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Characterization of iron oxides by x-ray absorption at the oxygenK edge
using a full multiple-scattering approach
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a-F&0;, Fe0O,4, and FeO compounds are characterized by means of x-ray-absorption near-edge-structure
spectroscopy at the oxygéhedge. Using increasing cluster sizes around the excited atom in the full multiple-
scattering simulations, we are able to link the features present in the spectra of each iron oxide to its specific
atomic arrangement and electronic structure. The prepeak structure is successfully reproduced and interpreted
as transitions from the oxygersXore state to antibonding oxygem 3tates hybridized with Fedorbitals.

Their intensity and shape depends on the Fe site symmetry, the occupation humbed dévkés, and the

O-Fe bond length of each different iron oxide. Higher lying spectral features are shown to be related to

scattering of the photoelectron by a particular oxygen shell and an extended x-ray absorption fine structure—
like relation is established between their energy position and the distance of the corresponding shell from the
photoabsorbel.S0163-18207)00403-7

I. INTRODUCTION O K-edge spectra of iron oxides have already been re-
corded either by means of electron energy loss near edge
Iron oxides are important technological materials, utilizedstructure spectroscopy* or by XANES spectroscopy.’
in areas such as heterogeneous catalysis and high-densiifie shape of the spectra has been shown to be particularly
recording media. Nevertheless, a lot remains to be learneskensitive to the nature of thed3transition metal(TM)
about their fundamental properties because of their complexexides’® Colliex et al? have compared the ®-edge fine
ity, which mainly derives from the number of stable iron structure ofa-Fe,0O3, Fe;0,4, and FeO over a wide energy
oxides with different atomic structure, electronic configura-range extending up to 40-50 eV above the threshold. Unfor-
tion, and ranges of thermodynamic stabifitfthey are all tunately, their energy resolutidd eV) does not allow us to
interconvertible at different temperatures and oxygen presreach all the details of the spectra, especially the prepeak
sures. Of the common formsy-Fe,0; (hematit¢ has the structure. Paterson and Krivariekave recorded with im-
rhombohedral crystal structure of corundum with®Fecat-  proved resolutior(0.3—0.4 eV the fine structure of- and
ions located in distorted oxygen octahedra of the rhombohey-Fe, 05, pointing out that an enhanced resolution provides
dral lattice. FgO, (magnetit¢ has the cubic inverse spinel valuable additional information. Nevertheless they have only
structure with Fé* cations in octahedral sites and ¥e measured over the first 20 eV above threshold. The O
cations in both octahedral and tetrahedral sites, surrounded-edge absorption spectra @fFe,O; and FeO, from Refs.
by oxygen ions. Fe@waustite) crystallizes in the NaCl struc- 2 and 7 present quite similar features and were recorded,
ture with a tendency to be defective in iron, and containgespectively, in a total yield and fluorescence detection mode
Fe?" cations octahedrally coordinated to the oxygen anionsover an energy range of 20 eV above threshold. Nakail.
In the present paper, we present a systematic study cdhhave measured in similar experimental conditions the O
a-F&0;, Fg0,, and FeO by means of x-ray absorption K-edge spectra of FeO.
spectroscopyXAS). X-ray absorption is a local process in  Very recently, some of us have published a detailed com-
which a core level electron is promoted to an excited elecparison of the oxygenK-edge absorption spectra of
tronic state, which can be coupled to the original core levek-Fe,0;, FegO,, and FeO over 50 eV using an energy reso-
by the dipole selection rule. For the oxygknedge ( = 0), lution of 0.5 eV? Starting from this work, we present in this
this means that only oxyggmcharacter states & 1) can be  paper the interpretation of the characteristic features of the O
reached. X-ray absorption near edge structUk&NES) K-edge spectra in the light of full MS calculations using
spectra are commonly interpreted in terms of two compleincreasing cluster sizes around the excited oxygen atom. We
mentary ways, namely, the empty state electronic structurbave connected the specific atomic arrangement and the elec-
approach and the multiple scattering one. tronic structure of each iron oxide with the position, shape,
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and intensity of the different characteristic features of theZz+1 approximation(final state rulg?! which consists in
spectra. The aim of this work is to set up references for theaking the orbitals of th&+1 atom and in constructing the
interpretation of XANES spectra in more complex casedinal state charge density by using the excited configuration
such as modifications of the first atomic planes at the surfacef the photoabsorber with the core electron promoted to a
(by heat treatments in UHV or under BQpressure, for valence orbital.
instancg® and ultrathin iron oxide films grown onto a For the exchange-correlation part of the potential, we
substraté? as it has been done recently at the Eg; have used the energy- and position-dependent complex
edges:* Hedin-Lundquist H-L) self-energys (r,E) as illustrated by
The paper is organized as follows: experimental and calTysonet al?? The imaginary part of thei-L potential gives
culational details are presented in Secs. Il and Ill, respecthe amplitude attenuation of the excited photoelectronic
tively, while Sec. IV is devoted to the presentation of theyave due to extrinsic inelastic losses, and takes automati-
experimental results. In Sec. V, the results of the CalCUlationéa"y into account the photoe|ectron mean free path in the
for a-F&0;, Fe0,, and FeO are first discussed, and gen-excited final state. The calculated spectra are further convo-

