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OxygenK edge and ironL2,3 edges electron-energy-loss spectra have been collected on brownmillerites
@Ca2(Al x ,Fe12x)2O5# synthesized with different Al/Fe compositions (0,x,0.67). The intensity of the pre-
peak in the OK edge is directly correlated with the proportion of Fe-O-Fe bonds present in the brownmillerite.
The effect of natural linear dichroism on FeL2,3 edges in these compounds has been evaluated together with
its possible influence on the determination of the Fe 3d-band occupation. These results have been used as a
reference for the study of the Fe 2p spectra in Si and Ti substituted brownmillerites, which are present on a
nanometer scale in cements. They demonstrate that substitution by tetravalent cations into brownmillerite is not
accompanied by a significant reduction of the valence of the iron atoms. This suggests that charge compensa-
tions operate through the increase of oxygen content in the structure.
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I. INTRODUCTION

Oxides with a crystallographic structure based on a p
ovskite basis have been extensively investigated in mate
science. They have attracted the ever growing attention
physicists and chemists as a consequence of their specta
properties in many different fields, such as high-tempera
superconductivity,1 ionic conductivity,2 and ferroelectric and
ferroelastic properties,3 accompanied by possible applic
tions as various sensors, catalysts, and solid fuel cells.4

Iron-containing perovskitelike compounds are also
countered in mineralogical materials, as a main compon
of the earth deep interior,5,6 but also as a major mineral phas
called brownmillerites,7 in cements. Brownmillerites may
constitute as much as 40% of the cement, and gene
cover a large domain of composition within the solid so
tion Ca2(Al xFe12x)2O5, with numerous possible substitu
tions by other cations, such as titanium, silicon, and ch
mium. Recently, a variety of materials isostructural w
brownmillerite have demonstrated a high capability to p
duce efficient oxygen ion conductors.8

The CaMO2.5 brownmillerite structure can be describe
as a CaMO3 perovskite structure with one-sixth of the anio
sites vacant. The oxygen vacancies order in chains along
@100# direction, leading to a structure composed of altern
layers of corner-sharingMO6 octahedra and chains ofMO4
tetrahedra stacked along@001#, where M is a cation other
than Ca.9–11 The octahedral sites show a small distorti
along the@001# direction; the metal-oxygen bonds which l
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within the octahedral layer@plane~001!# are slightly shorter
than those which are almost perpendicular to the layer~along
@001#!. The Ca2(Al xFe12x)2O5 system constitutes a continu
ous solid solution fromx50 up to x50.67. A small struc-
tural change involving the relative symmetry of tetrahed
chains between each successive layers takes place aroux
50.25, changing from theIb2m brownmillerite symmetry
abovex50.25 to thePnamsymmetry belowx50.25.10 For
all compositions within the Ca2(Al xFe12x)2O5 domain, the
oxide is aG-type antiferromagnetic insulator.12

During the manufacturing of cement, impurities are intr
duced in brownmillerite. By this way, one-fourth of the triva
lent iron and aluminum ions can be replaced by tetrava
ions like Ti41 and Si41. The mechanism of charge compe
sation accompanying the substitution of tetravalent ions i
the brownmillerite structure is still a matter of debate. O
one hand, Pokholovet al.13 assumed that the introduction o
tetravalent Sn41 impurities into a synthetic Ca2Fe2O5 leads to
a change in the 3d electronic configuration i.e., to the cre
ation of Fe21 ions. On the other hand, Grenieret al.,14 study-
ing the CaTiO3-Ca2Fe2O5 system, and Wanget al.,15 study-
ing the related SrTiO3-Sr2Fe2O5 system, argued that th
charge compensation, accompanying the replacement of
by tetravalent Ti41 involves a gradual change in the numb
of oxygen vacancies from the ideal perovskite structure
the brownmillerite structure. In others words, the T
substituted brownmillerite would have less than one-sixth
its anion sites left unoccupied, as compared to the perovs
2587 ©2000 The American Physical Society
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2588 PRB 61A. GLOTER, J. INGRIN, D. BOUCHET, AND C. COLLIEX
structure. Steinsviket al.16 proposed that the introduction o
iron in the SrTi12xFexO32y perovskite leads to the creatio
of extra holes of O 2p character for high oxygen partia
pressure (pO2), and to the creation of oxygen vacancies f
lower pO2, suggesting that the mechanism of charge co
pensation may change withpO2 conditions. In cements, like
in numerous studied perovskite-like materials,14–16 brown-
millerite appears as submicronic phases, and even somet
as nanometer-scale precipitates, requiring the use of hi
spatially resolved spectroscopies. In this case, elect
energy-loss spectroscopy~EELS! attached to a transmissio
electron microscope~TEM!, provides a unique tool to inves
tigate the bonding of materials. In EELS, incident fast el
trons cause the ionization of atoms through the ejection
core electron resulting in an absorption edge, comparabl
some conditions with those observed in x-ray-absorpt
spectroscopy~XAS!. Then EELS provides a nanometer-sca
spectroscopy of the unoccupied electron states,17 allowing,
for instance, the study of the irond band occupation in 10
nm-wide crystals.

