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Evaluation for Hydraulic Property of Calcium Silicates by Quantum
Chemical Method

Norio Yamaguchi

Chapter 1. Introduction

In this study, hydraulic property of cement compounds was estimated
by DV-Xo method, which is one of quantum chemical method. Molecular
orbital calculation for four kinds of alkaline earth metal oxide, MgO, CaO, SrO
and BaO was carried out by using DV-Xo method in order to discuss
relationship between those solubility and bonding state. Then after, this
. discu‘ssion was applied to cement compounds with multi component. 2Ca0*SiO,
(C,S) was chosen as cement compounds, because it has five polymorphs with
different hydraulic property. The evaluation of hydraulic property using
DV-Xo was discussed by comparison between 7Y-C,S without hydraulic
property and Y-2CaO*GeO, (C,G) with hydraulic property, which have same
crystal structure. It was also discussed that the differences of hydraulic
vproperties between y-C,S and o-C,S, which have same composition but
different crystal structure. The differences of character of the ideal surface and
the real (relaxed) surface for MgO and LiF were discussed, then the ideal
surface model was used in discussion of hydration property (dissolution

phenomenon).

Chapter 2. Comparison between the ideal surface and the real surface
The differences of electron state between the ideal surface and the real
surface was discussed using MgO with relatively small relaxation and LiF with
relatively large relaxation. The ideal surface has same atomic arrangement as
that of bulk state. On the other hand, the real surface has different atomic
arrangement from that of bulk state such as relaxed and rumpling atomic
arrangement. In both of the ideal surface model and the relaxed surface model,
the bond in surface layer was obviously strengthened than that of bulk state.
This bond reinforcement Was occurred due to the redistribution of sharing
electron with decrement of coordination number. But small differences between
the ideal surface and the relaxed surface were in bond strength between first
and second layer. Then the ideal surface model can be used in discussion of

surface and hydration properties.
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Chapter 3. The solubility of alkaline earth metal oxides

The evaluation of solubility by DV-Xo method was discussed with
alkaline earth metal oxides (MgO, CaO, SrO and BaO), whose solubility are
markedly different, but with the same structure. The solubility of MgO is
smallest and that of BaO is largest in these compounds. The hydraulic reaction
may be started by giving of lone pair electrons of water to compound. Then the
differential energy (AE) between the lowest unoccupied molecular orbital
(LUMO) of the compound and the highest occupied molecular orbital (HOMO)
of water would be important on the first step of reaction. There was closely
relatfoh between the order of solubility and order of AE for each compound.
The bond between O and H in water molecule became weak with decrease of
distance between surface and water. On the other hand, the bond between O and
H in hydroxyl became strong with decrease of distance between surface and
hydroxyl. From these results, it was understood that water adsorbed
dissociatively as OH~ and H", and then the hydration model with hydroxyl was
important. On the other hand, the total overlap population(TOP) means the total
bond strength in the cluster. Then differences between TOP for state A and
state B(ATOP, ;) means the changes in bonding state from A to B. The order of
differential total overlap population (ATOP) between unhydrated and hydrated
states corresponded to the order of solubility for alkaline earth metal oxides.
Consequently, it was concluded that ATOP is very available for discussion on

solubility.

" Chapter 4. Differences of hydraulic property between y-C,S and Y-C,G
The evaluation method obtained at the chapter 3 was applied to
v-2Ca0e¢Si0O, (y-C,S) not having hydraulic property and y-2Ca0O+GeO, (y-C,G)
having hydraulic property at normal conditions. These compounds have same
crystal structure(olivine type). For both of the compounds, the density of states
- calculated for valence band was correspond with that measured by X-ray
photoelectron spectroscopy(XPS). From these results, it was concluded that
DV-Xa method is applicable to y-C,S and y-C,G. For the model coordinated
hydroxyl on Ca atom in the surface, the order of ATOP between unhydrated and
hydrated states of y-C,S and y-C,G corresponded with that of hydraulic
property. The availability of ATOP was reconfirmed again using with y-C,S

and y-C,G for discussion on hydraulic property.
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Chapter 5. Differences of hydraulic property between y-C,S and a-C,S
The influence of crystal structure on the hydraulic property was
discussed by using y-C,S and a-C,S. y-C,S is a stable phase at room
temperature and has no hydraulic property, and o-C,S is a high temperature
phase and has hydraulic property. It is thought that the crystal structure of
o-phase is P6;/mmc, which means that SiO, tetrahedron has spherical feature
by rotation. a-phase can easily induce twin structure. By these crystal
character, four different model cluster were discussed. The density of
states(DOS) for each model was almost same and correspond with DOS
measured by XPS. From these results, DV-Xoa method was applicable for
a-C,S. ATOP between unhydrated and hydrated states was adjusted with the
number of atom in the cluster, because the composition of a model cluster for
o-phase is different from that of y-phase. But the ATOP between a-phase and
v-phase was very small, then the difference of hydraulic property was not
explained by ATOP. It was considered that hydraulic property of C,S was
lower than that of other cement compounds. The bond length of Ca-O
distributes widely in o-phase. It was found that the bond of Ca-O with long
length tended to weaken by hydration. This trend was not able to discuss for
v-phase because the bond length of Ca-O has narrow distribution in y-phase.
From these results, it was considered that the differences of hydraulic property
between a-phase and y-phase derived from the differences of bond length, that

is crystal structure.

Chapter 6. Discussions on the availability of DV-Xa method

The expression of chemical reaction with solid phase by DV-Xa
method was widely discussed from the knowledge of chapter 2 to chapter 5. In
the case of expression for chemical reaction, it was discussed that the easiness
to give lone pair electrons of water to compound AE, ._ ., changes in bond
strength between the nearest atoms before-and-after reaction ATOP(near), and
character caused by crystal structure are very important. The relationship

between bond overlap population and surface energy was also discussed.

Chapter 7. Summary

In this chapter, chapter 1 to 6 were summarized.
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Fig.1-1 Cirystal field potential along (a) the [001] direction and (b) the [100]
direction from the exterior of the bulk cluster (MO(,)10 ~ (solid line) and the surface
cluster (MOs)s' (broken line).>”
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Xo EiZ. J. C. Slater 2% Hartree-Fock i % B fift L 7- Hartree-Fock-Slater
EAxHWTCTEFREZEETLIHETH)., FREFOEFREDOFER.
FAEOZANT =NV FEBRECIELHEHEINT S, Xa KT Yy VD5
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| HEVXo =2 HELIZBILAW ORI TH DL, D%, Ellis PFHAFEL 2
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SFHEOYWENERNEDbDIL RV, 3) XFFHEIZ., EXANICE-FEHE
(#ﬁ%%)T&D\it\%E%ﬁkLTE%ﬁﬁ%mw%GT\E%§®
STEFECBHTES, LVoBHEIPH L, 20 L) 2RFEE. BHEREMAIC
BETEZDIDEII Vv 7 ALREIERICERE 25,

PAFIZ, DV-Xoa BEOH#A*BEE 2. DV-Xo ROERZHBET 5,

[A] LCAO &

SFHOBFREZ, 2FICHTEV2VLFTa4 vV F—FRRAZHL I LIT X
WRF B, UTICRTHER, Y2l Fa ryF—FEA (MOFHER) 2EHE
BLloTiREL, BHTEREAEFRRCETL R, CORETEXCH
(LI X VD FHEEZRDDL FETHDL, 22T, FTHELLRD 1ET
BEFRRXICOVWTHET 5,

1 EFEE RN,

hy, =&y, - (1-1)

LEEIND, SZT, hEENINVIZTYTHY), BEBHIAVF -2 RTE
BFLET VYA NVIAVE—OMTH b, 72, ¢, Ik FEOHEDOLT £
VEF—, v, Ik FHOSTFREOEBERTH S, v, IRMOBEETD % 2%,
SFHOBFOHERY D) FLRT LI LROEPUEELZE) . B I fEbN



DA, LCAO (Linear combination of atomic orbitals) HE& TN 3 FE
Thb, COHFEZ, 7FHEZ?EBRETFORTHETHEESL., EHT 3
75‘(%?29)%0 SFEE

2 kxj cee (1'2)

ERENE, ZZT, g BEFHERNBEZRITEHEUTHY . IhHFEE
Bl b, $72, C, RETFHE Y, PFFLTVREEZ2RALTEI, &
FHEFELRD L, BHIEZ LD, 72721, ﬁ*%{t%#tl,'czq-l%?ﬁﬁ
T FTB, TORBIICBNT, FFHELEHTLEFIL. SHREEFOR T2
ZOBETHAECECEDHE LEDs, 3FL4LBETS L) 2B b T
Wt, LzHoT, FFOUELBREFOHRELEAEI R TERLLDIIHE
DLV,

x (1-2) 28 (1-1) RAT B L,

hz kZ] £k2CﬂrxJ (1_3)

'aaaozwﬁﬁﬁ%%<: 2. FFHBE Y, L ZOIRNVF—g 2K 5
ZECHET S, WERK %ﬁfééﬁ%ﬁﬁ@ﬁ%ﬁ%ﬁf%éwf %
BC, 2RDBI LIV S TFHEY, 2 RODLIELHFTED, ZIT, C, %
RKDBDIT, MT@E’EETK%ﬁ&’)o

K (1-3) OTADOEDS x, DEEERBEUTH L ¢ 2 BIFTHETTH L,

ij;‘hcjkxjdr=ek2jxfcjkxjdr e (1-4)

b, TIT, HBHEOH, 2BLUTERYVRS S, %

szjx:hx]'dr ) b (1'5)

Sg-=Jx:7(,-dT o (1-6)
EB e, R (1-4) &,

2 (H;-&5,)c; =0 e (1-7)

J
LEEND, THIE. ATOFFHE Y, KOVTHEELT 20T, EXHER .
Th). KEFBRE RS, ZOXEFRREFFIOHT,



(A-£5)C =0 o (1-8)
EEFIEATED, TIT. BEC EH, S, C, R ERL T IFAIEET.
COFFFRRNIE, E SPTHPoTVAHERLIENTE, AHEMEEL LT
B, FOBEERZPVELTCHFREL, LzF>T, R (1-5) BL UK
(1-6) WRL-EBESB LIUVER VESzEE T (BE. HE [C] ) .
X (1-1) O2VvT4 v T—FBRREBLIEDPTES, T2, KEFER
APESBEEINVBONIFERTHLOT, TOEPEEAT, £2BEFZAINVF—
PRBANERD LI R CHRE S,

[B] X o &
M]@EBTL«#li%&@ﬁﬁﬁc$W%ﬂ Vhk=7>hik,
h=——— "+ —-i—)dv +V,( e (1-
Iﬁz 2 (1-9)

‘&iéhé(ngﬂ<>::T“&iﬁ%vwﬁ?ﬁ%\rwdﬁ%lk&
vVEDEEE, p(2)INE2CBITLIETEE. r, 3ETF 1L 20HETH 5,
¥, F1HIEFOEHIANF - F2HIEEFEvICLB5|H0KT >
Yy, EIHEIETELOETHRERTFT Y v )b, FEA4HEIBRT v
NTHb, RERTF VX ViE, EFLEFELOHEMERHICETAMEET
 %éon—%U—-7¢y7&fu\:@%@ﬁ%yvku\

Zj‘l’r ;i (2)(1/ rip Jyr; (i (2)dv,

V. (1)= W(Wi) =+ (1-10)

EEbLENDL, ERFHFOHEE. TORIE, — I AL IZHFLED D4 D
OEBORS (EFLES) TER), FECHEET, REHOHEFLEL
he 720 Ab—F—iF,. ZBWRF VI Y VOFEZHEIZTL2DIZ, H
HEFERTAEML, SOLICHETFH LWL I EICL), RBERT T v D
EFEEpDI/3EICKBATHILZRWELLY , 8512, AL —%—11,
COEPE—BOBREFRFFICHLET L2010, XFTA—F—a ZHBAL, X

g
BRF v VA
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Fig.1-2 Concept of Hamilton operator. A: kinetic energy for electron 1, B:
attraction potential between electron 1 and atomic nucleus v, C: repulsion potential
between electron 1 and electron cloud made from other electron, p(2) : electron
density at position 2.

3 1/3
Var(t)=~3af 2 pr(1) @)
LBV, TZT, p REMEACVOBFEET., LMEAEYDETFIC
HTERBERTF VYV VD p, DADEKICR o TwB0Id, XBMESE
HARLAE VEIZOWTDARIAZDHLTH S, TAZALEVIZOWTHHE
CBRORDPRD LD, TOIHIT, RBERT VI NVEETERp, D 1/3FI
REITEECIEELRRNICLY), SFERHEIHTECICER IS, I, £R
DEFRGFEHTH7-DDHMEE o i&. H:0.978, He:0.773. Li:0.781,
Be:0.768, =t ELL. EFESPRELZBIIONTHRAICEHEIL 2/3 12
CETVTVE, ABSOEFTO7IKEVEE 25 Y, EBEOFHICET
. ROSKAEEEFAVTHIRVY, ETOERFIIBWVWTa=0.7¢ LTEE
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LTh, EBERRC L VEREL2EFEAMBETRONIERE LIS —HT 2
| %iﬁ?—%‘%hf v 3 44,47) o

[C] DV BfER D&

HE [A] Tdadx_AEDC, EFREEZRDBICIF, #BRT H; (X
(1-5) ) BIUERZYVHESS, (X (1-6) ) 2 ETI2LEFH B, b
REETLADCR, EEEESES TR TH 2HE (BTEK Truhid
Hoh\V, FDH, BEOSFHRAEBETIE, v, L LTALV—% —HHE
(Slater Type Orbitals, STO) B X # 7 X B # & (Gaussian Type
Orbitals, GTO) BAKEZ A WTEHELTL ) ¥, Zhix LT, DV-Xa T
. SO DBS T BENICIT R ), 2FED. BEICEOATY YV AEE
FTAEBOBEEOEEZ KD, ZOMEIS 2T T, ZH.0ESDEFHF
BrEZThwv, CoEZ2FIE. £45EE (variation principle) T2bbH, K
(1-1) PZEEOEEDE (discrete point) THRYVIZDZ LIZEDITVT WS,
LCAO BB I AREBEHICIZ. EFHEL LTEEDD 5 BITEE (STO.
GTO) #fFHT. EFOY a2 LFA v I—FEBA*EEBR-THELNIETF
CHERHAVWAEILELNTE S,

ARG BECBUIAEAEBES H LELZVES S, . KX (1-5) . (1-6) D
BEbDIZ, ’

H, =Y 002 r)h@)x,(r) e (1-12)
k

&=;mmzmmﬂ> e (1-13)
PLTEEENS, 22T, r, @3 Y TVET, o) 3ZTDRDEATH S,
FrTIVERIZERTHADT, FREIZOAEORMMBOZRZARLT
WBI WD, LA oT, BBEERSRT VY Y VOERAPHLVWEFH
vKﬁwkZ%KBWT%VfWﬁ%%K?%@ﬁIWOit\ﬁﬁ%ﬁwﬁﬁ
. N Y TINVEOEEOEREE VLI LIk B, Fig.1-3 P IIRT & 912,
B TINVEEES CINIT, YAREERNSLS LD, F Uy IVEBITRAIL
TEEREAEL 2ADT, EXTIREL2ZELTHY TVABETRETNE
'@ééo—ﬁmm\&yfwﬁ&®E£M1E%%tD\mm~woﬁkn@
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Fig.1-3 Depend of number of sampling points for error in integral.*”

s 39.44) o

[D] Mulliken ® population f&HT
HE [A] TR I, FFEEEBVWT, ST ERETFHEZEE
CEEICHE VW LCAO TRENB, ZOZ LICL Y, STERRLLTAELNS
SFEHEICBIIATOREFEHENDEFS % Mulliken @ population BHTIZ L D,
EEN  EUEMNCERTLIILENFTE S,

nEOEFF nBOSFAEVHEEEAEL TS ETE, EFEEIR.
EBHERO2RTRDOLNLDOT, TOBFH i,

n=Y 1w, @) - (1-14)

LR EH, 2T, IS TFHEDEFOLIERTH 5, 5 FHE%L LCAO
- OFICERL. DVEBEBRSEORTEZET L.

n=3 D fC:C; 2 002X, (%) s (1-15)
il k
%%, TH XD, orbital population, n;. overlap population, N, iZZ L &

MRODELHIIEEREIND,
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nj=2flcﬂcj ;w(’ic)li(rk)lj(rk) ces (1'16)

N, =Y fC,C; > )z, ) x, 1) s (1-17)
1 k

orbital population, n, ¥, EBEFEMzEFHE y, SRV ST THTESI N
EFHETHY), ALETICET 2BEILOV Ty OMER o2 DI, £ D
BTFIET A2ENEFHTSH S, overlap population, N, i, RFHEy, &
X ENPEZRVHEBIIHLIETHTH), EFHOXFEERZRIERL 2
TWw b, overlap population AIEDHFEICIE, BEBHE, BOBEICIE. K
HEBBETHLILEEL TS, . EEXRE (bond order) & HTH
5o