eral tendencies are discussed at the end of the paper.  |yted with a Lorentzian function with a full widtf',, to
account for the core hole lifetinfé.For the sake of the ar-
Il. EXPERIMENT guments presented here, similar results are obtained by per-

forming the calculation using X« type of exchange fol-

Our a-Fe&,0;3 single crystal was synthesized by Remeikajowed by a Lorentzian convolution to account for inelastic
(AT&T Bell Laboratorieg using the flux method |osses of the photoelectron in the final state and the core hole
(Bi, O3, B,03). It exhibits a natural growth face having a width. In this latter case, the total width of the Lorentzian is
(1012) orientation, as checked by Laue x-ray diffraction.given by I',((E) =2ImX(E) +TI',, whereZ(E) is a volume
Fe;O, and FeO single crystals, grown by the zone fusionaveraged value over the unit cell of the compound of
method, were provided by the Laboratoire de Chimie des (r E) as suggested by PeAhWe have chosen the muffin-
Solides(Orsay, France Samples of FgO, were cut along a tin radii according to the criterion of Norm&h,allowing a

(111 plane and FeO alond.00), and polished. Prior to their 1004 overlap between contiguous spheres to simulate the
loading in the preparation chamber, they were cleaned ultragiomic bond.

sonically in ethanol. X-ray absorption experiments were car-

ried out on the SA72 beam line of Super ACO storage ring at

the LURE synchrotron facilitie$Orsay, France A toroidal IV. RESULTS

grating monochromator produces an incident photon beam

with energies ranging from 150 eV to 900 eV. The total OxygenK-edge spectra of the “as-received” samples of
electron yieldl was measured by a channeltron placed ina-F&,0;3, Fe;O,, and FeO are shown in Fig(d. Similar
front of the irradiated sample. The primary photon beam inspectra have been recorded for a large number of other
tensity |, was monitored by a second channeltron, whichsamples, which verify that those of Figial are characteris-
measures the total electron current from a gold grid locatedic of a-F&,0;, Fe0,, and FeO. All these spectra display
in front of the analysis chamber in the path of the photonfour main features labeledy( B, C, andD) and they are
beam. Thel/l, ratio was measured as a function of photonin good agreement with other published wérR.Their en-
energy, ranging from 520 to 580 eV, with a resolution of 0.5ergy positions are listed in Table I. One can divide the spec-
ev. tra in three regions:

The spectra of the “as-received” samples obtained from (I) The first region(labeledA) is usually called the “pre-
total yield detection can confidently be considered as thgeak” region. The spectra of the three oxides differ quite
reference spectra for the said materials, since the x-ray atwarkedly in the structure of this first feature. Fe#Fe,0s,
sorption spectroscopy sampling depth, which we estimate tthere are two component&; andA, of approximately equal
be ~100-200 A2 is large enough to eliminate any signifi- intensity, clearly separated by 1.3 eV, whereas for
cant contribution from the outermost layers, including con-FesO4, A, appears only as a shoulder at 0.7 eV to the high
taminants. However, as rio situ cleaning or checking of the energy side ofA;. In the case of FeO, only a single compo-
samples was performed, the presence of other oxidationent is seen. We also observe that the relative intensity of
states at the surface cannot be excluded. featureA, compared with featur8, increases from FeO to
CY'F6203.

