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The electronic structures of perovskite SrMn1−xMoxO3 �0�x�0.5� have been investigated by employing
soft x-ray absorption spectroscopy �XAS�. Mn 2p XAS shows the systematic change in the valence states of
Mn ions in SrMn1−xMoxO3 due to the substitution of hexavalent Mo6+�4d0� ions. With increasing x, the valence
states and the spin configurations of Mn ions change from high-spin �HS� Mn4+ for x=0, to HS Mn3+�t2g

3 ↑eg
1↑�

for x=0.3, and HS Mn2+�t2g
3 ↑eg

2↑� for x=0.5. The measured Mn 2p XAS spectra are described well with the
configuration interaction �CI� cluster model, including the Jahn-Teller distortion effect for Mn3+ ions. The
combination of the findings of Mn 2p XAS and the CI calculations provides the complete picture of the
electronic structures of SrMn1−xMoxO3 for 0�x�0.5.
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I. INTRODUCTION

SrMnO3 is a parent compound of the widely studied
mixed-valent perovskite manganites �ABO3�. When the diva-
lent A ion is replaced by a trivalent rare-earth, a variety of
changes has been observed1 in crystallographic, electronic,
and magnetic properties. Likewise, the B-site doping with
different transition-metal �T� elements has attracted attention
due to the observed large room-temperature magnetoresis-
tance �MR� in double-perovskites.2 Several experimental and
theoretical studies3–5 on cubic SrMnO3 have revealed that
SrMnO3 is a G-type antiferromagnetic �AFM� insulator �TN
�233 K� with the Mn4+ valence state. On the other hand,
double perovskite Sr2MnMoO6 is known to be a monoclini-
cally distorted AFM insulator �TN�12 K�,6 but the valence
states of the B-site ions have been controversial between
�Mn2+−Mo6+� �Refs. 7 and 8� and �Mn3+−Mo5+�.9 Therefore
determining the valence states of Mn and Mo in Sr2MnMoO6
and confirming their expected change in SrMn1−xMoxO3 �0
�x�0.5� in relation to the structural, electronic, and mag-
netic properties are worth of further investigation.

It was reported that the Mo substitution in LaMnO3 in-
duces ferromagnetism �FM�, which originates from the
double-exchange �DE� interaction between Mn3+ and Mn2+

ions.10 Prior to that, Mo-doped CaMnO3 �TN�125 K� cap-
tured much attention due to the creation of the colossal mag-
netoresistance �CMR� effect.11,12 The advantage of Mo sub-
stitution for Mn is that a large variation in the Mn valence is
possible due to the high valency of a Mo ion �Mo5+ or
Mo6+�, while the structural disorder in the Mn lattice is rela-
tively small. Nevertheless, for Mo-doped SrMnO3, which is
similar to CaMnO3, no systematic studies have been reported

yet. The end member SrMoO3 is a paramagnetic metal.13

According to the previous study13 on Mn-doped SrMoO3
�SrMo1−yMnyO3:0�y�0.2�, the metal-to-insulator transi-
tion occurs for y�0.03, which is accompanied by the change
in the magnetic property from the Pauli to Curie-Weiss para-
magnetism for y�0.01. Further, the increase in the lattice
constant with Mn doping suggested the existence of Mn2+,
since the radius of Mn4+ �0.53 Å� is much smaller than those
of Mo4+ �0.65 Å� and Mn2+ �0.67 Å�.

In this work, we have investigated the electronic struc-
tures of SrMn1−xMoxO3 �0�x�0.5� by employing soft
x-ray absorption spectroscopy �XAS�, which is known to be
a powerful experimental tool for studying the valence and
spin states of T ions in solids. This work shows that XAS
provides the experimental evidence for the systematic
changes in the electronic structure and the valence states in
SrMn1−xMoxO3. The configuration interaction �CI� cluster
calculations confirm these experimental findings theoreti-
cally.

II. EXPERIMENTAL DETAILS

High-quality polycrystalline samples of SrMn1−xMoxO3
�0�x�0.5� were synthesized by standard solid-state reac-
tion methods. Single-phase cubic perovskite SrMnO3 and
lightly Mo-substituted compositions were obtained by using
a two-step synthesis method.14 X-ray diffraction and neutron
powder diffraction measurements showed that all the
samples, employed in this work, have no impurity phase. The
samples with x=0, 0.2, and 0.3 are single-phase cubic per-

ovskites �Pm3̄m� at room temperature. The sample with x
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=0.1 is single-phase tetragonal �I4 /mcm�. The sample with

x=0.4 is a mixture of cubic Pm3̄m and monoclinic P21 /n
phases in the approximate ratio of 3:2. The sample with x
=0.5 is a monoclinically distorted �P21 /n� single-phase
double perovskite. All the samples were found to be insula-
tors. XAS measurements were performed at the U7 beamline
of the Pohang light source �PLS�. The chamber pressure was
better than 7�10−10 Torr. All the samples were cleaned in
situ by repeated scrapings with a diamond file to remove the
surface contamination. XAS spectra were obtained both at
room temperature and at T�80 K �Ref. 15� by employing
the total electron yield �TEY� mode with the photon energy
resolution of �100 meV at h��600 eV. All the XAS spec-
tra were normalized to the incident photon flux.

