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The valence and spin states of MnFe,O, spinel oxide have been investigated by employing soft x-ray
absorption spectroscopy (XAS) and x-ray magnetic circular dichroism (XMCD). The measured Mn 2p and
Fe 2p XAS spectra indicate that Mn and Fe ions are nearly divalent (Mn?*) and trivalent (Fe**), respectively.
Our XAS and XMCD spectra for MnFe,O, do not show clear evidence of mixed-valent states but provide
evidence for the inversion of both Mn and Fe ions, with 7,/ 0;,~0.8/0.2 for Mn ions and 7,/ O;,~0.1/0.9 for
Fe ions, respectively. Based on our data, MnFe,O,4 can be described either by the single-valence states of

(MnZ%Feit) s[Fel tMng %150, or by the mixed-valence states of (Mnj5Fed’) [FeltFeZtMni 5150,
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The AB,O,-type spinel oxides, which are the most abun-
dant structures on earth, have attracted renewed attention be-
cause of their possible application as new functional materi-
als as well as many interesting phenomena observed, such as
Jahn-Teller (JT) effects and phase separations.! In AB,O,
spinels, a cation occupies either the tetrahedral (7)) A site or
the octahedral (0,) B site. When both A and B ions are
magnetic ions, such as in Fe;O,, a ferrimagnetic ordering is
often observed since the main A-B interaction is antiferro-
magnetic (AFM).? MnFe,O, is one of the well-known ferri-
magnetic spinel oxides with a partially inverted spinel struc-
ture described by the formula (Mn,_,Fe),[Fe, ,\Mn,]0,,
where y is called the inversion parameter. The inversion pa-
rameter is known to vary from 0 to 0.2 depending on the
ways of thermal treatment, among which 0.2 is the most
usual.? If all the Mn ions are divalent (Mn?*) and all the Fe
ions are trivalent (Fe**), then the magnetic moment is ex-
pected to be Sup/fu. in the ionic model. From magnetic
scattering measurements,® the magnetic moment of MnFe,O,
was found to be ~4.6uz/f.u. This reduced magnetic moment
of MnFe,0, has drawn much attention.*

There have been several models that explain the reduced
magnetic moment of MnFe,O,. Harrison et al.> proposed the
mixed valency for Mn and Fe ions such that some of Mn
ions are trivalent (Mn>*) and that some of Fe ions are diva-
lent (Fe”*), assuming the collinear ferrimagnetic spin order
between Mn** and Fe?* pairs in B sites. The structural
formula in this case was assumed to be
(Mn%fyFeiJ') A[Fegi%,FeiJrMn?] 504. On the other hand,
Mossbauer measurements of MnFe,O, revealed little Fe**
ions in B sites, and so the canted ferrimagnetic spin order
was proposed.® The canted spin structure was supported by
the M(T) curve.” However, nuclear magnetic resonance
(NMR) experiments showed no evidence of spin canting.®”
Based on recent NMR measurements, some of the authors of
this work!'? reported the existence of Fe** ions in A sites and
Mn3* and Fe?* ions in B sites. Then, in order to explain the
reduced magnetic moment, an AFM order among Fe spins in
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B sites was proposed in addition to the AFM order between
Fe spins in A and B sites. Hence, the above models are con-
troversial to one another, and the valence states and the spin
ordering in MnFe,O, are still open issues.

Therefore, it is important to determine the valence states
of Mn and Fe ions in MnFe,O, and their distribution be-
tween T4(A) and O,(B) sites more precisely. Soft x-ray ab-
sorption spectroscopy!!13 (XAS) and soft x-ray magnetic
circular dichroism!*!> (XMCD) are powerful experimental
tools for studying the valence and spin states of transition-
metal (T) ions in solids and the element-specific local mag-
netic moments of spin (m,) and orbital (m;) components,
respectively. In both XAS and XMCD, photons at specific
characteristic energies are absorbed to produce the transition
of a core electron to an empty state above the Fermi level,
which is governed by the dipole selection rules. T 2p XAS
and XMCD spectra of transition-metal oxides often show the
multiplet structures, and their line shapes are strongly depen-
dent on the occupied 3d electron configurations, the crystal
field, the spin-orbit and electron-electron interactions within
the T atom, and the hybridization of 3d electrons to other
valence electrons.

