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Core-hole Effect on Partial Electronic Density of State and
O K-edge x-ray Raman Scattering Spectra of High-Pressure SiO, Phases
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Qe S0, A4 WES F43te T5S E4=2 1 AH9 Sio, dATFERE AR = AAT
27 B tigh FAg olal= AT WFe B89 998E Jdo ok F&E AF3) Si0A
3 Add(low2)E o]Fol A EHO M AAFEE in siv 1Y XRS (x-ray Raman
scattering) A E-& T3 AT H St kAR V1€ 1Y AP WHOEE EHY T4 AT =Y
XRS 2~HER 2t H4AJAE gele AV Ytk ol FES A o 52 ¢4 EAskE Sio,
of it XRS AEE A7) 98] D= W34 o] E(density functional theory; DFT)o 718FS & A|19
2(ab initio) ALHEE ©] &3 XRS 2HEH A4t AFS0] P Ut Hlgg XA A 98t
of LA FH 15 njgol TEAA & HA-A F(core-hole)> H U EHS T4 ARF R FA
FEFE vA7] B2 O K-edge XRS ~HEH FJe|E AT v Fa34A 1ejsfof et

2 AFdMe -Hul4d ¥ HZI(full-potential linearized augmented plane wave; FP-LAPW)
Eof 7]Wsl= WIEN2k Z2 138 A83}e] ¢ -quartz, «-cristobalite 18]I CaCl-TZE 2+ SiO,
of g 0 YA AA e BE e S(partial density of states; PDOS)$} O K-edge XRS 23]
EYS Atetnh B3 CaCL-T2E ZHe Si0,9] 0 UAt PDOSY| A &3to] 2§ o Fof
mE zo] & Hlwste, 4AE B ATz Wl wkE PDOSS] A Al7|¢F A WErE 2A v
ERtthE ARS8 & itk E=9k A4t 7 Si0, 729 O K-edge XRS 2=HEF ] 7} SiO,
T2 A AR O Y9 p* 28IEe] PDOS A} wlg- A JEHE 2t oS EASAT
°]& O K-edge XRS £~FEHo] zh= t 759 542 1A E0] O 94 A 1s 2B ZollA 2p*
rgE Y HAprold 714lst7] WEolth B AT AFE Sioo i A e O K-edge XRS 2=
HAEHS At o] AA-AF EHE 1sfof e A BoEth &3 A3 eRE
Aol o+ 14 A EA8HE CaCl-TZE ZHE Si0, (~63 GPa)oll gk O K-edge XRS 23]
EY A4S T3, Al1del Astol 1Y EAY B4 ATl ol8d F ithe AME HYET

F0] : Si0,, AAF 2¥" BE e WS (partial density of state; PDOS), 14, O K-edge XRS 2=

HEH, A4 a3}, Alide] AL
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ABSTRACT : SiO; is one of the most abundant constituents of the Earth’s crust and mantle. Probing
its electronic structures at high pressures is essential to understand their elastic and thermodynamic
properties in the Earth’s interior. The in situ high-pressure x-ray Raman scattering (XRS) experiment
has been effective in providing detailed bonding transitions of the low-z materials under extreme
compression. However, the relationship between the local atomic structures and XRS features at high
pressure has not been fully established. The ab initio calculations have been used to overcome such
experimental difficulties. Here we report the partial density of states (PDOS) of O atoms and the O
K-edge XRS spectra of @ -quartz, « -cristobalite, and CaCl,-type SiO, phases calculated using ab initio
calculations based on the full-potential linearized augmented plane wave (FP-LAPW) method. The
unoccupied O PDOSs of the CaCl-type SiO, calculated with and without applying the core-hole
effects present significantly distinctive features. The unoccupied O p states of the «-quartz, a-
cristobalite and CaCl,-type SiO, calculated with considering the core-hole effect present similar features
to their calculated O K-edge XRS spectra. This confirms that characteristic features in the O K-edge
XRS stem from the electronic transition from ls to unoccupied 2p states. The current results indicate
that the core-hole effects should be taken in to consideration to calculate the precise O K-edge XRS
features of the SiO, polymorphs at high pressure. Furthermore, we also calculated O K-edge XRS
spectrum for CaCl-type SiO, at ~63 GPa. As the experimental spectra for these high pressure phases
are not currently available, the current results for the CaCl,-type SiO, provide useful prospect to
predict in situ high-pressure XRS spectra.

Key words : SiO,, partial density of states (PDOS), high pressure polymorphs, O K-edge XRS
spectrum, core-hole effect, ab initio calculations
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A7 Wi A wEbA Sioe M-tk

SiO = A7l FHEA EAlske =2 EA ¢
E gESHY FHe &8 7Feds AYa o
7] Wzl F=sh, 443t AFEddt SEdE
g8t Igal AR EE T o FopellA] AT
H o] Yth(Arai et al., 2003; Cohen, 1993; Pirkle
et al., 2011; Tsuchiya, 2011; Yonehara et al.,
1984). SiO, & &5=-99 =4l wt o2 71A
A4 FEZ0) Uehl, 53] gl Z1a%
£ Si YAk wl9gTt SRSk ISiol A PeIgie
2 W3h(Kuwayama et al, 2011; Wu et al.,
2011). web 48 246 wel 24 Jehs
Si0,9] YA 9 Az gtk olsE dE &
2o =ejslsta gl gk oo dF o,
AT WS FASE T S8A T2 4,
AT W BE T B4 2] WE #3 1
I3 o Uty exgteo] H& #HAT
(super-EarthyE5¢] W&F FZ2E& dj4st=d F83
B34S AFS 4 AdtiCataldo er al., 2016; Tto et
al., 1984; Kuwayama et al., 2011; Nettelmann et
al., 2011; Sun, 1987; Tsuchiya et al., 2004;
Tsuchiya, 2011; Wu et al., 2011).