III. RESULTS AND DISCUSSION

Figure 1�a� shows the measured Mn 2p XAS spectra of
SrMn1−xMoxO3 �0�x�0.5�. All the spectra are split into
L3�2p3/2� and L2�2p1/2� parts due to the 2p core-hole spin-
orbit coupling. With increasing x in SrMn1−xMoxO3, both the
L3 and L2 edges shift gradually toward the lower energies
and their spectral shapes change. T 2p XAS is highly sensi-
tive to its valence state by reflecting the 2p core-hole final-
state multiplets due to the interaction between the 2p hole
and the 3d electrons, where the number of 3d electrons plays
an important role. Therefore, the spectral change in the series
of SrMn1−xMoxO3 suggests the gradual variation in the Mn
valency.16 By comparing these Mn 2p XAS spectra to those

of various reference manganese oxides, as shown in Fig.
1�b�, the valence states of Mn ions in SrMn1−xMoxO3 for
different x can be identified. Figure 1�b� compares the mea-
sured Mn 2p XAS spectra of SrMn1−xMoxO3 for x=0, 0.3,
0.5 with those of MnO2�Mn4+� �Ref. 17� �bottom�,
Mn2O3�Mn3+� �Ref. 18� �middle�, and MnO �Mn2+� �Ref. 19�
�top�, respectively. It is clearly shown that both the peak
shifts and the lineshapes in SrMn1−xMoxO3 with increasing x
agree well with those from MnO2 to Mn2O3 and MnO. This
comparison provides evidence that the formal valence states
�v� of Mn ions in SrMn1−xMoxO3 decrease from v�4 for
x=0 to v�3 for x=0.3 and v�2 for x=0.5.

From the XAS investigation, the valence states of Mn in
SrMn1−xMoxO3 are found to change gradually from being
tetravalent �Mn4+:3d3� to divalent �Mn2+:3d5� through being
trivalent �Mn3+:3d4� via the substitution of Mo for Mn. In
order to verify this change in the Mn valence state, we have
analyzed the ground states of Mn ions in SrMn1−xMoxO3 by
performing CI cluster calculations. The CI cluster calculation
enables us to make a quantitative description of the spectral
features and the ground states of Mn ions.

In the CI model with the octahedral �Oh� symmetry, the
free-atomic multiplets due to the six oxygen �O2−� environ-
ment in the perovskite structure are determined by the crystal
field, which splits the energy levels of 3d orbitals, and the
hybridization, which takes account of the covalency between
T 3d and O 2p states.20 The 2p-3d and 3d-3d Coulomb and
exchange interactions are reduced, which is considered to
account for the solid-state screening. In order to minimize
the number of adjustable parameters, we have fixed the re-
duction rates for the Coulomb and exchange interactions to
�80% with a little margin. The hopping parameter strength,
especially Vpd�, was estimated from rd and dM−O by using the
relation given by Harrison,21,22 where rd denotes the radial
extent of the 3d orbital and dM−O denotes the metal-oxygen
distance. The value of Vpd� is chosen to be a half of Vpd� as
a usual practice. In this calculation, the difference between
Upd and Udd is fixed to 	U= �Upd�−Udd=1–2 eV �Upd: the
attractive 2p-3d Coulomb interaction, Udd: the repulsive
3d-3d Coulomb interaction�.23 In this way, only few physical
parameters are optimized to fit the experimental data: the
crystal-field strengths of 10Dq and 	JT, and the charge-
transfer energy 	. Here, 10Dq corresponds to the energy
separation between t2g and eg orbitals, 	JT represents the
Jahn-Teller splitting under the D4h tetragonal symmetry, and
	 corresponds to the energy needed to transfer one electron
from the ligand band to the T 3d orbital. Finally, the calcu-
lated multiplets are broadened with the Lorentzian and
Gaussian functions. The Lorentzian broadening, 2
, de-
scribes the core-hole life time,24 while the Gaussian broad-
ening describes the instrumental resolution.

Figures 2�a�–2�c� compares the measured Mn 2p XAS
spectra of SrMn1−xMoxO3 for x=0, x=0.3, and x=0.5 to the
CI cluster calculations for Mn4+�Oh�, Mn3+ �for both Oh and
D4h symmetries�, and Mn2+�Oh� ions, respectively. This com-
parison reveals a good agreement between calculations and
experiment. The parameters, which are determined from
these fittings, are listed in Table I.

