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ABSTRACT

Project Code: TRG6080019
Project Title: Synthesis, magnetic and conduction properties of co-doped CeO,
nanoparticles-based oxide dilute magnetic semiconductors
Investigator: Assistant Professor Dr. sumalin Phokha
Udon Thani Rajabhat University
E-mail Address: sumalinphokha@gmail.com

Project Period: 2 year

Oxide-based diluted magnetic semiconductors (O-DMSs) have been found to exhibit
RT-FM and above RT. When a lower valent cation replaces a higher valence of ce” site, it
creates Ce”” and oxygen vacancy form account of the local charge balance. It was of great
interest to study the magnetic properties of co-doping CeO, nanoparticles Co™ with s
(Ce.95xC00.055r,0,), ca’’ (Cep.95.4C0005Ca,0,) and Ba (Cep.95.xC00.05Ba,O,) when x = 0, 0.03 and
0.05. These co-doping CeO, nanoparticles were synthesized by polymer pyrolysis method
with calcination at temperatures of 500, 600 and 700 °C for 3 h. The structure, morphology,
optical properties, valence states, magnetic and conduction properties of the samples were
characterized using XRD, Raman, TEM, UV-Vis, XAS, XPS, VSM and dielectric measurements.
The results exhibited peaks corresponding to a single phase of face-centered cubic CeO,
structure in all samples. The crystallite sizes decreased in the range of 8-20 mm. UV-Vis
spectra showed a redshift behavior of the band gap energy due to Co, Sr and Ca
substitution. The presence of Ce3+, Ce4+, Coz+, Co3+, Sr2+, Ca2+, Ba2+ ions and oxygen vacancy
in all CeO, was determined from XPS and XANES measurements. Oxygen vacancies have
been proposed to play an important role in the ferromagnetic origin for CeO,. From Raman
and EXAFS measurements, this was suggested that Co”" was not completely substituted into
CeO, lattice and decreasing of oxygen vacancies has been observed. Decreased
magnetization value in doped CeO, was suggested according to the lower percentage of
Ce”" concentration.

Keywords : co-doped CeO,, Nanoparticles, Ferromagnetic
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Executive Summary

1. anudrdguasiuvesdym
a ¢ . . I3 ' ft o o & ! &
H3uuveonlen (cerium oxide, CeO,) \luasusenaulunquansoenlenneatiniausivin
(Oxide-based diluted magnetic semiconductors, O-DMSs) fignunsatansautandaiuazinesls
a a a v . = | A v v A
LUNLUANYIREUNHUNDY (room temperature ferromagnetism, RT-FM) MIDGININPUNYUVIDILAT U
gaumaiia3 (Curie temperature, To) aenirgamaiiviestaluiandeiiu FalussduszneudAyves
walulaglulasdidnnsedndnuuulug fendunisivavesiszydianasounaznisiseeiivesalu
£ v 1 =3 = ! v & Y v
MeldnsnseRuInauuulman audliivieuas awnsoaielew Ussinana wazdaiudeyala
wiouiunmelugunsalduieiu vilvidusednSamnisiaunags uagldndsau dadan O-DMSs
Alasuanuaulang1aniewng W Zno, TiO, SnO, Cu,O, In,0; way CeO, lnawaniy CeO, i
laseas1ananuuy face centered cubic wagin1sdnlassasindnuuungeslsd (fluoride structure)

[ Y

el a = 5.4111 A ansadaniziudisessuvesd@neulan viliwangdmsuldsauiugunsaiuuy

' (%
calal AN

alunsetindndiugnudugunsallulasdidnnsedindainddnauladreuintu [1-8)
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INMIANYIMUIIENTR RT-FM ludanueves CeO, UTans 1Ana1ntodI19v0908nTLan (oxygen
. aa 1 a 1 [ a 1w aa
vacancies) ilkasionalnvaamaiinudwaniy CeO, Funindunsisenwuu face centered exchange

Ao A v Aa v ! 4 a v 0o § Y a
(FCE) Tuvauzfifanmeves CeO, MIamulosaufiiamlszqionnin Ce lutiiautony agvhliindszq

+

3+ \ ! a % J X vy 3+ 2+ 2+ 2+ 2+ 2 3
Ce”" warvasinsveseandiaululasaadng CeO, Munnduld wu Fe™, Co™, Ni, Mn~, Cu™, Sr, Sm
3 3 3 P v & X . o X a S ]
Nd™, Pr 3o Gd™ tludu Tialuuduaiindn (magnetization, M) WinAua1n CeO, U3andisaaiyin
ldil 1 1 d’ QI é’ ldgl a g.jl 1 1 a 1 3 2
UBNIINTNUINAT M MALTUTAAINNAVDINIIINYBII N9V DIaNTLauLas osauvaswlivan Fe ', Co

= 2 1 ) A o ¢y ad v Y
w0 NI 1 Taneuniauluaes 8 at.%Mn 1o CeO, duaszsieieds solvothermal TiA1 M iy

IS

4.48 emu/g [10] %quﬂWQQﬂ’jﬁ CeO, U'%qw'éwmawh (0.0085 emu/e) [9] FaduaszsisneITnawesln

¥ ¥
! 1 a

2 1 =4 v 1 o 1 4 1 2
Isla%a wenanildamuinen M azilianasvulsainnisidesmlusuniaes Ce WU 5at.% Co  way

Y

e Wirngadu 0.081 emu/g [12] Fsgendn 5at% Sm™" uaz S fs 6 wih [11] TneUsyq Ce™ way

Yo9i19veseanBlaunuIndul inlviindunsiseiuy FCE Muntuliavdiasiar M Nasdumie nsil
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JuiuUTudesazveilsey Ce’ uagyaainawatoandiauiineunzdmiunisiindunsizenia
wilwdn wazenatuegAuiBnsdunseifiuandeiudae sgslsfinudseruniswuandd RT-FM u
Saguangy CeO, oraAnnnsilegueslanzife nieansusznauiFovulsinanngy Fe, FeO, Fe,O,,
CoO 30 N0 losnnisunuilulassairendnillaiasysal

fau TumsidetagAnuiBnsdunsey  auifusingn wazanUalninvesouniansunly
CeO, WavlinI1mue3 Ceyos,CoposAO, Wi A @0 Sr, Ca way Ba Inedslndwesinlslada ey

aadmuslunsiweenlemdouivinngy CeO, dmsuuszandldniauatunsedndludusoly
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2. Inguszena

2.1 LﬁaéﬁLfomsﬁaigmﬂmuﬂuﬁai'amm Cep95,C000sA0, Wl A f8 Sr, Ca uas
Ba lnedSlndiwesinlslats
2.2 Wiemdnuaiznslasiadng ANUUZNINANIA LAZANTULUILIVDI0UNIANILILLTDT I
Tnemaila XRD, Raman, TEM, UV-Vis, XPS wag XAS
2.3 Lﬁ@ﬁﬂ‘lﬁﬂﬁuﬂaw}ﬂLL?,JlmﬁﬂLLa311/\1‘N’]ﬁuaﬂ’ay.ﬂ’]ﬂmuﬂuﬁaﬁﬂﬂﬂL‘Vlﬂﬁﬂ VSM uag
dielectric
2.4 \iefnwnaresnisidese Co, Sr, Ca was Ba soantavauianuazlviinvasaynia

NIUULI D5

3. 521 U8UY

Tulassnstasinnsise 2 U Tneudansideoendu 2 929 Tdun

3.1 MIFLATIEIRUNARIUILIL CeO, kar Cepos,C000sSHO;

iuawuﬁiﬂﬁ%mﬁameﬁaumﬂmuﬂu CeO, AT Cepos,COposS,O, BUANATS

azanganssadulutiusiaannlesau (De-ionized water, DI) Usunas 15 fiadans Tnelddmdausiuiy
Tuavesansiedy Ce(NO3)3.6H,O (99.99%, Kanto), Co(NO3),.6H,O (99.95%, Kanto) wag Sr(NOs),
(99%, Aldrich) fumnsadufio 1) Ce WJu1.00 uway 2) CosSrCe 181005003092 uwaz
0.05:0.05:0.90 (¥Anuiuduveusazdndiuie 0.006 Tua) suduioensu mniudiansazane
Acrylic acid U3unm 35 fiadans mustewdlosuiu 1 $alue anntulinnudou 50 swmiwaios
JUNTEIENTATANBIA LLa”aﬁmzﬂauﬁlﬁlﬂLmLmalsuﬁﬁqmmﬁ 500, 600 Waz 700 8IALTAIGEE
Wunan 3 dlus wdhansiegeildlunmaaeudnuurlasiaine dnvaznisgana aomglsey
audAniaandn waznsuiilai Tnewalamneg @i XRD, Raman, TEM, UV-Vis, XPS, XAS, VSM
Wy dielectric
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av A o o

Tunuddeiyinsdunsenounanauly Cegos,ConosCa,0s  Wag Cegos,COposBa,0;

[ 1%
v vV o

Suanmsazatsansiagulutiusiaainlosou (De-ionized water, DI) USune 15 fadans lngld
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Ca(NOs5),.4H,0 (99.9%, Kanto) waz Ba(NOs), (99%, Sigma) fumnaafufe 1) CoCa:Ce 1Ju
0.05:0.03:0.92 4a¥0.05:0.05:0.90 way 2.) Co:Ba:Ce vJu 0.05:0.03:0.92 ¥ax0.05:0.05:0.90 (ganu

Y Y |

Wudureausazdndiume 0.006 lua) auduiiledensu anntuivaisazans Acrylic acid USune 35
faddns niudailesuu 1 Talus ndulvanudon 50 a9AYalTYd AUNTLNIAITAZA1EUNAT LAD
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A
v
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1. MANMSUATIANA
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H3eunenlyn (cerium oxide, CeO,) \uarsusznaulunguanseanlannininge

wiidn (Oxide-based diluted magnetic semiconductors, O-DMSs) NANUNTOLEAIFUUAN

a a

milaziaslsunniuiniounniivies (room temperature ferromagnetism, RT-FM) %38

q Y

a

gendneumgiviesuasdillonmaiag (Curie temperature,  To) gendnammgiviedlaludan

[

= v = & s ° = a & A a I A o
LREINUY GZNLﬂuaﬂﬂﬂﬁgﬂaanﬂﬁUﬂaﬂL‘V]ﬂIUIa813JIﬂ3@LaﬂV]§QUﬂ5UWLLUU1M3J ‘V]@qﬁﬂﬂqiiﬂa

o

Y

YoeUszqdianasauaznisisesiivesalunmelinisnszduatnauuiivan aunuliivie
uas anansnciglou Yszanana uazdniiudeyaldndousunislugunsaifuieadtu vl
Uszavsnmnsviauiigs wagldwdanush e¥ag 0-DMSs Aldumnuaulaegeniianns
WU ZnO, TiO, Sn0O, Cu,O, In,0; way CeO, lnalaniy CeO, HlATIASNANWUY face
centered cubic uariin1sdnlassasndnLUUNgeelin (fluoride structure) laeila =
54111 A anunsadanieiuiisesiuvesddnaulad yivlvimunzdmsuldsuiugunsaluuy
alunseindnffuguugunsailulasdidnnsefindanddneuldieanniu [1-8]
MnMsEnwIMUIIaNdA RT-FM luTaguaues CeO, u3gns 1in1ndesinses
00n%19U (oxygen vacancies) fifinasenalnveinisinudivinly CeO, Funindunsisen
LUU face centered exchange (FCE) luvnizifanuaues CeO, Miasylonauiifianlsyy
tounin Ce”  Tuuunanfes asviliiAnUsyy Ce” warvesinweseandiaululassaiis

a X [y 3 2 2 2 2 2 3 3 3 = 3 1
CeO, MUnTUl Wi Fe, Co, Nir, Mn™, Cu™, Sr', Sm™, Nd ", Pr v3e Gd Jusy

s
=

TAluwuduslvan (magnetization, M) liin@uan CeO, U3gVdivdavin uonantinuinm

Aa X Xa 1 1 J a 1 =3 3+ 2+ =
M‘VlL‘WllleuuLﬂW'U’]ﬂf}\lasU’eN‘Vl\‘i’”ﬂ’1ﬂﬂi’e]Q’J’NGU@Q@@ﬂ‘(ﬁLQULLﬁBI@@@NGUENLL&IL‘Mﬁﬂ Fe , Co u®

2 | o 2 o Y ac
Ni"" (Wen et al, 2007)wu Janounauiluves 8 at%Mn §o CeO, duns1zined

solvothermal 1A M 11U 4.48 emu/g [10] %Qﬁﬁhgaﬂ’j’] CeO, U%?ﬁ/lévia’lﬂwh (0.0085

L2 1%

emu/g) [9] FsduasgrimeTsindiwesinlslada uenanlidanuind M asiradulaainnis
1 o 1 4 1 2 3 ¥ o1 d! 1
Wesullusuviswes Ce 1w 5at% Co way Er Winngadu 0.081 emu/g [12] Fagandn

2 2+ = ] 3 ! i a = -
5at% Sm  waz S 896 w1 [11] IneUsyy Ce” wavtosinswesoandauiiunndudl vinli

Andunsiseuy FCE Nunnduldagdanasionn M fig@umey visdvuiudinaiosazves
3 1 1 a i o U a % aa 1
Uszq Ce ' uazdasinuasandaufineimnzd miunisiindunsionniuwdingn wazens

£
[y

TuegiuITnsdunseinuanssiuiieg sgdlsinudisenunswuant® RT-FM - Tuanma



ngu CeO, o1aiinanmsileguaslanzifion vieansuszneuidevundivanngy Fe, FeO,
Fe,0s, CoO %38 NiO LﬁaqmﬂﬂWiLmuﬁIuImaa%Nwﬁﬂﬁlﬁauyizﬁ

fau Tunmsideiasinuiinsdunsest auifudingn waraudiliiivesoumeng
Ul CeO, Uazk30390U89 Cegos,CooosA O, Wio A fio Sr, Ca way Ba lnedslndweslnlsla
Fa tieidussdmnuilumsimunsonledidewimanngu Ceo, dmiuuszyndldmisiuaiiu

nsafndlutuneld

2. ATeiiientes
2.1 anu§nluiieatusenladieiaindausimvan
senlesftniowtindn (Oxide-based diluted magnetic semiconductors,
O-DMSs) WU ZnO, TiO,, SNO,, In,0s, wae (La,SNTiO; 1iarlulaaauvadlanennuddu (V,

Cr, Mn, Fe, Co, Ni, Cu) udagnlasumnuaulailusgiaunnlutigiunazeraiiolai

<

ponleadowimandunisAunumemuudivanfiurfuiulaziinaud1yod1edeenui

¥ |

1J =

a o & A s A &) =1 I~ wa ) =
ARNITIWN 21 WﬂuLu@ﬂQqﬂaaﬂl%ﬂLf\]@LL@JL‘ViaﬂL‘Wﬁquu@ﬂﬁﬂﬂllail‘U(ﬂLﬂua']iﬂﬂ@]')u’]LLagﬂJﬂ'J']ll

TUsauawardauansandfnnuluwdmdnwuuineslsnaamgives nisudungenin
gaumaiiviedlsl 1151971 1 waneseaunsfnweenladiewimantuianuiangy wieussyen
Te  wazAluudndvansenanlosauvasaisiia nstaudimduaisnsiitvazanuduy
wiwanuuueslslutanisivinliesnledidewlvanidnaninlunisunludszandldly

L4 ] a s a . . d Y | = o
gunsaluunille-8idnnsetin (magneto-electronic device) uazwaluladadelvy Feo1dy

a a

nsldvan1snnUszqBianaseu (electron charge) waznsaluvesdianmsou (electron spin)

