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Abstract
The electronic structures of (Fe,Mn)3O4 spinel oxides have been investigated by employing
soft-x-ray absorption spectroscopy (XAS) and soft x-ray magnetic circular dichroism (XMCD).
We have determined the valence states as well as the occupation sites of Mn and Fe ions in
Fe0.9Mn2.1O4 and MnFe2O4. Fe0.9Mn2.1O4 is found to be close to the inverse spinel (the
inversion parameter y ≈ 0.85), while MnFe2O4 is close to the normal spinel (y ≈ 0.2). In
Fe0.9Mn2.1O4, Fe ions are mainly trivalent and the majority of Fe3+ ions occupy the octahedral
B sites, while Mn ions are mixed-valent with approximately 45% Mn2+

A at the tetrahedral A
sites and 55% Mn3+

B ions at the octahedral B sites. In MnFe2O4, Mn ions are mainly divalent
and the majority of Mn2+ ions occupy the tetrahedral A sites, while Fe ions are mainly trivalent
and the majority of Fe3+ ions occupy the octahedral B sites.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The AB2O4-type spinel oxides of (M,M′)3O4 exhibit very
interesting phenomena, such as the Jahn–Teller effect [1, 2]
and phase separations [3]. When both M and M′ cations are
magnetic ions, as in MnFe2O4, a ferrimagnetic ordering is
often observed since the antiferromagnetic A–B interaction
is dominating [4]. In MM′

2O4 spinels, a cation occupies
either the tetrahedral (Td) A site or the octahedral (Oh) B
site. Hence the MM′

2O4 spinels are often described as
(M1−yM′

y)A[M′
2−yMy]BO4, where y is called the inversion

parameter. The cases of y = 0 and 1 are called as the

6 Author to whom any correspondence should be addressed.

normal and inverse spinels, respectively. In (M,M′)3O4-type
spinel oxides with transition-metal elements [5], such as M,
M′ = Co, Fe, Mn, it is widely believed that A site ions are
divalent and that B site ions are trivalent. However, there are
some controversies about the valence and spin states of M and
M′ ions [6–13]. For example, in (Fe,Fe)3O4 magnetite, Fe
ions at A sites are known to be trivalent, while Fe ions at B
sites are in the Fe2+–Fe3+ mixed-valent states. In contrast,
for the valence states of Mn and Fe ions in MnFe2O4, no
consensus has been reached yet. It was once proposed [6]
that the valence states of Mn and Fe ions are mixed-valent
such that (Mn2+

1−yFe3+
y )A[Fe3+

2−2yFe2+
y Mn3+

y ]BO4. However,
Mössbauer measurements [8] and nuclear magnetic resonance
(NMR) measurements [12, 14, 15] were analyzed to produce
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different results: the single-valent states of Mn2+ and Fe3+
from the former, while the mixed-valent states of Mn2+–Mn3+
and Fe2+–Fe3+ from the latter. Therefore it is important to
determine the valence states and spin structures of M and M′
ions in (M,M′)3O4 microscopically.

Soft x-ray absorption spectroscopy (XAS) and soft
x-ray magnetic circular dichroism (XMCD) are powerful
experimental tools for studying the valence states and the local
symmetries of T ions [16–18], and the element-specific local
magnetic moments of spin and orbital components [19–21],
respectively. The magnitudes of the spin moment (ms)
and the orbital moment (m l) can be estimated quantitatively
by applying the sum rules to the measured XMCD
spectrum [19, 20]. In this paper, by employing XAS and
XMCD, we have investigated the electronic structures of
(Fe,Mn)3O4: Fe0.9Mn2.1O4 (FMO) and MnFe2O4. MnFe2O4

is one of the prototype ferrimagnetic spinel oxides, and there
are a few previous studies available [10, 22]. For FMO
spinel, however, this is the first work that reports its electronic
structure. We have determined the valence states of Mn and Fe
ions and the occupation sites of Mn and Fe ions in (Fe,Mn)3O4.

2. Experimental details

FMO exhibits a phase separation depending on the annealing
conditions in the growth process [3]. FMO single
crystal, employed in this study, does not show any phase
separation. The details of the sample growth will be described
elsewhere [23]. The MnFe2O4 sample is the commercially
available polycrystalline powder of 99.9% purity synthesized
by KOJUNDO Chemical7. XRD measurements showed
the sharp peaks that are characteristic of the single-phase
bulk spinel structure. XAS and XMCD experiments were
performed at the 2A undulator beamline of the PAL. The 2A
beamline is an elliptically polarized undulator, from which
the circularly polarized light was obtained with the degree of
circular polarization of >90%. The XMCD spectra were taken
for a fixed helicity of light by reversing the applied magnetic
field at each hν. In order to minimize the artificial effects
caused by the decreasing photon flux with time, the direction of
the applied magnetic field was reversed at each data point in the
XMCD data acquisition. The FMO single crystal was cleaved
in situ, and XAS and XMCD data were collected in the total
electron yield (TEY) mode8. XMCD spectra were obtained
under the applied magnetic field of ∼0.7 T. MnFe2O4 was
measured at T ∼ 80 K, while the FMO crystal was measured
at room temperature due to charging at low temperature. The
total resolution for XAS was less than 100 meV, while that for
XMCD was ∼120 meV at the Mn and Fe 2p absorption edges.