(Mg-silicate)?} 22 3}3t=S Ak Za 59
Aog EAT & Utk o] AFlA, AU t
% % FF(mid-ocean-ridge basalt; MORB)
< S WE st AEerd 2AHSEHE
E3HE SiOE 10-20%7HE E3d o = Ae
2 4 A HAndrault et al., 2014; Kesson et al.,
1994; Ono et al., 2001; Tsuchiya et al., 2004).
=3 AH o= Si07F TR Ae] s s
2 AYshe  F3E AWK Driver et al, 2010;
Kesson et al., 1994), S-WE 737 F(core-mantle
boundary; CMB)©l| &A|3}= bridgmanite (MgSiOs
perovskite)7} 13| Fe¢} §HE-5te] Si0,7F A4
2 5 e ASRE dPHHKnittle and Jeanloz,
1991; Tsuchiya et al., 2004). ©]9} & A4 2
H== Qe AT i 25 ofg-21d EAs)

£ Si0, 9A & ARz it ol3e FaA
o] B¢ RzEth -9ty =7 wet Sio,

= Aol o3 teFst AA 725 zhed o)y
g 7Y WP AT UE BASA(elastic
property)dll FFE HX7|E doh o E S0, A
Al ol 1670 km F-ZollA stishovite= CaCl-
T-Z(CaCly-type SiOn)E vHH =T, o213k 4 o]



AR F EI(Core-Hole Effect) 280 W2 Si0, 1SS A2 & ~

7} ~1670 km F-ZolA Yehbes £4 @49
S(seismic signals)g oF|3th= ATEC] H
H At Andrault ef al., 1998; Cordier et al., 2004;
Hirose et al., 2005; Kaneshima and Helffrich,
1999; Karki et al., 1997; Kingma et al., 1995).
T3 CMB $-2(~2890 km)2] AX 3} &5 7447}
F= bridgmanite®] “Fzlolol 7191zt A=
JARE, CaCl-7ZAA  @-PbO, TZZ HH=
Si0,9] 74719](2600-2700 km, ~125 GPa, 2000-
2500 K)7} CMB #9] Azl9t £ 5 #3e}l 3
o] k= AF% U THHirose et al, 2005;
Knittle and Jeanloz, 1991; Murakami et al., 2003;
Sidorin et al., 1999; Tsuchiya et al., 2004). ©]<}
2ol A ] AR8HA o) d(seismic anomaly)
dde] Yetde dds olsfisty] HsliAlE Sio,

W EAEY A4 B ATz tE ols)7t

ARA Si00] PATEE 4
3 = ARz A 71dS
wAskE AoE §5F 4 el 53, in situ
3%} x-ray Raman scattering (XRS) A3 19t
g Si00] AATEE 'R B4 de W
EAQ A 5 sho|thFukui et al., 2008;
Hiraoka and Cai, 2010; Krisch and Sette, 2002).
In situ 113 XRS A& 732 X-A(hard x-ray; A
= ~10? nm)< o|&3le] YA & BRI |5 eng
AAE A7INA B2 e A2 ARE A
a8t} 93 X-A(soft x-ray, 4 = ~10" nm)S
o] 8dt= X-A FF EFEA(xray absorption
spectroscopy; XAS)AE] 79 X-Ao] 7j2=F
(gasket)oll FrEo] THsFA| k= dido] Utk
shAE XRS A2 Aid o g FxHo] & A
A XS A7) Wzl XAS AEd 2 1
W A (low-z) =] HA FZ At gt
ARE Ao g dojd & Qlvh. webA in situ
T8 XRS A¥S o]43le, Be (Sternemann et
al, 2003), B,O; (Lee et al, 2005b), =<
(graphite)(Mao et al., 2003) 18|31 AAG O
(solid oxygen) (Meng et al., 2008) & T3 7
A4 =259 1) ATz tig dF-Eol
&= ofgitt. 53], Si0,9F MgSiosol thgk O k-
AAAA(K-edge) XRS 2~HEH L 2ba¢x FH
Ta YA wet T v 2AE7] wEel
Be Ay A7t RuEQthFukui et al., 2009;
Lee et al.,, 2008; Lee et al., 2012; Lin et al.,

2007). SHAIE AF AA Y] ofHwEE sl in
situ 1] XRS ARE 74 o+ e o4 AL
~70 GPa A= &= Qloi(Lee et al., 2014;
Yi and Lee, 2016), °}2] XRS ~HEHS] 4zt
1] mIAIE 719 Al ofelgo] Wt webA
O 52 d9gollA 2Aske Sio, 9 2 AR
Zof| th3k A77F BEsint FHZole A A Al
s S5t ¢ £& A UEideE Si09
ARz} ek 248 Hsk] flste] Al1d
2] Al4Kab initio)S ©]83 XRS ~HEH AFE
o] Z&Y= 1 ATHWu et al., 2012; Yi and Lee,
2012, 2014, 2016).

4o AAFEE olsietr] AsliM= A U
5 AAEe] FEAe-S olalfsteof sl=tl, A1
g AMPEE o] dAket dAHES FEAes
UEeR= Schrodinger A4S Aoz of
4 EAY AAFEE At AT BE HAt
4ol 45ALE nHshe BRT oA
AHA 02 Frlolle dAY AFH VeER
B2 ojEwol 7] wWEd, "¥x Wi oE
(density functional theory; DFT)¥ 22 YHES
o|g3te] A4tsiAl Hth DFT WL g
ANzHlo® AN HAATRE AAEES] HE
T2 Fdst A T84S =UHKohn and
Sham, 1965; Schwarz, 2003; Tse, 2002). T3k
DFT & A2 b 23e 7He Axt &
Lo eHlE FESt Uehte FaAkgo] ¢
Sk Zdol A (correlation energy)$} FAF en|g
53] Wkt A (anti-symmetry) ol 23+ Pauli
Hjel ol el 2 2|ES 2 A ke v
ol 7]Q1% n ¥k A (exchange energy)E EF
W3/ el d(exchange-correlation potential)
2 A AA AREE B X2 ITHPayne
et al., 1992; Schwarz, 2003). wehr] B o toj A
AHEgH DFT W2 B2 A2 749 1A
4o AAFRE 52 &Y AYgHoRE ALt
sh=d A st (Payne et al, 1992; Schwarz,
2003). DFT HHE ARESH HAFZA A=
ARz e HEE oA Fdshk=A w
2} W3 oo thdk ZAPHo] YAl o]
= ALY AgAds AAsH Itk 54 2k &
AKlocal density approximation; LDA) WHELS
AATZE Fdshe 7P g ZAPoE o
AT TS AAEE(p)ET ®Hst 88
ARl Aks & o lom, HA 7F W AApd

l

O:

to [
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Table 1. Si atom coordination, space groups, lattice parameter and structural variables of SiO, polymorphs