1-2-3 4> bOKMFE

XAV POKFMEBBEICOVT, BRT DOV DOPDFEIRENT
Wb, XY MOKMRDEZ ABLAEMULEHELLT, REOFTA L
ANVE—BOFEIZBTONL, Zhid, €AY MRS T, Bx ORKEA
BT TH222REFTHDICAVO NS, L P IIRIGEDOF 3Ca0-Si0, %
FR, FTRAIANVE-FEDTBOEERL, KIETHEVIFEEICBRSEHK
+2, LA L. 2Ca0-Si0, (BLF. C,S LB¥) OZEMTH 5y Hid. Kb
LaZWIERASNTVS D I prboT, FTAZRANVF-ELEIED
EERT, COFBOEROVDEDIE, AV MOXKHYOEESIID B
I EAD, 37, BREFNLETE Y TR, CaFEROERESEA L
PICEBLT, BUOATWVAD, EMNEBRTH L, /2. BRS °Y i1,
C,S DAMRIEHIZOWT, £CaAFvDOH A MIBUILEREED LI
R BTV AN, —REFE LT LOERBEAT CERTE 2V LER
ST T3, Trettin & °¥ 13, AKMXEHEZHEET 5 ELKETF A, oxygen
basicity TH 5 & BX TV 5, oxygen basicity &1, BERE FICEMZLTW
LPEFOCaBFH/CaBFUNDEFETHS, T D oxygen basicity 7518
s k. RSRERMT S LEBEL TR, SR, AT T ALY F— |
RBLUANT T AT VI A — PREMTIEHFMET HBICIE, EEICENLIEE
THHDN, TNOLYEOREBZ TORMHLZFMIIE> TRV, ZDX

.13-



31, XA FOBEWBEENETZARMKBEILOWT, FHCHBELEL O
722w,
 LREHEBALZARMOFMOIEE A LA, Ca B LT3, Ca DERM%
HIEE B CEHOE o P T LR 2 DLERE NS Z Eh b, AFRICBL
T % Ca FHLIZEY EIF7e,

1-2-4 €AV FOKMEBTE

kA Y MIZETFEE (DV-Xo i) FEALHEAIISOEZAS 60H5, Th
LEAFRLAOIFED Wuhan KFEFHLE LT NV—TTHb, EOLDEXDH
T, BEODPE ALY MEBREEFRREZBEALADTOT V=T THE L) Z
EEBRRTWDE, ZO—EDFHXDIEZF DI, v-C,S & B-C,S DKHMISHEDE
DEHATHD, CHETIC, MEE Lo LEWIE, 1) vCS & B-CSY . 2)
3Ca0-3A1,0,-SrSO, (Sr-7 — 4 ) , 3Ca0+3A1,0,-BaS0, (Ba-7—"7 4 ¥) * |
3) Ca,Fe, ALO, (754 M) *® [ 4) Z+Y ¥ H A4 b (Car, Mg, Zn-, M) * |
5) CaO-AlL0, CaO:2A1,0, CaO-6AL0, (# V¥ TALT VI 5—1) > [ 6)
3Ca0-ALO, (C,A) , Na-doped C,A (W ATFIVIH—h) ¥ THY), £A L}
BEAWIC B TEIRICES TV h,

LHAL. SRS DBRILIZBVT, W OPHRE L Z2WERB L UBRISRL N
B, FOREMLIDE LT, NV ONY FXY v 73, FECNE T ENE
ToNZ, FHRELTWEEEDOLEWE, TRTHIERETHY . N FFr v
THEETD 3~4eV RITHER 52 VA, EOBERIIBVTHHR 05V THDH,
DERE LTI, EFVIISRAF-—OFNIC, REROREN W LI HEES N
5,

FBROBR., ARSHEOFMIT, A) A0S HEEE. A+ VFE) . B)
KD lone pair electron & LUMO & OMEEH, C) NV F¥v v 7OARNMIEEB L
CHLEDRTED . NV DABEEOHEL ko TV,

1-3 XRAROEMNBLUERIDOEK

ABFFEIE, LAY MEPO B OKMKEBREZFMET 27200 LVFEOE
AZEBBHELTVS, HILWFEL G, EFFHFEOVILO2TH S
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DV-X0a ETH B, 1-2-4 TRLZEIHIIC, XY FOKHIIHN LT, DV-Xa
EOBHRZENTWED, sTEER. FROBR. stE0E7 V2 E, A+
SLRERFROND, TIT, AMEEETRLALETVEFABRL, KNG
EOFMETE

KHXLOEEBEIZ, ROBY TH 5,

1% [Fiml Tk, DV-Xa ., KRS HEIZET 2EBEEOH T = BE L,
EHEDENB L UVRBBLOBEDOVWTARNS,

EoE [BEXHLBNEREOLE] TR, DV-XaRKIZBWTELHER D
EERELERORMICB T A2EEROEVIIOCTREA T 50

3% [T ) THEERBRMYOBMHE] Tk, BRECHLPZEVD
57NV H ) TELEBAWE H\, DV-Xa HEIC X 2 B BEOF MG O H#
M RAED o |

EA4E [AREEARCB T2 KAREHEDE ] TiE. y-2Ca0-Si0, & #&
EREENE LAY E YET, Si O Ge BIRAETH S y-2C20-GeO, DA K I
HOEVIZEB L, E3EOHOAFEZICA L. TROZEBIIOVWTERAT %5,
#EoE [ERAERICBI2KAREEDOE ] TE, KNI EZRE 2V
¥-2Ca0-Si0, £ ZNOBRMATAKMIISEZ R T a-2Ca0-Si0, 1258 3 EDFF
MGk ERAL, KOINOBEOZEIIOVWTREAT %,

HE6E [REELE| TR, FETHELBERBIVAKARDICET AR Z &
AMICERL. DV-Xa BEOMERIGNOBEREHEIZOWVTRET %o

E7E [RE] T3, AFETHOLNLERZENT D,
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$£28 HERDEIENMRAOLEK

2-1 [FL®IC

RKEWRED L) ZPYRICTHIHFET S, O L) ZEXER, bEREEE 2
HEIZ, EBEEL RS, PIZIE, WEZOLOVBEHRT LR, RE» LA
F5h, T, MELSCBNTIR, REFARL LR o TREMEWDILFER
SEETEREEE R DB, T2, 774 vE€TIv 7 ADLHICYWEOHML
PHELE, WEEARIIHTIREROHEIEZ, ROHOEEHIIRZAHERT
Bo CHDXHZ, WEOMERRZHLEIL, REOHEEA2MS I LIIFEFEL
BEETH 5,

WEEREOBETFENIZ, SVZICBTAIEFRIEIT—BEHICELS, £F
BE*EBETAHSIORETIE, TANVF-HIIEWVWI 7YY ITRKYF (R
F) EROLT 2O, REBHERBLEL LS, REAFBRBLER, REICEE
RAFBOEMZTTIE R, ERHCFFTLFAOEMICE > TOIELN, Fk
REAMH AL OBEERTIEND L, BlE LTIE, Si(11) D7 X 7THEY %
ERBIFORDL, —hH. AFVEAEELTEME (TAVHINTAF, T

H) TELBEBItYR L) TiE. NV X EVEMEEED, BERT U
CVDONS VAN ENRSL, LT, READEMPEL, KAKEEFOOEM %
BlERI L, Y7 v IBERREERTAY . — BRI, REOERTREIX
NIVIZEANZEIEFEEOND, EHIC, /1A VERONSILRHAF VIE, LN
VIR, A VFEBEORERBAFVF, BAA Y LD ISMACHFET B,

DL, WEORARINVI OFLEEZTOIIHAFLBEZ IR L
AEELR WV, LaL, 1-2-2 TRR72EH 2, EFLZEFEZITR D L &L,
BEXHZERETHIENSV, £ T, F2ETIX., 1+ Y HHEHD MgO
ELIFZHAVWT, BHNERELBEREICED LD 2EVDFENL DO 2T
L7zo MgO HEHBRNONMEWERTH) . LIF I THENBENMOKRE 2#&
BTHb, T, BHERBIEBVWTBHOREEEZEZHILILL- T, KHE
MOKZZIEFRETLIHERFIIOVWTRE L 72,
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- 2-2 HEAE

XEEMEFHRT210d7), BREFESEMTETEMO /NS % MgO &
KE7% LiIF 2B L7, ALEWIE, b CH Y T VEBELBELTHY .,
BT 28, MgO252=0.4203nm >’ T& Y. LiF #72=0.40173nm ¥’ T %,
T, COEQFETIR. BESY FERLATOS I A HW,

- 2-2-1 NIOGETHN

MgO & LiF O NV 7 ORBIZO WTEHERT2 v, EBRTELRL NV K
Xy v TELORE, TALEF—LAXVBIUEESREBIZOWTKRE L, 5T&
WCHAWEREF VY SRS —OREEIF., (xXyXz) = (5X5X3) THY,
EFNY T AL — OEBIE., (Mg, 0,,)° "B XU (Li,F,,)?" (Fig.2-1) T
Bo Tl NVI/OREEZLIYVDERSFRTHLDIZ, ETNVITAS—DRAY
o, HEHAPEELL, BEBLAZAEME, H20005THY, nEHEET
VI TRAY—DBHOMBEYOL 2B LI L, /2. EEREKE LT,
Table 2-1 WCRTEFHETH VWA, &350, BFEREER., FTEFECPET
I, BRAEFTOEILBED T2,

anion

cation

Fig.2-1 The bulk model used in the calculation.
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Table 2-1 Basic function employed in the calculation

Element Atomic orbitals*

Mg** 1s 28 2p° 3s  3p 3d
L’ 1 2s  2p

o~ 18 288 2p°
F~ 1 28" 2p°

% Superscript numeral shows the number of electron.

2-2-2 BEXEEFNEERNREETI

EEFEMTHIEIICEY, REOBFREBIIED L) 2B 255D D
IZoWT, BEKEERETS I LICE VR L2, Fig.2-2(a) IR T &9 12,
HAAEMMII, NV OBGBEZFOTIHFL-RFEINZELZET VY
SRy —hk BV, T, EEBMLAEREIX. Fig.2-2(b) IR T & 91T,
FEHE1IBOEFOA, EF*EMNEE, TOLE, BENORE ZIZ
Table 2-2 W > T, BRF %25 7)) 7387k, %Eﬁ%ﬂﬁ(Ratlo of
surface relaxation) ¥, NIV Z7 OEFHEHICH TLIEMNEDEETH S, £
7oy REA&EM (Surface relaxation) X, BA A vy BXUBAF Y OXREEM
ROFEHTHY, BFIBEE2BOBOFEHEHEHLEREL TE, 7Y VT
(Rumple) X, BAF VY BAF v OXRBRNEOETH ), KEDOET D
MihZERL T 5,

T, B1IBOARAOEMNIZ T, BHNAEKRA LAEHIZ, MgO B X U LIF
DETEBNOHEORERE (v) F. HBEBKE L (Fig.2-3% ) . BHD
HEITHBENENT EEILNLEHLLTH S,

2-2-1 2BV TAN IR L) BCERTA-OCEREBLA-AERIE, RE L
ATV AEAABHASLBE RS E91F S L (Fig2-2) o $72. B
EHOSBILBVWTEEFTNVITIAI - ZEITNLIRTFERMNELXHD S AE
WX, BEEHWICHYVE» NS, ZRICH LT, REZMLAZET NV TIZ, &M
WCEsTCEHEIBOEFIALEMLTWVAEDT, SEMIIEEHICEY BRA
NV, FIT, FRLHIZDOVTIR, REEEATEIHELRALFET, 18
HAEROBV, I, BEFOBFREBE 221 LR UEH T % > 72,
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surface

anion

cation

(a) The ideal surface model

- surface

anion

cation

(b) The relaxed surface model

Fig.2-2 The ideal surface model and the relaxed surface model used in the
calculation. ‘
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Table 2-2 Surface relaxation of MgO and LiF &)

. Ratio of surface
Surface relaxation Rumple relaxation* / %
(SR) ** / % (R)*** / % " -
€ €
MgO 3 5 -5.5 -0.5
LiF -11 12 -17 -5

*e” and € represent the ratio of surface relaxation for cation

arid anion, respectively. The ratio of surface relaxation is shown
~ as formula € = (a, —a,)/a,. a;:distance between first and sencond

layer, a,:distance between cation and anion at bulk.

% % The surface relaxation(SR) is represented as average of the

ratio of surface relaxation for cation and anion.The formula is

shown as SR = (¢"+e7)/2.

% % % The rumple(R) is represented as difference of the ratio of

surface relaxation for anion and cation. The formula is shown as

R=¢ —¢".
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2-2-3 REEMOKREZSDZalb—3zr

Sy TFORES (REBREFOLNMN) X, —F& L, REABHNOKE &,
DF), KEF1IBLE2EHOKGERELYE 2T, XKEZMNOELLERE
FOREEOREFERICOVWTRIFT LAz, 00L&, REBHNOKE 8
Table 2-2 WCAR I XEEZ2ELRE LT, MgOIlZBWT-1,-3,-5,-7%.
LiF I2B8WT-9, -11, -13, -15% & L 7=,

Fro, BHEIZ221BIU222 TRLEZEBICELTITR o7,

2-3 BRBLUEE

2-3-1 NI EFIORLME
'75@(SXSx3)@ﬁ%#%&ém%@w“ﬁivaggwﬂw%?w
2GR —DIRINVF—-LRNVREFNEN Fig.2-4, 2-5 1257, WLEW
EJZIINYFF Yy TEHALPICHERTE, BBRTHEZLEZEHELTVAS
LRGN DB, MgO DAY FFE X v 7, XBD 12k B &, 7.30eV TH 5B,
Zhiza L, STETEOLNAZNY FEXy v 7k, £ 7.5eV THEEITHEWESH
%%ﬂtoMF®N7F¥¥v7@iﬁm)Ki%&\lMVTééo:ﬂK
LT, STESEREIZHN 104eVTHY), N FFr vy 72BECERLTWS Z
EDRTr o7,

$70. MgO OHETEOEEMRBEIEL. 0D 2p BB TH ), FHH I
MgD3sEETHY, 1 BILAPYORFHEELBHAL TV LS
Moz, T, AR LIFIZBVWTH, MEFHAFO2DEMETH ), 8
R LO2sHBTHDI WD b, TDEHIT. A F UV HILEWORFEZ
BLCHBELTWEZ LA, >72,

DEEY, BTEICHVAZET VI A —3R4UTH Y, DTITRTEESR
HEBMEBOBIZIOETNVI TR —%ERE LZETVERAV.