'
a

Iolunandeaiu [13]  lnsgunsalfildwannisegreiiilui

[

Sinludegunsaluvvatiunsedn
(spintronic device) Lﬂumﬂiﬂag%ﬂ%ﬂi’]ﬂgﬂ’]ﬁa}uaa giant magnetoresistance (GMR) Tu
wmudmsuaisanantasn (hard disk drives, HDD) Wag magnetic random access
memories (MRAM) Iﬂ&lﬂﬂﬂ‘i’fﬂi?ﬂgﬂﬁﬂj magnetic tunneling junction (MTJ) Fanmd 1
AL U dEuwlnanvualnanie GMR Winannstieduauiy
1ndunsInanssEIaduingn Lﬁa%uLLﬂmﬁﬂﬁy’aaaqgﬂv‘iﬂﬁumﬁlm%%’u (magnetization)
Tufirmadeatu agldamnudunuiiditldnseualniilvaldunn waddfensaiudan
ArmusunIuazgInsualnifazdosniu Fafienaveanseuawdald 2 fiena Ao 1.
Parallel current GMR WHunislinszuaiisidnaseuiladufinmaiensufutuudmaniiaes
tingnuszandldluieuudvdnlugnamnssundassafaniasi (HDD) laeUszensldlu
wialulad Spin valve Lﬁaém%’aaﬂaiugﬂLLUU%qm{LsﬁammLLajmﬁﬂﬁaamﬁaﬁamu uag 2.
Perpendicular current GMR Wun1slinssuaiaidnaseuflatufirmesannfutuudmanii

@09 WeaudnlafieTudanvualaduniman 1 9u 31591 spin polarized wagdndu
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\Ju detector %ﬂwﬁﬂﬂ’liﬁlﬂuﬁug’m%ﬁ Tunneling magnetoresistance (TMR) Fanmd 2
wae 3

neANNITn MRAM  Usenaumae 1. Magnetic tunneling junction
(MT) Wulsngmsaiifunumddglumsianmsenudieia MRAM dwiugiudeya
fignifiulu MRAM Tuszuuiinea “0” Weduwimdnfaosdifmnadientu woe “17 efie
nansadny Wldlaenisuaesnszualiiisumissrnuswuy MTJ Sadefvemiisanus
WUUH anansashuanusvemthenusildnasnnan Tnefiduuisvesasudindniaes
Fuldfosnisinundoniiofiasfnwianiuzassdrnumduwingn snfendnnisie
nsvuabiiaglvaruduunedduansundnlda &1 spin - vosdiEnaseudifiamaiientu
femavesauduningn wavdrdranudusdmanvestuuviddudiifanafisatusu
fmnsvesianuidusivdnvestuisasudindndudaly Fugndalildlifininudeuntag
nszudlnifhazlvanuteaesduildinn arudunusshezmnedcdn “17 uwidianees
A dunindnvesisasmssutunssualifiagivaldton azldmanuduniugs
nueneln “0” wag 2. Spin transfer torque (STT) LfJuUﬁﬂgﬂmﬁﬁﬁﬁﬁgI@amﬁ’amidw
Touusadaiinannszualniilnasuduunsd spin vesdlanaseuluiianseiutuiufidues
Apnuduusdmdn sxdeldiiaussdn (torque)  szminedidnmseuiuansudmdniu &1
nszualnindvinamnwefazaunsansliisusednuinnefiazauisawdeuiiamiswesen
mufundivdnvestuucld TnemsiaussdatdvilmAanssuanduiia (flip) vesiirmicves
Aaufunsindnuesiuunsiiiudas: SsunngmsaidvliAenndeudateyatunie

AMSTEUELA FININA 4 way 5
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A5197 1 eunsAnwilduusesnledideousimanluanurangy niouszyrgumgiies
(Curie temperature, Tc) warAluuALanaolosoUUINYDIEILTD
¥ TPOIUDUNGIY, a13130 ALULIUA QaUUNIAI

E; (eV) walwdn (Ue) (K

TiO, 3.2 V - 5% 4.2 >400

Co-1-2% 0.3 >300

Co- 7% 1.4 >650

Fe - 2% 24 300

SnO, 3.5 Fe - 5% 1.8 610

Co - 5% 7.5 650

Zn0O V- 15% 0.5 >350

Mn - 2.2% 0.16 >300

Fe - 5% 0.75 550
Cu-1% - -

Co - 10% 2.0 280-300

Ni - 0.9% 0.06 >300

Cu,O 2.0 Co-5% 0.2 >300
Al - 0.5% - -

Mn - 0.3% 0.6 >300

In,0, 37 Fe - 5% 14 >600

Cr-2% 1.5 900

(IN15SN,),05 3.5 Mn - 5% 0.8 >400

CeO, 3.4 Co - 3% 6.0 ~800

(La,SNTiO; - Co - 2% 3.0 >400
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Write fole 2

Write pole 1
Shield 2
Read sensor
Shield 1

GMR Read Sensor

AW 1 nnvenevesheuvesesafaniasilagldusingnisal GMR [14]
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Spin-valve structure.

—

Ta h Gﬂ]}'

¥ Pinning Layer
<+—Pinned Layer GMR

4— Spacer Act iye
Free Layer Reglon

Buffer
“; Substrate

AT 2 @UUsENoURE1NNEURLYUBSAUNINAD [15]

Spin FM NM FM Spin FM NM FM

] %
aaa

AN 3 N9NTeiRwesdidnasauatulunazatuaslutultindnAinansundlamdudvu

V39849 [16]
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Tunnel
barriers

Ferromagnetic —
electrodes
IIOII
Low resistance state
“Bit” lines —
\

Word® s ="

mwﬁ 4 ANUAUNIUTDY MTJ [17]

“Pw,

AN 5 AAn19nN15AaLsIDnvesaludiannsou [18]

ll'l "

High resistance state

/:}5‘

Torque

o« AL
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2.3 aymauilu CeO,
HTeueanlyn (cerium oxide) 3o i3y (ceria) Tailgnslassaframanaillugy

CeO, Uulanzaonlenuossiguienn (rare earth) Nin1sdnlasasmdnuuungeslsa (a =

1A o 1

5411 &) Teglunilamhewadezyszneumelessuves Ce' agiimumiuaniinves FCC
(face centered cubic lattice sites) vazfilopauves O° azagiivessznindlessuuuy
tetrahedral sites ViauUngas drnrossenindlonsunuy octahedral sites 4 dasfindongas
Hansineng Tnsusaziduiusy 4 stuseiu ce™ Fuflunilomhewadusznoude ce™ 4
loosuuaz O 8 loosu uanstsgy 6(a) Famsidlassadramdnuuuivinlfannsadane i
fr50e5ure9daneuldd Tunnzdmiuldsmtugunsainuvalunsedndidtugudu
gunsallulasdidnvseiinandaneu fiflosan ceo, FautRamenansegsiiunauls wu 1
WOUYBIININANIUNI (wide band gap) Usesnn 3.4 eV Tauddlusauasanunsoganau
wadlailugas UV flenasiladidnmings (€ = 26) fianuaiiosiiguvniigs wazdianuanansa
lunsviuasenas Faiiu SaldfinnsAnen CeO, diounldludusieg wu Husug
Ufnsenlunszuruniswalndange Insaniziiudnssufiseonuuaiunis (three-way
catalysts, TWC) ImEJ‘L%L‘TJw?hmmumﬁLLwésuaaLﬁasuaaﬁamaﬂuiiamu NAIUVDINY LAY
ww3esdng Taevtluldlunisidaminanledesasud 14lunisidnansdunisanninge
(catalytic wet oxidation) Lilpsainezmeuves Ce awnsoilly 2 anusfio 3+ uas 4+ N3
uwassgninsuszieansinfntulddne luaniusund CeO, axflovmonadlusuniingg
vodlassadiedsauysal widlofinnudsudu 3+ dlsfidumivisoseendiaudnialy
Imﬂa%"ml,t,amﬁ’qgﬂﬁ 6(b) wavsuniamaiannuaunsalunisinfiveendiau (oxyeen
storage capacity, OSC) l¢igs vl CeO, anunsnfteanTiaudvsedngeadiausantade
[9-11]
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ce' ion O Ce3+ions

Vacancy Created by release of 02- ions

2NN 6 lAssasswuu FCC 989 CeO, [19]
() Warumiawine voternaxlulasiasiegsauysal

(b) WoFMUMUIYIRBNTLAUNANBDNIINLATIATI

2.4 msAnenauURuiidnngu CeO,
nn1ssunsUszngAdaduntimdnuuuisleslsfigungiivieaveq
asUszneusenled DMS dellauvmannsivesitweseendiaululaseaine waganseenlas
CeO, Wunilslu DMS AuansaudBuivdndinanustitlilddossnoudufnuy Mailiiesan

&

ANNENNTOVRIBEABNVRY Ce Nausadls 2 Useqfie 3+ wag 4+ n1sudasseninelseana
aoufnvuladeluaniuguni@ 2wyl CeO, Hogmouasludunuinigg  veoslassasnly
auysnl (CeOys, 0 < 8 < 0.5) luhitellaznanfautfuimanngy CeO, NiomesnNI UG
U warsIMEeIN
v ] < ' a v A
1. auUALivaNNgusIANIUTTWTe CeO,
= < LY = aa o v ! a ! ! a 2/

nsieluladenimianuddysonisiindesinweseangiaululaseaing
dlaidemeUszaifaniusaindt szdwmainlmfavesitsweseandauiieusuanus iy
naN N1sAnYeeIN « danunsansivaeulaainvnatin Raman v83an13:38 Co luanniAuly
Ce0, [20] WAMIFINING 7(a) NUINARAUNASUYEY CeO, WarInII19UIDDNTLAUNAILALUS

-1 -1 o w v X o P A ! !

450 cm  WAg 570 cm  AUEIAU dagnuAsiuigsduvesinurisiidutesines
pondauilaiiniswoudlaly AvH, Wwian 1 wag 2 Flug nnadenavinliansusenau
Co @olusynaunlu CeO, uansaudRuianiuuineslsNTuiuUsuINUeI909319984
pondauddian My figeigaviniu 0.6 emu/g Wiawoutlalu ArH, Wuan 2 $alus vz

wouilalu O, vilvia Ms anawindign fsnnd 7(b) nisarastifiannnainnisfiudiy O, Tu
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lasaasa vlianUsunatesinseseendaululasadne aziiiudi doainsveseandiauly
Tnssadsflunumiiddyesrannd nsunisindunsisennsuaniUeuniawindnwuu FCE
uananiidadinnsnenuunnvesterivveseendiauiitualaensstuaudd RT-FM lutan
N9va9 CeO, U%qwéLLaz Co @eluaunauily CeO, [21] ImsJﬁﬂquaﬂssmwsw?{auwm
fuauuuimdnvesauanilaeduvosian CeO, U3and uwuutumnu (bulk)  LATLUURS
(powder) uansian1nd 8() Ine@nwluzag -6000 Oe > He > 6000 Oe Migumgiivies Ui
i’a@LLUU%umulaJLLamauﬁ’ﬁLLaimé‘mwmﬂaﬂi S?iqaamﬂé’aﬂﬁ’ui’aml,w%mmmm TiO,, HfO,
uay In,05 U3aWs wneiitannaues CeO, uiavbuansauiRusiivdnuuumadls Inedauuni
Tnigduuszanas 0.0045 emu/g azdiuinian CeO, U3ans wuLTUNUWAzLUURT AT
asmaduriaieaiu nduuanmginssumasdndniiuanaieiy uanafeinmd 8@) e
eunanmsiintesinweseendululasiadng Ceo, Tngldiuasunlasiaseadewan 99
meliUSnatesiveteendiauenasiinlussninnssuiunsun Swmasuiuandliiiu
Te37119830nTLau Jdwdidglunisiianisarvgiunuusdinininesls dialiians
woANITULAaNuUULNeSTS
denrudnlafideturenisuansantinuduusindnuuumesls lutagusves

[

CeO, U35 AnToanufgiuianuiinenainannalnuestesinsedeendiauny laudrian

q

a

wuugununuadunadtluveuiiafigaugi 500 °C WJuan 2 Hiludlussndiauiiaa
MUY 700 M85 WEARAINING 8(b) FawaninisiAsuudasiugnmgiivesauunilaieduy
Y833AANa CeO, USANS Aaukavndmiunszuiunsnsausoulaaldimaiin SQUID nafle
WUIMERINHIUNTTUIUNITNIIANUTDU TAHILANIEaNTRAVIMILUENTIR1Y Aoudang
antRenudundivdnuuunis deudsansaasulainsueatianeldussennimeendiau
g [ a [ a 1 1 £ o Y a o va I 1 [
tudunsifuasesndiauluresing JwhliiAansviangaudianuduwdvanuuumlesls
wazhanauURn T uMIANLUUINTITUNT LagIINUaNN1TAIWIMLUY full  potential
linearized calculation  Lfie@NY18NENATDIYDIIIVIRONTIAUARANTRVNULLIENTDS
o dy Y @ ! 1 ! a =2 fa o v Y v
CeO, NMsAmmatuandlviliuiigesinweteendiauainsess d uag f oesivalvdilng
FEAUNSIWNTH (Fermi  level)  vlWARNISUENEONTBITEAUTUNGIULTBIAANTS
waniUdsuiuld Fewaainnismeasdiagaungudatuayuiivesinweseandiaunsbiin

antRnnuduwivdnuuumeslslutaguaves CeO, usanstudliliidomesansuidu
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I Y I . T : T L) T
Ceo’wCou_ost i in the states of:
—=u—3s sintered
| —e— Ar/H, annealed for 1 h

L]
B :I —v—Ar/Hz2 annealed for2 h

S En-mmy
n
4

Intensity (counts)

Intensity (counts)
1

500 500
Raman shift (cm™)

400 450 500 550 600 650 700
Raman shift (cm'1)

06  (b)

ArlH2 600 °C 2h
as sintered

o
(V)
—

0, 800 °C 2h

M(emu/g)
o
o

-0.2
-0.4
-0.6
" 1 " L " 1 L
-10000 -5000 0 5000 10000
H (Oe)

AN 7 (3) LEnIrDeiNsYeseandlauainaiunasusuiuees Co Welu CeO,

(b) uwansauURuswdnuuumeslsves Co 1¥elu CeO, (Ce 447C000;05.5) [20]



=
o

= piece sample
= 0.4+ + — powder sample
=
£
ope
Z
= 0.0+
=
™
M2
{8
=
%
2 -0.4 4
| @
-ﬂ.E T T ¥ T T T T T T
-6000 4000  -2000 0 2000 4000 5000
Field (Oe)
D'E T I 1 1 L L] n'ﬁ
ey, H=1 KOe
0T - -— "'l'--.c.‘[L1l
As- prepared “""1..‘1 0.4
o ‘1- -
L= = LH"“‘-I' o
S 0.6- ., S
= \ N, =
rum - l‘h. " u 3 "‘."m
= ' L ]
S o5l W | o=
= |\ “\ =
B 1oz
0.4 - "ﬂ-.,_____ 0, annealing
] """-—-l-:--,-.E__!_________—"'__ . 1
(b) S R
0.3 T T T T ™ T T T T T T 0.1
0 50 100 150 200 250 300
T{K)

a

AN 8 (a) nsildsunasiuaunuwividnveseuwunilagdungungives vesiag

CeO, UTANT WUUTUNULALLUUNG T TUNISNTNTgaumgdl

Wuan 10 s

a

q U
a

1400 °C

Y

(b) Mswasuwdasivgaumgiivesruunilladuresianns CeO, USgva nou

Y

waznaINIsheutianaum

a

il

Y

500 °C 1Junan 2 $lue Tueendiau [21]
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amd 9 1 Wumsfinwaudfnavesisuunifinvesiagws Ce;,Co0,5 1ny