In this paper, we report a systematic study of the evo
tion of O K and FeL2,3 edges in reference brownmillerite
Ca2(Al xFe12x)2O5 synthesized with different Al/Fe compo
sitions (x50 – 0.67), and free of any tetravalent substitut
cations. In particular, the effect of natural linear dichroı¨sm
on Fe L2,3 edges in these components has been evalua
These results have been used as a reference for the stu
Fe 2p spectra in Si- and Ti-substituted brownmillerite
present at a submicrometer scale in cements, in orde
evaluate the existence or absence of extra electron induc
the first affinity state of the iron ion.

II. EXPERIMENTAL DETAILS AND TECHNIQUES

A set of the synthetic brownmillerite Ca2(Al xFe12x)2O5
with a composition covering the entire range of the so
solution (x50, 1

6,
1
3,

1
2, 0.6, and 0.67! has been investigated

Samples were prepared from powder mixtures of CaC3,
Al2O3, and Fe2O3 ~Prolabo purity! homogenized in a ring
mortar of tungsten carbide and fired at 1420 K in air for 10
Grinding and heating processes were performed three ti
in order to produce an homogeneous material. The bro
millerite structure of the samples was checked by x-ray
fraction, and no additional phase was detected. Specim
for TEM were prepared from crushed polycrystallin
samples deposited on holey carbon film grids. During EE
experiments, the analyzed areas were systematically che
by selected area electron diffraction and by energy disper
x-ray spectroscopy in order to confirm their brownmiller
structure and their suitable chemical composition. Cem
samples were dryly grounded by the tripod polishi
method,18 and final thinning was achieved by argon ion mi
ing within less than 15 min.

EELS spectra were collected in a TOPCON 002B mic
scope (LaB6 gun, 200 KeV! working in diffraction mode
with a 2a511 mrad illumination angle and a 2b536 mrad
collection angle. As throughout this paper small fin
structure changes are investigated, we have paid specia
tention to correct gain variations of the photodiode array.
the OK and FeL2,3 edges, at least ten shifted spectra we
systematically collected, aligned, and then added. Furt
r
-

es
ly
n-

-
a
in
n

-

d.
of

to
in

.
es
n-
-
ns

S
ed

ve

nt

-

-
at-
r

e
r-

more, as anisotropy has been evidenced on FeL2,3 absorp-
tion edges, ‘‘isotropiclike spectra’’ have been built by addi
at least ten FeL2,3 edges with random crystallographic or
entations. When it was necessary, the crystal orientation
identified by indexing zone axis diffraction pattern. For e
periments performed with these orientations, we have s
tematically verified through tilting the sample by few d
grees that channeling effects do not significantly affect
collected EELS spectra.