Name @ -quartz’ @ ~cristobalite® CaCl,-type SiOy°
Mg lelgi

System Trigonal Tetragonal Orthorhombic
Space group P3,21 P4,2,2 Pnnm
Lattice (A)
a 491 4.97 3.90
b 491 4.97 4.00
c 5.40 6.93 2.57
Average Si-O bond length (A)

1.61 1.60 1.69
Average O-O distance (A)

2.63 2.62 2.39
Average Si-O-Si angle (°)

143.72 146.38 130.00
Si-O polyhedral volume (A3) 2.13 2.11 6.41
Crystal density (g/cm®) 2.65 233 4.99

a

b

@ -quartz, high-resolution synchrotron-radiation powder data for crystalline quartz (Will ez al., 1988)
@ -cristobalite, neutron time-of-flight and x-ray Guinier diffractometry (Schmahl ez al., 1992)

¢ CaCl,-type, x-ray diffraction under pressure ~63 GPa (Andrault et al., 1998)

WL F43H4 ¥ EFAE 3l £ 2d
HoE)h dukstE 7]€7] AKgeneralized
gradient approximation; GGA) WS w3k’
HAFE AR DAL ES] 7127|(Vp) 2
wAsto ZH, AA-AF EIKcore-hole effect) Z
&3 2e ATz It s w AR A
Aol AAEE7Y 5435 Wete Hd4s =250
A oS A x2S ALteld 5 ok

A =0 AR e.g., 1s LHE H2he| of7]
Aol ofg XRSeF 22 Wz &9 EFEA4H
(core-level spectroscopy)ollX A= APZA}
E AN E A7) flaiAE AR B2 AR
ATz B8 T8tk B AollM AR
WIEN2k Z27HL dxjsl B2 Azl oHE-S
A} 3l (pseudopotential) & TARSHA] Al B
T AAE AH Jlsshe 2-9dE AYRS)
(full-potential linearized augmented plane wave;
FP-LAPW) "HE<5 ol837] wzol A &
=] HAIZE Mzl o8 AAE= W &9
B ARE ANt A3t Blaha er
al., 2001; Schwarz, 2003).XRS+ X-Aol 9|3 #

e b

2t 1s Qg Az} Aojo] W o] WIE &
3 T4 AAFZF Uidt JEE o=, o
Is 28 A7t &2 AUR] gYo= olFshd
Al A7 F(core-hole)o] HAYSHAl Ak o]#3h
AAFz Wsk= dAke) 471 B2 Culh Fel
o Sivk OA Y HAke] 471 Hidog 22 7
2 U4 EFo AATF% XRS ~HEY Fg o
£ Y3k FtiHébert, 2007). 3HAT A=A F
a3 ot 19MY Si0, =AEY AATE ¥g
7t AAHOZ AelEo] A gty B AT =
FP-LAPW &0 7]9kel= WIEN2k Z= 7%
< o] gdl], AFoRE gRlo] o AAAF
a3} Ag o wE utA Si0,9 HAATE
zlolE AFHoR st aela ol A
A7z st sl 29 O K-edge XRS 23
EY e v Gl st ARt =
g AgHo 2= Aldo] oJ#HE ~60 GPa ]’
bl YeEh = CaCl-7-% Si0,2] O K-edge
XRS ZHEHS Alste] ALbATe] 119t A
A7 4= 9 ol g F84S BT
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Adt L
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Sio, 28+%

2 AFAE o] A7 A3 ¢ Aoz
2o Sio, ARTEE ARSI a-quartz (Will
et al., 1988), a-cristobalite (Schmahl et al., 1992),
CaCl-T% (Andrault et al., 1998)]. Atk ARE
gk Si0, FHo) AAFZE Uit A FE
= Table 19 AHEHo Uk a-quartz, a-
cristobalite 18]1 CaCl-T-% SiO,& AMFAA,
AYAA 283 APEAHAR o|FoH o 7t
7} P321, P4.2,2 1813 Pnnm 33HES YERA
o} T3 Table 1S EW Si vj$|5 wsle] w2
Si-O 4ole] HelrTt 0-0 A Wspr}t o &
A3 Yehdth= AMS & S ok TElar 469
T Si YAZ o]FofF g-quartz®} «-cristobalite
= Si-0-Si Bt =7} 27} 143.72°9) 146.38°¢]
g AMES & o, 6ul9lg SigAE o] F
oZ CaCl,-TZ SiO+= 130.00°¢]t}. ©]+= CaCl,-
TZ Si07} 6Hl91S4 SigARE 7FAH Si0g W
AE FAshy thdAle] H3)(Polyhedral volume)
7V F7kh Uehde #4elth Fig 12 e-
quartz, @-cristobalite 12|31 CaCl-TZ% SiO,°l
gt AAHFZE A wet Yepd 29 olth
a-quartz®} a-cristobalite= =5 Si0O; AMHAZ
o]Foll AAT2E 7L AoH, Z} Si0, AP
A= 49 95e] Si YAtek 29| O AR o]
FojA ok ZE O YAE ES5ol I AA
(corner-sharing oxygen)Z4] SiO, AFHAIES <
AANZ 1 Yt W, CaCl-TZFE ~60 GPa )
o] YA YERE= Si0, ABTFERE EF SiOs
FAAZ o]FofA Stk Si0s A E 6442
Si Az} 3ujfTe] 0 YAEE o]FojAH o
o, 7} Si0s ZHA= EAE T Aki(edge-
sharing oxygen)= AZ= o] QIth Fig. 19 YR
Si0, &Y= AATEE VESTA ZEI1H
© 2 YeEItiMomma and Izumi, 2011). Z} SiO,
4EY AATE AE $F SCF (self-
consistent field) A4t M2} Qnjge] FE A
Y % (partial density of states; PDOS) A4 18]
O K-edge XRS Z~HEH ALEd HFELS oA
AT AL 21 Faste] ofefe} o] At
THYi and Lee, 2012, 2014, 2016).