3. Results and discussion

Figure 1(a) shows the measured Fe 2p XAS spectra of
(Fe,Mn)3O4. As a guide of the valence states of Fe
ions, reference Fe 2p XAS spectra are shown below:

7 SEM (scanning electron microscope) measurements showed that the
average grain size of the MnFe2O4 sample is larger than a few μm.
8 The TEY mode has a proving depth of 50–100 Å.

Figure 1. (a) Comparison of the Fe 2p XAS of (Fe,Mn)3O4 to those
of α-Fe2O3, γ -Fe2O3 and FeO. (b) Comparison of the Mn 2p XAS
spectra of (Fe,Mn)3O4 to those of MnO (Mn2+), Mn2O3 (Mn3+) and
MnO2 (Mn4+).

α-Fe2O3 [24, 25] and γ -Fe2O3 [24] both as formally trivalent
Fe3+ oxides (3d5) but having different local symmetries, and
FeO [25] as a formally divalent Fe2+ oxide (3d6). The Fe 2p
XAS spectra of (Fe,Mn)3O4 are very similar to those of both
α-Fe2O3 and γ -Fe2O3, but quite different from that of FeO,
indicating that the valence states of Fe ions in (Fe,Mn)3O4 are
mainly trivalent (3+). Note that the intensity of the peak ‘A’
with respect to that of the peak ‘B’ decreases from α-Fe2O3

to (Fe,Mn)3O4 and γ -Fe2O3. All Fe3+ ions in α-Fe2O3

have the Oh sites only, while γ -Fe2O3 is often represented
by Fe3+

A [Fe3+
5/3V1/3]BO4 spinel with vacancies (V) at B sites.

Hence Fe3+ ions in γ -Fe2O3 have both the Td and Oh sites.
Then the lower intensity of A/B in (Fe,Mn)3O4, than in
α-Fe2O3, suggests the existence of Fe3+ ions at the Td sites.
In other words, Fe ions in (Fe,Mn)3O4 occupy both B(Oh) and
A(Td) sites. Further, the lower intensity of A/B in FMO than
in MnFe2O4 reflects that more Fe ions occupy A(Td) sites in
FMO. This conclusion will be confirmed later in figure 4.

Similarly, figure 1(b) compares the measured Mn 2p XAS
spectra of (Fe,Mn)3O4 to those of reference Mn systems
of MnO (Mn2+) [27], Mn2O3 (Mn3+) [28] and MnO2

(Mn4+) [27]. The Mn 2p XAS spectrum of MnFe2O4 is
qualitatively similar to that of MnO, but quite different from
those of Mn2O3 and MnO2, suggesting that Mn ions in
MnFe2O4 are nearly divalent. In contrast, the features in FMO
resemble those of both MnO and Mn2O3, suggesting that Mn
ions are in the Mn2+–Mn3+ mixed-valent states.

Figure 2 compares the measured Fe 2p XAS spectra of
(Fe,Mn)3O4 to the calculated Fe 2p XAS spectra, obtained
from the ligand field multiplet (LFM) model calculations [17]
by including the spin–orbit (LS) interaction between 3d
electrons. The three calculated XAS spectra (blue lines)
represent those for Fe3+

B (3d5; Oh) with 10Dq = 1.5 eV,
Fe3+

A (3d5; Td) with 10Dq = 1.2 eV and Fe2+
B (3d6; Oh) with

10Dq = 1.5 eV, respectively. It appears that the observed
features in the measured Fe 2p XAS spectra in (Fe,Mn)3O4

are described better by the calculated Fe3+ states than by the
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Figure 2. Comparison of the Fe 2p XAS of (Fe,Mn)3O4 to the
calculated Fe 2p XAS for Oh Fe3+, Td Fe3+ and Oh Fe2+ ions.