III. RESULTS AND DISCUSSIONS

A. Ca2„Al xFe12x…2O5 brownmillerites

1. O K edges

EELS OK-edge spectra of Ca2(Al xFe12x)2O5 as a func-
tion of Al content are shown in Fig. 1, and can be compa
with the OK spectrum of hematite (a-Fe2O3) recorded with
the same experimental conditions~Fig. 1!. FeatureA; which
appears as a prepeak at 531 eV, systematically decre
with the increase of Al content. This feature is attributed
unoccupied bands of primary O 2p– Fe 3d character, accord-
ing to previous XAS and EELS experiments and multip
scattering calculations performed on iron-rich oxides.16,19,20

Wu et al.21 in a-Fe2O3, and Abbateet al.20 in LaFeO3,
showed a splitting of the prepeak, which they interpreted

FIG. 1. OxygenK-edge EELS spectra ofa-Fe2O3 hematite and
Ca2(Al x ,Fe12x)2O5 for variousx values. Brownmillerite and hema
tite spectra have been normalized by keeping constant the inte
of edges intensity between 527 and 548 eV.
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due to a difference between the energy levels of thet2g and
eg orbitals induced by the crystal field. We have observed
splitting on the prepeak of brownmillerite spectra, althou
we could resolve such a weak splitting on the OK edge of
hematite. This suggests that the splitting is probably sma
in brownmillerite, or that the multiplicity of the oxygen site
in brownmillerite induces a blurring effect.19,21

In order to estimate the relative weight of this prepe
the A and B features were decomposed through a nonlin
fitting algorithm using two Gaussian components@Fig. 2~a!#.
The integral of GaussianA was divided by the integral pre
viously used for the normalization of the spectra~the integral
of the edge between 527 and 548 eV!. When this ratio is
plotted as a function ofx in Fig. 2~a!, it exhibits a nearly
linear correlation between the weight of peakA and the Al
content. It is only for the final value ofx(x50.67) that the
plot deviates strongly from the linear correlation. The ge
eral shape of the correlation is not related to the choice m
to measure the weight of the prepeak. We have tried sev
other plots such as featureA/featureB, maximum height of
featureA/weight of the first 20-eV integrated counts ratio; a
plots show a linear behavior like that of Fig. 2~a!.

The ground-state wave function can be written as

FG5aud5&1bud6LI &,

whered6LI denotes the ligand hole configuration. For a giv
value ofx, the intensity of peakA in the spectrum, which is
proportional tob2, is a measure of the covalency in th
ground state.21,22

The linear correlation, and the fact that the fit line inte
sects the abscissa axis almost forx51, demonstrate that th
weight of the prepeak is straightly related to the iron cont
of brownmillerite, at least forx,0.6. So, we may infer tha
betweenx50 and 0.6, the covalency of the Fe-O bonds

FIG. 2. Influence of Al content in brownmillerite on~a! the
weight of the prepeak in the O 1s spectrum. A linear fit for the
values 0,x,0.60 is shown.~b! The Néel temperatures measure
in Ref. 23. A linear fit for values,0.5 is also shown.
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probably nearly constant and almost independent on the
of sites where iron is located. Conversely, brownmiller
with anx50.67 composition shows a noticeable decrease
the prepeak intensity, suggesting that Fe-O bonds bec
less covalent than in Al poorer compounds.

This deviation for the Al-richer brownmillerite does no
arise from a change in the iron valence, since our EE
spectra~see the FeL2,3 edge in Fig. 3!, as well as previous
Mössbauer spectroscopic studies,23 have shown only triva-
lent iron in Ca2(Al xFe12x)2O5 solid solutions. The evolution
of the coordination number of iron may also not be the orig
of thex50.67 more ionic character. Betweenx50 and 0.67,

FIG. 3. Comparison between the Fe 2p EELS spectrum of~a!
hematite,~b! wüstite, and~c! x50 brownmillerite. The first deriva-
tive spectra are also shown in order to emphasize the fine-struc
difference between the three compounds.
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the average coordination of iron increases continuously fr
5 to 5.6,11,23 but no change in covalency is detected betwe
x50 and 0.6 brownmillerite, and, consequently, none wo
be expected forx50.67 compound. Furthermore, the diffe
ence in thed6LI weight in the ground state between the t
rahedral trivalent FeO4 cluster and the octahedral FeO6 clus-
ter has been estimated to be weak~around 10% for the two
different coordinated sites in Fe3O4 magnetite24!.

