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Mn K edgeab initio FEFF8.2calculations of the pre-edge features of the x-ray-absorption near-edge structure
sXANESd region were undertaken for a series of Mn-bearing oxide-type compounds. The aim of the study is
to provide a reliable method for determining quantitative and accurate redox and symmetry information for
manganese. In agreement with multiplet calculations by Glatzel and co-workers,FEFF8.2predicts a doublet and
a triplet for MnsII d and MnsIII d in octahedral symmetry, respectively, in agreement with high-resolution
XANES experiments. Site distortion increases notably the contribution from dipolar transitions and, conse-
quently, the pre-edge feature integrated area. An even more intense pre-edge feature is calculated and measured
for the Td symmetry ssingletliked. For MnsIV d, a triplet is predicted and measured for theOh symmetry.
However, additional transitions are found in MnsIV d-rich compounds, that are related to metal-metal transi-
tions. These transitions overlap strongly with the “true pre-edge,” making extraction of redox and symmetry
information for MnsIV d more challenging. However, a model of the pre-edge with pseudo-Voigt functions of
fixed calculated widthsbased on core-hole lifetime and experimental resolutiond helps to separate the contri-
butions related to first-neighbor symmetry from those of the metal-metal pairs. Application to multivalent
defective manganese oxide materials suggests that the pre-edge information varies linearly as a function of Mn
redox state or symmetry but varies nonlinearly as a function of both parameters. Finally, the polymerization of
the manganese networks can be estimated from the metal-metal transitions found in the pre-edge region.
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I. INTRODUCTION

Manganese redox states range from 0 to +7. Among them,
the divalent, trivalent, and tetravalent are the most com-
monly encountered redox states in industrial, geological,
chemical, or biological materials.1,2 In a number of Mn-
bearing phasesssuch as Mn3O4d,3 several redox states of
manganese can coexistsmultivalencyd. Concomitant charge
compensationsor charge disproportionation as in manganite-
type compoundsd occurs thanks to other cationic substitu-
tions soften iron, alkali metals, and hydrogend. These redox
equilibria often occur in a variety of Mn-rich oxides, such as
thea-MnO2–d-MnO2 family of manganese dioxides, as well
as layered defective phyllomanganates.2–4 These last phases
are important constituents of soils as well as polymetallic
nodules found in oceans,5–9 but also in biological systems
ssuch as bacteriald,10–14 in particles emitted by manganese-
bearing gasolines,15 or in nuclear waste glasses,16 whose im-
pact on toxicology makes x-ray-absorption near-edge struc-
ture sXANESd a well-suited tool.17

Therefore, x-ray-absorption fine structuresXAFSd spec-
troscopy has been widely used to study the local structure
around manganese in these oxide-based systems with the
aim, among others, to measure directly the redox state of
manganese in a variety of inorganic3–9,14,18–21 and bio-
inorganic systems,18–21 but also in historical artifacts.22–24

Hence, many authors have reported a shift of the edge posi-
tion smeasured either at the inflection point or “halfway”d for
a systematically limited selection of models compounds of
manganese.4,7,12,16However, a MnK edge XANES study of
a more representative set of model compounds24,25 reveals a

more complex situation, making the previously published
studies on Mn redox estimation not applicable anymore. For
instance, Fig. 1sad shows two quite different compounds
sMnO and MnCO3d which share the same manganese redox
state and coordinationfi.e., MnsII d in Ohg. The extraction of
the redox information is impossible from the edge energy
position susing either the edge crest, the first derivative, or
the “halfway” E0 valued because of the edge separation of
,4.5 eV between both compounds. Constructive and de-
structive interferencesssingle and multiple scatteringd arising
from more distant neighbors around the central manganese
atoms are at the origin of the large variations in the MnK
edge XANES spectra of MnO and MnCO3 fFig. 1sddg. For
instance,ab initio FEFF8.2calculations for MnOfFig. 1sdd;
structure information from Ref. 1g suggest that a,2 eV shift
in the MnK edge positionsmeasured either at the edge crest
or within the edge jumpd is related to the 36 distant manga-
nese neighbors, located between 5 and 6.5 Å from the central
Mn.1 Consequently, correlating between the edge position
and redox state of Mn is feasible only when the number of
models is restricted to a small number of closely related
compoundsssuch as MnO, Mn3O4, Mn2O3 andb-MnO2 for
instanced.16 However, the measurement of the edge energy
for a large selection of highly diverse model compounds
fsuch as the ones presented here; see Fig. 1sbdg shows that
the correlation between redox state and edge position, al-
though positive, is far from accuratesthe correlation coeffi-
cientr2 is only 0.95d. This is particularly true for MnsII d- and
MnsIV d-bearing compounds, whose edge positions can vary
by more than 6 eVsresulting in error bars in redox determi-
nation of up to 90%d.
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Consequently, a more robust approach to deriving Mn re-
dox information is needed, such as that provided by the study
of the pre-edge feature at the MnK edge. The pre-edge
feature of theK edge of manganese is located,15–20 eV
before the mainK edge crest of manganese. The pre-edge
feature is related to electronic transitions from the 1s core
levels to the empty 3d levels, more or less 4p hybridized by
the Mn ligandssprobing thus the density of the lowest unoc-
cupied statesd. This pre-edge feature appears much less af-
fected by changes in the medium- and long-range environ-
ment than the main edge regionfFig. 1scdg. As shown
previously,8,18–21,23,24,26–34pre-edge features are a potentially
useful indicator of the redox state and symmetrysthrough
their energy and relative aread. However, some authors have
pointed out already the difficulty in extracting redox infor-
mation from the pre-edge features at the MnK edge.20 This
limitation was partially overcome recently, thanks to theoret-
ical calculations, using either the multiplet theory26,27 or
multiple-scattering calculationssusing FEFF8.2d.16,19,27 How-
ever, these last studies did not explicitly take quadrupolar
transitions into account, although these transitions are crucial
to describe properly the pre-edge region, particularly for cen-
trosymetric sites.28–30 In parallel, the collection of resonant
inelastic x-ray scatteringsRIXSd spectrastogether with mul-
tiplet calculationsd on selected model compounds21,31,32 de-
finitively shed an important light on the detailed structure of
the pre-edge feature of the MnK edge. Indeed, these studies
provide information on the number, position, and relative
intensities of each transition that must be modeled in the
pre-edge region collected at the MnK edge. However, the
influence of dipolar-dominant transitionssas underTd geom-

