nMsszylaseairwdnuazdidnnselindvesaisusznauninig

f a a o

Tavsadmanweamalagldnisaiurauuiiadnsudiia

wazawnlnsalnUnisaanausedidnd
U

STRUCTURAL AND ELECTRONIC IDENTIFICATION OF BINARY
Co-Fe PHOSPHATE COMPOUNDS: FIRST-PRINCIPLES CALCULATIONS
AND X-RAYS ABSORPTION SPECTROSCOPY

Ugunes gndauns
PATHOMPONG RERKSOMPUS

%mﬁwuéﬂéw%’umsﬁnmmwﬁ’nqmﬂ%zycgw%'mymﬂﬁﬁ'mﬁw
dvdviunluaneuasunlumalulad
gnapurlumalulagwszasuingdiatanszds
danrtumalulagnszasundndigammsaianszls
W.A. 2559
KMITL-2016-NT-D-001-006



STRUCTURAL AND ELECTRONIC IDENTIFICATION OF BINARY
Co-Fe PHOSPHATE COMPOUNDS: FIRST-PRINCIPLES CALCULATIONS
AND X-RAYS ABSORPTION SPECTROSCOPY

PATHOMPONG RERKSOMPUS

A THESIS SUBMITTED IN FULFILLMENT
OF THE REQUIREMENT FOR THE DEGREE OF
DOCTOR OF PHILOSOPHY IN NANOSCIENCE AND NANOTECHNOLOGY
COLLEGE OF NANOTECHNOLOGY
KING MONGKUT’S INSTITUTE OF TECHNOLOGY LADKRABANG
2016
KMITL-2016-NT-D-001-006



COPYRIGHT 2016
COLLEGE OF NANOTECHNOLOGY
KING MONGKUT’S INSTITUTE OF TECHNOLOGY LADKRABANG



intaIngniwus mssvylassaiamdnuasddinnsedindvesansusenau
minalausamwanneanalagldnisduanuy
WarwSuBiauazaninsalnUnisgandussdidng

UnAnw WgUganey gnuaure

sHaUIZI6 52670157

UTgyayn UTvgynui)Unidin

#1973 wlwinewazunluwalulad

W.FA. 2559

21sEAUE e Ineinug WAL 3. URANT Uiy

U

= a a ' ar - ¢
219159NUTNW IMNETNUSIIN  wALAS.AuAtUnY nEshy

UNANYD

(=3 =

Inendwisiidunsseyamilasasundnuasidanselindvesansusneutseinm
WoalWaBadou 2 gy NauRINUIENBUMIBATS ColHoPOL),2H,0, Fe(H,PO.)y2H,0, way
a1susenavlviiniate CogsFess(HaPOL)s2H,0 nfjuﬁaawisnauﬁwm‘s Co,P40,,
FesP4O1,, wagansUsznaulnivinia- CoFeP,0y, ’[uswmuﬁawﬁwffwuﬁayamsﬁnmﬁaa
wnAfulpssaawannmged Tassadame il lasiadreddanseind uavautiama
Inwesansimanil aﬂuﬂﬁmﬂﬁﬂmiﬁwmmwm%ﬁw%u«?uﬁatLazaLﬂansaTﬂijiQmﬂﬁu
fadidnd nadwivaanguijuesarsgniunniiasiSeuiiiouiudeyanienismaaes wuiisa
Tnssadandnwuumbewadinaiessinnsiuanduonsuldafunanisnaaey Wanlaluaain
Co(H,PO4),2H,0 wag Fe(H,PO,),-2H,0 fifuaniienisndmainimgeia = 7.32 A uag
7.31 A, b = 10.01 A uaz 10.15 A, ¢ = 5.38 A uae 5.43 A, WATAUNEN 3 = 94.88° uaz
95.71° mwadiu HANTUTUATTHN CopPaOy, UL FePeOrp HRuanafinnsfitnasmimeul
a=1199 Auaz 1223 A, b =833 Auay 8.53 A, c=10.15 A uav 9.84 A, uazeyundn
B = 11851° uag 118.67° AMUANU HAIABINNG BT T8YIENT CogsFeqs(HoPOg)y2H,0
way CoFeP,0;, dnLluasussnausiianinInnnuanIsHag L EXAFS wan1sldwisiiines
mMsAnRefunuIudasslasadendnmaios Co(HPO,),2H,0 uay Co,PO,, 1Wika
nsaalnnTummgeindulatualnaiun1saassveddrs  Co(H,POL),2H,0 wag
Co,P.0, My udldanunsalinaditilovhnsiinfuanaunismeassvesansvinia
Tuvaurfinisiinlaslduvusraeddasiadrmdnmaninauuy CoFe Wity 1:1 Tnanmuidh
AuUsENINAUNATUNIMQUTUN1MnaBIeIas CogsFeys(HoPO,),2H,0 Way CoFeP,0;,

Yl ° al - = v w ' v -
IaRndwuudiasunanes Faansdennudniulansenindasadrndnneluansusenau



minalazkansinnuerneulavead 50% eglusdiunisvedlanylessuuin Tassasns
ﬁLﬁﬂmaﬁﬂémaamiﬂizﬂaugﬂﬁnmvhumiﬁwmmiﬂsaa%"mLm‘uwé’amuuazmmmmuﬁu
vasanuratulnalsd wuitans Co(H,PO,),2H,0 uaz Fe(HPO,),2H,0 Snlutanansis
frnUssnnudivianinesls datgesinuaundsnuuuulinsevuin 0.52 eV wag 0.57 eV
o w ‘dl o i Jm a [l a
AU TurENNaNISAUINES Co,P40y, UaY Fe,P 0,1, UsTRangAnssutesansusivan
nadlannseidnduansliiuinandinisulnivesansuszneuia 4 ¥iim fenanifinean
woRnssuvesdidnaseudlugianzaeslutuaniuzesdita Cosy waY Fey Felansuseq

& & v - 2 2
vinfleguuiuglassairuawuant MO, dia M = Co™ way Fe™

ArdAey: lassadandn, Taseasredlnnselind, Co(H,POL)»2H,0, Fe(H,PO,),2H,0,
laveadlelasimnsenoann, manldlasiansereann, CogsFers(H,PO.),2H,0, %3aTA
Taueanwianlelasiansenaama



Thesis Title Structural and Electronic Identification of Binary
Co-Fe Phosphate Compounds: First-Principles

Calculations and X-rays Absorption Spectroscopy

Student Mr.Pathompong Rerksompus

Student ID. 52670157

Degree Doctor of Philosophy

Program Nanoscience and Nanotechnology

Year 2016

Thesis Advisor Asst.Prof.Dr.Pitiporn Thanomngam

Thesis Coadvisor Asst.Prof.Dr.Kanoknan-Phacheerak
ABSTRACT

This thesis aims to identify structural and electronic properties of two groups
of complex phosphate ‘compounds. The first group. consists of ‘Co(H,PO,),-2H,0,
Fe(H,PO4),-2H,0, and new binary CogsFeys(HP04)s-2H,0). The second. group consists
of Co,P40y,, FesP40y,, and new binary CoFeP,Oy,. In previous reports there are very
few studies on theoretical crystal, local and electronic structure, and electrical
properties of these compounds. This research was performed using the first principles
calculations and.-X-rays absorption-spectroscopy techniques. The thearetical results
were calculated and .compared with experimental data. The structural results of
monophasic unit. cell from relaxation process are in good agreement with their
experimental results. .« Monoclinic  Co(H,POy,),-2H;0 ~and Fe(H,P0O,),-2H,0 show
calculated lattice parameters of g = 7.32°A and 7.31.A; 6= 10.01 A and 10.15 A, ¢ =
538 A and 5.43 A, and 8 = 94.88" and 95.71° tespectively. Monoclinic Co,P,0;, and
Fe,P,0;, show calculated lattice parameters of @ = 11.99 A and 12.23 A, b = 8.33 A
and 853 A, ¢ = 10.15 A and 9.84 A, and B = 118.51° and 118.67° respectively.
Theoretical simulated results indicated that CogsFeg s(H,PO,),-2H,0 and CoFeP,0;, are
binary compounds from EXAFS fitting results. Fitting results using same parameters
found that monophasic structural model of Co(H,PO4),-2H,0 and Co,P,0;, give
theoretical spectrum compatible to their experimental spectrum but do not give
good results when fitting with experimental spectrum of binary compounds.

In addition, spectrum fitting with binary models of Co:Fe = 1:1 are more compatible



to experimental spectrum of CogsFegs(H,PO4)2H,0 and CoFeP40O;, than the
monophasic models. The fitting result showed structural compatible of the
compounds with 50% of cobalt. Electronic structure of all compounds in this work
was studied via calculation of spin polarized band structure and density of states.
It was found that Co(H,PO4)2H,0 and Fe(H,P04),-2H,0 are ferromagnetic
semiconductor materials with indirect band gaps of 0.52 eV and 0.57 eV respectively
while calculated Co,P40;, and Fe,P40;, exhibit magnetism behaviors. In addition, the
electronic results showed that electrical conductivity of the four compounds is
dominated by major electron behavior of their cations such as internal Cos, and Fesy

orbital states which the cations based on octahetral MOg when M = Co™ and Fe™.

Keywords: Crystal structure, Electronic structure, Co(H,PQ4)-2H,0, Fe(H,PO,),2H,0,
Co cyclotetraphosphate, Fe cyclotetraphosphate, CogsFeys(H:PO,),-2H,0, Binary Co-
Fe cyclotetraphosphate



AnANSsuUsLNA

= =

Ineinusatuiansadiseqasldiduedned efuurinazdunean
wA.n3 UAns o uay ueas.auntumi masng fuduernsdivinuinerinuduay
01915 MUS Y Inendnussan nudidy wdweveunseaauetiegs

UVBVBUAM WA.AT.UTTI YYuu 81913801a30ad aadumeluladwizaeuindn
WigamnIaiansed dmsuiuuni deyansvaass saudadSnweng q Aieadestu
n13ANwIITY

19YOVAN ANNTIAMENTTUNTTABUYNYIULTuDE g dmSunisasuideuas
wnlasyingniinug uagmsaeuineninug sauduustinfiouiuusinisinuide

YoYoUAN NUANUAYUATANEIIEAULS Y lnuasten e ngudaanuduide
AUAANE (Thailand Center of Excellence in Physics; ThEP Center)

vovounm AmrTdneludnerdenilumalulagwssasundiatansed
antuwelulainszasndinnminsatnnseds Aldusyansuszamduliuadmdn

voupuAns Loy 9 4 tos q luanudvnluinenuazunlumeluled ausivende
wilumaluladwszrsunaaianssts aodumeluladwszasundidinummiaianszd
nnaulviduugtiimg 1

aaineitmdwensiuaunssan Ta wsan wavauluaseunsivasdimdniu
ot19ge Tt dlanyarasuddilinanide dmdunsaduayulunmiaeilianunse

o a - ¢ w Ho g ! v [} =l
inneiiwusaduliduivganslaiiueie

Ugunat gnidesse



NN
UNARBBANIVING oo eeeseessesseseesses e sesee e seeeseessesessse s oo i
UNATEBATHIBUINY .ovcvsececissssssasssissesssosssssssssessosssasmessessssss s sassssnsesssssessmeseesaeeesseesone ii
ARRNTTHUTENN oo eseesesesseseeseseseeese e s s esessesereseesseses s sesese e v
BVTUR -rvvevverreeeresse s stssessessssss s esesesssses et es e s oo eresneee vi
BVTURUM TN oot eeeesesse e eseseeess s sesessese e ee e s s ss s st e e esesess e oo eeoesessoses X
BVTIIRUG sttt stersmsrosaprossmmsrrssorss ssess o ssessves e e Xi
wndi 1 umh
1.1 AMENAQUDINTIFNBIITE, 1o e v ereeseseeseses e e ssessesesranees 1
1.2 TMQUISAAUBINTTANYIINE st koo e oo 3
1.3 90U UAYOINI AN IITBUAY NS HEUNIHANUAYVINTG e rrvemssrerssiee i 3
1.4 Usslvifianad gl aSusnn s RO i e 4
1.5 99AUTENRUASNAIIUINEINTINUS. v et sttt el st 5
unil 2 nguiiinedes
B L Y1 TGN TS RSO P e~ R o | PO~ 4 A 7
2.1 AVSANMNATIITVNAN (it Lot tisistvernens b sbosdoeseesesssssssessenes 7
AR G iTIAQIHNRA o L. ool irrrrereon 9
2.1.3. mM33%Y Brillouin zone METULATIATNHNEN it 10
2.2 MO UUOUNTNTHUDIBUEANTOU) it oottt 12
2.2.1 SEAUNAIITUUBIDLBARTOU ©oosowccrrrrreerressserssssessseeseeesessseessseesere 12
2.2.2 MSAALAUNS I UUBIBUENATOU weooreeeeeeeeeeeeee e 13
2.2.3 MIRTUMAUNANWIUFUUUUUBANG .oooocns 14
2.2.4 anudniussemi A nEsnuLasiavAd LYe BENATOY ik
225 WOUWENIUTBIRI AU WAZATSAITIV oo 19
2.3 PQURTATUTARTIIMIUIY oo 21
2.3.1 BUAINIEITENINDLANATOUNUTUATYE oo 5|
23.2 M585UIETEUUNANEEUNALAETTANNITIYTANIET 22
2.3.3 ouRSNIEMNAABNUTUATTIATUUY oo 24

vi



#1508y (6i0)

238 vENNSAUFILVRMAUAH TR oo
2.3.5 106§ HOhenberg—Kohn w...........cooccooeerersveeessssoeeessees s
2.3.6 NANN13Y8Y Exchange Uag Correlation ..o
2.3.7 FFM5UTEUIUANLUY LDA, GGA, WaE PBE ooveveeeeeoeeeeeeeeeee
238 wiAdnAdusyuiuuasARuLUY Projector Augmented .............
2.4 AUnINTANTNITQANAUSIBNG cooerreeroereceseeece e
2.4.1 $EABNILaENTTAMEONNA W UIINUARUIATATOU v
2.2 MIANAUTIIONTVBIOUABI it s
243 winnsvesanlnsdlnUn1sganausadidng ...
244 _AUARTN XAS WaENITIATIEMLATIASTTIEU-XANES oo,
2.4.5-MTUATILILANATIEIU EXAFS UaemIudaquuupises ...

2.5 TpssaBdnmsatndent. ol U0 VG Do e e a N

A RUNTANYIINE

3.1 a1sUsnaulun AN ITUasN 1 IO LUTOLANATIEN Lo
3.2 MIANUIUMI MO I EmMAUA T SRERNIUTRG ..o
3.2.1 BMIALIA MU ATUTAA UMY o

n’j o 2/ = ad
3.2.2 TuneuAUINATEFIRENY GBI TVINSEY o

3.2.3 TUABUANUINIIASIAS I BEANTOTNE oo

3.4 MyUATAleglinATANISRANAUSIFOND ..ooceoeeeeee e
3.4.1 BAINARBINTAANAUSEBNDG oo,
342 FUABUAIBNIRANEUTIFET 1o
3.4.3 TunouiA ey EXAFS vasansussnaulvsivane ...

3.5 fhegunmassinaunaiumgandusaseudansiialodn- e .........

vii

Y



#1508y (si0)

NN
Nl 4 sansineideuazniseiisiy
4.1 auURNANTBIANTUTENOUUTEAMIAMRED oo 58
4.1.1 HaN155EYlATIATINANTDIATS Co(H,PO.),2H,0 Uay

GO I I o 58
4.1.1.1 ANWUETATIATNHEN oo 58
4.1.1.2 NMITUATIZAATIATIIHNEN eoveveeeeeerenereemreneeseeesssssses e 60
4.1.2 Wan135¢UlATIASNNANYDIANS COPOrz WAL FEPO v 63
0:1.2.1 ANBRUELASIETIINN orecciorennrerern o areneereseneeeesesesssssessessnsens 64
4.1.2.2 NI NATIENLATIHS TN oo e b 67
4.1.3_uamssrumudiiuslassadedniiiavedeseinfeaty ... 69
4.2 AUURNANUEIANTUTENOUUSLLAVIAVENININ ol ettt o obeens et 70
4.2.1 wan13vYlASIATWHANYDIATS COpsFeps(HoPO), 2H50 ... 72

4.2.1.1 mssyyinuaiglasahwanlaglditnenanaussdong
HAUAISHAGI EXARS .ol ettt sse s seneenens 74
4.2.2 AN ITYULATETNHANYIENS COFEPLO pucrrrieren ot ecsessesssren 76

4.2.2.1 mysvyanwaglanaiwaniaeldisnisaaniuidiond
NAUAVIHASTY EXAFS it eesssesseesene 78
4.3 AUUROLANNIDUNTUBINTUTENDU ettt ettt 81

4.3.1. nan1sasylasasnedidnnseiinduesans Co(HsPO,),2H,0 way
FENPEY Mo QI L AR A oo 81
4.3.1.1 lavasislaunasiuaidnnseing (Electronic band
SETUCTUIE) oot es s 81
4.3.1.2 ATIUNUILULUYDIANIUE (Density Of States) ....ooom...... 84
4.3.2 wan1ssvylassasedianvselindvesans CoP,0y, Way Fe,PeO;, .89

4321 lasaaEs1aaundsnudidnnsefing (Electronic band

4.3.2.2 AUNUIMUUYDIENIUY (Density of States) ..., 91

4.3.23 wansinaudAnmsgandunasdansillodn-igila

viii



#1508y (D)

L%
Wi
= a v
UNT 5 AFUNNITANTIITY .oooccrererrerersnrsennnsssssseseesssssssssssssssesss s 97
2 = o)
TOLAUBUUEIINNNTANTIITY ooerrerrcnrermnrsssnssesseseonsesssesssssessss s s ssssose s 99
BOMATTO N oo erervesnsersenssessessesses e ses et sesssrses e 100
AANUIN
MANWIN A, KaURRUsEAUUIMNAKazN s aueluiivssyAvIns ........ 105
&/ aj a aa a o
MARWIN U, TOYANBITUITANITANYIIVY oo e 125
2/ a % =1 = o
MARUIN A TOYANSINUNARITANETITE Lot s 128
PSR TIIGIATELTf TS, domme\, €9 N CEZNARNLY 7 9 /o o \, NN 141



#1500A1319

=
ATINN

1.1 S¥HEANYBINT AN I T TS TUVBUARBUII e
2.1 NPDINTADUAWWETIAN T(2) VOITATINENTTARN G 1o
3.1 feyarmsfineslasadendnildanuan s InnSEE NS EEAT oo
3.2 foyanisnnass XAS vesasUseneulunUANS AT oo

4.1 HaAINN51EMBIN15IRang DHP Wsuiuwuusiasswanmedndiu CoFe = 1:1 ....

I =y A oa oAl ¢ <l 5
4.2 waruwnines R msiiansgandusedindiivevnnsgandudu K vesezneu Co

Tunsdling 9 Wellnsiearselianinin CogsFeqs(HoPOm22H0 e

4.3 a1 ilne NI IRRnAusEndfivaumsgandutu K asemen Co

way Fe 38uINenTvtianinim CoysFey s(HoPO)y2H,0 Aiuluuinaaensl

CoFe=144....5.. Lde QP AN AN L e M N,

4.4 waAn5AWmesnN1sIwand CTP Wgukuusaondnmedaaiu Cofe= 101 ..

' & o oal n’: =l
4.5 Nﬁﬂ']LL“NﬂLF!EJ‘g R m‘sm“ﬂﬂamﬁl,é‘ﬂwmaumsﬂﬂnﬁwu K wedeznon Co lunsdl

1 ‘J A - ¢ o= _-
A 4 BABLNDIAENAIITUANIAIA COFEPAO 15 /i iiiie e s

| o ¢ a A e T \ alw
4.6 Naﬂ’]Wﬁ’mmEliﬂ’ﬁWﬁlﬂ‘ﬁc:]ﬂﬂauidﬁL@ﬂﬂﬂﬂBUﬂﬁﬁ@ﬁﬂaUﬁu K 199armai Co

way Fe sgndnsansatavinig CoFeP,0,, NULULUT 809N CoFe = 1:1 ..



s
GREIVETRAY
vy
JUN wil
2.1 Wity 7 A TISEUUHE BN s s 8
2.2 uan¥ie Bravais 14 JUUUY TUTEUUNAN 3 318 oo 8

- ] ) o e 4’ 4 = t . -
2.3 (a) wandivaundunuugnuianly 2 & (b) Wuusinfie 17 Brillouin zone v

wanfirdunaUll 2 TRLUUTURMBEUATUUUI oo 11

2.4 uaniwndn 1 97 uazuanfigdiunduewdn 1 37 « way b dudunnwmednig
I ADUYD AN TN ENUALUARTVEIUNEU AV oo 11
2.5 f@e Brillouin zone dMMSUIATAFINANLUUANT U 3 DR oo 12
2.6 wlavsvesdidnaseu (@) exnomaea 4 (b) ezmesdetezseniaglndiuuasiiuiize,
sy (©) o IndTunn Ty (@) JRBNVOUT o 13

9] | ¢ a P = & e
2.7 dnwarvedndvesezaoulunsaling 4 () Weszneiagian? q vieviefuann

(b) vauzgniindnneylndfulaeGuiiizenredy (© vasenfidmaladiunayi

U 30100 Y AR AN TUENUBITIIUNTEIN ettt it 15
2.8 () NMSLENIEAUNSNIUNTE 3 Bzmou (b) n1siauaUNa s UlUNEATO MDY e 16
2.9 Snwauzunundainvesudsi 0K (a) Famlans (b) Yanauatkara s ............. 17
2.10 AudITUS T NAMNE Y (E) wagedniauadn (k) seddnaseulundn ... 17
2.11 Wisuwsumudnnus E-k vosdiannseudassiazdidnaseulundnvosds ... 18

a ) daa g & axi | = - 1w
2.12 MaiakaUNEIULUURNBIARsouRNAN U (a) LTlD3a1n £, Tantes 1
(b) I INUUNENNUTBUA O By =0 oo S 19
2.13 UNUNWUARILUIARYDY Hohenberg-Kohn @aiieulfgsivaumsveslesaees
< a @ o ¢ - s A A oa ¢
e ¥, (r) AOAMAIIUARY, i ({r}) RofINTURRUNDIATIYIVNaNULTDS
- co & -
TBUY, w,({r}) ROWITUATU I @O USNUYBITTULU Uag n,(r) AAuwn
] 4&/
5 250 AT LS GE -y L C R T 25
a4 & o 4 e = & ) =
2.14 ununwieulmsidenuuvessididndenendnvewds 2naudsvuneiesnoy
P ) ' = [ ] 2% v ad ¢
NL389gUNTEUTUNEN UARNWUNETITIFEND oo 30
2.15 A1 Bandpass U89Wan InSb(111), Ge(220), wag Si(111) Awsusndannasnu
InmoulutisUsyana 2000 eV fis 7000 eV AuIusINMguimMsEeIULTEIRNT U

(Darwin theory and dynamic diffraction) .........c..coorciuorrriserseeessiseesssessseessssesesssssnees 30

Xi



d135Uey3U (sia)

JUN nih
4 o ad e ogy Y
2.16 (a) nalnvaenszurumsganiusididndminlievmenegluaniuznszdu (b) naln
YoenszUumMUamamsididnduuuiiowas (o) nalneanszuiunsivaias
fa & IR LY a
201988LaNATOUNYI VDL ABUNTURLFADMEUNR oo 31
2.17 Mmsdpanaiunsganduisdiond (a) wuulnunnsmegrtu (b) wwulmieniside
Wetd (C-d) WUUTVRANTEWEBIANATOU .ot 33
2.18 awnpunsgandusddndlutu K vesoznen Mn vesa15UsENBU Mn,0;
WARIVIALATIATI BIUXANESMET EXAFS .ooroe it seesssesesess s 34
) [y o a g - v ow woad 1Y
2.19 unurin1sEngamusnaInudiinaseuluerneufignaseiufeSddndlaseasng
p=| [y — a ' % = a [y
Mlusangiluannsugu XANES wiafiienin White line iinaannnséne
a s a ) ¢ a at 2 ar = 8r a &
danasoulvdaniusiinlutuiniaud dwiulasadsdaundunsihedidnasou
Tudaaniugndssn Rydburg kezanuzwdsrurodiaslugiianwiumisves
) a v ¢ ¢ P a
WANULTUAY (lonization energy, Ep) YOIPAUINIODENATOU Lot 35
¥ 1 5 - 1 i ] .:£
2.20 aUna3ueiu XANES veseznaudames (S) luansuinsgiuaden o fundsign

v

v I o i al e & ¢ o & a o o ¢
LLﬁﬂ\‘lﬂ')EJ@JﬂﬂSL‘U'L!ﬂ‘TLLWU\?‘U?N’UE]UT'I’]’S%@ﬂ’ﬁ‘lﬁﬂal@ﬂﬁﬁﬂﬁﬁkﬂﬂﬂiﬂﬁﬁﬂﬂ?quﬂﬂwuﬁ

