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Effects of na rmation of CeO, were studied

under high pressu ere carried out using angle

dispersive x-ray di temperature. Pressure was

generated using a [ , > i nd ell with 4:1 Methanol:Ethanol
-‘- .
pressure transmittin . The termined using the shift of R,
Twrred
fluorescence line from sfub cffys:lal | x-ray diffraction patterns were
4k

resolution of 1.7 cm™' were recofded ig.the 514.5 nm line from an Ar-ion laser

BT

with the power of 50 mW.

At ambi ndition, the quency decreases with the

decreasing particlaizes an e latlice constant m:reases with the decreasing
particle sizes, With thé imreasi:?c.;JpressM, the first order Raman frequency is linear

dependenc@lwu ﬂsgr;n nnﬁegﬁv&l ’;lrfi-tleiizes of 10.5£3.7 nm,

36.8+16.0 nm, and 53.2+14.3 nm start phase transformatien from fluorite to

0 B0 bk G \b{ brebdle] ol Uk ard b BB Edo7 ope. anc

q
25.67+3.08 GPa, respectively, which is less than that reported for bulk CeO,

(~31 GPa). It shows that the transition pressure of the nano-CeO, decreases with the

decreasing particle sizes.
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Ko K
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Fe 1.93739 1. 93608( , 2(1) 1.75664(3)
Co 179030 1 mgt)(l) %90) 1.62082(3)
Cu  1.54187 yzs@ 1—5#4*1-(2) 1.39225(1)
Mo 0.71075 hl/(f{) 0. 713& 0.63230(1)
‘ g_q!latgd as kavmge (2hkoy+Aka,)/3.
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Be Density = 1.85 gm/em®  Thickness = 4000 microns
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A
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(297) g1tk 4l ﬁﬁmﬂmmﬂummmmmm

atlulanaidl unta 1mas & ”m:rmvl,ﬂmqn@ﬂﬁﬂmvmummﬂﬂumﬂmwm

N . -
FADNTINANNTZNUNUNSHNAN [23]
2.6 ANLNALNAR

Buguiae | (Image |Platellwauny o ldinin atanidiiae s @ iandis
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anunsninnaunn llndle tneaztiunndayaiiluaesils daninloge uazaiunsoiuin

o y o o 8 vy Ao 2 9 a P~
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u

v
o

Aunstinllldaas i laseaF1ananaedans seriuaatenldaniwamanluniiuinn
stununisaeauesfdandrianseansys
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a =K = rdl 24 ¥ = o 4
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(valence band) AUNGUOLNNIIN (conduction  band)  wazrgnAnAulAlunnudiaeing

(forbidden band) U3aUNBeNI AaLaasimuaas (color center) [24] AakamalunIN

ANUAN
Radiation ;{ i
Conduction
% © Forbidden
Valence
VY] CJ:DQ (D O OO

ﬂ’]WV] 212 'N{NL@ﬂsﬁb‘lﬂﬂ?v%u‘]_lu%ﬂLN@LWﬂL‘]‘Wﬂ‘MﬂL@ﬂ[ﬁ]ﬁ"ﬂuﬂﬂﬂ?u[ﬂulﬁﬂﬁm“’]’mLLm_I

Lqmuﬁnmumdmummﬁ LL@”ﬂﬂﬂﬂ’ﬂUVLfﬂuLmUWNWm [25]

r
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'
<

aa o/cv Il“ N 2 9/ ‘gl, A 3 o 14
ma“m@Lzmm@ugﬂmmuifgﬂwmummmmu Lﬂ?‘HUL@N‘ﬂuﬂW?LﬂUW@G\?WH‘lQ

] = P = - W, il 3 o P A& ye
@uﬂﬁ]’W“’ﬂ\lﬂ’l'fm'j‘“’ﬁluslm\lﬂ’]’j‘ﬂ’]ﬂW@\‘I\‘ﬂu@@ﬂ’%\l’Tﬂﬂﬂi\? Iﬂﬂm ququﬂL@ﬂﬁ]i@umLﬂu1qu@3
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£
Lﬂu@mmqu‘imﬂmmﬂUﬂQWLmum@w\mL@ﬂwmﬁmmuluummwm ‘ﬂNLN@LW@ﬁ]WIW TU7 \‘15
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o

g Lsﬁﬂﬁ‘l,ﬂu[ﬁmﬂﬁ‘“’[ﬂuiﬂﬂL@ﬂﬁl?ﬂuﬁﬂm@’]ﬂLLﬂU[ﬁ]ﬂ\‘lﬂ’]NﬂﬂUﬁLLOULQ wud Tneazilanilans
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PNANTUBRINH ﬂqqﬂﬂ_ﬂf)ﬂ@uﬂﬁ‘:fﬂqm 400 nm AANHNI %EW@Q’]NWN?@\?LLNQIHLLM@Z

Fumbsfiseseenuniaziiul frralnenselaonudugessadiendiannazny [25]

[ %
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BLANATAUNYAIINUDLFABITINNAUGUO LA UTUAAIE WA U AN LU U IBIUAY Lad
v 1 1

Lmhﬁ%t,%’ﬂém'amﬁmﬁwmaL@'a‘?(photomultiplier tube) Walasuannuaartlu

Aoyl andudssadyyrulddinipaenadyyiudnai dynyiunladidy

dl [ o/ aa dl ] % v dl a '8
@Q_,Imw’]mu‘ﬂu’]@'ﬂﬂ“ﬁﬁ‘ﬂzgﬂuﬂ@\‘]L‘]Ju@ﬂalﬂal’]mﬂ‘ﬂm‘ﬂﬂLW@@\‘]?I@H@IVM?@QW@NWQLlﬂ‘ﬂ‘i

Uszananaluninmanaasalil [25] sauwanslunind 2.13
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Imaging —>

Laser beam —p P-M Tube
Plate

«— A/D converter

Digital data

NINT 2.13 WHMERNNIN N AANAa9E LB HLNALNAR [25]
BuwAamaaailashua ) ldiumnluuunisiasa s @andsiag
a d’l o a o g k% [ 4 a o a Z’/
WATANIIAELLLTBITIAEN G0 N I a8 JNAE I AN UGS TH Tneddnsuznsfinsa
guUnsniseuansluning 244 uagaadnsadssananadayaanauinawanliaglugiaes

pNANTuSssnIneatlddlassm 200 laaanslunang 2.15

image ‘Plate

Monochromatic
X-rays

dl [ % a dl Y o K dsj o a ¢
NINN 2.14 ﬂ’ﬁ‘@m']']\i'ﬂllLN@L‘W'Z\]B’lLW'ﬂiﬂ]UHVIﬂgﬂLLUUﬂ’]?L@E"JLUH"IJ@\?N@L@WT]

]
=S

AognAtANALaLNYessAendrianszanaynuneliANALgs Tegtuuy

X Ao = ~ = A S o y
NNTLAEILLWAZHAN BT UINNAN Lu‘ﬂﬂﬂﬁmNQN@ﬂNﬂW?L?ﬂ\?W"JLLUU@‘N [26]
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ANNNANNUTTENTNAIY ;éymm@mmﬂmm“uu 260 mmmsnmmi”uimqLﬂu‘llmamw

ol ﬂgﬂqwawﬁw N3

mmnm?wmm@”mi %IuﬂW?MWLL@GWIGﬁWW?WNLWﬂ? IﬂF;I‘V]

RISl TR R gy

ﬂutﬂﬂ@:quwﬂilﬂll NINNWITATADURAABITSLULLARANTUB Bravais lattice) 11U

Iﬂﬁ\‘mﬁ"]\?LLUU@ﬂU’Wﬂﬂ (cubic structure) ﬂ']ﬁ\l’iﬁ‘ﬂL?J?;Iuﬂ’ﬂll@quﬁi‘wﬁ’ﬂx‘iﬁ‘yﬁlyﬁ’]\ﬁ‘yﬁqm‘]

ToUU ﬂ’]ﬂ\‘lV]LL@ﬁl‘V}sﬁ LL@&@‘HHN@L@@? 1@@@‘%

a

Ay = (h2 R +12)1/2
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TunnadiRtenldldsunsnlunisszylnseaie M launsnseylaseaing
Tdnauazamzaan duiuanuidaildllsunsu DICVOL04 Tunisseylassairaiuiiiagsiu
Aellsunsudananaimunlne Tugfinuazianiess (A.Bolutif and D.Louer) [27]

! % o a o‘d‘ 2 ?/ o o |
doupnndineesisdiendildainniameaeariu aztih il luntsmndaums

dl ¥ o a ¢ ' IS o [ o
1e9eznad InanAaudnaesii@iandainudazszuny (1,,) Hanuduiusiuunamnas

' 2 =
Tnseadng (structure factor, ) nanana 1, o« |F,, [ uazuiameslassairedoulsiiu
[18]

Fyyy = D frexp2r i(hx, $#5z) (2.5)
; J
e f, meurlaimasnisnIziaNdasass@s ; (atomic scattering factor)
d’ d%, Qs

GNET GO T S T FY
i
= o 1 L = o
X,y PAf LS az AR, ) WWAne (o, v, z)