Anwilutig -5000 Oe = He = 5000 Oe Tigaumgiivios wuiilutaguives CeO, U3gnduans
audRwdminuuumledlslaedawundlaedutony FuAnanteritweseon oy lurued
Fanuavas CeO, MAafe Co Usmaienq Wauunilaeduazdanosidaquiiginii e
Jiinunade Co dsduruanilawduargedude widuihiudanleegsdatiouiinmuns
Feganiix = 004 Auunillawdunduanas was Tanuansginssusianoslsunniufinuas
WITWUNUFEN dwmsun1siie Co mediana x = 0.01 IhaAEuURNIaNITIANLUAN
Tuvazfidlordo Co Mot x = 0021 aglimuunilawdugeian (~0.47 emu/e) uag
defunanaAliaudusimindeunnlosoures Co dmiuianusves CeO, Miade Co

Y o1 v <

U3unal x = 0.021 Yssanadlawiniu 0.05 uB/Co daiinduamniinulu CeO, Usans fsfaeii

1 [ o
=

wagAUNUALIAN TN NHATE W IYD1IN9VBI08NTRULAYN1S BRI Co B
138NI1N13AAIULUY FCE twed n1sidelessuuinves Co inluludumniwes CeO, u

3 Y a 2+ 3+ o Y a 1 J a a
mmqmﬂmﬂmlaaaumaa Co LLﬁ%I@B@‘u Co MAANYD9I1908999NTLAUAUTTIUYR

o A 9

iefvzUsuuszqliflaniuzilunans daugesinmweseandiauly CeO, avimihfimiioun
NUBIANATOUIN Fcentre  Bidnasauiigniiulugesinavesesndiauazivssaniugluess
A o Y a ] A Y] & fa v 24+ a Yo
Tfaudraziinnisdeumaoniu (overlaps) vostueaidva d lulessuves Co  Meglndiu
Ingsaivesensdviavetoandaufigniiulugesine azauszann a.€ e a, Wusaivosues
waz € WuAmanladiann3nues CeO, (~26) lngaluvesdiannsauiianuisadiluegly
anugiulaazedifavesaludlulumadieiuivaluvedianaseululossu Co lnaiduly
mmmaaquﬁ(Hund’s rule) wATNANNITVOWNIA (Pauli exclusion principle) F9LAANT
1 1 <3 1 L% a 1 =3 A a A
AuanuuUkmanasls dwalilananginssunimaniuumlesls uaviilelinisiie Co lu
Usunafaunniuies s ilvauunilawduiinianas nanmodeidsluliunaiuinduiilnd
a i 2+ X o ! v ' 2+ v ° Y a
USuauglosauves Co™ wndumedmaliissusnieseninelessy Co™ antayad nliiin
a o a g | | 2+ ' a )
nsuaniaguiuresdidnaseuseninavesiessy Co g unitlessuves O 138Nduns

Ase1n1suwaniuasuwuuilin super-exchange  vilwanseganansantinudunsivan

wuUkauAesls dwwavinlraudianudundvdnuuumeslsanas
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——0%
——1%
—_—21% e
—v=23.99%
{ |-—67%
——T.5%

0.3 1

Magnetization (emu/qg)

0.0

S Sintervd Sample wimth 0% Co
-E 2003
3 ! % 00001
0.3 1 g

M/ 0006 iy

$000 -2500 0 500 $00C
Fieid |O¢)
v . - - v T -
-5000 -2500 0 2500 5000

Field (Oe)

M 9 nsdsunlasivauuwivanvesruunilawduiigumngiiewesianns

Y
Ce;,C0,0, 5 HMUNTTUMBSTIgaunR 1400 °C iluaan 10 Falus
(nMmunsnuanansiuasuslasiuauuuimdnvassuunilaeduresian
CeO, U3gd) [21]

2. audhwimanngusineniie CeO,

A 10 LanIN19NATe9I 900N BaLlulATIAT1UBINTTRE 19 NN
#1199 W Sm, Nd, Dy, Tb uag Er luayniawily CeO, [22] :nmaAila Raman WuiLin
AUnNASUTe CeO, LArTaIINnI0onTaUTisILMLs 450 cm ' waz 570 cm - AINERU A3
u,amwqaﬂﬁsusuaqsziaaﬁwuaqaaﬂ%wuﬁﬁé’ﬂwmzLﬁmﬁ’uﬁumsﬁaﬁw Pr [23] #anwil 11
Fedawasouanautindndnuuumeslsfnan fanmil 12 wazamil 13 na il 12 9z
WuuansaudRudmdnuuumeslsansidosis Sm way Nd - wiiy TudSinanisided
Winfu (x = 0.20) wuinilgaumgiiunalet 800 °C nsidedie Nd uansn My fiunnndisie
AUTEUN 0.06 emu/g sumzﬁLﬁaﬁmuﬁmqmmﬁmﬂ%ﬁﬁ 1500 "C WUl Ms 9849715690
¥ Sm waz Nd fdnanas wazannmit 13 uansen Me fianaaiioidode Pr azifiudsieiin
yes51g el CeO, wazUiuanside favsnarenisiintositsveseandiau idwase
M3AndnsAzelmanvaseuNIANgY CeO,

AT 16 UAAININEIABINSAATEIINWBI08nTLaU (Vo) VBIUN AU
Tu Pr 139 CeO, (CePr,0, o 0> x > 0.40) Fadulaswadidly 1 76 TnoaundlnSuusn

| = v A 4 3 2- A 4 % a o
ADULYD Pr FLUIﬂﬁ\'iﬁi'N’U lllaaausﬂaﬂ Ce +, Ce +, O wag Vg ladn15tae Pr ﬂﬁﬁﬂiuqmuaﬂﬂ
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¥inlofil Vo iAndululassadradiinty wazillossuves ce™, ce”, 0° Prifuay Pr' wauiilouiiy
UsinaimsieluuSnaiisnntu Wunisdaasalinga Vo, ce”, ce” 0”7, Prituas P lu
Tnssadrafindu ddudnvasdardmarlifiatunuduguddomninlooou P uay P vin
LyfindunsA3e1U U superexchange 5¥%i19AT09 Pr3t—02-—pPr3tuay prit—02- —pré+
dwavibiinmuduwdmdneuunisn Jaduannsyilian M dananas dmsuniside Pr

Tupuniaunly CeO,

1 * 1 L 1 L I * 1 ¥ I

.-_ (e) CeO.EE rOAZOZ

l]l T
M
&
3
0
Q
0}
l‘l '

(d) Ce,Tb, 0O,

i J 75 PR IS |

lllllll

=S

g Wh IR *

;é’ e =

g _—(c) Ce, 4Dy, .0, i

E - —
] § s 3
3 A =
[ (b) Ce, ,Nd, O, I\ 5
; L\ ki
By e / Fzg\'\ & * = |
5 \ . ==

100 200 300 400 500 600 700 800

Raman shift [cm "]

AN 10 LERB$IN998900nTLAUNAUNASUIINIUUDS Sm, Nd, Dy, Tb uag Er

Feoluoymaunlu Ce0, luvmaumsidefiviniu (x = 0.20) [22]
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A 11

M (emuu/g)

AR 12

(a)

20% Pr

;{\/\30%\”
o) ., 40% Pr
L Wi
400 500 . 600
o (cm’)

Intensity (a.u.)

Intensity (a.u.)

10% Pr

350 400 450 500 550 600 650
® (cm'1)

LEP9YB9I199BIRaNBANINAUNATUTINILYEY Pr 1Faluaun1Auily CeO,

TuUSuaun1538 0 < x < 0.40 [23]

0075 4

20% Nd: CeO, (800°C) oot  20% Sm: CeO, (800°C) /
0050 4

0025 | 0005 ."

0000 00

-0025 4
-0.00%

-0.050 +

\\
N
)
N
—~~
&
N

-0010]
-0075 J
4000 2000 0 2000 4000 -6000 4000 2000 0 2000 4000 6000
T T 0015 T T T T
002 20% Nd: CeO, ( 1500°C) 4 20% Sm: CeO, (1500°C) A
0010 ’/ 4
.
001 & ~ d r}’f)}'
s /‘ 0004 ",.;;,
; 7/// ’.’_r
000 WA 00! i
g
4
/ L
0014 Jo005 r}’:»’
e
( C) 0010 // (d ) b
002 4 ] L~
T T -0 0152 T T T T
<4000 -2000 0 2000 4000 -6000 4000 -2000 0 2000 4000 6000
G
applied field (Oe)

maUasuwdasiuauuiivanvessuunilawdunaumgiives
(a) wae (b) punIAUTY Sm Az Nd 138 CeO, Wa x = 0.20
waalwigamgi 800 °C (o) uaw (d) sumewilu Sm uaz Nd \de CeO,

o x = 0.20 upalwiiigamadl 1500 °C [22]
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AR 13

AW 14

0.02

;a, 0.014
3
£
2 0.00-
=
-0.01- "
.S'E_’.zmtr6 ..
" 0
-0.02 - 0 5 10152025303540

Pr (%)
L 1 1 1 L 1 L 1

malasuwdasiuauuwivanvassuunilawdungumgliesves

9

aumauly Pr i3e CeO, (a) Nlianmyinlaginaila VSM

(b) Nlearnn1savanutureInsnluaIuAIdURIIMANLUUNITT [23]

AMNIABINTHIAYDII19VD0BNTAU (Vo) VBIYNIAUILY Pr 130 CeO, [23]

(a) NOWAB Pr (b) #aa38 Pr eUsuIMLDYe) (0) %84l Pr igUsunasnniu
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3. dnguszasd

3.1 WedBATIENOUNANIUIITDTINYBY CegosC00osA0; WIB A A Sr, Ca Way
Ba Ime3Slndwesinlslada

3.2 lemdnwarmalasiaing dnungnegame waganuzUsyaveseynianuily
Wasulaewala XRD, Raman, TEM, UV-Vis, XPS wag XAS

3.3 ileAnwaniBmausivanuay iveseyniansuiludesulaomaia VSM way
dielectric

3.4 \lefnwinavesnisidesne Co, Sr, Ca uay Ba Aeautfvnausimanuazliiives

BUNANIUNLULIBTIY

4. YIULANITIVY
4.1 duAT18eUNIANIUNLUEETINYDY Ceos,COposAO: dlo A @0 Sr, Ca, Ba uay
x = 0, 0.03 wag 0.05 lneAsndwesinlslada
4.1 manvazianzYetounIANtnlulleTINlagmAlln XRD, Raman, TEM, UV-Vis,
XPS, XAS, VSM uwag dielectric
4.2 Anwaudinwdvaniaslihveseumansuludesuleemeaiia VSM uaz
dielectric

4.3 @nwiNavesnsiienie Co, Sr, Ca kay Ba soanvaniawiwdniaziniives

BUNANIUNLULIBTIY

5. Uszleviifiazldsu

Whnnguedlasanis Ao aunsadunseiuasnIIuaNYUsLaNIZY0 04N IANIUI LY
130970 CeO, #18 Co, Sr, Ca uar Ba TinaudifinreautRusinanuazauTalninle was
anunsaafusinasulfnduusylevdlunsenstuiissfusauasuunnale wu Ceramics

International LUy
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UNN 2

mamsmmaaquaﬁmmfmamsnmam

1. Wan1sANEIIATIASIIHANVRDUNIARIUITL CeO,, Cegos, L0 0sSh,O2,
Ce0.95,C00.05Ca, 0, e Cepo5,C0005Ba, 0, lnaldnaiin XRD

sULuUMsAgIUuTessdndainnaia XRD vesoumantulungy  CeO,,
Ce0.95C00,0502, C€0.95xC00,055M,02, Ce0.95xC0005Ca, 0z 1% Ceq95,L0005Ba,0; uAalwii
gaumndl 500, 600 way 700 °C iunan 3 Flus wansdsnmil 15-18 wudreynassuluyn
nauflwdenldiindundnvesansuseneveenluies CeO, Tironndasiumaieaiuuied
londves CeO, Mnsdnlassaamanuuugnuiaiusarigeslsd (JCPDS Inldlavi 34-0394)
wazlinunmaiamaUasnuuvesasuseneudu Geduduirdinmsunuiives o™, S, Ca”
uay Ba~ Tushumiswes Ce' sganysallulassadns Inewuinanuninswesnswiidnuasy
fuavauileivgamniunalatian 500 8 700 °C dwiuyndeulunisie Juansdwuin
Ngﬂfwﬁj?’hLﬁu%mﬁ@qmﬂﬂ“ﬁuﬂal%ﬂ RFIUIMIUIANEN (Crystallite size, D) maﬂﬂqﬂmjmﬁ
winaildlagldannisivedises (Scherer equation) Feasufinsnsil 1 ann1sAUNU
yandniuuliniutudowuaalvifgnmaiasiu Selouandn 5.3 81 19.7 nm dmsy
yneuluniside wasilofinnsunavesnsdelunsazgaumninuinvuenaniiuultuanas
dlowdese Co~, Co /s, Coo/ca’t way Co”/Ba” Iuﬂ%mmﬁqﬁu Wudlvuanan 19.7
4 12.3 nm, 19.7 fis 11.1 nm, 19.7 fis 14.5 nm uag 19.7 3 10.5 nm ANEWIU Lansis
naiFeinasenissudenistaveswanls

A mSunansfuaAnfiuaniie (attice parameter, a) WuNAIAITILaRTigslAT
lugae 05348 — 0.5402 nm uansienaeil 2 Ssandeyailldddalndifesasiuand
@93 CeO, (0.5411 nm) (JCPDS ldlandi 34-0394) waziiloidome Co wuinArnsiiuaniied
wnltuaraadodisutu x = 0 deidede Sruaz Ca Wity wuheasinandeduualiy
dindudedieutu x = 0 Fsaeirdanvenannsunuiiveslessu Co™ (0.065 nm), Sr
(0.126 nm), Ca” " (0.112 nm) wae Ba  (0.135 nm) [24] AfiSrdlessuiidnniuagivejnin
looou Ce™ (0.097 nm) Faduanveyilvsunmedasiadafinnsdadenls deavhls
AruEUsE SN Ce-0 Wiy (AnnsDaluowuantie) dsavhliAnnisuaiauay
ndvesnaniiald aonadestusAdeiideses Ni** (0,069 nm) [25] vi3e Co™ Tu Ce™ 1

] a a A oA LA o a PN X
AAINLLaAVTanadLilalas Ni 158 Co MeUIUIMNNINTY



M 700 °C
(a
v
v
v
v v Vv
—_ I I I ' I I I '
= M 600 °C
©
A
=2 M
0 v
c
[} v v M
e
£
' I I I ' I I I '
v CeO, v 500 °C
v v
v v v v
v
UCPDS:34-0394 ’ ‘ ’ ’ ’ ‘ ‘
—71 T - r - r - r - 1 - T -

10 20 30 40 50 60 70 80

20 (degrees)

v °
(b) ce0.95coo.0502 700 C
v
v v
v v Y
T T | — T |
v o,
— 600 °C
=
= v
2 v )
g v v Vv
3
£ — T | E——— T | E—
= |vceo, 7 500 °C
v v v
v vV
JJCPDS:34-0394 ‘ ‘ ‘ ‘ ‘
T T T T T T T T T T T 1 T

10 20 30 40 50 60 70 80
20 (degrees)

Muil 15 UsUUNIs@eIULYesiddnduetayniarauly (a) CeO, uaz (b)
Ce95C00050; HUNISHMAalEiTigaumadl 500, 600 uaz 700 °C

Wuan 3 Halug



v
ceo.szcoo.ossro.osoz 700 °C
(@)
v
v
v
v v Vv
Mkt
T T 1 T | —
- M 600 °C
S
S v
= v M
2 v v vy
(]
-
£ PR T T T T | I—
Vv CeO, M 500 °C
}\ v v
v v vy
lJCPDS:34-0394 ‘ } ‘
— 77 :

10 20 30 40 50 60 70 80
20 (degrees)

