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Electronic states of RFe2O4 (R = Lu, Yb, Tm, Y) mixed-valence compounds determined by soft
x-ray absorption spectroscopy and x-ray magnetic circular dichroism
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We here report an investigation of the electronic states in the RFe2O4 (R = Lu, Yb, Tm, Y) mixed-valence
ferrites by means of soft x-ray absorption spectroscopy (XAS) and x-ray magnetic circular dichroism (XMCD)
measurements together with ab initio theoretical calculations. The presence of Fe+2 and Fe+3 pure ionic species
is discarded in the XAS spectra at the O K edge in both experimental data and simulations based on the multiple
scattering theory. Similarly, no trace of Fe+2/Fe+3 contributions is detected in the XMCD spectra at the Fe K

edge. On the other hand, the XAS and XMCD spectra at the Fe L2,3 edges can be well described in terms of
Fe+2/Fe+3 contributions, and are also supported by multiplet calculations. This finding can be interpreted as
the existence of a mixture of 3d5/3d6 configurations at the Fe atoms. Alternative ferrimagnetic spin orderings
based on a trimodal Fe valence distribution are also proposed and discussed. Finally, a possible explanation for
the strong dependence of the Fe L2,3 edges XMCD signal magnitude on both the sample surface preparation and
detection method is presented.
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I. INTRODUCTION

Mixed-valence transition-metal oxides exhibit remarkable
properties such as high temperature superconductivity, colos-
sal magnetoresistance, and multiferroicity, which may give rise
to important technological applications [1]. Their interesting
features are the result of the complex coupling between
spin, charge, lattice, and orbital degrees of freedom. In
particular, multiferroic materials that offer the possibility of
simultaneously controlling magnetic and electric orderings are
nowadays the subject of intense interest as they could lead to
new types of multifunctional devices [2]. The mixed-valence
ferrites RFe2O4 (R = rare earths from Ho to Lu and Y) have
been known for more than three decades [3]. Recently, their
structural, magnetic, and dielectric properties, in particular
that of LuFe2O4, have attracted renewed interest in the field of
multiferroicity [4–8].

The RFe2O4 compounds show different physical properties
and structural phase transitions depending on the type of R+3

cation. At high temperature all of them adopt a rhombohedral
structure (space group R3̄m) [9], which can be alternatively
described in the hexagonal setting. Along the hexagonal c

axis, the structure can be seen as a sequence of Fe-O double
layers forming two-dimensional triangular layers separated by
a single R-O layer (we note that from here, the hexagonal
setting will be used). This structure is stable down to 80 K
for YbFe2O4 and TmFe2O4, whereas LuFe2O4 exhibits two
structural transitions upon cooling down [10]. It undergoes
a first transition at 320 K from hexagonal to monoclinic
(space group C2/m) and a second transition near 200 K
from monoclinic to triclinic (space group P 1̄). On the
other hand, the YFe2O4 compound shows a complex low
temperature structure with various crystal distortions coupled
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to two successive Verwey-type metal-insulator transitions at
about 240 and 190 K [11,12] not observed in the Lu, Yb,
and Tm compounds. Concerning the magnetic properties,
LuFe2O4 [13,14], YbFe2O4 [15], and TmFe2O4 [16] exhibit
ferrimagnetic ordering below TN ≈ 240−250 K, whereas the
YFe2O4 compound is antiferromagnetic [11].

The most studied compound of the RFe2O4 family is by far
LuFe2O4 since it was claimed to be multiferroic with a novel
type of ferroelectricity based on Fe+3/Fe+2 charge ordering
(CO) below TCO ≈ 320 K [17]. Ferroelectricity in LuFe2O4

was proposed on the basis of the observed colossal dielectric
response and polarization measurements obtained by the
pyroelectric current detection method [5,7]. Moreover, giant
room temperature magnetodielectric response was reported
in a LuFe2O4 single crystal [8]. Resonant x-ray scattering
(RXS) experiments at the Fe K edge [17] were interpreted as
the experimental proof of the Fe+3/Fe+2 CO. Immediately
the CO was considered to be a new mechanism for the
origin of ferroelectricity, and a large number of papers
aiming at understanding this phenomenology in LuFe2O4 were
published following the CO ionic model [18–38]. Despite
the widespread belief in the existence of ferroelectricity
in LuFe2O4, recent results have challenged both the polar
character and the existence of pure ionic CO. It has been
demonstrated that the colossal dielectric permittivity is orig-
inated by the electrical contacts [39–41] and that LuFe2O4

does not show spontaneous electrical polarization in the
P (E) loops [41]. In addition, x-ray absorption spectroscopy
(XAS) experiments at the Fe K edge have shown that the
charge segregation between the different iron atoms cannot be
larger than 0.5 electrons [42]. New RXS experiments [43,44]
have elucidated the existence of two ordered phases below
TCO, in agreement with the C2/m and P 1̄ symmetries with
four-modal and trimodal Fe charge distributions, respectively,
being the valence segregation considerably smaller than one
electron for both phases. Furthermore, high resolution x-ray
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synchrotron powder diffraction results have corroborated the
nonpolar crystal structure and the small charge segrega-
tion [10,43]. Therefore, Fe+2/Fe+3 CO leading to a polar
configuration in LuFe2O4 lacks experimental support. These
results suggest that the Fe atoms in the mixed-valence RFe2O4

compounds are in a homogeneous mixed-valence state (i.e.,
their electronic configuration is intermediate between Fe+3

and Fe+2) instead of a heterogeneous mixed-valence state
between two integer valences. The latter applies to both
the symmetric high temperature phase and the so-called CO
phases. This phenomenology is shared with other archetypical
CO compounds like magnetite [45] or some mixed-valence
manganites [46]. Previous to these recent results, various
x-ray magnetic circular dichroism (XMCD) experiments at the
Fe L2,3 edges in LuFe2O4 [27,30,38] were interpreted using a
spin ordering model in terms of the Fe+2/Fe+3 ionic species in
which all Fe+2 as well as 1/3 of the Fe+3 moments are aligned
parallel to the applied magnetic field and the remaining 2/3 of
the Fe+3 in an antiparallel way.