1 - -y, ' '
9 o o i o ¥ o P =
sluﬂW?H@ﬂiﬂiﬁ@?ﬁﬂ%-@ﬂg?%ﬂ% @qLﬂum@\jgm’]LLMHQV]LLUH@H"H@Q@ZW@N g

arunsnvnlianNAE LR EIRNAgaT (electron density, p(x, v,z)) [18] Faannis

<)

il dia
Byificos[2nlik by + I2) - ] (2.6)

1 hmax kma/\ lmax

p(x,,z) =;ZZZi

Posin Knin 1

'min “min  “min

o,y - PensiatesssuIn (kD)

4 A% 4 : AV . N
HARAIIUNANNI3N 2.6 WUALFNIR ks TLANAe U WAFINTDUN

AN NNA AR 83BN ENN AT A 1AN1989BITLNANIMARD4 [18]

2.8 N15UsuAI1SlATIASIIDITNLIRA
AIUTINRENINUAMNAVILULBLANATAVLAIAAIN LWANAT IHAINNITAIUI0
9N AANLAAR AR Uiladd s h des BlilabdAadATIaasddN Ara PR Wb R iand Taun
grun)Tesansdating wan lsaduaesisdiend nisganauiadiend au1neynIAI8981s
o 1 o al %3 =® [~ 1 d} 1 1 dgj 1
Fnating N9daEasdaenan liduluugu “a4 T9Funnsig 1 manflazgnaneglu
& 1 2 . o ?z}/ =K = o [ v o o 1
WWALABTARITIAWT (correction factor) [18] AHIUAINAIINANLIUABININTUFUALTHNDY
FINANIIINTIAN ML a L AN INE 1F AN AN1IAN U N RBAAAASTLINANITNAAD

a a

nstfusaudslasea¥reaadinioad  udgnasdiusoudsTaseaiqendin
sununsiasauwisnnann ldlunisliusaulslaseaiie inlinanladdsz@aninang
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A8n17sanatimundulneInnas (HM. Rietveld) Tl A.A.1969 [28] Tasiundannissa

wana NN 2.16

v‘ ”n \ \
1% f mfmﬁ[zz]

ranaadlasaasanluld e dann
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IFanuanimasesuaznsdiasrainansaids e ssiu Inaiilasea¥efianaasauun

NINFUFLNIIRLRATHN © 10209 NLTIUANHAURUF I UIAN
dinuyn 260 [29] ArEasnaseaestiansn ¢ ‘od) [18] TmeNaNTUNIAINK
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q
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NAaRININTaEWEmila TeinAn X HAURY TATNATINNANABITUALH AN NARARAAITTL
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nan1Inaaasunn laannisdiusautslaseafresenaafunisdiulimonduainnng
o k7 Yo ¥ o [ 1 o o d! ¥ dl ¥ o
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HponAniusiLuAme 5 - Al [18,29]
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Y, =5 L|F| 9(26, -20, )P A +Y,, (2.8)
K
Tneft s Ae uAwmafana
K #esoiiiames # (hk) 1o I
® Ao Marfduzesinslnidnisasieufissuny K daiuieifures 20, - 26,
F, e ulamasinseais
Ly Aeulaimefyaslals function)
P, Aa Warifuan Seraly preferred orientation function)
A4 Fe LLWﬂL[ﬁI&u -
Y,  fAa Al
agl@FuN1sUFuAn e ldna
AMNNITATUILARAAR. intsuandnuanisUiusause
TassaEiinnnaninidede (agreement factor) #4fanT0
a0 2 15300 Tiwn wiawm ,) wazunAAasuaa TN WA wL L
fngtinmin (weighted profile N R, > R, [18,29] Tnauneined

w; Yoi - Yci

1

QRIadnTEEn ey "

] dl o o ¥ dl 1 (=3 rdl ya a o
LL[?]Lu@ﬂ@’m@’]ﬂlﬁl@\‘lﬁqqﬂmﬂﬂLL‘]JQ[E"]’]SJHN?I@QLLU?ﬂﬂVII‘HW@’]?ﬂA’] HRINUIU

AuEueninens

ABWINGHAN %qﬁlum\iﬂﬁﬁﬁuﬁmfamﬂuﬁum 0.02°[29] #atiu Aan13UFudaulsTasaadg

%
a o dPLD

ga9inaanastuNiiuniIsAuasslellsunen Tuanuddaillaldldsunsy GSAS
(Generalized Structure Analysis System) [30] FINMUNITUTALANTAULALIDY ATA (Larson

and Von Dreele) anviesijiAn1sana aa1ued (Los Alamos Laboratory) isuine



20

anigaing Faiflulisunsunainnsnilszusananisdsusanilslaseairsaanunluda
nrAnuaz NN N dazaandanis auldsunsy lunistseutanamansanngas
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NAAaY [29] Aauanaluning 2.17
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29 AUUNAAIRFATUD ﬂs‘m‘mwanmﬂﬁmmmugq

WAsuwEsIUd (Gibbs free energy, G ) Wludauilsaniuznisgnmuna-

o‘d‘ 1 dl % L4 o 4 dl o é’
ﬂ’mﬁ]ﬁ"ﬂﬂ’?ll’]ﬁ‘ﬂ'i_l\i‘]_l’ﬂﬂﬂ’]‘J‘L‘LI@ﬂutﬂiﬂﬁiqﬂﬁl@\i@q?ﬂ’]ﬂimﬂ'}’]ﬁ\lﬂu@ﬂiﬂ [31] BLLAANIANY
G=U+PV-TS 2.11)

G=H-TS (2.12)
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Wa U Ae wassnuneluy
P A2 ANAL
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T e goun)i
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H A9 1au9iatl

195 UNITUIL Lyﬁhermal process) mMsilaenlaseaine
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a
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19 :Wjﬁmm‘iquﬁwﬁﬁmsmﬂ

v
o

NaNNInRaTUIRAILLA - Assas N lnannaanAMedNRusseuInandssnunnelu

uaztsuNmT [29] Avua A
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!
=
g i

=
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=)
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AN 2.18 e A UF NN UT I UININANIUN8 TLAT B NNAT TUdUn TN duTadun s
2041AMNA5 19 A 1Ay 1P99a519 B @nngntiauanAusunnn lminanisilas

1P798519 A lUidlulngaa¥re B luidassiu [29]
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TunszuaunsgUU AR Wudn —(0U /0V), = P Selaanuduiusiu
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ANduTaInI WA uduAus sz rdandsunte lunasTunas lunsiindnindaau
Tnsaaisededanuiouandlunmi 218 azlddn —AU/AV = P, = P, Fenanaldan
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Taseai e A uazidunswaeslasaite B daauiativinii [29]
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2.10 NNFNTLLALLUTINIY
NMINTLIRIULLINIU (Raman scattering) tHlutlsingnisainisnsvideuuy
Teiaveuaesinnan gnAunulutl A.A. 1928 Tag 99371 (C.V. Raman) tinWA&nda18wAe
dl A A :j/ a a
HaLaIANNIzNUorAaNuIaluana IWRauNaUTNUNAAZINANIINIZIAY
a ' LA A a ~ A A | e A
wuuEiavgu nanqne paungnnIzidsaziinaunuazaAngnafusiniuiiaaunsan
nazny aeielafinn aziinmeudauiios (Wazsnns 1 1w 10 AuaesiWaeunannszny) Agn
a v o= A ' a X oy P o ! A a
neziRgudafiaanuduansneldannia dvdiulindlidaaziinanudaindiauiues i naun
ANNTENU [33] 2
NN9NTLLAMMITIEINNY H 2 90A A A1TNTEAwLUAIANd (Stokes
scattering) waznisnsu@dluuilani-dland (anti-Stokes scattering) LHaRANTUNEURI-
Menseuduasiuaala@nain Wifian17g anausgavisaianslantaasuasnannndas
o ] g s : a E' dl G5 = '8 o
AUAINWANANNT 89T AL WA B aaLanATen Geasiilullnungu]ulefineiuduy
| L &
(perturbation theory) [33] @alan il ol 3 suuu Ae
1) Tnsugnidfeunasaussdngnmannuianaresaans Tnalineun
a = _Id: .':’ *n' dll 1 o tzll
gnNIziasazilAvaRilazANe ALY AU THae R ANNIzNY
(i, e .
(NNInFzRLULItIehast (Rayleigh scattering)) AduanalunIng 2.19 (n)

a AT e o R Iy o A
2) Lﬂ@ﬂ’]?LL@ﬂL‘]J@EIMW@N'WLL?%WJ’NI‘V\I[ﬂ’ﬂuﬂ’lﬁ&l LANATBNAANT TheNAINY
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WANFIN T AN NN TUALN ATHAZWNNLAINLAN A WA UTRIN1TY

waznisduredliiana dsuRaninisdnEessinreteznenluay
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ﬂ?MWINL@Q@@@ﬂ@H‘W@QQ’]u azinAN19INIziALuUAlnng tunana
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ANNENIAAULRI TN AAUNANNILNY AILAAI LA 2.19 (1)

dai al o a a a [ o
NIUNTHIANAGUIALNANIUY ANANTINIEIRLLWAUA-aTANE LTunaA

o

Tindsnuresinewinau Inadsngduduweud-aland (anti-Stokes line) NNAINENT

v
o

N . N 4 . 4
ARUAUNINANENIAAULDI INAAUNANNTENT AILAASININT 2.19 (A)
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Ener . .
ergy ry
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L X )
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...... > SO S Qe .
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vibrational state )