We have investigated the electronic structures of
MnFe,O, by employing XAS and XMCD. We have deter-
mined the valence and spin states of Mn and Fe ions and the
amount of the inverted structure. This is the first XMCD
study on bulk stoichiometric MnFe,0,. As to the related spi-
nel oxides, the XMCD study has been reported for
Zn,;3Mn,;;Fe,0, (Ref. 16) and nanocrystalline thin films of
Mn,Fe;_,0,.""

The MnFe,0, sample used in this study is a commercially
available polycrystalline powder of 99.9% purity synthesized
by KOJUNDO Chemical. Scanning electron microscope
measurements showed that the sizes of samples are larger
than a few micrometers. X-ray powder diffraction measure-
ments also showed the sharp peaks that are characteristic of
the single-phase bulk spinel structure.'® XAS and XMCD
experiments were performed at the 2A EPU beamline of the
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FIG. 1. (Color online) (a) Comparison of the Mn2p XAS of
MnFe,Oy to those of FeygMn, 0, and the reference Mn oxides,
such as MnO (Mn>*) (Ref. 21), Mn,0; (Mn**) (Ref. 22), and
MnO, (Mn*) (Ref. 21). (b) Comparison of the Mn2p XAS of
MnFe,0, to the calculated Mn 2p XAS for T, Mn?*, O, Mn?*, and
0, Mn** ions and their weighted sums (red lines).

PAL by using the circularly polarized light with the degree of
circular polarization >90%. The XAS and XMCD data were
collected in the total electron yield (TEY) mode.'” The
XMCD spectra were taken for a fixed helicity of light by
reversing the applied magnetic field (~0.7 T) at each hwv.
The base pressure of the system was ~5 X 107'° Torr. All the
data were obtained at 7~ 80 K. The total resolution for XAS
was less than 100 meV, while that for XMCD was
~120 meV at the Mn 2p and Fe 2p edges.

Figure 1(a) compares the measured Mn 2p XAS spectrum
of MnFe,0, to those of Fe;oMn, 0, single crystal?’ and the
reference Mn oxides of MnO (Mn?*),2! Mn,0;,>> and MnO,
(Mn**).2! The Mn 2p XAS spectrum of MnFe,0, is qualita-
tively similar to that of MnO but quite different from those
of Mn,05; and MnO,, suggesting that Mn ions in MnFe,O,
are nearly divalent. In contrast, the line shape of
Fe( oMn, 10, is rather different from that of MnFe,O,, which
appears to be a mixture of MnO and Mn,0O3, indicating the
Mn?*-Mn** mixed-valent states in Fe,oMn, ,0,. This com-
parison reveals clearly that Mn ions in MnFe,O, are nearly
divalent, while Mn ions in FeyoMn, ;O, are mixed valent.

To confirm this argument, we have compared the Mn 2p
XAS spectrum of MnFe,0, to the calculated Mn 2p XAS
spectra in Fig. 1(b). The calculated spectra were obtained by
employing the ligand-field multiplet (LFM) model'!"!? by in-
cluding the spin-orbit interaction between 3d electrons. The
three calculated XAS spectra (blue lines) represent those for
Mn?*(3d°) under the T, symmetry, Mn>*(34°) under the O,
symmetry, and Mn**(34*) under the O, symmetry, with the
crystal field energy 10Dg=0.6 eV, 10Dg=1.2 eV, and
10Dg=1.2 eV, respectively. The two red curves represent the
weighted sums of [80% Mn3*(T,) and 20% Mn3"(0,)] to
describe the single-valence states of Mn ions and
[80% Mn3*(T,) and 20% Mn;;(0,)] to describe the mixed-
valence states of Mn ions. In Fig. 1(b), it is seen that the
fitting with the single-valent Mn ions seems to be slightly
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FIG. 2. (Color online) (a) Comparison of the Fe2p XAS of
MnFe,0, to those of a-Fe,O3 (Ref. 24), y-Fe,03 (Ref. 23), FeO
(Ref. 24), and Fe metal (Ref. 25). (b) Comparison of the Fe 2p XAS
of MnFe,0, to the calculated Fe 2p XAS for 0), Fe**, T, Fe**, and
0,, Fe?* ions and their weighted sums (red lines).