2-3-2 BHEXAEALIEMRAOIRIF-—ULARN

MgO DEBEBMEBMNETZELAETVI TR —OIZ A VF — LNV
FNZFNFig.2:6, 2-7TI2RT, BEREETNVONY FE¥FxYy 73, &
6.9eVThY., BUNEHBETILVONY FFx v 7iZ, $7.1eVTHDH, BT
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Fig.2-4 The energy level structure for MgO bulk cluster model. The used model
cluster is (Mg,;0,,)”". Occupied and unoccupied levels are shown in total orbital
level by solid and broken lines, respectively.
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Fig.2-5 The energy level structure for LiF bulk cluster model. The used model
cluster is (Li,gF,,)"". Occupied and unoccupied levels are shown in total orbital
level by solid and broken lines, respectively.
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Fig.2-6 The energy level structure of the ideal surface model for MgO. The used
model cluster is (Mg,;0;,)>". Occupied and unoccupied levels are shown in total
orbital level by solid and broken lines, respectively. The figures "b" and "s" mean
the bulk and the surface state, respectively.
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Fig.2-7 The energy level structure of the relaxed surface model for MgO. The
used model cluster is (Mg,,0,,)°". Occupied and unoccupied levels are shown in
total orbital level by solid and broken lines, respectively. The figures "b" and "s"
mean the bulk and the surface state, respectively.
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PTIEBHEDE, SVIETVONY XY v 7 (7.5eV) IDI/NEL %o T
WBZEDRGPol, THIE, REBREFHPIEY ZTHBEBRMN., BEHITFICEA
HLTETWBREEZONG, IEFHFTIZ. KED O D 2p BEDN., ZET
TITEEO Mg O 3sp LEPERTOHENVE ZARLSELAHMLTVE I EN T
b, METFTIVED, REALWVWIFHETHTICRLTWSL I BT h o7,

HHEEMESTNVEBMETMETIVICBWT, -40eVAED L RNVIZEVDTR
bz, 2Fh, BEXKETIE, EHICFEETA Mg ENNVZIZHFET S Mg
D op BB, EEALHERR LRV, BHEETE. LAVOER D A
HRoh, HEEE DL RS9 h b, COBBOVEDE LTI, HMIZX
DETMOMg BNV ZHIZFIEFELN, "V I7OMg bt EELAZ EIZED
HEMOMEERAFEA LN EIORD, T2, ) VEOOHEBE L
Tk, BRI E Y, RKEOO Mg L VAMIICHFEL, Mg 2 ZHBICE> T
By, EEO MgH», BEREOMg KWV I O0MEEZRELELETVS L
Ez o, NV IDO Mg EHEEH L EHETE S, $7-, #BAKE DO X,
EFEOBRLIBUEBVEETEALTVS, ThiF, AT LY. ORTF A
BEETFLVESHICEZMIIBINT, XEOHRIVBRFINLTVE I EHVKE
ATHY, Mg DHEERORREZERFTLHODEZZON S,

LiF ICBIABBXREEBMETBOIANT - LANILVHEZ ZNEN Fig.2-8,
29T T, BEEHEONY FXy v 7id, £10.2eVTHDH, BRAMERED N
Y EEvr vy FiE, 9.87eV TH Y, MgO OB EFERIC, WY FF v v Fid/N v
JEFVDOFN (10.4eV) £ BNEL B oTVBE I ENTH o7,

I/ BHNETBOMEFFOF ONY FOIEDS, BEEEL V) IBAL I
ERoTwbIERNahsb, COBEBAELTIE, BHUEFIVORTEMHIEE
EFVOFNRINVDERLTCWRILEZONS, REFENR (Fig.2-10,
2-11) 26, NV FEBEICIZLALEAFR SN2\ MgO TiZ, RE#EMLO
CEREH 0.5eV T B, LiF T 1.2V THAZ LD Fhorze Zhid,
STV TORESIIEBEIhTWwWEREEZONSE, 2E D, LiF TiX,
YTV THEREL, FAREOMUICHSL 2% Tl 2R L TWAH Z &V,
FOXRHEBUIEZ IR0 EREEZOND, T2, ZANVF—-LAXVE R
5, BEEXE (Fig.2-8) TlE, "V L ERAEDOLI OFEIFTEL TWE I L
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Fig.2-8 The energy level structure of the ideal surface model for LiF. The used
model cluster is (Li,sF,,)*". Occupied and unoccupied levels are shown in total
orbital level by solid and broken lines, respectively. The figures "b" and "s" mean
the bulk and the surface state, respectively.
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Fig.2-9 The energy level structure of the relaxed surface model for LiF. The used
model cluster is (Li,sF,,)*". Occupied and unoccupied levels are shown in total
orbital level by solid and broken lines, respectively. The figures "b" and "s" mean
the bulk and the surface state, respectively.
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Fig.2-10 Density of states of (a) the ideal surface model and (b) the relaxed
surface model for MgO.
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Fig.2-11 Density of states of (a) the ideal surface model and (b) the relaxed
surface model for LiF.
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Bbhhrb, —F. BHMERE (Fig.2-9) Tk, NV 2 LEED Li OBED 5B
BREOLAT, BEXREIINV NNV IOLI EERO LI OHEERAPKEL kot
EEZOND,

COEHIZ, KERMIII > T, RERAZEBRTLIEAFYE, XHVREOD
B E, T2 SLAMICADRAZBAF VX, N EBREERT LA
ot COEME. BRI LBEMAKEVSOIEE, EETHD I LA

o7z,

2-3-3 NI O EREOBSIREDEN

Fig2 2 IZARTETMIIBWT, 5 X5 0EFEINNZVEDOEBEL, €T
VASEE VRSN TS LER S, BB BHEOKRE S 2 HARE
DIE L 72 5 bond overlap population (AT, BOP ¢ BEF) 2 HWTERM L
720 MgO B LU LiF OFERZZN TN Fig.2-12, 2-13 IRT . /2. REOD
BEEXBETTH7-DIIC NV OERIFEXTHRT S,

MgO DNV Z7REEIZB T AEAI. $0.16 TH D, —FH, BEB I URMA

KHEETINVIIAY—IIBVT, E1BBIUEIBLEE2EHMOESH. N
VIREIDDHL R oTVRE I ENDbh ok, TOMEMIZ. KFEH Y ]
BELTV2Z0 DEEOESREL EULERETH L, $72. BIBE»
5. NIV ZIREBEFRUBOP2RT I ERTHh o7, KEDEEIN2EF T
BREEZ ONT,
CORERBCT, REVRLSALEEL LT, REC L AREAOETAE
2bhb, BEEXEMEZRICHDVEZZ ZLIZT B, NVIDOMgPFIETHE
EEEBEFIZ. 1 o0#&EE (BOP) #80.156 THH, 6 EMTHELED T,
0.94 Thb, CNESEMICHERSL-EEZLE, $0.19E %53, Zhid,
%E@Mg®$w8m>%nmaitﬁﬁbto

¥/, KEE1RBDE LD overlap population diagram % Fig.2-14 2R T,
EOEZ., BeHHEZRL, BOBERIRESETHEZRT, ZOXH» L,
BT EE M ITICB VT, overlap population B8NV 7 L DEIIL TV 5B Z
ERGD D, TOEHSIE. OD 2pEEE Mg D 3s, 3p, 3dFED S FITHEK
ENTWV3E, EEOERIZE > T, 02p DEHEEMIMEF5 O LI I
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Fig.2-12 Bond overlap population of each layer in the bulk model (@), the ideal

surface model (Ill) and the relaxed surface model (&) for MgO.
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Fig.2-14 (A) Overlap population diagram of Mg(1st)-O(1st) for the bulk model
(dotted line) and the ideal surface model (solid line), and (B) energy level structure
for the ideal surface model. (a) total, (b) Mg-bulk, (c) Mg-surface, (d) O-bulk and
(e) O-surface.

XN, Mg®D3s, 3p, 3d EZRNVE—LARLVHICEEL, CASLOHEOHEE
ERABKELL o/ EZ N5,

LiIF I2BWTd, FARICKEOZEEIBILINL I LA bhrolz, NVID
TLIKETAEXEFEEFIZ. 1 20K S (BOP) #°0.085 THH ., EMHA
6THLENDT, H 051 Thb, ChESEMICERSLLEELDE, §
0.102 &% %, ZOfEIF. RE® Li ®F¥ BOP (#0.097) ICHH L 7,

T, Z0LE, F1ROETFIZCEL T, fiE F7 D overlap population
AWML T35 (Fig.2-15) & 2:7:»6{11 D2s, 2pHEELF D 20 8ERH D
MEERD»BR o2 EZ LN 5,

CODEHIZ, REABOFKE®AIZ, REEMERIILL2HEOHEIEROE
CMABEHTHLEEZONT, T, ZOEMICIVNFIERIENIEEDH
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Fig.2-15 (A) Overlap population diagram of Li(1st)-F(1st) for the bulk model
(dotted line) and the ideal surface model (solid line), and (B) energy level structure
for the ideal surface model. (a) total, (b) Li-bulk, (c¢) Li-surface, (d) F-bulk and (e)
F-surface.

IbtOKELZ, EEFEEFORMNBOZENIZIIBESICEREH AL Z DS
o7,

2-3-4 BEIRXELBMRDOBSKEDEN

2-3-3 THBARLEIE, KADPHRIBIEETH LI LT o7z, T Tk,
BEXEEHNEEORBOENIIOWTHRE T 5, Fig.2-12, 2-13 2R L
EHI, RKEELIBOHEEICE, REZEVWEIRLNA LW, LAL. MgO
BIXOLFLLII, BIBLE2BOBMOESICHEL L EELZRLZED
TEb, 2Fh, BAOKEOHFN, BEXHIYVREZEEGEZALTVL LY
HTETHb, TOERIZDOVWT, T3 MgO KDV THRET 5,
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ABOP=—0.011

Fig.2-16 Schematic illustration for moving process of electron in the second layer.
ABOP = BOP(relaxed surface) —BOP(ideal surface)

BMKRETIZ, F2EBAOHEDOREEOETHFRELN S, HERE LEM

C EEOE2BANOES 1 ANV OEIE, $0011TH), BEEEIK X

Vo Fig.2 16 CRT LI 0. B2 BHNOBTHFEELE 1B L E2EOMI T
NZARETBE, 0.011/2X4=0.0220EFAH, F1EBEE 2O ML
Ehbh7-Z & ilkb, L7zBNoT., E1EEE 2D bond overlap
population (BOP) DO#EMEIX. 0.178+0.022=0.20 TH V. EEDOBEME
HORE&E (0.195) X {—%L7,

72, BREELBEEECBVC, E2BOEETHESHERDL, B
 EREETIVOEREFEELZOEEFREEL Fig.2- 1710587, ZEETFEENRI
BUT, Bk, BNEEOFPEFEESRILCVEI L%, £, £8
RBEFEEFEMLTCVWEILEE2ERLTWE, 0L Mg DHMOEFEEIF RS
LTWBIEHGNDb, 2O hb, £ 2E8NO BOP ORI, EFH O
BIEEORIICLDEELONT, o). B1BLE 280 BOP OB
. B2 BAOEEETOEEA~OBBICL S LB L SN, $70. BEI
EELEOETHELEETTEY Fig2- 18 R T, COMAPL, EEE 1
BLE2BOBFEEORMARETEZ, TOLII, BE1BLE2EBNE
FEELEOERELEL TS LA Hho 1z,
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(a)The relaxed surface

28 K«
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(b)The ideal surface

(c)Differential electron density between (a) and (b)

Fig.2-17 Contour maps of total electron density for (a) the relaxed surface model,
(b) the ideal surface model and (c) differential electron density map between the
relaxed surface model and the ideal surface model at the second layer for MgO.
Solid and broken contours show the charge density increase and decrease,

respectively.
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Surface

Surface

(c)Differential electron density between (a) and (b)

Fig.2-18 Contour maps of total electron density for (a) the relaxed surface model,
(b) the ideal surface model and (c) differential electron density map between the
relaxed surface model and the ideal surface model at the vertical plane to the surface
for MgO. Solid and broken contours show the charge density increase and
decrease, respectively.
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Fig.2-19 Overlap population diagram of O(1st)-Mg(2nd) for the ideal surface
model (dotted line) and the relaxed surface line (broken line).

I/, FE1RBICHHO0LE2REBIZH B Mg O D overlap population
diagram % Fig.2-197" 3, MEFHDORLTOEMIPEEZTH 5 Z L2500
o ZOWAIZ, KEDOO D20 BFEHST THY, Mg D 3s, 3p, 3d L DMHE
ERANKELS ot EZONSE, 2DEH I, HEEAPKRELS ko /-B H
E, 232 THRNRAEHIC, EHEMOLERIZLBINDEEZZ LN,

DEnXHic, BERELBAEAOKEREBOEEIZ, REEMOEEL
KEsdnrEZONZ, 2F), EKHENVOFEEFNL (BMZOLEH) 12X,
F£H O(2p) & Mg(3s,3p,3d) DHEEHAFHEAL, F1EBLE2EBOEENK
EL ot EZIOND, ZOLE, E2BRAPLETFVRBELI-DIDEER
bib,

- FERIZ. LIFCTOEBEFOE2EBPLORNAALDY, E1BLEE2EBOKEEHE

ftOBEREEZEZbNTz, FE2RBADOKEE 15 %4720 ®BOP DEIE, #0.011
Thd, E1IBLEE2BOBMOBEICHNLETFIE, 0.011/2X4=0.022 T
bb, CHOEZ*EBEHEOE 1B LE 2EM D bond overlap population IZ&E
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a)The second layer

Surface

(b)The vertical plane to surface

Fig.2-20 Differential electron density map between the relaxed surface model and
the ideal surface model at (a) the second layer and (b) the vertical plane to the
surface for LiF. Solid and broken contours show the charge density increase and

decrease, respectively.
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Fig.2-21 Overlap population diagram of F(1st)-Li(2nd) for the ideal surface model
(dotted line) and the relaxed surface line (broken line).

¥k, 0.0923+0.022=0.114 TH ), BHEMORELEE (8 0.106) & &
—&H L7,

F72, MgO LRERIC, E2BAICBVWT, BEFEEVRLTLIEREZE
(Fig.2-20) o 72, RELEEFHOEZETFEELSL. £E1BLE2EBOD
| MOBFEEFEMTLERLEZ (Fig.2-20)
 EHIT, REDF LE 2B D LI ®M @ overlap population diagram
(Fig.2-21) b, MEFFTLROEMPFEETHLI LAbPolz, TD
eSS . FO2DEHMBEELI D2, 2B OHAEMEAIKELL o L
BEZLNZ, TORRIZ, FICIRBRRZ-LHC, KEEMOLEATH B LE
Zbhb,

2-3-2 THHNZL I I, LIFOF AT AN —RFEO LAY, EETH o
S, E1BEE 2R OMD bond overlap population 2SFEZFIZEEI L
TR SN,

CHOEHI, REPFPEMTHILICLY, KEANEOEFRE., HFIZE1E
CE2EBOHEOBERICEEDN LI LN T Lo/, L2L, BRNIOEEVITH
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FORECZUNIT, RELIZAETE RS, RFV Iy vdilgnsz bz
LHREDOHR, 2F D, REAOHEBRILLV) LV RAOEELRHMTH
5 ENTh ol

2-3-5 BEZEISANZEOBHOEL

MgO B XU LIF DEEFNVDEEF DA + > ¥ % Table2-3, 2-4 11T o
NV rRER CBRIEOET %, $-XERER. sBEOETEHEE L7,
MgO n BV T, N7 EFNERAD L, EREFVEA 4 VAR PFHI
AEL BoTwAY, BEEEBLCBNETCIE. KEE2EBERALALL
ZEHbhrb, 7. LIF COEBRELENER T, B4 EVERELNL
oz, TDIEDL, AT UVHIT, RAOERMICKEILEELZIT2WI L
DI o 72,

Table 2-3 Ionicity of each atom for each model of MgO (%)

Bulk state* Surface state*

Mg 0] Mg o

Bulk model 64.3 63.6 - —
Ideal surface model 627 - 627 61.8 60.2
Relaxed surface model 62.2 63.6 61.8 59.4

* Coordination number of bulk state and surface state are 6 and 5,

- respectively.

Table 2-4 Ionicity of each atom for each model of LiF (%)

Bulk state* Surface state*

Li F Li F

Bulk model 65.3 65.3 - -
Ideal surface model - 64.5 65.1 - 67.3 66.3
Relaxed surface model 64.4 66.6 66.9 65.2
% Coordination number of bulk state and surface state are 6 and 5,

respectively.
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2-3-25 2-3-5I2BVWT, BEXHLBMEETOMEELR, EHASIIDOWT
BRTE, BRIZBVWT, HBEARH2300HBRES IUBMETLE
2. BH” THEEVI LR, FABEL TSI EPFR o7z, EHIT,
DHBOBICBIIAAMOFERTIZ, KK (FH) RELAKMRKREOEZ LS
it BIUKFEEIEENFETHLI LR ENS, BEKETOERT

XV EHE L,

2-3-6 ENMXAOXRALZHNOXRETZDEHR

EEHOBMOKE IR ETHIEREZRAT A2, 7)) v I —%E
LU, RESNOKE SEEXTHELL, REORELEHEOBILLE
75 A ¥ —4&I1ZB1F 5 bond overlap population D # Ml (Total overlap
population ; TOP) &M L7z (Fig.2-22) o MgO & LiF &%, KEEM
CDEFINEVIEE, 2FD, FIEBVPE2RBICEWVIIETOPIIAIWVWI LA
bhb, ZTOTLhb, 7 I7RA—DEANLESE. REEMOKE I 2R
ETHERTIR RV EDbh o7z,

27.5 I , I I

27.0 — - . —_ — — — - e =

26.0+ -

Total overlap population
[\®]
[o)}
W
]
|

255 | L | 1 ! |
8 7 6 5 4 3 2 1 0

Magunitude of surface relaxation

Fig.2-22 Relationship between total overlap population and magnitude of surface
relaxation. Broken line represents TOP of the ideal surface model.
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ZFZT, BEHZEEOBEIEB L, 20, BHICX), £1BLE
2BEOHEENED), BFALEEITLLFHRINOT, F1BLE2EM
® bond overlap population (L%, BOP,, & &XT) IZDWTHKF L7z, MgO
BT 2B R%. Fig.2-23 2R T, COEOHETE 2 R#FETEBL A &
A, RKEBHOKEXEN47%DET AT, ZRKME0.196 5T L4
».75=of:o MgO DEEABMIT, XM '2'P 12kBL, 0~-3%TH3IEHFR
XNTBY, BW—HEEZRL 2O ERH, BETF THWTEX/-REEN
DREEFREULRETHDLIEDBRENT, Fig.2-23 205, REH» Mg D &
X3, REEMOEHMNERBIIONT, BEHFBLLLI LRGN E, K
iz, REAODFAE, REABMOEN NS 2be, BEFEBL BB L
B H B, Mg(lst)-O(2nd) DA & O(Lst)-Mg(2nd) HOFEEDKE DN
YA oT, BRELBUBENEREN TV D Z EHTP o7,
 F 7 MOBIIOWTHRABRARBEL TR o, RABHOKESERE
THERE IO o7,