Ground state Y 7 A -y
Rayleigh Stokes anti-Stokes
seattering : sedattering scattering

n () (M)
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f -- -
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99471 (Raman speclrum) BNl mLﬂ?ﬂumﬂmumesm@iﬂ_f@“ayleigh band) aznslafimnnu

% o

d 1 dl 1 o dl
mmwum\umummu (Raman band) JTvRgny "Q'TI«L'J‘I&IQJL@Q@W@%lu@ﬂ’]uzv\quﬂuw

LAnsnaR U efAnsTuvwaa fnansdnatiaset luannanisanien aruouluana
Auinsnagluaniugnasanuisniyaguliladnnsianuadutiuluasaunud (Boltzmann

distribution) AN@NNg [33]

o
o Lisy ¥ (2.15)
Ny &

Taed N, Aa aurueraaN luan UENINAIIUN1T4UaAININ

I [

N, An SuunzRan A TN Nﬁumiz?'fu@\mdﬂ

g, D anndauaniuy (degeneracy) JR9ADTUE NI AUT I AT AN
g, Aa an wdaudniue (degeneracy) m@mmuzmﬁ‘z‘ql”u‘ﬁ'dwz‘u”amuzgmdﬁ
AE, An AN AN BN NTLIE NI ABIAD AN TR

A 1 dl 6 Ly
k A AAsnaasTuammnLg
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A a ' a
T A 9o lumdogpaiy

wazandy  anusidndsnusndidsusuluanaunnitanuziandsnuganin
Fotuginniualand (Stokes spectrum) AsdANdingIndn anlnpiunang-atand (anti-
Stokes spectrum)

Taenialufen s vedianay (wavenumber, cm™) TUNN9eELNEAYNNE

£1UAIAINENIAALLA AadNNNT

4 A L =
29N17LARAUN LA UTIA TN T AL

(2.16)
dl A A
Wa v A9 A
LYY
N19AANY sdupasTuanalaeull feiu
AIINNIINY (Raman fre , qwmmumaﬁumm‘iumﬂm Tne
Palnafusunu dee 1K) @adn19nssay. duiaridunasnasy Taeus
azeaA1RALINATNIININAL Fasiunisilfuunas N sdunesluiana [34] AILERS
Tunnd 2.20 ’
] 30.50 GPa
50000 - ) ‘, Raman peaks
= X
S 40000
2 ’ JII
z ] .
g |
z PRI ﬂ‘mwmm
. 20.09 GPa
4]
= 19
S 14.16 GPa
5
1% q
10000 - 506
0 T l T I T I T I T l T I T l T I L] I 1

400 500 600 700 800 900 1000 1100 1200 1300

Raman shift (cm'1)

&

WA 2.20 aulnaiusiuiuees Ceo, nelfirnnuiunazgungines
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sunudinlnsalall (Raman Spectroscopy) Reninunldlun1s3iAsnz A
a dll v % a % dld dl ¥
ALINNLAZLENLBNN Wesannlidayadslasaaimdannmgs dldainanuanuins
29I uazANENENINgaInaenndnld wananiifeannsnldsuuaningalall
TunsAnwrasesnaasuteulavesiouls Wy guugi Avuiu esdlszneausesans
Heazdinasialareaieluanasasasinliguuusesanaiusmunuaauudashilan

WA [34]

AULINENINYINT
ARIAATAUNNIING A Y
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WMATANNSNARDY
3.1 walANsAnEnlAssasnanelaanunuglagldnisinadiuuaasssdiand

Tusadeil Mmealianiaaaaiuuaesisdendaianszanays Inadlanaus
WRLIA LIRS LULINeTIAA-wLALENYT (Merrill-Bassett, MB) tHugunsaliinainusiu d1miu
nsdnanuAuiuldinatianiniavgaaeaaud lunanaesiuiny wasldaumamaniiy

k4 1 3
giinsnidwinriunngluuunisdgaineesidlendaemaiianisaaiuuaesiediendaia

¥

NILANEN ULATUANNIIINIeNERNAnAR T lanann 13 Tuumit 2 ude Asiuluiadeilay

naanslaneus uetda liad mgenp Ry nslitmanunsgulngldnia nsdnmen

ANENIARuIRYSAlend _a%pMsu il uuannsa09guneal nasdnansgiinsnlduiunng
|

naaes nsulasdeyasafpuulanan iidudeyanilsdia nastiumeudeyauinsgiu uas

v
dumaunisnlassaienanuad GeQ, —

3.1.1 lanaus wauaa meé_

FRAd g
# ‘

<) ,
- =~ o

Tanaus uauln Lsﬁ@@ Lﬂuﬂﬂmmmummmu"lmﬁumimmﬂ'w GRGRIVREN

,JJ
Yo a o

mwmmmuimmmuLmumwmmmmum’a‘mmﬁ wazaanlisadaanslnlaam Lag

a v

5aaaunaLIm LL@“’N@L@WHN’]‘L&LL@ \1 MWN’WEL??LHQ’]MQ’QEI@&IWQLL‘W?‘VI@’WEI LT NN9ANEN

mafl,ﬂ@ﬂuimqmwmmfmm ﬂ’]ﬁ‘ﬂﬂ‘]:ﬂﬂ’]ﬁ‘ﬂﬁ‘wm\‘iLLUU%"]N’WI&‘H@Q’M@Q’]HIMﬂQWﬁJﬂu’&\‘i [35]
udu

Tanous W8Lda 104 Hlnradrvdndeuanalunini 3.1 delsvnaudas
(1) w9 2 el gnagstiliiminraFulhoa st druiel durugudnansszann
315 pm %ﬂﬁ?}”\uﬁfi\‘]f‘lL’ﬁuﬂiflu@uﬂrﬂ@’]\‘]ﬂ‘iw\l’]m 3 mm (2) Uziiulane(metal gasket) 91N
AnTaviesiaging Hanmun1lsziian 270 im 1BnggasNnaNNA IS LTEA 13 Fat 19l A
usugugnatsszinm 120 pm - Tnelditesianzafinaneiszq (Electric Discharge
Machine, EDM) [36] (3) FalAnnanglauiad (4) aNuasiaed 2 81 NUunaidusnu
AndnaNlszunns 13 mm  uazANMNLIENIl 4 mm 1ANZgRTNANN U ALEUE Y

Augnatsdszanns 2 mm Midugutinfndumasfaaniaaiend (epoxy glue)
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1.60 cm |
: ]
o
’
7
4
. ﬁ’;
o Ry p!
e
"'o
i N 2

N | ;d// (YR
IMATSALTING

AR 3.1 LEUNINLAANENUU 2N A LR IANDUA LAUAA AR LULLNDTIRA-LLIALANYT
dJ v o/ " =) a‘d’ o
Fetlsznaudae (1) FialaseaadlaNaus LaUAA [AS TANIANALALLAL

(2) anuiuaasd (3) Ueiulansdaniannlansiaamy was (4) Hanuans [37]
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AnFunisssananssaatnglulaneus ueuia wad i Buantnleiiu
Tanzilianzgudn ansuuntdanialursantsinaandudosunndds Anldguudziiuiany
LUUATNAUUENAATOUNTINDA LAILIIFHINANTBIATFDENT HANVBIALTNN UATANT
A9HIUAINNAL (pressure transmitting medium) aslugaesdzifiulany udqaldutisnniely

a (=3 dl o 4 1 & o 1 o dl
Pasnasanianilednliansussqat luiedansfaating (sample chamber) Auans AN

3.2 () IpeNaN749ENUANNAURLE Usznaufae N I1LaaLaslen uea luenE91 4 1

#})mmeumwmmmmﬂu@ﬂmmmem

[35] TunaiiuAuauiuin e

aa9dn9 fauanslunng 3.2

l Diamond

Pressure
Medium

AN 3.2 () @%mm :

(1) ununmLaasdulsznauanaaslanaus Lauda LIad [26]

ﬂumwﬂmwmm
QW']Mﬂ‘im UAIINYAY
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3.1.2 NN9IAAINAY

TuwanuRdeidnmanNsuresansdaatnalng MmaAN13T AN AR UURIAINN
dl ‘dl a = o a -dl £ v rdld

anapduiinaINNIsngeasamuT luNANT UM gNNIEAUAtLALIo fN A N9
AR 488 nm  laafiAnnue1apduaesaan R, Mdauldainiiaousuussainid (AL) azil

ANANAUTAUANNAL Aandnalunind 3.3 Tadluldmnannns [35]

