were grown by this method).
Stoichiometric LN can be grown from the Li-rich
(about 58 Li,0 mol %) melt as shown in Fig. 5.3.
A schematic diagram of the double crucible CZ method
is shown in Fig. 5.7. In this method, an ordinary CZ
furnace equipped with a radio frequency generator
was used. The Pt crucible had a double structure
which divided the melt into two parts. The inner
crucible was a platinum cylinder (100 mm diameter)
placed on the bottom of the outer crucible (140 mm
diameter, 70 mm height). The outer melt could enter
the inner crucible through the small gap between the
bottom of the outer crucible and the inner cylinder.
In order to grow stoichiometric LN crystals, the com-
positions of the inner melt and outer one should be
kept Li-rich and stoichiometric, respectively. The
weight of the growing crystal was monitored by a
load cell. LN stoichiometric powder was supplied to
the outer melt at the same rate as the weight increase

of the growing crystal by an automatic powder supply



system attached on the chamber of the CZ furnace

(see TFig. 58). In this calcined

Q. supply system,
stoichiometric LN powder was placed in a holding
container (hopper). The powder was delivered from
the bottom of this container by a cork-screw-like
mechanism. The weight of the holding container
including the powder was monitored every second by
an electronic balance. The weight decrease of the pow-
der in the hopper per certain period was calculated
and adjusted to the supply rate by automatically
modifying the rotation rate of the cork-screw
mechanism. The supply rate was also automatically
set from the calculation of the weight increase of grow-
ing crystal during a certain period (for example, 10

minutes). Fig. 5.9 shows the weight increase of the

Weight
Monitor

Y
NIV
ﬂ- 7 !

\/
”,

U

=
————
on

Automatic Diameter
Control System

00000
00000

i | R Double Crucible
Czochralski Furnace

Diagram of double crucible CZ method
with full automatic powder supply sys-

tem.

Fig. 5.8 CZ furnace equipped with automatic

powder supply system.
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growing crystal at a rate of 3.5 g/h monitored by the
load cell and the supplied powder weight (decrease
of powder weight in the container). The latter is
plotted at an offset of 10 g to its real value because
otherwise it is superimposed on the former in the
figure. It can be seen that the supply rate was chang-
ing to follow even the smallest variation in the weight
increase rate monitored by the load cell. This means
that the automatic system was working well. Fig. 5.10
shows an example of LN single crystal grown by this
method. The maximum size of stoichiometric LN grown
so far, using this system, was 5.5 mm diameter, 140
mm long and about 850 g weight. The difference in
the Curie temperatures through the crystal (from neck

to tail) was about 1 T.

5. 5 SUMMARY
There are numerous kinds of single crystals

which received given attention as possible materials

Weight (g) growth rate ~ 3.5 g/h Weight (g)
60 A L R R T Ty 70
50 | 1 60 AWO Max.
a0 b powder weight q50 4 &l
supplied
NE o B 1 40
20 A 1 30
10 weight monitored J o9
by load cell
0 1 10
L L | 3 1 L L 0
0 2 4 6 8 10 12 14 16
hours

Fig. 5.9 Increasing weight of growing crystal

(A) monitored by the load cell and
weight of powder supplied from the con-

tainer to the crucible (B).

Fig. 5.10 LN single crystal pulled from double

crucible under nonstoichiometry control.
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for their applications in various fields. However, the

materials commercially produced are extremely

limited, and most are grown by the ordinary CZ

method from the congruent melts.

It has been demonstrated that some multi-com-

ponent oxide single crystals, used for optical ap-
plications, exhibit wide variations in optical proper-
ties associated with the nonstoichiometry of the
constituent cations. Such properties were strongly de-
pendent on the ratios of the constituent components
in the melts from which the crystals were grown. If
high quality single crystals can bhe grown from the
melts of off-congruent compositions, the optimum
properties for particular applications would be able
to be chosen from the wide variation. However,
some difficulties still exist in growth of high quality
single crystals from off-congruent composition melts.

Some breakthroughs single

to grow crystals

with high quality and high homogeneity from
off-congruent composition melts are still required.
We have developed a double crucible Czochralski
method as one possibility. In this method, the melt
was divided into two parts by a double structure
crucible. The ecrystal was grown from the inner melt,
and a powder with the same composition of the grow-
ing crystal was supplied to the outer melt con-
tinuously and smoothly at the rate of weight increase
of the growing crystal. This rate was automatically
controlled to match the weight increase monitored by
a load cell. As an example, LN single crystals with
composition close to stoichiometric were successfully

grown from a Li-rich melt using this method.
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v [ Mo a) 83 | 47 | 83 47 |29,83| e | 29 | 47
P | sa]| 58] 55| 55 55 55 by | 55 55 | 55 f) g) | n |56,79]56.79
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Table 6.5 The composition attemped to grow Pb-sillenite

No. Bi/Pb ratio of solution Precipitated phases Bi/Pb ratio of sillenite
1 12 sillenite 21.1
2 18 sillenite, a-Bi,03 B
3 22 sillenite, a-Bi,05 -
4 23 sillenite, a-Bi,03 -
5 24 sillenite 46.5
6 26 sillenite, a-Bi,03 -




IR BT eI SE

LTOEZ V) SHOEREZHE LS\, BEKIE
ETNVTESEO/BRERHALTAHS L, Bi,Bi,Phs
Oy F 7213, BipBiy:yPbyyOis& % B0 T DA, 41
DA N EFHGEEREDL0% D 5\ IE30% HRIET 5
TLilhBd, TNEPRVKELBETH S,

C DG DIEBE 2 WE LR % Fig. 6812 L
Pk s

Bi/Pb=46.5D #% & O ¥ F % $131.02616nm T, E.
M. Levin 62Dfi & B { —F LT/,

6. 4 Bi,SiO,

Bi, SiOupIlMED TR Z R L, E#EE, SfmEx
#WlE L7z, WITFEIL L, Na, K, Mg, B, Al
Ga, Cr, Zr, Sn, Nb, WThYH, #NFNHINEIX
01, 1, 2, 5, W TH 5B, GNTELE R
Table 6.6127”F, 72, BREMEHEDO—E% Fig. 69
IZRT . BRI OWTIEBIEENERCH S,

0.7
0.6 [
05 |

.

03

Transmissivity

0.2 |

01 F

0 I | 1 L Lopgea v | goipy |ES
300 400 500 600 700 800 900

Wavelength

1000

Fig. 6.8 Absorption spectra of Bi,;PbO.,..

Table 6.6 Doped element and its concentration

in BSO single crystal

concentration of dopant [wt%]

dopant | 0.1% | 1% 2% 5% | 10%
Li,O + + + . E:
Na,O + + + . =
K,0 + + + = =
MgO. + + + + +
B,Os + + + = <
Al,0O4 + + + - .
Ga,05 + + + . -
CrO; - + - 5 +
ZrO, + + + + =
Sn0O; + + + - -
Nb,Os + + + + -
WO, + + - +

Wit #1035

SEXH

1) E.M. Levin and R. S. Roth, J. Res. NBS 68 A (2), 189(1963).

2) E. M. Levin and R. S. Roth, ]. Res. NBS 68 A (2),
199(1963).

3) B. Aurivillius and L. G. Sillen, Nature 155, 305(1945) .

4) V.1 Burkov, Yu. F. Kargin, V. V. Volkov, A. Ya. Vasil'ev
and N. Yu. Zubovich, Neorg. Mater. 30 (12), 1552(1994) .

5) V. Tassev, G. Diankov and M. Gospodinov, Mater. Res.
Bull., 30 (10), 1263(1995).