The deviation for the Al-rich compounds could arise fro
a change in the coordination shell around oxygen ions,
the way oxygen is bridged to Al and Fe. As far as occupat
factors of the different sites are concerned, the main dif
ence of thex50.67 brownmillerite is the higher occupatio
factor of the octahedral site. For that composition, nearly h
of the octahedral sites are occupied by Al, while 80% of
tetrahedral sites are occupied by Al. Partial ordering in
~Al, Fe! solid solution would lead to the substitution of a
the Fe-O-Fe bridges by Fe-O-Al bridges. In order to supp
this assumption, in Fig. 2~b! we plot the Ne´el temperatureTN
of brownmillerite as a function ofx.23 Aluminum, being dia-
magnetic, does not participate in the superexchange inte
tion. Hence the substitution of Al-O-Fe bonds to the de
ment of the Fe-O-Fe bonds causes the lowering ofTN . It is
noticeable thatTN also vanishes forx50.67 value, collaps-
ing from 300 to 5 K within a small Al/Fe variation. Accord-
ing to previous Mo¨ssbauer experiments, this occurs righ
because this composition is below the percolation thresh
of a Heinsenberg antiferromagnet, i.e., (FeO4!

52 and
(FeO6!

92 clusters are only surrounded by Al diamagne
ions.23 We may infer from the similarities between Figs. 2~a!
and 2~b! that the singularity in the OK edge of the Al-richer
brownmillerite also originates from that percolation thres
old. Iron atoms have a much more ionic ground state beca
the O atom does not bridge them to another iron atom
similar variation of the ionicity, induced by a nonlocal effec
has been shown for other transition metal oxides~Ni and
Cu!.25 Hu et al.25 suggested that cation order between Li a
Ni into Nd2Li0.5Ni0.5O4 results in an isolated NiO6 clusters
and to a more localized ground state compared to
(La, Sr!2NiO4 structure, where NiO6 polyhedra are intercon
nected.

2. Isotropic Fe L2,3 edge

Figures 3~a!, 3~b!, and 3~c! show the FeL2,3-edge spectra
of hematite, wu¨stite, and brownmillerite, respectively, wit
their first derivative. Hematite and wu¨stite spectra have bee
collected under the same experimental conditions as
brownmillerite, and are chosen as reference spectra of F31

@d5 in the high-spin~HS! ground state# and Fe21 (d6 in the
HS ground state!, respectively. FeL2,3 edges correspond t
excitations from the 2p63dn Fe ground state toward th
2p53dn11 states, wheren55 for Fe31 and n56 for
Fe21.19,24–26The two white-line featuresL3 andL2 are sepa-
rated~due to the spin-orbit splitting of the 2p core hole! by
about 13 eV, and the energy position of the maximum of
L3 line for divalent iron is lowered in energy by 1.6 eV
compared to the maximum ofL3 for trivalent iron, in agree-
ment with previous XAS and EELS experiment
results.27–36 All the different extra fine structures appearin
as shoulders on the sides of the two mainsL3 andL2 ~labeled
a– j in Fig. 3! were earlier successfully simulated by atom
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multiplet calculation assuming a crystal-field strength in t
range of 1.8–2 eV for hematite and 1.9–2.1 eV f
wüstite.24–27 In order to enhance the visibility of the fin
structures, the derivative spectra are also displayed in Fig
We will not consider Fe 2p spectra of low-spin 3d5,6 iron,
because Van der Laan and Kirkman34 already demonstrated
that these fine structures are notably different from those
high-spin state.

Qualitatively, theL3 line of the spectrum of brownmiller-
ite without aluminum (x50; Fig. 3! compares favorably
with the hematite spectrum, suggesting that the minera
essentially composed of Fe31. Recently, two procedures35,36

were proposed to quantify the Fe31/SFe ratio. The Garvie-
Buseck35 method, based on a decomposition of the spectr
into a linear combination of two experimentally measur
spectra of end member single-valence samples, leads
Fe31/SFe ratio of x50 brownmillerite equal to 1~taking
here both hematite and wu¨stite measured spectra as e
members!. The method of Ref. 36, based on an empiric
calibration of the integral intensity ratio of theL3 line over
the L2 line ~integrated on a window of 2 eV!, leads to a
similar value. However, this last method seems more se
tive to the white-line extraction and experimental setup, a
will not be used later.

