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(b) Colorless-transparent
sapphire (Al,O3)

Figure 1-1. Photographs of (a) ruby crystal and (b) colorless-transparent sapphire

crystal grown by Verneuil method.
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Figure 1-2. Schematic illustration of crystal structure of corundum.



Figure 1-3. Schematic illustration of octahedral AlO¢ connections in corundum.
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Table 1-1. Wavelength of absorption color and complementary color.

Absorption color Wavelength (nm) Complementary color
Purplish-red 750 ~ 780 Green
Red 605 ~ 750 Blue-green
Orange 595 ~ 605 Turquoise-blue
Yellow 580 ~ 595 Blue
Yellow-green 560 ~ 580 Purple
Green 500 ~ 560 Purplish-red
Blue-green 490 ~ 500 Red
Turquoise-blue 480 ~ 490 Orange
Blue 435 ~ 480 Yellow
Purple 380 ~ 435 Yellow-green
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Figure 1-4. Absorption spectrum of ruby crystal.
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Figure 1-5. Energy level of ruby crystal.

TN—HT7 7 A4 TREBOFELHORINNIRRTH 5, ALO; #f M2 & OBk
(I1) (FeO) & AT T TIIHAZH LT TH TR 2, LT ¥ > (V) (Ti0y) &
G AT T THEGBATEOIZ S0 72\, 1 1-6 12 Fe (I Ti(AV) Z &4 L7z ALOs O itk
WA T, FelX i, TilXVUlOEEBRZFF->TRY, ENU7-5LEBETO—HB TN
Fe ~BELCilifE b O EBEMEZFHFOLIICRD, ZOX ) REMBENSEZD L,
BN HARE TOMEIEEPE O 2N LF@ICRZ 5 12,

O

Fe -]

C D 2.65A
Ti=— s

Figure 1-6. Crystal structure of Al2O; containing iron (II) and titanium (IV).
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Orange sapphire Ruby Colorleés-transparent
sapphire

Figure 1-7. Orange sapphire, ruby, and colorless-transparent sapphire crystals grown
by Verneuil method.
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Table 1-2. Classification of methods for ruby crystal growth from liquid phase.

Melt growth Verneulil
Czochralski
Solution growth Hydrothermal
Flux
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Figure 1-8. Schematic illustration of crystal growth apparatus by Verneuil method.
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Figure 1-9. Schematic illustration of crystal growth apparatus by Czochralski method.
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Figure 1-10. Schematic illustration of crystal growth apparatus by hydrothermal
method.
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Figure 1-11. Schematic illustration of crystal growth apparatus by flux method.
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Figure 1-12. Solubility curve and supersolubility curve.
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Figure 1-13. Schematic illustration of hexagonal plate-like ruby crystal grown from
PbF»2-B>03 flux.

WIZ, JKehfa NazAlFg) 7 T v 7 A E D)L E—fEEL DB RRIZ OV TR 3239 ALOs 1T
HED Cr0s ZIRET-REREZ 75 v 7 2 LIRA L, IBROWMEAELOFICANT, 55
EOFITITEHR S Z N TEHHEMME 2D Liz, BRI THMEL, 2 2IEWICIEE
FEEOTH T LIk o THfSmAEHIC L TV E—RRE B LT, NasAlFs 7 7 v 7 A
5, X 1-14 1277 K 9 AR ASAENCR O E— R ERL L7z, (000D FmAN K& < FEEL,
(10T FEIC L > THER TV,

Figure 1-14. Schematic illustration of hexagonal plate-like ruby crystal grown from
NazAlF¢ flux.
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Figure 1-15. (a) Hexagonal bipyramidal ruby crystals grown from MoO3 flux and (b)
schematic form of grown ruby crystal.
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Figure 1-16. (a) Solubility of CasCI(PO4); in NaCl as a function of temperature*® and
(b) prismatic crystals of CasCIl(POa4)3; grown from NaCl flux.
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Figure 1-17. Schematic illustration of three processes involved in crystal growth.
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Figure 1-18. Schematic illustration of layer-by-layer growth mechanism.

17



JERCR IR TIE, IRICEEIZANEE 2 2 LA L OBRE) )23 721 AU sl iR 13 2 B 720,
L7 UEBRORESERE TIEZ N LD IE 20BN ERE ) TH > THfmAE S BRI SN S,
BUER I 2 O REEZZORATERR DO TH D Z LIRS 5, BLEMMOMRE
L L TIRE SNZD78 Frank |2 X DIEREMEETH 5, X 1-19 IZIHERE ORAX z
Y, BREMBPICEEND DHEAMRMPEETO R L—ZA 2 Em LIZBEH LTS L,
ZIWREHLZmEEbOAT v INAND, ZOAT v 76 AR Z AL LT
1-19 (a) 225 (¢) D & 9 7 e 2 % THPEREBARICATET 5, Z0%E, “IRITEIERNE Z
HULEOBRE) )& FE e Le < THREMmPET 5 %,

Lo dlo

Figure 1-19. Schematic illustration of spiral growth mechanism.
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Table 2-1. Acidity / basicity parameter of oxides.

Oxide Acidity / basicity parameter

[ K,0 68
Na,O 77
Li,O 84
BaO 122
Basic oxide — SrO 129
CaO 137
MgO 151
PbO 192
__ Bi,O4 254
[ Cr,0,4 295
Amphotericoxide— Fe,04 298
__ AlLO; 305
[ ZrO, 389
B,0; 682
_ SiO, 774
Acidic oxide —
V,05 852
WO, 951
MoO, 953
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Figure 2-1. Variation of average length and width values of ruby crystals grown with
solute concentration®.
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Figure 2-2. Schematic illustration showing that dissolution of sapphire crystal

substrate is shifted to growth of ruby crystal via an equilibrium states.