6) A.V.Egorysheva, V. L. Burkov, Yu. F. Kargin and V. V. Vol-
kov, Inorg. Mater. (Transl. of Neorg. Mater.), 31 (8), 998
(1995).

7) 1. S. Shaplygin and N. V. Varlamov, Neorg. Mater., 30 (11),
1478(1994) .

8) V. I Burkov, Yu. F. Kargin, L. T. Burkova, V. V. Volkov, A
Ya. Vasil'ev and N. Yu. Zubovich, Inorg. Mater. (Transl. of
Neorg. Mater.), 31 (6), 719(1995).

9) F. D. Hardcastle and I. E. Wachs, J. Raman Spectrosc., 26
(6),407(1995).

10) U. Delicat, S. F. Radaev, M. Troemel, P. Behrens, Y. F. Kar-
gin and A. A. Mar'in, J. Solid State Chem. 110, 66 (1994) .

11) D. Senuliene and G. Babonas, Phys. Status Solidi B, 180 (2),
541(1993).

12) V. V. Volkov, A. V. Egorysheva and V. M. Skorikov, Neorg.
Mater. 29, 652 (1993).

13) Yu. F. Kargin, A. A. Mar'kin and V. M. Skorikov, Neorg.
Mater. 29, 381 (1993).

14) A. Watanabe, S. Takenouchi, P. Conflant, ]. P. Wignacourt,
M. Drache and J. C. Boivin, J. Solid State Chem. 103, 57
(1993).

?{%«;ﬁ
Fig. 6.9 Doped BSO single crystals grow by CZ

technique



15)
16)
17)
18)
19)
20)

21)

22)

23)
24)
25)

26)

27)

28)

29)

30)

3D
32)

33)

SeB kIR AT IER R R Y B e

S. F. Radaev, V. I. Simonov and Yu. F. Kargin, Acta Crystal-
logr., Sect. B: Struct. Sci., B48 (5), 604(1992).

S. F. Radaev, V. I. Simonov, Yu. F. Kargin and V. M.
Skorikov, Eur. J. Solid State Inorg. Chem. 29, 383(1992).

G. S. Suleimenova and V. M. Skorikov, Thermochim. Acta
196, 203 (1992).

. D. Hardcastle and [ E. Wachs, ]J. Phys. Chem. 95,
10763(1991).

F. D. Hardcastle, 1. E. Wachs, 1. Eckert and D. A. Jefferson,
J. Solid State Chem. 90, 194(1991).

S. F. Radaev, L. A. Muradyan and V. L. Simonov, Acta Crys-
tallogr., Sect. B: Struct. Sci., B47 (1), 1(1991).

S. F. Radaev, L. A. Muradyan, Yu. F. Kargin, V. V. Volkov,
V. A. Sarin, E. E. Rider and V. I. Simonov, Kristallografiya

35, 1126 (1990) .

A. V. Khomich, Yu. F. Kargin, P. I. Petrov and V. M.
Skorikov, Izv. Akad. Nauk SSSR, Neorg. Mater. 26, 1914

(1990).

A. Watanabe, H. Kodama and S. Takenouchi, J. Solid State
Chem. 85, 76(1990) .

J. L. Soubeyroux, M. Devalette, N. Khachani and P. Hagen-
muller, J. Solid State Chem. 86, 59(1990).

V. V. Volkov, Yu. F. Kargin, N. I. Nelyapina and V. M.
Skorikov, Zh. Neorg, Khim. 34 (12), 3131(1989).

A. N. Yudin, E. A. Pobedimskaya, L.E. Terent'eva, 1. V. Pet-
rova, L. N. Kaplunnik and G. V. Malakhova, Izv. Akad. Nauk

SSSR, Neorg. Mater, 25 (10), 1715(1989).

H. S. Horowitz, A. J. Jacobson, J. M. Newsam, J. T. Lewan-
dowski and M. E. Leonowicz, Solid State Ionics, 32-33

(Pt. 2), 678(1989).

S. F. Radaev, L. A, Muradyan, Yu. F. Kargin, V. A. Sarin, E.
E. Rider, V. I. Simonov, Dokl. Akad. Nauk SSSR 306 (3), 624

[Crystallogr.] (1989)

A, N. Yudin, L. N. Kaplunnik, A. A. Mar'in, E. A.
Pobedimskaya and L. E. Terent'eva, Izv. Akad. Nauk SSSR,
Neorg. Mater. 25 (2), 313(1989),

A. V. Khomich, A. B. Dubrovski, A. A. Mar'in, P. . Perov, S.
V. Fedotov and A. N. Yudin, Zh. Prikl. Spektrosk. 50 (2),
327(1989).

I L Prosychev and I. S. Shaplygin, Zh. Neorg. Khim. 33 (8),
2099 (1988).

G. S. Vasil’eva, A. V. Kosov, A. G. Sizykh and A. V. Sorokin,
Zh. Prikl. Spektrosk. 45 (4), 683(1986).

D. Speer and M. Jansen, Z. Anorg. Allg. Chem. 542, 153

(1986) .

34)

35)

36)

37)

38)
39)

40)

41)

42)

43)

44)

46)

47)

48)
49)

50)

51)

52)

A. B. Dubovskii, A. A, Mar’in, G. A. Sidorenko and A. A. Fot-
chenkov, Izv. Akad. Nauk SSSR, Neorg. Mater. 22 (11), 1874
(1986).

A.N. Yudin, A. A. Mar’in and V. S. Balitskii, Kristallografiya
31 (5), 1039(1986).

S. Yu. Davydov and E. L
(Leningrad) 28 (8), 2368(1986) .

Leonov, Fiz. Tverd. Tela
N. Khachani, M. Devalette and P. Hagenmuller, Z. Anorg.
Allg. Chem. 533, 93(1986) .

C. E. Infante and B. Carrasco, Mater. Lett. 4 (4), 194{1986).
A. D. Murray, C. R. A. Catlow, F. Beech and ]. Drennan, |.
Solid State Chem. 62 (3), 290(1986).

G. Babonas and D. Senuliene, Liet. Fiz. Rinkinys 26 (1),
48(1986).

A. Ramanan and ]J. Gopalakrishnan, Indian J. Chem., Sect. A,
24A (7), 594 (1985).

S. D. Kirik, V. A. Kutvitskii and T. I. Koryagina, Zh. Strukt.
Khim. 26 (4), 90(1985).

I. S. Zakharov, P. A. Petukhov, V. M. Skorikov, M. G. Kis-
teneva and Y. F. Kargin, Izv. Vyssh. Uchebn. Zaved., Fiz. 28
(6), 85(1985).

V. V. Mechev, A. A. Andreev, B. T. Melekh, S. D. Kirik, Y. L.
Filin, A. F. Shimanskii, T. I. Koryagina and O. N. Ustalova,
Zh. Prikl. Khim. (Leningrad) 58 (3), 478(1985).

1. S. Zakharov, Fiz. Tverd. Tela (Leningrad) 27 (4),
1062 (1985).

G. Babonas, E. Leonov, I. Muminov, V. Orlov, V. Petrikov and
D. Senuliene, Liet. Fiz. Rinkinys 24 (3), 90(1984).

M. Devalette, N. Khachani, G. Meunier and P. Hagenmuller,
Mater. Lett. 2 (4B), 318(1984).

A. Jager and D. Kolar, J. Solid State Chem. 53 (1), 35(1984).
A. V. Khomich, M. G. Ermakov, P. I. Perov and V. V. Kucha,
Zh. Prikl. Khim. (Leningrad) 57 (3), 387(1984).