(a) o-quartz Osi
. 00

Fig. 1. Crystal structures of @-quartz (a), a-cristobalite
(b) and CaCly-type SiO; (c).

SCF A& =2

Si0, FHoV AAEY AATFRE AL
At} AATE Ak dhe Wi HEsE
GGA W& ©]83 A4 F Perdew, Berke 71
2] Ernzerhof’} A|oFet 1A E2 9] AAF=Z A
Aol 223} HoJQ)= PBEsol S AHE-3HTH(Perdew
et al., 2008). ¥A WAS AA3= W& §EA
E(Muffin-Tin radius; Ryr)& A2 WHe] 23t
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Core hole applied PDOS %f CaCl,
Y p——

Maximum intensity )
0.30 o

Core hole excluded PDOS of CaCl,

Maximum intensity
0.39

Normalized intensity

Fig. 2. Calculated /-resolved partial density of states
(PDOS) for the CaCly-type SiO, : the core-hole
effects applied to the target O atom (upper) and the
core-hole effects excluded (lower). The Gaussian
broadening FWHM for PDOSs is 0.01 Ry (black
solid, total PDOS; blue solid, s state; red solid, p
state; green solid, d state).

A 7Eoez Zzadd s AAEHSIh
XRS AgolMe= YA X-Ao] HEe} oA 7}
W3l 4kgkEt XRS 2 EHLE o] Akehd
X-A BA} 2] H3KDDSCS; double differential
scattering cross section)ll 2J3te] A ¥tk DDSCS
= AT JagsE 28 4 e, oe
FP-LAPW &S ol&stoa] 27] A2} o
713" AATFRE ALtste dojd & Sl
(Jorissen and Rehr, 2010). FP-LAPW WHES
o] g AN A ulgS AR B2 G
H(core region)¥ UAZ} FY(valence region) >
2 o] ALkl "k oju dzkd B Y
I A7 LS FEshe ARE AvA 71E F&
(cut off energy)©lgtal 3t} ofufA] 7]& gk A
b Agke dhs Si WA 2p QHIETHA] AT
Hog FHREEE 7204 -6.0 Ry (1 Ry = 13.6
eV) Ato]l2 AAsint. dstdx Felof x7fol
A 7P 2 e 7] H(Gwax) 14.00.2 A4
staon, AR A4z RS A7) f3 Bd
9 tY(Brillouin zone) W FEEFA ¢b= 94

2% (inequivalent k-point)<  «-quartz’} 87N, «
-cristobalite”} 247) Z18]3 CaCl,-+% SiO,7} 48
ME ALrE AT WIEN2k Z2IH)A ZAA 9
AATZE A4kstE SCE AR o)A dA o] A
2b Azel vwshy O A2E 29 Wie 34S
HHEsty AAFZRE FEHAE FHS AXA
S, olwf MA oA 38 2L 0.0001 Ry
2 A3t 8 212 0.0001 eZ A3} SCF
Ao R Si0, sdold AAES] 27 HAF=
£ +@A71" PDOS &2 O K-edge XRS 2~ E
g At tidt 24S AAsta 4] Asks 4
g & Aok

PDOSA & 8 O K—edge XRS AHEZ 7 At

£l

PDOS ALt AAFZ Yol EA5H= 0 YA
o thal Fastgon, 15 enlg Ak of 7)ol ¢
& AA-AF aHE 1HSATE SCF ALt o)A
z2718 GANA 1s 28E AR 3 S Eola
HIH 5 AEl(unoccupied state) G HAE 3+ 7|
A AEHZE O 0 dAY AAFERE A5
SCF A4+ 21843519tk ©]% PDOS % O K-edge
XRS 2~ EH| tgk ALk vAf e FH o
T AAE AAS L ALketAnh. AA-AE
'35 1A & 0 YA PDOS A=
CaCL-T2E Zt+ SiO0l thiatdTt AASHAT
AA-AF G395 243 0 YAk gk PDOS Al
22 7+ Si0, ®3°l4d a-quartz, a-cristobalite
83 CaCl-7-%Z ZHe Si0ol tiste] 4=3)3}
Atk 7+ O YA= O K-edge XRS A4kl ARE-gH
O dAs} TY3 dAE AHEste] AR oA
A Zpolol] 7]Q1% MAR 2oz YERE 24}
7} Q=2 39th. =E PDOSE 0 (H 21| ¢
Ep)olA 30 eV HlNA 2 o A= 5, p I
il 4 enlehs st Yeth Al 7HA Sio,
SHY AAEY HA-AHFo] HE4H PDOST
0.005 eV HEX|Z(full-width at half maximum;
FWHM) 7H-A19F 3] ¢1*HGaussian broadening
factor)& ©l&3t] YRt HA-BE &7l F
£ oFo| W& CaCl,-T% Si0,2] PDOS o] E
Felsl7] Y3+ 13 (Fig. 2)1AE 0.01 eV 7+H¢
AIRE B7) RIAE o] 831t

O K-edge XRS ~FHEH At AA-AHFT &
HE 1t 7} Sio, FHolY A Wl s



AR F EI(Core-Hole Effect) 280 W2 Si0, 1SS A2 & ~

Hg AAE o7] A7l O dAtel dis) sk
th o]& fsted ALt thido] He= 0 ¥AY] 1s &
Hg 77t shs w7 AstE ol sAZHTh 181
AA7E F4E 0 dA AR T2 wHEA
g Uehbs ALY HEAgel ofF E3E
=o|7] Hall, &9 AAE S AA FES A
T a-quartz: 367ll, a-cristobalite2} CaCl-73
SiOy: 487 71 ARF2E el ALs F
AL O K-edge XRS 2=HEH At O
AR 15 2n=e] AA Ad o A|(binding
energy)= ~538.25 eVE ARt #=A ol
(dipole transition)?} T =& FHo](multipole
transition) S =5 1#3A L, 0.005 eVl HEX|Z
7HEAIRE WY QIAE ARES O WA §
(absorption edge)°ll4 0-30 eV oUX] HHZ
Epwit.