Figure 3. Comparison of the measured Mn 2p XAS spectra (red) of
(Fe,Mn)3O4 to the calculated Mn 2p XAS (blue lines at the bottom)
for Td Mn2+

A (3d5), Oh Mn2+
B (3d5) and Oh Mn3+

B (3d4) ions,
respectively. Two fitting results for FMO are shown: ‘Fit-1’ (black
line) represents the weighted sum of the experimental XAS spectra
of (45% MnO and 55% Mn2O3). ‘Fit-2’ (black dotted line)
represents the weighted sum of (45% Mn2+

A and 55% Mn3+
B )

calculations. The two fitting results for MnFe2O4, labeled as ‘Fit-1’
and ‘Fit-2’, represent the weighted sum of (80% Mn2+

A and 20%
Mn2+

B ) and (80% Mn2+
A and 20% Mn3+

B ) calculations, respectively.

calculated Fe2+ states. In the quantitative aspect, however,
the calculated XAS spectra are somewhat different from the
measured XAS spectra of (Fe,Mn)3O4 (figure 2), as compared
to the similarity among the measured XAS spectra of α-Fe2O3,
γ -Fe2O3 and (Fe,Mn)3O4 (figure 1(a)). Hence we cannot tell
clearly the occupation sites of Fe3+ ions based on the LFM

Figure 4. (a) Comparison of the Fe 2p XMCD of (Fe,Mn)3O4 to
those of GaFeO3 [24], γ -Fe2O3 [24] and their weighted sums.
(b) Comparison of the measured Mn 2p XMCD of (Fe,Mn)3O4 to
the calculated Mn 2p XMCD for Mn2+(3d5) and Mn3+(3d4)
ions [29], and their weighted sums.

calculations. The determination of the occupation sites will
be made in the analysis of XMCD spectra of (Fe,Mn)3O4 in
figure 4.

Figure 3 compares the measured Mn 2p XAS spectra (red)
of (Fe,Mn)3O4 to the LFM calculations for Mn 2p XAS. The
three calculated XAS spectra at the bottom (blue lines) rep-
resent those for Mn2+

A (3d5; Td), Mn2+
B (3d5; Oh) and Mn3+

B
(3d4; Oh), with the crystal field energy 10Dq = 0.6 eV,
10Dq = 1.2 eV and 10Dq = 1.2 eV, respectively. Two fitting
results for FMO are shown: ‘Fit-1’ (black line) represents the
weighted sum of the experimental XAS spectra of MnO (see
figure 1(b)) and Mn2O3 (see figure 1(b)) with the ratio of [45%
MnO and 55% Mn2O3]. ‘Fit-2’ (black dotted line) represents
the weighted sum of [45% Mn2+

A (Td) and 55% Mn3+
B (Oh)]

calculations. The former fitting using the experimental data of
MnO and Mn2O3 yields better agreement with the measured
XAS of FMO than the latter fitting using the calculations. The
discrepancy for feature A (hν ∼ 639 eV) seems to be due
to the fact that Mn ions in MnO have the Oh symmetry only.
This argument is supported by the feature ‘α’ in the calculated
XAS for Mn2+

B (3d5; Oh), which is absent in the calculated
XAS for Mn2+

A (3d5; Td). According to these fittings for FMO,
we can conclude that FMO has the nearly inverse spinel con-
figuration, corresponding to ≈(Mn2+

0.9Fe3+
0.1)A[Fe3+

0.8Mn3+
1.2]BO4

(y ≈ 0.85).
On the other hand, for MnFe2O4, the inversion parameter

y ≈ 0.2 gives the best fitting for Mn 2p XAS. As to the
fitting results of MnFe2O4, ‘Fit-1’ and ‘Fit-2’ for MnFe2O4

represent the weighted sums of (80% Mn2+
A (Td) and 20%

Mn2+
B (Oh)) to describe the single-valent states of Mn ions,

and (80% Mn2+
A (Td) and 20% Mn3+

B (Oh)) to describe the
mixed-valent states of Mn ions, respectively. The latter fit
‘Fit-2’ was made in order to check the consistency between
our data and the mixed-valent picture for MnFe2O4 [6, 12].
Both fits yield good agreement with experiment. Hence,
at the moment, we cannot finalize whether the valence

3



J. Phys.: Condens. Matter 20 (2008) 295203 H J Lee et al

states of Mn and Fe ions in MnFe2O4 are single-valent
such as (Mn2+

0.8Fe3+
0.2)A[Fe3+

1.8Mn2+
0.2]BO4 or mixed-valent such as

(Mn2+
0.8Fe3+

0.2)A[Fe3+
1.6Fe2+

0.2Mn3+
0.2]BO4.