We first start our discussion on the fitting results for x
=0.5�Mn2+� in Fig. 2�c� because it is the simplest among the

FIG. 1. �Color online� Comparison of the �a� Mn 2p XAS spec-
tra of SrMn1−xMoxO3 �0�x�0.5� with those of �b� MnO �Mn2+�,
Mn2O3�Mn3+�, and MnO2�Mn4+�.
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fits shown in Fig. 2. The spin state of a Mn ion is determined
by the relative strength between 10 Dq and Jef f, where Jef f
represents the difference in the exchange energy, with respect
to 10 Dq, between the high-spin �HS� and the low-spin �LS�
configuration. Jef f can be estimated from the Stoner ex-
change splitting J, and Jef f =3J for Mn2+. The Stoner ex-
change splitting J is given as a linear combination of the
Slater-Condon parameters23 as J= �F2+F4� /14. For x=0.5,
J=0.8 eV, and 10 Dq=0.9 eV �see Table I� yield Jef f
=2.4 eV. So Jef f is larger than 10 Dq, resulting in the HS
Mn2+ states for x=0.5.

The Mn 2p XAS spectrum for x=0.3 in Fig. 2�b� is fitted
well with the CI calculation for a Mn3+�3d4� ion. For the 3d4

configuration, the tetragonal distortion of MnO6 octahedra
occurs and splits the energies of eg and t2g orbitals, as shown
in Fig. 3. The energy splitting between dx2−y2 and dz2 corre-
sponds to the Jahn-Teller �JT� splitting, 	JT. Our fitting
yields 	JT=1.05 eV for x=0.3. This value is in agreement
with the known value of �0.9 eV for LaMnO3�Mn3+�,
which is obtained from both LDA+U calculation25 and ex-
perimental spectral ellipsometry.26,27 It should be noted that
it was not possible to describe the spectral feature with the
CI calculations for the Oh symmetry with nearly all kinds of
fitting parameters. Only by lowering the symmetry group of
MnO6 from Oh to D4h, the experimental XAS spectrum could
be reproduced, as shown in Fig. 2�b� with the solid line �D4h�
and the dotted line �Oh�. For x=0.3, 10 Dq=1.5 eV and J
=0.9 eV �Jef f =3J=2.7 eV�10 Dq� imply that the system
is in the HS Mn3+ state.

The fitting result for the Mn4+ calculation for SrMnO3 is
shown in Fig. 2�a�. The agreement for Mn4+ is not as good as
for the cases of Mn2+ and Mn3+. For SrMnO3, a substantial
amount of hybridization between O 2p and Mn 3d orbitals is
predicted, as presented in Table I. All 3d electrons for 3d3

configuration of Mn4+ are in the t2g↑ orbitals having the HS
state, while the transferred electron from the ligand 2p orbit-
als will be in the eg↑ orbitals.

The increasing 10 Dq in Table I is attributed to the in-
creasing Mn valency. As the Mn valency increases, the

FIG. 2. �Color online� �a�–�c� Comparison of the measured
Mn 2p XAS of SrMn1−xMoxO3 for x=0, x=0.3, and x=0.5 to the
calculated Mn 2p XAS for Mn4+�Oh�, Mn3+ �for both Oh and D4h�,
and Mn2+�Oh� ions, respectively. �d�–�f� Comparison of the Mn 2p
XAS spectra of SrMn1−xMoxO3 for x=0.1, x=0.2, and x=0.4 to the
weighted sums of calculated Mn4+, Mn3+, and Mn2+. See the text
for the details.

TABLE I. Atomic, crystal-field, and charge transfer parameters used for the fit of the experimental XAS
spectra, and the resulting ground-state �GS� configurations. The reduction ratios for the 2p-3d�Fpd� and
3d-3d�Fdd� Coulomb interactions, 10 Dq: the crystal-field strength, 	JT: the Jahn-Teller splitting, 	: the
charge-transfer energy, and Vpd�: the hopping parameter strength.

Fpd

�%�
Fdd

�%�
10 Dq
�eV�

	JT

�eV�
	

�eV�
Vpd�

�eV� GS configuration

Mn2+ 80 80 0.9 6.0 1.2 3d5�86%�+3d6L� �14%�
Mn3+ 80 60 1.5 1.05 2.5 1.8 3d4�76%�+3d5L� �24%�
Mn4+ 85 85 2.6 0.0 1.5 3d3�45%�+3d4L� �55%�

∆
JT

10Dq

e
g

t
2g

d
x2-y2

d
z2

d
xy

d
xz, yz

FIG. 3. �Color online� The Jahn-Teller effect for Mn3+�3d4�. The
distortion of octahedral �Oh�MnO6 �left� to tetragonal �D4h�MnO6

�right� splits the t2g and eg states.
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Mn-O distance �dMn-O� is shrunk so as to increase 10 Dq. The
experimentally obtained dMn-O’s for SrMnO3 �Ref. 4� and
Sr2MnMoO6 �Ref. 7� are 1.9 and 2.1 Å, respectively, sup-
porting this argument.