I/, LIFICBITAE1EES 2 BH ® bond overlap population %
Fig.2-24 IZ7R T, MgO DL XL FERIC, 2 RBBTEMUT S L, REHEMH
- 9.4%DET AT, BRE0.106 25T b ol, XMWY I2kB L,
EEEMIT-11%THLEIENREINTEY, FEILIV—HERLAL, 2O
2R, HEBEIFCTHVWTELZRERMOKRKE S HPRYLETH L I LHFRE
N7z, Fig.2-24 206, REXFLiDEL ZFZ, REEMOEINEC25IZoN
T BEDVBLRBIEDHDE, RFiC. RKEAFF OHE. REABHOHE
PWREL BB e, BEWBL RBIENGDE, 2O XHIT, MgO EREBRIC,
Li(1st)-F(2nd) BO&EES & F(1st)-Li@2nd) BOEEDORE SONT Y RAIZL -
T, EELRBABEIERENTVAE I LGP o7,

SOLDREME. B D Zn0 I onTITRoTBY, E1BLEL2E
DOE® BOP X, BMERAOXEBESFOFTMICE LTI LEI LML,

2-4 AXEDELD
 AETI., B0/ SE MgO E RBRAXLZ LIFICHLT, BEE
HLEBOER (BMEE) 2BELA-EFVI IS5 —2H., EEOERK
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Fig.2-23 Bond overlap population of Mg(1st)-O(2nd) (O), O(1st)- Mg (2nd) (L)
and 1st layer-2nd layer (@) for MgO.
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Fig.2-24 Bond overlap population of Li(1st)-F(2nd) (O), F(1st)- Li(2nd) ([])
and 1st layer-2nd layer (@) for LiF.
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®3E FANULHSERLUMOREN

3-1 FUCHIC

MEFBEITILEVIBERIE, MBOUBIrLEXTCEETHL, D). 1
M EIZBWTIE, FOWMABICEDL->TL b, N TIE. BREOKTFIZD
VT, EA A I HE A AV EOBBEICOVTEZBI LT B

EEIDL) REAF VHEBEOHBETIX, ZOEHOBEICKET S,
FZIE BEOBWIY ) - v ER, IBEF-REBTFHEERAICLY ., BE
DEVKIZBETBIENTESL, TRIIHLT, BEORWEREIIH L T,
BECENEED LIB T 2V, 2O L), HL 26, 7 b0 flzd
DTEDIT” LV TEFRBRIIIEDRTVE Y,

 F L AFVHBECOVTR, BREOFFIBVEE., FIIEIKEEITE
AN TED, TNiE, BELZEAFTVORIAA Y -NEBTFHAELER D
BEx, BENSI DL o TAF UHPBEEM (BEFPKOFEITIZ, K Sh
HIEIERATSE, TOLE, AT VHOBEOBITRTEE, A4 EKD
HEERZZ258, (LEWOA TV EPREVIIEASF Y EAKRKOMEELEAD
KELT, BUIRTVWEICEZ D, /2, ZOLEYOKEIONE LRI D
EE. BEOHESPELRTABFRTVIIICERZ S, Lo L, 41+ 1R
BENORESILBRELCBVT, RENZHEREIR LNV, TDXHIT,
CEEME AL OMESSEMICHE TSI LR TE RV, BREE VS
BRELTVWAEAFT VY ORLO/EEOREIE, KEAF VY EDHEEEHAOKRE
XD EICEI o THREENTW S, 2O %, EHL TV 5BDD Gibbs
DEHBELIANVF—THb, T T, FEIETIX, B2 T VEBEELZ LD
T H) TEEEBYEFEONFL LT, EFGRCLIMEOBREOE
B R, |

3-2 HEAE |
LEY OBRBYE L FET 27010, &RBEFEMTEREICEo5) L L
723\ (Table 3-1) "B BTNV A T EEREBILY . MgO, Ca0O, SrO, BaO
FEIR L7 TAHY LEEERIIE. £ TH YTV EEEEE LTV 2,
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F, IS ORTFERIE. MgO 282=0.4203nm 3’ . Ca0 #%a=0.481050m
3)  SrO #%2a=0.51602nm*’ . BaO #¥2=0.55391nm°’ TH 2, 7. 2D
BOHETIR, EXOY PERLE-TO ST ARH W,

3-2-1 NIVIETFI

BB OV ZIREIZOWTHERITRY, N F¥Y v 7 (TRE) OlE
BT RAVF LNV EREREIIOWTHRI L7, HEICAVWAEF VS S R
F—DREZIE, (xXyXz) = (3X3X3) THY, EFIVYIAY— DRI,
- M,,0,.°" (M=Mg, Ca, Sr, Ba) T 5% (Fig.3-1) o T72. VI DREZ LYEL
CEBHETLOIC, ETWVIIRAY—DORDIZ. REWER 2000 SEELZ, 72,
EFNI TGRS — L ABHOBMIE LR DL 127, $72. HFRBELER
+2HEEEHIL, Table 3-2 (CFTREFHBEL AV, X510, BEFEER. BRE
T OED LD 72,

Table 3-1 The solubility of alkaline earth metal oxides

Compound MgO CaO SrO BaO
Solubility . . .
 mol -dm=> 4.34X10 23.5 1.48X10 2.55X10

T Theoretical solubility is calculated from the data of Gibbs free energy 2

Table 3-2 Basis function employed in the calculation

Element Atomic orbital*

Mg® 18 28 2p° 3s 3p 3d
Ca® 15 28 2p° 35 3p° 3d° 4s 4dp
4s*  4p° 5s

s 18 288 2p° 38® 3p° 3d°
10 5 5p° 6s

Ba® 1s® 2s° 2p° 3% 3p° 3d° 4s® 4p° 4d

o~ 1s* 28 2p°

% Superscript numeral shows the number of electron.
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Oxygen

Alkaline earth metal
(Mg, Ca, Sr, Ba)

Fig.3-1 The bulk model cluster used in the calculation.

3-2-2 ®XAETFIN

TUH) TEEEBRCPORTMOBEFREIZOWTHRI L, 22T, RO
L hAEEIE, 001 ETH b, /2. NIV 2 BIFICERETA-OIEE LM
EMEERMEEZBWA LY LFOWTERMY Bz, E72, REDEFES &
LT, E2ETRLAZLIIC, NV IIBIT A8 R UEE (BERE) AV
THTHERDPTEREEAONL, BRBHEFICOVTE, 3-2-1ICBITFHEMHL
HUL&L7
EKHDETRELKODETREYRET A LICL T, KELEWEDEFD
RYPYD LB EIZODVWTHRE L, 2D &, BMIZHEAET S HO0 &L OH OEF
REDL AR TEIE L 72 FHEICAVZHEIX, 01DV TS Table 3-2 IC#E L, HIZ
IsHEZ DAEH NV, 72, STEETOHEL, EEFOMNHEMIT. HO0 D%
£.0:-16,H:08& L, OH DFA, 0:-1.7,H:07 & L7z, tVT7arT R
FYMIRBET, HERRVETOT, ERCEAPBEILV, Ok A, HO. K
BEOLEMSZRERLOM. - 1MHE LB LI
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3-2-3 KMETIN

AKFMDEFVE LT, 3-2-2 TEEICHWAZREIK (H,0) LIk, KEEE
(OH") #*BELIEEFVEEE L, SOLE, TUAYLESEA 4 LBEA
FDAF U EEMEIEEL LT, 095,10, 1.1, 1.3 B LT 15 B OEBEICKD L
CIABEERBMBEL, TV LEEEBAT Y OAFVEET I, 6BEAAICBIT
AAEx FAVI72o Mg® 13 0.072nm, Ca*' i O.lOOnm, Sr**1% 0.113nm, Ba®"1% 0.136nm T
b, F70. KBLUKBEOBEOAFVELET 3, 2BMIZBITBET,
0.135nm THh b, TNHLDAF Y FEZ, T Y/ YDA F Y FETH S, 72,
AKBIOKBEIREPTROBA 4+ L 1EICERE L, H0 I, REICEEZ
(z8h) LT, WHEZBLIC, T, HOHZERT A U xBEFTICR
BHEAHAICEEL, OH &, REINLTOHDOFHAHIEEL 2559 ITKEL
. 77, HLOB X UOH @ O-HEDOBEEEE, 0.095720m ") & L, H-O-H DHFE I,

104.52° 7 ¥ L7, KEABELZREBLAZETIVE Fig.3-2 1273,
 KBIUAEBEDO L HOMOKAKREICEE L, FE EICHEET HKORE
DWTHRE L7z, €512, BEST (KBLUKERE) LREETFLOMOBERK
B, EFNVY I AY — 2RO ICE L TKME & RKREE OBIZOWT
bR L7z

¥/, 322 THRLAZE DI, HEHE LKROBREMT, +1TIE%L< .
KEEFEORIZ, HZ+0.7Mi& L., 0%-1.7ffik L7zo F72. KDEKIZ, H =+0.8 i
L. O%-1.6ffik L7

3-3 #RbLUEZ
3-3-1 NI ETFIOZHEHE
3X3X3DKREEDEFNI T A —M,,0,,)”" (M=Mg, Ca, Sr, Ba) ®
NNV REBIZBIFANY FX Yy v 7% Fig.3-310R T, FEETNVOFTEEL L
LMD TRED 2B L, COEWIBNTL, XMELY DT H
WCRKEBRNYFFYy TE2RLEDE, ANV FEX vy 7OREZOFFIEI—H %
AL, y=x CFITAREREZRL., tEERLLTREHFTH L Ld¥b o,
¥/, BEFVOLEINF LNV % Fig3-4 IR T, F2ETHORLZED
2. MgO DEEFHFE2BEALTVIHERION 2s, 20 B TH N, TN H I
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Hydroxy

Alkaline earth mg
(Mg. Ca, Sr, Ba

(a)

Alkaline earth me
(Mg, Ca, Sr,

: (b)
Fig. 3-2 The hydration model cluster with (a) hydroxyl and (b) water used in the
calculation.
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Fig.3-3 Relationship between calculation and reference values for band gap.

HHBRICOBELTWE IR b, RIS, MOILEH TS, MEFF 2 HEK
LTWwBDIE, FICOD 2sHEL 20 HETHY ., TNOHNHEICHBEL T
VBRI LRSS HD, 77, Ca Tik, 2sBLE DT CFIC Ca D 3p MBI ERK
BEhBLAVHFEETDE b AD, St CiE. Ca kAR 2s BBED T
CTRSIrDApHEDFIEFERSTERBLVANUBZHEBEL THWBIEFTor b, £
72 Ba T, O O 2s BN T ¢ LiZ Ba @ 5p BLBA EHST & o B L LA
BELTWABZ EFNTD b, £ 4ETRRDD, v-2Ca0-Si0, D X #HHXEF
SNBEUEDHEE (cf. Fig.4-8) 5. OD 2sEHMEND T TFIZ Ca D 3p BB

BRTVWD LD HD, Wik, CaO & y-2C20-Si0, DERHEEIEL S D
T @A LA NVTF—HBELZLLIDLITTE RV, BREZ L NVIEEIR.
RULEEBRZTINVEEZONSE, LN >oT, CIOPZANVTF—HBEIIRY
" hbDLEIND, £/, HE5EF T, Ba TEEI L7 0-2Ca0-Si0, D
XPSHEERTHoTWV2, ZOHETH., 0D 2sMBNF < LIZ Ba @ 5p 8L
BEREENRTWAZ EB9H 5 (cf. Fig.5-11) o F72. OD 2sEEDHK 10eV
CTEIOBaDS5sEED, XPSEHENPOLHRTHIENTEDL, 2D X%
LR NVIRERELEEFVS FAS — ik, TANVE—LANVEEICS
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Fig.3-4 The energy level structures for the bulk state for (a) MgO, (b) CaO, (c)
SrO and (d) BaO. Occupied and unoccupied levels are shown in total orbital level

by solid and broken lines, respectively.
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WTh, REZFHERRERTIENFTD o7,
. PEoZ ehs, EFVIT AT —M,,0,) 2UTORERICHVEI LD
WEETH D L HE L7,

3-3-2 NILODOEERE

£ALE D bond overlap population (LA F. BOP L BT ) BIUAF

%% Table 3-3 1T & ® %, BOPIF, BEDHLAEME RED 2012, BWif
BEThb, /2. 1 HE, BABEHRIN T A+ VOBHOEHEE LTE
LTWwWb, SEHWVWAEETNS SRS -2, 75 ARAY —HTORMNEIFEER
LEFVEEINDE, 2FD. A F VIZ3L5EATHY, B ik 4L
6EMTHA, Fig.3-5 I CR-T LI, SHEREDLL, 77X —HOBRME
DENIZELDAFT VHICEVHTRONZZOT, ChoDfErb, Nvr, oF
D, 6EMICHLETIEFOAF U HEZRED o7
EBAFAYOBRFEENKEL 2BIZONT, BOPIRAL2ICHADERL.
REBOREEDTFEL o TWB I LT D5, SrO &L BaOXEDEZRL T
VBN, THIEEEFIHFELET. REEWLREEGEFEZRL TSI LR
ELTWE, ¥7-, ZOBEIFKREVIIL, REANLZAECHEROFS
PREVWZIEEZERLTWA,

Table 3-4 IZRTXH 2. K=Y Y7 OER S, MgO & Ca0 it 6 BB OHEE %
WA ENTFRENLIDIZR L, SrO & BaO I SN DEER LHZ L FFEI N
b, COTRLHERRE LB 2 &, FHRRMIML R 21BE% DD S10 & Bal

_@%%ﬁﬁwmw%%tfwézkﬁbﬁéo:@:k#%\ﬁ—uyﬁwﬁﬁﬁ
LFHEND LI, SO BLU B0 BERRALETHY . ZOFEIEDBOP I
HbhTwibtEzbN5,

Table 3-3 Bond overlap population and ionicity of bulk state

MgO CaO StO BaO
BOP of M-O 0.140 0.100 0.006  -0.023
Ionicity Mand O/ % 679  63.7 88.1 90.0

-56.
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Fig.3-5 Changes in ionicity with coordination number in the bulk model cluster
for MgO (@), CaO (H), SrO (@) and BaO (A). Coordination number 3, 5 and 4,
6 are cations and anions, respectively.

Table 3-4  Expected coordination number from ionic radius ratio of cation
and anion for each compound

Ion radius of Ion radius ratio " Expected coordination
Compounds . % . .
cation” /nm (cation / anion) number
MgO 0.072 0.514 6
CaO 0.100 - 0.714
SrO 0.118 0.843 8
BaO 0.135 0.964 8

¢ These values are Shannon's ion radius at coordination number 6.
T Ion radius of oxygen is 0.140nm (Shannon, coordination number 6).
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3-3-3 XEAOHBESKE

KHEFA2IONETE (FHLFALEES) L22o0BH (RHCEE
EES) WHEL, EBEOEEAGRELZRF L7z, £BITBIT % bond
overlap population (BOP) ®fE% . Fig.3-6 IC/R"T, 7NV 27 D BOP 3P T
FRT. HB2ETHLRLAEIIC, EIBO BOP G EDEBHIIB VT, A
VI EBUEZRLTVEI LR D, 2FED, E3BEEINSVI ERRT
CENTEREEZON, ¥, E1BRREOHRICLY ., HEMVHMLS
NTWBEZ D bhole ETOMEWIIBNT, NVIDORLIINY FFv v
THRET LTS (Table 3-5) Z &b, RAOEBA L Y OEAMITERL.
BBAF OEMIBZETLTNEI LN DRE, COF/EREPL, F2ETHRL
L1, FHOBAAVELEBAFT VOMEERAPKEL o2l ELLN
o BlE LT, SSODEKEELIEBERNORE S ITHET % overlap population
diagram % Fig.3-7 IR To ANV EFNIIBTENNF - THY, £
BEEEBEFT VDN —VERLTWS, liEFH&LBICBVTR. KES

BB ERLTBY., TOTHEMAEREEHBHELZRLTVWE I LD 5,

EKEE1BADS-ODFKAETIE, REEHWHEDPBAILTWLEZ LB TD 5.
F, FOTSTOEBTIE, BEWHESIEML TR I LW T9b, 20
BHOMEILL - T, KEABOKEAFBILENZZLEZOND,

¥7-, RECBUI2EARILOES VIS, EVIRoh, MgO T—F K&
(. BaO T—FE/REVWI N bhoiz, ¥B., EHIZ. AL I BFB T RNV
¥F—REE (EEZANVE—) db, SN2 TELRITLEE/EESL-DIT,
EFEARIDSELHAMBL, oL &, RKARIPBHE, @Y1 FORETF%
BloEaNFHAL, EHOREBREIEONLEEZOND, 22T, KE
LA F— LEEORAOBEOESCICOVWTRE L, 2T, REL

Table 3-5 Band gap for the bulk and surface model for each compound

/ eV MgO CaO SrO BaO
Bulk model 8.62 7.58 6.02 5.70
Surface model 7.88 6.99 5.36 5.20
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Fig.3-6 Changes in bond overlap population of M-O (M; alkaline earth metal) at
each layer for the surface model cluster of MgO (@), CaO (), SrO (@) and BaO
(A). Broken lines show BOP of the bulk state for each compound.