L. N. Kaplunnik, L. E. Terent’eva, E. A. Pobedimskaya and L.
V. Petushkova, Deposited Doc. VINITI 23, 6348 (1982) .

M. Devalette, G. Meunier, J. P. Manaud and P. Hagenmuller,
C. R. Seances Acad. Sci., Ser. 2, 296 (3), 189(1983).

V. V. Volkov, L. A. Zhereb, Y. F. Kargin, V. M. Skorikov and
1. V. Tananaev, Zh. Neorg. Khim. 28 (4), 1002(1983).

Y. F. Kargin, N. 1. Nelyapina and V. M. Skorikov, Zh. Neorg.
Khim, 28 (2), 303(1983).

I. D. Zhitomirskii, S. V. Fedotov, N. E. Skorokhodov, A. A.
Bush, A. A. Mar'in and Y. N. Venevtsev, Zh. Neorg. Khim. 28
(4), 1006 (1983).

Y. F. Kargin, N. I. Nelyapina, A. A. Mar'in and V. M.



59)

60)

61)

62)

63)

64)

65)

66)

67)

68)

69)

70)

71)
72)

S B A

Skorikov, Izv. Akad. Nauk SSSR, Neorg Mater. 19 (2), 278
(1983).

Yu. F. Kargin, A, A. Mar’in and V. M, Skorikov, Izv. Akad.
Nauk SSSR, Neorg. Mater. 18 (10), 1605(1982).

J. M. Dance, M. Devalette, C. Mazeau and P. Hagenmuller,
Mater. Res. Bull. 17 (4), 473(1982).

I. S. Shaplygin, 1. L Prosychev and I. 1. Lazarev, Zh. Neorg.
Khim. 26 (12), 3338(1981).

M. Devalette, C. Mazeau, G. Meunier and P, Hagenmuller, C.
R. Seances Acad. Sci., Ser. 2, 292 (20}, 1375 (1981).

V. M. Skorikov, P. F. Rza-Zade, Y. F. Kargin and F. F.
Dzhalaladdinov, Zh. Neorg. Khim. 26 (7), 1904 (1981).

I. I. Prosychev, V. B. Lazarev and I. S. Shaplygin, Zh. Neorg.
Khim. 26 (7), 1877(1981).

M Devalette, G. Meunier, C. Mazeau, A. Morell and P. Hagen-

muller, C. R. Seances Acad. Sci., Ser. C 291 (11), 251 (1980).
V. M. Skorikov, P. F. Rza-Zade, Y. . Kargin and F. F.
Dzhalaladdinov, Zh. Neorg. Khim. 26 (4), 1070(1981).

M. B. Varfolomeev, A. S. Mironova, Y. S. Shorikov, N. D. Kol-

dashov and V. L. Shitnev, Zh. Neorg. Khim. 25 (11), 3154
(1980) .

A. Rozaj-Brvar, M. Trontelj and D. Kolar, ]. Less-Common
Met. 68 (1), 7(1979).

A. A. Maier, L. P. Fomchenkov, V. A. Lomonov and N, G.
Gorashchenko, Rost Krist. 12, 162(1977) .

V. M. Skorikov, Y. F. Kargin and L. A. Zhereb, Izv. Akad.
Nauk SSSR, Neorg. Mater. 14 (11), 2032(1978).

R. J. Betsch and W. B. White, Spectrochim. Acta, Part A 34A
(5), 505 (1978).

T. 1. Koryagina, V. A. Kutvitskii, V. M. Skorikov, A. V.
Kosov and O. N. Ustalova, Zh. Neorg. Khim. 22 (4), 1052
(1977).

T. 1. Koryagina, V. A. Kutvitskii, V. M. Skorikov, A. V.
Kosov and O. N. Ustalova, Zh. Neorg. Khim. 22 (3), 773
(1977).

V. S. Kurazhkovskaya, Kristallografiya 21 (6), 1240(1976) .
V. P. Romanov and M. B. Varfolomeev, Zh. Neorg. Khim, 21
(10), 2635(1976) .

73)

74)

76)

77)

78)

79)

80)

81)

82)

83)
84)

36)

87)

88)

89)

#1035

A. A, Maier, L. P. Fomchenkov, N. G. Gorashchenko and N.
A. Gracheva, Tr. Mosk. Khim.-Tekhnol. Inst. 82, 85(1974).
A, V. Kosov, V. A. Kutvitskii, V. M. Skorikov, O. N. Ustalova
and T. I. Koryagina, Izv. Akad. Nauk SSSR, Neorg. Mater. 12
(3), 466(1976) .

T. M. Bruton, O. F. Hill, P. A. C. Whiffin and ]. C. Brice, J.
Cryst. Growth 32 (1), 27(1976).

R. J. Betsch and W. B. White, U. S. NTIS, AD-A Rep. No.
008494, 28 pp. Avail: NTIS From: Gov. Rep. Announce,
Index (U.S.) 1975, 75 (12), 188(1974).

L. P. Fomchenkov, A. A. Maier and V. A. Lomonov, Tr. Mosk.
Khim.-Tekhnol. Inst. 72, 98(1973).

T. M. Bruton, J. C. Brice, O. F. Hill and P. A. C. Whiffin, J.
Cryst. Growth 23 (1), 21(1974).

L. P. Fomchenkov, A. A. Maier, V. A. Lomonov, Tr. Mosk.
Khim.-Tekhnol. Inst. 72, 98(1973).

V. N. Batog, V. . Pakhomov, G. M. Safronov and P. M.
Fedorov, Izv. Akad. Nauk SSSR, Neorg. Mater. 9 (9), 1576
(1973).

A. A. Ballman, H. Brown, P. K. Tien and R. ]J. Martin, J.
Cryst. Growth 20 (3), 251(1973).

V. A. Kizel, V. I. Burkov, Y. I. Krasilov, N. L. Kozlova, G. M.
Safronov and V. N. Batog, Opt. Spektrosk. 34 (6), 1165
(1973).

D. Speer and M. Jansen, Z. anorg. allg. Chem. 542, 153 (1986) .
V. S. Surnina and B. N. Litvin, Kristallografiya 15 (3),
604 (1970).

V. N. Naumov, D. N. Pachadzhanov and T. I. Burichenko,
Dokl. Akad. Nauk Tadzh. SSR 13 (7), 38(1970).

E. L. Spreranskaya, Akad. Nauk SSSR, Neorg. Mater. 6 (1),
149 (1970) .

S. N. Hoda and L. L. Y. Chang, J. Am. Ceram. Soc. 57,
323(1974).

A. Watanabe, N. [shizawa and M. Kato, J. Solid State Chem.
60, 252(1985) .

W. Zhou, J. Solid State Chem. 108, 381 (1994) .



SeE AT A S 2B Y A AT

7R RIS EICET S W%

7. 1 LI

WA S OBERERICBWCE, @, REOZE
L THEGHIE 2 LSRR ZIRE T 5 2 L0855
Vi, —, IBEEBATEELRBIFERTH HEN
DB L > Th, BEREELHET 52 L5, FHM
FICIETTRECh B, 2 F 1, MM ORISR AERIEDL
AL =R LT, @G HIREER #AFIREE 2 155 b
JTTH 5,

bL, ENEHREEHE L CHEARELH#T L2
EHREZLGL, BEMEICLEE8I1E Lol
CONDEFELRFEED D 5, ML, EIIEEEICH~
TIRENE L, H—MUPEZ RS NLEOT, Th
R L7z, Fricse B E  REA T REIC 2 B 20 b ]
N\, ZOREREIRDP S, AL, HEIEL% B
MBIV A HEERE L T& 7, BF), ¥4 7%
YT N VERGWERENOREBL, FLT,
L EHHEEoSWIREE VO 7T Ny A T ERE
L, RS REO OO E L TR
HEDHTEI, TORKL T T, WESEHT, £
DR AT D S E N HIF AR EL T 7200
Hiio—Is05mmE /e 2 L TE, /2, #hrE
TR EFT VI E~EH L 2R 7o/ 22T
iE, ZORROETIZDODNTIHNRS,