1904 A Y
P="—"|| 0%+ | 1] (3.1)
B 694.24 nm

e P Aa Aaxcy ﬁmifi?l,ﬂu GPa Ay Al D HARNNTIRIAINENIAAL
2992180 R, NN LR G sstn A Sl nm Taed B daily 5.000 Lia
nsiinANauuiuLkEey naf s (non-HX/drostatics) waRANTY 7.665 WHan1iNAIN
sululuuennann (hydfostafio) %m’w B c-ﬁ?m@'Wﬁu'ﬂgﬁu@’wmmummﬁu Taerlu
adeildansnanszudatiindeanuianivealugmandou 4.1 Fewudinnsiina Ny

Juwuugnnadia [35] e

N ' LN My T & Ty T T
(;u{ i /N -]
- - .
e —, B - 1
i . ,‘bf
|| §

:.,\(rub:.f), nm

200

Pregsure, GPa

o L QS & iy .
WA 38 niwANENNUS Iz us NAg M ALTesgan R, Tiaakllannaaueu
ugsenAfUANAL netlidulszilunisina R lignnatie

uwaznstdidunuiluniaiinaNAuLILgVNane [35]

a

Tusnddeil Mnanaasiuiunauaduduguinasilszanm 5 - 10 pm

1999 I UNIHANT99A96982I09 AruFunisinauAwinlaanisdaANENIARUTIBSLan
dl a s =2 v Aa ¥ ¥ [ { o =
R, MiNAannIsngealsaimudaananiuiy waqldaunis (3.1) AuanAIAINsl Ined

22UUANNFUIAAINAL AauanalunIng 3.4
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White Light

Camera/Monitor

Beam Splitter
Beam Splitter >
Pressure Cell
Beam Splitter //4-
Computerf

Laser l

{ .
AN 3.4 (Fs) AN ﬁ@ImaiMitﬁumﬁnﬁuﬁm%ﬂlu
Tanaus waidd el Bilinn _‘V\Ig: AAIUT WAITAAINNENIAAUIBSEIRA R,

ﬂﬂ?ﬂiﬁlﬂumﬁmmmﬁu
-

ANNENIAAW 635 nm  LTudanssdu

¥ =T
o

a o g o —az_ | a o dl ]
@L@ﬂm@ﬂu@mq:ﬂ@L@mmug@J-@@g{@%ﬁ,w_mmwmmmme STORM g1 820

4 tﬂl b a -8 " o
azgnenuANsIeTesAsuiames Taeldlilaunsy Scanner ontrol lunisivunanases

a X ] a!‘ ; i 1 : ) I ¥ a
WﬂL‘ﬁ@LL@iﬁuﬂuuﬂﬁ‘éﬁLWﬂﬁlﬁF’T‘ﬂ\‘]ﬂ’]’j"ﬂ’]ui? I8NUTDYAUUBHLNALNAG

- = a !1 o — v = = A Ad
L@Lsﬁ‘ﬂﬁqﬁlﬂ‘ﬂu‘lﬂﬂu‘ﬂ FANARNNASLLDNTIATNUURAIATNNNAVEHA RN TILTIAINAUATUATNNUNN
g
2

Aue Taelng. ﬂ@ ﬁ?ﬁﬁﬁgﬁﬂzjiﬁiwmmmL%’NLLmsum
WAATANLTAL s 1A UMM TR UAA S BNB N ALWAR o8 AITURIN AN
" Qwﬁiﬁﬁaﬁ %Lﬁi ﬂmﬂ?%ig]ﬁjﬁﬁﬁmmmmmm
a o dl 1 =
UUBNL qL 16 gnaadu 38NN A9 uNInsgIulae
)

1473 (Grid calibration) [39] TN URBLAIT

1) aefsddanslalalanannsenuuudumaIantRaguuuy Tae
W ISR ANNIENULUBNINA N AR DL NANLAND AaLAAUNIND

3.5 (n) luntanmawanaziunnfadanannsenuls

2) Wududnifadaazgldatailuseidou (whazgdauinduniu

a

[ %

ARENA1 200 pm wazaguIin 1.997 mm) HanmuzAuanslunini
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3.5 (1) MNUWATAY STORM $1 820 WATINBNLINALWAATLILLLEY
fniia WesannduiamaniuininAsudiauinasni lFuduinha
=

91UBY
3) ldlsunss Scanner Control @ununInwipaNIMuAILIATBINNEEALTTY
o dljl dl [~1 dqj dli// a dl %
100 pm HALANARAN LA LML WA LN TINNALUA N NANAR NN bR
anunnaulasoalilsunsy EDIPUS feazddnwziflugandnauiay

ArNLaNe ALAAN NN 315 (A)

Lm@iqﬁﬂLﬁmLLmﬁ@mﬂquﬂL@m J
|

ll i

ol
/ AL AR / =34

() R (a)

Gl

AN 3.5 (M) N1727859388M97 I TRLARLLANINAINAR (1) ANHTUZIRILEURNNA

(A) qANTALIUBINAINARAINNNTRE5IAAAan T I TalanuAI S LLLHLTNLT A
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=

4) Vdlsunsd grid - AurnumAILMsIesNnmangnaaslaanisi Ay
srezinesendn9qnnsn tnaurazqaninavatviaiuiiussaenig

u

1a o 1

1.997 mm uadladslsnglunini 3.6 Gewudn ldldumisaasiinegs
lAeeNAaIALARBUNINNTY 100 um W3 1 WNLTA LAA99INIg

diuineunnsgulneldnizail awmnsnszyiumislfiduacneg Tnana

1
aAn v

o a d” o K rd‘d‘ .
7 mmnmiﬂ?umﬂummsgmu%uumﬂLﬂuimwmﬂ position.cal

zﬁmﬁ*ﬂ%wﬁ%‘vyyws lunisszyAumnsresinia Ly
Emmm@, | ,../-J

I
= -

Fitting I po N
The piate oiféct has dded to the following X & Y

ten to "grid.par"

82.81um

Max. deviation

44 56um

=
)
x
a
@
=
o
=
o
=

I

m fitted position
um ﬁ)m fitted position
3064 gg’,d ﬁoints more than 20 um from fitted position

[ V)
AZ5aNEN bap iR e e
q points r n 100 fr tted position
ints mofe than 200 4im from fitted ﬁéition
S

(S et arg it atakitfte

0 grid points more than 1000 um from fitted position

[

[e]g]

AN 3.6 naanNn1sR AN LMseaRnimasqe tlsunsN grid
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3.1.4 MIAALABNAMNENIAAUUDISIALANT

¥
v o o <

Tunuddeildmatianisaeauuaesiidiendaiinnszanayn Aaiuiedend

|
=l

dl 1784 A&I 1 = . Adldy Yo o ¢ a ao K 4
NARIHAINENIARRAILALS (monochromatic) TunTiSAeandainuaan INaLATNTS 19

o - ' A o ' Iy A = | o - = 1y
TNALNTURANEATAIMTNENIANL ﬂ\?ﬂ@’]QLL@qsLuUVW] 2 sﬁﬂﬂ?qﬂgqq TNALAND K(l HANNLIN

=< =

=X [ % o ¥ [ % :// =X A Yo a s dl dl
@Q@ﬂ@ﬂLﬁﬂqzﬁmﬂUﬂq?uqiﬂimqqu ﬂ\iuu’Q\?L@@ﬂiﬂ]ﬁ'Q@L@ﬂeﬂ KOL FINAIMNEUNIANULDANE
0.71075 A [18]

o o o A - o a o o
@"]M?‘Llﬂf]?ﬂﬂL@@ﬂﬂ')qNﬂqQﬂ@yﬁiﬂQ?\iﬁL@ﬂ umqiﬂtﬂﬂﬂq?’Q@LLuQﬂﬂﬂ NI

. oy . L < :
LBNEANNTENULUNANNTANIEEENIIT UGt (d ;) ) Falufinldndnnsn Il

dyy, = 3.357 A LLz’iqﬁﬁmwagumﬁnGLﬁuum’fﬁfﬂizwmmﬁ*ﬁL@ﬂsfl,ﬂuiﬂmuﬂgmml,l,u?ﬂﬁ AN

° - o | o 4 @ & !
nsAaulaeld A= 0.710# A as d 5 3.357 AW Hummumnn(@)ﬁmﬂixmm

0 A . o T .}ﬂtde 04 e s 2
6.1" wsiliagainFdendndend i ngedilntiiaasiagulszuns 60 mauiudusiaann

o o al o XK Eed S Js’ = 0 = o 9 %’/ [
NULNUADIUNARATIALANT LA ﬂn‘wmmimﬁwvmmﬂ?:mm 107 WeUNULAWANRINAL

n‘

TS N B ES GGG mu N @qmumﬂ%mvmuL@mmmﬂi‘"mm10 LV]EI‘]_Im_ILﬁLLﬁN

e -_-',4 ¢

ANALUNUTRINADATIALEN JN@WﬂVLLWhI@\‘]N@L@ﬂsﬁ‘VlL@mLUu“’Q’]ﬂN@ﬂﬂ?WiWWV}’]NN

Uszann 10.1° meuiuduns ﬂﬂuuhummﬁg@@mmmﬂm (VTDUUIIZAL) AIUARIIUNIN

-

. = =—1
AUANY SR -::J‘
I T ‘T'l_, "I -
: G e e
, tlisadalFusisaa wEnm m"L‘}jﬁ
1 ] El E .
s : .
Yy rd \¥
= 7 g 2
Bl 51 Lle . el
o 4 VLR (e
F
&
. g KRR ITRERT T A
wuvaafadandadn e | A P i AR
: L OFuA RN UL e s R
ki -
Sydhand

dl a ?/ =2 g dll o A dl o a o a g
AN 3.7 LHUNWNNTRARSEANNI IR AndanANeAauesisdlandina fediand