29



23 7T v 7 AZEIEDOHIH

7T AEBIETIE, 7T v 7 ADEFBITMEWVRIRIZEM L &z < e o T2 E DR
kT 5, LTEnoT, 77 v 7 AIKTHWREDOEMEL, 7T v 7 AT DG
DR EEE A ZE T 5, 77 v 7 AOFRHEITRFHRES, ZARIEIFOWRMC X > T
BT 22 ENTE D, I, 75 v 7 ZAORFEHE I LIETHRERLE OB IC W Tk
N7, X 2-3@) 1E Mo0s 7 T v 7 AEFE LB LTV B DR E S ORFHEE R %
7T 0, [F RN TO MoO; 7 F v 7 ZDFIEEIT 1100°C YA ETEL rotz, £, L
E—iffdn B 1100°C LA E TR E AR LT ARFRRER S WIEE 7 T v 7 ZARFERENHEL,
fEmfbbE < T Z LN TR TE 5, ABFFETIX, MoO; 7 7 v 77 AR 1Z KIETIRFF
BEOHBLEPA LML, SHICER LI VE—RREFEERL, 77 v 7 ATk
TOWEDOUIRE &I E 2 TRBICEHEICB L TEET 52 L T, Aiiko@ D/ B —if
p AR A RE T IRFRRE OB AR SN T 52N TE D, RIS, Mo03 7 T v 7 A~D
ZAREIHBNRMO IR DN TR RS, ZHETIZ, ACO3(A=Li, Na, K) ZifN45 &,
A20-MoO3 7 7 v 7 AZHAR L, MoOs 7 7 v 7 ZADZF I TE 5 2 & DNRBRANIZ /D
STND 07 AO-MoOs IZ LS BN (EM 7 T v 7 ATH Y, EEBLY O EiREE
HEICELS ERAESRTWS 1012 [ 2-3(b) 1 MoOs 7 7 v 77 AZKFE D AFEAMHIA (Li0) W
INEARTENE 277970 2R BEMBIFN Z TR LR o 2B D 7 T v 7 ARFEREZ 100 % & T 5 &,
W URE, [7 CIREE CREFT 2 & 8 mol%® Li,O Z IR L7256, 77 v 7 A7 &1E 30 %
FREEZ72 %, 2RI BN ORI ENZ T E Mo0; 7 7 v 7 ADFRFEIIIMZ B D Z L 3%y
Nh, ZHVUIAFBIHIFNC L > TT7 7 v 7 AOZEBHEENES 2ol TH Y, FEHAK
EHELES D ZENTHTE D, AL TIE, MoOs 7 7 v 7 AZZAFSIHIF 2 ds L
T2 BE DTN A 77 = X LR, MoOs 7 T v 7 ADZERFEHE &L B —fE AR O pl Bl 12 &
IETARFEIHFIRMO LB LT, S5, LE—fREREICBT 5 r s oFhic

FAEFT 7R IHEFBMOD R AR~ T, ZNDHOMAIZKY, RIRO@D L v —fEihE
WZKIET 7 T v 7 AZFEIEIRONREZA LN THZ ENTE D,

30



1.6 100

1.4- ./.

______________________ % -80 X
€ 1.2 Average length />|< """"" . E
= 0 Evaporation @
~10- / loss 60 4
' Average width -/ ™
3 Q
§06{ X u S
3 = 120 T
0.4 -
0.2 . - . - . 0
1000 1100 1200
Holding temperature /°c
(b)
1001 m
" .
= 80 -
~ ] ]
7
o 60 -
S m
S 40 -
2 | .
S
w20
O 1 1 1 1 1
0 2 4 6 8

Added Li,O (mol% )

Figure 2-3. (a) Growth temperature dependence on MoOs flux evaporation and grown
ruby crystal size and (b) added amount dependence of evaporation
inhibitor on MoOs5 flux evaporation®.

31



24 7T o7 ANBEE LIV E =R OIR

MoOs 7 7 v 7 A b, ANEWHOL B —FEENAER L P77, (1123) HiZ L - CTH
FNTRE R LTc, ZHUE, A E—REREDRET 2 TAI123) mORE N K HIELS, K
ELREELILBRETH D, 2FY, Mo0s 7 7 v 7 A Ko TV E—fdhidkk 2 22 5L
FET2508, <IP>HFHOBRERKBEBNENI ZETHD, HDT7 T v 7 ATONT, #E
i o 5 R 0D A i 18 O BRI IR FE DA 7258 W b o TV B AL, BT OTRIR O
mETYA L, BRTHIENTES, LL, REHESHOEIZHEELTCLEY
W, ETICARKREORERELZRRL 2 LIINETH D, 2T, F7 7 A 7k
W E~OZ XXy VREZICH LT, &R5MEICEIT 50—k s s B O
KII7RENE RO D Z L 2B 2T, FdmmENdH Hh CDFE LT HbR B2 B —iE a2
TEXF U UERSETEH, RREHEOHROFEREITER L2V, 38221 FNT, £
72 DGR 2 & DD U DI TE ST - O BT, FFFCVE —fEmEs Bl L, B
T5Z L TRGEDORRIEREIZONWTBELE LTz, ZALDOHMRAIZKY, ARO®D /N B —if
f O FEARHIE 2 ATREIZ 375

32



25 HREELD

MoOs 7 7 v 77 ZAZEFEIEIZ L DV E— i T B 2 F 3 ¥ ViR OB 5l DWW TR~ 7o, 3
BaIRRT DHEN EREMENET 28N H L2 L, MmN LDT T v 7 ADNHENES
ThoHI &, BESAEA~DEENDIRNT LR EITHESNT, Mo 7T v 7 AMbLE
—HEmAEBRT DI LB RDTE, MoO; 77 v 7 AP E—fki A BT DO E L
T, Q7T v 7 AKHT DEEOEIRE, @7 7 A TR Bl v ¥ % v LR
L7z B — o SV, Offi R RIS KIETIREFHRE O RE, @7 T v 7 ZARFEMHFIH
DEFE, ONE—FEEOREIEICET 2 RN NETH L Z LICE L LTz, OD MoOs
75w 7 ANTKT DWE OWMRE ORIEHEIZ OV TR, SR TEBLLTVWIETH
5 MoOs 7 T v 7 AT HIRBEOWIREL, N CHEMBSNTEX - FETITEN T
RNTeOIEFICHEETH D, V7 7 A T b AR ORI AT 2 7 LTV B — il DO R
WCBAT LB ZI 25 2 LIck Yy, WREZHETEEEXT-, OlZ>W\WTiE, 7
7 A TR EICV E—F R A T X Uy VR E S, REFROBIZE X O
FHIBLAPEDOPFEIZ L > TV E— RO MWE AT CE 5 2 L 2k ~7z, 77 v 7 7K
F8 TP RO il R R | S E T IR BRI O IR I DS BZ B L TB 45 Z L T,
@DV E— TR RIE T IRFFRE DS, @ONLE—fFlRRICkIET 7T v 7 X
ARIEIHAN O FEZH ST D Z IOV TIRAZ, Mo0; 7 T v 7 ANBAE LIV E
—fEERDTRIZHONWTIRAT, 7T v 7 ZTHONWT, KhEREICH T 5 i mEE T O E
HE ORI 2N D> TWAHEICE, ITEOBROMEET AL, BRTHZ
ENTED, LAL, WEEENHOEITHEBE L TLE I 2, HEFICE GRS OMRE
HWEEZRHNDL Z N THD, £IT, Y77 A THRERER E~DZ X XU v LR
ZISH LT, KHEMEICIIT D0 B —E b BRI B O & W A2k H 2 L T,
@D E—EROIRFIEN TE 2 E W5 B X Zik~7,