(b) v ceO.SOCOO.Oﬁer.OSOZ 700 oc
v
b\%\_&/\/\
v
vv|
v v
— 1 r r - T1r T~ T *r T
- v 600 °C
>
©
g v
2 v M
)
c v vy
o v
)
E v I v I v I v I v I v I v
¥ CeO, M 500 °C

v
v v
v vy
b
T T

10 20 30 40 50 60 70 80
20 (degrees)

UCPDS:34-0394 ’ ’
S B e e L ma

Ail 16 JULUUNISIRELULURISIEENd0 9 UN AR (2) CegoyCOg0sSToosO; ke
1 &l a o
(b) Cen00C00.055r0.050; HIUNSMMAALYLINEMMAH 500, 600 Wag 700 “C

Wuan 3 g



(a) Ce,4,C0,,0:C2,,,0, 700 °C

v
- I I I
= v
(3]
'
>
= v
2 v
q:, v
- v vV
k= v
! I I I ! I I I ! °
v CeO, M 500 'C

JCPDS:34-0394 ’ ‘
— T - T - T T " T T
10 20 30 40 50 60 70 80

20 (degrees)

v Ce . Co Ca O 700 °C
0.90 ~ ©0.05~ %0.05 "2
(b)
v
T T T
- v
=
©
' v
2 v Y
(72}
c v v vy
[}
]
c
-_ — T 1 T | —
v CeO, M 500 °C

JCPDS:34-0394 ‘ ‘
—TT

T T T T T T T T
10 20 30 40 50 60 70 80
20 (degrees)

MW 17 SURUUNISIEAEIL LN OG0 0UNARIUIIY (3) Ce)oyCO00sCan 00, Wae
(b) Cepa0C00.05Ca0050; HIUNTHAALYUNGMMAH 500, 600 Lag 700 °C

Wuan 3 Halug



v o
(a) ceD.QZCOO.DSBaO.O:!OZ 700 C
v
v v
v v AA/
f_\ 1 1 1 ' 1 1 1 '
=) M 600 °C
©
—
2 v
I v v
c
"03 v v Vv
£
N 1 1 1 N 1 1 1 N
v CeO, v 500 °C
j\/‘\\ A A
~ N AT
o
ICPDS:34-0394 ‘
L R Sy I S R S S S R R H

10 20 30 40 50 60 70 80
20 (degrees)

v o
CeD.QOCOO.OSBaO.OSOZ 700 C
(b)
v
1 1 1 i 1 1 1
— v
5 600 °C
©
—
v
> v
£ v
c A4/
] M v
i}
c
— i 1 1 1 1 1 1 i
¥ CeO, M 500 °C
v v
JCPDS:34-0394 ’ ’ ’ ‘
' 1 ' 1 ' 1 ' 1 ' 1 ' 1

10 20 30 40 50 60 70 80
20 (degrees)

Ml 18 SULUUNISIAEILUNTRISIEONTU0I0UNIANIUIIY (3) CepoyCOqesBagsO, WaE
(b) Ce90C00.05Bag0s0; HUMTLHUAR LY 500, 600 way 700 °C

Wuan 3 2lug



AN 2 LAPIANYUNIAKAN (D) warANRINLaRY (@) NAINNNITAIUIN

AN5A19879 UIANEN (D) (hm) AAsinaniie (@) (nm)
CeO, 500 °C 10.8 0.5383
600 °C 11.9 0.5371
700 °C 19.7 0.5383
CeOF)SCOOAOSOZ 500 OC 58 05361
600 °C 8.8 0.5375
700 °C 12.3 0.5366
Ce095C00055T0050, 500 °C 5.3 0.5362
600 °C 7.9 0.5400
700 °C 11.1 0.5387
Ce0.90C00,05510,050, 500 °C 7.3 0.5386
600 °C 9.3 0.5374
700 °C 18.2 0.5380
Ce0.95C0005Ca0030, 500 °C 6.1 0.5390
600 °C 9.8 0.5367
700 °C 11.2 0.5364
Ceo'90COO'o5ca0.05OZ 500 OC 6.0 0.5402
600 °C 11.3 0.5348
700 °C 14.5 0.5386
CeOA90COOAO5BaOAO3OZ 500 OC 6.0 0.5377
600 °C 9.0 0.5367
700 °C 10.1 0.5351
Ceg.90C0005Ba00s0, 500 °C 4.0 0.5367
600 °C 7.8 0.5362
700 °C 10.5 0.5380
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2. HaNSANYILATIATSLLENaYBRUNIANIUITY CeO,, Cepos,C0g05STxO2,
Ce0.95,C00.05Ca, 05 1A Cepos,C00.05Ba,0, lnaldnalian Raman
lunsfinwlassastaluanavesoyniansuilungy  CeO,  CeposCoposOs,
Ce095C00.05570.0302, C€0.95C0005Ca0050> AT CeposCOp.05Ba00507 Lmaiszjﬂﬁqmmﬁ 500,
600 waz 700 °C 1¥unan 3 dalus Memadanisnszidesunu (Raman scattering) LANIAS
A 19-21 wud ananedussuilfesiiulfesdnauinfnsuuuuresnsduis
dnwaigadnoadeiuann Aeiiafiafidundafeogsening 460 - 465 cm”’ Jauanannsduve
Wusy Ce-08 (Wnua Fyy) [26, 27] LLazLﬁaLma"lﬁziﬁ‘ﬁqmmﬁqﬁuﬁm%’uaummﬂmilﬁa WU
finves Foy aeidnuarinauas esnudnvdevnneyniafivuneilvgiu Seanmsayan
AMuasuavewdn (dy) vierumeumaldananudiiusiuanunirenuamiden
Aeadesiu CeO, [26, 27] yonnisanuiiadisumus 260 cm” (Fanmunsn) dmdu CeO,
FuAnananliifuseidou (disorden) Tulassaie CeO, o1afiannganainmsinsiumis
11998900NTLAU (oxygen vacancy) Fafifmie 600 cm (Fanmunsn) axsiuinlnunnséu
Hlasemsidsuuladludunaniisvesesndiou (oxygen sublattice) Sulunanangamyl
wAALTULATVLIAUBLNTY (grain size- induced non-stoichiometry) YN 234, 520
uaz 684 cm’ (Fanmunsn) gnwuindusumisnmsduvesasideuuvesngy Co (28, 29] 1l
yimaide uansi1 Co” lllddnluunuiivesiummis Ce  vidpenaaziinluumsndogszming
fumtisvns Ce Tnpnmsnuansidevuresngu Co  Lhiaenndasiunaiildan  XRD o1y

wszImalla Raman daardathiiiuiiveseymalaunnd
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= L% v =
3. WansAnwanEuzaynIALazlATIaiIaNaNYaRYNNANIUI Y CeO,,
Ce€0.95xC00.0557O2 C€0.95,C00.05Ca, 0, WAL Cepo5..LC00,058a,0, lneldimaiin TEM
lunsfnwanuasiaslasaindnvaseynianaulungy CeO, CegosCooosOs,
CeO_92C00'05S|’0'0302, Ceo.90C00_05Ca0_0502 e Ceo_90COQ'05Ba0_05OZ Lﬁ@LLﬂﬁl%ﬂﬁqmﬁﬂﬁ 500-
700 °C Wunan 2 9lu mewmalln  TEM LanasanIng 22-26 Feuananinaneiilauay
giJLmumnﬁmLuusuaa&é‘ﬂmau (selected-area electron diffractions, SAED) 27AA WY
WuIanwasveseuaARslunduaTziliianueiidnyaradieadeiufedanvaziduns
1 v a a = [ < 1 1% 1 dyd
Aauteazdn Wnedinisdaneiudunguneu lngeynAawmatiauiauseunn 10-20 nm
flowelngudlofiugamglivaaleyd wasidnasefiuyunanisde 91ngUuuunIsE UL
a ~ ya o < [ d! 1 7 I~ 1
vasdlanaseunladdnwauziluismutaaudausentaindusynianauily CeO, Nnnay
Tuvdnaidnwiilassadadusuunmudn (polycrystal) Feaenndosiuiunanlaainmaiia
XRD
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Ml 22 Ay TEM uar3Ukuunsiaenuuressididnduasoynianaunly CeO, NuN1s

wwaaluifigamadl (a) 600 waz (b) 700 °C 1Wuan 3 Falug
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A 23 nweng TEM wazguuuun1sidenunvessidiondueiayn1aneuilu CeposCoqes0;

runsiEuaalviigumadl (a) 600 way (b) 700 °C WWunan 3 dalus
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AW 24 2Ny TEM uaeJULUUNSEe1ULwessididnduatoynianunly
Ce0 92000 05570030 HIUNSHNLAALTITIgaunaR (a) 500 (b) 600 uae (c) 700 °C

Wuan 3 2lug
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AMWil 25 A1wene TEM wazguuuun1sideiuuresisdianduesennianeuiy
Ce0.90C00,05Ca0,0s0; HIUNIHUARLBITIgaunnT (a) 500 waz (b) 600 “C

Wuan 3 Hlug
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A9 26 AMa1e TEM waggukuumsideauuvessididndueseuninuaunly
Ce.90C00.05Ba0.0s0, HIUM T MAalylTigaunadl (a) 500, (b) 600 waz (c) 700 °C

Wuan 3 g
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4. Wan1IANYANTANIUEIVD98UNANIUTY CeO,, Cego5,C00,05ST<Os,
Ce0.95,C00.05Ca, 05 1A Ceos,C00.05Ba, 0, lnaldnaiin UV-Vis

watla UV-Vis  TdlunisAinwand@nisganfuuaireseyninnsunlungy Ceo,,
Ce.95xC00 055105, Cegg5.,C00.05Ca0y e Ceg g5, C0Og 05Ba, O, LLamﬁQmW‘ﬁ 27-30 97nN15
firsaunnuitanvagaUnasuvensganaukaianuaieafsiunnanmvniiuealey  lag
uanansganauLadldRlug iy UV Aefiaiuenindudiindt 400 nm (3.10 eV) uaziveans vl
GUaqmﬁ@mﬂﬁuﬁmmanﬂ?imlizmm 260 nm (4.77 eV) uag 350 nm (3.54 V) Faiilaide
fhe Co, Sr uaz Ca wuimisganduuadlugiu Vis veseymansulunnnguiiinigde
idlesnnniAamsiasunlasssiundsnuvesdidnaseu (electronic transition) 910KV
iU (valence band) lUfsununnsih (conduction band) uaziilefiansaneivesing
uwaundanululuunss (direct band gap, E,) veseuniansutluynngs Ingldaunis direct
transition  seuuulunindl 27-30 Fwwidtuldinen £, funldufnduaranamuniing
n9i3ofigeiu Tnodidnagsening 2.22-3.00 eV nsfin E, fidfianasuanduinniuiy o
AerdpafiunisuanangAnssuiliFonin redshift wag blueshift auadu Tneflavnunain
ﬂ’]iLUSSULLU@QU?SQI@@@U“U?N Ce 910 Ce*" 1Hu Ce™ uamiindosinsvaseandiauluuiinm

MINTULALANALITEDUNATVUINTIANAILAZLNLNINTY MIUFY

a4



CeO, —2—500°C
—>—600 °C
—2—700°C
— 2] €O,
= —=—500°C ;Eg=3.0eV
N. — —+—600°C ; Eg=298eV
:; 'g 15 —4—700°C ; Eg=2.96eV
g 3
(1] o~ 10
>
§ H
(2}
Q2
<
(a)
T T T T T T T T T T T
200 300 400 500 600 700 800
Wavelength (nm)
(b) Ce,,.Co, .0, —=—500°C
—2—600 °C
—2—700°C
-
3
©
N
[}
o
c
®©
e}
[ 1 Ceyss€0,00,
O —*—500°C ; Eg=266eV
N |~ —+—600°C ; Eg=2.63eV
LD |['g 5] —+—700°c ;Eg=260ev
< |<
2
N’E 10
C
hv (eV)
T T T T T T T T T T T T
200 300 400 500 600 700 800

Wavelength (nm)

A 27 audinisganauuasanmaila UV-Vis ¥8seun1arauilu (a) CeO, uax

(b) Cepg5C00,050, muﬂmmmalﬁuﬁﬁqmmﬁ 500, 600 wag 700 “C

Wuan 3 Hlua

45



(o)
Ceo.92C00.05sr0.0302 500 OC
—o—600 C
—2—700°C
-
=
©
'
Q
(3]
c
©
-E 20 C€002C0%05%00:0;
O | Taeiaiiew
o “-‘E 15 —+—700°C ;Eg=265eV
< |
N’;10’
3
15 20 hv25(ev) 3.0 35
T T T T T T T T T T T
200 300 400 500 600 700 800
Wavelength (nm)
o
Ce0.90C00.058r0.0502 500 OC
——600°C
—+—700°C
-
=
S| (b)
()]
()
c
[ —=—500°C ; Eg=24eV
o ] —-—se00°c ;Eg=23ev
-g ':‘E 5] —*—700°C ;Eg=22eV
c
<z
2 E
g9
prd
01.5 210 215 310 315
T T Thy-teVyy T T T T T T T
200 300 400 500 600 700 800

Wavelength (nm)

A 28 audFinisganauuasInmaila UV-Vis veseun1araulu (a) Cegg;CogosSroesO;

waz (b) CepogC00055r0050> shumnmmal%ﬂﬁqmmﬁ 500, 600 W@y 700 °C

Wuan 3

DRIENN

46



0
CeO.92C00A05ca0.0302 500 OC
—+—600 C
—2—700°C
—
=
0
N
(/]
]
c
S| o] cusoncas,
— —+—500°C ; Eg=257 eV
O | __ | --—e00°c;Eg=257ev
B “-‘E 15| —4—700°C ;Eg=273ev
c
< |3
)
Z
2
1 E
e
' ' hvv(eV) ' '
T T T T T T T T T T T T
200 300 400 500 600 700 800
Wavelength (nm)
0
CeO.90C00.050a0.0502 500 OC
—+—600"C
-
=
©
N
(V]
(&)
c
© 20 ©€090C0%%05C250;
-E —2—500°C ;Eg=2.56eV
O | | -sw0cc:Eg=263ev
o | —+—700°C ; Eg=260eV
3 E 15
<
">
<2
z
3
01.5 210 2?5 310 3?5
hv (eV)
T T T T T T T T T T T T T
200 300 400 500 600 700 800

Wavelength (nm)

A 29 audFn1saANaULAIIINmALA UV-Vis ¥899un1ARIuIl () CeggCog0sCaposOs

waz (b) Cep.0C00.05Ca0.050; mumnmuﬂalﬁuﬁﬁqmmﬁ 500, 600 Wag 700 "C

Wuan 3 Halug

a7



[+]
Ceo 92000.05830.0302 —=—500 OC
—<—600 C
—2—700°C
S
e @)
[«}]
o
: ceu )}con ﬂ!Baﬂ ﬂloi
(1] * 500°C ; Eg=253eV
Ko} — + 800°C ; Eg=248eV
B NE TG Egm2aTey
£ 1}
< :-: 104
z
2
* E
e
. h-vth) . .
I L I L] I e 1 L I L) I L I
200 300 400 500 600 700 800
Wavelength (nm)
S o
Ceo.gocoo.osBao.osoz 500 OC
—o0—600 C
—2—700°C
S
©
- (b)
]
O
==
g 20| CeanC0.B3,.0,
[ « 500°C ;Eg=272eV
O |~ + 600°C ;Eg=278eV
g "E o e 700 °C ; Eg=2.80 eV
<3
'*‘_; 104
3
hv (eV)
T v T . . T v T T T v T
200 300 400 500 600 700 800

Wavelength (nm)

A 30 audFn1sganauasINmALla UV-Vis 1830Un1aneunly (@) CeqqpCoposBag0:0;

uay (b) CenaoC0p0sBagesOz HIUNSMILARLYURRAMAI 500, 600 waz 700 “C
I3 Y]
e 3 Talug