MeiueaniIazilAINgNNAAY 0.7107 A lwaziaesyingudszunn 10.1°

ALBUITZAL



35

3.1.5 MmsUfuuuwanisaeailngal
Tunnsmasestiu Aaouaniudesdn lifsdendannsznuiuansdooenag
v
ussqatflulanaud weuda wadluuwissainiussunuaasziulans uazuwireaisdend

< Y 3’/ [ a b2 dl b2 da’ dl a d? [~
AfaefaniuszuiLrasdmamansag alflduounisaasuuniaawdulenanine

o 1 =KX A

v v 1
anysnd AtiunisdauuaeginanilinssuazssaniuuuanfdiendunuasiaoudnAny
3N
= o = aly o o lo - a =
\Hesaniadiandy [daansiey ugeensas (monochromator) HAANIGLEEN

v E2 3 |
VyNLszinne 10°  Auuwd Ay ANHWAdaefiafsiugewinye 10°  Auuulszdy e

3
a6 v a o o &

anITALTR9g N UnIndiiaRINiL LLMe I Rend-adlunillfe gl dases fAnumin

¥
A a ¥

dszann 2 cm nuflunuiBsg deeinaaguas (optical bench) 1iAunuaesasang lunnsdn
g Unsafiiuasldsegaausangiunssaelawasiialiiuiadiend deuansluning

3.8 wflusaunumiinl @t alandngaesing 9 nu d1uTuisnsdauneegnenila

- =t

wans13Tunnd 3.9 Feduaa A L 4

) .
1) @neNAENTANNIZNLUBATE A S lRAIlA WIALeN 4

FRAd 4%

2) mmvﬁL@ﬂsfmnm‘.zwuuuqri_mmhLmﬂurﬁmmmﬁ1

3) lfidnauAndnians sUunaean 1 1o uaansaAI LN AN T8 9908 AT D

Aued 1 dar 4. pauaaat @ssuunseaneiianziaviuiaunuaes

AN AR5 R aNT N .
s ‘ s & ° e ¥ ;-" - o o

4) UTALIATNIRARY B4 ALK 6 LARUTTLIN189LAERT AUNTZINAN
2OIALTDFAINITNABINIUTLUNILAN N ABIA LN LAATNIGR uAA9IN
AVIUANTD A TUAN NG T ALeNT:

5), AT (collimator)” NARRSE B RALMINTA 2 wdaU5funuaaeasa
WU, AUD1zTNR e e S g uun svau lFaunian 1 Thuan
o
ngn

6) UNLNUTNALAUTLIANES (pinhole) TWNALEUNNUAWINATG 100 m WA
WAl ana1e9iaN11111 AU ULUIIR4FINNTUIUAUNTLAIR D

-] o 1 dl v dl 1 o . |

e sinuguunsza s lud e 1 1Huiniign wansdnanaesid
wnTaziuN L IUA N UL A UA LA IRALTe T

7) gUnenl ou Aumie 4 war 1 @8N wANgININANIRaeENg

(sample stage) N1979 4 ANLUUNT 3 BANTYANNATILLUIEUILILUIAS
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FNUNAIIDINEATLIANAUS AU LIAR WAVLSUAINNIRELAZIEUNL
19Nt AU lANAUA LAUAR AR AUNTLTNANTRLALTEasasTiaunan T
UUILAN LAASININIE AN BT R LA NTAL A9 NAUTE U LU ANTIRINE R
FUlANAUA LAUAA AR ANNtULINITanaan

) a o dld [ % & a & ¥ o ]
sz augeRatune adulaNaus waula was ine lHALLeIa9
nszAEag 1 AuMdaREiuiUA s TaIaNsAating
aneiediendludensseidpasluiwniad 3 waiildazdsinguiluged

ATLUNTLAAL mmmz’mmuﬁuﬂﬂawﬂ@ N1 100 pm

10) vndoamaalalu i uHen 4 AAnszaneiULLITIIL
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Lmemuu@wmmmmeﬂmﬂ WAL FUAINNLR WA IZUIL D
ﬂ@@%@ﬂ:ﬁﬂ wm%qmmmL@Len@mvmuﬂmusluummu ARl
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?
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&

ANA o’]ﬁ?ﬂﬂﬂlﬂ’nmu\m@-ﬁﬂﬂ\‘i@m@ LAASINAWMLINATasAaIn Ly

AUNULDY ﬁl?LLMlNﬂ@’N?JM@iﬁQ aland

12) N lANDUA LB AR A HIRARITIA WL 3 LAINBIHIUNARY

m@@l@ﬂ_ﬁu&mg@;@mﬁﬁﬂmwimmuﬁ LauIA LIAN
@ﬁg?zﬁﬁqzﬁmmLﬁuﬁmmuqnmwmmﬁ'g@@jm\‘mmwmgﬁmmmi
FAEENNNaR WAANTIATLMNUINANNT89A1 S9RlandazENuALLaNang
YENENT AR EIIND A (AP AT £ 1A NNTNLBIA1IF2DEN9F BRI TR

o

ml,muwmamﬁﬁmumzmw)

'
o a 1% R v a

13) MO DHNALNAANTDNNEAA WUARNANA 7, (IR holder) NANSEIALMLT 5

AANTZANNITTUTUA U AU NA BB HIHANWAR UFLAINNIALILAY

izmmmﬁﬁm FUANINALNAR wmmqmmmL@Lﬁﬁmmmuﬂ@uﬁluum
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AN 3.8 7084 nfaaLgndannasnuuunszae e
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3.1.6 MsanealnsaldIusLNIsTNAaaT

waIanNn1stiuuuanvglniniGaufesuda nnsdnanvatnsniduiunng
tﬂl v =) k% a ;:ll o al T Aa
naaeaivenrilinsaaienantes Ceo, nglfinallanisiaaiiuuresfsdiendoiinnszanay

AL HANHULFININATUAN

B ¢

i
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d” o a ¢ Aa
NITLALILLUYANTIE L NTTUAN T AN N

ATt NEAnT. ...

TUIREU HIFENAFUTIN LUNITN %Ju%ﬂﬁ‘@ﬂfl’ﬂLL@SLV]ﬂuﬂﬂ’]?Laﬂ’JLUuﬂJﬂ\‘i

a
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o

A wiuginandsing o Asdsngluninit 3.10 Hdnmouznisldenusail
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nseua i 35 mA SRwendnuteaniianuaesluauftindazlinanaA1AaNeng

AAL A9 Eaziaeaf linanadluumi 2
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o o

2) Fannuanansia unannaWe (d,, ) Iianiaananuaiipdvaasisdiandan

1
o =

faanns BaluTiiasAnidanianILALeNIAaL 0.7107 A Wi Fsaasdaaild
na1a 3 luiade 3.1.4

3) 919U (collimator) NNANNTNALAL ANFIUR Hanwuiansanssuen AN
2819 10 cm Hdueugugnaeaalu 1 mm ﬁﬂmmmﬁqﬁwmuﬁLLtJuﬁqmmug
| (pinhole) TWIAKUNIUANENAIS 100 um a9 a] Farinlianve95adendnen

= [~3 L | ¢
ﬂ@ﬂiﬂmmmmmq AANITNICANEIURIAATIA LD N

= & o O

KX o o © | L] o = o o 14
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File Edit Format Wiew Help
Lattice params:

a = 4.7630, h = 4,7630, < = 13.0000,
alpha = 90.0000, beta = 90,0000, gamma = 120.0000
wavelength (angstroms): 0.7107

results of fitting polynomial of degree 4

c[0] = 0.000197879895796
c[1] = 0.0725290013141
c[2] = -1.752832100962-005
c[3] = 2.53437359813e-009
c[4] = -1.328467230652-011

Chi-squared = 0.000213543373

h k1 pixels Two-thetagobs) Two-theta(calc) (obs-calc)

o 0o 0 0 0. 00 0.000000 0 0uaTos -0. 0001598
1 0 1 2 168.30 11. 712202 1T Ll 0.000438
g 1 0 4 £33.93 1a. 003002 16, 0oo2e7 0.002705
31 1 0 252,17 L7 e162605 ¢ 7. 1E23EY 0. 000214
4 1 1 -3 291,34 15, G0e072 15. 509674 -0, 003900
5 00 2 4 356, 84 23,54 0adn 230548180 =0, 000135
6 1 1 -6 302,87 2 LRGN 25. 626368 -0.005370
T2 1 4 459,40 gy, 286018 205274 596 0. 011517 ™
8 3 0 0O 472,37 2 O L0 2 L 2O 85 5 0. 000179
9 1 010 539,80 g, o0 a0 133, 3214816 ~0.005787
10 2 2 & 698, 68 50871 7555 309817003 0.0005333