In view of these results, a consistent description of the local
electronic and magnetic structure of the RFe2O4 compounds in
the new framework of homogeneous intermediate valence state
for the Fe atoms is mandatory. In order to address this issue,
we have performed a characterization of LuFe2O4 by means
of soft XAS measurements at the O K edge and Fe L2,3 edges
in combination with XMCD measurements at both Fe L2,3 and
K edges. Samples of other RFe2O4 (R = Yb, Tm, Y) mixed-
valence ferrites and the isostructural LuFeCoO4 compound [9]
have been also studied in order to obtain a general description
of the series. Regarding the formerly reported XAS/XMCD
works in LuFe2O4, we here present the following results: (i) a
complete XAS characterization at the O K edge and Fe L2,3

edges since our data include RFe2O4 (R = Yb, Tm, Y) and
LuFeCoO4 samples, (ii) XMCD spectra at the Fe L2,3 edges
with the magnetic field applied both parallel and perpendicular
to the c axis, and (iii) XMCD spectra at the Fe K edge, not
reported before to the best of our knowledge.

II. EXPERIMENTAL AND CALCULATION DETAILS

Polycrystalline powders of RFe2O4 (R = Lu, Yb, Tm, Y)
were obtained by solid state chemistry reaction from stoi-
chiometric amounts of R2O3 and Fe2O3 (more details can be
found in Ref. [42]). Similarly, LuFeCoO4 powder samples
were prepared in air at 1350 ºC using Lu2O3, Fe2O3, and CoO
as precursors. A LuFe2O4 single crystal was grown by the
optical floating zone method (more details can be found in
Ref. [41]). All samples were analyzed by x-ray diffraction
being single phase. Magnetic measurements were carried out
between 5 and 300 K using a commercial Quantum Design
superconducting quantum interference device (SQUID) mag-
netometer. Figure 1 shows the temperature dependence of the
zero-field-cooled (ZFC) and field-cooled (FC) magnetization
for various RFe2O4 samples (R = Lu, Yb, Tm) and applied
magnetic field (H) of either 4 T or 5 T. The ZFC-FC magnetic
irreversibility at low temperatures and the strong anisotropy
with an easy magnetic direction parallel to the crystallographic
c axis agree with previous reports in the literature [13–16]. We
would like to emphasize that magnetization reversal can only
be achieved, for a given H, at temperatures where the ZFC-FC

curves overlap. We note that the XMCD signal obtained
by inverting H at temperatures in the regime of ZFC-FC
irreversibility will be near zero because then the magnetic
field is not able to invert the magnetization. All the samples
show a sharp transition at TN ≈ 250−240 K for H = 0.1 T
(not shown here), in agreement with the expected ferrimagnetic
ordering and a large low temperature coercivity. Thermal and
electrical properties as a function of temperature for the studied
RFe2O4 (R = Lu, Yb, Tm, Y) samples show the anomalies at
the phase transition temperatures expected for stoichiometric
compounds [10,41,42].

Measurements of soft XAS at both the O K edge and Fe L2,3

edges together with XMCD at the Fe L2,3 edges were carried
out at the BOREAS beamline [47] of the ALBA synchrotron
light source (Barcelona, Spain) on a single crystal of LuFe2O4

and polycrystalline samples of RFe2O4 (R = Lu, Yb, Tm, Y)
and LuFeCoO4 (in this case, XAS measurements at the Co L2,3

edges were also performed) using the high-field vector magnet
end-station. The anisotropy in the XAS was probed in the
LuFe2O4 single crystal by measuring polarized spectra with
the x-rays polarization vector (E) parallel and perpendicular
to the c axis. All samples were polished in situ under ultrahigh
vacuum conditions (≈10−8 mbar) unless otherwise stated.
In particular, one polycrystalline sample of LuFe2O4 was
cleaved in order to check the dependence of the XAS/XMCD
spectral shape on the surface cleaning process. The absorption
intensity was measured by simultaneous detection of the total
electron yield (TEY) and the fluorescence yield (FY). In the
TEY detection, the electron intensity was measured using an
electrometer, while for the FY detection a photodiode located
at 90° with respect to the x-ray beam direction was used.
The surface of the polycrystalline samples was aligned at 45°
with respect to the photodiode and in the case of the single
crystal samples at 20–30° in order to have a component of
the magnetic field in the crystallographic direction of interest.
For the XMCD measurements, a magnetic field of magnitude
H = 4 T was applied collinearly to the x-ray beam propagation
direction, and samples were cooled down to 150 K. The FY
detected XAS spectra at the Fe L2,3 edges are strongly affected
by self-absorption (SA), but we have developed a method to
correct for it that makes use of the SA-free TEY spectra, as
described in the Appendix.

The XAS and XMCD measurements at the Fe K edge were
performed at the ID24 beamline [48] of the ESRF (Grenoble,
France) on oriented powder samples of RFe2O4 (R = Lu, Yb)
(the preparation method for the oriented samples is described
in Ref. [42]). Data were collected in transmission mode under
H ≈ 1 T in a temperature range between 45 K and 200 K.
Circular polarization was attained using a diamond quarter
wave plate.

All the x-ray absorption near edge structure (XANES)
spectra (O K edge, Fe L2,3 edge, and Fe K edge) presented
have been normalized by first subtracting the linear pre-edge
contribution and fixing the jump to one at values well above the
absorption edge. Then, the XMCD signals have been obtained
as the difference between the normalized absorption spectra
measured with right and left helicity of the incoming circularly
polarized light, respectively.