48



5. HaNMSANEEAIUEUTEURIBUNIANIUILE CeO,, Cegos,C0005ST<Ozs
Ce0.95,C00.05Ca, 0, bag Cepos.,C0005Ba, 0, lnaldmatin XANES

wata XANES Humeiafitunldiflefnuanuglsyqueseumansuily CeO,,
Ce090C00.05570.0502, C0.00C00.05C0.0505 A% Ce0,90C00.05Ba00502 ﬁﬂwumsl,mai%ﬂﬁqmmﬁ
600 °C Tnefiansananamdsnulnneuiiinfiniuluaunady XANES Ty transmission
mode WAz fluoresence mode osneznouvessviafdtuiiegluanuzesndindy
ety sxfiamdnuamiofiunnsisiudszana 1-15 eV a il 31(a) wansaUnady
XANES 7 Ce L-edge ﬁuaamimmgmm%wLﬁauﬁumiﬁé’umwﬁlﬁﬁum CeO,,
Cep.05C00050,, Cep.99C00 05510050, a1 CeolgoCoo,O5Ca0Ao5ozmwﬁ 31(b) uwarnsaLUnnsy
XANES i Co K-edge ﬁuaamimmgmm%'auLﬁauﬁ’umsﬁé’«,mwﬁlﬁw Cep95C00050, WAty
Ce.90C00.055r0.0502 AN 32(a) wansaLunnsu XANES 7o L-edge UBIEITUINTTIU
W3 UeuRuasidunsemleans CeponCooosSroosO, Wara il 32(b) uwansaunmdy
XANES @ Ba Ledge  wssansunasgruiUIeuliisufuansidunsgilives
Ce50C0005Ba0,0:0; Momumgil 600 °C unian 3 dalus

MNAMA 31(a) wuhaUnadi XANES 71 Ce L-edge vasansfidanseldiisusis

vasaUnefuaseiuaunafuvesasunggIu CeO, lngiinAfingeaniidiunus 5732 eV

IS a

Bethaveendindiidu e’ uaziAnfinfiveunsganduludnuwaslsivudaisumis 5720 eV
Fadusumimesanniuvesansinasgmu CeCly Tavoandnduidu Ce™ diuandiui
asfiduasildiiavesndwtuduie ce™ uaz Ce”’ amamd 31b) wuianedy
XANES 71 Co K edge vasansiiduasevils lugia pre-edge nidefinnsantiinewin edge
TUUszana 10-15 eV fifiadiatusuiiionnannisivasusssutundnuvesdidnasouain
1s Wity 3d wie 3d/ap Tnsanuduvesfinaztueg fussdumanauiuvesaniuy 3d A
4p F9 CeyosC000s0s Lﬁmﬂﬂﬁumqﬁumﬂﬂm%’mmmimmgm CoO Fsfliavonndinduiu
Co™t uandliAiuinansduasEd  CeposCoposO, Htavoandnduduns o™ luvaei
Ce0.90C00.05570.0507 LﬁmﬁﬂﬁuﬁmsQﬁuaLﬂﬂm%’maamsmm@u Cos0, WiBgae19Lfe 1AL

a o [ 24,3+ o o a 1 £ o a a A o 1
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5.5
1 Sr L-edge
= s (a)
2 ] 3 Sr(NO,). standard
] | jo —®—3r standar
£ 4.5 Tl i Csz . o
= | Te —e—Ce Co_  Sr
3 4.0 4 'll 0.90 ~ 0.05 0.05 2
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Energy (eV)
2.5 . (b) Ba L-edge
: — = — BaO standard

- ceO.QOCOO.OSBa 0
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Normalized absorption (z) (a.u.)
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(5™, BaO (Ba”") 4a% Cego0C00 0550050 Ce50C 000580050, TidatAT1Z9Ale

fiaaungf 600 °C \Jurian 3 Falus



6. HaN1IANELATIATINIALTOUVBIBUAIANIUIIU CeOy, Ceggs,C000sSHO, HaT
Ce0.95,C00.05Ca, 0, lnaldmatin EXAFS

wallA EXAFS Wumedaiivinldifiednulnseadnslaeseu (local structure) 1o
azmauﬁauiaﬁuaqaﬂ,gﬂ']ﬂmuﬂu Ce0,,  Cep00C00.0550050s,  C€0.00C00.0sCa0050, WAy
Ce.90C00.05Ba0.050> ﬁﬂhummﬂalsnﬁﬁqmmﬁ 600 °C Hunan 3 $lus Tnednwlaseadng
Tagsaureznou Ce WU ANENINUSY Ce-O anwaENISINEEIRT NI0TNAYBIDLADUTOU
19 n il 33 wanamansAnwveEUNASL EXAFS r-space (Fuuw) wag k-space (Huana)
LAZLARIANYDINS refinement Famns1afl 3 WuTNSLFoRIE Co wuusey Slesnetusialy
k-space wag r-space hagldwiounulassadslneseures Ce wanein Co lulatnluunulu
fuviisves Ce lnworaaglu phase du vidaidnluaglu interstitial luszuundn CeO, uaz
dleieulnssadralagsoures Ce, Ca, Sr, Co nuilassasslngseuves Ca wag Sr lndifes
fu Ce wansianudulUled Ca waz Sronluunud Ce Tulassads Feflanuaenadosiv

nanleanwmada Raman

A1519% 3 AT UERIAINISYNG ML (refinement) 9049 Ce L-edge

Parameter CeO, Ce095C000502  Cep90C00.05 Sr0.0sO2  Ceg.90C0005 Cap0sO2
R-factor (%) 2.03 1.70 4.36 3.26

AR (A)

Ce —01 -0.03(1)  -0.034(4) -0.037(6) -0.029(7)
Ce —Cel 0.01(1) 0.005(5) 0.009(7) 0.014(8)
Ce —02 -0.09(4)  -0.12(3) -0.09(3) -0.09(3)
o’ (A%

Ce —01 0.006(2)  0.0037(8) 0.005(1) 0.006(1)
Ce —Cel 0.004(1)  0.0036(6) 0.0040(7) 0.0047(9)
Ce 02 0.013(7)  0.021(8) 0.019(9) 0.017(8)
Ce — others  0.008(10) 0.010(9) 0.006(9) 0.006(9)
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AWl 33 anasu EXAFS anmsuvasuuuiFesludiad (a) R-space (b) K*-space ¥8s

azneu Ce harn1siUSeuliigutoya EXAFS 9INN15NARBILAZNNTAIUINYDS

CeO, Ndunsziilafnaamgil 600 “C 1uan 3 Halag
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7. HaNMSANEEAIUEUIEYURRUNIANIUNLY CeO,, Ceos,COgesSTO, WAL
Cep.95xC0005Ca0, tnaltnaiia XPS
wadia XPS  umaiiandunldiiefnwaniusUszgueseyniansuily CeO,,
Ce0_90C00,05Sr0_0502, Ce0_90COO,O5CaO,05OZ N3k Ce0_90COO'O5Ba0_O5O2 ﬁNWHﬂWﬁLLﬂﬁl%ﬂﬁqm%Qﬁ
600 °C \Juian 3 9309 9nnwan1sAinenanIuzUszques Ce waz O YaOYNIAUILUYNNGY
(% a a 1 [ v 6 @ (Y] 5
LEARIAININT 34 91nN1SHANTINUI dnnsuvesssdiondiludnuwelzvesyia Cedds, way
= q 3 A o o ] a
Ce3ds, [11, 25, 27] Fuluuszques Ce uaz Ce  lauansimunianneg dannsneil 4

& 4+

wandliiiiuinUszques Ce flagnsansusyy Ao Ce

Y 9

wag Ce” lusymaulunnngs e
W1euUsEgees O wuIn WWudnwasues O, (~529 eV) wag Oy (532.9-533.1 eV) YUz
fwnLs ~531 eV [11, 25, 27] {Judnunzvewo9Ineweseondiay (oxygen vacancy) lu
aymeAlunnngy wagRiansaniduns ~133.1, 134.9 eV uag ~346.9, 350.5 eV [30] ¥4
Hushumbweaszy S uay Ca sy Taeansnedl 4 WWuansmavesnisfindiuiléngm
Wlevndndrues Ce” wag Ce”” FanuUSunadesazues Ce” va9 CeO, fitTnaunniign
wazanauioniade awﬁmmammﬂmﬂaﬂﬁvﬁﬂﬂLmuﬁﬁuaa ol s i Tu
fumisves Ce” FovililiiAnuszq ce” lulseadne Fwmaiaonadostunaiildanmaie

Raman gy EXAFS
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Binding energy (eV)

ﬂ']‘wﬁ 34 aLUﬂm%’N XPS ¥94 (a) CeO, (b) Cep.95C00 050, (o) Cen.90C00 05510050, HhaY

(d) Cego0C0005Ca0050, nATIwMlTgaumall 600 “C 1Hutaan 3 Falus
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A1519% 4 A19NLERIAINSIRAIAIMATIA XPS U84 (a) CeO, (b) CeygsCop 050,

(c) Cep.90C00.05570.0502 (d) CeggC0005Ca00502

Parameter Samples
(a) (b) (@) (d)
Peak Position (eV)
ce™ W 882.5/880.1/ 898.3  882.5/888.8/898.4  882.2/888.7/898.0  882.6/889.1/898.3
cud '’ 900.9/ 907.5/ 916.7  900.9/907.3/916.8  900.6/907.1/916.4  901/907.5/916.7
ce™ v 880.4/ 885.3 880.4/885.1 880.3/884.9 880.2/885.2
S U/l 898.8/ 903.7 898.8/903.5 898.7/903.4 898.7/903.6
st - - 133.1/134.9 -
ca’ - - - 346.9/350.5
Oxygen in lattice (O)  529.4 529.4 529.2 529.5
Oxygen vacancy (O,)  531.4 531.3 531.4 531.4
Oxygen hydroxyl (Oy)  532.9 533.1 532.9 533.0
Relative area
ce™ W 17319/9589/17999  22434/12884/23888  13110/8125/15310  217324/12677/2123
cud '’ 11546/6393/12000  14956/8590/15925  8740/5417/10207 14488/8451/14154
ce™ v 2133/6737 188/10214 528/4157 39/7383
U/l 1422/4491 126/6809 352/2771 26/8922
st - - 1253/877 -
ca’ - - - 1317/658
o 12823 12775 10270 14994
Oy 3653 8958 4738 5272
oy 2124 2879 1803 2334
Percentage of ce” 83.5 85.0 88.6 95.6
(%)
Percentage of ce™ 16.5 15.0 11.4 4.4

(%)
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8. wamsﬁnmauﬁ'ﬁmmﬁmﬁn%qaqmﬂmuﬂu CeO,, Ce(954C00,055r0O5,
Ce0.95,C00.05Ca, 05 g Ceo5,C0005Ba,0, lnaldnaiia VSM

INNINT 35-38 LﬂuﬂWiﬁﬂwﬂauﬁ’ﬁwNLLajmﬁﬂmaaaumﬂmqu CeO,,

Ce.95C00,0502, C€0.95xC00 055102, C€0 95xC00 05Ca0, ka1 Ceg 95,C0g 05Ba,0; ANIUNITLAR

a

VLﬂfﬂﬁqmmu 500, 600 way 700 °C Wuian 3 $2lus Inewada VSM lugag £10 kOe wui

Y

A159dA518Leva CeO, wansauvinnuiduwiinaniauulaoiwazinasls Ingnuing

gaumgiunalet 500 °C  fAwunilawdy (magnetization, M) geiign luvagfiuaaleid

(%

avgfiauar M nduiiananas lnefigamgiuaalet 600 °C TA1 M sffign lnenaves

-0

wa

2 @ = 4+ = v N a I 0
autAnuluwidmdnuuulaenilesannusyylessuves Ce insdnseadidanasouldu f
Fedidnasouiinisdugiuimun Weldawuwivinaeuenwnaisesiiiiaanisudeatli
a s v a Y [ A o Y a & ' =3 . a
sanaseudasesialudnuvaugnvihliAaluwuALivansIN (net magnetic moment) luiie

v Y [ ! 2 oy v oy =2 ! [ =i
assfiutufvanuudvanalidnly  Jawanwaveswiminuuulaeteenun luvueinaves

1 = = 3 Y a 1=
anuduudivdnuuumests Wesanniiuszqloseures Ce finsdnsesdidnasoudu f &
Aa A LY ' o Y v = s ! [ A I3 <
l8idnnseunurioaNN1sTugiu Mlvdiadlusudusininsiumaesy Jsansauduy
wiwdnuuuieslseenun  JuindunsiseIuuu Fcentre exchange (FCE) 5e3n3gues

3t _yv_ced o V unutedinweeandiay

Ce
Wal3am8 Co  (CeyosCogos0,) bleastied wuinwansnnuduialindniuuwasls
lunnaamaiinsuwealetl laedar M iinTulafivgamgiuealed naeiallloswania
Uaeutuves Co nilaglulaseasne CeO, (Famailaarnimaila Raman way EXAFS) 8491332
a ' 2 7T o a . .
Ananegmauuslmdnues Co ' (3d  dmSeadidnaseunuy high-spin, (T11, S = 3) uay
3 6 (Y} a . . 5 < a
Co (3d dni3aaddnnsounuu high-spin, (M1, S = 4) lnevivaesUszqlnulumeain
XANES usliloldosausae Sr, Ca waz Ba munndl 25-27 wunndamsianamnuduuaiman
wuuwleslsluynaamginisuaalew widn M nduanas WeWeuiudesis Co Lileealie?
A a v 3+ al 2 | 2+ 2+ | 1 1
pnaLllosnnUsnuiesazes Ce anaudoldosm Sr wag Ca Imenudnlunsiazen x
a1 a r-:’; a a a & o [ 1 = [ I [l < v Y
gilAn M Waduiiialiingaumvgiuaaled dmsuasunillawdusasirauiuuaimvanindns

(Ho) TATIUTINANRINTIR 5
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A1597 5 mnsrsuansrunilawdy (M) wazAmrauunludnind s (Ho veoynianuly

Ce0,, Ceg95C00 55O, Ceg954C0005Ca0, WY Cego5,C0Og05Ba0,

A13619879 M (emu/g) at 10 kOe  Hc (Oe)
CeO, 500 °C - 360
600 °C _ 250
700 °C - 130
Ce.95C00.0505 500 °C 0.015 272
600 °C 0.016 80
700 °C 0.017 120
Cep92C00055T00302 500 °C 0.01 128
600 °C 0.011 128
700 °C 0.013 53
Cep90C0005ST00s02 500 °C 0.01 110
600 °C 0.011 110
700 °C 0.01 110
Ce095C0005Ca0 030, 500 °C 0.003 230
600 °C 0.007 250
700 °C 0.015 515
Ce0,90C0005C00502 500 “C 0.004 140
600 °C 0.006 310
700 °C 0.01 140
Ce0.9,C0005Ba00s0, 500 °C 0.006 130
600 °C 0.01 260
700 °C 0.03 120
Ceo'90COO'O5BaO'O502 500 OC 0.007 90
600 °C 0.01 95
700 °C 0.008 100
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9. wan1sAnwEnwazuazaNURlWA1vasaunIARIUIlY CeO, WAz CeposCogsShO;
Tagldnaiin SEM wag dielectric
PNNSANEANYULVBY CeO, Way Ceggs,CoposS,O, W x = 0, 0.03, 0.05, 0.07

ez 0.1 MeunsenFunesiigaugil 1500 °C {Wunan 5 Halus Ingldnalia SEM uanas

@ a

A 39 Wud1 CeO, HUUIANTUNENTIZA VENINISIRBAe Co wae Sr AIUSua x = 0

uaz x = 007 nuifinsurwalvgtu Ssddnuusinsulsiaiiae wifl x = 0 duasligngu
110 uazilelFoUTun x = 0.03, 0.05 uay 0.10 nuieyMAGLTiNMIABNATANY ANNAENR
\Anannsszmevesansasuuulufiegeszninestunesfigumgige nedvuiaingu
Ay 3.6, 9.7 Wav16.5 um Fan i 40

g 41 WBumsanwantilnihgiensiaaladinninves  CeO, uax
Ce095, 000550, 118 X = 0, 0.03, 0.05, 0.07 waz 0.1 ﬁcimmil,m%uma%ﬁqmmﬁ 1500 °C
Wuan 5 Halus Tugaannad 100 Hz fis 10 MHz figamgiisies nuiiasiladidnyiniian
aefimudsn  wozanasogsdunduiinnuifigity  1Aninmsnouauees  Interfacial
polarization Tagmuin CeO, Tinasiiladidnvidniigsiian uardAanasednsnnideidose
Co way Sr lavdldeglutieszaing 100 - 480 avmitvinlirasiiladidnainiidrgainan
Tassamagananeluvesian  assdiuiinevausmdlwiiliun - dawveanisilin
nelunsu (Conductive grain) LAZAILBITURLIUTEA NN TY (insulating barrier-layer)
Wiai3unanet e veunsy “erain boundary” dsimthditumsinluiissninansu
saenndesiurvumnsuinuIinsuruiadn silfueuinsunmuuiy wasilofinnsunly