___________________________________ b7 SRR RN N WS

asterisks mark points that hawe an absolute misfit of greater than 0.01 degrees.
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wanslfifiud wendn CeO, NHTWIMBUNAIAENNGT Az3lAIAITLARTTNINNGT TedanAFas

ALNNUIRLIDILRLAL ALY [16] LATINUIFLUANTIWUAEATLY [17]

F19797 4.2 Auvithiasnanted CeO, Btarvaiauuunganalssd

FLANaTRaNI AR AU

£16) occupanc
: X Y z pancy

Ce 0.00 0.00 0.00 1.0

O 0.25 0.25 0.25 1.0
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AN9197 4.3 Haann1sliuTAsaaF9smeRanisliudanslAs9a5 19BN A A MU RAN

CeO, ﬁﬁmmmmmﬂ 10.5£ 3.7 nm 1UABYNIA 36.8 1+ 16.0 nm LAZUUIA

AYNIA 53.2+ 14.3 nm NAMNAULIFTIINIA

TWIABHNIA (M) | Apefiuanfi (A) | LINIAS wALmas asnTauy

a=b=c (AS) Rp RWP /1/2
105+ 3.7 5.43425(0\\” 160.47(9) 8.02% | 11.23% | 0.9087

LY
A
36.8+16.0 5.43453(_5)-},\1 Uﬁ A(4) | 7.82% | 11.25% | 0.9847
53.2+14.3 DA3157(5) 2 , 7.37% | 10.79% | 0.9407
Y e f / . L\

alllau AMlpannIs; s9a¥19maasnisdiusans

o

TAssaf19a093nnandans HUnIAYAIA 10.5+3.7 nm NATNAY
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50,
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400 7 Cale
)
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=

&-rhase

2Theta

A 4.2 walmenaIfinannnisdiulaseaiiesnananisususounlslnsead1gaadininanaas

HIKAN CeO, NNIWIABUNIA 10.5% 3.7 nm NAMNAULIIIINIA
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4.1.2 msilasulaseasrandnaas CeO, NNAUIARYNIA 10.5£ 3.7 nm
MelARMNAUGILAT YUY RS

[

AINMAANAMNAUITALNINGN CeO, NRIUIAAUNIA 10.5+3.7 nm Az
Tuingduuunisaesuueesiediend luaesdia 1R

)%

5119 7] A IMFLNAINAY 8.73 GPa
WAZAYNNAY 38.20 GPa LN NanauandlunInauans

F.

NN 4.3 gtlununisaeaiue

e
N - 1
2y SREENT IUABNNRTHILAN CeO, HilTuInaynA
-"'J-'-,..‘-?_.";-.‘ i
10.5+ 3.7 nm AgllARIINAY 8.73 GPm
i) 1

NN 4.4 slununisaeauesiidentd luasslAueusnan CeO

P
, NHIUALYNA
10.5+ 3.7 nm ngliANNAU 38.20 GPa wazgungivied
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AUyN 20 NANNAYE 8.73 GPa ANINAL 19.59 GPa AMNANL 29.12 GPa UAYAYINAY

38.20 GPa A9WA A9 lUNINAIUANS

40 - CeO, (105 £ 37 nm)
] i ”
. iy » 3520 GPa
3.0 -
] i
2.5 - + 1
2.0 -

1.5 4

1.0

Felative Intensity (a.u.)

0.5 5

0.0 S
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10 15 _Z7han\ 7/ NG 30 35

2 Theta (degreed -

NN 4.5 g1luninn s AR LINNAENETHANIEANENNAUBLINAN CeO, NHIWIABYNA

10.5+ 3.7 nm AU 8.73 GPa ANNFU 19.59 GPa AMNFU 29.12 GPa LAy
ADNAN 88120 GPa tRIRgV)EInnAS f papdDsganaslasaaiuLuugnuIAT

P A T = P
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LRSI NAIR

annIi 4.5 uane NI ANANAL 8.73 GPa DaANNAY 19.59 GPa

1
=

slununsiaeauuesidiendllldilaeuly uinnaeaazideulinieiuiiye 20 e
NINTU UAR9INTTEEUNeTENdNTE U LARA B AN AR NTY aannis T sunsa
UNITCELL Anansmnazaissinsszndneszuny Taessylnseainauuugnunariinanusu 8.73
GPa WAZAIMNAY 19.59 GPa AMNSIFL HALINFauanslupesd 4.4 Tauanslfidiudn
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AN99 4.4 WEEU LI L U199 2UIN99 LWL FAINNNINARBSALITL I L9 NN TE UL
N1HANNITATUIUTBNEINAN CeO, NRTIUIABYNIA 10.5+ 3.7 nm NANAY

8.73 GPa UarAINNAU 19.59 GPa tneiszylaseaireuuugnuard

o

FLULUNITUINTZUNL (A)

hkl ANIHNAY 8.73 GPa ANINAY 19.59 GPa

s Aearc Oobs] 40 d ry ops Aoz Aops™ Aealc
111 3.07892 3.10324 -0.02432 3.06373 3.07145 -0.00772
200 2.67145 2.68748 -0.01603 2.65505 2.65995 -0.00490
220 1.89588 1.90034 <0.00446 1.87964 1.88087 -0.00124
311 1.61899 1.62061 -0.001|'J.62 1.60369 1.60401 -0.00032
222 1.55045 1.56762 £6' 0017 1.563526 1.53572 -0.00047

400 1.34418 1.34374 ;-0.0004'? i\ 18301 1.32998 0.00024

331 1.23419 233108 Q.OO10§{-” 4 122070 1.22047 0.00023

420 | 1.20322 | 1.20188 | .0.00134 /| 1.19006 | 1.18957 0.00049

422 | 1.00883 | 1.09716 4 "0:00167 | 1.08636 | 1.08592 0.00044

def o

=i

| i P g |
\NeadeaingtuunIsaeIINIesiNAlEndlAnNAW 29.12  GPa  uaz

AYNAY 38.20 GPa NI NNEBANEANNIASINATLULASH FWHV Aeudnennn uansdneand
NaTwiAaNNsteuiuiueseanuaitten nasaniuaadnelnsaaf1euuugnulAitan
dsnglugduuunisiaaaduinlinansan ladamaoudi 29.12_GPa uazAuAU 38.20

o ]

GPa flatlsng) Inasallugnun A U 8 9annTiAvnal il 20,1 26GPa Usngeanlysiung
mmm‘lmm%’wme@ﬁm@mﬁﬂﬁlyn 20 dszanand4’ uaz 19.5° %wzqﬁwm’?\'@wmm
*) Lmzﬂﬂmﬁqnmq%ﬂmﬂgﬁmwumm%uﬁmmﬁu 38.20/GPa 1 liiga1s0Ransaun lian
flAnndl 2912 GPa WAZAINGAL 3820 GPa dsnglaseairauuugnuaisaniy
Thasa¥uuneesTnsandn usiflesainipanasiu 19.59 GPa dsnglaseaFrsuuugnunard
FaduAefiansounldan nardin Ceo, Aftaunmeuna 105+ 3.7 nm Guinisilasulasaing
3EWINIATLAL 19.50 — 20.12 GPa dsfletiaandnpmnusuiivinlmiAanaiasulaseaiig

PAHANLAEA CeO, ADAAABNNLNIUARIANIINAZANLE [12]  ANLLIKSHAN CeO, WX
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WRenA 9 — 15 nm Suinndasulassaesdnuungnuatilidulasaieuy
aafinsaniin finausu 22.3 GPa

Ann1s9eylnseainasanlilsunsy DICVOLO4 Tmaﬁgﬁummugmmumm
ﬁ*\ﬁmﬂsﬁmﬁmm‘zmﬂguﬁmmﬁum?mmﬁ AINAL 8.73 GPa ANNAU 19.59 GPa AN
AU 29.12 GPa WATAIINAU 38.20 GPa AINANAL WudmﬂﬂfamlugmmumugmLuu

290AR09TLTATAFIUAZ AN AT LA ﬁmamﬂummqé’m@m

A1379% 4.5 AnpsiLany leaanlilawnngs D qmm@ﬂ CeO, wmmmfaumﬂ

3 GPa AMNAU 19.59 GPa

ANNFIU 29.12 /// \.\\‘ -._\ |

A" EARTHAN
ANHA /I;J ,\ \\\\ IANATI9NAN
1 atm

8.73 GPa ANUIAT

19.59 GPa

29.12 GPa ~
AaFNIaNLIN

38.20 GPa
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AN99% 4.6 AUULNaZRaNTaY CeO, NNIATIAF 1MUY a-PbCl,

ALUIREAANIAAARIU
816 Occupancy
X Y Z
Ce 0.262 0.116 0.250 1.0
0.357 0.435 0.250 1.0
0.023 0.300 0.750 1.0

annstiulagsasiesea anafuiuan ulsTassa¥1srassnoasdnuiuns
NAN CeO, TiflaurnayN 1A= 3.7 nrffiAnaman 878 GPa ANG1L 19.59 GPa AN
A1 29.12 GPa warANALE8.20 GPa | nudidimasadsulnseaielin fdsngualu
P3N 4.7 e ldanariansoudid f’h”l,siLﬁmmm_l?v'ﬂu‘tm‘m%ﬂmmm’mﬁu 19.59 -
29.12 GPa usnsinfipanaid 29112 GPa pasdlAAT AU LgNUIAr usia nnsdiusiauls
Tmm%’wwfaﬁmLfmmﬁmﬂizu‘imm%qﬁlmmﬂﬁg 29.12 GPa \flulpsaairauuugnuiAfines
aENAEY WU R, = 101 % R, = 2.54 °/;~LL@:_;(2 = 0.1640x10" Taflannanhdeietien
N9NNIRANTONGN AR, 29.12”(:73.Pa ﬂiﬁﬁ@iﬂim%qLLuu'aﬂﬂmﬂuﬁﬂ FarhAadeld
AR 29.12 GPa taAn (G0, Hilusapedn A 105+ 3.7 nm dsnglaseaFrauuy

aafinzandn Ak 7N,

A13197 4.7 NaRINNNTLELTAMNATINAReR N9 UANLs T ATIA T 19BN IA AR UTLINHAN
CeO, NHIWIADYNIA 10.5+ 3.7 nm NAMNALB.73 GPa AINAL 19.59 GPa