Figures 2�d�–2�f� show the fitting results for the Mn 2p
XAS spectra for x=0.1, x=0.2, and x=0.4 in SrMn1−xMoxO3.
These data were fitted by making a linear combination of the
calculated Mn4+, Mn3+, and Mn2+ XAS in Figs. 2�a�–2�c�,
respectively, and by varying the relative weights among
them. The valence states of Mn ions, estimated from these
fittings, are summarized in Fig. 4, which shows the plots of
the valence states of Mn ions in SrMn1−xMoxO3 for 0�x
�0.5 �red dots�. The trend of the decreasing valence states of
Mn ions with increasing x in SrMn1−xMoxO3 provides evi-
dence that Mo ions are certainly at higher valence states than
being tetravalent �4+�. The dotted line represents the ex-
pected Mn valences when all the substituted Mo ions are
assumed to be hexavalent �Mo6+�. This comparison reveals a
reasonably good agreement between the fitting results �red
dots� and the expected values for Mo6+ ions �dotted line�.
This finding indicates that Mo ions in SrMn1−xMoxO3 are
close to being hexavalent �Mo6+� for x�0.5.

Figure 5�a� shows the Mo 3p XAS spectra of
SrMn1−xMoxO3 �0�x�0.5�. Even though the quality of the
measured XAS data is not good, the peak positions and the
lineshapes of the Mo 3p XAS spectra do not change with x.
This finding again reflects that the valence states of Mo ions
in SrMn1−xMoxO3 do not change with x. Figure 5�b� com-
pares the Mo 3d core-level photoemission spectroscopy
�PES� spectra of SrMn1−xMoxO3 �0�x�0.5� to those of ref-
erence oxides of MoO3 and Sr2FeMoO6. The Mo 3d PES
spectra of SrMn1−xMoxO3 were obtained from scraped
samples at room temperature by using the monochromatized
Al source. MoO3 is taken from Ref. 28 and is chosen as a
formally hexavalent �Mo6+� system, while Sr2FeMoO6 �our
data� is shown as a Mo5+-Mo6+ mixed-valent system.29 Note

that the Mo 3d PES spectrum of Sr2FeMoO6 exhibits several
peaks and is much broader than that of MoO3, reflecting its
mixed-valent and metallic ground state. This comparison
shows clearly that the Mo 3d PES spectra of SrMn1−xMoxO3
are very similar to each other in both the peak positions and
the lineshapes, which confirms that the valence states of Mo
ions do not change with x. Further, the peak positions and the
lineshapes of the Mo 3d PES spectra of SrMn1−xMoxO3 are
very similar to that of MoO3, but quite different from that of
Sr2FeMoO6, indicating that the valence states of Mo ions in
SrMn1−xMoxO3 are close to being hexavalent.

IV. CONCLUSION

We have studied the electronic structures of
SrMn1−xMoxO3 �0�x�0.5� by employing Mn 2p XAS and
the subsequent CI cluster model analyses. We have found
that, due to the substitution of hexavalent Mo6+�4d0� ions,
the valence states of Mn ions change systematically with
increasing x, from HS Mn4+ for x=0, to nearly HS
Mn3+�t2g

3 ↑eg
1↑� for x=0.3, and HS Mn2+ ions �t2g

3 ↑eg
2↑� for

x=0.5. The Mn 2p XAS spectra are described very well with
the CI cluster calculations including the JT effect for Mn3+

ions, which confirms the systematic change in the Mn va-
lence state in SrMn1−xMoxO3 for 0�x�0.5.
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FIG. 4. �Color online� Plots of the valence states of Mn ions in
SrMn1−xMoxO3 for 0�x�0.5. Red dots represent the valence
states estimated from the CI cluster calculations �see Fig. 2 and
Table I�, and the dotted line represents the estimated values when
all the substituted Mo ions are assumed to be hexavalent �Mo6+�. FIG. 5. �Color online� �a� Comparison of the Mo 3p XAS spec-

tra of SrMn1−xMoxO3 �0�x�0.5�. �b� Comparison of the Mo 3d
PES spectra of SrMn1−xMoxO3 �0�x�0.5� to those of reference
oxides of MoO3 and Sr2FeMoO6.
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