PN oA ¢ = I ' ' a 2 = 4
Al 41 wuhdAunuaudnisads (tand) aglugas 0 - 0.5 lugasarud 10° 89 10
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a

AN 39 AINENY SEM U89 Ceg 5, 0005510, WIBMNTUMBSTQaUNAL 1500 “C

9

Durian 5 alus 3) CeO,, (b) x = 0, () x = 0.03, (d) x = 0.05, (€) x = 0.07
way (Hx =0.1
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600 e Ceo2

—e—x=0

—a—x=0.03
—v—x=0.05
—»x— x=0.07
—x—x=0.10

500 A w

400 -900 =

T T T T "
() 102 10° 10° 10° 10° 10’
w0 Frequency (Hz)

o —a— x=0.03
s —v—x=0.05
0.2 —4—x=0.07
—»—x=0.10
0.1
0.0 ——r . ————r
10° 10° 10*

Frequency (Hz)
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Hunan 5 F2lus Tugaaaad 100 Hz 89 10 MHz
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uni 3

agﬂmuaw"mauauus

mui%’aﬁlﬁﬁwmié’aLﬂiﬁzﬁaqmﬂmuﬂu CeO, uaz CeO, filiome Co, Sr, Ca uay
Ba (Cey 5, C000sAOn A = Sr, Ca, Ba) TuUSunaluaditindufe x = 0, 0.03, 0.05 feialna
Lmai“lwiﬂa%auazmeavlﬁnﬁﬁqmmﬁ 500, 600 way 700 °C  Hunan 3 $alus 91nwa
AsAneIRIEmAda XRD WAz Raman  wunistAnlassasendnves CeO, vauziinaia
Raman lgwumsiiamaUasutuses Co Tulassadng CeO, Saumeidiarnisidess Co
yonanifmuiumaesnmsiingesinseseendiaululassadng CeO, MMNATNY CeO, il
Fuaswildtlunandniodoeglugis 4.0 nm 9 19.7 nm dleAnudnuadugwinese
wiada TEM wuieyniauly CeO, iduasnziild snoudouazududofe Co, S, Ca uay
Ba 1usuniavuiatanuinlusgauunluunsuazinisdulunguiou anuaveunaie

2+

= 1% YR 3 q 2 2
XANES uaz XPS flanuaenadosiufenvaniuzUszques Ce, Ce , Sr, Ca , Ba  uaz
| \ a ! a Y 9] 3+ A a a A o &
99971990NTU  wWAIINNSARMERFIUSDEaTYeY Ce  nuMdUSUUNanasilarinn1siie
) ! [ VY] ° ' A = o I a 3 i
Hunanadn Co  anvazlulaluunulusdunives Ce 93 Foilildiinuszques Ce 9
a X A a a v ' 2+ PN 4+ I Y
WNTUHBIINNTNUNYRIUTENUasndt (Co™  wnuf Ce ) wazilunistuduvasaniue
a \ vy v ° | a i v 2+
Co nwATA EXAFS wuin Co hilawnluwnulusuntaues Ce 2359 vaueyinisidenae Sr |
2 2 <1 v i v | a 3
Ca” waz Ba  fenusadluunudives Ce I agdlsimunisifindszques Ce” Tuoynin
wlu CeO,  adwmavinbiuansauiusimanwuumasls fuinaindunsnsenisenin FCE
1 3+ 1 1 a 1 a 4" wa
5819 Ce LATTDII908NTLAU LANAIINNISHUNSIAmEUasNULYaY Co TeuansauU

=

1 @ v & 2+ 3+ 1 J 1 & aa PN ~ A
LLNL%aﬂLLUULW@ﬁﬂ@‘VN 2 Uszame Co way Co FINAABALULANNUATNNINNEFALUBLID

q

1 &

Y P 1 a A i A A ) 2+ 2+ 2+ =
Mg Co tepgamen NtuALmanTAanatialdasiudu S, Ca~ waz Ba~ 19wy
1 a k% 3+ { i wal 1

wmsglsinuiesazues Cew da1anasls waganaudRlni1vengy Cegos,CooosSHO;
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ABSTRACT

CeO; thin films were deposited on Si(100) substrates by the RF magnetron sputtering
technique and subsequently annealed between 400°C and 800°C in Ar for 2 h to generate a
higher concentration of oxygen vacancies. All samples were characterized by grazing
incidence X-ray diftraction (GIXRD), Raman, FESEM, XPS and VSM. All samples showed
X-ray diffraction peaks corresponding to the cubic fluorite structure with no evidence of any
impurity phases. The cubic structure was further confirmed by observation of the Ce-O8 (F,)
vibrational unit stretching mode associated with the CeO; structure and evidence for
defect/oxygen vacancies was found from the Raman results. The morphology of all films
showed aggregated nanoparticles amongst a columnar structure with average sizes increasing
when annealed at higher temperatures. The presence of Ce** and Ce**/oxygen vacancies in all
samples was confirmed by XPS. All CeO; thin film samples showed weak ferromagnetic
behavior with a maximum magnetization (M) value of 27.3 emuw/cm’® for a sample annealed at
700°C, approximately 7 times better than that of the as-grown material before annealing. The
relationship between higher M values and higher concentrations of oxygen vacancies

mediating an exchange mechanism via ferromagnetic coupling has been investigated.

Keyword: CeO,; Thin film; Magnetron sputtering, Ferromagnetic
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1. Introduction

Nanocrystalline CeO; has been extensively studied due to its novel magnetic, optical,
catalytic, electrical and electrochemical properties [1-10]. One of the key factors behind this
novelty is the creation of oxygen vacancies (Vg) in the CeO, structure whereby Ce ions
change their valence state from Ce*" to Ce**. The Ce* states play important roles, for
example by exhibiting room temperature ferromagnetic (RT-FM) behavior with magnetic
coupling to 4f* states or by reducing the effective band gap by creating deep levels in the
band gap or improving the materials capacitive behavior via the reversible redox reaction
Ce’* <> Ce*". However, it is observed that achieving the highest values for various
parameters requires an optimal Ce*"/Vg concentration in the CeO; [9]. CeO, based materials
and other oxide-based diluted magnetic semiconductors (O-DMSs) can display RT-FM
behavior with a Curie temperature (7) above RT and exhibit semiconducting behavior in a
single sample, giving them the potential for application in the rapidly developing area of
spintronic technology. Importantly, CeO, has the advantage that it exhibits a cubic structure
with a lattice parameter (a = 0.54113 nm) close to that of Si, offering the possibility that
CeO, devices might be integrated with conventional silicon-based electronic circuits [1-8].

The observed RT-FM behavior in CeO, materials depends not only on doping but

also on other factors such as the microstructure of the material, including its mode of
crystallization and the presence of defects or vacancies. For example, single phase 3 at% Co-
doped CeO, thin films deposited on LaAlO; (001) and Si(111) substrates by a PLD technique
were reported by Tiwari et al. [1] and Song et al. [2] and were found to exhibit RT-FM with a
large magnetization (M) between 5.8 and 6.1 p/Co and a very high 7- ~740-875 K, whereas
pure CeO; thin films exhibit diamagnetic behavior. Further, substitution at Ce** sites by co-
doping to produce materials such as Ceg 50Gdo2xPr:O19[11], Cep50Gdo25SmcO10[12],

Cey 55Gdy 1Mgp 0sO1 9 [13], Ceg75Smyg 2510 0201 55 [ 14], Cep goSmyg 10Ndg 10015 [15] and
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Ceo 90Smyp 958100502 [9] can improve their properties. Additionally, the sample preparation
conditions employed, such as high temperature heating in vacuum or gaseous atmospheres or
ion-bombarding the surface can lead to the generation of oxygen vacancies. Wen et al. [4]
observed variations in the RT-FM of 1at% Co-doped CeO, powder annealed in O, and
H,(10%)/Ar(90%) atmospheres. They found that the FM signal from samples showed little
hysteresis after O, annealing but that H,(10%0)/Ar(90%) annealed samples exhibited
enhanced FM with an M of about 0.4 emuw/g. Song et al. [16] also observed RT-FM following
an Ar* sputtering process applied to Co-doped CeO, (Cey ¢7C00,0305-5) films for different
times (0, 1, 5, and 10 min). These results showed clear evidence that the defect/V,
concentration played an important role in providing an additional mechanism for mediating
magnetic coupling based on F-center exchange (FCE). Therefore, there is considerable
interest in developing materials exhibiting RT-FM with a 7~ above RT and in understanding
the origins of the physical properties of these O-DMS materials.

It is of great interest to study CeO, thin films following annealing in Ar atmospheres
to create more oxygen vacancies in the lattice and assessing their promise for spintronic
device applications. Therefore, this work seeks to improve the RT-FM of CeO, thin films
deposited on Si(100) substrates by RF magnetron sputtering. The structure, morphology and
valence states of the thin films were characterized using XRD, Raman, FESEM and XPS.

VSM measurements were made on all samples to determine their magnetic properties.

2. Materials and methods
2.1 Preparation of CeO, thin films
In this study, CeO, thin films were prepared by RF magnetron sputtering using high
purity CeO; (99.9%) as the target and depositing onto Si(100) substrates. Single substrates

were loaded into the chamber after which a base pressure of 7.8x10° mbar was established
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before admitting A1~ at a flow rate of 1 scem which established a working pressure of 5
mTorr. The RF sputtering power was 200 W and the deposition time was 60 min. Following
growth each sample was annealed at a temperature of 400°C, 500°C, 600°C, 700°C or 800°C
for 2h in an Ar atmosphere to enhance the concentration of oxygen vacancies in the CeO,

thin films.

2.2 Sample characterization
The phases and morphology of all samples were characterized using GIXRD
(Rigaku, Cu K, radiation), Raman (Renishaw’s inVia Raman) and FESEM (Hitachi,
SU8030). The Ce valence states were determined using XPS (PHI5S000 VersaProbe II,
ULVAC-PHI, Japan) at the SUT-NANOTEC-SLRI Joint Research Facility, Synchrotron
Light Research Institute (SLRI), Thailand. The magnetic properties of all samples were

measured at RT using a VSM (Versa Lab, Quantum Design).

3. Results and discussion

3.1 XRD analysis

Fig. 1 shows the XRD patterns obtained from CeQ; thin films of as-grown material (Fig.
1(a)) and annealed films at temperatures between 400°C and 800°C in 100°C steps as shown
in Figs.1(b)-(f), respectively. The broad diffraction peaks originating from single phase face-
centered cubic (FCC) CeO, (JCPDS 34-0394) are identified by ¥ symbols and were observed
in all films. These peak positions are shown as vertical lines on the horizontal axis at the
bottom of the figure and match peaks originating from the (111), (200), (220) and (311)
planes. Only the two peaks from the (200) and (311) planes obtained were evident in the as-
grown CeO; film however following annealing peaks from the (111) and (220) planes were

also seen, indicating an improved crystallinity of the CeO, films following thermal treatment.
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Additionally, the peak originating from (200) planes in the annealed CeO, films show a
higher intensity compared to the (111) plane for each sample, except annealed CeO; films at
600°C. This may be due to a preferred orientation effect with (200) planes in the film tending
to align with the corresponding plane in the substrate surface. Moreover, the widths of peaks
decreased with increasing annealing temperatures, resulting from a larger crystallite size (D)
at higher annealing temperature compared to those of the as-grown film. The D of all CeO,
films were calculated from X-ray line broadening of the (200) peak using Scherrer's equation
[17]or D=0.894 ( fcos (9) where A is the wavelength of the x-ray radiation, @ is the
diffraction angle and Z1is the full width at half maximum (FWHM). It was found that the D
values increased from about 8 nm to about 20 nm with increasing annealing temperatures up
to 800°C as listed in Table 1. The CeO, lattice constants (a) reduced significantly after
annealing at all temperatures with a weak trend to further reduce as annealing temperatures
were increased from 400°C to 800°C (as listed in Table 1), suggesting that Ce** ions and Vg
are formed in the structure following annealing with oxygen atoms being displaced from the
annealed film thus causing a reduction in the average Ce—O bond length and consequently in
the overall lattice parameter also, as has been observed in our previous work on Cr-doped

CeO, particles [18].

3.2. Raman analysis

To confirm the CeO, structures formed in the deposited CeO, films, Raman spectra
were measured as shown in Fig 2. All films had strong peaks at about 460 cm! (¥>, mode of
the Ce-O8 vibrational unit [ 19]) and about 525 c¢m* (Si substrate). It can also be seen that the
F>; mode shows intensities increasing with annealing temperature compared to that of the as-
grown film, suggesting the formation of CeO, films of high crystallinity, as was suggested by

the XRD results. Moreover, weak peaks in the range of 600-700 cm™! were present in all filins
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and were assigned to Vo [9. 19]. Many previous Raman studies have confirmed that the
intensities of these oxygen vacancy related peaks are very sensitive to oxygen lattice
vibrations resulting from thermal, doping, or grain size effects [20-22]. The particle sizes

present in the CeO, films can also be estimated from Raman line broadening of the F’, peak

124.7

using the equation: I'(cm =) = 10 + (D—R) (21, 23] where I'(em ™ 1) is the full width at half

maximum of the Raman active mode peak and D, is the average particle size within the

CeO; films. It was found to be in the range of 3 to 90 nm, increasing with increasing

annealing temperature and these values are reported in Table 1.

3.3. FESEM analysis

Fig 3 and 4 show cross section and plan view images respectively of the CeO, film
samples obtained using FESEM. The cross section images, which were obtained following
cleavage of the Si (100) substrates along <110> directions, show that the thicknesses of the
thin films decreases from 326 nm to 294 nm as the films are annealed at temperatures
increasing to 800°C, as shown in Table 1. This suggests the as-grown Ce0O, films may
contain many pores between the various crystallites which are nucleated during deposition of
the films. In all films both before and after annealing there appear to be columnar structures
interspersed with the rounded particles which are in clear evidence at the surface of all filims.
At higher temperatures there is evidence that small grains may have merged with others to
form larger particles, thus increasing the density and reducing the film thickness. It can be
clearly seen from Fig. 4 that the surfaces of all films showed particles with circular shapes

with evidence of agglomeration at the surfaces of the films.
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3.4. XPS analysis

The valence states of the Ce and O ions in all samples were determined by collecting
XPS spectra as shown in I'ig. 5 and 6, respectively. From Fig. 5, the Ce** states are identified
by emissions from the core levels Ce 3ds); (shown as v, v/ and v/) and Ce 3d;/, (shown as u,
u” and u”) core levels [24. 25]. Those in the Ce3* state involved different final states of the
Ce 3ds,; (shown by vy and v') and Ce 3d;,, (shown as u, and w') transitions [ 10, 24, 25]. The
peaks at ~529 eV and ~532 eV in I'ig. 6 were assigned to oxygen in the crystal lattice (as
identified by Oy ) and oxygen vacancies (as identified by Ov) [10. 25. 26], respectively. This
also agrees with the Raman results which suggested the existence of oxygen vacancy. To
obtain the percentages of Ce in each of the valence states the areas beneath the sets of peaks
associated with each state were determined by fitting Gaussians following the equations of
Ref. [27-29] and summed to determine relative fractions. It is clear from Table | that the
percentages of Ce in the Ce®* state increases from 18.5% to 23.2% following annealing in an
Ar atmosphere. The anomalous data for an annealing temperature of 600°C suggests there
may have been a problem with the preparation of this sample. In summary, the results show
that sample preparation conditions strongly effect the concentration of Ce?*/Vq in the filins
studied and these results agree with those reported previously for CeO, nanoparticles, with
Ce**values of 7.8 and 12.4% for before and after annealed CeO, in Ar [30], respectively, and

27.8% after calcination of CeQ, films at a temperature of 400°C for 5h [29].