Energy / eV

4 I 1 : | 1
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Fig.3-7 Overlap population diagram of Sr(1st)-O(1st) of the bulk model cluster
(dotted line) and the surface model cluster (solid line) for SrO. Positive and

negative values mean bonding and anti-bonding, respectively.
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Table 3-6 Ionicity of atom with surface and bulk for each compound

/ % MgO CaO SrO BaO
Bulk state 67.9 63.7 88.1 90.0
Surface state 63.5 63.5 87.4 90.4

CALF—DOHBEODH 572 Mg0® . Ca0® BLUE2 ETHE Y LT/ LiF'Y
IO WTHET (Fig.3-8) o« CORLY, REOHKEE OBMILOMKTF LERE L &
VE—OBICIR, EERBIESENZEREDD Ll G, o, DFED K
AIAVE—DOBWELAWIILY, EETEFOIINVF-ZETESEL) ELT,
EEOETALFL VBB BB 2 Ehbirok, COBEESPS, SrO
YBaODEBMIANF—%#RTEE, FRFN04]-m % 0.2 m &
RfEL o7,

| Kiz. BEFOAF Y HICDOWT, Table 3-6 CRFo 22T, BAT ¥
FRAGFUNEMEERZ, 2 IR —FORMUEEAF CHEOBFRL L. KE
(5EAT) DA+ v HEERD7, MgO DERZHIL LT Fig.3-9CRT, £
7oL SV ZETFIV (6 BAL) BT AAF Y HELHETHRT,

 CORERL. AFYHOBCLOEY, EEOA 4 LB LT 2 E S
RoNTz. THiE. BEARBEOESKEVADIC, BEMICETFIRNLSE
[AHbIENELLN, LPL, TRODOEMIT, HFHREL LA
NI BFAALF U EN, EETIELALRBEERLI LGN o7 TR
3. EEAERTAEBIC. EHELPORFIRELI LR, HAEFVFELST
SIFFeN, FETUMBLE-OCRE-ERETHLLEEIOND,

3-3-4 XEREELADORZER

BEPEXL L X, KOMSIEF K (lone pair electron) 25, L&Y DZEH
BTy vy rTdhEZONE, FIC, REFEHE (the lowest
unoccupied orbital ; LUMO) PEEBIL 2L E2bNb, £Z T, BETNDE
ZOLBEERRETA-DIC, KOKEHE B E (the highest occupied
orbital ; HOMO) X AL&W DO LUMO DEEN T ANV F—#E (AE 5y ZK
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Fig.3-8 Relationship between surface energy and increment of overlap population
at surface layer. |
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Fig.3-9 Changes in ionicity with coordination number in the surface model cluster
for MgO. The data of coordination number 3 and 5 is from Mg, and that of
coordination number 4 and 6 is from O. O: surface (1st layer), @: bulk (inner
layer)
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AEL’ CHW / eV

MgO CaO SrO BaO
Compounds

- Fig.3-10 Differential between HOMO of water and LUMO of each compound.

- ®7: (Fig.3-10) o« REAWKAKDPEET AL ZERET L L. RAOKREZM
BRLAREES NV CRETZ2HPFRVEEZONLDT, 22 TOHOMO ik
REETFTNVIZBIALVARVEFMBLE, /4, COLE, WADZRNVF—L
ANV, REMELRABED LsHEOLAVHERA LIRS L CRE L,
E 7. TROBED IsHER, BMOBMBLERL TRV EEERLL,
HOBLUOH & BIZ, BREHEOBTVDIDITE, AE (4w P/hSL k27
CDAE, o _ywtE. HOMO 2* 5 LUMO “NEF BT T 5 BRICLERFET £
WE—-THB, HO & BaO OMAEETIX, #2.9eV (280K mol™ '\ By
BRICBRET L L 4300m) &b, 7, MgO L DHEAEGE T, # 6.3eV
(605k]-mol”", 200nm) & 7% Y, MgOX BaO L W b EFOHEZEEILIC
LW E2zoNb, $7-. IBRCLELRIAVF—%3%L 35L&, BaO-H,0
ZTIE. THEDEMNEE L2V, MgO-H,0RTIE, RABEROZ A NF—IZ
LT B EAbA D, MgO-HO RIBILETFORRIE, BB THSI L
PHRBEN, BRORMOAT vy 7T2F|IERI LI VI EFELLAL, Z
DX, AE . . BRBICBUAERLIAVF - CHLTAETFTS
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BrEbIB,

DL, BROEFHFLELT, KEEXKAOHEERAO LS IIWEHL L
A, KOMIZBFXNHPHELET S HOMO LIALEH DO LUMO L OF ¥ v 7ICH
BDdH o7,

3-3-5 KMICBIBKROEFESR

H,0 &£ OH 2%, RHIHI2EHE L2 - THRULALLEDHOBLTOH D
O-HEDOEENDKE EDEI % Fig.3-11 IR T, BWHMOBRME#RIX. &F A
FUVEBBEOAFT VFEEMEZEREL LEZOHETERL TS,

HO#, B CTHEETLIHAE. OHBMOFYHW2EENKE S (bond
overlap population ; BOP) iZ. #10.603 TH 5, H,O ZEKMIZEDTIT T L
L, &ToEWIIBVT, O-HBED BOPIIETL, BAIEHL kol £
oo ThICX L, BEMTHEETSOH @ O-HE O BOPIX, #0.608 TH 5

L EEWZOH AAEDS IO T, BOPIR¥EML., #e&r#@fbEhi, 2o
9 RMEMAIZ, 4 2OLEHETIZBENTRD LM,

THIFE, EEICHFEETS HO0WE., OCHBOKEENTHL 20, HBERET 5
ZEERLTBY, EBRBRIAYERE TR, BF. ALK, FRERELT
EFEABELZETS VL) EREBEL B LTV, £z, RELIIB W
Tid, KBEICXZFMIFEEEREIILL EEZLNI,

3-3-6 EXEANDKDREIRKE

3-3-5 TREIKBEENGSLREIFEETHHIL 2R L, £ZT, 2D
ETIE, EECOH PHEETAHIHEDOOH DO (UF., 0, &£ 7) &EFNHE
WL7ZBAT Y (BT, M, ERT) OBOBEEOERFIIOVTRET T 5,
M0, MO S ORI KT % Z L% Fig.3-12 2R T o MgO 3 & U Ca0
IEIEEEASE L 2 522N T, bond overlap population (BOP) 2S¥EfML .
EEBOREEEZERLTVAEILEGh S, WLEWIIBWT, OH IZEXHED
A FIAEFEBREL T BEEZON S, THIIKH L., SrO & BaO Tid,
EAEENEL 2o TH, M0, DEEIE., FLAEYEET. £72. BOP
DIEZIFIEE T E VI EECHBVEEERLTVL, DF 0, 4+ MAES
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Fig.3-11 Changes in bond overlap population of O,-H in water with height of
OH ion or H,O from surface. Distance represents ratio based on sum of ion radii

for metal ion and oxygen ion.
O, @:Mg0, [, l: Ca0, O, €:S10, A, A: BaO
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Fig.3-12 Changes in bond overlap population of M_-O, with height of OH ion
from surface. M, and O, represent metal ion coordinated OH ion and oxygen in OH
ion, respectively. Distance represents ratio based on sum of ion radii for metal ion

and oxygen ion. @: MgO, Ill: Ca0, @: SrO, A: BaO
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Fig.3-13 Changes in net charge of OH ion with coordination height of OH ion
from surface. Distance represents ratio based on sum of ion radii for metal ion and
oxygen ion. @: MgO, Hl: CaO, @: SrO, A: BaO

TRECERMLTWALEHEREINE , KBREODEFOLLDO#R T % Fig.3-13
WRTo OH L OFEEDREMETH 5 MgO & CalO Tid, KBEDHEEIIZLD,
ERXREM- 1256 Th, EMIFEMICEISVT WS D, SrO0 & BaO Tid, &
DI EMEECIBNTH, BEREFO- 1LICAVELZH#ERLTWVWSLEZ LD
b b HICHBMLZL T, SrO & BaO E AEEE DI, 44 WAEES
ERLTWVWABIEDNTD B,

MgO Tid, FHICAKBEZMFREL VIR TCEAETAIZLILLY, BE
LT BIERELLN, KK T2 EBENEVEEZOND, —F.
BaO Tli. EH W ABEIFEEEINLIZI LIRS, AT VELTHFETSZ
EWZE), ZOBWMICIVBHEIMEESI NS EHEESI T,

3-3-7 kHMICKBLLENMDRAEL
EHICKBENFETSLIEICL S, (LEWANOEZELRF TS0,
KEBEEDVBEMLBAAY (M) LZOEEOHRRLOREE. REAF1IED
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Fig.3-14 Changes in bond overlap population of M_-O with coordination height of
OH ion from surface. M, is atom in which OH ion coordinates. Distance represents
ratio based on sum of ion radii for metal ion and oxygen ion. Broken lines represent
unhydrated state for each compound. @: MgO, ll: CaO, @: SrO, A: BaO

HAEWCEB L,

FF.MELTOFYOBERLD bond overlap population (BOP) %
Fig.3-14 IZ77R¥, AR, {LEWoREET NV (RAKMIKRE) BT HEZ
CELTW3, ETotEY T, RECABREISFETAZLIZLD, MO
COBOPWRRA L. BEDB/BL o TWVAILENESPL, LL., BREED—
FEVMOIZBWVWT, ZORIEBEIBRKRTHY ., BHRECOEFIEIIFEL
HRER ST, _

RIZ, FEE1IBOKELOBEF % Fig.3-15 IR T . EOFKER EREKIC,

ETOLEYT, B, RKAKHAKRBINFE L2 oTWwELDD, MgO T
CLEHEDEL BoTHY, REBOEES DS LAERIEERED ) 5 EHI R
HTikweELbN71,
| KIZ. HEBICHWAEFTVY 5% - DS (total overlap
population ; TOP) NZEALIZIEE L7z, EEICKEEZEDIH HIRE OKHIKRE
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Fig. 3-15 Changes in bond overlap population of 1st-intralayer with coordination
height of OH ion from surface for each compound. Distance represents ratio based

on sum of ion radii for metal ion and oxygen ion.
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ATOP

MgO. CaO SrO BaO
Compounds
Fig. 3-16 ATOP of each compound for model coordinated OH ion at surface.
Coordinated height is standard distance for MgO and CaO, is that multiplied by 1.1
for SrO and BaO. ATOP represents value subtracted TOP of unhydrated state from
that of hydrated state.

CEWIREE CGRAMIREE) © TOP % (ATOP) % & o7z R % Fig.3-16 I
RYo CORICBWT, ENMEIF, REWXKBESEETAILIZL), &F
PEILE N2 EZRLTWS, T2, HEWOKMIRRE X, Fig.3-12 12
C BWT. M L0, HOBENBRAEERL-E EORMEEL VTV,
¥, MgO L CaO Tid, A FVEERD1.0FEDEL IS, SrO & BaO id, 1
FUEEMOLIBEDEIADATOP Thb, BREOFHVLINITL, ATOP
FNEBEER STV S EAHR Y, BRI B LT,
Doz tds, BEMELESZT T, Z20/EWOBEHEEORFT % 57 3
ki, BEgTHY., RELILIBITEWY AN KN RFMHILE
 THBIENThol, o, COKRIE, BRASVFERE»SC 205 3EH
FTHST AWM SH L RBT 20D THS LRES LI,
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3-4 XEDELY

RETIE, TV ) TEEBERIEYWOBHEEDOEVICERL, BHEOLE &
PEARER L CEFREL OBRICOVTHRT LR, UTOMBIES
n7z.

(1) XOMAEBTFH P EETLHETH 2RSS AHE. HOMO L XH
B E2ETHAEYOREIFEEHNE, LUMO DI RAIVF —E2/HEWVITLE,
BEEFBVEVIMENERONS, T, BROEX LI, KDDL DR
TEFNODEZTHALAIELEERLTVDLEEZONL, 2D, BEVIBIE A
Bk, ZOMALEFHD., {LEWIcTIy 2L, {LEHD LUMO IZZDE
FRBBTEBINEIDPDPTEETH L LEZ LI,

(2) EEICEMLKE, KETO-HHEOEAIHEL )., BT S
LR ENT, $72, KBEIZBW TR, RNICEADTHE R LFRER
726 SOTEDNS, RELTKIIKEREEL LTHERETS I LFEEIN,
EHOKBENRBREAZ BT, EETHLI b h o7,

(3) BRER, KBESEETAEELR CRENZEEREZITTRL.,
KETHWERETFTIVI SR —DIIHIT, 2~3BLVI)HLHEBETEET S
TEEGh ot TOEE, KMIRE L RKMIKE O total overlap
population DETH 5 ATOP I, BHEEOFI L—HL, ARHTHLH I LH
o7z,
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H4E FREERICSTSKARESEDE N

4-1 (FULBIC

XY NOFEBBRIEWO O EDIZ 2Ca0-Si0, H b, T DILEWIZIT.
5ONEHOEEFMONTVEY  Zhbid, ERTEREL Yy HEBERTE
ERPB, A, o, O D4 DOOMTHE, AV MIEIThLZDIF, pHAE E
ODEBEMEPETH)., yHREILZWVWY , COERE LTI, 2 M
BCOTEY (TE) FEENLDIC. BRESEELSNE L L, ¢
HERIZBWT, KRB ZERIZVWILIZED, EX TV MEWE L TiE, BE
BRTWAEIEFETONE, ZOLHIT, yHIZEAY MLV 5%
ZFRHNL, AMCHLTER, REBTHLZ MO T WSS , 2 h
R L T, y-2Ca0-Si0, (LT, y-C,SEBET) OSi 2R L 14BD Ge TE
@Ltymhowm(uT\ngt%?)u\@E¢UEyﬂ%%%E?
BN TY BT o5 AMBUSHIF, v C,SEIRELRY, FEFEILHW
ZEFMLRTREY

DI, ALERBEZELTWTL, AP 1 ERELRLZLIZED,
DFED, Si & GeDEWIZLYD, RIBHIIRELER S, 22T, AILHEEE
EErAL, 2o, KOS EIBELPICELS y-C,SE y-C,G DETIREIZD
WTHREEfT o7, T2, BIETRUAZLDIC, KRB L RAFMKED
EZEPWDH I LICLo T, KARIBEIZODWTRE L7,

4-2 FEBEAE

- AREAROMEWOKMBISHE ERFT 272012, v-C,S & v-C,6 ZHR
b L, ZOEE, FHINTY OPBITL - EREEESE L Lz (Table
4-1, 4-2, Fig.4-1) o WILEWOZEZMEIX., 3 Pomn TH 5, T 72,
Y-C,S D FEHIE. a= 0.5081nm, b=1.1224nm, ¢=0.6778nm <HY .
¥-C,C DI FEHIE, a=0.52390m, b=1.1397nm, ¢=0.6787nm TH 5, F
72, COBEQFHETIE, FE ' AMER LTRSS A EREW,

¥ RBEBTHWA TR 7403, REFORBIIBVWIRILOTU S FALIERLZ), TV HBLAE
TN SR —DRANDE—RES S FORAIAEFHEEBTAEH A T ThH D,
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V Si0, tetrahedron

. Ca

Fig.4-1 The projected figures of crystal structure for y-2CaO-SiO,.
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Table 4-1 Atomic coordination parameter of y-C,S 9
atom X (dx) y (dy) z (dz)
Ca(l) 0 0 0
Ca(2) -0.0099(3) 0.2809(1) 0.2500

Si 0.4275(4) 0.0966(2) 0.2500
o) -0.2543(9) 0.0937(4) 0.2500
0Q) 0.2974(9) -0.0384(4) 0.2500
0Q@3) 0.2985(6) 0.1624(3) 0.0575(5)

Standard deviations are given in parentheses.

Table 4-2 Atomic coordination parameter of y-C,G »
atom Cx(do) y (dy) 2 (dz)
Ca(l) 0 0 0
Ca(2) 0.0040(6) 0.2799(2) 0.2500
Ge -0.4297(3) 0.0961(1) 0.2500
o(1) 0.2366(23) 0.0948(11) 0.2500
0(2) -0.2178(27) 0.4557(9) 0.2500
0@3) -0.2824(23) 0.1643(7) 0.0424(12)

Standard deviations are given in parentheses.

4-2-1 NV ETN

AiLEwr o (MO,)'” (M=Si & L {i¥ Ge) & (Cal,)* ZEKXEM LT 2
EFNITAY —(CaM,0,) " WD H Lize COEFNLZ TRY —Iid,
Fig.4-2 AT L0, KBHRBIEVWEELRL WS, £/, ERL
I, ETNWI TR - X ONNVIRBEBIZEDIT (7200 —F IV 7K
FUL AN, EFLS TR —OEBEOREEY A F ORI ORE LT, =
DEE, BEWMEET NI A —OREMIZ, ¥alioTBYH, FHEON
V7 EBBELTWS, ¥/, RETHWAEEREIEZ., Table 4-3 2R 7,
EFNVBIVKREIEEREOBRAORLYEEZRFTTE-0IC, QA NVF—L R
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Side view a

Fig.4-2 A model cluster used in the calculation of the bulk state (Bulk model).
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Table 4-3 Basic function employed in the calculation

Element Atomic orbitals *

Ca™ 1 285 2p° 3 3p° 3d 4s

Si*" 1 28 2p° 3s 3p 3d

Ge™ 18 28 2p° 38 3p° 3d° 4s 4p 4d
(o 1 28" 2p°

% Superscript numeral shows the number of electron.