33



275 3R

1)

2)

3)

4)

5)

6)

7)

8)

9)

10)

11)

12)

¥

KAER, WP DOR R —MIE L TBOT VA 0, G R, 37 AR,
pp.-112—123, 2002.

KA, KEHW, FEKEIR, <77 v 7 AfEMmMREDIZZR L, BT LEREA,
pp.5-20, 2010.
Oishi, S., Teshima, K., Kondo, H., “Flux growth of hexagonal bipyramidal ruby crystals”, J. Am.
Chem. Soc., Vol.126, pp.4768—4769, 2004.

FUGREIR, TEENE, SARFE, KAEHR, BTV 77077 v 7 AZRBIEIZLD
KU HEL ©—FE g DB R, J. Ceram. Soc. Japan, Vol.113, pp.733-735, 2005.

Teshima, K., Kondo, H., Oishi, S., “Growth of hexagonal bipyramidal ruby crystals by the
evaporation of molybdenum trioxide flux” J. Gemm., Vol.29, pp.450—454, 2005.

Teshima, K., Kondo, H., Oishi, S., “Growth of hexagonal bipyramidal ruby crystals by the
evaporation of a Li,O—MoOs Flux”, Bull. Chem. Soc. Jpn., Vol.78, pp.1259—1262, 2005.
FURIETS, BBET, TERNE, EHEN, WAFR, KAEIE, “A20(A=Na, K)-MoO;
7T v I AFFIEIT L D RNFH L E—kEmOEFR”, J. Ceram. Soc. Japan, Vol.113,
pp.758=760, 2005.

Teshima, K., Takano, A., Suzuki, T., Oishi, S., “Unique coating of ruby crystals on an
aluminum oxide wall by flux evaporation”, Chem. Lett., Vol.34, pp.1620—1621, 2005.

Teshima, K., Matsumoto, K., Kondo, H., Suzuki, T., Oishi, S., “Highly crystalline ruby coating
on a-AlOs surfaces by flux evaporation”, J. Ceram. Soc. Japan, Vol.115, pp.379-382, 2007.
Navrotsky, A., “Progress and new directions in high temperature calorimetry revisited”, Phys.
Chem. Miner., Vol.24, pp.222-241,1997.

Vradman, L.; Navrotsky, A., “Surface energetics of nanoscale LaMnOs+s perovskite”, J. Am.
Ceram. Soc., Vol.96, pp.3202-3209, 2013.

Marinescu, C.; Vradman, L.; Tanasescu, S.; Navrotsky, A., “Thermochemistry of perovskites in
the lanthanum-strontium—manganese—iron oxide system”, J. Solid State Chem., Vol.230,

pp.411-417, 2015.

34



B3E WbV T T T w7 AT AT LR
=0 MRE DR

I

3.1 HES

T SRR R OBREN X PHDIREED D O T TH D V2, WA TlE, WEZRREIZE TR
WABEFLRFE RN L X 9 L5 2 LT & o THi AR OBREN /1 2455 30, SEHRREET
7T 7 AT TV DB ORFIIRE A RIRIE L MRS T RIS SW T, WHEIREA
e, FERRE T CRBEBRTDZENTEDLY, ZNRETIZ, MO 7 T v 7 AZE%
R KB TWERLR L B =0 ER 21, BIXOT LIS 52020F L~ —ED
a—F 47 WEORENRD D, —JF, WRKIEOEBENRIEHRTH D Mo0s 77 v 7 AT
5 ALOs DIRMREITHIE SN T IR -oT2, MoOs 7 7 v 7 ZAFERMEWE TH Y, %
DERITINEAT 2 LW T 5720, WREZHET D2 LIIR#ETH 72, —ixiz, FEE
BT Ty 7 ADYE, WEERE 7T v 7 A A& DIFN THITEDREIZREEL,
77y AEREFEROE R B OEMEANET D Z LN TE D 1920, JRAEA P
2T H7DITIE, FIEORE CHEFMRFT 208N’ H D, LrL, ZOHFIEZEIRTH
LT WVHETHDH Mo0; 7 7 v 7 AT TE 22, ZORMBEE RS 2729012, ¥
77 A THEERER E~o B —fEREO = 2 X Uy L EZISH LT, MoO; 7 T v 7 A
\ZXx9 % ALOs DIEFRIEZET D85 LWHIEAZBR LTc, 7 7 A Tl Ea A DV
s L T B — IO E~BIT LB 2 2 5 Z LI X > CRMEZHETE 5
BRI, BROBREICBTHEMELREST D2 LN TENL, BREMREZR Z &
INTE D, WREE OB 2 RIS T, BB ERELFHRE T2 2
ERTE, RERFIFTTRBEERTDZ LN TE D,

FROBMERNTEE, 7T v 7 AOERBI S TEENRIMCH D Z L7 <, IBfRL
72T R_RTO ALO;IWE R RN T E—fEih & LTHRET 5 &0 I RHZIZE STV 5, IR
A DY 7 7 A THEmFERDOEEOZEEEH LT, ALO; DIFfFEEZHE L1729 ThH 5.
L7235 T, RO L > THAE SN D ALO; IR R LR Lo /L B —fE oo &
D OYWENZ ZRET 2HERH D,