3.5. Magnetic properties analysis

Fig. 7 shows the magnetic field dependence of the specific magnetization (M-H
curve) for CeO, films measured at RT between magnetic fields (H) of -10 and 10 kOe. It is
observed that all thin films displayed FM behavior at RT having the highest Mg at 10 kOe of

27.3 emw/cm’ for the samples that had been annealed at 700°C. All values for the measured
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magnetic parameters are summarized in Table 1. From the results, measured Mg values in
these films are not simple functions of the annealing temperature or the film thickness.
Changes in the Mg values correlate somewhat with the measured concentration of Ce’*
however this is not evident in the 800°C sample. However, all the annealed CeO, films
showed higher Mg values compared to that of the as-grown film, suggesting that Ce** levels
are enhanced in the annealed films although only marginally at an annealing temperature of
600°C. The increased magnetization shown in the annealed CeQ; films is because of increased
exchange interactions between Ce** jons in the 4f* state (T, S = 1) and V according to the
FCE mechanism [31-34]. At the highest Ce*" concentration measured at 800°C a decrease in
the My value is observed which may be due to the Ce** ions becoming more closely spaced,
which would increase super-exchange interactions between neighboring Ce?* ions thus giving
rise to antiferromagnetic behavior. This observation agrees with previous reports of Sm** and
Sr’* doping of a CeO, host [9]. The Mg value of 27.3 emu/cm?® measured in this work is

higher than that previously reported in the literature. i.e., ~7-21 emu/em? [35].

4. Conclusions

CeQ; thin films have been successfully deposited by RF magnetron sputtering onto
Si(100) substrates. Structural and morphological characterization showed the formation of
face-centered cubic CeQ, with average crystallite sizes in the range of 8 to 20 nm. The layer
thicknesses decreased from 326 nm to 294 nm with increasing annealing temperatures up to
800°C. The films showed that the presence of oxygen vacancies resulted in RT-FM behavior
and an increase in the Mg value from 3.60 to 27.3 emw/em? occurred when higher
concentrations of oxygen vacancies were created as confirmed by Raman, XPS and VSM.
The highest Mg value of 27.3 emu/cm® was obtained for the CeQ; thin film annealed at

700°C, suggesting this material could be used in spintronic devices.
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Captions for the figures
Fig. 1.  XRD patterns obtained from CeO; thin films deposited onto Si(100) substrates

a) as-grown an - annealed at " to - 101 1.
g d (b)~( led at 400°C to 800°C for 2 1

Fig. 2. Raman spectra obtained from CeO, thin films deposited onto Si(100) substrates

(a) as-grown and (b)-(f) annealed at 400°C to 800°C for 2 h.

Fig 3. FESEM cross section images obtained from CeO, thin films deposited onto Si(100)

substrates (a) as-grown and (b)-(f) annealed at 400°C to 800°C for 2 h.

Fig 4. FESEM surface morphology images obtained from CeO; thin films deposited onto

Si(100) substrates (a) as-grown and (b)-(f) annealed at 400°C to 800°C for 2 h.

Fig. 5. XPS spectra in the vicinity of Ce 3d peaks obtained from CeO, thin films deposited

onto Si(100) substrates (a) as-grown and (b)-(f) annealed at 400°C to 800°C for 2 h.

Fig. 6. XPS spectra in the vicinity of the O 1s peaks obtained from CeO, thin films

deposited onto Si(100) substrates (a) as-grown and (b)-(f) annealed at 400°C to 800°C for 2 h.

Fig. 7. Room temperature M-H curves obtained from CeO, thin films deposited onto Si(100)
substrates for as-grown and annealed at 400°C to 800°C for 2 h. The inset shows the effect of

the annealing temperature on Mg values for the CeO, thin films.
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Fig. 1.

(a) as-grown and (b)-(f) annealed at 400°C to 800°C for 2 h.

XRD patterns obtained from CeO, thin films deposited onto Si(100) substrates
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Fig. 2. Raman spectra obtained from CeQO, thin films deposited onto Si(100) substrates

(a) as-grown and (b)-(f) annealed at 400°C to 800°C for 2 h.



500nm
TMEC 5.0kV 12.9mm x100k SE(U) 2/7/2018 !!!! TMEC 5.0kV 13.0mm x100k SE(U) 2/7/2018 14:56

:
(S .
¢ -

500nm 500nm

TMEC 5.0kV 12.8mm x100k SE(U) 2/7/2018 14 \,‘rj TMEC 5.0kV 13.0mm x100k SE(U) 2/7j2018 15:02

500nm 500nm
TMEC 5.0kV 13.0mm x100k SE(V) 2/7/2018 15:06 TMEC 5.0kV 13.1mm x100k SE(U) 2/7/2018 ! !!

Fig 3. FESEM cross section images obtained from CeO, thin films deposited onto Si(100)

substrates (a) as-grown and (b)-(f) annealed at 400°C to 800°C for 2 h.

91



Fig 4. FESEM surface morphology images obtained from CeO, thin films deposited onto

Si(100) substrates (a) as-grown and (b)-(f) annealed at 400°C to 800°C for 2 h.
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Fig. 5. XPS spectra in the vicinity of Ce 3d peaks obtained from CeO, thin films deposited

onto Si(100) substrates (a) as-grown and (b)-(f) annealed at 400°C to 800°C for 2 h.
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Table 1 Summary of crystallite sizes as measured by XRD line broadening (Dxzp), lattice constant (a), crystallite sizes as measured by Raman (D),
thickness, Gaussian fits of XPS spectra and magnetic parameters of CeO, thin film.

Parameter Annealed temperatures

As-annealed 400 °C 500°C 600°C 700°C 800°C
Drxo (nm) 780 15 123 12.0 154 188
a (A) 5.463 5.409 5409 5.407 5.405 5.399
DR (nm) 320 8.50 11.0 15.6 332 904
Thickness (nm) 326.5 315.0 313.0 3135 308.5 2847
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ABSTRACT

The room temperature (RT) ferromagnetic (FM) behavior of undoped CeQO: and
Sr¥7/Ca’" with Co®” co-doped CeO; nanoparticles were synthesized by the polymer pyrolysis
method and calcined at a temperature of 600°C. All synthesized samples were characterized
by XRD, Raman, TEM, XAS, XPS and VSM. The XRD spectra exhibited peaks
corresponding to single phase face-centered cubic CeOs for all samples. The erystallite sizes
decreased from 9 = 0.2 to 7 = 0.2 nm when co-doped with Co, Co/Sr or Co/Ca. The phase of
CeO7 attributed to the Fag mode with the presence of oxygen vacancy in all samples was
further confirmed by Raman spectra and was also observed the peaks of Co impurities phases
in doped Cc0. The presence of Ce™, Ce*™, Co®™, Co™, Sr**, Ca’" ions and oxygen vacancies
in all samples containing CeQ, was confirmed. The local structure around the Ce ions was
determined by EXAFS spectra obtained in the vieinity of the Ce L-edge. The magnetic results
obtained from undoped CeO; exhibited RT-FM with a saturation magnetization (Ms) of
0.0026 emu/g which could be explained in terms of an oxygen vacancy mediated F-center
exchange (FCE) mechanism. The doped CeQs; samples exhibited higher Mg values compared
to that of undoped Ce0s, especially in Co” -doped CeOs samples which showed the highest

Mg value of 0.016 emu/g. The origin of these observations is discussed.

Mo M 1+ \ .
Keywords: Sr™/Ca” with Co co-doped CeOs: Ferromagnetic; Oxygen vacancies; XAS.
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1. Introduction

The study of nanoparticle materials is one of the most important fields in
nanotechnology and they have been used for a wide range of applications over the past decade
such as in electronies, energy, medicine, food and agriculture. CeQ; (also known as ceria) is
an interesting material because of its ease of preparation at the nanometer-size, low cost, high
chemical stability and excellent redox potential. Its properties can be modified by the
conversion of Ce*” to Ce*” through the creation of oxygen vacaneies (Vg) without changing
its structure. CeO; can therefore exhibit new behaviors suited to many fields of application
such as in oxygen sensors, as photo-catalytic agents, as electrode materials and in the field of
diluted magnetic semiconductors/insulators (also called O-DMSs). Moreover, its lattice
parameter (a = 0.54113 nm) is close to that of Si (a = 0.5431 nm) which admits the possibility
of integration with conventional silicon-based electronic circuits [1-8]. For the C ¥ state with
the 4f configuration, CeQy changes its behavior from diamagnetic to ferromagnetic (FM),
with a Curie temperature (Tc) above room temperature (RT), via an F-center exchange (FCE)
mechanism which creates coupling between nearest neighbor Ce’™ ions. Therefore, this RT-
FM with semiconductivity in a single CeO; sample can be useful in magneto-optoelectronic or
spintronic devices.

Recently, it has been found that RT-FM of CeO> depends not only on the technique
used to synthesise it but also on the dopant concentrations. For example, Swatsitang et al. [9]
reported RT-FM of CeO; nanoparticles which were synthesized by a polymer pyrolysis
method with erystallite sizes of 15 £ 0.5 nm had a saturation magnetization (Mg) value of
0.0085 emu/g. . A very high Ms of 4.48 emu/g [10] was measured in 8 at.% Mn” -doped
CeO; nanoparticles with crystallite sizes less than 5 nm when synthesized using the solvo-
thermal technique. The authors found that nanometer-sized CeO; exhibited strong RT-FM,

with the strength depending on the Ce*/Vg concentration. Moreover, it has been reported that
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RT-FM with higher Mg values than that measured in CeQ; nanoparticles can be obtained by
co-doping at Ce*” sites. This may be due to creating a higher Ce**/Vg concentration which
provides an additional mechanism for mediating magnetic coupling as a result of an increased
Ce7/ce® ratio. For example, an Ms of 0.013 emu/g was obtained for CejxySmySryO;
nanoparticles for x = 0.05 and vy = 0.05 [11]. Co-doping CeO with5 at.% each of Co*" and
Er'” gave an Ms of 0.081 emu/g [12]. The improvements in Ms values suggest there may be
an optimal C.‘eg+.-"Vo conecentration.

It is of interest to study the co-doping of CeO; nanoparticles Co” with St™~ and Ca’” at
Ce*™ sites in  small concentrations of S5at% each (CeggpCoqosSrggsO, and
CegopCoq 5Capps02). These co-doped CeO; nanoparticles were synthesized by the polymer
pyrolysis method followed by calcination at a temperature of 600 °C. The structure,
morphology and valence states of the samples were characterized using XRD, Raman, TEM,

XAS and XPS. Magnetic measurements were made on all samples using VSM.

2. Experimental
To prepare the co-doped CeOs nanoparticles, Ce(NO3)3.6H,0 (99.99%, Kanto), Co(NO3)2
GH2O (99.95%, Kanto), Sr(NOs)y (99%. Aldrich), Ca(NOs)2.4HxO (99.9%, Kanto) and

acrylic acid (C3Hs07) were used as the starting materials. The same molar ratios of

0.05:0.05:0.90 for the Co/Sr/Ce and Co/Ca/Ce precursors were employed, giving

Ce00(Co,Sr)0.0502 and Cegoo(Co,Ca)opsOa, respectively (these will subsequently be referred
to as Co/Sr-Ce0; and Co/Ca-Ce0; respectively). These components were synthesized using
the polymer pyrolysis method as described in earlier work [9. 13-16]. Firstly, 0.006 mol each
of Ce(NO;)3.6H,0, Co(NO3),.6H,0 and Sr(NO3), were dissolved in DI water and C3H40; at
room temperature (about 27°C) and stirred for 2 h to obtain a homogeneous solution. This

precursor solution was then heated at 80°C until dry. Secondly, the dried precursor was pre-
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calcined for 2 h in air at 200°C in an electric furnace to form a polyaerylate salt. The final
product was then caleined at a temperature of 600°C for 3 h in air to obtain a single phase. To
prepare the Co/Ca-CeO, nanoparticles, the same procedure was followed as for the Co/Sr-
CeO1 nanoparticles. Furthermore, undoped CeO; and single doped CeposCogos0a (referred to
as Co-CeO;) nanoparticles were also synthesized by the same procedure as for the two Sr and
Ca containing samples for comparison.

A Bruker D2 Phaser X-ray diffractometer employing Cu Ko radiation (A= 0.154184
nm) was used to study the phases of all samples. Raman was performed using a Horiba (T-
64000) and TEM was performed using a FE-TEM (TECNAI G° 20) to establish the
morphology and crystal sizes. XAS spectra at the Ce, Co and Sr edges were collected in
transmission mode on the lines BL1.1 and BL5.2 at the Synchrotron Light Research Institute
in Nakhon Ratchasima. Thailand. The Ce, Co. Sr. Ca and O valence states were determined
using XPS (PHIS000 VersaProbe II, ULVAC-PHI, Japan) at the SUT-NANOTEC-SLRI Joint
Research Facility, Synchrotron Light Research Institute (SLRI), Thailand. The magnetic
hysteresis measurements were made using a VSM (Versa Lab VSM, Quantum Design) and

were performed at room temperature with applied fields between -10 kOe and +10 kOe.

3. Results and discussion

Figure 1 shows the XRD patterns obtained from the synthesized undoped CeO; and CeOs
co-doped with the elements Co/Sr and Co/Ca. All samples displayed the face-centered cubic
structure of CeO; in agreement with JCPDS standard 34-0394 as shown by the vertical lines
on the horizontal axis with a clear correspondence between the (111), (200), (220), (311),
(222). (400), (331) and (420) peaks.. There were no diffraction peaks associated with CoOy,
C0304, SrO or Ca0 phases when CeO> was single-doped or co-doped, perhaps due to the low

concentration of 5mol% of each dopant. In other studies, a Co304 phase was detected in
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15wt% Co, 7wt% Sr co-doped CeO; nanoparticles [17] and similarly a ZnO phase was
observed in 7 mol% Cu and Zn co-doped CeO; nanoparticles prepared by the hydrothermal
method [18]. The mean erystallite sizes (D) in each sample were caleulated from Scherrer’s
equation using line broadening of the (111), (200), (220) and (311) peaks. It was found that
the values of D decreased from 9 = 0.2 to 7 = 0.2 nm when CeO; was co-doped. The lattice
parameter (a) of the Co/Sr and Co/Ca co-doped CeO: samples increased to 0.5426(3) mm
compared to the undoped CeQ: sample value of 0.5414(2), whereas the lattice parameter of
the Co-CeQ; sample decreased to 0.5408(3) nm. The values of D and a obtained from all
samples are listed in Table 1. It can be seen from Table 1 that the samples showed the same
trends in values of a and the lattice volume as expected. This lattice volume distortion is
caused by the larger ionic radius of co-dopants such as 81'2_(0.126 nm) and ca’” (0.112 nm)
compared to that of ce* {(0.097 nm) and ce’” (0.1034 nm) but smaller than that of C02+(O.065
nm) for the case when Co 1s added as a single dopant. This behavior is in good agreement
with earlier reports i.e. Sm**/S¢™” [11], or Cu**/Zn’" jons [18].