etryd cannot be tested using multiplets, nor the influence of
metal-metal transitions.33,34The use of a one-electron theory,
as inFEFF8.2,35,36 is a complementary tool to multiplet calcu-
lations, despite its own intrinsic limitationsslack of multi-
electronic effects, other many-body effects can be lumped
into phenomenological broadening, the overlapping of atom
potentials and the use of the spherical muffin-tin approxima-
tion, the poor estimates of Debye-Waller factors, etc.d.

In this study, the results of MnK edgeFEFF8.2calculations
are presented, thanks to the release of the latest version of
FEFF8.2, which addedsamong other featuresd the possibility
to calculate quadrupolar transitions.36 The effects of dipolar
and quadrupolar transitions are examined together with the
influence of site symmetrysincluding site distortiond and
contributions from next-nearest neighbors. The data are com-
pared to a high-resolution XANES spectroscopy study col-
lected for a set of well-characterized manganese-bearing
model compounds, in which manganese exhibits redox states
ranging from 2 to 4. These samples include numerous oxides
and silicates, natural or synthetic, and well characterized.

II. EXPERIMENT

A. Ab initio calculations

The FEFF8.2s#9 or “final”d code35,36 was chosen, using as
many default parameters as possible, such as the use of the
Hedin-Lunqvist self-consistent potentialssEXCHANGE 0 0d,
the muffin-tin approximation with automatic overlapping
sAFOLPd, and default values for the angular momentum for
each atom typesl=−1d. However, dipolar and quadrupolar

FIG. 1. Normalized MnK edges for MnO and MnCO3 sad, in which MnsII d is located inOh sites, showing their differences in the main
edge region;sbd plot of the “halfway” edgeE0 energy for the different models of this study as a function of their Mn redox state, showing
a positive trend but not accurate enough to be quantitative;scd detail of the pre-edge region shown insad, showing the good recurrence of
this feature for constant symmetry.
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transitions were computed as well, in order to better simulate
the pre-edge featuresMULTIPOLE 2 0d, which is a recently
introduced important feature ofFEFF8.2. Crystal structures for
the models were taken from the literature, as described now.

B. Model compounds

Mn-bearing model compounds include a variety of oxides
and silicates, natural or synthetic, and well characterized to
contain manganesesredox states of II, III, and IVd in octa-
hedral, cubic, or tetrahedral geometry. Tables I–III list the
respective crystalline model compounds used in this study
for MnsII d, MnsIII d, and MnsIV d. Manganosite1 sMnO, from
Alfa Inc. and packaged in argond did not show any evidence
of surface oxidation. Other MnsII d-bearing compounds
include a carbonatesMnCO3d,37 an olivine sa -Mn2SiO4d,38

a garnetsMn3Al2Si3O12d,39 a pyroxenoidsMnSiO3d,40 two
hydrated silicates sNaMn2fSi3O8sOHdg and
sFe,Mnd2Al9O7sOHdfSiO4g4d,41,42 as well as two synthetic
Mn-bearing simple oxides sjacobsite spinel and

maganonichromited.43,44 MnsIII d-bearing models include the
three modifications of MnOOHsa, b, and g, respectively;
the first two being syntheticd.45 Three other oxides were stud-
ied: Mn2O3,

46 Zn2Mn4O8-H2O, and CaMn2O4.
47 Finally, two

networked MnsIII d-bearing structures were studied: a boro-
carbonate sCa4Mn3O3fBO3g3fCO3gd and a phosphate
sMnPO4d.48,49 MnsIV d models are all oxides: the three poly-
morphs of MnO2 sa, b, and ed1,14 three hollandite-related
structuresfhollandite, cryptomelane, and cesarolite, respec-
tively; generic formulasBa,K,PbdMn8O16g,50 two end mem-
bers of the romanechite-todorokite seriess,Ba2Mn5O10 and
CaMn3O7-H2O; the first containing 1/4 of its Mn as
trivalentd,51 and two phyllomanganatesf“chalcophanite”
ZnMn3O7-3H2O, and “lithiophorite” LiAl2Mn3O6sOHd6, re-
spectively; these samples containing,25 at. % of
MnsIII dg.52,53 Because of their chemical complexity, the last
seven samples were extensively characterized by several
methods prior to beam time, such as x-ray diffraction,
proton-particle-induced x-ray emission, or transmission elec-
tron microscopy sTEMd,54 as well as the electron

TABLE I. Pre-edge information for the models for MnsII d. The asterisk indicates convergence to a null
integrated area.