ARETIE, MIRTEAETIMWE THD Mo0s 7 7 v 7 A3 5D ALOs DR HIE Tk
ZfifENT L, 1050~1200°C [Z381F 5 MoOs 7 7 v 7 AZxT 5 AlLOs DI iz f#i< = &
EHBE LT, £, V7 7 A4 THEMBEROBEIRE & LR L2V E—#5 OB & & O
OMENZ 2TAET D2 LI2E > T WM LIZT_TO ALO IAE N AN TLE—HEMm E L
THETSHZ L &2 LT,

i

35



32 FERIGIEL

321 NE—FEREERO T O DR Fik

BT 7 A TR OE R HIEE L& L TO ALOs 24t L7, (0001) A3 FEEE L 7= FEkK
(BRRSAHE AL 2 Ve, FEBOEIRIE, 20%20 mm, E X 2 mm O TH 7=, AL
7o FR DB %K 3-1 1 ZRT, HARIE, TSMG (Top Seeded Melt Growth) 512 K> THERR L, #*
[ ZBEEAE L ChoTe, 77 v 7 AZIE MoOs RRE4ET 7 A4 R~7 U T ) R L=,
Cr05 (BABAL RS 2B b F— R RELTIHRINLTZ, 77 v 27 230 g BI KR
—/X2 h(0.012g) #FFE L, ALz, BRESOecm® O AER D DIFOEICEER 2 E LTz,
7T AE R=RU MORAEMD HOIFIC AN, 2232 ASMOETPLIHLT,
NV E—EREDO B RS HE 3-11F L0 TRT,

Figure 3-1. Photograph of an example of sapphire crystal substrate used in

experiment.
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Table 3-1. Growth conditions for ruby crystal films.

Holding temperature Holding time Cooling rate
Run No. (°C) (min) (°C/h)

1 1050 190 Air cooling
2 1050 205 Air cooling
3 1050 220 Air cooling
4 1100 30 Air cooling
5 1100 60 Air cooling
6 1100 100 Air cooling
7 1100 120 Air cooling
8 1100 130 Air cooling
9 1100 140 Air cooling
10 1100 160 Air cooling
11 1100 210 Air cooling
12 1100 300 Air cooling
13 1100 1200 150

14 1150 60 Air cooling
15 1150 70 Air cooling
16 1150 80 Air cooling
17 1200 20 Air cooling
18 1200 30 Air cooling
19 1200 40 Air cooling
20 1200 60 Air cooling
21 1200 90 Air cooling
22 1200 1200 150
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Figure 3-2. (a) Photograph of ruby crystal film grown on sapphire crystal substrate. (b)

Optical micrograph of cross-section of center portion of ruby crystal film
and substrate.
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Figure 3-3. Masses of dissolved Al,O3 plotted as functions of holding time at 1100°C.
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Figure 3-4. Masses of dissolved Al,O3 plotted as functions of holding time at 1050,
1100, 1150, and 1200 °C.
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Figure 3-5. Photographs to judge commencement of ruby crystal growth at 1050 °C.
(a) Digital photographs of substrates, and (b) optical micrographs of
substrate surfaces obtained under respective conditions. (¢) 3D optical
micrographs of corresponding parts shown in (b).
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Figure 3-6. Photographs to judge commencement of ruby crystal growth at 1100 °C.
(a) Digital photographs of substrates, and (b) optical micrographs of
substrate surfaces obtained under respective conditions. (¢) 3D optical

micrographs of corresponding parts shown in (b).
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Figure 3-7. Photographs to judge commencement of ruby crystal growth at 1150 °C.
(a) Digital photographs of substrates, and (b) optical micrographs of
substrate surfaces obtained under respective conditions. (¢) 3D optical
micrographs of corresponding parts shown in (b).
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Figure 3-8. Photographs to judge commencement of ruby crystal growth at 1200 °C.
(a) Digital photographs of substrates, and (b) optical micrographs of
substrate surfaces obtained under respective conditions. (¢) 3D optical
micrographs of corresponding parts shown in (b).
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9.6 mol%7* 5 10.0 mol% ¥ TZEAL L7z, WMEEIX, IREN EHT 2o ThdnaigmL
b OD, FOEIMTHTH 0.4 mol% Th 7o, EIREDRERFIEN/ NS W20, MoO;
7T AMbitimE BT 2B EITIIARTIENE L TWD 2 E VI LT, B dhifi
ZHINTZZ & T, MoOs 7 7 v 7 AFRRIEIZ L DV E— OB RICEB W T, #URnE &
EHETLHZENTE, Rl FUE T CRGZERT S Z EBNAMREIC T,

10.5
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(@)
= n
&
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3 95-
9.01— . . . , . ,
1050 1100 1150 1200

Temperature / °C

Figure 3-9. Solubility curve of Al03 in MoO3 flux from 1050 to 1200 °C.
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1100 33 LTV 1200°C THRFFT 2 Z & TMo0; 7 7 v 7 ARGERITHEIE LT2% D D OIEDON
iz, X 3-10(@) B LUDb) ICENLINRT (K 3-1 D Run No.13 BLT22), ¥ 3-10(c) i,
(a) BEOND) IZ7R LT 221 E Wi OIS X 2 7= 37, SR o & K 0 @ OLE O 5 DIXORE
Rk RO e —fEiIBlE SN Rr ol 7T v 7 AOEPERERHROR S LD HH
L&, DOIEOREORE CTHEAMET, 774 THERER EToOL B —EREE R D2
MEELZEEFRE LT, 208X, RV E—fd & D &L B —hE S B e AT AR
£ L7, R, 2 F0OEME & EROE S LV IRWALE D 5 DIED8E ISk Ik o
NE RN SN, 7T v ADEBPEROE S L LIELS 25 L, LSRR
FMR BT E UCREEME T E R -T2 2 L 2R LT IWE DR mE TE 722 & T, MoO;
7Ty ACKT HWERENSHEINL, BAEKLT, RRoL e —ifEian 52108 E
WCE LT, 2ok v, e —fERREEmERER oL EEE CRE L7 2 &85
MR o T,