7. 2 ZTOHBEOEOODEHEIL

HERB RO 720 O JIHHE % e+ 512575
T, A&, AT CTHRET 2#E80 OGBS 17
ATEDHEMTH D EEZ, TDIDDIEIILIVOR
BEAT- 12, TORRG B B IViL, BIEH
DONFEBEETHMEELTH S, HEROMTEC
oD B FORMREED, F—5OmTEL
FEMEL, TAMERTAIET, WSO FEHL
DOMEEPHL NI R 572 TOFERDDIE, 728 2
&, By 74 v TR ORH R 2 IE N
T, BIRESCHKERUL, EREOFLENENL Z
ETHbDH, £/, BEEEOHIMESLVOEEDT:
B, EBORZHRL R TAELDT T A AV N
B, FEWIIHNeET BIEECZ-oTLE ), ZOfk
L, WEE AW EEERICE, A4 LTR
bhaZeThh, ERBANNMELE LTS, 20D

ez BRI, —RAEMNZIE TRV L) 7208, ERB
FNAZEBROBRGELELTAL0THY, FTrlx, Z
NEFRT X NVDREEE 2712, EORR, R
FHZBE L 20 H Fig. 7.1 ¢ BlEROER#E 2 v
Thb, ZHUE, EHEVEEELZTERETAS
ABEEELIER L, BEYVOLEBDOLR LR L
BHEIICLB DT, BEELIPEEIIN - 72IRE
TREOZR 21TV, JKPFIRERIZ L TEBOBIE 217

9o WH, SV RKTAT LIIREET, BB
RS TR L ) BB R 1T 2% 1, B

M2V OMBROTT-726, SRz L
Th, TOMEITbEV, T/, HEXRE, Eh
LI ERERESTTIT Y DT, VEBAAZ I Eh TSR
2HET I ENRV, TOENELVEAWT, SHEO
FEERDPRRAATR B L) olze T2, TTAR
YD WOT, KTFWEOL) BT r— M
TR IR BBIEIBESIITA 5 L9122,
L E A OB RE A ORIESE D &Y HEA FEBIEEIE DS
WHEIC TR » 72, JTESI VOB G IIH LI D R 5 >~
L A4 SUS630 (1 F HRC~50), BOMEIET 774
T HASS GERH A CHIC ) Th Y, FHIEIOK
KAHIZ200MPa Th %, #lEHL, WEBEVIZEHALT
FERRvVIZE Yy P35, Fig 7212, &b B HHE
EDWERY I ZIRT, EER R BIEEDSTT R 7T AER
&, FEIMOE N # REHNAER B 20D AR A R

high-pressure cell

optical window

rotation axis i i T.C.

295mm

Fig. 7.1 A

Samples for observation experiments are

rotatable optical pressure cell.

set in innercells shown in Fig. 7.2 and
7.3.



TR BT

(TLF 2 —TEDORKEMENL % D)o %>Tw

be o lED, %&@HM:m“”,ﬁb@%ﬁ@W
Va2 ol > THERT L, KEIT, Lz Vb
WEDONE I Z/EAT A,

7. 3 ERERTAVIEE
HESOBFRSLHEREORELITBI LT L L
&, [EE SNSR>SO ET 2R E DL 5
CENVBEL L 5T B, BERLVHTHRESZ B
HERERTITBY)ETALE, ~FMEICLZDLD
L, HEESOIREOHETHL, 2F ), MMkt &
ATZREIOX v 74 Y I SIE L THEREEE 1T
T TORFEBEEMIZ, TR SONER &ML TER, &
AW, MEZLTLE)ITEELXH S, Thr o
IR E, BERMICHARELYRGTA I LA TE
BEIIZTERPD, RRKOBETH - 72,
Fig. 73122 D720 DV & D DR &
Mo O EZE L TELL 2Nt L oK
XRT . TOELIIROBE) THDB, TONEBLIVIZ
RV ETL-O0ORELIVERE Tk TLF 2 —
70)(6{&4 OPH Y, WEIME TEE ST
o HEFEECIIREL VEIZIIBERIE, EBRE
@imfﬁftfﬁé,@ﬁ@@wﬁbuw&knf
B, MERIBERICH L THELOECHE (Fl 213
KIBWIZR LTI T 70 2) Db D& v, BlREO
DIEESRIAERN O 72O ELVEIZHA L Z WL D

LT, &

stopper

=

( -
v g

{ glass

soft tube

Fig. 7.2 An with the simplest struc-

ture. The soft tube can transmit outer

innercell

pressure to the specimen.

growth cell

solution reservoir

rotatable stopper solution

Fig. 7.3 An

growth can be attained from a fixed seed

innercell where single crystal

crystal.

JERTIF e

51035
29 5, B IVEIAICIE, BIEEE L 7fs

824 72 5 T % [ CE O et | S A R T GE Lf:;lk
%T%E?éo_@ﬁ &thmﬂkw% Lt

NVOHIERIZEERS LERIZE D 205 RADHIIERE:
Exq19 £ T, KSR ﬁ‘{ﬁ (ZFEfl L 2o T, bl
@ii:,£1 SRECIAE LDV ELTLE ),
v, FLT, EHEVIZENEIT TV L, &

W ODT L CTE AR VE

W IVER D
X, DWWz

LI T
SARIBIERE S TRV E (o T
VAR A ST & Bl A S =BG S 5,

7. 4 FFFAIT C EECKE R (SE SR O XD ¢
Jﬁﬁmﬁt4ﬂ LB RER b olRb 22— 7
mid, ZoEERIEETH L, £ T, BE,HD

u%mﬁw¢ ,ré&ﬁﬁﬁ@ﬁwﬁﬁﬁﬁﬁéé
TOMBZREETIIZEY, FOREMN
DI & A EEG A EN T D EEEEIT- 7, 8

BOREET 2WE R & L TIIKERD S ET 55k
TR LR L) BT, NEEIVIEHETET T
R72IATDHD R, FEEHIIEE -7 —FICH
B L 7B EAKE I ST S ek Y E= T 4
¥ N nmﬂ?§|3<nﬁ§ﬁfWJmM%mV‘
720 Fig. TAIZIEN T THE L TV 5 BB SO

growing

Fig. 74 A single dendrite of NH,CI
from the aqueous solution at 77.7MPa
and 285T.