Figure 4 shows the isotropic FeL2,3 derivative spectra of
brownmillerite with different Al contents. We report, i

FIG. 4. Fe 2p EELS first derivative spectra o
Ca2(Al x ,Fe12x)2O5 for various Al contents.

TABLE I. Fe31/SFe ratio in Ca2~Al x ,Fe11x)2O5 calculated
from the Garvie-Buseck method~Ref. 35!.

x Fe31/SFe

0 1
1
6 1
1
3 1
1
2 1

0.6 0.97
0.67 0.91
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Table I, the evolution of the measured Fe31/SFe, using the
Garvie-Buseck method. The trivalent iron content is equa
1 for x,0.5 brownmillerite. A small deviation from this
value is observed for the two Al-richer samples. Nevert
less, the deviation is within the 10% reproducibility of th
method.35 This deviation observed in brownmillerite corre
sponds to a slight change ofL3-edge fine structure as unde
lined by the increase of thea8/b8 ratio intensity of derivative
lines ~Fig. 4!. As noted earlier for the OK edge, the average
iron coordination in the material increases from 5 to 5.6 w
Al content.11,23 This is in agreement with the x-ray
absorption theoretical calculations of Refs. 34 and 24, sh
ing that the tetrahedral symmetry of Fe31 sites induces a
higher convolution ofa and b features in theL3 line, and
thus lowers thea8/b8 ratio of the derivative spectrum com
pared to the octahedral site contribution. This may alone
plain the observed deviations.

3. Orientation dependence of x50.67brownmillerite
Fe 2p spectra

While performing the Fe 2p EELS measurements, w
have noticed orientation effects, whose intensity increa
with Al content. Figure 5 shows the evolution of the fin
structures of the derivative FeL2,3 spectra as a function o
the anglew between thec axis of the brownmillerite struc-
ture and the incident electron beam, for thex50.67 sample.
The intensity of thea8/b8 ratio is increasing, whereasw is
lowering. The observed dichroism presents an axial sym

FIG. 5. Fe 2p EELS first derivative spectra forx50.67 brown-
millerite. The evolution of thea8/b8 fine-structure ratio with the
orientation of the crystal reflects the anisotropy due to the crys
field interaction.
o

-
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x-

es
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try alongc, and no detectable dichroism was observed alo
other directions. According to XAS experiments, such a
chroism may predominantly be induced either by excha
magnetic field37–39 or by internal axial components of th
crystal field~natural dichroism40,41!. In our case, a magneti
origin for the observed dichroism may not be retained
several reasons:~i! Magnetic ordering of iron atoms is mor
expected for iron-rich brownmillerite (x50), where each
iron has an iron second-neighbor~maximum Fe-O-Fe bonds!
than for iron-poor brownmillerite.~ii ! The sample is sub-
jected to the magnetic field~around 2 Te! produced by the
objective lens, within the microscope. We believe that m
netic moments, for thex50.67 sample, align along this ex
ternal field. Then, whatever the crystallographic orientatio
of the sample, the magnetic moment direction should be c
stant. ~iii ! The observed increase of dichroism magnitu
with the x value also suggests that octahedral iron is mai
involved in the phenomenon. In brownmillerite, octahed
are distorded towardc axis ~Fe-O bonds are about 6.5%
longer!. This distortion might induce an axial component
the crystal field around the Fe ion, which is strong enough
cause anisotropic effect in EELS FeL2,3 edges, as already
observed in some XAS experiments.40,41

An interesting practical question, raised by the dichroi
observation, concerns its effect on the accuracy of quan
tive methods proposed to measure ferrous/ferric ratio
nanometer-sized materials using the change in the FeL2,3
edge.35,36In Table II we report the evolution withw angles of
the Fe31/SFe ratio deduced from the Garvie-Buseck metho
The specific effect of dichroism on the ferrous/ferric calc
lation reaches 16%.

To our knowledge, natural dichroism in transition me
2p EELS spectra has not been yet reported. We discus
more details the nature of the dichroic signal measured
TEM in Sec. III A 4.