(a) 1100°C (b) 1200°C

'REFECT

CHINOLOG

SHINSHU
INSTITUITF

Ruby crystal film

Ruby grown on the
crucible wall

Figure 3-10. Inside of crucible after flux had evaporated completely at (a) 1100 °C and
(b) 1200 °C. (c) Schematic illustration of cross section of crucible.
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Ty AERE =30g DL EOM) X, VE—EREOEREE, HOIFEORE EICRE LIk T
KON —FEROEEEZAHETHZ LICL > THEHZ Run No13 BLU22), X 3-11 1T~ T
HIET T v 7 AOBEEN 30 g KB HMOMEIE, Ve —fEEOE&ETH S, 1100°C
WZBWTIERN 1S gD 7T v 7 AR LT, VE—REmEDRE LI T-, SO
1%, 1100°CIZ81F 5 MoO3 7 7 » 7 AZxd 5 ALOs DAL % & L ITE -, Z O,
1100°C (28T 2 HERN /2L B —fE R ERE TR L TWD, 77 v 7 AZEM LT ALOs &
ERFERICVE i E LTRE L ERE LT, Hamipn v —ib kR a2 gz,
BRI T T v 7 AEENELWEATIZEWT, HREITIERELI Y L REo72, Hin
fill & EBRE OB L, WIRICEMR LI RRI 2 EEOEE Th o7z, R FEHLREBICH 5 7
W, WENZEME L EE OB RIS R E OBRBRIZIZE s Th o 7o, FEmREN RIS
ONT, WIRITEEAFURIEIC 72 o 7, WMRNEME LB O-E &I, M3gD 77 v 7 AR
AHETHETHML, TOREENBAD Lz, 77 v 7 ANRERICEFT L L, mRICHE
i LT EO-EEIIFOErIZZe o7z, OFNE, 1200°C (281 DK Lo e —fEih &
BOERIEE T, 12000C IZBWTIIK 17g DT T v 7 ANKIE LTI, e —k e
i LRz, 1100°C DFE LV & 2 g &0 oT-, FI1T gD T T v 7 ANFRIE LIRS0
BEI e — R8T, BRI 7220 B R AR 2 R T, 1200°C 12T DR 2 b LT,
PR 7L B — R R A 8 T2, RS AR D ET IO T, BRIRIT 1200°C 128V T h
WEIFIRABIZ 72 o o, WIRICYARE LT mRI S E OB R, M4g D7 T v 7 ANEHKT S
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Figure 3-11. Masses of grown ruby crystal plotted as functions of masses of

evaporated flux.
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Figure 3-12. Schematic illustration of role of flux in growth of ruby crystal films.
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42 Rk

42,1 NVE—FEEEB RO 72D DR 51k

P77 A THEREROFRRNHLEE L LTO ALO; 2t L=, (0001) fiFs L O (1120)
[ A3 E U 7o Foi (RS A k) 2 e, EBHIRIRIE, 20x20 mm, JEE 2 mm OFCK
Toholz, TSMG IEIZ K> THEHERZERL, RuLEHRMEL Chole, 77 v 7 AT
MoO; (B EAET 74 K~F U 7)V) 2l L7z, CrOs (BB ZERSAD) 2 (bl R —%
YhELTHRMULEE, 77 v 27 2B0 BIURRK—,0 1 (0.012g) #FF&EL, BRAE LT, &
50 cm® D&MD OIFDEICEREEE L, 77 v I AL R—=XU NORAMH 5D
ZICANTZ, 22132 ASMOBETPL ML, VE—RMEOBE RSt £ L TH
4-1 12727,

Table 4-1. Growth conditions for ruby crystal films.

Run  Holding temperature  Holding time Cooling rate Orientation
No. (°C) (min) (°C/h) of substrate
1 1100 1200 150 (0001)
2 1100 1200 150 (1120)
3 1100 100 Air cooling (0001)
4 1100 120 Air cooling (0001)
5 1100 130 Air cooling (0001)
6 1100 140 Air cooling (0001)
7 1100 160 Air cooling (0001)
8 1100 210 Air cooling (0001)
9 1100 300 Air cooling (0001)
10 1200 20 Air cooling (0001)
1" 1200 30 Air cooling (0001)
12 1200 40 Air cooling (0001)
13 1200 60 Air cooling (0001)
14 1200 90 Air cooling (0001)
15 1200 1200 150 (0001)
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423 NVE—ERBERRICKIETIREHRE DR E

1100 35 X OV 1200°C 128V T MoOs 7 7 v 7 ADFRFEHIE IS I OV B —fk Sh I oD Bl F ik
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HBEDTT I RAEKE LT T I ADERENOEE 7 T v ) AERERE LT, E
BREE D7 T v 7 ZIBEMN AT EDEEENCERR T T v 7 AERBAHE L,
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Figure 4-1. Photographs of ruby crystal films grown on substrates with (a) (0001) and
(b) (1120) faces. Optical micrographs of surfaces of ruby crystal films
grown on substrates with (¢) (0001) and (d) (1120) faces. Optical
micrographs of cross-sections of center portions of ruby crystal films and
substrates with () (0001) and (f) (1120) faces.
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Figure 4-2. XRD patterns of (a) ruby crystal film on substrate (0001) face, (b) sapphire
crystal substrate (0001) face, (c) ruby crystal film on substrate (1120) face,
(d) sapphire crystal substrate (1120) face, and (¢) A.O; ICDD PDF'>.
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(1120) 23 FE L7 BEARICBI LT, Ve — Rz b AR MO % —ME b A Lz,
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A T HERRFER O WIRE S (1T00) I IZALA LT\ Z 2 &2, Zhidk, i Lz e—kEd
EORAMNE) —Th b Z L2 EWRT 5, £z, VE—EREE L Y7 7 A 75RO R
HLIFETH oo, UL, VE—ERER Y T 7 A T RGN & O R iR T o CTH
CHMIZEM L, mEXFX Ty plE L2 EZRLTCWe, 7=, Wi SEM g Tl3hi
ANBEINIehodziow, VE—fERIEE Y 7 7 4 THESESRITHEES TH D & imD
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FERIER E~O =B X X0 VR T, — MR BE 12 K 2 A6 L SRR 1~ D R
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LN TET,

(@) (b)