(I) The second region presents a strong feature labeled
B. The shape of this peak does not change significantly from

Our calculations were carried out based on the oneene iron oxide to another and its energy position has been
electron full multiple-scatteringMS) theory*~* using the  taken as the energy reference in Table I.

CONTINUUM code!’ We have used the Mattheiss (lll) The third region spreads from about 545 to 575 eV
prescriptiorf® to construct the cluster electronic density andand contains two broad peaks labe@@ndD which present
the Coulomb part of the potential by superposition of neutradifferent shape, energy position and intensity for the three
atomic charge densities obtained either from the Clementioxides(see Table)l

Roetti table$® or generated by the atomic relativistic ~ Figure Xb) shows MS theoretical computation of the O
Hartree-Fock-Slater code of Desclai™n order to simulate K-edge XANES spectra for the three oxides. In the case of
the charge relaxation around the core hole in the photoahz-Fe,O;, size convergence was obtained using a cluster of
sorber of atomic numbeZ, we have used the screened 61 atoms. In the case of @, and FeO, clusters of 69 and

Ill. CALCULATIONAL DETAILS
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FIG. 1. Experimentalleft pane) and MS cal-
culated(right pane] O K-edge XANES spectra:
a-F&0;, Fg0O,, and FeO.
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81 atoms, respectively, were necessary for reaching convepresent theoretical computations of thekdedge XANES
gence. spectra in the case of hematite, using different cluster sizes
(5, 17, 27, 49, and 61 atomsFor a minimal cluster com-

V. DISCUSSION posed of an O central atogemitten surrounded by the four
nearest neighbors Fe atoms, the calculated absorption spec-
um already shows the presence of the prepeaiithough
eak. This feature reflects transitions to antibonding j© 2
tates hybridized with thed3metal states, mainly localized
at the Fe sité.We can observe in the experimental spectra

The comparison of Figs.(d and Xb) reveals a remark-
ably good agreement between experimental and calculated
K-edge XANES spectra for the three oxides. NeverthelessS
the calculations shown in Fig.(d) take into account all

multiple-scattering paths in a rather big clustsi60-80 at- hat the featureA splits in two component#; andA,. De
om_s) and hence do not allow us to assign a par_tlcular shell o root et al.” have interpreted these two peaks in a first ap-
neighbors to each fegture. To_elumdate th|§ point, we have tBroximation as thes,-t,, symmetry bands separated by the
perform MS calculations _addlng consecutive iron and oxy-; igand-field splitting” (this term denotes the ionic crystal
gen shells around the emitter atom. Table Il gives the nearegt, | splitting plus hybridization Recently, Pollaket al®

0>_<)Iégeon-|ro|2 gndangxg/ggn;)gggnn dglsgir:jcesérml'r:s ’B‘S ?(f)have corroborated this point, by comparison of the oxygen
a-m&Us, T&Us pounds, permits u K edge spectrum up to 20 eV above the threshold and the O

environment of the oxygen emitter for each MS caIcuIationep conduction band states obtai'ned fr_apliniyio unrestricted
‘Hartree-Fock calculations. This splitting is reproduced by

In thi ion, we first di r resul rately for ; . i
this section, we first discuss our results separately for eaq S calculations when using large clusters as shown in Fig. 2

oxide. (27-, 49-, 61-atoms calculations, respectiveljn order to
illustrate its origin, we present in Fi@ a simplified 21-atom
cluster calculation, which contains the central oxygen atom,
In a-F&,0;, Oxygen atoms are close packed and®Fe its nearest four Fe atoms, and the outer shell 16 oxygen
cations occupy nearly perfect octahedral sites. In Fig. 2, watoms that provide an octahedral environment for these four

A. a-Fe,0,

TABLE I. The energy positions in eV of all transition peaks in

TABLE Il. The nearest oxygen-iron and oxygen-oxygen dis-
O K-edge XANES spectra ak-Fe,05, Fe;O,4, and FeO. ya vg v

tances in A ofa-Fe,0;, Fe;0,, and FeO compounds.