AANGT 29:12 GPaia %A21MA 1438120 GPa

ANHNAL e Frl e (4 11337m9 unALART AZNTINUT
ANANNLLARNE (A ) o

(GPa) a b & (A R R 7?

P wp

8.73 5.408(1) | 5.408(1) | 5.408(1) | 158.17(1) | 2.19% | 2.75% | 0.1819x10"

19.59 5.329(0) | 5.329(0) | 5.329(0) | 151.33(3) | 1.29% | 1.59% | 0.8731x10”

29.12 5.703(1) | 6.755(4) | 3.541(4) | 136.44(1) | 1.71% | 2.24% | 0.1275x10""

38.20 5.661(2) | 6.657(5) | 3.485(4) | 131.36(3) | 1.69% | 2.39% | 0.1952x10"

ANNNANIINAAAILNDUINNTLIUNTIN AN NE NN US Tz U9 FURTA LAY

s uaR blangien nd 4.7 Geuaasliiiiudn nsasulassairauuugnunarfihi
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Tassa¥suuueasinsaniinuesenan CeO, NNALIABYNIA 10.5+ 3.7 nm FxiiaTulugag
ANHAL 19.59 — 29.12 GPa W3afiANAL 24.36 + 4.76 GPa Lilasaniandlisaiiiasaag
sl asundasFuams duualduninidasunlasEumnaduwuindady iWanansun
= v a‘dl o o %
WraumauiFunsesdasaiuuugnuiainausuussainiaiulBunstasasaaiig

LULARFINIaNTNNANAULITTENNIA WLINRLUFNIATAARILTZHIU 7 %
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4.1.3 nMsilagulasaas1ananwas CeO, NNAUINAYNIA 36.8+ 16.0 nm
MelARMNAUGILATYUUYRUAS

AINNTANANNAUIAILRINAN CeO, NTIUIABUNIA 36.8+ 16.0 Nm UAT
o K d’j o a aa dl o ] o o dl o/
Tunngduuunisideaiuneesie@endluaasli NANAUEIN 9 AUFUNAINAY 23.43

GPa WazANNAU 36.23 GPa s nuastuanalun nduana
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27.57 GPa WazANAL 36.23 GPa ‘LI’NEI@@“ll’ﬂ\ﬂﬂ?ﬂ'&%?j’]ﬁLL‘]_I‘]_I@Jﬂ‘]_I"IﬁﬁﬁﬂQ’]NL‘?.I/N@@@QLL@Z
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sanluiueanteslasiaiuuueaiinsandniyy 20 dszuns 14° uay 19.5° %Qizué’Qﬂ
AR *) meﬂ@mﬁqﬂmq%ﬂﬁﬂgﬁmL@umﬂﬂﬁu‘ﬁ'mmﬁu 36.23 GPa 1 la1un9n
fiansounlfdn finanudu 27.57 GPa uazAY NG 38.20 GPa Usnglaseaiauwuugnunen
snufulassairanuueedlnaendn uiilesanfinusu 2343 GPa dsnglareadrauuy
qnunAr fedudsianseinldan nedn Ceo, TiiltuinaynnA 36.8+16.0 nm  Builnag
Wasulnseaiasendnenauiu 23.43 - 27.57 GPa asiiAdanndianuduiiinldAanig
wasulassaiereen@niaen Ce0, AAAAABINUNIUITLIBINTINATATLE [12] Fwudn 69
HAN CeO, TifameynA 9 15 nm GaahadwdeulassairenAnuungnuaafilidy
Thssarauuveesinsendininanmes 22.3GP 12]

ann1sseulgasdsndsnalisungn DIGVOLO4 Taeldgl WLLNSRE LTS
i”qﬁLﬂﬂﬁmﬁmmzmﬂguﬁmwoﬁ“umimmlh AQINPIY 28,43 GPa AMNAU 27.57 GPa LAz
ANNAI 36.23 GPa M@ ALl Wud-ﬁnﬂﬁlﬂmugﬂLm‘umﬂ'gmmummmz’v’mﬁu‘lmm%q

wazANAINLARTT Adudna TR P aua1s | &
J
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Adl 4

AN9197 4.8 ArAsiuaniia i nllsunsi DIGVOLOA 1a9Ranan CeO, NHT1IABYNTA

36.84 16.0 nm ﬁmﬁ»ﬂﬁwﬁmﬂ'@ﬁwﬁu 23.43 GPa ANAY 27.57 GPa

LAZAINAU 36.23 GPa 7RSS
B Y, ANASTLARTIE (A) X L.
ANAL RN RN
al b ciy
1 atm 5.411 5.411 5.411 .
QnuAr
23.43 GPa 5.335 5335 5.335
27.57 GPa 5.697 6.758 3.541 -
295 nsandn
36.23 GPa 5.658 6.654 3.483
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AN99% 4.9 AUNLNezRaNTeY CeO, NNIATIAFULIL a-PbCl,

ALUUIREAANIAFAARIU
816) Occupancy
X y Z
Ce 0.262 0.116 0.250 1.0
0.357 0.435 0.250 1.0
0.023 0.300 0.750 1.0

ann19U5UTA29459909 895N 915 uF 113 TATNAFINUD BN A B AINT LN
HAN CeO, NNIUIABYNIA 36.8 £ 16.0 nm NARAEIAW27.57 GPa UAYAIINAL 36.23 GPa
-
wudnaunsnlivlaseafrsleedttsannnaluaisiam4.10 siliaasiatsundn §ldnn
nsilasulneainglutaemn w103 43 L 27.57 GPa LAANINIAINGU 27.57 GPa AN
% o 1 [ o J" v = v dl
Tassairauuugnuner wianangsisoutlsiassaswassnnasinseylassaiienagiy

fiu 27.57 GPa lulnsgifeutiugningfiilgved aias wid1 R, =193 % R, =2.66 %

W
i

way > = 0.2563x107 Ggiiadndiiilienadeandanisiagsnndn NRnnus 27.57 GPa
UsnglassaFrauuueesng@sdn fasdaaalddinusu 27.57 GPa wawdn CeO, Al

Wl -
1WARYNNA 36.8+ 16.0 nm Ui nalasiaiaiiuaaiinsendn

13199 4.10 waannagliulassdaindaedanisliusaiilslasea s nadnnasd i

NIHAN (CE0, TNAHARALNIA 36,8 16:0 NM AN 23.43 GPa AN

27.57 GPa WAzA1 1A 36.23 GPa

ANHNAL S J Y 1131159 unALAAT AZNTINUT
ANASYILLABNTG (A ) o

(GPa) 3 o ¢ W) IR d| R P

P wp

23.43 5.360(3) | 5.360(3) | 5:360(3) | 154.04(2) | 2.94% | 4.07% | 0.2911x10"

27.57 5.699(1) [\61759(7) | 13.544(0)'| 136.52(8) | 1.74% 12.44% | 0.2161x10"

36.23 5.661(2) | 6.657(5) | 3.485(4) | 131.36(3) | 2.16% | 2.87% | 0.3182x10""

anuanMARedLiiethun @ auns A NANTLuE I BuNAsTUANY
AU m@ﬁﬁﬂmngﬁqmwﬁ' 412 Geuandlifiuin nmanldeulassaieunugnunardiiu
Tassafuuuaafinsaninuednsuan Ceo, ﬁlﬁmmmwmm 36.8+ 16.0 nm (3317iA1 1
Tun9ANAL 23.43 — 27.57 GPa 1i3efiAuew 25.50+2.07 GPa Liasaniiaanulyl

paiasrasn1ailasundasiEuang dnunldunisasunlaaFuansdunuudady We
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EFFECT OF NANO PARTICLE SIZES ON HIGH PRESSURE RAMAN
SCATTERING IN NANOCRYSTALLINE CERIUM DIOXIDE
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Nanocrystalline CeQy with different particle sizes has been studied under high pressure using Raman
spectroscopy technigues and diamend anvil cell at room temperature. The pressure shift of the first-
order Raman frequeney for each particle sizes was measured Linear dspendence of the first order
Raman frequency on pressire For each particle sizes has been observad. We found that the first order
Raman frequency detreases with the decreasing particle sizes under ambient condition and the
lattice constant increase s with the decreasing particle size’ The lattice expansion can be explained by
increasing tnolar fraction of oxvgen vacancies with decreasing partiele size.