2.21 anuduiussevinuareandinturesdanesuasveunispaniussdindven
FounoSUATTHANSTUILBIGUR 220 i ittt 37
2.22 awlnpsug1u XANES U3aeunIspaniutu K vasesasi Cr luaisuraides
LAsium (CasCrO;p, CayglrsOss, CasCrsOy,) Wagans (Cr metal, Cr,0s, CaCrOy) ........37
2.23 annu XAS veuan (Fe) Miuwsiulavsiduune (w7 lalasims) 39
wamiliiiulaseatragiu EXAFS Afinnmsunsnasavesaiuinindidnasouan
NINTERITUDLMOUAGATUIANE oo 39
2.24 gUdwhReadnaiu XAS ves Te lundin CdTe gunansfoanmiu EXAFS feunns
wlasiies uasgurnfsanmiu EXAFS ndsinmsudasSesudlaseaiadiu
EXAFS Wegnudaaduilsiduituiuiuns R szuanslassadramsnsyaresauuy
Huznon Tnssasilliinrsitusy $auesmen uazelinesaousouindld .......41

3.1 LU TWUAATIDANUIULUY SCF VBILUTUATH VASP oo a7

xii



d15Uny3Y (sia)

U wi
3.2 feglasaindnuuuwadinguuin 84 axnay vawanlulupadn

Co(HoPO),2H,0 dmiusunnlasiadredidnnsetindlusui %ﬁmag’tu

ALUTATU P21/N coovtirvvrseiee s ssssssssssssssssssssssssssssessnseseessssssssssesssessssesesssesseseen 51
3.3 Mmadnlasaikaniuumhewadaun 72 svnoy vewanluluadidn Co,P,0;,

dwuiualasaididnnseindluauil Fedmagluaueniu C2/c oo 5
3.4 $heE19v0938MuA Sphere lvaumagandu Co dldnsatrananiasead

NN INOUIINLNT .l I e e tes e ne s 54
3.5 Waridunnsduvesdainienu EXAFS ﬁ‘uaun'rigmﬂﬁu‘ﬁgu K 98498003 Co Wand

fegrsuuuaws k Aldluntsiinseninemvaass Cog5Feqs(HoPOg)2H,0

- s o

(Eunsmidiu) funsennuuudndu CoFe whity 191 (dunsIWauAY) ... 56
4.1 lnssainndnluluadiinaluoniy P2/ ae3ans ColH,PO,),2H,0 91An15AInme
wqwﬁﬁmmzau Tneldnisvowad 42 ssnon Useneuse Co, H, O LAy P
U 2, 16, 20, UZ 4 DERON A THE NI L.t itoss i et e 59
4.2 lassainandniulundtnaieniy P2,/n 999815 Fe(H,POy),2H,0 21N1sAR0N
nuiisnzan lngldndonhosed 42 ovmeu Ussnauft Fe, H, O, iag P
99U 24 167720, uasBETou SNSEIAG... W22, . s O T L., 60
4.3 mamﬁﬂamnm%’umitﬁymwu%’qﬁt,é‘nﬁmawqwﬁwaawﬁﬂiﬂuﬂﬁﬁﬂ Co(HyPO4)y-2H,0
WU U UL D AU D MNEANITAVUIN oottt 61
4.4 wamsAnuaUnAiiN1IRANauTEBng g uiuenan ColHsPOL),2H,0 Lan
ﬁmmﬂmﬁmaunwiﬂmﬂﬁu%u K 48908ABY CO WM 7,709 €V ..o 61
4.5 tamsinaunmnIun1sganAusEendn 1IN INAesweNEn Co(H,PO,),2H,0 uand
éfcgtmmﬁmaumsqmﬂﬁuﬁv‘u K 98992003 CO WA 7,709 €V ...oovooveeceseerecee 62
4.6 namsiaAUnafuMaAsIULTEEndnamguivendnlulunain
CoH,POg)y2H,0 Wae FE(HPO)y 2H30 oo I 62
4.7 wamsfuinannsunsgandusddndnmauivewin Fe(H,P0,),2H,0 wang
ﬁ‘cyfgwmﬁﬂaum‘s@ﬂﬂﬁuﬂzu K 99992081 Fe WA 7,112 €V ooovoooeeeeeereeeeeeeeveerern 63
4.8 Inssainndnlulundinaiueniy C2/c 189 CoP404, ﬁnﬂﬂ'rsﬁ'mammmqwﬁﬁ
winzay Tneldvianiewed 72 szpeu Usznoudae Co, O, uay P 3117w 8, 48,

AL 16 DEADU AVLENRU ©oreeeeeeeeeeereeeee e se s essessssesseeseeeeseeessseeeseeee s eeeeee oo e 64



d15UaysU ()

a 2
U v
% < ¢ Y ' al
4.9 1S3 AN NUMILLUUANNIASAUENA19YDIE1S Co,P0;, Tead1stUsEITEIINmMTIE

VUUY PO, 117U 4 NN UaYSEEEIEnineeznen P uag O 91nN1SAUINNT

4.10 Iassaiaunawdaniiuuuliiaunavesezneu Co 189815 CoP,0y, Col)O; way

Co(lOs waLT¥HEIENINgDEABY Co UaE O IMAITAMUINNNNE] woovereercrerenee 65
4.11 T,ﬂNﬁ%’wmﬁnmnmsﬁnmmmwqwﬁﬁmmsawaams Fe,P401, (@) lassasnandn

Tulundtinaweniu C2/c lnaldmiieiwad 72 ozmen Ussnaume Fe, O, uay P

I 8, 48, uay 16 vraeu- MU (b) lassaianaisumuannsaudna

wazszuzIEvdesneu P ez O (o) Inssafaauuaniuuuliaunavesoznoy

Fe (Fe()O; war Fel(lNOg) hasIisssemINNasNauFe UaE O i itereereesesese e 66
4.12 waﬂﬂﬁ’manﬂﬂm%’umslﬁmLuu%’qﬁtﬁn«immqvﬁ%mﬁn‘[niuﬂﬁﬁn Co,P0Q1,

WU UNU AU DAL VAL ARAATTENUAN it ettt ettt 67
4.13 nansmunAUNRsINSAANEUTIEENSI g vl raman CoP,0,, Lanadnyn o

TUBUNNSEANALTY K YOIBEAB CO NN 7,709 VLo 67
4.14 namTInanA UM IAANAUTEBNINIIMIMAaE B IHEN CoP.0,, hansdmaya

ﬁmaumiﬂmﬂﬁwﬁ"u K 98995008 CO WANI 7,709 @V i e ieeteedbeneerererenrenen 68
4.15 Namiﬁﬂmmmﬂnsﬂ%’mm51,?;’&1'3Luu%’aﬁl,é‘ﬂﬂﬁmdwqwﬁ%qNé'ﬂiuiuﬂﬁﬁﬂ C0,P:O15

k8% FEPON- S WG o S & Sl 68
4.16 nan1IANUAUNASUNSEANAUTIFNGNI VUi UeINEn FeP0,, uanadtyg o

Tluoun1snANGuil K 18985M 8N Fe WFITU 7,112 0V amimss 69
4.17 aunmsy XANES ﬁ*vaumiﬂmnﬁu{?u K ap3azneu (a) Co luans Co(H,PO,),-2H,0,

COo5Fe05(HoPO)y2H,0, Co,P40,, WAL CoFePyO;, WanideLduns ety

WAd LTE7 uaze MNEIRU (b) Fe Tuans CogsFeys(H,PO4),2H,0 way

COFeP,01, UAMIRIEIEUNTNEIEY WALUAY ALENTY oo 71
4.18 flarifunisduvesdayanign EXAFS wuuaws k wisuilsussinananismnans

(exp.) uazHaN1591804 (theo.) ﬁgmmwmmﬂunf‘iulaaauau POy, TlUBUNS

Qﬂﬂﬁu“ﬁ”’u K UDA 8V CO D FB insiimsiniimsisiiimmemmneems s ronsmemssasmsssesess sescsm s ssanmans 73

Xiv



d150Ry3Y (div)

U Wi
4.19 wamsilmauna$u EXAFS flveumsgandudu K vesesmen Co sewiranams

NARBIANS CogsFeg s(HPO,),2H,0 AUNamsAUIaINstlunuasnau Fe fe

CoFe = 1:1 adlu Co wuy 1 fumisauga wanaduilaidunisduwuy

(0] AU BB O s st tomoms s s sros 75
4.20 erdunsduvesdnyanienu EXAFS wuuaiy k Wisuiflsusswinianisvaass

(exp.) uaznan1531aad (theo.) ﬁgwmmaqa'ﬁ’luﬂejulaaauau POy, Tlueuns

QANGUTU K U0 (8) COMBY P oSttt 11
4.21 wamsinanniu EXAFS ﬁwaums@mnﬁuﬁg’u K v8308mail CO SEMINNANTS

VAa99a15 CoFeP,0,, AUHANSANUINATRLVLBsMBY Fe e CoFe = 1:1 aslu

Co wuv 2 suvsidhiasina? | tamatfuiladduntsduiu () awe R (b) e g .....80
4.22 wamsinaunasy EXAFS ﬁwaunni@mﬂﬁu‘ﬁ"u K vedeyneu Co 5¥uININANIT

MAaadanT CoFeP,0y, AUNANISALIANSHIUWUDEADI Fe fna CoFe = 1:1 asly

Co uwv 2 shumishiaminad I uamaduilerdunisduwun (@) dwe R (b) #ie g ....80
4.23 Tassasnuaunassudannsedndalulnailsduasmnummminyssaaiugwuusiy

YoIWANTUAATEN ColH,PO,),-2H,0 Lﬁani’lwte’l’ugﬂLtamé'uﬁmnamﬁaﬁtﬁnmau

NIUATUVANUAZAUUTDI MIUANNU Lo oo ibiersciorersshe et teeot oo et 83
4.24 lassaiuauwasuddnnseindalulnanlsdlaganumuaiiuvesaauewuusiy

YowanulUAANN Fe(H,PO.)y2H,0 Lﬁaﬂﬂmé’uqmmmﬁuﬁuLtamﬁaﬁt.é‘ﬂmsau

NS UM NUALAUUT O AUEINU oo ot essforntlonesesseseseesessssssssns 83
4.25 AUNUILUUTDIEN NS LUUTILLaZRUUYsd watulnadlsdvas

Co(H2PO4)2H,0 (a) uansanue. Co, O, Waz P (b) Lanaawizaniug Coa,, Cogp,

waz Cosq (C) uanalaWIzanIUe O, WAz O, nstlatunanuazalusosgnuandly

AIUVLNLLUYBIERUETATUINLAZAY MUEIRU Uagqn Er gnATWIanAY 0 eV

AR UUTERUIN oo 85
4.26 AUMUILLULYDIEUELUUTINLAELULUSE@NaUuInanlsdveq

Fe(H;POq)y2H,0 (a) wamsaniue Fe, O, Uag P (b) uaasawizan1ue Feq, Feg,

Waz Fesq (C) uanuanzanuy O, uaz Oy, nitlalundnuaralusegnuansl

AURNUUUTBIADTUEHIATUINUAZAY ANAIGU UaLn Er gNAIBYIIAY 0 eV

S R P LR TR LR Yo 2 OO 88

XV



d135Usy3U (vi0)

U i
4.27 lassasuaunasnudidnvseiindalulnanlsduavanuvuiutuassaniuguuusiu
vosuaniulupdin Co,P,0,, LﬁaﬂﬂmﬁufqmLLasLﬁuﬁmLamﬁaﬁLﬁﬂmauﬂitﬁ
ATUNANUAZATUTO ATUATAU coovvvveereeeeeeeseseeesssessesessesesesesssssssesses s, 90
4.28 lassainuaundsnudidnvsedndalulnadlsduasanunnuiuresanus huusim
Yodnluluadin Fe,Pq0;0 Lﬁaﬂ'mwLé’uqmnamﬁuﬁmmmﬁqﬁLﬁﬂmsaunﬂﬁ
AVUNANUATATUTON AUHAIIU oo e Sobaseesesssessessseeeeeseseeeeeseseseseeeeeeenen 91
4.29 ANUMUIMUUTBIANINTIUUTINLAZLUVU A AT UIwan ls8veeans Co,P,0;,
(@) uansanuz Fe, O, laz P (b) LamLaW @0 1Us Coy,, Cogpy, WAY COsy
(c) wanuawIzanIuy Oy Uay Oy, NItalunanuazalusosgnuandly
ATIINLLLYBEIUEliANRNUAEAY MUAIAY waLYR Er gRFuainiy 0 eV
WAPANIEUUTEMIIRG o e D N 92
4.30 AMUNUNIUTBIANUS LU UTILBZLUTUTsE I UaTUlwalsdue9a75 Fe,P 0.,
(@) udnsanuz Fe, O, waz P (b) LamawisanIus Fey, Feq,, WA Fesy
() uamuamzanIny Oy Uay Op, nsflatiundnuazalusesgnuandly
AUMUILRTBENUEIRATUINLAZAU MUEIRU Wagan B gnAuaniiniu 0 eV

LARINTAKTS LU I S AN ED.... o X ) 2Dkl 94

4.32 HANIAUINTBIINRIUNG U Co,P;0,, Mnailnaiunishandulasusans,

Tlodn-3%la wUsnIsAILINTETI WNEINY (3) WUUASS Lae (b) wuUlsinsd . 96

xvi



Ui 1

UNUI

ANUAIMEIIEImansnanvatsavidiuddaluniswaunliiinaulned
a & = o a | @ | a

ANaznInauIBnndliy vildunmsiauidsalasassodinuduionsamunardauady
a s v a « a = ¢ X < 1 =

nsAnyIdenuninemansuavwalulagludssimelne Inendnusiteduduilves

= s - Ql: -y e 3 | ¥ 1 ﬁlJ ﬁl A a e

msfinuidemsinermansdugamnunluidndfdouiiaudaiuieAnvifeifuauds
o w w o a ¢ ] a 1 e &

drfgrasTaniiiustlovivagaunsaussandldanulaass uazsoluilfessaziduananun

reInsAnwIRInaMAnIdsuseuEsl et anyseilvinednusatiuil

1.1 AnudAyYaIN1sAneIdTeY
lulangailayudunesnivlaeianuielunisdvinisuazdenanialudn mrans
meuavnluingwasinlunalilad (melulagualu) Iddanilunumegrgddutade
P ala o w - nT e ar
nsgulnanasuilnalufinusyiniuvesiyed essnmanstidumaluladniinsiamun
1 3 I < =l 1 @ o | 2/ YV a1 o
8819753 satlleannedaglaytumelugeunan euisadszandidaoulaadesuiudn
MANVEEENUIIYITW W NISINYAT QREMNGIHN NITUNNE AFanssu uayinenmaniyn
[ v v o o o a o 2 e = a o s
a9 iy pnuimnmhmantuwallagidaudidgyildifansanuidouasiauiau
v a calae & o a & ) v
neuIngmansnanaslusyAussnenuasBilanaseuinTunulufie wsnzn1sAne
sulhvesianudedsysznauludeymatuainsofuuinnssilugnsaiiuaiedevie
cda a £ v s a ) - a v v
guUnIaliiszivinwgslumsaauiniswunludnentiu 4 uasdyaiduiuniainaiiug
2/ a a Y & o o
mudlalunginssuvoseyneunazdidnnsounesarsivartiulduiiugiu vdeudinsed
=l = 1 i o é QI - L7 o d =l
arsiadlviiadng 9 mhlulivsnsinsesiiewianandn Wanersnwilse uazdu q 8n
v ad a ) o ¥ = e =t
nnsduiinugunnsgiiludnlsenevluaas fuiunsnuauRvesdndsauise
Hganfuulun1sanlasnnimils
aw aa o o e a ¢ o o o
nsfnwIdeneiandradumansiugiuvesinereansynaimfanzinlusesiv
luiana azneu uazdidnaseuressigusearsusznoutiu lunanisvaaeslddniswaun
= ac 1 1 1 d Cll | @l s i -
wadlauaziinianne 9 wedhedeiiles vildundesdeiildfunisseniumniiganidieoinis

<~ Qs

4 = =3 a = ] @ L3
Wensiniwseilasaindnlussduesnenniesviuulufiemaiansgandusediing uae

=

Tumnudustsmstauwansmeassliiiussavsnwgsgaiudiduesbsiosedomanis

|
waa o e

o - = - © 1 3 -
Awimnmge] WennslnssiaudAniddyuisensinimeaesildenviessune

monsialild sumsamnsatisanszeziaarduundslulaglisndulunsmeassls



1% L% L4 4‘ o ald a  oa 1 [ =l a (3
semalulagluagiuaunsalfintesiuninivsydvsnmgeswiunguimaineimans
P 2 o v = & o wa 1 ' v
WeaiuuuTnaeadlaswasandnsmvisvihuneau g o yassUsEnauliagegnies
| w & vy ' & o wa a1 Y v
mmumwmmamﬂmﬂuwuam3nqwm~mﬁﬁuummmau'[mrmmsﬂszqﬂcﬁ'lm'mlm
sgrwanvany duasiesildieuarsiag Jaansafgaanuauloazuseglalunsinm
¥ & a v o .
10T uAsasUsznoulBsdou M(H,PO,)»2H,0 e M = Cu, Mg, Mn, Co, Fe, Ni, Zn,
& ad | wa ° vl ' )
way Cd [1-3, 8-11] FeflvugrusnanasasenaneamnuaiautinmsihluldAuansneiuly
A5 M vamslgviiendin guidesweainn @y YanTanm e1msdnd asAfeunsgn
wazilu dusejiter Faquaimin dnihdeean uazdagliiwesls uvenaindurainns
a ¢al Y] | P o q YV a = ') S
duasziiinuseugermiliaunsaviliiinlassasindnUssinnaanssi (Decomposition)
wasgaydeluanavesunlundn (Dehydration) timduasuseneuidadou MP,Oy, Ll
M = Cu, Mg, Mn, Co, Fe, Ni, Zn, uaz Cd [4-7, 910 wagnuinlaseadsndnvesasnguil
AULEDETUNANTIAITNENLSN ﬁwlﬁmmsﬂﬂizqnvﬂ%’muiﬁwmmma‘iuqmamnﬁu’a‘aq
WIdN @19130la asideusnwiialane asladldnnsn d150UsNEIMIS WASITOINE
ansddou uagktnwen mnanﬂ’ﬁﬁimﬂLﬂ'uuazﬂ'ﬁmmwwaaaﬁﬂsanavﬁqaaaﬂfjm'lmg il
- s Jq L ﬂJ 1 = ﬂ! ﬂ' e e 1
nsAnuIdeiiussgelatasiatmnalunnquarsoilant@uanisu Uiavuwazinauls
s [} al o s 1 2/ s - I «
nedaquitvdnmeslsnfianudidyuindenunesutagians Sidnnselind uay
@ e = i< Pl
geamnsIN dullesdusyneuveamvan (Fe) uaglavear (Co) Fallustmlansiauiiuansd
I 0 =3
AL UUATISIIYEaN
d5Unauas ColH;PO,),2H,0, Fe(H,POq)-2H,0, wazasusznoulmininia
CoosFens(HzPOr)2H,0 asnsnussgynaliemmieduwivanalesls ulivdawist gunsal
wsivan dufuteya dawseuiiten asdestuinde ihuesTs dels Waziwain [9-13,
16] @UdNNGNa15 CoP0r,, FePi0r, Havasusenaulnininan CoFeP Oy, @150
2/ v = v P I e = 4 s s 1 P
Uszgndldnumesiuddonaldiduiie arswduas arstiesiunisiansou wunnes as
Infasls gunsalifudeya Misalfisen ansdrdaitide a1swsivmdn faean Yagin
wazteslinetiunig [9-10, 14-17, 20-21] wazlaswwizarsusenauidusiinlaveninig
CoFe tuazuansautamiauladuininauauidnauesriialansifer ansenunoy
v dv i a v q‘.‘r 1 A) =% ac L7 €
wininunasussneuneamadadauns 2 nquil gnnisfinwiludsnsdunsiest dnvae
ANuundn audfiniuedl manteniw neuas wazandRsu 9 aglsfinulidnudeya
nmsnwiiddgneiulassadsmdnmagud] (Theoretical arystal structure) Taseadia
L@n1s? (Local  structure) andAdidnwselind (Electronic  property) wazni1517 i

. o A = o 11 ¥ ¥
(Conductivity) @awuluniidemeunsneuntiniliiosun



a ot

ﬁ’qﬁ’uéj’aLaualunﬂiﬁanqmaﬁdanwiﬁsq‘lﬂsaa%ﬂawﬁﬂ (Crystal = structure) wa
Tassas19didnnseiingd (Electronic structure) 184815 Co(H,P0Og)y2H,0, Fe(H,PO,),-2H,0,
CosPO1, UaE FesPyO;, havanstmininim CogsFegs(H,P0s)y2H,0 wag CoFeP,O;, Ingld
Wn1sruanuuuiadniuiie (First-Principles  calculations) uuitugunguiiilaituila
AN (Density  functional  theory) wazimafianisganduad@dnd (X-rays
absorption) yafaumalianisidealuusedidnd (x-rays diffracition) lassasawdnynnseign
finwrunmsfunuuuILandedwauysal (Full relaxation) Tassainadidnnselindvandn
gnAnwrhunmsAnalasaiuaundaau (Band structure) wavanumuILLLYDIEAUY
(Density of ~states) ailnn3unisganduuaznsidsnvuisdidndgnAunaainnissrass
TassadandnuasSouiitsufunanisvaass nisfinwndduiliidmarsvdnitonisosune
Tnseadraiamizit (Local structure) Wuviuesagmon (Coordinate) SnuazuaUndsay
(Energy  band) autn1sualwin (Electrical “property) maamuﬁuﬂ’ﬁuﬁmﬁﬂ%ﬁﬂﬂﬁ

wevlawarildudfry

1.2 JngUsgasAvasnisAneIiIve
Wamiiuaztagaduayunisduasieiianinlasiaswanve meawinidadou
UssLnn M(H,POL),2H,0 Way M;P,Osy ile M = Cu, Mg, Mn; Co, Fe, Ni. Zn, Way Cd ¢
st niivszavsnmsenisirluussandldon TnglanigedriBansusenoy Co(HPOL),2H,0,
Fe(H,POq),2H,0, €o,P,O15; WaiE Fe P04y %’"a'lﬁamauﬁ’ﬁﬁﬁﬂﬁ'{quﬁmﬁté‘ﬂmaﬁﬂﬁ Il
e Lazwinan suBansUsEnouNInna CopsFeqs(HPO)y2H,0  uaz CoFeP,O,, ﬁz;m
Waunduiothauaudadindlldsslsniliadaiu fwanislfinaiamsduauuy

WadnSudifanaznisganduisdidndausassydiumidasaiiaanziveunailosesuy

9
v

e 9 anglulassaiwndnlaedtagndes sousivaainsassuaud@sidnnsoiindves
asUszneu uasieasiegenlugnssvaumsduaseiiagussinvansuseneuniniavaangy

Vel = 0‘5 1 g L4 Ve
aseamaladnuning Enisteussndanaiuazansunulunimaasdlda



1.3 YaULWAYRINISANEIIVYLASNISINELNSHAIIUIYINTS

P
B UIUN 1

WHUTUN 2

LEUTUT 3

<
BHUIUN 4

-
WAUIIUN 5

=
BAUIIUN 6

o
BLRUNTUN 7

5eYlATETNENN I UA109E1S  Co(H,P0.),»2H,0,  Fe(H,PO,),2H;0,

CoPeOyy, WA FerPqOy, lnelinguijilandulianumuiuwiu Fodedoya
o o &

1AT9ETNENNUFIUNIINNTNARDS

=l a8 &

ﬁquqmamﬂm%’umiLﬁl"mLuu%’aﬁLf'j'ﬂﬂz?u,azmi@mﬂﬁu%’aamnwmms
Co(HoPOg)y2H;0, Fe(H,POg)y2H,0, CosPO1s, was Fe,PiOy, el EAiAT 18
WIsuWiBUAUNaN1TInIINNSVIAaDY

seylATeasedannsefinduosans Co(H,POL)»2H,0,  Fe(H,PO,),2H,0,
CozP401, UAE Fe POy, Ineldngufilaidutianumnuiu
naaesinauaniunisganaunasdansilalaida-dtidavesarsiied
Co,P,015 WaliiaeiUSsudisuiumamsiinalassaedidnnseing
naasdinalunniun1iganiusedidnduetansniedae Co(H,P0,),2H,0,
C0,P4012,CO5 5Fe0 5(HaPO)y 2H50, g% CoFePOyp BT lUATIATIEN
lAssasenan

syylesaiimanvesdsuszneulnininin - CogsFegs(HsPOD,2H,0 Uay
CoFeP40;, lntldinafinnisnaniussdiond Bea R ENaNIIASIZITEINg
AFANMIMLASAISNAAD

uTusamafnwesAnImiluelvesnide dhdwmanuiitevaiunisifu
limsansirnsssiuninmd suvieiauenanuluivssydvmssesu

