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ABSTRACT : Essentials of understanding the geochemical evolution and geophysical processes in Earth’s
system are macroscopic properties and atomistic (and electronic) structures of Earth materials. Recent
advances in quantum calculations based on the density functional theory allow us to unveil the previously
unknown details of local atomic structures in diverse silicates in Earth’s interior. Here, we report the O
K-edge ELNES (energy-loss near-edge structure; ELNES) spectra and PLDOS (partial local density of
states) for oxygen atoms in «-quartz and stishovite using the quantum calculations based on FP-LAPW
(full potential linearized augmented plane wave). The calculated O K-edge ELNES spectrum of «-quartz
shows a strong peak at ~538 eV due to corner-sharing oxygen linking two SiO; tetrahedra and that for
stishovite shows two distinct peaks at ~537 and ~543 eV corresponding to edge-sharing oxygen linking
SiOs octahedra. The significant differences in spectral features of O K-edge ELNES spectra suggest that
the O K-edge features can be useful indicator to distinguish various oxygen sites in diverse crystal and
amorphous silicates in the Earth’s interior.
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AT AZFAA doju=
Aoyt 3l WME Abo] 9
x4 Wals AT Wi
o] dFge] He WEY YA
stedl o] vl F838 o S, %
dlo] A F(CMB; core-mantle boundary) -l
A dojue tiEAQ @Y Foll skl MgSios
H 2 8 A~ 7}0] E(perovskite; Pv)9} TAE-FHZH 2~
7Fo] E(post-perovskite; pPv)e] o] d4-2> CMB
FZo A Z2-A <455 (ultra low velocity zone ULVZ)
olgt Eelv A& 39 EAY AT ASHY
ME 49 E+F44(heterogeneity)S A F=
93 Q4o|t(litaka et al, 2004; Murakami et
al., 2004; Oganov and Ono, 2004; Stixrude and
Karki, 2005; Mao et al., 2006; Shim, 2008).
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DACE ©]&3 AR 13849 in-situ XRS
Aol A MgSios HIZE EA FA-YAFZR7}
eredo] 713kl whet Clsi.0lsi oA Isi-0-
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and Shukla, 2010). T4+ &g49 ATz

T 52 FAAEE ZA 7o) HAY g
243€ 7te 434 EAY fAS EAE 23
Aeol delA glom, olfqd 542 g 7t
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© XRS A3 A7 A $&2 F Arh(Lin
et al., 2007; Lee et al., 2008). 121} o}z &3l
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(Lee et al., 2008). WE2] 31552 CMB H9
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<ol Holsol ALtAstel 2 A A1dd
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2 AAFAKPayne er al, 1992; Marx, 2000;
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ZHE Yl 9](double differential scattering cross section;
DDSCS)E 53 @A engo] ouz &4+ A=
g A 4 A HAK(Payne er al., 1992; Mo
and Ching, 2000; Mo and Ching, 2001; Cottenier,
2002; Schwarz et al, 2002; Tse, 2002 Schwarz,
2003; Schwarz and Blaha, 2003).
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Table 1. Lattice parameters for SiO, crystalline polymorphs

Lattice Parameter
Crystal Chem. - - -
Space Group a(A) b(A) c(A) a(®) B(°) 7(°)
a-quartz " Si0, P3.21 4921 4921 5.404 90 90 120
Stishovite ® Si0, P4,/mnm 4.18 4.18 2.668 90 90 90

(1) 2x2x1 super cell (36 atoms), (Glinnrmann ef al., 1992)
(2) 2x2x1 super cell (48 atoms), (Ross et al., 1990)

A. alpha-quartz B. stishovite

Fig. 1. Crystal structures of «-quartz (A), and stishovite (B). Blue tetrahedral and octahedral each means SiO4

and SiOs unit.

HF), "€ ‘%2 &(configuration interaction; CI)
B, 22-F8A A S (Moller-Plesset perturbation),
YEHE 4 o] Z(density functional theory; DFT)
ToE UHI, A uEs R3] A% /1A
Stro] R0 wgl 742 $H4(Gaussian function),
211l 3 H I} (orthogonal plane wave; OPW), H.Z-
% ¥ 9H(augmented plane wave; APW)9} o] E5F
& & 9)TH(Asheroft and Mermin, 1976; Kittel, 2004
Levine, 2006).