Sample

Pseudo-Voigt function

Centroid
seVd

Total
integrated

areaEnergyseVd
Integrated

area

MnFe2O4 6540.63 0.176 6540.65 0.185

Jacobsite, synthetic 6540.95 0.009

p p

sMn,NidCr2O4 6540.57 0.198 6540.66 0.224

Manganonichromite, synthetic 6541.39 0.026

p p

sFe,Mnd2Al9O7sSiO4d4sOHd 6539.56 0.013 6540.59 0.191

Staurolite, U.S.A. 6540.67 0.178

p p

MnSiO3 6540.30 0.037 6540.69 0.081

Rhodonite, Australia 6541.03 0.043

p p

NaMn2Si3O8sOHd 6540.29 0.040 6540.70 0.094

Serandite, Canada 6541.00 0.054

p p

a -Mn2SiO4 6540.20 0.037 6540.65 0.091

Tephroite olivine, France 6540.96 0.053

p p

MnO 6540.16 0.036 6540.62 0.073

Manganosite, synthetic 6541.06 0.038

p p

MnCO3 6540.26 0.050 6540.65 0.091

Rhodocrosite, Argentina 6541.12 0.043

p p

Mn3Al2Si3O12 6540.20 0.019 6540.66 0.062

Spessartine garnet, Norway 6540.85 0.043

p p
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microprobe55 susing the CAMPARIS facility at Université de
Paris 6d. Their structural formulas25 are consistent with
dominant amountsse.g., .90 at. %d of tetravalent manga-
nese, except for the lithiophoritesfshowing up to 30 mol %
MnsIII dg.

C. Experimental XANES methods

Mn K edge XANES spectra for these model compounds
were collected at SSRLsStanford, CA, U.S.A.d using the
SPEAR3 storage ring. XANES data were collected on beam-
line 11-2 under high-resolution conditions by the use of a
Sis220d double-crystal monochromator and 0.3 vertical
height for the slits before and after the monochromator. The
energy reproducibility of the monochromator was below
0.03 eV after 2 days of data collection. Pre-edge features

were collected using 0.1 eV steps, whereas the main edge
crest was collected with 0.3 eV steps to 300 eV above the
absorption edge. The XANES spectra were normalized using
a series of degree-3 polynomials, whose parameters were
refined iteratively until the final spectrum was normalized
son the averaged between 0sbefore the edged and 1safter the
edged. Then, the pre-edge region was extracted from the nor-
malized XANES spectra and modeled using a series of
pseudo-Voigt functions, as they require much less CPU time
than true Voigt functions. To minimize the number of vari-
able parameters, all pseudo-Voigt functions were modeled
with a fixed width and Gaussian percentage. For the experi-
ments presented here, the experimental resolution is
,1.3 eVson beamline 11-2 at SSRLd and the core-hole life-
time of the Mn K edge is 1.1 eV.56 A true Voigt function
swith Gaussian experimental width and Lorentzian core-hole

TABLE II. Pre-edge information for the models for MnsIII d. The asterisk indicates convergence to a null integrated area.

Sample

Pseudo-Voigt function

Centroid
seVd

Total integrated
areaEnergyseVd

Integrated
area

Mn2O3 6540.25 0.034 6540.91 0.094

Bixbyite, synthetic 6540.92 0.044

6542.37 0.012

Zn2Mn4O8uH2O 6540.26 0.016 6541.04 0.078

Hydrohetearolite, U.S.A. 6540.97 0.0340

6541.74 0.022

CaMn2O4 6540.47 0.040 6540.83 0.094

Marokite, Morocco 6541.17 0.041

p p

b -MnOOH 6540.38 0.052 6540.98 0.089

Feitknechtite, synthetic 6541.23 0.020

6542.65 0.016

a -MnOOH 6540.88 0.036 6541.07 0.062

Groutite, synthetic 6541.34 0.025

p p

g -MnOOH 6540.39 0.055 6541.03 0.086

Manganite, Germany 6541.23 0.012

6542.88 0.018

Ca4Mn3O3sBO3d3CO3 6539.64 0.097 6540.76 0.093

Gaudefroyite, Namibiaa 6541.02 0.023

6541.96 0.014

MnPO4 6540.12 0.019 6541.01 0.067

Purpurite, Namibia 6541.37 0.048

p p

aThis sample might have some hausmanite inclusions, explaining its relatively low centroid position for MnsIII d.
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lifetimed was calculated to be equivalentsat the 99.9% con-
fidence leveld to a pseudo-Voigt function with a 1.4 eV width
and a Gaussian percentage of 45%. These two parameters
were consequently fixed in the fitting of the pre-edge region
presented in this study. However, a continuum of 2–4
pseudo-Voigt functions was allowed to freely vary to account
for the baselinesas the sum of these pseudo-Voigt functionsd.

This method was validated at the FeK edge through com-
parative FeK edge RIXS and XANES experiments for a
series of models.55,57,58Tables I–IV report the pre-edge data
for the samples of this study, which include the individual
positions and integrated areas for each significant pseudo-
Voigt function. The pre-edge information for each sample
scentroid and total integrated aread is calculateds1d from the

TABLE III. Pre-edge information for the models for MnsIV d. The asterisk indicates convergence to a null integrated area.