UIUIUG

d = q" al ¢ o
A137199 1-1 i%EJEﬁL’la']“Ui’Nﬂﬂiﬁﬂ‘l&tﬁ’mﬂ“ﬁﬁﬁﬂwuﬁﬂU%E}UL“EJMLLN‘LN’]U

msinuity

ssezRaMANTUN:

i 1 (e 2552 - 2553) TJv‘iz(w.naSsa-zss«t) T 3 (1.0 2554 -2555) | T 4 (0. 2555 - 2556) | T 5 (w.n. 2556 - 2557)

na.-din. | fo-an. | we-fe | Se-ae fwesia | Qo | ne-ile | So-an. | we-fa. | an- s

[T TRA LB

HHUAIUR 2

UHUUR 3

U 4

IHUNUA 5

IHUNUR 6

(TR T b

Wszpdnina|  Afndn | Afein




= ' ) a o
1.4 Usgleminandnazgldsuainnisanendse

(i)

(i)

(iii)

(iv)

(v)

(vi)

21115005 UN8lATIATNNENVDIAS Co(H,PO,),2H,0, Fe(H,PO4),-2H,0, Co,P40y,,
ey FePOy, lpgnegndesauysal Undetle veusuldRssminaman1sFLuILNIg
yufuazkansiaannimeaes dsfieliunisinundenguiiadiusn
au15008UElATAT1INENUBIYRIETS CogsFeqs(HPOs),2H,0 Uar CoFeP,0y, Tng
lfBnsAaswiunsinssinsganausididng dsiodunisinuluszdu
azmauﬂ%gamna?m%’unejuaﬁﬁ

annsnesursaulAdidnnsefindans Co(H,PO,)y2H,0, Fe(H,PO,),-2H,0,
CoPq01p,  WAT  Fe,PiOy0 %&Li’.‘luwﬁﬂum‘sﬁﬂwﬁ%’mﬁaqﬁuﬁﬁﬁmﬁaaﬁ’umi
Ussgndldnunudidasadng T uas wazwlindnvesnguansusznaudnann
Fadeidunsinnatusnlaslinediamss i
aunsedamsfneAniulasaisEniasadnrseindveawanansusenauly
il lseyndldlunsinwinguansau o dellassadawdnviamessuudilany
levauunnsndulunmunisuszgndldn
ansaldinadansAnauuuuiainiufifauaznsganauidndszy laseasig
nanwasBiannselindvasansusyneudedould feeuduvsdlerilunsAnumanssu
ropangm eI suuAng s i lumalulad
fihwemnuimnudilaodwandaiesfumuiiineiss SudnnisAnuiidoia dms
Andiaseiiidummdune dnsanaumueny uaviinisaguesAnauilmifinseunay

Tusugsdalidwunmsansnauntiag

1.5 asrusznaunannieludineninus

(i)

(i)

& o o v A aw o
unusnAsuNNEINUANIvaIANIAneIde Usenausae
AUETALY

s

gUsvasd
YU U TULAS TEEELIa7
ca i o
Usgleminaainaglasuy
p3rUsenauliAne Tnus
al & = - &J A!L - v
unhaeshenseiuiengefnugunldlunsanuide Yseneudie
nsenwaNURveINEn
NOUAROUNGIIY

o aiduTaauYILLY



(iii)

(iv)

(vi)

NANAUSELONS
TAssasedidnvsotind
1 o
ANWLIMANLUUWBSTS LAz WIS
A - - s ¥
UNTIANADNITES VWL NNSANE 1YY Usznaudng
nswieadeyanisiasizansusznauluau

L TS al

Bnsawnasmgwaiafadniudiiasenguifleiduiaanumnuuy

v e

Funsuimnaanafunmsasauugdisng
“Zf'v’umauﬁmswﬁﬁaULwﬂﬁﬂmi@mnﬁu%’aELéﬂﬁﬁ’j\amswmaaattazmsﬁ?mm

MBI ITVABIANYIANUANILE

unitdfensuaninansAnen3de Arsieiuavesinvesdnulnl Ussnaudae
wan153vylasadndn dnsianie Agudn Tassadiaanied auetaiusy
AUVLNDEADUN NG
NansanIilassaewansetnseianinialagldvatianisgandussdidng
Nan1338YlAsIENANYAELOUNARIN AIBmURINEn U soiingd vilatan
nsdlwihuasuslngn

ungavneReduagunsinuidy Yisnaudig

aydasdaiive

Toleuauz

ANANUIN

KA uRRNikasnTEera Ny

g
2/ a

TayaiufumeTuIeIneainug



uni 2

S o Y]
VIE]UQVILHEJ'J?JE’JQ

= o a] 7] = e | A a‘ U L7
lunsguviunisAnuiIdeiieatunisiassiantinig q Juferdestuesnounay
ddnnseu 1wy audRvedlaseasunanuazaudaniedidnnsennd Hudy 91fuANFAN
2/ &" al Vo, s 2 1 4 - ei } 74 s
Lﬂﬂlﬂluwugﬂuwﬂawqw{]ﬁlmumsaamu gnAes Yndeds AsauAgu Lasiiettadlaensaiy

a0 w = av o ) | a A M et | aa  ad a
nuAiaRsAnuIdeteniy q egrmdndelild undfnanimgeimiidndiiedes

a = a e =) oy o‘é‘ a J
ﬂUﬂ’ﬁﬂﬂH']'ﬁlEIIU'JWEHUWUﬁu AU

2.1 MSANYIENURAYBINEN
2.1.1 nmsAnenlaseasnenEn
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(Matter wave diffraction) Teiurt nisitauuBidnnseu (Electron diffraction) waz ns
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mMstAulnuasnan (Crystal - erowth)  wSan1siUasuliaswanan (Phase - transformation)
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derhluldlunsndngunsallulasdidnvselind (Microelectronics device) Usdnsnmga
Unlanginelinssuiumsmaanznsauiteufuuisdnunzveansundnlugudnianssud
vanlavenaulaeilinguszasdiudnAouuupanautinianauasnisnen e sdtudiud
vhanlavsraneiingu Wudy

wanfiy (Lattice) 2 siingnadreduuniteld@nundnvesuds 1Wun wangluyiniiasa
(Real space lattice) vi3aliuniuanyiondn (Crystal lattice) wazuanigluuigfidaundu
vidorinazFendu 1 Tuanfivdrundy (Reciprocal lattice) uanfirusasiuuaziivstlovise
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= 1 =

. P -
syuuan 3 i Auaniiewiniweifevuiavesinmes a, b, uwer ¢ uasyy a, B, uay
¢ 1 & 1 ﬂl 24 1 s L2 U - d 1
y Baduyussninaanmesane 9 Fldgnuanesauiunisdanguuaniieaiuisousale
7 ngu lauA Simple cubic, Tetragonal, Orthorhombic, Rhombohedral, Monoclinic,

Triclinic, & Hexagonal ¢is5u# 2.1

Simple cubic Tetruganal Onthorhombic Rhombohedral
a=b=¢ a=bhdEe a#dy e a=h=c
a=pg=y=090 w= [ = = O = =y =00 o= =yx90

Monoclinic Triclinie Hexagonal
a#Fh ¥ atb#¢ @ =h#c
Y*a=8=9 a#EB#y AU = f =900y = 120

= = U = aa
JUN 2.1 uaniiw 7 nau lussuuwdn 3 1 [26]

o] Po o
-~ |
Simple Face-centered Body-centered
cubie cubic cubie

Simple Body-centered Hexagonal
tetragonal tetragonal
[ ) °
[ ]
L] ® L]
[ L]
Simple Body-centered B d Face-centered
orthorhombic orthorhombic orthorhombic orthorhombic
O a0
Simple Base-centered Triclinic
Rhombohedral Manoclinic monoclinic

3UM 2.2 waniie Bravais 14 gUku lussuuwdn 3 T3 [27]
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A5 2.1 NRDINITEDUAUIMNNITTN T(n) vaslassas1awdnviineing 9

yiaveaTnsanin Translation vector
a, =(1,0,0)
Simple cubic a, =(0,1,0)
a, =(0,0,1)
a,=(0,3,3)
Face center cubic a,= (%, 0, é—)
d; =(3,7,0)
4 =(-1.%3
Body center cubic a,=(%,- %,%
a,=(t,5, -t
a, =(1,0,0)
Hexagonal dy=(%,%4,0)
i, =(0,0,%)

A 1< e ;28 ‘J
WaUsuasvemsivinwadanuisavnbeainaunisy (2.1)

V;:ff‘.',-ﬁ:xz?_‘l {2.1)

@ Al

10NN 2.1 WINABINITRINTAINEN NI NSt esasraluse Dy urianunty

o v v o Y A a el & o = o et v & -
ﬁ']ll"liﬂ‘ﬂ'ﬂ,ﬂﬂqﬂ ﬂﬁuu%ﬁu&]ﬂﬂﬂ?'ﬁmqLﬂwqﬂLﬁaﬁﬂLﬁﬂV]ﬂﬂ‘U\ﬂﬁ’]NTﬁﬂLLﬂUWNﬂﬂlﬂ'ﬂ@‘lﬁﬂJﬂV]

al i oo el (2 o % 2 $ 23 = i 7 Qi
FaNNIHTNWWas (Primitive cell) hasn1sa519Las9a5190HAN1nANS M asiRANALNIAS

o o ' o va %
LazN1SLaauaILNLY (Translation) auasalutlenulaniuaunis

T(n)=T(r,m,.)=ma, +na, +... (2.2)

WIS a,,i=12,3....d Wagfuus d Aesiuiulinveslaseainaudn uas

2/
s

n=n,n,,..,n, andudwiunuluunasifidg

2.1.2 waniigludigidiundu

o [ 1 o

wanigluuIgiidrundufieusgindndmdudiunduszeznie ad19a1nnisudas

o oas

(Transformation) 91nU3giififiirnduszssemsluduusginiifndudunduresssesni

Real space crystal lattice — Reciprocal space lattice

fhettanigdiundusdla 'J"\‘;l?l'i'NNaﬂ ﬁU?ﬂLﬁﬁﬁﬂﬂ'}‘ﬁUﬂIﬂﬁL’mmai
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B—- azxag =3 ﬁ3><fil e a‘lxaz
i e = by, S o —— 3 =5 = =
a, - dy Xds dp - dy X da @y -a; Xds (2.3)
= a, Xd - &3)(&1 - 51X&2
Bi=tng il fag Gl g g MXE
dy - dy X dg ay -z X dy Gy -Gz Aay (2.4)

aun1sn (2.3) aglgluauniawanIngl duaun1Inengeiivey 2r a¢ldlaeiin
T L3 .4 v o 1 7] -y U aa f—'J
WanduvelvivaniivdrunduiiiAnsetuiifveannmesnay

dwivgauandivla q Tuuaniigdmndurslugaumeveainnes

G-.hkl = h&-l + k&z + lag (2'5)

1o h, &, LU w89 Akl iSusundswesgaumsnnnes

nNmeIMNALNIST (2:6), fenAweiuanfigdiundudanniivuiguesnnedues
auns7l (2.3-2.5) Wudrundueseangns Fufiuinveste “Lanfivdaunsy”

Tnetlguazlanauduius sevaansinvinnmes (Primitive vectors) tesuaniisly

Uinilvsuuasuaniivaunay fie

iise st (26)

dle AN\-"T.2, 3

2.1.3 M998y Brillouin zone melulaseaiianan

Brillouin zone “ABYBULLAN1TBSUEIASIAS1NENATULUUNSTTIwadlus s UUVD 4
wanigdIuNEY FalinurulsufganuIgARKUY Wigner=Seitz  lussuuvawaniiegasa
tues dansnsnaiananfigdrundulvifansiulifvoinnnesadu (Wave vector space
- H i oA ¢ a v A o a v ow o4&
wialsundu q 41 Kspace) Waideniinmasle q Falyaduduiigaiufiaudiadisssunuiing
NUATUUIATINABSVRITEUIUMEaT st Tudrunilsvesnisiivunveulan (Zone
a o ] (Y] = o g A o a & w ¥ = @
boundary) ludigiluanfivdiundu Viunasidniigasevyaiilindedeuseudessurudadin

1 =t 3 a ] ar q’j ] ) <] n‘j -l 1 a o w o =1 i
wuspssnnmeswanfisdunduilu @ulvginbussesduiigalaifiuddui 2) ssdumbe

s . . o = a i as a 1 t " i =

\wasuUY Wigner-Zeit luuIgliuaniiwdiundu fi38n31 17 Brillouin  zone $aagldluns

o 14 @ al - = =
F’]'m’miﬂﬂﬁ'i"lﬂLLﬂUWﬂ\N’]u‘U’ENﬂﬂ‘IJLLﬂ A (IWHQ'LI) LLaBﬂtﬁﬂﬁ] souludn
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(a) (b)

= a s aa X 4 34 . 5
JUN 2.3 (@) waniirdrunduwvugnuianily 2 I (b) Audwside 17 Brillouin zone w84

a Y aa o 4
wanfiwdundulu 2 ffwuuguawdeNiIusuI 28]

— 00— —0—0—
1-D crystal

lattice
P53

I " I
b
o -t
Reciprocal
" T lattice
2 (&

| = & g

= = = a e = ! Lo =t = a
JUN 2.4 uanviondn 1 407 wazuan Y@ unauvendn 1 1@ a way b sudunmesnig

U

A = = = ! s o w
LD UVDILLAANYNAAUALLLAANYAIUNAU AIUATAY [28]

v oal o

1NN 2.3a LinmesuanigdunduauIsauUBgnasineligasuduiigaiuda

= 1 (v yﬂl - 1 7 v o:l al 1 $
roaniigaIunduLazUMegNAsTNYAluLan Y UNAU LEUR SV MUSEUNUTARALU AT
NNADTVBIUANTYAIUNAY WU T8UIU 1 FIAAIRINLAZMUNATY SEUNU 2 AARIRINLASRUS
= [=1 [ : a a -] j" P | o = o a, o v 1 = 5
ASY Wuay MundunuslununidnigaseuniiiafignUadeusessuiuudnsuasis

@ ¢ a o oA t X . o Y] 2/ t i "

NNUNWBsLanfigdundu Ao 17 Brillouin zone dwmsunisasie 1°° Brillouin zone Yoy

= 1 W :J ﬂi‘ 1 4 aa aa o n‘ o w
waniigarunausuuadsNdusuiuly 2 38 uas 1 R A3UN 2.3b way 2.4 muainu

u
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fcc WS cell bec BZ
= ) 1 . . ) o 7} ' aa
JUN 2.5 #3989 Brillouin-zone dmiulassaitwaniuusig 9.1y 3 &I [29]

2.2 VoeuaunauvaBianaseu
2.2.1 STAUNAIUVBIBIANATOY
MANRuesAeNIsuI vy ADILAET o diinasenazlavseysou q dundoa lag
TuusiazadlpasvneiseAundsnu (Energy level)  Bidnmsouiiifudsnuviogaaviosesu

o 0' Ve ‘J L2 o/ A‘ ) o a ot
wavnuidnvzlavseglndinadivaniniian syduwdsnuilgniFendy “seiuwdeauaniug

a.

J’ ” 4 [ @ e s
WW” (Ground state energy level) ¥sBnsINUARIUEAIDUAN N = 1 BlAAASOUNTISEAU

a

weeugeninll aglaeseglutuivisesnliiludu 9 sufiituiieguengn 493undn “sedu

€ 5 a o - o e = s <
Maud” (Valence. level) uwardianmsouneglussavaiaudiasfinganiuunniige uazgn

Y

Fendt “Bilnasouinaud” (Valence electron) Tulavgyia o lUBidnsseuraudveslany

= 'a wa = a » 1 a4 ad 1 1 = vl
gANIITUNINTY “BlannIeudasy” (Free electron) nAnfAedlannseuwailazligndalin
a o w <4

ﬂll A A i 1 -
szmouviliovnoulalagianiy armsaiadouilaegidasearslulavy uazididgde

dldnaseuwmaianunsailwiile uidmiudidnaseuinaudueauiutaransaesatioLs
anmladiudasy wazdeldanunsoulniale

alanmseuyndlueznenssgniunaaiusfengudiaraleudy (Quantum

v
= o

number) Fafiiavun 4 /1 uATaTENI “@n1usAIUiL” (Quantum state) L3nilew
#9391 Bdinaseudasaunses (Occupied electron) @nnuseIauItY 9 wasfianiue

@ a 9 ' v o oA a0
meaudila 4 analdidnnseuiluaseunsasmiselifld TuAsusanuzanaduiiing
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2.2.2 ASHARAUNATIUYDIBIENATIU

a e ar =l

lunsdudnvosudsdslognauduruuinug wasiduneglnddaiafu nszisenadl

a a '

uinsenmelusioiuld wu Ransanssmeuaesesmeuiidinuneglng q funseiaiufndens
s = 3 q‘j 4 g < o s o n‘j
fu Ingulaasvesdilinaseutuuengnvesozneurivassenavaouamieviudouiu fiuas
o § va o & v o "o v oa o v - -
lvidlinnseuvessaeteznendasuividlaaslmiieluilfiinn siudeututu dadens
AR “N1TUENYBITEAUNGIY” (Splitting of energy level) nszaumen 9 Wuaesseauly
4 4' =y [l s [ =i|
nsdlasavneu eazlilemaundidnaseuvesasesmonaiuisaeglusyiundasnud
wanenafiule uaglunsdl N ezmeu sydundsnulundazermouazuenasnidu N sefuiialy
dildnnseuvenevmoNasalsyiundsnuiiligdousiu ssiundsnuineneenundiuiy
wnilaziirlnaldsaiuann awifligeietuindusedmdsauiiiaiSedatusgsees
2 1 < <, =l ! @ & o [ = ”
WUy 9 WIoLdulay q WesSeATNNG Ul “roundiuBugen” (Allowed energy
band) #uanTaiendt “uaudusen” (Allowed band) warunuBugenvesansurazuiine1a
fidnnauvmeuguls egulsivuiluuaubusenssiissrundsmuididnnsouaunsadilueg
| S =Y 1 1 a‘j 4’4" I d i ' = s L9
16 wiemaziididnnsauogviekiila Midduediuieulvdu q 8n 1y slinvesTandudu

wiazuaUuLaNazQNALME “Unusewiiu” (Forbidden band) @amuasiiadamdasud

a ' o 1l o al
Sidnasauldianunsaiily Wesanliilanusmendundulule

a o
planasou

alnag

ZADNOY MM IN ==

2lassuombunean

Hnndur

(c)

Fﬂni:immmn (uouduoow)
Y93I (unuﬁuu‘fag)

IJ =3 a ﬂi K u =
JUN 2.6 2ilavsvesdiannseu (a) avneuiisl 9 (b) evnevdesesmouiieglndiunasil

ufisensieriu () Wiawthlnatuundu (d) Tundnveuds [30]
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=Y 3 Aa a a " ° Y 1Y =
wenaINil awnndnuesaeuiufniureiuisiuiu 3 ezmou seAunasufuen
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L~} 1

a d 1 = IJ v °
wavdugeniiegiuuengauiounuuesnviagiuuugagnidundt “ununisi”

U

(Conduction  band) “uazuauBugentuiaiuvietutengafiisidnnseusggnisoni
“uauanaug” (Valence band) siididnnseuiiaudaseunsetey woundsuisassgniy
v v oo = o o a o a ' 1
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L = ! v = @ o & W o w !
Taneanluussaving o ldaudseinn As dd audu wazansneda TagunazUsEian
=l v ' | o a1 W o @ val wa a1 w W ot
WAANMUNINVOIBIINUAUNGIUAATY vilvdiaaudRndiwiissiuegrsdnauds
anunsaeduielameuaundaanu uenandudinsihnssualwihvesiagle q aviaduls
@ s o 3 o @ all}
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Aatuununasuiidnuuziuilazeylng 9 v3esgNdIuulEAvBILOUNGIY
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= Y 2 o -
WBIIINUAUNANIUTIUNU Y30 Eg = 0 [30]
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2.3 ngufflenduiiananunuiwiuy

NAunacmaninleusiu (Quantum mechanics) dayavesianaunsanuinls
Mnilaidundu (Wave function) vesdidnnseu dlasunfudiileidunduvesdidnasout
Ioanainmisuiaunislesiases (Schrodinger equation) agnslsfmudmiumsuidymaas
sTUUVaI8eunIA (Many-Body problem) Tngmsufaunslysaasesiunseyilddeudisen
fafudadinmslinisuszanaaisunsiterveseyniasing o lussuundndedou 19y ns

Ussanuasunsnsensenitdidnasouiuianaea Wusy

2.3.1 dunsisenszwineBiannsauiulaedvs
Inssaiedidnnsedndvesarsaunguijudiaimisassureaan Hamiltonian 204
A s ey 1 < s -~ =3 af o 1
syuuniisunsisenssrindidnasouiviiedea Bidnaveuiudifinasou warseninaeyne

Tutedsasmady aauniy

g-lf2red_

2m)S

L3

T

dlo. m; fio uiatesBidnasauluszne
Z, fv Uszquanvesilupaed
r, A fuvisvediinasoulusnoy

R, P dunisvestiaindud

lagsaa M, uwnudnies Fitessyduaulusneu Gsluaunisy (2.10) Wunisesune

= @ & 1Y
DNNAIIIUTINVDITEUUNUTENOUNLY

2
WasuIatvedidnnseu (1 zv)
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wisnudndnmuaiinaduilonnandunsieiniunguesgaent (Coulomb  law)
= < & a v oo w a ' vaial
aluaunsi (2.9) WWuaunsudiudmiunisesustgwivanseynia wasseunldiisnvane

< a v
aumsLwawmmuaﬁmaﬂfymmwaug‘snﬂ

va = i o M v o A a

nnmsdsznaliiadsangafivseliaunsandeuilamssiiuagunnifiedeu
2 = L 5 Com 7 L3 = ] L3 a
funadidnaseu duluausaaaveunnindinusadvesinedsasanly vivlwiaunisi (2.9)
annsalgulvdlugudeldnuannis

I

H =T+V_+V,

ext

(2.10)

nt e

[ -]

- " - 1 1l T, ¥ ' =
\Wie991n Hamiltonian-daulvgiignldlunisaiiiuniseg@uivsiumisvesdidnnseu

= a o . . . P v '
Ju3unlnaiin Electronic ~hamiltonian - muaunisn (2.11) Insiidennaslumiie Hartree

. EJ o 4 i I L3 = as t:‘id
atomic A h = m, ='e = 27 _ 1 figmilunualuansil (2.9) wiaswariaunisine]

&y

[ L3 a a ) 1 2
- waNMIAUveBlanngeu 1 = _EZ %
- wasnudndssui@dnnseutuiieden 7, = 3 1 x - R, )
il

