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X-ray absorption spectroscopy measurements have been performed to elucidate local electronic and
atomic structures of orthorhombic 3d-transition metal-doped yttrium manganites 共YMnO3兲 with
chemical formulae YMn2/3Me1/3O3 共Me= Co, Ni, and Cu兲. The Mn L3- and K-edges x-ray
absorption near-edge structure 共XANES兲 demonstrate the direct substitution of Me2+ for Mn3+, so
that the positive effective charge of Mn ions are increased. Me-doping is also found to induce
substantial broadening of the Mn L3-edge feature, which suggests enhancement of the delocalization
of Mn 3d eg subbands and conductivity. Local spin density approximation 共LSDA兲 + U 共Hubbard U
parameter兲 calculations were used to understand their electronic structures. © 2009 American
Institute of Physics. 关doi:10.1063/1.3224905兴
Manganites have diverse unique properties, such as colossal magnetoresistance, metal-insulator transition, charge
ordering, and multiferroic nature.1–3 Most theoretical and experimental investigations have focused extensively on rareearth 共R兲-based manganites with a general formula of
RMnO3.4 Lanthanides with smaller ionic radii such as Er or
Yb, crystallize to form a hexagonal structure, and so does Y.
These hexagonal manganites are of a class of materials
known as “Multiferroic materials,” which exhibit coexistence of magnetic and ferroelectric 共FE兲 ordering. These materials have great potential for technological applications.3
Therefore, intensive effort has been made to understand the
intrinsic properties of these multiferroic manganites.5 The
mixed oxides with a general formula of YMn1−xMexO3
共Me= Co, Ni, and Cu兲 are of technological interest because
of their negative temperature coefficient and the tunability of
their magnetoelectric coupling.6,7 Recently, the electronic
structure of YMnO3 has been extensively studied both theoretically and experimentally.8,9 YMnO3 is a FE, antiferromagnetic compound with a very low electrical conductivity.
Upon doping with Me, it exhibits semiconducting behavior
and good electrical conductivity.6,7 In this study, Me ions are
doped in hexagonal YMnO3 with a specific composition of
⬃1 / 3. This composition is known to exhibit diverse unusual
properties in manganites and it is within the solubility limits
in most of these compounds.6,7 The electronic and atomic
structures of orthorhombic YMn2/3Me1/3O3 共hereafter
Me– YMnO3兲 were investigated using x-ray absorption nearedge structure 共XANES兲 and extended x-ray absorption fine
structure 共EXAFS兲 spectroscopy. XANES at the O K-edge
reflects the density of unoccupied states, which can be compared with partial density of states 共DOSs兲 obtained by firsta兲
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principles calculations to understand XANES spectra.10
The XANES and EXAFS measurements were carried
out at the National Synchrotron Radiation Research Center
in Hsinchu, Taiwan. The manganites in this work were synthesized by a standard solid state reaction. X-ray diffraction
共XRD兲 and magnetization measurements of Me– YMnO3
and YMnO3 revealed that doping YMnO3 with Me ions
causes a structural change from hexagonal to an orthorhombic perovskite structure and a significant change in the magnetic properties.6,7
Figure 1共a兲 presents the Fourier transform 共FT兲 of the
Mn K-edge EXAFS k3 spectra of Me– YMnO3 and YMnO3
shown as solid lines. The Mn K-edge FT spectra of
Me– YMnO3 samples differ clearly from that of YMnO3. In

FIG. 1. 共Color online兲 共a兲 FT spectra of Me– YMnO3 共Me= Co, Ni, and Cu兲
and YMnO3. The dashed lines in EXAFS of Me– YMnO3 at Co, Ni, and
Cu K-edge are similar to the EXAFS FT spectra of Mn K-edge 共solid lines兲.