4. Measuring EELS dichroism in a TEM configuration

In the case of dichroism in an uniaxial anisotropic ma
rial, the XAS linear dichroism is generally defined as t
difference of spectraDI 5I'2I i , where I' and I i are the
spectra collected with polarization perpendicular and para
to the principal axis,33 respectively. In the same way, fo
EELS transitions we can define aI i spectrum, corresponding
to the theoretical spectrum produced from excitations withq,
the electron momentum transfer, parallel to the principle a
of anisotropy, here thec axis and aI' spectrum, correspond
ing to excitations withq perpendicular toc. In an EELS

l-

TABLE II. Fe31/SFe ratio calculated from the Garvie-Busec
method~Ref. 35! in x50.67 brownmillerite as a function of thew
angle withc direction.

w~°! Fe31/SFe

0 0.95
30 0.95
45 0.95–0.91
60 0.90
62 0.84
90 0.80
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experiment, the measured spectrum at an anglew betweenc
and the electron beam,I (w), is a linear combination ofI i

andI' . The relative weight of the two contributions depen
on the experimental conditions 2a, 2b, anduE, where 2a is
the convergence angle, 2b the collection angle, anduE the
inelastic characteristic scattering angle. In order to illustr
this dependence, Fig. 6 shows a comparison of the scatte
processes involved in theI (w50°) and I (w590°) experi-
ments. From Fig. 6~a!, the resulting spectrum (w50°) can
be decomposed as

I ~w50°!5vI i1~ I 2v!I' ,

wherev is the proportion of transitions withq perpendicular
to the spectrometer entrance aperture plane~SEAP here as-
sumed perpendicular to the vertical direction; i.e.,qic for
this geometry!. We can roughly estimatev from the integra-
tion of

~q¢•k¢ i !
2/q2k i

2,

through the normalized expression

2v5

*0
a sina0*0

b2a0S~u!
~qW •kW i !

2

q2
•ki

2 sinududa0

*0
a sina0*0

b2a0S~u!sinududa0

1

*0
a sina0*0

b1a0S~u!
~qW •kW i !

2

q2
•ki

2 sinududa0

*0
a sina0*0

b1a0S~u!sinududa0

~1!

whereS(u) is the angular distribution of inelastic scatterin
The two successive integrations are accounting for the fi
convergence angle of the probe and for the collection an
delimited by the spectrometer entrance aperture. Using

FIG. 6. Electron-scattering process for~a! the w50° experi-
ment, and~b! thew590° experiment. The scattering vectorq is the
difference vectorq5ki2kt, where ki is the wave vector of the
200-KeV incident electron, andkt is the wave vector of the inelas
tically scattered electron corresponding to about 199.3 KeV s
FeL2,3 edges are concerned. The projection ofq parallel to c is
plotted by the dashed line. The projection ofq perpendicular toc is
plotted by the dotted line.
e
ng

te
le
ur

experimental value, i.e., 2a511 mrad, 2b532 mrad, and
uE52.05 mrad, and assuming thatS(u)51/(u21uE

2) in the
dipolar approximation,42 relation ~1! gives v50.21 for the
FeL2,3 edge. This quantitative value of the contribution ar
ing from qic transitions in the electron energy loss is in go
agreement with the value found by Menon and co-worker43

using a different calculation method.
Figure 6~b! shows the scattering geometry forw590°. In

this case, it leads to a measured spectrum

I ~w590°!5vI'1~12v!~ I'1I i!/2. ~2!

The first term in the right-hand side of Eq.~2! corresponds to
scattering events withq perpendicular to the SEAP. The la
term corresponds to transitions withq in that plane. Thus in
EELS the dichroismDI can be written as

DI 5I ~w50°!2I ~w590°!5~123v!~ I'2I i!/2, ~3!

leading to DI 50.185(I'2I i), in our experimental condi-
tions. The resulting EELS dichroism signal is a part only
the maximum difference spectrum attainable in XAS line
dichroism (I'2I i). Nevertheless, this effect is not negl
gible, and must be taken into account when quantifying
2p EELS spectra. Equation~3! predicts conditions (v5 1

3 )
corresponding to an isotropic measurement. Neverthel
the illumination conditions required to achieve this value a
inadequate for a nanometer-scale analysis, and then ca
be used.