- waNuAngsEIBianaseunUsdanseu - L 1

int 2f¢j|r,-_rjl

feulagannaunIuNAIIuIALYesiAdsdeanlUudy ag19l5fanu Electronic

hamiltonian vessvuudinalsenauluneddnnseu setudindliaunsaudlatymvane
| = y " @ i 2 a s -

aumala nanfelunsudludayn Hamiltonian fndraldnisiaisandulsansyuudu 4

UBNLULBIINAITHITANRUIUBLENATOU

2.3.2 MI9UNETIUUVANgaYNIAlnlYENn1TIYIANLDS
- 0‘.';' a L3 (Y oj o I
lumseSurstgmiszuunatgeyaiatu Sudusinnisldfionsaunfeifunged
o I aia = = 1=l a = 3
duiusnm imszilunsiiiniaadeunveseynalifinnnudageinnusuas wazainng

s

nsayinwauarnsadunugUvesaunslyshases el

ihﬁi—v-j—%ﬂiﬂ=l}w({n};t) (2.11)
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&ﬂl ot s d el.' - =l

dedudsieddundu w({rhD =w(,r,.mhyt) S9818nnsoullandmdu
o
f

=

Antisymmetric  Tunn q suniaves 7 wazanasmwaaasdmiutymvessyuund

= W ¢ o Vo ¢ @ P
Roulvveunvamdinudndaaiazlddnovrssieitundume

w({r, 0=y ({r)e ™ (2.12)

waEAMUUILUUYaIBIEnRTouaNTaaS U LA lau sl

;';(r)= Z S(r=r) (2:13)
i=LN
n(r) = <W|n(r”w> L d@ned Y oy an o) E o
<W W/) Jd3rld3r2_,_d3r~ [w (rsrysPysees ry) |2

wazlinaasusauiliuen Expectation 284 Hamiltonian

<“’”}|"’> AV ; (2.15)
E=W:<H>=<T>+<Vm>+jd r ¥, a(r) +E, :

MIMAMENUAIARTUARN TALAANA1TNITAIAMAIIBYDY  Hamiltonian wazende

nMseesinuoiueates ((y |y )=1) HuIndudnm Lagrange nuatnTg
o[l Iy 3+ E (Gl )= 1)) =0 216
Frenadeuiisuifsiundnnisues Rayleich-Ritz Auaums
QRR=<WII;’*EIW> (2.17)
wazlindngwanisudsiu Tnswnlawesiswesun |y) de (sy | il

(y |H-E|y)=0 (2.18)
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dwiuandululavianunves (sy | szgnitarsan udnhlivde Tewesisimedian

ly) Jeulwdlidu

I;’lt//m)=E|y/) (2.19)

¢ al Y]

o at o & o A l:i J = o é =
mwiummawaﬂﬂaﬂﬁuﬂaumag”luamwwu W, BINIEAUNAINUATEGR BEUIUAIY

a o ¢ 1
nungMseysnveyna (eymaligymelllv)

2.3.3 dunsnIgmegaandludasAIuLY

4

Hendundnuniinanudnvesgaendsaditvunguiii@ndaafn (Classical

coulomb energy; E*) @u1saideulagunig

ECC = Eﬁarrree Lt.’(r)n(r) + E]! (220)

+_[dr

e E Ao dumsnsgnsyrIneBiannseuiudianaseulunwaliue A2 LML ILLY

Hartree

n(r) Aty q Fensadsundunuliegluguilsiduresnanmumiuldned

J'ds AT |nl(r)n(r|) (2.21)
-

Harlr:e o

& ' = ) ' = =i =t
PNANNITN (2.20) A E,; vurededunsizensendisdsequannitluiieadea 3

qan wmmsnwaumwamumu‘tmﬂu

B= <T> iy [< Vim > L ) LB (2.22)

k3
¢ = =l =5

WANIUSIY £ Qﬂwmimwmnwaﬂmaaﬂaauwuﬁaﬁﬁwuﬁ%mmwmLuiwm
a = a - I v v & P
Blannseu n(r) Fefinnsnszanefedsaminausuazreiios :nndnnisludeiesiing

aunElaNIEBVENavesRaeNUdBiinasousregiisainiaedeauin 4 (Long-Ranged
o s 1 = A L2 aa L2 = =l
electron) dmsudruvesdidnnseuniisunsisenlnanuiuafiea (Short-Ranged electron)

L3

Wuaziinaunilaii3eniwasu Exchange—Correlation
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ar I!’ ar L% L)
2.3.4 viannswugIuvamgeWendutian iy
31nN15HTANBYNIABATY (Independent  particle) aursauuslaiiu 2 Uszian
loun wuulsiifadumsisen (Non-Interacting) uazuuunanvesesns-wesn (Hartree-Fock)
F9UU Non-Interacting  leiuszamunislyBidnaseussluiidnsnanislufisasu dauuuy
a - a o aa ¢ [y e 1 a

Hartree-Fork agiiansanianisiindunsiseimispaendidundn uiliforsandininanien

Wus (Correlation) 5¥w3i9diaNATOUMETULDS
L s 1 = . da‘
noufandutianinumuiuiu (Density functional theory ;DFT) [31-32] \Dunguijd
fiszansamgalunisunlatymivesszuunatsoynia (Many-Body  system) Inenns
a v a . ady v ] o
AsaneynAliiiueyn1adasy (independent particle) uagngufildnaedurdesief

2 o [Y) [J [ a a A e wa a
IgdwmiunsinalassadundwivesdidnaseuluansyssnouiioAnwantdsluana
¢ v r g 5 o = a a
alagnimuntuanaiausnlag Kohn - wae Sham [33]1 Tnensiauimguiileidutiaainu
' = - o | Al
mwuniveldesande n1sWmu1en P.  Hohenberg taz W. Kohn [34] Tuxasd
- a | = & Ve Y] & s
a.A. 1964 Fulumsuamanifvesndudidinnseuiogluaausiulviindnuiuileiduves
i Y v -:ll v e led v Y 9 v a ¢ <

AUy dmsumsuntgyiiielilanadnsignaestu eadearuiniiniaansiio

0 g v v &
binsundgmaszutvaigeyninfiauauysaiiu

2.3.5 i) Hohenberg-Kohn
NISHYILIWMAIMNEINUTBITTUUMARIBRYMAIATlndlAganuAMuTuL S slneld

nquieidulannuvuaniutiu, Igaianntuunlaghifudswed v @) Wurmdsanu

ext

Ly Ve = ™~ e | =l I i . o J
Andanneuen waglyiliadeavgaiegiui awisadienfuennis Hamiltonian 1adsil

U

3

. h’ 5 1 e
LN A GTE .23

Zme 2i¢j|’;‘_rj|

s s 3 1 2 1 L2 EJ
wazinuduiussevinanatfudseing q dagui 2.13
HK
Vexr(r) € nU(r)

v, ({r}) — v, ({r})
AJ o d' =l s =3 3
JUN 2.13 UNUAINLARAILUIAAYEY Hohenberg-Kohn FaiisulAssnvaunisvedlusiaies

U

A = U a/ = s d d =
Wo v, () Aefdsudng, v () Fefladduniuiiolinsizinnaniuzvesszuy,

< o A & a ' &
wo({r}) Poilaitumduy o aa1usiuYessyuuy way #,(r) ABAMUVIUILLY o Ao sy
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2.3.6 WANN19U89 Exchange uag Correlation
adrAyvaslymlunisiwsizilasiadimiedidnnseindvesszvutynivaney
aUNIA ABMSLARduUAsATENTEnINAUTeBlannsounaty q dhlidgmidinaiiiaig
Y] 1 1 a ¢ = o v T | a d al v g
FugpubgwINAaNITIATIEY Talaenaluuarflsitunduvesdidnaseuauisadoulamdu
=l A d L2 1 = & L
v ({n D) =w(n.n,..ry) Welianuneiesiussnitegdidnaseuiingrsusnwiauna
1 s = o = v L2 4
51319 Fadlilavaaudis (Quantum number) sEyRiAnINITyUASITLAY naNnTTh
2.16 Wunsedunendsnusnterunatifiianuiewus (Correlation) szwinedidnnsou

fuiued lneausavalnavineleniuaunis

n(r,o;r',o") = <Z 8(r—r")o(r'-r,)d(c - aj)>

i#]

(2.24)
= N(N=1) " vl dri (1050567515, Oyt Py Oy )

T3.07 4.

daluuselu oog o st 7 wavaliu o og a daumis ~ Taevinisue

' o o a t3 i = o & a |
wealsdrrilsdduniu y ileyaianusianinanufsafusasgniiansanainuaniaves
ANU9zY snuaEuns

An(ryosr’, o) =n(r,o;r' oY~ n(r,c)n(r';c) (2.25)

-] & e & o ] k7 vV e as -;’
wazvhnsuonealsnssaevesgdianasoumainlulduselendlaese fail

2N T nir, o, o™ _1p An(@\P. r 4G5 (2.26)
n(rso)n(r',c’) n(r,osr' o)

wituladinedees g(r,o;r, o -1 WuArdunsisenseeslng (Short-Range

interaction) @sanansaagliilenadves |- r'| ffrgaunn Fandnedreagudmiunam

1 - A - 1 I o 1 s d"
MIUUUTBBLENABUTARINKARI ST RIS | r— 71| Tedadl
Anlr, o o ymr (r.or oY =n(ropioY-nlror' e (2.27)

FauniseBuresauiuiendn Exchange-Correlation; 7, tad [35]
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2.3.7 38n15Us2NIUAMUL LDA, GGA, uag PBE
] ! P . . .

NISUTTUIUAMUUANUMUILUULANIEN %38 Local Density Approximation (LDA)
Mudumsussinarwesileidutia Exchange-Correlation Tnensusyanainaanuvuiwuil
s o o § I = A o ]
anwauzilufeauysalilile Exchange-Correlation energy; exc(r) dadidnnsoufifumis

a1 e = | o d ey a & X =
r 1o 9 fAwwinu Exchange-Correlation energy Aodlanasaunelaiediannseuilioned

(Homogeneous electron gas) AifiArumuwUuI LR UR U T 10 9 AUAUNTT
exc [n(r)] = €°"xc[n(1)] (2.28)
Exc[n(r)] = fé‘xc[n(r)]n(r)dr = fn(r)(ax[n(r)] +&[n(r)])dr (2.29)

Tuaunsil ex(r) uay ec(t) wunefisrn Exchange energy uaz Correlation energy
o - &J =l =l 1 - ﬁl‘ Vo =
wjaaﬂwalﬁﬂeﬂiamuaLﬂﬂauﬂtn’mwmuuuaLﬁﬂmaumlmumsaﬁmaima Perdew U@y

n‘j ! (23 a e & =l =] a 5
Zunger 3MNUUAT Exchange energy ¥eingdiinasauliialigaiin1seiuielae Dirac

L4 e 3 a(r)"dr
[0)-22 2] Ja() o

AsUsTaMaILUY LDA Tussauaaidiieesnsnnlunisiomyniaiesninges
Tnssasawdn udegadlsfinmlunisuszanaiiuy LDA f85liasnsoiunuamssuiuse
wsiugh Maueiinsiaun nsUssanamaany Exchange-Correlation Wil Tnensifiunas
ATUINTUABUUYASY DI UNU T WU LUYEIBAN AT UM 138N IIN1T UL ATLUULN

siEulU wie Generalized Gradient Approximation-(GGA) farsnns

B [n(r)]=[n(r)&s [n(r) ] fIn(r), Vn(r)idr (2.31)

o 2 . o t & o
loedi £ 10u Analytic function ATUBEFULAALIEUU NISUTELIMWUU GGA Tsinag

U

t o A { 1 1 1
e TunsAuafinaismdsunitnIsUTzINaLUU LDA wisghelsAniunisuseanamuuy
U a u A 1] o 1
GGA TvmwdsnunuseAwdiugInIIN15UTENLUY LDA
d1u GGA lafliinWamnseundnuinunewuiu 919wy Perdew, Burke, wagEnzerhof

a A

Fa3undelml Ao GGA-PRE [36-37] Tneldileritu PBE dw¥uumue Exchange energy
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P - .
2.3.8 WIAMINAAUTZUIULAZAAULUY Projector Augmented
@ v fo A o o < v a &
lngmluudrflandunduiignAuinlussuunaiseyniaiusynaumedidnnsou
° co A & v G2 & Y o o o § v sa o
I HaidupiuilasieansyaslumisidlasaimEn Fesilvvunavesilsiduniu
- al-l i = P = ¢ = v < =
Ullvwwiilvgiun wazdnledenilalesnnadnauysain 0 K duvudndesudusudeu
WUUA" (Periordic) vilvEndmeueniiinandidnaseululasiadndnaziidnvausidsaty
v o q‘j al o = I | |:
M daduanngudues Bloch anunsadeuilaidurduvesssuuiidundnsaiodlddugely
o o ! ) al o Y
jUvesilaifunduvesasdundula lunqufjves Bloch edauvudniiesninudussleou
ﬂd | o ¢ s d d d 1 o
wuumuveINiniienazanduuvesilintuadulussuunssgnatunusanioudduaulu
miswadwidy Jsiandundulunguijves Bloch anunsadauldnuaunis

ik-r

Wﬂ,k (r) X u!l,k (r) e (232)

& = st 9 1 A W a P al
las# k Aonwasiu 1 Brillouin zone Wag n AoswduaunasIu 1lied91n Up, k N

@ ol = =l 1 « [ al oo w
wuUIASEIALTUs s s uuUa vl e was ﬁ'ﬁ.ﬂiﬂ‘ﬂﬂ’]ElLUH‘QﬂﬂﬁU'iﬁU'lUV]%'mﬁ

w,,(r)=y ¢, &°r
+(r) ; 6o (2.33)
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o o w & a 3 v o a @ P
fin1sunfAndineu (Pseudopotential)  wldA1uIIngN1sRINTUIHIATUARULANIZIN

a a aad o - o v o
slanAsausuengn Jolaunsnanduiurdussurvlunmsmulnlidudiuauinn [38]

[ < ¢
2.4 d@wnlnsalnUnisgandussdidng
< g o a P o a | a a | g val
pauLmaN AL INNTIoYMANGUgeliuszy Wy Bifnnsougnisslid
r:.‘ v a v W oy - v oal a o a
anuTlnaanusinasazgnisdumeauiuudmaniieliivdsuirmaadeudiduuun
wnaumelugagnia lvididnmseugydendnuundnlulaensuanudessenuilugy
vandukmaniniviouas 1Sunin uasBulasnseu (Synchrotron  light) wasdananadiu
waeiilnaudnuasiieslanaunaisysynisigu dauaineduin anuduuases SnnsTwan
o . . [ &'y - Y] I -
lsiwdu (Polarization) HAalunaanduuin (Very short pulsed) warilannsusieiiio
IneaseunquYnasUsudgusdlsiasudesdong fuhliuvdeiiliauasdulasaseu
¥ I o - - a A < ' 4 v
Tduuwdsridauaniiowiiafefiensadondismenaiuls
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2.4.1 {afidnduaznisdnidonwasauainuasdulasnsay

=3 L1

Fadiond (X-rays) [Wusdundindnlwiinvsenausmeauiylwihuasauuwlmanly
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= a s s = d d | ld o/ &
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- -l ' AV w alli ) W 4w
Msenlnmau (Photon) TnefindsanuvadwnauiimasnadseduamnueIaauaRsaunis

Fe h_c= 1239.82

L) (2.36)

o

o & fi Ameiives Planck-(Blanck’s constant) FaA U 6.626x10™ Js

@ & s

= da at =} Y] = 1 ¥ s’aj
watandeuldlunisandenndiunas@ulasnseulugussdidndaduounsaif
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galaenalulaun win InSb(111) wdn Si(111) wan Ge(220) 1Hud Fuavluradudududn
= A o vV a d” o al d L - L7
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< | o - - - a
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a =] 2 a ¥ Py dv o A
AauvTeNdIulnaunaennasiuteulymsideuuefedeuluves Brage muaunis



30

2dsin(26) = nl (2.37)

- < ! ' =t
iWlo d fAe szayvieszninsyunuvasesneylundn
< o a &
Aot FI® ANUYNIATUVDIBLANATE
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= Y |
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noulutiaszana 2000 eV fs 7000 eV AU g win1siaeuLYeIA1IY (Darwin

theory and dynamic diffraction) [39]

mnuansalunsdnidenndsnulnnouvesdntuiua Bandpass Aduautfves
wanusazeda A1 Bandpass  vewanayvilnSediEndRavoussnuiainfaviivewdni
AueInaueglutie 2:Al vielindunulneunintu E+AE Salloalduiunes AVA vl
AE/E \Husiammanunsalumsuegnueyndsnuliney (Energy resolution) vaswan

S mdnulnoufigndnidensdendnaglildauienuiass TEAERRPOIEL I AT

S & | a1 -} -4 ' A 1 i
\eean AE/E vewmdndulvgiiidussann 1x10° 89 5x10° ndnafie AE aziirnegsewing
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0.7-3.5 eV dmsundsnulnneuvasddidndftasnin 7000 eV astiuanunsasenssdsngn

HunsAndanndsnulnasudislululasuunesin Monochromator X-rays
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g 4 o v o & 1 -
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nsganaussdianduesansiedila 9 Wunasiuseniranisganduvesezney
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dmiumsialudnaeditfe matadgygradeuas (1) wasmsiadyanudidnnseu
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s o v =

FAdndazgnivuamgaunIsALANAINTY Ao
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2.4.4 a@Una3u XAS warn15itasnesilaseainegnu XANES
anniuves XAS viieaninsalnUnisgandusedidnd Ussneumelaseasnamdn
aosviialeiun Tasaas1981u X-rays absorption near edge structure (XANES) wazlasqadng
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2/ 1 at L7 o a L4 u
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(2.40)
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NNFUN 2.22 WuBndetamilaitinadnn sy XANES dwmiufinwaninuandouma
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v a2

vounsganauisdidndlumsmnassill#a@iBndiiindnulnnousewing 5989.6039 eV iile
nsvduezaenlaslouiveunisganiudu K

Tnsleniidulavsiuesiiaveandinduituguduasdamdsnusamilsariniy
5989 eV d@ulasilionlu Ca,0; Uay CaCrO, Hav0an At Uiy +3 uas +6 AuaIsu
YaUN1IRANEUSIELONdve Cr0; uag CaCrO, %aLﬁau‘LUUﬁﬂgﬁﬁmwﬂawé’amuqqrr.h
5989 eV Uszuia 10 eV uay 20 eV fatuidloYaveunesnisganduves Ca,CrOs,
OO, W% Ca:0R0s LﬁaLﬁaUﬁ'wmIawzmmmsmzqamugaaﬂ%mﬁwadﬂﬂﬁﬂu
Tuanswaniils

lusegeilfauandiiiuiawnasugau XANES auansothlld@nwiausinsve
Tuanaiiinanmsisesivesesneisoulasdenlnedanmeinlasaidesiiniuieusey
YBIN1TANEU 30138397 Pre-edge resonance Astunsdives (oY azusngiiusen
wawas dlunsdlyes Cr,0; sullugeniiaowuiniu Taseadi Pre-edge resonance
fu iRnnnsiganiuewiiuesidnaseundu 1s gy 3d Tulutanaiauunns
wuunsauavin (Octahedral symmetry) @113y Cr0s lontalunastheanius waasuain
1s U8 3d illemaniosun urdviu (Cro)” Badulianafifausansuuunsaumasdn
(Tetrahedral symmetry) 44 3d: fisnwazaasiu 6p Yusglanidlumsdneaniuzndsau
N 1s U 3ddp) Fa.dululegs

Tuvitaidaanngau XANES Relassadaegtu EXAFS afldnwamduguafuifdnume
vumanasmumdsulnneuiiiuty Taseadias i EXAFS - iiaarnnisunsnaonveslula

a &
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o ax o Y a a ot ot & LT 7 (Y] L1 [ o
Wty il sunsnagawuutaiufuuayindrsaduiu sssingliiuduniuly

awnm3u EXAFS dalassadnegnu EXAFS gnilenalng

HE) - py(E) (2.41)

E)=
R Hy(E)

lnefl w(E) feawnaiunisganaudididndvesiiecng uas u,(E) ABN1IRANEY

8

Wuguvedezneudasy (Atomic background absorption)



39

I and ¥

0.5 iy + + —t ! — o
7000 7100 7200 7300 7400 7500 7600 7700
Photon Energy (eV)

= | Y A | ay P
JUN 2.23 ainasu XAS vaundn (Fe) Mllutrulanzfiduuns (mumun 7 llaswns) 34

v 1 4 - A e -
uansliiulaseadneenu EXAES finainnisunsnaenvesnaulnlnsidnnseuann1snsesd

fruarmaumaniulany [39]

Iassasngn EXAFS anansadeuliegluguassilaidu Sine vaeiuls £ wasduus

R lamuaunig
2(K)=E|4, (k)|sin(2kR, + 5, (k) (2.42)
J

Tnefuls & Aelavadu (Wave number) waslnlsBidnason Fsiumaildanwdeny
vos§adidndmuannasil (2.40) wazfalls R Aeszsymasswinsesnoufiganausediiy
98MaNY ALY (MR INEINUGYSYIIOEABY)

wduldiuls k) Tuaunisi (2.42) gnidoulviegluguvasuasiuvomaewal
%"'aLwiazwazﬁﬁﬁuﬁ’mfgwmﬁLﬁmmﬂﬂﬁuiw‘[mﬁté‘ﬂ@]sauﬁgﬂﬂssﬁaﬁ’uazmamawﬁﬂwﬁﬂﬁj
uazozmeuvindl j Hvaneisovaeuegnsnnezneunans (Wioozmeniganausadiond) lu
svesiall R; Fafusndsannsaiasannmsnseiesndudy 9 ldmuvinveserneu lagi
uraznIvesaNn1sT (2.42) vieurazturesnisnsuideiuernenyinfieafuusenause
USinasiuendevunn (oundye) uazmavasnisnsuidedadusauusluiteddu sine

weunagnvedlasIane EXAFS gnAmunsisaunis

N.S (k,R)F (k,R. -2R,
55 ’)2 A j)exp  |exp(—207k?) (2.43)
kR? AR,

A, (k)=S;

s

1 L2 A =l ¥
wRazFwUsluaun1sin (2.43) Januvaiedail
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Sp fio Auvinineiaina WurAsiiteanvuaveaeunagalnesa Sfnannsaves Shake-
up U Shake-off YasvmBUNaNTIdWANIENURUNSNTELDS

N; i Aavlnseftudu (Coordination number) Wies1uruszmeyyii /

S; @9 AuNnees Total loss YasazRBUNAN

F; Ao ArdamaveduuInueanisnsziia (Effective EXAFS scattering amplitude)

R; fa A1szevvinaseninesnenseutaiusynounand

A A AuadsszesnansindeuiilneusirainmseuinidBdnnsou (Photoelectron mean
free path)

! o ¢ = .. o
oj s AAsvesuNnIAES Debye-Waller uanudis Mean square deviation 184fuus R;

a o Y as A a @
Wavaan1snsetdeiluswlsvosiledty Sine Tuaunish (2.449) Fuwanissiusa

VBIDENBUANFNNT
0,(k)y=¢,(k,R;)+d,(k) (2.44)
o - v\ al @ a ° w
Inensans ¢, uaz 4. AelwaDEnaNTDUTNIINAINIZIIMeToYABUNA 1A NN

2.4.5 mylaswilaseaiiegiu EXAFS uaznisulasuuuyises
nnanedu (k) Eunnsi (2.43) dudugiaiinasnnisnssidafusyneuseudig
Tuuslazdu ¢ = 1, 2, 3) Tnsvadneeinn EXARS fusngIandulnsaieaduiiianndsuiug
Liannsousnuegld iafian1sudasiuuniFes (Fourier transform) Ssgatinldifiousnuey
asdUsynouvesndu e 2(k) ifiArnuiidey wiinnisilatuiuuyidefudarinla
annsaiuesneusouttinn. j Mgey Ry I¥ §9strueduieiianmwndenvesosnon
waranunsnaseilasiaiadnanwle

awnadu 1(k) dsnamanansnldinatiansulasuuiSesdmeaunis
N 1 n_2jkR
(R) =— [ y(k)k"e* ™ dk (2.45)
R =1

gatlenld £ Toof n Juwavdwwdu 0, 1, 2, 3, .) unushpudmiuveny

deyeraulurrsUanevesannd
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320 2
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Wiete y(R) wrnaunsiWlagliuny v ilumvunnves g(R) uazunu x 1Jusn

1 J

umves R iegldnsmiishvandiugenuvan (Peak) Faustidsnnsnsyarsivesoznon
seuienuszegeiiinnezasina (exneuiignnasduseseddnd) dues fuansly
JU 2.24 ()

nstnTeilaseaiiee EXAFS aafenisulasuuumiSes (Fourer transform) @4
Hunisuladlerduvessiauus & Whiluvessiuus R #9siataliistinnesidyyn