£ AT = LAPWS A¥3 B3 Wdnte}
= 2-QHE ZFH(augmented plane wavetlocal orbital:
APW+lo)2 o] &8t thite] AL 2E s
WHES o] 8319t LAPWOIA 2zt eHje-&
HARSHE ahg g Al ofef e o] Fozith

L >

" {E,,,Z[Alfiul(n&)+B,f‘,i’ziz<rﬂ>lYlmﬁw<Ra
G r)=

N %eexplilk+k,) sr], rel

Y= EnCn * ¢1{,, Eq 5
2 59 YeRt e LAPWE 948 oA
FHRHYLE ol g3, AT Aole] B

(interstitial region)oll A= PHIE T3t A9
EEZE Yepdth 282 APWHo B ellA F7}

HE Fa-onlgd U3 EF5E ohdle] 4%
Zo] Foj7itk
(4,, U(T,E“)-I-B,mu,(r,E“)
1) =1G,, Ur, B )Y, (7). r<R,  Ed. 6

0, rel

LAPWOI| =72 2 H] € (local
F7¥ete] AAe BEE Y

2l 69 APWHo=
orbital)ol] tjg FJRE

EpdTh. 919 Aol Yehte ¢, 03 ¢p”E AH
YRolA ko #7148 e SRR AA o

Hgs} 4 QNS 3
orbital)o] ™ Y}l

Fsh= A 21 ZH(molecular
FR(r < R)NAME FHZS
S Vi b wHBA WA Y AP FE 5
(radial solution)?] ‘u,Z} oA WslFS 9w
g "\E' ‘u ,i IS:]QO—] A}\E]'(7]- Alm, Blm, Clm\_. %LU-_]
Z313k o mE AgE 9vsh. 182 DFTY
Z-2F W4 4 (Kohn-Sham equation)] 3¢l ‘g =
2] 5, 694 Fo R EAF-2u =] A E 23 (linear
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Fig. 2. Calculated O K-edge ELNES spectra (A), PLDOS for each electronic orbital (B) of SiO, «-quartz. The
g-factor is the experimental Gaussian broadening factor. The experimental O K-edge ELNES spectrum of «-
quartz is modified from previous work (Lee et al., 2008).

combination) .2 0] X Th(Ashcroft and Mermin,
1976; Schwarz and Blaha, 2003; Singh and Nord-
strom, 2006).
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B A E LAPWE 74O 2 3= Wien2k
£ o] 83t SiO, A4 9Y(a-quartz)¥ 19+ EE
o]/49l 2] 4un}o] E(stishovite)?] 4FAYUA K-A
A7 Aol ELNES ~HE#H-S A4S th(Blaha,
2010). o]d AT X-A 348 Ay AHZHEH 4
< F 1Y AATE ol 8t O 13 2 d
A28 BdS HEAHRoss ef al., 1990; Glinnr-
mann et al., 1992). A=Y A K-AA74 2 ELNES
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Si-0 A2z 2AHH, AL YL 1.607~1.619 A,
ZEl&HPo| EX 1.756~1,813 A9 742 7H). LAPW
g ol &3 A A evgE dxd R
4 H(core region)d YA/} Y (valence region)=
usol F3HEH, ofF Wire YA 71E(cut
off energy for core and valence region)®| #
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o] AT A5 Fohe RKwax® #6214t
o BAL sp-2HEO-15252p", Si-[Ne] 3s73p’,
Mg-[Ne] 35)& %7] W&ol 5.09 #&g ol 43l
oh ARz gk AR Aozl A4 U F9
S A2 (k-points in reciprocal lattice)e 274 9]
Tz wt 30~509] @& ol &ty 1,
ojgA Ao AAY 7| AAFZXE o]&5ho
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e?] T AAst vedEH Y UAE Tt

Fal
o
.

