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Valence State Map of Iron Oxide Thin Film
Obtained from Electron Spectroscopy Imaging Series

A S~ BE2 RL s~ ARF > REX

Ko-Feng Chen, Shen-Chuan Lo, Li Chang, Ji-Jung Kai, Fu-Rong Chen
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(cubic polynomial interpolation) & fx X ) fF 4 B 25| A e LA R - @A 7 ixEE
Z AR KL R E ML — iR T T AL 248 KR (electron energy loss spectroscopy, EELS) % 83
JEFARGL 0 B G R BELIEH Fe 1 o-Fe,0, 2514 330 £ 030 & 5.0 £ 030 £&#S
Cu/Fe/a-Fe,0; 23X K F > TTARHE 5 5| ZAE R B 6y R o o & T AeFE TR 47 09 722 M AR AT L =
2R ERFA S EME S KEMEREHERGBE > AR FZER EEEENTES
2nm e B R RFELRATTARED G EBARARBRYIAEANZTITH -

A set of signal processing methods for electron spectroscopic images (ESI) series has been
successfully developed for the mapping of spz/sp3 ratio"”, dielectric function” and energy bandgap<3).
In this study, it was applied to the valence state map of an iron oxide thin film (Fe/o-Fe,0s). Two
problems, under-sampling and a convolution effect, associated with extraction of the image-
spectrum from the core loss image series were overcome by using cubic polynomial interpolation
and a maximum entropy deconvolution method (MEM). The reconstructed image-spectrum
obtained from the ESI series images has a quality as good as that of conventional electron energy-
loss spectroscopy spectra. The L./L, ratio of the reconstructed ESI spectrum is determined to be 3.30
+ 0.30 and 5.0 = 0.30 for Fe and o~Fe,O; respectively. The Li/L, ratio mapping shows an accurate
correspondence across the Cu/Fe/a-Fe,0; area. The effect of de-localization and chromatic
aberration on the resolution of ESI is discussed and is estimated to be about 2 nm for the case of
L+/L, ratio mapping. This paper demonstrates the applicability of ESI for valence state mapping of
the iron-oxide system.
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EE R s A (inverse spinel) A5 - HEHT
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282 A-site Kz B-site » FHA B-site FYJR {55 {E #
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1 FIRE AL - Rl DUEE T S B 55 R
Z24LY) 5 o -Fe,0, Fy7/\T7 (hexagonal) il » Wi14EE
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1. BETREBHCEE

[ E##% (white line) ] Z3@ETTE K LITHE
THREEIELFEME (electron energy loss spectroscopy,
EELS) REE IR BHEIRVR R - RS ERMAR
e (B T IS 3 A Y 384% (ionization edge) > HEERY
R AR R AU (¢ BUSEGE £ ) A AR
i HIRERE » 1M d BB f HIE 2 /AL HY
(localized) > BERB/MAERE M LT » KILA &
HEFIES o D. H. Pearson 55 N 5 (50 &
HOETE AR - S E H#REAEE (total white
line intensity) B [N s u B - B 2 AR IR RATR » ¥
3d EIERE R Ad BB S > HRRATT :

I, =1.06(1-0.094n,,) (D
L, =094(1-0.092n,,) )
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FHH ny By 3d WUBIEIERIE T 0 nyg £ 4d PUBI5TE
HJEET » T. 1. Morrison % A HI[{f% Fermi-Golden rule
HUHESE » ST 47 FL(E (white line intensity, Ly/L,
ratio) B 3d BRI E T 80E LA T RIRALR

hsi:l SILlez _1 (3)
hy, 621,00,

K hsy B hyy 53R RE R B R (total angular
moment, j) A 52 K32 KIEFEBH > 0, X o
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o BB AT R B E R o SOk B LART
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Hrg M (BIREH - magnetic moment) 8% Ge B57HY
IR (FE 1 AR) 0 R AR A
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ERE] Fe i+ » fi15 Fe NFHLIBARCEE
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) AREEE A PR 2205 A LTS AS SRE 2 FH AR am
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o L E B A A R - N RIEEEE B A
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Fe-O system Fe FeO Fe,O, v-Fe,O; o -Fe, 0, ® 2.