Inset in the top 共i兲 perovskite structure 共left-side兲 and 共ii兲 hexagonal manganites 共right side兲. 共b兲 Normalized XANES spectra at Mn K-edge of
Me– YMnO3 and YMnO3 along with the reference compounds MnO2 and
Mn2O3. Inset presents the normalized XANES spectra at Y K-edge of
Me– YMnO3, YMnO3, and Y2O3.
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YMnO3, the local atomic structure of the Mn site is characterized by the presence of the MnO5 bipyramid 关right-hand
inset, Fig. 1共a兲兴 and in Me– YMnO3, it is characterized by
the MnO6 octahedron 关left-hand inset, Fig. 1共a兲兴. The FT
spectral features of the nearest-neighbor Mn–O distance and
the higher-neighbor shells also show the structural difference. The position and width of the first feature are related to
the average Mn–O bond distance and its distribution, respectively. The Co, Ni, and Cu K-edge FT spectra overall are
similar to the corresponding Mn K-edge FT spectra of
Me– YMnO3 samples 共which are superimposed as dashed
lines兲, except for the first main feature in the FT curves,
which shifts toward larger radial distance from those of the
Mn K-edge. This shift reflects the larger ionic radii of Co,
Ni, and Cu cations than that of the Mn cation. The first main
FIG. 2. 共Color online兲 共a兲 Normalized Mn L3,2-edge XANES spectra of
feature between 1 and 2 Å corresponds to the Mn–O 共Me–O,
Me– YMnO3 and YMnO3. Inset presents a magnified view of the near-edge
in the case of dashed lines兲 bond distance. The
features, A3 and B3, at the Mn L3-edge after the background has been subsecond 共⬃2.5 Å兲 and third 共⬃3.3 Å兲 features correspond
tracted using a step function, indicated by the dotted line.
to Mn共Me兲-Y and Mn共Me兲-Me共Mn兲 bond distances in
Me– YMnO3,11 respectively. The heights of the first main
Figure 2 displays the normalized Mn L3.2-edge XANES
feature in the Cu K-edge FT curves of Cu– YMnO3 are sigspectra of Me– YMnO3 and YMnO3. These spectra are prinificantly reduced, which was argued to be due to the Jahnmarily associated with the Mn 2p → 3d transition, and the
Teller 共JT兲 distortion caused by Cu cations.6 These EXAFS
intensity of the white line can be regarded as a measure of
results suggest that Me ions substituted at Mn ions, which is
the density of unoccupied Mn 3d states. The inset in Fig. 2
consistent with XRD results.
presents a magnified view of the near-edge features, A3 and
The local electronic structures at the Mn site as observed
B3, at the Mn L3-edge after the background has been subin the normalized XANES spectra at the Mn K-edge of the
tracted. As revealed in the inset of the figure, the centroid
samples are presented in Fig. 1共b兲 along with the reference
shifts upward in energy with the doping of Me ions and the
compounds Mn2O3 and MnO2. The pre-edge region is broad
integrated area under the feature exceeds that of YMnO3.
for Me– YMnO3 and is similar to those observed for Ca- and
This result shows an increase in the number of unoccupied
12,13
but is different from that of YMnO3.
Ce-doped LaMnO3,
Mn 3d states, reflecting a decrease in the 3d-states occupaThe pre-edge features A1 to B1 below the main feature C1
tion and an increase in the positive effective charge of Mn
are due to Mn 1s transition into unoccupied O 2p-Mn 3d 共or
ions consistent with the argument given previously for the
Mn 3d / 4p兲 hybridized states, which have p components proshift of the threshold position of the main Mn K-edge feature
jected at the Mn site as observed in many transition-metal
to higher energy relative to that of YMnO3. The Me-doping
oxides. The main feature C1 at the Mn K-edge corresponds
induced increase in the effective charge of Mn ions indicated
to the high-energy Mn 4p states. Figure 1共b兲 shows that the
the direct substitution of Me2+ for Mn3+, to preserve the
threshold of the first main Mn K-edge feature of YMnO3
valence equilibrium in Me– YMnO3. Figure 2 also shows
nearly coincides with that of Mn2O3, for which the Mn
that the overall Mn L3-edge features for Me– YMnO3 are
ion has been assigned to have a valence or effective charge
greatly broadened relative to that of YMnO3, which reveals
of +3. The thresholds of the main Mn K-edge features
that the doping of Me ions promoted delocalization of Mn 3d
of Me– YMnO3 have higher energies than that of YMnO3 /
states and the improvement of conductivity as observed.6,7
Mn2O3, but have lower energies than that of MnO2, for
The inset in Fig. 2 presents the intensity changes of features
which the Mn ion has been assigned to have a valence of +4.