1
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n‘q = n’; J B =) ! x J
FTUUNHITAN WAYRIN1INTEIRTlutun. /. wseR 4;(k) TuazuUsmuduiuresesney
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wuumeslsanunsmhluussyndldaudugunsnididnnsetindsing 9 wWu gunseifaiudoya
(Information storage) aUumselind (Spintronic) 299sAuiladyaias (Oscillators) wax

gunsalnsnduauausimdnaulige (High-sensitivity magnetic field sensors) usiu

2.6.2 AATWWIMAALUUNISA

| & ‘ & - Al ¢
ANNLULMANUUUNISY (Paramagnetism) A9 dninusiivaniosnaudllalnaluiuud
WUUDIIT %'qt.ﬂuwaﬁ]ﬁﬂmsﬁ‘[umuvﬁvanﬂmmasiuLuuﬁmaqquwmanﬁﬂmsauﬁné’wﬁ’u
Tuvualuaamildfauiuuiwanainnisuen nsdndsesnvedlalnaluwusuiwvdnseay
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svmoumalavlunuudu vlilagaudriaguulisian wwdmdnidulusyiveynia us
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Inawartivyuegralsgidsuneluauudvdnaeusniiuinseyia Ialnawdmdnandnig
-3 s 1 =) [ | U J 1= /) d ] 1 :
vnuiuedwdaseuarlidwmansznusialalnafieginiy ilesgluaunawivdnlelwawmanil
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Tuinegninusaduilgnudieyadumaiiaisnsielddiiunisfinu3deesniiu
= o = = L2 = -y 1 a}
Basennumammauiuagitnisiananimaaes uaritnisinssinasidanuiln 3
Tuvranafiatuanuisaldusenaudulavianisaiuinuasnisnaast amsusigasidends

[J = S A’
ANUUITUUANIU

3.1 arsUszneulunisAnenideuaznmswseadayaiesisi
lunuiauleitassiauantalasiadimdnuaslaseadiididnnseiindves

ansUsznauvainyatsile uiazuiisiinisidinaiiauazdsnisanufiadrety daiudaiinng

Munuteyauszdanguasfinuiienisesuonavesesdaustmilingydu Taloaa T

drdou uaniiladne dmSuansussneuieamniBadeuitaulaiiime 6 ¥ia deils1e9u

nsAnwdumiananmeianisvaass Inganwegddnuasaiindundniisale

ansUsznaufanan Ui 2 nauilug) foil

(i) wananluluafitinandeniu P2y/n Usenausiae ColHPO.),2H,0; Fe(HyPOL)y2H,0,
uazanTUsENaulmIMANIA CogsFeqstHPOy2H,0 TN UM TN U109
3 yilp ﬁﬁﬁugm’tﬂﬁa%wﬁﬂLLUUL‘NaLﬁmﬁ’u%"aﬁmﬁﬂisﬂawaaﬂq'u'lﬂ"l,aimmu
woalnn (Dihydrogenphosphate) Laz g us e i dlaiasnlulnsiaiiandn
Ansiuiesdvess1alanglasauvan (Cation metal) [9-13, 16]

M  wwdnlulua@inaldeniy C2/c Usenaudie,  leteadlvlasianseneainn
(Co,P40O1,), wanlelasiansenaamn (FesPyOy), wazansusenavlmininalavead

wanlelasianssveamin (CoFePO,,) LﬁuLﬁmﬁ’uﬁ’vmsmjuLﬁﬂwudw‘?a 3 9iln 041

InssaimdnuuuiaiRgItuaiuiissduvessnlanglossuuin [9-10, 14-24]

Y 1 g v = v v = ) i
@rsiedavesuilinwinarsuszneunldninnsnisuuasduasizilungu
ASANIUBININITILAY WA.AT. USTAI YRyt wazmmz neumill [9-17] Tneldinadanuni

a a J aaa & " % v ad =l o
nsenigisenaauzvesuds (Solid state reaction) fiE3EN1sAENKUVATTAZANB T
520157 :1gn uaslufinsreduwandey Fuanwizarsusznaunguivdnveainaaiunse

a a o & - . oA oA ) ]
wizulagnuaziiymaniinisyingn (Repeatability synthesis) inaddleiisuriungu

A’ o Y a s 1 L =\ -
laueadweaen wgilviliAanisinwuasimunlugnsdunseinmdnatavinianeas
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Fu dwsuansUszneulvaiving CogsFeqs(HPOR)y2H,0 Widsuanansaadiuiiléans Coco,
nandundlang Fe TnefulinUsunadnsanluadividlddadiulnives Fe:Co Wity 1:1
woR vinmslimnuseudndeniitardmisine CO,uay H, Wssmeaaniinsruudaedsnses
wazaeueydlay ﬁq‘l,ﬁuﬁm'.‘lummﬁnﬂﬁmﬁmmﬁaﬂénﬁaugmﬁ uazilanenlaguwni

gamgf 500 C 1uan 3 Falus aunsaiinansuszneulniviannn CoFeP,Oy, [13, 15-17]

o o i a 2 = av v @ & v ad o
M990 3.1 ﬂaﬁﬁlﬁﬂﬁlwqi'llllma'ﬂﬂiﬂfﬁ'NNﬁﬂmﬂ'{l']ﬂﬁ\laﬂ']'inﬂﬂ']'iLﬁEJ'JLUu‘NﬂL’Qﬂ‘U

wisdmeilasawmdnainnimaass
dsusznau a b ¢ o B Y 1aNE1591984
1. Co(H,P0O,),2H,0 7210 | .-9910 .| 5:290-| 90:00° | 94.88° | 90.00° [9-10]
2. Fe(H,P0,),2H,0 7251 | 10.100 | \5.320 /| 90.00° [+9571° | 90.00° [11]
3. CopsFe, 5(H,PO,),2H,0" [ 7.290 9.900 5:350 | 90.00°| 95.10%. ] 90.00° [16]
4. CoP0y 11830 | 8220 | 9940 | 9000° | 11851° | 90.00° [9-10]
5. Fe,P,0;, 12.800 | 8804 | 10.560 9000° | 11867° | 90.00° [11]
6. CoFeP,0,, 11,690 | 8.410 9.770 | 90.00°| 118.13% | 90.00° [15]

nIgUIUNERS BRI g uidIemain IS e udiiauuug uremeed
fefidutanaumuiuy. (ansieazidealuiaden 3.2) #1519 3.1 udmerrnsiiines
TAsaa¥ns (Structural - parameter) 99n11sARBINISIEY UL AE ndvatan Tievan Faly
nguNsAnITBYenINLTIlaY NA.AT. UTTVT YYBN UASANIE 81UN5aRAATIZILAL AN
AuantEnnsneasdlsnounthil Ammsidwesdenarignlddminiudddadusuly
nSEUIUNSANNAINETUangeIad (Unit- cell- relaxation -process) iiteseylaseasig
Wz aLang R (Theoretical optimized. structure) UagANNAILNNEN Beta (B)
vadlassaiuuululupddninaldidlndiRe wienhfudwanismaassnniian iiesan
muﬁﬁaqwuﬁa‘ﬁ'mﬁaﬁﬂwmazLU?syuLﬁauwaquwﬁﬁ’umamqm‘smaaqﬂ'awﬁ'ﬂﬁ \leld
TassaiandnmanguiuiannsahludumiessyaudRsidnnseiinddasdldarnnanis
ANIULATIATIYBUAUNAIU (Band structure) LagANUVLILLLYeIAATUE (Density of
states) TunsdlvasmsmunuuuiiainduddialunuiinsAnvanuduiudsewinmdn
4 ¥iia Suainarsiillesouvinviiaiierdesznaudlondn Co(H,PO,),-2H,0,
Fe(H,POg)y2H,0, CoP0rp  WAE  FeyPi040 mnﬂgu'l%'wmmnnsﬁﬂmﬁ"amiiwimaa%q
n1ed laseadedidnnseind wazausinaelni Wefnwindn Cog.sFeqs(HPOL),2H,0
way CoFeP,0;, lpsannaisuszneulmininiam 2 vin Salassadwdniidudoutuly

1 £ =l 1 g
aonuzvossmlanglosauuin uarlinudeyaifiswemmeuiuaznisvaassiountiil
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aa o =t A .
Wnsisanlassasawdniwaiien (Monophasic crystal structure) wioaauiu

L - T

& W a v v a a ¢ v ¥
waniUesiy Tumanaiafildsuainuisufonisiesiesiarnaunasunisideuudads nd

=1 4

Yp9a15Usznau Tunudldmuliaiuudians (Simulation) alnnsuvesnisidewwudsdsnd

a o v o Y a v o
magul) Wansseavidealuiided 3.3) Wedudurnulundniaineivedasadniign

° =i ¢ 1 ¢ - v A P ) Ao vy
AUNSLangoeaNysal (Full relaxation) Inganunsaldieuiisuiunaninlaainnis
as é’ o :f 174 ' : a ca o w ! %
naaed wazismafgvuisdidndluaiignlfiluduniivesnsinseinddgysuiu
o L= s o ay - = & dl af
wadansganauiedidnduarnisiiauuuilainiudiiia iiednwlasiadieudnves
asUszneulmivinalaveadmdnweainasis 2 aia
a ¢ o v & v a2 a & o o <
lumsnnaliessiiieseylasiaimdndionisdneanisnisidenuuidiing
wuhldanunsnszyeazidunvesiBnlusziuinnanisedussuuls nandeldaiunse
- 2/ i s s as Q’s dll' aa] s d /0 /s
sdunelassaiuanziilussdUoyneuiontneIniusy dalumiliuisnswdniignldsmsu
a ada ¢ a a o & = A W E e =~ v v e
walaTSadnutRalunuil Aamalianisgenduisdisnd Wansvasdenlusden 3.4)
Baleifumnuileutasiannednigilutegiu dmiuludumaassnsganaussdidndlavinnng
Tawnaiunveunsganautiu K Yeseznes Co way Fe luasmasng Co(H,PO,),-2H,0,
! a &
Cog sFeq.s(HPO4)22H,0,CoP401, Way | /CoFePyO;; hagiliasainimatiatwutynilunis
a ¢ s a — & a v @ @ ol
Answianvilaninoalaveadindnweanyis 2 viln Weradeyanasiadiunasuiiveunts
AANAUTU K v830vnau Fe  aelua1ifioeie Fe(H,PO,)»2H,0 wae Fe PO, fatiuludiu

v

o - o s = s dy v =
AwIniodtaesaandumsganfusediandlusuil grldiednvinavedunslasaain

o

anzilvesansUsenavlvainiaias 2 via fandm FanrsAnaaUnadumaganiused
Lé’nﬂﬁﬁgumﬁ’mﬁ’asgaimaa%"\amﬁﬂﬁmu’ﬁmﬁuaﬂ%mawaéaﬂwauyi:ﬁﬁfsmmﬁﬂ%‘ﬁ
Wadniudiia laglduanisinsiziuuusiass ColHaP0,),2H,0 F9AURe(H,PO,),2H,0
Wag Co,P,0r, TIIAY FesPi0,, Srman st Udanlassadiandnianininiuunite

WATWHHAN Cog sFeq s(HaPOg)y2H;0 ey CoFeP,0,, Aiaiiududfny

3.2 msAruummgu]legldnalaiSiiadwiudiia
walnBifladniudiiafedsnsfuiayssavmisildsuauiisugaielddnw
andRvesianlummgud laensinsanianginssuresesnauuardidnnseuiieaifonis
Aunmngaisusuvestasseiwanitamnsaiiniuld feeguuiugruvemannismeiiand
uazadiamansmindede gndes uazsousululiswitingiugiudmivesaouduinain
naufnaransaleusi (Quantum mechanics theory) waglusuildimaiianisAuaauuy

- § a a o J = LT V) 1 aaa L5 all‘
Waansugiiavuiugunge)lsidutdaninumuiuuu lnefisnsal
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3.2.1 FnsAuiastengufilsidutiaainuvuiuy

ﬂﬁﬁﬂmf‘n‘fﬂﬁlﬁmiﬁwmmﬁwmwﬁﬁqﬁ%’uﬁfam'}mumﬁu v DFT tilofnu
autinanquiiferiulassairendnuazdidnnseiindvesansusznou Taeldlusunsudis
Uszansamgedmiusuindedn VASP [32] gownaan Vienna Abdnitio Simulation
Package vigiwi) DFT fivdnnnsfuinainaunis Kohn-Sham [33] uasilenaldaudfivesngy
Sidnmseuiiinwegiuiindinuressruuduilsifutavesdnnumunuiy Suvdrduns
ATeeing 9 vaanszuunsuidymszuuvaiseynialdgnivuauazeiuiefendussuny
waediflariduaduuuy PAW Saufunisussanasdudseng q loald33Anefiunuy  GGA-
PBE fatfusuiaunsalfinaianisduailenuuazeduisantivonsussnounoa

Wetouindetowazanusassusuls

/ trial-charge p,, and trial wave functions ¥, /

| set up Hamiltonian ' |

y

| iterative diagonalization, optimize wave function ¥, |

,
| new partial occupancies /; and new energy £

Y

new charge density-p,, () =" 1, ¥, Ol

mixing of charge density p,.p,., => new p,, T

l

=

yes

I energy, forces and update ions |

U 3.1 ununmuans3gauaauuy SCF vedlusuns VASP [32]

UM 3.1 uanannsduan Self-Consistency [33] Memguifardutianmumuiuiy
=t o < J 9
vaelUsunsu VASP  [32]  FudunszuiunisdrunaiiienAmdsnuressyuu vie
! ] s 4 P o = e v o a
AHITIEieeI o 9 nawnsahlvimseiaudivesansusenauld sunuuAwInSNIn

a ' ' oA o4 a1 oad ] < A a | v
fsandiluuazaansiniosneudelindudidnaseudussduszney deRansanuvuguls
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ﬁl,é‘ﬂmaumﬁﬂﬂy’uﬁanejwaqmqsmmuﬁwawsz@ (Charge density) #79AMUVUILULYEY
fidnnseu (Electron density) waziliterdunduagemil Woingnszuaunisulsuale
AnaedndifisurIuaunis Kohn-Sham [33] anansavinismeandsuvesilsiduniy
TwiiveldMunmeumuiuresssuudnads nssuaums Self consistence field (SCF)
JovuedaiSn1saudu (Random) iefuanAIALuANAINEIuTeIAT MWL
WeaneszyinsAdalniiuisudisuiveduaiiuneunih gaveannsairiag
yuuiuiifusunuresyuueideeniulfiielddunaniisng WU WA LATUT
Wiy

dmiunslalusunsy VASP [32] iiefnwansuszneviildlindmduiesmuanis
vhauuazszyrnfaudsudnsing 9 egietieniigndumu 4 Iwd Uszneudae INCAR, KPOINTS,
POSCAR, uay POTCAR Hadnsildannsldlusunsy VASP [32). duaailunsdila q tu
anunsoqilagnsaainlwdige QUTCAR %‘a‘tﬁ%’agaﬂ?ﬂiuﬂizﬂa‘uﬁmﬁqmi?ﬁmaéﬁmu
wn laud guuyumMsAwIm san TduINAINERIuRIe  deyarminiimefiieafy
Tassaandnfidiunisdnam uassy o dusulndnadnsdanmsoinlulddiemuamm

auUhvadlaseasunanwasdidnnseindnelula

& L]
3.2.2 YupauAuInlasEiwaNIMguG Va6

o ) = A a i

iWesaanissylastasendnvesasussnevluaiinaiedin wiagasusznoy
saflvualassaendnvimtisadingwasdudou vlifnssuaunmsriuaudasduney
ldna nsszuamisiitnestasseiendnmenissuandlaslinaiaisfadniudiialy

30 vaa o v W W 3 o =\ W =
uilEsFmnamantdiug I maTuaaiguasndusInYeesyUL Fdlddeyaued
A o U vV - ﬂ‘ L d! n‘: 1 & 1

NENAINATNAADIILANTWN 3.1 Amunitund1edaSuiuTaunania 3 du vesasang 4

3 o =
gnAuInlilumnd

2 = (.3
YauantglunssuunsIwand

0) WILNINWES (Primitive vector) A, A, Wag A; vedlassasrawdnuuululupddn

awwniu P2,/n uay C2/c Mdlumsiuandusznaudae

A, = aX (3.1)
A; = clcos(B)IX + clsin(B)]Z (3.3)

Wio a, b, way c AAIAITILanTIY
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(ii) 1AT9a3 AN Co(H,PO0),2H,0 wae Fe(H,POq),-2H,0 Asiiniimieiwaduuin 42
avnay widlailu 2 Tuana (Z = 2) Y0913 Co(H,PO4),-2H,0 Uag Fe(H,PO,),»2H,0
Aua1Ru Usznausae Co, Fe, H, O, Waz P 37uu 2, 2, 16, 20, uay 4 9emau
AudAy syyiunddlossuldainwidinnnmesaweniy  P2,/n fvuadiuau
diinmseursusngaanaanus 3d'as’, 3d°ds’, 1s', 25°2p", uaw 3s°3p” vaa Co, Fe,
H, O, wae P auddy aen K-point 91735 Monkhorst-Pack [40] WUU 3 x 3 x 3

i) Asea¥ndn Co,POy, Way Fe,P0,, Ansiinilimiieiwadown 72 ozneu widld 4
liana (Z = 4) ¥3a15 CoP0y, Wy Fe,P0;, MuaRy Usenaume Co, Fe, O,
waz P 997U 8, 8, 48, uar 16 ayneN AMIAU Trysuisradleoauliain
wilifinnmesaweniu C2/e AmuasauBianasouluengaananus 3d'ds’,
3das’, 25°2p", wae 3s73p° w84 Co, Fe, O, uay P RINEINU Had K-point 91775
Monkhorst-Pack [40] Wy 2xX 2 x 2

(v)  nswuaunsswandemmldrmdsauaat Cutoff vedidansouwiniu 500 eV uas
nsgineaussramie (Residual force) Muanlivensulafianiosni 0.1 mev/A
Tunuivinisuandlassasrsrdnuuunilinhead Tnsszuilageasiivaniivan

a — b —> ¢ femitmuaniiianmeferuinadiay 1 uanies winlu dwdn 2

wamiies fndogaduiaidumad e ludnunsidenfuaunsu 3 kuaknuwdn anve

fuamadnsalalneszyanamsiuaniisiiannsavililaseaimandaindususiiian

(iafisiign) Tasldpiuduiusnisadnaanduuuauntswiun (Polynomial |~ equation)

o s ‘ﬂl

U 3 uasllesuandlanasandnaganysallpeldamisafimesnanguifiduaald

} 2
s

¢ Lay v v oA o ) alal ¢ 1
visnue asnulvailanagavirenslasaitemdnmmeui nauysalvewdazansuszney

R-

o g 1 s '

Heanunsnszyiumisedleesulunimmiteas Auandionsiiines AMENIuTIN ez

HUNAN SIUNINNTIEUANNENINLSE ailanalun1sAnuaSIns e8Il

3.2.3 Yunauduinlasiairedannsaiind
aulAlassairdidnnsedndvasansussnaulummguiuvaiunisinwain 2 dw
Taun Tassadauaundsnudidnnseiind (Electronic band structure) WAZAINNUILUUTD
. =.i|’ = s a & s cl s = 1 1
dnuy (Density of states; DOS) FIUAITUAUWUSAULNYINUNITUBYVDIAUNULLUY

a

dlnnssuvielasiaiididnaseuluszuu TneldnsinseianlenanunasngAnssuves

a = P ; = - wa i
adnasounilululdlulassadrondn Ssanunsadenlesdanisseyantimalviuazusivan

Waslsvesa1susznauld I5aUIALAUNS LA ATURUILLLYDda Ui e TUS WA
VASP [32] Tusuilsnafuiiiesdiunisseyn K-point  vaenisAmuiniaundsudaldis

1 o | o t ” . 1 =
wUdmEnANSATUIMeenUiaz Yt udnuiEYad 17 Brillouin zone luusdazlassasiawdn
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as

dmsuludiuvesmnunuiniuresanius ldanwaudfsidnnsetindlagsiuiniloniany
dianaseuluanuglating Aszdundanuwinls waznmsadrsiuszlulassadsndniuinein
a g a ' o @ a & a ves = @ a

dlannseuvedlonausiinle dulaseasawaundsnuddnnsetindld@nvisaiunisiuaeu
FEAUNGU (Transition) vesdldnaseularni1snszaeivesdianaseululsazge Brillouin
zone YBINEN NARABaITATEYSnYNElASESLaUNAUYesansnsthladnSuluy
59 (Direct band  gap) 3auuulinss (ndirect band gap) dwSunisAnwlaseadna
diannselindvesarsusenaunavusldnsauiniuusivunatiulnsiladvedidnaseu fe

= a 1 & v = 1 a &) 3 [ | 3 =]
aunfgunimaaansiuauil sullasudvdndueruszneu loun Tavead waswmdn

sigazLan1seullasias 1 Sdnnseting

(i) ’L%’Tﬂiaa%’wwﬁnﬁ’wmﬁmunﬂsﬁw'smLgaﬁm'ﬁwxﬁwamawqwﬁasjwawﬁzﬁmu
wadedl 3.2.2 wleruaaunuluseseEnusesiaslas e undsay
Khon-Sham' ITaglgmnasditnesveslas@iamanuuuiieniuiunssuiunisswand
Igiun waseuva Cut-off Wihfiu 500 eV uasuspdvdailatesnda 0.1 meV/A

(i) Co(HPOq)y2H,0 ag Fe(H,PO.),2H,0 M5uwuudsMmuansmeBiannsalindaliu
Twanlsd (Spin-polarized electronic) fnstilaliumdnwie Majority. spin uaznsdl
aluseanse Minority - spin _ vasdidanseu lnadvualassasis@nuuuieadive

(Super cell) a1 x 1 x 2 37U 84 aznou AIAT K-point LUV 2 X 2 X 2 Lag

|
=

AnanlaTaiskoundnBidnnsedndiianauiinsgs (High symmetry point) Tu
Brilouin ~zone wasansUsneululuadBnaideniy P2,/n Fudydnuainiuge
K-point Usenauaiy Z (0.0, 0.0, 0.5),-I" (0.0, 0.0, 0.0), Y (0.0, 0.5, 0.0), A (-0.5,
0.5, 0.0), B(-0.5, 0.0, 0.0), D (-0.5,0.0, 0.5),-E (-0.5, 0.5,.0.5), wag C (0.0, 0.5, 0.5)

(i) CoPqOr, UAE FesPeO:p WULUUITAIINLALAT K-point AYuiAeafiufiuasngu
WSA AUALASIASHENMEIVLIEEUIAN L x1 x 1 $1UIU 72 B¥ABY AU
Tassadauaundanudidnnseindfigransiasgalu Brillouin zone vaasUsEnOU
lulurddinaweniy c2/c ﬁlﬁt’j’qm K-point Usgnauaae L (0.5, 0.5, 0.5), M (0.0, 0.5,
0.5), A(0.5, 0.5, 0.0), T (0.0, 0.0, 0.0), Z (0.5, 0.0, 0.0), waz V (0.0, 0.5, 0.0)

(V) A dRuSsE U UNE s UAY A UMLWILYBIAN U Y RIN ANV AN AR
WUUFIUNID Total DOS waZWUUUNEIUNE Partial DOS vesdidnmseulussuu Tng
TBuvulusiaadu

- @3V Co MUANTUE Cogy, COgp, WAY COsy
- @ iU Fe muan1ue Feq, Feq, Way Fey,

- dW5U H auaanue Hy,
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- @MU O AU Oy Uae O,

- @MU P AUERTUY Py, Pas, WAE Py

[+ 11 o0
, ® oo P
) 00

(oo
7 w UL
g @ oD
L)
< a ' v = “ 1 = aa
JU# 3.2 dedilassaindnuuvigadivguuin 84 ezmeu vewdnluluadin

£
ot

Co(H,PO),2H,0 dwiurtuanlasiasidiannselindlunul @wWaegluaeniu P2,/n

d s 1 1 23 = 1 (3 = =l ey
JUR 3.3 Medulasaainnaniuumiigiwadeuin 72 egney vowmanluluadiin Co,P,0;,

dwiuimnalasiaidiannseiindlunuil fdnegluaeniy c2/c

Tuismsmssiautadidnvseindlusuil Wesdurhnisieuifisuanuduiug
sguindlassaduaundsnudidnnselinduazanunuiuiuvesanugiifuindtaunse
veuiulduaziinugndes mnduasdnlunisiinneifiasdiuitoganusvesdidnasonly
s8UU dmTussdanuiininagavihefienisssylailassairdidnnsedindnmguijveavan
a13Usenaudng 9 wansautRiduedals swluidnwusnginssumsdlniuazwiman

waslsvesansiu atldadunisfinwasasnanesuided
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3.3 YumeuduiniiesnassanaiuntsdeuuSdisnd

nnvhded 3.1 prumufiiusmauteyavesnmsidsnvuiedidnduie XRD lian
Asnaaestauning %aﬁm%’umsﬂwﬂaumwﬁmﬁmﬂmm’iumsi’ﬂwamswwaadLﬁa
FuAseiuuuYingn (Repeatability synthesis) luthdaiiiloldlnsiadrandnimuniirunis
fwnuarlinsinammguiiedsauysalainusiided 3.2.2 amnsadiaesdnuaranndy
XRD manguijlameisnmsauinlagldlusinsy XPOW [41]