Theoretical calculations of the XANES spectra at the
O K edge of LuFe2O4 were performed using the FDMNES
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FIG. 1. (Color online) Temperature dependence for magnetization of (a) LuFe2O4, (b) YbFe2O4, and (c) TmFe2O4 polycrystalline samples
and (d) LuFe2O4 single crystal. In the latter, data with applied magnetic field H both parallel (easy axis) and perpendicular (hard axis) to
the hexagonal c axis are shown. In all the panels, ZFC (open symbols) and FC (closed symbols) stand for zero-field-cooled and field-cooled
magnetization, respectively.

code [49] in the multiple scattering (MS) real-space approach
within the muffin-tin approximation for the potential. The
exchange-correlation part of the potential was taken as the real
Hedin, Lundqvist, and von Barth potential, and the spectra
were convoluted using an appropriate Lorentzian function.
The high temperature hexagonal cell of LuFe2O4 [9] with two
nonequivalent oxygen atoms O1(6c) and O2(6c) was employed
to obtain the atomic positions. On the other hand, simulations
of XANES and XMCD spectra at the Fe L2,3 edges were
performed in the framework of the multiplet theory [50] by
using the CTM4XAS code [51]. In this case, XANES simulations
were independently carried out for Fe+2 and Fe+3 ions. We
used a Slater integral reduction of 1%, and we set C3i symmetry
(as corresponds to a FeO5 trigonal pyramid) and a splitting
energy 10 Dq = 1 eV as crystal field parameters. X-ray
magnetic circular dichroism simulations were carried out at
T = 0 K, with a Zeeman splitting of 1 meV.

III. RESULTS

A. XANES at the O K edge

Figure 2(a) compares the XANES spectra of the same
polycrystalline LuFe2O4 sample recorded in TEY and FY. The
two detection methods yield comparable spectra; therefore,

they guarantee that surface and bulk are equivalent. Hereafter,
all the spectra that will be shown correspond to the TEY
detection unless otherwise said. The XANES spectra of the
mixed-valence RFe2O4 (R = Lu, Yb, Tm, Y) and LuFeCoO4

polycrystalline samples are shown in Fig. 2(b). We observe
that the spectral line shapes are very similar along the R =
Lu, Yb, and Tm series and also with respect to the LuFeCoO4

reference compound, with Fe+3 formal valence. A small
difference is observed in the energy position of the second and
third peaks between the R = Y compound and all the other
samples. This indicates that the O 2p states mix with both
the Fe 3d states and rare earth 5d states in a similar fashion
in all these systems. In the case of the YFe2O4 compound,
the different spectral line shape can instead be explained as
due to the O 2p states mixing with the Y 4d states. Finally,
the polarized spectra measured on the LuFe2O4 single crystal
for the two configurations E // c and E � c are displayed
in Fig. 2(c). We note that our polarized spectra agree with
the published ones by Ko et al. [27]. The anisotropy in the
XANES at the O K edge between E // c and E � c is weak,
indicating that the strong crystallographic anisotropy is hardly
reflected on the O p−projected density of states. This weak
local anisotropy has been also observed in the XANES at the
Fe K edge for the RFe2O4 (R = Lu, Y, Yb) and LuFeCoO4
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FIG. 2. (Color online) Normalized XANES spectra at the O K

edge measured at room temperature. (a) Comparison between the
spectra measured by TEY and FY for a LuFe2O4 polycrystal. (b)
Spectra measured by TEY for the RFe2O4 (R = Lu, Yb, Tm, and Y)
and LuFeCoO4 polycrystalline samples shifted in vertical for the sake
of comparison. (c) Polarized XANES spectra measured by TEY for
the LuFe2O4 single crystal.

compounds [42]. The O K-edge XANES is characterized by
three features, denoted as A, B, and C in Fig. 2(c) at 530, 535,
and 540 eV, respectively; and a small intensity prepeak denoted
by an asterisk at 527 eV. The first structure (peak A in our case)
is generally ascribed to the mixing between the transition metal
d states with the O p states, thus giving information on the
crystal field splitting of the 3d levels. In our data, this feature
extends from 526 to 532 eV, and the fact that a single peak

is observed suggests a very small crystal field splitting (a fit
of this peak with two different Lorentzian functions yields a
splitting lower than 0.5 eV between them). By comparison
to the O K edge XANES of other related iron oxides like
FeO (Fe2+), Fe3O4 (Fe2.5+), and α−Fe2O3 (Fe3+) [52], we
note that this first structure appears always at approximately
the same energies independently of the iron valence, in clear
contradiction with the interpretation given by Ko et al. [27],
which implies the assignment of peaks A and B to the
mixing of O p states with the Fe+3 and Fe+2 d states,
respectively.

With the purpose of determining the electronic and struc-
tural origin of the different features in the O K-edge XANES
spectra, we have carried out theoretical simulations in the
frame of MS theory using the FDMNES code [49]. The MS
calculations were performed by increasing the dimension of
the atomic clusters around the absorber oxygen atoms and
using the high temperature hexagonal cell of LuFe2O4 [9].
We have separately calculated the cross section for each of
the two nonequivalent oxygen atoms O1(6c) and O2(6c) since
they show different bond distance distributions. Figures 3(a)
and 3(b), respectively, show the simulations for each oxygen
atom, using various cluster sizes. O1 corresponds to the
oxygen inside the Fe-O bilayer coordinated in the first shell
to the Fe atoms, whereas O2 is in the Lu-O layer mainly
coordinated to the Lu atoms. The simulations as a function of
the cluster dimension show several results. Starting from the
lower energy side, the first prepeak at 527 eV comes out in the
simulation for O2 when the three Lu nearest neighbors (NNs)
are included in the cluster, indicating that it is originated by
the hybridization between the O 2p and Lu 5d orbitals. On
the other hand, the main contribution to peak A (∼529 eV)
comes from the O1 atom, illustrating the origin in the mixing
between the O 2p and Fe 3d states. This peak evolves from
one resonance, when only the three Fe NNs are included in
the cluster, to two resonances, when the FeO5 bipyramids are
completed in a similar way, as reported for the case of Fe
in octahedral coordination [53]. Last, the B and C features
are similar for the two oxygen atoms and come from MS
contributions in coordination shells beyond 2.3 Å. In this way,
peak A is successfully explained in terms of the O 2p−Fe 3d