A3 and B3 in the spectra of Me– YMnO3 relative to that of
The positions of the threshold energies of the main
YMnO3. Features A3 and B3 are typically assigned to the
Mn K-edge features of Me– YMnO3 seem to suggest that the
Mn 3d t2g and eg bands, respectively. However, the spinMn ions in Me– YMnO3 have an 共average兲 effective charge
polarized partial DOSs obtained from local spin density apbetween +3 and +4. Thus, the doping of Me in YMnO3 inproximation 共LSDA兲 + U 共Hubbard U parameter兲 calculacreases the positive effective charge of Mn ions. Other
tions for Me– YMnO3 revealed that features A3 and B3, are
XANES for Me– YMnO3 at the Co, Ni, and Cu K-edge 共not
primarily associated with the Mn majority-spin 共indicated as
shown here兲 were similar to corresponding divalent state ox↑-spin兲 eg and minority-spin 共↓-spin兲 t2g / eg subbands,10 reides. The inset in Fig. 1共b兲 presents the XANES spectra at
spectively.
the Y K-edge of Me– YMnO3, YMnO3, and Y2O3. The Y ion
Figure 3共a兲 displays the normalized XANES spectra of
in YMnO3 is monocapped and octahedrally coordinated.
Me– YMnO3 at the O K-edge. For comparison, the lower
YMnO3 and Y2O3 yield similar spectral line shapes with a
inset presents the spectrum of YMnO3. Four major features
twin-peak features 共A2 and B2兲 separated by ⬃6 and 7 eV,
in the spectra, labeled as A4 – D4, are centered at ⬃529, 531,
respectively, suggesting that the Y ions in both compounds
535, and 540 eV, respectively. These features provide deare in similar environments.14 However, the threshold positailed information about the unoccupied O 2p-derived states
tion of feature A2 for Me– YMnO3 did not shift with respect
commonly observed in perovskite oxides. Features A4 and
to those for YMnO3 and Y2O3, indicating that the effective
B4 vary remarkably in the spectra of the three Me– YMnO3
charge of Y ions in Me– YMnO3 is similar to those in
compounds, which are magnified in the upper inset of Fig.
YMnO
3共a兲,
after
theat:background
has been subtracted. Downloaded
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FIG. 3. 共Color online兲 共a兲 O K-edge XANES spectra of the three
Me– YMnO3 compounds. The lower inset presents normalized XANES
spectra at the O K-edge of YMnO3 共Ref. 8兲. The upper inset presents a
magnified view of near-edge features at the O K-edge after the background
has been subtracted using a best-fitted Gaussian curve, indicated by the
dotted line. 共b兲 Comparison of the O K-edge XANES features of
Ni– YMnO3 共upper solid line兲 with the theoretical spin-polarized partial
DOSs of YMn0.75Ni0.25O3. The spectra have been aligned with the first peak
and the Fermi level is defined as the zero energy.

conventionally assigned to TM 3d-O 2p hybridized states.