0001

100 pm 100 pm

Figure 4-3. (a) Cross-sectional SEM image and (b) corresponding EBSD image of
ruby crystal film and substrate.
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433 VB ERERR C RIE T B RGRE DR
H%%iUHmWCL%PTMdh77/7X®m% HE 13 L OUL B S I oD R
Z Lt L7= (32 4-1 ® Run No.3-14), B 7 T v 7 AEEOWFERUEENEZ X 4-4 () 1R T,
(@ IR THFIE, R 4-1 127 L72 Run NodZxtis LTV 5, RFEFRFMZNE S 725 &, MoOs
7?y7x®ﬁﬁ’iof%m7?y&xgi 1100 3 L% 1200°C D )5 T L=,
1200°C (2B DIk 28 7 T v 7 ZAEEO AL, 1100°C (2B 548 L 0 AT
%oko;ﬂ,lmmC BUFD7T w7 ADEIEN 1100°C IZBITF HHFE LD Lo 72
ZEEEWT S, nm%?%%bk77y71@%é,1wﬁ%ﬁfmme9>#u6

ch! THolz, 1200°0C TRFEF L7277 v 7 ADEE, FHI753HE (Run No.10-14) (35
ﬂm-wf&otonm%f%%bt77y7xwﬁ%ﬁ§ 1%, 1100°C THRFFLTZT7 T v
7 ADFRFEEE DR 2.7 5 Td o 7o ALO; DERE & O W HIEAF M 2 X 4-4 (b) 12779, 1100
B LN 1200°C DT ALOs DIRIFE EICIZE —7 BNA L, ZhiE, ThFhoe—
7RI E TS, Y7 7 A THERERDEMRE L2 L 2 BT 5, E—2 %I,
7 A T RN BV E RS RET 2720, IWIRT O ALO; DB BT & & iz
Lize BT 7 A T ifdbER OB L ©— RO RIRITATT 2 AT, 1200°C TEREFIF
8 30 43 (No.11), 1100°C TFEFHFRE 130 4 Fﬁ®m5>f&yot01mm%: BV 774
T i AR DL B SR R~ DOFATIE, 1100°C IZBITABITL D H 100 0 R <4
U7z, & 512, 1200°C |2 TéAMh@Wﬁ@%EiilmmC BUAHERELDY H50.13
g Dotz WWERREICLY 7T v 7 ADIEENKL ool IWHE O RL
RICBITT 2 E CORMIZEL ZeoTz, £, BB RN EL 2o 2 & T,
ALO; DI KIRRE BIZHA L2, S 51T, ME—fEEERE~DBITH% D 1200°C 1281
5ﬁﬁuﬁ¢5AM%®%WEi®ﬁMilmWC BUAABLE Y HRATH -7, 1200°C

BT DGR, 1100°C IZB T DR LD bl -7z, 1100°C ThiF L7255,
$ﬂ&§%fmmm%5wiﬁong h! Th o7z, 1200°C THREF LIGE, FEIERE
J& (Run No.11-14) 13#7 0.34 g - h'! Toh > 7=, 1200°C TEREF L 72 85H OV Bk SR R 5 g
1%, 1100°C TLRFFL72HE DN B EEREOK 2.6 (5 ThoTe, 77 v 7 R7EFE
BT, 77 v 7 ADEBIHENERICER L N2 RotWE Rk 5, Lien
ST, 7797 AT HEEDEIRE L, 77 v 7 AZEIEHE D D2 L > THldb DAL
FHEITRET D, REHEEE 1100°C & 1200°C DA ET D L, 7T v 7 AFRIEHRE
38 2.7 1%, VeI R EE L 26 5 THY, ME—REREREEEIL T T v 7 2K
BHEIZL > TEEAEREDZ EN o7, ZIUTFEIETRLIZLDIZ, MoOs 7 7
y7xﬂﬁ¢éAML%E@%%E@JmWCEuwT?ﬁkhE%b%ﬁwtbf%é
FVWRFRHEEICL D 77 v 7 AOERBNHEL 25 2 & T, VE—fmEEREITES b 2
EDRH LMo T,
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Figure 4-4. Time dependence of masses of (a) residual flux and (b) dissolved Al,Os;
obtained from Run Nos. 3—14 in Table 4-1.
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1100 35 XY 1200°C IZBWTHRK L7V B — GO R EEEA i L7 (R 4-1 @ Run
No.l BEW1S), EBRNETTDE, 2208NDT T v 7 ANBERITHREL, 4-5(2) &
W) T X 91, FAriE 1100 38 L Y 1200°C D 5 THREAEH D /L ©—fl L CE bz,
1200°C /L B E IO @1Z, B2 1100°C OB &0 bk o7, HFEHREE 2
KB L, ALOs D KIEFE BN Lizizd/L ©—fE IO E S 2 Lz, X 4-5(c)
& E, FREH 1100 35 LT 1200°C THAL L7/ B —f 03 O 3D B S
HuEmrd, X4-5@6) & @Oi1F, X 4-5() & (@) IR L7 EEIZ xHia T 2 il 0% 5
MEEZ T, 1100 & 1200°C IZBWTENEN | DO —7 Z ROl EnBlE s iz,
B D AT v TR OE)—MHIZ DN T, e —fEREILW T ORE CLE LI-&HT
THE LT EHEE L7z, 1100°C THERR L7 TIZA T » 7RO IR /S 2 — o D32
Ei, 1200°C THEAT v THIROPRNIE R Z — U BB STz, BEENHEL 725 Z 81
L ORERIZ L ARGV ERIC 2572, E5I2, 27 v 7R & R E OB & i
L7z, B 4-5(g) & (i, B 4-5() & (DITRESNTND A-B BUHIET DK RO®m S 7
07y ANVERT, 1100°C (281 5 pE mOEFNIFERC) T, AT v FHRIRIE) > T2,
1200°C 1Z81F 2R EOMANIAT, A7 v 7 HRIEHR -7, @ORFRRE IS X D30
FERRHRIC & - TAT » TR 720, TS LY R EOABRITRIC /R~ T,
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Figure 4-5. Photographs of ruby crystal films grown on substrates at (a) 1100 and (b)
1200 °C. 3D optical micrographs of surface of ruby crystal films at (c)
1100 and (d) 1200 °C. Contour optical micrographs of growth hillocks at
(e) 1100 and (f) 1200 °C. Corresponding height profiles of growth hillocks
along AB abscissa at (g) 1100 and (h) 1200 °C.
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L E—REEEE DO ARIE, 1100°C 2B MR LD bdoTz, ZhiE, WA OIRETRH U
FERINIC LD L 7T v 7 ANRERTHZ EICLY, L0 OEENERICHERET 57-
D THoT2, Mo0s 7 7 w7 A3 5 ALO; WHE OVAREZIX, 1100°C & 1200°C TiE & Ao
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Jb B ik SR O iR R EE AN EE N L 72,