better than that with the mixed-valent Mn ions, in particular,
for the feature « around hv~ 639 eV. However, considering
the uncertainties in fitting, both fits should be considered
to be good. Hence, at the moment, we cannot finalize
whether MnFe,O, is (Mnj%Feph) [FeltMnZh],0, or
(MnjkFel®) o[FeitFeitMnh]0,. In both cases, the inver-
sion parameter y=~0.2 gives the best fitting for Mn 2p XAS
of MnFe,O,.

Figure 2(a) shows the measured Fe 2p XAS spectrum of
MnFe,0,. As a guide of the valence states of Fe ions, it is
compared to those of a-Fe,O; (Refs. 2>?*) and y-Fe,04
(Refs. 23) both as formally trivalent Fe** oxides (34°) but
having different local symmetries, FeO (Ref. 24) as a for-
mally divalent Fe** oxide (3d°), and Fe metal.”> The line
shape of the Fe 2p XAS spectrum of MnFe,O, is very simi-
lar to those of both @-Fe,O5 and y-Fe,O5 but quite different
from those of FeO and Fe metal, indicating that the valence
states of Fe ions in MnFe,0, are mainly trivalent (3+). The
minor difference in the feature “A” for MnFe,O, from those
for a-Fe,O5 and y-Fe,O; seems to indicate that Fe ions in
MnFe,0, occupy not only B(O),) sites but also A(T,) sites.
This is because Fe** ions in a-Fe,0; are located only at O,
sites, whereas Fe®* ions in y-Fe,O5 are at both T, and O,
sites.?® A similar trend has been observed in the calculated
XAS for Fe}'(0,) and Fe3*(T,) ions.202® This argument is
also supported in Fig. 4.

In Fig. 2(b), we have compared the measured Fe 2p XAS
spectrum of MnFe,O, to the calculated Fe 2p XAS spectra,
obtained from the LFM calculations. The three calculated
XAS spectra (blue lines) represent those for Fe’*(34°) under
0, with 10Dg=1.5 eV, Fe**(3d°) under T, with 10Dgq
=1.2 eV, and Fe?*(3d°) under O, with 10Dg=1.5 eV. The
two red curves represent the weighted sums of [90%
Fe;'(0,) and 10% Fe3*(T,)] to describe the single-valence
states of Fe ions and [80% Fe,'(0,), 10% Fex'(0,), and
10% Feff(Td)] to describe the mixed-valence states of Fe
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FIG. 3. (Color online) (a) The Mn 2p XAS spectra of MnFe,0y,
obtained with different photon helicities (p, and p_), the Mn2p
XMCD spectrum (red) (Ap=p,—p_), and its integrated value
(black). (b) Similarly for the Fe 2p states.

ions. The agreement between the LFM calculations and the
measured Fe 2p XAS spectrum is not as good as that for
Mn2p XAS [Fig. 1(b)], and the quality of fitting is
comparable to each other. Hence, MnFe,O, can be
described either by (MnZhFeh) [FeltMnih];0, or by
(MnghFedt) J[FeitFegtMng 5 150,.