Zn Y E

10

Fig. 2 CaCl,- Zh= Si0o EA8k= 0
AR e AA-AF S uHste] A
PDOS (%ot HA-AHEF EHE 1A &
PDOS (3FthE 7+ A (I-resolved)ll T3l 1t
e A4k Aspel ZF PDOSE B5F vl A
(unoccupied state; s*, p*, LE]3 g*QH|E) JH
of tistd YeRAth WA, CaCl-T2E ZHe
Si0,¢] PDOS+ AA-AE &7e] H-§ of ol w
2} &93] U2 FHS RoEFT 0 YA s* 2
2o A9 AA-A T EHE HE5HA Lok we
10914 15 eVE Sl AA e Al7|9 337t
EuAe, AA-ABE ERE HE9 s* QuE9
739 ~7 eVEZY e godoz 13y} )53}
o, oo ® 339 A7le ARAN 927t U
By olux] 99t Aoz FoAy A
2 ujge] =48k(localization)E HQITE HHA
A-BE adE AL3HA] ¥ 0 dA p* Q]
22 F2 14904 20 eV FYoll AA 37} e}
YA, M2 S S35 285 0 YA pr 2
HIER AAHQ] 9137} B2 ouix] Yoz o]
S8 SAl) AAp enjgo] Qe ool A o
A= vl=A38Kdelocalization)”} FRBHA Lot
o 339 FejrF v ok 0 YA gx Q]
ge O oY A~HEHRT JFoR e
A71E BoFa Qlo] ~20 evold] oA ol
A& A4 PDOSS] FEjoll & ¥ HX L A

=
S

FaARE AR-AE a9E HEstHA AAH L
2 9371 Y& 99 2A nls3 A)7|2 e
= HlFAsE dojuy FE7E viTh CaCl-7
= ZF= Sioyo EAIskE 0 YAkl Wik PDOS
o] AAAQ Fele w39 A7t dideE 7
Sk os* 9 opx QWES] YHIE w23 gty =3
AA-AE a7ke] A8 ofFo wie} PDOSS| )
7 FAskAl Wgt). wEbA, o AAIRE B8l
Sio, U O ¥4 1s Qug AR} of7]of wjg} A}
71 AL 0 YA eng P27t 94 de it
= M-S & F Utk ol Zo] dAjE B A
2] 7)ol mE HAAFR WMsl= Ak At
2 AYa EZAA Hudez A yehdoh
0 A9 1s 2u" U HAE 7] A7l g O
AR o] p* QH|Eo] PDOSE E3) 1s-2p* Ho| &
ES 9T & 9o, old AT ENME o8 F
3 Si0,9F 7S YA B tF O K-edge
XRS ~HEH| Ax} ©g] 7194S efslr] st
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Fig. 3. Calculated /[-resolved partial density of states
(PDOS) for @-quartz, «-cristobalite and CaCl,-type
SiO, applying the core-hole effects on the target O
atom. The Gaussian broadening FWHM for PDOSs
is 0.005 Ry (black solid, total; blue solid, s state;
red solid, p state; green solid, d state).
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Fig. 4. Calculated O K-edge XRS spectra for «-
quartz, «-cristobalite and CaClx-type SiO,. O K-
edge XRS experiment spectrum for «-quartz was
brought from previous work (Lee et al., 2008).

Al g2tk AMs YeRdth o]dg A= ot
7kl & Si0, AR S TS tHATE Sio,
oA SiOsE W= AT O YA FHY] 4 A
ATz {3t tidk ARAAE BoFETh CaCly-
TZE ZH= Si0,9 PDOS7}E =& of| L xS ol A
HAEY o-quartz (1Si)2} a-cristobalite (1*1Si)ell
H|3le] W E(band gap)ol HAHE HojFEnh o]
9} 22 /A2 hHo] ool whet YAE A
7t golAm HAES] duAgo] AslA YAk
TR AAE 7] A7]=d B8 JyATt F
7¥sk7] wj&Eo|t}. E3F stishovited] tHel o] A
T AR A (Fukui ef al., 2009), CaCl-T%Z
ZH= Si0,9} stishovite= 48 S719 7 0 €
Azt A7 7R wek O 4R} 3F p El"
9] ZZ(O p-p hybridization)°] B4= o] O YA
o] p Qulgo] FAE = A FYo| Wt F
Ne 13E 7HAE §4AQA FE7F Uehde A