Evidence for the formation of the CeO7 structure in all samples was further supported
by the Raman spectra as shown in Fig. 2. All samples had strong peaks at about 451-461 em”
which is the characteristic mode of the Ce-O8 vibrational unit in CeO; (F2g mode) [9. 11. 19-
21]. This mode is shifted to lower energies when doping into Ce sites compared to undoped
Ce0,, especially for Co/Sr-CeO; (as shown in Fig. 2(A)). This red shift behavior is due to the
presence of Ce’” ions and oxygen vacancies, resulting in a distortion of the local symmetry.
Similar behavior has been reported in CeO; nanoparticles resulting from doping with various
elements, i.e. Fv:3+-dopecl CeO, [19], Sn13+-dopecl CeO, [9], MgH- doped CeO; [20] or Sm’ -
Srz_-doped CeQs [11]. or from thermal treatment. For example Go'mez et al. [21] have
reported the main peak moved from 464 to 454 em™ with rising temperatures from 25 to
500°C according to in situ Raman measurements on CeQa. In addition, a weak peak at about

267 em™ (as shown by the ¥ symbol) was observed in undoped CeO, which is assigned to
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the second order F2g mode and is related to disorder in the CeO; structure (shown in Fig
2(B)). The peak at about 600 em” was assigned to the oxygen vacancy (shown by the V
symbol) and was observed in all samples, suggesting sensitivity to any disorder in the oxygen
sublattice or to lattice distortion in the samples [9. 11. 20]. While the peaks at about 235, 520

=

and 684 em™ (as shown by the #* symbol) appeared in co-doped CeO3z and are assigned to
cobalt compounds [21.22], it suggests that Co”" was not completely substituted into the CeO;
lattice, explaining why it was not observed in the XRD measurements. This is further
confirmation that the Raman measurements are more sensitive than the XRD measurements.

Figure 3 shows the morphology and structure of the co-doped CeO; nanoparticles
obtained from TEM bright field images and selected area electron diffraction (SAED)
patterns, respectively. The samples showed irregular shaped aggregated particles with their
size decreasing and increasing with Co-doping and co-doping CeOs, respectively. It can be
seen that the average particle sizes of all samples were lower by 20 nm when co-doped, which
is consistent with the XRD results. The SAED patterns obtained from all samples exhibited
the spotty ring pattern typical of polyerystalline CeO.

The valence states of Ce, Co and Sr in all samples are obtained from an analysis of
normalized XANES spectra which were collected at room temperature in the vieinity of the
Ce L-, Co K- and Sr L-edges. The spectra and their 1% derivatives are shown in Fiz. 4. The
absorption edge position and spectral features of the various standards and samples were
compared. From the XANES results, the edge positions in the sample spectra were close to
that of standards CeQ, (Ce4+) for all samples, to CoO (Coj_) for Co-CeQ,, to Coz0y (Coz_' 3+)
for Co/Sr-Ce0; and to Sr(NO3), (SrH) for Co/Sr-Ce0s. This suggests that the valence states in
the samples were mostly Ce'™, Co™”, Co’" and Sr” ions. To further determine the local
structure around Ce atoms in CeQO: and doped CeOs nanoparticles, the EXAFS spectra
obtained at Ce L-edges were analysed further. Fig. 5 shows the Fourier transform into R-

space (left) with the k*-weight (right) obtained from experiment (black dot) and from fitted
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results (red line). The parameters were obtained by fitting in the range of 3-10 Aland1-45A
for k-space and R-space, respectively. The same values were used for all samples, using an
amplitude reduction factor (Suz). a shift to the edge energy (AE) and a volumetrie expansion
(a) of 0.57, 5.97 and -0.021, respectively. The fitting parameters for all samples are also given
in Table 1. As a result, the overall values of R-factor from all samples are a good fit to the
model. However, some R-factor are higher than two percent because of high noise at high k
values in some spectra. In addition, both the bond length (AR) and the Debye-Waller factor
(o?) in doped CeO, nanoparticles are the same as in undoped CeO, nanoparticles for each of
the shells. This suggests that doping induces no significant changes to the local structure
around the absorber Ce. Therefore, some dopants at Ce sites may not be completely
substituted or may occupy interstitial sites within the CeOs structure.

Figures 6 and 7 display the walence states of Ce 3d, O 1s, Sr 3d and Ca 2p,
respectively, detected in all samples by XPS measurements. The XPS results showed that the
Ce ions in all samples were in a mixed valence state between Ce*” and Ce®” which were
assigned to Ce 3dsn (v, v and 1«) and Ce 3d3n (u, u’ and u) for the Ce* state and Ce 3dsp
(voand v') and Ce 3d3 (up and u) [11, 20, 23] for the Ce™ state (see the left side of Fig. 6). It
can be seen from the right side of Fig.6 that oxygen ions in all samples consist of oxygen in
the lattice (Or), oxygen vacancies Vo (Ov) or oxygen hydroxyl (Ogn), an observation which
has been reported in previous work [11. 20. 23]. In addition, peaks from Sr 3ds» (~133.42
eV), Sr3dip (~135.21 eV), Ca 2p1n (~350.53 €V) and Ca 2p3»2 (~346.93 &V) for the samples
in Fie. 7 were assigned to the Sr°~ and Ca’* states [24]. The relative areas of the peaks seen in
spectra obtained from all samples were obtained by fitting Gaussians to the peaks in the
KANES spectra. These results are shown in Table 2 which also shows the percentages of Ce
in each valence state in all samples. It 1s observed that the percentages of Ce™" decreased from
approximately 16.5% to 4.4% when CeO; nanoparticles were doped. These results further

. 2+ 2 2+ . . .
confirm that the Co™, Sr™ and Ca” cations were not completely substituted into the CeO;
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lattice in agreement with the Raman results. In contrast, increased Ce®* levels have been
observed in CeO, when doped with dopants such as Ca®™ [24], Mg™ [20] or Ni*7 [23].

Fig. 8 shows the hysteresis loops obtained from the undoped CeO; and doped CeO,
samples between magnetic fields of -10 kOe and +10 kOe at RT. It is observed that all
samples showed increased FM at RT with My values at 10kOe for doped CeO1 samples in the
range 0.006 to 0.016 emu/g, compared to that of the undoped CeQs sample which was 0.0026
emu/g. The various magnetic properties measured in all samples are listed in Table 1. This
RT-FM result in undoped CeQ; is interesting because it suggests an exchange interaction
between the electron spin moment of Ce®” in the 4f' configuration and the Vo on the surface
of the CeO; due to the FCE mechanism [11. 25-28]. Generally, an enhancement of My has
been observed in CeOy nanostructures doped with magnetic ions (i.e. Fe'™, Co™ or Ni¥") or
non-magnetic ions (i.e. Sm’", Pr’, M gz_ or Caz_) [9.20. 24, 29-32]. The lower valence states
of various dopants compared to that of Ce* ions can create more Ce’ /Vp and provide more
exchange interactions compared to that of undoped CeO; nanostructures. Furthermore, further
increase of the Ms have been found to add mechanism for dopants magnetic coupling. In
different studies, our single and co-doped CeO: nanoparticles with Co”" ions have shown a
decrease in the Ce’” ion concentration as found from XPS results. The fact that the Ms values
in doped CeOs nanoparticles are more than those obtained from undoped CeO; may be due to
the formation of ferromagnetic clusters or from secondary magnetic phases of Co. However, it
1s known that phases of CaCOj;, Ca0 or $SrCOj; do not show any ferromagnetism [33]. Similar
behavior has also been reported for FM from impurity phases in doped CeO; systems as
desecribed in previous work [34. 35]. However, the highest My measured in doped CeO;
materials was obtained for an optimal Ce™"/Vo concentration which depends on the type of
dopants and their doping concentrations, i.e.. 10 at.% Gd*™ [36], 15 at.% Pr’™ [30], 5 at.%
Sm> /8™ [11] or 4 at.% Mg®™ [20]. 30 wt% Co’™ [31], 8 at.% Fe®* [32], 8 at.% Mn®* [10]. 5

at.% Co® /Eu’[12] or 3 at.% Co®/10 at.% Y [37].
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4. Conclusions

Face-centered cubic CeO; and co-doped CeO; materials have been successfully prepared
by the polymer pyrolysis method. XRD, Raman and TEM characterization showed the CeO;
phase with average erystallite sizes in the samples ranging between 7 = 0.2 and 9 = 0.2 nm.

2+ .
a 10115

XANES and XPS results confirmed the presence of ce, e co co’ s C
and also oxygen vacancies as the main constituents in undoped and co-doped CeOs
nanoparticles. EXAFS measurements at the Ce L-edge showed no difference in the local
structures around Ce ions when Co’" was co-doped with $r°" and Ca’” ions, suggesting a
possible substitution limit for dopant ions in the CeO; host. The RT-FM behavior as measured
by VSM show that in undoped CeO; nanoparticles it is thought to be induced by oxygen
vacancies in accordance with the FCE model. Co-doped CeO; nanoparticles had the highest

Ms at 10 kOe of 0.016 emu/g and higher than that of doped CeQ: corresponding to low

percentage of Ce™” concentration.
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Captions for the figures
Figure 1  Refined XRD patterns obtained from co-doped CeO, samples caleined at 600°C
(a) CeO; (b) Co-Ce0n, (c) Co/Sr-Ce0; and (d) Co/Ca-CeOs. The bars along the horizontal

axis show expected peak positions for the dominant reflections expected from cubic CeO;.

Figure 2 Raman spectra obtained from co-doped CeQ; samples calcined at 600°C (a) CeO:

(b) Co-Ce0s, (¢) Co/Sr-CeO7 and (d) Co/Ca-CeOn.
Figure 3 TEM images with selected-area electron diffraction (SAED) patterns obtained from
co-doped CeO; samples caleined at 600°C (a) CeQz (b) Co-CeOa, (¢) Co/Sr-CeOy and (d)

Co/Ca-Ce0s.

Figure 4 XANES spectra (a-¢) and corresponding first derivative plots (d-f) at the Ce L-

edge (a, d), the Co K-edge (b, ¢) and the Sr L-edge (c, {) for co-doped CeO; samples.

Figure 5 Fourier transform at the Ce L-edge (left) and the corresponding k(¢ (k) plot (right)

from experiment (dotted line) and a fitted curve (solid line).

Figure 6 XPS spectra in the vicinity of the Ce 3d and O 1s peaks obtained from co-doped

CeOx samples caleined at 600°C (a) CeOz (b) Co-CeOa, (¢) Co/Sr-Ce0; and (d) Co/Ca-CeOn.

Figure 7 XPS spectra in the vicinity of the Sr 3d and Ca 2p peaks obtained from Co/Sr-CeO4

(left) and Co/Ca-CeOa (right).

Figure 8 Room temperature M-H curves obtained from co-doped CeOs samples calcined at

600°C.
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Figure 1  Refined XRD patterns obtained from co-doped CeO: samples calcined at 600°C
(a) CeOs (b) Co-CeOs, (c) Co/Sr-Ce0; and (d) Co/Ca-CeO,.The bars along the horizontal axis

show expected peak positions for the dominant reflections expected from cubic CeOs.
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Figure 2 Raman spectra obtained from co-doped CeO; samples calcined at 600°C (a) CeOs

(b) Co-Ce0a, (¢) Co/Sr-Ce0r and (d) Co/Ca-CeOn.
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Figure 3 TEM images with selected-area electron diffraction (SAED) patterns obtained from
co-doped CeQ, samples calcined at 600°C (a) CeO; (b) Co-Ce04, (c) Co/Sr-CeO, and (d)

Co/Ca-Ce0-.
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Figure 4 XANES spectra (a-c) and corresponding first derivative plots (d-f) at the Ce L-

edge (a, d), the Co K-edge (b, ¢) and the Sr L-edge (¢, f) for co-doped CeOs samples.
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Figure 5 Fourier transform at the Ce L-edge (left) and the corresponding k*(y(k)) plot (right)

from experiment (dotted line) and a fitted curve (solid line).
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Figure 6 XPS spectra in the vicinity of the Ce 3d and O 1s peaks obtained from co-doped

Ce0: samples calcined at 600°C (a) CeO: (b) Co-Ce0s, (c) Co/Sr-CeO? and (d) Co/Ca-CeOn.
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Figure 7 XPS spectra in the vicinity of the Sr 3d and Ca 2p peaks obtained from Co/Sr-CeO,

(left) and Co/Ca-CeO; (right).
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Figure 8 Room temperature M-H curves obtained from co-doped CeO; samples calcined at

600°C.
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Table 1 Parameters obtained from XRD, magnetic and EXAFS measurements made on co-

doped CeO1 samples.

Parameter CeQ, Co-Ce0, Co/St-Ce0, Co/Ca-Ce0,
XRD refinement

D (nm) 9+02 701 702 =02
a(&) 5.414(2) 5.408(3) 5.426(3) 5422(3)
Volume [‘353) 158.66 158.15 159.70 594
GOF (1) 1.1 1.0 1.0 9

Rwp (%) 13.1 11.8 12.6 2

Rp (%) 93 86 9.5 56
EXAFS refinement at Ce

L-edge

R-factor (%) 2.03 1.70 4.36 326

AR (A)

Ce —01 -0.03(1) -0.034(4) -0.037(8) -0.029(7)
Ce —Cel 0.01(1) 0.003(5) 0.009(7) 0.014(8)
Ce —02 -0.09(4) -0.12(3) -0.09(3) -0.09(3)
s (4%

Ce —01 0.006(2) 0.0037(8) 0.003(1) 0.006(1)
Ce —Cel 0.004(1) 0.0036(6) 0.0040(7) 0.0047(9)
Ce —02 0.013(7) 0.021(8) 0.019(9) 0.017(8)
Ce — others 0.008(10) 0.010(9) 0.006(9) 0.006(9)
Magnetic properties

M (emu/g) 0.0026 0.016 0.011 0.006
Mg (emu/g) 0.0007 0.0006 0.0004 0.0014
Hc (Oe) 250 88 130 315
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Table 2 Gaussian fits to peaks in the XPS spectra obtained from co-doped CeO; samples.

Parameter

Samples

CEOE

Co-Ce0,

Co/Sr-Ce0,

Co/Ca-Ce0,

Peak Position (eV)
cet v

“wu'lu
Ce™™: vl

Jugu
s
Cca”’
Oxygen in lattice (O)
Oxygen vacancy (Ov)
Oxvgen hydroxvl (Og)
Relative area

Cet - v
“un'fu
Ce™t: wpiv
S ugu
sr
Cca™
O
Oy
Oy

Percentage of Ce* (%)
Percentage of Ce™™ (%)

882.5/889.1/ 8983
900.9/907.5/916.7
880.4/885.3
898.8/903.7

5294
5314
53129

17319/9589/17999
11546/6393/12000
2133/6737
1422/4491

12823
3653
2124
835
16.5

882.5/888.8/898.4
900.9/907.3/916.8
880.4/885.1
898.8/903.5

5294
5313
5331

22434/12884/23888
14956/8590/15925
188/10214
126/6809

12775
8958
2879
85.0
15.0

882.2/888.7/898.0
900.6/907.1/916.4
880.3/884.9
§98.7/903 .4
133.1/134.9

5292

5314

5329

13110/8125/15310
8740/5417/10207
528/4157
352/2771
1253/877

10270

4738

1803

88.6
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882.6/889.1/898.3
901/907.5/916.7
880.2/885.2
898.7/903.6
346.9/350.5
5295

5314

533.0

217324/12677/2123
14488/8451/14154
39/7383

26/4922

1317/658

14994

5272

2334

95.6

4.4
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