WVOKRE., QN FEY vy 7, OMEFHDOIREEE (Density of States ;
DOS) KW OoWTHHFLAL, 20k &, REBFER. XELXEFSTXHUE
| (X-ray Photoelectron Spectroscopy ; XPS) & HE %#1T7% o7z, XPS Dl E
S, 4-2-4 THRRD, T2, NV I7OBERBIZOVWTIRE L7,

4-2-2 ZFEETN

4-2-1 TNV ZREOBRFICHVWEZET VY SAF —2FICL T, EHIRE
PEBLIEETFTNVITAY —EEH LT, 22T, ORI ETFNV I TRAY —
DB, (Ca,M,0,0)° THY (M;SidLIEGe) . REIZ 001 HIZHY
4% (Fig.4-3) o TOEE, BEMI, RELEZEZXATVWI2HIND I THOA
CREL. EEICHY Y7 v IRy FEERT S X5 L

EEIREDE SIRE LM T 572912, Mulliken @ population T Z1T% o
72 TOEE, EERBENNVIBIIHT TR L,

4-2-3 KkBMETN

KHIBWT, KAV IDPETIEOKEBIE, HLOBLTZNDHEL
IREETHBO0OH L H THILEEZOND, HOBEIETRHRLALLIIZ,
RET AFTVIEETLIIENFEZOND, £2T, XA Y FOKMOER,
EECThHD Ca LAEMAAAEIVABE (OR) %, 422 THVAEEE
FVOEBECEET A LICLD, KNIDOEFTNVE L, BTO4DODFET
MZOWTHRE L7, COL &, OH IRREIWCHLTEEEL RS LX) ICEREL.
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Top view

Surface

Side view

Fig.4-3 A model cluster used in the calculation of the surface state (surface model).
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O-HHMDE#EIZ, KicBIF20-HEOEH (0.095720m™ ) & L7z, L&YW
ORARE, OH OREFIZOVWTHRF L7,
(A) £H D Ca FIZOH 2EELEFL

EHEICETWSE 32D CaPEFIZOH 2BBEL, 2L X, WLEW &
BIZCa DIEDS 0.24nm DHLEIWC OH DO (UTF., 0, &7"7) #EEL
Fro SO T A —ETFNE Figd-4 \IRT .

(B) £EHD Si FICOH #WELZET N

EEWCHTWS 2200813 LIEGeDEFICOH 2Zh ThECEL 7z,
SDE X, Si, Ge DALEDS 0.24nm DALEIZ O, NHEET 5 LI ICEE L 72,
CDEFNVY FAY —% Fig.4-512RT o

(C) REOFRICOH #EELZETIV(1)

COEFNVE, EEAOREOCETICOH PEMELEZVWEEEEELZET
VTHY, ETFTNITAY—DOREDHRIZON & 1 DBEELZZ, OH I X
CE S 0.1060m EHEE L e COEFNI TR — % Fig.d-6 IR

(D) EEOFRIZOH #BEELZZETIV(2)

xy FH (EBEEFFT) KCELTRE, EFVCERBLRMEIL. T/, 2 8
WBELTIE. OH OBEFEEB ERMLANMIILZALIIICOH 2EE L,
DEFNVITAY —% Figd- TR Toe ZOEFNVEDPLZY)VEBRZRELRE
LTBY, EREZMEICOH FEHIIAATWBIREIZHET S,

4-2-4 XEABFHRAE
1) RBERK
XBHEFINUEHT27-00FBEUTOFIREICHER L, KE
HNVY T A (CaCO, i MHMETE, TUVHSHH) L ZBIkr 4% (Sio, :
CHIMETE., REER) 2 CasSi=2 (BEVR) LR B EIICRELE, £
D, BEIFH T 1450C, s REHBEE L, BPHRESLZZERIELLHFL,
Bk X BEH (XRD) THEHMHTH 2 2B L., yv-CSEMAELRLETTHREK:
BOEL T MEOFET, BILX V<= A (GeO,: MEHMETE, ME
99.9999%) & CaCO, 25 y-C,G B 21872, ARIEEIL 1500CTH 5,
FR L7 XRD &1, BEM B Geiger flex 2027 TH 5,
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Side view

Fig.4-4 A model cluster used in the calculation of the hydrated state (Model A).
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Side view

Fig.4-5 A model cluster used in the calculation of the hydrated state (Model B).
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S1 or Ge

O

Q
=

Side view

Fig.4-6 A model cluster used in the calculation of the hydrated state (Model C).
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Top view

‘Ca

Sior Ge

Side view

Fig.4-7 A model cluster used in the calculation of the hydrated state (Model D).
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Table 4-4 Conditions of XPS measurement

Radiation MgKo (300W)
Analisys area 2mm X 3mm
Step size ' 0.10eV

Binding energy level 40eV ~ -5eV

2) XPS #llzE
MEFHEOBFREFELZFANLLDIZ, VGHE ESCALAB200-X B 2 H
WT., RBEFORAERITR o7 BIESM L Table 4-4 TR F, 72, &
BB THLOF Yy =TTy THFEL, AR PVOTT FHBERLNS
2o, ABERMIFEETAII—ARVDCIs ARZ MVOE—-IHE%
284.6eV &L LTARY MVRBIERITR o272,

4-3 HBRBLUEE
4-3-1 7-2Ca0-Si0O,ADDV-X aizDBRAM

v-2Ca0-Si0, (BLF. y-C,S &ML T 5) BXV y-2Ca0-GeO, (LT
y-C,GEWERTH) POWYHLZNNVIETIVITRAY—(Ca,M0,)""" M;
SidLIEGe) DY FXFyy TiE, ThENT7.21eV BLU5.37eV & 1
h ., BEEOLERHEEZREL L,

KiZ, (Ca,M,0,)" DHEFHMAEDOKREEE (DOS) & XHAEEFTIL
BE (XPS) DHER%* Fig.4-8IIRT, E— 270N NEBEOLED/-OIZ, &
BILLIDBOSN/DOSE#H 4eVEZ ANV F @I 7 S THELA, @
fbEmeE Bz, -10~0 eVOE—ZEEIIHLPREVHFRLONL, T,
HEILBWT, BELEEY*S2EFOAF VIt ERZ ZRETICHEN 2
ThoTWAIZ EICERLTWSG, ZTOZEXNVF—LXNLVEFERLTWEDII,
FUEBEEFTHL, BEETR, AIVIVTLAETF, VIUAYEFBITSL
Yo ABETFERR, A VHEREIAEL Y E— s BEFRIC(VE
FThY), XPSOTF—FIZBVTENADPIRBEEN TS, T/, y-C,STIES5
ADE—2 %, v C,6 TR 7RO - 2 BIFICHEIAL TS, FiZ, v-C,G
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Intensity / arb.unit

30 25 20 -15 -10 5 0
Binding energy / eV
(A) y-2Ca0eSiO,

S

30 25 20 -15 -10 -5 0
Binding energy / eV
(B) y-2Ca0+GeO,

Intensity / arb.unit

Fig.4-8 Density of states obtained by (a) calculation and (b) XPS for (A)
Y-2Ca0- SiO, and (B) y-2Ca0 - GeO,,.
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Tid, -30~-20eV ORELE— 7 DOMONSHRE-ZBFHL TS, T,
MEEWEDIT, ZRHDOE— 7 OMEMED, XPSORRIZES—HL T
w5,

UEDZ RS, WVIEFIVISAY —ZRELDIDOTHEI NI o
P2 T2 ¥y CSBLUY-C,G NDAEAFHBEOHERFTTICTHETHAHI L D
BHohE o7, '

4-3-2 NI DEERE

NV 7 IREZBH L 72 (Ca,M,0,.)? 1B 1F 5 Ca-0,Si-0 BL U Ge-O D
bond overlap population (ELF., BOP L BEEE9 %) % Table 4-5 127" T,
BOP AR EEZRTHETH L, BOPFETHNEHKEME, BTHIE
RESHERL T2, WLEWCEBLAR, OCa-0 DAY, BTED
EWEZ E>TWwE, @Si-0BXUGe-0 (LT, COmMATET & &1,
M-OLET) OREED, RKEZREDEZH>TWE, )T LTHb, O
X Ca-O DEENFEEFERHEAEZROTERLIIK W EEZRL TS, 2F 1,
CaOPAFHDOBEETHAILERLTVS, /2. @QICE LTI,
Si-0, Ge-ODEADHARFENILERLTVE, 2O ERDL, Ol SI
BLLIEGe LOREEDHEL, Si0, "R Ge0,' " DL HREANE LT, FET
BIENRDLDIB, T2, Si0,  OF W, GeO,' " LD BOP P KEWVI EnH,
SVHEELZIINV—TEHRLTW S, THIZHLT, Ca@FANIKEML T
50%, BENZHEEEREZL TSR EEZLNS,

FIT, BEFDAF % Table 4-6 1277 F o Ca BLUSi, Geld, £TF
VI FGAT—IZBWT, EEOERHEFALEVEZ > T35, 0. £E
DEEFTORMBUNOBEMEBEIEITNEDOT, RICEIEZEEOFEHLFALC4LE
WEETLHODAF vy HEERR LA, Cald, (bkEWICLI B4 AV HDENIZ
Bohd, I-F0EIFFIIEVIEDN LS, THIZHLT, SiBLY
Ge TlE, A X Y HEFFEFIBENI Lo/, THIEZ, EOBOP 2LED
NMEEERETEIERE—FE L, £2H5T, BREETHS Cal, Si0, B
F U Ge0, B BAFEABRIE. 4-1) R eSO,
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Table 4-5 Bond overlap population of each bond with the bulk state

v-C,S v-C,G
Ca-O -0.028 -0.026
Si-0 0.606 -

Ge-O — 0.486

Table 4-6 Ionicity of each element with the bulk state

/ % v-C,S v-C,G
ca 891 88.6
silGe 526 48.2
0 65.9 64.4
Pas= l—eXP{—%(nA—nB)Z} e (4-1)

P REFABEOAF HOHE, 1, BLUn, 3ETA BOEREU®E
ThHbo (4-1) RALEKDZCa0ODEEDAF Y HEIRXT7T%TH Y, v-C,S
L y-C,GH®D Ca DA A YHEFET LIRS L7ze 72, Si-0 X Ge-O D 4
F oI, FREN45%E 40%THY, y-C,SEY-C,GHDKEENRENET
HD.SikGeDAAVHEINMBRNILEIEHBLE, TOXHIC, BEDILEY
AR LTD. BREZOREBRNIIAEVWRREBTHEET A I Lo bR oz, &
T, EECAVWAEREREER, AU Y I70ERBREETH ). Ca ¥
1.00, Si #51.90, Ge #52.01, 0 7°3.44 TH 5 ',

Doz edhs, y-C,SBLVy-C,GiE. MO,/ " & Ca” DFIEIZX Y, B
ENTWBR el LR DL, CalRBMTHFETL 2 DD,
BEeTnLEESA, KRBV TE T CatElT 5 2 LHER SN,
ZOH., KEBEORBEIZLY, Si0,'” R Ge0,' DBEEPEEZ EEZON
7o TOZTEDL, AKMREBIZBWT, KMD Zo T b tFHEINS
CallEHTBLEVEEEREEINT,
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Table 4-7 Bond overlap population of each bond in surface model cluster

v-C.S v-C,G
First layer Inner layer First layer Inner layer
Ca-O 0.048 -0.025 0.057 -0.019
M-O 0.644 0.607 0.472 0.530

4-3-3 XEOHERKE

EZHEAR LT B 72012, Figd-3 1R TLHIC, EEABEFRE (First
layer) & EEFE (Inner layers) 247 CTEFMli L7z, Table 4-7 IZKHE &
WEE @ bond overlap population (BOP) #/R¥, Ca-OWCEL T, WALE
WIEIZEDEZRL, AL VEAVEILINTVE I E2RLZ, ZTHE,
EEELXTRET S Cad, RKEAOERICLI NN FFyy 7HIZHA, 0L D
HEERPKELS Y, BERERLELEEIZND (Figd-9) « TDLHIC
EFHEOFKEFBILEINIHTE. E2EBIVUTEIETLIRLN, AHKOERE
BEZ LN 720 AN TAT VI 2— | RILAEYW 3Ca0-A1,0, ITB W
Td, EED Ca-ODHEENHEILENDE LV IFERIBT N5,
. —H. MODEARIIBVWT, {LEPDEVPR LN, 2D, y-C,S T,
E(HEFRBOBOPAFHMEFEL VOKELMEELRL., XAFREIEML T
WA EREGDBE, —F. y-C,GTIE, EHEFRBOAVNILL Z-oTBY,
EEBEPBRILT VS ZENFRENIZ, y-C,SDERED Si-0 X, HEHH
IEENBEICEELEL D LB, v-C,COERED Ge-0 1%, HEEMFBILI N
T, AEERIREBIZHH LA I NS,
it¢%ﬁ%t%é%%@%ﬁyﬁ%Twm48K%¢o%4iymzwf
. A AV HOBETIAEZECRON S, BT, Si BL U Ge B LTIk, H¢
SOREZFTHNELZoTWS, 72, O TiX, DTFPIAF Y HFRET
KELBZoTVAENF, BAFT VI EDOEMIIR LNV, AF VHEEVEET
5 Ca-0ll2nT, TOAF vHrs, (4-2) KLY, A A VHEEDE
ExKD7 (Fig.4-10) o
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30 Ca-s Si-b Si-ss O-b O-s
201 , . o ‘
G = T
5 B 4 EE
o = @ = = =
104 = | | | = E
m ——— : B —_— —_—
o = E 1 E =
304

(a) Y 'Czs

Total Ca-b Ca-s Ge-b

@
¢
o
o
»

€-S

30 -
201 = =
101 = S
= £ F EB I E
> = :
Q e i
I | | | -
> — | L b = =
o0 == | F - E =
[-}] '10" e : : - ____
= - ' ’ . —
30+

(b) -C,G

Fig.4-9 The energy level structures of the surface model for (a) y-2CaO- SiO, and
(b) y-2Ca0+GeO,. The used model cluster is (Ca,M,0,,)"* (M=Si or Ge).
Occupied and unoccupied levels are shown in total orbital level by solid and broken
lines, respectively. The figures "b" and "s" mean the bulk and the surface state,

respectively.
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Table 4-8 Ionicity of each element in the surface model cluster

/o ¥-C,S 1-C,G
First layer Inner layer First layer Inner layer
Ca 77.9 89.0 75.6 87.4
Si/Ge 27.1 51.2 23.3 44.8
o 63.3 60.8 62.1 60.0

9.2 | |

9.0 o —
Q |
S 8.8l m
S
©
X 8.6 -
o
RS ‘
- 840 _
=
8
o 82 @ _
=
=

8.0 .

||
7.8 L '
First layer Inner layer

Fig.4-10 Ionic bond index of Ca-O bond in the surface model cluster for
¥-2Ca0-SiO, (@) and y-2Ca0+GeO, (H).

p= Z,X Z,

Ra-b .
PEAFVHEDEBETHY, 2, Z,13FFa, bOEM, R, , I TFalbD
MoOESEH (om) ThdH, T TR, FEESHIX, CaOMOEAEEEDF

WiEEHV, AtEPE B IC, RELXBIAAFVEEIE, ALY HEL

(4-2)
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RBHZEHFRENTZ, EHIT, v-C,G (-0.93) OFEH y-C,S (-0.79) &9}
AFUHEEDHFTVAVPRENIEIRIN,

ERHEAEIIBVT, EL 2R ICEET S, 250, Ca-0OTiEAAE ¥
S41T, M-O CIREARESICEETS L, v-C,5ik. EETOA+ Y EE 135
K h B, RERSEE AL IENRENT, —H. y-C,0 Tk, EED A
FURAMPETTAZENREN, S50, HERESVETTAZEREN
2o 2OZEML, y-C,CORAMURKRIZ, BEMN -2 DPRFT L., 7-C,S
TiE, V—XZB DIzl W bPBghoi. TOERLEKMSHEDOBEZRIZD
TWT, ROEHIBIEFZEZON, READOKEEN NV —X%y-C,GTE., —
BREAEED L, FrhREO N — Ao RIS EEN I ETT2 L 22
bbb, —H. y-C,STik, REVHF Y V- TREZ»OT, RICKIDIZE
XL LTh, FRBRLERL. V—XTREVOT, RSHEIEsnz
FEZBNT, TOLS I, REABRICEVAES L, ARG L BRSH
ZLWBTED,