SEAFRIBITIERE S 2B % BF5E

HHE %)Y, $/2, Fig 751CFE/88 — 2 LR
& & (Fig. 74DKFAHFRAND B EHIZDWT)
DEFEZELERT ., FROESOT S 7DME S E
BEEG 25, INEY, EHOBEEEIZL D
PO FERESTIER LT LN TV END
MmAETHH I,

7. 5 WF:Hl2  mE(ERSR

HIE CIEARE R BRI IE Ik 2 L 72356

IR, AR, BEERICH T A @A E L
T, TEALIREDO B EIZ D WTHRANT 5, W LRE
R - WL T TR TH 555, 130MPa DEST
EE L (s & 1 rhombohedral, #FE3=1424nm,
a =90, Z=21)7, Bl 6 OfEBEZIT) 2L
MNTEDLZEDFHOENTWAEY, I DR B E S
WZDOWTIE, BaRAH, [E%E L 7T H O S5k
F&ELZ LBl Tcwiy, 22T, —HmE
XD Eb s E, FEER R L TESIC
TEAG S & e B &9 /MR BR L Tl & Rl L, 90
RENE RIFTHRRESES L) HEE Tl
ML Twbd, ZOKREHET, bEHREDT A
ADHAER /LT EDTHRETH B,

PUSRAL e 32 DA L, R EZBRE§ 5 E k&
CEEIE I 6 O¥E5) I LT, a v 37 NrT 7
oy MEED SBHIRR RISV A ELICE AT ERE
HROBIEDR O EODOWETHRETH D Z L2%bro
72o Fig. 7T6IZHENLEREREOERE LR T, #dD
AT O Z DRk BEALASHAT 7 5 HRE S BE S T
LHOEWELPICT L LI, SR ESOUGRRTE

1.0 ; T T
100
-]
'é\ pressure 5
g i \ E’
~os5l =
= 450
w o~
§ length ) %
N itional | =
ransitional
> transitio -
0.0 1 ! L 0
0 50 100 150 200
time (sec)
Fig. 7.5 Response of dendritic growth velocity

to a pressure jump. “Length” is for the
horizontal main arm in Fig. 7.4, whose
slope gives the tip growth velocity.
The tip growth velocity sharply chan-
ges in the transitional region of the

pressure jump.

DOEDTH D, H—YHIZDWT, D THEMED
RWEEW) T XA =5T, Oz FZEHRIY
IZHFECE 2 bIITH Y, SROFERIHFL) 5 &
E2TWAh,

7. 6 BbHUIZ

BiEREREE LCEDREEERET 5 L &, &
RONCER LR EZ R L 2T E R bkwv, &
TR LEZZOO6ITIE, Wb IR Tk &1t
L, BENETIT2EMEPBETTLE)DT, Z0F
FCRESRDPENTE RV, #EoT, FHIZELT
i, EIREE T CEMRIREL L o238y, FiRL TR
L TPOMEIC L) BEESFRL, SBHEINOERIC
ERERT 5 &, HAWIE, ERSER TN IRE
THRBERZIEEN > THhLRET A L 9 & TRBY
HTHb, B, KEW,SRET 2 ERE DKk
RAZBWTIE, WIS & D EESEAR L, T
BT D2MWEPLLNOTHET L, TOMEWHET
I, BHITERERINT S Z L ETH L,

HOMEOHMEREBTRLL ) ETHLE, [EkD
HEREIC L2 HEE, 22 ClR7ESF#EEO W
THOKFETHHEHATE LA, ENHETEED X
) BRFIEDH B ThH D) e BRIZHBRI2 X1, BT
kORI, SdICkESREOREI = 2L 9
HIETHDH, TNEFHLT, Bl2E, G&DDH
RO IER I R D ERB ) O St TRE S W7
RIS A L)%, Wb, RO - v FINT
DR D 5o AEMOFFEIIBESMIC L o T
fLLHBDT, DEDDORKEFOFIZTRT 5 FEEDOLE
SRR B LD B I LA, WML OREERICE
WTU Y =TI L) AUTREED D B, EOMIZD,
R DEREN ST & R IC B b 3¢9 A RIS EFIA L C,
INFETOHETRIATELZT LVISHYES N1H50
TIERWIED D P,

I TR E DB L, BICIRS S B O
WEZED 72 DR O/ NE D FEERICEH Sz, %
ZTUE, BHITH—MEERS N, o, ERICEE
EREh & 2240 L9 B IEHENE ORI RAS 7 WITTHH &
i, M ETIEEE LY, MRERZRETICB A
BORMEDEB S N, BRI EIT 2 3R
‘oY, FENEIENEL, oz, HaREORE
RO BN HIETH 5,

(v



OO-0n 00012558
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terms of the equilibrium pressure. Details rest for future works.
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Fig. 8.16 A cross-sectional dark-field image of the amorphous film on sapphire after
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12.3
4212 31 17 1.3 13.7 0.22 21.73
5638 34,5 26 1.2 8.0 0.33 21.81
5120 40 33 1.1 6.4 0.46 21.89

1600 1400 1200
WAVENUMBER (cm™)

change in FTIR

rhodamine 6G-taeniolite with variation

Fig. 95 The spectra  of

of polarization angle of incident beam (8).
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Fig. 9.6 DTA-TG curves of the 22A composite

(specimen no. 5120).

Table 9.2 Reliability Factors for the Three
Structure Models
Parallel Models Vertical Model
Typel4 Type nb
R -factor 0.195 0.218 0.012

a. Ethoxy carbonyl group is directed outwards
b. Ethoxy carbonyl group is directed inwards
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Table 9.3 Intensities, and Observed and
Calculated Structure Factors for the
Vertical Model of Rhodamine-
Taeniolite Complex
bkl Io IFo Fe
001 100 7467 7473
002 344 8724  86.96
003 1644 2947  -28.13
004 2.86 5133 -53.15
005 2.26 5802 -56.75
006 3.46 86.94 8676
007 544 12908 12832
008 1.22 7065  71.93
009 1.20 7989  -81.16
0010 115 88.80  -88.24
Table 94 Positional parameters of R6G-

taeniolite complex refined by using the
“Vertical Model”

Atomic Positions (A ) Atoms
0 1Li, 2Mg
0.932(7) 2F
1.490(8) 40
2.804(6) 4 Si
3.544(9) 60
5.74(2) 2.4 H20
Ceaas 1.1 (CHs, NH.CH2)
7.344 1.1 (CH3,C, C)
8.32(2) 1.1 (0.5 ( O, O-CH2-CH3 )
8.544 1.1 (CH, CH) %2(53(])
9.744 1.1 (C, C,05C)
10.07(2) 1.1 (C,CH)
10.944 1.1(05(0,C,C,CHY)

* Estimated errors indicate the parameters varied during the
refinement. Thermal parameter 2.0A2 was used for the atoms of
taeniolite frame, and 10.0A? for those of R6G and water.
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LE1T- 72,
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Fig. 97 The configuration of rhodamine 6G in
the gallery ol a taeniolite:
1) A vertical view with respect to the
xanthene ring,
2) A projection along the longest axis of

the xanthene ring.
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Fig. 9.8 The orientation of rhodamine 6G derived by Fourier analyses.
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Fig. 9.12 A model of the azobenzene-organophilic-mica complex, and its response to the uv-irradiation.
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Interband transitions and nonstoichiometry in bismuth germanate crystals

10. 1 INTRODUCTION

Sillenite type crystals Bi,,MeQ,, (Me = Si, Ge, Ti)
have potential use in photorefractive applications on
account of their speed and optical quality. Recently,
much attention has been paid to optical and photo-in-
duced properties of these materials and hence on the
photorefractive phenonmena'™. Interband states in
these materials play a major role on the photoref-
ractive effect and its performance. These interband
states and hence the photorefractive effect can be
modified in these crystals either by selective doping
or by non-stoichiometric crystal growth”. Impurities
and defects play a major role on the difference in
properties of these materials prepared at different

laboratories with different techniques™.