hybridization without taking into account the valence states of
the Fe atoms, while peak B originates from MS contributions
of atoms beyond the first Fe coordination shell. Finally, in
Fig. 3(c) are shown the average theoretical polarized and
unpolarized spectra for a cluster of 4.5 Å obtained from the
addition of the corresponding simulations for the two oxygen
atoms. For this particular cluster size, the simulation converges
for both O1 and O2 (this can be concluded by comparison
with larger cluster sizes calculations but they are omitted in
the figures for the sake of clarity). The *, A, B, and C spectral
features are labeled in agreement with the experimental data.
Although there is some discrepancy in the relative intensity,
the agreement between theory and experiment is reasonable,
and the spectral features and their separation in energy are well
reproduced. We would like to note that when the Lu atoms in
the structure are replaced by Y atoms [see inset of Fig. 3(c)], the
prepeak * is no longer present, and the B and C features shift
to lower energy, in agreement with the experimental data of
YFe2O4.
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FIG. 3. (Color online) MS theoretical calculations at the O K

edge using the hexagonal structure of LuFe2O4. Panels (a) and (b)
show the evolution with increasing cluster radius around O1 and O2
sites, respectively. A picture of representative clusters (up to 3.6 Å for
O1 and 4.1 Å for O2) is included in both cases, where the Lu, Fe, and O
atoms are represented by pink, green, and blue spheres, respectively.
The absorber O atom in each case is marked in orange, and the solid
lines indicate the bonds to the nearest neighbors. (c) Comparison
between the polarized and unpolarized calculated XANES spectra
after addition of the O1 and O2 contributions for a cluster radius of
4.5 Å. Inset: The same unpolarized calculated spectrum compared to
an equivalent calculation by replacing the Lu atoms with Y atoms.

B. XANES at the Fe L2,3 edges

Figure 4(a) compares the spectra of mixed-valence RFe2O4

(R = Lu, Yb, Tm, Y) and LuFeCoO4 polycrystals, while
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FIG. 4. (Color online) Normalized XANES spectra at the Fe L2,3

edges measured by TEY at room temperature. (a) Spectra for the
RFe2O4 (R = Lu, Yb, Tm, and Y) and LuFeCoO4 polycrystalline
samples shifted in vertical for the sake of comparison. Inset:
Normalized XANES spectrum at the Co L2,3 edges measured by TEY
at room temperature for LuFeCoO4. (b) Polarized XANES spectra for
the LuFe2O4 single crystal.

Fig. 4(b) shows the polarized spectra E // c and E � c for
the LuFe2O4 single crystal. The XANES spectra at the Fe L2,3

edges of the RFe2O4 series are very similar to each other,
showing a minimum influence of the type of R+3. On the
contrary, the XANES spectrum of LuFeCoO4 is markedly
different, and its line shape is very similar to that shown
by iron oxides with formal valence Fe+3 like LaFeO3 [54]
and α-Fe2O3 [55]. Besides, the XANES of LuFeCoO4 at the
Co L2,3 edges agrees with that of compounds with formal
valence Co2+ [56]. On the other hand, the major difference in
the XANES at the Fe L2,3 edges between E // c and E � c
is a small change in the relative intensity of the two peaks at
the white line. Therefore, the electronic anisotropy is weak,
as seen above for the O K edge and previously reported at the
Fe K edge [42].

In order to get further information on the Fe valence
state in the RFe2O4 compounds, we have evaluated the
spectra of LuFe2O4 in terms of a 1:1 addition of the spectra
corresponding to formal states Fe+2 and Fe+3, respectively.
Regrettably, only the experimental data corresponding to the
Fe+3 formal valence (i.e., μLuFeCoO4) was measured. Therefore,
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polycrystal (μLuFe2O4 ) at the Fe L2,3 edges measured by TEY at room
temperature together with the contributions of Fe+3 (corresponding
to the absorption of a LuFeCoO4 polycrystal, μLuFeCoO4 ) and Fe+2

(corresponding to 2μLuFe2O4 − μLuFeCoO4 ) in a ratio 1:1. Inset: Com-
parison between our Fe+2-XANES spectrum and the XANES data
measured for Fe2SiO4 with Fe+2 formal valence state taken from
Ref. [49].

in order to overcome this problem and check whether the
LuFe2O4 spectrum agrees with the 1:1 addition of the Fe+2

and Fe+3 spectra, we have evaluated the weighted difference
between μLuFe2O4 and μLuFeCoO4 as representative of Fe+2

formal valence. Figure 5 compares the XANES spectrum of
LuFe2O4 to those spectra corresponding to Fe+3 and Fe+2.
The so-obtained Fe+2 spectrum agrees very well with the
XANES of Fe2SiO4 with formal valence Fe+2 [57] (see inset
of Fig. 5), thus corroborating the description of the Fe valence
state in LuFe2O4 as a mix Fe+2/Fe+3 in a ratio 1:1. Moreover,
we have also validated this description by the theoretical
calculations of the XANES spectra corresponding to Fe+2 and
Fe+3 in bipyramidal configuration obtained with the CTM4XAS

code [51] (not shown here). Strikingly, the description of the Fe
valence state in LuFe2O4 in terms of Fe+3 and Fe+2 pure ionic
species seems to contradict the results obtained using other
techniques. High resolution synchrotron powder diffraction
and RXS [10,43,44] experiments have shown that the single Fe
crystallographic site in the symmetric hexagonal phase at high
temperature splits into several different sites in the distorted
phases at low temperatures in which the charge segregation is
very small (below 0.5 electrons) and multimodal. Besides,
the XANES spectra at the Fe K edge [42] and O K edge
cannot be reproduced by the weighted addition of Fe+3 and
Fe+2 representative spectra. However, all the results can be
reconciled by describing the Fe formal mixed-valence state
within a configuration interaction model for the d states
as follows. In the hexagonal phase, each Fe atom is in a
fractional state 3d5.5, corresponding to the addition of the
mixed configurations 0.5 3d5 + 0.5 3d6, and in the distorted
phases the 3d population remains the same in average but
there are different mixtures α 3d5 + β 3d6 with α + β = 1
for each Fe atom with noninteger valence. We note that

this configuration interaction model would only apply to the
localized 3d states and therefore is not at conflict with the
results obtained at the Fe K edge where highly delocalized 4p

states are probed.
Prior to concluding this section, we would like to make

some comments. First, the spectral shape of the XANES
spectra for the LuFe2O4 polycrystalline samples with either
polished or cleaved surfaces barely varies (not shown here).
Second, the XANES spectra measured by FY detection are
highly distorted due to SA, which is particularly relevant at
the intense Fe L2,3 white lines. After correcting for SA, the
spectra recorded in FY are nearly identical to those recorded
in TEY (see the Appendix). As will be discussed later, these
agreements assure us that the same electronic structure is
measured in both the polished and cleaved samples by means
of either TEY or FY.