AR F EI(Core-Hole Effect) 280 W2 Si0, 1SS A2 & ~

o= R}

Fig. 4= AL B3t 92 e-quartz, a-
cristobalite 12|31 CaCl,-7Z Si0,° tigt O
K-edge XRS 2#HEHo|t}, WA ©]H «-quartzoll
gk O K-edge XRSAH A7} ALt Ao} 2
dx)ate] At A ST ke AME RIS 5
ATE Algtel] ARRE BE SiO, TE0ld 2AHE9
O K-edge XRS ~HEHLS Hx-AHF G94& &
23 0 ¥A p* Mg PDOS FEHIE w2 Q)
= AME & 4 tKFig. 3). ol O 949 o
A B s QHY AR} 2p* QHIEER 7]
st Uehes A4 E Bl o3k onjge] W
37} O K-edge XRS 2 ER o] FA] 9
< "Rige AAES dEET weA, 19
Si0, &0l CaCl-TFE ZH= Si0,2] O
K-edge XRS 2HEHS] e/} o-quartz®} «
-cristobalite®} A T o= O YARE A7t
7M™ FAE 2 0 ¥Rk 31 p HlE
FHl 710 Aoz ®HAth |A a-quartz®] O
K-edge XRS 2FHEHL  g-cristobalite®} 2]
~149 eV F-ZolA AL I3E Hola k. o]
23k ~14.9 eV F29] A2 33 Aol= Fig. 30
A FRIE a-quartz®} «-cristobalite®] A F
29E AL3 0 dA pr LuE] Aol E g
A & ot o]9} 2L O K-edge XRS 2~ EH
o] zolx=  g-quartzZt L& FHoL  «
-cristobalite® H3}H YEU= Si-0-Si 4% #3}
(143.72° — 146.38%)2 X33 0 YA} FHo +
Z Wl 7|08k Aog Helth whE, 19}
A Uet= Si0, 213 CaCl-T2E Z=
Si0,9] O K-edge XRS ~HEHL F4] ~83 eV
o] 2L 939} ~11.8-17.3 eV Yol A e}
e W2 93 F R o] R3] SRR JEHE
HoFa Qlof, AYFYGdA Yehs & «-
quartz®} «-cristobalite®] O K-edge XRS 2HE
Hi g3 O FEE HolFa Qi o|gk 2
2 2ol Fig. 39 O YAk p* @MY PDOSOIIA]
T 1 F 9oH, CaCl-7FE ZH= SiO,
©siye] 0 YA FH IFA& AATEI}L a-quartz
WSy} a-cristobalite (HISi)eH= FolsiAl th=
o 2 A9 A} A, ol A9 a-quartz
9} stishovite®] O K-edge XRS Z~HEH A4ke]
Ao =M, Sio, 282 sHY =259 0
K-edge XRS 2~FERS F 79 945 2= &
AR Fele Si AAY i P

AS BAZETHLin et al., 2007). ¢ A= 19t
HAZ Si0,7} stishovite®] O K-edge XRS ~HE
Ha} o] F 79 9 =7} vehbe §4A< FE
£ 7= dglo] Sio, Well = Si ¥k il
of 7I1g= o) AT Adel IAsa Stk
(Lin et al., 2007). X3 o]d A7 mW2H o]
g 0 YA ¥ AAFE Wl IE O K-edge
XRS ~HE# | EAA]] Wk g F7le] m
£ 0 94 p Mg FHI #HHo] thMeng er
al., 2008).

B Ao Ao O K-edge XRS A}
A Sio, 2AE £ AR Fx X
& FH, ol AW Si0, AREEY 7=
3} ol W2 EAS oldfsk=d =g &
T} 53] O K-edge XRS ~HEFHL 0 A}
o] e oy YA Tz hIF ARE AFs}r)
w&ol| EZo| AAFzo| sty W= B4
gt ARE AFL 5 ri(Stixrude and Jeanloz,
2007). webA o] gk Adp= o] ATt A Ao
2 in sim T XRS Ag AFe] 4 g oz
o] AFAANE oS3t o] 82 F Jom, AT
Wi Sioy7h F53 Ao 1t £ 7= of
gk ol3fof T
Ho o 52 25

(R ¥0 oo R

1

kB
by
)
[o
N
x
rlr
3
o
N
-
=2,

= =

B AFolME CaCL-T2E ZHe Si0,9 0 ¥
2 1s enl"] tigk AA-AE a3 A8 oo
& O YA ARz vAIH WEkE BT 4
Ell(unoccupied states) FHollA It om, o]
£ B3l A A AYAE o]Foixl EHA]
AR a3 AL 57t 0 dA p* HE
o] F2E FA HINITe ARE AFZ R
gelstdtt. 18ja o]F Fot 1s Bly AR
7)ol whel Yeh= 0 YA p* enjege] et
O K-edge XRS =¥ E" o 21HAQ J&F<
71Xt0= AHAS a-quartz, «-cristobalite 18]l
CaCl-TZE Zk= Si0,9] O K-edge XRS 2~ E
HA AA-AE A5 2838l AL PDOSE
el A og gelsidrt. ofEnt oz}, AY
Ao gE IRIgH7| ofHfE ~63 GPa ¢4 3



=4

A== CaCl-TZE ZH= Si0,9] O K-edge XRS
2HEYS AL, 2 19 30lA g S
o A 2 W 0 EA FRY =4 dAF2I}
gl wel O K-edge XRS 2~HEF AA| &
S 15 old AAA 9 niAA Si0,0l
gt AFEe] 223 vBPHAZE(Lin et al,
2007), ©1213F O K-edge XRS ~FEH 9| W3l=
Si ¥Ate] w9l AT FABATL e AR
Belt}, =3k gt F7le] mE 0 YA A" 7
422 Q3 e 0 94 7] en" EH(e.g.,
p-p hybridization)©] ASIEHA AAFZ7} G5
Es) A1, o] & Qlste] FriH o ® Exeh FE
2HEgo] Yeh i e ZoE AZdEnh B o
T A Abe] 18k 3 w2 AF+ =4
o] Wzt 29 E3EA AF AHE siMsta 9=
gl Qo] 83tk AMdS Holal, HEe ALt
Ag 47] 98l 8% S AXNTeEN, &
oo #HH & Aol B =0 2 F

of

4

A A

B Q7E o4 miolA AYE FRATA
tH2014-053-046)2] EokkAl 2 FaE|sUT)
AFE S5 owe AN T B 17 6
A7 =R YT,

REFERENCES

Andrault, D., Fiquet, G., Guyot, F., and Hanfland, M.
(1998) Pressure-induced Landau-type transition in
stishovite. Science 282, 720-724.

Andrault, D., Pesce, G., Bouhifd, M.A., Casanova,
B.N., Hénot, J.M., and Mezouar, M. (2014) Melting
of subducted basalt at the core-mantle boundary.
Science 344, 892-895.

Arai, S., Shimizu, Y., and Gervilla, F. (2003) Quartz
diorite veins in a peridotite xenolith from Tallante,
Spain: implications for reaction and survival of
slab-derived SiOj-oversaturated melt in the upper
mantle. Proceedings of the Japan Academy, Series
B 79, 145-150.

Blaha, P., Schwarz, K., Madsen, G., Kvasnicka, D.,
and Luitz, J. (2001) WIEN2k. An augmented plane
wave+ local orbitals program for calculating crystal
properties.