Figure 4(a) compares the Fe 2p XMCD spectra of
(Fe,Mn)3O4 (red dots) to those of GaFeO3 [24] and
γ -Fe2O3 [24], which were obtained at the same beamline of
the PAL and under the similar experimental conditions as our
(Fe,Mn)3O4 data. We have shifted GaFeO3 by −0.42 eV and
γ -Fe2O3 by −0.83 eV to align their Oh peaks to those of our
XMCD spectra of (Fe,Mn)3O4. The weighted sum (black line)
of 60% GaFeO3 and 40% γ -Fe2O3 is superposed upon the
XMCD spectrum of FMO. Similarly, the weighted sum (black
line) of 70% GaFeO3 and 30% γ -Fe2O3 is superposed upon the
XMCD spectrum of MnFe2O4. Note that the XMCD spectrum
of GaFeO3 has the contribution only from Oh Fe3+ ions [24],
whereas that of γ -Fe2O3 has a mixture of Fe3+

A (Td) and Fe3+
B

(Oh) ions [26] (see the labels in figure 4). In γ -Fe2O3, the sign
of the dichroic contribution of Td ions to XMCD is opposite to
that of Oh ions because the main magnetic coupling between
Oh and Td sites is antiferromagnetic.

Note that the Fe 2p XMCD spectra of (Fe,Mn)3O4 are
described very well by a linear combination of GaFeO3 and
γ -Fe2O3 (in particular for the feature around hν ∼ 708 eV),
which indicates the existence of both Td Fe3+

A and Oh Fe3+
B

ions in (Fe,Mn)3O4. This conclusion is consistent with that of
figure 1(a). Considering 100% Oh Fe3+ ions for GaFeO3 and
Fe3+

A /Fe3+
B = Td/Oh = 3/5 for γ -Fe2O3, these fittings yield

the estimated Td/Oh ratio of Td/Oh = 0.11/0.89 ≈ 0.1/0.9
for MnFe2O4, and Td/Oh ≈ 0.15/0.85 for FMO, respectively.
Hence, among 0.9 Fe ions in Fe0.9Mn2.1O4, about 0.13 (≈0.1)
Fe ions occupy the A(Td) site and about 0.77 (≈0.8) Fe ions
occupy the B(Oh) site. That is, one can express Fe0.9 roughly
as ∼(Fe0.1)A[Fe0.8]B.

Figure 4(b) compares the Mn 2p XMCD spectra of
(Fe,Mn)3O4 to the calculated Mn 2p XMCD spectra [29]
for Mn2+(3d5) and Mn3+(3d4) states under the spherical
symmetry, and the weighted sum of (45% Mn2+ and 55%
Mn3+) and that of (80% Mn2+ and 20% Mn3+). These
calculations describe the multiplet features of XMCD of
(Fe,Mn)3O4 qualitatively well. In particular, the negative
feature (marked with an arrow) around hν ∼ 641 eV is larger
in FMO than in MnFe2O4, providing clear evidence for the
existence of Mn3+ states in FMO. On the other hand, both
100% Mn2+ calculation and the sum of (80% Mn2+ and 20%
Mn3+) calculations seem to agree with the measured Mn 2p
XMCD of MnFe2O4 within the fitting uncertainty.

This study shows that, in Fe0.9Mn2.1O4, Fe ions are mainly
trivalent (3+) and that the majority of Fe ions occupy the
B(Oh) sites, with about 15% of the inverted Fe3+

A (Td) ions.
Mn ions are mixed-valent with approximately 45% Mn2+

A
and 55% Mn3+

B ions. Hence formal Fe0.9Mn2.1O4 can be
written roughly as ≈(Mn2+

0.9Fe3+
0.1)A[Fe3+

0.8Mn3+
1.2]B O4, reflecting

the nearly inverse spinel configuration of y ≈ 0.85. As to
MnFe2O4, Mn and Fe ions are nearly divalent (Mn2+) and
trivalent (Fe3+), respectively, and both Mn and Fe ions have
mixed configurations of Td and Oh sites with the inversion
parameter y ≈ 0.2. Hence MnFe2O4 belongs to the nearly
normal spinel. As for the valence states of MnFe2O4, our

XAS and XMCD data do not show clear evidence for the
mixed-valent states, and so we cannot finalize the exact valence
states of MnFe2O4 at the moment. So this issue remains to be
resolved.

4. Conclusions

The valence states and the occupation sites of FMO and
MnFe2O4 have been investigated by employing XAS and
XMCD. In FMO, Fe ions are mainly trivalent (3+) and
the majority of Fe3+ ions occupy the B(Oh) sites, while
Mn ions are mixed-valent with approximately 45% Mn2+

A
at the A(Td) sites and 55% Mn3+

B ions at the B(Oh)
sites. Therefore the formal Fe0.9Mn2.1O4 is identified as
≈(Mn2+

0.9Fe3+
0.1)A[Fe3+

0.8Mn3+
1.2]BO4, corresponding to the nearly

inverse spinel configuration of y ≈ 0.85. In MnFe2O4,
Mn and Fe ions are mainly divalent (Mn2+) and trivalent
(Fe3+), respectively, corresponding to the nearly normal spinel
configuration with the inversion parameter y ≈ 0.2. But our
XAS/XMCD data can be described either by the single-valent
states or by the mixed-valent states.
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