a-Fe0; Fe;O, FeO

a-F@O:; Fe304 FeO
a
Peaks ABep” ABws  ABep ABws  ABep ABws  pg 1.95 K 2) 1.887 (x1) 2.15 (X6)
Al  —-111 -1222 -103 -1021 -90 -8.17 Fe2 2.08 K2 2.059 (x3)
A2 -98 -1088 -96 —-953 0o1 2.60 (x2) 2.854 (X3) 3.041 (x12
B 0.0 0.0 0.0 0.0 0.0 00 02 2.75 X2) 2.969 (X 6)
C 75 7.48 7.0 7.15 6.8 6.805 O3 2.88 (x4) 3.082 (x3)
D 23.5 23.26 21.5 21.70 20.4 20.44 ©O4 3.048 (x4)
(0-0) 2.868 2.968 3.041

8AE is aligned by setting peaR to zero on energy scale.
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FIG. 2. Theoretical XANES spectra at the R edge of
a-F&,0; compound as a function of cluster size. The 61-atom clus-,
ter includes central oxygen plus 4 Fe, 12 0,6 Fe, 40,2 Fe, 2 O, 4,
Fe, 2 O, 6 Fe, 6 O, 2 Fe, and 10 O atoftstally 24 iron and 36
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FIG. 4. MS calculations of the oxygeK-edge XANES in
a-Fe,05. (a) Simplified calculations from four different nearest
oxygen shells: the solid line refers to the scattering contribution
from two oxygen atoms located at 2.603 A from the central excited
tom, the dashed line to two oxygen at 2.751 A, the dash-dot line to
ur oxygen at 2.885 A, and the dotted line to four oxygen at 3.048
A; (b) only a 13 oxygen cluster contributioig) 17-atom cluster
(13 oxygen plus 4 PeMS K-edge spectrum.

Fe. The doublet is very well defined. Therefore, our resultds an indication of significant covalence in these oxides.
also verify that this splitting is due to the local electrostaticFrom the point of view of the scattering, the addition of the

interaction of the oxygen charges with the irdnorbitals
(crystal field effect The relative intensities of peaks and

A, will be discussed in Sec. V D.

In the language of molecular orbitdlO) theory feature
B is generally attributed to oxygerpZstates hybridized with
iron 4s and 4p states:?® In the MO level scheme for an
octahedral environment these are statesT of symmetry.
The extensive spread in energy for the oxygencharacter
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FIG. 3. MS calculation of OK-edge XANES ina-Fe,O; by
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second shell in our MS calculationd7-atoms cluster
which consists in twelve O atoms distributed among four
subshells with slightly different distancésvo at 2.60 A and
2.75 A and four at 2.88 A and 3.05)Ais necessary to re-
produce the quite strong pe&k as well as the broad peak
D. So, these features arise from scattering within the first
oxygen atomic shell. This fact demonstrates the relatively
strong backscattering of the0 ions. Figure 4 shows the
scattering contribution from each of the four different oxy-
gen neighbor subshells, compared with that from a cluster of
only 13 oxygen atoms and from one composed of 17 atoms
(13 O atoms plus 4 Fe atomealculations. We can see that
the peakD is approximately an average of individual scat-
tering contributions while this is not the case for featBre
Therefore we can deduce that the broad appearance of peak
D derives from dominantly single-scattering events between
absorber and the first oxygen shell of 12 atoms. In contrast,
we need to include all MS paths concerning this shell, in
order to reproduce the intensity of peBk Moreover as the
only significant changes between the 13 and 17 atoms cluster
calculations is the appearance of pégkhis is an additional
evidence that the prepeak is associated with the existence of
unoccupied O-p states hybridized with FeeBorbitals.

Finally, peakC is reproduced after adding the oxygen
shell at about 5.04 A from the emitter as shown in Fig. 2 by
the 61-atom cluster calculation. The additional calculation
presented in Fig. 5 by using one single oxygen shell located
at 5.04 A from the absorber proves that feat@ecomes

using a simplified 21-atom cluster: central oxygen plus the nearesdominantly from single scattering events between the ab-
four Fe and 16 oxygen atoms.

sorber and this oxygen shell.