Sample

Pseudo-Voigt function

Centroid
seVd

Total
integrated

areaEnergyseVd
Integrated

area

ZnMn3O7u3H2O
a 6540.37 0.010 6541.37 0.0934

Chalcophanite, Mexico 6541.36 0.074

6542.43 0.010

,LiAl 2Mn2O6sOHd6
a 6540.61 0.009 6541.37 0.0876

Lithiophorite, South Africa 6541.29 0.057

6541.91 0.021

CaMn3O7uH2O 6540.77 0.013 6541.55 0.0992

Todorokite, U.S.A. 6541.38 0.060

6542.35 0.026

PbH2Mn3O8 6540.73 0.010 6541.47 0.0803

Cesarolite, Tunisia 6541.30 0.054

6542.51 0.016

,BaMn6Fe2O16 6540.36 0.059 6541.57 0.0702

Hollandite, India p p

6542.69 0.011

,KMn8O16 6540.59 0.013 6541.55 0.1614

Cryptomelane, Australia 6541.36 0.113

6542.52 0.035

,Ba2Mn5O10
a 6540.43 0.008 6541.29 0.0775

Romanechite, France 6541.20 0.055

6542.11 0.014

e -MnO2 6540.94 0.0299 6541.63 0.1126

Akhtenskite, Russia p p

6541.87 0.0827

a -MnO2 p p 6541.59 0.0737

Ramsdellite, U.S.A. 6541.26 0.0593

6542.95 0.0144

b -MnO2 p p 6541.45 0.0776

Pyrolusite, Mexico 6541.25 0.0635

6542.35 0.0140

aThis sample also contains some minor amounts of MnsIII d.
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average position of the pseudo-Voigt functions, weighted by
their respective integrated areas, ands2d from the sum of the
individual integrated areas.

III. RESULTS

Tables I–III present the results of the pre-edge models for
model compounds containing divalent, trivalent, and tetrava-
lent manganese. Three pseudo-Voigt functions were system-
atically considered for the model of the pre-edge features
sensu stricto. For some compounds, a pseudo-Voigt function
converged to a null heightsand, if occurring, was then ex-
cluded from the modeld. Figures 2, 4, and 6 show the experi-
mental information collected for MnsII d, MnsIII d, and

MnsIV d, respectively. Figures 3, 5, and 7 show theFEFF8.2

calculations performed on selected structural configurations
containing these redox states.

A. Divalent manganese

The pre-edge feature for centrosymmetric sites around
MnsII d sOh as in MnCO3 and MnO, for instanced shows a
well-resolved doubletfFigs. 2sad and 2sbdg. Polarized reso-
nant inelastic x-ray scattering experiments performed at the
Mn K edge in a single crystal of MnO also evidenced a
doublet, which was assigned to the transition of the 1s elec-
tron to the 3d crystal-field-split statesst2g and eg,
respectivelyd,31 in agreement with powdersi.e., anisotropicd

TABLE IV. Pre-edge information for the complex oxides.

Sample

Pseudo-Voigt function
Centroid

seVd

Total
integrated

areaEnergyseVd Integrated area

Mn3O4 6540.02 0.013 6540.89 0.174

Hausmannite 6540.69 0.131

6542.11 0.030

Mn7SiO12 6541.10 0.049 6541.65 0.130

Braunite 6541.55 0.047

6542.59 0.034

g -MnO2 6540.39 0.017 6541.32 0.129

N’sutite 6541.27 0.090

6542.26 0.022

NaMn7O14u1.3H2O 6540.76 0.038 6541.61 0.084

Birnessite-Na 6541.55 0.022

6543.05 0.023

FIG. 2. MnK edge normalized
XANES spectra for the MnsII d-
bearing model compounds investi-
gated in this study containing
MnsII d in tetrahedral, octahedral
scentrosymmetric and distortedd,
and cubic sites:sad main XANES
spectra;sbd detail of the pre-edge
region.
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RIXS experiments.21 The pre-edge feature becomes broad-
ened for more octahedrally distorted Mn sitessas in MnSiO3
or a-Mn2SiO4 for instanced. A doublet is also observed for
MnsII d in the centrosymmetric cubic site of garnet. When
underTd symmetry, the pre-edge appears as a singlet, with a
higher heights,2 as compared toOhd, as observed for many
other transition elements.58–60 However, two pseudo-Voigt
functions are still required to model this featuressee Table I
bottomd.

Ab initio FEFF8.2calculations of the pre-edge region1 of
MnO were then conducted to better understand the origin of
this feature. There is a good agreement betweenFEFF8.2pre-
edge calculationsfFig. 3sadg and the experimentfMnO; Fig.
3sbdg. The pre-edge feature appears when the first oxygen
neighbors and quadrupolar transitions are accounted forfFig.
3scdg. This indicates that the origin of this feature is not
related to distant neighbor shells,27 but rather comes from the
classicalp-d hybridization model involving dipolar and qua-
drupolar transitions among the crystal-field-split states re-
lated to oxygen first-neighbor ligands. An indirect validation
of this model is that the pre-edge features for rhodocrosite
sMnCO3d and manganositesMnOd are nearly identical in
shape, intensity, and positionfFig. 1scdg, although the
MnsII dO6

10− moieties contained in these three structures are
surrounded by very different atoms at very different
distances.1,37 Mutiplet calculations performed on MnsII d in
Oh symmetrysas in MnOd report two groups of transitions.21

One-electron calculations cannot calculate discrete electronic
transitions as multiplets do, so each set of transitions was
“simulated” by FEFF8.2 as a broadened interference, which
was then modeled as pseudo-Voigt functionsfFig. 3sadg.
Therefore, the agreement between multiplet calculations and