C. XMCD at the Fe L2,3 edges

The XMCD spectra at the Fe L2,3 edges of the RFe2O4

samples (R = Lu, Yb, Tm) were measured with H = 4 T at
different temperatures in the range 260–150 K depending
on the sample. Both TEY and FY detection methods were
simultaneously used. We note that the TEY detection is limited
at low temperature because the samples are too insulating and
a charging effect is produced after the photoelectric absorption
process. Figure 6 shows the XMCD spectra recorded in TEY
for the LuFe2O4 single crystal and RFe2O4 (R = Lu, Yb, Tm)
polycrystalline samples as a function of temperature. The
LuFe2O4

∗ label refers to the sample with cleaved surface (for
all the others the surface was polished). The spectral shape of
the XMCD signal is very similar among the different samples
and agrees with previous reports in the literature [27,30,38].
On the other hand, the magnitude of the XMCD signal for
each sample increases upon cooling down in temperature, in
agreement with the macroscopic magnetization (see Fig. 1).
The strong difference in the magnitude of the dichroic
signal between the two configurations H // c and H � c
obtained in the LuFe2O4 single crystal also agrees with the
strong macroscopic magnetic anisotropy of this material [see
Fig. 1(d)]. Moreover, the magnitude of the XMCD signal of
the three RFe2O4 (R = Lu, Yb, Tm) polycrystalline samples
at 200 K is very similar in accordance with their close
macroscopic magnetization value at this temperature [see
Figs. 1(a)–1(c)]. It is noteworthy that the XMCD signal for
the LuFe2O4

∗ cleaved sample is about 2.5 times larger than
the one of the LuFe2O4 polished sample [compare Fig. 6(c)
to Fig. 6(d)]. Given that the corresponding XANES spectra
are alike between cleaved and polished samples, this result is
likely to be due to differences in the magnitude of the magnetic
moment between the two samples. However, the macroscopic
magnetization was checked to be the same for both of them (not
shown here); therefore, the most likely scenario is a reduction
of the magnetic moment at the surface. This phenomenon is
also found in at least the three following archetypical magnets:
Fe, Ni, and Fe3O4. On one hand, the dichroic signal of Fe and
Ni measured by TEY in the pioneer XMCD experiment by
Sette et al. [58] is several times smaller than the corresponding
signal recorded in transmission [59]. On the other hand, the
intensity of the XMCD spectrum of Fe3O4 recorded in TEY
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FIG. 6. (Color online) XMCD spectra at the Fe L2,3 edges measured by TEY with a magnetic field of 4 T as a function of temperature for
(a) LuFe2O4 single crystal with H // c, (b) LuFe2O4 single crystal with H � c, (c) LuFe2O4 polycrystal, (d) LuFe2O4

∗ polycrystal, (e) YbFe2O4

polycrystal, and (f) TmFe2O4 polycrystal. All the samples were polished in situ except for the LuFe2O4
∗ sample that was cleaved.

is very small too [60], and it has also been reported a decrease
by a factor of two in the XMCD signal measured by TEY of
a polished magnetite crystal with respect to a cleaved crystal
measured under the same conditions [61].

Since the TEY absorption detection method probes mainly
the surface of the material (the sampling depth is of the order
of a few nanometers according to the electron mean free path at
these energies), we could explain the differences between the
two surface preparation processes as due to the larger surface
contribution of the polished sample in comparison with the
cleaved one. In order to confirm this hypothesis, we have
also evaluated the XMCD spectrum of the cleaved sample

LuFe2O4
∗ recorded in FY. The XANES spectra for right and

left circular polarized light were corrected for SA using the
method given in the Appendix. As shown in the Appendix, the
SA-corrected FY-detected XANES at the Fe L3 and L2 edges
perfectly fit to the corresponding TEY data, demonstrating the
adequacy of the proposed method and that the spectra recorded
in TEY probe the same electronic structure as FY. That is to say,
the agreement between the TEY and SA-corrected FY XANES
spectra at the Fe L2,3 for both polished and cleaved samples
ensures that we can discard any surface contamination.
Figure 7 compares the XMCD spectra for the LuFe2O4

∗

cleaved sample measured by TEY and FY after correcting
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simulation obtained by multiplet calculations using the spin ordering
model indicated in the figure. Inset: Normalized XANES spectra in
FY SA-corrected measured with right and left helicity at 200 K.

for SA. The TEY and SA-corrected FY XMCD spectra are
very similar except for their magnitude: the SA-corrected FY
spectrum is about two times more intense. In summary, our
results imply that the intensity of the XMCD signal increases
as the surface contribution decreases (IXMCD,TEY,polished <

IXMCD,TEY,cleaved < IXMCD,FY,cleaved), while its shape remains
unaltered. This behavior can only be explained if we assume
that the magnetization decreases when going from the bulk
to the surface. Obviously, it would be necessary to carry out
specific experiments in order to quantify this effect.

As we concluded in Sec. III B, the XANES spectra at the
Fe L2,3 edges of RFe2O4 are well described by the addition
of the two electronic configurations 3d5/3d6, which can be
alternatively defined as Fe+3/Fe+2 contributions. The XMCD
spectrum at the L3 edge shows for all the samples a strong
negative signal at the energy position of the Fe+2 contribution,
whereas a weaker positive signal is obtained at the energies of
the Fe+3 contribution, indicating an antiferromagnetic order-
ing between the two ions/configurations. In order to quantify
these two contributions, we have assumed a simple approach
considering that the dichroic signal of each component is
proportional to the respective absorption signal (positive for
Fe+3 and negative for Fe+2). Under this assumption, the
XMCD spectra of all the samples at the different measured
temperatures were fitted by using the absorption contributions
of Fe+3 and Fe+2 with the appropriate sign. We obtained
a qualitatively good agreement with a Fe+3/Fe+2 ratio for
the two contributions to the XMCD signal ranging between
0.25 and 0.45, being the average ratio equal to 0.33. This
ratio 1:3 for the Fe+3 and Fe+2 contributions agrees with the
ferrimagnetic spin ordering already proposed [27,30,37,38], in
which all the Fe+2 spins and 1/3 of the Fe+3 spins are ordered
ferromagnetically whereas the remaining 2/3 of the Fe+3 spins
order antiferromagnetically. The simulation corresponding to
this spin ordering model obtained by multiplet calculations
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FIG. 8. (Color online) XMCD (left axis) and XANES (right axis)
spectra at the Fe K edge measured for (a) LuFe2O4 and (b) YbFe2O4

polycrystalline oriented samples with an applied magnetic field H �
1 T parallel to the c axis.