Cataldo, G.F., Davis, S., and Gutiérrez, G. (2016) Z

AE - ol f - o4

method calculations to determine the melting curve
of silica at high pressures. Journal of Physics:
Conference Series 720, 012032.

Cohen, R.E. (1993) First-principles predictions of elas-
ticity and phase transitions in high pressure SiO,
and geophysical implications. High-pressure re-
search: Application to earth and planetary sciences,
425-431.

Cordier, P., Mainprice, D.,
(2004) Mechanical
vite-CaCl, phase transition. European journal of
mineralogy 16, 387-399.

Driver, K.P., Cohen, R.E., Wu, Z., Militzer, B., Rios,
P.L., Towler, M.D., Needs, R.J., and Wilkins, J.W.
(2010) Quantum Monte Carlo computations of phase
stability, equations of state, and elasticity of
high-pressure silica. Proceedings of the National
Academy of Sciences 107, 9519-9524.

Fukui, H., Kanzaki, M., Hiraoka, N., and Cai, Y.Q.
(2008) Coordination environment of silicon in silica
glass up to 74 GPa: An x-ray Raman scattering
study at the silicon L-edge. Physical Review B 78,
012203.

Fukui, H., Kanzaki, M., Hiraoka, N., and Cai, Y.Q.
(2009) X-ray Raman scattering for structural inves-
tigation of silica/silicate minerals.
Chemistry of Minerals 36, 171-181.

Hébert, C. (2007) Practical aspects of running the
WIEN2k code for electron spectroscopy. Micron 38,
12-28.

Hiraoka, N. and Cai, Y.Q. (2010) High-pressure stud-
ies by x-ray Raman
Radiation News 23, 26-31.

Hirose, K., Takafuji, N., Sata, N., and Ohishi, Y.
(2005) Phase transition and density of subducted
MORB crust in the lower mantle. Earth and
Planetary Science Letters 237, 239-251.

Ito, E., Takahashi, E., and Matsui, Y. (1984) The min-
eralogy and chemistry of the lower mantle: an im-
plication of the ultrahigh-pressure phase relations in
the system MgO-FeO-SiO,. Earth and Planetary
Science Letters 67, 238-248.

Jorissen, K. and Rehr, J.J. (2010) Calculations of elec-
tron energy loss and x-ray absorption spectra in pe-
riodic systems without a supercell. Physical Review
B 81, 245124.

Kaneshima, S. and Helffrich, G. (1999) Dipping
low-velocity layer in the mid-lower mantle: evi-
dence for geochemical heterogeneity. Science 283,

and Mosenfelder, J.L.

instability near the stisho-

Physics and

scattering.  Synchrotron



AA-AE E3KCore-Hole Effect) 2&oll W Si0, APAEe] HAAT=x D ~

1888-1892.

Karki, B.B., Warren, M.C., Stixrude, L., Ackland, G.J.,
and Crain, J. (1997) Ab initio studies of high-pres-
sure structural transformations in silica. Physical
Review B 55, 3465.

Kesson, S.E., Gerald, J.D.F., and Shelley, JM.G.
(1994) Mineral chemistry and density of subducted
basaltic crust at lower-mantle pressures. Nature 372,
767-769.

Kingma, K.J., Cohen, R.E., Hemley, R.J., and Mao,
H.K. (1995) Transformation of stishovite to a denser
phase at lower-mantle pressures. Nature 374,
243-245.

Khnittle, E. and Jeanloz, R. (1991) Earth's core-mantle
boundary: results of experiments at high pressures
and temperatures. Science 251, 1438.

Kohn, W. and Sham, L.J. (1965) Self-consistent equa-
tions including exchange and correlation effects.
Physical review 140, A1133.

Krisch, M. and Sette, F. (2002) X-ray Raman scatter-
ing from low-z materials.
Letters 9, 969-976.

Kuwayama, Y., Hirose, K., Sata, N., and Ohishi, Y.
(2011) Pressure-induced structural evolution of pyr-

Surface Review and

ite-type SiO,. Physics and Chemistry of Minerals
38, 591-597.

Lee, S.K., Eng, P.J., and Mao, HK. (2014) Probing of
pressure-induced bonding transitions in crystalline
and amorphous earth materials: insights from x-ray
Raman scattering at high pressure. Reveiws
Mineralogy and Geochemistry 78, 139-174.

Lee, SK., Eng, P.J., Mao, HK., Meng, Y., Newville,
M., Hu, M.Y., and Shu, J. (2005b) Probing of
bonding changes in B,Os; glasses at high pressure
with inelastic x-ray scattering. Nature Materials 4,
851-854.

Lee, S.K., Lin, J.F., Cai, Y.Q., Hiraoka, N., Eng, P.J.,
Okuchi, T., Mao, HK., Meng, Y., Hu, M.Y., and
Chow, P. (2008) X-ray Raman scattering study of
MgSiO; glass at high pressure: Implication for tri-

MgSiOs melt in Earth's
Proceedings of the National Academy of Sciences
105, 7925-7929.

Lee, SXK., Park, S.Y., Kim, H.I., Tschauner, O.,
Asimow, P., Bai, L., Xiao, Y., and Chow, P. (2012)
Structure of shock compressed model basaltic glass:

clustered mantle.

Insights from O K-edge x-ray Raman scattering and
high-resolution 2TAl NMR spectroscopy. Geophysical
Research Letters 39.

Lin, J.F., Fukui, H., Prendergast, D., Okuchi, T., Cai,
Y.Q., Hiraoka, N., Yoo, C.S., Trave, A., Eng, P,
and Hu, M.Y. (2007) Electronic bonding transition
in compressed SiO, glass. Physical Review B 75,
012201.

Mao, W.L., Mao, HK. Eng, PJ., Trainor, T.P,
Newville, M., Kao, C.C., Heinz, D.L., Shu, J,
Meng, Y., and Hemley, R.J. (2003) Bonding
changes in compressed superhard graphite. Science
302, 425-427.