FEFF8.2is excellent.
From the present database of model compounds, addi-

tional information can be obtained. For instance, when the
site distortion increasessfrom MnCO3 to MnSiO3d, the con-
tribution of dipolar transitions increases accordingly; hence
the higher integrated pre-edge intensitys0.073→0.094;
Table Id. FEFF8.2confirms these evolutions, as suggested by
the greater pre-edge intensity when MnsII d is located in the
highly distortedM2 site ofa-Mn2SiO4 san olivine structured
fFig. 3scdg. As for other transition metals, pre-edge areas are
not a measurement of coordinationsas often reportedd but of
symmetry, as suggested by the similar pre-edge information
for garnet39 scubic symmetry, eight coordinatedd and
manganosite1 soctahedral, six coordinatedd. FEFF8.2calcula-
tions confirm that the pre-edge for MnsII d in the cubic site of
garnet has a relatively low intensity, typical of centrosym-
metric sitesfFig. 3sddg for which quadrupolar transitions
dominate over dipolar onessas for the octahedral symmetryd.
Finally, the most intense pre-edges are calculated for the tet-
rahedralsTdd geometriesfas in MnFe2O4; Fig. 3sddg. How-
ever, as predicted for noncentrosymetric sites, the dipolar
contribution to the pre-edge dominates highly over the qua-
drupolar one underTd geometry. Thus there is excellent
agreement between experiment and theab initio FEFF8.2

simulations for a variety of symmetries around MnsII d, pro-
vided that quadrupolar transitions are accounted for.

B. Trivalent manganese

The pre-edge region for MnsIII d-bearing models shows a
doublet fFigs. 4sad and 4sbdg, the second feature being lo-
cated at 2 eV from the first one. However, three pseudo-

FIG. 3. Ab initio FEFF8.2calcu-
lations for MnsII d-bearing struc-
tures:sad model of theOh site sas
in MnOd and its model, showing
the two pseudo-Voigt functions
that are required to fit the simula-
tion; sbd model of the experimen-
tal spectrum;scd variation in pre-
edge shape as a function of
transition typesdipolar d and/or
quadrupolarqd for MnsII d in regu-
lar and distorted octahedral sites
sas in MnO and theM2 sites of
a -Mn2SiO4d; sdd same asscd but
in cubic sas in garnetd and tetrahe-
dral sas in spineld sites.
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Voigt functions were required to properly model this pre-
edge sTable IIId. The second pseudo-Voigt function is not
clearly visible in most pre-edges, but its presence signifi-
cantly improved the modelfFig. 5sadg. The second feature of
the doublet si.e., the third pseudo-Voigt function in the
modeld has a highly variable height among the samples, from
nearly invisible in gaudefroyite to very intense ina-MnOOH

sgroutited or CaMn2O4 smarokited. The local structure around
Mn in the last compound is more radially distorted than in
gaudefroyiteftheir respective variance in the OuMnuO
angles inside the MnsIII dO6 polyhedra is 1145 versus
1034 deg2g.45,48 Hence, as for MnsII d, there is a direct rela-
tionship between the height or area of this pre-edge feature
and the Mn-site centrosymmetry. No samples containing tet-

FIG. 4. sad Mn K edge normal-
ized XANES spectra for the
MnsIII d-bearing model com-
pounds investigated in this study
seither oxides, hydroxides, or net-
workedd; sbd detail of the pre-edge
region.

FIG. 5. Ab initio FEFF8.2calcu-
lations for MnsIII d-bearing struc-
tures: sad model of the FEFF8.2

simulation forb -MnOOH, show-
ing the three pseudo-Voigt func-
tions required to fit the simulation;
sbd equivalent ofsad for the ex-
perimental spectrum;scd influence
of site centrosymmetry as in
Mn2O3, in which two sites exists,
a regularsM1d and a Jahn-Teller-
distortedsM2d site and the aver-
age of bothsshown with their best
fitd; sdd study of the Jahn-Teller
distortion in two modifications of
MnOOH.
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rahedrally coordinated MnsIII d could be studied as the great
majority of the compounds containing trivalent manganese
show octahedrally coordinated MnsIII d.

Around MnsIII d sas in manganited,45 three main sets of
transitions are predicted byFEFF8.2fFig. 5sadg and measured
in manganitefFig. 5sbdg. These transitions closely resemble
those for FesII d in Oh symmetry for which 2+1 sets of tran-
sitions were also predicted and measured.21,28,55On the other
hand, multiplet calculations evidenced a continuum of tran-
sitions, which can be grouped into five major sets of
transitions.21 The last group of transitionssnear 6548 eVd is
too weak in intensity, so it could not be observed using
FEFF8.2, due to broadening effects inherent in the use of a
one-electron theoryslike FEFF8.2d. However, given its relative
area,21 the influence of that set of transitions should be neg-
ligible on the pre-edge information. The second to fourth sets
of transitionssbetween 6543.5 and 6545.5 eVd are too close
to each other21 to be resolved by XANES methodssas for
Fed.60 They can be best modeled by two transitionssunfortu-
nately physically nonrealistic but statistically meaningfuld.
Then, there is good agreement betweenFEFF8.2and multiplet
theory results about the transition energies. In contrast, the
agreement betweenFEFF8.2and the multiplet results is less
good for the predicted intensities for each group of transi-
tions. For instance, according toFEFF8.2, the first set of tran-
sitions should be the most intense inb-MnOOH, whereas it
is the second for the multiplet calculationssand vice versad.
However, most compounds containing MnsIII d show a severe
Jahn-Teller effect,45 which distorts strongly the MnsIII dO6

9−

moieties, making such features not easily computable using
multiplets, and the comparison withFEFF8.2is inaccurate.