is also compared in Fig. 7 with the XMCD results for
the LuFe2O4

∗ cleaved sample. Since the experimental data
were measured at 200 K, the theoretical simulation obtained
for 0 K has been renormalized by the relationship between
the macroscopic magnetizations MT =200 K/MT =0 K ≈ 0.5 (see
Fig. 1) for a direct comparison. As can be seen, the shape
and magnitude of the theoretical simulation corresponding to
the spin ordering Fe+2(↑) + 1/3Fe+3(↑) + 2/3Fe+3(↓) agrees
rather well with the SA-corrected FY XMCD signal. This fact
reinforces the hypothesis that the XMCDFY,cleaved represents
the bulk magnetization, whereas the XMCDTEY,cleaved reflects
the decrease of the magnetization near the surface.

D. XMCD at the Fe K edge

Figure 8 shows the XMCD spectra at the Fe K edge of
oriented powder RFe2O4 samples (R = Lu, Yb) with H ≈ 1 T
applied along the c axis direction at 45 and 200 K. At 200 K,
the four symmetry cases of the XMCD signal, obtained by
flipping the helicity of the incoming photons (right/left) and the
magnetic field (↑/↓), have been recorded. The XMCD signals
are then calculated independently for the two polarization
cases, flipping the magnetic field, and averaged. Hereafter,
this method will be referred to as two flips. On the other
hand, since the coercive field at low temperatures for the
RFe2O4 (R = Lu, Yb) compounds is well above H ≈ 1 T, an
alternative method of only flipping the helicity of the incoming
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photons first for positive H and then for negative H was used
at 45 K, which will be referred to as one flip. Furthermore,
in order to enhance the XMCD signal at low temperatures,
a field-cooling (FC) process was performed starting from
temperatures above TN . The XMCD spectrum is similar for
both samples and shows one positive peak between 7108
eV and 7114 eV (pre-edge), followed by a small peak with
opposite sign located between 7114 eV and 7119 eV. From
7119 eV up to 7132 eV (absorption edge), a rather broad
feature appears with a positive sign. The magnitude of these
XMCD signals nicely agrees with the temperature dependence
of the macroscopic magnetization (MFC, T =45 K > MT =200 K)
for both compounds (see Fig. 1). Moreover, in Fig. 8 it can
be corroborated that the XMCD signal is nearly zero at 45 K
when it is measured with the two-flips method as expected,
since H is not large enough to reverse the magnetization due
to the huge coercive field of the sample. The XMCD pre-edge
feature stems from the lack of inversion center of the bipyramid
local symmetry at the Fe site, which allows the Fe 3d-4p

hybridization.

IV. DISCUSSION AND CONCLUSIONS

In this paper, the electronic and magnetic structure of
the RFe2O4 family was studied by means of soft XAS
and XMCD measurements, with emphasis in LuFe2O4. This
investigation adds to other recent published papers [10,38–44]
to provide a framework for the physics of the mixed-valence
RFe2O4 (R = Lu, Yb, Tm, Y) compounds, which in some
aspects can be extended to other mixed-valence oxides. In this
framework, the Fe atoms are in a homogenous mixed-valence
state at temperatures both above and below the so-called CO
transition. In the symmetric hexagonal phase (T > TCO), there
is only one crystallographic site for Fe; therefore, the formal
valence is Fe+2.5, as deduced from the stoichiometry. Upon
cooling down (T < TCO), LuFe2O4 undergoes two structural
transitions that reduce the crystal symmetry to successive
monoclinic and triclinic symmetries at about 320 K and 200 K,
respectively [10,43]. The single crystallographic site in the
hexagonal cell splits into four and six nonequivalent sites in
the monoclinic C2/m and triclinic P 1̄ cells, respectively, im-
plying four-modal and trimodal valence distributions in which
the maximum charge segregation is below 0.5 electrons [44].
In this case, each Fe atom is in a homogeneous mixed-valence
state whose formal valence can be described by Fe+2.5±δ

with δ < 0.25. Similar crystal distortions are likely to occur
in YFe2O4, whereas the YbFe2O4 and TmFe2O4 compounds
maintain the hexagonal crystal symmetry down to 80 K and
their distortions remain disordered [10].

As shown in our results, XANES spectra at the O K edge
are very similar for the RFe2O4 (R = Lu, Yb, Tm) compounds
and the reference LuFeCoO4 with formal valence Fe+3. This
result demonstrates that the O p-projected density of states is
not very sensitive to either the Fe valence state or the type
of rare earth. Slight differences between the spectrum of the
Y-compound and all the others have been identified as a trace
of the Y 4d states in the XANES at the O K edge. The spectrum
of LuFe2O4 is well described by simulations based in the MS
theory [see Fig. 2(c)], which have shown that the prepeak * and
peak A come from the hybridization between O 2p and Lu 5d

and Fe 3d states, respectively, whereas peaks B and C come
from MS contributions of atoms beyond the first coordination
shell.