Figure 3 shows the two Mn 2p and Fe 2p absorption spec-
tra of MnFe,O, for different magnetization directions, which
are obtained with the photon helicity parallel to (p,) and
antiparallel to (p_) the applied magnetic field. The bottom
panels show the XMCD spectra obtained from the difference
(Ap) between p, and p_ (Ap=p,—p_) and their integrated
values (fAp). The spectra of p, and p_ are roughly divided
into the Ly (2p35,) and L, (2p;,,) regions. According to the
sum rule,” [ Ap can be used to estimate the element-specific
m; value.

The Mn 2p XMCD is similar to that in the literature.!”-?
This figure reveals the following features. First, the polarity
of the Fe 2p XMCD is opposite to that of the Mn 2p XMCD,
which indicates the antiparallel alignment of the spin mo-
ments between Fe and Mn ions. This finding is consistent
with the ferrimagnetic behavior of MnFe,0,. Note, however,
that this opposite polarity between Mn 2p and Fe 2p XMCD
does not tell whether the ferrimagnetic spin order is collinear
or noncollinear. Secondly, the integrated value of the Fe 2p
XMCD over the whole (L;+L,) range, [ LyL,Ap, s finite,
while that for the Mn 2p XMCD is zero. Since [ L3+L2Ap is
proportional m,," this difference indicates that the orbital
moments of Fe ions are not completely quenched in contrast
to the quenched orbital moments of Mn ions. The orbital
moment should be quenched for Fe** ions under both 0, and
T, symmetries. Thus, the nonzero m; of Fe ions might reflect
the existence of Fe?* ions at B(0),) sites, which is favored by
the mixed-valent Fe states with a structural formula of
(MnZ&Fel?), [FeitFeZtMn) %150,

Figure 4 compares the Fe2p XMCD spectrum of
MnFe,0, to those of GaFeO; (Ref. 23) and y-Fe,0;.2%?
The weighted sum (black line) of [GaFeOs; (70%) and
v-Fe,05 (30%)] is superposed upon MnFe,O,. Note that the
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FIG. 4. (Color online) Comparison of the Fe 2p XMCD spec-
trum of MnFe,0, to those of y-Fe,O5 (Ref. 28) and GaFeO; (Ref.
23) (left) and their weighted sum (left) and to those of the calcu-
lated Fe 2p XMCD spectra for Fe3™ (0,) (Ref. 28) and Fe3* (T,)
(Ref. 28) and their weighted sum (right).

XMCD spectrum of GaFeOj; has the contribution only from
0,, Fe** ions,” whereas that of y-Fe,O5 has a mixture of
Fel* (T,) and Fej' (O,) ions® (see the labels in Fig. 4). In
y-Fe, 05, the sign of the dichroic contribution of Fe}* (T,)
ions to XMCD is opposite to that of Fej" (0,) ions because
the main magnetic coupling between A and B sites is antifer-
romagnetic. The good agreement between MnFe,0O, and the
weighted sum of GaFeO; and 7y-Fe,O; indicates the exis-
tence of Fef;r (T,) ions in MnFe,0, (see the feature around
hv~708 eV). Considering 100% O, Fe** ions for GaFeO;
and Fel'/Fe;'=T,/0,=3/5 for y-Fe,0;, the fitting yields
the estimated 7,/0, ratio in MnFe,O, to be T,/0,
=0.11/0.89~0.1/0.9. This value agrees with the estimated
inversion parameter of y~0.2 in Fig. 1 within the experi-
mental error.

The right panel of Fig. 4 compares the Fe2p XMCD
spectrum of MnFe,O, to the calculated XMCD spectra for
Fe;" (0,) (Ref. 28) and Fel* (T,) (Ref. 28) and their
weighted sum (black line) of [Fe? (0;) (90%) and Fef{’ (T,)
(10%)]. Here, we have assumed the single-valence state of
Fe* at both B(0,,) and A(T,) sites. A reasonably good agree-
ment is found between experiment and calculations. There-
fore, this comparison supports the inversion of ~10% of Fe
ions from B(0,) sites to A(T,) sites.