2574 Z. Y. WU et al. 55

1.0 i T T T T T T T T T T T T _n T T T 11 I L I T T T T T T T T 7T I_
L i B 1
pd 3 - 4
O 08 — L R
= L
n_ - — f—
% L = 81-atom
D o8 — ®]
< i E
. 9
= 04 — o 57-atom
< L <
= L ]
o L T
S o0z - N
L <
L =
L o
0.0 1 1 2
ENERGY (eV)
i 5-atom
FIG. 5. MS calculation of OK-edge XANES ina-Fe,03 by L i
using a simplified atomic cluster: central oxygen plus 10 oxygen L | | 4
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B. Fe;0,

Qualitatively, one might expect a similar explanation for FIG. 7. MS calculations of the &-edge XANES in FeO for
the A andB peaks in FgO, (see Fig. 6. Here the splitting of dlfferen_t atomic clusters. _The 81-atom cluste_r includes central O
the A component is not well-resolved, and one explanatiorP'Us 6 iron, 12 oxygen, 8 iron, 6 oxygen, 24 iron, and 24 oxygen
for this might be that with three Fe sites, two octahedral one&toms(totally 38 iron and 42 oxygen atorns
(Fe*" and F€") and the other tetrahedréfe®"), each one
associated with itey-t,4-like splitting, the overall absorption 9€N shell located at average 5.141 A from the central oxygen
A consists of a mixing of several components leading to as included, the featur€ is very well definedFig. 6) at the
loss of resolution. PeaB is the dominant contribution and €nergy position about 7.15 eV from peBk As can be seen,

remains rather similar as pegkin a-Fe,0;. When the oxy-  this peak is quite broader than the onecifFe,0;, because
there are 24 oxygen atoms in this shell, 6 at 5.074 A and

5.206 A, and 12 at 5.141 A, which all give contribution to
this peak. Featur®, which lies 21.7 eV higher in energy
- 4 than pealB, is associated dominantly with single scattering
r T from the first oxygen shell, as ia-Fe,Os.

ll'lllllllll'lllllllllllI||

C. FeO

The results of the calculation for the K-edge XANES
spectra of FeO are presented in Fig. 7. Good agreement is
45-atom obtained with a 81-atom cluster which includes all atoms
within 5.266 A from the central O atom. Featukes repro-
duced by using solely the first Fe shell and has basically the
same origin as peak in a-Fe,05 and FgO,, but with only
17-atom ™| a single broad component.

The intrashell multiple scattering within the first oxygen
shell does produce th® peak as in the case of-Fe,0; and
Fe;0,. PeakC, located 6.805 eV higher in energy than peak
B arises approximately from single-scattering events be-

NORMALIZED ABSORPTION

5-atom

i ] tween the absorber and the outer lying oxygen shell located

- at about 5.266 A as expected. Pdaks due to single scat-
L ol e tering from nearest neighbor oxygen shell. It is rather sharp
10 o 10 20 30 40 due to the FeO rocksalt structure.

ENERGY (eV)

. . D. The prepeaks intensities
FIG. 6. MS calculations of the oxygeK-edge XANES in

Fe;0, for different atomic clusters. The 69-atom cluster includes ~ The intensity of the featura relative to peal8 increases
central oxygen plus 4 Fe, 12 O, 7 Fe, 6 O, 15 Fe, and 24 O atomi going from FeO toa-Fe,0; [see Fig. 1a)], and reflects
(totally 26 iron and 42 oxygen atoms the increased number of unoccupied States available for
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effects. Another effect that must be kept in mind is the non-
stoichiometry effect: it is well known that FeO is very often
iron defective. This fact has little consequence on the general
shape of the & XANES spectrum, since this latter is domi-
nated by scattering between oxygen atof®se Sec. VE
but might possibly influence the shape of the prepeak which
is due to O D- Fe 3d hybridization. Let us note however
that, as the prepeak is not split in the MS calculation, this last
hypothesis does not seem to be able to explain the occur-
rence of only one broad peak.

As already mentioned, the occurrence of three iron sites in
Fe;0, may lead to an intermediate case betweepdzeand
FeO, due to the mixing of the contributions from each site.