The XANES spectra at the Fe L2,3 edges are nearly equal
for all the members of the series. By comparison with
the LuFeCoO4 spectrum, we have found that the spectrum
of LuFe2O4 agrees with the addition of Fe+3 and Fe+2

representative spectra in a 1:1 ratio, suggesting the presence of
either two iron valences or two atomic configurations. Due to
the fact that these spectra are independent of the temperature
(they do not change across the different crystallographic
phases) and also of the kind of R atom, we can conclude
that the d states for the mixed-valence Fe ion in RFe2O4

can be described as a mixture of 3d5 and 3d6 configurations.
Therefore, within a configuration interaction framework, the
electronic state can be represented in the hexagonal phase by
the addition 0.5 3d5 + 0.5 3d6 and in the low temperatures
phases as 3d5+x = x 3d6 + (1 − x) 3d5. This description is
consistent with the magnetic susceptibility of LuFe2O4 in
the paramagnetic phase [37] where the magnetic moment
corresponds to 3d5.5 occupation.

In the same way, the theoretical analysis of the XMCD
spectra at the Fe L2,3 edges using multiplet calculations
agrees with the ferrimagnetic spin ordering Fe+2(↑) +
1/3Fe+3(↑) + 2/3Fe+3(↓) that is generally proposed for
LuFe2O4 [27,30,37,38]. By considering the simple ionic limit
(4 μB for Fe+2 and 5 μB for Fe+3), this 2(↑) : 1(↓) spin
alignment, however, yields a total spin magnetic moment
of 2.33 μB/f.u., which is much lower than the experimental
saturation magnetization value MS ≈ 2.8 μB/f.u. along the
easy magnetic axis at 4 K [see Fig. 1(d)]. The experimental
MS better agrees with the above ferrimagnetic spin ordering
if the magnetic moment of each Fe ion is taken as 4.5 μB

(corresponding to Fe+2.5), which predicts 3 μB/f.u. However,
it has been argued that the large difference between the net spin
moment and the saturation magnetization in the former model
Fe+2(↑) + 1/3Fe+3(↑) + 2/3Fe+3(↓) can be explained by an
important orbital contribution from Fe2+ to the magnetization,
which is generally quenched by the crystal field. To explore
the orbital magnetic moment, several works [27,30,38] have
applied the sum rules to the XMCD spectrum of LuFe2O4,
concluding on the existence of a large orbital component
that may also explain the strong magnetic anisotropy of this
material. We have also performed this analysis for all the
samples (even when the magnetization is strongly reduced
by surface effects), and we find values for the ratio between
the orbital and spin moments mo/ms ranging between 0.3 and
0.5, similar to what has been previously reported (0.34 [27],
0.7 [30], and 0.3 [38]). In order to verify the applicability of
these sum rules to LuFe2O4, we have applied them to each
of the theoretical Fe+3 and Fe+2 calculated XMCD spectra.
The mo and ms values obtained are 0.9 μB and 2.62 μB for
Fe+2 and 0 μB and 3.32 μB for Fe+3, respectively. In the two
ionic cases, the obtained values differ considerably from the
theoretical expected spin values, ms = 4 μB and ms = 5 μB

for Fe+2 (3d6) and Fe+3 (3d5) atoms, respectively. The errors
estimated are about 40%, within the values admitted for 3d5

and 3d6 ions in solid state systems [50]. Taking into account
this remark and the fact that the intensity of the XMCD
signal for LuFe2O4 strongly depends on both the sample
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surface preparation and detection method (IXMCD,FY,cleaved ≈
2IXMCD,TEY,cleaved ≈ 5IXMCD,TEY,polished), we consider that the
individual orbital and spin sum rules could not provide any
reliable information on the orbital and spin components of
the Fe magnetic moment in the case of LuFe2O4. In spite of
this, the above Fe L2,3 XMCD results seem to verify the full
2+/3+ valence separation, in clear contradiction to XAS [42]
and RXS [43,44] results at the Fe K edge.

To address this question, we have analyzed the Fe L2,3

XMCD spectra on the basis of the trimodal Fe valence
distribution deduced for temperatures below TN [43,44].
We have checked an alternative ferrimagnetic spin ordering
model based on the assumption that Fe atoms with the same
valence state (and crystallographic site) are always coupled
ferromagnetically. The resulting spin ordering, shown in
Fig. 9(a), is 2/3[Fe4

+2.2(↑) + Fe31
+2.2(↑)] + 2/3[Fe32

+2.5(↑)
+ Fe22

+2.5(↑)] + 2/3[Fe1
+2.8(↓) + Fe21

+2.8(↓)]. This alterna-
tive model provides a similar spin-only contribution of
2.6 μB/f.u. to the magnetic moment. The XMCD spectra
for this spin structure was simulated within the config-
uration interaction framework, where Fe+2.2 is a 3d5.8 =

0.8 3d6 + 0.2 3d5 with ms = 4.2 μB , Fe+2.5 is a 3d5.5 =
0.5 3d6 + 0.5 3d5 with ms = 4.5 μB , and Fe+2.8 is a 3d5.2 =
0.2 3d6 + 0.8 3d5 with ms = 4.8 μB ; the resulting multiplet
calculation is plotted in Fig. 9(c). For comparison, the
high-field spin structure proposed by de Groot et al. [37]
that best described the neutron diffraction data is shown in
Fig. 9(b). It almost corresponds to our spin ordering model
except that the spins of the crystallographic Fe21 and Fe22

sites in the Fe-O layer with z = 0.57 flip their sign, leading
to an antiferromagnetic configuration with those Fe21 and
Fe22 sites in the z = 0.43 Fe-O layer. Thus, the resulting
spin ordering is 2/3[Fe4

+2.2(↑) + Fe31
+2.2(↑)] + 2/3[Fe32

+2.5

(↑) + 1/2Fe22
+2.5(↑) + 1/2Fe22

+2.5(↓)] + 2/3[Fe1
+2.8(↓) +

1/2Fe21
+2.8( ↓ ) + 1/2Fe21

+2.8(↑)], whose calculated XMCD
spectrum is also plotted in Fig. 9(c) for comparison. Our
spin ordering model gives a slightly better agreement with
the experiment regarding the smaller upward peak at 710 eV,
which is underestimated by the two calculations. On the other
hand, the spin ordering by de Groot et al. [37] gives better
agreement with the observed magnetic reflections. Although
both spin structures considering the trimodal Fe valence
configuration show worse agreement with the experimental
XMCD signal than the 2(↑):1(↓) spin structure considering
the purely ionic bimodal Fe2+ − Fe3+ configuration (see
the comparisons in Fig. 9(c) and Fig. 7, respectively), any
of them are the best solution to account for the structure
refinement [10,43], XAS [42], RXS [43–44], magnetic [37],
and XMCD data. Indeed, the Mössbauer study by Tanaka
et al. [62] disclosed that Fe ions are not in purely 2+ or 3+ and
reported that there exist three distinguishable Fe3+-like and
Fe2+-like sites, in clear agreement with the six nonequivalent
crystallographic sites found for the triclinic low temperature
structure [10] and the fractional Fe valence distribution, either
the approximated trimodal or the real six-modal one.