1100°C 1200°C

r
]
| | |
[ | | |
| | | i
| 1 [
| | [
|| | [
[ | \ o o o &

Fast evaporation
of flux

¥

Fast crystal growth

QY substrate | . [ Substrate >

Figure 4-6. Schematic illustration showing dependence of temperature on growth rate
of ruby crystal films.
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JRE T OFEAREEND OFTHIUIKREL LD THAH, 77 v 7 AECBNTE, bk
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NTED, 22T, 77 v 7 ARBEIMHFOEMCLY, IEOREEZHERELRNL 7T
I ADERERIET DL EaB 2T, 7T v 7 AOERHEE, L —hE O B R
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MoO; 7 7 v 7 ADZEFEE T 5 A =X L% 5002 LTz, NapCO; & MoOs 75 72 54k
BYDERORIITIZEL, ZHUTEY MoOs 77 v 7 ZADZEFENIH S b EA8E LT,
WIZ, 7T v 7 ZAOFEFEHEE &L B —iEEMRE O Rl B & IE T NaxCOs I D 52788 % fig B
Uiz, BB, Ve —FER LRI 2 - 6 OF U KIET NaxCOs WINDZhH % & 42
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5.2 SEERGIE

521 BbFT NV OUL-=FbEV 7T 7T 7 ZAD5HT

et R U 7 A (NayO)-MoO; 7 7 v 7 ANEL LTAbB W a ohr Uiz, 77 v 7 A2
MoO; (BRREHET T4 K~=T7 U T V) & Uiz, ZRMHIF & LT NapyCOs (B L7 A /L A
FEMsRR AL 2N Lz, T RU DA, UF U ARh U A L) b HIERICE I
ET DT NIV BBELHETH D, R THNLT U NayCOs A 78R8 HNHIAI & LTl L7z,
PHIFND 7 T 7 2D FHFE &+ Il C & 72 & 122K S0 T, NaxCOs % 5 mol% D
JRET MoOs 7 7 v 7 AT L7z, MoOs; (30 g) & NaxCOs(1.163 g #FF& L, A LT,
RAEWE, 7 50em® O A4 5 DIZIC AN, KRIZ, 2235 AGMOETHH ML,
fif k7w 7 IZA, BRIFICHA LTz, 521 % 400°C « h'! O#EETMEL, 1100°C T
15 rERFE L%, AGRLZOIZZEBEF LMV LAKG Lz, AW LELLZ7 T v
I ABETRIHNZY TV 7 U ToRT Lz, B 1mm O (& 1), JE 1558 1 mm
ToE(JE2), BEXOD2FDOTFEH»HHK 1 mm O (& 3) D3 SOLFTTT 7 v 7 Az
VT U, UL T Ty 7 2R ) o LR ORI, BoRE e E
£2(5.3.1) TRT,

522 NE—RERIEE RO T O DR 7k

P77 A THREEIER ORI HIEE & LT ALO; Zf#a L7z, (0001) [f 4 J8 2 St 72 4k
W RRESHAE ) 2 V7o, EHORIRIE, 20x20 mm, [EE 2 mm OBIRTH -7z, Kk
1%, TSMGIEIZ X > THERL, REZHEEMEL CThoTo, 77 v 7 AITIE MoOs ZflEH L
77. CrOs; (BIHA LSRR SAD) Bk R— 30 h & L TR L 72, NayCOs % 285 Al &
LTHMLz, 77 v 27 A2A(30g), F—s30 K (0.012g) 35 L OZEIEIHIAI (1.163 g) #FF & L,
RBAE Lz, BES0 e DALMESIFOEICHERZEE LZ, 77 v 7 ZRAMLDOI1F
WCANT, 2212 HE&ROBETEHL, k7 oy 7 A, EXFICHALLZ,
EME GRS S OI1E%, 400°C - h! OB T 1100°C £ THIZEAL, 1100°C T 120-5400
SERFF LT, e T, BRI EEFERFELLIMV ML, WRRO7 7 v 7 A% EETE
L72tk, SRR 20°0) ECTHARBAIL, BAKEHFERALCERE Y 7 v 7 A &2BRELE, L
B — AR IR D B RRF O IR EFIRER] 2 3R 5-1 123,
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Table 5-1. Holding time conditions for growth of ruby crystal films.

Holding time
Run No. (min)

1 120
180
240
600
1200
2400
4080
5400

0 N OO OB~ WODN

523 7T v ADOEIEHE &L e —iE I O Rl R = EE O H|E

7T 7 ARRFEHEE &L B AR O R R T M TAFEIHIF DA 1100°C 128
WTCHAA L7c (B 5-1 ®Run No.1-4) R 7 7 v 7 AE BITHT D RFFREFUKAFPEIC L - C,
7Ty 7 AFFERE Rl Lo, ALOs OVIRE BT 2 REFIF IR L - T, v
— O RHRE LTI L=, bEDT T I ADERET T v 7 ADEEBKIDEIC
LoT, BE7 I v/ ADOEEEHE L, REMEZEZLASK D SITOERMZOE &
ELLH-T, 77 v 7 AOEEBRRKEHE L, OV 7 7 A THESIER EIERIZED
HENED LR E OBOEEAEIC L > T, ALO; DIRRERAFHE Lz, £/, AFER
THROLNRRE, F 4 ETHLNT MoOs NayO R 77 v 7 ZAWbHEM LIV E—
FEEORER A LTz, & 512, ALO; DFfFE RARBIFROE R B 7 7 v 7 28
B ALO; DIEfRER) TEID Z LT, NayO-MoOs 7 7 v 7 A% 5 ALOs DIAfEE & &
BT,