Keyvwards: Manocrystalling; E@man scattering, Cerium diozide, High pressure

1. Imtroduction

Cerium dioxide(CeO;) has been widely imvestigated-because of its multiple technological
applicationz, It |has potentially ‘used in antomotive flree-way Catalytic converters,!
catalyticy oxadation reactions.? solid oxide ftuel cell electrolyte material.® gas sensors.?
optical coatings,’ sunscreen cosmetics.S insulating layer on silicon substrates,” and high
storage capacitor devices.®? Kourouklis &t «/° have studied high-pressure Raman
spectroscopy on CeQ; crystals up to 35 GPa. They have found that the first order Raman

1Corresponding author. Present address: Department of Physics, Faculty of Science, Chulalongkorn University,
Banglol:, 10330, Thailand.
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peak shifts to higher frequency with the mcreasing pressure. They reported a phage
transition around 31 GPa from fluorite to the orthorhombic PbCl; like structure, which
has also been confirmed by high pressure x-ray studies. 1! Saxena 2t /1! have studied the
high-pressure Raman spectroscopy on nanocrystalline CeO; up to 36 GPa.

They found that the frequency of the first order Raman peaks increazes with an
imcrease in pressure. They reported the transition pressure around 26.5 GPa, which is less
than that reported for the bulk CeO; (31 GPa). Thus it is eszential to study the effect of
nano particle sizes on the structuzal phase transition under high pressure in
nanocrystalline CeQ;, which i very important key to understand their high-pregsure
phenomenon. In this study we have wrvesficared nanocrystalline CeO; under high
pressure up to 30 GPa at roein temperature by Rafman seattering.

2. Experiments

The nanocrystallines CeO; ufediin this experiment wvere commercial nanosized CeOg,
with the average particle =1zg/ 1005 m, 36.8 nm. 53.2 nm, and 533.3 nm (producted by
Sigma-Aldrich and Nanosgtiucned & Amblf)hous Materials, Inc.). They were identified
as the cubic fluorite strueture ( Fpedee, 2257 by using x-ray dittraction.
Pressure was generated nging a MerillsBassette type diamond anvil cell.’? Diamond
anvils with a 300 pm €ulef were vsed i a 2a-keted diamond anvil cell. The gasket
congisted of a tungsten 270-1un thick, 1Jle111de11te(l to 30 pun. The hole of diameter 150
Jlum was drilled on the gasket by &lectric” d:t;clnloe machine (EDM).13 The sample
chamber 1s the loaded with the nane=-CeC powdél and a single crystal of ruby chip (~35-
10 pm) and flooded with pressure frangmittung medium. The pressure transmitting
medium is a mixture-of 4:1 methanol: ethanol. A tungsten gheet is compressed between
two diamond culets High pressures are zenerated mthe presgure cell by applying force
to the diamond culets‘uzing screws to drive two beryllnun-supporting discs together.?
Pressures were measured with the Ry fluorescence shift of the ruby crystal using
calibration of Mao et @/.1> The Raman microscope (RENISHAW) with efficient gratings
equipped with CCD detector was _employved to, collect Raman spectras. The Raman
spectra of 250-700 curlwitlh a spectral resolution ‘0t 1.7 cmi! were recorded by using the
514.5 nm line from an Ar-ion lager with an average power of 30 mW.

3. Results and Disenssion

Nanocrystalline CeQ; hag a cubic fluorite structure and belongs to the sgpace group
-5 . . .

O (Fmim). It has one triply degenerate Raman active optical phonon (Fz) and two
mfrared-active phonons, corresponding to the TO and TO modes. Therefore the first
order Raman spectrum of CeO; 18 congists of only one Raman line. In the second order
Raman spectrum, overtones of thig and the zone-boundary phonons, asz well ag
combinations and difference frequencies at each wave vector q are allowed. With nine
phonon branches there are 45 two-phonon modes possible. The second order Raman
peaks and their designations are 580, 660, 880, 1030, and 1160 cm! for oro(X) + LA(X),
®p(X) + LA(X)., 0potmro. 20(X) and 20, regpectively.?
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Figure 1 shows the Raman spectrum of nano-CeO; with the particle size 10.5 nm at
three different pressures under room temperature. It shows the first order Raman peak
(Faz) shift to higher frequency with increasing pressure. The effect of pressure on the first
order Raman spectra with different particle sizes are shown in figure 2 and 3. We
observed that the frequency of the first order Raman peaks increases with increasing
pressure which i1g in a good agreement with the linear fitting. This also cauzed by the
pressure induced decrease of lattice constant. Additionally, we found that the first order
Raman peak depend on the particle size nnder ambient condition as shown in table 1.
Figure 4 and 5 show the observed and calculated powder diffraction patterns of CeO;
(10.5 nm and 53.2 nm) at ambient condtion atier the completion of the combined
Rietveld refinement. When the paticle ysize 12 decreaze, the lattice constant mcreage
(strain relative to the bulk) and-the fiequency of the ficst order Raman peak decrease. This
i1 in agreement with Zhangeetf @19, the lattice pacaineter creases with decreasing
particle size when the particle’=ize & .=.¢nmll|e1‘ than 20 nm. Changes in the lattice parameter
with particle gize can affect the Raman peak position. Within each particle the strain i
taken to be uniform. The change in laftice 'pri'ri'mneter Aa under a hydrostatic pressure P is
Aa/ag = -P/3B where Bais the hulls nmduluﬁ Theretore, the peak position of the Raman
mode centered at m; changes by Awm;(g.x) -Q'f(q)f_ﬂl{ q)=[Aa‘ag], where @; 15 the phonon
digpersion for the selected mode. the tode fmmelsen parameter is 7= -d Inw; /d InV =
(B/o;)(dwy/dP). The value of 4 for the -16-1 cnr1 mode of 1.24, bﬂsed on Ret. 18. The
increasing lattice constant (&train-relatrve: fo the bulk) with decreasing particle size
explaing this Raman shift welll' T8¢ this shifted frequency gives the effect of this
average stram alone.!” However. HEI man & @? 1o 1e1mrtecl that the stramn plays the most
gignificant role.

The reazon for lathhce expansioninsmall particles haz been studied by Tsunekawa et
al. and Zhou et al*Tsumekawa ef al4? studied the mfluence of particle size on the

Ce¥/Ce** ratio in CeOy nanoparticles. In their work, a higher concentration of Ce®* was
present in the finer particle sizes. They explained this increase in terms of an associated
reduction i the valence of the Ce?t jong toCe* ions cauged by an increasing molar
fraction of oxyegen vacancy. Zhou et «l? studied the sizedinduged lattice relaxation in
nanocrystalline @eQ; was obzerved by x-ray diffraction and TEM lattice images. They
explained the expansion of the lattice Svith decreasm@particle size wis‘assumed to be due
to the farmarion of oxygenvacancies and the aszociated Ce?t

Ceria has been used as a zolid oxide electrolyte in fuel cells. The large lattice
parameter in nanocrystalline ceria implies the migration enthalpy of oxygen vacancy is
smaller, resulting in a higher ionic conductivity and more etficient fuel cell.1® 22 The
gystematic increaze in lattice with decreasing particle provides specific control of the
surtace oxygen spacing and will impact ceria catalysis of the water-gas shift and three-
way auto exhaust clean-up reactions. 1% 23
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Table 1. The first order Raman peak with difference particle sizeg at ambient condition.

Average particle size, The first crderRaman peak (cm')" Lattice constant (A) By Barp Rog

105+ 37 nm* 460 b2 0 26 5. 43425000 B02% 11.23% 11.78%
368+ 160 am* 464.06 £0.02° 54315905 7820 11.25% 11.34%
5321143 nme 464.01 £ 0.07" 5431505y TETA079 11,129
5333470182 30 |44 1520000 5.43053(5) 823% 1187 10.89%
Bulk 4651 5.411¢ - - -

“The average particle sizes were measured by using TEM.

*The first order Raman peak was obtained by fitting peaks with Pseudo-Voigtian function. They were collected
by using Raman spectroscopy ITT-MDT, NTEGE A Spectra) at Mational Nanotechnology Center,

H-ray diffraction patterns were collected by using z-ray diffractometer (Bruker, DE-Discover) at Scientific and
Technological Besearch Equipment Centre. They were refined by using Eietveld Eefinement

dreference [9]

freference [17]
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4. Conclusions

We studied the effect of nano particle sizeg on high pressure Raman scattering in
nanocrystalline CeOQ, The first order Raman frequency increases with increasing
pressure. We found the first order Raman frequency decreases with decreasing particle
gize under ambient condition. The lattice constant increases with decreasing particle size.
It iz alzo cauged by the decreasing particle size induced decreage of the first order Raman
frequency. The lattice expansion can be explained by increasing molar fraction of oxygen
vacancies with decreasing particle size.
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