— 407 —



Normalized Intensity

530 540 550

Energy Loss (eV)

560

o
i

Density of States (state/eV)

0 10 20 30
Energy Loss (eV)

Fig. 3. Calculated O K-edge ELNES spectra (A), PLDOS for each electronic orbital of SiO, stishovite (B). The
g-factor is the experimental Gaussian broadening factor. The experimental O K-edge ELNES spectrum of
stishovite is modified from previous work (Lin et al., 2007).

(Schwarz and Blaha, 2003; Singh and Nordstrom,
2006; Hebert, 2007; Blaha, 2010).

ArARX0| CH B ELNES % PLDOS A4t

AadAke] 1s-QuEe] Mz AY oufA] = 538.25
eVE AAs9 3, ELNES ~2HEHE XA F
B 28E 0~35 evel thate] Altstgon,
Ae A Aol A (selection rule)> A=Ak o]

TS 13 Holg EFSTh TELNES
B89 AE 5ot dojdl 29EHLE §-3
(6 -function)®] ZFCE Yehr] wzo] A4
Hof vwE 7] 9t A@AHQA ke~ W
) A} (experimental Gaussian broadening factor)S
0.0, 0.5% u}to}7} ELENS ~HEZLE A4ks}
Ack ALE Fdtel doixl ELNES 2~HEJ9
Ao dagk AhAadAe] 7 AAl eulgd o
PLDOSE 37 AAFSHA I 0.049] Q3 14 &&
A& T

XA vigg Abehel 9ste] aeste]of st
AR Zof Ul o M Ao &I core-hole effect)
Aolg&7e dAdA e B2 9 A&
o) 1 a7t FAE & AL FAE B4
A7 e dAER 48 =45
Age ARE A7) YA s WEA ey

o rfr

ol mY
1o 5

ojoF StH(Tamura et al., 1995; Luitz et al., 2001;
Hebert e al., 2003; Hebert, 2007). ¥ o A=
8 AA-FF ade oy A ZAHEE T F
-3 AL W (final state approximation method)
< o] &3t Fruld dAL 7] o3 AT
25 AH T334 th(Hebert, 2007). o] & 9|3}
CF AXbs F85t7] ol 2713} A4 oA o
4 AadAY] 1s-enge] Hig AxY A
(electronic occupation number)E s Fo]1 YA}
7b g9 Ai AR A STHNHOEA T
Y AATF2E 7] o] FY HAFxE FH}
Aot FAE HAAFEE o] &3t SCF Ats
Y3 o, A7 Gl F71E A A A (excess
occupation number)2] #t<& o]H 9 F(F7FE A

w2

=N
AzZ7F dajA 7] olxe d¥e e HEH
t}S TELNESS} DOS EEE& o] 83t ELNES
29 EZI PLDOSS A4betgth.

2t EE

18 2AE A2 Yo abaYUAt K-AAPHZ ELENS
2HE-olt}, o] Ae o]H XRS AFoA 4
ofx Azlel & A5, ~538 eVl Al7]7}
I3 Zo] Yo 139 &4 ~542 evel] e =
(shoulder)@}, ~545 eVelA A WA ¥ =] w3}
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of A7|¢ Zo] F& 9aE AFHNLee ef dl.,
2008). 1Y 2B 4HAYA K-AAAZA ELNES
2HERY 7)19e gty Hdl A AR A
aQ7te] Z- Axp el tgk(s-, p-, d-2HEY
PLDOS9| Astolt}. Attd 4ha97He] PLDOS?
P-oHE JEL 08 LRt K- 4442 ELNES
2HERY fAS FEHE RAFT o], K-AA
A4 ELNES ~FEgo] AA9e] 2p-ouegtg
o] EY(projection) S ZHH AHE F UsS
] gk,

a9 32 AXAYe 19t 244 4o
2E|&npol EQ] 4FAYUA K-HAZ A ELEN
HEH3} A4aYate] 72+ AA 2uge gk PLDOS
o] Aztelty, 19 3A9Y AAEE 2Ed&nlo]ES
A2 K- 4 9] ELNES A9 E# Y 19
3BY 7+ AA QuH|Eo] PLDOSE A& ge] A
o} 2 GAES RAZET AAE AE LN E
9] 4tAYUA K-HAA A ELNES ~2HE#HS 17
3A9} o] ~537, ~543 eV H-2ol| F 7HY A7)
7F A% W 039} A ~550 eV o4 9y
A YW FIE Kol ojd AT XRS 43
Aol A3 H(Lin et al., 2007). 138 3B2] AE|
Zedfo| ES] AbAYAte] Zb A onge gk
PLDOSE A2499 ZAi9} nfd/iA 2, Ag
Hlo|E9] AtAYA K-HA4 A ELNES A9 EH
o] jFEE p-HlEd o3t AgE F J&s
HojZr}