4-3-4 EEREELKOMIEFHOBE
BRETAIERICIE. K (KkBEE) OMIEFI, LEYOZEHEICETF = 4
B4zt EZONE, ZOXKDIMUYBETHIZ. KOKRESEHE, HOMO

. DTS, KD HOMO LibE&Y (REETINV) ® LUMO DI R NVF—7E

(A, py) 3. BEMEHAEIS2 L2 E3ETH, 20, BEF
 OBEA, BRLLRAMORY — FTHY ., BEREZAVE—ICHYT D
RFTHOEEXOND, 22T, K& LTRBEZBRLEN L. BE
D1sHEIZ, KBEHE, v-CSBIUYy-C,GLBIL, MMOBEBLREE LTV 2
W ELEHEIDT, T, TOBEDO IsHEFRLLAANVIZZ B EHICHIE
L7ze CORR, v-C,SIZBIF B AE, (_,4y 3# 6.5eVTHD | v-C,G TIIHN
6.6V Tholzo MEILBVT, AE, . 4y KHLOPZEBEVEED ST, &
TEFHOBE LB E RS, 7-C,S & v-C,6C DAMKIEHDEN 2 HE T2
LRTERDPoN, 2FD., y-C,SE y-C,G DKMRIBHEIZBWT, TOMIZ
b, KMCEST2EELRFIHbLELOND,
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4-3-5 KMICEITHIBENREZELL

3BT, ARMELREBRTLIOICAN TS S L E X 5 NI Total overlap
populatio‘n (FFNV2 5 A% =KD bond overlap population D EFI) DKFI
BEURKRKEDZ ATOP 2 HV T, 7-C,S & 7-C,C DARKISHIZ DV T

ORBE L7z, HETFTIVICBIT S TOP % Fig.d-11 1R T EMIE, v-C,SDFRK

CHREEIZBITA TOP TH V., FfflE, v-C,G ORKFIKREIIBITS TOP = K
LTw3, |

, KEBEIFSEEOEFICEML TV ARVEFTLCIZBWTIE, yC,SBI W
-C,G EBITRAMRBEIZIZFFALMELZ R Lz, . KRKBEER &P

MoEPDEFCERMETEIEICE T, RIBAFIERIENEZEERLTY
heEziNnb, /2, ET NV DIEWILED L BITKEL TOP BEA LTV 5
CEERLTWS, ThiZ, BFHICKBEFEALLZSEZ2RIBREET
MTHY, COLIRRETICBG T, v-C,8 bARIT 5 THENS S = &

6.4 1 | T
6.2 | ®

6.0 |- -

581 i
o ®
5.6 |- | -

5.4 B -

52} -
] :

50 -

R - 1 l t

A B C D
Model cluster

Fig.4-11 Total overlap population (TOP) of each model cluster for y-2CaO-SiO,
(@) and y-2Ca0O-GeO, (I). Solid and broken lines represent TOP for the
unhydrated state of y-2CaO- SiO, and y-2CaO-GeO,, respectively.

Total overlp population
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ARBLTWREREDbNS, v-C,SiE. KEEV) BELZEHTIZBNT, K
FIREFT A EFMONTNS S, SOEFAN, KBRELBERL TV
Brid. WIETER WA, COEFLDIE, BEAEAIEBELTVILE
bND,

F7, EEDOSI FICKBENEMLAZETVBIZBWTIZ, £EDOEFIVD

LRI, LA E D TOPOERTARONA, LAL, HEORKE LT,

EEREHROBNIONRT )Y IR FEBELRETEET A2 LI,
FEBEIZEZZIZL W EDRL, TOEFIVBIEBROKMICIBWIERLLER
T WwEEbhs,

¥-C,S & y-C,G CHLDZREVWERRLZOD, EHED Ca LITKEEENE
L72ETFIVA THb, y-C,STld, TOP 2 RAKMKELIZTLALHLEZR

-1.0

0.0

Differential total overlap population

7%

1.0

7-C,S v-C,G
Ca-O

-0

Ca-0O, M-O (second neighbourhood)
Ca-Ca, M-M, Ca-M

0-0

BUEZN
<

Fig.4-12 Differential total overlap population between the unhydrated and
hydrated state (model A). The positive value shows the value for the hydrated state
bigger than that for the unhydrated state.
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LTBY, KfilLrwZkxELAZ, —FH. yv-C,G TiZ., TOP OB L » %K
THERLONT, FiIZ. MOETLV IS ZORIOLEFIIEETH o 72,
4-3-2 TKRHMOBEIC, CAREELRTERTHS EER T, COBRARNHLIERM
D Cald, KMOBBIIBNT, EFELLEETHLEEZ LN,

RIZ. EFNVAKRBVWTIDI) ZEVFERLZ2Z2RET 22010, &
HEAEZTLIZAEL, ATOPNDES 2k 72 (Fig.4-12) o E1EHEED Ca-0
BT A TOPDORAE, MILEHELBICHELTHY, T TH CaPFBEHL
BSWIEETHBIENEZONT, T2, ATOP DEEDFERA, Si-0B &
P GeODREEDEVIIDHALZ Loz, DFED, Call/KBRENERML
722 X2, Si-OlFEFICHAIN, Ge-O X Si-O THRILSINA-HDH 1/4 T
HD,. CaOBHEZHEL 2V PR EZLNTZ, 2D L) REND, v-C,S
Ly-C,C DRMRIEHZRELTWEIERTH S LE 2 b,

4-4 FEOQELD

AETIE, EEBEPALTHY) . KNXBECHS 22 EVDOD S
v-2Ca0+Si0, & y-2Ca0-GeO, zXH E L, FEIBTHOLONTLHMEZEIIL T,
KAMRIGH EHEERBIZOWVWTHRF L-ER, UTORERPEL T,

(1) yC,SEYC,CONNVIARALLETNVI TR —hoFELoNLRK
BEE (DOS) . XBEXREFSRKBELrOBOAALEY-FHNEL IWV—F%
RLTe TOZEDS, DV-Xa ERINLIALEWICHEHTES Z 2R LT,

(2) y-C,S & y-C,C DEEMKICHS S RECHFRON, 2F ), £H
D Si-0O DFEEAIZHILEL Y LI NE D, Ge-ORHIZFTE 25 I EAFREN
77 CHOEHRMDTFEN KM ZERMICETEELIEROO LD LHEESI N,

(3) £ED Ca 12 ABESEA L72EFVIIE VT, y-C,8 & y-C,G DK
MEEHEZRETE2/EREIBONT, KBTS Ca DEEEIREI NI,
I72, SOX)BRECHPELALEHE LT, KTIREILBY 2 SI-OMOEE
DELVIEIEFEE R SN2,
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BS5E REBEMICETAKMRIGHEDEL

5-1 FU®IC

4-1 THRRAEE I, AV P OFEFERIEY TH S 2Ca0-Si0, (C,S)
Oy, BERTKAOAEETH S, THIIHL, BERMETHZ o HiZ, K
AEREETAHIERBALLTHE Y /-, BREABEOHFEHE LTIX, ¥
iz, FEZELED, CaOBRUEKIT6DATH ALY , —F, a iz, &
FEmREAL, CaOBRUEIZ. 6 20512FTLH, ZOREEIEVLOD
POLEVLDETH B, T2, a HBOBEBEOF#MLLT205%, O
ok, Sio,MHE#EDmETH Y, bH)VEDIX, REXETHIEVIZ L
THb, a D SO, MEAKIZ, cEHICXH LT LETHBICEHEETHFEL,
Sio, MEAKR DM E DS FHLE N/ LM B P6,/mme TEBEEN TV, 2D,
Sio, MHAAFFENDFHEEMATVWARWVERE LTEREENTWS, 72, c #
'o%w 12120° FOMEELA-—BOGEAEZEZHERLTBY., G & E
H—MEBIE, BAPOHTAOBRVELENVNOERNEDL LR >T 5,
TDEHIZ, y-C,SE a-C,SOBEEBEICRIREZLEVTFRONSE, ZOFE
EDEENDS, Ca DEME. Ca ZHEKEAR, Ca-O HOEEEREZ L LERF
HIFCARRMREHEISERWICERISA TS 25, EEH KRG, +5%5F
MTHBLELEEEZ RV, 22T, HREELKASEOEKIZONT, EF
fEEF SR/ ONBBERIZE o THRE L7,

5-2 §EFE
FAREBEEOKMEIOEZRITTE7201C, v-C,S & a-C,SEFENR L
LTEIRLZ, v-C,SIE, EBLAETHWABEBERNT —F (cf. Table 4-1) %
REWEFTNI TR —EEBRL . FEISSY OBEMIT T~ (Table
5-1) BFZIZL T, aC,SDETFTNITRY —RER L7, ac HOBRTER
. a=0.5579nm, ¢=0.7150nm T&d %,

¥/, COEQOFETE, BEXSLY FERELLTRS T AERAVI,

-95_



Table 5-1 Atomic coordination parameter of o.-C,S &)

atom x(dx) y(dy) z(dz)
Ca(1) -0 0 0
Ca(2) 1/3 2/3 0.686(2)
Si 1/3 2/3 1/4
o(1) 1/3 ’ 2/3 -0.042(25)
0o(2) 0.178(3) 0.356 0.287(8)

Standard deviations are given in parentheses.

5-2-1 NILIZETFI

o HOFMHEE I, P6,/mme TH D, CNONKEDGE, Fig.5-1 IZART X
A2, SiO, MEAEDEE DS, FHEINTERENDL LR D, ZOXNH
MEZOFTFHETLE. HEILHAVAEIETVICEENZFEFELS, £
T, BB TFHFICHS 2200 Si0, HEAOMEZA, OLTRIMEIT%oT
W34 (Fig5-2) &, QF—FHE%ZETWAHE (Fig.5-3) IZ2WT,
EFNAER L. TRENOFBBEDOEEEIZ, O P3ml, @7 P6,me
AL T B, 72750, Table 5-1 DF— % % b &2, P3ml OFHBETEFE
EXWET DL, (0,0,1/2) OMLBEIZ Ca FEALZ VO T, P3ml ORHRIE

DA, NHRBELSICZOMEIC Ca RFZEBEE L, 72, Table 5-1 &,
SiO, MAIKAEFT Z2AVTVE LEDEHLENTVRET I THINDT,
SiDFRFEEIZONWTH, FHIEINLERL LTS, £2 T, &7
VIZIE LT Fig.5-1 2#8FIC LT, SIORFME%X c B FAIZ £0.037 (c #
DIETEHE1ELALEDOHETER) $H5L4,

T2, a HIEREEERL., B4 LEMEEZ EADT, Fig5-4 1273 X9
a2z bPABEAWVWT, IS5, a, bD XHICEFILZZETIVELERL
to%%met%%?wbﬁ&%Twm52Kitb%oit\yﬁK@L
Tix. (Ca,,Si,0,) %2MKEETAETNITRAY — AT, 5HEZ
ol BHEIEBVTR, 7 IAF—EFVOFENIC, EETFTVIIHET 2 H
B2 o THENLPEEL, NV OREZTEAZTERLL, /2. &



Fig.5-1 The crystal structure of 0-2Ca0- SiO, with space group P6,/mmc.®’
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Fig.5-2 The crystal structure of 0.-2CaO- SiO, with space group P3ml.
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Fig.5-3 The crystal structure of a.-2Ca0O- SiO, with space group P6,mc.
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b) AABB arrangement
(Twin B)

a) ABAB arrangement
(Twin A)

Fig.5-4 Schematic illustration of twin model.
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Table 5-2 The bulk model clusters use in the calculation for a-C,S

model name composition of model cluster
1)  P3ml-model | (Ca,Si,,0,)°*
2)  P6,mc-model (Ca,Si 0,,)°"”
3)  Twin A-model (Ca,Si 0,,)°""
4)  Twin B-model (Ca,Si 0,)™*~

EERIEAZETHVZLINDLERLTH S (cf. Table 4-3) o

Table 5-2 2R L724 DDEFN Y A —% Fig.5-5, 6, 7, 8 IiZRTo %
EFNOREUERETE DI, MEFHEAEDOXBAEF LB EDKE
RERBLZ, X BAEBTFHAHEICOVTIE, 5224 TR, 72, a O
EEFTVIZBITLBEFREBIIOVWTHRIT LA, 5612, y HOBERELHE
THIEICEY, BEBELHEAOBRTFIIOVTRI L,

CHLE,. CaOMOF—2EEIZ, UTOZELZEELTITZ2o7%,
Ca-0-Si EWVIFKAIZBVT, Ca0NEKISi EBICHIHEL., REMH
HHEAETCa0 DREHS PLEVHARESNT, DF 0, EBIC Si 0°F
ETAHEAICIE, Ca0NESIE, BEaHETRL, REFFHLIHEEIIER. K
HEMEARLTW 2, Lo T, ERBICORFIESI EFAEEGLTWE T —
YOREXNGEELT, N7 OREERE L 72,

5-2-2 RERE

5-3-2 TRRBD, a HONNVIZRBALZADDETVIZBWT, R&%
EZEIROLNEhol, 22T, KETHWBLETVZ FA 5 —1E, Si0,
WEAD FT#HECANTWSZEME, P3nl THEI FAF—% b Litlk
B L7 2 DMFEIL. (Ca Sig0,)°* THH (Fig.5-9) « FKMEIZ 001 MHIZH
U B E72, Y HIEBOT S, B4 ETH (Ca,81,0,)° DEMEA T
BEFNIIAY—2BESFEL. RAOHRKIZOWT o & HBKREF L7,
CoLE, AEWMIREBLIYV TALOAREL .
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Fig.5-5 A model cluster used in the calculation of the bulk state for a-2Ca0O-SiO,
with space group P3ml (P3m1 model).

o0

. e

. Ca

L3 Si

Fig.5-6 A model cluster used in the calculation of the bulk state for a.-2CaO- SiO,
with space group P6,mc (P6,mc-model).
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Fig.5-7 A model cluster used in the calculation of the bulk state for a-2CaO- SiO,
(Twin A-model).

Fig.5-8 A model cluster used in the calculation of the bulk state for a-2CaO- SiO,
(Twin B-model).

-103-






Surface

Side view

Fig.5-9 A model cluster used in the calculation of the surface state for
a-2Ca0-SiO, (Surface-model).

_104_






Table 5-3 Conditions of XPS measurement

Radiation MgKo. (400W)
Analisys area 0.8mm X2.0mm
Binding energy level 35eV ~ 5eV

5-2-3 JkMREE
 BABETCaD LK ABEYEEL - AMESVHAEE THLIEARERN
72OT, COETH, REDCaDEICKEELZEEL -7 NVICER L 72
aTIE, FHICHS 3D Ca D EF 0.24nm OMBIZKBEEOBEEI K S
IHCEOH 2 ZNZREEL (Fig5-10) o 77, YRSB4 ETRL
ETIVALRBLET NI TR - ZHERE Lz, AMETIVERKT
(FE) EFNVEEEL, afie y HOKMKISEDZEVIZOWTHRE L7,

5-2-4 XBHAEBFONXAE

1) AEER
XBAEEFoUEICHTIEAR L2, UTOFERHEVERLL, 72, o
MEEBRTEEELD0IC, RMTELE L TBa 2 BRLASY R
CHNT T A (CaCO, i MINHMETE, 7Y SHHE) . ZBILsyr 4% (Si0, :
MAHMETE, REFH) BLURENY 7L (BaCO, : AIGMETSE, AE
¥#&) % (Ca,,Ba,,),Si0, DMMIC B L) WCREL, D&, BRIFHT
1500C. 6 BRIBER L 7Y =54 2522 & 2HK X BEIFT (XRD)
THERL72H, MoXRHYHE (B-C,Si L) IHFALELEZDT, 1600CHEFED
2 BB E AN, SORTFLAEZE, FroBh LT, ZHERELZ, 20O
MEIZXY), o APERLTDEZ L2 HELZ, HALZ XRD £EIF, &
g Geiger flex 2027 TH 5,

2) XPSH#llzE

MEFHOEFREEELZHANRLZ-HIC, PHITH 1600SE X HAEEF 5
REBEHAVC, MIEZT% o7 BIESEMIE Table 5-3 I8 T, 72, &
BIPEBERTHE-0F =V T7 v T7PEL, ARZIVOT T IBRLNS
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Side view

Fig.5-10 A model cluster used in the calculation of the hydrated state for
a-2Ca0- Si0, (Hydration-model).
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(e)

(d)

(c)

DOS / arb.unit

(b)

30 25 20 -15 -10 -5 0
Energy / eV

Fig.5-11 Density of states obtained by (a) XPS and (b-e) the calculation for
0-2Ca0eSi0,. (b) Pgml-model, (c) P63mé-model, (d) Twin A-model and (e)
Twin B-model. The composition of sample used in XPS measurement is
(Cay ;B3 5),Si0,.