To better comprehend these Jahn-Teller-related effects on
the pre-edge for MnsIII d, the two sites present in Mn2O3
fFig. 5scdg were studied. In this bixbyite structure, trivalent

manganese is distributed over a centrosymmetricM1 site and
a highly distortedsJahn-Teller-distortedd M2 site.46 In the
M1 site sin which no Jahn-Teller distortion occursd, the first
set of transitionssnear 6540 eVd has a lower relative inten-
sity as compared to the second set of transitionssnear
6541 eVd. Then the agreement betweenFEFF8.2and multiplet
results is excellent. When Jahn-Teller distortion occurssas in
the M2 sited, the relative intensities of these two sets of
transitions are reversed. TheM1-M2 averaged pre-edge fea-
ture was computed and modeledftop curves in Fig. 5scdg.
The two first sets of transitions show therefore comparable
areas. Identical conclusions can be reached from the study of
other MnsIII d-bearing oxides, hydroxides, and carbonates
that were investigatedssuch as marokite, groutite, feitknech-
tite, purpurite, gaudefroyite, etc.d for which the intensity of
the second set of transitions varies quite significantly as a
function of site distortionfwithin the already Jahn-Teller-
distorted sites; see Fig. 4sdd in which thea andb modifica-
tions of MnOOH are comparedg.

C. Tetravalent manganese

As for MnsIII d, most compounds containing tetravalent
manganese have this cation in octahedral sites, as suggested
by the relatively low pre-edge heights for these compounds
sTable IIId. The pre-edge feature usually shows a doublet
fFigs. 6sad and 6sbdg for which the second feature has a
highly variable height among the compounds. A third feature
is also observed near 6545 eV in the most ordered oxides,
such aa- and b-MnO2. On the other hand, the XANES
spectra for most of these models look relatively similar to
each otherswith the exception ofb-MnO2d.

FEFF8.2 calculations for pre-edge feature for the
MnsIV dO6

8− moietiessas in b-MnO2 pyrolusited fFig. 7sadg

FIG. 6. sad Mn K edge normal-
ized XANES spectra for the
MnsIV d-bearing model com-
pounds investigated in this study
seither layered hydroxides, com-
plex oxides, or simple oxidesd; sbd
detail of the pre-edge region.
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shows two distinct features, provided quadrupolar transitions
are accounted for. Multiplet calculations for a MnsIV d ion in
Oh symmetry21 agree with theFEFF8.2 predictions for the
MnsIV dO6

8− moiety in b-MnO2 fFig. 7sadg. The multiplet
theory suggests that four main sets of transitions are pre-
dicted for such MnsIV d, which can be rationalized to three
main sets of transitions using the one-electron theory of
FEFF8.2fFig. 7sbdg. A third pseudo-Voigt function of very low
intensityflocated near 6545 eV; Fig. 6sbdg is required in the
model as it contributes to the pre-edge asymmetry. As for
MnsII d and MnsIII d, the intensity of the second pre-edge fea-
ture snear 6543 eVd is found to increase with site distortion,
as shown on Fig. 7sad for the a and b modifications of
MnO2.

However, the highly resolved doublet observed experi-
mentally fsee Fig. 6sbdg is not reproduced using these mod-
els. Similar inconsistencies for MnsIV d were also reported
for pre-edges extracted from MnK edge XANES and RIXS
experiments in organometallic systems.21 The discrepancies
are attributed to variations in the effective number of 3d
electrons, more importantly for MnsIV d than for MnsII d, the
latter exhibiting an almost pure 1s3d excited-state
configuration.21 However, for MnsVd, MnsVI d, and MnsVII d,
no such discrepancies are observed in their pre-edge feature
among the models studied.54 Alternatively, the possibility of
metal-metal transitions should also be investigated, as they
are known to produce extra transitions in the pre-edge region
of many other 3d transition elements, particularly in highly
polymerized oxides such as TiO2, FeO, Fe2O3, Fe3O4, and
NiO.29,33,34

Accordingly, 12–20 Mn next-nearest neighbors are lo-
cated near 5.2–5.3 Å around the central Mn in the three

modifications of MnO2 studied here. Only when these neigh-
bors are considered does the calculated pre-edge spectrum
match the experiment nearly ideallyfFig. 7scdg. However, the
second and third pseudo-Voigt functions arising from crystal-
field splitting snear 6543 and 6545 eVd overlap strongly with
the transition related to metal-metal pairsfFig. 7scdg. Conse-
quently, these transitions cannot be separated in the experi-
ment, even under high-resolution conditions. Therefore, the
pre-edge for MnsIV d is complex and must be modeled with
great caution. The most robust approximation was achieved
by considering four pseudo-Voigt functions for the pre-edge
of MnsIV d: three for the pre-edgesensu strictofwhich can
degenerate into two pseudo-Voigt functions in some cases, as
in b-MnO2; see Fig. 7sddg and a last one for the metal-metal
transitions fFig. 7sddg. However, this last “metal-metal”
pseudo-Voigt function in the model of the experimentsnear
6545 eVd still contains much information related to the pre-
edgesensu strictofaccording to Fig. 7sadg. The nonconsider-
ation of this information for the estimation of redox state and
symmetry around MnsIV d is estimated, thanks to Fig. 7scd, to
be less than 10%, which is the accuracy of the method.
Worse, the second pseudo-Voigt function modeled for the
experimental pre-edge spectrum forb-MnO2 is significantly
underestimated according to theFEFF8.2model presented on
Fig. 7sbd. This last figure suggests that, in this compound, the
second pseudo-Voigt function has a greater intensity than its
lower-energy counterpart, in contrast to the model of the ex-
perimentfFig. 7sddg. At this point, the energy resolution of
the current XANES experiments at the MnK edge is not
enough to separate each of these contributions and, therefore,
limits drastically the extraction of reliable pre-edge informa-
tion for MnsIV d. However, the model presented above re-