Meng, Y., Eng, PJ., John, S.T., Shaw, D.M., Hu,
M.Y., Shu, J., Gramsch, S.A., Kao, C.C., Hemley,
R.J., and Mao, H.K. (2008) Inelastic x-ray scattering
of dense solid oxygen: Evidence for intermolecular
bonding. Proceedings of the National Academy of
Sciences 105, 11640-11644.

Momma, K. and Izumi, F. (2011) VESTA 3 for
three-dimensional visualization of crystal, volumetric
and morphology data. Journal of Applied
Crystallography 44, 1272-1276.

Murakami, M., Hirose, K., Ono, S., and Ohishi, Y.
(2003) Stability of CaCly-type and a-PbO,-type
SiO, at high pressure and temperature determined
by in-sifu x-ray measurements.
Research Letters 30.

Nettelmann, N., Fortney, J.J., Kramm, U., and Redmer,
R. (2011) Thermal evolution and structure models
of the transiting super-Earth GJ 1214b. The
Astrophysical Journal 733, 2.

Ono, S., Ito, E., and Katsura, T. (2001) Mineralogy of
subducted basaltic crust (MORB) from 25 to 37
GPa, and chemical heterogeneity of the lower
mantle. Earth and Planetary Science Letters 190,
57-63.

Payne, M.C., Teter, M.P., Allan, D.C., Arias, T.A., and
Joannopoulos, J.D. (1992) Iterative minimization

Geophysical

techniques for ab initio total-energy calculations:
molecular dynamics and conjugate gradients.
Reviews of Modern Physics 64, 1045.

Perdew, J.P., Ruzsinszky, A., Csonka, G.I., Vydrov,
0O.A., Scuseria, G.E., Constantin, L.A., Zhou, X.,
and Burke, K. (2008) Restoring the density-gradient
expansion for exchange in solids and surfaces.
Physical Review Letters 100, 136406.

Pirkle, A., Chan, J., Venugopal, A., Hinojos, D.,
Magnuson, C.W., McDonnell, S., Colombo, L.,
Vogel, E.M., Ruoff, R.S., and Wallace, R.M. (2011)
The effect of chemical residues on the physical and
electrical properties of chemical vapor deposited



=4

graphene transferred to SiO,.
Letters 99, 122108.

Schmahl, W.W., Swainson, L.P., Dove, M.T., and
Graeme-Barber, A. (1992) Landau free energy and
order parameter behaviour of the o//f phase tran-
sition in cristobalite. Zeitschrift fiir Kristallographie-
Crystalline Materials 201, 125-146.

Schwarz, K. (2003) DFT -calculations of solids with
LAPW and WIEN2k. Journal of Solid State
Chemistry 176, 319-328.

Sidorin, I., Gurnis, M., and Helmberger, D.V. (1999)
Evidence for a ubiquitous seismic discontinuity at
the base of the mantle. Science 286, 1326-1331.

Sternemann, C., Volmer, M., Soininen, J.A., Nagasawa,
H., Paulus, M., Enkisch, H., Schmidt, G., Tolan, M.,
and Schiilke, W. (2003) Momentum-transfer depend-
ence of x-ray Raman scattering at the Be K-edge.
Physical Review B 68, 035111.

Stixrude, L. and Jeanloz, R. (2007) Constraints on
seismic models from other disciplines-constraints
from mineral physics on seismological models-1.22.

Sun, S.S. (1987) Chemical composition of Archaean
komatiites: implications for early history of the
earth and mantle evolution. Journal of volcanology
and geothermal research 32, 67-82.

Tse, J.S. (2002) Ab initio molecular dynamics with
density functional theory. Annual review of physical
chemistry 53, 249-290.

Tsuchiya, T., Caracas, R., and Tsuchiya, J. (2004) First
principles determination of the phase boundaries of
high-pressure polymorphs of silica. Geophysical
Research Letters 31.

Tsuchiya, T.a.T., J. (2011) Prediction of a hexagonal
SiO, phase affecting stabilities of MgSiOs; and
CaSiO; at multimegabar pressures. Proceedings of
the National Academy of Sciences 108, 1252-1255.

Will, G., Bellotto, M., Parrish, W., and Hart, M.
(1988) Crystal structures of quartz and magnesium
germanate by profile analysis of synchro-

Applied Physics

AE - ol f - o4

tron-radiation high-resolution powder data. Journal
of Applied Crystallography 21, 182-191.

Wu, M., Liang, Y.F., Jiang, J.Z., and John, S.T. (2012)
Structure and properties of dense silica glass.
Scientific reports 2.

Wu, S., Umemoto, K., Ji, M., Wang, C.Z., Ho, KM,,
and Wentzcovitch, R.M. (2011) Identification of
post-pyrite phase transitions in SiO, by a genetic
algorithm. Physical Review B 83, 184102.

Yi, Y.S. and Lee, S.K. (2012) Pressure-induced
changes in local electronic structures of SiO, and
MgSiO3 polymorphs: Insights from ab initio calcu-
lations of O K-edge energy-loss near-edge structure
spectroscopy. American Mineralogist 97, 897-909.

Yi, Y.S. and Lee, S.K. (2014) Quantum chemical cal-
culations of the effect of Si-O bond length on x-ray
Raman scattering features for MgSiOs; perovskite.
Journal of the Mineralogical Society of Korea 27,
1-15.

Yi, Y.S. and Lee, SK. (2016) Atomistic origins of
pressure-induced changes in the O K-edge x-ray
Raman scattering features of SiO, and MgSiOs pol-
ymorphs: Insights from ab initio calculations.
Physical Review B 94, 094110.

Yi, Y.S.L. and S. K. (2010) Local electronic structures
of SiOy polymorph crystals: Insights from O K-edge
energy-loss near-edge spectroscopy. Journal of the
Mineralogical Society of Korea 23, 403-411.

Yonehara, T., Smith, H.I., Thompson, C.V., and
Palmer, J.E. (1984) Graphoepitaxy of Ge on SiO;
by solid-state surface-energy-driven grain growth.
Applied Physics Letters 45, 631-633.

Received April 25, 2017, Revised May 26, 2017, Accepted
May 29, 2017, Associate Editor: Yong Jac Lee