524 NWE—RERBEREIZE T S P06 O T IS T 2 R

ARIELIZT7 Ty 7 ADBEEIIH LTI vy b LR Lo e —fEIE & &, FHEI
Ko TROHBIRNE—FEREER 2T 5 2 LIk - T, vE—fERkEICE
B T S OF A FHE L 7= (3% 5-1 @ Run No.1-8) , FEEREIE D7 T v 7 A DB EAEIRH
5, AR LT CO,DERE (048 274 LAIK ZEICL-T, RELETT v 7 ADHEREE R
BTz, V774 THEMEROBMIL E—fEROREICBIT L & & CERRE) &, v
B E IS BT D ALO IRIRE BEDEND, ME LIV E—fmOEELZFHE LT,
Y7 7 A T REGFER OV L B — 5 O RRI\TBAT LTZBRENY,  ALOs WSAR'E & D IRFrFIRE
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BUKAEPME L, Y7 7 A TG S B R 1 OBIEE (3R 5-1 @ Run No.1-4) ([ZEEDWTHIMT L7z, &
7o, REBRTHEOLNERLE, B 4 FTHLNE MoO; (NaxO SN 7 7 v 7 A D ERK
L7ob e — bl ofE R4 g U7z,

FERICRE L E STV E—fERIEE R C BT T v 7 AEREEZHWT, R FEREE
ERLRNDOIE L SE LTI SA OB MmNV E— g B E2HE Lz, b7 7 A
THREER IR DOERR LV E—RmORRICBIT L& L, VRPN ERICKELE >
72 &EITBITD ALO; IBREBEDZEND, BRICEE L E s E—fimEOEE2HHE L
2o V77 A THREBBERDEIENR NV E—REMOERIIBIT LI & L, fRMET T v 7 X
MERICAB LI L EORE T 7 v 7 ADEREDEND, BT T v 7 2AOEEEFH
L7,

52.5 RefEEEAM

N E— SOOI 2 AIRIC L D BIER L2, S BB EE (BX60, Olympus) 35 X
O 3D S BAMEE (Contour GT, Bruker) 2 L TV B —fE O R EFREZ A L7-, X R
[a]H7 (XRD; MiniFlexIl, Rigaku) ZfffH L C, > 7V 7 Li=7 T v 7 ANEL LIALEY
oM L7z, CuKa U (A = 0.154 nm) 2192 X #REHTIE, 5~55°0 26 #il#H T 30 kV,
15 mA TEIWESHET,
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531 REET NV T AN KD 7T v 7 AZEFEINHI A T = KX A
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Figure 5-1. (a) Photograph of inside of crucible containing quenched Na>O—-MoOs3
flux. (b) Schematic illustration showing location where solidified fluxes
were collected. XRD patterns of (c¢) Layer 1, (d) Layer 2, (e) Layer 3, (f)
MoOs ICDD PDF!?, and (g) NasMo19033 ICDD PDF??.
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P23 5-2 (a) 12777 (58 5-1 @ Run No.1-4), LD 7-9D1T, 5 4 ETH LI, MoOs (NaO
BRI 77 v 7 AR TICBT 2B 77 v 7 A0EEGIFL L, K 5-2(@) & (b) 1R
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Figure 5-2. Holding time dependence of masses of (a) residual flux and (b) dissolved
AlOs.
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Figure 5-3. (a) Photographs of sapphire crystal substrates after experiments (Run Nos.
1-4 in Table 5-1). (b) Optical micrographs of substrate surfaces, (c) 3D
optical micrographs of corresponding parts shown in (Run Nos. 1-3 in
Table 5-1).
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Figure 5-4. Holding time dependence of masses of (a) residual flux and (b) dissolved
ALO; in Na2O-MoOs3 flux as results of Run Nos. 1-8 in Table 5-1.
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Figure 5-5. Schematic illustrations showing ruby crystal film growth on a sapphire
crystal substrate via Na,O—MoO3 flux evaporation.
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Figure 6-1. (a) Photograph of inside of crucible before growth experiment. (b)
Schematic illustration showing substrates placed vertically.
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Figure 6-2. (a) Photograph of cylindrical sapphire seed crystal. (b) Schematic showing
seed crystal placed on bottom of a platinum crucible.

6.2.3  FriERTAf
JU B — IO (R A PRI D BIER LT, & DI BMEE (BX60, Olympus) 4
AL T e —fbaEoRnEZRE LT,

87



6.3 FEREHBR

6.3.1 ASAGARIE DY 7 7 A T b B AR &L S SRR

B 6-3(a) 2, BRFEBREDDLDIENOEELE T, 77 v 7 ALZERICEEL, &V 7
7 A TR BV E— IR R Le, B 6-3(0) IR K 01T, AE—RiRAE B
B L7 Hapl A 221 E 0 B M H L7, B M L7e R E 70 IR EORERITN 144 ¢
Thole, K 6-1@ICR LIEERAIOV 7 7 4 THEEER E 7 VI FIREOGFHEE LK
144 g ThoTz, B LT ALOsTEIZROIMNIH D Z &7 <, T_XTHVE e LT
Y77 A THRERERE T AV I FTRE ETHRE L, 7 7 A4 TR ERD RS TH D7
W, VE—REEEIIT X v VR Ls, T TR REEZHMATH ST, ki
Wrve—Ta—7 47 &Nt V774 THEBERO BRI EAEHOE EThH-o
7208, TFEREEIIEA R AR AR L, 1100°C TREERE LIk T- L X1, 7T v 7 R
RE L CO AR TRV E =S RE Lz, 77 v 7 AIZRIE L TR - i,
B RPN RS T EAEHOEE Th Tz,
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Figure 6-3. Photographs of (a) inside of crucible after growth experiment and (b)

substrates taken out from crucible.
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E) MM

Figure 6-4. Photographs of (a) substrates after growth experiment, (b) cross-sections
of each substrate, and (c) optical micrographs of corresponding regions

shown in (b).
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to melted flux during heating
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© Ruby crystal growth ) Fully grown ruby crystal film

Evaporated flux  Dissolved Al,O,
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Ruby crystal film

Thick ruby crystal film
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Figure 6-5. Schematics showing substrates dissolution and ruby crystal films growth on
substrates via MoOs flux evaporation.
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Figure 6-6. (a) Thicknesses of ruby crystal films plotted as a function of distance from
bottoms of substrates. (b) Dissolution amounts of substrates on each crystal

face at regions of 10 mm from bottoms of substrates.
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Figure 6-7. Photographs of grown ruby crystal (a) illuminated with white light, as
viewed from (b) above and (c) side. (d) Optical micrograph of surface of

(1123) face developed at upper region of crystal.
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