FIG. 7. Ab initio FEFF8.2calcu-
lations for MnsIV d-bearing struc-
tures:sad model of theOh symme-
try in the a- andb- modifications
of MnO2, showing the importance
of quadrupolar transitions and
centrosymmetry on the pre-edge
intensity; sbd best fits calculated
for these two modifications, evi-
dencing the need for three pseudo-
Voigt functions to model the pre-
edge and their respective variation
as a function of distortion;scd in-
fluence of distant manganese
neighbors on the pre-edge feature
of b -MnO2; sdd typical model of
the experiment for MnsIV d in
which two or three pseudo-Voigt
functions are required to model
the pre-edge sensu stricto,
whereas an additional pseudo-
Voigt function is needed for the
metal-metal transitions.
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mains correct in the absence of more oxidized redox states of
manganese, such as V, VI, or VII. In all cases, the model for
MnsIV d must be used with great care and wisely.

IV. DISCUSSION

A. Summary for model compounds

The pre-edge centroids for the 2+, 3+, and 4+ oxidation
states of manganese shift consistently toward higher energy
with higher oxidation state. They are centered around
6540.65, 6541.00, and 6541.55s5d eV, respectivelyswith
standard deviations of 0.03–0.05 eVd. The standard devia-
tion in the centroid position for a given redox state of man-
ganese corresponds to a 5–15 % in accuracy for a redox de-
termination saverage ,10%d. This error in redox
determination is considerably lower than that for the edge
measurementss25–90 %; average,40%d.

As for other transition elements,58–60 the pre-edge areas
increase with site distortion but also with redox statesas
more empty 3d levels are created by the ionization of Mnd.
Ab initio calculations, assuming the one-electron theory of
FEFF8.2, are in good agreement with multiplet calculations,21

provided that quadrupolar transitions are accounted for.
However, the consideration of metal-metal transitions is
critical, particularly in MnsIV d-dominant samplesfwhich can

be qualitatively inferred from the edge position as shown on
Fig. 1sbdg. This explains why previous attempts to extract
reliable redox information from the MnK edge pre-edge
feature were unsuccessful.20 Similarly, metal-metal transi-
tions were previously reported for the rutile modification of
TiO2 sat the Ti K edged, FeO, Fe2O3 sat the FeK edged,
or NiO sat the NiK edged.29,30,33,34However, when MnsIV d
in not polymerized fas shown for MnsIV d in the
acetylacetonateg,21 these metal-metal transitions disappear,
making the model of the pre-edge more robust. In the fol-
lowing examples, the above models are applied to a variety
of samples of physical interest and discussed in the light of
the literature.

B. Application to complex manganese oxides

1. Multivalent oxides

In Mn3O4, Mn is distributed over two sites and two redox
statesff4gMnsII d and f6gMnsII dg.3 Accordingly, the pre-edge
centroid is located near 6540.89 eV, in between the domains
for MnsIII d and MnsII d fsee Table IV; Figs. 1sbd and 8sad–
8scdg. Also, the relatively high pre-edge areas0.174d is re-
lated to the presence of the tetrahedrally coordinated MnsII d.
A computed mixture between MnFe2O4 and a-MnOOH
model compoundsfsee Fig. 8scdg confirms that a 50:50 me-

FIG. 8. Normalized MnK edge XANES and pre-edge spectra for multivalent manganese oxides:sad normalized MnK edge XANES for
Mn3O4 and Mn7SiO12; sbd detail of the respective pre-edges for Mn3O4 and Mn7SiO12; scd model of the pre-edge for Mn3O4 considering that
for spinel anda-MnOOH; sdd normalized MnK edge XANES and pre-edge spectra for andg-MnO2 spectra as compared toa- and
b-MnO2; sed detail of the pre-edge region.
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chanical mixture between both models has a centroid located
at 6540.85s5d eV, which is halfwaysas predictabled between
that for MnsII d and that for MnsIII d s6540.65 and
6541.00 eV, respectivelyd. However, the pre-edge height for
Mn3O4 is not halfway but,80% of that for aTd geometry
around MnsII d stheir total integrated areas are even closerd.
Such nonlinearities in the pre-edge information variation for
mixtures of redox states and coordination environments were
suspected as they were previously shown for iron.55

These predictions55 also suggest that, when the redox state
varies at a constant geometrysas in Mn7SiO12 or
“braunite,”61 see Fig. 6 and Table IVd, the pre-edge informa-
tion varies linearly as a function of redoxsi.e., the pre-edge
centroid varies at a constant pre-edge aread. In Mn7SiO12, the
pre-edge centroids6541.65 eVd suggests the presence of
dominant amounts of MnsIV d with no detectable amounts of
MnsIII d. A stoichiometric analysis of that sample shows that
7 mol % of the total manganese is trivalentsconfirming in-
directly that the sensitivity of the XANES method presented
here is 10 mol %d. Similarly, the redox state of manganese
can be estimated in theg- modification of MnO2 fsee Fig.
8sddg, which is an important cathodic material in dry-cell
batteries. This material was shown, thanks to transmission
electron microscopy, to be a complex mixture of thea andb
modifications of MnO2, together with highly defective do-
mains and tunnels, in which a variety of cationsssuch as
alkali and alkaline-earth metalsd and water molecules occur,
which should stabilize in turn some MnsIII d.62 The Mn K
edge XANES ofg-MnO2 fFig. 8sddg shows broad features
sas ina-MnO2d. This suggests that theb-MnO2 type of do-
main does not predominate in that samplefbecause they pro-
mote highly structured XANES signatures, in contrast toa
-MnO2 which XANES is broader; see Fig. 8sddg. From linear
combinations of the end members shown in Fig. 8sdd, the
relative amount ofb-MnO2 is less than 1/4 in volume in that
sample. Using electron microprobe and stoichiometric con-
siderations, the amount of MnsIII d sin aperiodic, defective
domains62d in this g-MnO2 is ,20 mol %. The measured
fraction of trivalent manganese by the pre-edge method
f0.40s5dg is much higher. Despite this mediocre agreement,
the direct XANES measurement are recommended over sto-
ichiometric estimates, which strongly rely on an accurate
measurement of the total oxygen contentsincluding hy-
droxyls, which are always difficult to measure accuratelyd.