The nature
of impurity and intrinsic defect local centers, which
are responsible for the optical absorption shoulder
and the high photosensitivity of BMO crystals in the
range 2.4 to 3.25 eV, has been extensively debated®™'?.
The local centers were attributed to be M vacancies
(V,) or associated centers (V, V,)* in the form of
complexes consisting of V,, and oxygen vacancies V,,
or the local centers in the form of (Bi*, + h')
complexes where the excess Bi* atoms occupy M ion
sites, trapping a hole h', (localized in one of the sites
of an oxygen tetrahedron), or a local center in the
form of Bi*, and Bi™, ions, which occupy M ions sites
in a L:1 ratio (on the average, a charge of 4+ per M
cation site). Though there were many models avail-
able in the literature for the non-stoichiometric defects
in BGO and BSO, almost all of them speculate ex-
cess Bi ions, antisite Bi, Me-vacancy or O-vacancy as
the possible reasons. Irrespective of the nature of local
centers reported, the data from electrical, optical,
photoelectric and thermal activation process indicate
a complicated structure of local energy states in the
band gap of these crystals.

BGO crystals can be grown from a wide range
of melt composition in respect to |Ge] / [Bi] ratio.

According to the phase diagram of the Bi,0, - GeO,

studied by P. Tissot and H. Lartigue'”, BGO solid
solution coexist stably with the liquid phase whose
composition is in a range roughly from 2 to 30
GeQO, mol %. In the present work, BGO single crys-
tals were grown with different melt compositions
covering almost the range where BGO crystals can be
grown successfully, their properties were studied to
analyze the details of the defect structure and the
transport properties. A detailed study of dark and
photoconductivity by direct and holographic methods,
dielectric behaviour by inductance methods and
luminescence hy emission spectra were carried out in
order to clarify the interband structure for BGO
depending on intrinsic defect densities. Reliable cor-
relation between defects and the energy levels in the
band gap will provide a tool to tailor the material
(defect) properties for determining the real scheme
of electronic transitions and hence the photorefrac-

tive phenomena.

10. 2 EXPERIMENTAL

BGO single crystals were grown by Czochralski
method, with starting materials Bi,Q, (99.9999% pure)
and GeO, (99.999% pure). They were mixed in proper
ratios (8, 12, 14.3, 20, 24 GeO, mol %) to have 700
g mixture for each run. They were melted in the
platinum crucible of 50 mm diameter and 50 mm
height. Before growth, the melt was stirred well by
a platinum rod to homogenize the melt. Crystals weigh-
ing around 100 g were grown at a pulling rate of 0.3
~ 0.5 mm/h along the <100> direction using an
automatic diameter controlled growth chamber. The
grown crystals were cut from the off-facet regions
and polished in form of {110} plates with required
dimensions for measurements. However, optical ab-
sorption studies were performed on the {100} -plates.

The optical absorption coefficient at room
temperature was obtained from transmission measure-
ments made with a Hitachi U3200 spectrophotometer,

in the wavelength range between 350 and 700 nm.
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The insident light was not polarized.

Dark and photoconductivity was measured in a
gap cell geometry using top surface electrodes (5 X
5 mm?) separated by 0.2 mm gap. The specimen thick-
ness was 2 mm. Aluminum electrodes were used for
ohmic [-V characteristics in the dark and under il-
lumination. Shimizu Tungsten lamp source with
monochromater and filters were used for illuminat-
ing the surface. The current, voltage measurements
were made with Hewlett Packard HP 4140 B PA
meter/DC  voltage generator. Photocurrent measure-
ments were made for the different crystals with the
same geometry, uniform illumination and as a func-
tion of applied field. Since the area of electrode contact
and the illumination area of the sample including the
contact part are not exactly measurable, the directly
measured values are qualitative rather than quan-
titative,

Two beam coupling experiments are potential
tool for determining transport properties by optical
means. The method has been effectively used to find
out the mobility of the carriers and related transport
properties in BSO"™ ', Coupling experiments were at-
tempted for BGO and the experiments were carried
out with selective sources writing (green) and sig-
nal (red) beams to evaluate the conductivity values.
A laser diode pumped frequency doubled Nd:YAG
laser operating at 532 nm (green) and He-Ne laser
of 633 nm (red) with optical components were used
in the experimental arrangement. Intensity of the
beams has been varied and the lowest fluence is
selected for evaluating properties in dark. Light in-
duced decay values were measured at selected
homogeneous erasure intensity values and care has
been taken to avoid influence of writing or signal
beam during decay. Decay time constants were cal-
culated in diffusion region without any external bias
to the crystal. And the conductivity is determined
from the relation with the decay time constant,

c = eg¢e,/ T (1)
where ¢ is the conductivity, r is the decay time
constant, ¢ is the static dielectric constant and ¢

is the permittivity of free space.

Conductivity determination by two beam

coupling experiments require an idea of dielectric

—7

constant of the material. Hence, dielectric measure-
ments were made with Hewlett Packard 4192 A LF
Impedence Analyser and Keithley 195A Electrometer
using the specially designed high temperature Gold
coated quartz furnace with sample holder. Measure-
ments were carried out in vacuum, from room tempera-
ture to 523 K, and in the frequency range 10° Hz to 107
Hz. The real and imaginary part of impedance values
for various frequency values at particular tempera-
ture were recorded in the computer coupled with the
impedance analyzer. Complex capacitance values are
calculated from
Z(w) =171 o C(w) (2)

where Z*(w) is the complex impedence, w is the
and C*(w) is the

capacitance. Complex dielectric constant values are

angular frequency complex
evaluated using the common expression

e =Cd/A e, (3)
where e is the dielectric constant, C the capacitance,
d the thickness of the sample, A the area of the
electrode in contact and e, permittivity of free space
respectively.

Photoluminescence measurements were made
with the sample mounted on a cold finger of the liquid
nitrogen cryostat and HeCd laser excitation operat-
ing at 325 nm. The signals were detected with imag-
ing microscope system using a cooled CCD detector
(Renishaw) and the data were stored in a PC.

Luminescence measurements were made at room
temperature and 80 K with liquid nitrogen cooling.
Emission spectrum was recorded from 350 nm to 700

nm for each measurement temperatures.

10. 3 RESULTS AND DISCUSSION

10. 3. 1 VARIATION IN ABSORPTION ON
STOICHIOMETRY
The color of the as grown samples differed

from reddish brown for the bismuth rich (8 GeO,
mol %) to pale yellow for germanium rich (24 GeO,
mol %)

spectra of the crystals determined along (100) faces

melt composition. The optical absorption

are as shown in Fig. 10.1. The absorption strongly
depends on the melt composition from which the BGO
crystal was grown. Bismuth rich (in the melt) crys-

tals have strong absorption than the germanium rich
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(in the melt) BGO crystals, and the increase is direct-
ly proportional to the bismuth composition in the melt.
The absorption coefficients at particular wavelengths
for different melt compositions were calculated and
are shown in Table 10.1. In the table, the results of
chemical analysis (GeO, wt % in crystal) and lattice
constants are also demonstrated. It suggests that the
absorption mnear the absorption edge wavelength
depends strongly on the melt compositions although
no difference can be detected in chemical analysis and

lattice constant measured by the conventional methods.

50 L AL B B
GeQ2 mol %
40 1 8% ]
2 12%
Abs. 30F 2 14.3% 1
-1 20%
o (cm-T1) 5 5 249 ]
10| ]
0 L
400 450 500 550 600

Wavelength (nm)

Fig. 10.1 Absorption coefficient of the BGO crys-

tals grown from different [Ge]/[Bi]

ratios in the melt.
1)8, 2)12, 3)14.3, 4)20 and 5)24 GeO,

mol % in the melt respectively.

WEH H1035

It can be considered that the absorption coefficient at
particular wavelength is proportional to the density
of the related absorption center in the crystal.
However, the density difference does not appear as

detectable difference in chemical composition.