B. Application to Ti and Si substituted brownmillerite in
cement

One of the main differences between Fe-Al brownmille
ites, studied above, and those which are present in cem
is the frequent partial substitution of Fe and Al by Ti and S
The content of these tetravalent cations is highly varia
with the considered crystal, and can reach 5 at. %.44–46

The substitution processes of tetravalent cations in bro
millerite are not fully elucidated. Two mechanisms of char
compensation have been proposed: the first one by sim
neous substitution of divalent cations (Mg21,Fe21),13,45,47

the second by addition of O22.44 We have observed a set o
several nanosized brownmillerite crystals with varyi
Ti1Si contents. The range of cationic composition
Ca1Al0.24–0.47Fe0.45–0.61Si0.07–0.14Ti0.02–0.06Cr0–0.003.

46 If con-
sidering the first proposed mechanism, the only potential
valent cations available are iron ions. Such a charge comp
sation, would then lead to a charge reduction of 14–44%
Fe. As we have seen above, even if we pay no attentio
crystal orientation, such a large reduction may be easily
tected by the mean of the Fe 2p spectra using the quantita
tive analyzes developed by Garvie and Buseck.35 An ex-
ample of the FeL2,3 edge @Fig. 7~a!# collected on a
substituted brownmillerite@(Si1Ti!/SFe50.34# can be com-
pared with the Fe-Al brownmillerite spectra~Fig. 3!. From
the resulting Fe21/SFe values, which are plotted as a fun
tion of the (Si1Ti!/SFe ratio @Fig. 7~b!#, we evaluated the
average content of Fe21 present in these brownmillerites t
be equal to 8%65%. This value being in the limit of the
detection method and whatever the scattering effect of
chroism due to the random orientation of the crystal, onl
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very small fraction~even none! of Fe seems to be reduce
Nevertheless, this amount is too low to compensate e
ciently for the charge excess due to substitution. Thus cha
compensation is more likely explained by the introduction
oxygen anions in the structure of brownmillerite.

IV. CONCLUSION

We have shown how EELS fine structures of OK and Fe
L2,3 are modified with the aluminum content i

FIG. 7. ~a! Fe 2p EELS spectrum of a brownmillerite with
(Si1Ti)/SFe50.34. ~b! Fe21/SFe, deduced from the analyses
the FeL2,3 edges, as a function of the Ti411Si41 content. A line
with slope 1 is shown for comparison.
L.
et

l, J

lid
-
ge
f

Ca2(Al xFe12x)2O5. We have provided evidence of the sim
larity between the evolution of the OK prepeak intensity and
the Néel temperature with the Al content. This suggests t
this prepeak is directly correlated with the proportion of F
O-Fe bonds present in the brownmillerite. Smooth modifi
tions of linesL3 andL2 of Fe L2,3 edges, observed with A
increase, may be qualitatively explained by the progress
decrease of the contribution of tetrahedral iron compared
octahedral iron. Furthermore, we have shown with the EE
technique, the dichroism of Fe 2p spectra along thec axis.
These last two phenomena affect the efficiency in the qu
titative determination of the iron valence from the near-ed
features, as recently proposed.35,36 In the peculiar case o
dichroism in brownmillerite, one can obtained a deviati
from the real Fe31/SFe ratio, which can reach 16%.

When applied to highly substituted nanometer-s
brownmillerite crystals occurring in cements, these te
niques show that substitution by tetravalent cations such
Si and Ti is not accompanied by a significant reduction
iron. These experiments suggest that, during these subs
tions, charge compensations operate through the increas
oxygen content in the structure. It has to be noted that, at
present time, no direct experimental methods are availabl
measure the oxygen content with the required precision, o
nanometer scale.

Orientation dependence of FeL2,3 spectra demonstrat
that EELS spectra are sensitive to the ground-state split
induced by an axial crystal field. Then high spatially r
solved EELS appears as a promising technique for the s
of other systems, such as interfaces, thin films, and multil
ers where local anisotropy of crystal field is significant a
of great interest. Furthermore, the recent work of Menon a
Yuan,48 demonstrating the phenomenon of magnetic lin
dichroism in EELS, strengthen this assumption.
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