2. Defective oxides

Defective manganese oxides, such as NaMn7O12-1.3H2O
s“birnessite”d are structurally and chemically complex
phases, which are common as the result of low-temperature
oxidation of more simple, high-temperature oxides.2 Their
exact structure is still debated, in part because of the pres-
ence of trivalent manganese, which balances various charge-
compensating cationsssuch as Nad that can be accommo-
dated in the tunnels of the host structure.63–65 Therefore, an
accurate measurement of the speciation of manganese in
these compounds is essential to better understand their de-
fective structure. In shape, the pre-edge for NaMn7O12
-1.3H2O is intriguingly similar to that forg-MnOOH, but
shifted by +0.58s3d eV. The pre-edge position for the defec-

tive oxides6541.61 eVd is then consistent with the presence
of dominant amounts of MnsIV d with less than 10 mol % of
MnsII d and/or MnsIII d. This direct measurement is in good
agreement with indirect chemical information derived from
structural formula,64,65 which show that less than 1/3 of the
manganese can be trivalent in these phasesstogether with
some minor amount of divalent manganesed.

Mn K edge XANES calculations were undertaken for
NaMn7O12-1.3H2O sbased on Ref. 64d to better understand
the origins of the pre-edge feature in this defective structure.
Self-consistency was forced to converge to reasonable values
for the effective chargese.g., −0.2 for oxygen, 0.1–0.2 for Na
or Mg, and 0.35 for manganesed, as the Na site favored
anomalously low electronic densities, as refined. Also, an
infinitively periodic structure was considered, which does
not hold for the local vacancies and substitutions known in
these networks.64 Despite these limitations, the agreement
within the XANES region with the experiment is fairspar-
ticularly featuresB and C in Fig. 9d, despite the XANES
intensities are overestimatedsdue to the fully periodic model
used inFEFF8.2d. The pre-edge-simulated featuresfeatureA in
Fig. 9d reproduces well the measured doublet. However, the
distant manganese neighbors located between 5 and 6 Å
around the central absorbing manganese must be taken into
account to reproduce the experimentfas for the polymorphs
of MnsIV dO2g. This result apparently contradicts that ob-
tained forg-MnOOH fFig. 5sadg. In g-MnsIII dOOH, a simi-
lar pre-edge feature was collectedsbut shifted by −0.58 eV
because of the presence of MnsIII d instead of MnsIV d. How-
ever, no distant Mn next-nearest neighbors were required to
model the pre-edge feature of that manganite, in contrast to
NaMn7O12-1.3H2O.

Consequently, the shape of the pre-edge alone should not
be used as an indicator of the speciation of Mnseither redox
or environmentd. Instead, the pre-edge centroid information
must be evaluated first, in order to derive the amount of
MnsIV d in the structure. If the pre-edge centroid is found
close to that for MnsIV d oxides, the possibility for MnuMn
pairs in the pre-edge must be considered, particularly when
the polymerization of MnsIV d is high sas in Mn oxides and
hydroxides such as phyllomanganatesd. In turn, the pre-edge
region for MnsIV d-bearing compounds is a measure of the
polymerization of Mn moieties at distances above 5 Å, the
latter neighbors appearing less important contributors
through conventional EXAFS spectroscopy.5,65A direct con-
sequence for most MnsIV d-rich compounds is that the pre-
diction of their pre-edge feature is impossible if the structure
is unknownssuch as when the structure is defective or amor-
phousd. Also, from the experimental information, it is likely
that the centroid for the triplet of pseudo-Voigt functions
sused to model the pre-edged is somewhat overestimated be-
cause of the presence of MnuMn pairs. In NaMn7O12
-1.3H2O, that centroid is actually centered at 6541.61 eV,
which is +0.06 eV above the average value for MnsIV d
fbased on the database of MnsIV d-bearing model compounds
investigated in this studyg. Consequently, one could overes-
timate s,+10%d the actual Mn redox state in this com-
pound. This last example highlights a limitation of the
method in the case of MnsIV d-rich compoundsswhen struc-
tural and/or ultra-high-resolution spectroscopic—e.g.,
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RIXS—information is lackingd. In any case, the pre-edge
region of the MnK edge XAFS spectra for manganese-
oxide-type compounds still provides complementary infor-
mation to the main XANES and EXAFS regions, but the
pre-edge for MnsIV d-bearing compounds must be analyzed
with care.

C. Conclusions

Thanks toab initio FEFF8.2calculations, reliable redox and
symmetry information can be extracted from the pre-edge
region, provided that quadrupolar transitions are taken into
account and that metal-metal pairs are excluded from the

pre-edge feature models. In turn, these metal-metal transi-
tions are useful indicators to estimate the degree of MnsIV d
ordering and polymerization. Further applications are under
way to environmental and historical systems,24,66 as well as
for better understanding of the relation between the tunnel
geometry in manganese oxides and the pre-edge features.
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