I e

A8n15ANINNISIRENUUTEDngvesa1sUSENeUNInua ldauTRve NS WK S &

(Radiation) 910 Cu ka Hagau150AMUAYINNITAIUINM 2-Theta (28) Teinmdoans nans
a¥19uuudnaes XRD 5uﬁqﬂﬂisaqﬁwﬁnLﬁaﬁuE“f’uﬂ'nmﬂuwﬁnLWaLE‘immaq‘Eﬂwa%ﬁqﬁgn
fauvuiuandogieauysal wezdiumiammsalfifawiouiiisutunaiialiniesnis
nnaes Usznaufunisiesisilunszuaunsfinulassaimdnuasansuseneulmininias

2 9iie ellsdalunisAnwasausnimenudted

3.4 msnsevlagldmatianmsaanausadiond
Wenihuaninsalnlnmsqendusididndgnldiiefnsausivelasadiendn

Tuansuszneuninualaoianizet1idsarsvianinin CogsFepstHsPO.),2H,0 Lay

CoFeP,0y, Wil idldiamaiiamsmnnnuuusiasanasi XANES wag EXAFS aufv

nin.r v Ail o aal di o
HanInlaven1maae XAS Funailnisnmsaneiay 9 vinlaean

3.4.1 F/MMenINITganaudtind

HIHANASBE TN IaT U TANG XAS Usenausae Co(HsPO-2H,0, Co,POy,
CogsFeqs(H,POL),2H,0, was CoFeP,0,, ﬁa’l*ﬁ'ﬂ’auﬁaUs:ﬂaumﬁwmaammm'mﬁ 3.2 1a8
wWhiamzmsiaiiveumsgandutu K vassguiin liun Co way Fe findanu 7,709 eV uay
7,112 eV @udieu L‘i’iaamﬂmmmv’iﬂlﬁa’ﬂsJu,axﬁmmiﬁnm%’agamﬁﬂizﬂauu,asm's
nsznefiseulanglessuvini 2 sia Hillundn nswIsuaundouvesszuuindentd
BasiawuulvunEeuasdilivhaearsiedne Fwsimmndudndulssnmumdnuass
dndaumnududuliinaliuinvessinesneunansiiganduuas denlddta Ge  1du
Eesinnnuduvesiididndvianounasuduinnisganiuuas 14udn Ge(220) Hufh bem
FuarlunaduuansdwaiissusruuvssesneunslundnivliiAansideuuriessuny

984 Bragg wazly Co foil uaz Fe foil Wuasumsgrulunisia



= 3
19190 3.2 VYANIIVIAABDI XAS Ya3a15Usenau

53

a1sUsenay dowz | Twuansdn [wdnDoM| A |veumisganduuaswdaau| dhmdsnuiida
1. Col(H,POy),2H,0
Wi | Fluorescence | Ge(220) | Ge detector | Co K-edge (7709 eV) 7609 eV - 8209 eV
(Room Temperature)
2.Co,P0,,
Wd [ Fluorescence | Ge(220) | Ge detector | Co K-edge (7709 eV) 7609 eV - 8209 eV
(Heated Co(H,PO,),-2H,0)
3. CogsFeq s(H,P0,),2H,0 Fe K-edge (7112 eV) | 7012 eV - 7612 eV
Hd | Fluorescence | Ge(220) | Ge detector
(Room Temperature) Co K-edge (7709 eV) 7609 eV - 8209 eV
4. CoFeP,O,, Fe K-edge (7112eV) | 7012 eV - 7612 eV
W3 | Fluorescence | Ge(220) | Ge detector
(Heated Co, sFe, «(H,P0,),-2H,0) Co K-edge (7709 eV) | 7609 eV - 8209 eV

drdulunsindeansio e aRaailnrsuduaunuiivounsgandudu K ves
azmou Co (7,709 eV) Tuens CoH,POs)s2H;0, CogsFeq sHaPO.),2H,0, CooPiO1s Wl
CoFeP,0;, awnﬁuﬂ%‘uﬁwwé’w'mmf‘s’mlﬂé’anﬁauﬂuﬁﬂuaumsmﬁmﬂﬁu%u K v899znay Fe
(7,112 eV) ila¥nans CogsFess(HPO)»2H,0 Uay CoFeP;0;s Tumn 9 nasteanunsaden
FsaUnndy XAFS TaRaustiu XANES aunsesiailaan EXAFS findaanu 500 eV ndwey
mseanau oviupnanmuAdsaTundsay eV Waalunasiavifu 1 3undl wa
awnasuiildgarieiunmndeyednafeiiofang 3 afs vesustassieths uazkanismaaes
ﬁwu*ﬁwﬁﬁ’zyiy'amumuﬁﬁmlu%’ayjaﬁaamn vhlkannsuvesnsganduadidndale
wanpanusadulsrlaniuay herensliassinadoly

vitdulusunsudiozuye IFEFFIT [42)  Farin‘Athena - galdilouansaunndu
XANES  #adianuanunsalunisussauianauazdnmateyaldegaiiuszavsam aunsodn
dayadeyyinsunauluanesy amﬁagaﬁﬁﬂwmmaaamﬂﬂ%’u samtgmsulasuuuyisesly

A15IATIEVINAYRIHIATUNISATY RGBT

z o hrd
3.4.2 YumpuATUIMNISYANELI TN

lassadanannimguivesansusenaufidunisaunsuuiadniudiiiaaunse
° v o < % o v -l 9 v ad o )
dnnldmuniiteasniwuuiiasstoya XAS isuiunantsnaaedld 3n1sdrassanniy

Y o v & ' o a a a
XAFS Tonseunalaviansailaseassenu XANES uas EXAFS Tagldlusunsuiiiusz@nsnm

A 1 ﬂll = o 1 ﬂl o s 2/

ge¥e31 FEFF9 [43] BallanudrfgyegnedesdmniunisAnyilasasnanan

AeudngnsAuuaUnnii XANES uay EXAFS Tdnseuiuntswisuguiuuyes
lassafundnlimnaunungufnisgandusidond Tufeasrswuudnedaswaiiwin

=] I i

Tunlneimualviesneuganiuuaseglusumigaaudnans uasfinguesnausig 4 agns

1

sonluluszessall r AnezmaunataduseAuty satiuanlassadundnnianiiuadves

asUsznavannsaidenesneunasuazlditaseguuuuulaseasns Sphere dfana1aann
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fumdsezaenadefildnnszuunsiuandegvauysalvemioniowad nsverowadli
Lﬁn‘i'?utmumaa"l,mﬂtﬁmwaﬁﬂxmmsmﬁaﬂmmau@mﬂﬁuLmag’msqnmmaéuazﬁndu
szmauaglasseulusedl r ideans 1¥3Bnendamanslunisfdnngudeyandniilidesnis
uen3rillaseaina Sphere Mirwmidlossunliiniglng feffinp iefuan

Tusunsu JFEFF Tfiiteuniaunmiu XANES wag EXAFS felusunsa FEFF9 [43]
vureufinmesdiuyana 38n1sfuanamnsasenldlng feffinp  Feuszneauludae
AT fuazguwuuMsAInlasaieninatsuseney nansFwnzldanndu

g o a b
nsgandussdidndnamguiveasiiveunsgandutiu o

.
.,

r L, AN\ ¢ '---............---"; K. ¢ . .
JUN 3.4 freg19veIBMuUN Sphere NIvaunsgandu Co &dldnisairaunanlasasiadn

NG ulnens

3.4.3 YuRBUIATIZEIU EXAFS vasa1susznaulvininig

a A v o ot A wad e =
Suusnlunuilladassaunaunisganiuididndviaveunisganiu Co uay Fe
1% = a a1 a s O] v a ad
aulaseasrndnluluadiin 4 vda Mewisuuviuandmbesadodsauysaiimemaiind?
Wadn3udiia Usenoumig Co(H,PO,),2H,0, CooPi0sy Fe(H,POL),»2H,0, wag Fe,P.0y,

1 fi- o a o 1 1

waglamsasnguna PO, Auwlnanasuuenidu 2 nsa wuudumicldauna
(Nonequivalent coordinate) | uag Il Viavaun1IgANaUTY K vedarnay Co uay Fe 91t
JlEmsuandiieiu (Merge) sswindayaawnnsuiesiundunuudasdasiadiondn

v Aoy a = v 1
nangud] wagldguuuulaseashe Sphere A85AT 9 A ilesanUssunaguuuulassadeli



a3

= ' ¢ i o a a a Y aa
AypuUAgUiieanelussezvamiawad waluanuluasussesneuiiinainlaseadreid
nauezmedluszeylnandt 6-7 A anesmeunantuiinaniedunsiiendosuinyg Tassad
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< ) ] ' = - ¥ o X uy
anslaved wanslviiuinanuuas duinukdnuuumanay CoO, + FeO, tuiAnvuld
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grnuazdanudululdiilenanundnuuuianiniasenindanglosoauuin (Co/Fe)O,
wnnd lunsdidaumuindleldnissiaswdnuuumaniniadienisunudadiuli CoFe
WinAu 1:1 (CoFe Lﬁuniﬂwﬁﬂwlugﬂﬁ 4.18a) ¥NN13Wn 3 UaNS CogsFeqs(HPO)22H,0
fluaunispandutu K vesenou Co Bnadilirunnmes R wiriu 0.0199 uansfemuudy
fuldiseminanadudedisutuan 0.0210 Aeuntiil mativsdldduuusiass CoFe-DHP
Fafllanvlosau Co™ was Fe™ agazaiaiulinanisinduasvinadifuldiniansld
wuudiasualisa Co faffuanuisassylddinislulassadrenidnarsusyney
CoosFess(HoPOL),-2H,0 flasdusznaunuumaninig nns1ed 4.3 uansuar s iinesnsd
N1SARARYQYIUEIU EXAFS serinanan1sinaiunasueesans CogsFeys(HoPOg)x-2H,0 fuma
MsFwIMNsalUezRex Fe fe CorFe = 1:1 atlu Co Luuiumisauna Seuaniuaniny
ifulfszvinanasunrsimianzfinaumsgandudu k- vesezaeu Co faguil 4.19
dmiunamsiinfivauntsgandudu K 1038sney Fe WisuiBufY Co lawiznsding
Funnuuuiiaeslasiasandndas Colfe = 1:1 uamarmasifitnasiamasaed 4.3 sgaslsh
aailudinenuilliiinanismageriaunmasi XANES 903875 Fe(H,PO,), 2H,0 Liteldvinis

- 1 é s U YV = 28 L L% d
Wwenu EXARS &allywasananalaesuislivnesuluiden ¢.2 uay 3.1

(a) V)] £ : ‘

Ot L T Cofe-THP (exp).chi

(-8 5 -
f Ca Fil aFe = |.1

o

Re[x(a)] (A~3)

-5

k(27"

] a @ - A o i
JUN 4.19 wansimallnasu EXAFS NUaun1sganaudi K ¥edezmneu Co S¥UINNaNIT
NAABIANS CogsFeq s(HPOL),2H,0 AUNANITATUINASILNUBEADY Fe it CoFe = 1:1 ag
Tu Co wuu 1 dumisansa uanaluilsidunisdunuu (a) ale R (b) e g
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P ! - ¢ - P a &
M197149N 4.3 NamW’li’mLﬂaiﬂ’}iwﬁm’li@,ﬂﬂauidﬁmﬂ‘ﬂwmaumi@‘ﬂﬂau%u K va9agmnau Co

way Fe 58n319a1398ANINA CogsFeys(H,PO4),-2H,0 fluluudnassnsal Co:Fe = 1:1

Co of Co:Fe = 1:1

Fe of Co:Fe = 1:1

Chi-square 47.923 52.801
Reduced Chi-square 9.785 10.781

R Factor 0.0199 0.0158
Measurement uncertainty (k) 0.002 0.002
Measurement uncertainty (R) 0.134 0.105

Amplitude

0.858 £ 0.154

0.648 £ 0.115

Enot 1211 £ 1577 -2.056 =+ 1531

4.2.2 WaN1932YlANET1INANTB4ETS CoFeP Oy,

NHANTTAILINAUNATU XANES quwﬁﬁﬂaumsqmnﬁu% K vasaznau Co lu
@15 Co,P401, mﬂgﬂﬁ 4.13 ﬁé’nwm:ﬁaaﬂﬂé’aaﬁ’uwamsﬁﬂmmﬁmaumsamﬂﬁu%u K 99
psmeu Fe luans Fe,P0y Mﬂgﬂﬁ 4.15 LazraniIsAIUIELUnNnSY XRD ﬁy'quf-a'mfguﬁ 4.12
AT lanud tazwaannii XANES Awnanatuisaiiiiuladunanisinainnsuves
#@15vianIn1n CoFeP04, ﬁ‘tJ@Uﬂ'ﬁQﬂﬂﬁu'ﬁu K vadesnau Co (Lﬁuniwwﬁ'magﬂﬁ 4.17)
nansvaasdia XRD Aeunthinuiilidssatenueslasiadisanldunnninlusesussuiu
dloieuiitaussninamamsTnanndi XRD 489 CoP.0L, Fe,PiOr, UaE CoFePO,, il
annsausnugzsrUsEneunelulsiadimEnvotansUseneulvainininile

fhessaurivessrlavaadiuasminsuivutauaziavas nondtndfuminluniag
519NIIUETY ﬁ‘aﬁ”umsizqmwmmnwmma'l,uiﬂiaa%’wLamzﬁsaulaaaumn o™ uay
Fe”" Tuansusznautivildoanainnisdiesasiadnndy XRD  Wae XANES  Wwuu
Fingerprinting (dfe 2.4.8) lusautivinn1snmaszylnssairunEnees CoFep,0,, Tngldivadia
n1sganAussAiEndvanantsynaomazaan s MIWgeiTwuusaodlasiadwinly
usiaznsalgnIuandunatwanysal Weiduuuy y(k) vesdaygeiu EXAFS Fauusuann
Herduuwuu y(E) ﬁy’\amwmaaqLLaxﬂﬁﬁqmmﬁmaumiamnﬁu%’u K ve99nau Co uay Fe
vasanslungulessuau PO ﬁ’qgﬂ'ﬁ 4.20a uaz 4.20b MUY %'aamﬂm%’ums@ﬂnﬁugﬂ

Andlu 2 dnyasauuuudtuisliauna | uag 1| vaslesauuan
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T v T ¥ T ¥

< Co—CTP (expd)

theo.)

theo.)

K x(k) (873)

(b)

k> x(k) (R72)

2 ‘ 4 : 6 : 8 1 10
kK (&1
d @/ G.II s ! =l =l 1
JU# 4.20 lardunsduvesdayaiaignu EXAFS uiuaie k LUSEUWeusEninnanIsvnaes
o g : 4 o y
(exp.) uazHaN391a04 (theo.) Navitinvesaslungulosauay PO, NvaUNIIRANGUTY K

Va99xnoU (a) Co (b) Fe

'lugﬂﬁ 4.20a wuimsiaesdasadndnmaiien CoP,0;, (Co dunswadw) 19
awnasudulddfunsmeasswedlasiadendn Co,P0, (Co dunsaTGY) way
CoFeP,0p, (CoFe LuNTMAEWAY) drvanasuvemdninanion CoFe = 1:1 wuud |
(ColDFe(l) unswdnia) uaz Il (CollXFe() wunsdvay) Winadyaradriuladiu
Fynrewdnwuud | (Coll) Wunsm@den) waz Il (Coll) wW@unswsag) auddu Tu
mmmﬁmﬁ’ugﬂﬁ 4.20b wansliiiuinnisiaedlaseadradnineaden Fe,PO;, (Fe ldunsw

#1179 Mawnasudhdulddtunisnaassveslassasawdn CoFeP,O,, (CoFe @unswain
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(31) vaurfidygunIfuIneesdnwaniniadndiu CoFe = 1:1 wuudl | (Fe(Colll)
unsEdn) uaz Il (Fe(NCo() @unsmatnie) Whiuldafudyaavemdnuuud | Fel)
WunIWELAY) uag Il (Felll) W@unsa@idsn) auaidu nsinanuduiusuasidrfiulaves
dyrauenu EXAFS  seninmanIsAuiniaznan1svaaalunsalsng 4 veangy CTP i

vV = A = s v =3 - v
anunsaldesungiiedudunanialassadendniuumaniniavesans CoFeP,0;, A

A U =) 0 =f v L7 1
A15199 4.4 NaAIMISIEWesN1SIRang CTP WsuwuUINaaInanaledndiu Cofe = 1:1

PI5RIlASIHENIINNNTATLIN

#1susenau a b ¢ o B ¥
Co,P0;; 11.990 | -8330 | 10:150-| 90.00° | 11851° | 90.00°
Fe,P,0y, 12230 | 8530 9840 | 90.00° | 118.67° | 90.00°

Coll):Fe(ll) = 1:1 11.900 {8410 10,090 _{90.00° | 118143° | 90.00°
Colll):Fe() = 221 11.880 | 8/540 9.960 | 90.00° | 118.13° 90.00°

4.2.2.1 miszyanealaseaiidnlagldi8nisgandussddnduiunisiin
g EXAFS

n13me1 EXAFS  Tunnnsdlaes CTP. dldignimusuas amuauwisnimasia

s ‘J at = 1 = 1 o ‘d‘
willsuiuiessudnvaglaswaimanvassysenaulminiain CoFeP0,; A Tiwmash

v - o U =l = L A “a L3 £ =3 3 1
Ianuanisiiadendignldiuisuiisuiuiiediasziuazasurefiteddnmsintnig
lassassndnvaswaninadiud iy nanisinaidnnsulugiu EXAFS sduilaf fuinasuned
YOUNITPANAULY K Yed8uaou Co (7,709 eV) uas Fe (7,112 eV) uandbiiiuinaunsoiin
Val A o 1 s a‘ - vV v i = o

laRiloriwuadnsinngumgiivias 298 K saegamgiinesuie 240K n1sAuialy

b= aa L4 a Va @ 2/ P o n‘$ P
sTUUNANLUU 3 86 TinaninsziRaveddwlasianaseuludunisnisiadoufivawuuniafien

P | a va A o = Y

wagvanviane uagn1siindanansassyamnsidiwesianilerinunieulelassadie Sphere
a o A - & v a ¢
nilszesimivinannlanslosauuiniiganauuasdseainm 3.6 A (Wanaiien1iines Rep
2/ 1 =) = o =Y & 2 | o 1w o i Y
MILAUBUNTIANITNTLITY (Uansmaen1sfimes S¢) lisndnferay 30 laeivuntiaie
o -1 o aw
nale k 2-8.8 A7, awe R 1-4.5 A uay o, AR, uag kw = 3 gnimuansindnvzLUY

Wweanuiuly DHP nauntnil
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d 1 - o d ﬂ‘j’
A15199 4.5 Karuriniees R Msiinnsgandusididndnveunisganiuti K vesezneu Co

Tunsilene 9 Welinsizvansstlaninia CoFeP,O;,

nstvaamsila CTP Co,P,0,, (exp.) | CoFeP,0,, (exp.)
Co(l) Fit (theo.) 0.0450 0.0360
Co(ll) Fit (theo.) 0.0426 0.0353
Co,P,0,, (theo.) 0.0370 0.0367
Co(l):Fe(ll) = 1:1 (theo.) = 0.0358
Co(ll):Fe(l) = 1:1 (theo.) - 0.0352

A | -y L7 1 ]
INATNN 4.5 LLa::;sUﬁ 4.20 HanIsWAAYEIMETU EXAFS 58119815 CoP401p
(Co t@uns@ustu) Aukuudaesanity Coll) (Co WunsmEARY?), wuudnasuaniy Coll)
(Co @uns1aL29), Latwiudnasdsainwamen (Co wdunsinaddy) Wirwwnmes R 0.0450,
0.0426, wag 0.0370 MIUAIAU LEAINIA13 N UATEMI19aLUNATUNISATUIDILAE NS
v = P ¢ 2 0 v} o ' Y] '
NAERIYIlASIATINEN Co,P,0,, WuuiltAUusenay Co - agATUNT 2 flmii Lanamaee
L3 4 1 c': 1 & o 1 1 o
winimes R Afirismninuuuienasiussnoulu 2 dumidhiauga | vie Il evinlinaves
¥ &5 1 ar = = e‘ d 4 o 5 c‘l}a oy a

ANUnulaserIannasuanas annsainiadlalduuudianaie 3 wuvLviInsAnAUNE
N15vAaedans CoFePOy, (CoFe unsaLa) wazduliwgiulaiasifissdusznouves
waninialeaauuan Usingiudieflaiu Coll), Colll), agsam Co Tiamvimaas R 0.0360,
0.0353, uag 0.0367 aiudu Gellanlaidrefusnnuanddeninuuieziluiigns CoFeP0;,
o A P 2+ ° i | - = ° e = - v
Wullesdusenou Co.  atluwhunudliauaa | v3e L hgsunmiafeaisananaunsali
s Y | nl Y a ] v
dryayrandniulag veinsinmeEtuuTIaeEsIwWe Coaad CoP,0y, Mansalinaaiy
v oar & PES = a - v o v
wWhiulady ivefigattananiniawuy CoFe-CTP (fieaintuuudiass CoFe = 1:1
looau Co agfisiuntis I lnedileasu Fe agfisumia I (ColFe() dunsmEUIn1a) was

YY) 2/ = d‘ © ay Qs Lo
aduriu (Fe(DCo(l) wunswayew) ilavinnisipiiuiuais CoFeP,O,, (CoFe LdunsMaELA)
4=i < qu 1 [ 5 a!f v 1 & 1 s
NvaUMIgANGUTY K veteznau Co UsNYIWuudnaasis 2 U inadunnimes R wirdu
0.0358 way 0.0352 m1ua1eU dawanadamnudnfuldsevinsanasutiuliunnsdnaldann
AL UUTIRRMUURENASUNE Co  nauvinll anudndulafszrninsaunansuaninnisie
wuudnaes CoFe-DHP Tunsailansdinilaiieanedmiuigailainnelulasadawdnvesans

- A‘d I3 2+ nlj [l o 1 ] 1 d! o ] 1
nMinplifiesdusenauves Co asaglusuvislasuniiniiaves 2 suviswuuliauga
leauuin anunsadudulainlassadrswdnvesansusenau CoFePyO;, laaAUsENaUNEN

wuuwaninig agralsAmuanunsadunaladwasiunnmes R Aldainnisia CTP 4 fan

=

nseeusulduuuniie Wunasnnisilalagldnisaivauwisnfiweswmileuduluynnsd

suwduniransusznaulunsenailasiaiimdnvomoamnuunalvguuuidou
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(b)

Refx(a)] (A7)

IR (A7)

6
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TEFE=CIP (exp.chi

= Ce(1) Fif CoFe 7 1.1

window

10

— Co\fe-CTP (exp.].chi

— Colf) Fit CoFe
\

window

K (A7Y

A ey Lo d 0’; J
JUN 4.21 wanmsilnawandll EXAFS Maumsandudi K 189egnen Co. SeMimans

NARDIES CoFeP,0,, NUNaNISATIINNSELNUBSABY Fe Mt Co:Fe'= 1:1 adlu Co wuu 2
Auvidliangail | uanadhileritunisduuuu (@) e R (b) aws g

(a)

Le(R) (&4

(b)

Re[x(a)) (A™%)

0 M

4

o)\ g 0B Fe

window

=="TCoFe=CIR (expr

10

5

[+]

-5

F

= c'u\re-cw (exp.f.chi

\ -

— Cely) Fit CoFe |

k(A7)

2 11

d by e/ d 5 1
JUN 4.22 wamsiinaineiu EXAFS NIveumIganiudu K vetezmou Co FeMINNaNTS

NAAD3a1T CoFeP,0;, AUNANISATUIINTIULNUBEAON Fe fde Co:Fe = 1:1 adlu Co wuv 2

o 1 I 4 & o u.'l
Muvsliaunad | wanalufaidunisduwuy (@) aws R (b) sy q
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= ' a ¢ a 4 wad ea a O
M13199 4.6 Nﬂﬁ']wfﬁﬁlllLfﬂ@?ﬂ']TN@]ﬂ']'iﬂﬂﬂanQﬁLﬂﬂ’ﬁﬂﬂ@Uﬂqiﬂﬂﬂﬂuaﬁu K Yaienai Co

way Fe seninsansviianinia CoFeP,0;, AULUUINGBINTE CoFe = 1:1

Co of Co(l):Fe(ll) = 1:1jCo of Co(ll):Fe(l) = 1:1|Fe of Co(l):Fe(ll) = 1:1|Fe of Co(ll):Fe(l) = 1:1