LyL,rati0” | 38+03 | 46+0.3 52403 58+03 | 65403 Fe » Co & Mo R &4 % &
Ly/L, ratio"” 36—37 52—53 Yol YR BB AR 2 7 k& o
Co-O system Co™* 1/3Co"+2/3Co™ Co*

Ly/L, ratio"" 5£0.25 345+0.2 2+02
Mo-O system Mn** Mn™* Mn*

L/L, ratio"" 43+02 23+0.15 1.95£0.15
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Magnification 0300K

1.

(a) TEMEB R #a T 3Rk h &
Cu/Fe/a-Fe,0; Z 4% ° (b)
(a) TEERRZLEHE L L&
# (zone axis) A& % % [1010] °

sp'lsp” FULAE ~ MEEBRAEZ “MES A" AR
FORF R HL e F ] e S B E R A - R
HAsREISRERZ IR BRI - BRI AR E1R
REIHHE - R AR GRS AR G
BB E - R AIEAT R s iRE -

3. HittBRIEEZHE

DL #fod B L (B e 5 <2 8 (Co &2 Mn)
CHEEBOAEE SRR BT LR
#7%: (five window technique) © Hif iV {EREEE I 54
lERIIRERE B NENEREERLEZG
KEEMLE (L, K L) k—{HERELEH
B R HIFR E i BB B AR = (H -
i R 20 EST E i B 7mi 6 R AN FIERS EST HCla i
IR L HIREEIB R G - Mt LTS - BEHER
R LIS RS ERERI G E - BTSSR K
HR(E (EHRERREHEEFEERE) AR
BWREME » SIS AT SR E R iR
FEEAE - ARIMHEEL EST 25182 G A 2 R IRE
> EERG A SRR - AEE I - fEASR
BRI > #REHUR 2 BST Bl B s el — ikt
EELS REFHHRERAH IR - A A fmE L E
AR/ N TR E BT AR

= " MRBGE

1. A R &E23EREA
AT S A R o-Fe,04/Fe/Cu/Si %
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W A0E 1(a) FR) » BLELF 2 DS E e TR e i
(reactive ion sputtering) VERRIMIEY » 2 Fr LU & LSk
HRRVE R E B HIIEEET » B T H RS {ERRC Bk
FABRIEERERSL - S— TR R EE
S BRI R T E TR R R R M (A1ER 2
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AR L E TR 0.6—0.8 > RILEHE FRY /5 k24
EAEEERE - A REIEMEE HE LRI EE -
i RS TR —(E PR - B 2(b) RyltatFri b
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ZHTSORRGE R MR B RE B ORIy 1—2 eV > &
R HRE & M E B e BB OV R BE 15 AE 2T 2
Ko SR HH TR AN B 9% 7Y & 38 s 5 RE B 1R 2R & I
(core loss region) > HIEGEMEEGTEEITE (inelastic
scattering cross section) /)N > [RIFEREEENSE, HERH
b ~ SRIRGE BT S S BRATR o RIS EORHY
AE & (M P B AE BB IORE - IR GIBOLIR R 35
o HILEEF (collection angle) B £y 15.8 mrad ° £
ESI #{& P RHEE R A N 04 nm’” > TIARFEH
THEEBOEREE 5 x 5 ([EERFEH—HEE
Al HEERR ST R/ 2 x 2 nm” ©
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1 ESI g U RIRERE - B8 5 ABUE TR
FR > FRELEIR RS = RALIEANE - RET
F# (background subtraction) ki KMEfiEESE - Hi
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GRS Tk BSI se G BlRe Bt G MG isE &
it B AR RRE > SRR (algorithm) 5522
ZCEY o R BE U ik R R AR AN E 2 R
T~ o FTESE T2 R /2 Digital Micrograph
B MATLAB 255 S 555K ©
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TIERTAELEL + Ly R L, 53RIHGEAARRAE 25 e 2p'”
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FEELL 2 01 AN L, & L, EES > 2
FFUUEFE 2 0 1 BERE Ly B L, MRIARAE (2p™
2" BFHELE 211 1@ 3(a) FiR > K1
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f(E)= ﬁ><{arctan[ﬂ-(E—El)].|.E}
T 2

)
ol {arctan[n (E-E)]+ E}
V3 2

by~ by HENGEYIRERTSE - 55 Ly & L,
IR HI A/ IME > E, S E, By Ly ) L, BIREENIE >
im E Al ReEEEAE - HESHRAE 3(b) A
T o AR =T E R DAESGEYIHIRRZ -