Spin-polarized electronic structure of Ni– YMnO3 has been
obtained by Ou Lee et al.10 using the Vienna Ab-initio Simulation Package with LSDA+ U.15 An efficient projector
augmented-wave potential is used to describe the electronion interactions.16 Y共4s4p5s4d兲, Mn共4s3d兲, Ni共4s3d兲, and
O共2s2p兲 are treated as valence electrons. The integration
over the first Brillouin zone of the orthorhombic structure is
approximated by sampling a 4 ⫻ 4 ⫻ 2 k-point mesh. A kinetic energy cutoff of 450 eV is chosen for the plane wave
basis set. In order to get reasonable value of band gap and
magnetic properties of Ni– YMnO3, the on-site Coulomb interaction U = 8 eV and Hund’s rule exchange interaction J
= 0.88 eV are selected for Mn 3d orbitals.17 Figure 3共b兲
compares the O K-edge XANES spectrum with calculated
spin-polarized partial DOSs of Ni– YMnO3. Due to the limitation of the unit cell, a concentration of 0.25 of Ni is considered, which is close to the experimental value of 1/3. It is
observed that at temperature above the paramagnetic
insulator-ferromagnetic metal transition, the spectrum is
composed of the only one peak, while in the ferromagnetic
region it splits into doublet due to the transition into eg
↑-spin and t2g ↓-spin states.18 These spectral features were
observable in Me-doped YMnO3. Consistent to this Ni- and
Co– YMnO3 are ferromagnets with a weak antiferromagnetic
component and thus exhibit spectral feature B4. However,
because of the strong JT Cu2+ ion in Cu– YMnO3, the spectral feature B4 is very weak implying the characteristic of
antiferromagnetic 共or spin-glass兲 ordering. Figure 3共b兲 suggests that feature A4 is contributed by O 2p and Mn 3d
↑-spin eg hybridized states, while feature B4 is contributed
not only by O 2p and Mn 3d ↓-spin t2g hybridization for both
Mn3+ and Mn4+ valence states but also by Ni 3d ↓-spin eg
states, which have p components projected on the O sites.
Feature C4 corresponds to O 2p and Y 4d hybridized states
and feature D4 corresponds to Mn/Ni 4sp / Y 5sp states 共not
shown in the figure兲. This assignment is generally applicable
to other cations such as Co and Cu ions. The changes in the
intensities of features A4 and B4 in the spectra of

Me– YMnO3 are primarily due to changes in the hybridization between O 2p orbitals and the Mn 3d ↑-spin eg subband
and Me 3d ↓-spin eg subband, respectively.13,18 The intensities of features A4 and B4 shown in the upper inset of Fig.
3共a兲 for the three Me ions vary remarkably, indicating that
occupation of Me 3d orbitals, which determines physical
properties such as magnetic interactions, is important. Inset
共lower兲 in Fig. 3共a兲 shows the XANES at O K-edge of
YMnO3 and spectral assignments given in Ref. 8.
Since Me– YMnO3 has a similar perovskite structure as
Ba 共or Ca and Sr兲 doped LaMnO3, its electric property may
be understood by analogy with that of doped LaMnO3. When
some La ions are substituted by Ba 共or Ca and Sr兲 ions in
LaMnO3, it has been commonly argued that a corresponding
number of Mn3+ ions become Mn4+ ions. Similar change
occurs by Co and Ni ions doping in orthorhombic
LaMnO3.19,20 The double exchange theory argued that the
hopping of itinerant eg electrons between spin-aligned Mn3+
and Mn4+ ions leads to a double-exchange interaction that
results in enhancement of the conductivity.2 Furthermore,
O K-edge XANES spectra and theoretical calculations also
consistently demonstrate the major difference of feature B4,
which corresponds to the Ni 3d ↓-spin eg subband, further
suggesting that Ni 3dx2−y2-O 2p orbitals overlap in the basal
plane to form a narrow xⴱ2−y2 band of highly correlated itinerant electronic states, while the Ni 3dz2 orbitals are more
localized. Me doping in these Me– YMnO3 improves the
conductivity and eventually change the structural and magnetic properties.
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