Chi-square 117.991 116.086 49.169 69.981
Reduced Chi-square 24.092 19.684 8.337 14.289
R Factor 0.0358 0.0352 0.0220 0.0313
Measurement uncertainty (k) 0.002 0.002 0.002 0.002
Measurement uncertainty (R) 0.115 0.115 0.128 0.128

Amplitude 0870 =+ 0.197 0807 =+ 0.167 0421 =+ 0.074 0467 + 0.099

Enot 0313 =+ 2169 0019 + 2065 3600 + 1.833 3156 + 2059

NI 4.6 UARINARIWISIIWIESINNSEHNTTNAETRNNETY EXAFS Sewinenanis
NAAD4aN5 CoFeP,0y, AUNANISAIUIASEIUNUOEABY Fe f8 CoFe = 1:1 aslu Co wuu
fuvta | wag 1| Gwanantriulfssrhsadnnduainnisimawsiiseunisgandutu K
y9908RoN Co UARIRIFUA 4.21 uay 4,22 mudiu

dfunanisinatnasuiiveunsaandudu k. vesasmon Fe wWisuiiisuiu Co
WWIENsainIsAIMAINLUTTIadesaskdnlesld CoFe = 1:1 wansAmIslmesAs

X

A15197 4.6 waagralsAnuludiunuideildiinanisnaassinalynnsuresansusenau
- v o & \
Fe,P,0y, WWaldyinn1simneTu EXAFS

4.3 gulAsannsainduesansusenau
4.3.1 wamssEylaseadnediannseiindvasans Co(HPO.),-2H,0 uaz
Fe(H,P0O,)2H,0

nsAuIMlATIAS19BIANYToNdU83 Co(H,PO,),2H;0 Uag  Fe(H,PO,),-2H,0 1%
Tassafrmdnmenguifitaunisinsesdssssaefvesudnmafioinuided 4.1.1 8
Tnssadandnvilamieieadgnugredulueadlugdwiu 84 ozneu itos1asinduves
lossuuazdidnnseulifisanadniunismuinandivesiaseadredidnnseulnedng
indedio FansAunalasaiuaundinuwasanuunuduvesdaussmualiidnasey

nuagnAuInlaedBwinuiisEAunGaumesl (Fermi level) winfiu 0 ev

4.3.1.1 Tassadraunundsanudidnnsaiing (Electronic band structure)
nadLanysoindnlAsIas Lo UNS M ULALAUVUILULYBIAN UL LUUTIN VB3

o = - = L7 L7 L2 A
msfmuuRanlaluadiln Co(HPO,),2H,0 gnissuiisuiuluiuiunundnusiegun 4.23

WeBuduanugnaewazeeusununguflddngn q amuzanunuiwiuvesdiinaseuly



82

suurdnifgrfudedunssnnlasaduaundsnuwasanumuiuresaaugdod
AuAonAdnsiy uaziliousnmadnanuEBEnAsouRIWANT L 23 eV 9 12 eV
sonunuuuaundsnudidnnseiindatulnanlsd (Spin-polarized electronic band) Wuin
diuldfunseninlassaiedidnnseiindiaes Tnevalulassasrauaundssnldnge
AnnsiiinuseuTsiume vessruuiieasueanugdidnnseindvestan nauandliifiu
TWAUNGNUYBY Co(H,PO,),2H,0 daulngiusingdnuasAsudng Flat WAAn1ULINUAY
Miaudiignaseunses  (Occupied valence band)  wazwauiitlignaseuases
(Unoccupied  conduction  band) 8ntiuuU3IanIsunsnszane (Dispersion) Ua9an1us
Siinnseusenlusewinaynsumislugn K-point itaawdanu 2 eV fs 6 ev meluduves
uouitlignaseunsasiunalassaivdidnrsedndiansiiiuinnrmuuiuresdidinasoud
Wnandidnaseunsdlaliumdn (Majority spin) uazaliuses (Minority spin) dulvgnueglu
anuziAsafuunuypdun U gnauiiug unamansmoudu dviudidnaseuls
Tulassadrandnarsiiosdusenovatiumsvauasuia 2 nsel snviuusians £x (0 eV) sewring -
26V fi2 eV Awsnglidnludumeiaudfinguromaumuiudidnaseuiiana
dusuazegluanuzituudnsaausnentuwuunidatumdnsewing -2 ev & -1 eV uas
Usnguarsiuunsialundnuinnanusiaudiaadusziy E duluduanuzauii
WULNBIAnIUEBANATOULUUNTRaT UM NagTEnIN 0 eV T 2 eV uagdINHATaInI I
MURUUTBIEO UL A AUIT eANa5UsENBY  Co(H,POL),2H,0 WEAWEANTTUANIN
wiwdniwesls (Ferromagnetism behavior)
Han1IAwIMlATEIIeIBIaNRTeLANNZLUUN SElEUUME NN UINE0 UL YAENATDT
LaulaudfignAseuAselazyastanveskauidlignasounseseguenanfuluseiy
YOITNUAUNGIU (Energy ‘band  gap) 1u1e 5 eV sauesi damsulassadredidnnseu
nsdlatiuvdnseundsnimesiilieliitieneianlaswiunuwdaudundnnuinion 8
Tu Brillouin zone veailAsea51dnan. Co(H,PO,)y2H,0 ﬁa@hl,mﬁaqaqmaummqmwﬁﬁgn
AsauAsBIUaTiign T Aedumisingavasuatiniilignaseunses dadunanisduia
Tmaa‘%"laéLﬁﬂmaﬁﬂa"l,mﬂuﬁmuﬁmzqmﬁﬂ'mué‘l,milﬁfhaﬁ Co(H,POg),-2H,0  uang

e ot ﬂ. QJ o ) . . 4
auvAvesianarsneiniuininnesls (Feromagnetic  semiconductor) AflA1984719

uaunaIsuLuUliRss (Indirect band gap) 9 na@aus B—T wwm 0.52 eV
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-------- majority spin
i minority spin -
10
8
6 -
4
9.
0 . EF i) s
st 5 3 REEE SR 2P SIS S I A P i e 52
%‘ -2 s o <24
- -4 QL -4 -
o 2 b -8+
L -10 — — wl -10
-12 -12 4
-14 - -14
-16 - -16 1
18 18 - minority spin majority spin
220 —F—— -20 -
-22 | . -22.—

Z T YA B NG\ 7

Band Structure of Co(H.P0).»2H,0 PR VR lriesicN)

d 1 s a_ & =Y & o o 1
JUN 4.23 Iassasuaunasiudidnvseiindatulwailsduazanunuiwiuyesanuguuy
= aa o < & a -
T INANlUAATN - ColH;POL»2H0 iiansmitdugauasiduiivuansiBdnnsounsed
adundnuazalusoy muaInu

-------- majority spin

~——— minority spin
10 L 10
8 _ , === 8 - ;-%:,
6 6 5 .é-l
4 [ e e L ] 44
» 1 et rEe_ - L
0 1B pA o s
-2 JecrrssT TRt S s A i
g -4 = 44
= 0 I\'®y
S -8 2 5 -8
l_?:jj -10 e g-‘lo -
-12 - w 4o
-14 S -14 4
-16 ~ -16 o o
18 18 minority spin majority spin
0= -20 + y
22 % 22 4
~24 1 | | | : | -244

Z r Y A B D E C Z

Total DOS (states/eV)
Band structure of Fe(H,PO,)-2H,0

d v ot = o - 1
JUN 4.24 Tassairauaundenudidnnsedndalulnanlsduazannumunuiuvesaniuguuy
a P2 Y ag & a al
mvewanluluadiin  Fe(H,PO,),2H,0 Wensmidugauaziduiivuaniedidnaseunsed
gUunanNuasalused AN
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TassasuaunasudidnnsedndaliulwanlsduasAnumuuiuresanuguus s
vowdAnlulupdiin Fe(H,PO,),2H,0 gnAnmuaziiudnvuzauduRuSsEnINEa UL
yoandanuiazuil 4.24 Sellanuaenndeatu uansanuzdidnasouud 25 eV audls
11 eV Mnrauanslifuiuaundanudnlngusngdnvae Flat saauganuauinaud
fignaseunseaasuauifilignaseunses sniiutiiunisunsnsznevesaniuzBidnaseu
sewirnaadumidly Kpoint  Aidaandau 2ev fe5ev meluduuouihiilign
AsEUATEY HalATvas19BEnnselindduandlfiuindidnaseunnsdlaliundnuazatuses
dnilvgnuegluaniusiFerfuwnumndundsnusnifuaauglndsedu £ svwdne 3 ev il
2ev  Fafuviuaiifanisuluenaaiuendinudidnnsedndseninddnnsousavdn
(Majority electron) uavdLanasousases (Minority electron)

mﬂmamsﬁnmm‘lu'gﬂﬁ 4.26 gansevsdlddnans Fe(H;P04),-2H,0  LanIneauUf
yawimdnuuuineslsdsfinrmaenrdesiunaiignigaudeuniridannmaianismaaes
N15RITUIIINANULAIIVULLUYRDIENATOUIUUE NSNS TUTEUU NUT1Y
WM -3 eV 1 -1 eV vasanuiulidausddnnseunsdiatiundn luvaifivamdanu
-1 eV fis 2 eV UsingamusBidnnseunsiiatiuges kandladinmivinalassadiawnundsey
audnasavludumisiilndsediu £ Fafveandesaniuyses (Minority . channel) it
ansassyraesdnnuivliings | Fe(HPOdy2H,0 nansfvautAvesarsnsitieiin
Y99I NLaUNSIULUUkIRTIgIREiUaS ColHPO,),2H,0 Inailanaasinand s uwinfu
0.57 eV agjszmﬂqamusqqqﬂmaa'ﬁgume'nau‘&ﬁgﬂmaumm fign Y uavanuzsanves

b 0 abl | -
TULOAUUINLNYNATBUATE NN I

4.3.1.2 A1ununUuYedan1ue (Density of states)

AINNANITIATIZHAT I UUTDIE W LUUT T LaZTATIAS 1S UNE 191Ut
ansaszylananuuuduegdidnaseulussuuiinasnszansdivesdauendaeugin
nqudidnmseululossuviala auguil 4.25a Fellansnnumuituresan LU TIILAL
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Crystal and electronic structure of violet-pink Co>P40,> have been investigated using
first principles calculations based on density functional theory. Its theoretical X-ray
diffraction and X-ray absorption fine structure spectra were calculated and compared
with their experimental spectra to verify its monophasic. The calculated spectra are in
good agreement with the experimental data giving parameters of a = 11.993 A b=
8.328A, c = 10.150 A and B = 118.51°. Our calculations on band structure and density
of states of CozPy0;3 showed that its major electronic transition is_associated with
internal Co-3d. The calculations indicated that Co>P,0); is a half metal ferromagnetic
material which disagreed with the experimental knowledge.

Keywords First principles calculations; crystal structure; electronic structure;
Co,P3012

1. Introduction

In the last decade, inorganic compounds of metal cyclotetraphosphate (M>P40)>) consisted
of transition metal cation (M = Ni, Mg, Cu, Co, Fe, Mn and Cd) and ring-P,03,"~
(n = 4) anion have been of interest due to their industrial properties such as ceramics,
catalysts, fluorescent materials, metal surface treatment agent, dielectrics, food additives,
fuel cell materials, pigment, detergents, etc. [1-7]. There were many studies in synthesis
methods, crystallography and various properties of these phosphate systems [3, 7-12].
However there is very few electronic information of these interesting materials.
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This study was interested in the cobalt cyclotetraphosphate, Co,P,0;,, because of
its advantages such as a violet-pink hue of pigment, low toxicity, anticorrosion ability,
luminescence and relatively stable compounds. In addition, this compound was obtained
by simple and rapid, low cost, safety, benign environmental route from our research group
[11-12]. Although there were many previous reports on Co;P40> in terms of synthesis
methods, chemical, optical and physical properties [8-12], its structural and electronic
information are very insufficient. Therefore, the purpose of this work is to investigate
crystal and electronic information of Co,P40;, using first principles calculations and the
obtained results are reported for the first time. X-rays diffraction and X-rays absorption
spectroscopy were employed in conjunction with the first principles calculations to investi-
gate the structural information of this material. In this work the first principles calculations
with Perdew—Burke-Ernzerhof (PBE) formulation based on generalized gradient approxi-
mation (GGA) method has been employed to calculate the electronic property. This method
has been proved to improve the accuracy for electronic property of molecular systems [13].

2. Material and Methods

2a) Experimental Detail

In this work, Co,P40,5 crystalline powder has been prepared by solid state method as
reported by Boonchom ez al. [11-12]. X-ray diffraction (XRD) experiment was performed
by XRD-6000 X-ray diffractrometer with Cu K, radiation. The scanning XRD angles
ranged from-10° to 507 with a step size of 0.02° at 1 s/step were used. X-ray absorption
fine structure (XAFS) experiment was performed at BL8 station of the Synchrotron Light
Research Institute (Public Organization), Nakornrachasima, Thailand. The electron beam
energy of the synchrotron is 1.2 GeV with its average current of 150 mA. The XAFS
was performed at Co K-edge (7709 ¢V) in fluorescence mode: The scanning range is
7650-8000 eV witha step of 1 eV/s. Ge-220 double crystal monochromatorand Ge detector
were used in the experiment. The XAFS spectrum was treated using ATHENA software
[14].

2b) Computational Detail

In order to understand structural and electronic behavior of Co,P40,. its theoretical model
was produced based on first principles relaxation process. Since previous XRD studies
provided basic structural information of CosP4O1 that it has monoclinic space group of
C>/c with four molecules of Co,P40,> in the unit cell (Z = 4), this structure has been
used as an initial structural model in the calculation [8-12]. Lattice constants of a =
11.83(8) A, b = 8.22(6) A and ¢ = 9.94(0) A achieved from XRD experiment were
used as initial lattice parameters in the relaxation process [11-12]. Plane wave basis set
periodic density functional theory (DFT) has been employed in ground state calculation
for the unit cell optimization [15-16]. The optimization was performed using VASP code
[17-18]. PAW pseudo-potential was used in the relaxation to represent the electron-ionic
core interaction [19]. Perdew—Burke-Ernzerhof (PBE) formulation based on generalized
gradient approximation (GGA) method was employed in the optimization and electronic
calculation. Electrons from Co 3d’4s?, O 25?2p* and P 35*3p* states were treated as valence
electrons. The 2 x 2 x 2 k-point sampling Monkhorst-Pack grid was used for Brillouin zone
integration [20]. The kinetic cutoff energy of plane wave was 500 eV. Full-cell relaxation
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Figure 1. Full-relaxed crystal of Co,P;02: (a) monoclinic unit cell projected on (010) plane, (b)
centro-symmetrical P,;O, group, (¢) equivalent octahedral [Co(I)Og] and [Co(II)Og] sites.

was performed until residual force was less than 0,1 meV/A. In this work, monoclinic angle
(B) was fixed at 118.51(1)° [11-12].

Calculated XRD spectrum of Co,P4Oy; crystal was performed using XPOW software
[21]. XAFS speetrum of Co,P40y; at Co K-edge was calculated using full multiple scat-
tering scheme as implemented in FEFF code [22]. Self-consistent potential was calculated
within Co,P40,» cluster with radius of 6 A and FMS value of 2 A surrounding each Co
atom. With this configuration, number of atoms in the cluster is 75 atoms which is sufficient
to minimize the calculation time and still achieve convergence calculation with full feature
spectrum. The XRD and XAFS calculations were performed based on the optimized crystal
model.

3. Results and Discussion

3a) Crystal structure

The result of the first principles relaxation process of Co,P4Oj5 gives lattice parameters of
a= 11993 A, b'=8328 A, ¢ = 10.150 A and beta = 118.51°, The unit cell after
relaxation process is illustrated in Fig. 1a. Before the crystal structure of CoaP4O12 will be
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Figure 2. Comparison on normalized XRD of Co,P,0: (a) calculation, (b) experiment.
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Figure 3. Comparison on normalized XAFS of C0,P,0), (at Co K-edge of 7709 eV): (a) calculation,
(b) experiment.

discussed in more details; it is worth to firstly verify the crystal structure of our theoretical
model by investigating an agreement between the experimental spectra and the theoretical
spectra calculated from the relaxed model for both XRD and XAS. The theoretical and
experimental XRD spectra are shown in Fig. 2a and 2b respectively. It can be clearly
seen that both theoretical and experimental spectra are in very good agreement. The XRD
spectra showed a major peak atabout 29.5 degree. All major features from both experimental
and theoretical spectra are compatible. The theoretical and experimental XAS spectra are
illustrated in Fig. 3a and 3b respectively. It can be seen thatboth XAS from Co K-edge have
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Figure 4. Khon Sham spin-polarized band structures and total DOS of monoclinic Co,P40;; when
majority spin and minority spin electrons are shown in red and blue lines, respectively.
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Figure 5. Spin-polarized total/partial DOS of Co,P;0;; when majority spin and minority spin
clectrons are set to be positive and negative respectively: (a) DOS projected onto Coz,, O, and P33,
orbitals, (b) DOS projected onto Cos,, Coy, and Cosy orbitals, (¢) DOS projected onto O, and O,
orbitals, (d) DOS projected onto Py, P, and P, orbitals,

very similar features including absorption edge at 7709 eV, small shoulder after white line
at about 7735 eV, humps at around 7750 and 7850 eV. The agreement between theoretical
and experimental spectra in both XRD and XAS spectra leads to the conclusion that the
structure of Co;P40, is monoclinic C>/c (Z = 4) with the lattice parameters as reported
above. The unit cell of Co,P,0,, consists of 72 atoms including 8 atoms of cobalt, 16 atoms
of phosphorus and 48 atoms of oxygen. Fig. 1b and lc showed the centro-symmetrical ring
of four PO, and local atomic of nonequivalent CoQg in the Co,P,0, structure including
the interatomic distances. It is noted that there are 2 species of nonequivalent cobalt and
phosphorus atoms as seen in Fig. 1. This verified Co2P40,2 structure was used in first
principles calculation to study its electronic structure.

3b) Electronic Structure

Figure 4 presents Khon Sham spin-polarized band structure of Co,P4O;5. The band structure
was calculated along high symmetry points of the Brillouin zone of the monoclinic crystal.
The band structure is mostly flat in both valence and conduction bands except dispersion
in the conduction bands at around 2 eV to 4 eV. In Fig. 4, total density of states (DOS) is



120/[276] P. Rerksompus et al.

also presented on the right. It can be seen in the total DOS that there is a big energy gap
of about 4 eV in the majority electrons while there are some states presented at the Fermi
energy in the minority electrons. This result indicated a half metal ferromagnetic behavior
of this material. This behavior is not in agreement with the previous experimental studies
which stated that the Co,P405 is paramagnetic material [7].

The total and partial DOS of Co,P40;, are shown in Fig. 5. The Fermi energy level was
set at zero and is indicated by a vertical dash line. Figure 5a shows the spin-polarized total
DOS and partial DOS projected on Co-3d, O-2p and P-3s3p orbitals. It can be seen that
deep valence band states (between -9 and -2 eV) are dominated by O-2p orbital (blue line)
while shallow valence band states (above -3 eV) are dominated by Co-3d orbital (red line).
Partial DOS of Co-3d and O-2p can be clearly seen in Fig. 5b and 5c respectively. This DOS
indicated covalent interaction between Co-3d and O-2p orbitals in octahedral CoOg. There
are minority electron states at the Fermi energy which are dominated by Co-3d orbital. This
result indicated half metal ferromagnetic properties of this material as discussed above. It
can be seen in Figure 5 that the main origin of half metal ferromagnetism is provided by
Co-3d orbital. Since the previous experimental studies stated that Co, P4QO2 is paramagnetic
material [7], this theoretical calculation based on GGA/PBE provided disagreement with
the experimental knowledge.

4. Conclusion

Crystal structure, density of states and band structure of cobalt cyclotetraphosphate,
Co,P401;, were investigated for the first time using first principles calculations technique
based on DFT. XRD and XAS were used to study crystal structure of this material. We
found that crystal structure of the cobalt cyclotetraphosphate is monoclinic space group
C»/c (Z = 4) with the lattice parameters of a = 11.993 A, b = 8.328 A, c.= 10.150 A and
beta = 118.51°. There are 2 different species for Co and P atoms and their local structure
information are provided. The theoretical DOS in the valence band is dominated by Co-3d
and O-2p orbitals: This indicated that Co—O bonds are covalent. There is a big energy gap
for the majority electrons while there are some states presented at the Fermi energy for the
minority electrons. This result indicated a half metal ferromagnetic behavior of Co,P401,.
The behavior from theoretical calculation based on GGA/PBE method disagreed with the
previous experimental studies which stated that the Co,P4O,; is paramagnetic material.
The disagreement suggested that more theoretical studies of this material are still needed.
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Structural and electronic properties of Fe P40, have been investigated using first-
principles calculation technique. The results indicated that the Fe;Py0 jp structure is
menoclinic of Cy/c with lattice parameters of a = 12.228 A, b=8.530A, ¢ = 9.835 A
and p = 118.67°. Two nonequivalent octahedral FeOg from the calculation have an
average Fe—O distance of 2.143 A. Both FeQyg are dominated by covalent interactions
assigned to Feszq and O, at the valent electronic states. The DOS calculation gives
well explanation on its half-metallic ferromagnetic property. These results are in very
good agreement with the previous experimental reports.

Keywords: Ferromagnetic materials, structure, electronic property, first-principles
calculation

1. Introduction

In the last decade, iron cyclotetraphosphate, Fe,P,0,,, is rather interesting material that it
can be applied in the field of ferroelectric; lithium battery, magnetic recording, catalyst,
wastewater purification system and ferrofluid. The phosphate belongs to inorganic family
compounds of cyclotetraphosphate phase M,P,0,, consisted of transition metal cation
(M = Ni, Mg, Cu, Co, Fe, Mn and Cd) and ring of P,,03,"~ (n = 4) anion. These inorganic
compounds have wide range of industrial applications such as fuel cell materials, pig-
ment, catalysts, fluorescent materials, dielectrics, food additives, ceramics, metal surface
treatment agent, detergents, etc. [1-7]. Nevertheless, to our knowledge, there were
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specific experimental reports in synthesis methods, crystallography and various properties
of these isostructural phosphates [1-12]. There is insufficient information about theoreti-
cal crystals and electronic structures of these interesting materials.

Synthesis of iron cyclotetraphosphate Fe,P,0, using simple chemical process, which
is cost-effective and benign environmental route was highly studied by our research group
[11-12]. Our previous experimental studies indicated that crystal structures of Fe,P,0,, are
in space group of Cs/c (Z = 4). These experimental results are in good agreement with works
from other research groups that studied the same species of material but with different cati-
ons i.e. Mn, Mg, Co, Ni, Cd and Cu [1-7]. Available previous reports on Fe,P40, have been
discussed mainly in terms of preparations, chemical, optical, physical and magnetic proper-
ties [6—12]. No theoretical report is currently available for understanding properties of this
material and therefore more theoretical studies of this material is needed.

In this present work, first-principles investigation of structural and electronic proper-
ties of Fe,P,0,, has been performed and these theoretical results will be reported for the
first time. Geometrical parameters, structural bonding, electronic band structure and local
spin-polarized density of states of the Fe,P,01, were completely investigated. Theoretical
X-rays diffraction spectrum of FesP;0,, was also calculated from fully optimized crystal
parameters and was then reported. In this work PBE formulation based on generalized
gradient approximation approach has been used to calculate in the first-principles based
on DFT method since the PBE has been proved to improve the accuracy for electronic
property calculations of molecular systems [14].

2. Methodology

The present study has been carried out to understand structural and electronic properties
of Fe,P,0;, compound, Theoretical crystallographic model of the compound was pro-
duced using first-principles geometrical optimization. An initial model of the structure in
the relaxation process was based on structural information from previous experimental
studies of the compound [7-12]. The experimental results showed that Fe,P,O,, has
monoclinic structure in space group of Ca/c with four molecules in the unit cell (Z = 4).
The monoclinic lattice parameters of a = 12.800 A, b =8.804 Aand ¢ = 10.560 A were
used as initial parameters for the crystal relaxation. The B angle was fixed at 118.67° [11].