T RZ® B L, & L, BLIR{E
Lorentzian PRH¥UERC » T H #75m E ELAE Bl e (E
Lorentzian pAEHRHRE NPT EIRY A KS - HFER
e

w BTETRE R/ > FHRISE R Fe & a-Fe,0;
& Ly B L, IEEE R 4 eV > R FESTRE £ 4
eV e

o~ FEREETER

1. HERERIER
4(a) Byl Fr AR IR AR5 (unfiltered image) °

Ry 7 EGRER TR REGE o B AT I A i
BT SE A - KRR R A E B
FIMTER » HoR/INE 24 x 100 nm” © [&] 4(b) & ESI
AYIHRASEIZIER - fLEESRA BERRYI#E G

4(c) ~ (d) ks Fe [@ K. o-Fe,0; B ARIEEH
BRIRHHZ ESI RERY » Ly e L, MifEIEE(E ] LIS

e ETATR (AER R, - S BAT L2 S AL
1Ly T Fe [ a-Fe, 0, REFEHIT[FE  HuE L, BEERIL
Ji... 1B0E ) B e RIEFIET06 eV i o-Fe,0, BIETE 710
X Total 25 images
(@)
] >
4. (b) Energy axis from 646 eV —742 eV
(a) AAF X RBREFR -
(unfiltered image) ° (b) & 0 1700
i} S N 1450 1600
(a) 4z & & RPTIAFZ o ~ 0
LHREFREAPER R S g
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e i 800
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—33 eV W& 5 b 0 Fe RERERIRIRAIEER o
Fe,0; BERE . Rl » 5 B HNAETT MRy = R AT S
Y o

PRI S I RERE B AE S i G IEUE i RE B
MR - AR BE T EE R ESIRERE - B2
R IR EST RERENTE - EZ RIS diiRs |
NIRRT BE N6 (fast Fourier transformation,
FFT) > PRSI ZE N AR R R TR FE R G
BRI ORI AT R - HAERHRY ARl B ] 225
SCERY o BRI FFT S8 °] AT FE A (E S4B U RE
R MEBIZISCR R RERS LA E A W RIS -
75 I E AR W SR & FR AN Rk B T g A 20 fH
J& (damping) BT 5 o RUREERY FFT SERH{Fy e it
T - R 2T ARG [ ZENEE
R MR HE IR E RIS - AT
=RZEAN o 8 5 RN Fe BYBERE
KL BB E R iR BSI GERtE - #kEE LEE
ROBAFER HIRERS » PTG AYRERE L AR Y
REREMCIEFAFIRYEEZS » AR dispersion FH 4
eVUGEE 02eV °

=R Z TN HERTRERE FAS T S (B IR &
OIS » B 6 EEARIY Fe K o-Fe,0; HIRE
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0-Fe,0, Z A3k » 4r 5,48 5 Fe 2 A83E o

AIE 721.6 £ 0.5 eV Bl 7224 + 0.5 eV » BISZER A
O fmHE(E Ll 0 H Fe K o-Fe,0, 2 Ly IE(H
i& 706 eV 2 709.5 eV > L, IE{HHIE 7192 eV K
722.6 eV > AJEETEE o-Fe,0, L Ly K L, (L EHL
TEHE(E A ZE AR S + 0.5 eV LUA » M Fe AR
TEAE(EFRE0E 2% © 5390 0 Ly B L, WIRERZE » A
BAth Fe & o-Fe,0; 77572 132 eV K 13.1 eV > i
B ESIREREAI A1 140eV K 134eV * [
TR EA B Z E R MEREZLA - Kfs Fe &
o-Fe, 0, 7 FIFRIEEREEZE RN = AR ME
FE > FrARTDIMEREIS B Ly & L, REE2{E - KILE
i 4 eV REELBITE TS 2 ESI RE3E » ROEEE
TR EER o EHE EiRaE L EE EEERAIEA -
7(a) ~ (b) s R E AR < ESI REGEEL—ii%
REEBRFEE NG ZERE (electron energy loss
spectroscopy spectrum, EELS GE&Y) » Fy T /7 {HHEL
W RE R < AR o RILHF Fe K o-Fe,0, 1Y L, {12
BOHIRKIESE 707 eV K 710 eV » HA B i
FHEEE 0.5 nm FTHUEZ EELS RERE @ KRIFLAEE
T B BEEESE (probe spectrum) » FLER Ry EE /.~ ESI AE
3 o ¥ Fe S ° B2 ESI AEFLEE EELS RERL L,
K L, BEEZ5T A 140 eV F2 13.6 eV » ¥ a-Fe,0,
5 HIER 134 eV BERATHSR [ HAVREE DY
BAEE R 4 eV > {H ESI REFEEL EELS RERGAHE 1T
B o MEIM - & ESI REFEEE BEELS REREF| A R
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7.(a) ~ (b) 7 51& Fe & o-Fe,0, Zft:t » P8 &4p b FE1% BSI X AL & @45 —fRAb 48 K818