NORMALIZED ABSORPTION

|||||llllllllllllllllllllllll

E. Further considerations on featuresB, C, and D

In this section we want to substantiate in a more quanti-
ENERGY (eV) tative way the interpretation given above concerning the
spectral feature®, C, andD. We have indeed suggested

FIG. 8. MS calculation of OK-edge XANES ina-F&,0s by that featureB _is due to multiple scatt_ering, up to infinite_z
taking into account only 37 oxygen atom contributideame clus- order, of the final state photoelectron in the cage of the first

ter size used as the upper curve in Fig. 2 but without all Fe a)tomsoxygen shell, so that it can be called “a scattering reso-
nance.” On the contrary, featurgs and D appear to be

mixing with the O D states and the decrease of the Fe-O diffraction” maxima in the absorption coefficient due

. ~mainly to single-scattering events between the central ab-
bond length. This fact has already been observed by Colli€¥,hing atom and oxygens located on average at around 5
et al? Likewise, Kurataet al® and de Grooet al.” have ob-

. - and 3 A, respectively. That these features are due only to the
served a monotone decrease of the intensity of fe#ureer  oxygen cage in these oxides is demonstrated in Fig. 8, where
the TM series as a function of the number of accessible vaghey appear in a cluster calculation fefFe,0, in which all
cantd states. Fe atoms have been eliminated.

As has been pointed out by de Grattal.” several effects As discussed more at length in Ref. 22, the difference
must be considered to account for the relative intensities ofetween a scattering resonance and a diffraction maximum
peaksA; andA,. Starting from the high spin configuration lies in the number and the coherence of the various scattering
of iron in a-Fe,05; and FeO, one can first speculate that thesignals involved in the spectral feature. In a resonance very
A, and A, peak intensities are related to the number df 3 many (sometimes an infinite number )ofdiffractive” sig-
holes on iron, modulated by hybridization effects since, agals, arising from individual MS paths, interfere coherently
mentioned above, the prepeak comes from the hybridizatioat a definite energy, called resonance energy, giving rise to a
of the 2p oxygen orbitals with the 8 ones of iron. In rather intense and sharp feature in the absorption coefficient.
a-Fe,0;, there are 8, and 2, holes on iron. Without hy- On the contrary in a d|ffract|ye maximum only signals from
bridization, a ratio of 3:2 for the peak intensities is therefore®N€ Or & few MS paths contribute with little or n&% cloherence.
expected. As theey orbitals point towards the oxygen In the case of a scattering resonance it is k tthe.
ligands, the O P-e, hybridization is stronger than the O energy position of the resonanEg (measured from the ori-

2p-t,4 One, so that a ratio of about 1:1, as experimentallygm of the photoelectron kinetic enengand the linear di-

observed, does not seem to be unreasonable. However, rip]ensmnR of the confining shell are linked by the relation

FeO, the ratio ot,4/e4 holes is 2:2, and one could expect E,-R%?=const. 1)
the prepeak to show two components, the intensity ratio of _ _ o
which is less than 2:2about 1:2, for instangewhen taking This equation relates therefokg andR in different ma-

_terials, provided the nature of the scattering atoms involved
Cip the resonance and their geometrical arrangement does not
Sc[hange substantially from one compound to the other.

This is indeed the case for our three oxides and Table Il
%hows that for the scattering resonafcthe energy position
. A . . scales as the inverse square of the radius of the first oxygen
the two oxides, the more so as tiiiron ionic configuration  gpejir. Energies have been measured from the bottom of the
in a-F&,0; is a special case. Indeed, as therbitals are half  -onqyction band, which coincides with the onset of the ab-
filled with five spin up electrons, the electronic interactionsgorption in these compoungiaround 530 eV from Fig. (8)]
do not lead to a supplementany splitting, so that the and with the average interstitial potential, as calculated by
t2g-€g splitting keeps some meaning. This is not the case fopyr program — 10 eV with respect to the vacuum level, as
d® ions, as in FeO, for which it has been shown that suppleseen from Fig. (b)] (see also Ref.)8 Notice that the above
mentary splittings appear due to electronic interactions, seelation can also be derived in an intuitive manner by impos-
that it has no meaning to speak about a simplge, ing the condition that the pha&d,,;+ ® (where®d indicates
splitting?’ The splittings of thed orbitals is therefore com- the sum of the scattering phase and the central atom phase
plex and this could explain the broad shape of the prepeaghift) of the various MS paths interfering coherently at the
A in FeO, this broadening being enhanced by solid stateesonance differ at most by a factor of2° By this method

into account hybridization. As this is not observed experi
mentally, we have to consider other effects. Indeed the effe
of electronic interactions, especially the exchange term, mu
not be forgotten: as there is one more electron on iron in Fe
than ina-Fe,03, electronic interactions are very different in
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TABLE Ill. The AE (in eV) of peakB and the corresponding resonances with energy positions in the ratio of roughly 2 as
distances(in A) of the oxygen first shell in-Fe,O5, Fe;0,, and i the present case, it was concluded that the respective shell