The first-principles ground state calculation were performed using plane-wave basis
set periodic DFT method with projected augmented wave (PAW) pseudopotentials as
implemented in Vienna ab initio simulation package (VASP) code [15-19]. Formulation
of Perdew—Burke—Ernzerhof (PBE) based on generalized gradient approximation (GGA)
approach was utilized in crystal relaxation and electronic investigation. The electrons
from Fe-3d"4s', 0-25*2p* and P-35%3p” states were treated as valence electrons. The 2 x
2 x 2 k-point sampling Monkhorst-Pack grid was used for Brillouin zone integration
[20]. A cut-off kinetic energy of 500 eV was used by converging residual force to less
than 0.1 meV/A. XPOW software was performed to simulate theoretical XRD spectrum
based on full-relaxed crystallographic model of Fe P40, [21].

3. Results and Discussion

3.1. Structural Properties

Full-relaxed unit cell of monoclinic Fe,P40,, after first-principles optimization
process is illustrated in Figure la. The unit cell composes of 72 atoms, which are
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Figure 1. Optimized structure of the monoclinic Fe;P4O15: (a) unit cell of 72 atoms projected on
(010) plane, (b) centrosymmetrical phase [P4O);], (c) nonequivalent octahedral phases [Fe(I)Og]
and [Fe(II)Og].

8 atoms of Fe, 16 atoms of P and 48 atoms of O. The lattice constants of a =
12.228 A, b = 8.530 A and ¢ = 9.835 A were obtained with fixed B angle at
118.67°. The calculated lattice parameters are in good agreement with our previ-
ous experimental lattice parameters. Figure 1b and lc show centro-symmetrical
ring of four PO, and local atomic arrangement of nonequivalent octahedral coordi-
nated FeOy with the interatomic distances respectively. Calculated results on two
species of the FeOg indicate an average Fe—O distance of 2.143 A which agreed
with previous experimental report of Anders G. Nord [8]. The two species of non-
equivalent Fe and P atoms can be clearly seen in Figure lc. This optimized
Fe,P,0,, structure was then used in first-principles calculation to study its elec-
tronic properties as will be discussed in section 3.2 and 3.3. The calculated XRD
spectrum of Fe,P40,, is presented in Figure 2. The XRD spectrum has a major
peak at about 29.5 degree. It is in very good agreement with theoretical Co,P40,
spectrum [13] which has very similar crystal structure. This major feature is also
compatible and in agreement with our experimental reports from previous
researches [11-12].
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Figure 2. Simulated XRD spectrum of monoclinic Fe;P40 .

3.2. Electronic Band Structure

The energy band structure of Fe;P40;, calculated by first-principles calculation based on
DFT method is presented in Figure 3. The Khon/Sham spin-polarized band structure is plot-
ted along high symmetry points of the monoclinic Brillouin zone, where the labeled k-points
are shown as 1. (0.5, 0.5, 0.5), M (0.0, 0.5, 0.5), A (0.5, 0.5, 0.0), T (0.0, 0.0, 0.0), Z (0.5, 0.0,
0.0) and V (0.0, 0.5, 0.0) respectively. For simplicity, the band structure could be investigated
in the vicinity of the Fermienergy to discuss the electronic states of the material. In Figure 3,
total density of states (TDOS) is also presented on the right to compare and verify the elec-
tronic states with-the band structure. It can be seen that both valence and conduction bands
mostly appear to be flat except dispersion along A—I'=Z—~V—L in the conduction band at
around 2 eV to 4 eV. For the majority spin electrons, we found that the top of the occupied
valence band and the bottom of the unoccupied conduction band are separated by a large
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Figure 3. Spin-polarized electronic band structure and total DOS of monoclinic Fe,P40,> when red
and blue lines represent majority spin and minority spin electrons, respectively.
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Figure 4. Spin-polarized total/partial DOS of Fe,P40;> projected onto Fes,, Oy, and P33, states.
The majority spin and minority spin electrons are shown as positive and negative values, respec-
tively. The Fermi level is set at zero energy and is plotted by a vertical dash line.

energy gap of about 5 eV around the Fermi energy. In addition, there are some states pre-
sented at the Fermi energy in the minority spin electrons which indicated metallic behavior.
The electronic configuration of both majority and minority spin electrons resulted in half-
metallic behavior of this system.

3.3. Local Density of States

Figures 4<7 present the spin-polarized total and partial density of states, as well as the
energy level of the Fe,P,0,, cluster. The majority (up) and minority (down) spin
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Figure 5. Spin-polarized total/partial DOS of Fe,P,0,, projected onto Fey,, Fey, and Fesz, states.
The majority spin and minority spin electrons are shown as positive and negative values, respec-
tively. The Fermi level is set at zero energy and is plotted by a vertical dash line.
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Figure 6. Spin-polarized total/partial DOS of Fe,P,0i, projected onto O, and O,, states. The
majority spin and minority spin electrons are shown as positive and negative values, respectively.
The Fermi level is set at zero energy and is plotted by a vertical dash line.

electrons are plotted. The energy levels of each atomic orbital are drawn with different
colors. The positive and negative values of the DOS represent the up-spin and down-spin
channels respectively. The total and partial DOS projected on Fesy, Oy, and P33, states
are also shown in Figure 4. One can see that the total DOS distribution of the up- and
down-spin electrons of Fe;P40, are obviously split in the vicinity of the Fermi energy
where occupied and unoccupied minority spin channel are fully located at the Fermi level.
It can be seen that deep electronic valence states (between —10 and —3 eV) are mainly
composed of Oy, state (blue line) while shallow valence band states (above —3.5 eV) are
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Figure 7. Spin-polarized total/partial DOS of Fe,P40,, projected onto Py, P3, and P3, states. The

majority spin and minority spin electrons are shown as positive and negative values, respectively.
The Fermi level is set at zero energy and is plotted by a vertical dash line.
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mainly composed of Fe;, state (red line). Octahedral FeOg, of the structure indicated cova-
lent interaction by localized Fe-3d and O-2p electron energy levels which are clearly seen
in occupied valence bands of partial DOS in Figure 5 and 6 respectively. More interest-
ingly, the total DOS of this phosphate system showed that the majority spin energy bands
present a large band gap of about +5 eV indicating band structure of insulator while the
minority spin energy bands close band gap at the Fermi level exhibiting metallic charac-
ter. It means that the results of the spin-polarized DOS indicated well-defined half-metal-
lic ferromagnetic nature of Fe,P,O . This type of ferromagnetism half metallic behavior
is dominated by electronic splitting of Fe d states in the octahedral environment. This the-
oretical electronic calculation based on GGA/PBE approach provided good agreement
with the experimental knowledge which stated that Fe,P,0,, is ferromagnetic material
[9-12].

4. Conclusion

First-principles calculation via density functional theory for Fe,P,0,, compound was per-
formed for the first time to-investigate its theoretical crystallography, density of states and
electronic band structure. We found that the crystal structure is monoclinic of C»/c (Z =
4) with its lattice parameters of @ = 12.228 A, b = 8530 A, ¢ = 9.835 A and B =
118.67°. In the Fe,P,0,, system, two different species of Fe and P atoms with their local
structure information are obtained. Two nonequivalent FeOyg are provided with an average
Fe—O distance of 2.143 A, The spin-polarized DOS plotting with the spin-polarized band
structure indicated that the valence states is dominated by 3d state of Fe and 2p state of O
presenting covalent Fe—O in the octahedral FeOg. There is a large energy gap of +5 eV
for the majority electrons while there are some states shown at the Fermi energy for the
minority electrons. This result leads to conclusion that Fe-P4O;> exhibits half-metallic
ferromagnetic ground state character which is in agreement with its experimental knowl-
edge. Finally, structural and electronic properties of Fe,P,0,, from this present work pro-
vided good agreement with previous experimental studies.
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INTRODUCTION

This study was interested in the cobalt cyclo-tetraphosphate. Co,P,0,;. because of its advantages
such as a violet-pink hue of pigment. low loxicity. anticorrosion abikty. luminescence and relatively
stable compounds. In addition, this compound was obtained by simple and rapid. low cost. safety.
benign environmental route from our research group. Although there were many previous reports
on Co,P,0,; in terms of synthesis methods. chemical. optical and physical properties. its structural
and electronic information are very insufficient.

MATERIAL AND METHODS

Experimental detail
s k. Co.P € een prepared by nethod, as rep

xAray diffraction (XRD) experiment was performed with Cu K, radiaton. The scanning XRD
angles ranged from 10-50 with a step size of 0.0 al 1 s/step were used

X-ray absorption fine structure (XAFS) experiment was performed al the Synchrotron-light
research institute (pubkc organization), Nakornrachasima. Thadand. The XAFS wes performed
ot Co k-edge (7709 eV) in fluorescence mode The scanning range is TE50-8000 eV with a
step of 1 eVis. Ge-220 double crystal monochromator and Ge.detector were. Used in the
expenment The XAFS spectrum was treated using ATHENA software

pefnvior of ColP 0« ws theoretical model“was
SUpf PIocess

Since previous KRD studies provided basic struciural information of CoP.O, that'it has.
monochnic space group of C./c with four molecules of Co;P,0,; in the unit call [Z 4). this
structure has been used as an indial structural model in the calculation with lattice parameters

of a=1183(8)A b= B.22(6) A, c=994(0) A and fixed | f = 118.51(1)
Piane wave basis set periodic density functional theory has been employed in ground stale
calculation for the unit cell optimization..as impiemented by VASP tode PAW pseudo-potential
was used in the relaxation 10 represent the electron-ionic core interacton. GGA/PBE method
was empioyed in the optimization and electronic cakulation. Electrons from Co 3d'ds’, ©
25°2p" and P 35°3p’ slates were treated as valence electrons. The 2 X 2 x 2 k-poinl samphng
Monkhorst-Pack grid was used for Brilouin zone integration The kinetic cuto!f energy of plane
wave was 500 eV which ful-cell relaxation was performed until residual force was less than 0.1

vd XRD and XAFS were. pérfor baged onthe opbmaed crystal mode
Cﬂbcmslad XRD spectrum of CosP,0,, crystal was performed using XPOW software.

XAFS spectrum of Co,P,0,; at Co k-edge was caiculaled using ful multiple scaltering scheme
as implemented in FEFF code Seif-consistent potential was. caiculated within Co.PO,; cluster
with radius of 6 A and FMS value of 2 A surrounding each Co alom with the cluster is 75 atoms
which is sufficient to minimze the calculaton time and stll ‘achieve convergence cakcuiation
with ful feature spectrum

RESULTS
--- Crystal structure of Co,P 04,4~

Figure 1. Full-relaxed crystal of Co.P,0,,
(a) monoclinic unit cell projected on (010) plane

[b) centro-symmetrical PO, group

{c] equivalent octahedral [Coll}O,] and [CofIl)O,] sites

R -
Figure 2. Feature comparisof on normalized XRDuof figure 3. Fingerprint comparison on normalized
Co,P.0y, (a)calculation, (b) experiment XAFS of CoP0; (Bt Co kedge of 7709 eV)
(a) calculation, (b) expetiment

--- Electronic structure. of Co,P,0,, ---

Band structere ofC4 PO Totdl DOS (statenuv)

Figure 4. Koo Sham $pinpolarized band structures and total density of states (DOS) of monoclinic
Co,P,0,, when majority spin and minority spin electronsare shown In red and blue lines, respectively

(5a) = [5b)-1
Figure 5. Spin-polarized
kil total/partial  DOS  of
o i * Co,P,0,, when majority
4 2 spin and minerity spin
electrons are sel to be
+ and - respectively
(a) DOS projected onto
u €0 0, Py,
(b} DOS projected onto
Co,, o, Co,,
m Dos projected onto

il M“

c:u um projected onto
PP

CONCLUSIONS

Crystal structure, DOS and band structure of cobalt cyclo-letraphosphate were investigated using
first principles calculations lechnique based on DFT XRD and XAS were used to study crystal
structure of this materiasl We found that crystal structure of the cobalt cyclotetraphosphate is
monocinic space group €/ (Z = 4) with the lattice parameters of a = 11993 A b=8328A c=
10150 A and beta = 11851 There are 2 different species for Co and P atoms and their local
information are provided. The theoretical DOS in the valence band is dominated by Co,, and O,
orbitals. This indicated that Co-O bonds are covalent. There is a big energy gap for the majority
electrons while there are some states presented at the Fermi energy for the minority electrons. This
result indicated a half metal ferromagnetic behavior of Co,P,0,; The behavior from theoretical
calculation based on GGA/PBE method disagreed with the previous experimental studies which
stated that the Co,P,0,, i paramagnetic material The disagreement suggested thal more
theoretical studies of this material are st needed,
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M3ssuandetiauysaivesans Fe(H,P0,),2H,0 lagld35 PAW/PBE

(a)

(b)

(c)

P> © 1 & = al
3UN A.2 nansAuiuAAILanienave e (a)

Total energy (eV)

251.0 -

-251.1

-251.2

-251.3 4

-251.4 S

T T T T T T T T T T T
705 710 715 720 725 730 735 740 745 750 755 760 765

Lattice constant of a (A)

3 polynomial equation: y = -7.5766(x) + 175.52(x) = 1351.5(x) + 3208.9

Total energy (eV)

25122

-251.24

=251 26

=25128

-251.30

-251.32

-251.34

-251.36 . Kl

-251.38 ‘o,

25140 .

Lattice constant of b (A)

T T T T ! T
x A a8 99 100, 104 102 103 104

T
105 106

3 Palynomial equation: y = -0.2277() + 8.0788(<) - 93.626() + 104.71

Tolal energy (eV)

-251.40 - ‘e, pacsl

-251.42

Lattice constant of ¢ (A)

T T T T T T T T T T
515 520 525 530 535 540 545 550 555 560 565 570

3 Polynomial equation: y = -1.8641(x) + 32.678(x") - 189.98(x) + 115.11

¥

nu a

= 731 A (b) au b= 10.15 A

Wwaz (c) 1w ¢ = 5.43 A up3a1s Fe(H,PO,),2H,0 Fadliyundnlulundin g = 95.71°



M3Suandetauysaivesans CoPO;, InelY3s PAW/PBE

(a)

()

U

way (©) #1u ¢ = 10.15 A 0315 Co,P.0,, Fefiruundnluluadiin 8 = 118.51°

Total energy (eV)

3 Polynomial equation: y = -3.0124(<) + 119.680<) - 1570.8(x) + 6309.8

Tolal energy (eV)

(b) 3" Polynomial equation: y = -1.2472(<) + 36.293(<) - 345() + 564.72

Total energy (eV)

3" Polynomial equation: y = -0.5353(<) + 19.41(x’) - 228.58(x) + 368.52

-508.0

-508.5 -

-509.0 -

5095

-510.0 o

-5105 4

-511.0 4

511,54

-5120

14

-510.9

T
186

11‘.3 120 11;.2
Lattice constant of a (A)

T
124

T
126

5110+

511.1

51124

51,3

-511.4

51154

5116+

5117+

5118

79

-5100

T T
80 81

— T T
82 83 ‘B4 85
Lattice constant of b ()

T
86

87 88

-510.2

-510:4 -

5106

-510.8 4

5110+

-511.2

-511.4

-511.6 4

5118

94

T
96

T T T T
98 100 102 10.4

Lattice constant of ¢ (R)

a =

L]

A o 1 a = =l b5
JUN A.3 HANITATUIUAIAINLARYNEN NG Y (a) AU a

T
1086

108

131

11.99 A, (b) 91U b = 8.33 A



M3suandetisauysaivesans Fe,Py0;, Ingldis PAW/PBE

(a)

(b)

(@]

5235

-524.0 4

-524.5 4

Total energy (eV)
5 B B
2.8

5265 4

-527.0 4

527.5

526.0

T T T T T T T T T T T T
116 117 11.8 119 120 121 122 123 124 125 126 127 128 129

Lattice constant of a (A)

3 Polynomial equation: y = -2.5097(¢) +102.62(¢) - 1383.9(x) + 5639

i

-526.2 4

-526.8 4

Total energy (eV)

527.04

52724

527 4

a2

T T T
83 84 85 86

T
87

T T T
88 89 20 91

Lattice constant of b (&)

3 Polynomial equation: y = -1.457(<) + 42.813(x") - 412:3564 + 779.27

5262
5263
5264 -
5265 -

-526.6 4

Tolal energy (eV)

-5267
.]

-526.8 4

-526.9

T T T T T T T T T T
93 94 95 96 97 98 99 100 101 102 103 104

Lattice constant of ¢ (A)

3 Polynomial equation: y = -0.6866() + 23.346(x’) - 259.98(x) + 425

132

Ul A.4 nansAuAAsiuanfiovmgud () fua = 1223 A, (b) du b = 853 A

wag (c) AU ¢ = 9.84 A v09a13 Fe P 0,, Tl

9

=

ANHUNR

nlulupdiin B = 118.67°
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UM A.7 wa XRD 91nn1sAauUaes CTP menandagdiu Co(l):Fe(ll) = 1:1
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ToFe=CTP {expd.chi
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DOS (states/eV)

minority spin
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1" d
22 20°-18 16 14 -12 <10/ 8 6 -4 -2 0
Energy (eV)

R T IR IR TR e =1 —~
6 8 10 12

P [} ! - s =
3‘1]‘“ fA.11 ﬂ']ﬂﬂJﬁU’iLLuu‘Uﬁlﬂﬁﬂ?UﬁLL‘U'US’)&ILLﬂ8LLUUUNH'JHEUHIW&WITU‘UEN H Tuw@n

Co(H,P0Og)»2H,0 WamnspatanzanIug Hy,

E g
F T T
Lo 1 AT (0 By '), Ieemd J%ENWE o b Pzp_
‘majority spin ;
873 jority.sp gsy ¥
! XPaf /]
6 s total-
4 - L
R
)
S~
g 24
E i H
“
o 0
(@) ]
D |
2
.
-6 - L
minority spin
T Lo T 1

Energy (eV)

I * L LT &1 5T F L %] | L LA
-22 -20 -18 -16 14 12 10 -8 -6 4 -2 0 2 4

“ 1 1 -y
JUN A.12 Aramuiiduresdaniuzhuusmkazuuuusdiuatulnatladves P Tundn

Co(HoPOg)22H,0 UWAAINARWIZEANIUL Pyp, P, HaZ Py,
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majority spin

DOS (states/eV)

]

minority spin ;
& T 7 KT T SNRATNT/FA,A AT LV T 7T INg W |
24 -22 -20 -18 -16-14-12-10 -8 -6 4 -2 0 2 4 6 8 1
Energy (eV)

= i ' = &
JUN A.13 ATEVUILLNYeEN T UELUYTINUAE UV NE UaTuInan  sdaas

0

H  Tuwdn

Fe(H,PO4),2H,0 WaRKARNIZANIUS Hy,

: P

|.1.1.|.|.|{|.|.|.|L1_|.!F,._ 2p
8 majority spin Y10 1S E = p33 I
PR e et A NAYAYAYATNM gy ey~ = P3p L
2 —— P total-

DOS (states/eV)

minority spin :

| AEE LA BREE B B P | B B EELa T i |

-24 -22 -20 -18 -16 -14-12-10 -8 6 -4 -2 0 2 4 6 8 10
Energy (eV)

d 1 ] - el
JUN A.14 Auvuiuluvesdatuziuuntazkuuuduatulnatlsdves P lundn

Fe(HyP0g)22H,0 WaRNARNSEUS Py, Ps, UaE Py,
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[ U P [ Y YR ORI S [ A I L
majority spin g coes Pag

DOS (states/eV)

minority spin
W gV " 1 TS TN ITW N\ ' "R R
-24 -22 -20 -18 -16--14 1210 -8 6 -4 -2 0 2 4 6 8 10

e

Energy (eV)
d 1 I =y
JUT A.15 AramuILdueesdn uswUUTILaT kU UUNEuatulwanlsduas P Tundn

CO,P40;; UAMNALRWIZANUG P,y Pas, WY Py,

=38 P
15.|.|.|,:.|.|.|,1.|J14_|.|._|F. 2p . |
majority spin iy Pl
10 | “Pap L
— P total
5. q L
3\ 7 L
8 0 Y
AN B _
[2]
o -5+ >
0
10 - E
15 - L
minority spin :
N R R e S T VLS e h i SR o L P

-26r-2l4l-2[2‘-2l0'-1|5 -1'6 —‘[|4 -1l2 10 8 6 4 -2 0 2 :1 ‘ é I 8
Energy (eV)
d 1 1 - =2
JUN A.16 muvuikduresdnuzkuutiasiuvusdiuatulnanlsdues P lundn

Fe P40y, UWAASHALAWIZANIUE Py, Psg, aE Psy,
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ansiaiidaulng@aldunansdunid (Organic compound) v3eansUszneudedou
(Complex compound) #3ea158fiuv3e (Inorganic  compound) Vaiduarliid du
aunsaganduuanedidfieglutisdansilaleian (UV) uagdBila (Visible) Fsoglutaemny
grandulsvana 190-800 wrluwps  nisganduuasienaniliiunldinssiidluds
ANATNUAZIBIUTUINRE1INTIYIN wgsilRAIisenss Anuusiugd wasilanwla
g4 (High sensitivity) Tnsanavhmsiianesiluguvessigvielianald laevlumadanis
Anzitunedaliondonin UV-Vis spectrophotometry dhansiifiasizviilanieindtu
asfiiaTuargandunasaiditn erdendt Aatmesius3 (Colorimetry)  lelduasdi
\ndeuflodasiaiilostu (Contintous beam  of radiation) wHimdlUluinglasznudiuas
u19dIugNAANAN (Absorption) UNaMAANIsdsYiBu (Reflection) U19dIUNTELR
(Scattering) wazuddunzaaeniy (Transmission) §ikuasiinggeantudusiudnieios
AsERTELAs L USTavde nseis andiuiianafumieludaunis dauitmeludizonia
Absorption | spectrum _ wassnufignganduliiuszyililaanavsesvaeniasusedu
WEIUIINAANUEAY (Ground state) lUSsan1ugn L (Exited state)

deugsitoglutrasansbladadtidarsudlllinanavesats msduszgn
pAnduLasEITUITIslARTnsWABILUA TR UNSsETRs 30-150 keal/mole
uazdiinasoulifisades Aedtannsoufiogaiuengaviedlanasauilliaiusyuds vie

= d‘ a 1 = @/ l:'; o | 1 s
Elté‘ﬂf'ﬂ'i’é]u‘iﬂ El\‘lh-l b mwumm%ﬁwaﬁmuﬁumnmanu

MsgwanisnaaayinaUnnsunisiuaa

BveassanusalnUnasiuaeuas (Photoluminescence -~ spectroscopy)  I4ans
fhethaniinriansUsenoy CoPi0y WutRmfumMsinnisganduuauasdansililadn-ig
Wadhadu vhnsmnassiaeiedesiie Micro plate 8% TECAN fu InfiniteM200pro 1113
aunudeyaviauduiusseninsanudunisdauas (Emission intensity) MUAIAILET
AALAN FesuisAndyann Excitation intensity qqﬁqﬂ AuIAT Energy gap lHannal
AnueAduRvilidy I Emission  intensity fiF1geigalunsm uazlummguiien
dasiandsnuiildanmsia PL fiauduiusiuaranmsinaninsalnUsanshledn-d

fida (UV-Visible spectroscopy) atinaumnauna Waldasfetidlunisnaassyiameliu
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NaNTIRAUNATUAUSUNUSTEMININTUAILALLAS AINNEI AR ULAIUDINIEL -
1 o 1 A ¥ (¥ 2/ v
YUN CoP,Op, kAU A.18 NUTFUNUINIAATNENIUYBIANUTUNTNTE AU

(Excitation intensity) #iif1gega 422 nm_ @1N1TOAIUINTTYAIRMTNNNTEER

L 1 = v

AINUIAIUEIIAAUMINAY 639 nm (1.94 eV) HaRTNAWIUAINANNAINEDNAGDINUAT

v
aa A o a1

] 1 s o o v s - @ =3
gosinandsuninldinadnasunmsaanfuuasdansilledn-18iatdlen 2 eV

! L L ! L 1 1 i L8y L L L

Excitation at 422 nm

Emission intensity (a.u.)

L T T ¥ TAR AR T 'l " TN YA T T 1 °
540 560 580 600 620 640 660 680 700 720 740 760 780 800 820
Wavelength (nm)

‘J as ] =f
3Un A.18 NAN15NAAIAAUNASUAITIUAINEIUDININGN CoyPq0;,
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