10. 3. 2 1-V CHARACTERISTICS
Dark and photoconductivity results for pure and

doped BGO, reported in the literature®'®**”

present
p-type conductivity in the dark for the pure crys-
tals and the electrons as majority carriers in light.
Selective investigation on photoconductivity with in-
tensity of illumination, temperature, spectral distribu-
tion etc., in the literature indicate, impurity conduc-
tion, hopping mechanism and peaks in the spectral
distribution due to donor levels in the band struc-
ture for these crystals. Current-voltage characteris-
tics of the BGO crystals in dark at room tempera-
ture is as shown in Fig. 10.2. Dark conductivity of
the BGO crystals increase markedly on germanium
rich melt composition. Dark current values for bis-
muth rich melt grown crystals are lower than 10-15
A/cm?® well below the detection limit of the instru-
ment. Since the dark current values measured for all

the samples are low, although comparable close to the

Table 10.1 Comparison of composition, lattice constant and absorption in BGO crystals grown

from the melts of different [Ge]/[Bi} ratios

Absorption coefficient (cm” Iy
GeO2 mol % GeOp wt % Lattice constant

in melt in crystal” (nm)** 1: 600 nm 532 nm 488 nm
8 3.57 1.01457(2) 0.53 1.05 491
12 3.67 0.42 0.81 3.33
14.3 3.63 1.01456(2) 0.38 0.65 2.25
20 3.69 0.25 0.40 1.28
24 3.56 1.01456(2) 0.17 0.32 0.85

* GeQ7 concentration in the crystal was analyzed by the ICP spectrometry method

** [ attice constants were calculated from selected 20 peaks in the range of 2q larger than 60 degrees by

X-ray powder diffractometry.
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detection limit, the results have been discussed

qualitatively rather than quantitatively.

Current-voltage characteristics of the BGO crys-

Fig. 10.3.

Non-stoichiometry in the melt composition either bis-

tals under illumination is shown in
muth rich or germanium rich results in quenching of
the photoconductivity. The slope of the response (g)
which is the indirect measure of recombination proces-
ses indicates strong recombination in bismuth rich
melt grown crystals and hence lower wvalues of
photoconductivity. Bismuth rich melt grown crystals
may have higher concentration of bhismuth ions oc-
cupying antisites, increasing the density of donors in
the interband, resulting donor centers in addition to
acceptor centers close to the valence band compris-
ing the absorption centers. As a charged impurity
they can influence the electron-phonon interaction,
leading to recombination centers (or traps) of the
photo excited carriers®. This situation is charac-

teristic for strongly doped semiconductors with an

exponentially decreasing density of states of charge

T t T T T T LI
.13 - — o o e
Q 10 3 3_-3——"-3"—__ - 4__
@~ - e O e
g S g
= B
<
P 14 GeOZ mol %
§ 10 1° 143 % o
o 2 20 %
5 3 24 %
10'15 L i L i1 k] L I}
0.3 0.5 0.7 0.9

Bias Voltage (Volts)
Fig. 10.2 1-V characteristics of the BGO crystals

in dark at room temperature.
1)14.3, 2)20 and 3)24 GeO, mol % in

the melt respectively.

7 10'° ; . ; : . .
GeO, mol% -
2 »

2z L1 “s% 7]
2 2 12% -
& .510'°F3 143 % PR 2 o]
T~ 4 20% - -
w B F 5 24 % -7 - serxs]]
el /” & 5/..;- L
S PRTAL A
B3 10'f PR et o ]
5 (g ’/’//..‘_.'P -":1-- ]
2 e e ]
=] e
£ 110'°f ® 1

0.2 0.4 0.6 0.8 1

Bias Voltage (volts)
Fig. 10.3 I-V characteristics of the BGO crystals

under illumination at room temperature.

carriers. On the other hand, germanium rich melt
increases only the density of acceptor centers, since
dark conductivity is of p-type, this results in more
free carriers and in the process of hopping conduc-
tion with the impurity centers, increases the dark cur-
rent response'®.

The spectral dependence of the photo current is
depicted in Fig. 10.4. The differences in the photocon-
ductive properties of these crystals are not entirely
due to variation in their absorption coefficients, the
highest photo conductive crystal have lower absorp-
tion at the incident illumination. The variations in the
photo conductive properties are clearly dependent on
the significant variations in the value of the mobility
life time product of the excited photocarriers, i.e. on
the trap density or the defects in these crystals”.
The position of the 2.4-2.6 eV maximum correspond-
ing to donor level in the band is affected neither by
the germanium excess nor by bismuth excess melt
composition. This indicates that in all of these crys-
tals, the nature of absorption centers responsible for
photoinduced phenomena is the same. But the den-
sity of the centers is affected by both germanium
excess and bismuth excess melt composition.

Crystals grown from germanium rich melt have
better photo response in the long wavelength region
(above 600 nm). This may be due to the trap filled
situation with sufficient energy at this wavelength at
room temperature. Hence, higher photocurrent (con-
ductivity) in the trap filled photocurrent excitation

spectrum?®.

(x 10-10 A/cm2)

Photocurrent density

1] T L L

350 450 550 650
Wavelength (nm)

Fig. 104 Spectral dependence of the photo cur-

rent for the BGO ecrystals at room

temperature.
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10. 3. 3 CONDUCTIVITY BY HOLOGRAPHIC
METHOD

Actual defect structure of BGO crystals has not

yet been conclusively studied. The number of defects
in these crystals are large and the band gap con-
tour is highly complicated. Hence wvariety of ex-
perimental techniques has to be tried for complete
characterization of the problem. Since the conduc-
tivity by direct methods with gap cell geometry
provide only qualitative picture of the actual con-
duction and transition mechanisms, two beam coupling
methods were applied to find the quantitative con-
ductivity values. Two beam coupling experiments were
made with these crystals, using green light (532 nm
wavelength) as  writing beam and red laser
(633 nm) as signal beam. The grating spacing is fixed
around 5-7 micrometers, as a compromise between the
condition that it is longer than diffusion length and
Debye screening length and is not too large to have
nominal diffraction efficiency. Decay time constants
were calculated under dark as well as under il-
lumination at different intensities of homogeneous
green light. The plot of decay time constants for
non-stoichiometric BGO crystals at various intensity
of green light erasures are shown in Fig. 10.5. Fast
decay is observed for & mol % GeO, melt grown BGO
crystals and the decay is slowest in germanium rich
melt grown crystals. Holographic grating experiments
were performed only for 8, 12, 14.3 and 20 mol % GeO,

melt grown BGO crystals. It was difficult to have

Time Constant

0.4 0.8 1.2 1.6 2
Intensity HW

Fig. 10.5 Decay time constants (in milli seconds)

at various intensity of green light

erasures measured for the BGO crys-

tals. Intensity of writing and signal

beams were kept constant and was at

their lowest fluence.

proper beam coupling in 24 mol % GeQO, melt grown
BGO due to large scattering of light and grating ex-
periments become complicated. But the scattering has
only marginal effects during absorption measure-
ments.

Calculation of conductivity values from decay
time constant require the values of dielectric constant
of the material. Though it can be assumed to be the
same for all BGO crystals, in actual reality it dif-
fers very much with non-stoichiometric melt com-
position. Dielectric constant for the samples were ob-
tained through measurement of impedance (real and
imaginary part) at different temperatures for various
frequency values. Dielectric constant variation for dif-
ferent melt compositions of the BGO crystals at room
temperature for different frequencies is shown in Fig.
10.6. Dielectric constant decreases for non-stoichiomet-
ric melt compositions and has the higﬁest value at
stoichiometric melt composition grown crystals.
Temperature dependence of real part of complex
dielectric constant reveals shifting of dielectric relaxa-
tion region toward lower temperatures for bismuth
rich melt grown crystals.