IR 2 A3 -

A5 FE(E MR —1b (normalized) BEEH R > AJ#3R ESI
AEagEl EELS RERGHUMHE A EAEE ML - 5
HEmaEtEMESRERENS - 2IFFEER -

ARW9E . BER LA AT Fourier-Ratio s
& (Fourier-ratio deconvolution) * 5E & 7E EELS 43T
o HREENRGR - ST REEE g EES
BB (multi-scattering) * #1{T Fourier-ratio fi#4s AJ
DISEEEE B (single-scattering) HYRERL > Fourier-
ratio i 2 Bl R ARG 3 RO - SR ARsRE L
HEH BRI BRI N 5 RN FEEES T
875 (plasmon loss) IE(HIIMIE RN Ly M L, REE
7= R 2 B B BT A RE RS AL T AEHS (energy loss
near edge structure) 8/ NIIZAIE > M amEIEAESC
[ EERE 1A

2. QiEE L EHMER D H

8(a) EHIE 4(a) L ERE KR FHIH A HY @
fo 0 E IR/ N 24 x 100 nm” » [ EFHERERE
FH 2 x 2 nm® B > (RIESEA 12 x 50 {ESBE 7 H
ZHEEE R o SHE B A RERE AR A E —
RYNBUE ST R R B ANFTAL - RSB E R
BERY o (2 PRAR FHEE R IE YR B T8 2@ Reny
B RE @WK @) Frr) - IR Z RERGH R IR
I (L, S L) #EEARA{E Lorentzian REE > FFLAE
(5) TS EHE Fe F a-Fe,0, REZLHIER N & FIfRsa
FUAE - [ 8(c) Fo —AEEE I AE - HA z il mk
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LyL, tfB > x ~ y SPAHTEFER 8(a) Z & > FH_
HEE B AHEEER » Cu ~ Fe & o-Fe,0; & Li/L,
BB 033203 & 50+03 > HiRZEE
(£ 0.3) & H R A E B0 B R E T TS Ay 2 E)
B > BARERZ(E (£0.3) Bl A A A o 47
EHE M7 5 ENAEEREE) M - BREER
/NT o TORTEFFIFRFFATR > oFe,05 B LyL, FLEFE
RIS RS EIRFEEUE > 53505 6.5 + 037
o 52—53"" lWE FHEZBRFEEHNET SE
(FHIZE T REFDE AR EERE) ek
[EIAERL - S EREE P SUB TP ERT IR - ARTFEMR
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e > B 8(c) FRILUERERI S H] Cu ~ Fe K
o-Fe,0O; °

7% 3 RyEE BSI pERGEL— R RE R IR AL ERE
Al Pb#ER > ¥ Fe 1S ° BEELS REFEEL ESI GERE
B LyL, FLAE 53 51Ry 3.32 K 3.30 £ 0.3 » | o-Fe,0,
R BR 521 B 5.0 0.3 » HfE#K EELS feat B e fd
Z BSLREREZ Ly/L, HAEA SEHHIANE] » 21 EELS
Ff5Z Ly/L, LB HAE BSI REEL . ffia T iR = duE A -
FHIEBUE BT S Ly/L, FEE AT EA R e
AR DAt HoAth S B B (AR & E By kD /Y
EEE ETIER - 18 8(b) FslE 8(a) FALARIE Ly/L,
FEAEZ #7474 (line scan) 5347 > ¥y #L B IRy Fe
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