A2 Gox Yehds 19 249 2o 4
A AAaYA K-ZA7Z ELNES 23 EHL 1
1A%} 22 B5ol& Ffrdte Sios AHRAE A4
St AFAS ATz 93 A S EA, Si-0 944
Tz O YA p-onEst Si YA s-QHE
9] sp-&4 QB Y (sp-hybridized orbital)e] Al
o3 Aot} 1Y 3A9 2E|Lnto|EQ] 4AbAYAt
K-AAZ4 4 ELNES ~HEZS 18 [BY 72L&
EAEE Tfdte Si0s BUAE dAAshes Ata
o] ATz o ASEA, AFAn9} AT 4HA
o] At Zag wel O YA pp-A 2
H & (pp-hybridized orbital)e] Aol 2Jste] e}
Yth(Hebert, 2007; Lin ef al., 2007; Fukui ef dl.,
2009). 1% 4+ A4 YA LELHto|EY A9
EYS vluste] 7t FEo] AR Atold 7]
018k A49x K-AAEZ ELNES ~HEH 9 3}
o]Z HoFtHLin er al, 2007; Lee ef al., 2008;
Fukui ef al., 2009). ©]9} 2 Ay 38tx4 o

lo

7 o
> e

ol

]
A 1
- I\ ;V“
’% 1A
s )
£ (N stishovite
— \ .y
® / e/ ]
N ==
©
g alpha-quartz
=z
530 540 550 560
Energy Loss (eV)

Fig. 4. Calculated O K-edge ELNES spectra for
stishovite (dotted line), and «-quartz (solid line).

Bop B39 MgSi0s9] FEIAE Si0, AFAAL
SiOs ZHA S AATZY Aolz2 QAZ EAHZ
A Edo] JAALE Tt A F AS5E
gt}

Aol N& AFES AWl olyz} H|
A4 B4 AAFE fHdAE 483 F ot
(Lin et al., 2007; Lee et al., 2008; Neuville et al.,
2009). SHAI T, T4t vAE B A4 A9
A S(degree of freedom)7} o} AAH A E4
Hjgte] Fojdoz B gHgAE dAFRY
W37 el & Q7] wEol 1eksE o 4k
Ad 24 YATFRE Y] YEAe A
Ao g w& oA ZAFE E4 AAF
Zo| tigk FR7F JasA Aot H o9 #d
B 802 g Z7K1 am~39 GPa)ol <3
MgSiOs freEld A58 4 FEEY dadat
K-HA74 4 ELNES ~9ER & Hwsto] MgSiOs
A AgAdA Yehte el 7t & 9
ATz FHe AR AFAFHT HuFT
o] AFolAE HAHA MgSiosol Yelds Az
Zo] Wste] dQlo R qtH e FUIE g kA
A4 FH o) 15098 Fxo] 15102519} e
A A2 2E 9 FAo] A ATH(Lee er al,
2008). 3FAIRF AQHFENS] MgSiOs freld Algel
A e e ARz wske 7 A" Ao
2 AAEHE MgSiOs Pv-pPyv dxo)7t A<
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XRS P02 AAT2 HEE F4T £ e
120 GPa ©]/4¢] CMB FollA dojur] oo
AN AE Ao FE= MSio; FEd A&
4ol FTtell o ATz Mste] g AH
ol AYT= AL & F Uth(Oganov et al., 2005;
Shim, 2008). & ATol|A o] &8 YAA LS o] &
st ole} e APAQ AHFE FHII
MgSiO; Pv-pPv A0l 2 213 A4 A2 K-A A
Z ELNES ¥ E#e| WH3lE o st nAA
MgSiOsell YEhE ol g dax9 Hs)
o thste] FAE olsizt 7bsd Aot thekdt
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