FeO. distances were in the ratig2, contrary to the finding by MS
calculations.
PeakB a-F§0, Fe;0, FeO As a last observation we point out that E§) can in
AE (eV) @ 14.0 13.0 12.0 principle be applied also to fegtur@s andD of _the same
RA) 287 297 3.04 compound, even thoggh the first is a scattering resonance
k (AY) 1.92 185 178 and thg second.a d'lffractlve maximum. What makgs the
AERE (eV A2 115.3 114.6 111.0 comparison possible is the fagt that the single-scattering sig-
R (eVA) 55‘ : 5’ s 4' nal is one of the constituent signals of feat@&and usually

peaks at the same energy as the true resonance. From Tables
Il and IV we see that\ (kR) ranges between 3.3 and 3.5 rad

in the three oxides under consideration, with a calculated
one can even calculatea“priori” the value of the constant phase differencA ®/2 of 0.1 rad. Given the approximations

and compare with the experiments, provided that the natur&VoIved, the resulting value is reasonably closemtoThis
of the coherent MS paths involved in the resonance i@lso indicates that in a certain sense featDrés the first
known. An analysis of resonan@&in various oxides along harmonic of featureB whose signal has gone out of phase

these lines is being performed and will constitute the objecWith all other MS signals present i, being the only one

@AE is measured from the onset of the absorption spectra.

of a future publication. surviving at a higher energy.
Concerning feature€ andD, it has been shown that they
are mainly associated with EXAFS-likesingle-scattering VI. CONCLUSIONS

signals of the form i ) ) o
In conclusion, a detailed experimental and theoretical in-

A(k,R)si 2kR+®(k,R)], (2)  vestigation of the CK edge XANES spectra has been per-
formed on three different iron oxidea;Fe,0O;, FegO,, and
FeO. We have obtained a reasonably good agreement be-
_ tween our data and one-electron full MS calculations for
ZkiRy+ @alke Ry =2koRot Dolka Ro)H2nm, (3 o edges. The variations of shape and intensity of the
where 1 and 2 now refer to featur€andD, respectively. prepeaks have been analyzed in terms of electronic proper-
Again the origin of the kinetic energies is at the bottom ofties related to the occupation number of thiel8and, the site
the conduction band. symmetry, and the bond length. We have also been able to
Table IV shows that this relation is satisfied witk=1 in  identify the spectral features above the prepeaks, na@ned
all three oxides, since we have explicitly calculated thatandD in Fig. 1(a), as arising from scattering of the photo-
®i(ky,Ry) —Py(kp,R)=0.14 rad so thatA(kR)=3.0 electron within the first oxygen coordination shell, the effect
rad of Table IV should be compared with of the nearest neighbor Fe shell being negligible. While fea-
[DPy(Ky,Ry) — P 1(Ky,Ry)]/2+ 7=3.07 rad. ture B is a true scattering resonance, due to multiple scatter-
We note that the appearance of the temmr2n Eq.(3) is  ing up to an infinite order, featui® was identified instead as
essential for the assignment of featu@sndD to the cor-  being a diffractive maximum, due mainly to a single-
rect scattering shell. In fact the ratio of the respective shelbackscattering event. Featu@ was also shown to be of
distances from the central absorbing oxygen atom/3s diffractive origin and to be due to backscattering processes
consistent with our MS calculations showing that pgak between the photoabsorber and the third oxygen shell. A
appears when the third oxygen shell is included in the modelelation has been established between the en@nyy corre-
cluster. spondingk vectop and the radius of the associated shell
This observation resolves also an apparent conflict fountbetween these three features, both within the same spectrum
in Ref. 8, where on the basis of E(L) applied to the corre- for a particular oxide and between them. We have also
sponding feature€ and D in MnO, treated as scattering shown how to resolve a contradiction found in Ref. 8 be-
tween the shell assignment for feat@eby full MS calcu-
TABLE IV. The AE (in eV) of peaksC andD and the distances |ations and that derived by an inappropriate application of

(in A) of the corresponding oxygen shellsdnFe,O;, Fe,0,, and the resonance relation in E(L).
FeO.

so that their maxima must lie at energy positions such that
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