Figure 5 compares the Mn2p XMCD spectrum of
MnFe,0, to the calculated Mn 2p XMCD spectra for differ-
ent valence states of Mn ions,*° including Mn**(34°) and
Mn3*(3d*) and their weighted sums of [50% Mn>** and 50%
Mn** and 80% Mn?* and 20% Mn>*. These calculations de-
scribe the multiplet features of XMCD of Mn?*(3d°) and
Mn3**(3d*) qualitatively. In particular, the negative feature
(marked with an arrow) around hv~ 641 eV increases with
the increasing Mn**(3d*) component.!” On the other hand,
both 100% Mn?* calculation and the sum of 80% Mn?* and
20% Mn** calculations seem to agree to the measured Mn 2p
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FIG. 5. (Color online) Comparison of the Mn2p XMCD of
MnFe,0, to the calculated Mn2p XMCD for Mn*(3d°),
Mn?*(34°), and Mn3**(34*) ions (Ref. 30) and their weighted sums.

XMCD of MnFe,0, within the fitting uncertainty. This find-
ing is again in agreement with that of Mn 2p XAS (see Fig.
1).

Our XAS/XMCD data indicate that Mn ions
are nearly divalent (Mn?>*) and that Fe ions are
nearly trivalent (Fe’*), with the inversion of y~0.2.
On the other hand, we cannot determine exactly
whether MnFe,O, is (MnjFeih) [FeltMn2t],0, or
(MngkFei?) o[FeitFegtMnh]50,, as explained above. Note
that the dominating Fe** and Mn”* ions in MnFe,O, ob-
tained from the present analysis are compatible with the spi-
nel cubic structure of MnFe,O, with the negligible JT distor-
tion because both Fe3*(3d°) and Mn**(34°) ions are not JT
active.

Now, we discuss on the reduced magnetic moment in
MnFe,0,. In AB,0O,-type spinel oxides, the antiferromag-
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netic coupling between magnetic moments of A and B sites is
dominating. Then, in the ionic model, the configuration of
(Mn3%Fegt) [FeitMnZ5],0, for MnFe,0, has the magnetic
moment of 5u/f.u., while (MnZ5Fel?) \[FeltFeX,Mn3 51,0,
for MnFe,O,4 has the magnetic moment of 4.6ug/f.u. The
magnetic moment of the latter configuration is consistent
with the observed magnetic moment. Nevertheless, one
should be cautious because, in solids, the magnetic moment
would not be explained simply in terms of the ionic model
due to the rather complicated solid-state effects, such as the
hybridization effect between T and ligand oxygen ions. In-
deed, the existing band-structure calculations®'—3* indicate
that the magnetic moments of Mn and Fe ions are reduced a
lot from the values predicted by the ionic model. For ex-
ample, Penicaud et al.3! obtained the magnetic moments of
(2.96-3.96) up for Mn and (3.29-3.75) up for Fe, which are
much smaller than 5.0u; of both Mn?* and Fe** and 4.0u,
of both Mn** and Fe?* in the ionic model. The reference
oxides employed in Figs. 2 and 4, which are assumed to have
the formal integer valences, might also have some mixed
configurations of valence states through the hybridization be-
tween T and ligand oxygen ions.

In conclusion, the valence and spin states of MnFe,O,
have been investigated by performing XAS and XMCD mea-
surements near the Mn 2p and Fe 2p absorption edges. The
valence states of Mn and Fe ions are found to be nearly
divalent (Mn?*) and trivalent (Fe*), respectively. The analy-
sis of the XAS and XMCD line shapes provides evidence for
the inversion with y~0.2. Based on our data, MnFe,O, can
be described either by (MnjkFe)h) [FeltMnZt],0, or by
(MngkFegh) a[FeltFegtMni% 150,. The polarity of the Fe 2p
XMCD is opposite to that of the Mn 2p XMCD, which re-
veals the antiparallel alignment of the spin moments between
Fe and Mn ions. Further, the orbital moments of Fe ions are
not completely quenched, while the orbital moments of Mn
ions are nearly quenched in MnFe,O,.
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