O, RBEAECEETAI— K VDO CIs ARZMIVOY—FE%
284.6eV & L TARY MVHIE (FATRE) 21Tk o7

1)

5-3 BRBLUEE

' 5-3-1 a-2Ca0-Si0, ADDV-X aikDBANY

a-2Ca0-Si0, (BLF, a-C,SEMEELTH) 26, YHHLZZ4D2DNN VI E
FN2FTARY —DNY FXry 7id, P3ml-E FUD 6.2eV, P6,me EF )V
A 4.4eV, TwinA-EF VA 5.4eV, TwinB-ETFT VA 5.1eV TH Y, #HEHFHL
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DOS / arb.unit

-30 -25 -20 -15 -10 -5 0
' Energy / eV

Fig.5-12 Density of states obtained by (a) the calculation and (b) XPS for
0-2Ca0-SiO,. The sample used in XPS measurement has composition
(Ca, ,Ba, ,),Si0,. The model cluster used in the calculation is (Ca,Ba,Sis0,5)""
with space group P3ml.

DLEEFHEBR L, 72, ETVHONY FF Y v TOBOPFIFL AL R
(L aHONY FXFy v 735 eVTHBLEFREREINE, $72. yHON Y
FE¥r v 73, 4.9eVEWVWIERESN, BX6DTOSF7A4TH, F4EE
 ARICHEBEEROLESTEWEL

RIZ, BEFNVOMEFHFHEOKREEE (DOS) ¢ X HEAEFITLHE
(XPS) D#ER% Fig.5-11 AR T, ¥E— 7 OMHMMNEBEO LBED/-DIZ, FTH
R 45eVEIANVFEF—MICTY 7 M &8, 72, -10~0 eVHHEDOE —
TOBREIZEVIERONLIDIE, FAETHRRZLHIT, A+ VLEEE
CEHBICERL TRV I LIZEBRAL TV S, XPSOFERICIE, a AZREMLT
DO EML72BaDE— 7 IMETLILNITESL, 2O Ba USfOY —
7 OMEFMLEIL, FELLIW—HERLTWEI PGP o7, HEETIVILS
FRE— I MNEBOEVDIZLALRDODONT, ETVOEERIEBLALRNE
Zrbhiz, £72, P3ml OEEHELEL, BaR SALET VIS A S —
(Ca,Ba,Si0,,)* IZ2WwT, DOS% K®7 (Fig.5-12) o Ba IZBEAL T, #
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-15eV AT EH-30eV HEDE -2 2HFHLTHBY, BaDE—- N EDFE
KB —BLTWwAIZ ERb, g_ﬂ%@:Ei‘“)I/ODZré‘EE%ZVJ"Cc‘:?b"(“%f:o
REIC, a-C,SNAFBEZ TTICEBRTE 5 LHIT L2,

5-3-2 Mo DESHRE

ZEFIVD Si-O M ® bond overlap population (BOP) % Fig.5-13 IR 7T,
EOEFNMIZBVTEL, £ 0.656~0.7DEEZRLTBY, XEBEINFEELC

L, BEFNWIZBIFAEEIRON o2 £72, y #HHDO SI-O D BOP 3 «
HERUMEERLTWR I ESbhr oz, SRIE, aiBLUyHE LI,
Sio, MHEKIZ, BETIBVTHMICEEL TS (Q OIRE) Zricky,
ALLIREAREL LS EEDND.,

RIZ, Ca-O D#EEIHE & BOP OB fR% Fig5-14 LR T, HEHEHEIE W
3, BOPBETLTWwA, ¥/2, ToOEMRIIX, o HOEFTIVETRALTH
D, ZNHIWIEEELREVIE, m&bf‘ohtﬁﬁoto DO ENL, o BOEE
RABIZ, ZHBLREDEVICLIIEE IR, BAEBICKET LI LIRS
hizo F72, yHE 0 HBIZBWT, AREEOHESERICH S Ca-0 DFEEITIZ
EAERLTH o7,
BB, CaDREAREFREMBOIE» SRS 5, Ca DEMEICKH T5
BOP DK & & D% Fig.5-151I7 3, ZTZ T, BOPIE, CallBAZL T W
50LDBOP DFHTHSL, ZOFKRDPL, RAUBOEMIZED BV, Ca
BYDFHHLESIERTTAI LN TN B, £ZT, Ca 120 FL) B3
- EBEF% BOP LERMBOBTEL (Fig.5-15, F#) . Cald. YOERMALEK
ZBWTH, $0.45 DBOP 2 —BIIRLTWBI &b holz, 2FD,
EMNBEOEVREBELZELTWA Y, TOXFETFLES T HHEFIE .
FHRREEDTHE 2B EEZz 0N, KMARICHELBERTH 2 LERHIND,
ZORERIE, Bredig'’ OB RTWAEAMIGH EEMEOBBREELTY 3
EEZOLND,

CaODA AV HEOKEEE2RED B0, (5-1) XA+ VEE
@%E%%ﬁtt(mg5w)oitxﬁﬁﬁ%u\%%?waﬁz&—u
BWT, BETOEMNHEEFMEL TV 2L OFHE0DT, BBEEHLL L,
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Fig.5-13 Bond overlap population of Si-O for each model.
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Fig.5-14 Relationship between ‘bond overlap population and bond length for
Ca-0. O:P3m1, [1:P63mc, O:Twin A, A:Twin B, @:y

-110-



0.07 Iil . | T 0.8 ~

' Z,

] 107 ©

'g X

N _ =%

_§ 0.06- O | . 06 3
o

s 005- [ |——> 404 E

> ™) =

< 5

Ny 403 =

- Q

@) —

0.04- O 4do2 £

=9

O~ | o1 O

4 TE

=

0.03 L 1 | ! | ] ] 0 7]

5 6 7 8 9 10 11 12 13

Coordination number for Ca
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Fig.5-16 Ionic bond index of Ca-O. O:P3ml, OJ:P6,mc, <:Twin A, A:Twin
B, @y
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Table 5-4 Bond overlap population of each bond

in surface model for o-phase

First layer Inner layer
Ca-O 0.0581 0.0392
Si-O 0.7314 0.6751

BAY42BAF VP BRMELEENOETFTIVISAI—2HWT, BEOAAF U1
R RD T,

Z,xXZ,
B=""kr, -+ (5-1)

PRAFTVHEOREDERTHY, 2,2, 3FFa, bOEM, R, ZEF
ab FOMEH (im) TH b, GAEHFEVIEIE A+ VHEPEL R OEY
ROERETH L. HAEENN 0.23mm HEICBVT, a LDy BOF A
4o VAN Ao T,

5-3-3 ZXEOESRE

XHEEFE (First layer) EHNZEEFE (Inner layer) @ bond overlap
population (BOP) % Table 5-4 IZ7/R T, Si-O BEX U Ca-0 L HIZKHDKEE
B, B BRoTWAI LRGP o7 REETVIIBIF LN FF¥y v 7Fid,
TNV ZEFAMIIBITAEINASK, CEHFEERTABAA VY EMET T
BRTABEOHEERAPKELLRD, £BEBIBL-LEZ LR,
aDCallBIFAEHROEREFDAF VY HIE, NV 7 BT A4 (W
72%) L FIRFALEEZRTIENTh o, T, KEOEFORMES
OB THY, SV ZIZBITLI0BEMEAREKEEL 2 EIILBEER
BhB, T/  y T, SV ICBITAA 4V (83%) XY EEDA
FEOFPETLTBY, $72% Tholz, TITHY EIFZET VT,
NV D Cald6MMTHBA, RKENCald4BMTH ), BEOEMOIK
BAKXSEMHLTWAEIEIZI2bDLEN SN,

TR LT, a BOSi DA F U HEIE, NV ICBITEEIH46%TDH 5
DI LT, FEWCBTAAFT U EIH33%THY., REBPLTWEZ

-112-



Lotz T, yHDOSIi O F U HIE, a HERBRIC NV B 45%
THHDICx L, KA I6BTH) . A4 HOERTHFHERTE 2, o M,
yHEDBIZ, NVZIEABRMTHE2OICH L, KERX3IREMZOKETHY ., [
BEEER L ZEXONE, $72, SiOA A HOEMLREVERL L
Tix, Si-ODEEOEEBOREZIHDEEZ LN,

UEnkHic, EECHABALIE, NV XD AFUHEPEKT TS
ENbhoiz, £/, TORMMDRTIZ. ZOBAF DI ORMEZ &I
BErZFAZ DT o7,

5-3-4 ZFERKELKOMIEFHDEE
EIBEBIUELIETIBRAZEHIC, IPHICBIZKMOE—ERELL T,
K OkEEE) OMIETFR2LEWICH/EGTEIIENEZONE, 2F D, K
DMITEFIIZ. REEGEHE (HOMO) THhH, {t&Y (KEETNV) OK
BIELEHE (LUMO) L DT R NVF—E (AE (_,yw) PEEIILZDHEEZD
Nt, 22T, BED IsHEBFRA LI F VT - L ARNVIZ% B L ) ICHEZAT
2, KEEE O HOMO & ba&Y (REREETIV) OLUMO OO L RV F—
ERRDLETAH, o BTIE, 5.7eVTHY, y TIZ, 59V TH o
720 A MO FRLTPINESREEZ L), WLEFHOEZH LR TWHER L
molh., TOEREELLDLTLTHY ., RLBEFHOPLIBRYOLLT S5
SAMO LR T X3 EEFBPT AL IRTE R o7z, KMITBITHBEERE
BB EETHALLEZOLNDS,

5-3-5 KkMICEITIESKREZL

EIE, FA4ETERUEBIVUKARKOHEZRER T 2 DIT. K& RARMIK
FED Total overlap population (TOP) D E% & o7 ATOP B EZTH B
ExRLTz, BEIEBIUVELETHR) LIJ2NRIZ, ThENERBEDNE
T LTHY., FHEICHWEETIVY A —L4KD bond overlap population ®
M% & 572 TOP b L IXATOP KB THoz L EXBND, LA L, AE
THYETFZC,SOatE y i, KEBELZRLTHILEHWTH Y, FIE
KHWZETNV I TR —DRBBEBETERFREZD (ETNVI A5 — O,

-113-



o 1 CaySi Oy ¥ M I Ca,8i,0,) AT, ETFNV I TFRAF —24D bond
overlap population DM & BEHIZ & 57217 Tk, T4 %2FME T VwEER
LMD, FT.REFTNANITAI—KKBVTCHEMAEME L o7 TOP 6K D
72 ATOP L B %A I128B 1) 5 ATOP % Fig.5-17 IC7- T, a B LUy i
ATOP ZEDEZ/RL, REIWCAIERM k) §A28ICL), EEOBE
PERFTTL2IENRENT, LEL, ZOERTOREZIE, a #H45-0.352 T
Y., y HA-0355 THY, AL PLREREZIBOON o7z, 2TOT LD
5., FEFIVYZ 5 AF¥—IZBIF 5 bond overlap population DI Z BEHIZ & o 72
ATOP TAMKIGH * BEERTLIILIITERVWEEZZONS, 22T, £
TN SR —DHEKE CaSi,0,, (RED4HF) IHWELZ, LML,
ATOP i, o #845-0.394, y H%-0.393 L2 ), WELAHKERIIBWVWTHH
SABERFEDII LI TET, KN HEZFHBITL LI TELRD o7,
T, BELEZERIIBYW T, ERFSOEEELDVTHRF L L
 (Fig.5-18) o KFMIDAF —PIBWVT, CaRBHFEETHLLELLN
DT, CaODEESNDEALIZEB L7 o HOFFy HEL Y HEEOEKT AF
KEWZI LB bhb, LEAL, ZOEIEITHY, COKERE,LL. KRG
HOECETTICHBATELRWEHLZ, TOXHIT, ATOPIZBWVT, a
Mty HTHLIPRHESARON 2o -BHELT, XOLHI R EDFE
ZoNb, c HIBHEL2ICAMXEEEZRT Y., koL X2Y MLED
(3C20-Si0, %2 &) L& TE L, C,SOKMRGHIZENZ EFALNT
BY. yMEOBBAERERVET LN TER Ao ELbN D,

 2IT. £510Ca0 OEAEECED L, RISHBRCBIZEEOENLD
BF 2B L7 (Fighs19) o aIZBIT 52 Ca-0 DR EHEEIZ., &K
0.33nm WO LEBEICOLZLZ0HEAE LTS, HAEHOLBEHEY (B
0.28nm M b) BAHWTBWT, HBERETT2MEA»H )., HEEREOLEY
HWESTIE, BAVPERTI2EEIEREI 2o/, 2F D, a TR, &
SEHOBENEZS, 2F D, BAOBVEIAPLAKMAFBEAIA TN
EAEEISNS, o HOBREEZ, TOL)RAKNOBBE LRV e
ETrHEELERoTVBEEZOND, —H., y T, Ca-OBDOESHERE
u\0%~02Mm&w5&wﬁﬁfﬁﬁLT£0\%%ﬁﬁﬁéh%b:é
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Si-Si
Ca-Si
M y phase o -phase

Fig.5-17 ATOP between the unhydrated and the hydrated state without adjustment
of number of atom. The positive value shows the value for the hydrated state bigger
than that of the unhydrated state.
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Fig.5-18 ATOP between the unhydrated and the hydrated state with adjustment
of number of atom. The positive value shows the value for the hydrated state bigger
than that of the unhydrated state.
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(b) y-C2S

Fig.5-19 Relationship between bond overlap population and bond length for Ca-O
in 0t-2Ca0-Si0, and y-2Ca0- SiO,. O:the unhydrated state, —:the hydrated state
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EETITAHEZAPFRBELTCBY., KMORBEZLE KA Y PPRHETIETRZW
BEEZBELTVWAIENEZONSE, 2OXHIZ, a O L) KEEMNEEE
L. BEHEHOSAZ b0, Kb LLRBEREZEZEILLTWVWEHE
gxh7,

O MED X, ATOP T oML y HOKFMRDHEZ T 4ICREHT 52 &
ETE Dol L2AL, aHEYyHOREBEDECERBLTWA Ca-0O
DEEBEICEI > T, KAIREHCEEFPEL TR EEZZ 6N, DF D,
afiZ, yHEERD, Ca-ODBEHEBIILBEHIIDLLLIZOMzHFE-TEY,
HEHEEIFEL T, BEOBVHHLL, KASHBENE I EHFEZ LN,

5-4 XEDELY

RETIE, HEIPRLT, BRABENFEL 5 v-2Ca0-Si0, &£ 0-2Ca0-Si0,
OAMREBBEICOVT, BEEBEONELLRFT LER. UTOMRISES
n7z,

(1) a-C,SDNNVIEZRBALZADDETIVI TR — o/ SNTIKE
TR, XELEFIHBUEOEREL W—FERL, T/, ZHEBELLEZ
ZBLAETFTIVOEVI, DOSICIEEAEEEL TV RWI ENbho T,

(2) Ca-O @ bond over‘lap population i, HEHEI R B L, KT
L. BENBL ol T/, 120D CaPdBLILZEXEETFIE. EDXH %
REBIZBVWTIALTHLI LA, BVEREMBIEIEEEIEIHE 2EI LD
Got. %), BREEEYET Lo HOFH, BECHEZAT S, 8L
D EHR R EENFINT EBT o7,

(3) oL y HOKMETVOLEIZE VT, ATOP Tid, +454 7% & 2°
TELRDoT, o MOKMIISHEZOFEMICBVTHSRETE ) 21LEW
TRZWI EFELI LN,

(4) a D Ca-O BEEBEICO-2FEEEHEZFLTBY .. KBV T
| HAEEOBVEBANERBI LA bh o, a HOKMOEEIR, K4 E

BEOEWEOERA Y Mo TWB EEL LN,
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E60E BEEE

6-1 FLC®HIC

KHRXDESENPLESETIE, EFMFEFELLZMLEWDOERB L UK
MBELZLEDL)CRBETEDINICOVTRN L, RETIE, SETHLMR
AREWICEETLILICLY), KRFETHWZ DV-Xa EWEH L W) b2
WBERIZEOBEETF THEATELLERFT TS, £/, AR THWLET NV
7527 —DWHHLERDV-Xa EDOFHIZOVWTHIEERET 5,

6-2 ETFINOSRI—DYUHELA
BB IUES3IBETE. FUIVERBEO MO R YA, SHEBLUHER
DNGETHoTze ThOBMABELETIIMEYIIBITIET VI TSI —
DY H LA, EIETHWAZ LI (3X3IX3) OXH) LB B
LETH, NV FEry 7OREEX2+HBFRELTBY, fEOFETH S E
FNVIFGAIT—E LTHWAZ LN TELILERL, £72. BIZLDRAIKE
PHHLAFILL ST, TAINT A FRTIC ZEDKERBIZOVTRE
LTwa !,

TR LT, EAEBLIUESETHDY EIFtx v VEWE, BHELE
BREZAELTBY, S50, 2BEOBAFT VI TBRENTVWS, L
2o T, TRHEDILEWH S, EFNI FTAF—%8 ) BIHAITIE, vwL
OPDEBFRLEL LR L, BETREAEF, 1) ETWVIFTAI—DREE,
2) EFNI TR —DFERK, 3) EFNISAI—DHEKRTHE, Thbi
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Fig.6-1 Relationship between band gap and the number of atoms included in

model cluster.
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Fig.6-3 Energy level structures for three types of cluster with different symmetry. Occupied and unoccupied levels are shown by

solid and broken lines, respectively.
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Fig.6-4 Relationship between band gap and Ca/Si ratio in model cluster.
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