Conductivity of the crystals determined with the
measured dielectric constants and decay time
constants for different light intensities is depicted in
Fig. 10.7. Increase of conductivity with intensity is
almost linear. Comparison of conductivity values ob-
tained with direct method and two beam coupling
method indicate, in both experiments the values of
non-stoichiometric BGO crystals decreases with similar

trend and stoichiometric one has higher value.

30 T 3 T |; T
- 1 10 KHz
= 2 100 KHz
325 3 1000 KHz |
g
Qo
&)

20
2}
£
315 s
2 ' N
=}

1 ) T ; e L

08 12 14.3 20

Ge0O2 Composition
Fig. 10.6 Composition dependence of dielectric
constants for the BGO crystals ob-
served at various frequencies at room

temperature.
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10. 3. 4 STOICHIOMETRY DEPENDENT
LUMINESCENCE

Photoluminescence measurements were carried
out at 293 K, then upto 80 K, emission spectra of the
BGO crystals at 80 K is presented in Fig. 10.8. A
broad
proximately at 2.9 eV was observed for crystals grown
with 14.3, 20 and 24 mol % GeO, in the melt com-

position. This 2.9 eV blue emission band observed®**”

structureless emission band peaking ap-

previously has been assigned to deep electronic donor
level in the band gap originating from the antisite
defect structure. The red emission band more in-
tense at 1.9 eV, in addition to weak 2.9 eV blue emis-
sion band was observed only for bismuth excess
(8 mol % GeO,) melt composition. Though the origin
of these bands has not been conclusively determined,
the 2.9 eV band has been attributed to Bi* transi-

24-26}

tions and self trapped excitons and the recom-

-10 T T T
10"t Geo, mot % A
1 8 %
- 2 12 %
o T 3 143 % 4
=g 4 20 %
2o "
g |
=8 | = e
g = Lt
°© e
o91 0-11 |
0 0.5 1 1.5 2

Intensity KW

Fig. 10.7 Photoconductivity of the BGO crystals
at different intensities of green light,
determined by holographic method in-

dielectric

corporating the measured

constant values.
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Fig. 10.8 Luminescence emission spectra of the
BGO crystals at 80 K. Excitation was
HeCd laser operating at 325 nm {more
than the band gap of the crystal).

bination at traps originating from excess bismuth
defect structure and the low temperature photoin-
duced absorption may be responsible for the red 1.9
eV band. The strength of the 2.9 eV blue emission
band decreases as the bismuth concentration in the
melt is increased, ie. the donor density in the crys-
tal is increased. This is similar to the result that
electron irradiation decreases the luminescence inten-

? This can be attributed to different recombina-

sity
tion rates associated with excess charge carriers,

consequently changing the intensity of emission band.

10. 4 PROPOSED INTERBAND MODEL

Based on the absorption, conductivity, dielectric
and luminescence results, the following interband
model schematically shown in Fig. 10.9 is proposed.
There will be shallow levels in the band at around
0.3-0.5, donor centers at around 2.0-2.2 and ac-
ceptor centers at around 3.0-3.2 eV respectively.
This model is analogous to the charge compensation
mechanism proposed by Oberschmid® and the as-
sumption that Bi*, and Bi*, antisite defects exist in
equal amounts, with the complex hole trap Bi®,
- h*. On illumination, carriers will be excited from
the valence band to the conduction hand and radia-
tively recombines at dcceptor centers around 3.0-3.2
eV through emission at 2.9 eV. Increasing bismuth
concentration, increases the density of complex defects
Bi*, - h', the donor density, hence increases the ab-
sorption coefficient and the photoconductivity. Cor-
respondingly the intensity of emission band at 2.9

eV decreases due to different recombination rates.

CB
1 )
Fundamental
Excitation
3.4 eV
1.9 eV
2.4-2.6 eV Luminescence
Luminescence — Center
Center 2.9 eV Extrinsic
m——— Excitation
VB

Fig. 109 Schematic diagram of the interband
transitions in BGO crystals, highlight-
ing the prominent excitation and emis-

sion phenomena.
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Further increase in bismuth concentration, lead to
higher density of complex defect centers (Bi*, - h'),
in addition to Bi”, and Bi*, singlets and the ab-
sorption increases extensively. Now, illumination leads
to excess excited carriers in the conduction band,
due to enhanced carrier density in the donor level,
but the photoconductivity decreases due to different
fast recombination route, probably through emission
at 1.9 eV Dby radiative recombination in the donor
centers. Though, there will be acceptor and donor
centers in all the non-stoichiometric BGO samples,
the density of donor centers in 14.3, 20 and 24 mol
% GeQ, melt grown may be negligibly low, hence the
recombination rate at acceptor centers dominate.
However, for 12 and 8 mol % GeQO, melt grown samples
the density of donor centers are sufficient enough to
make fast recombination at these centers. The same
model will substantiate the high absorption in bis-
muth rich melt grown crystals due to high density of
complex defect centers, which act as the optical ab-
sorption centers. Thus the luminescence at 2.9 eV and
at 1.9 eV may be assigned due to acceptor and donor
centers of bismuth respectively. This model is well
supported by the luminescence results of the space

® which display

processed congruent BGO samples
broad emission band at about 2.8 eV upto 4.2 K.
The band at 1.8 eV was not observed even when
increasing the sensitivity in the region, this may be
attributed to better stoichiometry and low density of
defects, hence negligible donor centers and related

recombination in space grown congruent samples.

10. 5 CONCLUSIONS

Non-stoichiometric BGO single crystals (8, 12,
14.3, 20 and 24 mol % GeQ, in the melt) were grown.
Bismuth rich melt grown crystals have strong ab-
sorption than germanium rich melt grown crystals.
Germanium rich crystals have better conductivity in
dark and photoconductivity is quenched for both bis-
muth and germanium rich melt grown crystals.
Spectral distribution of photoconductivity values in-
dicate strong broad peak at around 2.4 to 2.6 eV due
to donor levels for all the compositions. Lumines-
cence emission spectra for the crystals indicate only

blue emission in germanium rich melt grown crys-

tals and additional intense red emission in bismuth
rich melt grown crystals. A three level interband tran-
sition with shallow traps, acceptor centers and donor
centers has been proposed to explain the optical and
luminescence results. Holographic two beam coupling
experiments demonstrate fast decay for hismuth rich
and slowest decay for germanium rich melt grown
crystals. Dielectric constant of the non-stoichiometric
melt grown crystals decrease markedly compared to
stoichiometric ones. This can be attributed to dif-
ferent dielectric relaxation mechanisms and different
temperature dependence,

Photorefractive phenomena in these materials
are due to photoexcitation and trapping in the inter-
band. Germanium excess melt grown have low trap
density, and bismuth excess melt grown have large
trap density, consequently, stoichiometric melt grown
have the efficient excitation and trapping, as the better

candidate.
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No. 4 41 Al 0.05 No. 2+ Al
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Table 11.2 Photorefractive parameters estimated from measurement of diffraction efficiency

Sample No.

Photorefractive parameters™ |No.1 Stoichiometrid No.2 Sirich |No.3 No.1+Al}No.4 No.2+Al
Trap density l/cm® x10'8 2.1+0.1 3.7+£0.2 2.7+£0.2 1.9+£0.1
Electro-optic coefficient m/v %102 5.0 4.7 4.1 3.9
Applied electric field loss kv/cm 0.5 0.5 1.0 3.0
Limiting space charge field kv/cm 12.1 21.3 16.6 10.9
Debye screening length um 1.2 0.9 1.0 1.2
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