The existence of a magnetic dichroic signal at the transition
metal K edge in ferro- or ferrimagnetic systems is gener-
ally ascribed to the presence of orbital magnetic moment
contribution to the magnetization. Therefore, our XMCD
measurements at the Fe K edge confirm a large unquenched
orbital magnetic moment in the Fe atom for the RFe2O4

systems that can account for the discrepancy between the
spin-only ferrimagnetic models and the experimental MS . On
the other hand, and opposite to the results of XMCD at the
Fe L2,3 edges, the XMCD signal at the Fe K edge does not
show two components corresponding to the two Fe+3(3d5)
and Fe+2(3d6) ions (configurations); therefore, the Fe p states
cannot be described in terms of the 1:1 addition of the Fe+3 and
Fe+2 contributions, in agreement with previous XAS measure-
ments at the Fe K edge [42]. Otherwise, it could be consistent
with the alternative ferrimagnetic-ordering model considering
that Fe+2.8 mostly contribute to the pre-edge feature.

It is noteworthy that for the other RFe2O4 (R = Yb, Tm)
compounds in which no charge disproportionation occurs
down to 80 K [10], the XMCD spectra at the Fe L2,3 edges
are like the one of LuFe2O4 composed by two opposite signals
that can be ascribed to Fe+3 (3d5 configuration) and Fe+2 (3d6

configuration).
As a final remark, the systematic XAS-XMCD study

at the Fe L2,3 edges in the same LuFe2O4 polycrystalline
sample as a function of both the surface-cleaning process
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(polished and cleaved) and detection method (TEY and FY)
has evidenced new results related to the magnetic properties.
The fact that all the XMCD spectra can be superimposed and
only differ in magnitude in such a way that IXMCD,FY,cleaved ≈
2IXMCD,TEY,cleaved ≈ 5IXMCD,TEY,polished while the correspond-
ing XAS spectra are equivalent points to a reduced surface
magnetization. This finding, which was also reported in the
case of Fe3O4 [53], opens up the possibility of studying new
interesting phenomena from the viewpoint of basic science and
applications such as magnetization changes at the interfaces.
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APPENDIX

1. Self-absorption (SA) correction

As it has been widely described in the literature, XANES
spectra at the transition metal L2,3 edges measured in FY for
thick, concentrated samples are highly distorted by SA mainly
at the strong white lines energies. Ab initio corrections are
difficult since the parameters involved are not always well
known and sometimes the theoretical models do not take into
account all the experimental constraints. We propose here
an empirical method to correct the SA in XANES spectra
recorded by FY, which relies on the equivalent measurement
recorded by TEY for the same sample and conditions. The
method consists in fitting the XANES spectrum measured in
FY to the corresponding spectrum measured in TEY, which is
free of SA.

The apparent absorption coefficient measured in fluores-
cence in the case of samples that are thick with respect to the
penetration depth of the photons is related to the real absorption

coefficient μ(E) by [63]:

μ′(E) = If

I0
= (�/4π )εf μ(E)

μT (E) + μT (EF ) sin φ

sin θ

, (A1)

where If and I0 are the fluorescence and incoming flux
intensities, μT (E) is the total absorption coefficient including
contributions from the edge of interest and from other atoms
and edges of the atom of interest (μ(E) + μbackground(E)),
μT (EF ) is the total absorption coefficient at the energy of
the fluorescence photons EF ,φ and θ are the angles between
the sample surface and the direction of the incoming and the
detected fluorescence photons, respectively, and �/4π and εf

are the solid angle covered by the detector and the fluorescence
yield of the absorber atom.

In our case, μT (E) can be approximated to μT (E) =
μ(E) + k, where k is constant since the energy range at the
Fe L2,3 edges is small. Taking into account that the other terms
in Eq. (A1) are also constants, we arrive at the expression,

μ′(E) = A · μ(E)

(μ(E) + C)
, (A2)

where A and C are parameters to take into account all the SA
corrections. Therefore, μ(E) free of SA can be rewritten as
follows:

μ(E) = C · μ′(E)

(A − μ′(E))
. (A3)

Using Eq. (A3), we have fitted the average XANES spectrum
between the two circular polarization measurements recorded
in FY (μ′(E)) to the corresponding spectrum recorded in TEY
after subtracting the background (μ(E)). This procedure has
been applied for the L3 and L2 edges separately. Figure 10 il-
lustrates the comparison between the pre-edge subtracted TEY
data and the fit obtained for the FY-detected XANES spectrum
of the LuFe2O4

∗ cleaved sample at 200 K. As it can be seen, the
agreement between the TEY-detected XANES spectrum and
the fit (i.e., the SA-corrected FY-detected XANES spectrum) is
very good, showing that the spectra are nearly identical for the
two detection methods. In order to correct for SA the XMCD
spectra measured in FY, the following procedure was applied.
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FIG. 10. (Color online) Comparison between the XANES spectra at the Fe L3 edge (a) and L2 edge (b) for the LuFe2O4
∗ sample at 200 K

measured by TEY and FY after correcting for self-absorption (SA) using the SA-correction method described in the Appendix.
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First, each XANES spectrum μ+(E) (right-handed circular
polarization) and μ−(E) (left-handed circular polarization)
were corrected separately applying Eq. (A3) and using the A

and C parameters resulting from the fit of the average XANES

spectrum. Second, the SA-corrected FY XMCD was obtained
by subtracting the SA-corrected μ+(E) and μ−(E) spectra.
The resulted XMCD as well as the μ+ and μ− results can be
seen in Fig. 7 of the paper for the LuFe2O4

∗ cleaved sample.
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